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Silver and gold island films have been evaporated onto various polymer 
surfaces; the samples were characterized by surface-enhanced Raman 
spectroscopy (SERS), UV-visible spectroscopy, and x-ray photoelectron 
spectroscopy (XPS). Among the series of investigated polymers, the 
SERS spectra recorded on stretched polyethylene-terephthalate (PET) 
foils are unique with respect to resolution and intensity; the signal strengths 
are comparable to those observed in enhanced resonance Raman scat- 
tering. This exceptional behavior is attributed to the semicrystalline 
nature of the investigated material, and to the preferred interaction of 
the deposited silver with carbonyl groups of the polymer. The formation 
of a metal/polymer bond was established by the observation of corre- 
sponding bands in the XPS spectrum. Upon melting or amorphization 
of PET, the SERS intensities are reduced; this result is attributed to a 
decrease in the metal/polymer bond strength, due to changes in orien- 
tation of the phenyl rings and of the carbonyl groups on the polymer 
surface. The PET surfaces have been modified by excimer laser irra- 
diation at the wavelengths of 308 and 248 nm. The characteristic laser- 
induced structuring of the surface, as revealed by scanning electron 
microscopy, is related to the biaxial stretching applied during production 
of the PET foils, and has been studied for various orientations of the 
samples and different laser fluences. As a consequence of irradiation, a 
loss of oxygen is detected by a decrease of the C ls XPS bands assigned 
to carbon atoms with singly or doubly bound oxygen, and by an overall 
decrease of the oxygen-to-carbon ratio. The surface polarity is observed 
to decrease, as accompanied by a red shift of the absorption maximum 
for silver island films deposited onto the irradiated surfaces. SERS spec- 
tra recorded on these samples are weaker in intensity, as compared to 
those recorded on untreated PET foils. This decrease is interpreted in 
terms of partial amorphization of the sample accompanied by polymer 
reorientation, loss of the preferred anchoring sites for nucleation of silver 
islands, and changes in the surface structure and morphology. 

Index Headings: Polymers, surface analysis; Silver island films, polymer 
decoration; Contact angle measurements; Raman spectroscopy; Surface 
analysis, UV-visible spectroscopy; Laser surface modification of poly- 
mers; Surface-enhanced Raman scattering (SERS) of polymers; Scan- 
ning electron microscopy (SEM) of polymers; X-ray photoelectron spec- 
troscopy (XPS) of polymers. 

INTRODUCTION 

Applications of surface-enhanced Raman scattering 
(SERS)i 6 to polymers have proceeded along either path 
of two complementary routes. In the first approach, aimed 
at studying properties of the individual polymer mole- 
cules, macromolecules are adsorbed from solution onto 
silver electrodes, 7-9 colloids, 1°,11 or island films. 12,13 In the 
second class of investigations, which focuses on the spe- 
cific properties of polymer surfaces, a silver island film 
is deposited on top of the solid polymer sample of in- 
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terest. This "silver decoration technique" is the subject 
of the present study. 

In an early investigation, 14 a polystyrene layer was de- 
posited onto a silicon substrate by spin coating, and dec- 
orated by thermal evaporation of 4 nm of silver. In the 
resulting spectra, bands due to graphitic carbon were 
observed between 1200 and 1600 cm-' .  The appearance 
of graphitized product was attributed to a silver-cata- 
lyzed photo-oxidation of the polymer during the mea- 
surement. '~ In a step to avoid this degradation, the poly- 
mer to be investigated was overcoated with a second thin 
polymer film. '3,~ Various carbon materials have been 
characterized by Ag island film deposition and SERS 
measurements by Ishida e t  a l .  1~ 

A related study '7 used the deposition of a silver island 
film onto an ATR prism to enhance the sensitivity of 
FT-IR/ATR detection of polysiloxane and polycarbonate 
overlayers on polyethylene-terephthalate (PET) foils. 
Applications of silver decoration techniques for the SERS 
detection of adsorbates on inorganic substrates include 
the work of Mo e t  al .  is and of Van Duyne e t  al .  19 on GaAs 
and silicon, and of Kaul e t  al .  2° on derivatized SnO2. 

Besides the analytical applications mentioned so far, 
the metallization of polymers is, of course, of high im- 
portance in materials science and in information tech- 
nology. An overview on the use of metal layers on poly- 
mers for information storage has been given in Ref. 21. 
For example, in the fabrication of polymer-supported 
thin metallic films in video tapes, UV laser treatment 
has been used to enhance the adhesion, which determines 
the lifetime of the product? 2 Micrometer resolution has 
been reported for the ablation of thin metallic films on 
polymers with the use of a XeCl* excimer laser? 3 Laser- 
induced desorption of metal from metallized polymers 
has been achieved with single pulses at wavelengths of 
193, 248, or 351 nm, e.g., for aluminum on PET? 4 De- 
pending on laser fluence, the ablation process either af- 
fects only the metal overlayer or comprises underlying 
polymer layers in addition. 

In a study of aluminum deposition on PET, Sylvain 
e t  a l .  25,26 have concluded that  the first layer of the metal 
contacting the polymer is fully oxidized. This factor is a 
consequence of the high heat of formation of aluminum 
oxide (-1650 kJ mol-1), and appears to be a general 
result. In an XPS study of copper on PET, Chtaib e t  
a l .  27 obtained evidence for a Cu-O-C bond, as will be 
discussed below in comparison with our results with de- 
posited silver. 

In the present report, several polymers are compared 
with regard to the quality of spectra obtained with the 
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use of the silver decoration technique. High-sensitivity 
spectra are recorded on P E T  foils. The status of the 
surface is probed before and after excimer laser treat- 
ment. Changes are interpreted by using results from con- 
tact angle measurements, electron micrographs of the 
irradiated surfaces, x-ray photoelectron (XPS), and UV 
spectroscopy. 

This information is relevant in view of recent laser 
ablation and UV treatment  studies of P E T  surfaces. In 
particular, diverging results have been reported in the 
literature regarding the changes in surface oxygen con- 
centration as a consequence of UV treatment.  Upon ir- 
radiation at 185 nm with a Hg lamp, an increase of sur- 
face oxygen was detected by XPS. 28,29 In contrast, upon 
irradiation with a single excimer laser pulse at 193 nm 
(of 100 or 450 mJ cm -2 fluence), a reduction of the surface 
oxygen content was observed with the same tech- 
niqueY ,29 In a more extensive exposure to 100 pulses at 
193 nm, Chtaib e t  a l 2  ° found the oxygen signal to de- 
crease at fluences between 5 and 20 mJ cm -2 per pulse; 
and oxygen increase was observed in the fluence range 
from 20 to 50 mJ cm -2, whereas at even higher fluences 
the Ols signal resembled the one of the fresh PET  sur- 
face. 

For 248-nm irradiation with a single pulse of 145 mJ 
cm 2 fluence, reduction of oxygen and loss of CO and 
CO2 was detected by ATR/FT-IR.  31 In contrast, Bahners 
e t  al22 report an XPS-observed increase in the C=O 
signal subsequent to exposure of P E T  to 100 pulses of 
90 mJ cm 2 fluence at 248 nm. 

Dyer e t  al. ~ have studied the products desorbing upon 
t reatment  of P E T  at the XeCl* excimer laser wavelength 
of 308 nm. Below the threshold for ablation (which 
amounts to 170 mJ cm 2 at 308 nm and to 30 mJ cm -2 
at 248 nm), they detected small quantities of desorbing 
CO and traces of CO2, but no benzene. Above threshold, 
a prominent loss of C=O and, in addition, significant 
amounts of CO2 and benzene have been detected23 

For irradiation of P E T  with one pulse of 180 mJ cm -2 
fluence, a surface temperature of ~2000 K has been cal- 
culated24 While the virgin surface of P E T  foils exhibits 
glass-like smoothness, a controlled roughening has been 
observed as a consequence of 193-nm and 248-nm irra- 
diation. The morphology of the created structures has 
been related to the stretching direction and the degree 
of crystallinity) 5 After laser treatment,  a broadening of 
the XPS core-level signals (C ls and O ls) due to cross- 
linking or roughening of the surface is observed as a 
general feature26 

EXPERIMENTAL 

The P E T  foils (of 250, 100, 23, 12, and 6 #m thickness) 
were purchased from Goodfellow, and were used without 
further purification. The foils are biaxially oriented ac- 
cording to the manufacturer 's specifications. 

Samples were irradiated with the use of pulses from 
either of two excimer laser systems (Lambda Physik). 
Pulses of 100 mJ energy and 20 ns duration at 308 nm 
from a XeCl* laser (Model LPX 120i) were delivered to 
the sample at rates of 2 Hz (10 or 100 pulses) or 10 Hz 
(1000 pulses) in ambient atmosphere. In other experi- 
ments, samples were irradiated at a rate of 2 Hz with 

100 pulses of 50-mJ energy and 25-ns duration at 248 
nm, derived from a KrF* laser (Model LPX 105e). 

Silver (99.99% purity) for the preparation of island 
films was purchased from Balzers. Silver island films of 
5 nm mass thickness were prepared by slow thermal 
evaporation (0.3-0.6 nm/min) onto the polymer sheets 
in a bell jar chamber (Balzers, Model BA 360, vacuum 3 
× 10 -6 mbar). The average mass thickness (mass per 
area) of the film and rate of silver deposition were mea- 
sured with a 6-MHz quartz crystal microbalance (film 
thickness monitor, Balzers, Model QSG 301). 

IR spectra were recorded on an FT-IR instrument (Per- 
kin-Elmer, Model 1605). With the thinnest P E T  foils (6 
#m thickness), spectra were recorded in transmission. 
Alternatively, the material was diluted by the silicon 
carbide sampling technique; the polymer surface was 
abraded with a silicon carbide substrate (LOT), and the 
latter placed into a diffuse reflectance cell (Spectra-Tech). 
Typically, 150 scans have been coadded for each spec- 
t rum at a resolution of 4 cm -1. 

For normal Raman scattering, the polymers were ex- 
cited by the 530.9-nm line of a krypton-ion laser, with 
the use of 13 mW of power. Raman signals were dispersed 
in a triple spectrograph (SPEX, Model 1877A), and de- 
tected with an optical multichannel analyzer based on a 
cooled photodiode array. The resolution of the triple 
spectrograph was set at 6.0 cm -1. Signal accumulation 
times on the diode array were adjusted between 40 and 
100 s, depending on signal strength; 10 to 20 exposures 
were accumulated for each spectrum. In the SERS mea- 
surements, 1.6 mW of power was focused onto a 150-#m- 
diameter circular spot. As these experiments were carried 
out in ambient atmosphere, we expect the outer surface 
of the silver islands to be covered by oxygen. 

UV-visible spectra of the silver island films on the 
polymers were recorded in transmission on a Perkin- 
Elmer instrument (Model Lambda 19). Contact angle 
measurements were performed on a Krfiss instrument 
(Model G40) with the use of ethylene glycol and water 
as the test fluids. 

XPS experiments were performed on a Leybold in- 
s trument equipped with a 200-mm hemispherical ana- 
lyzer (Model EA 11); the pass energy was set to 50 eV. 
A Mg K, source (operating conditions: 10 kV, 10 mA) 
has been used for excitation. 

RESULTS 

Raman Measurements on Untreated PET Foils. The 
Raman spectrum of a P E T  sample of 100 #m thickness 
is shown in the bottom trace of Fig. 1. Upon recording 
of the spectra from P E T  foils of different thicknesses, a 
perturbing fluorescence background was observed, the 
intensity of which increased with sample thickness. The 
best signal-to-noise ratio was therefore obtained for the 
6-gm film; Raman signals could no longer be discerned 
on top of the fluorescence background for the 250-#m- 
thick sample. All Raman bands were assigned in agree- 
ment with the literature 37~° and are compiled in Table I. 

SERS of PET Decorated with Silver and Gold Island 
Films. Upon deposition of a silver island film (5 nm mass 
thickness) onto the P E T  surface, the fluorescence back- 
ground is completely quenched, in agreement with the 
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FIG. 1. R a m a n  spect ra  f rom polye thy lene- te reph tha la te  (PET).  Bot-  
tom: normal  R a m a n  s pec t rum from 100-urn-thick foil; middle: SERS 
spec t rum from 6-urn-thick foil decorated with silver is land film re- 
corded in ambien t  a tmosphere ;  top: SERS spec t rum from mol ten  250- 
urn- thick foil wi th  silver islands.  In tens i t ies  recorded on the  diode array 
mul t i channe l  detector  (in least  s ignificant  bits, LSB) are normal ized 
with respect  to exci tat ion power at  530.9 n m  (in roW) and  integrat ion 
t ime (in s); detai ls  are given in the  Exper imen ta l  section. 

accepted model for the electromagnetic enhancement 
mechanism. 41 As a consequence, it was possible to record 
SERS spectra from silver-decorated foils of all available 
thicknesses. Remarkably, the signal intensity was inde- 
pendent of sample thickness, as shown in Fig. 2. This 
observation demonstrates that the SERS spectrum pre- 
dominantly originates from the enhanced signals gen- 
erated in the surface region of the polymer. 

The normal Raman spectrum from a 100-ttm-thick PET 
sheet is compared with the SERS spectrum from a 6-tim 
foil in Fig. 1. The intensity enhancement becomes ob- 
vious upon observation of the calibration bars. New bands 
appearing in the SERS spectrum are assigned to IR- 
active PET modes, which acquire Raman activity due to 
the modified selection rules relevant for SERS. Some of 
the Raman-active vibrations observed in the normal 
spectrum (bottom) are missing in the SERS spectrum 
(middle trace). 

Particularly noteworthy is the absence of the C=O 
stretching band at 1727 cm-L The latter effect might be 
explained in terms of SERS selection rules 42 if the C=O 
group were oriented parallel to the surface, which would 
result in weak or no enhancement. As a second hypoth- 
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Fro. 2. SERS spect ra  f rom si lver-decorated P E T  foils of var ious  thick- 
nesses,  as indicated in the  figure. Spect ra  were excited with the  use  of 
1.6 m W  of laser power a t  530.9 nm,  The  calibrat ion bar  corresponds  
t o l 0 0 L S B m W  ' s - L  

esis, we consider the formation of a C-=:O.-.Ag bond, 
which would cause a substantial downshift of the C=O 
stretching frequency into the spectral range of C-C 
stretches, as has been previously observed for polyvinyl 
acetate by Lee and Meisel. 1° A decision between these 
possibilities from the SERS spectrum alone is not pos- 
sible. However, definite evidence for the existence of the 
silver/oxygen bond is obtained from XPS, as described 
below. 

In an effort to demonstrate that  the disappearance of 
the C=O stretching band is due to a frequency downshift, 
and to identify its shifted position, we have attempted 
to record SERS spectra from PET foils decorated with 
gold island films of 5 nm mass thickness, using 647-nm 
excitation. In case of formation of a C-==O...Ag bond, 
one would expect a different frequency shift of the C=O 
oscillator, and hence the reappearance of the band at a 
different position in the spectrum. Unfortunately, no en- 
hancement of the Raman signals was observed for PET 
foils with gold island films. This observation may be 
correlated with the intrinsic instability of gold oxides, as 
expressed by a positive heat of formation. 

Silver Decoration of Other Polymer Surfaces. To assess 
the potential of the silver decoration technique as a gen- 
eral tool for the characterization of polymer surfaces, we 
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TABLE I. Vibrational frequencies observed in IR, Raman, and SERS spectra." 

R a m a n  h Raman"  (int.) SERS" (int.) IR" IR ~ A s s i g n m e n t  b 
(cm-~) (cm-])  (a.u.) (cm -~) (a.u.) (em-~) (cm-~) s y m m e t r y  

1727 s 1728 (16.2) 1724 vs 1724 vs C=O s t  A~, IR: B,  

1613 vs 1615 (31.1) 1607 (469) 1613 vw 1612 vw C=C st, ring, A, 
1578 (1.0) 1557 (13) 1579 vw 1578 m C-C st, ring, B3~ 

1497 (32) 1510 w 1503 m C-C st, ring, B1, 

1458 vw 1456 (2.1) 1455 m 1453 m Ra: CH def, glycoP main ly  
amorphous ;  IR: CH= 
bend,  A, + B, 

1414 w 1417 (1.7) 1403 (70) 1414 m 1409 s C-C st,  ring, B2. 
1392 (70) 1405 w C-OH def, 

end  groups  3s 

1374 vw 1381 (1.0) 1359 (35) 1375 vw 1372 w CH2 wag, Ag 
1337 (0.6) 1343 m 1338 m CH2 wag, B,  

1290/ 1293 (2.9) 1278 (8) 1290- 1287/ Complex:  
1286 vs 1286 (10.6) 1235 (14) 1240 vs 1239 vs ring and  O-C s t  

1183 vw 1188 (2.6) 1180 (12) 1173 w 1175 w CH in-plane bend,  
1177 (1.7) ring Ag 

1134 (0.6) 1131 (101) 1133 - 
1090 vs Complex:  

1118 m 1118 (2.7) 1124 vs CH in-p lane  bend,  
1097 m 1096 (4.4) 1096 vs B2,, + C-O st, B.  

~1000  vw 1010 (0.9) 1039 w 1037 w C-C st, glycol, A~ 
997 (1.0) 1018 s CH in-plane bend,  

ring, B=. 
886 w 884 (0.2) 894 vw, 896 vw CHz rock, glycol 

sh  A,,  a m o r p h o u s  

857 s 859 (8.5) 858 (179) 847 w 846 vw C-C brea th ing ,  A~ 
851 (27) 

823 (0.8) 811 (15) 

796 w 796 (1.5) 794 (4) 791 w 794 w CH out-of-plane,  ring; 
Ra: B~.; IR: B2, 

746 (7) 727 vs 730 s C-C in-plane bend  ring, 
B2., and  CH out-of-  
plane,  ring, B3, 

704 vw 703 (1.5) 703 (36) C-C-C out-of-plane,  
ring, B2e 

669 (0.4) 680 (4) 669 vw C-C-C out-of-plane,  
B3g 38 

641 (6) C=O def, 
B3~ 38 

632 s 632 (8.7) 633 (7) 630 vw 632 vw Ra: C-C-C in-p lane  bend,  
ring, B3~.; 1R: C = O  wag 
Sa. 3a 

561 (2) 566 m 
520 (4) 520 m 522 sh  C=O delta,  B~. "s 
455 (4) 437 m C-O-C bend  
385 (73) 382 s CH def  out -of -p lane  

ring, B3. 
360 (11) 

" Note: s = strong; vs = very strong; vw = very weak; m = med ium;  w 
h References  37-40. 
' Th i s  work. 
" O-CH~-CH2-O f ragment .  

have carried out analogous experiments with other poly- 
mers. With polypropylene, an inelastic scattering back- 
ground and impurity bands appear in the spectrum upon 
silver deposition, while the polymer bands have largely 
disappeared. On PMMA foils and Teflon ® sheets, the 
intensity of the Raman bands stays essentially un- 
changed upon deposition of the island film; again, an 
inelastic background and impurity bands are observed. 
With polyimide, a strong fluorescence prevents the ob- 
servation of Raman signals for the as-received foils. Upon 
silver decoration, the fluorescence is somewhat reduced, 
and Raman signals start to appear with a very poor sig- 

= weak; sh  = shoulder .  

nal-to-noise ratio, S/N _< 2. With polystyrene, the in- 
tensities of several Raman bands are increased by a factor 
of 22.5 as compared to plaques without silver; again, a 
strong fluorescence background and impurity bands ap- 
pear in the spectrum. 

The exceedingly high enhancement of the PET Raman 
signals obtained for the samples used in the present study, 
as compared to other polymers, might be due to the 
semicrystalline character 43 of the biaxially stretched PET 
foils. As a test of this hypothesis, a 250-#m-thick foil was 
placed onto a microscope slide, melted on a heating stage, 
and resolidified. Upon melting of the films, the stress- 
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Fro. 3. Influence of excimer laser irradiation on the SERS spectra. 
P E T  foils (100 ~m) were irradiated with excimer laser pulses, followed 
by silver decoration and recording of the Raman spectrum. Bottom 
trace: reference SERS spectrum of an unirradiated 6 um P E T  foil; 
second trace: 100 pulses at 308 nm, 100 mJ  incident onto 2 cm 2 area, 
rate 2 Hz; third trace: 1000 pulses at 308 nm, 100 mJ  incident onto 2 
cm 2 area, rate 10 Hz; top trace: 100 pulses at 248 nm, 50 mJ  incident 
on 1.0 cm 2 area, rate 2 Hz. 

induced orientation is lost, and an amorphous material 
results. The samples were decorated with Ag island films 
as before, and Raman spectra were recorded. In contrast 
to the untreated samples, only weak SERS signals and 
a high fluorescence background were detected (top trace 
in Fig. 1). This observation supports the idea that  sample 
orientation effects are relevant for the observation of 
strong enhancement, as discussed below. 

SERS Studies of PET Surfaces Modified by Laser Ir- 
radiation. In an examination of the potential of SERS 
for the detection of surface modifications of polymers, 
the PET foils were irradiated with excimer laser pulses 
at wavelengths of 308 and 248 nm, respectively. A series 
of pulse energies was chosen below and above the thresh- 
old for laser-induced ablation. 33,44,45 Silver was evaporat- 
ed onto the samples immediately after the laser treat- 
ment. Upon deposition of silver island films onto samples 
irradiated in this manner, the visible color of the film 
was observed to vary across the sample. On the untreated 
PET surface, the 5-nm Ag films exhibited a grayish-blue 
color; in the areas irradiated at 308 nm with various 
numbers of pulses, the island films appeared uniformly 
blue. Irradiation at 248 nm resulted in more drastic el- 

fects; a black charred stripe was seen in the center of the 
irradiated area prior to any metal deposition. Upon evap- 
oration of silver onto such a sample, a color variation 
was observed across the irradiated area. Proceeding from 
the circumference to the center, one passes through blue, 
white, and gray zones, to reach the black stripe in the 
center mentioned above. 

SERS spectra have been recorded in all these zones, 
by focusing the laser onto different spots. Generally, a 
weaker surface enhancement, as well as the absence of 
any additional vibration bands, was observed• Differ- 
ential changes in the relative SERS intensities of indi- 
vidual vibrations will be discussed below. Typical spectra 
recorded on irradiated surfaces are compared with the 
spectrum of an untreated film in Fig. 3. Irradiation with 
100 pulses at 308 nm (100 mJ per pulse incident on an 
area of 2 cm2; repetition rate 2 Hz; second trace from 
bottom) results in a modest decrease of band intensities 
and signal-to-noise ratio, as judged from the respective 
calibration bars. The effect of delivering 1000 pulses (308 
nm) to the sample at a rate of 10 Hz is shown in the 
third trace of Fig. 3. Pulse repetition rates of ->10 Hz 
are known to induce surface melting. In fact, the resulting 
spectrum is similar to the one of molten PET (top trace 
in Fig. 1); in particular, the strong fluorescence back- 
ground is common to both spectra. 

As the photon energy is increased by changing the 
wavelength to 248 nm (50 mJ per pulse, 1.0 cm 2 area), 
irradiation by 100 pulses gives rise to a much more severe 
deterioration of the spectrum, recorded in the white zone 
described above (top trace of Fig. 3). As the observed 
area is shifted, proceeding from the circumference to the 
center of the irradiated area, the signal-to-noise ratio of 
the PET-related bands in the spectra is observed to de- 
crease, while a broad band at 1604 cm -1, assigned to 
impurity species or decomposition products, increases in 
intensity. 

UV-Visible Spectra of Ag Island Films on Laser-Treat- 
ed PET. Upon 248-nm excimer laser irradiation, the ini- 
tially clear PET foils became nontransparent and dark 
in color. In contrast, during 308-nm irradiation the sam- 
ples turned slightly opaque only after 1000 pulses had 
been delivered to the sample at a 10-Hz rate. However, 
the absorption maximum of the silver island film de- 
posited on top of the irradiated polymer surface expe- 
rienced a pronounced red shift that  increased with the 
number of pulses delivered to the surface, as shown in 
Fig. 4. The maximum, which is positioned at 552 nm on 
the untreated PET sample, shifts to 578, 590, and 643 
nm on surfaces exposed to 10, 100, and 1000 excimer 
laser pulses, respectively. 

Two factors can be identified that  could give rise to 
such a shift, i.e., laser-induced changes in the polarity or 
in the morphology of the surface. To differentiate be- 
tween these possibilities, we have performed contact an- 
gle measurements on the treated PET surfaces; the re- 
suits are summarized in Fig. 5. The polar part of the 
surface energy decreases with the logarithm of the num- 
ber of laser pulses at 308 nm. Simultaneously, the dis- 
persive part exhibits an equal and opposite increase, so 
that  the total surface energy remains approximately con- 
stant. (For the samples treated at 248 nm, analogous 
measurements were not possible, as the very rough sur- 
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FIG. 4. Influence of excimer laser treatment on the visible absorption 
spectra of silver island films deposited on top of the irradiated PET 
samples. Irradiation conditions are the same as specified in Fig. 5. 
Absorption spectra deposited onto polystyrene and PMMA films are 
shown in the bottom two traces. 

face impeded meaningful contact angle measurements.) 
In contrast, for 193-nm irradiation of PET, Lazare and 
Srinivasan 2s have reported that  both the polar part and 
the total surface energy are decreasing. 

Surface Structure of Laser-Treated PET Foils. Before 
discussing implications of the contact angle measure- 
ments on the interpretation of the observed red shift of 
the island film absorption, we must assess the s t r u c t u r a l  
changes induced by the excimer laser irradiation. Lazare 
e t  al. 35 have pointed out that  these two factors may be 
closely related; i.e., surface roughening causes changes 
in the measured contact angles. The surface of PET, 
which originally exhibits glass-like smoothness, may be 
roughened in a controlled manner by 193-nm or 248-nm 
irradiation; the surface structures created have been re- 
lated to the stretching direction and to the degree of 
crystallinity of the PET foils. 

Results of irradiation of our samples at 308 nm are 
presented first. In a series of scanning electron micro- 
graphs recorded on 100-#m-thick films exposed to 10, 
100, and 1000 pulses, significant alterations of the surface 
morphology were observed only for the sample exposed 
to 1000 pulses at a repetition rate of 10 Hz (Fig. 6a). This 
extensive exposure gives rise to a change in visible color 
of the samples in the irradiated area, from colorless and 
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FIG. 5. Changes in the surface free energy of PET induced by laser 
irradiation. The polar (circles) and dispersive (triangles) components 
(both, left-hand scale), and the total surface energy (squares, right- 
hand scale) are displayed. The PET surfaces are characterized in the 
untreated state, and after exposure to 10, 100, and 1000 pulses of 100- 
mJ energy at 308 nm, incident onto an area of 2 cmt  

transparent to opaque. The damaged surface layer of the 
polymer seen in Fig. 6a is indicative of thermal effects 
(i.e., surface melting), which are a consequence of the 
comparatively high repetition rate used. 

Upon exposure to the 248-nm wavelength of the KrF* 
laser, periodic surface structures appeared, as docu- 
mented in the micrographs of Fig. 6b and 6c. The excimer 
laser beam profile was not homogenized by spatial fil- 
tering, but the incident beam was unfocused onto the 
polymer samples; therefore, the intensity distribution is 
nonhomogeneous within the rectangular beam profile. 
The energy deposited within the irradiated area varied 
from low values at the edge to a maximum in the center. 
Near the circumference of the treated area, wavy struc- 
tures were produced (Fig. 6b); towards the center conical 
structures are observed, with ejected material deposited 
on the tops of some of the cones (6c). 

Several mechanisms for the formation of periodic sur- 
face structures in excimer laser irradiation experiments 
have been proposed in the literature. The presence of 
particulate impurities in the polymer films, as well as 
differences in the etch rates of crystalline and amorphous 
domains in stretched polymer samples, has been dis- 
cussed. 46 Bahners and Schollmeyer 47 have attributed the 
appearance of surface ripples to a "synergetic effect" of 
Marangoni convection in the molten surface layer and 
of frozen-in stress fields which are released upon melting. 
However, pattern formation is also observed in non- 
melting polymers, such as polyimide. 4s To account for 
this observation, Tonyali e t  al. 49 state that  release of the 
stress, which can be as high as 100 MPa, leads to the 
formation of microcracks, which become interconnected 
and thus give rise to a textured morphology. Dyer and 
Farley ~° have drawn attention to the importance of sur- 
face scattered waves. Niino and Yabe 51 found indications 
that  both the penetration depth of the laser into the 
polymer film and the thermal processes occurring on the 
surface during and after laser irradiation play a signifi- 
cant role in the formation of the microstructures. Recent 
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FIG. 6. Scanning electron micrographs of P E T  foil exposed to excimer 
laser irradiation at normal incidence: (a) 1000 pulses at 308 nm (100 
mJ,  2 cm 2 area, rate 10 Hz); (b) 100 pulses at 248 nm (50 m J, 1 cm ~ 
area, rate 2 Hz), edge of irradiated area; (c) 100 pulses at 248 nm (50 
m J, 1 cm 2 area, rate 2 Hz), center of irradiated area. 

investigations 4s suggest that several of the mechanisms 
mentioned above may be acting simultaneously. 

The scanning electron micrographs show not only the 
conical structures (also described as "naps"; see Fig. 6c) 
which are normally seen for biaxially stretched PET  35 
but also wavy structures (6b) which are considered to 
represent the signature of monoaxially stretched PET. 
As a test for the origin of these structures, the angle of 
incidence of the laser beam was changed from normal to 
45 ° and 60 °, respectively; in addition, the sample was 
rotated by 90 ° around the surface normal. 

The choice of a 60 ° incidence angle, at constant pulse 
energy, results in a reduction of laser fluence by a factor 
of 2. As a consequence, only scales or needle-type struc- 
tures parallel to the surface are created, both at the edge 
(Fig. 7a) and at the center (7b) of the irradiated area. 
With 45 ° incidence, scaly structures with a larger distance 
between the walls (~3 ttm) are obtained near the edges 
of the irradiated area (Fig. 7c). In the center of the sample 
(7e), a scaly surface with ejected material is detected. 

On the sample turned by 90 ° around the surface nor- 
mal, the same types of morphological features are ob- 
served, with the direction of the waves and scales also 
rotated by 90 ° (Figs. 7d and 7f). In view of this result, 
the supplier was asked to provide details on the manu- 
facturing of the biaxially oriented P E T  foils; it was con- 
firmed that  the two axes are not equivalent, but that  the 
stress applied during production was higher in the trans- 
port direction of the foil. Thus it appears that the pres- 
ence of anisotropic stress fields in the sample, and their 
release upon laser-induced melting and convection, would 
account for the three types of features observed on our 
P E T  samples (cones or naps on the one hand, and wavy 
structures resembling scales or needles on the other hand). 

XPS Investigation of Laser-Irradiated and Silver-Dec- 
orated PET Surfaces. In the interpretation of the SERS 
spectra presented above, the formation of a bond be- 
tween carbonyl groups of the polymer and the deposited 
silver has been considered. To obtain more information 
on the Ag/PET interface, we have recorded XPS spectra 
on as-received and laser-treated P E T  films, without and 
with deposited silver or gold island films. Results are 
shown in Fig. 8. Metal deposition results in an overall 
decrease in the intensity of the polymer spectral features, 
which demonstrates that  the screening effect of the metal 
is large. However, substantial C ls and O ls signals are 
recorded also in the presence of a 5-rim silver island film, 
in spite of the fact that  the escape depth of the corre- 
sponding photoelectrons does not exceed 5 nm. This is, 
of course, a consequence of the well-known grainy struc- 
ture of the island films; in between the silver aggregates, 
of typical dimensions on the order of ~20 nm, a large 
fraction of the surface is present with, at most, a low 
coverage of silver, i.e., below the resolution of the trans- 
mission electron microscope) 2 

The XPS signal positions were calibrated with respect 
to the (hydrocarbon) C ls signal at 284.7 eV. Composite 
peaks have been deconvoluted into the minimum number 
of Gaussian bands required for a satisfactory represen- 
tation of the measured spectra. The results of the non- 
linear least-squares fits are included in Fig. 8; spectral 
parameters are compiled in Table II. 

When comparing the spectrum of untreated P E T  (Fig. 
8, top) with the spectrum of a sample irradiated at 308 
nm, one notices only minor changes (cf. Table II). Changes 
induced by 248-nm irradiation are much more pro- 
nounced: The "hydrocarbon" signal at 284.7 eV (site 1 
in Table II) and the peak at 289 eV (site 3) assigned to 
C=O 53,54 appear significantly broadened, and the relative 
intensity of site 2 (binding energy 287 eV, corresponding 
to singly bound oxygen, C-O ~3,54) is reduced. 

Decoration of an untreated P E T  sample with a silver 
island film results in a loss of the C ls shakeup satellite, 
a strong relative decrease of the signal due to carbonyl 
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TABLE II. XPS band positions and intensities. 

P E T  P E T  P E T  P E T  P E T  laser 
P E T  un t r ea t ed  laser t rea ted  un t r ea t ed  laser t rea ted  t rea ted  

Signal  un t r ea t ed  + 5 n m  Ag + 5 n m  Ag + 5 n m  Au 308 n m  248 n m  Ref. 53 Ref. 54 

C l s  

Site 1 

Posi t ion (eV) 284.7 284.7 284.7 
F W H M  (eV) 1.70 1.92 2.31 
In tens i ty  ( % ) 73.8 73.5 76.2 

Site 2 

Posi t ion (eV) 286.4 287.5 287.3 
F W H M  (eV) 1.20 2.39 1.58 
In tens i ty  ( % ) 12.1 16.6 11.3 

Site 3 

Pos i t ion  (eV) 288.6 289.2 288.9 
F W H M  (eV) 1.20 1.01 2.32 
In tens i ty  ( % ) 14.1 1.3 12.5 

Site 4 (C-O-Ag) 

Pos i t ion  (eV) 282.5 . . .  
F W H M  (eV) 2.16 
In tens i ty  ( 9 )  8.6 . . .  

Shake  up  

Pos i t ion  (eV) 291.2 . . . . . .  
F W H M  (eV) 2.0 
In tens i ty  (%) 3.4 . . . . . .  

0 ls 
Site 1 

Pos i t ion  (eV) 533.1 533.6 532.7 
F W H M  (eV) 1.75 2.33 3.29 
In tens i ty  (%) 38.6 22.3 38.2 

Site 2 

Posi t ion (eV) 531.6 532.2 531.6 
F W H M  (eV) 1.84 1.37 3.60 
In tens i ty  ( 9 )  61.4 31.7 61.8 

Site 3 (O-Ag) 

Pos i t ion  (eV) . . .  530.9 . . .  
F W H M  (eV) 2.33 
In tens i ty  ( % ) -- - 46.0 . • • 

I(O)/I(C) 1.072 0.403 0.503 

284.7 284.7 284.7 284.7 
2.27 1.80 2.47 1.0 

73.8 63.6 76.5 59 

286.9 286.6 287.0 286.2 
1.00 1.45 1.26 1.1 
6.7 18.5 6.1 22 

288.8 288.8 289.0 288.7 
2.11 1.41 2.01 0.85 

19.5 17.9 17.4 19 

291.5 291.4 
2.30 2.35 
0.93 0.82 

533.4 531.7 533.5 533.2 
1.73 1.77 2.04 1.31 

35.2 54.1 42.0 53 

531.9 533.5 531.9 531.6 
1.91 1.91 2.20 1.19 

64.8 45.9 58.0 47 

0.493 0.846 0.646 

284.6 

286.1 

288.6 

290.6 

533.5 

532.2 

531.2 

(C=O) centers, and a line broadening of all peaks. In 
addition, bands at new chemical shift positions are de- 
tected in both the O ls and C ls regions. The O ls signal 
at 530.9 eV is attributed to oxygen bound to silver (O- 
Ag; cf. Ref. 40); similarly, the C ls component at 282.5 
eV may be attributed to a C~.O- . .  Ag center, by analogy 
with a similar chemical shift observed upon evaporation 
of aluminum onto PET. 55 

The fifth trace in Fig. 8 shows the effect of silver de- 
position onto a 308-nm irradiated sample. We recall that  
for the laser-irradiated samples, much weaker SERS sig- 
nals have been detected. It is therefore most remarkable 
that  the O-Ag and C~ .O. . .Ag  features are missing in 
the corresponding XPS spectra (Fig. 8e). A clear decrease 
of the oxygen functionalities of the polymer, as com- 
pared to the corresponding sample without silver, is seen 
by inspection of the intensity data in Table II. 

The bottom set of spectra in Fig. 8 was recorded on a 
sample on which a gold island film had been deposited. 
No indications for the presence of an XPS band assign- 
able to C:-:O-.-Au band are seen in the spectrum. This 
observation correlates with the fact that  no SERS spectra 
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were observed with this sample either, and may be re- 
lated to the instability of gold oxides, as mentioned above. 

DISCUSSION 

Possible origins for the astonishingly high surface en- 
hancement observed with the PET foils are addressed 
first. We emphasize that  the intensity of the SERS sig- 
nals, as shown in Fig. 2, is usually observed only in sur- 
face-enhanced r e s o n a n c e  Raman scattering (SERRSS6,57). 
One peculiarity of the samples used is the semicrystalline 
structure of the biaxially stretched PET foils. From po- 
larized IR and density measurements on drawn PET 
samples, Orchard e t  a l .  43 have concluded that  the eth- 
ylene segments are present in the t r a n s  conformation in 
the crystalline domains. The axis connecting the two 
carbonyl substituents on the phenyl ring was found to 
be oriented approximately parallel to the surface, while 
the plane of the rings was tilted with respect to the plane 
of the surface. A reduction of this tilt angle was observed 
upon stretching or high-temperature annealing. 43 Upon 
both of these treatments, the degree of crystallinity is 



m 

FiG. 7. Scanning electron micrographs of PET foil exposed to 248-nm excimer laser irradiation (100 pulses, 50 mJ, 1.0 cm 2 area, 2 Hz) at oblique 
incidence: (a) 60 ° angle of incidence, edge of irradiated area; (b) 60 ° angle of incidence, center of irradiated area; (c) 45 ° angle of incidence, edge 
of irradiated area; (d) same as c, but sample rotated by 90°; (e) 45 ° angle of incidence, center of irradiated area; (f) same as e, but sample rotated 
by 90 ° . 

enhanced,  and the phenyl  rings reor ient  to approach  an 
or ienta t ion  parallel  to the  surface. A s tudy  of meta l  ad- 
hesion on P E T  is in ag reement  with these results; Silvain 
e t  al .  ~8 have given a rguments  that ,  in the semicrystal l ine 
mater ia l ,  the po lymer  main  chains are or iented parallel  
to the surface. Carbonyl  groups pro t rud ing  out  of the 
surface are providing prefer red  anchoring sites for im- 
pinging meta l  a toms.  

Addi t ional  informat ion  on the  or ienta t ion of the aro- 
mat ic  rings is ob ta ined  f rom relative band  intensit ies in 
the  SERS spectra.  (We recall t ha t  e lect romagnet ic  sur- 
face selection rules 59,6° should only be considered as qual- 

i tat ive guidelines for in terpre ta t ion ,  due to the interfer-  
ing effects of the  chemical  enhancemen t  mechanism.  2) 
T h e  fact  t ha t  several  no t - to ta l ly - symmet r ic  in-plane 
s t re tching vibrat ions  of the phenyl  rings are s trongly 
enhanced  may  be t aken  as an indicat ion t ha t  the rings 
are not  lying parallel  to the surface in the virgin material .  
Rather ,  they  are t i l ted out  of the  surface, with the CO- 
phenyl-CO-axis  in the plane of the surface. Silvain e t  

al .  ~8 have concluded that ,  upon melting, the rings tend  
to reor ient  into a posit ion parallel  to the surface. This  
in te rpre ta t ion  is in ag reement  with our observat ion t ha t  
SERS intensi t ies decrease drast ical ly upon melting. 
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Another reason for the exceptional role of PET might 
be the chemical contribution 2 to the SERS enhancement. 
The importance of a chemical bond is suggested by the 
absence of the C=O stretching frequency in the SERS 
spectra, and by the observation of an Ag-O band in XPS. 
For all samples where the latter band was not observed 
in XPS, the SERS spectra turned out to be weak. An 
additional chemical contribution might be provided by 
the formation of an Ag-phenyl complex, which would 
explain ~4 the loss of the C ls shape-up band for samples 
with deposited silver island films. (By comparison, with 
amorphous polystyrene only a small fraction of the phe- 
nyl rings is exposed on the surface ~ and, therefore, in a 
position suitable for interaction with the deposited silver. 
This factor accounts for the weakness of the SERS sig- 
nals observed for polystyrene.) 

It has been pointed out 62 that  laser irradiation may 
induce melting of surface polymer layers, which may 
thereby become amorphous; this thermal effect is par- 
ticularly pronounced with long-wavelength lasers. IR 
spectroscopic investigations of PET 37,38 have shown the 
prevalence of all-trans chain conformations, which are 
characteristic for the crystalline state, on the untreated 
samples. Upon irradiation with a 248-nm KrF* laser, the 
conformation was observed to change into predomi- 
nantly gauche, which is indicative of an amorphous state2 2 

Furthermore, attention must be drawn to the silver 
deposition itself. The linewidth of the bands was ob- 
served to increase 54 upon silver deposition, due to ther- 
mal destruction of surface layers by the hot Ag atoms 
impinging on the surface. 4° In agreement with this ar- 
gument, a significant line broadening is observed in our 
XPS spectra (fourth trace in Fig. 8; cf. Table II). Dif- 
fusion of the silver into subsurface regions is likely to be 
unimportant; for semicrystalline polymers, it has been 
shown 63 that  diffusion processes are negligibly slow below 
the glass transition temperature. 

In view of this evidence, it is important to discuss 
whether the changes observed on our samples as a con- 
sequence of laser irradiation are due to melting or to 
other nonthermal effects. Information from the SERS 
spectra is helpful in answering this question. The damage 
induced by silver deposition is not relevant to the SERS 
spectrum, as high-sensitivity spectra are recorded on sil- 
ver-decorated virgin PET foils. On the other hand, trans- 
formation into the completely amorphous state has a 
drastic effect on the spectrum (Fig. 1, top). An inter- 
mediate case of partial amorphization (not shown) has 
been found with a resolidified bubble in a PET film; the 
appearance of a SERS spectrum recorded in this area 
lies in between those of virgin and of molten PET. 

The SERS signals on silver-decorated, laser-irradiated 
samples are weaker by an overall factor of 1.5-2.3, as 
compared to the ones recorded on virgin PET foils. Ther- 
mal effects may be partly responsible for this decrease 
in intensity. However, the insensitivity of the SERS spec- 
trum to the silver deposition process itself suggests that  
the changes in the SERS signals on irradiated surfaces 
are at least partly due to the laser-induced changes in 
surface structure and morphology. If, as a consequence 
of surface roughening, laser-induced crosslinking, or de- 
creasing polarity of the surface, the adhesion of the is- 
lands is reduced, this result would also give rise to a 

535 530 290 285 280 
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FIG. 8. XPS spectra of PET foils subject to various treatments.  The 
0 ls (left) and C ls (right) spectral regions are displayed for each 
sample. (a) Untreated PET; (b) PET exposed to 100 pulses at  308 nm; 
(c) PET  exposed to 100 pulses at  248 nm; (d) untreated PET decorated 
with silver island film; (e) PET  exposed to 100 excimer laser pulses at  
308 nm, with subsequent deposition of silver island film; (f) untreated 
PET  with gold island film. 

decrease in the SERS signals of directly bound mole- 
cules. In addition, the observed changes in the island 
film absorption (Fig. 4) are expected to be paralleled by 
a change in the wavelength dependence of the SERS 
excitation profile. This effect has not yet been quantified 
due to problems with interfering fluorescence signals ob- 
served upon longer-wavelength (647 nm) excitation, and 
in view of difficulties associated with ageing of the island 
films. 

For laser-treated PET, no new SERS bands that  would 
be indicative of introduced functional groups have been 
detected. In an effort to assess any changes in relative 
band intensities, spectra have been normalized with re- 
spect to the intensity of the ring-breathing mode at 857 
cm -1, of symmetry Ag (Table I). When computing dif- 
ferences between the normalized spectra of irradiated 
and virgin PET foils, we find a decrease in the bands at 
1235 and 1131 cm- '  involving C-O stretches, and an in- 
crease in the intensities of C-C-C and C-H out-of-plane 
deformational modes at 703 and 385 cm -1, respectively. 
These changes suggest that, upon irradiation, the average 
tilt angle of the phenyl rings with respect to the surface 
is reduced, in agreement with the findings of Silvain et 
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Fro. 9. Oxygen-to-carbon ratio derived from the corresponding peak 
areas of XPS core level signals. The labeling of the samples is the same 
as in Fig. 8, i.e., (a) untreated PET; (b) PET exposed to 100 pulses at  
308 nm; (c) PET exposed to 100 pulses at  248 nm; (d) untreated PET 
decorated with silver island film; (e) PET exposed to 100 excimer laser 
pulses at 308 nm, with subsequent deposition of silver island film; (f) 
untreated PET with gold island film. 

al .  ss One might also see indications of a loss of CO in the 
decreasing bands, although molecular decomposition is 
likely to give rise to more drastic modifications of the 
spectrum. 

Changes in the absorption spectra of the deposited 
island films (Fig. 4) also exhibit the effects of both changes 
in surface polarity and surface roughness. In general, a 
decrease in surface polarity gives rise to a long wave- 
length shift of the absorption maximum. We recall that 
such a red shift indicates a higher eccentricity, i.e., a 
stronger deviation of the islands from spherical geome- 
try. 1,3,s The islands, which are commonly modeled as ob- 
late spheroids, will tend to spread out on the surface and 
hence become flatter if the interfacial energy between 
silver and the surface is low, or else if a preformed mor- 
phology on the surface favors the formation of eccentric 
particles. As discussed above, PET provides favorable 
Ag-O anchoring sites; a low PET/silver interfacial energy 
appears to be the reason for the red shift of the absorp- 
tion maximum on PET, by ~ 70 nm, as compared to the 
highly polar PMMA surface (Fig. 4). 

As the PET foils are irradiated, the polar part of the 
surface energy further decreases; in addition, a struc- 
turing of the surface has been shown to occur for expo- 
sure to 1000 pulses at 308 nm. The influence of the po- 
larity appears to be most important, as the absorption 
maximum is observed to shift further towards the red 
upon irradiation (upper traces in Fig. 4). 

The absorption spectrum of the silver islands depos- 
ited onto polystyrene (Fig. 4, bottom) is characterized 
by a short-wavelength absorption maximum at 476 nm. 
This observation is attributed to the extreme roughness 
and irregularity of the extrusion molded technical 
plaques, and to the possible influence of surface-segre- 
gated additives. 

From the contact angle measurements, a decrease in 
the polar part of the surface energy was derived. The 
decrease in the oxygen-to-carbon ratio observed by XPS 
(Table II) is consistent with a loss of CO and CO2, in 

agreement with the results of other authors. 2s,64 Loss of 
the carbonyl anchoring sites might also be a reason for 
the decreasing SERS intensities. 

A survey of the observed changes in the O/C ratio is 
given in Fig. 9. From the result that this ratio decreases 
with 308-nm treatment for pulse fluences of 50 mJ cm -2, 
i.e., well below the threshold for ablation (170 mJ cm-2), 
Dyer e t  a l ?  3 have inferred a preferential loss of C=O. 
The stronger additional decrease of the O/C ratio after 
excimer laser treatment at 248 nm above the ablation 
threshold is attributed to losses of both C=O and CO2. 
In this respect, the present results are in agreement with 
those of Kokai e t  a l ?  1 and with a series of investigations 
at the excimer wavelengths of 193, 248, and 308 
nm. 2s,3°,~l,33,G4 A contradictory result has been reported by 
Schollmeyer and co-workers? 2 

After metal deposition the O/C ratio is observed to 
decrease drastically (cf. Fig. 9a and d). Chtaib e t  a l .  27 

have attributed this observation to the island-like growth 
of the metal. A possible additional reason for the de- 
creasing O/C ratio is the deposition of carbonaceous spe- 
cies from the atmosphere onto freshly evaporated silver 
island films. 65,66 

Interestingly, metal deposition on a laser-irradiated 
PET sample has a less pronounced effect (Fig. 9b and 
9e). The O/C ratio after silver deposition on the irradi- 
ated sample (9e) is even somewhat higher than on the 
virgin Ag-decorated PET (9d). We have argued above 
that  laser treatment at 308 nm induces a loss of surface 
C=O groups, and reduces the orientation of the C=O 
groups relative to the surface, as a consequence of ther- 
mally induced amorphization. As the oxygen functional 
groups are no longer preferentially orientated perpen- 
dicular to the surface, where they would be covered by 
growing Ag clusters, the O/C ratio is reduced to a lesser 
extent by metal deposition. 

The XPS results obtained with Au deposition dem- 
onstrate that  no Au-O bonds are formed, from the ab- 
sence of a corresponding chemical shift in either carbon 
or oxygen signals. Yet, the Au clusters appear to pref- 
erentially screen the oxygen, as the O/C ratio is reduced 
for this sample as well. We note that, in spite of a higher 
Au thickness, the decrease in O/C is not as high as that  
observed with Ag, where a definite Ag-O bond has been 
shown to be formed. Taken together, these observations 
also suggest that  the Au island films start to grow in the 
vicinity of C=O anchoring sites, even though the precise 
type of interaction has not yet been established. 

CONCLUSIONS 

The unusually strong SERS intensities observed on 
silver-decorated PET foils have been attributed to a spe- 
cific orientation of the polymer chains at the surface of 
the stretched, semicrystalline material. Excimer laser ir- 
radiation at fluences well below the ablation threshold 
results in a loss of surface carbonyl groups. This process 
has been established from XPS spectra, contact angle 
measurements, shifts in the absorption spectra of de- 
posited silver island films, and changes in the SERS 
spectra. Surface melting has been identified as a second 
cause for the decrease in SERS intensities on irradiated 
samples; the surface structuring, as visualized by electron 
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microscopy, reveals the influence of strain fields gener- 
ated during stretching of the polymer foils, which are 
partly released upon laser-induced melting. 

With regard to the SERS spectra, all available evi- 
dence indicates that  the principal effect of laser irradi- 
ation of the PET foils is a reduction in the silver/polymer 
bonding. This interpretation is in agreement with the 
results on gold-decorated PET films, where no Au-O or 
Au-O-C bands were detected in the XPS spectra, and 
concurrently no SERS spectra could be detected. In fu- 
ture work, the study will be complemented by decoration 
with Cu island films; bonding of this metal to polymer 
surfaces has been established in the literature. 27 
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