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Abstract

Coloured and fluorescent thin films are prepared by polymerization of dye molecules by
interaction with a remote plasma of Ar while they are sublimated on a substrate. The
films are formed by a cross-linked matrix of fragments of the original dye and some
unreacted molecules. Films made of Ethyl red or Rhodamine 6G dyes have been
characterized and studied with regard to their optical properties. Plasma characterization
by Optical Emission Spectroscopy (OES) has evidenced the fragmentation of the
evaporated dye molecules by interaction of the dye molecules with the electrons of the
plasma. The electron energy seems to be the main parameter controlling the

polymerization degree of the films.



Introduction

Plasma polymerization is a very well established technique widely used for the
synthesis of a large variety of polymeric materials in the form of thin films. 3! In many
cases, plasma polymerization is carried out under very mild conditions that only
produce a controlled and partial breaking of the monomer molecules in the plasma. In
this way the chemical functionalities of the original molecules can be preserved when
they become incorporated in the films during the film growth. This approach is
illustrated by numerous examples of polymers intended for many applications as
conductive coatings, biological surfaces and others.!>!

Dye molecules embedded in different matrices in the form of thin films are the basis of
specific materials used for laser cavities, optical filters, optical gas sensors, etc. "%
Usually, the synthesis of this type of thin films is intended by sol/gel and similar wet
methods and the films use to have a thickness of several microns. These procedures
present some inconvenients as, for example, the need of different steps for drying,
annealing, etc. Other limitations come from the microstructure of the films (e.g., surface
roughness), that may impose some restrictions when these materials have to be
integrated in optical and photonic devices. Trying to circumvent these problems there
have been some essays of preparation of dye thin films by sublimation techniques.
However, the resulting films are formed by small crystalline aggregates whose size
increases with time and that are easily removable from the substrates during they
manipulation.!''! Another limitation of evaporation or sublimation procedures is that the
actual concentration of dye molecules and their aggregation at an atomic scale cannot be
controlled. This feature is critical if the absorption/fluorescence activity is the envisaged
property for the final application of the films. [12-15]

In the present paper we discuss a new methodology based on the plasma polymerization
of dye molecules that circumvent the above mentioned problems. It permits a tailored
synthesis of optically active thin films containing dye molecules which are active as
absorbent or fluorescence emitters (i.e., coloured and fluorescent films). The principle
of this new procedure is the partial polymerization of dye molecules that are evaporated
over a substrate while exposed to an Ar plasma. As a result of this process a polymeric
thin film is produced where some dye molecules keep intact their optical activity

(although eventually, their optical response can be slightly modified by matrix

effects.!!>!7] By comparison with conventional thin films containing dyes prepared by



sol/gel and similar procedures, this new type of dye thin films are much thinner (for
example some tenths of nms are enough to get similar extinction coefficients that
several micron films prepared by wet routes), are very flat and permit a very easy
control of the matrix effects that influence the optical response of the dye molecules. To
our knowledge, this is the first time that such a type of polymerization process rendering
optically active films has been successfully achieved.

To illustrate the possibilities of the technique we present here results for two different
dye molecules, the Ethyl red, a neutral azoic dye used as pH sensor, and the Rhodamine
6G, a xanthene derivative cationic dye which is typically used as gain media in tuneable

51819 In this communication we focus on the description of the method and on

laser dye
the analysis of the polymerization process by comparing the thin films characteristics
with the plasma properties analyzed by Optical Emission Spectroscopy (OES) under the
deposition conditions. A more complete analysis of the optical properties of the

Rhodamine 6G films can be found in previous publications. [!% 6]

Results

OES investigation of the plasma during thin film deposition

When no dye is being evaporated, the OES spectra of the plasma of Ar are quite similar
to those of this type of plasma discharges produced in similar experimental set-ups.!2%2!]
Basically, they consist of a series of emission lines involving the 4s-4p and 4s-5p
excited states of Ar. The spectrum is significantly modified when the dye molecules are
being evaporated over the substrate. Figs. 1 and 2 show typical spectra recorded under
deposition conditions for the two dyes studied in this work. In these spectra a series of
new bands appear superimposed on the lines involving Ar de-excitation processes
(indicated in the top panel of Fig. 1) that have significantly decreased in intensity if
compared with the plasma of pure Ar. These new bands include the C2 swan bands and
the C2 Deslanders-d’Azambuja bands, lines due to other radicals such as CH (the 3900
A band and the 4300 A band), CO (the third positive and 5B bands) and CN (Violet
system). Strong emission lines of Hqand Hg are also recorded in this case. *?! The
observation of these species was a common feature for the two dye molecules
investigated here although, as illustrated in Fig. 1, their intensity was relatively higher
for the Rhodamine 6G . This difference may either indicate an easier fragmentation of

this molecule and/or the fact that the films of Rhodamine 6G are prepared by placing



the substrate and evaporation sources closer to the plasma zone (see experimental
section).

The appearance of these new lines and the partial quenching of the peaks due to Ar*
species clearly indicates that, in both cases, the Ar plasma is effectively interacting with
the evaporated dye molecules and that the observed carbon and hydrogen species are
formed by fragmentation of the evaporated molecules. Other interesting observations by
this OES characterization of the plasma are that the intensity of the carbon species was
not significantly affected by the microwave power within a range comprised between
100 and 200 W, although it was very sensitive to the pressure of the plasma gas. Fig. 2
illustrates this behaviour for the Rhodamine 6G and shows how the intensity of the
different bands due to the C2, CO, CH and CN decreases by approximately one half
when the pressure increases from 10 to 102 Torr. According to the known behaviour
of the plasma discharges in a similar chamber (Nowak JVSTA-1992, see experimental
section), these results seem to indicate that changes in electron temperature and/or in ion
flux are the main plasma parameters affecting the formation of these excited species in

the utilized ECR plasma set-up.

Optical properties of the thin films

As a result of the interaction of the plasma species with the evaporated dye molecules,
different types of thin films, characterized by a different capacity of light absorption,
can be deposited. An efficient control of the extinction coefficient can be achieved by
adjusting the distance between the substrate and the plasma zone. At this point it must
be mentioned that another parameter that provides a certain control over the degree of
polymerization of the films was the power of the plasma. However, we preferred to
change the distance as a working parameter because it rendered more reproducible
results. Fig. 3 shows as an example a series of photographs and UV-vis spectra of
polymerized thin films of Ethyl red, all of them with ~100 nm thickness. The different
samples were obtained by changing systematically the distance z between the substrate
and the plasma region. For shorter distances most of the evaporated dye molecules are
affected by the plasma species. The result is a yellowish polymeric layer where no
absorption bands associated to the dye molecules can be distinguished in the spectrum
(spectrum e in Fig. 3). On the contrary, separating the substrate from the plasma region
leads to coloured thin films where the intensity of the absorption band increases with

separation (spectra b-d) Finally, for very long distances, conventional evaporated films



are obtained (spectrum a). Contrary to the polymerized films, these evaporated films,
formed by discrete crystallites of the Ethyl red molecules, were not mechanically stable
and could be easily removed by a gentle brushing with the hand or dissolved by
immersion in water. Fig 3 also shows a similar set of results for the plasma
polymerization of Rhodamine 6G where, similarly, a transition from a non-coloured and
cross-linked plasma polymer to non-modified sublimated films can be observed in the
UV-Vis spectra as a result of the change in the distance z between the substrate and the
plasma zone (spectra from B to E in Fig. 3).

The polymerized Rhodamine 6G films were fluorescent and yielded a very interesting
fluorescent pattern as previously reported for this type of thin films. ') On the other
hand, the polymerized films of Ethyl red presented, among other properties, an increase
in the red colour intensify when exposed to vapours of a hydrogen chloride solution.
This is the typical behaviour of this dye commonly used as a pH sensor. Keeping the
absorption, fluorescent and sensor properties of the dyes when they are in the
polymerized films confirms that a certain number of integer dye molecules are

preserved in the films during their deposition by polymerization.

Compositional and structural characterization of the films

The polymeric character of the films could be proved by FT-IR analysis. Assignments
of the bands in the FT-IR spectra have been taken from the bibliography.l>3-?¢ Fig. 4
shows as an example, the FT-IR spectrum of a polymerized film of Rhodamine 6G
prepared under conditions similar to those used in Fig. 3 to prepare sample C. In this
case the films were much thicker to have enough sensitivity to detect their FT-IR
spectrum. For comparison the spectrum of an evaporated layer of this dye is also
included in the figure. The evaporated film shows bands in the following
regions/positions: 400-570 cm™ assigned to torsional ring bending, low intense features
at 615-670 cm™! assigned to C-C-C in plane bending, 1215 cm™ to C-O-C stretching,
1115 cm! to C-H aromatic in plane bending, 1140, 1165, 1208 cm™ to C-H in plane
bending and C-C stretching, 1315, 1365, 1444 cm™ associated to aromatic C-C and C-N
stretching, 1490, 1550 and 1630 cm™ assigned to aromatic C-C stretching, 1730 cm’!
attributed to C=0 stretching vibration in the carbonyl phenyl group, a low intense band
at ~2950 cm™! that can be attributed to C-H stretching vibrations and two weak bands at
3200 and 3390 to N-H vibrations. The spectrum of the plasma polymerized film in Fig.
4 shows several wide bands at 1170-1350 cm™', 1360-1505 cm™ and 1520-1820 cm.



The latter is the more intense and includes the vibration bands of aromatic C-C and
C=0 stretching modes. The broadening of the IR bands is a typical effect in plasma
polymers.!"¥) In this case, the FT-IR spectrum features can be interpreted as the result of
the cross-linking of the Rh6G molecules during the plasma deposition (i.e., extensive
fragmentation of the dye molecule in the layer) and the complete or partial hindering of
vibrational modes of the dye molecules confined in a cross-linked polymeric matrix. A
similar effect has been observed in dye-doped silica xerogels. [**) The plasma polymer
spectrum shows an additional wide and intense band at ~3350 c¢cm-' due to O-H
vibrations, what is congruent with the XPS results discussed in the next paragraph.

Information about the composition of the dye thin films can be obtained by XPS.
Determination of surface composition by this method renders the results summarized in
Table 1 where atomic percentages for the evaporated and optically active polymerized
films are compared with the nominal composition deduced from the formulas of the two
dyes. In a first approximation, the atomic percentages are close to those derived from
the composition of the molecules, thus indicating that by either the sublimation or the
polymerization procedures the original atomic percentages are relatively well
reproduced in the films. However, a finer analysis of the data reveals that the Ethyl red
films are slightly depleted in N, particularly for the evaporated films. This probably
indicates that some Ethyl red molecules decompose during evaporation and loss
nitrogen as N2 (see the azo -N=N- bond structure in the formula of this molecule in Fig.
1). Less nitrogen is lost during polymerization, probably because under these conditions
plasma species of nitrogen are able to become incorporated in the film. Most significant
difference between the two types of films refers to their oxygen content. Thus, while for
the Ethyl red the percentage of this element is close in all cases to the formula value, for
the Rhodamine 6G films it is significantly higher than that predicted by the nominal
composition. In addition, for the polymerized Rhodamine 6G the concentration of
oxygen reaches a maximum. The oxygen enrichment is a well-known phenomenon in
plasma polymerized organic materials. The origin of this oxygen can be post-deposition
reactions of the samples exposed to the air and/or direct incorporation of oxygen from
the reactor during the deposition process. [!* Since the two types of thin films have
been prepared according similar polymerization protocols, we believe that the extra
incorporation of oxygen in the polymerized Rhodamine 6G occurs during its deposition
and is likely related with the fact that these films are prepared with the substrate in a

position z close to the plasma zone. Formation of C(O) species in the polymerized



Rhodamine 6G is confirmed by its Cls spectrum reported in Fig. 5. This spectrum is
characterized by an intense peak at around 285 eV due to C-C and C-H bonds. It also
presented a marked asymmetry at ~286.6 eV that extends up to ~288.8 eV where a
defined shoulder appears. This shape of spectra is typical of the presence of -C-OH (in
agreement with the FT-IR spectrum of this sample in Fig. 4), -C=0 and -COO" bond
structures in the film.?”) As expected from the atomic percentages in Table 1, the
relative intensity of that shoulder is significantly smaller for the evaporated film.
Meanwhile, the Cls spectra of the polymerized Ethyl red is more symmetric and its
shoulder at around 288.8 eV is also small, thus confirming the relatively small oxygen
content in this sample. The relative high intensity of the shoulder at ~288.8 eV in the
evaporated film of Ethyl red indicates that the concentration of —COO™ groups is rather
abundant in this case (note that in the structure of this molecule there is a —-COOH

group, see Fig. 1).

Table 1.- Atomic percentages of evaporated and polymerized films of the two dyes

molecules studied in this work compared with the percentages derived from their

formula.

%C %0 %N
Ethyl red (poly.) 77.2 11 11.8
Ethyl red (evap.) 77 14.9 7.7
Ethyl red (formula) 75 10 15
Rhodamine 6G (poly.) 68 26 6
Rhodamine 6G (evap.) 79 15 6
Rhodamine 6G (formula) | 85 9 6

From the point of view of the use of these thin films for photonic applications, a critical
issue is that they present a very low roughness, an important feature to avoid the
scattering of light. AFM analysis of the surface roughness of these films showed that
they were very flat with a root mean square (RMS) surface roughness of ~0.4 nm for 90
nm thick layers (see a more complete set of results in ref 15). RMS values within this

range are much smaller than those typically obtained for dye thin films prepared by wet




chemical routes where the thickness has to be much higher to get similar high extinction

coefficients.[*’!]

Etching behaviour of the polymerized dye thin films

Due to the polymeric character of our films, they can be easily etched by plasma attack,
either directly or through masks. In this latter case the formation of lithographic
patterns, of great importance for certain photonic applications, would be possible. Fig. 6
shows an image of the fluorescence emission obtained with a confocal fluorescence
microscope for a polymer film of Rhodamine 6G that has been exposed through a mask
to an oxygen plasma. The image clearly shows a well defined pattern resulting from the
etching of the film in the zones directly exposed to the plasma. It is important to note
that although degradation of the colour may also occur by exposure of the films to the
UV light emitted by the plasma, in this case the fluorescence pattern corresponds to a

selective etching of the films as proved by its posterior analysis with a profilometer.

Discussion

The dye thin films prepared here can be considered as formed by a polymeric structure
of dye molecules fragments. This means that the dye molecules are equivalent to the
monomer entities used by conventional plasma polymerization processes.['! The main
singularity of these thin films is that a given number of chromophore centres formed by
the dye molecules remain intact after polymerization. This confers the colour and the
optical activity (i.e., fluorescence) to the films.

From the point of the manufacturing process, control of the optical activity of the films
requires a very precise balance between the density of plasma species arriving to the
surface of the growing films and the flux of evaporated molecules. For given plasma
conditions (i.e., power, pressure of gas, etc.) a very simple way of achieving a precise
control of this ratio is by moving the position of the substrate with respect to the plasma.
It has been proved that this is the most efficient way of controlling experimentally the
optical properties of the films. In this regard, it has been also observed that the
sensitivity to the plasma of the different evaporated dye molecules is different. For the
two molecules investigated here, it resulted that the Ethyl red was very sensitive to the
plasma and that, therefore, it has to be deposited at longer distances z than for the

Rhodamine 6G. This fact produces slight differences in the characteristics of the



polymer matrix as evidenced by the increase in the oxygen content in the polymerized
films of this latter molecule.

During plasma deposition with Ar as plasma gas, C2, CN and CHx species have been
detected in the plasma. Cz species can be considered as an intermediate species of the
formation and/or etching of carbon materials with plasmas of Ar*.[?®! Their detection,
together with bands due to CN and CHx species, indicates that the dye molecules
coming from the Knudsen cell are effectively activated and part of them even
fragmented by interaction with the plasma. In general, an increase of the pressure of the
plasma gas produces a decrease in the kinetic energy of the plasma electrons. This was
effectively proved by Nomak et al.*” in a previous characterization study of the plasma
discharge in a reactor with a similar architecture than the one used here. These authors
showed that while the concentration of electrons in the plasma was little affected by the
pressure within the range considered here, their average energy (comprised between 1
and 3 eV for an Ar plasma) decreased with this parameter. Therefore, the observation
that the intensity of the emission lines of these carbon species decreases with the
operating pressure (cf. Fig. 2) suggests that the kinetic energy of the plasma electrons is
critical for the activation/fragmentation degree of the dye molecules during deposition.
The key point of our procedure is that, even if the majority of the dye molecules become
polymerized, some of them remain embedded within the polymeric structure without
undergoing any significant modification of their structure and, therefore, optical
properties. The UV-vis absorption spectra reported for both the Ethyl red and the
Rhodamine 6G molecules clearly show that it is possible to prepare thin films with a
gradation of the extinction coefficient by just separating the substrate from the plasma
zone. Besides the possibility of controlling such a gradation in colour, another important
characteristic of our method is the fact that ultrathin thin films (around 100 nm for the
thin films whose spectra are reported in Fig. 3) yield very high extinction coefficients.
The high planarity of our films and the fact that they can be very thin are ideal
properties for their integration together with photonic structures to develop new families
of photonic devices (e.g., sensors, wavelength couplers, photonic structures, etc.). In
this regard, the possibility of fabricating lithographic patterns with our films (cf. Fig. 6)
is another advantage for their practical integration into photonic components.!” 12 13]

A final remark concerning the fabrication procedure is that it would permit the
integration of the dye thin film within a stacking structure formed by different layers of

other materials (e.g. dielectric layers of silicon or other oxides, silicone-like films,



conducting polymers, etc.) and/or dye thin films of other compositions. We believe that
this new fabrication method based on plasmas may open quite interesting possibilities
for the use of plasma techniques for the manufacturing of photonic materials and

devices.

Experimental

A scheme of the experimental set-up used for deposition is shown in Fig. 7. It consists
of a chamber with two zones, a plasma and a deposition zone. In the plasma zone a
discharge is sustained under ECR conditions thanks to a set of magnets surrounding the
chamber. The microwave was applied to the plasma chamber through a flat Pyrex
window. In the deposition zone there is a substrate in a remote configuration with
respect to the plasma zone and two dye evaporators (home-made Knudsen cells) to
sublimate the Rhodamine 6G and Ethyl Red (Aldrich). The distance between the
sample-holder and the plasma zone, a critical parameter for the control of the process,
have been measured as indicated in the figure (z value). The pressure of the system was
controlled by an automatically regulated pressure controller connected to a capacitance
pressure gauge (Baratron). Ar was dosed to the plasma chamber using a calibrated mass
flow controller (MKS). All the experiments have been carried out by using Ar as plasma
gas. The microwave power was 200 W and the (Ar) pressure during the discharge 107
and 107 mbar. The reflected power measured was less than 10 W. It was minimized by
achieving a good coupling between the rectangular and the circular waveguides.

This ECR system was characterized previously by two diagnostics methods: A
Langmuir probe and an electrostatic energy analyzer.”°! Measurements of the electron
density as a function of pressure showed a maximum of the electron density at
approximately 7 x 10 Torr. The ion flux, measured as a function of the working
pressure in the centre of the chamber, was higher at low pressures, decreasing rapidly as
the pressure or the distance z between plasma zone and substrate increases. These
measurements also evidenced that the Ion Energy Distribution Function (IEDF) shifts to
lower energies for higher pressures. 2]

Plasma polymerization occurs while the dye is being sublimated. The deposition
process was controlled by a quartz crystal monitor placed besides the substrate in the
deposition zone. Typical growing rates between ~2-5 nm/min were achieved by
controlling the heating of the Knudsen cells. These relatively low growth rates were

selected to efficiently control the deposition of ultrathin films of ~50-100 nm. The
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substrate and the evaporators move together to keep constant the amount of the
evaporated molecules arriving to the substrate.

OES spectra were collected under deposition and non deposition conditions by using an
optical fibre to collect the spectra from the plasma zone of the chamber with a CVI
Digikron monochromator (DK480, 1/2 meter computer-controlled) and a Hamamatsu
photomultiplier in the range 200-900 nm.

One side polished Si (100) wafers, quartz and glass slides were used as substrates in the
deposition chamber depending on the characterization method to be applied.

The XPS spectra were recorded on an ESCALAB 210 spectrometer that was operated at
a constant pass energy of 20 eV. Non-monochromatized MgKa radiation was used as
excitation source. Atomic ratios and surface concentrations were quantitatively
determined from the area of the Cls, N1s and Ols peaks. A Shirley-type background
was subtracted and the peak areas were corrected by the electron escape depth,
spectrometer transmissions and photoelectron cross-sections. "]

Fourier transform infrared (FT-IR) spectra were collected in transmission at normal
geometry in a Bonem MB Series spectrometer for samples deposited on Si(100) wafers.
UV-vis spectra were recorded in a Perkin-Elmer A12 spectrophotometer for samples
deposited in glass slides.

Florescence microscopy images of the etched thin films have been obtained with a
Leyca TCS SP2 confocal fluorescence microscope.

The thickness of the films has been measured with a KLA-Tencor HRP 75 profilometer.
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Figure captions

Fig.1.- Broad scan OES spectra recorded during plasma polymerization of the
Rhodamine 6G (top) and the Ethyl red (bottom) thin films. The formula of the two dye
molecules is included in the figure. The region where the lines due to the Ar plasma

appear are indicated in the top ‘panel of the figure.

Fig. 2.- OES spectra recorded during the plasma polymerization of the Rhodamine 6G
films recoded at two different total pressures. The spectra are presented in an enlarged
scale to clearly show the formation of different excited species coming from the partial

fragmentation of the dye molecules.

Fig. 3.-UV-vis. absorption spectra of polymerized thin films (~100 nm thickness) of
ethyl red (top) and Rhodamine 6G (bottom) as a function of the running parameter z
(distance from the substrate to the discharge zone). The spectra of evaporated thin films
are included for comparison. Photographs of the films deposited on glass are included

for illustration.

Fig. 4.-FT-IR spectra of the Rhodamine thin films prepared by evaporation and by
plasma polymerization. This latter is prepared under conditions similar to those of

sample C) in Fig. 3.

Fig. 5.- Cls photoemission spectra of evaporated and polymerized thin films of Ethyl
red (top) and Rhodamine 6G (bottom).

Fig. 6.- Fluorescence image recorded with a confocal fluorescence microscope for a
Rhodamine thin film subjected to etching through a mask with a plasma of oxygen. The

width of the patterns is 50 pum.

Fig. 7.- Scheme of the experimental set-up used for the deposition of dye thin films by

plasma polymerization
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