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ABSTRACT: We herein report on the chemical and physical
changes that occur in thin films of poly(methyl methacrylate),
PMMA, induced by exposure to high-energy vacuum ultraviolet
radiation and a supersonic beam of neutral, ground electronic
state O(3P) atomic oxygen. A combination of in situ quartz
crystal microbalance and in situ Fourier-transform infrared
reflection—absorption spectroscopy were used to determine
the photochemical reaction kinetics and mechanisms during
irradiation. The surface morphological changes were measured

VUV

with atomic force microscopy. The results showed there was no enhancement in the mass loss rate during simultaneous exposure of
vacuum ultraviolet (VUV) radiation and atomic oxygen. Rather, the rate of mass loss was impeded when the polymer film was
exposed to both reagents. This study elucidates the kinetics of photochemical and oxidative reaction for PMMA, and shows that the
synergistic effect involving VUV irradiation and exposure to ground state atomic oxygen depends substantially on the relative fluxes

of these reagents.

1. INTRODUCTION

Photochemical and oxidative reactions taking place at the
vacuum—polymer interface are of technological significance for a
wide variety of material and surface treatment processes including
applications in spacecraft engineering." > Although the reactions
caused by exposure of polymeric materials to ultraviolet (UV)
radiation and oxygen are virtually ubiquitous, the understanding of
how photo-oxidation proceeds in the presence of energetic oxidants
remains unsettled."*~° For plasma processing techniques to realize
their ultimate utility, a thorough understanding of the kinetics and
dynamics of UV photochemistry and oxidation of polymers is
necessary. Oxygen and UV radiation are widely employed for
microlithography of polymers,” precise photoresist etching,® and
the modification of wettability, adhesion, and other surface proper-
ties of polymer materials™ and biomaterials."” Moreover, space-
craft are exposed to both vacuum ultraviolet (VUV) radiation and
atomic oxygen in low Earth orbit (LEO). The possibility that the
presence of both atomic oxygen and VUV light synergistically
modify surface reactions is of particular significance.

Here, reactions involving ultrathin poly(methyl methacrylate),
PMMA, films and VUV (4 <200 nm) light and gas-phase
atomic oxygen were investigated to elucidate fundamental
photochemical and oxidative mechanisms. PMMA has multiple
photochemical reaction pathways (Figure 1) and is reactive
toward atomic oxygen, resulting in a rich system where many
reactive channels may contribute to the observed reactivity, and
determination of the dominant channels under given conditions
is challenging. In addition, studies of the surface morphological
changes due to VUV exposure highlight the importance of the
vacuum—polymer interface.

Depending on the wavelength of the UV light, there are several
possible photochemical reactions that may take place in PMMA
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(Figure 1).""'* Theoretical models™'* and experimental
observations">'>”!” have established the reaction to be a largely
photochemical (as opposed to thermal) process where radicals
are generated from UV-induced bond rupture. So far, most
photochemical studies of PMMA used 200—300 nm UV radia-
tion and found that the primary photoreaction mechanism was
either whole or partial group ester side chain photolysis (Norrish
type I, mechanism 3 in Figure 1). However, for VUV light, the
more energetic photons could potentially rupture any bond in
the PMMA repeating unit. UV/VUYV laser ablation studies have
not clearly identified a primary photoreaction pathway. Separate
studies have pointed to either main chain scission yielding the
MMA monomer" or partial ester group dissociation'® as the
dominant photoreactions for PMMA. A recent simulation'* of
VUV laser ablation of PMMA predicted that main-chain scission
would be a minority channel and that side-chain ester photolysis
would still be the dominant channel over a range of laser
intensities. Another report'® suggested that, despite the differ-
ence in photon energy for 193 and 248 nm lasers, the same
photochemical processes took place. In the present study, thin
PMMA films were exposed to a broadband VUV light source to
determine the dominant mechanism of VUV photochemistry.
Atomic oxygen reacts with many polymeric materials,”® and
there are still unresolved issues regarding the fundamental
reaction mechanisms and dynamics. In the present study, ultra-
thin films of PMMA were exposed to a supersonic beam of
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Figure 1. Possible PMMA ultraviolet photochemical reaction mechanisms. Shown are five possible mechanisms for VUV photodissociation of PMMA.

Mechanism 3 is Norrish type I ester side-chain photolysis.

atomic oxygen (AO) in order to elucidate the role of atomic
oxygen in surface reactions in the absence of ions or ultraviolet
light from plasma.

A key question that has emerged from the studies of UV and
AO reactions with polymers is under what conditions atomic
oxygen and VUV may act synergistically to change the reaction
rate. The reagents would be considered to act synergistically
when the reaction rate during combined exposures differs from
the sum of the rates measured during exposures to either reagent
alone. Either there may be positive synergy, where the rate is
accelerated, or negative, where the rate is inhibited. An electronic
structure calculation'? of the reaction of UV and AO with PMMA
predicted that the addition of oxygen atoms would accelerate
UV-induced mass loss by forming stable molecules through
exothermic reactions. Different results have been observed for
various polymeric systems under different experimental condi-
tions. Co-exposure of polymers to VUV and AO enhanced the
reaction rate for polyethylene,'>***! fluoropolymers,"®'%%**
and polyimides,” but no enhancement was found for poly-
proplyene,” polyolefins,”* or PMMA;> and one report’ found a
decrease in mass loss during coexposure. The observed reaction
rates must be studied as functions of the relative fluxes of each
reagent, to determine the kinetics of these processes.

The goals of the present study were to elucidate the most
significant VUV photochemical pathway, determine the kinetics
of VUV and AO reactions, and investigate how the combination
of AO and VUV alter the reaction rate for ultrathin films of
PMMA. A quartz-crystal microbalance (QCM) was employed to
directly measure mass changes in the films and Fourier-transform
infrared reflection—absorption spectroscopy (IRRAS) was used
to determine the chemical changes during VUV exposure. The
surface morphological changes from VUV exposure were mea-
sured with atomic force microscopy (AFM).

2. EXPERIMENTAL SECTION

PMMA thin-film samples were prepared by spin-coating 2 wt %
PMMA (FW = 9.50 kg mol ™', Aldrich) in chlorobenzene on a
10 mm X 10 mm polycrystalline Au—mica substrate (atomically
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Figure 2. Schematic of experimental apparatus. The PMMA sample
may be mounted on either a precision manipulator housed in a UHV
chamber for FTIR measurements or in the second stage of differential
pumping for QCM measurements.

flat, Agilent) for IRRAS measurements or on a circular 14 mm
diameter AT cut gold crystal sensor (Cr adhesive layer, intrinsic
frequency 6 MHz, Maxtek Inc.) for the QCM measurements.
The PMMA film was then annealed at 450 K for 1 h in air. The
film thickness was determined to be 110 & 10 nm by AFM and
ellipsometry. This thickness was significantly thinner than the
penetration depth of VUV radiation, which is 150 nm for 157 nm
light*® and is 192 nm for 160 nm light.** The VUV light is
therefore interacting with the entire sample, not just the outer-
most layer.

In situ experiments were conducted in a molecular beam
scattering apparatus (Figure 2), which consisted of an ultrahigh
vacuum (UHV) surface-scattering chamber coupled to a super-
sonic molecular beamline. A more detailed description has been
provided previously,”” >* so only a brief description including
the recent modifications are included here. A broad band D,
lamp (Hamamatsu L7293, MgF, window) generated VUV
radiation (112—400 nm, peak output near 160 nm>°). The lamp
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was mounted 30 cm from the sample and 15° from the surface
normal; the output power at this distance was 350 W cm™ 2. A FT-
IR spectrometer (Nicolet 6700) was coupled to the UHV chamber to
perform in situ IRRAS measurements. The p-polarized IR beam was
focused on the sample at an incident angle of 75° with p-polarization
and then directed onto the active element of a liquid-nitrogen-cooled
mercury cadmium telluride (MCT/A) detector. The detector and the
optics outside the UHV chamber were mounted in a dry-N, purged
chamber. The IRRAS spectra were collected with a resolution of
4 cm™ ' and were averaged over at least 25 scans.

The supersonic molecular beamline (Figure 2) consisted of a
beam source chamber and two stages of differential pumping.
The first differential stage housed a chopper wheel for time-of-
flight (TOF) measurements and a flag for blocking the beam.
The QCM was mounted on a vertical manipulator in the second
differential pumping stage for exposure to the atomic oxygen
beam, which was centered on the QCM. This stage was also
equipped with a second D, lamp, perpendicular to the beam axis,
which could be positioned at four different distances from the
sample to modulate the intensity of the light. The light intensity
was measured to be 790 W cm™ > at 20 cm, 350 4W cm™ > at
30 cm, 220 uW cm Zat 38 cm, and 120 Uw cm Zat S1 cm. The
photon flux (®yyy) was calculated to be 6.3 x 10'%,2.8 x 10,
1.8 x 10", and 9.8 x 10> hv em ™ >s™ !, for the above intensities,
by treating the light as monochromatic radiation with 4 =
160 nm. The sample was positioned at normal incidence to the
atomic oxygen beam for AO-only exposure or facing the D, lamp
for VUV-only exposure. For combined VUV/AO exposures, the
sample was oriented 45° with respect to both the atomic beam
and the D, lamp (20 cm from the sample). The uncertainty of the
QCM measurements was found to be insignificant, less than
1x 10 °ugs "cm *

A radio frequency plasma source’” was used to generate a
supersonic atomic oxygen beam formed by expanding 5% O, in
Ne (60 Torr stagnation pressure) through a custom designed
water-cooled quartz nozzle. The beam impinged on a 3 mm
circular beam spot on the sample surface. The oxygen dissocia-
tion rate was 50%, which resulted in a flux (P,0) of 2.0 x
10" O atoms s ' cm ™% with an average kinetic energy (Ens) of
25 kJ mol . Oxygen flux could be halved by moving a 50% duty
cycle chopper wheel into the beam path. Any residual ionic
species were deflected out of the beam by passing the beam
through a deflector plate biased at 1.5 kV, although there was no
evidence of ions in the TOF characterization of the beam.”” The
contribution of metastable electronically excited Ne atoms or UV
light from the plasma source to the observed reactivity was
checked by separate exposures to a beam generated by a 100%
Ne plasma. The mass loss rate was significantly lower than the
observed atomic oxygen mass loss rates. This background reactivity
was then subtracted from the atomic oxygen data to account for the
small mass loss due to non-atomic oxygen mass-loss channels.

The VUV irradiated PMMA films were imaged in contact
mode by a Veeco Multimode IV AFM with silicon nitride tips
under ambient conditions. The AFM imaged a 10 4m X 10 4m
area (256 X 256 pixels), and images were taken from several
regions of each sample. The images shown here are representa-
tive of the images collected.

3. RESULTS AND DISCUSSION

A combination of QCM and IRRAS experiments showed that
VUV irradiation of PMMA thin films induced mass loss that
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Figure 3. TRRAS spectra for VUV irradiation of PMMA. IRRAS spectra
taken after various exposures to VUV (®yyy = 350 uW, 2.82 X
10" hv cm™ > s™'). The IR absorption spectra from 3200 to 800 cm ™'
are shown. The vy region (2800—3200 cm™ ') is magnified by a factor
of 5, the C=0 stretch (1600—1800 cm ") is unscaled, and the final portion,
the carbonyl region (1600—800 cm ™), is magnified by a factor of 2 to show
the small peaks corresponding to the methyl backbone and o.-CHs.

followed first order kinetics with respect to both VUV flux and
the PMMA film thickness. The dominant reaction mechanism
was found to be Norrish type I ester side group photolysis that
liberated methyl formate from the polymer. AFM measurements
showed surface roughening as VUV exposure proceeded. Mass
loss due to oxygen beam exposure followed first order kinetics
with respect to oxygen flux and zeroth order with respect to the
PMMA film thickness, consistent with surface reaction of the
oxidant. Oxygen bombardment was largely a surface pheno-
menon whereas VUV irradiation penetrated the entire film.
A synergistic deceleration of mass loss was observed in the
regime where mass loss rate caused by either VUV or oxygen
atoms was nearly the same.

3.1. IRRAS Measurements of PMMA Film Exposed to
VUV. PMMA strongly absorbs ultraviolet radiation™ at wave-
lengths less than 160 nm (C—C bonds in the polymer backbone)
and near 180 and 210 nm (C—O m—* and n-77* transitions
in the ester moieties). The high absorption coefficient*® of
PMMA restricts the penetration of the VUV radiation to a very
shallow surface layer, around 150 nm thick for 160 nm light.
Primary UV photochemical reactions in PMMA are wavelength
dependent'*'”** and give rise to a variety of chemical reactions
such as cross-linking or Norrish reactions'® as depicted in
Figure 1. To quantify the chemical changes caused by VUV
light, ~110 nm thick PMMA films were deposited on Au and
exposed to the light from a D, lamp under vacuum. The chemical
changes occurring in the films were identified using IRRAS.

Figure 3 shows the infrared absorption spectra of a 7110 nm
thick PMMA film. The absorption peaks have been assigned
previously,®*” falling into two groups. The first group consisted
of vibrational modes in the ester (—COOCHj,) side-chains and
the second the vibrational states of the methylene groups in the
carbon backbone and the 0.-CHj groups. The ester absorption
features®>* consisted of a single, strong peak at 1740 cm ™'
(C=O0 stretch), two sets of double peaks from various ester
modes below 1300 cm ™' (1270 and 1245 cm ™', 1196 and
1153 cm™ '), the -OCHj; rock mode at 996 cm™ ' and the ester
methyl group C—H stretch (vcy;) modes near 3000 cm™ . The
second group consisted mostly of Vcy and H—C—H bending
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modes from the backbone and the 0.-CHj groups. The a-CHj
bending mode was near 1450 cm ™', and the methylene (—CH,—)
twisting mode was at 1377 cm . Several slightly overlapping
Vcu peaks resulted in a multiply peaked feature in the 2800—
3000 cm ™' region. The sharp peak near 3000 cm ™~ ' was from the
Ve modes in the ester methyl group, and the peak at 2950 cm ™'
was a superposition of ¥cy modes from backbone CH, groups,
0-CHj; groups and ester CH; groups. a-CHj; and backbone
CH, groups also contributed to several small peaks on the
shoulder of the 2950 cm™ ' peak, and a well-defined peak near
2850 cm '™ Comparison of the sgectra in Figure 3 to
PMMA orientation studies by IRRAS™ indicated that the
repeating units in the polymer film were orientated with the
backbones parallel to the surface, and the ester side groups were
oriented off the surface normal. The polymer—vacuum interface
was largely composed of the PMMA ester groups, as reported in
helium atom scattering®* and sum-frequency generation®® stud-
ies of PMMA thin films.

The changes in the IRRAS spectra caused by exposure of VUV
to PMMA clearly show that the primary photochemical mechan-
ism was Norrish type IA (Figure 1, mechanism 3) ester side chain
photolysis. As shown in Figure 3, between 1600 and 900 cm ™, the
absorption features associated with the ester side chain diminished
and disappeared altogether with increasing VUV exposure, but
absorption features from the backbone carbon chain remained
(purple line). As VUV exposure proceeded, the OCHj stretch
mode (1440 cm™ ') and rocking mode (991 cm™ ' and 1388 cm™ )
peaks vanished and the triple peak feature near 1485 cm™ ' (from
0-CH;, -OCH;, and H—C—H bend modes) decreased in in-
tensity and became poorly resolved due to the loss of the ester
methyl group. At the center of this feature was a peak at 1450 cm ™'
that corresponded to the polymer backbone’s —CH,— scissor
mode. The intensity of this peak initially decreased but reached a
limiting value by 18000 s (blue line) of VUV exposure. Closer
inspection of the vcyy region between 3150 and 2750 cm '
(Figure 3) highlighted the significance of the ester loss pathway
in the modification of PMMA films by VUV radiation. Before
irradiation (black line), this portion of the spectrum consisted of
two pronounced peaks and a few shoulder peaks, assigned to the
symmetric and antisymmetric Vcy modes from the methylene
backbone, the ester CHj, and the 0-CHj. The changes in this
region clearly indicate the loss of methyl v and the retention of
backbone methylene vy, even after very long VUV exposures. As
shown by Figure 3, the peak at 2997 cm™ ' promptly disappeared
with a corresponding decrease of the 2950 cm™ ' peak, due to the
loss of the ester methyl groups. It was unclear as to the origin of the
small peak at 2843 cm '; one possibility was Fermi resonance
between overtones of the bending fundamentals and the vy
modes in the methyl substituent. This peak shifted to 2870 cm ™'
once most of the ester groups had been removed from the film.
Significant vcy character remained, and further VUV exposure
after 5400 s did not significantly change the absorption spectrum;
even after 139 080 s (*38 h), the carbon backbone absorption was
not significantly altered.

IRRAS spectra taken after shorter VUV exposures (Figure 4)
highlight the evolution of the chemical changes before a sig-
nificant amount of polymer has been removed. Unlike Figure 3,
these spectra used the spectrum of the pre-exposure PMMA film
as reference instead of bare Au, in order to highlight the subtle
changes at the initial stage of photolysis. The carbonyl absorption
features monotonically decreased (negative peaks), as did the
C—H stretch peaks assigned to the ester methyl group (2997 and

0.01

C-O region

-0.01f

Exposure Time (s)

Absorbance Change

-0.02F — 60

120
— 300
— 420
— 600

veu region (x10)

Wavenumber (cm™')
! L

-0.03 Leuffant

28001800 1600 1400 1200 1000 800
Wavenumber (cm )

3200 3000

Figure 4. IRRAS difference spectra for moderate VUV exposures. The
changes in the IRRAS spectra for up to 600 s VUV exposures (Dyyy =
350 W) show the loss of C—H and carbonyl species and the growth of
C=C bonds (inset), the first step in cross-linking polymer chains.

2950 cm ™ '). Some new IR absorption features emerged during
VUV irradiation. New peaks were found at 2975, 2906, 2863, and
1638 cm ™, indicating the formation of carbon—carbon double
bonds, as observed by previous studies as an intermediary
product to polymer cross—linking3é’37 (Figure 4, inset). One
study®® suggested that cross-linking was enhanced when the
temperature of polymer was below the glass transition tempera-
ture (T,) because of the immobility of polymer strands. In the
current experiment, the 1638 cm ' peak rapidly saturated, as
would be expected for such an intermediary product. Once the
C=C bond was formed, it was subject to rupture by VUV, leaving
a C—C single bond, and cross-linked"®** polymer backbones.

It was possible that the changes in vy intensity herein were
due to changes in the orientation of the polymer chains relative to
the gold substrate, thus modulating the intensity of the absorp-
tion features because of the surface dipole selection rule, rather
than being the result of chemical changes. However, these
experiments were conducted at room temperature, well below
the 378 K T, for PMMA,* and the sample temperature did not
vary due to VUV exposure, thus the polymer strands should be
largely immobile.*" Furthermore, VUV absorption causes direct
photodissociation, rather than conversion of VUV photons to
heat in the film,* so heating of the film and thermal activation of
polymer motion was unlikely, thus the observed changes in the
infrared absorption spectra were due to chemical changes rather
than disordering of the polymer film.

3.2. Photochemical Kinetics. Figure SA shows the mass loss
from PMMA films deposited directly on QCM:s as a function of
VUV exposure time for four different intensities of VUV radia-
tion. The observed mass loss from the PMMA films (solid lines)
showed no initiation period and ceased immediately when the
exposures were halted. These data were fit to a single exponential
(dashed black lines) given by eq 1, where m was the change in
mass measured by the QCM in g, m, was the initial mass of the
film, ks was a fitting parameter corresponding to the observed
rate constant, and t was the exposure time in seconds.

mﬂo = exp(—kapet) (1)

dﬂpMMA o dm

a  dr

RVUV = FWPMMA - - kobsm (2)

The mass loss rate, Ryyy, followed first order kinetics with
respect to the mass of the PMMA film. This was because VUV
light penetrates the entire film, rather than just a portion near the
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Figure 5. QCM measurements of mass changes of PMMA exposed to
VUV or AO. Plot (A) shows the mass changes measured with the QCM
(colored solid lines) for four different VUV intensities (A — 790 uW,
B — 350 uW, C — 220 uW, D — 120 4W). Exponential fits to each line
are shown as dashed black lines. The photoreaction order was deter-
mined from the slope of the data shown in (B). The reaction was first
order with respect to VUV intensity. The correlation between the QCM
measurements (lines) and IRRAS measurements (open black circles)
are shown in plot (C). Plot (D) shows the QCM measurements when
the PMMA film was exposed to two different fluxes of atomic oxygen.
The solid red and blue lines are the experimental data and the dashed
black lines are linear fits to the data.

surface. In order to determine the reaction order with respect to
VUV flux, the observed rate constant (k) was plotted against
the logarithm of the VUV light intensity, ®vyyy, as shown in
Figure SB. The slope of the linear fit (black line) to the data was
found to be unity, therefore the reaction was also first order
with respect to ®@vyv. However, because @y was constant
during each exposure, the observed rates still only depend on
the number of absorbers, npyiva. The correlation between the
IRRAS and QCM measurements is shown in Figure SC, where
the mass change measured with the QCM (red line), an
exponential fit to the QCM data (dashed black line) and the
integrated intensity the C=O absorption peak measured with
IRRAS (black circles) are plotted. The two data sets agree very
well, which indicates that ester photolysis maps onto the
observed mass loss.

Upon absorption of a VUV photon a PMMA monomer either
dissociates, forming a methyl formate radical, or quenches in
some fashion.*” The quantum yield, ¢, is the fraction of photo-
excited PMMA monomers that dissociate. The observed rate
constant (k) is the product of the quantum yield, the VUV
photon flux (Pyyy) and the rate constant for VUV absorption
(kaps), as shown in eq 3.

anMMA o dm
d  dt

= —kopsm = — ¢DPyuvkabsmpamnia (3)

Ryuv = FWpmma

For clarity, kaps and the quantum yield may be combined into a
single constant for VUV irradiation, kyyy. The integrated rate

law then becomes:

A exp(—kyuy PvuvAt) (4)

Mo
Where A was the area of the sample exposed to VUV. The VUV
irradiation rate constant, kyyy, was calculated to be (5.4 £ 0.9) x
10° W' (or equivalently (6.57 & 1.18) x 10~ " hv™'). To
compare these results to those from others, ¢ was calculated from
the data in Figure SA using eq S. The mass loss rates (Rjo,) for
each VUV intensity were approximated with a linear fit to the
data between 50 and 550 s.

No. of dissociated monomers
No. of photons absorbed

_ Rloss (NA/FWIOSS) (5)
ADyyy(1/1y)

The IRRAS data and a previous study”® indicated that the
dominant reaction mechanism was Norrish type I methyl
formate radical loss, and this radical abstracted a hydrogen from
the polymer before being released as methyl formate, so FW),
was 60 g mol ™. The ratio, I/I,, was the fraction of photons
absorbed by the film, calculated from Beer’s Law (eq 6):

(I/To) = exp(—20d) (6)

The quantum yield was calculated to be 0.11 £ 0.03, for
110 nm thick films (d), and the absorption coefficient, o, was
12 x 10 ° ecm™ ' at 160 nm.*® Quantum yield varies with the
wavelength of the VUV light source, and previous studies have
shown that the quantum yield is 0.053 at 185 nm,** 0.03 at 215—
230 nm,* and ~0.92 at 254 nm."®

Previous mass spectrometric studies of 200—300 nm UV
irradiation of PMMA films from this group®” and others” showed
the major products were methyl formate formed by mechanism 3
in Figure 1. The VUV-induced photochemical changes measured
with IRRAS showed that although main chain scission is en-
ergetically accessible, ester side group cleavage was still the major
photochemical process, despite the higher energy radiation. This
was supported by studies of other polymeric materials®** and
demonstrates that even though the reagents have sufficient
energy to access several different reaction channels, the rate of
ester cleavage in the ultraviolet photodissociation of thin PMMA
films was much greater than the other possible reaction mechan-
isms. The main photochemical reaction pathway did not vary
with the wavelength of the UV light source, but reaction rate
changed, resulting in a wavelength dependence of quantum yield.

3.3. Surface Morphological Changes. The IRRAS and
QCM data clearly show that for short and intermediate expo-
sures, the PMMA films were drastically changed. After long
exposures to VUV, the PMMA film was extensively modified and
only a carbonaceous residue remained. AFM was employed to
measure the effect of VUV exposure on the surface morphology.
AFM is a powerful tool for the measurement of surface structure;
previous work from our group demonstrated the ability of the same
AFM system to measure defect healing in thin polymer films*® and
the morphological changes dues to VUV irradiation of Au, Ag, and Cr
films on PMMA.¥ A previous AFM study® of VUV-irradiated
PMMA showed an initial smoothing of the PMMA surface due to
higher reactivity of surface defects. An AO/VUV ablation study™ of
PVDF polymers used scanning electron microscopy (SEM) to show
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Figure 6. AFM images of VUV-irradiated films. (A) Before irradiation, (B) after 2.5 h of VUV exposure, (C) after 48 h of VUV exposure, and (D)
distribution of the pixel heights for each image. The vertical scale of the images is 100 nm to highlight increased roughness of the PMMA film. AFM

conditions are provided in the text.

Table 1. AFM Data

VUV exposure Ry R, thickness refractive
time (h) (nm) (nm) (nm) index (1)

0 0.809 0.642 120+ 10 1.4893

2.5 135 1.05 116 +38 1.489S

48 2.71 1.96 S6+12 1.5010

that at short exposure times, the surface remained smooth, but as the
film thinned, it became more pitted.

The surface morphology and the thickness of the PMMA film
after VUV exposure were measured with AFM and ellipsometry.
AFM images of a 110 nm thick PMMA film on Au were taken
before exposure (Figure 6A), after 2.5 h (Figure 6B), and after
48 h (Figure 6C) of continuous VUV irradiation. Table 1 lists the
topological data from these images as well as the thickness data
from ellipsometry measurements. Two parameters, the arithmetic
roughness (R,) and the root-mean square roughness (R,), were
used to quantify the roughness of the polymer surface.* R, and Ry
were calculated using eqs 7 and 8, where z; was the height at pixel
i, n'was the number of pixels in the image (each image was 256 by
256 pixels), and z, was the mean surface level, given by eq 9.

1 n
Ra:_ i 7
~> lz = (7)

i=1

Ry = ;Z(zi — z)* (8)
z0 = % 4 y z; 9)

Also shown with the AFM images is the distribution of the
heights of each pixel (Figure 6D). These show a normal
distribution of pixel heights for all VUV exposures with the
width (R,) increasing with exposure time. Before exposure
(Figure 6A), the PMMA film surface was smooth with only a
few small pits and bumps. After 2.5 h of VUV exposure (I =
120 4W cm™*) (Figure 6B), there was a slight increase in the
corrugation, as evidenced by R increasing by only 50% to 1.35
nm, but the morphology of the PMMA film surface was not
significantly altered. Ellipsometry measurements showed about a
S nm decrease in the thickness of the film, which was in
reasonable agreement with the QCM mass loss measurements;
using the mass loss measured by the QCM and assuming the
density of the film was unchanged, the same 2.5 h exposure would
corresponded to about a 10 nm decrease in film thickness. After
these shorter exposures, the resultant film showed a roughness
similar to a previous study, *® where R, was reported to be 2 nm or
less after 3000 s of VUV exposure of equivalent intensity. After
prolonged (48 h) VUV exposure, however, the resultant film was
significantly rougher and pitted (Figure 6C), with many bumps
that are 10—20 nm high and up to 500 nm in diameter, resulting
in Ry (the width of the height distribution) increasing more than
3-fold to 2.71 nm. A similar morphological change was observed
on UV-irradiated PVDE.***" In the current study, the film was
reduced to about half its initial thickness (56 nm), and the
refractive index changed as well, increasing from 1.4893 to 1.501,
which is characteristic of C=C bond formation and C—C cross-
linking in the film.>*

The chemical and physical changes to the film did not necessa-
rily take place at the same time, as inspection of the QCM/IRRAS
and AFM/ellipsometry results have shown. The most dramatic
chemical changes occurred within the first hour of exposure, where
the film thickness and morphology were not drastically altered. As
exposure continued, no new IR absorption peaks were observed,
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and the steady loss of ester side chains resulted in a thinner film, as
shown by the ellipsometry data in Table 1. After prolonged
exposure, the chemical nature of the remaining film was difficult
to discern, but it was clearly no longer PMMA (Figure 3). Almost
all the carbonyl absorption features disappeared, and the remain-
ing absorption features were from V¢ modes, so the film likely
became a branched hydrocarbon film due to photon-induced
volatilization of oxygen-containing functional groups and cross-
linking of the polymer backbones. The film was reduced to about
half its initial thickness, and its surface became very rough. One
possible cause for the increased roughness of the film was phase
separation between the unaltered PMMA and the photolyzed
material.>> Another possibility was that because the films were at
room temperature during the exposure, the mobility of both the
original PMMA and the solid photolysis products would be
low***»** and could not diffuse to fill in any pits formed.**>®
Tabulated T, values for branched hydrocarbon polymers were
337 K for poly(tert-butylethylene) and 326 K for poly-
(3,3-dimethylbutylethylene),** indicating that although T, may
decrease, the T, for the residual film was still likely to be greater
than room temperature. Furthermore, the formation of the
thicker cross-linked chains may result in ridges that run through
the film, appearing as high spots in the AFM images.

3.4. Atomic Oxygen (AO) and VUV/AO Reactions with
PMMA. The change in the mass of PMMA thin films exposed to
gas-phase oxygen atoms (O(°P), Eyuns = 25 kJ mol™ ") were
measured. In addition, PMMA films deposited on the QCM were
exposed sequentially to AO, VUV, as well as to both simulta-
neously, to investigate the existence of any synergistic effect
between VUV and AO. In the range of fluxes we used in this
paper, when the mass loss rates caused by individual exposure
were comparable, the mass loss rate due to simultaneous
exposure to both reagents was found to be less than the sum of
the two processes alone. A similar study of the erosion of FEP
and PMMA? reported that the ablation rate was not enhanced by
coexposure of AO and VUV, but it used much higher energy
(Etrans = 520 kJ mol ') oxygen atoms and an identical VUV
source and determined that hyperthermal AO causes much more
mass loss than VUV or hyperthermal Ar bombardment. Our
study differs in two important ways. First, the prior experiments
used thick polymer samples, so it was possible that bulk processes
overwhelmed any difference in the kinetics of the near-surface
region investigated here. Second, although the average fluxes of
atomic oxygen were about the same, the higher energy experi-
ments employed a pulsed AO source where the individual pulses
were about 2 orders of magnitude more intense than for the
continuous source used here. In both cases, the incident flux of
atomic oxygen (NIO (@) atoms/ cm?) was less than the surface
atom density (*10"° atoms/cm?).

Figure 5D shows the mass change of a 110 nm thick PMMA
film when exposed to gas-phase atomlc oxygen for two different
fluxes of atomic oxygen, 2 2 X 10 * O atoms s % (red line)
and 1 x 10"* O atoms s~ cm ™ ? (blue line). The mass loss rate
due to atomic oxygen was similar in magnitude as VUV and
no induction period was observed. However, rather than the

first-order kinetics observed with VUV, the mass loss was
zeroth order with respect to the PMMA film thickness, consistent
with reaction at the surface. The kinetic model was set up in
eq 10:

d
Rpo = mzil\:MA = — kobs (10)

The integrated rate law is simply:

— kops At (11)

Ampyva =

Because doubling the flux of oxygen atoms doubled the rate
(given by the slopes in Figure SD, dashed black lines), the
reaction was first order with respect to incident atomic oxygen
flux. The observed rate constant, k., was the product of the
incident flux (P ,0), the area of the atomic oxygen beam (Ax0)
on sample, and the actual rate constant for reaction between
oxygen atoms and PMMA (k,0), so eq 11 becomes:

AmpMMA = - kAoAAQcIJAQAt (12)

The value of kxo was found to be (8.82 & 0.26) x 10~ *® ug
per O atom. These results indicate that at initial stage of
oxidation, the reaction occurred exclusively at the vacuum—
polymer interface, the density of reaction sites on the polymer
surface remained nearly constant and significantly larger than the
incident oxygen flux, thus the incident oxygen atoms were the
limiting reagent.

The apparent zeroth order kinetics were the result of
the incident oxygen atoms having sufficient kinetic energy to
abstract hydrogen from PMMA. Based on electronic structure
calculations™ and crossed-beam studies of the reactions of
atomic oxygen atoms with small alkanes,*~*® hydrogen abstrac-
tion was the major process of low energy (<200 kJ mol ™ Y o(CP)
oxidation of hydrocarbons. Mass loss from PMMA by atomic
oxygen was activated by Ei.,,, but the kinetics were non-
exponetial.” Crossed-beam studies® >® showed that the activa-
tion energy for abstraction of primary H was 29 kJ mol ',
secondary H was 19 kJ mol ™', and tertiary H was 14 k] mol .
In the PMMA repeating unit, there are both primary and
secondary hydrogens (Figure 1). The E,,, of the incident O
atoms (25 kJ mol ™ ") was slightly below the threshold energy for
abstraction of primary hydrogens, thus it would be expected that
the reactivity should be dominated by abstraction of secondary
hydrogens from the polymer backbone. The propagated reac-
tions followed the schemes suggested by Lianos, et al,,>® where
radicals were formed on polymer chains after hydrogen abstrac-
tion and further reacted with O(°P) yielding alkoxyradicals, or in
some cases with O, to form peroxyradicals, which lead to
reactions by hydrogen transfer or reorganization.’® These reac-
tions lead to polymer chain scission and mass loss through the
production of small volatile molecules.

The erosion due to the beam was quantified by the erosion yield
(Yg) given by eq 13.%° The erosion yield was the ratio of the mass
loss (Am, ug s ) and the 3Product of the density of the polymer
film (p, 1.17 X 10 pugem ), the incident beam flux (P40, 2.0 X
10" O atoms s ' cm ), and the area of the beam at the sample
(4, 0.28 cm®). This term allowed for comparison of results from
measurements taken under a variety of different conditions.

A
" (13)
ApDy0

From the data in Figure 5D, the erosion yleld of PMMA by the
AO beam was calculated to be 4.20 X 10~ > cm” per oxygen atom.
This was greater than the yleld reported for AO erosion of
PVDF,* which was 2.8 x 10 >* cm® per oxygen atom. This
difference was likely due to a combination of the inherently
greater reactivity of PMMA toward atomic oxygen and the nature
of the atomic oxygen source. The PVDF experiments were

Y =
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Figure 7. QCM measurement during sequential exposures of atomic
oxygen and VUV. A 110 nm thick PMMA film was deposited directly on
the QCM and was sequentially exposed to oxygen atoms (red), VUV
(blue), and both simultaneously (black). The top portion shows the
QCM data directly and the lower plots the rate of mass loss during each
exposure type. The open black squares (0) are the direct sums of the
rates from exposure to either AO or VUV alone, where 0 = 1. The
experimental data (M) yield 0 = 0.9. Conditions are given in the text.

performed with a low energy plasma source with the E.,,s of
oxygen atoms only about 4 kJ mol™ ', whereas the experiments
here used a supersonic beam of O atoms with a higher average
Eprans of 25k mol !, opening more reaction pathways on PMMA.

The significance of any synergistic effects when polymeric
materials were exposed to both UV/VUV and oxygen atoms has
been debated and seems to be highly dependent on the polymer
and the relative energies and fluxes of the reagents.'> Tt is
essential that the relative reactivity from either AO or VUV be
properly balanced to study this effect. If the reactivity from one
reagent overwhelms the contribution from the other, any co-
operative effect would be obscured. A synergistic effect is the
observation of a reaction rate for the combined exposure
different from the sum of the rates measured during the
individual, separate exposures. Experimental studies of atomic
oxygen and UV erosion for several polymeric systems showed
varying results, in some cases the combination enhanced reaction
due to additional bond breal(ing,l’7’8’22’60 but in others either had
little effect or even decreased the erosion rate by increasing cross-
linking of polymer strands,” '"®" and theoretical models were
also inconclusive on this phenomenon.*'* Previous studies have
found that a synergistic acceleration of polymide mass loss
occurred when the relative atomic oxygen flux is low against
VUV flux.>*** In the present study, the relative flux of VUV and
atomic oxygen were controlled by varying the distance between
the sample and the VUV light source and/or reducing the AO
flux from the oxygen beam.

The mass changes for 110 nm thick PMMA films were
measured with the QCM during exposure to AO, VUV, and
both AO and VUV. The top portion of Figure 7 shows the
measured mass changes during sequential exposure to atomic
oxygen (red), VUV (blue), and both at the same time (black).
Varying the order of exposure neither altered the observed mass
loss nor the overall trends, since the VUV and atomic oxygen
fluxes were low, and the sample was still considered as relatively
pristine after these exposures. The lower portion of Figure 7
shows the average rate of mass change for each exposure type:
atomic oxygen reaction (closed red circles), VUV (closed blue

circles), simultaneous exposure to both VUV and AO (closed
black squares), and the direct sum of the individual reaction rates
for exposure to AO and VUV only (open black squares). The
previously determined values of kyyy and ksyo were used to
generate the fit lines shown in the figure for each exposure type.
As shown, simultaneous exposure of the two reagents did not
result in an enhancement of the mass loss rate. Instead, the
reaction rate was lower than the direct sum of the reaction rates
from exposure to each reagent individually, which suggests that
the two reactive processes interfered with each other. A possible
cause for the hindered mass loss in the presence of both oxygen
atoms and VUV was that if VUV photolysis were rapid, there
would be fewer sites for incident oxygen atoms to abstract
hydrogen, effectively shutting off this reactive channel. Instead
of causing mass loss, oxygen atoms may have added to the
photochemical radicals or the remaining polymer. VUV photons
would then cleave these oxidized functionalities in similar ways to
the photolysis of hydroperoxides in polymers.”> As a result,
oxidation combined with UV photolysis reduces the rate of mass
loss from direct VUV photolysis of the PMMA repeating unit or
volatile molecules produced by oxidation.

To quantify the effect of simultaneous exposure on the rate of
mass loss (Rjos), the synergistic efficacy, 0, was determined as
given in eq 14:

dm

Ross = 7
: dt

= O(Rao +Rvuv) (14)

The value of J indicates how AO and VUV act in conjunction.
If 0 were unity, then there would be no synergistic effect, for the
combined reaction rate would be purely additive. For values of
0 > 1 there is positive synergistic effect between the two reagents,
and for values of O < 1 there is a negative synergistic effect. To
determine 0, the expected mass losses for each exposure interval
in Figure 7 were calculated. For a particular time interval, At, the
mass loss was:

Amqcm = 0(—kaoAroPaoAt

where m; was the mass of the film at the start of the exposure, and
Amqcm was the mass loss measured with the QCM in interval
At. The calculated reaction rates if 0 = 1 are plotted in Figure 7 as
open squares and a dotted line. The reaction rates measured
during coexposure are plotted as closed squares in Figure 7, and
comparison of the two data sets clearly show that O was less than
unity. The average value for the five simultaneous intervals was
found to be 0.9, indicating the existence of an inhibitory
synergistic effect between VUV and atomic oxygen reactions
on PMMA.

4. CONCLUSION

The kinetics of the reactions between thin films of PMMA and
VUV and AO were measured with in situ IRRAS, in situ QCM, ex
situ AFM, and ellipsometry. These measurements clearly demon-
strated the capability to detect chemical changes within the polymer
film in real time. The combination of these methods enabled the
determination of the mechanisms of different reactions.

The primary photochemical reaction was ester side chain
photolysis, which followed first order kinetics with respect to
PMMA film thickness. AFM measurements of the PMMA sur-
face morphology showed that VUV exposure roughened the film.

3743 dx.doi.org/10.1021/jp1061368 |J. Phys. Chem. A 2011, 115, 3736-3745



The Journal of Physical Chemistry A

The relative intensities of VUV light and atomic oxygen were
carefully tuned to be on a similar level to study the significance of
synergistic effects under such conditions. Although the rate of
mass loss during simultaneous VUV/oxygen exposure was great-
er than either VUV or atomic oxygen alone, it was less than the
sum of the individual rates, indicating that at these relative fluxes,
a negative synergy exists among the reagents. The kinetics of the
two modification processes indicated the nature of the reactions.
Because VUV light penetrated the entire film, the light interacted
with all the molecules in the film, and the resulting photochem-
istry followed first-order kinetics with respect to film thickness.
For thick PMMA samples, the light would only penetrate into the
near-surface region, and the observed kinetics would not depend
on film thickness. Likewise, for atomic oxygen, the observation of
zeroth-order kinetics with respect to film thickness was the result
of the reaction between AO and PMMA being exclusively a
surface process.

In this paper, we explored the reactivity of atomic oxygen and
VUV light and their combined effects on PMMA thin film. In the
regime of the relative flux of this study, we observed a synergy
leading to a decrease in the mass loss rate of PMMA. Under-
standing the kinetics and dynamics of the reaction chemistry of
this polymer system is not only fundamental to photochemistry
and surface oxidation, but is also important for technical issues
such as plasma processing and the design of spacecraft materials.
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