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We report the fabrication of nanocomposite thin films based on regio-regular polymer
poly(3-octylthiophene-2,5-diyl) (P30T) and functionalized single wall carbon nanotubes
(F-SWCNTSs) using three different filler mass concentration (3, 6 and 12 wt., %), by spin-
coating technique. Morphological and optical investigations were performed and the
obtained results were compared with those of P30T individual layer. The
thermogravimetric measurements confirmed the successful functionalization of the
SWCNTSs. However, field emission scanning electron microscopy (FE-SEM) and high
resolution scanning electron microscopy (HR-SEM) images showed the presence of
bundles, with different diameters. Nevertheless, percentages of amorphous carbon and
metallic catalysts have smaller values for functionalized SWCNTs compared with the
pristine samples. An increase in optical absorption with the increase of F-SWCNTSs added
amount was observed, while the bandgap energy values of our fabricated nanocomposite
structures slightly decreased. Our studies proved that the optimal added amount of F-
SWCNTSs should not exceed 6 wt., %, otherwise the nanotubes will be pushed onto the
surface of the customized structure.
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1. Introduction

Since lijima & Ichihashi [1], and Bethune and his collaborators [2], working
independently, reported the discovery of single wall carbon nanotubes (SWCNTSs) based on
innovative studies done by lijima in 1991 [3], when for the first time the structure of multi-wall
carbon nanotubes (MWCNTS) was presented, the gates of nanoscience and nanotechnology were
opened [4]. Particularly, SWCNTSs offer a unique structure with diameters in 1.0 — 1.5 nm range
and length of tens of microns [4], providing remarkable electric, mechanical, optical and chemical
properties. Due to this particular structure, SWCNTSs are highly sensitive to chemical changes and
doping [4] allowing their use in many and various applications like transistors [5-7], biology and
medicine [8-10] or photovoltaic structures [11-14]. In recent years, conductive polymers —
SWCNTs mixture based photovoltaic cells received special attention from scientific community
due to high photoconductivity values of SWCNTSs [15, 16] and easy fabrication techniques [17,
18]. Thereby, the presence of SWCNTSs in the architecture of various organic photovoltaic cells as
interlayer [19, 20] or as active film improved the charge carriers’ separation and their transport to
electrodes [21].
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Moreover, PV industry has grown exponentially in the last 20 years and important
amounts of time and money were invested in so called “green energy”, especially after the
discovery of conjugated polymers which can be considered a milestone of organic photovoltaic
field [22]. Special attention was paid to poly(3-octylthiophene-2,5-diyl (P30T) and poly(3-
hexylthiophene-2,5-diyl) (P3HT), m-conjugated polymers that proved to have an early crystalline
structure as thin films, facilitating the charge carriers’ transport [23, 24]. Huge number of papers
were dedicated to conjugated polymer:fullerene derivative as active layer of organic photovoltaic
cells, opposite to conjugated polymer:SWCNTSs hybrid structures.

In this paper we report results of morphological and optical studies dedicated to
functionalized SWCNTSs:P30T thin films, taking into account three weight ratios of F-SWCNTSs
(3, 6 and 12 wt., %).

2. Experimental procedures

2.1 Materials

SWCNTSs with diameters in 0.9 — 1.7 nm range and length from 300 nm to 4 um were
purchased from Nanolntegris Inc and were functionalized using nitric acid solution (6M HNQO,).
The initial purity of single wall carbon nanotubes was indicated to be 70%. P30T was purchased
from Sigma Aldrich Company and used without further improvements.

The obtaining of P3OT:F-SWCNTSs solution, varying the weight ratio of F-SWCNTs (3, 6
and 12 wt., %), was a two-step procedure. First step consisted in the dispersion of F-SWCNTSs in
chloroform, and in the second step P30T and F-SWCNTs components were blended. To achieve
an optimal homogeneity, the resulting solution was mixed for 1h at 50°C. Our nanocomposite thin
films were deposited onto optical glass substrates, by spin-coating, at room temperature, in air.
Before deposition procedure, the substrates were cleaned with acetone, isopropyl alcohol and
deionized water using a sonication bath for 15 minutes. The optimal thickness of organic
photovoltaic cells active layer should exceed the exciton diffusion length [25] and in order to
obtain such films the working parameters in our fabrication process were as following: the angular
speed was 1000rpm and deposition time was 30 seconds. For our deposited nanocomposite thin
films the thickness was determined to be around 110 nm.

2.2 Characterization techniques

Micro-Raman spectroscopy analyses of the pristine and functionalized SWCNTs were
performed at room temperature using a Horiba HR800 system with a He-Ne laser with 2.33 eV
energy, 532 nm wavelength, 2 um diameter of laser spot, and 600 lines/mm grating. Raman
measurements were performed in the 75 cm™ - 3000 cm™ range. Thermogravimetric analyses
(TGA) were used to quantize the mass loss of materials induced by temperature. A STA-8000
Perkin Elmer instrument was used, operating in 50°C — 900°C temperature range and 5°C/minute
heating rate. Morphological features of our fabricated P3OT:F-SWCNTs nanocomposite thin films
were studied by field emission scanning electron microscopy (FE-SEM) and high resolution
scanning transmission electron microscopy (HR-STEM). Optical investigations were performed in
visible range, from 400 nm to 800 nm, at room temperature.

3. Results and discussion

3.1 Raman investigations

Raman spectra of pristine and F-SWCNTSs are presented in figure 1. Radial breathing
mode (RBM) region, localized in 150 cm™ — 300 cm™ range for both samples, is slightly shifted to
shorter wavelengths for F-SWCNTSs. Disorder induced mode peaks (D-band) are attributed to sp®
carbon atoms, while G-band corresponding to tangential modes is related with in-plane oscillations
of sp? hybridized carbon atoms [26, 27]. For functionalized single wall carbon nanotubes, disorder
increased most likely due to nitric acid treatment inducing localized defects on the sidewall
structure. This approach is confirmed by a strongly decrease of I/l ratio value of F-SWCNTs.
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(Ig) and (Ip) are the maximum intensities peaks of the G-band and D-band, respectively and lIg/lp
ratio gives information about structural changes induces by functionalization procedure, like
attachment of various organic moieties [28-30].
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Fig.1. (a) Raman spectrum of pristine SWCNTSs and (b) Raman spectrum of F-SWCNTs
recorded using green light laser with 532 nm wavelength and 2.33 eV energy. D-Band of F-SWCCNTSs is
bigger than D-Band of pristine SWCNTSs, and the Ig / I ratio of F-SWCNTSs is lower than the I / I ratio of
pristine SWCNTSs.

3.2 Thermogravimetric measurements

TGA analyses are usually used to determine the mass loss induced by temperature, to
guantize the metal catalysts ratio or to study the purity of single wall carbon nanotubes [28]. Also,
as in our case, these kinds of studies give information about the success rate of the
functionalization process. Our TGA curves for both pristine and F-SWCNTs are presented in
figure 2, together with their derivatives.
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Fig. 2. (a) TGA curves and (b) its derivatives of pristine
and functionalized SWCNTSs, recorded in air.

For F-SWCNTSs the onset burning temperature is lower than for the pristine ones,
indicating, as other authors observed [31], the presence of various organic moieties attached to
sidewalls or to the ends of the structure.

Also, TGA measurements were performed for P3OT:F-SWCNTSs thin films, taking into
account different weight ratios of F-SWCNTSs (3, 6 and 12 wt., %), and the results were compared
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with those obtained for F-SWCNTs and P30T individual layers. These spectra are depicted in
figure 3 and showed the successfully incorporation of F-SWCNTs into polymer matrix. The

increase in F-SWCNTs percentage of P3OT:F-SWCNTs nanocomposite layers leads to an
increase of metal catalysts ratio.
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Fig. 3. TGA curves of P30T, SWCNTs and P30OT:F-SWCNTs thin films, taking into

account various percentages of functionalized single wall carbon nanotubes for our
composite

layers (3, 6 and 12 wt., %).

3.3 Morphological features
FE-SEM and HR-STEM images of our functionalized SWCNTSs are presented in figure 4.

Fig. 4. (a) FE-SEM and (b) HR-STEM images of our fabricated
functionalized single wall carbon nanotubes.

Despite a successful functionalization proved by TGA measurements, a high density of
bundles, with different diameters, can be observed from FE-SEM image of functionalized single
wall carbon nanotubes, which are a result of the well-known high van der Waals interactions
present between the nanotubes [32].

The FE-SEM images of P3OT:F-SWCNTs nanocomposite thin films, for different
percentages of functionalized single wall carbon nanotubes, 3, 6 and 12 wt., %, are presented in
figure 5, and these results are compared with those obtained for P3OT individual layer. TGA
curves confirmed the entrainment of F-SWCNTSs into polymer matrix, but the FE-SEM images
showed that the optimal percentage should not exceed 6%, otherwise most of the nanotubes will be
pushed onto the surface of polymer film, as can be observed in figure 5(d). The FE-SEM image of
P30T individual thin film showed a very uniform and smooth surface, a specific feature of layers

deposited by spin-coating technique, suitable for use in the architecture of photovoltaic cells as
component of the active layer.
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Fig. 5. FE-SEM images of P30T:F-SWCNTs nanocomposite thin films
with different percentages of F-SWCNTSs: (b) 3%, (c) 6% and (d) 12%.
The obtained results were compared with those of (a) P30T individual layer.

3.4 Optical characterization

Optical absorption spectra of P3OT:F-SWCNTSs nanocomposite thin films, with different
F-SWCNTSs percentages (3, 6 and 12 wt., %), together with the results obtained for P30T
individual layer, were drawn in visible range, at room temperature, and are depicted in figure 6.
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Fig. 6. Optical absorption of P30OT:F-SWCNTs nanocomposite thin films with different
percentages of F-SWCNTSs (3, 6 and 12 wt., %). The obtained results were compared with
those of P30T individual layer.

An increase in optical absorption with the increase of F-SWCNTs added amount was
observed, which confirms the improvement of charge carriers’ transfer between the SWCNTSs and
organic materials observed also by other authors [19, 20]. Moreover, a slight decrease of optical
bandgap energy values was determined with the increase of F-SWCNTs added amount, as
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following: 2.14 eV for P30T individual layer, 2.11 eV for P3OT:F-SWCNTs (3 wt., %), 2.07 eV
for P3OT:F-SWCNTSs (6 wt., %) and 2.05 eV for P3OT:F-SWCNTs (12 wt., %). Most likely, this
behavior can be associated with the increase of the number of localized states in the forbidden
band of our customized structure [33]. These results proved that F-SWCNTs added into the
polymer matrix can be used as constitutive in the architecture of various hybrid photovoltaic cells.
Moreover, usually for nanoscale electronic and optoelectronic devices Schottky junctions are
found between carbon nanotubes and different organic materials.

4. Conclusions

Compositional, morphological and optical properties of the F-SWCNTs and P30T
nanocomposite thin films at different filler mass concentration (3, 6, 12 wt., %), obtained by spin-
coating, were studied and compared with P3OT individual layer. Although the TGA analysis of
the samples demonstrated the successful functionalization of the SWCNTSs, the electron
microscopy images of the nanocomposites showed the all-ready known preferential arrangement
of the nanotubes into bundles of different diameters.

The optimal added mass of SWCNTs was demonstrated to be equal or less than 6 wt., %
by the FE-SEM images otherwise the carbon nanotubes will be pushed onto the thin film surface.
Optical investigations showed that absorbance of our fabricated thin films increases with the
increase of F-SWCNTs added amount, while determined bandgap values decreased, most likely
due to the increase number of localized states in the forbidden band of the customized structure.
These results confirmed that F-SWCNTSs can be integrated in the architecture of electronic and
optoelectronic devices, especially for photovoltaic cells, but further studies are required to fully
understand the physical processes involved.
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