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Poly(3-octylthiophene) (P3OT) was prepared by traditional oxidative polymerization method using FeCl 3 as oxidant. The prepared polymer was dissolved in chloroform, drop-casted onto substrates and the films were annealed at 100 and 175 ˚C in argon atmosphere. Annealing temperaturesinduced structural and optical properties variations of P3OT films have been studied. Fourier transform infrared is used to check the stability of the films against thermal treatment. The grazing incident in-plan X-ray diffraction and field emission scanning electron microscope are used for studying the crystalline and surface morphology natures of the films. The photoluminescence of the films and the optical functions of as-casted and annealed P3OT films are discussed. The optical functions were extracted from the measured transmittance and reflectance spectra at normal incidence of the light over the spectral range 200-2500 nm. The absorption curves are analyzed and the influence of heat treatment on the optical band gap of the films is investigated. The refractive index is also analyzed, in which the dispersion parameters are estimated.

Introduction

Organic conducting polymers earn special garnering interest for organic based optoelectronic devices by several virtues of their ease of synthesis, low cost, promising flexiability and solution processability beside their fascinating electrical and optical properties [1][2][3]. Since the discovery of bulk heterojunction solar cells and subsequently the rapid increase in their electrical conversion efficiency, a particular attention has been directed to the synthesis and characterization of conducting polymers as an important layer in such cells. The interesting polymeric materials used in bulk heterojunction solar cells are those which have rigid main chains and flexible side chains [4]. The rigid π conjugation controls the semi conductivity of the polymer, whereas the side chains controls its solubility. Among conducting polymers, polythiophenes is considered as an important class of materials satisfied these conditions. Poly (3-octylthiophene) (P3OT) has been used in bilayer and bulk heterojunction solar cells [5]. It has been showed that P3OT has lowest unoccupied molecular orbital value of 5.2 eV, this value is high enough to be used as electron donor with fullerene as electron acceptor for fabricating solar cells. P3OT was also used as electron donor together with inorganic materials such as CdS as electron acceptor material [6].

The use of conducting polymers such as P3OT films in bulk solar cells is usually through wet methods such as spin coating and drop casting techniques as simple techniques. These chemical techniques provide poor crystalline films [7], which results in low charge carriers flow and subsequently poor short circuit current of the cells. Thermal annealing can be considered as an important role for obtaining better crystalline films [8]. It may also be required to eliminate the residual solvent from the polymeric films. However, thermal treatments cause a variation of the corresponding optical functions of such polymeric films due to variations in ordering and morphology [9]. The most important optical functions which can be affected and influence the corresponding physical properties are the refractive index and absorption coefficient.

According to previous studies, the crystallization, melting and degradation points of amorphous P3OT are 173, 190 and 200 ˚С, respectively [10,11]. To the best of our knowledge, the influence of annealing temperature on the optical functions of P3OT prepared by casting technique has not been reported. In this paper, it is aimed to shed the light on the effect of annealing temperatures (100 and 175 ˚С) on freshly casted P3OT films. The correlations between the structural and optical properties are represented.

Experimental

Synthesis of P3OT

P3OT was prepared according to the procedure mentioned in literature [6]. A mixture of 0.01 mole of 3-octylthiophene and 0.03 mole of anhydrous ferric chloride (FeCl 3 ) in chloroform was allowed to react under an argon atmosphere at room temperature for 7 hrs. First, the anhydrous FeCl 3 was allowed to dissolve in a suitable amount of chloroform by a magnetic stirring for about half an hour at room temperature and then 3-octylthiophene solution in chloroform was added drop by drop to the previously prepared FeCl 3 solution. The final product was obtained by precipitation using methanol, followed by decantation and drying at room temperature.

Thin film preparation

Thin films of P3OT were prepared by drop-casting technique on wellcleaned optical flat fuzzed quartz substrates. The substrates were firstly washed with hot distilled water followed by sonication in ethanol and acetone each for 10 min. The substrates were then dried by heating at 100 ˚C for 15 min. To prepare P3OT films, 0.025 g of prepared P3OT was dissolved in 30 ml chloroform. The mixture was sonicated for few minutes until complete solubility of the polymer. Four drops of this solution were dropped onto quartz substrates (2.5×2.5 cm 2 ) using a pipit. The polymer-coated quartz substrates were left to dry in dark environment. The polymer-coated quartz substrates were annealed at 100 and 175 ˚C in Argon atmosphere for two hrs.

Measurements

One proton nuclear magnetic resonance ( 1 H NMR) was measured by Jeol ECA 500 MHz NMR spectrometer. The measurements were performed with chloroform as a solvent. Fourier transform infrared (FTIR) were recorded on JASCOW FTIR-430. The measurements were performed in the wavenumber range 4000-400 cm -1 .

Crystalline structure of P3OT films was checked by X pert pro PANanlytical diffractometer equipped with CuK α target (wavelength, λ=1.5406 Ǻ) by the means of grazing incident in-plan X-ray diffraction. The tube current and the applied voltage were 30 mA and 40 kV, respectively. The spectra were collected in the diffraction angle range 4-60˚. Surface morphology of P3OT films was detected on field emission scanning electron microscope (Quanta FEG 250).

The photoluminescence of as-casted and annealed films was detected on spectrofluorometer Model JASCO FP-6500 equipped with Xenon arc lamp (150 watt). The measurements were done at room temperature and at the same geometrical conditions.

Computer-provided double-beam spectrophotometer (JASCO model V-570-UV-Vis-NIR) was used to measure the transmittance and reflection spectra of the films. The measurements were performed at room temperature as the light fallen perpendicularly on the surface of the films. The absolute value of the directly measured transmittance, T meas , and reflectance, R meas were calculated from the expressions [12,13]:

( ) s meas R T T - = 1 (1)
and
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where R s and R Al are the reflectance of substrate and aluminum mirror, respectively.

The absorption coefficient, α, and refractive index, n, of the films are calculated using the expressions [14,15]:
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where d is the film thickness and k is the absorption index (k=(α×λ/4π, λ is the wavelength of light).

Results and discussion

1 H NMR

The 1 H NMR spectra of as-prepared P3OT is illustrated in Fig. 1.

Referring to the chemical structure of P3OT, the signal at 0.897 ppm corresponds to methyl protons, whereas signals at 1.304 ppm to 1.718 ppm correspond to the six methylene protons. Moreover signals at 2.580 ppm and 2.815 ppm are attributed to methylene protons next to thiophene ring. The signal at 6.987 ppm is related to the methyne proton in the thiophene ring. The appearance of all these signals insures the chemical structure of the prepared P3OT. In addition, 1 H NMR can be considered as an important tool to determine the way that thiophene rings are attached together, whether it is head-head (HH) or head-tail (HT). The HT signals observed at 2.580 ppm and HH signals centered at 2.815 ppm were used to determine the regioregularity of the polymer. The relative area under the two peaks indicates that the prepared polymer indicated 65.7 % HT coupling [16].

FTIR spectroscopy

To show the influence provided by annealing temperature on the chemical bonds of P3OT films, FTIR spectra of as-casted and annealed P3OT films are measured and illustrated in Fig. 2. The spectra of both as-casted and annealed films show a broad band in the range of 3360-3280 cm -1 which can be attributed to the hydroxyl group of water vapors absorbed by the films from atmosphere. The FTIR spectra for as-prepared P3OT indicate the presence of a peak at 3063 cm -1 which is corresponding to the stretching vibration of the C-H present in the thiophene ring. The two peaks located at 2922 and 2856 cm -1 are corresponding, respectively, to the symmetric and asymmetric vibration of C-H of the aliphatic group. The stretching vibration appeared at 1635 cm -1 corresponds to C=C signals of thiophene ring. In general, FTIR spectra of as-prepared P3OT do not show significant changes as a result of annealing at 100 and 175 ˚С. This indicates that the chemical structure of the prepared polymer does not affected by annealing temperatures.

XRD

XRD spectra of P3OT films before and after annealing at 100 and 175 ˚С are illustrated in Fig. 3. The as-casted films have a broad hump around diffraction angle of 13-30̊ which is ascended with a small peak at 22.90. These results indicates that the as-casted films are partially crystalline i.e. have longrange order in the molecular arrangement of the film together with the presence of some crystallites. These results have also been obtained by Arenas et al. [17] for P3OT prepared by both drop casting and spin coating techniques. By annealing at 100 C, the width of the hump is significantly decreased and a new diffraction plane located at 37.95̊ is appeared. The intensity of the two diffraction peaks is increased as a result of annealing at 175 C. The diffraction peaks of the films are indexed to the monoclinic structure of P3OT according to the Standard Data . The low intensity of the diffraction peaks and their broadening are characteristics of nanostructure nature of both as-casted and annealed films.

Field emission scanning electron microscope

Observations of the topographic surface of as-casted P3OT films before and after annealing were detected by FESEM. The images of the film surface are shown in Fig. 4. Consistent with the X-ray diffraction, the FESEM results show that there is a difference between the surface morphology of as-casted and the annealed films. The morphology of untreated P3OT films (Fig. 4a) shows rough surface with homogenous nearly granular shaped particles with unsymmetrical particles rounded grain distribution. The grain size is being in the range of 32-47 nm. Fig. 4b shows that the surface of annealed films at 175 C is modified As the films are annealed at 175 ˚C, the grains are merged with each others in which some cracks are appeared. Hence, the films show granular structure with enhanced grain size being in the range of 49-71 nm.

The main constituent of such trend is the crystallization of P3OT films by annealing.

Optical properties

The photoluminescence spectra P3OT before and after annealing are depicted in Fig. 5. The spectra of as-casted film have a single emission peak locates at 558 nm. As a result of annealing, the intensity of the emission peak is increased and the position of the peak shifts towards higher energies. The transition energy is an important parameter for conducting polymers to be used in solar cell application in which it determines the spectral range of absorption. The estimation of the optical band gap can be obtained based on the band-to-band transition theory in terms of Tauc's expression [18]:

( ) m g E h h - = ν ν β α (5)
where β is a constant depending on transition probability, hν is energy of light, E g is the optical band gap and the exponent m takes the values of 2 and 3 for indirect allowed and indirect forbidden transitions, respectively. The value of m takes also the value of 1/2 and 3/2 for direct allowed and direct forbidden transitions, respectively. According to Eq. 5, the experimental data can be fitted with different value of m in order to realize the type of transition and corresponding optical band gap.

In order to determine the type of transition, it is possible to rearrange Eq. 5 to take the form:

( ) m g E h h Y - = = ν β ν α (6)
By differentiation with respect to hν, Eq. 6 can take the form:
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The relation between Y/Y (1) and hν at the absorption edge for as-casted P3OT films is shown in Fig. 8. The relation can be fitted with a straight line, from which the value of m is determined as 0.51. This value indicates that the type of transition in our films is direct allowed.

The relation between (αhν) 2 and hν for as-casted and annealed P3OT films are shown in Fig. 9. The value of the optical band gap is determined from the extrapolation of the linear parts towards α=0. The value of E g is found to be 2.0, 2.33, 2.53 eV for as-casted, annealed films at 100 ˚С and annealed films at 175 ˚С, respectively. This increase in the optical band gap of the films by annealing is attributed to the improvement in the ordering of the films. With the improvement of the ordering, a lot of localized states inside the forbidden gap are get out resulting in broadening of the band gap. The obtained value of the optical band gap is in accordance with that in literature for ragiorandom polymer in which it is in the range of 1.7-1.8 eV for regioregular polymers and it is about 2.0 eV for regiorandum polymer [19]. Fig. 10 shows the refractive index dispersion of as-casted and annealed films. Starting from the low wavelengths, the refractive index of as-casted films decrease with increasing wavelength and shows a shoulder at 300 nm followed by minimum value at 430 nm. Then, it increases rapidly and shows a peak at 640 nm before to show a shoulder at 820 nm. After this shoulder, the refractive index decreases with increasing wavelength and at higher wavelengths it shows weak wavelength dependence. It can be seen that the behavior of the refractive index does not effectively changed by annealing, but it increases by annealing. This increase can be attributed to the increase of crystallinty [20]. The decrease of the refractive index of the films at higher wavelengths obeys the normal dispersion of the materials. This behavior can be analyzed in terms of the expression given by [START_REF] Edward | Hand Book of Optical Constants of Solids[END_REF]. where ε 1 is the real part of the dielectric constant, ε L is the lattice dielectric constant, e is the electronic charge, ε o is the free space permittivity and N/m* is the ratio of the free carrier concentration to their effective mass. The variation of ε 1 with the square wavelength for as-casted and annealed P3OT films is demonstrated in Fig. 11. At higher wavelengths, the relation is in accordance with the prediction of Eq. 9. This finding allow us to calculate the value of ε L as the intercept of the straight line portions with ε 1 axis and the value of N/m* from the slope. The obtained values of ε L and N/m* are listed in Table 1. Both values increase with increasing annealing temperature which can be ascribed to the variations of the crystallinity and morphology of the films.

Conclusion

Drop casting technique can be used for preparing P3OT films with good homogenous quality. Fourier transform infrared confirmed that the polymeric films have chemical stability against annealing temperatures of 100 and 175 ˚С conducted in argon environment. It is found that annealing temperature is an essential parameter to control the structural and optical properties of such films. Due to annealing, the films showed better crystallinity and an increase in particle size. Annealing increases also the emission intensity of the light and increases the direct optical band gap. The refractive index and the N/m* of the films are found to increase with annealing due to the increase of crystallinity and morphology of the films. Finally, annealing may be required in P3OT based devices and care must be taken to engineer the optical functions and related parameters. (1) and hν for as-casted P3OT films. 
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Table 1 No

 1 

			Vibrational bands in cm -1	
		As-deposited	Annealed at	Annealed at	Assignment
			100 C	175 C	
	1	3432	3431	3433	OH stretching of H2O vapors
	2	3063	3065	3060	C-H stretching of thiophene ring
	3	2922	2923	2923	Symmetric C-H stretching of
					octyl group
	4	2856	2855	2857	Asymmetric C-H stretching of
					octyl group
	5	1635	1637	1635	C=C stretching of thiophene ring
	6	1370	1391	1389	C-H deformation of methyl group
	7	820	790	821	C-H out-of-plane bending of
					thiophene ring
	8	707	687	642	C-H rocking of methyl group
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The data are available in request.
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