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Allende No. 38, Centro, México D.F. 06010, Mexico
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ABSTRACT: It is reported that the physical analysis of poly(3-methylthophene)
(PMeT) thin films were doped with BF4

� anions, which were deposited on tin oxide-
coated glass and stainless steel substrates using electropolymerization technique. The
atomistic and electronic structures were evaluated to understand the main principles
for the pure and doped PMeT polymers that give the photonic and conductivity prop-
erties for this kind of materials. It is found that galvanostatic method is more
suitable for the electropolymerization of PMeT on conducting glass or flexible metal
surfaces. The films were characterized using SEM, AFM, XRD, FTIR, Raman, and
UV–vis absorption techniques. Raman and FTIR spectra of the samples revealed no
signal related to the Li or the anion BF4

� dopant, indicating that the optimum dopant
concentration was well below the threshold value. Apart from the dopant influence,
which is a well understood phenomenon, an attempt has been made to explain the
influence of the lithium in the polymer matrix. The Liþ ions incorporated into the
PMeT films form highly confined conjugational defects, neither dynamically nor elec-
tronically coupled with the host lattice. Using density function theory calculations,
we could determine the optimum geometrical configurations of the cis and trans poly-
mers and their corresponding electronic structure modification because of the pres-
ence of Liþ atoms controlling the electronic band gaps. VVC 2005 Wiley Periodicals, Inc.
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INTRODUCTION

The search for low cost solar energy conversion
systems has formed the base for introduction of
several new organic–inorganic hybrid or junction
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structures in the list of solar energy materials
in recent years. Since the first report made by
Horowitz and Garnier1 on GaAs-PT (PT, poly-
thiophene) heterojunctions, several workers have
demonstrated the possibility of using polymers
as the efficient solar absorber. As the part of
the heterojunction, the polymer films control the
energy conversion yield of a photovoltaic device.
Apart from the GaAs-PT heterostructures,1

Frank et al.2 and Chartier et al.3–5 have re-
ported the fabrication of CdS-PMeT (PMeT,
poly(3-methylthophene)) Schottky junctions with
1.3% energy conversion efficiency. By creating
the localized energy levels in the band gap of
chemically deposited CdS films, Chartier et al.3

could improve the energy conversion efficiency
of Schottky-type photovoltaic junctions up to
2.7%. On the other hand, modification of both
CdS band gap and the conductivity of PMeT
caused an improvement of the energy conversion
efficiency up to 4%.5 Therefore, for improving
the energy conversion efficiency of such organic–
inorganic structures, the modifications of both
the components are very important. As the poly-
mers in Schottky-type junctions behave like
metal, the control of their electrical conductivity
is of immense importance for their use in solar
cells. In most of the works, the polymer films
were deposited by electropolymerization on
semiconductor film surfaces. Though the poly-
mer films were doped to improve their electrical
conductivity, there are not many reports on the
characterization of basic properties of such poly-
mer films, which would be very much useful for
their applications in solar cells.

PT and its derivatives represent a partic-
ularly interesting family of polymers. In contrast
to many other conductive polymers, they are rel-
atively stable against oxygen and moisture in
both their doped and undoped states. The PTs
also posses a nondegenerate ground state. One
of the most important factors for the use of
organic systems in photoconductive or photovol-
taic devices is the electronic structure modifica-
tions with the inclusion of certain elements,
where the knowledge of the orbital distributions
behavior of the molecular systems in presence of
doping elements as well as the presence of the
salt containing the dopant becomes quite impor-
tant for designing a device. In fact, the self-con-
figuration of the polymer is another variable in
the band gap generation and worth a further
detailed analysis. The use of experimental and
theoretical methods in conjunction opens up the

perspectives to develop materials and devices
based on the electronic structure modifications
both in crystals and molecular systems.6–8 Par-
ticularly, the quantum mechanical calculation
method helps to determine the lowest energy
configurations and to know how this involves a
particular orbital distribution making favorable
for charge conduction.

In the present work, we report the synthesis
of PMeT thin films on conducting glass and
metal substrates by electropolymerization with
lithium tetrafluoroborate to accommodate BF4

�

as anionic dopant and characterized by X-ray
diffraction (XRD), scanning electron microscope
(SEM), AFM, cyclic-voltametry, and optical spec-
troscopy techniques. As the mechanism of charge
generation and the effect of anions in the p–
p* band gap are well reported,9,10 we performed
theoretical calculations using density function
theory (DFT) to study the intercalation mecha-
nism of Li atoms with the polymer matrix.
Apart from the optimization of the geometry,
electronic parameters such as charge distribu-
tion, frontier orbital distributions, and electro-
static potential were determined to understand
how the Li atoms modify the electronic structure
of the polymer to tailor its optical and electrical
properties.

EXPERIMENTAL AND THEORETICAL
TECHNIQUES

Electropolymerization is carried out in a single
compartment electrochemical cell by adopting a
standard three electrode configuration consist-
ing of Ag/AgCl as reference electrode, graphite
as counter electrode, and the substrate, either
stainless steel or conducting glass, as working
electrode. The electrolyte consists of 3-methyl
thiophene (0.1M) monomer in the propylene car-
bonate solvent along with either lithium
tetrafluoroborate (0.1M) or lithium perchlorate
(0.1 M) as dopant solution. The solutions were
deoxygenated for 30 min with nitrogen gas flow
and maintained under nitrogen atmosphere
throughout the deposition process. Tin oxide
(TO) films were spray deposited on Pyrex glass
slides (transmittance about 75% at 700 nm) and
used for electropolymerization of PMeT films.
Electropolymerization of PMeT films was done
on TO glass slides of 2 cm2 area and stainless
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steel foils (0.05 cm thick, ASI 301, Good Fellow)
as substrates.

Electropolymerization was carried out at dif-
ferent constant potentials (E) between 0.5 and
2.0 V. The grown films were not uniform for all
the potentials and controlling the deposition
process was difficult. In most of the cases, the
oligomeric species fell down from both SS- and
TO-coated glass substrates. Therefore, we tried
to use galvanostatic method for the electropoly-
merization of the PMeT. Electropolymerization
of PMeT at different constant current densities
in between 3.0 and 1 mA/cm2 gave well uniform,
homogeneous films on both the substrates. The
evolution of the PMeT film formation was moni-
tored so as to follow the deposition and electro-
chemical profiles, which allows a better control
over the deposition parameters and to improve
the deposition process.

Thickness of the PMeT films was measured
using a Tenchor Alphastep 100 surface profilo-
meter. CuKa radiation of a Rigaku RINT 2100 dif-
fractometer was used for recording the XRD
traces of the films. A Shimadzu UV-VIS-NIR
(model 365) double beam spectrophotometer was
used for recording the transmittance and reflec-
tance spectra of the films between 440 and 2500 nm
wavelengths. For the analysis of surface mor-
phology of the films, a JEOL JSM 6400 SEM
and a DI SPM Nanoscope4 in contact mode were
used. The conductivity of the films was esti-
mated using four probe technique. Conductivity
type of the samples was determined using hot
probe technique. A Nicolet Magna 750 FTIR
spectrometer was used to record the IR absorp-
tion spectra in diffuse mode. Raman spectra were
recorded on a Raman PerkinElmer system 2000
spectrophotometer.

A molecular model is proposed for the mono-
mer in a small polymer configuration, which is
geometry-optimized to identify the minimum
energy structure to explain the bond formations
as revealed in the experimental data. From the
geometry optimization, an improvement for the
atomistic and electronic structures was made
using the DMol3 program based on the density
function theory (DFT).11,12 To have optimum
results, we used the local density approximation
and the Perdew-Wang functional with an elec-
tronic integration accuracy based on a self con-
sistent field tolerance of 1�10�6 Ha. This
calculation was repeated for the two polymer
interaction and with a Li atom nearby to recog-
nize the kind of interaction involved and the

modifications in their electronic structures. Both
the approaches were focused to obtain the stable
structures of monomer and polymer and their
possible partial array formations to know the
mechanism of crystallization apart from the
HOMO–LUMO gap and the corresponding elec-
trostatic potential with charges involved for dif-
ferent configurations and doping.

RESULTS AND DISCUSSION

Figure 1 shows the typical cyclic voltammogram
profiles and the chronopotentiometric response of
the PMeT films grown on TO-coated glass sub-
strates. From the Figure 1(a), it is clear that
homogeneous deposition takes place above 1.2 V.
The E–t response for a typical PMeT film depos-
ited for 15 min at 1.52 V with a constant current
density of 2.1mA/cm2 is shown in Figure 1(b).
We can observe that after initial increase in the
current (for first few seconds) it became stable
through out the deposition for about 15 min, with
a stable potential of about 1.52 V and a constant
current density of 2.1 mA/cm2.

Films deposited with lithium perchlorate as
dopant solution were inhomogeneous. However,
the films prepared with lithium terafluoroborate
as dopant solution were found to be homogene-
ous. Therefore, for the further studies, lithium
terafluoroborate solution was chosen as the dop-
ant to dope BF4

� anion. The amount of polymer
deposited on the TO glass electrode surface
increased with the increase of current density.
However, for the very high current densities, the
oligomeric species fall down from the surface to
the solution. Though the polymer films could be
deposited for the doping concentration in between
0.01 and 0.2 M, the films with higher thicknesses
could be prepared only with doping solution con-
centration of 0.1 M. The films prepared with 0.1 M
concentration solution, were of 600 nm thickness
and with average conductivity about 700S/cm.
The hot probe technique revealed the films were
of n-type conductivity. The electropolymerized
PMeT films were of dark brown in color.

In the Figure 2(a), a typical SEM image of the
films in backscattered mode is shown. The micro-
graph revealed the domain structures of about
3 mm size on the surface. AFM images of such
domains revealed grains in the order of nano-
meters [Fig. 2(b)]. A further magnified AFM
image (Fig. 3) revealed the aggregation of smal-
ler grains of about 90nm with less than 60nm
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irregularities in height. In Figure 3, the AFM
images show the 3D structure of the interior of
the domains with grains of 60–125 nm in size.
Also, the sectional analysis revealed the varia-
tion in the height less than 60 nm as indicated
by the two different lines marked in the 2D
image.

Figure 4 shows the XRD spectrum of the doped
PMeT film grown on conducting glass substrate.
We can observe the appearance of one well-
resolved diffraction band at about 2h ¼ 18.58 and

a week band at about 2h ¼ 37.58, with interpla-
ner distances 0.467 and 0.237 nm, respectively.
The appearance of such well-defined XRD bands
indicates the organized structure of the polymer
similar to the crystalline structure of inorganic
solids. As the incorporation of dopants in PMeT
forms highly confined conjugational defects, nei-
ther dynamically nor electronically coupled with
the host lattice,13 we do not expect any band re-
lated to the Li or BF4

� dopants in the XRD pat-
tern unless otherwise the doping concentration is

Figure 2. Surface of the sample observed by (a) backscattered electron and (b)
AFM. The domains observed in the BSE signal are related more with density than
superficial contrast.

Figure 1. (a) Cyclic voltammogram profiles and (b) chronopotentiometric response
monitored for the PMeT film on TO-coated glass substrate.
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high. So far there are analyses available on the
PMeT films with various dopants like ClO4

�, BF4
�,

PF6
� etc.,3–5 but there are no reports available

considering the presence of the Li ions in the poly-
mer matrix. During the electropolymerization of
the films, there is every possibility of intercala-
tion of Liþ trapping, even though according to
Donan equilibria the possibility of Li doping is
less. Hence, we assumed that the incorporated
Li atoms remain intercalated in the polymer
matrix and have executed the following theoreti-
cal calculations.

By means of a DFT quantum mechanical
method, the optimized 2-rings structures are
calculated for both cis and trans configurations.
The influence of the configuration on the charge,
HOMO, LUMO, electrostatic potential distribu-
tions, and Fuckui function, which denote the
electrophilic f (�), nucleophilic f (þ), and radical

Figure 3. AFM analysis for the PMeT film surface in a 3D representation where
the small domains distribution is shown; and a sectional analysis, from the two lines
marked in the 2D image showing maximum height of 60 nm.

Figure 4. XRD pattern revealing partial array
structure of the polymer.
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f (0) sites, are evaluated for the undoped and
doped polymer.

Figure 5 shows various analyses correspond-
ing to the cis and trans configurations of the poly-
mer, their atomic charge, electrostatic potential,
frontier orbital distributions, and Fuckui func-
tions. In the case of cis configuration [Fig. 5(a)],
the calculated charges are used to identify the
most negative sites of the polymer in the carbon

atoms of the rings where hydrogen is attached,
while the C atoms bonded to CH3 become the
relative positive sites. In fact, there are no ex-
posed positive sites in the structure as it was
expected. The electrostatic potential is directly
related to the charges, however it also allows to
recognize the global zones of polarization, which
is clear in the isosurfaces of both perpendicular
(\) and parallel (k) orientations, where the

Figure 5. Polymer models for (a) cis and (b) trans configurations. For both the
cases, the charge, electrostatic potential, frontier orbital distributions, and Fuckui
functions are evaluated and shown.

Table 1. HOMO, LUMO, and Band Gap Values for the Different Pure and Doped
Polymers, Including the Values for Extra Li Dopants and a Possible Li Cluster in
Comparison With the Li Crystal

Model HOMO (eV) LUMO (eV) LUMO–HOMO Gap (eV)

Cis �4.929659 �2.212925 2.716734
Trans �4.803619 �2.139374 2.664245
CisþLi �4.787102 �2.639346 2.147756
TransþLi �4.819374 �2.645904 2.173470
Cis–transþLi �4.730421 �2.703591 2.026830
Cisþ2Li �2.906993 �2.206639 0.700354
Lithium 6 �2.778421 �2.097088 0.681333
Lithium crystal �9.138829 �0.286693 8.852136
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Figure 6. Quantum mechanical analysis for two molecules with a Li atom in (a) cis,
(b) trans, (c) cis–trans configuration, and (d) two cis molecules with two Li atoms. In the
figures, the charge, electrostatic potential, HOMO, and LUMO plots are shown for clarity.



polarization is shown by the lighter clouds domi-
nated by the two S atoms. The frontier orbital
distributions cover the entire molecule without
CH3 regions, even when the configurations are
different for HOMO and LUMO. The molecular
orbital and electrostatic potential distributions
are common in the both cases, revealing no pref-
erential sites to coordinate with the Li atoms,
which must be placed in between the electron
clouds of the rings. With the help of the Fuckui
functions, we can identify in a better way the
possible interaction sites for the polymer. Con-
sidering the charge of Li atom, we can predict
an interaction with the electrophilic zones
denoted by f (�). The electrophilic zones mark
the areas where the polymer has a preference to
attach donor systems. So, the Li atoms must
avoid the S sites and the interaction must tend
to align similar zones of the polymer, causing
an increase of the distance and torsion of the
chains. Figure 5(b), corresponds to the trans
configuration, where many similar conditions
can be observed to the cis one, but there are two
main differences basically in the polarization of
the molecule and in the homogeneity of the iso-
surfaces, which is fully clear when the electro-

static potential is observed. In fact, the atomic
charge also shows an interesting behavior
because of the configuration, making a mirror-
like effect that is easily distinguished in the
figure.

Even when the differences between the struc-
tures looks small, these variations imply important
changes in the electronic structure repercussions,
which are evaluated in the Table 1. In Table 1,
the HOMO, LUMO, and the corresponding band
gap (Eg) produced between them are shown for
the cis, trans, pure, and doped structures. The
gaps for pure Li crystal and a possible cluster
(Li 6) have also been evaluated. The values of
the gap are higher for the pure polymer. How-
ever, for the doped polymer, a small difference
can be observed between the structures cis
(2.147 eV) and trans (2.173 eV) configurations.
The band gap value is reduced (2.026 eV) when
a combination of both the configurations is con-
sidered. So we can recognize an important
parameter for the production of materials with a
specific function from the same composition.

High Li concentration (double doping calculi)
and cluster formation cases would produce much
smaller gaps (Table 1) of about 0.700 and 0.681 eV,

Figure 7. Raman spectrum (kexc ¼ 632.8 nm) of doped PMeT sample.
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respectively, which differ significantly from the Li
crystal that have an estimated value of 8.852 eV,
revealing its insulating nature. Since the band
gap is sensible to the minimum energy configu-
rations, nature of dopant, dopant concentration,
and coordination or accommodation of dopants
in the polymer, the different band gap values for
PMeT prepared by different synthesis methods
allow characterizing structure of the polymer and
explaining the reason for the different reported
Eg values in literatures.

To understand the variation of band gap val-
ues due to the variation of electronic structure,
corresponding minimum energy configurations
are shown (Fig. 6) for cis and trans molecules
with different Li atoms incorporated. The corre-
sponding calculated charge, the isosurface of the
electrostatic potential, and the frontier orbital
distributions are presented for the different
models. It is clear that in all the cases the Li
atom(s) tends to be in the middle of the rings
and produces a mirror-like symmetry for the
molecules in the different configurations with a
relative charge of 0.295, 0.224, 0.294, and two
atoms with 0.282 and 0.283, respectively. While
a polarized charge distribution occurred/is ob-
served for the cis configuration, a relatively neu-
tral charge distribution is observed when the con-
figuration is trans.

The electrostatic isosurface potential shows
that when the molecules are in cis configuration,
it tends to be polarized to the zones where the S
atoms are together. When the molecules are in
trans configuration, the electrostatic potential
distribution is more homogeneous with well-
defined central zones. The molecular orbital dis-

tributions tend to be around the rings and the Li
atoms generate bridges between the molecules.
However, the observed distribution is clearly dif-
ferent for the cis and trans configurations. This
behavior denotes a direct effect of the Li atoms
on the redistribution of the donor and acceptor
regions but also about the conditions to keep
electrons in a frontier molecular orbital. The
bridge is observed for the LUMO for two cis mol-
ecules [Fig. 6(a)] and cis–trans molecules [Fig.
6(c)], while the bridge is observed for the HOMO
when the two molecules are trans [Fig. 6(b)] or
when there are two Li atoms [Fig. 6(d)].

In Figure 7, the Raman spectrum of the
PMeT film grown on SS substrate is shown. The
possible assignment of Raman peaks are given
in Table 2. The observed Raman peaks agree
well with the experimental observation pre-
sented by Hernandez et al.14 for the PMeT in
the insulating form. We could not detect any sig-
nal related to Li or BF4

� doping.
In Figure 8, the FTIR spectrum of the doped

PMeT film grown on stainless steel substrate is
shown. We could detect several IR absorption
bands with different intensities in the 1420–
720 cm�1 spectral range. The probable identifi-
cation of all the bands with their relative inten-
sities is given in Table 3.

The optical transmittance (T) spectra of the
samples grown on TO-coated glass substrates
were recorded from 400 to 2500 nm wavelength
at room temperature using an uncoated substrate

Table 2. Proposed Assignment for the Raman
Vibrational Spectrum of PMeT Doped with 0.1 M
Lithium Tetrafluoroborate

Frequency (cm�1) Intensity Assignment

1414.73 vs m(C¼¼C)ring
1355.07 s m(C��C)ring
1213.13 m d(CH)
1185.99 m m(C¼¼C)ring
1025.69 w –
1007.18 w r(CH3)
986.16 m dring
863.14 m m(C��S)
716.72 m m(C��S)
544.83 m m(C��X)

vs, very strong; s, strong; m, medium; and w, weak.

Figure 8. FTIR spectrum of PMeT doped with lith-
ium tetrafluoroborate measured in diffused mode.
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in the reference beam. The absorption coefficient
a at different wavelengths was calculated using
the relation15

a ¼ 2:303 logð1=TÞ 1
t

where a is the absorption coefficient and t is the
thickness of the films. In general, all the films
showed fairly good transparency above 800 nm.
The absorption coefficient of the films is related to
the photon energy (hm) through the relations16,17

ahv ¼ A1

�
hv� Ed

g

�1=2

ahv ¼ A2

�
hv� Ei

g

�2

for allowed direct and indirect transitions, res-
pectively.

Where A1 and A2 are two constants, Eg
d and Eg

i

are the direct and indirect band gaps, respec-

tively. A plot (Fig. 9) of (ahm)1/2 vs. (hm) fitted well

with a straight line with intercept in the energy

axis at about 2.0 eV, indicating a direct nature of

optical transition in the PMeT films with band

gap of about 2.0 eV. This experimentally obtained

Eg value coincides well with the calculated Eg

value obtained for cis–transþLi configuration

presented in Table 1.
Therefore, the incorporated Li in PMeT re-

mained in-between the polymer molecules as con-
fined conjugational defects, neither dynamically
nor electronically coupled with the host lattice.
In Figure 6, the calculated LUMO of a pair of

Table 3. Proposed Assignment for the IR
Vibrational Spectrum of PMeT Doped with
Lithium Tetrafluroborate

Frequency
(cm�1) Intensity Assignment

1410 vs m (C¼¼C)ring
1358 s m (C��C)ring
1340 vs d (CH3)
1220 s d (CH)
1183 s d (CH)
1134 w
1040 s d (CH)
1018 w r(CH3)
984 s dring
957 w rring
878 s m (C��S)
830 w m (C��S)
724 w dring

vs, very strong; s, strong; m, medium; w, weak; vw, very
weak; b, broad; and sh, shoulder.

Figure 9. (ahc)2 vs. (hc) plot for a doped PMeT film electropolymerized on conduct-
ing glass.
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monomers along with a Li atom is presented,
where we can observe the Li atom in between
polymer structures without occupying any lattice
site or substituting any atom in the main struc-
ture. The weak electronic coupling of Li with the
host lattice is clear from the minimum deforma-
tion of original configuration.

CONCLUSIONS

Thin films of PMeT were prepared successfully
by electropolymerization on conducting glass and
stainless steel substrates. Galvanostatic method
rather than potentiostatic turned out to be more
effective for the preparation of PMeT films of
adequate thickness on conducting glass or flexi-
ble metal surface with good adherence and homo-
geneity. Of lithium tetrafluoroborate and lithium
perchlorate, the former was found to be a very
successful in doping anions during the electropo-
lymerization of PMeT with high conductivity
(about 700 S/m). It is found that the film thick-
ness, its adherence with conducting surface, and
conductivity strongly depend on the current den-
sity, applied potential, and dopant solution con-
centration, respectively. The optimized potential,
current density, and dopant concentration for
obtaining thick, homogeneous PMeT films were
1.52 V, 2.10 mA/cm2, and 0.1 M, respectively. The
polymer thin films formed on the conducting sur-
faces with partially ordered structure. Absence of
any signal related to lithium tetrafluoroborate in
XRD, Raman, or IR spectra confirms that the
incorporated dopant forms highly confined conju-
gational defects, neither dynamically nor elec-
tronically coupled with the host lattice. Our theo-
retical calculations reveled that the peaks in the
XRD spectrum appear because of the partial
ordering of the polymer chains and the band gap
of the doped polymer depends sensibly on the
geometrical configuration of the polymer and
dopant concentration as well as on the polymer
and Li configuration. The undoped polymer has a
band gap of 2.664–2.716 eV depending on its
structural configuration. Assuming the intercala-
tion process of Li atoms in the polymer matrix,
our theoretical calculation predicted a band
gap of 2.026 eV for the cis and trans combina-
tion. The experimental values of the optical band

gap of PMeT film were found to be about 2.00 eV,
which is in well agreement with the theoretical
calculations. Theoretically, the band gap can be
decreased by increasing the doping concentration.
Our result opens up the possibility for preparing
PMeT thin films with desired optical and electri-
cal properties for their applications in solar cell
fabrication.
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