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ABSTRACT

This work presents a study about the structure and morphology of thin plasma composite films of polythiophene (PTh)
with metallic particles of Ti (PTh-Ti). The objective was to study the water affinity and electric conductivity in PTh
with the addition of metallic phases. The hydrophilicity was studied with the contact angles formed between water and
surfaces, and the electric conductivity was calculated with the resistance measured in a two-probe device. The structure
and morphology of the composites were studied with X-ray diffraction and scanning electron microscopy. The results
indicated that PTh-Ti formed thin films of hybrid composites with oxidized Ti and Fe additional particles released from
the electrodes used in the syntheses. The metallic fraction resulted in 2 diffraction angles at 31.6° and 66.1° product of
the complex interaction among Ti, resembling orthorhombic TiO, structures, and PTh. The metallic particles and iodine,
added as a dopant to the composites to increase conductivity, reduced the hydrophilicity with water in a competition
between roughness and chemical composition. In these conditions, the contact angles resulted between 46° and 75°. The
electric conductivity was about 10 S/m increasing one order of magnitude with the metallic fraction. However, the
high resistance of the polymeric fraction apparently dominates the transference of charges.
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1. Introduction hole transport layer of a mixture of semiconductive poly-
mers; the active layer would be formed of PTh with me-
tallic particles; and the cathode would be a metallic con-
ductor. Although it is known that the efficiency is higher
with crystalline donors and acceptors [4], it has been found
that non-crystalline semiconducting polymers and poly-
mer-metal composites synthesized by plasma are very
stable materials with promising electronic properties in
these functions [5-7].

Considering these possibilities, the synthesis, structure,
morphology and properties of plasma composites of PTh
with Ti and I as active layers are studied in this work.
Plasma techniques are direct methods free of solvents
such as chloroform, chlorobenzene and tetrahydrofuran,
commonly used in the synthesis of other hybrid solar cells
based on semi-ordered polymers such as poly (3-hexyl)
thiophene (P3HT). Many studies have focused on synthe-
sizing this type of solar cells, eliminating solvents [8].

Among polymeric materials, typically insulators, the
group of conjugated heterocyclic polymers have relative-
ly high electrical conductivity. This is the case of poly-
thiophene (PTh), which has been used in solar cells and
sensors since 1982, however its irregular efficiency led to
a rapid decline in this application. Now, recent studies
have focused on hybrid solar cells of PTh with materials
with high electrical affinity, such as TiO, [1-3]. The stud-
ies of ultrafast and efficient photo-induced electron trans-
fer between conjugated polymers and fullerenes have re-
presented an important step in the revival of these orga-
nic photovoltaic devices.

A hybrid solar cell is generally formed by at least four
distinct layers: an anode, an electronic-hole transport la-
yer, an active layer and a cathode. The active layer is re-
sponsible for light absorption and diffusion of charge
carriers between donors and acceptors. In a cell of PTh,
the anode would be made of indium-tin oxide (ITO); the 2. Methodology
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tor of 9 cm diameter and 12 cm length. The base and
work pressures were 5 x 107> mbar and 7 x 10”" mbar,
respectively. Two flat electrodes were used, the anode
was made of stainless steel (SS) 6 cm diameter, and the
cathode was made of Ti, 4 cm diameter, mounted on
stainless steel bars. The separation between electrodes
was 3 mm.

PTh-Ti composites were synthesized in two steps us-
ing two power sources, rf and cd, switching during the
synthesis. The first step was the synthesis of PTh with a
Dressler rf power generator working at 13.56 MHz and
20 W. During this step, a small amount of Ti was re-
leased from the electrodes. An Ar flow was used to mod-
erate the flow of monomer into the reactor. To increase
the metallic content, the second step was a Ti sputtering
process performed with an Advanced Energy MDX mag-
netron drive at 1000 V with an Ar-air mixture as carrier
gas. To achieve the Ti sputtering, the cathode was cou-
pled with 0.127 mm thick Ti sharp foils. This allowed the
sputtering of Ti and consequently, the synthesis of PTh-
Ti composites. To modify conductivity and hydrophilic-
ity in the composites, PTh was synthesized adding I as a
dopant in the first step, with the same metallic sputtering
process in the second step. With this addition, PTh-I-Ti
composites were formed.

The synthesis time was variable, for PTh, time inter-
vals between 30 to 120 min were used, while for Ti sput-
tering the time intervals were between 15 to 40 min. The
composites were synthesized in the same chamber, being
cautious that during polymerization the monomer feed
rate was slow enough to avoid that the cathode was fully
covered by the polymers. In the second step, the sputter-
ing process was carried out alternating both rf and cd
magnetron drives. Adjusting the monomer feed rate to
the reactor, through a needle valve; the metal-polymer ra-
tio in the composites was controlled. The composites
were formed as thin films on glass substrates placed be-
tween the electrodes. In those substrates, the composites
were analyzed.

The metallic structure was studied by X-ray diffraction
with a Siemens D500 diffractometer from 2° to 120° in
the typical 26 scale. The metal fraction and its distribu-
tion in the polymer matrices were studied by electron mi-
croscopy and energy dispersive spectroscopy (EDS). The
contact angles between composites and distilled water
were obtained with drops of 8, 12 and 16 pl at 25°C in all
cases. The dc electrical conductivity was evaluated by
the two-point method at room temperature. It is impor-
tant to note that this is a volumetric, not superficial, eva-
luation.

3. Results and Discussion
3.1. Morphology of Composites

The thickness of the films varied from approximately 1
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to several micrometers, see Figure 1. During the synthe-
sis, the monomer feed rate into the reactor had to be re-
duced in order to prevent that the Ti electrode become
coated with the polymer, effect that would reduce the
releasing of Ti particles. Consequently, as the metal quan-
tity is increased, the composites are thinner than the po-
lymeric layer without metal considering similar reaction
time.

The morphology of PTh shows a homogeneously
rough surface with several protrusions of about 1 pm on
layers of approximately 5 um, see Figure 1(a). On the
contrary, the surface of PTh-Ti composites looks smooth
and homogeneous, see Figure 1(b). The addition of the
metallic fraction reduced almost completely the protru-
sions on the surface, although the thickness of the metal
layer cannot be differentiated from the substrate. How-
ever, there are zones in PTh-Ti where the surfaces were
heavily attacked by the energetic plasma particles, near
the electrodes, which appear with some pores and slight
irregularities, see Figure 1(c).

The addition of I to PTh-Ti formed PTh-I-Ti compos-
ites in which many irregularities with particles and ag-
glomerates randomly spread appeared on the surface, see
Figure 1(d). The effect of I produced the release of Fe
particles from the SS electrode, and this effect modified
the smooth surface of PTh-Ti to roughened surfaces in
PTh-I-Ti.

3.2. Atomic Ratios

The atomic ratios are tools used to analyze the participa-
tion of thiophene molecules, metals and dopants in the
composites. Table 1 summarizes the elemental content
of C, S, I, Ti, O and Fe in atomic percentage of all com-
posite combinations. C and S are part of the thiophene
structure (cyclic -CH = CH-CH = CH-S-), but O is an
additional oxidation in the polymers due to interaction
with the atmospheric oxygen at the end of the synthesis.
The participation of Ti is in the 0.34% - 3.44% interval
and I content is 13.89%.

It is interesting to note that when iodine participates in
the reaction Fe, 1.69%, is released from the SS electrode.
With the participation of iodine, the Ti content in the
composites also increases, up to 10 times. This metal
sputtering of Ti and Fe can be associated with collisions

Table 1. Elemental analysis of PTh, PTh-Ti and PTh-Ti-I
composites in atomic percentage.

Sample  %C %O %S %Ti %Fe %l CIs

PTh 80.35 6.83 12.82 0 0 0 6.27
PTh-Ti 7932 581 1453 0.34 0 0 5.46

PTh-I-Ti 46.26 10.12 24.60 344 1.69 1389 1.88
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Figure 1. Morphology of: (a) PTh, rough surface with thick-
ness of approximately 5 pm; (b) Lateral view of PTh-Ti,
smooth surface with thickness of approximately 1 um; (c)
Surface of PTh-Ti showing the effect of the increased en-
ergy of plasma particles; and (d) Surface of PTh-I-Ti, rough
surfaces could be associated with the inclusion of iodine in
the synthesis. (a) PTh. (b) PTh-Ti. (c) PTh-Ti Surface. (d)
PTh-1-Ti Surface.
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with I ions in the plasma. The O content also reflects the
iodine influence increasing the O atomic content, from
5.81% in PTh-Ti to 10.12% in PTh-I-Ti. In PTh-Ti is ob-
served the lowest O content. Another origin of O in the
composites could be in the oxygen atoms participating in
both electrodes.

The increase of metal and oxygen percentages reduces
the C participation on the surface with iodine. In PTh and
PTh-Ti, the C content is approximately 80%, but reduces
to 46.26% as a consequence of iodine. The C/S atomic
ratio is 4 in thiophene and it would be approximately the
same in polythiophene composites without molecular
fragmentation. However, the C/S ratio obtained was dif-
ferent from 4, in PTh C/S = 6.27 indicating molecular
fragmentation associated with the high energy of plasma
particles in which some sulfur fragments did not partici-
pate in the composite, probably because they escaped
from the reactor. On its part, PTh-Ti has a moderate
amount of metal, with C/S smaller than PTh, 5.46, but
remains high relative to C/S in thiophene. This ratio in-
dicates smaller fragmentation than the case before. The
lowest C/S ratio was found in PTh-I-Ti, 1.88, suggesting
that the more metal in the composites the smaller the C/S
ratio. This ratio also indicates fragmentation, but in a dif-
ferent way than the previous cases in which what escaped
from the reactor were the carbon fragments and not the
sulfur ones because of the iodine participation. It is clear
that the high energy associated with the sputtering is able
to fragment thiophene rings with the consequence that
some of the smaller molecules are extracted from the re-
actor by the vacuum system.

3.3. Contact Angles

The physical and chemical composition of surfaces plays
a key role in the hydrophilic behavior of materials. The
forces on the surface can be modified with the addition
of superficial layers of different materials. In PTh-Ti, the
surface tension increases with the metallic fraction and
small contact angles are observed, see Figure 2, in which
regardless the synthesis conditions, the films show hy-
drophilic behavior with angles below 90°.

Contact angles of all PTh composites with distilled
water were calculated between 46° and 75°. PTh has the
greatest values, 72° - 75°, associated with its rough sur-
face. The metallic particles added to PTh greatly reduced
the roughness on the surface and as a consequence, the
contact angles in PTh-Ti reduced to the 62° - 70° interval.
The dopant, iodine, participating in PTh-I-Ti increased
the roughness on the surface with respect to PTh-Ti but
unexpectedly further reduced the angles sending them to
the 46° - 55° interval. This effect could be due to the hy-
groscopic character of I atoms inserted on the surface,
which appears to have more influence than the hydro-
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phobicity associated with the superficial roughness, see
Figure 1(d).

It is worthy to note this effect, because PTh-I-Ti is an
example of the great influence of chemical composition
of surfaces, because although its surface is much rougher,
the inclusion of iodine reduced the contact angles to the
lowest values, making it the most hydrophilic composite.

3.4. Diffraction Angles

The X-ray diffraction of PTh-I-Ti composites is shown in
Figure 3 and presents superposition of both phases, me-
tallic and polymeric. Figure 3 also includes the main
diffraction lines of TiO, and Fe,O; oxides to compare
with those of the composites, because, as it was shown in
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Figure 2. Contact angles of PTh composites. They are the

result of their physicochemical characteristics, roughness
and chemical composition of surfaces.
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Figure 3. X-ray diffraction pattern of PTh-I-Ti. Well de-
fined peaks at 31.6° and 66.1° can be observed. Dashed (in
red) and dotted (in blue) lines represent the diffraction an-
gles of Fe,O5 and TiO, (Brookite), respectively.
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Table 1, PTh-I-Ti has 3.44% of Ti and 1.69% of Fe. The
diffractogram shows the prevalence of the polymeric
amorphous phase upon the metal, although there are two
well defined signals protruding from the amorphous level
at 31.6° and 66.1° that can be associated with two dif-
fraction angles of the TiO, orthorhombic brookite struc-
ture [9,10]. This structure has been reported with photo-
catalytic activity which can be useful in the properties of
PTh-Ti composites of this work. Fe,O3, on its part, do
not diffract in those angles, however, the one at 24° is
overlapped with the amorphous centroid of PTh.

These results suggest that Ti and Fe atoms arranged in
a complex interaction with the polythiophene substrate.
Considering that both metals start the interaction with
PTh without previous combinations with C, the diffrac-
tion suggests that they form structures with C and O in
contact with PTh. Periodic structures of Ti surrounded by
0O (O-Ti-0) planes are not discarded.

3.5. Electric Conductivity

The volumetric electric conductivity of PTh composites
calculated at room temperature is summarized in Table 2.
As shown, conductivity in PTh is 3.52 x 10°° S/m and
increased in PTh-Ti one order of magnitude with the
metal content, 20.6 x 10® S/cm. However, with the in-
clusion of I, conductivity in PTh-I-Ti was reduced even
to lower values than those of PTh, 1.8 x 10® S/m. This
reduction can be the result of a competitive effect be-
tween I and Ti on the surface, in which both look to have
opposite influence on the transference of electric charges.

The influence of metals in polymers is great in the
transference of charges in volumetric polymer-metal ma-
trices; however metals in layered polymer-metal com-
posites do not have the same effect, because the main re-
sistance of polymeric layers dominates the transference.
In these conditions, the level of conductivity in PTh-Ti
composites is between semiconductors and non-conduc-
tors, because the constant impact of energetic particles
promotes branching and crosslinking in the polymeric
phase reducing the movement of electric charges across
PTh matrices. However, polymeric films for hybrid solar
cells need photoelectric effects and a good union be-
tween polymers and metals so the charges can flow to the
electrodes of the cell. This kind of union is accomplished
in PTh-Ti composites.

Table 2. Electrical conductivity of PTh composites at room
temperature.

Sample o (S/m)
PTh 3.52x10°°

PTh-Ti 20.6 x 107

PTh-I-Ti 1.8 x10°°
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4. Conclusions

Plasma PTh-Ti layered composites were synthesized by
plasma to study the morphology, hydrophilicity and trans-
ference of electric charges. The syntheses were combina-
tions of polymerization, doping and sputtering of metals.
The results indicated that the high energy associated with
the sputtering has the disadvantage of breaking some thi-
ophene rings, but on the other hand it has the advantage
of joining polymers and metals in hybrid composites.
The metallic fraction was composed by Ti and Fe par-
tially combined with the polymeric fraction giving 2 dif-
fraction angles at 31.6° and 66.1° which can be associ-
ated with two diffraction angles of orthorhombic TiO,
brookite. The amorphous diffraction PTh spectrum looks
overlapped with structures of Ti and possibly Fe. The
metallic particles released from the electrodes may com-
bine with the substrate in complex arrangements at the
interface.

All the composites showed hydrophilic behavior with
contact angles between distilled water and composites
from 46.1° to 74.6°. Despite the roughness, the chemical
composition of surfaces played a key role in the hydro-
philic behavior of materials in which the participation of
iodine increased the roughness on the surface but re-
duced the contact angles as a consequence of its affinity
with water. The transference of charges increased one or-
der of magnitude in the composites with the metal inclu-
sion, but reduced approximately the same magnitude
with the participation of iodine atoms, both components
produced opposite effects.
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