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Graphene has potential for applications in solar cells. We show that the short circuit current density

of P3HT (Poly(3-hexylthiophene-2,5-diyl):PCBM((6,6)-Phenyl C61 butyric acid methyl ester)

solar cells is enhanced by 10% upon the addition of graphene, with a 15% increase in the photon to

electric conversion efficiency. We discuss the performance enhancement by studying the

crystallization of P3HT, as well as the electrical transport properties. We show that graphene

improves the balance between electron and hole mobilities with respect to a standard P3HT:PCBM

solar cell. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893777]

Polymer bulk heterojunction (BHJ) solar cells1–3 bring

advantages of low processing cost and mechanical flexibility

compared to conventional inorganic solar cells.4 Photon to

electric power conversion efficiencies (PCE) up to 12% were

reported.5 Graphene and reduced graphene oxide (RGO) are

promising materials for solar cells applications.6 They have

been used as transparent conductive electrodes (TCEs) in or-

ganic photovoltaic (OPV) cells to replace indium (ITO) and

fluorine-doped tin oxide (FTO).6–10 It was shown that GO

can replace PEDOT:PSS (Poly(3,4-ethylenedioxythio-

phene)-poly(styrenesulfonate)) as an electron blocking layer

in OPVs.11 It was suggested that OPV cells containing gra-

phene nanoribbons in the active layer can reach PCE� 12%,

due to charge carrier mobility (l) enhancement.12 In

graphene-polymer composites, the electronic states of gra-

phene overlap with those of the polymer molecules, leading

to charge transfer (CT).13 This enhances the CT rate, pre-

venting recombination at the photoanode, thus improving

PCE.13–15

In order to further increase the PCE, work has been

done to chemically functionalize RGO with various poly-

meric or donor-acceptor systems, such as poly-3-hexyl thio-

phene-2,5-diyl (P3HT)16 and [6,6]-Phenyl-C61-butyric acid

methyl ester (PCBM).17 Using quantum dots in solar cells

based on small molecules DR3TBDT:[6,6]-phenyl-C71-bu-

tyric acid methyl ester (DR3TBDT:PC71M) led to a

PCE� 6.81.18 Ternary blends, e.g., comprising either two

polythiophene donors and a fullerene acceptor,19 or a poly-

thiophene donor and two fullerene acceptors,19,20 were sug-

gested to increase the short circuit current density (ISC) of

BHJ solar cells by increasing the light absorption window19

or balancing the mobilities,19 or by changing open circuit

voltage (VOC) by influencing the oxidation potential.19–21

However, little is known about the effect of graphene on

charge transport and CT when added as a ternary mixture to

BHJ solar cells, while it is know that the organization of

P3HT is a crucial factor determining the ultimate PCE.22

Here, we investigate the effect of the incorporation of

sub-percolation amounts of graphene flakes in P3HT-PCBM

solar cells on the PCE, the CT between P3HT and the PCBM

acceptor, and the charge collection. We use the BHJ

P3HT:PCBM solar cell as a model system because, even if

such cells do not yield the highest PCE amongst BHJ solar

cells, they are widely used,1 cost-effective,1 and easy to fab-

ricate.1 An important issue in P3HT:PCBM solar cells is the

inadequate transport of photo-generated charge carriers,1

which limits the charge collection at the photoanode.1 In par-

ticular, hole transport is one of the main factors limiting the

generated photo-current;1 this is due to the fact that the hole

mobility (lh) of the electron donating polymer is much lower

than the electron mobility (le) of commonly used accept-

ors.1–3 Due to this mobility imbalance, a positive space

charge builds up at the photoanode, leading to trapping of

electrons near the back electrode.23,24 Graphene, due to its

high electrical conductivity (r),25 can act as a bridge struc-

ture in BHJs to help avoid charging. We show that the short

circuit current density is enhanced by 10% by the addition of

graphene, with a 15% increase in PCE. We find that gra-

phene improves the balance between le and lh with respect

to a standard P3HT:PCBM solar cell.

Our cells are assembled following 3 steps: 1) prepara-

tion of the of graphene dispersion; 2) preparation of polymer

dispersions and mixing with the graphene dispersion of step

1; 3) preparation of solar cells from the dispersions of step 2.

Step 1: 100 mg of Graphite flakes (Sigma Aldrich Ltd.) is

dispersed in 10 ml of 1,2-dichlorobenzene (ODCB). The sol-

vent is chosen for its compatibility with P3HT:PCBM.26

Moreover, 1.2-dichlorobenzene has a surface tension of

37 mN/m,27 which is close to that of ideal solvents for the dis-

persion of graphene flakes, such as N-Methyl2Pyrrolidone,28a)pieter.robaeys@uhasselt.be
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that minimize the interfacial tension between the liquid and the

graphene flakes.29 The dispersion is ultrasonicated for 10 hours

and ultracentrifuged, exploiting sedimentation-based separa-

tion.29–32 After ultracentrifugation, the supernatant is extracted

by pipetting. Optical absorption spectroscopy (OAS) is used to

evaluate the concentration, c, of graphitic material in disper-

sion, Fig. 1(a). Using the experimentally derived absorption

coefficient of 1390 l/g at 660 nm,29–31 we estimate

c� 0.02 mg/ml. The graphene flakes in this dispersion are

studied by Raman spectroscopy at 488, 514.5, and 633 nm.

Fig. 1(b) shows a typical Raman spectrum. Besides the G and

2D peaks, it has significant D and D0 intensities and the combi-

nation mode DþD0. The G peak corresponds to the E2g pho-

non at the Brillouin zone centre.32–35 The D peak is due to the

breathing modes of sp2 rings and requires a defect for its acti-

vation by double resonance (DR).32–34 The 2D peak is the

second order of the D peak. This is a single peak in single layer

graphene (SLG), whereas it splits into 4 peaks in bi-layer gra-

phene, reflecting the evolution of the band structure. The 2D

peak is always seen, even when no D peak is present, since no

defects are required for the activation of two phonons with the

same momentum, one backscattered from the other.33 DR can

also happen as intra-valley process, i.e., connecting two points

belonging to the same cone around K or K0;32,34 this process

gives rise to the D0 peak. The 2D0 is the second order of the D0.
Statistical analysis of the spectra shows that Pos(2D) peaks at

�2702 cm�1, Fig. 1(c), while FWHM(2D) varies from 50 to

95 cm�1, Fig. 1(d). Pos(2G), Fig. 1(e), and FWHM(G), Fig.

1(f), are �1582 and �27 cm�1. The Raman spectra show sig-

nificant D and D0 intensity, with an average intensity ratio

I(D)/I(G)� 0.90, Fig. 1(g). This is attributed to the edges of

our sub-micrometer flakes,36 rather than to the presence of a

large amount of structural defects within the flakes. This obser-

vation is supported by the low dispersion of the G peak,

Disp(G)< 0.04 cm�1/nm, much lower than what expected for

disordered carbon.37 Combining I(D)/I(G) with FWHM(G)

and Disp(G) allows us to discriminate between disorder local-

ized at the edges and disorder in the bulk. In the latter case, a

higher I(D)/I(G) would correspond to higher FWHM(G) and

Disp(G). Figs. 1(i) and 1(l) show that Disp(G), I(D)/I(G), and

FWHM(G) are not correlated, an indication that the major con-

tribution to the D peak comes from the sample edges. The dis-

tribution of FWHM(2D) in Fig. 1(d) has two maxima �57 and

�77 cm�1, the latter being the highest. This is consistent with

the samples being a combination of SLG and few-layer gra-

phene (FLG) flakes.

Step 2: The P3HT:PCBM dispersion in ODCB is pre-

pared with 10 mg/ml P3HT (Rieke) and 8 mg/ml PCBM

(Solenne B.V.). The P3HT:PCBM-graphene dispersion is

prepared by using the identical P3HT:PCBM dispersion in

the ODCB-graphene supernatant, obtained by centrifugation,

and stirred under nitrogen atmosphere for 24 h at 50 �C.

Step 3: PEDOT:PSS is deposited by spin-coating at

3000 rpm for 40 s on cleaned glass substrates with a 100 nm

ITO coating. The layers are annealed for 20 minutes at 120 �C.

After cooling, a 100 nm layer of P3HT:PCBM:graphene is de-

posited on the PEDOT-PSS by spin-coating in N2. A counter

electrode of 20 nm Calcium and 60 nm Aluminum is deposited

by evaporation. The thickness of the devices, determined by

profilometry, is 106 6 10 nm for the P3HT:PCBM reference

and 110 6 12 nm for the P3HT:PCBM:graphene devices.

I-V characteristics are measured under air mass (AM)

1.5 using the solar simulator Newport Oriel-A (100 mW/

cm2). 100 nm thick P3HT:PCBM:graphene field effect tran-

sistors (FET) are prepared to determine l, as for Ref. 38.

The FETs (channel 10 mm wide and 30lm long) are

assembled on a heavily n-doped Si substrate with a 200 nm

SiO2 layer as the gate dielectric, resulting in a gate capaci-

tance of 16.9nF/cm2. The Au nominal work function

(�5.1 eV (Ref. 39)) and energy position of the P3HT highest

occupied molecular orbital (HOMO) (�5.1 eV (Ref. 40))

have the same value, thus the energy barrier for the hole

injection at the zero applied field is minimal.

The PCE of the solar cells prepared from an active blend

containing 2 wt% graphene is measured on 4 different devi-

ces. The I-V characteristics (Fig. 2) show an enhancement of

FIG. 1. (a) Optical absorption spectrum of graphene dispersion. (b) Raman

spectrum measured at 514.5 nm excitation for a representative flake obtained

via LPE of graphite. Distribution of (c) Pos(2D), (d) FWHM(2D), (e)

Pos(G), (f) FWHM(G), (g) I(D)/I(G), (h) I(2D)/I(G). (i) Distribution of I(D)/

I(G) as a function of FWHM(G), and (l) Disp(G).
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Isc by a factor �10 A/m2 compared to the P3HT:PCBM ref-

erence. The device fill factor (FF) is not influenced by the

addition of graphene. Voc also does not change significantly

upon graphene addition. Atomic force microscopy (AFM)

studies reveal that the surface topography of the active layer

remains intact upon graphene addition. The

P3HT:PCBM:graphene devices systematically show an

increased PCE, from 2.79% for the reference device to

3.17% (see Table I).

To elucidate the influence of graphene on the P3HT

crystallinity we use electron diffraction. Bright field trans-

mission electron microscopy images are taken, combined

with selected area electron diffraction (SAED), using a FEI

Tecnai spirit at 120 kV. The diffraction rings in the inset of

Fig. 2, marked by the red arrows, correspond to the diffrac-

tion patterns of P3HT. In the P3HT:PCBM:graphene sam-

ples, this ring becomes thinner and brighter, indicating a

higher crystallization of P3HT.41 This could originate from

the structural organization of P3HT molecules upon gra-

phene addition.41 The crystallization of P3HT around mole-

cules such as perylene tetracarboxydiimide was also reported

in Ref. 42. We anticipate that the higher crystallinity of

P3HT might improve l. In addition, when le and lh are

unbalanced (i.e., have different values), the charge carrier

with lower l (usually the hole) limits transport23,24 and

results in charge accumulation at the contact/polymer inter-

face. To study le and lh upon graphene addition, we pre-

pared FET structures with P3HT:PCBM and

P3HT:PCBM:graphene, respectively.

Fig. 3(a) shows that for the reference P3HT:PCBM,

le� 2lh. The 2 wt. % addition of graphene enhances lh by

�30% and, at the same time, reduces le by �50%. In BHJ

solar cells, photo-generated holes are transported in the

P3HT layer while photo-generated electrons are transferred

to PCBM, from where they are transported through the

PCBM by percolation.43 While the lh increase could be

linked to the P3HT crystallinity, we attribute the decrease in

le to charge trapping at the P3HT:PCBM-graphene inter-

face.44 When electrons are trapped, their mean drift velocity

decreases.44 However, the lowest ambipolar l in the layer

with 2 wt. % graphene is still higher than the lowest ambipo-

lar l in the reference layer, explaining why the reduced le

does not deteriorate solar cell performance. Due to the over-

lapping of the P3HT electron states with the p-electrons in

graphene,13 electrons can be directly transferred to a gra-

phene flake.15 The amount and type of the charge transported

via graphene bridges will depend primarily on the character-

istics of the graphene/P3HT interface and graphene doping.

It was reported45 that the use of N-doped graphene as a ter-

nary component enhanced the PCE of P3HT:PCBM devices

from 3% to 4.5% as consequence of enhanced electrical

transport.45 However, our data show that using graphene as

the ternary component in BHJ balances le and lh.

To support the experimental findings, we carry out simu-

lations based on a two dimensional grid for the charge gener-

ation and recombination as for Ref. 46. We consider direct

recombination, with the assumption that the charge carrier

generation is field independent. The basic bi-molecular

recombination, as described by the Langevin expression,47,48

is used to describe the recombination kinetics. To show the

effect of (in)balanced l on the I/V characteristics of

P3HT:PCBM solar cells, lh is varied between 5 � 10�5 and

1 � 10�3 cm2/V s, while keeping the le constant at 5 � 10�4

cm2/V s (Fig. 3(b)). The most noticeable feature is the

increase of Isc and Imax (Fig. 3(b)), while lh is below le.

When lh¼ le, Isc is stable even when lh becomes larger than

le. The effect of the l imbalance on both Voc and Vmax is

less pronounced (Fig. 3(b)) with respect to Isc and Imax.

These simulations are in good agreement with experiments.

FIG. 2. Current voltage characteristics of P3HT:PCBM and

P3HT:PCBM:graphene solar cells. The active layers are P3HT:PCBM

(0.56:0.44), P3HT:PCBM:graphene (0.55:0.43:0.02). The inset shows the

SAED images for P3HT:PCBM and P3HT:PCBM:graphene.

TABLE I. Summary of solar cell parameters for our devices.

Configuration Weight fractions VOC (V) ISC (A/m2) FF g

P3HT:PCBM 0.56:0.44 0.6 72.55 0.65 2.79

P3HT:PCBM:Graphene 0.55:0.43:0.02 0.6 79.11 0.66 3.17

Vo
lta
ge
(V
)

FIG. 3. (a) Field effect mobilities for 2

different conditions listed in Table I.

(b) Effect of the solar cell parameters

on changing hole mobility compared

to the electron mobility. The simula-

tion parameters are temperature 300 K,

work function Ca/Al 3.41 eV, PEDOT

5.17 eV, LUMO acceptor level 4.1 eV,

HOMO donor level 5.15 eV, genera-

tion rate 0.55� 1028 cm�3s�1, relative

permittivity 3.6, thickness 110 nm.

083306-3 Robaeys et al. Appl. Phys. Lett. 105, 083306 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.169.173.200 On: Thu, 04 Sep 2014 21:41:01



Fourier-transform photocurrent spectroscopy (FTPS)

can be used as a probe for the charge transfer occurring in

P3HT:PCBM solar cells.49 We perform FTPS measurements

using the modulated beam of a Thermo Electron Nicolet

8700 FTIR with an external detector, as for Ref. 50. The

photocurrent generation in PCBM (band to band transition)

is 1.75 eV, while the onset for the free photocarrier genera-

tion in P3HT is 1.9 eV.49 The wide feature in the gap states

(Fig. 4), CT band, is ascribed to the transitions between the

lowest unoccupied molecular orbital (LUMO) of the

acceptor and the highest occupied molecular orbital

(HOMO) of the donor.49 The FTPS spectra show a blue shift

of the CT band of �0.1 eV and the reduction of the gap

states, after addition of 2 wt% graphene. The gap state reduc-

tion might be a reason for the observed change of the elec-

tron and hole trapping/recombination kinetics and lh/le. We

speculate that this effect may be a consequence of the struc-

tural changes of P3HT crystallinity.

To investigate the charge recombination effects,51 tran-

sient photovoltage measurements (TPV) are performed, prob-

ing the recombination currents. The devices are kept at open

circuit while illuminated with white light, used to control

Voc. A nitrogen pumped dye laser (k¼ 500 nm) is used as op-

tical perturbation, resulting in a voltage transient with an am-

plitude DV�Voc. Fig. 4 (inset) shows the recombination

lifetime as a function of the charge carrier density. Although

a CT blue-shift is seen in the FTPS-spectra (Fig. 4) while Voc

remains constant, there is no significant change in the ambi-

polar charge density or lifetime.52 From these data, the

recombination coefficient, i.e. the ratio between the number

of charges and the recombination lifetime, does not change

significantly. This explains the reduction of the recombina-

tion currents. Our data indicate that graphene, as the ternary

component, does not decrease the charge carrier density and

lifetime, thus keeping Voc unchanged.

In conclusion, graphene addition to a P3HT:PCBM

blend increases hole mobility, balances lh/le, increases the

photocurrent and enhances PCE in P3HT:PCBM BHJ solar

cells.
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