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Abstract

Polymer films involving fluorescent molecules such as anthracene, diphenyl anthracene or pyrene (source films) were overlaid with neat
polymer films (target films), and irradiated with nanosecond pulsed laser from the rear of the target films. Fluorescent patterns of these
molecules were found at the surface of the target films even when the laser fluence was less than the ablation threshold of the source films.
The amount of gjected molecules from the source film was estimated from the reduction of fluorescence intensity. It was found that the lower
the glass transition temperature of the source film, the higher the amount of ejected molecules. The thickness of the implanted layer at the
surface of the target film was obtained by means of total internal reflection fluorescence spectroscopy. The amount of molecular aggregates
wasfound to increase with increasing the number of laser shots. The mechanism of the penetration and aggregati on of thefluorescent molecules
by repetitiveirradiation was discussed in connection with photothermal temperature jump and thermally activated diffusionin polymer solids.

© 1997 Elsevier Science SA.
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1. Introduction

Laser ablation of polymer filmswhich do not absorb laser
light hasbeen demonstrated by the addition of laser absorbing
sensitizers [ 1-5]. Thisablative photo-etching requiresacer-
tain laser fluence called ablation threshold, and no substantial
change of the surface has been considered to occur with one-
shot irradiation below the ablation threshold until recently.
However, variouskinds of time-resolved measurementshave
reveal ed transient changes even bel ow the abl ation threshol d:
(i) the giection of intact sensitizer molecules by time-of-
flight mass spectrometry [6], (ii) photothermal transient
expansion and contraction of the irradiated polymer surface
by nanosecond interferometry [7,8] and (iii) fast diffusion
of sensitizer moleculesin theirradiated polymer by nanosec-
ond absorption spectroscopy [9]. Thetemperaturerise at the
irradiated surface around ablation threshold has been esti-
mated to be 300 °C [4,6], which necessitates that a single
sensitizer molecule absorbs on average more than several
photons since the sensitizer molecule should feed thermal
energy to the surrounding non-light-absorbing polymer
chains [6]. This multi-photonic absorption by the sensitizer
without its decomposition can be explained by the repetition
of internal conversion and photo-excitation in the excited
singlet or triplet manifold of the sensitizer [10]. The light
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absorption mechanism is supported by the fact that the
absorbance of a polymer film transiently varies during asin-
gle laser pulse depending on the laser intensity and the sen-
sitizer which is doped in the film [11-13]. Based on these
studies, we have succeeded in transferring light-absorbing
molecules between two polymer films in contact by using
pulsed laser irradiation, and named this phenomenon ‘laser
molecular implantation’ [14,15]. It should be noted that the
implantation means that light-absorbing molecules move
without accompanying the transfer of the surrounding poly-
mer, and diffuse into a surface layer severa tens of nano-
metersthick.

The application of the laser molecular implantation would
be widely available, since it does not require acommon sol-
vent for a dopant and polymer. Various kinds of functional
organic moleculesmay be space-sel ectively fixed on polymer
filmsby laser irradiation, being used asdeviceslikeel ectrodes
or optrodes for sensors, micro optical or electronic circuits,
and analytical instrumentsintegrated on microtips. Many fac-
tors related to this phenomenon, however, remain unclear
such as the molecular structures suitable for dopants, the
necessary conditions for polymer, the laser pulse width and
intensity etc. These factors are closely related to the whole
mechanism of the implantation process including the light
absorption and electronic energy relaxation of dopant mole-
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cules in polymer solids. Hence, comprehensive understand-
ing of the mechanism from a molecular point of view is
indispensable for the application.

At present afew intact dopants have been confirmed to be
implanted into polymer films under certain irradiation con-
ditions [14,15]. When the number of laser shots was kept
constant, fluorescence spectra of pyrene implanted in
poly (methyl methacrylate) (PMMA) changed dependingon
the laser fluence [ 14]. Thisspectral changeisascribed tothe
formation of molecular aggregates|ikedimer intheimplanted
layer, since the concentration of pyrene in the layer is
expected to increase with the laser fluence [15]. The thick-
ness of theimplanted layer at the surface of the polymer films
was aso found to increase with the number of laser shots
when diphenyl anthracene was implanted into poly(ethyl
methacrylate) (PEMA), whereasit remained nearly constant
for PMMA [15]. This result suggests that molecules
implanted in a polymer film may move further by repetitive
irradiation of laser pulse. Although the effect of therepetitive
irradiation on the implanted molecules seemsto be akey for
understanding the mechanism of the implantation, it still
remains obscure since no systematic experiment has been
reported yet. The repetitive irradiation would affect both the
amount and concentration of the implanted molecules at the
polymer surface, which makes its effect complicated. In this
report, both the fluorescence and absorption spectra of
implanted moleculeswill be measured for studying the effect
of therepetitiveirradiation. Theimplantation mechanismwill
also be discussed by separating the implantation process to
the following three steps: (i) gjection of dopant molecules
from asourcepolymer film, (ii) their penetrationinto atarget
polymer film and (iii) formation of molecular aggregatesin
the target film.

2. Experimental

Poly (methyl methacrylate) (PMMA) (Aldrich, second-
ary standard, Mw =103 000), poly(ethyl methacrylate)
(PEMA) (Aldrich, secondary standard, Mw = 340 000) or
poly(butyl methacrylate) (PBMA) (Aldrich, secondary
standard, Mw = 320 000) was dissolved in chlorobenzeneor
chloroform together with a desirable amount of pyrene,
anthracene or diphenyl anthracene (DPA), and spin-coated
onglassplatesfor the preparation of sourcefilms. Theamount
of the dopants were adjusted to yield a few wt.% of the
dopants in polymer solid after complete drying of the films.
The same polymers without any dopants were also spin-
coated and used astarget filmsfor implantation. Thethickness
of these polymer films was measured by a depth profiler
(Sloan Dektak®), being around 2.5 wm in most cases.

AsFig. lillustrates, asourcefilmwasoverlaidwith atarget
film and irradiated with an excimer laser (Lambda Physik,
LEXTRA 200) from the rear of the substrate of the target
film. The wavelength of the laser was set to 248 nm for
pyrene, and 351 nm for anthracene and DPA implantation.
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Fig. 1. Experimental arrangement for irradiation of a sample to perform the
laser molecular implantation.

The pulse duration (full width at half maximum) was about
20 nsfor either wavelength. The repetition rate was kept less
than 1 Hz. The irradiated area of the surface of either target
and source films was observed under a fluorescent micro-
scope (Olympus, BX 50), anditsabsorption and fluorescence
spectrawere measured by a conventional spectrophotometer
(Shimadzu, UV-3100) and spectrofluorimeter (Hitachi, F-
4500). For estimation of the thickness of an implanted layer,
the variable angle total interna reflection technique was
employed as described elsewhere [ 15].

3. Resultsand discussion
3.1. Evidence of implantation

The irradiated area of target films became fluorescent as
shown in Fig. 2. The repetitive irradiation just below the
ablation threshold sometimes resulted in the formation of
small emissive particles at the target film surface. Clear
implantation patterns without these particles could be made
with the repetitive irradiation sufficiently below the ablation
threshold of a source film or with limiting the irradiation to
two or threelaser shotsjust below thethreshold. Theexample

100pum

Fig. 2. Fluorescence image of aPMMA target film after the implantation of
pyrene. The source film was pyrene-doped PMMA. Irradiation conditions:
laser fluence, 100 mJ cm™2; wavelength, 248 nm; number of laser pulse,
5 shots.
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of the clear pattern produced below the threshold, which did
not exhibit any trace of polymer adhesion at thetarget surface,
will beshown elsewhere [ 16]. Ingeneral, theablationthresh-
old decreaseswith increasing the number of laser shotsowing
to the ‘incubation effect’ that means a partial decomposition
of polymer matrix caused by its transient heating [6,9],
mechanical distortion [7,8] and photochemical reactions
[17-19]. Thisincubation effect should betaken into account
when a clear implantation pattern is required. In this paper,
the ablation threshold for the first shot was about 110
mJcm™ 2 for pyrene-doped filmsirradiated with 248 nm and
about 520 mJ cm™~ 2 for DPA-doped filmsirradiated with 351
nm.

Thefluorescence spectraof the produced patternson target
filmswerevery similar to those of the sourcefilmsfor anthra-
cene and DPA. As an example, the result for DPA with
different laser shots is shown in Fig. 3(a). This result indi-
cates that fluorescent molecules were transferred without
their decomposition to the target films. When pyrene was
implanted into PEMA target films, the longer wavelength
part of its fluorescence spectraincreased with the number of
shotsasshowninFig. 3(b). Theimplanted surfacesemitting
this type of fluorescence were scraped and dissolved into
ethanol, after which the fluorescence changed to the normal
monomer fluorescence of pyrene. The ethanol solution was
al so separated on athin-layer chromatography plate, showing
no reaction product by the implantation as long as the laser
fluence was lower than the ablation threshold. Thus, the flu-
orescent species emitting the longer wavelength part is
assigned to molecular aggregates that can emit excimer-like
fluorescence. The formation mechanism of the molecular
aggregates by repetitive irradiation will be discussed later. It
should be noted that the excimer-like emission was not due
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Fig. 3. Normalized fluorescence spectra of target films after implantation by
various number of laser shots (from the top to bottom: 30, 25, 20, 15, 10
and 5 shots): (@) the source film was DPA-doped PMMA, the target film
was PEMA, the laser fluence was 490 mJcm~2; (b) the source film was
pyrene-doped PMMA, the target film was PEMA, the laser fluence was
100mJem~—2

to the molecules involved in the polymer particles adhered
on thetarget film. These particles generated by laser ablation
showed the fluorescence of pyrene monomer rather than that
of the excimer.

The results above demonstrated that aromatic molecules
can be laser-implanted without decomposition even under
intense laser irradiation. Theirradiated surfacejust below the
ablation threshold would reach a temperature around 600 K
severa tens of nanoseconds after an excitation laser pulse
[6,8,10], and then be cooled down to room temperature by
thermal conduction within 1 ms [ 8]. Thissuggeststhat light-
absorbing molecules can endure if they do not undergo pho-
toreaction by laser irradiation nor thermal reaction in this
timerange. Actually, somepolycyclicaromatichydrocarbons
have been expected to be quite stable even at high tempera-
tures above 1000 K [20].

3.2. Ejection of molecules

Here we consider the gjection mechanism of molecules
fromasourcefilmby laser irradiation. Fig. 4 showsdecreases
in theintensity of anthracene fluorescence (AF) for PMMA,
PEMA and PBMA source films by laser irradiation. The
decreases were due to the gjection of anthracene molecules
from the films, clearly indicating that the gjected amount
increased with laser fluence. Theamount of ejected molecules
wasfoundto beintheorder of PBMA > PEMA > PMMA,
whichindicatesthat thelower theglasstransitiontemperature
(Tg) of the polymer, the higher the gjection amount would
be. This result implies that the gjection would be caused by
a thermally activated diffusion process, since the diffusion
coefficient of small molecules in a polymer increases with
temperature and its absolute value is high in polymer of low
T, The diffusion coefficient of diacetyl in PMMA has been
reported to change step-like more than 3 orders of magnitude
at Ty [21]. However, this marked change of the diffusion
coefficient at T, was found to take place only when the con-
centration of small moleculesis lessthan 0.5% [22]. In our
cases, the concentration of dopant in source films are higher
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Fig. 4. Plots of the reduction in fluorescence intensity (A F) of anthracene
in source films versus laser fluence (1,) after one shot irradiation. The film
materialswere PBMA ( ¢ ), PEMA (@), and PMMA (l).
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than 1%. Hence it may be considered that the diffusion coef-
ficient is represented by a simple Arrhenius-type equation
displaying no obvious change at 7, Here, we assume the
temperature dependence of the diffusion coefficient D,, for
small moleculesin polymers as follows:

D, =D%exp( — e/kT) (1)

where DY, and e are the amplitude factor and activation
energy, respectively. When a source polymer film is irradi-
ated with a laser pulse and heated up by complete phototh-
ermal conversion, thetemperature distribution inthe polymer
film T'(x) just after the laser pulseis given by:

T(x) = (ady/ pC) exp( —ax) +T; (2)

wherex denotesthe depth from thefilm surface, « theabsorp-
tivity at the laser wavelength, p the density of the polymer,
C the specific heat capacity and 7, the room temperature. It
should be noted that « is assumed to be constant for a first
approximation athough it varies during the laser pulse
depending on the laser fluence and the photo-absorbing mol-
ecules [11-13].

Practically there are two extreme cases depending on the
thickness of the source film d and its « as shown in Fig. 5:
(@) high absorbancelimit, ad> > 1 and (b) low absorbance
limit, ad=0. In (a), most of the laser energy is absorbed at
thesurface. Therefore, only molecul esat thethin surfacelayer
will be gjected from the film, the analysis of which would be
rather complicated. In (b), the whole film will be heated up
to a high temperature, which leads to a simple anaysis. By
combining Eg. (1) and Eq. (2), the diffusion of the embed-
ded moleculesin the film can be represented by:

INDy,=InD%— [e/K{ (aly/pC) + T} ] (3)

The flux of molecules (J,,,) passing through the surface of
the source film, would be expressed by Fick’s first law of
diffusion asthe product of D, and the concentration gradient
of the molecules. If the gradient remains constant during a
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Fig. 5. Schematic drawing of temperature distribution in source films just
after laser irradiation: (a) high absorbance limit, (b) low absorbance limit.
The heat diffusion process in the film was ignored.
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Fig. 6. Plot of logarithmic changes (A F) of anthracene fluorescence versus
calculated temperature (7.4.) from Eq. 3 and Eq. 4. The best fit line giving
76 kI mol ~* of the activation energy for the diffusion coefficientin PMMA
is aso indicated.

certain time period A ¢ and the molecules diffuse only in this
period, the amount of gjected molecules A F which wasmon-
itored by the reduction of the fluorescenceintensity would be
written as:

INAF=Iny At DS, — (€/kTeye) (4

where vy is constant including the gection efficiency and
Teac= (aly/pC) +T, is introduced for simplification.
According to thisequation, theresult of anthracenein PMMA
was analyzed and plotted asshownin Fig. 6. Theslopeof the
plot gives 76 kJ mol ~* asthe value of €. Thisvalue seemsto
bereasonabl easthe activation energy of thediffusion process
of aromatic molecules in polymer solids, since it is compa-
rable to the reported values of ~ 100 kJ mol ~* for tripheny-
lene and coronene in PMMA [23]. Obviously, the analysis
here would be too simplified, however it has showed that the
thermal activated diffusion process would play akey rolein
the gjection process.

3.3. Penetration of molecules

As shown in Fig. 3, the fluorescence spectra of pyrene
implanted into target films changed with repetitive irradia-
tion, while those of DPA scarcely did. Hence DPA was
employed for quantitative measurement of the implanted
layer by using thetotal internal reflection fluorescence. Inthe
vicinity of the implanted polymer surfaces, a step function
was assumed to represent the concentration profile of DPA.
Subsequently, the estimated intensity of total internal reflec-
tion fluorescence as a function of the incident angle was
plotted and compared with the experimental valuesdescribed
elsewhere [15]. The estimated thickness of the implanted
layerswas plotted against the number of laser shotsasshown
in Fig. 7. The result indicates that the thickness increased
with the number of laser shotsfor the PEMA films, reaching
to 170 nm after 20 shots, whereasit remained around 50 nm
forthePMMA films. Itisobviousthat laser irradiationallows
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Fig. 7. The estimated thickness of the implanted layer at the target films of
PMMA (l) and PEMA (@) as a function of the number of laser shots.
The laser fluence was 490 mJcm ™2 and the source films were DPA-doped
PMMA filmsfor the both cases.

DPA molecules to move into deep regions in PEMA target
films.

Since the distribution curve of the implanted molecules at
the surface is known to be represented by a step function
rather than Gaussian and Lorentzian [15], the diffusion of
molecules into target films may not be explained by simple
diffusion of molecules. Here the difference between the
source and target films should be taken into account. In the
case of a source film, the whole film is doped with light-
absorbing molecules and can be heated up to a certain tem-
perature as shown in Fig. 5. On the contrary, a target film
does not involve any light-absorbing molecules before the
first shot of laser irradiation. In this case, only the implanted
layer can be heated up by laser irradiation and molecules
would move into a deep layer where no dopant has existed
before. Therefore, the Arrhenius-typeactivated diffusionmay
not occur at thefront of theimplanted layer. Asan alternative,
astep-like change of the diffusion coefficient at 7, mentioned
before [21,22] would be responsible for this process. In a
system where the Arrhenius plot of diffusion constant has a
break point at T, the diffusion constant increases markedly
with a temperature above T, since the activation energy is
generaly higher in the rubber state than in the glass state
[22,24]. Fig. 8 shows a model to explain an increase in the
implanted layer thicknesswith repetitiveirradiation. Thefirst
shot of thelaser would implant moleculesin avery thin layer
around 30 nm. These mol eculeswould convert photon energy
into intra- and inter-molecular vibrational energy and heat up
the surrounding polymer domains by the following shots of
thelaser. If we assumethat the diffusion of heat isfaster than
that of molecules, a certain depth of the polymer surface
would reach above its T, thus the molecules would move
until the front where the mobility of the molecules suddenly
falls off.

3.4. Formation of molecular aggregates

In the case of pyrene implantation, the excimer-like fluo-
rescence became prominent by increasing the number of laser
shots, indicating the formation of aggregates in the layer as
shown in Fig. 3(b). One simple explanation might be an
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Fig. 8. Description of the penetration mechanism at the surface of target
filmsin terms of a transient temperature rise at the surface layer.

increase of the concentration of pyrenein theimplanted layer
with increasing the number of shots. If a certain amount of
molecules are injected into the layer shot by shot, this could
result in an increase in the concentration of pyrene, thus
aggregates could be formed. On the contrary, the absorbance
of pyrene in the implanted layer was constant although the
excimer-like fluorescence increased as shown in Fig. 9. This
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Fig. 9. Theratio of the fluorescence intensity at 500 nm to that at 394 nm
(A) as afunction of the number of laser shots, showing the formation of
excimer-like aggregates in PEMA target films. The absorbance at 337 nm
(+) wasaso plotted for showing the total amount of the implanted pyrene
in the films. The laser fluence was 100 mJ cm ™2 and the source was pyrene-
doped PMMA.
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Fig. 10. Conceptua phase diagram for a dopant-polymer system at a low
limit of dopant concentration.

means that the amount of molecules in the implanted layer
would not change so much, but pyrene molecules would
move in the implanted layer, resulting in the formation of
their aggregates.

This may be explained by the repetition of melting and
sudden cooling of the system which consists of polymer and
dopant molecules. Asillustrated in the conceptual phasedia-
gram in Fig. 10, when a polymer system involving a certain
amount of dopant is heated up, purer polymer solid and par-
tially melted polymer involving a higher concentration of
dopant moleculesisyielded. If thesystem coolsdownrapidly,
the purer polymer solid would solidify without dopants,
resulting in the generation of domains which involve more
dopants. This processis similar to the fractional crystalliza-
tion, and its repetition will amplify inhomogeneity of the
distribution of dopantsin polymer. Thiswould be aresult of
repetitive heating and cooling of polymer including a small
amount of dopant molecules.

4, Conclusion

The mechanism of laser molecul ar implantation was stud-
ied by fluorescence and absorption spectroscopy. Fluorescent
patternsof implanted mol eculeswereal sofound at thesurface
of the target films even when the laser fluence was less than
the ablation threshold of the source films. The amount of
gjected molecules from the source film was estimated from
the reduction of fluorescence intensity. It was found that the
lower the glass transition temperature of the source film, the
higher the gected amount. The thickness of the implanted
layer at the surface of the target film was obtained by means
of total internal reflection fluorescence. Themolecular aggre-
gates were found to increase with increasing the number of
laser shots. The mechanism of the penetration and aggrega-
tion of the fluorescent molecules by the repetitiveirradiation

was discussed in connection with photothermal temperature
jump and thermally activated diffusion in polymer solids.
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