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Cold temperatur@atmospherigressurglasma APP) produces many types of

chemically reactive species and is capable of modifying materials at atmospheric
pressure. Studying plasrsarface interaction (PSI) at such pressure has been
challenging due to the small mefarepath (< 100 nm) which prohibitshe
conventionalmethod of using independently controlled beams of ions/nettrals
isolate the role of each specids this dissertationwe developed an alternative
approach of studying PSI at atmospheric pressure usingcomlolled source
ambientsanple systems and comprehensigeirface/gas phaseharacterization
techniquesin this new approachwe emphasize the controlled generation of reactive
species from the plasma source, the regulated transportation of reactive species to the

target surfaces,sawell as the simplified material structure subjected to plasma

treatment. To isolate and identify the role of certain reactive species on materials, a



plasma source is selected with its operating conditions carefully tuned ftelihery

of such specieso target surfacePlasmanduced effects onmodel polymers and
biomoleculeswere characterized and then quantitatively correlated to the gas phase
species.Due to the multphase nature of PShany characterization techniques,
including that of plasma#&s phases such as optical emission spectroscopy (OES),
Fourier transform infrared spectroscopy (FTIR) and UV absorption, and that of
material surfaces such asrXy photoelectron spectroscopy (XPS), attenuated total
reflection (ATR) FTIR and Ellipsometnyere adopted. Using this approach, we were
able to evaluate the effect of both shartd longlived reactive neutrals on many types

of surface moietiesFor exampleye find that atomic O an@®H radicalsare able to
cause fastaterial removal but moderadgidation on the etched surfad®e also find

that G can participate in the chemical modification of aromatic rings, i.e. cleavage and
their conversion into ether, ester carbonyls and surface organic nitrate groups, both on
surface and in the polymer bulWe also find evidence for (1) tikempetition betwen
etching and surface modificatipmocesses whemhigh density of shotived reactive
species is involved, and (2) three polymer transformation stages whefiluaegsof
long-lived reactive species are interacting with styrbased polymersLastly, we
extended ouwork to explore the potential application of APP reactors for disinfecting

raw foods an@valuaedbacterial inactivatiomechanisms
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Figure 1.1

Figure 1.2

Figure 1.3
Figure 1.4
Figure 1.5

Chapter 2:

Figure 21

Figure 22

Figure 23

Figure 24

Figure 25

of Figures

Simplified view of three types of changes that polymers may experience
under plasma treatment: (1) chemigaddification, (2) etching/ablation, (3)
deposition.

(a) Schematic diagram of plasma polymer interaction. Many reactive species
generated by plasma could be transported to materials surface and participate
in chemical reactions.

Reacion pathways between reactive nitrogen species.

The optical image of APP sources: (ayRPPJ and (b) SMD

A schematic of polymer processing by-RPPJ in controlled environment.
Material property can be monitored in real time thyioin-situ Ellipsometry.

The surface chemistry of materials can be characterized by vacuum
transferred Xray photoelectron spectroscopy (XPS).

(a) Schematic diagram and (b) optical image of the-timeulated RF jet

and its interaction with a polymer surface. The RF jet scans over the surface
at a speed of 2.4 mm/s with the trajectory shown in (a). Distance d from end
of the quartz tube nozzle the surface can be varied from 4 mm to 8 mm.
The RF jet is tilted aff = 30° to facilitaten-situ ellipsometry characterization

- the laser optical path of which is also illustrated in (b).

(a)Polystyrene, (b) poly(methyl methacrylate) (PMMa)d (3) poly(vinyl
alcohol) (PVA) etching depth comparison of pure Ar, Ar + 1% A& +1%

air and Ar + 1% HO plasma with 4, 6 and 8 mm treatment distance. The area
density of removed C atom is calculated from the etching depth. The inserts
are molecular tsuctures of the corresponding polymer. The environment
condition is not controlled and mostly humid ambient air mixed with Ar feed
gas.

Relation between estimated incident O flux onto polymer surface and
calculated C flux out of polymer surfatmr Ar + 1% air plasma in room air
environment.

High resolution XPS (a) C 1s, (b) N 1s and (c) O 1s spectra of polystyrene
treated by the RF jet with Ar + 1%2@nd Ar + 1% HO plasma in N
environment. Pristine polystyrene is also shown fangarison. The RF jet
treated surface shows characteristic carbonate est&O({O) and NO
formation.

(a) Feed gas #D and Q mixture effect on the etching depth and surface
elemental composition of polystyrene treated in @&hvironment. (b)
Environment Q effect on the etching depth and surface elemental
composition of Ar + 1% kD plasma treated polystyrene.
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Chapter 3:

Figure 3.1

Figure 32

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6.

Figure 3.7

Figure 3.8

Figure 3.9

Schematic diagram of the tinmodulated RF jet and its interaction with PS
film. The treatment anglé and treatment distance d are adjustable. During
material processing the RF jet scans over PS surface at a speed of either 1.2
mm/s or 2.4 mm/s. The distee between scanning lines is 0.8 mm. Insert
shows the RF plasma jet in verticél£ 90°) configuration.

Realtime etching profile of PS treated by Ar +1% f@lasma in room air
environment. Four treatment distances, 4, 8, 12 and 16 mm are.shog

gray area shows tha-situ film thickness change during plasma treatment.
The treatment anglis 90°. Insert is the magnified view of the fastest etching
step at 4 mm treatment distance. The transient etch rate can be fitted as 79.8
nm/min.

Comparison between the profile of PS etching depth and that of atomic O
density along treatment distance. Left axis: etching depth of PS treated by Ar
+ 1% Q plasma in both Nand air environment. Right axis: measured atomic

O density of Ar +2% air plasma in air environméatind simulated atomic

O density of Ar + 1% @plasma in air environmefit Both the etching depth
curves and the atomic O density profile fall exponentially with distance. The
treatment anglé was 90°.

PS suface morphology measured by AFM: (a) pristine PS film with RMS
roughness of 0.35 nm, and (b) Ar + 1% ftBeated PS film with RMS
roughness of 3.24 nm. Treatment angle was 90°, distance was 8 mm and
gaseous environment was.N

High resolution XB (a) C 1s, (b) N 1s and (c) O 1s spectra of PS treated by
the RF jet with Ar + 1% @plasma at 8 mm and 16 mm iz Bhvironment.
Pristine PS is also shown for comparison. The treatment angle was 30°.
Environment gaseous composition effecttio@ PS etching depth treated by

Ar + 1% Q plasma. All treatments were performed at 4 mm distance with
tilted configuration § = 30°) and 3.8 W plasma power. The spaocessing
speed was 2.4 mm/s.

Comparison between air anck Environment onthe etching depth and
surface oxygen composition of PS film treated by Ar + 19pl@sma. The
treatment angle was 30°.

Air molar fraction on sample surface and in the plasma plume axis (insert)
calculated by fluid dynamic simulation. Axiaymnetric configuration was
applied. Four processing distances from 4 mm to 16 mm were evaluated. Gray
area shows the scale of the Hs®an processing steps.

Substrate temperature effect on the etching depth of PS treated by Ar + 1%
Oz plasma in N environment. Serrliog plot of etching depth, Log(etching
depth), vs. reciprocal of substrate temperatures¢d/Was shown to illustrate

the Arrhenius form of the etching reaction rate. Apparent activation energy
Ea calculated from the linear fit of lggetching depth) to 14lbwas labeled.

The treatment angle was 90°.



Figure 310 Correlation between the estimated incident O flux onto PS surface and the

calculated C flux out of PS surface. The atomic O density of solid squares
were measured in Ar + 2%rglasma by Van Gaerst al whereas that of
open circles were simulated with Ar + 1% flasma by Wendet al The
etching reaction probability of O atoms can be estimated from the fitting
slopes and is found to be in the order of.10

Figure 3.11 Correlation of etching and surface modification of PS (in terms of etching

Chapter.

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

depth and surface oxygen composition, respectively) with estimated atomic
O flux impinging the PS surface. The PS films were treated by Ar + 1% O
plasma in air environment.

(a) Schematic diagram of polymer processing by the SMIZource used in

this work. The target material is placed underneath the nozzle with a distance
of 3 mm. The SMBTA source is mounted on a scanning stage with a
scanning speed of 2.4 msn[b) Optical image of SMDTA source operated
with N2 feed gas at 6 kp§ and 23 kHz. The perforated center rod of the
discharge tube at the center of the array was removed for demonstrating the
uniformity of the glow discharge.

El | i ps eqata obtginedlduring SMD treatment of (a)14.42 nm PS for
60 min and (b) 22.94 nm PS for 290 min. The PS films were coated on Si
substrate with ~100 nm Si@op layer. The experimental data is shown by
solid dots. The single layer ellipsometry model sirhafes are shown by lines

with open symbols. Three distinct sections of RPO of polymer are defined: 1)
AB: surface adsorption/oxidation, 2) BC: bulk film expansion and 3) CD and
beyond D: etching. Poik corresponds to the beginning of the experiment.
At point B, a surface adsorption/oxidation layer was formed in about 3
minutes with a thickness of ~3.6 A regardless of pristine film thickness. Point
C denotes the end of polymer film expansion which is proportional to the
pristine film thickness (~ 6 %). RdiD indicates 1 hour of treatment. Inset in

(b) is the enlargement of A to D sections. The etching of polymer film takes
place at a rate of 0.7 nm/hour.

High resolution XPS of (a) N 1s (b) O 1s and (c) C 1s of 180nm PS films.
Spectra of both jstine and SMD treated films are shown for comparison.
The pristine PS does not contain N or O. The treated PS showed surface
nitrate (RONQ) formation and oxidation. The electron tedd angles are

20° in all spectra which correspond to the top ~ 2 hith@PS surface.

The time evolution of surface (a) N, (b) C and O composition. Both 20° and
90° electron tak®ff angles were shown in (a) and (b) for comparing the
elemental composition at different probing depth (~2 vs. ~8 nm). The label of
A, B, C and D corresponds to those in figur2 4.

The decomposition of XPS C 1s spectra for (&/@ and -" * shakeup peaks

and (b) various carbon oxygen bonds plotted as a function of treatment time.
Only data from 20° electron takwdf anglewere shown. The label of A, B, C

and D corresponds to those in figure 4.2.



Figure 4.6 High resolution XPS C 1s spectrum of 290 min treated PS film. The
decomposition of measured data into various oxygen containing functional
groups is also shown. The elext takeoff angle is 20°.

Figure 4.7 (a) ATR-FTIR spectrum of 350 nm PS film treated by SMD fori1290
minutes. The contact area between PS and Ge crystal has been calibrated and
corrected. (b) Integrated IR intensity area of peaks in the range oti§50
~ 1850 cmt as a function of SMD treatment time. The label of A, B, C and D
corresponds to those in figure 4.2.

Figure 4.8 The thickness and refractive index change of PS film shown in figure 4.2 (b)
as a function of time. Inset is the enlargementhef first 45 minutes of
treatment. Labels A through D correspond to those in figure 4.2, whereas E
and F correspond to 1.5 and 2.25 hours.

Figure 4.9 Possible reaction processes of PS under RPO. Labels A through F correspond
to those in figure 4.8. Labéb indicates net thickness loss compared to
pristine film when it is treated with even longer time than 5 hours.

Chapter 5:

Figure 5.1 (a) Schematic diagram of the timeodulated RF jet and its interaction with
a polymer surface. During material treatmetite RF jet scans over
polystyrene surface with a speed of either 1.2 mm/s or 2.4 mm/s for avoiding

excessive &etching. The treat ment ang
adjustable. Inset shows an optical image of the Ar+1% H20 plasma treating
polystyrenec oat ed on Si wafers with d = 4 r

diagram of the water vapor generation setup. The MFC is heated to 135 °C,
the stainless steel water container and gas delivery lines are heated to 110 °C.
(c) Schematic diagram of the tinmeodulted RF jet with gas shielding and

the laser induced fluorescence (LIF) measurement for OH radicals.

Figure 5.2 (a) Realtime etching depth of PS films treated by Ar + 1% H20 plasma at 4
mm distance in various N2 + O2 mixture environments. The gray area
indicates the time when scanocessing by the RF jet takes place. (b) The
effect of environment gaseous composition on the polymer etching efficiency
of Ar + 1% H20 plasma evaluated by the total etching depth of PS and
PMMA films. For both plots the treaent angle and the scgmocessing
speed is G = 30A and 2.4 mm/s, respec

Figure 5.3: The etching depth of polystyrene sgamocessed by Ar + 1% H20 plasma as
a function of treatment distance in both N2 and air environment. The
t reat me n t=90 and theescan grocéssing speed is 1.2 mm/s

Figure 5.4 High resolution XPS (a) C 1s, (b) N 1s and (c) O 1s spectra of polystyrene
treated by the RF jet with Ar + 1% H20 plasma at 12 mm in N2 and artificial
air environment. Pristine polystyrene isashown for comparison. Labels in
(c) a (632.3 eV): C=0, @=0*, O*-CO-0; b (532.6 eV) aliphatic ©; c
(533.6): O:C=0; d (533.9 eV): &CO*-0O. The treatment ang
and the scaprocessing speed is 1.2 mm/s

Figure 5.5 The etching depth and $ace O elemental composition of Ar + 1% H20
plasma as a function of treatment distance. Two environment gas
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Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Chapter 6:

Figure 6.1

Figure 6.2
Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

compositions, i.e. pure N2 and artificial air, were tested. The treatment angle
and scasprocessing speed is 30° and 1.2 mm/s for both etching depth
surface O composition measurements

Comparison of the effect of feed gas H20 and O2 admixture on the etching
depth and surface O elemental composition. Polystyrene films were treated in
N2 environment. The Ar/H20 plasma data is the samthat presented in
figure 5, and the Ar/O2 plasma data is the same as that presented in previous
publication.[29] The treatment angle and spancessing speed is 30° and 1.2
mm/s respectively for both etching depth and surface O composition
measurements

The effect of substrate temperature on the etching depth of PS films treated
by Ar + 1%H20 and Ar + 1% O2 plasma. It can be seen that for Ar + 1% O2
plasma the etching depth increases with temperature whereas for Ar + 1%
H20 plasma the etchinglepth has a complex relation with substrate
temperature. The treatment angle and the-pcacessing speed is 90° and
2.4 mm/s, respectively

The etching depth of PS treated by Ar + 1% H2 plasma (a) in pure N2
environment with various treatmteglistance ranging fromi420 mm, and (b)

at 4 mm in N2/02 mixtures with various mixing ratio. The inset of (b) shows
the enlarged section of the gray area where we observed maximal etching
depth with 1% O2 + 99% N2 in the ambient. For both plots, tranent

angle and the scgorocessing speed $° and 2.4 mm/s, respectively

The etching reaction coefficient of OH radicals obtained by correlating the
incident OH flux and the etched C flux at treatment distance d = 4, 8, 12 mm.
The etched Glux is estimated from data in figures 3 and 5, the incident OH
flux is calculated from OH densities at tveal direction measured by Il

(a) Schematic diagram of polymer processing by the SMDThe target PS

film is placedunderneath the nozzle at a distance of 3 mm. (b) Schematic
diagram of the gas phase species characterization by FTIR with a variable
length gas detection cell. A liquickooled MCT detector is applied.

The IR absorption spectrum of the SMifileent with 20% Q (artificial air)

feed gas. The gas detection cell has an optical path length of 1.33 m.

The IR absorption spectra of four reactive species, seNéDs, HNOz and

N20 generated by the SMD with varioleedgas compositions.

(a) The density of ©measured by UV absorption as a function of feed gas
composition. (b) The density of20s, N2O and HNQ measured by IR
absorption as a function of feed gas composition.

Thein-situellipsometry trajectories (&, e, g) of PS films under the exposure

of SMD and their corresponding fitted thickness/refractive index (b, d, f, h)
values as a function of time. Results from different feed gas compositions are
shown: (a) and (b): 95%2)(c) and (d): 80% ¢) (e) andf): 20% Q.

(a) The net thickness gain after the surface oxidation and nitritation stage, (b)
the thickness expansion rate during the bulk oxidation stage, and (c) the etch
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rate during the etching stage of PS transformation as a functioedes
composition. In (c), zero etch rate was shown for the polymer films treated
with < 80% Q in the N/O2 mixture due to the lack of an etching stage after
4 hours of treatment.

Figure 6.7 High-resolution XPS of pristine and 0.5 hour treated PS sesfhy either
95% @ or 20% feed gas: (a) C 1s, (b) N 1s, (c) O 1s. The electron take off
angle is 20. Label a (532.3 eV): C=0,-0=0* O*-CO-0; b (532.6 eV)
aliphatic GO; ¢ (533.1 eV): aromatic-O, O-C-O; d (533.6): O*C=0; e
(533.9 eV): GCO*-0O, O*-NOg; f (534.7 eV): GNO2*.

Figure 6.8 The XPS measured (a) surface C, O and (b) surface N composition of the
SMD treated PS surface as a function of feed gas composition. Results with
two treatmentimes, i.e. 0.5 hour and 2 hour, are shown. The electr@n tak
off angle is 20° which corresponds to the top 2 nm of the polymer film.

Figure 6.9 XPS C 1s decomposition of SMD treated PS films for 0.5 hour: {@JHC
and”-"* shakeup, (b) €0, O-C-O/C=0, GC=0, GCO-0.

Figure 6.10 The XPS C 1s decomposition difeace between the 2 hour and the 0.5 hour
SMD treated PS films. Positive value indicates that the 2 hour treated PS film
contains higher relative concentration of the moieties than the 0.5 hour treated
PS film.

Figure 6.11 Enhanced ATRFTIR spectrum obtaed with ~10 nm PS film coated on Au
surface. Spectra from PS films treated by four different feed gas compositions
(20% @, 50% O, 95% Q and 100% @) are shown. All spectra are
normalized to their individual highest peak. Labels A through H notat&the |
active vibration modes fromolystyrene A (700 cm?): aromatic ring oubf-
plane deformation; B (760cH: outof-plane GH bend; C (1029 cr: in-
plan GH bend; D, E and F (1452 ¢in1492 cmt, 1602 cmt): aromatic ring
modes; G (3000 2800 cmt): aliphatic GH stretch; H (3100 3000 cm?):
aromatic GH stretch.

Figure 6.12 Enhanced ATRFTIR spectrum obtained with ~10 nm PS film coated on
SiO./Si surface. All spectra are normalized 560 peak. Labels A through
F notatethe same IR active viation modes from polystyrene as those in
figure 6.9.

Figure 6.13 (a) The relative percentage of aromatic ring left in the -titia PS film
compared to the pristine PS film calculated by the ratio of the aromatic ring
out-of-plane deformation IR peak.)(the relative amount of carbonyl groups
(calculated by the integrated area intensity of the shaded area | in figure 6.11)
in the treated PS films as a function of feed gas composition.

Figure 6.14 The correlation between thes @ux/density and the thigkess expansion rate
in the bulk expansion stage in figure 6.5.

Figure 6.15 The correlation between surface O elemental composition and the gose O
applied on polymer surface.

Figure 6.16 (a) The correlation between the dose ea@d the relative amouaf aromatic
ring left in the treated PS film. (b) The correlation between the dosgarfdD
the carbonyl group formed in the treated PS film.

Figure 6.17 The correlation between surface N composition and the dosgsf N
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Chapter 7:

Figure 7.1 Chemicalstructure of the model polymers used in this work: (a) PP =
polypropylene, (b) PMMA = poly(methyl methacrylate), (c) PVA = polyvinyl
alcohol, (d) PS = polystyrene, (e) PAMS = polpiéthyl styrene) and (f)
POMS = poly(methyl styrene)

Figure 7.2 Schemat of plasma processing setups used in this work. (a) Remote plasma
oxidation of polymers at atmospheric pressure by surface +disocharge
tube array (SMBTA). (b) Backetch of SMDTA treated polymers by low
pressure Ar inductive coupled plasma (ICP). adlditional bias power was
applied to the polymer sample. Baetched polymer samples are vacuum
transferred to XPS for surfackaracterization

Figure 7.3 SMD generated longived neutral species measured by FTIR with (a) 0.05 m
and (b) 1.33 m opticgdath length. Two different optical path lengths were
used for detecting reactive species in different density range.

Figure 7.4 Thickness change of polymers when exposed to reactive species generated by
SMD at room temperature (21 °C): (a) PS vs. PMM¥XARand PP. (b) PS
vs. P4MS and PUMS. The starting thick
188.3 nm, PMMA 219.8 nm, PVA 209.5, PP 108.8 nm; and (b) PS 416.1 nm,
P4MS 400. 3 nm, PUMS 403.9 nm, respect

Figure 7.5 Thickness change of model polymerglar the exposure of reactive species
generated by SMD at 70 °C: (a) PS vs. PMMA and PVA. (b) PS vs. PAMS
andP U M She original thickness of polymer films in (a) is: PS 200.8 nm,
PMMA 190.2 nm, PVA 190.0; and that in (b) is: PS 413.7 nm, P4MS 405.7
nm, M®394.0 nm. It can be seen that all model polymers experiences
etching after 10 minutes of treatment. The same trend of thickness change for
each model polymer studied in figure 7.4 was also observed.

Figure 7.6 Maximal film thickness expansion rate aiaction of pristine PS thickness.

It can be seen that the max expansion
starting thickness.

Figure 7.7 High resolution (a) C 1s (b) O 1s and (c) N 1s XPS of PS taken with electron
takeoff angle of 20° and 90° ch corresponds to the surface chemistry
information from the top ~2 nm and ~8 nm of the polymer film, respectively.
The spectra of pristine and 10 min treated PS films are shown. For pristine
PS, there is no observable difference between 20° and 9%, sdzareas for
10 minutes treated PS film the difference between 20° and 90° scan indicates
acompositiongradient in the PS sedurface.

Figure 7.8 Enhanced ATRFTIR spectrum obtained with 10 nm PS film coated on Au
surface. To illustrate plasmaducedeffects on polymers, pristine,-2290
min plasmatreated films are shown for comparison. All spectra are
normalized to their individual highest peak. Labels A through H notates the
IR active vibration modes from polystyrene. A: aromati€ ®end; B: out
of-plane GH bend; C: iaplan GH bend; D, E and F: aromatic ring modes;

G: aliphatic GH stretch; H: aromatic <1 stretch.

Figure 7.9 The etch rate of SMD treated PS films under the exposure of Ar ICP plasma

as a function of baektching depth.
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Figure 710 High resolution (a) C 1s (b) O 1s and (c) N 1s XPS of 90 minutes SMD treated
PS taken with electron tala#f angle of 20°. The spectra of both 3.5 nm back
etched and noebacketched PS were shown for comparison. It can be seen
that after 3.5 nm of bae&tching, the organic nitrate peak at 408.2 eV has
disappeared.

Figure 7.11 The surface C and O composition of batkhed PS as a function of back
etch depth. The PS films were treated by SMD for 90 min before- back
etching. The XPS electron takdf ande is 90°. The surface C composition
increases in the deeper section of the SMD treated PS film, whereas the O
composition decreases. This indicates a gradient profile of plasma oxidation
in the polymer film. PS is oxidized evabh> 40 nm underneath therace.

Figure 7.12 The XPS C 1s breakdown of baetched PS as a function of bagich depth:

(@) GC/H, - “* shakeup peaks, and (b}@, O-C-O/C=0, OC=0, OCO-

O. Theelectron takeoff angle is 90°. It can be seen that the percentage of C
C/H and’ - "* shakeup peaks increases with ba&t&h depth whereas the
various oxygen containing moieties in (b) decrease.

Figure 7.13(a) The thickness change of PMMA under SMD treatment at different
temperatures. (b) The substrate temperature effect on the &tcbfrBS
treated by SMD. Semog plot of etch rate vs. reciprocal of substrate
temperature (14d) was shown to illustrate the Arrhenius form of the etching
reaction rate. The apparent activation energyaiculated from the linear fit
of Ln(etch rate)d 1/k T is 0.84 eV.

Figure 7.14 The fitted curve of backtch rate shown in figure 7.9. The sanfinite slab
diffusion model was used. The fitting parameteré€presents the diffusion
length whereas ERs the backetch rate of the pristine film.

Chagper 8:

Figure 8.1 (a) Schematic diagram of the SMD reactor and its operating principle. (b) The
optical image of the SMD processing setufargets are usually positioned
underneath the SMD reactor. (c) The optical image of the glow discharge
generated b$MD source operated in air environment. The (d) schematic and
(e) optical image of a homemade inoculation cell used for inoculating one
side of the spinach leaf.

Figure 8.2 The schematic diagram of SMD treatment of:Eagoli O157:H7 inoculated
PCA phtes, (b) dayer stack oE. coliO157:H7inoculated spinach leaves,

(c) E. coliO157;H7 inoculated Si chips, and (d) LPS spiated on Si chips.

Figure 8.3 (@) Bacterial inactivation efficiency of the SMD reactor in various working
gas compositions evaluated By coli O157:H7inoculated on PCA plates.
The treatment distance and time is 3 mm and 1 min, respectively. (b) Bacterial
inactivation efficiency of SND reactor on green leaves evaluatedebyoli
0157:H7inoculated on the front side of spinach leaves. A thager green
leaf stack shown in figure 8.2 (b) was used. Treatments that share the same
label (A or B) are not significantly differer®® & 0.05)

Figure 8.4 (a) The ATRFTIR spectra of pristine, 0.5, 1, 3 and 5 min trededatoli
0157:H7cells. The optical image d&. coli on Si wafers after (b) 0 min (c)
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Figure 8.5

Figure 8.6

Figure 8.7

0.5 min (d) 1 min and (e) 3 min of treatment by SMD. The scale barsiin (b)
(e) indicate @ & m.

The SEM image oE. coliO157:H7cell: (a) untreated, and SMD treated in
air for (b) 1 minute, (c) 3 minutes and (d) 5 minutes. The scale bars indicate
500 nm.

(a) The chemical structure of lipopolysaccharide (LPS) highlightpid A.

NGc: N-acetytglucosamine, NGa: Mcetytgalactosamine, Gal: galactose,
Glc: glucose, Kdo: @leoxy-D-mannoeoct-2-ulosonic acid, Hep: heptose, Ph:
phosphate/pyrophosphate. (b) The AFRIR spectra of pristine, 0.5 min, 1
min, 3 min and 5 min treed LPS.

High resolution (a) C 1s, (b) N 1s, (c) O 1s spectrum of pristine and SMD
treated LPSLabel a (532.3 eV): C=0, ©=0%*, O*CO-0; b (532.6 eV)
aliphatic GO; ¢ (533.1 eV): aromatic-O, O-C-O; d (533.6 eV): O*C=0; e
(533.9 eV): GCO*-0O, O*-NOg; f (534.7 eV): OGNO2*.
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Chaptemntdoducti on

This dissertations concerned witlthe mechanisms gflasmasurfaceinteraction
(PSI) at atmospheric pressyrespecially for carboibased compound3Ne seek to
understand why materials respond in a certain way, such as etkinigfjon nitritation,
or a combination of the abovenderthe exposure aitmospherigressure plasma (ARP
We seek to establish correlations between plasma geneeatetive species and their
effect on material surfaces at atmospheric pressifigh the knowledgeof these
fundamental mechanisna$ PS| we seek to establisbontrolled APRreatmerd that can
producedesired surface effecssiitablefor applications such asirface functionalizatign

etching as well athe sterilization of microbesetc.

1.1 The challenge of studying plasmaurface interaction at atmospheric

pressure

The clallenge of studying PSI comes frahe complexity ofchemicalreactionon

the interface between material and plasma/gas phadtile many types ofplasma
generatedreactive speciesimultaneously bombard the material surfaces ¢hassic
approach of studying PSI is by isolating individual elementary processes under well
controlled conditions, for example the interaction of one type of reactive species
(controlled beamyvith a welldefined materiaburface.This method can be effective for
understanding PSI at low pressurewever when it comes tAPP, high gas density
reduces thenean free path of particlés sub100 nm level which prohibits the adoption

of such controlled beam amach Besides, the synergistic effects of plasma treatfhent



suggest that material surfaces may respond very differently when they are exposed to many
plasma specias parallel

Despite the lackf sufficient reports oPSI at atmospheric pressure, matudses
on the interaction ahaterialswith APP related redive specieslo exist, even thougiome
of these works may have been performed by scientists from various research communities
using different experimental appro&shFor example, the properties of atomic O, OH and
NOx have been widely discussed articles focused on atmospheric chemisthy.
Furthermore, the puwously accumulated knowledge of PSI in low pressure may still apply
for APP, such as the effect of ions and UV photéiis.

In this dissertation, wavill discussthe development adur approach on studying
PSI at atmospheric presswgide fronthe controlled beam method. Wl compare the
mechanisms of PSI studied at atmospheric pressure with tlawaedefrom low pressure
plasma system$-or the target materials of PSlewhoose polymeras the main subject
due to itssimplicity, importance in applicationandclose resemblance to bioreglles.
Besidesthe vast existing knowledge of polymer interaction with reactive spewaibh
we provide a detailed overview in this chaptenakesit ideal for exploring the basic
principles ofPSL

1.2 Fundamentals of polymer modification and etchig

Depending on treatment conditions, polymers may experience three dfpes
changes under the exposure of APP as shown in figlr¢l) irreversible modification to
the polymer surface and/subsurface (2) etching, and (3) deposition. Such classification
is based on the dominant effect seen on polymers upon plasma treatment: modification

specifies the change of composition and/or structure of the polymer, whereas etching and



deposition refers to themoval and addition of substances to the original mateéssale

will show later in this chaptethe composition and/or structure of etched and deposited
polymer surfaces are often irreversibly modifidther terms such as surface activation,
chemical functionalizationand surface cleaningre also frequently used in plasma

processing. They usually denote special changes facguconditions which may include

one or combinationsf the above three types of surface processes.

(a)

Figurel.1 Simplified view of three types of changes that polymers may
experience under plasma treatment: (1) chemical modification, (2) etchingfab(ajio

deposition

1.2.1 Chemical reactions of polymers

The chemical reactions of polymers can be classified into two main categories: (1)
with polymer chain scission in which the polymer chain is split into smaller parts, and (2)
without polymer chairscission where the side groups are usually modifidebr chain
scission related reactions, two subclasses, namely-ehdirscission (or unzipping) and
random bain scission, can be separatédr reactions without chain scission, crbsking
and cyclization of the main chain or stripping/substitutionfiicattion of the side groups

may occut/]



When pdymers areexposed to an APBource, many of the above reactions can
happen simultaneously. Polymer etching is closely related to the chain scission reactions
since dry etching relies on the formation of small molecular weight volatile products, such
as CO and C@at room conditionsAll chemical reactions with the polymer will cause
modification to a certain degree@hereaghe special case of crebsking may cause the
densification of polymers which igery different from the other types of reactions.

Since plasma processing oflymers usually is performed without the presence of
solvent, the reaction mechanism is rarely ionic but mainly radical. Similar to and inspired
by freeradical reactions, previous researchers have proposed a unRiassab Polymer
Interaction PP)) mechaisms for both low pressure plasma (LBPind APE® 10 as
discussed below.

1.2.2Radical reaction mechanism of PPI

The chemical reaction process during PPI can be conveniently divided into four
stages, although in reality this separation may not be realisti@adital site creation, (2)
radical site propagation, (3) chain cleavage/scission and (4) radical site termikagon.
process of radical site creation by surface reaction with plasma species is fast, while the
rest of the three processis usually slow and might still be happening after plasma
exposure is complete.

Radical site creation

In the first stage, freeadical sites can be created on polymer surfaces by plasma
treatment. Since the borlissociation energy of common covalent b®mdpolymers is in
the range of 2 5 eV (1 eV = 96.49 kJ/mol}¥ one could expect that when interacting with

plasma species with high potential or kinetic energy, polymers may experience bond



cleavages which results in the formation of unsaturated molecular fragments (moieties with
an unpaired electrgnThe unsaturated sites, often called radical sites, are highly reactive
and can be responsible for further chemical transformation of the polymer.

The most abundant covalent bond in common polymersHsabiose dissociation
energy depends on its chentieavironment!? The dissociation of & bond in polymers
by plasma species, sometimes calledbstraction, can be the most important channel of
radical site creatiorilhe strengthof the GH bondis theweakest on tertiary carbon site

and strongest on primary carbon site. Takldg€as an example:

605 "Qy 'O "0° & T Ay 'OF O YC 18 Qo pP
606000 606 ® O YC 19 Qw pg
606 0° 60 6F O YO 181w pd

Thereforeit would be easier t@abstract the hydrogen on tertiary carbon sites on
secondary or primary sites.

Polymer radical sites can be created by heat, bombardment of UV photons,
electrons, ion&¥ or via chemical reactions with neutral species such as atomic oxygen,

hydroxyl radicals (OHY and NQ (x = 2,3, detail see sectidn3.5:1

Y 'O wuuw YE OF Q0N QE BMOE Qi pRG
Y O 00 YE 0O n prnfpnpnt pd
Y 'O 0'® YE OO0 n pnhb prmhpgpn p®

wherep is the estimated reaction probability for the tertiary, secondary and primary site
provided by Bhoj and Kushné It can be seen that the tertiaryalvays has the highest

H-abstraction reaction probability regardless of the attacifpegiesUpon the creation of



al kyl radicals (RA), these fragmented site

polymer transformation.

Free radical sites cansal be created by the homolysis of unstable chemical bonds,
such as peroxides, hydroperoxides, carbonyls, disulfides and azo compounds, especially
under UV exposure (photaitiation)..}4 For example, the photolysis of peroxide bend

O-0-:

Y 0 0OY OE 0O P&y
Radical site propagation
The seond stage of PPI is radical site propagation. The alkyl radicals created in
the first step may further react with other gas phase species. For instance, interaction with

oxygen leads to the formation of alkoxy-G(RA) and pleQAo) x igdeo u(pks :

YE 0OY OFE n 1™ P&
YE O ©Y OE 0 n p8t p m
YE O O°Y 0 OF n pm PP P

Reaction of radical sites with other surface moieties may also occur. For example,
H abstraction by alkoxy and peroxide radicals from its neighboring terti&tybBnd:
Y O Y®'Y (0 YE QY pm DG PP ¢
Y OOF YO 'Y 00 OYE N vd pm DG pP o
Both of the gasolid phase and sohsolid phase reactions contribute to the
propagation of radical sites from one part of the polymer dbatime other. The formation
of peroxides and hydroperoxides is also important for the polymer autoxidation and aging

process in natural orZ@nvironments’



Chain scission/cleavage

The third stage of chain scission/cleavage playssaantial role for the degradation
and etching of polymers. Some of the radical fragments created above are not stable, for
examplethe@ bond at al koxy and per oxsgissiohldi c al

which leads to the fonation of carbonyl (C=0) groups and new alkyl radical sites:

Y ORBuwwuu YO O Y E Q pmi 0P T
Herek is the reaction rate coefficient. If this bond cleavage happens on tertiary
carbon sites, it results in the formation of ke®iiBC=0OR) whereas that on secondary
carbon sites leads to aldehydes (RHC=0). The aldehyde groups can further undergo H
abstraction by atomic oxygen or hydroxyl
Y06 0 UVOFY O 0O n 1t pPu
YO0 O 0C®REY U OO0 n mM ppo
The carbonyl radicals can experience chain cleavage which leads to the formation
of CO, or react with O atoms to produce LCRbth of these processes cause the ablation of
polymers by producing volatile products:
EY OO'YE 60 n m pP X
EY 0O 00'YO 060 n ™ pPpyY
Besides, the huolysis of peroxides (reaction7) is also an important chain scission
process, especially for the phategradation of polymers.
Radical site termination and crosslinking of polymers
The last stage is radical site termination where therfdieal sites on polymers

recombine with gas phase species or other polymer radical sites to form relatively stable

moieties. In the case of termination by gas phase species:



YE "0° YO n ™ PP w
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EY 0 0®00 Y 0O n 1™ ¢ pg p
More importantly, the recombination between two radical sites may lead to the
crosslinking of polymer chain§} which is weltstudied for electron and higénergy
photon (VUV, Xray) treated polymers? Thistypeof crosslinking mectanism also plays
a significant role for the plasma treated polym&r&d especially for rare gas discharg@s
in which the flux of neutral reactive gas species is low. Two types of-bnkgsgy
processes exist, i.e. intramolecular and intermoleautasslinking. As suggested by its
name, intramolecular cro$isking can connect multiple individual polymer chains
together. Due to the long length of polymer chains, usually a small amount of

intramolecular crosBnks are sufficient to connect the wasystem.

YE YIO'Y 'Y N pm wai P& ¢
YOEB Y YOV P8 O
YO B YOO YO O P& T

Besides the recombination of radical site, ciloddeng of polymers can also
happen through copolymerization (if there ansaturated bonds on the polymer chain) or
reaction between functional grolihsvhich are beyond the scope of tHissertationSince
both chain scission and crelasking start from radical site creation, there is a constant
competition between the two during plasma treatfénf unique dynamic balance
between chain scission and crtis&ing can be established based on the specific pfasma

polymer system.



1.3The role of incident plasma species

In this section, we review the interaction of a few major plasma species with
polymers. The generation and consumption pathways of these spebiegas phase are
also mentioned. For other properties of these species, we refer readers td¥ e/ cmsl
the following articles for @3 Ox(a)[? 0s,24 N2 (a)!?@ HNO,?8 HNO3,?1 H20,,128

H,[29 NOB9 NO,13% OH 32 and UV photon$&?

Neutrals: Charged
Short-lived  Long-lived  Species:

Photons

Etching ’i Surface modification

Figurel.2 (a) Schematic diagram of plasma polymer interaction. Many reactive
species generated by plasma could be transported to materials surfaceicipdtpart

chemical reactions.



1.3.1 Atomic oxygen

Due to their short life time and high reactivity, large quantities of O atoms do not
exist naturally in room environment/ith APP sources, ppm level of atomic O can be
generated by ©containing discharged.he exisence and quantity of O atoms can be
characterized by optical emission spectroscopy (G£®y two photon laser induced
fluorescence (TALIFYY although the former method actually measures the O atoms in
exited states. Typical maximum density of atomic O found in APP sources ranges from
10671 1072 m3.3537 However most of these O density values are measured without the
presence of a target surface. Study by Schrétat*® showed that although dielectric
targets do not change the distribution of atomic O, the implementaitianconductive
surface near the effluent of a mieatmospehric pressure plasma gPPJ could increase
the atomic O density and spread its distribution close to the target.

The main generation pathway of atomic O in APP is the dissociation of nasiecul
oxygen by electrons, photons and excited species such as argon atoms (Ar*), argon

excimers ¢ ') and nitrogenmetastables0 0

0 QOoc¢ch Q p& UL
0 Q0o ¢ P8 ¢

6 07O cgh Oi P& X
6 01F°9¢gh ¢oi PR Y
o 0 0 9c¢gb O P8 W

The decomposition of ozone can also contribute to the production of atomic O in
both ground ) and exited statesy),*¥ such as the weknown ozone photolysis

process?d

10



O O O ©OhD P& T
Atomic O can also be generated by the collisions betweeand/ AY
Simulation results suggest that this process can be responsible for the generation of almost
all O atoms outside the plasma glow regith:
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Atomic O can be easily destroyed in the gas phase before reaching the target
surface. They are mdgtconsumed by the reactions with themselves or other neutral

species such as,Q0H and NJ42
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Due to theabundance of ©molecules in room environment, usually reactlo38
is the main destruction channel for atomic O. In humid air conditions, the presence of water
vapor can also be a strong quencher of O atoms. For example, &adneported the
reductbn of atomic O density when adding® into Ar + 2 % air RF APPYY Using
pulsed corona discharge of hurradl, Onoet al.also found that water vapor could reduce
atomic oxygen density and quench the production of o%8ne.

The effect of atomic O on polymers has been studied since 1960s. In their early
works, Hanseretal.,.appl i ed Aatomic O streamd on over
found that atomic O could rapidly ablate polymer surfaces but leave the polymer bulk
intact!*® They distinguished the effect of atomic O on polymers from thermal oxidation

by stating that né atomic oxygen is a di
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respos i bl e for a much greater proportion of
simple thermal oxidationo. Shortly after,
O was applied to improve polymer adhesive bonéfifig linear relationship between
polymer etch rate and either atomic O concentration in the pfdsmathe O atoms
consumed during etchil§ has alsdoeen reported, consistent with a direct role of O atoms

in the etching process. By the late 1980s, the role of atomic O on polymers under low
pressure condition was generally establish&d.

The most important role of atomic O on polymers is its ability of creating free
radical sites. Atomic O has very high potential energy (4.8 eV above ground gtatedO
is capable of abstracting hydrogen fr&@H bond as shown in reaction51 This H
abstraction by atomic O is one of the most effective radical site creation channels in plasma
processing of polymersis will be shown in chapte?sand 3

Besides Habstractiona O atom can also add itself to an atwsated bond such as
C=C which leads to two neighbouring radical sifés:

6 0 00 6 00V pd @

In addition, as shown in reaction9latomicO can participate in radicaite
propagation. Interestingly the-C bond strength at alkyditesis not affected after H
abstraction, but the addition of oxygen to the unsaturated molecules, leading to a radical
site on the carbon atom adjacent to the sit the addition, results in a weakenedCC
bond*¥ This weak bond may react and form epoxides or carbonyl comp&drissides,
atomic O can also react with aromatic rimghich form phenols by addition reactiofis.

These oxidation reactions with carbon rings consume a great amount of O atoms which
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might explain whyaromatic polymers are harder to et@te will further discusghese
reactiorsin chaptes 6 and 7
1.3.2 Singletdelta oxygen(SDO)

The ground state molecular oxygen(® 1 ) has two lowesenergy excited states
i.e. dqy (0.98 eV) and\ + (1.64 eV) and they are both spin singlets. The two excited
states differ from e aibondng dibitals. Thdyt stdteds st r uc
less important in terms of processing materials because (1) it is short lived and quickly
relaxes to grund state (A2 s in ga8¥ and 16°-10° s in solution)®? and (2) it is less
reactivewith other molecule®? %4 In contrast, the transition ofgy state (also called
singlet delta oxygen, or commonly referred
electric dipole radiation is forbidden by selection fefetherefore it has a relatively long
(relaxation) life time of 45 min in the d&$ and 16%-10° s in solutiorf>? Besides, singlet
delta oxygen is also highly electrophilic and known to be reactive in jaxypenation
reactionsg®® These properties of singlet delta oxygen make it important for the plasma
processing of materials.

The reactivity of singlet oxygen has been widely studied in fields ranging from
atmospheric chemistry to biology and méaéd®? Among the many generation
pathwayd>® in nonlocal thermodynamic equilibriur(LTE) plasma it is mainly created
through photoexcitation, collision induced photoexcitation, photolysis of §Zoaad
otherreactions that involr O atomsThe absolute densities of singlet delta oxygen can be
measured using infrared optical emission spectros€®py. For exampe Souseet al.

measuredthd 3 © ® + (0.98 eV) emission line at 1265 rifd,and they found that the

singlet delta oxygen density can be up *d@° cm3in He/O: RF APHIs.
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In the gas phase singlet delta oxygen is destroyed mainly through radiative or
collisional induced decay. When reaching material surfaces, singlet oxygen can react
rapidly with unsaturated bonds, phenols, anionic and neutral nucleophiles including
suffides and amine'§% %859 Early work by organic chemists found that singlet oxygen was
able to oxidize materials that are unaffected by ground molecular oxygen. Although these
reactions between singlet oxygen and organic compounds are mentioned less in the plasma
community, orgam chemists have been applying them for chemical synthesis for
decade&?

Many reaction mechanisms with regard the oxataif organic compound by
singlet oxygen have been proposed, and the details can be found elde\féfeThe
most important aspect about singlet oxygen is its ability of oxidizing certain moieties on
the polyner chain without causing dramatic chain scission (and hence no etching). Besides,
some polymers such as polystyrene cannot be oxidized by singlet oxygeri®%4lone.
However, in the presence of other more reactive constituents of the plasmeatgf.g.
atomic O and hydroxyl radicals), singlet oxygen can react with thealasites on polymer
chains

1.33 OH

Hydroxyl radicals are one of the most oxidative neutral species produced by APP.
They are alsgonsidered as the building blocks for the formation of other reactive species
such asHO2, H202, HNO: and HNQ.[® 84 Hydroxyl radicals are usually generated in
water contaling plasma where water vapor may be fed or entrained from ambient. The
production and loss mechanisms of hydroxyl radicals in plasma have been thoroughly

reviewed by Bruggeman and Schr&ph.
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The main generation pathways ofi@re the electron impact dissociation ofH
electron dissociative attachment ta{ electrorwater ion dissociative recombination,
positivenegative ion recombination, water ion hydration and the dissociation(t
radicals and metastables. Because wat er 6s r el atively | ow ic
compared to He (24.59 eV), Ar (15.76 eV) and(5.58 eV), water ions would be the
dominant types of ion in water containing plasma even when water is not the main gas
constituent. Under atmosphericepsure, water ions usually exist in cluster form, i.e.
HsO*(H20)n , due to the strong hydration caused by high gas déeffsiBeactions with
water ion clusters can be a major OH generation channel besides electron dissociation. It
is worth mentioning that ©has a similar ionization energy of 12.07 eV, which might
compete with water ionization process when bofta@ HO are inwlved in the plasma.

Hydroxyl radicals can be lost through gas phase reacfibf8.0One interesting
channel is the destruoti of OH by atomic O (reaction.3b). Verreyckenet al. has
suggested that a further reaction cycle might exisa feet production of onez®nolecule

from a net loss of two O atorffé

0’00 O 0NQ ¢& pm G m P& U
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with rate coefficient k at 400 Kn chapter 2 we will showhe loss of OH wheaddingO2
to Ar/H20 RF APPJ®8

When interactig with polymer surfaces, hydroxyl radicals are effective on creating
radical sites through homolytic bond cleavage shown in reaction.@. The resultant

carbon radical sites can further react and eventually cause polymer chain scission as

15



described in sgion 1.2 The etching of polymel® and carbon allotropes, such as
amorphous carbon and carbon nanotdtfedy water plasma were observed in low
pressure conditiongn chaptes 2 and5, we will explore thdast etchingof polymersby
OH generated iatmospheric pressure water containing pla$fha.

Another behavior of OH is its reaction with aromatic structures, which was widely
discussed in aqueous solutidAsand polluted atmospheré& Besides H abstraction,

hydroxyl radicals can also hydroxylate benzene ringtmffree radical€

.-

These radicals can further react with other speciesptasma and cause oxidative

pPH w

cleavage of the phenol ring. Although it is hard to quantify such processes, one should
expect slower etch rate for aromatic polymers treated by water containing plasma since the
ring structure serves as a sink for OH speléf&$his will later bedemonstrated in chapger

2 and 5.

1.34 Ozone

Since the early experiments by SiemEfsjzone generation by oxygen containing
plasma has been widely studied and industrialized in the past c&ftimyO. containing
APP sources, ozone is generic and usually abundant due to its long lifetime. The main
creation channel of ozone is the collisional combination of atomic O and oxygen molecules
with a third party, as shown in reactit/33. Interestingly this jpicess is also the main loss
mechanism for atomic O in the gas phase. The main loss pathways of ozone are through

ozone photlysis under UV light (reaction.20)*9 thermal decomposition (major when
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the gas temperature is high) and reactions with OH and H radicals (presence of water
vapor)[* The density of ozone can be easily measured bpUVs or pt i on based
law.

Ozone is highly electrophilic and known fitg ability to react with unsaturated
bonds such as alkenes, alkynes and azo compounds which is commonly referred as
ozonolysis proced$? The ozonolysis of elastomers, also called ozone cracking, usually
starts from a direct 1;8ipolar addition of one ozone molecule to the double bond. Such
reaction leads to the formation of unstable intermediatéedcazonide) which quickly
cleaves at room temperature into acids, esters, ketones, and ald&hydes

The ozone cracking of elastomers is not an etching process. In fact, the cleavage of
unsaturated bonds by ozone does not lead to the continuous formation of volatile products
at atmospheric pressure. This was confirmed by the fact that cracking opsnksaphen
the rubber is stretched above a critical elongation. Unstretched elastomers react with ozone
until all of the unsaturated double bonds on the surface are depleted, and then the reaction
stops due to the saturation of surface oxiddfidmhe thckness of ozone affected layer
on rubber is estimated to bé @4 nm (10- 40 monolayersy.’

The polymer surface treatment by ozone under UV light, sometimes referred as
UVO process, is a common technique used to increase surface energy and wettability.
When the UVO treatment time is long enough, polymers may experiencescission.

The UVO oxidation products, also known as low molecular weight oxidized material
(LMWOM), is not volatile and only weakly bonded to the polymer surf&té? Studies
on the UVO of polyproplené’® and poy(ethylene terephthalat®) have shown that the

surface modification actually comes from atomic axyggeneratetly ozone photolysis,
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reaction 130). Although ozone exposure of polymers without UV also causes surface
oxidation, it takes rather long time to reach the same amount of modification compared to
that treated by UV®? The polymer oxidation by ozone without UV might also be largely
due to atomic oxygen generated through thermal decomposifimzone. Aromatic
polymers can also be oxidized by UVO treatment. Besides the effect of atomic CetKlein

al. proposed that ozone might react directly with the unsaturated bonds on phenyl rings and

form carbonyl group$3
1.35 Reactive nitrogen species (RNS): NO, N@nd NOs

Reactive nitrogen species (RN&mmonly refers to nitrogen containing radicals
with unpaired electron such as NQ@=1,2,3), and their derivatives such as nitrous oxide
(N20), dinitrogen pentoxide (XDs) nitrous acid (HN®), alkyl peroxynitrites (ROONO)
and alkyl peroxynitrates (RNO>).[22

In APP, many nitrogen containing species carexigt with a highly dynamic
balance. As indicated ifigure 13, nitrogen species can be converted back and forth via
various pathway$3 For material etching/modificationhé importance of these species
depends on their reactivity and density at the target surface. Due to the complexity of
reaction kinetics involving RN8% we focus on discussing NQadicals, the most

fundamental RNS, and other RNS will be mentioned along the way.
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Figure 13 Reaction pathways betweesactivenitrogen specie$?

First, NO isthe simplest RNS and it is responsible for the generation of other
nitrogen containing species. Besides reactions showiigime 1.3, NO can also be
produced byreactions withmetastabld) 6 + ,0 'O atoms and NHWhen NO is
exposed to oxidativeenvironments, it can be rapidly converted into other nitrogen
containing derivatives, the particularly two of them beingl[d@d NQ. The density of
NOx species generated by APP sources can be on the ppm level, for exampl, alam
measured over 20- 107 m3 of NO in the effluent of a RF APPJ with Ar + 2% air feed
gas!® Simulations by Gaenst al. showed that Ar APPJ operated in humid air could
generate ~Am3NO, 1G° m2NO2, ~1F° m3of HNO and HNQ.[*Y

The reactivity of NQ increases with the amounf oxygen x in the molecules.
Although NO contains an unpaired electron, its reactivity lies at the low extreme among
radicals and appears to be only slightly more reactive than the ground sBteNO
usually reactwith the radical sites on polymer by adding itself to them, e.g. reatd@n

and 144.
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In contrast, N@®7 and NQ 8 are more reactive and can cause both oxidation
and nitation of other materialsthey react with organic compounds through: (1) hydrogen
abstraction, and (2) addition reactions with radical sites and/or unsaturated bonds. The H
abstraction reaction of N@&nd NQ is similar to that of O and OH, with the foatmon of
carbon radical site and HNBINOz:14!

YO 009 YE 000 p8 T
YO 00 ©° YE "O00 P8 p

As expected, the ease of H abstraction by,/NOs is in the order of tertiary >
secondary > primary site. The gas phase reaction rate 9fO¥Dand atomic O with some
organic compounds can be found in referéfide. most cases, the reaction rate constant
for NOs is twoorders of magnitude lower than that of atomic O.

The addition reaction of NO and N@ polymeric radical sites usually leads to a
complex mixture of products including nitrate ester (RQNQlkyl peroxynitrites
(ROONO) and alkyl peroxynitrates (RRO2). Particularly, during radical site propagation
(sectionl.2.2), alkyl radicals are oxidized to form alkoxy and peroxy radicals which may

further react with NO and NO
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The addition of NO to an alkene which forms nitroso alkyl radical might be
possible, but Philipgt al. have shown that pure NO does not react with isobui&ne.

Reactions of N@and NQ with alkene can happen very easily. In such situatiory, &h@
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NOs can add themselves to the least sterically hindered end of the C=C bond to form a

radical adduct intermediate:

RN AR KR
2/(::::\R“ +NO, » R+-C—C—NO;,
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c=C + NO3~ RZ'C_C"'ON02
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These intermediates contain alkyl radical sites, and they could fughet as
discussed in section 122.

Aromatic rings arerelatively inert to NQ radicals. This can be seen by the
extremely slow reaction rate between iN@e most reactive among NQand benzene
with only the upper limits of the rate constant measureable (296 K, < 2.8'chf
moleculé! s .19 |n the same article, Atkinsaet al. studied the reactions of N@vith a
series of aromatic compounds and they found that most reactions proceed via hydrogen
abstraction from the substituegroupd®®

Reactions of N®@ with organic materiausually do notlead tofaster material
removalétching. Knopfet all®¥ studied the heterogeneous oxidation of saturated alkane
hydrocarbon moriayers by N@, and through characterizations by XPS they found that
NOs did not cause much removal of organic matdrialmaximum of 10% of the organic
layer was volatilized under the most extreme conditions. Interestingly, they confirmed that
the reactio caused the formation ofQ groups, ketones/aldehydes and carboxyl groups,
but only 1% of total surface elemental composition could be assigned to nitrogen
(attributed to nitrate group). They also calculated the uptake coefficibatfraction of
collisions with the surface that result in a reactiohNOsz by an alkane monolayer which

is about (8.8 + 2.5) x 10 Grosset all®@ studied the oxidation of alkene monolayers by
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NOs. Their results were consistent with those by Kneipdl: the treated surface showed
the formation of GO, aldehyde/ketone, carboxyl groups, and nitrogen species. Uing |
spectroscopy and SIMS, they also confirmed the formation of ROM@ch helped
explain why NQ does not cause material etchinthe formation of RON@consumes
alkyl peroxy (RO@ and/or alkoxy (R® radicals from the surface, and hence reduces
further chain scission. Recently Bares al. observed the formation of surface nitrate on
various polymers and biomolecules treated dwyface micredischarge $MD) and
APPJI®3 %4 They speculated that the surface nitrate, less than 1% of total surface elemental
composition from XPS measurement, might come from gas phasspgé€esln chapers

4, 6 and 7we will further characterize the SMD treated polymers with boththew
Ellipsometry and XPSWe will show that the NQ only formson the top 2 nm of the

polymer surface anevaluate the polymer thickness change under $td@iment®®
1.36 lon Bombardment

Because of the quaseutral property of plasma bulk, the ion energy distribution in
a diffusive glow discharge is thermal which is much tess 1 eV on average. However,
in the region where plasma directly interacts with a target, called a plasma sheath, the
situation is much different. Due to the potential drop in plasma sheath astgarti
ions can be greatly acceleratedhin the sheath thickness (~ Debye length Depending
on RF biasing condition, the ion energy can be from a few eV to hundreds of eV when
reaching a dielectric material surfdé@.The bombardment of these energetic ions plays
an essential role in the LHRAsed pattertransfer processes widely applied in
semiconductomdustry. For the direct interaction of polymers with a diffusive APP source

(Townsend breakdown regime), the ion bombardment process can be comparable to that
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of LPP. However, if the target material is not in direct contact with a diffusive APP, ion
bombadment is prevented due to the short mean free path ohi@imospheric pressure.

Since nost of APP sources are rather filamentary with a distiacstreamer
breakdown mechanisnhé formation and transport of the positively charged streamer head
in filamentary plasma can lead to a very different ion bombardment mechanism compared
to diffusive plasma. When the filament is far from target surface, the enhanced electric
field in the streamer can reach 200 kV/cm or 80F& #vhen the streamer strikes a target
surface, the majority of the electric field results in the formation of plasma sheath at the
dielectric surface. According to works by Natalia and Kuské? the APP sheathwith
plasma densities of 2x3cm 2 to 10° cmf 2 and potential drops ofi20 kV in the sheath
i can last many nanoseconds with a thicknessofafems of em and an el
a few hundreds of kV/cm. lons are accelerated in this transient plasma sheath and carry up
to tens of eV when hitting the target surf&8e? Another interesting phenomenon is the
spreading of streamers on material surface, often called surface streamers, which typically
happens in a few nanoseconds with a width of a few % When there are multiple
streamers striking the surface, the nearby surface streamer may interact with each other and
form seltorganized lateral structur&§2

When striking polymer surface, ions first loose its kinetic energy and subsequently
can be neutraed. There are two major iematerial interaction pathways during these two
processes: (1) interaction with the electrons or (2) interaction with the nuclei. The former
pathway leads to bond breaking whereas the latter results in atomic displacement in th

material or sputtering. The penetration depth of ions depends on not only the type of ions
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and their energy but also the target material properties. For common polymers and ions
generated by low temperature plasma (up to hundreds of eV), it is ustedynan(03

As dicussed in section 1.2.2, ion bombardment can cause the formation of polymer
radical sites which may further lead to chain scission, etching and/otliciasg. With
other elemental components such as O and N from the polymer or gas phase, ion
bombardmenimay result in significant chemical modification and etching of polymer
surfaces. However the specific effect of ion bombardment relies on the polymer properties
as well as the nature of the ions such as type, energy and dose. For examplet@bkan
found that polymer etching by oxygen ion bombardment was 15 times faster than that under
argon ion bombardment, though the etch rate enhancement of oxygen ion was considered
to be ionassisted chemical etchif§? The authors also found that the polymer etch rate
under ion bombardment has a linear dependence on the-N{Nfactor of the etched
materials which is later known as the Ohnishi number/f&Cfbwhere N, N, and N
stands for the total number afoms, carbon atoms and oxygen atoms in a repeating unit.
Another interesting behavior of polymers under the exposure of highly energetic ions
(~hundreds of eV) is the formation of dense amorphous carbon (DAC) layer as reported by
Bruceet al.l**d At last, we want to mention that reports with regard to the control and
application of ion bombardment by APP sources are still scarce. Although moderately
energetic (up to tens of eV), ion bombakeht by APP may find its application in
processing biological materials due to the local sheath formation and high filed strength at
target surface such as cell membrd#¥st®d We will provide evidence on ion induced

effeds from APP sources in chapter 3.
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1.3.7 UV effects

Low temperature plasma is known as a source of UV and VUV radiations whose
intensity and wavelength depend on the pressure, gas composition and powetdénsity.
In glow disclarges, strong UV radiation may come from atomic emission lines, such as
those of rare gas, and molecular emission bands in the case when molecular gas, e.g.
nitrogen or hydrogen, exists.

The effect of energetic photons on polymers, especially in the dWaWV region,
has been widely studied and well documented in reviews and textB%dk8.The UV
photons can participate in all the four stages of PPI discussed in section 1.2n8. Dur
photainitiation, UV photons are able to create polymer radical sites {apdtraction
(reaction 1.4) or the photdeavage of peroxides (reaction 1.7), hydroperoxides (reaction
1.8), carbonyls, disulfides and azo compouifi$JV photons can also facilitate radical
site propagation such as reaction 1.11 and #!33or UV induced chain scission, low
molecular weight products may form as a result. In the report by Skuaht the chain
scission efficiency of UV photons was estimated to b& #mes greater than H
removall*'3

Another factor that makes UV photons important for polymer treatment is its
neutrality andrelatively deep penetration depth (up to hundreds of lhthgompared to
other plasma species. Although short wavelength photons have shallower penetration
depth, they contain more energy and hence are more effective in causing chemical
reactions!'¥ Some gas molecules in air have large cross section to certain wavelengths of

UV photons,e.g.the strong absorption around 124.6 nm & Due to the high gas
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density at atmospheric pressure, the UV effect from APP might be strongly attenuated

when the interaction hagns in air or @rich environment? 119

1.4The influence of target material properties

1.4.1 Substrate temperature dependence

Kinetically, the rate of chemical reactions related to PPI increases with temperature.
Although polymer etch ratare controlled by many chemical reactions and most of them
are far from being elementary, Arrhenius equation may still be used to empirically fit the

temperature dependence of polymer etchltaie:
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wherek is the rate constand is the preexponential factorks is the Boltzmann constant
andT is the temperature. The empirically fitted paramBtgepresents the conglomeration
activation energy ad group of etching related chemical reactions. Ehealue for a given
polymer/gas system can be a function of processing parameters such as power and gas flow
rate etc.

The substrate temperature dependence of polymer etch rate, especially for LPP, has
been studied in great detHit.1*7 Typically the & of photoresists processed by low
pressure @plasma is in the range of 0.1.64 eV.In chapter 3f thisdissertatiorwe will
discuss such measuremerits polymers processed by APP!8 Surprisingly our

measuredEa values are small compared to those of LPP which can be associated to the

facilitating effect of energetic species such as ions and UV photons from APP sources.
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1.4.2 Compositional and Structural dependence

The PPI process is highly dependent on the composition and structure of target
polymers. Usually plasma parameters have to be intentionally tailored for the accurate
etching of certain polymers. In the early works from the 1980s, the compositional and
strudural dependence of polymer etching by LPP has been intensively investigated.
Despite the difference between LPP and APP sources, some core findings of the structural
dependence of polymer processing by LPP may still apply in APP

In a comprehensive study by Taylor and WbYif, 40 types of polymers were
etched by @LPP and the authors found that polymer etch rate strongly depended on the
strength of the side chain bonds attached to the backbone. Stronger bonds on the polymer
side chain, such as aromatic, polar functional groups and metallic atoms, decrease the etch
rate whereas weaker bonds directly linked to the chain or in the chain greatly accelerate the
etch rate. This interesting observation was further confirmed by several otheritéfforts
129 with the generic conclusion that aromatic polymers, such as those found in positive
photoresists, havadher etching resistance than their aliphatic analogues such as PMMA.
Interestingly, Taylor and Wolf also concluded that the weaker bonds had little or no effect
to the etch rate if they were remote from the backbone. Thus, polymers with phenyl, cyano,
and fluorine substituents on the backbone showed the mostresddiivity, and the
majority of aromatic polymers was found to etehh #mes slower than their nonaromatic
counterpart§

The stability promoted by polar functional and aromatic groups might be due to the
reaction competition between backbone cleavage and the destruction détbkasns. In

the early works of plasma etching, it was believed that the stability of aromatic polymers
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lied in the influence of weaker tertiaryK bond, or in the catalytic property of aromatic

ring for the recombination of oxygen atoms. However in 1886sset al.pointed out that

this may not be tru€l They found that the stability waather independent of where the
benzene ring was in relation to the polymer backbone. They suggested that the explanation
was more likely to be the consumption of atomic oxygen with benzene ring to from

phenols:

wns Cann

OH
OCp) + -

This reaction competes with the usuabbistraction of atomic oxygen which creates free

(1.49

radical cites that could lead to polymer backbone cleavage. Thus the aromatic sidechains
could serve as a "sink" for oxygen atoms and impede the initiation stage.

Besdes functional groups, the crystallinity of polymers can also affect PPI.
Generally, the crystallinity of polymers influences the accessibility of plasma species to
the reactive sites on polymers. The general consensus is that amorphecay$tedtine)
phase has higher plasma etch rate ttsaorystalline counterpart, an other words plasma
etching has certain selectivity on amorphous phase. For example, @lalnovestigated
the correlation between crystallinity and etching by air plasma withmadel systems,

i.e. PET and nylon 66 fibeF&3 They found that air plasma preferentially interacted with
macromolecules in the namystalline domain, whereathe crystalline and quasi
crystalline phases were least affected by the plasma treatment. L&étemt al. found

that Ck plasma treatment of polyethylene resulted in a preferential etching on amorphous

phase than the crystalline ph&%8.More recently Junkast al.studied the role of polymer
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crystallinity on the etching of PET by oxygen plasi?d. They found that the polymer
crystallinity not only influenced the surface topography, the formation of new functional
groups, etching and hydrophobic recovery (ageing) but also affected the recombination
probability of neutral atoms on polymer surface.

1.5Reaction goducts of PSI

Because plasma etching is a material removal process, volatile products must be
formed at or near the polymer surface and subsequently removed to the gas phase. Direct
measurement of volatile products from polymer is hard to achieve because of the
interacton of the products with reactive species in the gas phase. This is especially difficult
for APRP-polymer systems due to the short mean free path of etch product at atmospheric
pressure.lt is worth mentioning thasome volatile productgroduced in LPP(eg.
LMWOM mentioned inSection 1.34) might not be volatile at atmospheric pressure.

Besides volatiles, the etched polymer surface can also be viewed as the product of
etching reactions. Since we have discussed surface modification previously, here we only
mention one important characteristic of the etched surfaces. The etched polymer surfaces
are rarely welldefined and homogeneous. Based on the treatment conditions, the etched
surface might be highly crod$isked or composed of much shorter polymer chdimshe
former case, the crogimking can cause the densification of polymer surface which might
further reduce the permeability of the surface layer. It is expected that the presence of a
crosslinked surface layer could suppress the diffusion of ga®lot phase additives into
the polymer bulk!?¥ In the latter case, smaller molecular weight -wofatile products

might be formed from the chain scission presmg!23
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In addition, many reaction intermediates may also be formed during plasma
treatment. These intermediates are usually unstable and deegmpose into a
conglomerate of many different functional groups on the etched slif&ddis is due to
the reactions between surface radical sitexkhre created during plasma exposure and
left on polymer surface. Usually these reactions are slow and might take hours to complete.
Such posteactions after plasma exposure is also called aging and have been widely
discussed in the field of polymer waility and adhesion improvement by both L

128 and APP" 129 treatments.
1.6 The approach of studyingPSI at atmospheric pressure

As a rule of thumb, the type and density of these reactive species on-g@igas
interface directly determines the end result of plasma treatifieaefore controlling the
composition of plasma species near the interface is the keyuidyingPSI mechanisms.
There arégwo major factors that influence the type and amount of reactive specigbe
interface: (1) the generation of reactive species by the plasma sources and (2) their
subsequent transport through and interaction with the ambient environi@es.the
particles inLPPstransport through free molecular flpihe effect of individal species on
material surface can be determined by using controlled bé#hig! However, APP
processing performed at ambient conditions is characterized by short mean free paths (e.g.
f or wm@ is abour65 nmd33 which makes beam methods hard to apply because the
interaction of the originally weltlefined fluxes with the environment results in the
conversion to other reactive species.

Thus, he most importanbbjectiveof this dissertationis to develop a alternative

approach of studying P&t atmospheric pressure atalverify the role of plasma species
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on surfacesgmeasuregreviously in low pressureonditions.In this section, w show our
practice ofusng well-controlled sourcembientsample systems and comprehensive
characterization technique$ both gas/plasma phase and material surface to realize these

goals
1.6.1 Plasma Surces

The popularity and simplicity of APgburcestimulated many newsourcedesigns
and power configurationgroweverthe effect of different APP sources or same source
operated at different conditions can be dramatically diffefidns causes difficulties with
regard to reaching a universal understanding of APP effect on pol{}ifef® resolve
this issuewe chose two representatigad weltcharacterizedPP sources, namely RF

APPJ and SMD, as our main procesdings.

abdl

-
-
»
.
-
-
»

Figure 1.4The optical image oAPP sources: (a) RRPPJ and (b) SMD

The RFAPPJoperates with noble carrier gas (e.g. Ardl @originally developed
by Bruggemar®4 Its propertyhas been studied in joint effort by many research groups
with regard to its flow dynamid$3® gas temperaturé3? electron temperature and
densityl**¥ density of reactive species such as K® 0 and Q,[**7 as well as computer

simulations of its chemical reaction pathw#ys=3 With these shared information tife
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same plasma source, the interpretation of surface characterizedigdts can be greatly
improved! ¢@ as shown in chapte®, 3 and 5.

The SMD**9 source and its variation SMD tube array (SMB) operate without
noble gas (usually MO2 mixtures).Target surfaces of SMD duot serve as part of the
electrode or dielectric and are completely independent of the plasma generation process.
This separation between discharge generation and surface interaction makes SMD
treatment more stable, easier to control and more flexiblargettgeometry. Besides, It
is the diffusively longlived neutral reactive species rather than the discharge filaments are
responsible for surface reactions, which makes the SMD source an excellent platform for
studying effect of less reactive plasma $psi¢*?

Detailed operating parameters of these plasma sources are given in the experimental

section of each chapter.
1.6.2 Controlled gaseous enviroments

Since both the APP sources and material surfaces are constantly exposed to their
atmospheric environments, one also needs to consider the interattonbient gas
molecules with plasma species and target surfat®e¥¥ The difficulty of evaluating
ambient gas effect lies in the uncertainty of room air composit®yscontrolling the
gaseous environment wherein PSI took place, we could suppress certain unwanted
interadions of plasma species with the ambient and regulate the delivery of reactive species
to material surfaces. As shown in later chapters, we achieved such contsgilling
vacuum chambers with desired gas cositon[*43 In chaptes 2 and3, the effect of gas
admixturesn the environmenivere alsastudied using these techniques, for example water

vaporl136 140143144 gng oxygent 14% 149
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Controlled Feed gas
environment

Ellipsometry

To XPS

Figure 15 A schematic ofpolymer processingby RFAPPJ in controlled
environmentMaterial property can be monitored in real time thromgsitu Ellipsometry.
The surface chemistry of materials can be characterized by vécansferredX-ray

photoelectron spectroscopy (XPS).

1.6.3 Simplified model materials

To further reduce the complexity of PSlgewsepolymers with representative
functional groups to study the effectglismaspecies on certain surface moietf@swe
choose vinyl polymers PSPoly(methyl methacrylate)PMMA) and polyvinyl aloohol
(PVA) for investigatingaromatic rings, ester and alcohol groups, respagti

To bridge the link between the principles of PSI and APP applicatwaswill
explorethe effect of APP treatment on the cell membrankvefbacterium We choose
Escherichia coli(E. coli) and ts major cell membrane componeniggopolysaccharide
(LPS) and peptidoglycan (PG a model biological syste@orrelation between plasma
effect on biomolecules and live bacterium will be madehapter 8

1.6.4 Characterization techniques

Due to themulti-phase nature of PSI, we integrated many characterization

techniquesin our study including that of plasma/gas phases such as optical emission

33



spectroscopy (OES), Fourier transform infrared spectroscopy (FTIR) and UV absorption,
and that of materiadurfaces such as-bay photoelectron spectroscopy (XPS), attenuated
total reflection (ATR) FTIR atomic force microscopy (AFMgnd EllipsometryWe will
explorea new ultrathin (< 10 nm) filmcharacterizationmethod usingo-polarized light
enhancedATR-FTIR in chaptes 6 and 7 The detailed instrumentation and operating

parameters will be given in the experimental section of each chapter.
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Abstract

Surface interaction of a wetharacterized time modulated radiequency (RF)
plasma jet with polystyrene, pdipethyl methacrylate) and poly(vinyl alcohol) as model
polymers is investigated. The RF plasma jet shows fast polymer etching but mild chemical
modification with characteristic carbonate ester and NO formatiothe etched surface.

By varying plasma treatment conditions including feed gas composition, environment
gaseous composition, and treatment distance, we find that short lived species, especially
atomic O for Ar/1% @and 1% air plasma and OH for Ar/1%®iplasma, play an essential

role for polymer etching. F@. containing plasma, we find that atomic O initiates polymer
etching and the etching depth mirrors the measured decay of O atoms in the gas phase as
nozzlesurface distance increases. The etche#agtion probability of O atom ranging from

10“to 10% is consistent with low pressure plasma research. We also find that adding O
and HO simultaneously into Ar feed gas quenches polymer etching compared to adding

them separately which suggests thauotidn of O and OH density in AD&/H20 plasma.
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2.1. Introduction

Cold atmospheric pressure plasma jets (APPJs) are able to generate chemically
reactive species desired for material processittg*? and biomedical applications such
as wound healing, disinfection and decontaminattéh'd. While a great amourof
attention has been devoted to characterizing these APPJ sBtfée%>3 and applying
them to cell culture studié$®, in vitro experimentd*®3, clinical trials*®® and dgher
applications, comparatively little is known about the interaction mechanisms between cold
atmospheric pressure plasma and cells, biomolecules, pol{fifeos dielectricd*>7.

Since both plasma source and material surfaces areantdpsexposed to the
surrounding ambient, the gaseous environment is coupled with the plasma and material
surface and influences plasfsarface interactions (PSI). Particularly for plasma medicine
applications, plasma sources are operated in humid amenwent which contains water
vapor that might play an important role in both gas phase and surface characteristics since
the dissociation of KD can initiate a wide variety of plasma and surface chemical
processe®3d,

Previously we reported plasma processing of model polymers and biomolecules by
kHz double ringAPPJ[14% 158 159 " kHz pinAPPJI® and surface micrdischarge®s %4
source using welcontrolled environments. Surface chemical modification by these
plasma sources was generically observed, whereas etching was highly source dependent.
The lack of quantified reactive species measurement for these plasma sources impedes the
interpretation of material surface response with plasma treatment.

In the present work, the surface interaction of a-efediracterized time modulated

radio frequency (RF) plasma jet with model polymers is investigated using both controlled
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and uncontrolledrevironment. This plasma source has been previously desérifend
studied in detail including flow dynami¢s¥, gas temperaturé®¥, electron density and
temperaturé'®, biochemically reactive species density such asf¥) O and GQ[*37,
Numerical simulations of the NO and O density profile in the plume region have also been
performed which predict significant quenching of O and NO density with additional water
impurities in the feed ga83. The available information provides the opportunity to
improve our understanding of PSI under atmospheric pressure.

In this work we have investigated the int¢rac of the RF jet with several model
polymers namely polystyrene, poly(methyl methacrylate) (PMMA) and poly(vinyl
alcohol) (PVA). We find that the RF jet can induce fast polymer etching but mild chemical
modification, both of which reflect plasma treatrheonditions such as feed gas
composition, composition of the gaseous environment and treatment distance. Based on
measured atomic O density data of this solfféewe provide evidence of the direct
relation between the polymer etching rate and the incident atomic O flux onto the surface.
By introducing HO from either the feed gas or the environment to Apl@sma, we also
demonstrate the quenching of ator by water vapor (D) predicted by the simulation

[43

2.2. Experiments and methods

A schematic diagram and optical image of the time modulated RF jghawne in
figure 2.1. The jet consists of a 1 mm diameter RF driven tungsten needle surrounded by a
guartz tube (3 mm outer, 1.5 mm inner diameter) around which is wrapped by a grounded
copper ring electrode. A total flow of 1.5 standard liters per mifsln®), either of pure Ar

or Ar plus 1% molecular gas admixture, is fed through the quartz tube. The molecular gas
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admixtures that we have studied include ait;, RO and G/H20 mixtures. The plasma is
generated using a 20 kHz time modulated 13.3 MHz RF signal with 20% duty cycle (10 ps
on, 40 ps off). The average dissipated power by the plasma is measured using the method
described elsewhel®4. In order to avoid direct coupling of charged species with material
surfaced'®d, the average dissipated power applied to the jet is maintained as 0.83 W for
pure Ar and 3.8 W for Ar plus 1% molecular gas admixture. These values are close to the
maximum power without direct coupling to the surface at the closest treatment distance

studied (4 mm) while maintaining a comparable plume length for all treatmentioonadi

Feed gas

X direction Gyl

Figure2.1 (a) Schematic diagram and (b) optical image of the-timdulated RF

jet and its interaction with a polymer surface. The RF jet scans over the surface at a speed
of 2.4 mm/s with the trajectory shown in (a). Distance d from end @fuithez tube nozzle
to the surface can be varied from 4 mm to 8 mm. The RF jet is tilted 30° to facilitate

in-situ ellipsometry characterizationthe laser optical path of which is also illustrated in

(b).

Since the plasma plume has a small csessional area (0.018 &ue to the small
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inner diameter (1.5 mm) of the quartz tube, the RF jet is mounted on a 2D scanning stage
to produce uniformly treated material surfaces that can be more easily characterized. As
shown in figure2.1(a), the jet sans over the polymer surfaces with a speed of 2.4 mm/s
and the distance between scanning lines is 0.8whioh is about half of the ID of the
guartz tube. These parameters are chosen to help improve treatment uniformity and avoid
heat accumulationDuring scanning, the Rf e t is tilted at d =
distances of d = 4, 6 and 8 mm from the end of the nozzle to the tbp siirface are
investigated. To study the composition effect of the gaseous environment on PSI, the
material is processed both uncontrolled (humid room air) and controlled environments
using a sealed 50 L chamber that was evacuated to 8 ®di® and then refilled to
atmospheric pressure with desired ®¥/H20 mixture. Water vapor is generated by a
custombuilt delivery sysem utilizing a MKS M330AH mass flow controller (MFC). The

inlet of the MFC is connected to a sealed cylinder in which liquid water is contained, while
the outlet of the MFQs connected to the dry feed gas line of the plasma jet. The
temperature of the ME (135 °C), water cylinder (110 °C) and connecting pipelines (110
°C) is controlled by proportioniéhtegral derivative (PID) controllersThe film thickness

and surface chemical composition change of model polymers are investigated to show the
interactionof RF jet with surfaces. Polymers are characterized by beghurand exsitu
ellipsometryi*® usingl.5mW HeNe laser at 632.8nm as shown in figutéb). An optical

model is applied to the raw ellipsometric data to extract polymer thickness and refractive
index. To avoid contamination and removal of plasma induced weakly bound species by
the exposure oburfaces to ambient alt®¥, the processing chamber is immediately

evacuated and polymer sampées transferred through vacuum to aay photoelectron
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spectroscopy (XPS) system (Vacuum Generators ESCALAB MK Il) for surface chemical
composition analysis. The treated surface area is 1 ¥ focrallipsometry and 2 x 2 ¢im
for XPS.

2.3. Results anddiscussion

The first observation concerns the significant polymer etching by the RF jet. In
humid room air environment, polymers processed using pure Ar or Ar + 1% admixture
show thickness reduction at all three (4, 6 and 8 mm) treatment distances2Eginavs
the dependence of polymer etching depthfeed gas chemistry and treatment distance
usingin-situellipsometry. The total amount of removed C atoms is estimated by the etching
depth and the density of each model polymer (1.04 %/trh8 g/crd and 1.19 g/crifor
polystyrene, PMMA and PVA, respectivelyiix-situ thickness change evaluation, i.e.
comparing film thickness between prnd postreatment, agrees well with the-situ
data. When comparing different feed gas chemistries, we find thiat Ar plasma is
generally less effective than Ar plus 1% molecular feed gas admixtures if experiments are
performed at constant plume length and with the required differences in dissipated power.
For these conditions, Ar with 1% molecular admixture plagew@erates more reactive
species responsible for polymer etching than pure Ar whose effect is mainly from the VUV
[l and ambient gas entrainmétf. At the same treatment distange + 1% Q plasma
shows significantlymoreetchingthanother feed gases. The maximum instantaneous etch

rate at 4 mm can be 106600 nm/min depending on the polymer treated
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Figure 2.2 (a)Polystyrene, (b) poly(methyl methacrylate) (PMMA) and (3)
poly(vinyl alcohol) (PVA) etching depth compaoisof pure Ar, Ar + 1% @ Ar +1% air
and Ar + 1% HO plasma with 4, 6 and 8 mm treatment distance. The area density of
removed C atom is calculated from the etching depth. The inserts are molecular structures
of the corresponding polymer. The environmeandition is not controlled and mostly

humid ambient air mixed with Ar feed gas.

Former reports of the same plasma jet have shown that Ar + Zlpta€nahas
lower electron temperature addnsty [*%¥, andproducedessNO but moreatomic O[*62
than Ar + 1% air plasmalong with results shown in figur2.1, they suggeshat atomic
O plays an essential role fpolymer etchingn the case of Ar, Ar + 1% £and Ar + 1%
air plasmaWhen comparing the impact of treatmeligtance for each feed gas, we find
thatpolymer etching depttiecreases linearly with the distance away from the nozzle. This
is consistent with the observed linear decrease of the atomic O density with distance in the
gas phase reported for the samel4&t Numerical simuldabns indicatethat this linear
decrease of atomic @ensity withthe distanceesults from the destruction of O atoms by
the impuritis from the environmerif3d. Besides, the reduction ofrucidal activity of
feline calicivirus (FCV) also decreases with increasing treatment distance by the same RF
plasma jet as reported in literatd®. It is worth mentioning that due to the strong VUV
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photon absorption 002, the VUV effect from Ar excimers is minimal in Ar + 1%
admixture plasm&.

To evaluate the relation between polymer etching and estimated incident atomic O
flux, the C flux leaving the surface versus Mélux bombarding the surface is plotted in
figure 2.3 for polystyrene, PMMA and PVA treated By + 1% airplasma. heaverage
O flux is estimated fronthe measured and simulated gas temperature and paialsity
profiles of Ar + 2 % airplasmd*¥ by using equation 2 frtom kinetic theory of ideal gas:
gy Y
“ 0

= P.. P,
B Tsu Ts

P

Herels is the average gas flux, n is the gas den8ity,the average speed, R is the gas
constant, T is the gas temperature, M is the atomic weight of O. For our plasma conditions,
the O denisy and gas temperature used at 4 mm, 6mm and 8 mm a@*&ri 420 K,
5x10%cm® 390 K and 210 cm® 375 K, respectively. For additional information about

the RF jet, the reader is referred to more detailed descrigijoBsuggeman et al. on the
plasma properties, i.@e, TeandTy 34, flow dynamicd®*3 and production oNO [*38, O,

03137, The C fluxis calculated from the measured etching deptthefthreepolymers

treated byAr + 1% airplasma. Experiments show little differencedrdensitybetween 1

and 2% molecular admixtures into the Ar fegd when the power is in excess of 3 W and
gas flow rate is between 1 and 5 $lff. Figure2.3 indicateghatthe removed C flux is
proportional to the estimated incident O flux, and a similar etching reaction probability of
O atoms (slope of the curves in figl8) is seen for all three polymers whictrasighly
1.8x10* ~ 3.3x10™. It is worth noting that althugh the value of the O/C ratio depends on

the accuracy of measured O density spatial profile, the order of magnitude we estimated
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here agrees with that seen in other wéfkHowever Benedikt et al. estimated the etching
reaction probability to be ~10by matching the profile of H®2 micro-plasmatreated
hydrogenated amorphous carborQ#l) films to the simulated O flux profile at the surface

(119 Considering the difference between the model systems used in these reports, the exact
O/C ratio value might need further investigation. Furthermmmpared to the O density

of air admixtures in Ar feed gasy@dmixtures yield a 2.5 times higher O density at similar
plasma powel'®” 63, This value $ in good agreement with the ~2 times higher etching
rate for Ar + 1% Qcompared to Ar +1% air. For Ar + 1%@ plasma we expect more

OH species which may impact polymer etching and will be discussed in more detail below.

S .
Ar +1 % air
1| - Polystyrene
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- -PVA ]
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Figure 23 Relation betweerstimated incident O flux onto polymer surface and

calculated C flux out of polymer surface for Ar + 1% air plasma in room air environment.

Surface chemical composition of plasma processed polystyrene films in N

environmem with 4 mm treatment distance shown in figure 21. Since C and Hbased
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pristine polystyrene contains no O and N, this makes it ideal for studying O and N uptake
on surface as a result of plasma treatment. The most distinctive feature of the RF jet etched
polystyrene surface is oxidan, especially the formation of carbonate esteitC@O)

groups. As shown in figurg4(c), the O 1s spectrum of polystyreneated by botlr +

1% O and Ar + 1% HO plasma ifN2 environment shows a peak (533.9 eV) which can

be assigned to carbonateezstCorrespondingly, the C 1s spectrahtreated polystyrene

also shows a carbonate ester peak at 290(#g\e 2.4(a)). Other surface changes include

the damage to the polymer carbon backbon€CH at 285 eV) -‘a'nd phe
shakeup at 291.&V) along withthe formation ofC-O (286.5 eV), @C-O/C=0 (288 eV)
andO-C=0 (289 eVpgroups. As to surface N, the Ngmectrun{figure 2.4(b)) only shows
aweakNO signal despitahe factthat the gas phase NO densitgasured blaserinduced
fluorescence (LIFf and molecular beam mass spectrometry (MBNi®)is very high
(between 18 and 16 m). Surface chemical composition aflgstyrene treated by other
plasma conditions, such as different feed gas or environment gaseous compositions, were
also studied. Theylleexhibit the same functional groups as shown in figie although

relative amoundiffers. Therefore, we show elemental compositions obtained from the

XPS raw data in the rest of this report.
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Figure 24 High resolution XPS (a) C 1s, (b) N 1s af@ O 1s spectra of
polystyrene treated by the RF jet with Ar + 1% &nhd Ar + 1% HO plasma in N
environment. Pristine polystyrene is also shown for comparison. The RF jet treated surface

shows characteristic carbonate estexJ0O0O) and NO formation.

To explore the effect of ¥ on polymer etching by the RF jet, Ar + 1%/i8»O
mixtures with various @/H20 ratios were used as feed gas to treat polystyrene surfaces.
Pure N was used as the processing environment to exclude interaction of environmental
Oz with the plasma plume or polystyrene surfaces. Therefore all observed surface oxygen
originates from the feed gas. In fig& polystyrene etching rates and surface chemical
compositions are compared. On the leftaXs of figure 2.5 (a), etching depthfo
polystyrene is plotted against the/B»O ratio of the feed gas. For both Ar + 1% O
(O2:H20 =1:0) and Ar + 1% kD (O2:H20 = 0:1) significant polymer etching can be seen.
The total etching depth drops strongly if Ar + 1%/K>O mixtures are used insteabhis
indicates that: (1) the species responsible for etching in Ar + Apta®ma and Ar + 1%

H20 plasma are different, and (2) the reactive species generated in pda&ma and

Ar/H20 plasma interact and might be mutually exclusive with each oth#érelaurface
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reaction model proposed by Dorai and KusHH&rO and OH both initiate the attack of
polymers by H abstraction. Compared to other species available with sufficient densities
at the polymer surface, e.g2(@aqa), Oz, N, NO, H and HQ the reactivity of O and OH

is several orders of magnitudes higher for hydrogen abstraction from either the carbon
backbone or the aromatic ring and these reactions of O and OH initiate polymer ablation
and further surface oxidatidd?. For nonwater containing plasma the above resul
especially figure2.3, show great consistency with the notion of atomic O initiating the
etching process. In agreement with the literattffgit is also reasonable to assume that
OH species are the controlling factor for high rate polystyrene etching by Ar +20% H
plasma aseen here. The reduction of etching depth by mixing a small amoup®ahté

Ar/O2 plasma observed in figura5(a) can be explained by the processes proposed by
Gaens et al. who has reported the reduction of atomic O density when ad@ingd1Ar

+ 2% air plasma of the same RFjEt Water addition to the plasma leads to the generation
of H-containing species, such as H, OH andHhich cause the lsf O atoms through

reactions 21 2.4 with rate coefficient k (dts) at 400 K7:

GO0 O 0INQ ¢ pm c8]
O 0 0 A 0N uv® pm C®
0 o0 NQ 1@ pm c8

In fact these processes are a cycle in which the H atoms, after being generated from
H20, are converted into H@adicals (reaction 3) which are subsegntly reduced to OH
(reaction 24). The cycle ends with a furthexduction that ieates H atoms again (reaction

2.2). These reactions give rise to a net production of acn@decule from a net loss of
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two O atoms®”. Our finding on the reduction of etching depth by mixing a small amount
of Oz into Ar/H20 plasma further suggests that feed gaar@ its related reactive oxygen
species (ROS) could also quench OH radicatsuiph destruction pathways such as
reaction 2. We plan to further investigate this mechanism using direct measurement of
OH densities. On the right-#xis of figure2.5 (a), surface elemental composition of treated
polystyrene is plotted against the feed gadie ratio. As shown by theodted lines, the
surface C and O composition are proportional to the feed gasr@entration rather than

the etching depth (black solid line). This indicates that for the RF jet the surface chemical
modification is not the rate limiting step for the etghprocess. The two processes
etching and surface modificatiGnare separately controlled by different group of plasma
species. One possible surface reaction mechanism could be that the O and OH flux to the
surface controls the total etching depth theet density of other ROS near the surface, such
as Q(alqe), Oz and Q, controls the oxidation level by reacting with the active alkyl radical
sites on the etched polymer surface to form various oxygen containing functional groups.
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Figure25 (a) Feed gas # and Q mixture effect on the etching depth and surface

elemental composition of polystyrene treated ieivironment. (b) Environment:@ffect
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on the etching depth and surface elemental composition of Ar + 0plasma treated

polystyrene.

The interaction ofspecies generated in Ar/Gnd Ar/HO plasma is further
demonstrated by studying the plasma treapedystyrene surfaces in controlled
environment with various Oconcentration. Figur@.5 (b) shows the relation between
environmentaD2 concentratiorand polystyrene surface response treated by Ar + 3@ H
plasma. With the increase amount of environmental tBe polymer etching depth
decreases whereas the surface O elemental composition increases. The cause of etching
and surface modification can be explained as following. Since the amountzof O
entrainment into Ar + 1% ¥ plasma effluent is proportional to the environmental O
concentration, the response of etching depth with ambiersh@uld behave similar to
adding Q directly into the Ar + HO feed gas as discussed in fig@re (a): the losef OH
is caused by grelated reactive species such as @ ,NID and HQ!®4. Alternatively, with
more Q and conequently more ROS in the surrounding environment of the material
surface, the reactive radical sites on etched polymer surface may quickly combine with
these species and thus cause the increasgrfaiceelemental O composition as shown in
figure2.5 (b).In addition, we also studied environmentaCHeffect on Ar + 1% @plasma
by adding 1% and 2% humidity intozldmbient. The result is similar to directly mixing
H20 into Ar/O: plasma: compared to dry2Mimbient the etching depth of 1% and 2%
humidity drgs from 33.6 nm to 29.8mand 22.5 nm, respectively.

The relatively fast polymer etching and carbonate ester rich surface after etching is

very characteristic of this RF jet. We have investigated other atmospheric pressure plasma
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sources using similar ppoaches, e.g. a surface miatischarge (SMD) for which we see
no etching® % 149, A key difference is the higher OH and O densities generated in the
RF jet effluent due to the higher power density and @ssear the surface compared to

the kHz driven SMD.
2.4. Conclusion

In summary, we have demonstrated that a time modulated RF jet in close proximity
to model polymer surfaces induces relatively fast etching and characteristic cagsiante
formation almg with minor NO uptake on the polymer surfaces. For these treatment
conditions, short lived species, especially O atoms and OH radicals, play an essential role
in the polymer etching process. The etching reaction probability of atomic O with different
model polymers based on the ratio of removed C flux to incident O flux is estimated to be
1.8x10* ~ 3.3x10*. Other longer lived ROS surrounding the etched surface determine the
final surface oxidation level. Whereas separate addition2adr@.O admixtureto Ar
induces polymer etching at fairly high rates, simultaneous addiagd>=0O to Ar reduces

polymer etching, which indicates the reduction of O and OH density in/&t/O plasma.
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Abstract

In this paper we studied atmospheric pressure plasmiace interaction (PSI)
using a weHcharacterizedadiofrequency (RF) Ar/@plasma jet with polystyrene (PS)
polymer films in controlled gas environments as a model system. A number of plasma
processing parameters, such as treatment distance, environmental gas composition as well
as substrate temperatuveere investigated by evaluating both the changes of thickness and
surface chemical composition of PS after treatment. We found that the polymer average
etch rate decayed exponentially with nozzleface distance whereas the surface oxygen
composition icreased to a maximum and then decreased. Both the exponential decay
constant and oxidation maximum depended on the composition of gaseous environment
which introduced changes in the density of reactive species. We previously reported a
linear relationshifpetween measured average etch rates and estimated atomic O flux based
on measured gas phase atomic O density. In this work we provided additional insights on
the kinetics of surface reaction processes. We measured the substrate temperature
dependence of P&ch rate and found that the apparent activation enegyy{Ehe PS
etching reaction was in the range of 0i10.13 eV. Higher values were obtained with
greater nozzko-surface distance. This relatively lows #alue suggests that additional
energett plasma species might be involved in the etching reactions, which is also
consistent with the different behavior of etching and surface oxidation modification

reactions at the polymer surface as treatment distance is varied.

53



3.1. Introduction

Cold atmospheric plasma (CAP) sources are able to produce chemically reactive
species that have been proven effective at modifying material suff{céd, sterilizing
microorganism&t” 168 healing wound$*® 49 and even treating candét? These
applications all share an interaction between CAP sources and surfaces, e.g. of
polymers}4d dielectrics'> biomoleculeB®8 and celld!>¥ While an impressive amount
of results on CAP source characterization have been achtéyéd!53 170173 |ess is
known about the mechanisms of plassuaface interactio (PSI), especially under
atmospheric pressure.

Although one can easily observe CAP induced effects on polytierselldt’d
and tissue§/4 the difficulty of studying PSI originates from the complex nature of both
the gas phase and saré reactions. Unlike thermal plasma, CAP is not in local thermal
equilibrium (nonLTE) and a wide variety of chemically active conditions can be achieved
by changing external parameters such as source geometry, electromagnetic field structure
and gases siplied to the source or in the environmE&fi.Compared to low pressure glow
discharges, CAP sources have lower cost and relatively simpler designs. This affordability
increases the accessibility of CAP to both research and industrial communities which in
return stimulated numerous new source and pasupply configurations. This muiti
dimensional parameter space of CAP gives rise to its chemical freedom but also cause
difficulties with regard to both characterizing the generated chemical species and
establishing standar dsaticnst'¥ avben a t@rgePidmesee x pand
the rapidly changing fluxes of incident and outgoing species at the material surface interact

with each other, which complicates the spatial and temporal profile of plasma $pecies.
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In addition, PSI frequently involves synergistic effects of multiple reactive species, which
adds to the difficulty of interpreting resultsth computationally and experimentally.

The constant exposure of CAP sources and material surfaces to atmospheric
environments further complicates studying P®.The plasmaenvironmat interaction
has a large impact on not only the plasma source behavior but also the species arriving at
material surface8*¥ Controlling the gaseous composition of the CAP source and the PSI
vicinity has attracted increasing attention in recent years. For example, by applying a gas
curtain around aratmospheric pressure plasma jet (AP&¥®rated in humid room air,
Reuteretalwer e able to reduce the ilF9Sbimizuetf a mbi
al. reported the effect of different humidity levels on the SMD treatment of bacteria using
a large environmental chamber (microbiological incubaté#)In fact more rigorously
controlled environments are desired for the study of PSI because CAP sources are sensitive
to even trace impuriti¢$*2

To understand the mechanisms of P8§earchers need to establish correlations
between reactive species and treated surfaces. This requires-chavaliterized CAP
source, a controlled gaseous environment, a defined material surface, comprehensive
surface characterization techniques anduth@erstanding of both gas phase and surface
reaction kinetics. Early attempts of studying PSI at atmospheric pressure focused on
describing the change of material surface with one or several external parameters of the
CAP source, such as power, treatmanétand distance.Wo types of changes on surfaces
after plasma exposure were distinguished: (1) removal/etching of matétei and (2)
irreversible modificatioron the composition/structure of a few molecular layers at or near

the surfacé® For the systematic understanding of etching reactions, the work of
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Winters!®¥ to whom this special issue is dedicated, and his colleague Coburn has provided
a foundation.

With the progresses on CAP characterization, worksoorelating gas phase
species to either etchii¢? or modification® 143 have emerged. To achieve the goal of
deciphering PSI, joining surface characterization, optical diagnostic techniques and
modeling of an established CARvice is indispensable.

Previously we have studied the PSI of model polymers and biomolecules with
multiple CAP sources such as kHz double #&RPJ[14: 158 159 kHz pinAPPJ® and
surface micredischarge (SMD)? °4 We found that surface modification by CAP sources
was generic whereas etching was highly source dependent. More recently, we adopted a
well-characterized radio frequency (REPPJ whose properties have previously been
studied and describét? including flow dynamic$!®® gas temperaturé® electron
density and temperatuf€? density of reactive species such as @0 and Q.[**71 The
reaction pathways of several hiwedically reactive species, including Qs, Qz(alcg), H,

HO2, OH, Ny(A), NOx and HNQG generated by this jet have also been obtained by
numerical simulationg® 133 The available information provides the opportunity to
improve our understanding of PSI and interpretation désarcharacterization results. By
interacting this RF jet with several selected model polymers in higgniyrolled
environments, we correlated polymer etching with O atoms in the gas!Fh¥¢e found

a linear response between the incident O flux and the etched C flukystypene (PS),
poly(methyl methacrylate) (PMMA) and poly(vinyl alcohol) (PVA) at the near plume
region of the jet: the etching reaction probability of O atoms to C atoms is in the range of

10“to 10°.
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In this paper, we further extend our studies o$plasurface interactions to the far
effluent of the Ar/Q jet. A number of plasma processing parameters, such as treatment
distance, environment gaseous composition as well as substrate temperature, are
investigated by evaluating the changes of both tl@skrand surface chemical composition
of PS after treatment. The role of atomic O on polymer surfaces is discussed. We also
evaluate the apparent activation energy of Aglasma etching reactions with PS. Finally
we discuss the possibility of polymer etudp and surface modification with other plasma

species besides atomic O.

3.2. Experimental

3.2.1 Materials

PS beads were purchased from Sighidrich (St. Louis, MO, USA) with an
average molecular weight of 35 000. Thin films of PS (~180 nm, as measured by
ellipsometry) were prepared by the spwating of 5 wt% PS in propylene glycol methyl
ether acetate (PGMEA, Sigr#ddrich, ReagentPlus] 99.5%) solution at 2000 rpm onto
Si substrates (25.4 mm x 25.4 mm). Thea@d H based pristine PS film surface caimnis
negligible amount of oxygen and nitrogen impurities, as measureeray photoelectron
spectroscopy system (XPS), which makes it ideal for studying O and N uptake as a result
of plasma treatment. These spiated PS films have an RMS surface roughref 0.35
nm as measured by atomic force microscopy (AFM).
3.2.2Plasma processing

The plasma source studied in this work is a tmdulated radidrequency (RF)
plasma jet. As shown ifigure 3.1, the RF jet is composed of three major parts: a 1 mm

diameter RF driven tungsten needle, a quartz tube (3 mm outer and 1.5 mm inner diameter,
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ID) and a grounded copper ring electrode. The RF signal was generated by a function
generator (Tektronix AFG3021B) with 20 kHz time modulated 14.0 MHz sine wave at
20% duy cycle (10 ps on, 40 ps off) and then amplified by a power amplifier (ENI A500).
The average dissipated power of the plasma jet was measured as 2 W for the majority of
this work using the method described elsewHéfeThe RF jet feed gas used was Ar plus

1% O with a total gas flow of 1.5 standard liters per minute (slm). The average flow
velocity of the feed gas can be calculated as 14.15 m/s. The visible plume length is

approximately 3 mm.

Feed gas Controlled environment
Al' + 1% 02

&3
oA
Si substrate, fixed

Figure3.1 Schematic diagram of the timmodulated RF jet and itsteraction with

PS film. The treatment angleand treatment distance d are adjustable. During material
processing the RF jet scans over PS surface at a speed of either 1.2 mm/s or 2.4 mm/s. The
distance between scanning lines is 0.8 mm. Insert shows tpa&Hha jet in verticall( =

90°) configuration.

In order to uniformly process large material surfaces, the RF jet was installed on a

homemade 2D scanning stage driven by stepper méfoBauring treatmentthe RF jet
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scans over sample surfaces with a-laydine processing pattern at a constant speed of 1.2
mm/s unless otherwise noted. The distance between scanning lines is 0.8 mm which is
about half of the quartz tube ID. The RF jet scans over the saoesging line back and

forth then jumps to the next line. With a total treatment time of 200 seconds, an area of 9.6
mm x 9.6 mm can be processed. The RF jet scans 12 times (back and forth) during the
entire course of treatment. As showrfigure 3.1, the treatment anglé and distance d
relative to thematerial surface are adjustable. In this work, Ghievestigated was 30°
(tilted) and 90° (vertical) and distance d from the end of the nozzle to the surface was varied
as 4, 8,12, 16 and 20 mm. We seec30° for all surface composition analysis using XPS.

In order to directly compare etching and surface modification, we performed comparative
etching experiments also with a 30° tilt angle. However, we chose the etching data
collected at 90° to be coreged with the measured and simulated density of gas phase
species which were also collected at 90°.

The potentiaheating of the scatreated target surfaces by the RF jet was evaluated
by measuring the thermal expansion of 745 nm2SiGring plasma tréement using
ellipsometry. We found a temperature increase of less than 20 °C for the processing
parameters chosen above. We also measured the thickness reduction of PS films due to
heating alone, and no observable thickness loss was obtained at 40 °Gséfied ~ 2
nm of thickness reduction at 80 °C, and most of this took place in the first minute. Since
the PS samples are always-peated to target temperature before plasma treatment, the
effect of heating alone on the etching depth of PS is considereegligible.

To study the ambient gas composition effect on PSI, the processing of polymer

surfaces by RF jet was conducted in both controlled (purerNN2/Oz2 mixture) and
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uncontrolled (humid room air) environments. The controlled environments wesved
using a sealed 50 L chamber that wasguwacuated to below 50 mTorr atieen refilled
to atmospheric pressure with highrity N2 and/or Q gas (Airgas, > 99.998%).

To study the substrate temperature effect on PSiproportional integral
derivatve (PID) controlled heating stage was integrated into the controlled environment.
PS coated Si wafers were greated to the desired temperature (30, 45, 60, 75 °C) before
scanning treatment. In order to avoid excessive amount of etching at high temperature, all
the temperature dependence experiments were performed with 2.4 mm/s scanning speed.

PS thickness loss was evaluated usingitn ellipsometry.
3.2.3Surface characterization

The optical property of PS films was characterized using besitunrand exsitu
ellipsometry with1.5mW HeNe laser (632.8nA5f. An optical model was applied to the
raw ellipsometric dta to extract polymer thickness and refractive index information. To
evaluate the etch rate and film densification of PSjtinellipsometry was used to acquire
thickness and refractive index in réahe. For scanning processing, the probing laser spot
of the ellipsometer was pointed to the center of the treated area. Surface morphology of PS
film was measured using tapping mode of atomic force microscopy (AFM, Bruker
MultiMode AFM).

Surface chemical composition of PS films was characterized by a X®&rsy
(Vacuum Generators ESCALAB MK 1) with Al iX-ray source (1486.3 eV). Both survey
and hgh-resolution spectra of C 1s, NasdO 1s were obtained at electron takéangles

of 90E (probing depthU 8 nm) and 28 (probing depthU 2 nm). For quantitate

analysis, spectra taken atf20vere selected and processed in CasaXPS softivareor
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the C1s spectrum, peaks corresponding to C=C (284.7 eN/HC(285 eV), CO (286.5

eV), O-C-O/C=0 (288 eV), A@C=0 (289 eV), GCO-0 (290.2 eV) and ppi* shakeup

(291.6 eV) were used. Due to the overlapping of peaks in the O 1s spectrum, we combined
oxygen moeties with binding energy from 532.2 eV to 533.1 eV into a single peak at 532.7
eV, and combined another group of peaks from 533.6 eV to 535.3 eV into another single
peak at 533.9 eV. For the N 1s spectrum, nitroso (401.8 eV) and nitrate (407.5 eV) peaks
were fitted. All spectra were calibrated by th&@1 peak with binding energy of 285 eV.

After Shirley background subtraction, the film composition was calculated by integrating
peak areas of C 1s, N 1s and O 1s with sensitivity factors of 1, 2.85 and 1.77
respectivelyi’d

3.2.4Fluid model of RF jet

A fluid model of the RF jet gas flow combined with reactionless species transport
has been created and solved using the commercial Fluent solver (ANSYS Workbench
17.2). The molaratio of air entrainment into the plasma plume and near the sample surface
was investigated. Four treatment geometries, corresponding to the -sazgie
separations of d = 4, 8, 12 and 16 mm with tilt arighe90° were simulated. The gas flow
in the fluid model was assumed as an incompressible Newtonian fluid. The turbulent
kinetic energy k and turbulent dissipatiepsilon (k& ) model was used t
mean flow characteristics of turbulent flow near the material surface. The governing
equatios are therefore conser vatlfidor baurddaryma s s ,
conditions, the quartz tube of the jet and material sagfavere considered as no slip walls.

The inlet gas was selected as Ar + 1%aD450 K with average convection velocity of

14.15 m/s (corresponding to 1.5 sIm). Constant pressure of 101 325 Pa was chosen for the

61



outlet boundaries. The transport of Ar adglspecies from the jet inlet into air ambient
was simulated through the solution of reactionless convedifusion equations for each

of the species:

A .
~ n n 31
= 22 n26Jd ((3.1)

wheret®is the diffusion flux andd & is the convection flux of species i.

3.3. Results

3.3.1Reaktime etching profile

In-situ ellipsometry was used to evaluate real time thickness change of PS films
during scarprocessing with the RF j8£%18 The etching profile of PS with Ar + 1%:20
plasma in air environment is shownfigure 3.2. The plasma jet was held vertically to the
material surface, and four treatment distances from 4 nit6 tom were evaluated. The
real time etching curve showed a fishyaircas:
line scan processing pattern. Since the size of the ellipsometer probing laserisgot (3
mm) is larger than the diameter of the RF jetai®%1.5 mm) and the scanning steps (0.8
mm), there are cases when only part of the material inside the probing laser spot is etched.
These situations are reflected as the artifact of etching steps with slower etch rate shown in
figure 3.2. Real time etching profiles of other plasma chemistries also have a similar
Aist ai r cas e o-tinseretahing depthirpnoéle ifigere3d.2 showed faster etching
speed when the plasma jet moved closer to the center of the probing location. seithe in
of figure 3.2, we showed the magnified view of the fastest etching step which occurred
when the plasma jet was directly over the probing location. Maximum transient etch rate
can be calculated from the slope of the etching curves. At 4 mm distaralesered an

etch rate of 79.8 nm/min for Ar + 1%:@lasma in air. Similarly, the maximum etch rate
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of other treatment distances can also be calculated as 11.9 nm/min, 3.62 nm/min and 2.14
nm/min for 8, 12 and 16 mm, respectively. However, the accurabg®é instant etch rate
calculations is doubtful due to the artifact of large probing laser spot and decreases at longer
treatment distances because of the small transient etch rate. Since we only compare PS
treatments with the same seprocessing paramets, the total etching depth which is an

indicator of the average etch rate and free of artifact will be discussed in the rest of the

paper.
0=
)
£ -20- PS treated by
5 Ar+1% O, in air
@ Vertical jet: ¢ = 90°
$ 19 20 \ ¢ Treatment distance:
c = : : 4 mm
S -40- o — 8mm
._(é 34 — 12mm
I 16 mm
|z 79.8 nm/min
60 -37
0 1 2 3 4
Time (min)

Figure3.2 Realtime etching profile of PS treated by Ar +1% @asma in room
air environment. Four treatmenisthnces, 4, 8, 12 and 16 mm are shown. The gray area

shows than-situ film thickness change during plasma treatment. The treatment@gle
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90°. Insert is the magnified view of the fastest etching step at 4 mm treatment distance. The

transient etch ratcan be fitted as 79.8 nm/min.

3.3.2Etching depth vs. atomic O density

When comparing different treatment distances, we found that etching depth
dropped exponentially with treatment distance. Fi@8eshows the etching depth of Ar +
1% O plasma in bth N2 and air environment versus entinozzle to sample distance.
From the absolute etching depth value, we found thato¥#&3ma etched more PS in N
than in air. The etching depth curve in each environment can be empirically fitted by an

exponential dcay formula with leastquare method:

A
3»!:)8\@51— 0%,

where ®@ iIs the etching depth, d i s the

coefficients. The empirically fitted &, a

depth is reduced to d/or 0.368 times of its initial value. For the vertical= 90°) jet

;c&d i

configuration with Ar + 1% ®@plasma in air environment, we fittéd

¢
=5

with adjustedY T80 wip contrast to in N environment wheré ; 18td i

¢
¢

and adjustedyY T80 w.wlhe smalled than}l indicates that etching
depth decays faster in air environment thandreiironment.

Interestingly, the experimentally measured atomic O défiifhy two-photon
absorption laser induced fluorescence, TALIF, in air environment) of the same plasma jet
with Ar + 2 % airplasma also showed a similar decay profile along the plume axis. As
shown infigure 3.3, we could fit the measured O density data with exponential decay

formula which yields a decay constdnt; | 18t @ & and adjuste@
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T80 X . @ he measured atomic O density data is only available up to 6 mm due to the strong
collisiond quenching at long nozz®-sample distances which makes the TALIF
measurements difficult to perform. However simulation result of atomic O ddyasgd

on GlobalKinfor this RF jet with Ar + 1% @feed gas has also been reported before with
distance ugo 12.5 mmi8d As plotted infigure 3.3 (open circles), simulated atomic O
density shows similar exponential decay behavior With ¢® xI 1 which

is very close to the decay constant of PS etching depthy ; ¢c& d | . Both the

measured and simulated atomic O density profiles correlates well with the etching depth

profile which suggests that atomic O might be the main etchant for Ar +2i8tasina.

100 , N
PS etching depth by Ar + 1% O, 2 O E
Il 'nair environment <Y O
— N [0 InN, environment ©
g 754" ] |Atomic O density: E
= v | @ Measured with Ar + 2% air | 1.5 %
o . QO Simulated with Ar + 1% O, ~
= >
& 50 5
. o
T -1.0 s
()] ]
= O
S 25- e
s £
\Q"O- n 2
O ¥ | T T T | T 00<
0 5 10 15 20

Distance from nozzle (mm)

Figure3.3 Comparison between the profile of PS etching depth and that of atomic
O density along treatment distance. Left axis: etching depth of PS treated by Ar + 1% O
plasma in both Band air environment. Right axis: measured atomic O density of Ar + 2%

air plasma in air environmeftand simulated atomic O density of Ar + 1% f@asna in
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air environment® Both the etching depth curves and the atomic O density profile fall

exponentially with distance. The treatment arnigleas 90°.

3.3.3 Surface morphology and chemistry

The RF jet treatment also modified the morphology and chemical composition of
the polymer surface in addition to inducing etching. AFM was used to study the surface
morphology before and after RF jet treatment. As shoviigume 3.4, pristine PS film has
a RMS roughness of 0.35 nm. After Ag/@lasma treatment in A\environment with a
distance of 8 mm, the thickness of PS film reduced by 29.5 nm and the RMS roughness

increased to 3.24 nm. The features on Atf@ated PS film are also more distinct.

100.0 nm

Figure 3.4 PS surface morphology measured by AFM: (a) pristine PS film with
RMS roughness of 0.35 nm, and (b) Ar + 1%t@ated PS film with RMS roughness of

3.24 nm. Treatment angle was 90°, distance was 8 mm and gaseous environment was N
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Surface chema composition of PS films was characterized by XPS. To illustrate
the change on PS surface moieties, high resolution C 1s, N 1s and O 1s spectra of pristine
and Ar + 1% Q plasma treated PS films are showrfigure 3.5. Plasma treatment was
performed aB mm and 16 mm in Nenvironment with tilted jet configuratiori & 30°).
Since PS structure has long hydrocarbon chains wherein alternating carbon centers are
attached to phenyl groups, the C 1s spectrum of pristine sample shows 9C/Hbend

(285eV)and 5. 4° % lpd20k6 eV, phenyl ring) with negligible amount of

O and N.
a)° T con Cw)] b)o3 N1s]] €) 4 0 1s
Polystyrene 1
Pristing: =—
Art1% O,in N
4 4 8 mm
— 16 mm
o c-o o
&) 0O-C-0/C=0 O
X x>
24 0-C=0
0-CO-0
Tk
0_ . D
282 285 288 291 204 399 402 405 408 411 528 531 534 537 540

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure3.5 High resolution XPS (a) C 1s, (b) N 1s and (c) O 1s spectra of PS treated by

the RF jet with Ar + 1% ©plasma at 8 mm and 16 mm i 8hvironment. Pristie PS is

also shown for comparison. The treatment angle was 30°.

After treatment, the etched PS surface showed oxidation but no NO uptake for both
distances. For the C 1s spectruigyre 3.5 a), we found that plasma treatment induced
destruction of @/H bond and phenyl ring as well #ee formation ofC-O, O-C-O/C=0,

O-C=0 and GCO-O groups.The relatively large amount of carbonate esteiC@O)
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group is a distinctive feature of the RF jet etched polymer films compared toGARer
sources we havestudied, including surface micdischarge and doubleng kHz
APPJI141. [ Correspondingly, in the O 1s spectruiigre 3.5 c) a peak at 533.9 eV is
observed and can be assigned to this carbonate ester group. AN tsdpectrun{figure

3.5 b), NO signalwas not observedalthoughthe gas phase NO dengity*2 is high (~

10 cm®) at long nozzldo-sample distances. When comparing the two treatment
distances, we found similar functiorgabups as shown ifigure 3.5, whereas the absolute

amount of surface oxidation was different.
3.3.4 Ambient gas composition effect on etching and modification

To understand the effect of environment gas composition on PSI, we evaluated the
etching effiegency of Ar/G plasma in controlled environments consisting of variozsl
mixtures. The studied £xoncentration ranges from 0%4.00% (N concentration varies
accordingly) and all treatments were performed at 4 mm with tilted configuréto8d®).

The average plasma power was 3.8 W and the scanning processing speed was 2.4 mm/s.
As shown infigure 3.6, the polymer etching depth and the absolute value of its slope
decrease with environmental. @oncentration. These changes of etching depth with
environment gas composition are largely due to the gas entrainment, especially the O
component, which alters the flux of reactive species impinging the target surfaces. The
relative amount of © entrainment in the plume increases with environmental O
compositon which causes the drop of etching depthguare 3.6. More discussions about

the effect of @ entrainment can be found in IV. C.
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Figure 36 Environment gaseous composition effect on the PS etching depth treated
by Ar + 1% QO plasma. All treatments eve performed at 4 mm distance with tilted

configuration (i = 30°) and 3.8 W plasma power. The spaocessing speed was 2.4 mm/s.

To further understand the effect of ambient gas entrainment ow®Studied the
treatment distance response of betithing and surface modification of PS films processed
in room air and N environment. Because the high resolution XPS data showed that all
treated films exhibited the same type of functional groups that differed only in relative
amount, we presented th&emental compositions extracted from these high resolution
XPS data for the ease of discussion. As showfigire 3.7, one generic observation for
both environments is that the etching depth drop exponentially with treatment distance but

the correspondingsurface oxygen composition reached a maximum at intermediate
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distances and then decreased. This is mainly because the density and dominant type of ROS
are changing as a function of distance from the nozzle. Although the etching depth can be
easily correleed to atomic O, the increase of surface oxygen composition is hard to
interpret. Among the dominant reactive oxygen species (ROS) generated by this RF jet,
i.e. O, Q(alq) and Q, only & density increases with nozzle-sample distancg??
However former report® 183 have shown thads alone has weak and slow oxidative effect

on polymers, and UV light is frequently required for effective surface treatment. This
suggests that the observed surface oxidation could be due to other ROS or the synergistic
effect of a few types of ROS includy Os. The observed increase of surface oxygen
composition from 4 mm to 12 mm is most likely due to the competition between surface
etching and modification processes rather than the ROS density profile of one plasma

species. More detail about the surfaoeetic process is discussed in Sectioh.4
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Figure3.7 Comparison between air and Bnhvironment on the etching depth and
surface oxygen composition of PS film treated by Ar + 19pl&@ma. The treatment angle

was 30°.

The observed difference in the etching depth betwegeme 3.3 andfigure 3.7
results from not only the treatment angle effect but also experimental uncertainty due to
the changes in the experimental setup. Since changing treatment angle requiresrgdjustme
of the RF jet on the scanning stage which slightly varies the treatment distance, the resulted
etching depth of polymer films might differ by -P® nm at 4 mm treatment distance
considering the exponential decay behavior of etching depth along +#ozdeple
distance. Although we are unable to conclude in detail how treatment angle affects polymer
etching behavior, the difference seen betw
that of changing feed gas chemistry reported previdtfly.

We also found that using agmvironment rather than2Nad a relatively small
influence on both etching depth and surface oxidation. This can be seen from the absolute
etching depth and the empirically fitted decay constaht gs;, ; o® d | compared
tol 5 5 t® U [ with only 0.52 mm difference. Although the surface oxygen
composition of films treated in the two gas environments falls in the same range of 20%
30%, the maximum surface oxygen composition appears at different treatment distances of
8 mm and 12 16 mm forNz and air environments, respectively. Ia &vironment, all
surface oxygen originates from the plasma plume. For the air environment,2the O
entrainment from ambient can change the density profiles of certain reactive species which

may lead to the shift of surface oxidation maximum showigure 3.7.
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In order to gain more insight into the gas entrainment effect, fluid dynamic (FD)
simulatian was performed to calculate the molar fraction of air mixed into the RF jet plume.
Figure3.8 shows the simulated air molar fraction at the sample surface for four treatment
distances (4 mm to 16 mm). It can be seen that the amount of air mixture is only
dramatically different within a 4 mm radius circle on the material surface. At the surface
beyond this 4 mm circle, the air mole fraction is comparable for all treatment distances and
always higher than 60%. Because we used 0.8 mm steps betwegnamsing lines,
the gray area (B 0.4 mm off the axis) iffigure 3.8 shows the scale of the Ihsean
processing steps. At the plume axis, only 2.9% molar fraction of air was observed at 4 mm
treatment distance. However for longer distances the amount aifixdure increases
exponentially to 70.5% at 16 mm as shown in the insdigaife 3.8. These FD simulation
results agree well with the air partial pressure measured by molecular beam mass
spectrometry (MBMS) with the same plasmal§2tAlthough a large difference in the
amountof gas entrainment was observed between near and far treatment distances, the
difference of etching depth between two environments in Figs. 3 and 7 (black solid and
black dotted lines) is small and does not change significantly with treatment distaisce. Th
indicates that the polymer etch rate and the density of etchant plasma species may not
respond linearly with the amount of environmental gas entrainment in the plasma core.
Similar behavior can also be seerfigure 3.6 as the etching depth at 4 mm aggrhes
steady when the ambient gas composition is more than 50% Dh@®initial small amount
(less than 2%) of gas entrainment makes much greater influence on the plasma gas

chemistry and its subsequent effect on polymer than the further increase of it
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Figure 3.8 Air molar fraction on sample surface and in the plasma plume axis
(insert) calculated by fluid dynamic simulation. Ax@tmmetric configuration was
applied. Four processing distances from 4 mm to 16 mm were evaluated. Gray area shows

the sale of the linescan processing steps.

3.3.5Substrate temperature effect

The substrate temperature effect on PS etching depth was evaluated with vertical
jet configuration in M environment. Three distances, i.e. 4 mm, 12 mm and 20 mm, were
evaluated. Wéound that the etching depth of PS treated by Ar + 1¥pl& ma increased

with temperature (or decreased withsliTas shown ifigure 3.9).
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Figure 39 Substrate temperature effect on the etching depth of PS treated by Ar +
1% & plasma in N environment. Serdog plot of etching depth, Log(etching depth), vs.
reciprocal of substrate temperature gldfwas shown to illustrate the Arrhenius form of
the etching reaction rate. Apparent activation energyaleulated from the linear fit of

Log(etching depth) to 1&lbwas labeled. The treatment angle was 90°.

3.4.Discussions

3.4.1Apparent activation energy of etching reaction

The increase in etch rate at higher temperatures indicates that polymer etching by
the RF jet is an activated proces®r the ease of discussion, we can use the following

formula to represent the conglomeration of all interfacial reactions:

%OAEQT DOOAAAA OT AODADOOEAA 0%y
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where3 O O /4 théletched surface affd is the apparent rate constant of all
etching reactions. If we use Arrhenius equation to describe the temperature dependence of

rate constan) #8117 then we have
E 1A @E% o8
whered s the preexponential factor,kis the Boltzmann constant and T is the
substrate temperature. The apparent activation eneigyak empirically fitted parameter
that represents the effective activation energy of various reactions taking place during the
etching process. Theakzalue for a given polymer/gas system can be a function of

processing parameters such as plasma powasrflgw rate and treatment distahi¢é

Since the total etching depth can be directly correlated to the rate cofistane obtained

apparent activation energy By plotting logarithm of etching depth against—. As long

as the affinity of etchant species on the material surface amb Eot change with
temperature, a linear fitting can be achieved.

As shown infigure 3.9, the apparent activation energy of Ar + 1% ghasma
slightly increases with treatment distance #ails$ in the range of 0.100.13 eV which is
lower than the ~0.5 eV value reported consistently with palev®@pressure plasma with
various polymer structures or etching configuratidtfs Despite the difference of plasma
properties between CAPs and low pressure pl&étahis lower & value suggests that
the energy barrier of the etching process may have been reduced by some additional
energetic plasma species. There are multiple possibilities for pactes in our situation,
including positive ions which were observed previously by molecular beam mass
spectrometry (MBMS) for the same plasmd§@iThese energetic species can (1) transfer

energy and momentum to the surface and cause particle ejection, and (2) change the
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coverage of chemically reactive elements on the surface and/or the rate of refré$iment.
However at this time we do not have enough information to state conclusively that
energetic species are directhywolved, let alone to identify what these energetic species
are and the detailed reaction processes. Nevertheless, other explanations are possible and
we will report further investigation on the relation between apparent activation energy and
treatment coditions of CAP sources.

It is worth noting that polymer etching and temperature effects are highly source
dependent. We have investigated another CAP source known as surfaceisticenge
(SMD) using similar approaches, and with the substrate at raopetature we did not
observe etching with XO> mixtures as working gd&* °* 149 Key differences between
these sources are the higher O density in the effluent, the use of Ar which can give rise to
energetic species, and the convective transport of gas phase species in the case of the RF
jet.
3.4.2 Etching reaction probability of atomic O

Plasma etching of polymers usually starts from-fizgical site creation through
bombardment by UV photons, electrons, ions and chemical reaction with gas phase atoms
or excited species. Among these creation chanmheabstraction by atomic O from the
polymer chain has been discussed by different research groups as the most important
channel for both low pressure plasthand atmospheric pressure plasfhié’

2( 1 92F [/ ( D prntprnpmn od

where p is the estimated reaction probability for the tertiary, secondary and primary

carbon site provided bBhoj et all¥ It can be seen that the tertiary H has the highest

abstraction reaction probability.
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For the Ar/Q RF plasma jet, atomic O is the dominant reactive species in the glow
region due to the high crosgction of electroimpactdissociation of @8 These atomic
O can be further transported to the far effluent region through convection and diffusion.
Although the density of atomic O in Ar + 1% @lasma has not yet been measured,
simulation resul{$®¥ show that both Ar + 1% air and Ar + 1% @lasma share similar
exponential decay profiles along the nozzlesample distance and only the absolute value
of atomic O density in Ar + 1% £plasmais slightly higher. The atomic O density profile
of the same plasma jet with Ar + 2% air feed gas in air ambient has been previously
measured*¥ It is worth noting that this O density profile was measured without a target
surface, however according to Schroder ét%athe presence of a plastiedlyethylene
terephthalate?ET) target does not significantly disturb the atomic O distribution measured
by TALIF.

In order to evaluate the relationship between PS etching and atospedi2s in
the gas phase, we estimated the ave@afiex bombarding the PS surface from the atomic

O density data ifigure 3.3 by using equation 8.from kinetic theory of ideal gases:

- D0.. p. W2
3 EIO E| v oD
T T N-

wheres is the average gaseous flux, n is the gas defisisythe average speed, R
is the gas constantgakis the gas temperature, M is the atomic weight of O. For the atomic
O density measured by Van Gaensl,[*¥ the density and gas temperature values used at
4 mm, 6 mm and 8 mm are 83t cm 420 K, 6 xD®cm®390 K and 2 x@*° cm® 375
K, respectively. For the atomic O density simulated by Westd# [*8¥ the density and

gas temperature values used at 4 mm, 8 mm and 12 mm ar@®2rw$420 K, 1.8 xD'®
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cm® 375 K and 0.45 x@° cni® 320 K, respectively. fie average etche@ flux from PS
surface wagalculated from the measured etching ddpthAr + 1% & plasma in air
environment. Since PS only contains C and H and the ratio C:H is 1, the total amount of
etched C atoms () over the whole scan processing period can be estimated as:

33 on
17 Q o

wherez is the etching depth iiigure 3.3, AreatediS the scan processed area (0.922
cd) , J is the ded) Ad=tlyancdAf=1 &ethe(@tbmicOnbss gf/carbon
and hydrogen atoms,,N s t he Avogadrod6s number. Al t hot
san treated, most of the etching happened under the direct exposure of the RF jet plume.
At any moment the transient processed area can always be approximately viewed as the
cross section ar ¢d). Thefefore the avgrage etched € hanbe ( ~ / 4

estimated as:

9 $D oty

where ID is the inner diameter of the RF jet quartz tube (1.5 mm), t is the total
processing time (200 s).

As shown infigure 3.10, by plotting the incident O flux and removed C flux
together we found a linear e¢efation between the two at treatment distances up to 12 mm.
The etching reaction probability of O atoms can be estimated from the fitted sfmpeen
3.10, and is found to be in the range of 20%% 4 x10™. This order of magnitude is
comparable tohte p values of H abstraction probability by O atoms shoveguation 3

and published woH. It is also consistent to the values that we have formerlytefd
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by measuringhe etching of three polymers, i.e. PS, PMMA and PVA, with higher plasma

dissipated power (~3.5 W) and faster spaocessing speed (2.4 mm/s).
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Figure3.10 Correlation between the estimated incident O flux onto PS surface and
the calculated C flux outfdPS surface. The atomic O density of solid squares were
measured in Ar + 2% air plasma by Van Gaeinal*® whereas that of open circles were
simulated wih Ar + 1% Q plasma by Wendet all*®¥ The etching reaction probability of

O atoms can be estimated from the fitting slopes and is found to be in the ordér of 10

3.4.3Exponential decay of etching depth along treatment distance

The exponential decay of etching depth indicates that the flux of etchant species
bombarding the material surface might also drop exponentially with treatment distance.

Plasma etching process involves (1) the chemical reactions taking place at-sioidgas
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interface and (2) the transport of reactants to the reaction front. It is usually the latter that
limits the overall reaction rate. Although the interfacial reactions are inherently complex,
the average time needed for etching reaction $téb%" is on the level of ps, e.g. a few

ps for HabstractioR®¥ and tens of ps for /O bond cleavagé®? Therefore the density

of etchant species near gadid interface can be considered as proportional to the etching

depth. Fromequation 2, the density of etchant species [etchant] can be expressed as:
A s o oA A
AOAEAI o&@al— o8y

where! is the preexponential factod, is the same decay constant asguation 2

The exponential decrease of etchant species in24&3ma, presumably atomic
O, along nozzlgéo-sample distance is mainly a result of local generation and consumption
of O atoms, though these reactions might also be influenced by forced convections. The
lifetime of atomic O can be estimated from the teraffjp resolved O density measurement
with the same RF jet (reported by Zhaetgal[*31 with Ar + 2% Q in air environment)
used in this work which leads to a lifetime of 0.2.3 ns. The apparent lifetimeaftof
atomic O can be defined by the exponential decmgtanthrough:

A ]

A 5 oPp T
where_is the decay constant gguation 3, 0 p ® W fi is the average

feed gas velocity. For etching by Ar + 1% @lasma in N and air environmenffiure

3.3), we could calculate the apparent lifetimeQyf  ; ™ Yt GandOy 7

T wwOfrom the decay constant df 5 18td | andl { 5 ; c&d I,

respectively. Thesea values agree well with thetomic O lifetime 0.2 0.3 ms estimated

from published results by Zhasg al*3"
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The difference in the exponential decay constant betweeand air can be
attributed to the ®@and HO entrainment from ambient air. According to the simulation
results by Van Gaeret al,[*Y in the far effluent regiothe atomic O is mainly consumed
through Q generation reaction:

/| -0o/ - E g@anpm Agpoeairsa AiO (3.11)

whereas in the plume region water impurities can have a large impact on the atomic
O kinetics which might lead to over 80% of ttwal loss of atomic &Y It is worth
mentioning that atomic O can al®e generated locally in the afterglow region up to 15
mm by the collisions betweén AY and/ with rate coefficient!®3

/| AY |/ ©°o¢/ | E uvg pm Agbcywa AIO (312
Simulation results suggest that this isslaw O release process and can be

responsible for almost all O generation in the far effluent redton.

3.4.4PSI: possibility of other plasma species besides atomic O
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Figure 3.11 Correlation of etching and surface modification of PS (in terms of
etching depth and surface oxygen composition, respectively) with estimated atomic O flux
impinging the PS surface. The PS films were treated by Ar + %:%l&ma in air

environment.

The data presented in this work indicate that the etching and madificait
polymers by the RF plasma jet involve surface interactions with multiple plasma species.
In order to illustrate this, we correlated the PS etching depth and surface oxygen
composition with the incident atomic O flux, as shownfigure 3.11. The mesured
etching depth and surface oxygen composition are abstractedfijora 3.7, and the
corresponding atomic O flux is calculated from the fitted atomic O density from simulation
(blue dotted line) irfigure 3.3 by using method described in secti®d 2. Figure3.11
indicates that the etching depth of PS has a relatively simple relationship with the flux of
atomic O which we have correlated in sectid@.2 However the surface oxygen
composition of PS shows a rather complex behavior with the impiradorgic O flux
which can be varied by adjusting the nozidesurface distance. This suggests that either
the O related surface reactions are complex or there are other important quantities besides
atomic O. The additional plasma species, if exist, mightbét a different behavior with
nozzleto-surface distance than atomic O, which is consistent with the fact that the apparent
activation energy varies as the nozesurface distance is increaseBlesides,the
decrease of surface oxygen composition withincrease of atomic O flux showrfigure
3.11 suggests that etching and modification might not be entirely independent: the etching

process might impede the accumulation of surface modification by removing oxidized
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sites. We are currently working @detailed PSI model that considers these factors and

we will report it in the near future with further experimental evidences.
3.5. Summary and Conclusions

In this paper we studied atmospheric pressure plgetyaner surface interaction
using a welcharaterized RF Ar/Q plasma jet and PS as a model system. The surface
response of PS to a number of plasma processing parameters, namely treatment distance,
environmental gas composition, as well as substrate temperature, were characterized by
evaluating botrthe thickness and surface chemical composition change after treatment.
Kinetics of surface reactions were discussed and correlated to the plasma gas phase.

We showed that Ar/€RF plasma jet can induce fast etching and mild oxidation of
the PS surface. Wdound that the etching efficiency of AriOplasma dropped
exponentially with nozzlsurface distance. The correlation of the etching depth profile of
PS with the density profile of atomic O measured/simulated in the gas phase indicates that
atomic O can & the dominant etchant species. The etching reaction probability of atomic
O is estimated to be in the range of @%14x10*. Different from the etching depth profile,
we showed that surface oxygen composition of PS reached to a maximum and then fell
down with treatment distance. The difference between etching and surface oxygen
composition profiles along treatment distance implies that surface etching and modification
can be controlled by different interfacial processes involving multiple plasma species

The apparent activation energyafEof the etching reaction was estimated by
measuring etch rate versus substrate temperature. We measured the apparent activation
energy of Ar/Q plasma etching reaction with PS and it is in the range ofi0AQ3 eV

and increases slightly with treatment distance. This relatively lewakie suggests that
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additional energetic plasma species might be involved in the PSI processes. This is also
consistent with the different behavior of the etching and modificationioeacat the

polymer surface as nozzte-surface distance is varied.

Acknowl edgement

The authors gratefully acknowledge financial support by the National Science
Foundation (PHY1415353) and the US Department of Energy {BED001939). We
thank H. Wang fohis contributionon preparing part of the ellipsometry and XPS data.
We also thank D. B. Graves and C. Anderson of UC Berkeley for helpful discussions on
this collaborative project. We are grateful to E. A. J. Bartis, A. Pranda, C. Li and L. Shafi

for helgful discussions and collaborations.

84



Chaptgrades of Polymer Transforr
Pl asma Oxidation (RPO) at At m

P. Luan!and G. S. Oehrleint
! Department of Materials Science and Engineering and Institute for Research in

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

Journal of Physics D: Applied Physics, 51 (13), 135201 (2018)

85



Abstract

The interaction of cold temperature plasma (CAP) sources with materials can be
separated into two types: Adirecto and Ar
treatment which involves energetic charged species along with-Isteakt strongly
oxidative neutral spec.i-bvedweaklyxidatve gpeceds r e at m
less invasive and better for producing uniformly treated surfaces. In this paper we examine
the prototypical case of remote plasma oxidation (RPO) of polymer materials by employing
a surface micralischarge (SMD, in MOz mixture environment) treatmean polystyrene
(PS). Using material characterization techniques includingtiraal ellipsometry, Xray
photoelectron spectroscopy (XPS) and Fodrnansform infrared spectroscopy (FTIR),
the time evolution of polymer film thickness, refractive indexface and bulk chemical
composition were evaluated. These measurements revealed three consecutive stages of
polymer transformation, i.e. surface adsorption and oxidation, bulk film permeation and
thickness expansion followed by surface etching as a res&®PO. By correlating the
observed film thickness changes with simultaneously obtained chemical information, we
found that the three stages were due to the three effects of weakly oxidative species on
polymers: (1) surface oxidation and nitrate @RIOz) chemisorption, (2) polymer surface
and bulk oxidation and (3) etching. Our results demonstrate that surface adsorption and
oxidation, bulk oxidation and etching can all happen during one continuous plasma
treatment. We show that surface nitrate is onlydzd on the top few nanometers of the
polymer surface. The polymer film expansion also provided evidence for the diffusion and
reaction of longived plasma species in the polymer bulk. Besides, we found that the

remote plasma etched surface was relativielh in O-C=0 (ester or carboxylic acid).
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These findings clarify the roles of lotiged weakly oxidative plasma species on polymers

and advance the understanding of plagoigmer interactions on a molecular scale.
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4.1. Introduction

Study of the possible applications of cold atmospheric plasma (CAP) on modifying
material surface&” 18 sterilizing microorganism&®” 168 and possible therapeutic
treatments[4® 149 169 has experienced rapid growth in recent years. Although the
interaction between plasma generated reactive species and target mateealasdhe
foundation for these applications, progress on the interaction mechanism at-plasma
materi al i nterface has been slow and | ess
new applicationd'*d. For oxidizing environments, the difficulty of studying plasma
material interaction originates from the complex nature of plasma generated reactive
species which include energetic charged species, UV photons;ligedrtstrongly
oxidative neutrals and longjved weakly oxidative neutral®d. When interacting with
polymers and bignolecules, CAP sources are known to cause etdhihgand surface
oxidation**4, However the explicit role of each type of plasma species on materials is
hard to determine and can sometime be concealed by the synergistic effects of multiple
plasma species.

The interaction of CAP soare s wi t h materials can be cl
Airemoteodo treatments. A fAdirecto treat ment
part of plasma generation circuit, and CAP is generated on or near the target surface. In
such situation chged species i.e. ions and electrons directly interact with material surface,
and the shottived neutral species also play a more important role since they are generated
close to the target. For Ar emot e oeledtricad at me n |
circuit and are located in the far effluent of the CAP source. The visible plasma plume does

not touch the target surface, and the number of dived species interacting with the
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sample surface is significantly reduced. It is the lbwed, typically weakly oxidative,

neutral species that dominate theplasmar f ace i nteraction. I n t
to gecificallyrefer to longlived, weakly oxidative plasma species, such g8, NO,

NOz and HNQ.

Recently we studied the effect of vacuum ultraviolet (VUV) phot8rasd short
lived strongly oidative species such as atomi€@nd OH®%8 using model plasma source
and polymer systems, and we found both type of plasma species could stesehiag
of polymers. We also indirectly evaluated the effect of energetic species, e.g. ions, and we
found that they might provide extra energy to facilitate etcHit¥g For the longived,
weakly oxidative neutral species, we evaluated their effect on tfecewhemistry of
polymers/biomolecules and we found surface oxidation and nitrate formation with 7
minutes of treatment without etchilfg. However, it is still unknown how material surface
changes over a long treatment time and whether they will eventually cause etching of the
material surface. Besides, since the effect of VUV photons and ions is negligible in remote
plasma oxidation (RPO, exchangeable with remote plasma treatment inithé &t a
highly crosslinked surface layer which blocks other gas phase patrticles from gergetra
through cannot be formed. This raises the question whether the prolonged RPO can cause
modification of the polymer bulk.

In this work, we evaluate the effect of RPO on the temporal evolution of polymer
film properties, including thickness, refractivelex, surface chemical moieties and bulk
chemical composition, over long treatment times (up to 290 minutes). We choose surface
micro-discharge (SMD}3¥ as a model remote CAP source for this study based on several

reasons. First, effect of ions can be ignored since they are generated within a thin layer on
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the dielectric surface then transported onto target surface which does not serve as part of
the electrical circuit*®” *°¥, Second, when the SMD sources are operated witarid Q

working gas, the effect of UV photons and invasive etchant species such as atomic O and
OH on target can be minimized because both species are confined in the thin discharge
layer and hard to be trarmped to target surfacés® °3, We choose the-Gnd H based
polystyrene (PS) as a model polymer since it does not contain O and N which makes it
ideal for studying oxidation and nitration as a result of RPO. In this paper we will examine
the experimentally observed polymer transfaiora stages during RPO. We will also
discuss the phenomena of surface adsorption, surface and bulk oxidation, polymer film

expansion, as well as etching based on characterization by comprehensive techniques.

4.2. Experiments and methods
4.2.1Materials and thin film preparation

PS beads were purchased from Sightdrich (St. Louis, MO, USA) with average
molecular weight of 35 000 and used as is. Thin films were prepared by thebafitg
of PS in propylene glycol methyl ether acetate (PGMEA, Sigida ch, ReagentPlus,
O 9 9 ) SoMtion onto Si substrates with or without a ~100 nm2Sap layer. For
ellipsometry analysis, 1435 nm PS films were coated on $i8 substrate. For XPS and
FTIR analysis, ~180 nm and ~350 nm PS films were coated on Siatabstispectively.
The pristine PS film has a refractive index of 1.5853 and a RMS surface roughness of 0.35
nm as measured by spectroscopic ellipsometer (J.A.Woollam-8hand atomic force

microscopy (Bruker MultiMode in tapping mode), respectivily
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4.2.2Plasma source and scan processing of polymers

To study the generic behavior of PRO of polymers, we selected surface micro
discharge tube array (SMDA), a variation of the traditional planar configuration SMD
[93.140 as the model remote plasma source. As shown in figlirehe SMDTA features
curved discharge metal meshes whichfiired in multiple plasma generation tubes. Each
of these tubes consists of a stainless steel (SS) woven mesh as powered electrode, a quartz
tube as dielectric barrier and a perforated center rod as working gas distributor. Outside of
these quartz tubes ésgrounded metallic chassis that conducts electrical current and heat.
The reactor was powered by a sinusoidal power supply with 6 k\-tpgadak (k\bp)
voltage at a frequency of 23 kHz (power consumption dei&ity 0.1 W/cn?). The SMD
TA was operated with 2 standard liters per minute (sim) of 92%n@ 5% N. Since the
SMD-TA is essentially a SMD type of plasma source and the behavior of it is very similar
to the planar configurein SMD, we use the term SMD instead of SMB in the rest of
this report. It is worth mentioning that our results of polymer transformation stages with

SMD-TA treatment are also observed with planar SMD treatment.
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Figure4.1 (a) Schematic diagram of poher processing by the SMDA source
used in this work. The target material is placed underneath the nozzle with a distance of 3
mm. The SMDBTA source is mounted on a scanning stage with a scanning speed of 2.4
mm/s. (b) Optical image of SMDTA source ofgerhwith N feed gas at 6 kp§ and 23
kHz. The perforated center rod of the discharge tube at the center of the array was removed

for demonstrating the uniformity of the glow discharge.

In order to uniformly process material surfaces for further charzatens, the
SMD reactor was mounted on a homemade 1 dimensioii2) $tanning stage similar to
the one reported befol®. During plasmareatment, the SMD source scans over sample

surfaces located 3 mm underneath it with a speed of 2.4 mm/s. The treatment time for each
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backandforth scan is 38 seconds. The temperature of the aluminum chassis of the SMD
source was monitored by a thermoceupahd found to be below 52 °C. The heating effect

on target materials by the SMD was evaluated through measuring the thermal expansion
of 745 nm SiQusing ellipsometry, but no observable thickness change due to heating was
recorded during scan treatmemhiich indicates the temperature variation is less than 10
°C. We also measured the thickness reduction of PS films due to heating and we did not
observe etching at 40 °C. Therefore the heating effect of SMD reactor on PS films is
considered as negligible this work. To control the environment wherein plagmgymer
interaction occurs, all experiments were performed in a sealed 50 L chamber. The chamber
was preevacuated to a base pressure lower than 50 mTorr and then refilled to atmospheric

pressure witt95% @ and 5% N before experiments.
4.2.3 Surface characterization

The optical property of PS films was characterized using an automated rotating
compensator ellipsometer (SOFIE STE70) in the polatdperpensatesampleanalyzer
(PCSA) configuration with H&Ne | aser (& = 632.8 nHiYy. at ~7
Upon the reflection of | aser beam on polym
and t he an gtangent (s@e ratohobtseemagnitudes of the total reflection
coefficient were recorded and analyz&d. Because the large size of the SMD source,
high incident light angle (73°) and the small distance from the source to the sample surface
(3 mm@p,vdll ues were measur ed adecondd)aheethed of
SMD source is removed away to allow the laser beam to pass through.

The surface chemical composition of pristine and treated PS films was

characterized by a XPS system (Vacuum Generators ESCALAB MK I1). Both survey and
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high-resolution spctra of C 1s, N 1€ 1sand Si 2pwere obtained at electron také
angles of 20A (probing depth féranglerasoiljed and 9
XPS (ARXPS) analysis. For peak fitting and elemental composition analysis, we used
CasaXPS softwa with the constraint of full width at half maximum (FWHM) of C 1s, N
1s and O 1s peaks in the range of 1146 eV, 1.5 2 eV and 1.6 2.0 eV, respectively
(158 Sj 2p spectra were neglected during elemental composition analysis due to the absence
of peaks which indicates that miniscule amount of Si has been deposited on polymer
surface from the @D source. Peaks corresponding te€CH (285 eV), GO (286.5 eV),
O-C-0O/C=0 (287.9 eV), €C=0 (289.1 eV), @0O-0 (290.2 eV) and ppi* shakeup
(291.5 eV) were used for the fitting of C 1s spectrum. Due to the overlapping of peaks in
O 1s, two peaks at 532 eV and 533.9 eV were used to fit the spectrum with each
representing oxygen moieties with binding energy from 532.2 eV to 533.1 eV and from
533.6 eV to 535.3 eVH. For the N 1s spectrum, only nitrate (408.2 eV) peaks were fitted
due to the absence of peaks from 398 eV to 408%V4. All spectra were calibrated to
the GC/H peak at 285 eV. After Shirley background subtraction, the chemical composition
of the film was calculated by integrating peak areas of C 1s, N 1s and O 1s with sensitivity
factors of 1, 1.77 and 2.85, respectiviély. The detection limit of elemental composition
by XPS is 0.5%. More information on analyzing the XPS results can be found elsewhere
[1, 15&_

Attenuated total reflectaned-ourier transform infreed (ATR-FTIR) spectroscopy
(199 (IRPrestige 21 from Shimadzu and VeeMAX Il from PIKE) was used for
characterizing the chemical composition in the bulk of the PS films. The contact status (the

amount of clearance between Ge crystal and polymer) of different samples was calibrated
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by matding the peak intensity at 699 ¢rwhich is the peak with highest intensity in the
measured IR range (65@500 cmt). The contact area was further corrected by converting

absolute absorbance to the ratio against the peak at 699 cm

4 3. Results and dscussion

4.3.1Realtime Ellipsometry during RPO

In figure 4.2 two exemplary redime ellipsometry trajectories along with optical
simulation results based on single layer ellipsometry model are shown to illustrate the three
distinct stages of polymer mation by RPO. In figurd.2 (a) the SMD treatment started
from point A, and after two turning points B and C the treatment was ended at point D
which corresponds to 60 minutes. For the sample in figute(b), we extended the
processing time to 290 mites to show the lonterm effect of RPO. As seen in both plots,
the gaps between groups of data points in section AB are due to the scan predhssing
larger the gap between data points, the more dramatic changes on PS films each scan
treatment (38 secals) introduces. We also labeled the time consumption for reaching point
B, C and D in figuregl.2 (a) and (b), and it can be seen that during section AB (first 3
minutes of treatment) the polymer films showed dramatic changes on its optical property
aftereach treatment scan. After a mild turn at point B and a slow BC stage, we observed a
sharp turn at point C for 2B3 minutes of treatment time. Due to the similarity between
figures4.2 (a) and (b), we will focus on discussing figdr2 (a) and then congpe it to

figure4.2 (b).
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22.94 nm PS
on 104 nm SiO,

Figure4d2EIl | i ps egmedtartya o bt ai ned duri ng SMD
PS for 60 min and (b) 22.94 nm PS for 290 min. The PS films were coated on Si substrate
with ~100 nm SiQtop layer. The experimental data is shownsblid dots. The single
layer ellipsometry model simulations are shown by lines with open symbols. Three distinct
sections of RPO of polymer are defined: 1) AB: surface adsorption/oxidation, 2) BC: bulk
film expansion and 3) CD and beyond D: etching. PAinorresponds to the beginning of
the experiment. At poinB, a surface adsorption/oxidation layer was formed in about 3

minutes with a thickness of ~3.6 A regardless of pristine film thickness. €dahotes
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the end of polymer film expansion whichpoportional to the pristine film thickness (~ 6
%). Point D indicates 1 hour of treatment. Inset in (b) is the enlargement of A to D sections.

The etching of polymer film takes place at a rate of 0.7 nm/hour.

To better interpret the retime ellipsomety data, we overlaid optical models on
top of t heap meaag wrcd d2r(§). Becausefof tlge uhin ¢hickness of the
polymer film, the difference in material property at different depth is minimized, which
justifies the use of a single layertial model. Curve n(blue line with open triangle) is
t he model | itgn ga nrgel seusl tt hoaft G el at e 9=1.68%3)ogr owi ng
SiOY/Si substrateThe interval between the triangle symbols corresponds to a thickness
changeof LA. If act the emppeatmenveaelrl g p with the
curve n at point A, which indicates the original PS film thickness before plasma treatment.

As the SMD treat ment -gbevgalnuse s tnhoevide papiteor ni gmecnt
B which caresponds to a thickness increase of 3.6 A compared to point A.

The increase of film thickness during section AB might come from either the
surface adsorption/oxidation of plasma species or the expansion of the PS film due to
plasma modification. If it wadue to bulk expansion, the net thickness gain in AB would
depend on the pristine film thickness. However when comparing PS films ranging from 15
nm to 100 nm, we found that the thickness increase in section AB was always ~3.6 A. For
example in figuret.2 (b), although the PS film is 1.6 times as thick as that in figiréa),
similar amount of net increase (3.7 A) is observed. Furthermore, polymer film expansion,

e.g. through chain scission or oxidation, usually leads to the decrease of refractive index

(more discussion in Secti@n3.5). However the AB section in both figur#eg (a) and (b)

97



did not show such change. Finally, the time needed for completing the AB stage is also a
constant regardless of PS film thickness, which indicates that AB stage & time
controlled process such as diffusion in the polymer bulk. In fact, surface chemistry analysis
by XPS shows that the AB stage corresponds to moderate surface oxidation and the
chemisorption of surface nitrate{®BNOz), which will be discussed isection4.3.2.

After the turn at point B, therealli me €r aj e c t4@ayfollows cufvé gur e
n(red |ine with open squar-@)awpbleb thatheel
softening of the polymer bulk. In the optical model ofveum:;, we assumed linear
relationship between the change of film thickness and that of refractive index. Without
better knowledge about the physical process during expansion, we chose this assumption
due to its simplicity. The physical meaning of curgean be understood as the expansion
of the polymer bulk by plasma modification without losing any material (etching). This
hypothesis of bulk expansion during BC stage is further validated by the thickness
dependence of the net thickness gain and the axdaf polymer bulk which will be
discussed in later sections. The difference between symbols in ctis/& A and 0.005
for thickness and refractive index, respectively. Thus at point C the polymer film has a
thickness of 15.58 nm and a refractive indéz.5653.

After the sharp -@utr najae c tpd2i(p thamgesfitst ghuer eq
direction from the increase of Q to the de
etching. The @ value keeps i ncthesdadeningnoj aft e
the polymer film still continues in the etching stage. To better illustrate this, we mapped
three models in figuré.2 (a) (curve B s and i with blue dashed lines and open circles)

that relate to the etching of homogenous polyntersfiwvith refractive index of3¥1.5653,
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ns=1.5453, B=1.5253 The thicknessnterval between symbols is 1 A, andca model
starts from a symboloncurven It can be seen that -cafter |
values did not follow curvesrwhich correponds to steadsgtate etching with no change
on the refractive tirnajeexct drnysiardatiyes thespet s c u |
curve n. This indicates that the etching process is accompanied by the further softening of
the film through bulk moditiation. At the end of the experiment, i.e. point D, the treated
PS film has a thickness of 16.22 nm and a refractive index of 1.5325. It is worth pointing
out that although we attributed CD as the etching stage, the thickness at point D 16.22 nm
is actualy thicker than point C 15.58 nm. This is due to the continued expansion of the
polymer bulk in the etching stage which surpasses the thickness removed by etching.

Similarly the three stages of polymer transformation were also observed in figure
42 (b).Because of the thickgertrsatjaercttionrgy tihsi ciknn eas
comparedtofigurd2 (a) . We al so overlaid the-optic:
o dat a, a througlc mhave the same meaning as those in figuPe(a). The
major difference between models in figue® (a) and (b) is the change of thickness and
refractive index between symbols. For curvem and n, the thickness change is 2 A
whereas for curve znthe thickness and refractive index change is 7.4 A ai®1,
respectively. It can be seen that the thicker PS film in figuizgb) has expanded more
during the BC stage (14.8 A vs. 8 A in figwt@ a). Interestingly, the expansion ratio to
its pristine film thickness is comparable (6.4% vs. 5.5 % in &g a). The refractive
indexes at C points are also the same (1.5653). These facts provide further evidence that
the expansion stage BC is a budktredjifecttor iTéd

figures4.2 (a) and (b) indicates that the three stages of modification is generic regardless
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of film thickness which has also been seen in additional experimental results not reported
here. We extended the treatment time in figue(b) to 290 minutes and we falithat

t hep G r a pradoallyapprpache curve n after D point. This indicates that in the
later stage of RPO of polymers, the bulk expansion slows down while etching continues.

More discussion about figue2 (b) can be found in Sectid@B.5.
4.3.2 Surface composition: high resolution XPS

Since the pristine PS contains only C and H, the elemental analysis of surface
chemical composition can provide more information on the evolution of PS films under
RPO. In figure4.3 the high resolution N 1s, O&asd C1s spectra of pristine, 5 minutes and
90 minutes treated PS were shown to demonstrate the surface composition at different
stages of RPO. After 5 minutes of treatment, the PS film has passed the surface oxidation
and adsorption stage (AB in figude2) and is in the early expansion stage (BC in figure
4.2), whereas after 90 minutes of treatment the PS film has proceeded to the etching stage.
It can be seen that the SMD treatment results in nitra®NR», 408.2 eV) formation as
shown in figure4.3 (g and surface oxidation as shown in figdt® (b). Interestingly, the
amount of nitrate on the PS surface remains comparable between 5 and 90 minutes of
treatment. In the O 1s spectra, a large portion of the O composition with 5 minutes of SMD
treatment ied curve in figuret.3 b) is from surface nitrate. However the O 1s spectrum
with 90 minutes treatment shows a larger peak with its center position shifted to the lower
binding energy side which indicates the increasing amount-©f C=0 and GC=0

groupson the surface after prolonged SMD treatment.
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Figure 4.3 High resolution XPS of (a) N 1s (b) O 1s and (c) C 1s of 180nm PS

films. Spectra of both pristine and SMD treated films are shown for comparison. The

pristine PS does not contain N or O. The wdaPS showed surface nitrate-QRIOz)

formation and oxidation. The electron tadi# angles are 20° in all spectra which

correspond to the top ~ 2 nm of the PS surface.

More details about the surface functional groups can also be found in the high
resoldion C 1s spectra, as shown in figut8 (c). Because the peak positions in C 1s
spectrum are better separated from each other, peaks correspondi@gH¢285 eV), G
O (286.5 eV), GC-O/C=0 (287.9 eV), €C=0 (289.1 eV), @CO-0 (290.2 eV) and pi
pi* sh&ke-up satellite (291.5 eV) can be fitted and analyzed individually. As shown in
figure 4.3 (c), the pristine PS contains mostyGZd H bond ( 9 1-:"1*%)s;h aakned
up peak (5.4 %) indicates the presence of carbon rings. After 5 minutes of treagdent (r
curve in figure4.3 c), oxygen containing functional groups, i.eOCO-C-O/C=0 and O
C=0, start to appear. For the 90 minutes treated films (blue curve), the PS surface shows
more oxidation with a distinct secondary peak at 289.1 eV which corresmp@e8=0

(ester or carboxylic acid) group. The formation of the large amount-G£QO during
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etching stage is a distinct feature for the SMD treated polymers compared to other APP
sources we have studied, including both MHz ARP3Sand kHz APPJs in which highly
reactive etchant (atomic O and OH) and energetic species (ions and UV photons) are
present'*1 4. Correspondinglythe OC=0 group can also be seen in the O 1s spectrum

at 533.6 eV as shown in figude3 (b).

4.3.3 Evolution of surface composition over treatment

To better demonstrate how the surface composition evolves during plasma
treatment, we showed the calculated surface N, C and O composition as a function of time
in figures4 .4 (a) and (b). For the ease of correlating with thetigad ellipsometry data in
figure 4.2, we labeled the A, B, C and D points in figdrd. Similarly, the AB, BC and
CD section corresponds to the three stages discussed above. We extended the SMD
treatment time beyond point D (60 minutes) to 290 minutes for studying the dynamic

process during prolonged etching.
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Figure 44 The time evolution of surface (a) N, (b) C and O composition. Both 20°
and 90° electron takeff angles were shown in (a) and (b) for comparing the elemental
composition at different probing depth (~2 vs. ~8 nm). The label of A, B, C and D

corresponds tthose in figured 2.

First and foremost, we observed the saturation of surface N composition for both

20° and 90° electron tak&f angles in figuretl.4 (a), but the time needed for reaching such
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saturation was different: at point B vs. at point C. Simigé resolution N 1s spectra, e.g.
figure 4.3 (a), show that all surface N composition comes from nitrate groups, the N 1s
composition is equivalent to the surface nitrate composition. In figdr@) the difference
of N composition between the two elext takeoff angles persists regardless of treatment
time, which shows that the nitrate moieties always have a composition gradient with film
depth at any treatment time. Because 20° and 90° electrowffadkegles correspond to
chemical information fronthe top 2 nm and 8 nm of the surface respectively, we conclude
that the nitrate in the top 2 nm of the surface is formed during the AB stage and extra nitrate
is added to the deeper section of the film (2~8 nm) during the BC stage.

Similar to figure4.4 (a), figure 44 (b) shows the evolution of C and O composition
of polymer surface during treatment. Because hydrogen has only one valence electron and
does not produce a core photoelectron pEdkthe pristine PS film (0 second treatment
time) shows a composition of 100% C. As plasma treatment progressexlyheer
surfaces show continuously increasing amount of O composition. Interestingly, this
oxidation of the polymer film continues even when the film enters the etching stage, which
correlates well with the continuous reduction of the refractive indextlaadurther
expansion of the film during the etching stage in figuge

We also found that most of the surface oxidation occurred during the first 30
minutes of treatment, i.e. in the surface adsorption/oxidation stage and expansion stage.
After 2 minutes of SMD treatment, 25.3 % of the top 2 nm of the surface (20%offke
angle) is composed of O as shown in figu(®). Since the O composition contributed
by TONOQ: is three times as much as the N composition (2.3 % for 20° scan in 4igure

a), thisshows that the O composition from various O containing groups otheir @@,
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is about 18.4% on the top 2 nm of the polymer film. The decomposition of the C 1s
spectrum in figuret.3 (c) also confirms the formation of various surface carbon oxygen
(C/O) noieties. Therefore the AB stage in figude2 features both surface nitrate
adsorption and moderate surface oxidation. Since the¢imsalellipsometry data in figure

4.2 shows a consistent thickness increase of ~3.5 A during the AB stage regardless of the
original film thickness, the XPS data indicate that the surface oxidation and nitrate
adsorption is responsible for it.

When comparing the surface C and O composition measured for different electron
takeoff angles in figuret.4 (b), we find that the ¢élated PS surface shows a composition
gradient versus film depth and this gradient is reduced with increasing treatment time. The
composition gradient finally disappears at 290 minutes which indicates that the top ~8 nm
of the surface is eventually homogesty oxidized in the late etching stage. The existence
of a composition gradient indicates that the SMD generated neutral reactive species can
penetrate into and react with teabsurfaceof the polymer film. We also performed a
series of bacletching expriments where 3.542 nm of material was removed from the
top of the SMD treated PS films by low pressure Ar plasty and our vacuum
transferred XPS results on the batkhed PS surface verified the deep oxidation in the
polymer bulk. We suspect that the oxidation in the deeper section of the film might result
from the diffusion of plasma species into theypaér bulk which is made possible by not
having (1) a ion induced densely crdéisdked surface layer and (2) fast material removal

by rapid etching. More details about this will be featured in our future publications.
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Figure4.5 The decomposition of XPS C 1s spectra for (&}/@8 and’ -" * shakeup
peaks and (b) various carbon oxygen bonds plotted as a function of treatment time. Only

data from 20° electron takaff angle were shown. The label of A, B, C and D corresponds

The evolution of various carbon containing moieties fitted from high resolution C
1s spectra is shown frgures4.5 (a) and (b). It can be seen that plasma treatment converts

C-C/H bonds and carbon rings into various C/O groups. AftertpoirC, - "t*h es h'a k e
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peaks disappeared which suggests that the carbon ring structures were destroyed by RPO
during the first two stages, i.e. adsorption/oxidation stage and expansion stage.
Furthermore, the composition of most O containing moieties shawfigure 4.5 (b)

stopped increasing in the etching stage except for {8eQ group. This might be related

to the unique etching mechanism of RPO. One possible explanation is@wD @& the
precursor for forming etching product @@nce certain amai of O-C=0 group, i.e. 17.7

% as shown in figurd .5 (b), is accumulated on the surface, the etching process can be
initiated i plasma species might directly or indirectly attack the final bonds that connect
each OC=0 group to the polymer chain and suhstly release it as volatile product

CQOe. The increase of @=0 composition in the etching stage implies that other surface
moieties are converted into-O=0 which will be eventually etched away through2CO
formation. We also expect that the compositb®-C=0 will reach saturation after certain
treatment time (O 5 hours) due to the bal a
C=0 through polymer oxidation and €f@rmation, respectively. In figur£6 we showed

the high resolution XPS C 1s spectrwh 290 min treated PS film along with its
decomposition into various functional groups. It can be seen that the second peak around
289.1 eV corresponds to the@=O group. Due to the fact that there is no difference in the

C and O composition between 207da90° XPS scans of the 290 minutes treated sample
(figure 44 b), we think that the spectrum in figu4& might be close to the most extreme

oxidation state achieved from the balance between polymer oxidation and etching.
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Figure 4.6 High resolution X C 1s spectrum of 290 min treated PS film. The
decomposition of measured data into various oxygen containing functional groups is also

shown. The electron takef angle is 20°.

4.3.4Bulk composition: ATR-FTIR

The plasma effect on the bulk of the pobmiilm was evaluated by ATRTIR.
The penetration depth of IR light with Ge crystal at 60° light incidence angle (~600 nm)
(198 is larger than the polymer film thickness (~350 nm), which ensures that the measured
IR spectra reflect the chemical composition of the entire film. The full IR spectrum, data
not shown here, of pristine PS reveals four groups of IR peaks: (1) the iar@xtat
stretching at 3025 ¢ (2) the aromatic C=C stretching at 1602%1{8) the deformation
of CHz and C=C of the aromatic ring at 1492 and 1452 cand (4) the aromatic-@

deformation at 1027, 908, 758 and 699 crafter plasma treatment, we ased two
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additional features on the IR spectra: a weak peak at 1282(Cc805 with respect to the
highest peak at 699 cthand a group of strong peaks in the range of 1600-ct800 cm

1 as shown in figuret.7 (a). The former peak can be assigne€40 stretching and/or
symmetric NQ@ stretching. The latter group of peaks can be attributed to the general C=0
stretching modes (1600 ¢ 1800 cm') and asymmetric N©stretching (1615 crh-

1660 cm') from nitratel*% °9. For the C=0 stretching peaks, various functional groups
such as phenol or vinyl ester (1770780 cm'), saturated ester (1750735 cm?),
aldehydes (17401720 cmt), unsaturated ester &etone (1736 1715 cm'), as well as
conjugated aldehydes (1710685 cm') and ketones (16851666 cm') can be fitted,
which suggests that the plasma modified polymer is not homogeneous and several types of
moieties might coexist. Due to the overlagpiof peaks in IR spectrum, we could not
determine whether the nitrate groups were formed in the polymer bulk. Hovesver,
mentioned in sectiod.3.3we measured the XPS N 1s spectrum of 3.5 i@ nm back
etched PS films (SMD treated for 290 mins befoaekbetching)by low pressure Ar
plasma, and we observed no nitrate signal in any of theseebawdd thicknesses, which
provides evidence that nitrate is not formed in the polymer bulk. More about this will be

reported soon.
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Figure4.7 (a) ATR-FTIR spectrum of 350 nm PS film treated by SMD foii Z®0
minutes. The contact area between PS and Ge crystal has been calibrated and corrected. (b)
Integrated IR intensity area of peaks in the range of 1550~cb850 cnt as a function of

SMD treatment time. The label of A, B, C and D corresponds to those in figure

Interestingly, the intensity of this group of overlapping peak in the range of 1600
cm® - 1800 cmtincreases with treatment time. To better illustrate this, we calculzged t
integrated intensity of these peaks by summing the intensity from 1560 to 18%0icus
the area of C=C stretching peak from carbon ring at 1602 Asishown in figuret.7 (b),
the area intensity increases logarithmically with treatment time, whidicates that
plasma induced polymer modification is fast at the beginning of the treatment but slows
down considerably as the reaction sites on pristine polymer are depleted. The last data point
in figure4.7 (b) is slightly off the trend of logarithmgrowth which indicates that an upper

bound of total modification might exist.
4.3.5Mechanism of polymertransformation

With the additional information of surface and bulk chemical composition, we
fitted the exemplaryredl i mep €Qr aj e c t4@ (bywith smgleflayeay ellipsemetry
model, which resulted in the evolution of thickness and refractive index during RPO as
shown in figured 8. It can be seen that the polymer thickness increases to a maximum near
point D and then decreases. The insefigiire 4.8 emphasizes the polymer thickness
change in the first 60 minutes of treatment (Point A to D in figizd), and the thickness
jump in AB stage indicates the fast surface adsorption/oxidation whereas the continuous

growth in BC and CD stage suggjs the polymer bulk expansion. The change of growth
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rate at point C indicates the onset of etching from polymer surface, and the subsequent
change from thickness increase to decrease at point D illustrates that etching finally
surpasses bulk expansiorddrecomes the dominanfluenceon thickness behavior. After

point F the rate of thickness change stays relatively stable and a linear fitting yields an etch
rate of 0.69 nm/hour which isi24 orders of magnitude slower than other typical APP

sources thiainvolve invasive etchant such as idhsatomic O and OFfg.
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Figure4.8 The thickness and refractive index change of PS film shown in figure
4.2 (b) as a function of time. Inset istkenlargement of the first 45 minutes of treatment.
Labels A through D correspond to those in figdi& whereas E and F wespond to 1.5

and 2.25 hours.

In figure 4.8 we also find that the polymer refractive index continuously decreases

throughout theplasma treatment with the rate of decrease slowing down with time.
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Previously we attributed this to the oxidation of the polymer, and here we provide a more

detailed discussion which follows the method developed by Groh and Zimmé&ffhan

The macroscopic refractive index of a material is determined by its microscopic

polarizability (i.e. the dipole moment per unit volume induced by the electromagnetic field)

through the wellknown LorenzLorentz equation:

: P o Y 1)
€ G

Here n is the refractive index and M the molar volume:

0

- T8

W
where M is the molecular weiglit,is the mass density LB known as the molar refraction

and is correlated to the polarizability

) 1)

where0 is the Avogadro's number. From equatidril), the refractive index n can be

expressed as:

p c'Y ’
w
[ v 8
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When thematerial is a mixture of different chemical constituents, molar fraction
mixing rulef?®¥, i.e. the molar refraction of a mixture is given by the linear average of the
partial molar refraction of the individual components in the mixture weighted by their

molar fraction, can be approximately applied to caleulbaé refractive index:
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Here k, R and \f are the molar fraction, molar refraction and molar volume of substance
], respectively. For amorphous polymers with periodically repeating units, the macroscopic
refractive index can be also estimated by these values of individual substructure j in the
repeating unit. According to the calculation from Groh and Zimmeftf3nthe quotient

@ Y] w indicates the direct contribution of each substructure to the resulting refractive
index. In table 4.1 we selectively listed theaRd \f values?°? of a few functional groups
observed from our XPS results, and it can be seen from the x values that all oxygen
containing functional groups except C=0O can cause the decrease of refractive index
compared to pristine PS. Generally, the pmeseof ether (€D) group dramatically reduces

the polymer refractive index due to its large volume occupied by oxygen in this binding
structure, which also helps explain the expansion of polymer film during oxidation. From
figures4.5 (a) and (b), we finthat the lowest refractive index of the top few nanometers
(20° XPS scan) of the polymer film () presents in the etching stage. Using equatién

and values in table 4.1, we can estimate thatis between 1.457 + 0.009 and 1.486 +
0.009. This value is lower than that fitted in figdr8 which indicates that the material in

the polymer bulk is not as oxidized as that on the surface.
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Table 4.1. Increments of various polymer substructures [200]

Function Chemical formula R; AR; V; AV} X Ax
Main chain -(CH,C*H)- 7.915 +0.63 23.613 +2.64 0.335  +£0.046
Side group -C¢Hs (arom) 25.824 + 0.69 74.129 +2.9 0.348  +0.011
Side group C-O (ether) 1.625 +0.68 9.052 +2.86 0.18 +0.094
Side group 0-C-O 7.754 +0.96 33.631 +4.06 0.231 +0.04
Side group Cc=0 4.59 +0.71 13.17 +2.97 0.349  +0.095
Side group 0-C=0 6.289 +0.28 22.761 +1.19 0.276  +£0.019
Side group 0-CO-0O 6.266 +1.07 31.608 +45 0.198  +0.044

In figure4.9, we summarized and plotted all the physicatpsses during different
stages of RPO of polymers. The labels A through F correspond to those in fidlires
48. Stage AB features the surface oxidation and adsorption of nitrates. This nitrate
adsorption and oxidation layer (3.6 A), not necessadilyets the entire surface (coverage
rated < ) Da@sidynamically on polymer surface over the rest of the stages. Stage BC
shows the expansion of the polymer film due to the diffusion and reaction efivedg
plasma species in the polymer bulk. Thereo material loss in this stage since the surface
has not been oxidized enough to form volatile produci. T@e etching of polymer starts
at point C where the amount of©=0 group has been accumulated to the extent of causing
COe formation. The oxidatin of the polymer bulk continues in the CD stage, and the
thickness increase due to oxidation is larger than that due to etching which yields net
thickness increase. The refractive index of the polymer film keeps decreasing in this stage
because of the ctinuous oxidation of the polymer bulk. From point D etching finally
surpasses oxidation and becomes the dominant factor for polymer thickness change. This
is also reflected from the rate of refractive index decrease which slows down considerably

after point D. Although the polymer thickness at point E and point D is similar, the polymer
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bulk at point E is more oxidized with a lower refractive index. Point G shows that the film

thickness can be smaller than the pristine film at later time of the etchimg stag

Pristine Oxidized Transition CcO

Figure 4.9 Possible reaction processes of PS under RPO. Labels A through F
correspond to those in figudeB. Label G indicates net thickness loss compared to pristine

film when it is treated with even longer time than 5 hours.

4 4. Conclusion

Using SMD and PS as model CA®lymer system, we evaluated the interaction
mechanism of RPO by studying the evolution of polymer film properties, including
thickness, refractive index, surface moieties and bulk chemical composition. We found that
the polyrer film underwent three distinct transformation stages during RPO, i.e. surface
adsorption/oxidation, bulk expansion and etching. Analysis of the chemical composition
of the treated polymers indicates that the Hingd species generated by remote plasma
are able to (1) form surface nitrate adsorption and oxidation layer, (2) diffuse into the

polymer and oxidize the polymer bulk (3) cause etching of the polymer surface. Our results
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demonstrate that the interaction of polymers with remote plasma is coamglenultiple
processes such as adsorption, oxidation and etching can take place simultaneously. We also
showed that nitrate was only formed at the polymer surface and the remote plasma etched
surface was relatively rich in -O=0 (ester or carboxylic acidyroups. Finally, we
correlated the evolution of the refractive index of the polymer films with chemical
composition changes and showed that the refractive index decrease mirrors the formation
of oxygencontaining groups resulting from RPO. Our resultsitate the role of the long

lived weakly oxidative plasma species in a Gadtymer interaction system, and they can

be applied to other plasamaterial interaction systems where ldigd neutral plasma
species exist. Our findings on the penetration wfate plasma species into polymer bulk

and the adsorption of surface nitrate may stimulate new applications in fields such as

plasma medicine and microbial sanitation.
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Abstract

We evaluate the effect of water vapor on the plasma processing of materials using
a model system consisting of a wellaracterized radirequency (RF) plasma jet with Ar
carriergas, controlled gaseous environment, and polystyrene (PS) as target material. We
find that the effluent of Ar/kD plasma jet is capable of (1) etching polymers with relatively
high etch rate and (2) weakly oxidizing the etched polymer surface by forming O
containing moieties. When increasing the distance between the polymer and ti@ Ar/H
plasma, we find that the polymer etch rate drops exponentially whereas the surface O
composition of etched polymer shows a maximum at intermediate treatment distance. A
control experiment of Ar/kH plasma shows that the observed etching by Ab/idlasma
cannot be explained by H atoms. The OH density in the 28r/jdt has been measured
near the substrate surface by laser induced fluorescence (LIF), and we find that the
exporential decrease of polymer etch rate of AfHplasma is consistent with the density
variation of OH radicals with treatment distance, which indicates that OH may play a
dominant role in the polymer etching process. By correlating the OH flux generated fro
Ar/H20 plasma at different axial positions with the polymer etch rate, we find that the
presumed dominant etchant species OH has an estiratiibithg reaction coefficient
(number of C atoms removed per incident OH radical) of IThe polymer etch ratef
Ar/H20 plasma is enhanced as the substrate temperature is lowered, which can be
explained by enhanced surface adsorption processes of gas phase species. We also find that
Ar/H20/0z plasma has reduced etching efficiency compared to both-@r&thd Ar/Q

plasma for a fixed molecular admixture concentration
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5.1 Introduction

Atmospheric pressure plasma (APP) reactors can be operated as low temperature
plasma (LTP) sources in room environments which usually contain certain amount of water
vapor. Due totte nonequilibrium nature and highly energetic state of LTP, water vapor in
APP is often dissociated which initiates a wide variety of reaction pathways that lead to
the generation of highly reactive species such as OH, H, HO2, HNO; and HNQ.16%

202 The effect of adding water vapor to the feed gas and/or the surroundings of the APP
reactors has been extensively studied through both experifd&tt§ and computer
assisted modeling 4> 207209 As a result, the characterization of gas phase species
generated by water containing APP, e.g. the spmaue timeresdved density profiles of
these waterelated reactive species, has been reported in many stibdie¥!s 203206 210

214

Despite the increasing attention given in chimazing water containing APP, less
is known about the effect of water containing APP on material surfaegsecially an
understanding at the molecular level is missing. Besides modifying pol{fniérs'd
previous publications on the treatment of materials using water containing APP mainly
focused on antimicrobial effects and mechani®fis?1¢2'8 However, due to the
complexity of microbes and cells, it is difficult to extract information on how water
containing APPs interact with materials from such studies, e.g. etching, modification and
deposition on surfaces, etc., or to identify the reacpeeiss responsible for these surface
phenomena. Nonetheless, the effect eDHeed gas in low pressure plasma (LTP) on
polymers has been reported previod$l¥,and at 50 mTorr pressure the authors observed

etching and surface oxidation of polycarbonate (PC). Hydroxyl radicals (OH) were
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recognized by the authors as the effective etchant species generated by low pr€3sure H
plasma?'? However, due to the difference between LTP and KPRhe role of HO in
APP needs to be examined separately.

Compared to LTP, the difficulty of studying water containing APP comes from the
short measfree path of particles (< 100 nm) at atmospheric pressrafter generation
in the plasma zone, reactive species are transported through convection and diffusion from
the nozzle to target surfaces that are typically locatetistances ranging fromill 0 0 6 s
of mm. The interaction of reactive species with each other and the gaseous environment
wherein plasmaurface interaction (PSI) takes place may aksase the destruction and
conversion of these specié¥ Hence, controlling the gaseous composition of the PSI
vicinity is essential for being able to interpret plasma induced surface phenomena.

The correlation between reactive species and the responses of the material surface
can help identify the dominantaetant from water APP for material treatments. Besides
the composition of the controlled gaseous environment, a model piaatedaal system
that consists of a wetlharacterized APP reactor and target materials with defined
properties is desired to estishl such correlationd. Previously we studied the etching and
surface modification of polymers by Ari@lasma using a model sgsn consisting of a
RF plasma jet as the APP source and vinyl polymers as target maté&tidlswe found
that O atoms were the dominant etchant generated by pld®ma, ana linearresponse
between the incident O flux and the etched C flux on material surface was observed. We
estimated the etching reaction coeffici&ft of O atoms from these measurements and we

found it to be of the order of (68
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In this work, weuse the same model system to study the effect of28rfplasma
on polymer surfaces. By varying a number of plasma processing parameters such as
treatment distance, environmental gas composition, feed gas composition, and substrate
temperature, we explorethe change of polymer surface properties usingitu
ellipsometry and Xay photoelectron spectroscopy (XPS). The role of OH radicals
generated by the Ard® plasma, whose density was measured by laser induced
fluorescence (LIF), was evaluated. We alsdiriectly assessed the potential effect of H,
which is expected to be present at similar concentrations as OH inCAgldsma by

comparing the results with a Arilglasma.

5.2 Experiments and methods

5.2.1Materials

Polystyrene (PS) beads with an averampecular weight of 35 000 was purchased
from SigmaAldrich (St. Louis, MO, USA) and used without further purification. Thin PS
films were spircoated on Si substrate using 5 wt.% of PS in propylene glycol methyl ether

acetate (PGMEA, Sigmaldrich, ReagatPlus®,0 99.5%) solution. With 2000 rpm spin

speed and 3 s ramping time, the resulted PS films have a thickness of ~ 180 nm. Our AFM
results show that the PS films have a RMS surface roughness of 0.35 nm.
5.22 Plasma processing

The model APP reactor seted for studying water containing plasma at
atmospheric pressure is the tinedulated RF plasma jet whose detailed characteristics
can be found elsewhel®. 134 161 Briefly, the RF jet is a capacitilye coupled plasma
(CCP) reactor with a 1 mm diameter tungsten needle as the driven electrode, a quartz tube

(3 mm outer and 1.5 mm inner diameter, ID) as the dielectric and a copper ring as the
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grounded electrode. The 20 kHz modulated 14.0 MHz RF sigtia@®6 duty cyclé'®?

was generated through a function generator (Tektronix AFG3021B) and then amplified by

a power amplifier (ENI A500). The feed gas of the RF jet studied in this work includes 1.5
standard liters per minute (slm) of Ar plus 1% ©% HO, 1% (Q + H20) mixture, and

1% H. We kept the visible plume length of the RF jet at a constant length of 3 mm for all

feed gas conditions. The average plasma power dissipation of the RF jet was measured by
Lissajous figure method®*¥ and is approximately 2 W for Ar plus 1%,A% HO, 1%

O2/H20 and 1.26 W for Ar plus 1% Hunles noted otherwise. Since all feed gas
compositions were composed of Ar plus 1% molecular gas admixture, we use the notation
of AAr/ mol ecul@) tgamasrmegreegentAriAr + 1% mol

this work.
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Figure5.1: (a) Schematic diagm of the timemodulated RF jet and its interaction
with a polymer surface. During material treatment, the RF jet scans over polystyrene

surface with a speed of either 1.2 mm/s or 2.4 mm/s for avoiding excessive etching. The
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treatment anglé and treatmetndistance d are adjustable. Inset shows an optical image of
the Ar+1% HO plasma treating polystyrene coated on Si wafers with d = 4 mrd and

90°. (b) Schematic diagram of the water vapor generation setup. The MFC is heated to 135
°C, the stainless stewater container and gas delivery lines are heated to 110 °C. (c)
Schematic diagram of the tinmeodulated RF jet with gas shielding and the laser induced

fluorescence (LIF) measurement for OH radicals.

Due to the small cross section area of the RF ]jét7( mnf), a homemade 2
dimensional (2D) scaprocessing stage was used to achieve uniformly treated target
surfaces for further analysés®® During treatment,lte RF jet scans over the sample
surface with a lindy-line processing pattern at a moving speed of either 1.2 mm/s or 2.4
mm/s. After treating the material surface bacidforth along the same straight line, the
RF jet moves to another processing linealed 0.8 mm away and repeats the line
treatment. As illustrated in figurel (a), the treatment angle (either 30° or 90°) and
treatment distance d (4, 8, 12, 16, 20 mm) relative to the material surface can be adjusted.
To avoid confusion, we list altéatment configuration used in this werkigure5.2: 30°,

2.4 mm/s; Figur®.3: 90°, 1.2 mm/s; Figureés4 1 6: 30°, 1.2 mm/s; Figurés.7 and5.8:
90°, 2.4 mm/s. We will further describe the treatment angle andpsoaassing speed in

the caption of ezh figure.

5.2.3 Controlled environment, water vapor generation and temperature

control

The APP treatment of polymers were conducted in a 50 L sealed chamber.

Controlled environments wherein PSI takes place were achieved by refilling this chamber
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(pre-evecuated to 10 m Torr) with MOz gas mixture at 4 slm constant flow rate. The water
vapor admixture in the feed gas of the RF jet was generated by a homemade gas delivery
system consisting of a MKS M330AH mass flow controller (heated to 135 °C), a stainless
steel water container (110 °C), and gas delivery lines (110 °C), as shown inSigure
(b).The temperatures of the water vapor generation system were monitored by
thermocouples and controlled by proportidmategral derivative (PID) controllers.

To evaluate the effect of substrate temperature on polymer etching by water
containing APP, the PHaontrolled heating (above 20 °C) and thermoelectric cooling
(below 20 °C) stages were integrated in the plasma processing setup, as shown in figure
5.1 (a).Prior to the RF jet treatment, the polymer samples were heated or cooled to the
desired temperature (0 90 °C). To avoid excessive polymer etching at various
temperatures, a scgmocessing speed of 2.4 mm/s was used for all experiments assessing
substrée temperature dependence. We evaluated the potential heating of target surfaces
caused by the RF jet through measuring the thermal expansion of 745 nduBi@ RF
jet treatment at 4 mm. Our ellipsometry results show that temperature change caused by
the RF jetis less than 20 °C for the processing parameters chosen above. We also measured
the thickness reduction of PS films due to heating, and no observable thickness loss was
measured at 40 °C.

5.2.4 Surface characterization

The detailed characterizah methods of the polymer films treated by the RF jet
have been described in previously published Worf® Briefly, we usedin-situ
ellipsometry ad X-ray photoelectron spectroscopy (XPS) to characterize the

thickness/refractive index and the surface chemical composition of the giesitea thin
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films, respectively. To extract the reahe polymer thickness and refractive index
information, an optal model was applied to the situellipsometric data. The XPS system
(Vacuum Generators ESCALAB MK 1) is equipped with Al K-ray source (1486.3 eV),
and hgh-resolution C 1s, N 1a8ndO 1s spectra were obtainedtaelectron takeoff angle

of 20 (probing deptH) 2 nm).Using CasaXPS softwal®! we fitted the C 1s spectra

with peaks corresponding to C=C (284.7 eV)CEH (285 eV), CO (286.5 eV), GC-
0O/C=0(288 eV), OC=0 (289 eV), GCO-0O (290.2 eV) and ppi* shakeup (291.6 eV).

Due to the overlapping of peaks in the O 1s spectra, two peaks with binding energy at 532.7
eV and 533.9 eV were fitted. For the N 1s spectra, nitroso (NO, 401.8 eV) and nitrate
(ONQO, 407.5 eV) peaks were fitted. All spectra were calibrated with t#HCpeak at

285 eV. After Shirley background subtraction, the elemental composition was calculated
with sensitivity factors of C 1s =1, N 1s = 1.77 and O 1s =2.85, respedtifeSurface
morphology of the pristine and RF jet treated PS films were measured using atomic force

microscopy (AFM, Bruker MultiMode AFM) with the tapping mode.
5.2.5 Absolute gas phase OH density

The absolute density of OH riadls generated by Ar4® plasma was measured by
LIF in open air environment as shown in figlsd (c). A polymer target was placed
underneath the plasma jet to mimic the polymer treatment experiments. To reduce the
influence of environmental Hwe appled pure N shielding gas in caxial direction as
the Ar/HO feed gas. We did not use a sealed chamber for LIF measurement due to the
long duration of laser measurements which requires a sstatdygas composition. Our
computational fluid dynamics mod&howed that such steadtate gas composition cannot

be obtained on a time scale of 30 minutes in the sealed chamber. For LIF measurement,
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fluorescence of OH is induced with a frequency doubled dye laser (Sirah, Precision Scan),
with Rhodamine 6G as the elypumped by a frequency doubled Nd : YAG laser (Spectra
Physics LAB170-10H) at532 nm. TheP 2) transi t i o=rnl)aqfX;t=me 60H]
0)] system at 282.6nm is used and in particular {8 fransition. The laser pulse had a
repetition frequencyf 10 Hz and a pulse width of about 6 ns full width at half maximum
(FWHM). A combination of a spherical (f = 25 cm) and a cylindrical lens (f = 50 cm) was
used to shape the laser beam at the position of the plasma into a sheath with a thickness of
about®»6 em and a height of approxi m&telky 4,
for 4 mm distance and 9 €J for 8/12 mm di
performed in the linear LIF region.

Time and spatially resolved images of the fluorescence veé&en with an iCCD
camera (Andor IStar DH340T) equipped with a Nikkor 105 mm /4.5 UV lens. The OH
density does not vary more than 10% near the substrate during one modulation cycle of the
RF power, hence to avoid contributions of plasma emission toollexted fluorescence
the LIF measurements are performed in the plasma off period of the modulation cycle.
Each measurement is an accumulation of 1000 pulses. The camera gate width was kept at
50 nsto ensure that all fluorescence was collected. Theeyagerature was obtained by
excitation LIF of OH. The Boltzmann plot yielding the rotational temperature is
constructed using 6 levels of the OH ground state obtained by exciting(1)edR(6)
transitions. More details about the approach can be fioumcbvious publicatiof??2

The absolute calibration of the OH LIF was performed using Rayleigtesngt
We used a foulevel LIF model to obtain the absolute OH density from the calibration

measurements as described in detail by Verreyekah(??3 A key unknown in the present
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experiment is theas composition at where the OH LIF is measured. The total fluorescence
lifetime of the OH(A) state was measured with a gate of 5 ns. However this did not fully
allow us to determine the gas composition as both tedtid N concentration can vary
in the gt effluent. For this study, we obtained the OH density in the core of the jet 0.5 mm
above the substrate to limit the variation of theadd HO density to reproduce the

measured OH(A) lifetime. This approach leads to a range of OH densities. We meport t

average OH density obtained from this procedure and use the extreme values as an estimate

of the uncertainty on the obtained OH density. The collisional quenching constants used

for this calculation were taken from previous publicatféf.

5.3Results
5.3.1 The effect of ambient gas composition on polymer etching by

Ar/H 20 plasma

When treating polymer films with Ar/# plasma generated by the RF jet, we
observed fast material removal similar to that fowitth Ar/O2 plasma generated by the
same RF jei! As shown in figurés.2 (a), the real time thickness change of PS films during
scanprocessing was obtained through fitting tinesitu ellipsometry dat&®® The RF
plasma jet was held at a distance d = 4 mm away from the material surfacditlezing
configuration (i = 30°). It can be seen that the polymer thickness decreases with scan
processing time and the curvesinfighte2 ( a) show fAstaircasedo
by-line scanprocessing pattern of the plasma treatment. Since tipsatetry probing
laser spot (diameteri34 mm) is located at the center of the 9.6 x 9.6 ®irhed surface
area, at the beginning or the nesad of the scaprocessing, the RF jet is located further

away from the ellipsometry measurement spot whichesponds to the observed slower
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etch rate (ER). The highest instant ER (absolute value of the slope inSiguagcan be
observed when the plasma plume hovers directly over the ellipsometry probing spot. For
the Ar/HO plasma etching of PS irelnviromment (black line in figur®.2 a), the highest

ER is 64 nm/min. Because the instant ER changes with the positiba 8 jet during
scanprocessing, it is not accurate to discuss and compare these values for different plasma
processing conditionsSince we only compare PS treatments with the same -scan
processing parametetie total etching depth-(), which reflects the average ER, is better

for evaluating the etching efficiency of the plasma treatmentalhtde discussed in the

rest of this work.

129



(a) 0-::-;:'.«..&.
=104
E
<= -20-
(]
7]
=
PS treated b
§ -30 T Ar+ :32 HZO);t 4 mm
= 4| Ambient composition:
'2 0% 02+100% N2
'40 1| —5% OZ + 95% N2
J|——10%0, +90% N,
e 15% Oz + 80% N2
-50 T T T T T T T
0.0 0.5 1.0 1.5 2.0
Time (min)
70
(b) 1 Ar+1% HZO
60 4 © into O,/N, mixture
— 1 d =4 mm distance
e 50 Material:
< -l-PS
£ 40+ -@-PMMA
% >
© 304
() | *\
£
5§01 0Le
m A .-.\
] —E=8
0

O‘I’/o ' 2‘:';% ’ 50'% . 75l% .106%
O, % in environment
Figure5.2. (a) Reatime etching depth of PS films treated by Ar + 1%®Hblasma
at 4 mm distance in varioussN Oz mixture environments. The gray area indicates the
time when scaiprocessing by the RF jet takes place. (b) The effect of environmentigaseo
composition on the polymer etching efficiency of Ar + 1%0OHplasma evaluated by the
total etching depth of PS and PMMA films. For both plots the treatment angle and the scan

processing speed is= 30° and 2.4 mm/s, respectively.
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We find that the gasomposition of the environment wherein As( plasma
treatment of polymers takes place has a significant influence on the polymer etching
efficiency of Ar/HO plasma. As shown in figurb.2 (a), thez> of PS in pure N
environment is 41.9 nm, wheretimt in 95% N + 5% & environment is 17.1 nm. We
further tested other environmental gaseous compositions with higlven@nt as well as
another model polymer i.e. poly(methyl methacrylate) (PMMA) to examine how universal
the observed behavior is. Atustrated in figuré.2 (b), the total etching depth of both PS
and PMMA treated by Ar/kD plasma quickly drops with small amount of i@ixture in
the environment. Due to the large difference between artificial air (20P@c@ N
environment (0% ¢€) in figure5.2 (b), in the rest of this work we focus on evaluating the

effect of Ar/lHO plasma on polymers for both air angéivironments.
5.3.2 The exponential decay of etch rate with treatment distance

We find that the polymer etching efficiency of Ap®l plasma decreases
exponentially with treatment distance d, which is similar to that of Apl@ma observed
in our previous work As shown in figuré.3, the exponential decay of the etching depth
with the treatment distance was seen in bothamid artificial air environments, though the
Ar/H20 plasma treatment in2ié more effective than the same plasma treatment performed
in ar environment at all treatment distances. By defining the exponential decay censtant
as the distance at which the etching depth is reduced to 1/e = 0.368 times of its initial value,
we can fit the etching depth-() data in figures.3 usingthefollowing formula with least

square method:

> | 3&@91—
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Here A is a fitting constant. For the PS film treated by ADQpglasma with vertical
configuration { = 90°), the fitted exponentialecay constant in Nenvironment is
1 5 5 08tX | whereas that in air environmentlis 5 5 o8 1 | (both
adjusted??> 0.998), which indicates that the etching depth, and presumably the density of
reactive gas species responsible for etching, drops off more rapidly in aizthEms also
suggests that the diffusion of ambienti@o the plasma jet effluent reduces the density of

etchant species of Ardd plasma.
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Figure 5.3: The etching depth of polystyrene sqancessed by Ar + 1% 4@
plasma as a function of treatment distance in blathnd air environment. The treatment

angle isli = 90° and the scan processing speed is 1.2 mm/s.

5.3.3 Surface chemistry: high resolution XPS
Besides etching, the Ar8@ plasma also modifies the chemical composition of the
etched polymer surfaces. Tdaustrate this, high resolution C 1s, N 1s and O 1s spectra of

the pristine and treated PS surfaces are shown in figdird he electron takeff angle of
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the XPS measurements is 20° which corresponds to the chemical information from the top
~2 nm of the B films. The pristine PS film (black line in figuée4) shows no surface N

and minimal amount of surface O composition which might come from weak oxidation
and/or a hydrocarbon contamination layer from the environment. The most abundant
surface moiety othe pristine PS surface is theGZH bond (91.1% of the C 1s electrons)
which can be found on both the main chain and the side ring of the PS structure. Besides,
-0 % s-pdSka%, due to phenyl ring) and@bonds (2.54%, due to surface oxidation

or hydrocarbon contamination) were also observed in the C 1s spectrum of the pristine PS.
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Figure 5.4: High resolution XPS (a) C 1s, (b) N 1s and (c) O 1s spectra of
polystyrene treated by the RF jet with Ar + 1%CHplasma at 12 mm in2\and artificial
air ervironment. Pristine polystyrene is also shown for comparison. Labels in (c) a (532.3
eV): C=0, GC=0*, O*-CO-0; b (532.6 eV) aliphatic ©; c (533.6): O*C=0; d (533.9

eV): O-CO*-0. The treatment angle iis= 30° and the scaprocessing speed is 1.2 mm/s.

After Ar/H20 plasma treatment in bothzldnd artificial air environment, the PS

surfaces show the destruction of bott4 bond and aromatic ring structure accompanied
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by moderate surface oxidation and the formation of NO, which is similar to cheegyes
after Ar/Q plasma treatmett. From the C 1s spectra of figuset (a), we can observe the
decrease of €/H and’ - “* shake-up peaks and the formation of@ O-C-O/C=0, O
C=0, and GCO-O groups especially for the PS film treated in air environment.
Correspondingly, the O 1s spectra in figusd (c) show peaks that belong to the
aforementioned O containing moieties with caréte ester (€O-O) as the most
abundant one. Previously we also observed the formation of this carbonate ester group for
the Ar/Q plasma treated PS surfa¢€gut we did not find the enrichment of the@D-O
group on polymer surfaces treated by other types of APP sources including the surface
micro-discharge (SMD)® and the doubleing kHz atmospheric pressure plasma jet
(APPJ)®4 141 This indicates that the-GO-O formation might be characteristic of the RF
jet etched polymer surface®When comparing PS surfaces treaied N2 and air
environmentswe find that the PS surface is more oxidized when treated in air environment
than in N environment. For example in figufe4, at 12 mm treatment distance the O
elemental composition of the PS surface treated in air is 28I28%eas that treated ir:N
is 19.0%.

The Ar/HO plasma treatment can also modify the morphology of the polymer
surface. Our AFM measurements show that the RMS roughness of pristine PS surface
increases from 0.35 nm to 4.03 nm after AfHreatment in Nenvironment with 8 mm

distance.
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5.3.4 Etching vs. surface oxidation: the effect of treatment distance and

ambient gas composition

To evaluate how the etching depth and the surface chemistry of polymer films
change with the treatment distance of AflHplasma, we performed both ellipsometry and
XPS measurements of PS films treated at 4, 8, 12, 16 and 20 mm distance. Due to the
similarity of the real time thickness profile and the high resolution XPS data to that shown
in figure 5.2 and5.4 respectively, weonly present the total etching depth and the O
elemental composition abstracted from the raw XPS and ellipsometry data which simplifies
the description and eases the comparison of different operating conditions.

Similar to the vertical jet configuration illustrated in figus&, we observe the
exponential decay of total etching depth as a function of treatment distance foe bath N
air environments. However, the surface O elemental composition of theGAglkdsma
treated PS surfaces show a maximum at 12 mm, as illustrated ingiguTdis difference
in the trends between etching and surface modification along treatment distance indicates
that the etching and modification processes are controlled by diffeueiace reaction

pathways, as will be discussed in sectbah3.
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Figure55: The etching depth and surface O elemental composition of Ar + 1%
H20 plasma as a function of treatment distance. Two environment gas compositions, i.e.
pure N and artifical air, were tested. The treatment angle and-pcacessing speed is

30° and 1.2 mm/s for both etching depth and surface O composition measurements.

When comparing Nand artificial air environments in figu&5, we find that the
additional Q from the air environment has significant influence on both the etching
efficiency and the surface modification capability of A@Hplasma. First, polymer
etching by Ar/HO plasma in Menvironment is more effective than that in air environment,
especially for shaer plasma treatment distances. For example, at 4 mm the etching depth
in N2is 106.9 nm compared to that in air which is 40.1 nm. Furthermore, the etching depth
curve in figure5.5 also decreases much faster with treatment distance in air environment
;¢ d i and

than in Ne environment with fitted decay constants lof j 5

1 s 5 5 uv8 X I (both adjusted R> 0.978), respectively. These facts suggest that
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the @ molecules from the environment are able to reduce the amount of etchant species
arriving at the polymer surface. Second, the polymers treated by@pkhsma in N
environment is less oxidized than those treated in air environment for all treatment
distances. For treatments performed in éhvironment, the surface O originates mostly
from the Ar/BO plasma plume whereas in air environment the environmental O
molecules may also participate in the surface oxidation processes. Summarizing the
differences beveen N and air environment indicated in figuse, we find that the ©

from air could reduce polymer etching but enhance the polymer surface oxidation.
5.3.5 Etching vs surface oxidation: the effect of feed gas composition

Considering the effectivenes$ Ar/O2 plasma on polymer etchind and the drop
of etching efficiency discovered previously when mixing botha@d HO admixure in
the Ar gad® we compare the etching and surface modification of PS films treated by three
different feed gas compositions, i.e. Ar + 1%CHAr + 1% Q, and Ar + 0.333% kD +
0.667% Q. All experiments in figur&.6 were performed with the tilted jet configuration
(G =30°) and the same plasma power. We selddteshvironment instead of air to prevent
the interference of additional-@om the ambient gas. The Ar/8 plasma data in figure
5.6 is the same as that presented in figube &nd to link the present wovkith our prior

works, the Ar/Q plasma data is the same as that presented in the previous publitation.
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Figure 5.6: Comparisa of the effect of feed gas-8 and Q admixture on the
etching depth and surface O elemental composition. Polystyrene films were treated in N
environment. The Ar/kD plasma data is the same as that presented in Bgyrand the
Ar/O2 plasma data is thsame as that presented in previous public&idie treatment
angle and scaprocessing speed is 30° and 1.2 mm/s respegtivelboth etching depth

and surface O composition measurements.

As discussed in sectiobs3.2 ands.3.4, the polymer etching depth of both AstH
and Ar/G plasma dropped exponentially with treatment distance, and the exponential
decay constants for A0 and Ar/Q plasma can be fitted ds 5 T U |
(adjusted R=0.995)and ; v8 X | (adjusted R = 0.978), respectively. In
contrast, the surface O elemental composition of the PS films treated bprarid Ar/Q
plasma show a maximum at 8 and 12 mm treatment distance. When comparing the etching

efficiency between Ar/tD and Ar/Q plasma, we find that Ar/H#D plasma is more
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effective. The surface O elemental composition is also dramatically different between PS
films treated by Ar + 1% £and Ar + 1% HO plasma. As indicated in the righkis of
figure 5.6, the surface O composition ranges from 24.1% to 28.1% for the Ag&ied
PS films whereas that of Aré@® plasma treated PS films ranges from 5.5% to 12.09%. Thi
difference in surface O composition can be attributed to two possible causes: (1) Ar/O
plasma contains more reactive species that lead to surface oxidation, or @) pldsma
etches more material than Ag@lasma which hinders the accumulation offace O
containing moieties.

When simultaneously adding both®and Q admixtures to the Ar feed gas of the
RF jet, we observe much reduced etching depth but similar amount of surface O
composition as those treated by Ar + 1%pasma. As shown in figer5.6, the etching
depth of PS films treated by AréB/O. plasma is too small to show a clear trend.
Interestingly, when comparing adding @ the feed gas of Ar# plasma (shown in
figure5.6) with adding @to the environment in which the Ar2B plasmabperates (shown
in figure 5.5), we find similar changes on both the etching efficiency and the surface O
composition of the plasma treated polymers. This indicates that the effect of environment
gaseous compositions shown in figbr2 and figures.5 migh be due to the £entrainment
which results in a similar effect in the far effluent region where polymer surface locates as
directly adding @ to the feed gas of the RF jet. In fact, the percentage of ambient gas
entrainment on the axial direction of tiR& jet can rise from a few percentage at 4 mm to
near 40% at 16 mm as measured by MBRf#SOur previous fluid dynamic modeling of
air entrainment!! also showed that the amount of air mixture is only dramatically different

within a 8 mm diameter circle on the material susfa€or areas outside of the 8 mm
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diameter circle, the air mole fraction is always higher than 60% and becomes comparable

for all treatment distances.
5.3.6 Substrate temperature effect

We further studied the effect of substrate temperature on polymengetbki
Ar/H20 plasma. For comparison, the effect of substrate temperature forpha&ona was
also evaluated. Both types of plasma treatments were performed at 4 mm with the vertical
jet configuration {i = 90°) and the same plasma power. The substratestatope studied
ranged from 0 °C to 90 °C. It is worth mentioning that the glass transition temperature of

PS is near 100 °C, and the dew point of Ar + X@lhixture at atmospheric pressure is ~

4.8 °C.
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Figure5.7: The effect of substrate temperaturetio@ etching depth of PS films
treated by Ar + 1%bD and Ar + 1% @plasma. It can be seen that for Ar + 1%psma

the etching depth increases with temperature whereas for Ar +20%lBsma the etching
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depth has a complex relation with substrate teatpez. The treatment angle and the scan

processing speed is 90° and 2.4 mm/s, respectively.

As shown in figure5.7, the etching efficiency of Ar/©Oplasma increases with
higher substrate temperature which indicates that polymer etching Oy plasma isan
activated process. Previously we evaluated the apparent activation engrgly AEO2
plasmd! and we found that it was ~10eV. Similarly we can also calculate theoEAr/O2
plasma from figur&.7 and comparable results were obtained.

When it comes to the PS etching by AittHplasma, we find a complex relationship
between the etching depth and the substrate temperaturdaihtely high temperatures
(>70 °C), the PS etching depth increases with substrate temperature which is similar to that
seen for Ar/@plasma. However, in the temperature range from 4 °C to 70 °C, we find that
the polymer etching depth drops as the substrate temperature is increased. We also tested
other treatment distances (12 and 20 mm) and polymers (polyvinyl alcohol and PMMA),
and the same behavior of decreased etching depth with higher temperature (data not shown)
was observed. For substrate temperatures below 4 °C, we observed liquid water
condensation on the polymer surface. As shown in fi§utethe polymer etching depth
falls rapidly at 0 and 2 °C.

The irregular dependence of Ae®l plasma etching efficiency on substrate
temperature might be due to the change in surface adsorption processes of various gas
phase species. For temperature lower than 4 °C, the condensed liquithyeten the
polymer surface might serve as a protection layer that shields off the reactive species and

prevents the polymeric materials from being removed. For the intermediate temperature
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from 4 °C to 70 °C, there are two possible channels that méghdt in the enhanced
etching with lower temperature. On one hand, the sticking coefficient of etchant species
generated in the ArAD plasma, presumably OH radicals, might become larger with lower
substrate temperature which directly leads to the higtedring efficiency. On the other
hand, the physisorption rate of water molecules on the surface increases with lower
temperature as can be seen from the isobar plot of water ads&ftidhese adsorbed

water molecules might react with the reactive species generated by the plasma jet and
potentially form etchants (e.g. Olthjat are capable of removing the polymers.

5.3.7 Ar/H2 plasma etching of polymers

Recent modeling results of ArfB plasma generated by APPJs show that H atoms
can be produced at similar or even larger concentrations than OH radicals through various
readion pathways** 23 Since H atoms can also participate in the etching of polymeric
materals!??d for the identification of dominant etchant produced by A@Hplasma it$
important to compare the etching efficiency between H atoms and OH radicals.

In figure 5.8 (a) we performed polymer etching by As/Hlasma with various
treatment distances fromi4220 mm. Vertical jet configurationi(= 90°), N environment
and 2.4 mm/s scaprocessing speed were used for these experiments. Compared to the
data shown in figur®.3, the power consumption of Arihplasma (1.26 W) is smaller.
However it is the largest possible power for the stable operation of pldsima at 4 mm
treatment distance without sparking. Recent measurements of H densities fiiyotoo
absorption LIF in the effluent of the same RF jet (without target materials) show that the
RF jet can create H densities in excess dfritls (227 which are larger than the OH

densities in Ar/HO plasma according to modét&? Since the dominant reactive species
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generated by Ar/kHplasma is the H atom, éhdata shown in figur&.8 (a) reflects the
polymer etching behavior by H atoms. First, it can be seen that Afddma is not as
effective for etching polymers as Ar/8 and Ar/Q plasmas. Only ~ 20 nm of PS was
etched after scaprocessing by Ar/kHplagna compared to 43.7 nm by Al plasma
shown in figureb.2. Moreover, for Ar/H plasma we did not find the fast exponential decay
of etching depth with treatment distance as that seen by@réftd Ar/Q plasma. As
shown in figures.8 (a), the PS etchindepth did not change much as distance was varied
from 4 mm to 20 mm, which suggests that the dominant etchant from pleéma, i.e. H
atoms, behaves very differently from the etchant species produced igOAamdl Ar/Q

plasma.
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Figure5.8. The etchinglepth of PS treated by Ar + 1% Hlasma (a) in pure N
environment with various treatment distance ranging fran2@ mm, and (b) at 4 mm in
N2/O2 mixtures with various mixing ratio. The inset of (b) shows the enlarged section of
the gray area where we observed maximal etching depth with 21%99% N in the

ambient. For both plots, the treatment angle and the mwaressing speed is 90° and 2.4

mm/s, respectively.
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Besides N environment, we also studied polymer etching by Anftasma in
various N + Oz environment gas mixtures. As shown in figls& (b), we observe
significant increase of polymer etching when operating the Apldsma jet in @
containing environments. The inset of figs& (b) indicates a maximum of polymer
etching depth for Ar/kplasma operated in 99%:N 1% G environment. The etching
enhancement of Ar/Hplasma caused by2@ntrainment from the environment might be
dueto the generation of OH radicals when @ffuses into the atomic hydrogen rich
effluent due to fast formation of H@rough the reaction:

0 O 0 900 0 L

In the condition of excessive H atoms, H&n be efficiently converted into OH
radicals through reactions with H atoms:

‘O0 0% ¢b O §15)

Therefore, for Ar/H plasma operated inZZontaining environment, the dominant
etchant species may be OH radicals rather than H atoms, or the occurreyrergétsc
surface reactions for H atoms with other radical species. As reported previously, the
reactivity for polymer Habstraction by H atoms are two to four orders of magnitude
smaller than those for O or G which also indicates that H atoms are less likely to be a
significant etchant. The decrease of etching depth by Apglsma with higher
environmental @concentration might have similar reason as that of Zd/Hlasma seen

in figure5.2 (b), as will be tcussed in sectiodh4.2.
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5.4 Discussions

5.4.1 Etching reaction coefficient of OH

Polymer etching by low temperature plasma is closely related to the chain scission
reactions since dry etching relies on the formation of small molecular weight volatile
products, such as CO and €&t room conditions. Based on the firaglical reaction
mechanism of PS8 the chain scission of polymers starts from radical site creation
through the bombardment by energetic species (ions, electrons, UV photons, etc.) and/or
the chemical reaction with neutral gas phase radicals. One efficient pathway afgcreati
surface radical sites by-B and Q containing plasma is the-bbstraction by atomic O

and OH radicals, which has been discussed widely for both low and atmospheric pressure

plasmag?® 1d
RH O° R° OH n pnfpnfpmn v8
RH+ OHR®> H,0 n pnh pnipg pm L&)

where p is the estimated reaction probability of O atoms and OH radicals for the
tertiary, secondary, and primary carbon sites provided by Bhoj and Ku8hhean be
seen that OH radicals have a much higher reaction probability than O atoms. In addition,
the reaction rate of OH radicals is also fadbantatomic O when they react with organic
substances. For example at room temperature (298 K), the rate constasaissbfadtion
from methane by O atoms and OH radicals&fe=9
CH+ @ CHA®H Q e prn A0 1)
C H+ OM C HAH,0 Q o pm c st ¥
which indicates that OH radicals are much more reactive than O atoms. Previously

we evaluated the etching reaction coefficient for atomic O and we found that it was on the
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order of 1¢* which indicates that for removing one C atom from the polymer surface,
10* O atoms are needéd.

Since our measurements suggest that the dominant etchant species @ Ar/H
plasma are OH radicals, as discussed in secéd6 and5.3.7, we can estimate the
etching reaction coefficient of OH radicals by correlating the etching depth data shown in
figure 5.3 and figures.5 with the amount of OH radicals generated by th&lAd/plasma.

Using LIF, we measured the OH density at 0.5 mm above the substrate positioned at 4, 8
and 12 mm away from the plasma jet nozzle, and we find that the OH density also decreases

with the treatment distance d along the axis of the plasma je¢efflTheaverageOH flux

bombarding the polymer surfaces ( ) can be estimated using the measured gas

temperature (dag and the density of OH radicals (JOH]) by

Y
Pr(m Pr(o¥ Y vy
T T U

£

where is the average kinetic speed of the OH radid’is, the gas constant, and
M is the molecular weight of OHlhis estimation does not take into account potential
reactions of OH radicals in the stagnant boundary layer near the target sbirfatze. to
theapproach provided previousfwe could estimate the average carbon atom flux etched

from the PS surface using the following equation:

— oD g % P o
@ 5 o R ooo> v

wheres- is the etching depth in figurés3 and 5 AreatediS the scan processadea
(0.922 cm), J is the density of PS (1.04 g/énAc = 12 andA+ =1 are the atomic mass of
carbon and hydrogen atondyi s t he Av o g BDdsrthe irer diametebod the,
RF jet quartz tube (1.5 mm) ahd the total scaiprocessing time (20€). This simplified
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estimation of etched C flux assumes that material etching only happens in the
instantaneously treated areand@i J $where the RF jet directly hovers on top, and this
location is assumed to correspond to the area of which the OH flux is applied.

In figure 5.9, we show the correlation between the incident OH flux and the etched
C flux estimated at treatment distance 4,8, 12 mm. The fitted slope of data in figure
5.3 yields the etching reaction coefficiéftt! of OH radicals which ip@ov ™ 1T p U .
Compared to the etching reaction coefficient of O atoms, this value is two orders of
magqnitude higher. A potential more accurate etching reaction coefficient of both OH and
O could be obtained by the analysis of 2D radical density profiles. Nonetheless, our
experimentally obtained etching reaction coefficient of both O and OH are acquined wit
an identical approach and the 2 orders of magnitude difference between O and OH is
consistent with the work of Dorai and Kushné? where they proposed reaction
probabilities based on work by Gometzal. for O 224 and rate constants for reactions of

OH with long chain saturated hydrocarb&d.
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Figure5.9: The etching reaction coefficient of OH radicals obtained by correlating
the incident OH flux and the etched C flux at treatment distance d = 4, 8, 12 mm. The
etched C flux is estimated from data in figue8 and5.5, the incident OH flux is

calculatedrom OH densities at the axial direction measured by LIF.

5.4.2 Linking trends in gas phase O and OH densities with etching by

Ar/H 20 and Ar/O; plasma

Previously we studied the effect of various 1% ¢CH20) admixtures in the Ar
feed gas of the RF jet with a wide range of mixing ratios betweesan®H20, and we
found that, compared to Aré@r Ar/H20 plasma, the polymer etching efficiency of Ar +
1% (@ + H20) plasma at 4 mm treatment distance dropped dieatigt'®® In figure 5.6

we further examined the effect of {® H20) admixtures at longer treatment distances up
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to 20 mm, and we observed similar results. Interestingly, the reduction of etching efficiency
of Ar/H20 plasma with increasing environmental €ncentration (figre 5.2 b) also
seems to be related to the mixing of both &dd HO in the jet effluent due to the
entrainment of environment gas. The fbom both feed gas and environmental gas
entrainment yields similar impact on the etching rate in spite of the ehtfehemical
kinetics in the core of the plasma and the jet effluent.

The reduction of polymer etching efficiency when introducing i© Ar/H20
plasma or introducing #D in Ar/Oz plasma is consistent with different etchant species for
Ar/O2 and Ar/HO plasma’ presumably O atoms and OH radicals, respectively. Models
of Liu et al.?%3 for plasmas with He + ¥D/O, mixtures show that the O density monotonic
decreases with increasing®O; ratio while a monotonic increase in the OH density is
found. This is consistent with the high etch rates found for Ar + pe@atd Ar + pure
Oz plasma and a drop for Ar +2B/0O mixtures as the dominant etching species decrease
with adding Q or H20 until at certain ratio their contribution becomes equal and a further
addition leads to a change in dominant etchant and an increase in etching rate.

A plug flow model of the RF plasnjet operating with Ar + EO in air environment
shows an increase in O density with increasing distance from the RF jet nozzle, resulted
from the increased mixture ob@ the jet effluent at longer distanZ&? As the OH density
monotonically decreases with increasing distance fromjghenozzle, the O density
becomes significantly larger than the OH density. As the estimated etching probability of
O is 2 orders lower than for OH, this increase in O, which does not exceed the original OH
density??8 is not expected to compensate for the loss of OH. In addition xpezted

increase in O density for Ard@ plasma in air environment compared toedvironment
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will lead to a reduction in the OH density as O effectively reacts with OH formingrHO
a 3body reactiort®” This could explain the reduced etch rate of A@Hplasma in air

environment compared to irzlnvironment.
5.4.3 Etching vs. surface maodification

The process of PSI involves the generation of reactive species in the plasma source,
the transportation of these reactive species to the target surface, and the chemical reactions
taking place on the gamlid interfacd**d When we extend the treatment distance from
the RF jet nozzle to the target, the type and density of etchant species can be greatly altered
due to the high concentration of reactive spearesthe short meainee path of particles
at atmospheric pressufé?

As shown in figure$.3,5.5 and5.6, the etchingfficiency of Ar/HO plasma drops
exponentially with treatment distance regardless of treatment configuréter8Q° or
90°) and environment gas composition (air @). N'his indicates that the flux of etchant
species bombarding the target surface, prebly OH, also drops exponentially with
treatment distance which is a collective result of both the generation and consumption of
OH radicals during transport. We can define the apparertiriie of OH radicalZ
using the exponential decay constan©tf radicals_  which can be assumed the same

as that of the etching depth in figufe8 and5.5:

R Tt
. p

O=‘ I

wherev p ® W fi is the average feed gas velocity. Therefore we can
estimate the apparent lifetime of OH i nd air environment as ™ p

td Gandz @ 1 8t OQrespectively. Based on the lifetime OH radicals
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estimated by Verreyckeret al. *4 we can evaluate the density of OH radicals
corresponding to this apparent lifetime assuming that the OHtylemsqual to the H
density. This leads to an estimated OH density ®f16'2 cni® which is close to the OH
density measured at 4 mm from the nozzle. The reduction in the apparent lifetime of OH
by a factor of 2 for air environment can be due to theease in the OH density or O
density. In the former case, it leads to the increase of the OH density by a factor of 2 which
is inconsistent with the decrease in polymer etch rate. For the latter case, it would mean an
O density between-3 x 10** cm® depanding on the reduction in OH and H density. A
potential increase of the O density by a factor 5 compared to the OH density cannot lead to
a change in the dominant etchant in view of the 2 orders of magnitude higher etching rate
of OH compared to O. Therefothe above quantitative estimates are consistent with the
observed differences in etch rates for air ap@mNironment.

When it comes to surface modification by A#H plasma, we find that the O
elemental composition of the etched polymer surface steowmaximum at intermediate
treatment distance (~12 mm) rather than dropping exponentially, as shown in5tigure
This suggests that etching and surface modification are controlled by different reactive
species or the same species through different sugfaocesses. However, etching and
surface modification might not be independent with each dthétre low surface O
elemental composition at short treatment distance (< 8 mm) can be due to the fast material
removal which prohibits the accumulation of axetl surface sites. The decrease of both
etching depth and surface O composition at long treatment distance (> 12 mm) in figure

55 is due to the reduction of reactive species arriving at polymer surface. It is worth
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mentioning that the same relation begweetching and surface modification was also

observed for Ar/@plasma treated polymes as shown in figuré.6.
5.5Conclusion

We studied the interaction of ArfB plasma with polymers using PS and the well
characterized RF jet as a model system. We find that thee@rfitasma is able to etch
polymers at a relatively high etch rate and the resulting etched polymer surfacéziscoxid
We identified the dominant etchant species generated iro@rfitasma as OH radicals,
and by correlating the amount of OH radicals arriving at the polymer surface with the
etched C atoms leaving the polymer surface, we estimated the etching reaetfament
of OH radicals to be of the orderpfrt which is two orders of magnitude higher than the
etching reaction coefficient of O atoms. This indicates that OH radicals are much more
reactive than O atoms in terms of etching polymers.

When changinghe treatment distance of A& plasma, we find that the polymer
etch rate drops exponentially whereas the surface oxidation rate evaluated by the surface
O composition shows a maximum at intermediate treatment distance. This difference
between etchingral surface modification indicates the complex reaction processes during
plasmasurface interaction as the etching and surface modification appear to be controlled
by different surface processes.

We find that mixing Qinto the Ar/HO plasma, by either dicdy injecting Q in
the feed gas or through entrainment of environmédghs, reduces the etching efficiency
of the ArH20 plasma while resulting in higher O elemental composition on the etched
surface. This suggests that &imixture in the Ar/EHO plasma could lead to the reduction

of OH radicals while enhance the generation of weakly oxidative species that modify the
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polymer surface without etching it. In addition, we find that addis@ Hto Ar/C: plasma
results in the reduction of its etching eiiscy while leaving the surface O composition
relatively stable, which indicates that® admixture might quench the generation of O
atoms in Ar/Q plasma.

Finally, we tested the effect of substrate temperature on the polymer etch rate of
Ar/H20 plasma ath observed a complex temperature dependence. The polymer etch rate
decreases with increasing substrate temperature froni ZOCC. A possible explanation
is an increase of the etchant (OH) sticking coefficient or the enhancemeriOof H
adsorption on pgmer surfaces for lower substrate temperature.
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Abstract

Atmospheric pressure plas (APP) sources are able to generate a variety of
reactive species that have different effects on materials, such as functionalization,
deposition and etching. In this article, we study the effect of-limeg reactive neutral
species on polymers usingradel plasmaurface interaction (PSI) system that consists
ultrathin (=10 nm) polystyrene (PS) films as the targets and surface -themioarge
(SMD) operated with various D2 working gas mixtures as the plasma source. We
characterized and quantifiie reactive species generated by the plasma reactor using IR
and UV absorption, and we found that @205, N2O and HNQ are the dominant reactants
near the target surface. By varying the mixing ratio between tlamdD. feed gases, the
composition of reactive species interacting with the target material can be adjusted. When
exposing PS films to these lofiged reactive species, we observed many generic
responses of the PS films including thickness expansion, oxidatenitritation, although
the amount of the changes varies with the feed gas composition of the plasma source. By
correlating the changes of material properties with the abundance of gas phase species, we
found that @ - the most abundant species generatethe plasma sourcemight play an
essential role in the remote plasma treatment of polymer films. When interacting with PS,
Os causes surface oxidation, participates in the diffuse@action process in the bulk of the
PS film, and results in the arotitaring cleavage and the formation of carbonyl groups. In
contrast, we did not find a relationship between surface organic nitrate and individual long
lived reactive species, which indicates that its formation on polymer surface might be a

result of multple reactive species, including both &d nitrogen containing species.

156



6.1 Introduction

Cold temperature atmospheric pressure plasma (APP) has been used as a material
processing technique for improving the wettability and adhesion of pl&Sticd§d
sanitizing microbe&3s 238 promotingwound healing**® 2371 cancer treatment®® 238 and
promoting catalysi&€3® 240 The effectiveness of the APP treatment comes from the
interaction between tharget materials and the reactive species generated by the plasma
which include charged particles, photons and neutral reactive atoms/mol&fuRssed
on the configuration of the APBource and its operating paramet&? the type and
amount of reactive species interacting wilie target can be drastically differétt: 244,

This can lead to diverse impacts on the surface, subsurface and for certain conditions even
the bulk of the target materidls® 23 In order to realize controlled APP treatment that
produce desired effects on targets, it is essential to understand material responses to various
types of plasma species.

Using vinyl polymers as model materials, we have previously studied the effect of
shortlived neutral species produced by an atmospheric pressure plasma jet (APPJ) source,
i.e. atomic 3% % and OHI®® 243 on material surfaces. We found that O and OH species
could lead to fast material etching reactions due to their high reactivity. We also evaluated
the effect of ultraviolate (UV) photond® and charged specié¥4 using polymethyl
methacrylate (PMMAJpased 193 nm photoresists (PR193), and we found that for APPJ
these energetic species can cause directional modification of the target materials.

Long-lived neutral species, although less reactive, are expected to be the dominant
gas phase reactants for target materials placed in a remote I6thkienause the incident

fluxes of shorlived reactive species are greatly reduced for such condition. Recently, we
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studied the remote plasma treatment of polystyrene (PS) usprgtatypical remote
plasma reactor named surface midischarge (SMD), and we observed three polymer
transformation stages during prolonged plasma exposure, i.e. (1) oxidation and nitritation
of the polymer surface, (2) oxidation of the polymer bulk &)defching of the polymer
surfacd?® Despite the clear plasriaduced changes on materials, it is still unclear which
plasma generated reactive species are redpentor these transformation stages,
especially the stage of bulk oxidation which might involve the permeation of reactive
species underneath material surfaces. Besides, the depth of the plasma modified polymer
layer is also unknown, neither does the ratdon mechanism between these reactive
species and polymers.

In the first installment of a two parts series dedicated to the effect oflil@uy
reactive species on polymers, we characterized the type and density-tWéahigeactive
species generateby SMD using Infrared (IR) and UV absorption techniques. \dltira
(~ 10 nm) PS films were used as a model material to study the role of thedréang
reactive neutrals on polymers. We characterized the changes of PS film thickness,
elemental compogon and chemical bonds using ellipsometry;ray photoelectron
spectroscopy (XPS) and attenuated total reflection (AH®Jriertransform infrared
spectroscopy (FTIR). By correlating the SMD induced effects on the PS films with the gas
characterization mailts, key reactive species that cause the PS film expansion, oxidation
and nitritation were identified. In the second part of the series (published sepétiiely),
we discuss the role of macromolecular structure, substrate temperature, and diffusion of

reactive species on polymer surface andsutace.
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6.2. Experiments and methods

6.2.1 Materials and plasma source

We chose polystyrene (PS) as a model polymer for correlating the SMD generated
long-lived reactive species to material surface response -thittg~10 nm) PS films were
prepared using the spin coating of 0.5 wt% PS (Sigidach) solution with propylene
glycol methyl ether acetate (PGMEA, Sigildrich, ReagentPlusQ 9 9 ) & %olvent.

To achieve ~10 nm film thickness, 6000 rpm spin speed with 3 s ramping time was used.
Based on the intended use of the polymer films, we coated B8eendifferent types of
substrates: (1) S#I5i substrate with 100 rtiick SiC: surface layer, (2) SiflSi substrate
with 1.7 nmthick native oxide (Si@) layer, and (3) Au/Cr/SiélSi substrate with 100 nm
Au, 20 nm Cr and 1.7 nm native Si€acked orop of Si. The Si@Si substrate was used

as itis, and the metallic layers (Au and Cr) on theSiGubstrate were sputteoated by

an ATC 1800 Sputtering system (AJA International). PS films with the first type of
substrate were used for ellipsomestudies, and films with the latter two types of
substrates were used for material chemical composition analysis by XPS ardAHR
The thickness of the PS film and the Si@yer was measured by both 633 nm single
wavelength**¥ and spectroscopic ellipsometer (Sophie STE70 and J.A.Woollam-alpha
SE, respectively).

The plasma reactor selected in this warkhie surface micrkdischarge tube array
(SMD-TA)[95242243 which is a variation of the planar configuration SM®'3 As shown
in figure 6.1 (a), theSMD-TA contains multiple plasma generation tubes wherein a curved
metal mesh is fitted as the powered electrode. The reactor is powered by an AC signal with

23 kHz frequency and 6 ky voltage. The plasma power consumption is less than 0.1
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Wi/cn? (per glowarea)*® To tune the type and density of reactive species generated by
the SMDTA, 2 standard liters per minute (slm) of feed gas with variopgamd O
mixtures was used, namely 1002, 95% Q, 90% Q, 80% Q, 70% Q, 50% Q, and
20% Q@ with the rest of the percentage as(skme notation for feed gas composition is
applied throughout this report). A sealed 50 L chamber was used to control the plasma
processing environment. Beforeegy experiment the chamber was pumped to 20 mTorr
and then refilled with 4 sim feed gas to atmospheric pressure. TheT®MBactor was
mounted on a scanning stdffe®d which was programmed to transport the plasma source
between the following positions with a speed of 9.6 mm/s: (1) the treatment position where
SMD-TA stays on top athe PS film for 10 s, (2) the ellipsometry data acquisition position
where SMDTA is 4.5 cm away from the treatment position and stays stationary for 2 s.
Therefore each processing cycle takes 21.375 s.

Since the electrical configuration and the dischdsghavior of the SMBTA
reactor is very similar to the planar configuration SMD, we use the-$MIb study the
generic property of the SMD type of reactors with the benefit of easily controlling the
chemical composition of the working gas. Our measuresrsddw that both the loAyed
reactive species and the polymer transformation stages show qualitatively comparable
results between the SMDA and the planar SMD reactors, although the planar SMD is
slightly more effective in terms of oxidizing polymei$ierefore we use the term SMD to

stand for the SMBTA reactor in the rest of this report.
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(a) Controlled environment

SMD-TA reactor _
Feed gas Eeff et

Gas detection cell

IR light

source

Figure 6.1 (a) Schematic diagram of polymer processing by the SMDThe
target PS film is placed underneath the nozzle at a distance of 3 mm. (b) Schemainc diagr
of the gas phase species characterization by FTIR with a valéaigith gas detection cell.

A liquid N2 cooled MCT detector is applied.

6.2.2 Gas phase measurement

The gas phase species generated by the SMD were characterized by both IR and

UV absorpion. As shown in figurés.l (b), we measured the IR spectrum of the SMD
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exhaust using an FTIR (Shimadzu IRtracer 100) equipped with a liquid nicogésd
HgCdTe (MCT) detector. For quantifying reactive neutrals with strongly differing
densities, a vaable path gas detection cell (PIKE technologieksiy m) with path lengths

set at 1.33 m and 16 m was used. The IR absorption background was measuretDwith N
feed gas mixture before igniting the plasma reactor. The variable path gas cell has a volume
of 3.5 L, and was flushed for 20 minutes before spectrum acquisition. To guide the flow of
reactive species into the detection cell, the outlet of the gas cell is connected to a mass flow
controller (set at 2 slm) and a vacuum pump. To reduce noise fronerdrhiomidity and

COg, the optical path of IR light outside of the gas detection cell was constantly flushed by
pure Nb. The IR spectra of the SMD effluent were acquired in the range of 406@ccm

600 cm® with 0.5 cm! resolution and 2@can averages.

A homemade UV (254 nm) absorption system with 1 cm optical path length was
used to quantify the density of ozone generated by the SMD reactor. The UV absorption
setup is composed of a Hg lamp, a 10 nm band pass filter centered at 254 nm (Edmund),

a 34 mn effective area deep UV photodiode (Edmund), and a high gain operational
amplifier circuit (LMP7721, Texas Instruments). The optical path of the UV absorption
measurement was located ~3 mm away from the nozzle of the SMD reactor.

6.2.3 Ellipsometry

We usedn-situ ellipsometry to monitor the changes of optical properties of the PS
films during plasma treatment. The ellipsometer (SOFIE STE70) hasNaeHe | aser ( &
632.8 nm) with ~72° incident angle and an automated rotating compensator in the
polarizercompensatorsampleanalyzer (PCSA) configuratidh® Upon the reflection of

polarized laser beam on polymer sample, the ellipsometer records the change in the phase
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di fference () and the angle (Qq) whose tan
reflection coefficient*®3 Polymer thickness and refractive index values can be fitted from

the Q@ and o data using o B8ltDuedmthe scaropdoeebssig, d e s c 1
ellipsometry data were taken for 2 s after every 19.375 s.

6.2.4 Chemial composition characterization: XPS and ATRFTIR

To characterize the chemical composition of PS surface, we used an XPS system
(Vacuum Generators ESCALAB MK 1) with nemonochromatic Al I radiation (3 =
1486.6 eV) as light source. The survey and HggolutionC 1s, N 1sO 1sXPSwere
obtained at electron talaf angles of20° and 90°(probing depth~2 nm and 8 nm
respectively.!?*8 The peak fitting and elemental composition analysis were performed
using CasaXPS software with parametéf 158 described as following. First, we fitted
the C 1s spectrum with peaks corresponding-©/& (285 eV), CO (286.5 eV), GC-
0/C=0 (287.9 eV), &=0 (289.1 eV), @O-O (290.2 eV) and ppi* shakeup (291.5
eV). Second, only organic nitrate Oz, 408.2 eV) peaks were fitted in the N 1s spectrum
due to the absence of other nitrogen pédRs$%4 And last, considering the small chemical
shift of O 1s core electronsy® peaks at 532.7 eV and 533.9 eV with each representing
oxygen moieties with binding energy from 532.2 eV to 533.1 eV and from 533.6 eV to
535.3 eV respectively were fittétl After calibrating GC/H peak to 285 eV, we performed
Shirley background reduction to all spectra.

The enhanced ATRTIR spectrd®*¥ of the ~10 nm PS filmaere obtained using
the same FTIR (Shimadzu IRTracHd0 equipped with MCT detector. We used a variable
angle single reflection ATR accessory (VeeMaxlll, PIKE Technologies) along with a ZnSe

polarizer installed on its optical inlet to achiewpglarized IR light interacting with the
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polymer films at 60° incidnt angle. The internal reflection element (IRE) of the ATR
accessory is a Ge crystal. A constant torque pressure clamp with 7.8 mm diameter tip (PIKE
Technologies) was applied to maintain consistent contact between the Ge crystal and the
polymer films. The optical path of the IR light was also purged with purellie reference
backgrounds were obtained with no sample coupled to the Ge crystal. The IR spectra were
collected in the range of 3400 dno 600 cm! with 4 cmi* resolution averaged over 20
scansMultiple-point baseline correction was consistently applied to all the acquired ATR

FTIR spectrum.

6.3 Results

6.3.1Gas phase characterization

Based on the position and shape of the IR peaks, we are able to identify a number
of long-lived reactive neutils generated by the SMD reactor. As illustrated in figL2e
the IR absorption spectrum of the SMD effluent with 20%(&rtificial air) feed gas
showed peaks that can be assigned to four reactive neutrals nasnmiiiO&) HNOz and
N20 . Bas ed lan/#? tiR elensity of these species can be determined using their
corresponding IR peak iesity/absorbance and cross section values reported previously.
For NoOs, 247 HNO3,1248 and NO /249250 e can estimate their densitiespd ¢ 181 W
PTG ,08 0 TR X PTMWAE andx8 T T v p Twd , respectively. The
density of @ was measured using UV absorption at 254 nm with cross section
pp UL p1t @ ,°¥ and it was found to be® T p T®AE at 3 mm away from the

nozzle of the SMD.
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Figure6.2 The IR absorption spectrum of the SMD effluent with 202¢a@ificial

air) feed gas. The gas detection cell has an optical path length of 1.33 m.

When changing mixing ratio between &hd Q in the feed gas, we found that the
densities of the longved reactive neutrals varied. As shown in figér@ (a) andb), the
position and shape of the IR peaks froa©ONGs, N2Os and HNQ remain the same, but
the absorbance of these IR peaks changes with feed gas composition. We also examined
the IR spectrum with 16 m optical path length for NO,2NfDd NQ species, buto
observable IR peaks can be found for all feed gas compositions. This suggests that the
density of these NOspecies is below the detection limit of our FTIR setyp (

pTIwa
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Figure6.3 The IR absorption spectra of four reactive species, seN£Ds, HNOs

and NO generated by the SMD with varioigedgas compositions.

In figure 6.4 (a) and (b), we show the densities af &0s, N2O and HNQ as a
function of feed gas composition. We find thati®the most abundant reactive species
generatedy SMD with a peak density @& ¢ p T & . Similar to the results shown
in figure 6.3, the peak densities ofs@nd reactive nitrogen species (RNS) appeared for
different feed gas compositions: 95% @nd 50% @, respectively. For feed gas.O
compositon higher than 20%, the density ot @ generally Il 2 orders of magnitude
higher than the RNS densities. When comparing different RNS in fiéydirgp), we find
that the density of dOs is always higher than that of2@ and HNQ. Therefore @and

N20s are the two dominant loAgved reactive neutrals generated by the SMD.
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Figure6.4 (a) The density of ©@measured by UV absorption as a function of feed

gas composition. (b) The density of®$, N2O and HNQ measured by IR absorption as a

function of ed gas composition.

Although shorived neutral species such as N, O, OH, N@at) and HQ can
also be generated within the discharge region of the SMD ré&étaninimal amounts of
these shorlived neutrals can be transported to the sample surface located 3 mm away from
the nozzle. Based on the fluid model of reactionless species traifspimtaverage gas

velocity at the nozzle of the discharge tubes can be estimated ~ 0.21 m/s. This indicates
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that it would take more than 14snfor the plasma species to be transported to the sample.
The time required for the convective flow of species is much longer than the lifetime of
these shorlived neutrals at atmospheric pressure which is typically less than 1 ms.
However, this argumeiioes not consider the influence of the stationary boundary layer at
the polymer surface where the transport of species might mostly rely on diffusion. We also
performed IR emissiont g Y measurement of £atqy) with an identical setup

as usedy Sousa et af¥. However, the density of Qailqa)is below the detection limit of

T pnaa forall feed gas compositions testddherefore, our measurements indicate
that the dominant reactive gas species at the polymer surface are theddngeutrals as

characterized by the FTIR.

6.3.2Ellipsometry: the behavior of polymer film thicknessand refractive
index

To understand how polymers respond under the exposure of the reactive plasma
species generated by the SMD reactor, we performeiu ellipsometry measurement of
the ultrathin PS films (11 12 nm) during treatment with differergdd gas compositions.
In figure 6.5 we show théen-situge@ pl ot of the PS fil ms al
and refractive index values obtained- by
q d &MtAlhough we investigated all feed gas compositions in fi§utehere we discuss
the PS films treated by three representative feed gas compositions: 98840 and

20% Q.
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Figure6.5 Thein-situ ellipsometry trajectories (a, c, e, g) of PS films under the
exposure of SMD and their corresponding fitted thickness/refractive index (b, d, f, h)
values as a function of time. Results from different feed gas compositions are shown: (a)

and (b): 95% @ (c) and (d): 80% & (e) and (f): 20% @

First, for the PS film treated by 95% {@ed gas, we observe three distinct polymer
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transformation stages. PG i plro tt oo ft hteh eS MDr itsr
(figure 6.5 a) starts from point A whiatorresponds to a film thickness of 11.67 nm. When
we start treat iFQhgt rtahhee cRSO rfyi Inmo,v etshe rgom poi |
turning points labeled B and C, and then toward point D which is near the end of the
treatment. Previously we examingx@ behavior of PS films under the remote treatment by
SMD, and we attributed the -Qhpketstotibnse/
transformation stagé®} i.e. (1) AB: surface oxidation and nitritation stage; @(:
thickness expansion stage resulted from the oxidation of the bulk of the PS film and (3)
CD: thickness reduction stage by etching. In figblee(b) we show the fitted thickness and
refractive index of the PS film as a function of time. We also labeled the three polymer
transformation stages, and we find that (a) the surface oxidation and nitritation stage takes
~85 s and shows a polymer thickness increase of 0.30 nm, (b) the thickreess@xptage
shows an increase rate of 2.27 nm/h, and (c) the etching stage shows an etch rate of 0.64
nm/h. The continuous drop of refractive index in figére (b) indicates the oxidation of
polymer bulk during the entire treatment.

Similarly, for thePS film treated witl80% @ feed gaswe also see the two turning
points B, C in figurés.5 (c). For the AB stage, the thickness gain due to surface oxidation
and nitritation is also 0.30 nm which is achieved after ~85 s of treatment. However, as
shown in figure6.5 (d) the thickness expansion rate in the BC stage drops to 2.16 nm/h.
We did not obserd an evident thickness reduction stage in figused) which might be
because that the thickness increase from bulk oxidation is larger than the thickness decrease
from surface etching? These evidences indicate that the reactive species generated from

80% & feed gas are less reactive than those produced by 9%8&dgas.
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For the PS film treated with 20%@ed gas, no turning points in tggq  p dam t
befound in figure6.5 (e). The fitted PS film thickness and refractive index plot, as shown
in figure 6.5 (f), indicates that during the 4 hours of treatment time the PS film only
experiences a slow thickness increase stage with an expansion rate of 0/869 nm
Compared to the other two feed gas conditions discussed above, the surface
oxidation/nitritation and etching stage are absent from both plots. This indicates that the
effluent of SMD with 20% @feed gas is even less reactive.

In figure 6.6, we summare the changes of polymer thickness in the three
transformations stages observed with variog®ONworking gas mixtures. As shown in
figure 6.6 (a), the thickness gain in the surface oxidation and nitritation stage is correlated
to feed gas compositiorBesides 100% and 20% ©@onditions, we find that the treatment
time required for reaching the end of this stage is 85 s for all other feed gas compositions.
For PS film treated by 70%95% Q, we observe a 0.3 nm constant thickness gain in the
surface oxilation/nitritation stage. In figuré.6 (b) we plotted the PS film expansion rate
during the bulk oxidation stage as a function of feed gas composition. We find that the
expansion rate shows a maximum at 9590rking gas and then drops quickly with less
Ozin the feed gas. The shape of this curve resembles that of ten€ity shown in figure
6.4 (a). In figure6.6 (c), we show the correlation between polymer etch rate in the etching
stage and feed gas composition. Since we did not observe evidethi¢imess reduction
when the working gas Qs less than 80%, zero etch rate was shown for these feed gas
mixtures. It can be seen that the etch rate has a maximum again at988¢k{Dg gas,
however the etch rate curve does not resemble that ofstlen€ity curve. This indicates

that material etching might be related tolidt not controlled by it.
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Figure 6.6 (a) The net thickness gain after the surface oxidation and nitritation
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stage, (b) the thickness expansion rate during the bulk oxiddtiga, and (c) the etch rate
during the etching stage of PS transformation as a function of feed gas composition. In (c),
zero etch rate was shown for the polymer films treated with < 89i¥bt@e N/O2 mixture

due to the lack of an etching stage aft&odrs of treatment.

6.3.3XPS: surface chemistry

Besides polymer thickness and refractive index, we also characterized the chemical
composition of the SMD treated PS films using XPS. In fighilewe show the high
resolution C 1s, N 1s and O 1s spectrdhef pristine and the 0.5 hour treated PS films
using 95% Q@and 20% Qfeed gas compositions. Only spectra with 20° electronraéike
angle are shown which contains the chemical composition of the top 2 nm of the PS films.
Since there is neither O nor ddmposition in the pristine PS film, the untreated spectra
show only two C 1s peaks with 94% of the core electrons belonging to- @ikl Gond
whereas the rest coming from *  s-lpadtebite.

After 0.5 hours of treatment with both feed gas compositions, we observe the
decrease of the-C/H and”"-" *  s-lpgpkaks and the rise of the oxygen containing
functional groups such &0, O-C-O, C=0, OC=0 and GCO-Oin figure6.7 (a), which
indicatesthe oxidation of the aromatic ring and possibly the main cihdameover, the N
1s spectra of the treated PS films show the emergence of organic nitrate) @@k at
408.2 eV. Correspondingly, the oxidation and nitritatiof8ffilms are confirmed byé
O 1s spectra shown figure 6.7 (c): the broad O 1s peak formed after SMD treatment can
be attributed to both the organic nitrate and the O containing functional groups seen in C

1s spectra. When comparing the spectra f8&% @ and 20% Q treated PSilms, we
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find similar amount 0ONO; but higher surface oxidation for the 95%t€@ated film The
difference of surface oxidatios consistent with that of the thickness expansion rate shown
in figure 6.5 where 95% @treatment shows higher expansioteravhich indicates more

oxidation to the polymer films.
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Figure 6.7 High-resolution XPS of pristine and 0.5 hour treated PS surfaces by
either 95% Qor 20% feed gas: (a) C 1s, (b) N 1s, (c) O 1s. The electron take off angle is
20°. Label a (532.3 eV)C=0, OC=0*, O*-CO-0; b (532.6 eV) aliphatic ©; c (533.1
eV): aromatic GO, O-C-O; d (533.6): O*C=0; e (533.9 eV): €CO*-O, O*NOg; f (534.7

eV): O-NO2*.

Besides the 95% £and 20% Qtreated PS films, we further measured the XPS of
PS films treated byther feed gas compositions studied in figé#e For each feed gas
composition, two treatment times, namely 0.5 hour and 2 hours, were performed for
investigating the surface chemical composition at different polymer transformation stages.
Since all higp resolution spectra of the treated PS films share the same peak features as
those shown in figuré.7, instead of high resolution spectra we present the calculated
elemental composition of C, O and N as a function of feed gas composition. As illustrated
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in figure6.8 (a), the surface O composition shows a maximum when the PS films is treated
with large amount of ©in the feed gas mixture (95% and 80% for 0.5 hour and 2 hours
treated PS films, respectively). Correspondingly, the surface C composition shows
minimum at the same feed gas mixture where we observe the surface O maximum. We
also find that longer treatment time generally leads to higher surface O content, which
indicates that the polymer surface oxidation may depend on the time integratedl flux o
reactive species produced by the plasma treatment (85é9. Interestingly, the stace

O composition curve as a function of feed gas composition in fi§ir€a) strongly
resembles that of thes@ensity and the thickness expansiatein figures 6.4 (a) and.6

(b), respectively. We will further discuss the correlations in SeétibA.
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Figure6.8 The XPS measured (a) surface C, O and (b) surface N composition of
the SMD treated PS surface as a function of feed gas composition. Results with two
treatmenttimes, i.e. 0.5 hour and 2 hour, are shown. The electrorofélengle is 20°

which corresponds to the top 2 nm of the polymer film.

Furthermore, we find that the surface N composition increases with the N
composition in the feed gas and eventually reaches a plateau, as shown B.3igbirece
all surface N comes from the ON@roup as indicated in figut&7 b, the trend in figure

6.8 also represents that of the ONgoup. The small amount of surface N on PS films
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treated with pure ©feed gas might be from the residual &bsorbed on the vacuum
chamber wall and/or leaks dog the process of refilling to atmospheric pressure. When
comparing the two treatment times, i.e. 0.5 hour and 2 hours, we find that longer treatment
time leads to slightly larger amount of surface N composition, especially with smaller O
content in theded gas. Compared to the typical value of less than 1% of surface N on
polymers treated by other APP sources such as the plasma jets, corona discharge and direct
DBDs, the surface N composition on PS films treated by SMD is relatively high (> 3%).
This might be due to (1) the prolonged treatment time which accumulates the surface N
composition and (3) the negligible amount of material removal by etchant species which
may cause the desorption of N containing surface moieties.

In figure 6.9, we show the C ldecomposition of PS films treated by the SMD for
0.5 hour as a function of feed gas composition. Each line in f@g@represents the relative
concentration of one surface moiety observed in the high resolution C 1s spectra shown in
figure 6.7 (a). Therelatively large chemical shift among C 1s core electrons from different
functional groups makes it suitable for identifying and comparing the relative concentration
of these surface moieties. From fig® (a),we find that higher @concentration in th
feed gas leads temaller amountof @/ Hand'-" * shake wup peaks on
surface, whichndicateshat more aromatic ring structures and possibly the polymer main
chains are destroyed with higher €ntent in the feed gas. A minimum of the€2H bond
concentration can be found with the 95%t@ated PS film. Correspondingly, in figure
6.9 (b) we find that higher feed gas €oncentration could result in larger amount of O
containing functional groups forming on the treated PS surface. 8yndamaximum of

these O containing groups is seen with the 95%r€ated film. This indicates that tkae
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C/H bonds and the aromatic rings might be converted into va@lozmntaining moieties
by SMD treatment.When comparing the relative concentration of the O containing
functional groups for the 0.5 hour treated PS films, we find the following relati@h>C

O-C-0O/C=0 > QC=0 > OCO-0, as indicated in figuré.9 (b).
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Figure6.9 XPS C 1s decomposition of SMieated PS films for 0.5 hour: (a} C

C/H and -" * shakeup, (b) €, O-C-0/C=0, GC=0, G.CO-O.

In order to show the effect of extended treatment time on surface functional groups,
we calculated the difference between 2 hours and 0.5 hour treated PBffithesrelative
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concentrations of ©, O-C-O/C=0, GC=0 and GCO-O groups in the C 1s spectrum.

The positive value in figureés.10 indicates that 2 hours treatment lead to higher
concentrations of specified surface moieties than 0.5 hour treatment.lde c@en that
although longer treatment with 20% Qrtificial air) feed gas results in the even increase

of all O containing moieties, generally longer treatment with highgretcentage in the

feed gas tends to cause the accumulation-6=0 groups. A discussed previousi§?!

such accumulation of @=0 bond might be due to the unique etching mechanism of the
SMD treatment. After 2 hours of treatment with highp8rcentage®80%) feed gas, the

PS films has proceeded to the etching stage as indicated in 6i§uie), whereas the PS
films treated for 0.5 hour is still in the expansion stage. In the etching stage, other functional
groups are converted to-O=0 goup which might be the precursor for the formation of
etching product C® The concentration of surface@=0 will eventually saturate when a
dynamic balance between etching and oxidation is established on polymer surface.

Detailed discussion can be fouindreferencé®

§ 12 Difference between

‘(D’ | 2 hour and 0.5 hour treatment

g :

N

=

S 4] p Tl

= _ Bt o g ;

§ \A I

S 0k AT -A-co

c 0-C-0/C=0

o :6=0

o -%- 0-CO-0

$ -4 T T Y T ¥ T '

& 100 75 50 25 0
O,% in N,/O, mixture

Figure6.10 The XPS C 1s decomposition difference between the 2 hour and the
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0.5 hour SMD treated PS films. Positive value indicates that tmuP treated PS film

contains higher relative concentration of the moieties than the 0.5 hour treated PS film.

6.3.4ATR-FTIR: sub-surface chemistry

Because the penetration depth of IR light (hundreds dfttig much deeper than
the thickness of the PS film (~10 nm), the AFRIR spectrum reflects the average
chemical composition of the entire ukttan film.[245 251 |n contrast, the XPS with 20°
takeoff angle provides chemical information from the top 2 nm of the polymer film.

In figure 6.11, we show the ATHETIR spectrum of the pristine and the 0.5 hour
treated PS films coated on Au surface which serves as thaamipdoack layer. Due to
the lack of a universal reference peak in this sampling configuration, all spectra are
normalized to their own IR peak intensit§? For the pristine ultrdhin film, characteristic
vibrational modes of PS are observed and labeled as A through H in6iglreBesides
peak G (aliphatic chain @& stretch), all laeled IR peaks are from the aromatic ring
structure. The two broad IR bands marked as area | and IV can be attributed to carbonyl
and ether groups respectively, and these features indicate that either the pristine PS surface

or the PS/Au interface is wegktontaminated by hydrocarbon or surface oxidation.
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Figure6.11 Enhanced ATRFTIR spectrum obtained with ~10 nm PS film coated
on Au surface. Spectra from PS films treated by four different feed gas compositions (20%
Oz, 50% O, 95% Q and 100% @) are shown. All spectra are normalized to their
individual highest peak. Labels A through H notate the IR active vibration modes from
polystyrene A (700 cm?b): aromatic ring oubf-plane deformation; B (760cHr outof-
plane GH bend; C (1029 c: in-planC-H bend; D, E and F (1452 ¢cin1492 cm, 1602
cmd): aromatic ring modes; G (30002800 cm?): aliphatic GH stretch; H (3100 3000

cmh): aromatic GH stretch.
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After 0.5 hour of plasma treatment, we observe the significant growth of four IR
bandsmarked as | through IV in the shaded area of figutd. These new bands have
broad width which suggests that the product of plasma modification does not have
homogeneous structure. Similar to our previous observ&tott? the IR band in area |
can be assigned to thenggal carbonyl (C=0) stretching modes (1600800 cmt)
and asymmetric Nestretching mode (1615 ctr 1660 cmt) from organic nitraté-s 199
The two peaks labeled within area | (dashed lines) might come from saturated carbonyl
and aromatic carbonyl, respectively. The aromatic carbonyl has lower wavenumber
because the conjugated system of aromatic ring and carbonyl carbon reduces the force
congant of C=0 bond. Furthermore, we can assign the IR band in area Il (129@acm
the symmetric N@stretch of organic nitrate groép? and possibly aromatic ketone and
aromatic ester. The IR bands in area lll and IV are mostly from {@es@etch of ether
and ester groups. Due to the absence of @&tcst (35001 2500 cmt), aldehyde €H
stretch (2856 2700 cm?t) and aldehyde & bend (near 1390 + 10 cthpeaks in figure
6.11, we can eliminate the possibility of having alcoh@H]), carboxyl {COOH) and
aldehyde (O=€H) groups in the plasma treatiidhs.

Since the spectra in figufell are not normalized to a generic reference peak with
constant intensity, the spectra from different samples cannot be directly compared. In order
to solve this issue and compare spectra from PS films treated leyedifffeed gas
compositions, we characterized the AFRIR spectra of PS coated on %8 substrates
which have a 1.7 nm constant thickness native oxide layer. T@eSspeak at 1225 cth
from the native Si@can be used as the reference peak withiotgnsity!?43

As shown in figures.12, the IR spectrum of PS films coated on B8Dsubstrate
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have similar IR features as those labeled in figut& except an extra band in the region
of 12801 1010 cm! which can be assigned to-GiSi stretch. Since peak intensity ratio to
Si-O-Si stretch at 1225 cthare calculated and presentedfigure 6.12, the relative
concentration of the same functional grofipm different samples can be directly
compared?*3

As illustrated by peak A through F in figufel2, we notice that the IR peak
intensity of aromatic ring diminish for films treated by all feed gas compositions. This is
especially evident for the 95% and 100% t@ated PS films where the IR peaks from
aromatic ring are completely eliminated. Moreover, the plasma treated PS films also show
the formation of ether (shaded area Il and 1V), organic nitrate (area Il) and carbonyl (area
[) groups. These evidence sugtgethat the SMD treatment can destroy aromatic ring
structures and convert them into O containing functional groups, such as ether, ester,

ketone and organic nitrate.
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Figure6.12 Enhanced ATHFTIR spectrum obtained with ~10 nm PS film coated
on SiQ/Si surface. All spectra are normalized t&500 peak. Labels A through rotate

the same IR active vibration modes from polystyrene as those in 6§ure

When comparing different spectra in figuéel2, we find that the chemical
composition of the SMOreated PS films changes with feed gas compositions. In figure
6.13 (a), we summarize the relative amount of aromatic ring as a function of feed gas
composition using the peak A intensity ratio of the treated PS films to the pristine PS films.
We can seéhat there are fewer aromatic ring structures left in the PS films after treatment
with higher Q concentration in the feed gas. The shape of the curve in figiBe(a)

strongly resembles that of the@H curve measure by XPS in figu® (a). Furtherrare,
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we can also calculate the relative amount of carbonyl group using the integrated area
intensity of IR band I in figuré.12. As shown in figuré.13 (b), we find that the carbonyl
group in treated PS film shows a maximum with 8096% of Q in the O2/Nz feed gas,

and the curve has roughly similar trend as that of the O containing surface moieties in
figure 6.9 (b). In addition, we also find that longer treatment time could lead to higher

amount of aromatic ring destruction and larger amount of carlbmmyation.

Figure6.13 (a) The relative percentage of aromatic ring left in the-thiraPS film
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