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Surface modification of polymeric films by VUV light is an efficient method to tailor its prop-
erties and functionality for a variety of applications. Laser irradiation at 157 nm of poly(methyl
methacrylate) (PMMA) thin films deposited on SiO, layer, demonstrates a considerable increase of
surface and bulk swelling during water vapour sorption in comparison to the non irradiated film ar-

c€as.

AFM images of surface morphology of the irradiated areas reveal that surface roughness de-

pends on the irradiation conditions. Besides morphological changes, X-ray photoelectron spectros-
copy (XPS) suggests chemical modification of the irradiated film areas. The enhanced surface
swelling and the chemical modification increases the detection efficiency of water analyte in gas
phase by many orders of magnitude. This method can be used to fabricate a polymer based sensor

array and to engineer its detection efficiency.
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1. Introduction

Polymers are considered as good sensing materials
for a variety of applications [1-5] since they successfully
meet the minimum requirements for fast response, sensi-
tivity, repeatability and chemical selectivity. The defini-
tion of functionalized polymeric areas with different sens-
ing properties is not compatible with standard industrial
processes and is considered as a significant issue. For that
reason, alternative methodologies, such as ink-jet printing,
are usually applied for batch fabrication [6]. In this direc-
tion it has been shown that it is possible to fabricate a
polymer arrays by applying conventional microelectronic
processing steps [7] and this technology has been applied
for the fabrication of gas sensor arrays based on polymer
arrays on interdigitated electrodes [8]. The number of the
areas with different sensing properties on the same sub-
strate could be further increased by engineering of the
already deposited polymer areas. Methodologies applied
so far for the enhancement of detection efficiency and
sensitivity are: a) Argon/Oxygen plasma processing [9] b)
Ion implantation [10] and c) Excimer laser processing
[11].

On the other hand, Vacuum UltraViolet (VUV) expo-
sure (110-175 nm), has been proposed for the processing,
functionalization and modification of the polymeric sur-
faces [12-14]. Chemical surface modification strongly
depends on the VUV irradiation conditions, such as
wavelength, intensity, energy and fluence of the light
source and the ambient conditions. VUV irradiation alters
the polymers structure by forming new radicals, which
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either further react with the ambient molecules such as
oxygen followed by surface oxidation, or they recombine
to form new stable intermediate bonds inside the poly-
meric chain, up to a certain depth from the surface, speci-
fied by the penetration depth of the VUV photons. The
photo induced changes in the VUV in one hand, modulate
the physical/ chemical functionality of the polymeric sur-
faces such as hydrophilicity, wetability, or biocompatibil-
ity and on the other hand, lead to surface modification
with nano- resolution. In addition, modification of chemi-
cal composition and roughness of the irradiated part of
the organic films is achieved, enhancing thus the surface-
probe binding strength and the detection sensitivity in a
predetermined way.

In this work, poly(methyl methacrylate) (PMMA) thin
films are irradiated with laser light at 157 nm with the
aim to enhance humidity detection sensitivity. The poly-
mer modification due to VUV irradiation is responsible
for large film thickness variation (swelling) during sorp-
tion of the analyte vapors. The swelling was monitored
by the White Light Reflectance Spectroscopy (WLRS)
methodology [15], successfully applied previously to
measure the interaction kinetics of thin polymer films in a
variety of applications [16, 17]. It was found that film
swelling and thus detection sensitivity is increasing sig-
nificantly (400%), when the PMMA films were processed
at 157 nm. The unprocessed and processed PMMA films
were further analyzed by XPS and AFM imaging. It was
found that 157 nm irradiation forms new double carbon
and carbonyl bonds and reduces accompanied by the re-
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duction of carbon hydrogen bonding and subsequent car-
bonization. In addition, morphological changes of the
polymer’s surface in the nano/micro domain were ob-
served increasing thus the film’s porosity. The average
size distribution in the nano/micro domain was dependent
on the total laser fluence. Above threshold fluence, the
relative volume expansion is non-linearly due to exces-
sive carbonization of the polymer surface, which changes
the surface morphology and structure. 157 nm laser
treatment forms the basis to engineer a novel class of
polymer sensor arrays with enhanced detection efficiency.

2. Experimental setup

PMMA with M,,=120K (Sigma-Aldrich) was selected,

because PMMA with low molecular weights cannot with-
stand post exposure processing. The solution was pre-
pared from PMMA polymer (6% w/w) in propyl glycol
mether ether acetate (PGMEA) after 96 hours stirring and
subsequent filtering. The substrates used were Si wafers,
with 1 pm thick thermally grown SiO, layer (1100 °C,
200 min, and wet oxidation). The solution was spin
coated on the SiO, layers and further baked on a hot plate
at 160 °C for 60 min. The initial PMMA film thickness
was ~220 nm. The set-up used for the monitoring of the
film thickness variations due to water sorption, consists
of the WLRS apparatus, a delivering subsystem for con-
trolling the concentration of analytes and the working
chamber where the sample films were placed. The WLRS
methodology is based on the use of reflectance spectrum
to calculate in real time the film thickness of the top layer
(PMMA film in the present case). The thick SiO, layer
provides the necessary interference fringes in the spec-
trum range monitored for accurate measurement of the
temporal PMMA film thickness changes due to the ab-
sorption of analytes. The detection limit of thickness
changes with the WLRS methodology is 0.2nm.
Dry high purity nitrogen flow was used in the analyte-
delivering unit. Initially it was split into two parts, the
carrier and the diluting part, by of two mass flow control-
lers. The carrier was bubbled through the compounds of
interest and subsequently they mixed with the diluting
part to achieve the required concentration level in the
working chamber. The chamber volume was ~150 ml and
the gas flow 1000 ml/min. The temperature in the gas
delivering subsystem and in the working chamber was
kept constant at 30 +/- 0.5°C.

The experimental set-up for VUV exposure of the poly-
meric films consisted from the 157 nm molecular fluorine
laser, (Lambda Physik, LPF 200), the all stainless steel
vacuum chamber containing the computer-controlled X-
Y-Z-6 translation stage where the polymer substrates
were placed [18]. During the exposure procedure care
was taken to avoid stray light falling on the chamber
walls and on the components of the translation stage.
The chamber was purged with high purity nitrogen. The
nitrogen flow was controlled during the experiment and
the ambient pressure was kept at 10° Pascal. The irradia-
tion of the samples was performed at room temperature.
The laser repetition rate was 15 Hz and the pulse duration
was 15 ns at FWHM and the energy per pulse was ad-
justed at 5 mJ/cm”. Samples have been irradiated at dif-
ferent fluence.
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AFM imaging of the surface morphology of both non-
irradiated and irradiated areas was performed using a
“Quesant - Qscope 250". The AFM was equipped with a
40-um Dual PZT scanner. Imaging was carried out with
the NSC16 silicon cantilever. High-resolution images of
the film surfaces were obtained at different scanning ar-
eas at a maximum scanning rate of 6 Hz and with image
resolution 600x600 pixels. All AFM images were ac-
quired in ambient conditions in intermittent contact mode.

The X-ray photoelectron spectroscopy (XPS or ESCA)
analyses were carried out on the PHI-TFA XPS spec-
trometer (Physical Electronics Inc). The analyzed area
was 0.4 mm in diameter and the analyzed depth was
about 3 - 5 nm. Sample surfaces were excited by X-ray
radiation from monochromatic Al source at photon en-
ergy of 1486.6 eV. High-energy resolution spectra C 1s
and O 1s were acquired with energy resolution of about
0.6 eV with an analyzer pass energy of 29 eV on the sur-
faces of PMMA films in order to reveal binding energies
of XPS peaks associated with different chemical states of
elements. Due to sample charging the acquired XPS spec-
tra were shifted by few eV on the energy scale. This ef-
fect was minimized by use of low-energy electron gun —
neutralizer. In addition during data processing all C 1s
spectra were aligned by setting the major C 1s peak at
285.0 eV, what is common procedure for XPS analysis
on polymer films [13, 19] ( The accuracy of binding en-
ergies was about + 0.3 eV).
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Fig. 1a C 1s XPS spectrum from the surface of the non-
irradiated PMMA areas.

3. Results and Discussion

The photochemical effects following laser exposure of
PMMA surfaces at 157 nm were investigated with XPS
spectroscopy and AFM imaging and results are compared
with previous studies of the same material using absorp-
tion VUV and UV spectroscopy [20-21]. Scission of
polymeric bonds at 157 nm is followed by formation of
new bonding. Additional processes such as stacking of
photo dissociated moieties on the surface, formation of
pillars, self assembly, volume or surface ablation, etc,
[22] are tailoring further the surface functionality. The
processes show such a degree of complexity, exhibiting
spot size dependence [23].

From previous VUV —Vis absorbance studies the ab-
sorption bands below 160 nm were attributed to the o
—o* transitions of the C-C and C-H bonds, while the
absorption band from around 180 nm was attributed to
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the 1 —m* transitions in the polymer chain [24,25]. The
low intensity band around 275 nm is due to the n— c*
transitions, and the band from 230 to 200 nm, is attrib-
uted to the n— = * transitions of carbonyl chromophore
groups [24]. In addition, the most typical absorption band
for carbonyl compounds is spanning the wavelength
range from 270 to 300 nm [25]. The spin coated PMMA
samples on CaF, substrates were irradiated at 157 nm
[26]. The most pronounced differences appears in the
absorption spectra from 180 to 270 nm. The formation of
carbon C=C double bonds in the main molecular chain
and the formation of C=0O groups in the side chains are
the main changes recorded in the polymeric chain. Addi-
tionally, cross linking reactions are expected to take place
after recombination of radicals following 157 nm expo-
sure from the appearance of new bands [25]. The new
chemical species are distributed on the surface of the
PMMA polymer as deep as the penetration depth allows,
(~500 nm in this experiment). Furthermore, the edge of
the C-H absorption band was placed at 165 nm [27]. Af-
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Fig. 1b O 1s XPS spectrum from the surface of the non-
irradiated PMMA areas.

ter the exposure at 157 nm, those bands are disappearing
due to molecular photo-dissociation. The hydrogen of the
main chain was dissociated and the structural changing
was accompanied by free radical formation and cross
linking (C-O-C bonding) as it is verified by the 190-200
nm absorption band [26].

Using XPS analysis, the changes on the chemical struc-
ture induced by irradiation at 157 nm was further investi-
gated. In Fig. la the C Is XPS spectra from the surface
of the initial non-irradiated sample is indicated. The C 1s
peak of was decomposed by curve fitting into three com-
ponents: the component at 285.0 eV corresponding to C-
C and C-H bonds, the component at 286.5 eV corre-
sponding to C-O bonds and the component at 288.9 eV
corresponding to O-C=0 bonds being in agreement with
previously reported positions [13]. The O 1s peak Fig. 1b
was decomposed, by curve fitting, into two components
almost equal to each other components, the component at
532.1 eV corresponding to C=0O bonds and the compo-
nent at 533.6 eV corresponding to C-O bonds of the
C=0-C of the PMMA unit.

In Fig. 2a a typical C s spectrum from the illuminated
area of the sample at 157 nm is indicated. The sample
was irradiated with 16.2 J/em?® total fluence (6 mJ/cm?
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pp). Comparing the C 1s spectra, of the non-
irradiated/irradiated areas, the relative intensities of the
C-O and C=0 groups were significantly reduced after
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Fig. 2a C 1s XPS spectrum of the 157 nm irradiated area with
16.2 J/cm? total laser fluence (6 mJ/cm? pp).

157 nm laser irradiation, while the relative intensity of
the C-C and C-H groups in the same spectra were higher.

The peak increment can be attributed to cross-linking
reactions and the formation of new C-C bonds. However
since the XPS is unable to distinguish between the C-H,
C-C and C=C bonds is not possible to identify the type of
bonding. On the other hand from absorption measure-
ments of [26], the C-H bonding disappears after irradia-
tion. Therefore double bonding and cross linking reaction
paths are following VUV irradiation. Furthermore the
irradiation at 157 nm is accompanied by the loss of oxy-
gen from the polymeric chain as it is confirmed by the
decrease of the intensity of the respective peaks. The
above results support the argument that under 157nm
irradiation, the PMMA surface became carbon-rich and
eventually it is expected to be hydrophobic as it has dem-
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Fig.

J/em?® total laser fluence (6 mJ/ecm® pp).

onstrated in a series of previous experiments using VUV
and UV absorption spectroscopy [26]. In Fig 2b the O 1 s
spectra of the same irradiated area can be seen.

After fitting the relative intensities of two peaks is differ-
ent with the peak corresponding to C=0O group to be
higher than the one of the C-O group.

Smoothing of surfaces and development of regular
structures with different physicochemical properties than
the parent non-irradiated molecules regarding hydropho-
bicity and bio-compatibility, have been observed previ-
ously following VUV irradiation [28]. For revealing the
mechanism of the 157 nm surface functionalization, the

2b O 1s XPS spectrum of the 157 nm irradiated area with 16.2
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Fig. 3 AFM image of a non irradiated area of the PMMA
film. The Z,, value is ~ 2.2 nm.

surface morphology of the non-exposed /exposed areas
was imaged with AFM. Surface induced changes on
polymers induced by VUV light in the nanoscale were
imaged previously by AFM [13,29,30]. In this experi-
ment, the typical surface roughness of the non-irradiated
areas (3 pm X 3 um, AFM scanned area), was ~ 2.2 nm,
Fig. 3. Following exposure with total fluence 0.27 J/cm?,
0.1 mJ/cm® pp, the surface morphology of PMMA was
changed significantly and distinct self assembled like

Fig. 4 AFM image of the PMMA film following 157 nm irra-
diation with 0.27 J/em? total laser fluence. The Z,, value is
3.22 nm.

structures, 3 nm high and 100 nm wide were formed over
the exposed area (3 pm X 3um AFM scanned area), Fig.
4.

By further increasing the exposing time, Fig.5, the sur-
face roughness over a 3 pm X 3 pm AFM scanned area
was increased to ~ 12 nm. In addition the surface mor-
phology indicates a high degree of organization as it can
be seen on the 2D AFM image of Fig.6 where the dis-
tance between the vertical lines is 116 nm. The surface
roughness histograms (z-direction) of non-exposed and
exposed areas for a 3 um X 3 pm are indicated in Fig.7.
For the non-irradiated areas the surface roughness distri-
bution is symmetric ~ 2 nm. The average surface rough-
ness was increased to 3.2 nm and 12 nm respectively at
higher irradiation fluence, Table 1. Z,,. is the average of
the Z values within the given area; R, (root mean square)
is the standard deviation of the height values; Rp is the
maximum height of the profile roughness above the
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mean plane; Rv is the lowest point bellow the mean im-
age plane; Rt is the sum total of the maximum peak and
maximum valley measurements. The surface parameters
are increasing with increasing fluence. The scanned area
was 3um X 3um. The results suggest that significant

Fig. 5 AFM image of the PMMA film following 157 nm irra-
diation with 0.54 J/cm? total laser fluence. The Z,, value is
11.7 nm. The Z,, value is increasing at higher fluence.

morphological changes of the surface are induced with
increasing the number of laser pulses at low laser fluence
per pulse and at the same time the active surface area
(porosity) of the polymeric material increases as well. At
157 nm, polymers are ablated only through photo chemi-
cal dissociation.

Film thickness variation of PMMA due to sorption (ab-
sorption / desorption) at different water (vapor) concen-
trations of (1000, 5000 and 10000 ppm) for the non-
irradiated sample is indicated in Fig. 8. Following the
experimental procedure, described above, the thickness
variation of PMMA films of irradiated/ non-irradiated
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Fig. 6 2D AFM image of the PMMA film following 157 nm
irradiation with 0.54 J/cm? total laser fluence. The average
size of the self -assembled structures is 116nm.

areas due to humidity sorption was measured at different
concentrations of 1000, 5000 and 10000 ppm respectively.
The thickness variation of an exposed area (dynamic
measurement) due to the sorption at different concentra-
tions of humidity is indicated in Fig.9. The extend of the
film swelling depends on the humidity concentration and
the transition of the thickness variation from nitrogen
(background) to the equilibrium under humidity is taking
place within 90 sec in the case of 1000 ppm. When the
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Table 1. Surface parameters of the irradiated areas at differ-
ent irradiation fluence obtained by the analysis of the AFM

images.
0.00 J/em”  0.27 J/em’ 0.54 J/em’
Z 4ve (Nm) 2.2 3.2 11.7
Rq (nm) 0.2 0.5 2.6
Rp (nm) 1.5 2.3 12.5
Rv (nm) 2.2 32 11.7
Rt (hm) 2.9 5.9 2.0

chamber was filled again with nitrogen, the water was
desorbed from the PMMA film and the film thickness
was attained the same value as prior to absorption. Thus
the water molecules are fully desorbed from that particu-
lar polymer, indicating a weak polar bonding between the
water and the polymer’s chemical groups.

(B Height st x A Y8431 pts B Height Hist e 200m Y 2424pts

Fig. 7 Height histogram for a scan area of 3 um X 3 pum. The left

histogram is for the non irradiated area, and the Z,, value is 2.2 nm.

The right histogram is for the irradiated area with total fluence of
0.54 J/cm?. The Z,, value in this case is 11.7 nm.

The thickness variation after exposure at 22.55 J/cm? for
various concentrations of water vapors (1000, 5000,
10000 ppm) is illustrated in Fig. 10. The film thickness of
the irradiated sample was ~129 nm corresponding to a

non irradiated
2262 10000 ppm H.O
N 2

226,0 4

5000 ppm H,0
N\

597 1000{;::“ H,0

225,64

22544

Thickness (nm)

22524

225,04

224,84

45 50 55 60 65 70 75 80
Time (min)
Fig. 8 Increment of film thickness of PMMA due to sorption
(absorption / desorption) with different concentrations of
water (vapor) (1000, 5000 and 10000 ppm) for the non-
irradiated sample.

significant film thickness loss due to surface and volume
ablation following VUV irradiation [27]. The absorption
of water molecules within the polymer film is responsible
for film thickness variation higher than of the non-
irradiated samples. The time to reach equilibrium (1000
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ppm), was estimated to be approximately 60 sec, while
the desorption time was significantly longer (~240 sec).

Due to the thickness differences of the irradiated / non-
irradiated samples, the sorption efficiency should be
normalized and the relative film thickness variation

L L L L L L L L '
1314 iiradiated at 157 nm
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Fig. 9 Increment of film thickness of PMMA due to sorp-

tion (absorption / desorption) with different concentrations

of water (vapor) (1000, 5000 and 10000 ppm) for the 157
nm irradiated sample (13.5 J/cm?).

(swelling) at equilibrium AL/L,, depends on the analyte’s
concentration. Ly is the polymer’s film thickness prior to
sorption and AL is the increment of polymer film thick-
ness after sorption. The relative swelling values AL/L, of

0,025 . " ; ; :
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00204 A 225 Jiem® i
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]
B3 | |
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Fig. 10 Relative swelling values of PMMA for irradiated samples
at different 157 nm exposure doses (4.5, 13.5, 22.5, 45, 67.5
J/em?) for water vapors. The relative swelling of the non-
irradiated samples is indicated as well for comparison.

the polymeric films at equilibrium at high laser fluence,
of 4.5, 22.5, and 67.5 J/em® respectively and the relative
swelling of the non-irradiated samples for water vapors is
indicated in Fig. 10. For all the experimental cases, the
swelling of the exposed samples was higher than of the
non- irradiated ones. However, the relative swelling did
not increased monotonically at higher fluence, a fact,
which indicates that saturation is obtained due to satura-
tion in film carbonization. The highest relative swelling
value was observed for 67.5 J/cm’. However at higher
laser fluence the film surface morphology consists of
areas with micro and nano- domain, in the X-Y direction,
Fig. 11, but in this case the surface roughness does not
increase significantly.

With the above experimental configuration, the chemical
selectivity of water and methanol is of the same order of
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magnitude. However, ethanol has 30 times higher selec-
tivity than methanol and water [26].

Fig.11 AFM image of the PMMA film following 157 nm

irradiation with 67 J/em? total laser fluence. Morphological

changes are in the micro and nano domain having different
shapes. The Z,, value is 11.7 nm.

Conclusions

PMMA thin films were processed with laser light at 157
nm. The irradiated films indicated enhanced swelling
during water vapor absorption in comparison to the swell-
ing of the non-irradiated films. The higher swelling was
due to surface chemical modification and porosity incre-
ment following laser treatment. XPS and AFM imaging
indicate enhanced carbonization and porosity of the illu-
minating areas. The irradiated polymer becomes more
hydrophobic causing relatively higher swelling in com-
parison to the non-irradiated areas.
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