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Abstract Photocurrent and differential capacity mea-
surements have been carried out at polybithienyl (PBT)
and poly(3-butylthiophene) (PBuT) films on platinum.
The photocurrents are cathodic, similar to inorganic p-
type semiconductors. The band gap energy was deter-
mined from the photocurrent spectra (E,=1.7 eV for
PBT and E,=1.9 eV for PBuT). The dependence of the
differential capacity on the potential could be presented
as Mott-Schottky plot, at least in a limited potential
region. The flatband potential was determined (Eg, =
0.67 V for PBT and Ey,=0.58 V for PBuT).
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Introduction

The electrochemical properties, electrical conductivity
and spectroscopic properties of polybithienyl films
(PBT) and poly(3-butylthiophene) films (PBuT) have
been extensively investigated [1-4]. In some papers,
photoelectrochemical properties are mentioned [5-8].
An intensive investigation of photoelectrochemial
properties was published for poly(3-methylthiophene)
[9]. In the present article, investigations are presented of
combined differential capacity and photocurrent mea-
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surements of PBT films and PBuT films connected with
tests of the stability and the electrical conductivity of
these films. The paper is based on part of the results of
the thesis of one of the authors [10].

Theoretical background

The PBT and PBuT films were treated on the basis of a
quasi-semiconductor model in accordance with the
model of a semiconductor/electrolyte interface as sug-
gested in the literature [11]. The potential drop A¢ at the
interface consists of contributions from the space charge
layer A¢y., Helmholtz double layer A¢y, and the diffuse
Gouy-Chapman layer A¢g.

Ad) = A¢SC + Ad)H + Ad)G (1)

The corresponding differential capacity Cq at the inter-
face between semiconductor and electrolyte includes the
capacity of space charge layer Cy., the Helmholtz double
layer Cyx and the Gouy-Chapman layer Cg. In addition
to these capacities, a surface state capacity Cs,, parallel
to the capacity Cy, may occur. Then Cy is given by
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If no surface states exist and if Cy. < Cy, Cg, then
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If the potential is held in the depletion region of majority
carriers, the Mott-Schottky equation for p-semicon-
ductors holds
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(4)

where e, €, &, Na and k are elementary charge,
semiconductor dielectric constant, vacuum dielectric
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constant, doping level of the p-semiconductor with
acceptor states and Boltzmann constant, respectively.
E — Ef, = A¢y is the electrode potential relative to the
flat-band potential which can be determined by the
Mott-Schottky plot.

When a p-semiconductor is immersed into an elec-
trolyte containing a redox pair, whose Fermi level is
higher than the p-semiconductor Fermi level, a band
bending appears at the semiconductor surface. If this
surface is illuminated by light with a wavelength of 4 and
with energy hv > E, (band gap energy), the photoholes
move to the bulk and the photoelectrons to the surface.
A reduction reaction occurs at the semiconductor sur-
face, leading to cathodic photocurrents.

This photocurrent was described first by Gértner [12],
then by Butler [13] who simplified the expression given
by Gértner. He gave the following equation:

o ([ e (E — En)')
iph = edo| 1= 1+ oL,

(5)

Here iy, o, Wy, @, and L, are photocurrent density,
monochromatic absorption coefficient, thickness of the
depletion layer, total photon flux and diffusion length
of minority carriers, respectively. For L, <1 and
OCVV()(E—Efb)l/z < 1 the following approximation is
obtained:

2y = (epoa)*(E — Epp) (6)

whereby the if)h /E plot is linear, and the flat-band po-
tential can easily be determined from the intersection
point with the E-axis.

Experimental
Equipment

The equipment used for the electrochemical measurements and
synthesis of the PBT and PBuT films is described in detail in a
preceding paper [14]. The working electrode (WE) was a platinum
disc with an area of 0.071 cm?. A twisted platinum wire, larger in
area than the WE, was used as a counter electrode (CE). The ref-
erence electrode (RE) was Ag/AgCl for organic electrolytes and a
saturated calomel electrode (SCE) for aqueous electrolytes, re-
spectively. A platinum electrode, divided into two parts, was used
for the measurement of the electrical conductivity [15].

The capacity was measured by means of a two-phase lock-in
amplifier (model 278 EG&G). The modulation frequencies were 20,
30, 150, 400, 900 and 1500 Hz. For photocurrent measurements a
photoelectrochemical cell with a quartz window, a monochromator
with wavelengths ranging from 250 nm to 1500 nm and a light
chopper working at a frequency of 0.1 Hz were used. An argon
plasma lamp served as the light source with a nearly constant in-
tensity in the experimental spectral region. The photocurrent was
amplified by the lock-in amplifier and recorded by a x-y recorder
(Linseis).

Chemicals

Commercially obtained bithienyl and buthylthiophene were puri-
fied by chromatography. Propylene carbonate of spectrophoto-

metric grade, acetonitrile (p.a.) and tridestilled water were used as
solvents; LiClO4 (p.a.), KCI (p.a.), HCI (p.a.) and NaOH (p.a.)
were used as supporting electrolytes.

Results and discussion

Stability and electrical conductivity
of PBT and PBuT films

PBT films were prepared by cyclic voltammetry (CV) in
propylene carbonate/0.1 M LiClOy4 (Fig. 1), PBuT films
by CV in acetonitrile/0.1 M LiClO,4. The concentration
of bithienyl and butylthiophene was 0.01 M. The sta-
bility of the PBT and PBuT films in aqueous electrolytes
with different pH values was tested by CV. During cy-
cling of the potential the PBT film remained stable. The
PBuT film was stable only in neutral and alkaline elec-
trolytes. In an acidic electrolyte, higher cathodic cur-
rents, caused by the evolution of hydrogen at the surface
of the platinum electrode, were observed. The film was
unstable under these conditions.

The electrical conductivity of PBT and PBuT films
was determined in situ by means of a platinum electrode
divided into two parts [15]. A dry oxidized PBT film and
a dry oxidized PBuT film have an electrical conductivity
of 0.2 S/cm and 7 S/cm, respectively, similar to the re-
sults in the literature [16, 17]. The measurements were
repeated over a period of 6 days, giving constant results.
When the PBT and PBuT films were wet, their electrical
conductivities were higher than in the dry state.

The electrical conductivity of the PBuT film was
higher than that of the PBT film, but the PBuT film had
a lower degree of oxidation than the PBT film. The ex-
planation is given by the butyl substituent in the 3-po-
sition of the thiophene molecule. This substituent affects
the space structure of the polymer film, decreasing the
doping level and increasing the mobility of the electrons
in the PBuT film [18, 19].

Fig. 1 Growths of a PBT film by cyclic voltammetry in propylene
carbonate/0.1 M LiClO4/0.01 M BT (E vs. Ag/AgCl)
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Fig. 2 i,p/E curves of a PBT film in H,0/0.2 M LiClOj electrolyte at
different pH values: 7, 7.04; 2, 4.16; 3, 2.58; A =460 nm
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Fig. 3 iphz/E plot of a PBT film in H,0/0.2 M LiClOy electrolyte at
pH 7.04; A=460 nm, corresponding to Fig. 2

Photocurrent-potential (i,,/E) measurements
at the PBT film

The iyn/E curves of a PBT film (2 =460 nm) are shown
in Fig. 2. A cathodic photocurrent with a limiting cur-
rent in the potential range from 0.2 V to —0.4 V is ob-
served. The potential range corresponds to the reduced
form of the polymer. The cathodic current is typical for
a p-semiconductor. The photocurrent limit does not
remain constant and rises during progression of the ca-
thodic potential sweep. At constant potential the ca-
thodic photocurrent increases with a decreasing pH
value. This behaviour corresponds with the dependence
of the flat-band potential on the pH as described below.

For the PBT film and in a small potential range
(Epn—E=0.5V) the square of the photocurrent, igh, is
directly proportional to the electrode potential E
(Fig. 3). From the slope of the if)h /E line the optical flat-
band potential Eg, can be evaluated according to Eq. 6
[9]. The flat-band potential of the PBT film depends
linearly on the pH value (30 mV/pH) (Fig. 4).

Photocurrent spectra at the PBT and PBuT films

The photocurrent spectra of a PBT and a PBuT film
measured at different potentials are shown in Figs. 5 and 6.
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Fig. 4 Dependence on the pH value of the optical flat-band potential
of a PBT film in H,0/0.2 M LiClO,

The photocurrent spectra show a current maximum at a
wavelength of 460 nm (hv=2.70 eV) for the PBT-film
and of 450 nm (hv=2.76 eV) for the PBuT film. These
photocurrent maxima are similar to those of UV/VIS
absorption spectra for corresponding films [20]. The
photocurrent maxima correspond with the n—=n* tran-
sition from the LUMO to the HOMO of the polymer
chains [21, 22]. In the semiconductor approximation this
can be described as a transition from the valence band to
the conduction band. The feature of the photocurrent is
an image of the distribution of electronic energy levels in
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Fig. 5 Photocurrent spectra of a PBT film at different potentials in
H>0/0.2 M LiClO4, pH=7.0; E= +0.3V (1), 0.0 V (2), =02 V (3),
-0.4V (4),-0.6 V (5), -0.8 V (6), -1.0 V (7)
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Fig. 6 Photocurrent spectra of a PBuT film at different potentials in
H-,0/0.2 M LiClO4; pH=7.0: E= +0.6 V (1), +04V (2), +02V
3),0.0V (4, -02V (5), 04V (6), 0.6 V (7), 0.7V (8), -08 V
9), —0.9 V (10)

the polymer. Figures 5 and 6 could be explained by an
approximately Gausian distribution. The band gap of
the polymer film (E,, approximately the long wavelength
limit of the #,, spectrum) can be estimated from Figs. 5
and 6. One obtains:

E,=1.7 eV (A=778 nm) for the PBT film
E,=1.9 eV (A=651 nm) for the PBuT film

The values are smaller than those reported for
polythiophene and polymethylthiophene [20].

Differential capacity Cq4
Differential capacity of the PBT films

The dependence of the differential capacity on the po-
tential (Cy/E curve) and the C4~2/E curve for a PBT film
(thickness d=1.3 um) are shown in Figs. 7 and 8. An
ideal linear behaviour in the Mott-Schottky plot cannot
be observed. In a rough approximation, an almost linear
potential region between 0.4 V and 0.6 V was identified.
The line is comparable to the other observations made
and is therefore interpreted as the Mott-Schottky line.
The negative sign of the line means that the PBT film
can be treated as a p-semiconductor and the theory for
inorganic semiconductor/electrolyte interfaces can be
tentatively applied to the polymer film/electrolyte inter-
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Fig. 7 C4/E curves at different frequencies of a PBT film in H,O/
0.2 M LiClOy, pH =17.0; /=20 Hz (1), 80 Hz (2), 150 Hz (3), 450 Hz
(4), 900 Hz (5), 1500 Hz (6)
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Fig. 8 C;%/E curves (Mott-Schottky plots) corresponding to Fig. 7;
f=1500 Hz (1), 900 Hz (2), 450 Hz (3), 150 Hz (4), 80 Hz (5),
20 Hz (6)

face. The flat-band potential for the PBT film can be
determined by the intersection point of the Mott-
Schottky line with the x-axis. A value 0.67 V is obtained,
more positive then the optical flat-band potential (see
above). Such a difference is also found for inorganic
semiconductors and is explained by quenching of the
photoelectrochemical excitation at surface states.

The differential capacity Cq decreases with increasing
modulation frequency f. This dependence follows the
equation

Cy' =x(E)logf + 4 (7)

where 4 is a constant. The C;'/log f plot is linear in the
frequency range from 100 Hz to 3 kHz (Fig. 9) and its
slope depends on the electrode potential. Equation 7 is
similar to the equation given by Dutoit et al. [23], which
decribes a frequency dependence of the capacity at
CdSe, CdS and TiO, semiconductors, respectively. The
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Fig. 9 Frequency dependence of the capacity for the PBT film in
Fig. 8; potential E=-0.6 V (1), —0.35V (2),0.15V (3), 03V (9

frequency dependence has been interpreted as a conse-
quence of the structure defects on the surface region of
the electrode. This can be described by a surface state
capacity Cg parallel to the capacity of the space charge
layer Cy [11, 23, 24]. The frequency dependence of Cy
has the consequence that the slope of the Mott-Schottky
plots varies with the modulation frequency, similar to
typical inorganic semiconductors like Si, GaAs, GaP
and TiO, [25, 26].

The C/E curves in Fig. 8 show a plateau in a wide
potential range instead of a single minimum of the ca-
pacity. This can be explained by the fact that the density
of doping (remaining ClO4- anions in the film) is ex-
tremely high (of the order of 10%°~10?' cm™, obtained
from the slope of the Mott-Schottky line). As in the case
of inorganic semiconductors, the plateau of the capacity
is explained by very high doping densities because the
equilibrium of the minority carriers cannot be estab-
lished [11, 24].

Differential capacity measurements at PBuT films

A similar behaviour was observed for PBuT. At fre-
quencies above 1 kHz the decay of the Cy%/E plots at
more positive potentials can be interpreted approxi-
mately as being a type of Mott-Schottky line. The neg-
ative slope of this line again indicates the behaviour of a
p-semiconductor. The flat-band potential for the PBuT
film is 0.58 V. The slopes of the Mott-Schottky plots
depend on the frequency, similar to that of the PBT film.

Discussion

The application of concepts of semiconductor electro-
chemistry to the PBT and PBuT films showed a re-
markable correspondence quite unexpectedly if one
regards the critical comments in the literature on highly
disordered systems (e.g. [27]). The following points
confirm this interpretation:
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1. A cathodic photocurrent was observed for PBT and
PBuT.

2. Linear i,p2/E regions at the PBT films gave the op-
tical flat-band potential, 0.3 V at pH =7, depending
on the pH.

3. The majority of C/E measurements at PBT and PBuT
films were similar to those measured at p-type semi-
conductors; at least in a limited potential region, the
presentation of the data as Mott-Schottky plots was
possible.

4. The sign of the slopes of the Mott-Schottky plots was
equal to that of p-type semiconductors.

5. Mott-Schottky plots gave flat-band potentials of
0.67 V (PBT) and 0.58 V (PBuT).

If one is using as a rough estimate a value of the
dielectric constant of the polymers of ¢=10 [29], a
doping density can be calculated from the Mott-
Schottky plots, giving the order of magnitude of 10%°—
10! (1 kHz).

The limited linear region of the Mott-Schottky plots
and the high doping density show that the investigated
polymers are highly disordered materials. Suggestions
were made for a different treatment of such materials
[27]. Derivations for highly doped materials may also be
the effect of increasing degeneracy of the energy levels of
the charge carriers [30]. In the meantime, films with
more regular structure could be prepared [28] which
confirm the treatment of the reduced state of these
polymers by the simple semiconductor model.
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