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A B S T R A C T

In this work, we report the effect of the doping with solution-processable functionalized graphene
(SPFGraphene) the active film of polymer solar cells (PSCs) under the bulk heterojunction (BHJ) structure.
Cells were based on a poly (3-hexylthiophene) (P3HT) and [6,6]-phenyl C71-butyric acid methyl ester
(PC71BM) blend. The SPFGraphene was blended with a P3HT:PC71BM mixture (1:0.8 w/w) at different
ratios: 0, 3, 6, 9, 12 and 15 wt.%. Device architecture was ITO/PEDOT:PSS/P3HT:PC71BM:SPFGraphene/
PFN/FM, where FM = Field’s metal is an eutectic alloy (Bi/In/Sn: 32.5%, 51%, and 16.5%, respectively) with a
melting point above 62 �C. FM was used as cathode and deposited by drop-casting in a vacuum-free
process. We used the alcohol/water-soluble conjugated polymer, poly [(9,9-bis(30-(N,N-dimethylamino)
propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) as an electron transport layer (ETL). The best
results were obtained with 6 wt.% of SPFGraphene: a short-circuit current density (JSC) of 7.20 mA cm�2,
an open-circuit voltage (VOC) of 0.560 V, a fill factor (FF) of 0.53, and a power conversion efficiency (PCE)
of 2.15% were reached. This means an increase of �59% in comparison with the PCE of undoped devices
(0 wt.% of SPFGraphene). Our reported PCE is larger than those of previous reports using similar materials
and graphene in the active layer. The SPFGraphene can be well dispersed with the P3HT and PC71BM to
form a homogeneous solution, which could improve exciton dissociation as well as provides the
transport pathway of the electron species. Additionally, a statistical study is also discussed for the
photovoltaic (PV) parameters at different SPFGraphene contents.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Polymer solar cells (PSCs) are a promising cost-effective
alternative for solar energy utilization. They have some advantages
with respect to their inorganic counterparts, such as light weight,
flexibility and are much less expensive [1]. The plastic nature of
semiconducting polymers makes them excellent candidates
for use in optoelectronic devices fabricated on flexible substrates;
besides, they can be manufactured at normal room conditions [2].
Nowadays, PSCs provide a great possibility for a facile and
environmentally friendly manufacturing method as well as
power conversion efficiency (PCE) that has reached more than 9%
[3–5]. The most frequently studied PSCs are fabricated under the

bulk-heterojunction (BHJ) approach and based on P3HT as the
donor and PC61BM as the acceptor, the reported PCE ranges from
2 to 6.5% [6]. The best efficiencies have been reached through
thickness optimization of both hole and electron transport layers
(HTL and ETL, respectively) and under extensive study of the
surface roughness of several metal electrodes, the largest efficiency
for PSCs based on P3HT:PC61BM has been reported of 6.5% [7,8].

Fabrication of BHJ PSCs always implies certain problems, such
as structural traps, isolated domains, and incomplete pathways in
the percolation network [9]; these problems lead to inefficient
transport of charge carriers to the electrodes and a low energy
conversion. Therefore, it is extremely important to increase the
interfacial area between the acceptor and donor (acceptor/donor),
where charge carriers can dissociate and generate continuous
pathways that enable them to reach the electrodes before
recombination occurs. Different donor and acceptor materials
have been synthesized and widely studied in order to obtain
more stable materials, better HOMO/LUMO matching, wider and
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stronger light absorption. The acceptor materials have been
studied to a lesser extent compared to donors; materials other
than PCBM can be explored for use as acceptors [10]. Carbon based
nanomaterials such as carbon nanotubes and graphene have
gained considerable interest because of their potential use as
multifunctional compounds and wide range of applications
in different kinds of devices [11]. Since its discovery, the
two-dimensional planar structure of graphene has been of
great interest for different applications [12]. Graphene shows
excellent electronic properties such as high mobility [13] that
makes it an excellent candidate as acceptor in different OPV cells
[14]. Thus, pristine graphene displays better electron-transport
properties than PCBM but some factors such as insolubility and
impurities complicate the use of graphene in device fabrication
under solution-based process [11,14,15].

Soluble graphene has been obtained by an oxidation step
(graphene oxide, GO) and a subsequent functionalization (SPFGra-
phene). Graphene has been used in BHJ solar cells as: (i) acceptor
material in polymer:graphene based devices, (ii) doping material
in polymer:fullerene mixture, and (iii) structural scaffold to
support small molecules [14]. However, by using graphene, the
overall PSC efficiency is rather moderate and few reports exist
for PSC based on P3HT [14]. For instance, graphene as acceptor
material in P3HT:SPFGraphene:MDMO-PPV (10:1:1.5 w/w) and
P3HT:SPFGraphene:P3OT (10:1:1 w/w) active layers was investi-
gated by Wang et al. [15] and the obtained PCE values were 1.51%
and 1.12%, respectively; the structures of the BHJ solar cells used
were ITO/PEDOT:PSS/P3HT:SPFGraphene:MDMO-PPV/LiF/Al and
ITO/PEDOT:PSS/P3HT:SPFGraphene:P3OT/LiF/Al, the PCE reported
with P3HT:SPFGraphene:MDMO-PPV (1.51%) as active layer, as far
as is known, is the highest reached value until now [14,15]. Other
reports have considered a mixture of P3HT:PC61BM (1:1 w/w) with
10 wt.% of SPFGraphene as active layer in a device with the
structure ITO/PEDOT:PSS/P3HT:PC61BM:SPFGraphene/LiF/Al and
the reported PCE was of 1.4% [16]. Graphene was also studied as
structural scaffold by Wang et al. [17] in graphene-organic hybrid
wire (N,N-dioctyl-3,4,9,10-perylenedicarboximide (PDI)-graphene
(G)), P3HT:G-PDI hybrid wires (1:0.5 w/w) were used as active
layer in BHJ solar cells; the structure of the device was ITO/PEDOT:
PSS/P3HT:G-PDI/LiF/Al, yielding a PCE of 1.04%. In these reports, the
Hummers method [18] was used during the oxidation step in
which the graphite is treated with concentrated sulfuric acid,
sodium nitrate and potassium permanganate (H2SO4, NaNO3,
KMnO4). However, the obtained oxidized shows disruptions in
both the basal plane and the edges, which significantly reduces its
electronic properties. An improved method was developed by
Marcano et al. [19], in which it is excluded the NaNO3 and included
H3PO4 mixed with H2SO4. This method improves the efficiency of
the oxidation process and disrupts the basal plane of the graphite
less than Hummers method and its electronic properties can be
recovered more easily. On the other hand, Wood's and Field's
metals (WM and FM, respectively) have been reported as
convenient substitutes of aluminum as the cathode of the PSCs
for easy, economical and fast evaluation [20,21]. These metals
have melting points below 80 �C, which permit them be applied
without a vacuum chamber.

Here, we report the fabrication and performance of
polymer:fullerene:SPFGraphene active layer in PCSs with a bulk
hetero-junction (BHJ) structure. Different SPFGraphene
concentrations were added to the P3HT:PC71BM mixture. The
improved method for the preparation of graphene oxide (GO)
developed by Marcano et al. [19] used in this work produced a
well-oxidized, planar graphitic material, with few defects induced
during the oxidation step. The entire PSCs manufacturing process
was performed under ambient conditions and FM was used as a
cathode instead of the most common Al. Thus, fabrication of the

devices was easy and fast, without the need of a vacuum step.
The PCE achieved with such devices was significantly larger
than those previously reported, where similar materials in the
active layer were used [14,16]. Averages and standard deviation
values of JSC,VOC, FF, and PCE were obtained from 24 fabricated
devices in order to carry out a statistical study.

2. Experimental

2.1. Materials

Electron donor material P3HT and electron acceptor PC71BM
were purchased from Rieke Metals, Inc. and American Dye Source,
Inc., respectively, and used as received. The PEDOT:PSS (Clevios
P AI4083) was obtained from Heraeus–Clevios and PFN [3]
was purchased from 1-Material, Inc. ITO/glass substrates
(�10 V/square) and Field’s metal were acquired from Delta
Technologies and Rotometals, respectively. Fig. 1 shows the
molecular structure of PEDOT:PSS, PC71BM, SPFGraphene, P3HT
and PFN. Diethyl ether (99%) and chloroform (99.8%) were
purchased from Karal. N,N-dimethylformamide (99.8%), phenyl
isocyanate (98%), and 1,2-dichlorobenzene (99%) were acquired
from Aldrich.

2.1.1. Preparation of graphene oxide
Graphite was oxidized using the method reported by Marcano

et al. [19]. A solution of concentrated H2SO4/H3PO4 (360:40 ml)
was added to a mixture of graphite powder (3.0 g) and KMnO4

(18.0 g), producing a slight rise in temperature (c.a. 40 �C). Then,
the reaction was heated to 50 �C and stirred for 12 h. The resultant
mixture was poured onto ice (c.a. 400 ml) with 30% H2O2 (3 ml);
the color of the solution turned from dark brown to yellow. The
reaction mixture was then allowed to settle overnight to remove
large particles. Mixture was centrifuged (4000 rpm for 10 min), and
the liquid was eliminated. In order to remove undesired elements,
the remaining solid material was purified by addition of an
aqueous solution of 3 wt.% H2SO4/0.5 wt.% H2O2 (200 ml), stirred,
ultrasonicated (30 min), and centrifuged (4000 rpm/10 min). This
procedure was repeated three times. In order to remove acidity, the
material was poured and stirred three times in HCl (200 ml, 3 wt.%)
and twice in deionized water (200 ml). Supernatant was removed
in each stage following centrifugation (4000 rpm/10 min). After
the washing procedure, the remaining material was coagulated in
diethyl ether (200 ml). Finally, through a drying process graphene
oxide was obtained.

2.1.2. Functionalization of graphene oxide
Functionalization process of the graphene oxide was performed

by suspending dried graphene oxide (500 mg) in anhydrous
N,N-dimethylformamide (DMF, 50 ml), and treated with phenyl
isocyanate (45 ml) for a week. Then, the reaction mixture was
added drop-wise into 1,2-dichlorobenzene (DCB, 50 ml) and
centrifuged at 1000 rpm for 10 min. The upper solution was
poured into CHCl3 (100 ml) and centrifuged at 10,000 rpm to collect
the deposit at the bottom. This procedure was repeated twice
to get the purified functionalized graphene (SPFGraphene) [22].

2.2. Characterization of GO and SPFGraphene

Elemental analysis for the SPFGraphene was carried out on a
Thermo Finnigan Flash EA 1112 elemental microanalyzer. For
spectroscopic characterization of the synthesized materials,
Raman and FT-IR spectra with a Raman microscope (Renishaw
inVia) and Fourier transforms infrared spectrometer (Spectrum
One PerkinElmer) were collected. The absorption spectra were
measured in a Lambda 900 UV–vis–NIR spectrometer. Thickness
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and morphology films were obtained using an atomic force
microscope (AFM, easyscan2 from Nanosurf), operating in contact
mode. The silicon cantilever was 450 mm long with a force
constant of 0.2 N/m.

2.3. Fabrication of PSCs and testing

Polymer solar cells (PSCs) based on SPFGraphene and P3HT:
PC71BM mixture were fabricated using a common process under
ambient conditions [20,21,23]. Prior to device fabrication, the
indium tin oxide (ITO) coated glass substrates were sequentially
cleaned in detergent, de-ionized water, acetone and isopropanol.
The hole-injection buffer layer of poly (ethylene dioxythiophene)
with polystyrene sulfonic acid (PEDOT:PSS) was spin-coated on the
ITO-coated glass substrate at 5000 RPM for 60 s (�40 nm of
thickness), the PEDOT:PSS-coated substrates were thermally
treated for 10 min at 120 �C in a hot plate. The P3HT:PC71BM
mixture (1:0.8 w/w) was dissolved in chlorobenzene and stirred
for 12 h at 40 �C under normal conditions. Separately, regarding the
different SPFGraphene concentrations, small amount of the
prepared solution (15 mg ml�1 in chlorobenzene) in volumes
of 0, 15, 30, 45, 60 and 75 ml were added to six vials with the
P3HT:PC71BM combination and sonicated for 1 h to obtain the
P3HT:PC71BM:SPFGraphene mixtures with different SPFGraphene
weight ratios (0, 3, 6, 9, 12 and 15 wt.%, respectively, with respect
to P3HT). The resultant P3HT:PC71BM:SPFGraphene solutions
were spin coated onto PEDOT:PSS-coated substrates (2500 rpm,
�100 nm of thickness). Then, these films were subjected to
thermal annealing for 10 min at 160 �C in a hot plate in order to
remove some functional groups from SPFGraphene and partially
recover the planar structure of graphene and its conductivity as
described by Liu et al. [24]. The PFN [3] interlayer material was
dissolved in methanol (concentration: 2 mg ml�1) under the
presence of a small amount of acetic acid. The resulting mixture
was diluted with methanol (1:5 v/v) and spin-coated on top of
active layer. Finally, Field’s metal pellets were melted on a hotplate
at 95 �C. The melted eutectic alloy was deposited drop-wise on the
patterned substrate, the active area was 0.03 cm2. For statistical
purposes, a total of 24 devices (4 for each SPFGraphene content)

Fig. 2. (a) Schematic architecture of the devices based on P3HT:PC71BM:
SPFGraphene as active layer and, films thicknesses. (b) Schematic diagram of the
energy levels for the fabricated devices.

Fig. 1. Chemical structures of the organic compounds used in this work.
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were fabricated. Fig. 2 shows the configuration of the fabricated
PSCs and the schematic diagram of the energy levels for the
devices.

Determination of PCE was performed according to PCE =
(FF � VOC� JSC)/Pin, where Pin is the incident light power. The fill
factor (FF) is determined according to FF = (Vm� Jm)/(VOC� JSC),
where Vm and Jm are the voltage and the current density in the
maximum power point of the J–V curve in the fourth quadrant.
Current density–voltage (J–V) of the photovoltaic devices
were measured using a Keithley 2400 source measure unit and
a halogen lamp calibrated with an Oriel reference cell at
100 mW cm�2 (AM1.5 conditions).

3. Results and discussion

Fig. 3 shows Raman spectra of graphite and GO. The Raman
spectrum of the graphite, as expected, displays a prominent G peak
at �1580 cm�1 [25], corresponding to the first-order scattering of
the E2g mode. In the Raman spectrum of GO, the G band is
broadened and shifted to �1595 cm�1. In addition, the D band at
�1315 cm�1 becomes prominent, confirming the lattice distortions
and indicating the reduction in size of the in-plane C(sp2) domains,
most likely due to the extensive oxidation [26]. In order to know
the oxidation degree of graphite, D/G peaks ratio (C(sp3)/C(sp2)
ratio) was evaluated. This ratio for graphite was 0.27 in contrast
with 1.26 for graphite oxide that confirms the lattice distortions
due to the oxidation step. The D peak is associated with the
existence of defects; the lower intensity of D peak corresponds to
fewer defects of the graphene layer [27].

Fig. 4 shows the FT-IR spectrum of GO and SPFGraphene. The
functionalization of graphene oxide leads to the derivatization of
both the edge carboxyl and surface hydroxyl functional groups via
formation of amides [28] or carbamate esters [29], respectively.
The chemical changes occurring upon treatment of GO with phenyl
isocyanate can be observed by FT-IR spectroscopy as both GO and
its isocyanate-treated derivatives display characteristic IR spectra.
The main absorption bands in the FT-IR spectrum of GO correspond
to vibrational deformation of the C¼O carbonyl at 1733 cm�1, O—H
at 3395 cm�1, C—OH at 1226 cm�1, and the C—O at 1056 cm�1 [30].

Upon treatment with phenyl isocyanate, the C¼O stretching
vibration at 1733 cm�1 in GO becomes hidden by the appearance
of a strong absorption at 1702 cm�1 that can be attributed to
the carbonyl stretching vibration of the carbamate esters in
SPFGraphene. The new stretch at 1648 cm�1 can be assigned to
an amide carbonyl-stretching mode (the so-called Amide I
vibrational stretch). The new band at 1533 cm�1 can be originated
from either amides or carbamate esters and corresponds to

the coupling of the C—N stretching vibration with the CHN
deformation vibration (the so-called Amide II vibration) [31]. The
FT-IR spectra of SPFGraphene do not contain signals associated
with the isocyanate group (�2263 cm�1), indicating that the
treatment of GO with phenyl isocyanate results in chemical
reactions and not mere absorption/intercalation of the organic
isocyanate. The atomic ratio between carbon and nitrogen
(C/N) in SPFGraphene can be used to calculate an approximated
functionalization degree. According to elemental analysis, the
weight fractions of N, C, and H of the SPFGraphene were
determined to be 5%, 58%, and 3%, respectively. Thus, C/N ratio was
calculated as 11.6, which is consistent with previous values [22].

Fig. 5 shows the UV/vis/NIR absorption spectra of the
P3HT:PC71BM:SPFGraphene (SPFGraphene content: 0 and 6 wt.%)
films and SPFGraphene in chloroform. The absorption band of
P3HT:PC71BM is in the 450–650 nm range. The P3HT:PC71BM:
SPFGraphene films have almost the same absorption range and
displays the same peak as that of the P3HT:PC71BM mixture
because there is not absorption of SPFGraphene in the range of
300–800 nm. Hence, there is not significant ground state interac-
tion between SPFGraphene and P3HT:PC71BM mixture [32].

Fig. 6 shows the J–V plots under illumination of the ITO/PEDOT:
PSS/P3HT:PC71BM:SPFGraphene/PFN/FM devices for all SPFGra-
phene contents. The PV parameters: VOC, JSC, FF and PCE, are
extracted from these curves and values are summarized in Table 1.
It is important to mention that for OPVs devices fabricated under
the BHJ approach, the upper limit of VOC correlates with the energy
difference of the electron donor HOMO and the electron acceptor
LUMO levels. However, the fabrication process conditions, room

Fig. 3. Raman spectra of graphite and GO using 514 nm laser excitation.

Fig. 5. UV/vis/NIR absorption spectra of P3HT:PC71BM:SPFGraphene films with
SPFGraphene content: 0 and 6 wt.% (filled squares and open circles, respectively),
and SPFGraphene solution in chloroform (filled triangles).

Fig. 4. FT-IR spectra of graphene oxide (GO) and solution-processable function-
alized graphene (SPFGraphene).
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ambient situations, the used buffer layers (Hole Transport Layer
(HTL) and Electron Transport Layer (ETL)), the weight ratios and
concentration of donor and acceptor materials, film thicknesses,
film morphology, etc., are a few (among many) factors that affect
the Voc value and the other PV parameters [2,9,10].

We achieved the largest PCE value of 2.15%, from solar devices
with 6 wt.% of SPFGraphene; which not only acts as electron
acceptor, but also provides more polymer/graphene sites for better
exciton dissociation as described by Liu et al. [16], they reported
photovoltaic devices fabricated under similar architecture as the
one used in this work (ITO/PEDOT:PSS/P3HT:PC61BM:SPFGra-
phene/LiF/Al). Their best PCE value was of 1.4% using a P3HT:
PC61BM (1:1 w/w) mixture with 10 wt.% of SPFGraphene. As
observed, we obtained higher PCEs values using less content of
SPFGraphene (in Ref. 15, a 10% of SPFGraphene was also used),
perhaps due to the oxidation method used during the synthesis of
SPFGraphene an also, because of the use of PC71BM instead of
PC61BM; the different ETL (PFN) and cathode (FM) could also play a
role for this PCE enhancement, some details regarding these last
three issues will briefly comment in a below paragraph. Hummers
method was used in reports mentioned previously for the
SPFGraphene [15–17]; during the oxidation process defects in
the planar structure of graphite and functionalities of epoxy,
alcohol and carboxylic groups are created. Herein, we used an
improved oxidation method developed by Marcano et al. [19] in
which a well-oxidized material was obtained allowing greater
separation of the distance between the graphite layers. Besides,
this method generates fewer defects (compared with Hummers
method [18]) in the planar structure of the material then allowing
subsequent recover of their conductive properties.

As previously commented in the introduction section,
graphene has been used in BHJ solar cells as: (i) acceptor material
in polymer:graphene based devices, (ii) doping material in
polymer:fullerene mixture, and (iii) structural scaffold to
support small [14]. For instance, graphene as acceptor
material in P3HT:SPFGraphene:MDMO-PPV (10:1:1.5 w/w) and

P3HT:SPFGraphene:P3OT (10:1:1 w/w) active layers was studied
by Wang et al. [15] with a PCE values of 1.51% and 1.12%,
respectively, under the configurations ITO/PEDOT:PSS/P3HT:
SPFGraphene:MDMO-PPV/LiF/Al and ITO/PEDOT:PSS/P3HT:
SPFGraphene:P3OT/LiF/Al. Graphene has been also studied as
structural scaffold by Wang et al. [17] in graphene–organic hybrid
wire (N,N-dioctyl-3,4,9,10-perylenedicarboximide (PDI)-graphene
(G)), here, P3HT:G-PDI hybrid wires (1:0.5 w/w) were employed
as active layer in BHJ devices with a general structure:
ITO/PEDOT:PSS/P3HT:G-PDI/LiF/Al, yielding a PCE of just 1.04%.

Regarding our results, there are other three differences in
comparison with the previous mentioned reports: (a) the PCBM
acceptor material used, (b) the cathode and deposition technique
and (c) the ETL. PC71BM has better absorption in the visible region
compared to PC61BM, this can lead to improved light-harvesting in
OPVs. Also LiF/Al was deposited in a vacuum evaporation chamber
while in our work the Field's metal was deposited under ambient
conditions, which significantly facilitates fabrication. Finally,
herein, a water/alcohol soluble PFN polymer as electron transport
layer was deposited via solution-technique [3]. Further, the
cathode used in this work (FM) allowed us reaching very
acceptable FF values ranging from 0.46 to 0.58 (Table 1). The
work function of the FM was estimated by a set of experiments to
analyze the energy barriers of the Schottky junctions of this metal

Table 1
Active layer roughness (AFM measurements) and best PV parameters for devices
with ITO/PEDOT:PSS/P3HT:PC71BM (1:0.8 w/w):SPFGraphene (X = wt.%)/PFN/FM
architecture.

SPFGraphene Roughness JSC VOC FF PCE
(X = wt.%) (nm) (mA cm�2) (V) (%)

0 6 6.17 0.472 0.46 1.35
3 7 6.77 0.494 0.50 1.67
6 6 7.20 0.560 0.53 2.15
9 9 6.33 0.483 0.51 1.55
12 11 6.07 0.505 0.52 1.58
15 21 5.40 0.505 0.58 1.57

Fig. 6. Current density–voltage (J–V) characteristics of the photovoltaic devices
based on P3HT:PC71BM:SPFGraphene films.

Fig. 7. Dependence of (a) JSC and VOC, and (b) the FF and PCEwith different
SPFGraphene content (m � s).

Table 2
Averages � standard deviations for PV parameters of devices based on P3HT:
PC71BM (1:0.8 w/w):SPFGraphene (X = wt.%) as active layer.

SPFGraphene JSC VOC FF PCE
(X = wt.%) (mA cm�2) (V) (%)

0 6.19 � 0.07 0.458 � 0.014 0.45 � 0.01 1.29 � 0.07
3 6.55 � 0.33 0.472 � 0.016 0.49 � 0.01 1.50 � 0.12
6 7.07 � 0.25 0.544 � 0.021 0.50 � 0.02 1.93 � 0.15
9 6.38 � 0.16 0.469 � 0.017 0.45 � 0.06 1.34 � 0.20
12 5.77 � 0.46 0.489 � 0.029 0.48 � 0.04 1.34 � 0.22
15 5.36 � 0.36 0.475 � 0.024 0.53 � 0.04 1.35 � 0.18
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with the semiconductor polymer P3HT and was reported as 4.47 eV
[33], close to aluminum work function (4.3 eV) [34]. The work
function of graphene often reported is 4.5 eV [14–16]. For
SPFGraphene it is different; however, after thermal annealing
treatment (of the functionalized graphene) and the subsequent
recovery of its planar structure, the work function of SPFGraphene
could be closer to the work function of FM electrode (4.47 eV)
[24] and will form the transport pathway of LUMO–fullerene–
graphene–FM for the electronic mobility. Fig. 2b shows the energy
level diagram of the charge transfer process.

Fig. 7 shows the dependence of the PV parameters with
different SPFGraphene contents. Averages and standard deviations
(m � s) for these parameters (JSC, VOC, FF and PCE) were calculated
using data of 4 devices per each SPFGraphene content (a total of
24 devices for this study) and are summarized in Table 2. It may be
noticed that all device parameters are influenced by SPFGraphene
contents in the mixtures. The JSC, VOC and PCE have a behavior
in which first increase and then decrease (Fig. 7). Particularly, the
PCE in the SPFGraphene-doped devices increase from 1.35%
(SPFGraphene 0 wt.%) to 2.15% mainly due to the higher
JSC (7.20 mA cm�2) achieved in the doped cells with 6 wt.%
SPFGraphene, which represents an increase in the PCE of �59%.

In the undoped device (0 wt.% of SPFGraphene), the photo-
generated excitons were dissociated at the P3HT:PC71BM interface,
and the electrons are transported from fullerenes to the top contact
(FM) across the thin PFN interlayer. The incorporation of the
SPFGraphene in the active layer provides additional pathways for
the electron transport between the fullerenes and SPFGraphene,
suppressing charge recombination [35]. The increase of JSC is
mainly due to a more efficient charge carrier transport through
the SPFGraphene pathways [36]. However, trapping and
recombination of charge carriers occurs at high SPFGraphene
contents due to aggregates formation on film surface (Fig. 8),
which reduces mobility and then JSC value. On the other hand, the

addition of SPFGraphene (after thermal annealing) could improve
the VOC value because its work function (� 4.5 eV) [15] can act as a
bridge between the energy levels of P3HT and PC71BM. However,
also at high contents of SPFGraphene VOC decreases, probably due
to the stacks formation in between SPFGraphene layers.

Fig. 8 shows a comparison of AFM images of the active layers
with different ratios of SPFGraphene. As the SPFGraphene content
further increases, for example 15 wt.%, aggregation of the
SPFGraphene occurs, as a result of an excessive amount of
SPFGraphene in the P3HT matrix [37]. As mentioned above, this
fact could have an unwanted effect on exciton generation and
charge separation/transport in the active layer causing a decrease
in the JSC value (Fig. 9).

Fig. 9 shows the behavior of the surface roughness, JSC and FF as
a function of SPFGraphene content. The roughness curve shows
that blend morphology is almost the same for films with 0, 3 and
6 wt.% of SPFGraphene, and then increases at higher SPFGraphene
contents of 9 to 15 wt.% mainly due to SPFGraphene aggregates.

Fig. 8. Roughness of P3HT:PC71BM:SPFGraphene active layers with different ratios of SPFGraphene (scale bar = 5 mm).

Fig. 9. Behavior of surface roughness, JSC, and FF with respect to the amount of
SPFGraphene.
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The improvement of FF can be attributed to the increases of
roughness on films when SPFGraphene contents increases [24].
That is, a larger contact area between the active layer and PFN/FM
top contact. At high SPFGraphene amount, large stacks formation
can be occur on film surface causing electrical short circuits; this
likely explains the decrease in VOC. As a consequence of the
mentioned above, the maximum PCE has been obtained with 6 wt.
% SPFGraphene, when aggregates are not well formed.

It should be noticed that VOC reaches a maximum of
0.544 � 0.021 V with 6 wt.% of SPFGraphene content. JSC of the
undoped devices (SPFGraphene 0 wt.%) is 6.19 � 0.07 mA cm�2.
Upon adding SPFGraphene, JSC increases reaching a maximum
value of 7.07 � 0.25 mA cm�2, also with 6 wt.% SPFGraphene, and
then decays to 6.22 � 0.61 mA cm�2 with 15 wt.% ratio (Fig. 7(a)).
The maximum average fill factor was yielded at 15 wt.%
SPFGraphene as 0.53 � 0.04.

In order to compare, from a statistical point of view, the average
values between the different SPFGraphene contents, one-way
analysis of variance (ANOVA) and a post hoc test were used [38].
The assumptions required for ANOVA are: (i) independence of
observations, (ii) the dependent variable (JSC, VOC, FF and PCE) is
normally distributed, and (iii) the variances in each group are
equal. Table 3 shows the p-values of statistical analysis for each PV
parameters (statistical significance was set at p-value <0.05).
According to ANOVA results for JSC, VOC and PCE, we determined
that there are significant differences between SPFGraphene
contents. The multiple average comparisons were carried out
with Tukey post hoc test, and results confirmed that 6 wt.%
SPFGraphene is statistically different than each other SPFGraphene
contents. In the other hand, homogeneity of variances was violated
in the case of FF, as determined by Levene's test (p-value = 0.003),
so the Brown–Forsythe robust test for unequal variances was used.
The results of Brown–Forsythe test revealed that for FF there are
not statistically significant differences between SPFGraphene
contents (p-value = 0.065).

4. Conclusions

SPFGraphene was successfully dispersed into a P3HT:PC71BM
(D:A) mixture solution in order to fabricate photovoltaic devices by
the process-solution technique. An efficiency of 2.15%, with
JSC = 7.20 mA cm�2, VOC = 0.560 V and FF = 0.53, was achieved with
6% of SPFGraphene in ternary (D:A:SPFGraphene) blends. This PCE
value was superior in about 59% when compared to the undoped
samples and, additionally, devices were fabricated with Field's
metal as the cathode, which allow testing easily and quickly the
performance of PV devices in a more practical way, without the
need of sophisticated vacuum deposition equipment under
vacuum free conditions. Further, the achieved efficiency was
significantly superior to the reported by other authors using
similar active materials and evaporated Al as cathode. We also
reached the best PV parameters with a lesser amount of
SPFGraphene (6 wt.%) compared to previous works (10 wt.%).
ANOVA test revealed that JSC, VOC and PCE average values obtained

with 6 wt.% SPFGraphene are considerably different from the rest
of the values.
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