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Abstract—We have investigated the effects of the
incorporation of graphene in the matrix of regioregular poly (3-
hexylthiophene-2, 5-diyl) (RR-P3HT) on the charge transfer
and transport processes. The addition of graphene to P3HT
reduces the RMS roughness of the thin film. The presence of the
G-band of graphene in the Raman spectrum of P3HT:Graphene
nanocomposite proves that the graphene are well inserted in the
P3HT matrix. The charge transfer at the interfaces between
P3HT and graphene and the charge transport processes are
studied through photoluminescence and current density-voltage
(J-V) measurements.
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I. INTRODUCTION

Graphene is a flat monolayer of sp> hybridized carbon
atoms stacked into a two-dimensional (2D) honeycomb lattice
which is recognized as one of the strongest materials in the
world due to its excellent properties including high electrical
conductivity (10° S.m”') and thermal conductivity
(~5000 W. m ".K"), high electron mobility at room
temperature (250.000 cm®.Vs), high transparency (absorbance
of 2.3 %), and large specific surface area (2.63x106 m>Kg™).
It was also demonstrated that this material is stable at ambient
conditions [1, 2, 3, 4]. It is a basic structure for the building of
graphitic materials of all other dimensionalities. It can be
wrapped into OD fullerenes, rolled into 1D carbon nanotubes
or stacked into 3D graphite. Organic nanocomposites based on
polymer and graphene have shown potential interest in the
field of optoelectronic and especially for photovoltaic
application. Several efforts have been made in last few years

to improve the efficiencies of Polymer:Graphene photovoltaic
devices [, 6, 7, 8, 9]. The main problem in the elaboration of
Polymer:Graphene nanocomposites is the dispersion of the
graphene layers in the polymer matrix. Therefore, it’s
important to select the suitable proportion of graphene to
avoid the agglomeration of the graphene layers. To further
improve the power conversion efficiency of the photovoltaic
cells, it is important to use high-mobility polymers as donor of
electrons material. In this work we have used expandable
graphite oxide (EGO) for the elaboration of the graphene
layers. EGO could be dispersed in organic solvent without any
assistance of chemical treatment. The attached oxidants
groups in the graphene layers prevent the agglomeration of the
graphene layers. We have incorporated the graphene layers in
the RR-P3HT matrix to elaborate bulk-heterojunction solar
cell, since P3HT is known by the high mobility of holes (0.2
em®. V"', ') compared to other conjugated polymer [10].
P3HT and graphene act as electron-donating and electron-
accepting materials, respectively. In this study we present a
comparison between the performances of the ITO/P3HT/Au
and ITO / P3HT:Graphene /Au solar cells.

II. EXPERIMENTAL PROCEDURE

A. Materials

RR-P3HT (RR = 963 %) with a molecular weight
M,, = 77.5 g.mol " is provided by Ossila Ltd Kroto Innovation
Centre. The graphene oxide layers are prepared by the
dissolution of EGO in DMF. EGO was obtained by the
oxidation of expandable graphite (EG) following Hummer’s
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method [11]. The oxidation of EG was provided by Chinese
Qing Dao Graphite Company.

B. Devices elaboration

The P3HT was dissolved in chloroform at a concentration
of 5 mg/ml. Expandable graphite oxide was dispersed in
N, N-dimethylformamide (DMF) with a composition of 1.5
wt.% and subjected to strong ultrasonic treatment (Fisher
Scientific Sonic Dismembrator Model 500, 300 W) for 1 hour
at room temperature. The obtained solutions are mixed and
stirred for 15 min at a temperature of 50 ° C, and then
sonicated for 1 hour at room temperature. The solutions of
P3HT and P3HT:Graphene nanocomposite were spin coated
onto ITO-coated glass substrates and then annealed under
vacuum at T = 170°C for 10 min to remove the residual
solvent. Back-contacts of Au were thermally evaporated on
the top of the active layers, at a pressure of 10°° Torr.

C. Instrumentation

Imaging of the surface of the thin films of P3HT and
P3HT:Graphene nanocomposite, was carried out using an
Atomic Force Microscope (Digital Instrument Vecco,
Nanoscope, Dimension "™ 3100) in the tapping mode.
Raman and photoluminescence spectra were recorded using a
Horiba Jobin Yvon HR Lab RAM Micro-Raman system with
a laser line at 488 nm originating from an Ar" laser. A 50 x
objective lens was used to focus on the laser beam (about 1
um spot size) and to collect the Raman signal in the
backscattering configuration and an accurate calibration was
carried out by checking the Si band at 520.7 cm-'. All the
spectra were recorded with a 600 lines/mm grating at the
temperature T = 300 K under the same experimental
conditions. The current-voltage characteristics were measured
under illumination at room temperature with “Keithley 6430~
source and a PC card for acquisition, using 100 W halogen
lamp.

III. RESULTS AND DISCUSSION

A. Morphological Properties

The AFM images of the thin films of P3HT and
P3HT:Graphene nanocomposite deposited on ITO substrates
are shown in Fig. 1. The surface of P3HT thin film shows
bright areas corresponding to the P3HT nanowires. The P3HT
nanowires are connected to each other forming large domains.
However the AFM images of P3HT:Graphene nanocomposite
show smaller bright area compared with the thin film of
pristine P3HT. The observed changes in the surface of the thin
film of P3HT:Graphene nanocomposite proves that the
nanowires of P3HT are separated from each other after
addition of the graphene layers. The RMS roughness of P3HT
thin film is about 15.01 nm. After addition of 1.5 wt. % of
graphene the RMS roughness decreases to 9.91 nm. The
reduction of the RMS roughness after addition of graphene
proves that the insertion of the graphene layers in the P3HT
matrix serve to planarize the surface of the film.

Fig. 1 Example AFM height images of the thin films of P3HT (a), and

P3HT:Graphene nanocomposite (b).

B. Raman and Photoluminescence measurements

Raman spectroscopy is used in this work to confirm the
presence of graphene in the P3HT matrix. The Raman spectra
of the thin films of P3HT and P3HT:Graphene
nanocomposite, shown in Fig. 2, are obtained under resonant
excitation (488 nm). The Raman spctrum of P3HT thin film
shows two vibrational modes associated with the conjugated
backbone (m- electron delocalization) of P3HT: the C=C
symmetric stretch mode at ~1445 cm ' and the C-C stretch
mode at ~1381 cm’ within the thiophene rings. The two
Raman modes of P3HT represent the origin of the electrical
conductivity in conjugated polymer.

The Raman spectrum of graphene includes the following
characteristics bands: the D band ~1340-1360 cm™ is the
representation of the disorder in the sp® hybridization [12 ],
the G band ~1575-1604 cm’, and the 2D band ~ 2650-2695
cm’! [13, 14, 15, 16]. This mode could be active if the ring is
adjacent to a graphene edge or a defect [17, 18]. The position
and the intensity of the G and 2D bands are related to the
crystallinity, number of layers, and the type of substrate used
to synthesize the graphene layers [19, 20]. Fig. 2(b) shows the
Raman spectrum of the thin film of P3HT:Graphene
nanocomposite. The Raman spectrum shows the feature peaks
of P3HT and graphene. The presence of the two main Raman
modes of P3HT, at ~1445 cm™ and ~1381 cm’l, proves that
the P3HT nanowires remain unaltered after addition of
graphene. We also observe the characteristic G-mode of
graphene. The G-band of graphene results from the first order
scattering of the E,, in-plane vibrational modes [21, 22, 23].
The absence of the D band proves that we have a well ordered
graphene [24]. The absence of the 2D band is due to the
P3HT doping effect. In fact the theory predicts the intensity of
the 2D Raman mode should decrease as electron-electron
collisions increase strongly at high doping levels [25, 26].
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Fig. 1 Raman spectra of the thin films of P3HT (a), and P3HT:Graphene
nanocomposite (b).

We have investigated the charge transfer process at the
interface between P3HT and graphene using the
photoluminescence spectroscopy. The PL spectra of P3HT
and P3HT:Graphene nanocomposite shown in Fig. 3 are
obtained using 488 nm excitation which lies within the
absorption band of P3HT [27]. The PL spectrum of P3HT
shows two strong peaks at 650 and 688 nm. These peaks are
significantly quenched after addition of graphene. PL
quenching in D:A blends upon photoexcitation of the donor is
mostly due to energy or charge transfer at the interface
between the donor and the acceptor of electrons as shown in
different studies [28, 29, 30, 31]. There is no overlap between
the emission spectrum of P3HT, which is situated between
600 and 750 nm as shown in Fig. 3, and the electronic
absorption spectrum of graphene localized between 200 and
400 nm [32], which proves that the quenching of the PL
intensity of P3HT with progressive addition of graphene is
due to electrons transfer rather than resonance energy transfer
process. Then the quenching of the PL intensity of P3HT is
due to electrons transfer from P3HT to graphene rather than
resonance energy transfer. The energy band diagram of P3HT
and graphene is shown in Fig. 4. The graphene conduction and
valence bands cross at the Dirac point, which defines the work
function (W¢ = 4.6 eV) [33]. The Fermi level (Ey) of graphene
is situated below the LUMO level of P3HT which make the
electrons transfer from P3HT to graphene energetically
possible.
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Fig. 3 Photoluminescence spectra of the thin films of P3HT (a), and
P3HT:Graphene nanocomposite (b).
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Fig. 4 Energy band diagram of the ITO/P3HT:Graphenel/Au device.

C. Current Density—Voltage Characteristics

Fig. 5 shows the J-V characteristics of the ITO/P3HT/Au
and ITO/P3HT:Graphene/Au photovoltaic devices under
illumination. The current density J;. and the open circuit
voltage V. are extracted from the J-V curves. The fill factor
(FF) defined as the ratio between the maximum power
delivered to an external circuit and the potential power was
calculated using the following expression [34]:

Pmax Vmax Jmax
FF = = (1)

Voc Jsc Voc Jsc

Where V.« and J,,, are the open circuit voltage and the
current density at the maximum power point of the J-V curve
in the fourth quadrant, where the device operates as an
electrical power source. The V. increase from 0.35 to 0.55
eV, and the J increase from 4.25 x 10 t0 9.93 x 10™* for
P3HT and P3HT:Graphene based devices, respectively. Then
the fill factor increase from 29 to 41 % after addition of 1.5
wt.% of graphene to P3HT. The photovoltaic parameters of
ITO/P3HT:Graphene/Au devices are enhanced compared with
ITO/P3HT/Au device. The photovoltaic performances of the
device are enhanced after addition of graphene due to the
formation of continuous electrons pathways arising after an
appropriate addition of graphene. In addition the formation of
P3HT/Graphene interfaces improves the dissociation of the
photogenerated excitons and the charge transfer processes as
shown in the energy band diagram of
ITO/P3HT:Graphene/Au structure in Fig. 4. The improvement
of the photovoltaic performances of the device after addition
of graphene is also attributed to the increase of the optical
absorption properties of the device which increase the number
of the photogenerated excitons. In addition the graphene
layers are well dispersed in the P3HT matrix, as shown in the
AFM images, which improve the charge transport properties
of the device.
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Fig. 5 J-V characteristics of the ITO/P3HT/Au, and
ITO/P3HT:Graphene /Au solar cells.

IV. CONCLUSIONS

In this work we have studied the effect of the insertion of
graphene in the P3HT matrix on the photovoltaic
performances of the device. The AFM images of P3HT and
P3HT:Graphene nanocomposites proves that the insertion of
the graphene layers in the P3HT matrix serve to planarize the
surface of the thin film. The presence of the G-band of
graphene in the Raman spectrum of P3HT:Graphene
nanocomposite confirm the presence of graphene in the P3HT
matrix. The electrical measurements show that the
photoconversion efficiency of the solar cell was significantly
improved with the insertion of graphene in the P3HT matrix.
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