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Abstract: Polyterthiophene (PTT) thin films have been electrosynthesized using 
potentiodynamic and potentiostatic methods. The optimal experimental conditions 
to prepare organic solar cells were determined by deposition of films on platinum 
and then the process was adapted to an indium tin oxide substrate. Surface 
morphology of films deposited by potentiostatic methods proved to be more 
homogeneous than films obtained by potentiodynamic methods. When PTT is 
employed in photovoltaic cells, the best results are attained using the latter 
technique. In these solar cells, the polymer is used as electron donor while N,N'-
diheptyl-3,4,9,10-perylene-bis-carboximide (PTCDI-C7), deposited by vacuum 
sublimation, was the electron acceptor. The short circuit current is systematically 
small, probably due to the roughness of the polymer which induces high series 
resistance. In any case, it was demonstrated that the electrochemical method is 
suitable to prepare polymeric layers of electronic devices. 
 

Introduction 
The development of organic electronics during the last 15 years has induced a 
significant research effort to prepare new processable electroactive organic materials 
[1]. In the field of full organic solar cells, two families are found: devices based on 
bulk hetero-junctions [2, 3]; and devices based on multi-layer hetero-junctions of 
donor/acceptor materials [4, 5]. 
Conjugated polymers are promising materials to fabricate optoelectronic devices. 
They can be chemically synthesized and then processed by spin coating to produce 
thin film polymers to be used in organic devices. Another way to prepare them is by 
electrochemical methods that allow synthesizing the polymer directly onto glass 
substrates coated with a transparent conductive oxide (TCO) film, which is used as 
base electrode in organic devices. Such technique might be efficient to obtain 
devices based on multi-layer hetero-junctions. Moreover, the anodic polymerization 
method allows direct deposition of a polymer in its conductive p-doped state. 
Electrochemical polymerization presents interesting advantages such as direct 
deposition of the doped conducting polymer onto TCO substrates; easy control of the 
film thickness through the deposition charge; formation of films with good adhering 
and mechanical properties Besides, variables such as monomer concentration, 
solvent, electrolyte dopant nature and concentration, as well as the electrochemical 
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perturbation program (potentiostatic or potentiodynamic) can be controlled during the 
polymerization. All this makes possible to tailor the final polymer film material into a 
certain structure and morphology [6, 7].  
Some thiophene derivatives have been tested in optoelectronic devices [3, 8, 9, 10], 
achieving good performance. As a rule, these derivatives bear bulky groups that play 
a very important role at polymerization time since such groups compromise the 
planarity of conjugated chains [11], having an influence on its conductivity. 
Consequently, although it is not a new material (its electrosynthesis is known for 
more than twenty years), TT is a material with promising properties to be employed 
as electron-donor in optoelectronic devices. 
Likewise, polyterthiophene (PTT) has an advantage with regard to polymers obtained 
starting from five-membered heterocycles such as poly(thiophene). This advantage is 
its structure. Terthiophene is an oligomer of three units i.e. a trimer. This trimer 
contributes to make more ordered the oligomeric high density region (OHDR) formed 
by oligomers with different chain lengths. This is very important, as far as the 
determination of the types of nucleation and growth is concerned, in the 
polymerization mechanism of conducting polymers since the structure and 
morphology of electrochemically deposited polymer films are established by the 
OHDR composition. Therefore, it is necessary to control the variables governing the 
process (applied potential, electrolysis time, concentration, solvent, etc.), in order to 
control the OHDR [12−16]. 
In this research PTT films electrochemically synthesized by potentiostatic and 
potentiodynamic methods have been assayed as electron donor in photovoltaic cells. 
Previously, optimal conditions for the electrochemical synthesis adapted to films on 
glass as substrate and determination of the highest occupied molecular orbital 
(HOMO) were studied on platinum. The main goal of the present research is to 
establish the feasibility of utilizing electro-polymerization techniques for the 
elaboration of photovoltaic cells. 
 
Results and discussion 
Figure 1 shows the potentiodynamic i/E profiles registered within the range 0 - 1.18 
V, perturbing the Pt/0.01 mol·L-1 TT + 0.10 mol·L-1 TBAPF6 (in acetonitrile) interface. 
Electro-oxidation and polymerization of TT, as well as the redox processes 
associated with the polymer film, are depicted. The observed voltammetric behaviour 
is similar to that obtained for thiophene in similar conditions (Pt/ 0.10 mol·L-1 
thiophene + 0.50 mol·L-1 TBAPF6 in acetonitrile) [9]. The most relevant difference 
between both profiles is the electro-oxidation potential, i.e., lower for TT because the 
polymerization process occurs from a trimer. As it is known increase of length in the 
polymer chain leads to a decrease of the oxidation potential, owing to a higher 
electronic delocalization (level decay of the corresponding HOMO) [17, 18]: 

E monomer > E dimer > E trimer > E oligomer > E polymer 
As the number of voltammetric cycles increases, a dark blue compact film is formed 
on the electrode, giving rise to the polymerization process, due to oxidation observed 
at ca. 1.1 V. Current increases on successive potentiodynamic scans, and anodic 
and cathodic peaks are also developed, which may be associated to redox charge-
discharge (doping-undoping) process of the deposited PTT film. 
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Fig. 1. Successive i / E profiles (current, in Amp vs potential, in V refered to SCE) of 
TT from cycle 1 (---) to 20 (⎯) on Pt electrode. Scan rate, v, 8 mV·s-1 (0.01 mol·L-1 
TT + 0.1 mol·L-1 TBAPF6 in CH3CN).  
 
Figure 2 shows the i-t transient for the electro-polymerization of TT at the Pt/0.01 
mol·L-1 TT + 0.1 mol·L-1 TBAPF6 (in acetonitrile) interface. After the double layer is 
charged, the current drops to a minimum after a time τ (induction time) and then 
increases. The current drop follows a i x t-½ (Cottrell) relationship, corresponding to a 
diffusion-controlled process. In previous works [13, 15, 19, 20], this process has been 
ascribed to oxidation of the monomer units diffusing from the solution, wherein the 
oligomerization process occurs and the OHDR is established. Once this region 
reaches oversaturation, at time τ, the polymerization process begins. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. j/t transient obtained during TT polymerization on Pt electrode by 
potentiostatic method. E = 1.18 V; 0.01 M TT + 0.1 M TBAPF6 in CH3CN. 
 
Two main differences are found when i-t transients of TT and thiophene are 
compared [13]. Firstly, the induction time is larger for TT, which may indicate that the 
nucleation process starts from larger chain oligomers, therefore the OHDR might be 
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more ordered. The other outstanding difference is the absence of the second current 
step: thiophene in acetonitrile (conditions mentioned above) shows two current steps, 
the second current step being associated to the deposition of a second layer of the 
polymer [13]. 
Figure 3 depicts the electrochemical p-doping/undoping process of PTT in the 
electrolytic solution. A reversible redox, doping/undoping process is observed, which 
can be inferred from values listed in Table 1, because the ratio Q+/Q- is ca. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  j / E of PTT deposited on Pt electrode in 0.1 molL-1 TBAPF6., from cycle 1 (---) 
to 5 (⎯), v = 8 mV·s-1. 
 
Tab. 1. p-doping/undoping charges (Q+/Q-) obtained from Fig. 3. 
 

scan Nº  Q+ (C) Q- (C) Q+/Q-
1  2.30·10-3 2.18·10-3 1.06 
5  2.44·10-3 2.49·10-3 0.98 

 
The p-doping (Ep) and n-doping (En) potentials can be used to determine the highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
energy levels of conducting polymers [21–24], and the potential difference (ΔE = Ep - 
En) can be used to estimate the energy gap of the polymer (Eg = e ΔE). According to 
Leeuw et al. [21], the energy levels (in electron volts, eV) corresponding to the 
electrochemical potentials can be obtained by adding 4.4 V to the potentials. Then, 
EHOMO = −e(Ep + 4.4), and ELUMO = −e(En + 4.4), where EHOMO and ELUMO are the 
energy levels of HOMO and LUMO respectively.  
Therefore, from Fig. 3, 

EHOMO = −e(Ep + 4.394) = −5.054 eV                                                                         (1) 
Unfortunately, ELUMO cannot be calculated since the electrochemical n-
doping/undoping obtained was very weak or nil. Consequently, ELUMO was calculated 
using the energy gap obtained by absorbance measurements. Figure 4 shows the 
absorbance spectrum of PTT potentiostatically deposited in its doped state. It can be 
seen that the transmission curve exhibits threshold energy of ca. 2.03 eV. It can be 
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roughly estimated that this threshold energy corresponds to the optical band gap of 
PTT. Therefore, considering that EHOMO - ELUMO = - Egap, ELUMO can be estimated as: 

ELUMO = 2.03 + (-5.05) = −3.02 eV                                                                             (2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Absorption spectrum of PTT obtained as in Fig. 2, by the potentiostatic 
method. 
 
After demonstrating that polythiophene is a material having a suitable band-gap to be 
utilized as electron-donor, Fig. 5, and based upon previous studies about the 
optimum electro-synthesis working conditions on Pt, further extrapolated to ITO, 
photovoltaic cells were manufactured with the following structure: 

ITO/PTT/PTCDI-C7/LiFAl/P 
where ITO was used as TCO; PTT (electron donor) obtained in its doped or undoped 
state when electrolized by potentiostatic or potentiodynamic methods, respectively; 
PTCDI-C7 (electron acceptor) [25]; LiF is used to improve the fill factor (FF) and 
open circuit voltage (Voc) [26]; Al is the electrode and P is a protector layer of the 
organic/Al interface [27]. 
  

 

 

 

 
 
 
Fig. 5. Energy diagram of ITO/PTT/PTCDI-C7/LiFAl/P solar cell. 
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Typical J - V characteristics obtained under AM 1.5 illumination for cells differing only 
in the method employed to synthesize the polymer layer, is shown in Fig. 6. It can be 
observed that the J - V shape of these characteristics exhibit a "reverse bowing" with 
very small FF. The short circuit current, Isc, is also quite small. It seems that, in 
general, the performance of photovoltaic in which the polymer has been deposited by 
cyclic voltammetry, is better than that with PTT potentiostatically synthesized. In fact, 
not only Isc is higher, but so is the open circuit voltage (Voc). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.  j−V characteristics under AM 1.5 illumination of glass/ITO(100nm)/PTT 
(420nm)/PTCDI-C7(25nm)/LiF(2nm)Al(80nm)/P. Polymer deposited either by cyclic 
voltammetry (10 cycles) (●), or potentiostatically (3 min) (■). 
 
Often small Isc and FF are attributed to high series resistances, Rs, while small open 
circuit voltage are often ascribed to small shunt resistance, Rsh. High Rs values can 
be induced by small carrier mobility in the organic material and/or to high contact 
resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. SEM micrographs of PTT obtained by cyclic voltammetry as in Fig. 1. (a) film 
surface; (b) cross section. 
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Surface morphology and the cross section of a PTT film deposited by cyclic 
voltammetry are displayed in Fig. 7. It can be observed that the films are highly 
inhomogeneous. Structures perpendicular to the substrate surface are randomly 
distributed over the film surface. They may reach up to 3 μm in height. Between them 
a thin layer, thickness ca. 400 nm, is clearly visible. Consequently, in that cell, the 
PTT thickness, X, varies between 400 nm and 3 μm. It is clear that the active part of 
the film in PV-cells corresponds to the thin layer. The structures described above are 
too thick to allow any carrier collection. Therefore, such morphology should induce 
inhomogeneous interface contact with Al and therefore large series resistance, which 
might lead to small FF and short circuit current. 
Figure 8 shows that films deposited by potentiostatic methods are more 
homogeneous. In addition, the thickness of the film (200 nm) is smaller than that 
obtained by potentiodynamic methods. Therefore, the contact resistance induced by 
such homogeneous films should be smaller than that induced by the rough surface of 
films deposited by cyclic voltammetry. However, devices using this family of films 
exhibit the smallest Isc and poor FF. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.  SEM micrographs of PTT obtained by potentiostatic means as in Fig. 2. (a) 
film surface; (b) cross section. 
 
It is known that the order of polymer chains synthesized by voltammetry is higher 
than that obtained by potentiostatic processes [17], therefore the carrier mobility is 
higher in the former case which accounts for the smaller series resistance and, 
consequently, better cell performance.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.  SEM micrograph of PTT/PTCDI-C7/LiFAl/P cell. Visualization of the memory 
effect of the polymer roughness. 
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However, even if films synthesized by voltammetry were more ordered, their 
roughness induces poor quality interface. It can be seen in Fig. 9 that, even after cell 
capping with selenium layers, there is a “memory effect” of the roughness of the 
polymeric film. 
 
Conclusions 
PTT thin films have been electrochemically polymerized, either by potentiodynamic  
(0 - 1.18 V) or potentiostatic (1.2 V) methods. From the absorbance spectrum, the 
band gap of the polymer was estimated as 2.03 eV. The HOMO value, -5.05 eV, has 
been calculated from the results obtained by cyclic voltammetry. Therefore, from the 
HOMO and band gap values, a LUMO value of -3.02 eV was worked out. PTT was 
tried out as electron donor in solar cells, the acceptor being PTCDI-C7 deposited by 
vacuum sublimation. A photovoltaic effect was displayed whether the electrochemical 
method used to prepare the polymeric layer was potentiostatic or potentiodynamic. 
Nevertheless, the best results were obtained when the films were deposited by cyclic 
voltammetry. It is assumed that these films are more ordered, which would justify the 
higher carrier mobility. However, as SEM showed, the surface of these films is very 
rough, which explains the small collected current. It seems that, in the future, the 
voltammetric deposition process should be improved in order to obtain a suitable film 
surface morphology that allows obtaining more efficient solar cells. In any case, it 
was demonstrated that the electrochemical method is suitable to prepare polymeric 
layers of electronic devices.  
 
Experimental  
2,2’,5’,2”-terthiophene (TT) monomer, tetrabutylammonium hexafluorophosphate 
(TBAPF6), and anhydrous acetonitrile were purchased from Aldrich and used as 
received. The electrochemical experiments were carried out in a three-compartment 
three-electrode glass cell. A Pt gauze of large geometrical area and a Ag/AgCl in 
tetramethylammonium chloride (Me4NCl) were used as counter and reference 
electrodes, respectively. All the potentials quoted in this work are referred to the 
saturated calomel electrode (SCE) [28]. The electron donor polymer utilized in the 
ITO/PTT/PTCDI-C7/LiFAl/P cells was electrochemically synthesized either by cyclic 
voltammetry sweeping between 0 to 1.18 V (Pt); and 0 to 1.2 V (TCO) at 8 mV·s-1 or 
by the potentiostatic method (transient i-t at 1.18 V on Pt; and 1.2 V on TCO during 3 
minutes). Poly(2,2’,5’,2”-terthiophene) was deposited on an ITO electrode (ca. 1.5 
cm2) from a solution containing 10-3 mol·L-1 TT + 0.1 mol·L-1 TBAPF6 in anhydrous 
acetonitrile, while for the electrochemical measurements of p-doping and n-doping 
potentials, PTT was deposited onto a Pt disc electrode (0.07 cm2 geometric area) 
from a solution containing 10-2 mol·L-1 TT + 0.1 mol·L-1 TBAPF6 in anhydrous 
acetonitrile. To warrant a minimum content of water in all experiments (below 0.5 
mmol·L-1) acetonitrile was stored under dry argon atmosphere, on molecular sieves 
(3 Å), and handled with a syringe. p- and n-doping potentials were measured in 
anhydrous MeCN using 0.1 mol·L-1 TBAPF6 as supporting electrolyte. It is noteworthy 
to mention that the previous characterization was performed using Pt as working 
electrode. This is necessary because constant surface area must be granted and this 
is quite difficult to achieve on indium tin oxide, ITO. Once the optimum working 
conditions have been established, ITO is employed as substrate since this is the 
material suitable for the fabrication of the optoelectronic device.  
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The experiments were performed on a Radiometer (Model PGP201) potentiostat 
interphased to a computer for data acquisition and analysis. 
A TCO coated glass was used as substrate for the fabrication of PTT/PTCDI-
C7/LiFAl/P cells. The TCO electrode was a layer of ITO on a 10·25 mm2 glass 
substrate. ITO substrate was supplied by SOLEMS. The whole glass substrate was 
coated; therefore some ITO must be removed to obtain the electrode. After masking 
a 10·10 mm2 band, ITO was etched using Zn + HCl as etchant [29]. Then, the 
substrate was cleaned by using the H2O2 treatment described by Osada et al. [30]. 
The substrate was treated with a H2O-H2O2 (30%) – NH4OH (25%) solution (5:1:1) at 
80 °C for 20 min and finally rinsed with boiling water for 5 min. The use of boiling 
water is useful for obtaining impurity-free surfaces. After rinsing the ITO electrode, 
the polymer was electro-synthesized as described above. Next, N,N'-diheptyl-
3,4,9,10-perylene-bis-carboximide (PTCDI-C7) was deposited using vacuum 
deposition under a pressure of 10-4 Pa. The thin film deposition rate and thickness 
were estimated in situ by means of a quartz monitor: 0.05 – 0.07 nm·s-1 and 25 nm, 
respectively, for PTCDI-C7. The thickness was chosen after optimization. The 
thickness of the organic films was checked by SEM. 
After the organic thin film deposition, LiF/aluminium upper electrodes were thermally 
evaporated, without breaking the vacuum, through a mask 1.5 x 6 mm active area. 
The LiF layer was 2 nm thick, and that of Al 80 nm. After breaking the vacuum five 
minutes, an encapsulating layer, ca. 70 nm thick, of amorphous selenium (Se-a), was 
thermally evaporated. The amorphous selenium layer has proved to be very efficient 
to protect the under layers from oxygen and water vapour contamination [31], 
avoiding thus the fast degradation of the devices. Moreover, it has been shown 
recently that when the aluminium cathode remains five minutes in contact with room 
air before encapsulation, there is an increase of the open circuit voltage, and 
efficiency values are ascribed to the formation of a thin alumina layer at the organic 
acceptor/aluminium interface [27]. Therefore, the structure used was glass/ITO 
(100nm)/ PTT(X)/PTCDI-C7(25nm)/LiF (2nm)Al(80nm)/P. 
The optical measurements were performed at room temperature on a Carry 
spectrometer. The optical density was measured at wavelengths 2 – 0.25 μm. 
The surface topography and cross section of the films were observed with a field 
emission scanning electron microscope (SEM, JEOL F-6400). Film thickness was 
measured from the cross section visualization using simple software. 
Electrical characterization of the cells was performed with an automated I-V tester; in 
the dark and under 1 sun global AM 1.5 simulated solar illumination. 
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