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Graphene induced electrical percolation enables
more efficient charge transport at a hybrid
organic semiconductor/graphene interface†

Nicolas Boulanger, a Victor Yu,b Michael Hilke,b Michael F. Toney c and
David R. Barbero *a

Self-assembly of semiconducting polymer chains during crystallization from a liquid or melt dictates to a

large degree the electronic properties of the resulting solid film. However, it is still unclear how charge

transport pathways are created during crystallization. Here, we performed complementary in situ

electrical measurements and synchrotron grazing incidence X-ray diffraction (GIXD), during slow cooling

from the melt of highly regio-regular poly(3-hexylthiophene) (P3HT) films deposited on both graphene

and on silicon. Two different charge transport mechanisms were identified, and were correlated to the

difference in crystallites’ orientations and overall amount of crystallites in the films on each surface as

molecular self-assembly proceeded. On silicon, a weak charge transport was enabled as soon as the first

edge-on lamellae formed, and further increased with the higher amount of crystallites (predominantly

edge-on and randomly oriented lamellae) during cooling. On graphene however, the current remained low

until a minimum amount of crystallites was reached, at which point interconnection of conducting units

(face-on, randomly oriented lamellae and tie-chains) formed percolated conducting pathways across the

film. This lead to a sudden rapid increase in current by E10 fold, and strongly enhanced charge transport,

despite a much lower amount of crystallites than on silicon.

Introduction

Graphene is an outstanding material formed of a 2 dimensional
layer of carbon atoms, in which the delocalization of p electrons,
and its ultrafast charge transport, opens up the possibility to
transfer charges to and from a conjugated polymer layer for organic
hybrid opto-electronic applications.1–5 Combining graphene with
the semiconducting polymer P3HT into OFETs, OPVs and other
electronic devices has been recently demonstrated.3,5–8 However, the
performance of such hybrid devices relies on the ability of the
graphene/semiconducting polymer composite layer to transport
charges efficiently. Self-assembly and molecular packing strongly
influence the electronic properties of the organic film, and therefore
control of the overall crystallinity but also of the crystallites’
orientation, size and interplanar spacing, is critical.

It is often believed that highly crystalline films are necessary
in order to enhance charge transport in organic semiconductors,
such as P3HT. Although a large amount of crystallites has been

shown to help with the interconnection of conducting crystalline
domains (e.g. by tie-chains), it is also important to distinguish
between the different types of crystallite orientations (e.g. edge-on
vs. face-on) which help direct charges in a specific direction. A
less crystalline film can be more conductive due to better inter-
connection of preferentially oriented crystallites.9 In the edge-on
orientation, the backbone and side-chains of the polymer are
stacked perpendicularly to the surface of the substrate, with the
p–p stacking parallel to the substrate, as shown in Fig. 1a. In the
face-on orientation, the polymer backbone and side-chains are
parallel to the substrate surface, with the p–p stacking pointing in
the vertical direction, as shown in Fig. 1b. It has been shown that
P3HT tends to form in-plane p–p stacking (edge-on lamellae) on
weakly interacting surfaces (e.g. silicon oxide), which is useful for
devices where charges must be transported in the plane of the
film (e.g. OFETs).10–13 However, in order to produce efficient
out-of-plane charge transport in a diode configuration (OLEDs
or OPVs), crystallites should be oriented either with their
chain backbones, or with their p stacking in the out-of-plane
direction.11,14,15

Graphene has been shown to favor vertical p stacking in a
polythiophene semiconductor due to the strong p–p interactions
between the two materials.16 Graphene was previously used to
enhance the efficiency of a hybrid graphene/organic photovoltaic
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device, where the graphene sheet helped the epitaxial growth of
pentacene crystals, resulting in a longer exciton diffusion length
and an improved charge transfer between the polymer and the
graphene substrate.17 P3HT has also been grafted to a graphene
sheet using an esterification reaction, and the resulting compound
has been used in combination with C60 to create bilayer photo-
voltaic devices.18 This resulted in a 200% increase in efficiency
compared to a device without graphene, due to an enhanced
charge transfer between the P3HT and the graphene, leading to
improved charge extraction.

In order to produce fast charge transport in graphene/P3HT
hybrid devices, one needs to understand which critical para-
meters influence charge transport and the orientation of the
crystallites formed in the semiconducting polymer film during
crystallization. Another important factor for efficient charge
transport is the good energetic alignment between the graphene,
silicon and P3HT interfaces with the Fermi level of graphene
lying in between the work functions of silicon (E�5.1 eV) and
P3HT (E�4.7 to –5.1 eV). This enables efficient hole injection
from both silicon and graphene into the semiconducting polymer
layer.19 Knowledge of how crystallization and charge transport
are interlinked during cooling is therefore important to under-
stand the mechanism of charge transport of a semiconducting
polymer film deposited on different interacting surfaces (e.g.
silicon vs. graphene).

Here we show the relationship between crystallization of
P3HT on both graphene and silicon, and charge transport in
the polymer film, by performing both GIXD and electrical
measurement in situ as a function of temperature during cooling
from a disordered (non-crystalline) state. Two different charge

transport mechanisms were identified, and were correlated to the
difference in crystallites’ orientations and overall amount of
crystallites in the films on each surface as a function of the
cooling temperature. Surprisingly, on graphene the amount of
crystallites and the current measured remained lower than on
silicon, until a sudden rapid increase in current by E10 fold
occurred around 60 1C, corresponding to a minimum value of the
p–p spacing, and a minimum amount of crystallites necessary for
percolation to occur. Once the percolated pathways were formed,
a strong enhancement in charge transport was measured on
graphene, despite the lower amount of crystallites, resulting in
enhanced charge carrier mobility.

Experimental section
Materials and sample preparation

Poly-3-hexylthiophene (P3HT) powder (98% RR, Mw = 32 kD)
was purchased from American Dye Source Inc. Graphene single
layers were synthesized by chemical vapor deposition (CVD),
and transferred onto a silicon substrate by etching the copper
and floating the graphene in DI water. Details of the synthesis
and transfer procedure of graphene can be found elsewhere.19–21

P3HT films 85 nm thick were spun dry from a dilute solution of
dichlorobenzene (o-DCB) onto either graphene sheets deposited
on silicon, or onto silicon substrates directly. The films were
annealed in inert helium atmosphere to 240 1C for 5–10 min,
followed by slow cooling (E2–3 1C min�1) to room temperature
(see Fig. 1c), while they were irradiated by an X-ray beam at given
temperatures on the synchrotron beamline (see below).

Fig. 1 P3HT molecule and orientations as well as preparation and annealing of the graphene/P3HT and silicon/P3HT samples. (a) Edge-on orientation
with an in-plane p–p stacking, and (b) face-on orientation with a vertical p–p stacking. A P3HT molecule with the black carbon atoms and the yellow
sulfur atom is represented in (a). (c) Thin films of P3HT were spun from solution onto both silicon and graphene surfaces, heated up to 240 1C for 5 min
and slowly cooled down to room temperature.
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Synchrotron X-ray diffraction

The crystalline orientations in the P3HT films was measured
in situ during slow cooling by 2D grazing-incidence X-ray
diffraction (see in ESI,† Fig. S1a), at the Stanford Synchrotron
Radiation Lightsource (SSRL) (Menlo Park, CA, USA) on beam-
line 11-3. The beam energy was 12.7 keV, and the incident angle
a was 0.131, which enabled penetration of the X-ray beam inside
the whole thickness of the P3HT films. In order to limit sample
degradation, measurements were carried out in an inert atmo-
sphere (helium) for 20 s per exposure. Measurements were also
done on the 2-1 beamline in the Bragg configuration, in order
to detect crystallites in the out-of-plane orientation. They were
carried out using a point detector, with a 2 s exposure per
measured datapoint. Measurements showed no noticeable
degradation of the samples. Grazing incidence X-ray diffraction
confirmed that the films were completely disordered at 240 1C,
and showed no diffraction pattern (Fig. S1b and c, ESI†). The
diffracted intensities were normalized by exposure time, beam
energy, and volume probed in order to allow a direct comparison
between each film. The background was also subtracted from
each data set, and the peaks were fitted with either a Pseudo-
Voigt or a Lorentzian fit.22 Because of the weak diffraction from
the films at temperatures above 210 1C, the X-ray diffraction data
is only shown for temperatures below 210 1C. Compared to a
traditional X-ray diffraction set-up, the use of a synchrotron beam
is advantageous for this type of measurements for several reasons.
The first advantage is the specific set-up of BL 11-3 which is fine
tuned for measuring thin polymer films, including a dynamic and
sensitive large area detector, an inert chamber to limit sample
damage, and the possibility to heat and cool the sample sensitively
to high enough temperatures. Second, the sample-to-detector
distance can be adjusted from 80 to 550 mm, which is not always
possible to do on a traditional ‘‘in-house’’ set-up. Third, the high
intensity of the synchrotron beam is ideally suited to the measure-
ment of weakly diffracting polymer thin-films. It indeed enabled
much shorter exposure times which was important to limit sample
damage, and also to reduce measurement time since these GIXD
measurements typically lasted 6–8 hours per sample due to the
slow cooling rate. Increasing the exposure time from 20 s to
10–100 min per temperature point on a traditional set-up not
only creates a substantial increase in measurement time, but it

can also potentially produce damage to the sample (especially
at elevated temperatures).

Electrical characterization

Electrical characterization was also performed in situ in a
parallel set of experiments by measuring the current flowing
vertically across the film’s thickness at a low voltage bias of 1 V
during cooling (Fig. 2a) using a Keithley 2450 sourcemeter. The
resulting current between the conducting substrate and the
electrode at the top of the film was measured every 5 to 10 degrees
during slow cooling down of the films. A smooth and flexible
polydimethylsiloxane (PDMS) slab, onto which E200 nm gold film
was slowly evaporated in vacuum, was used as the top electrode.
Metal coated PDMS electrodes enable very good conformal contact
with the top surface of the film, and this method has been previously
established as an alternative to direct metal evaporation.23 Gold was
chosen because its work function is reported to be E�5.1 eV,24

which is very close to the HOMO of P3HT (E�4.7 to �5.1 eV),25,26

thereby providing a very low energetic barrier for hole transport with
P3HT. The charge-carrier mobility (m) of the P3HT films were
extracted from current density–voltage ( J–U) characteristics at
room temperature in the vertical direction (diode configu-
ration) at saturation (3.5 V) using the classical Mott–Gurney
(M–G) equation (eqn (1)):27

Mott�Gurney: m ¼ 8JL3

9eU2
(1)

where m is the charge-carrier mobility, J the current density, U the
applied voltage, L the sample thickness, and e the dielectric constant
of the film. This equation is used to describe space-charge-limited
current (SCLC) measured in the drift regime in organic semiconduc-
tors, in which the SCLC current varies quadratically with the voltage
(as shown in ESI,† Fig. S5). Note that due to the difficulty to perform
electrical measurements and obtaining meaningful currents on
disordered films (at higher temperatures, 4180 1C), the values of
current shown here are for temperatures below 180 1C.

Results and discussion

During cooling of the film on silicon, the current slowly and conti-
nuously increased from a temperature of E210 1C to E100 1C

Fig. 2 Out-of-plane electrical measurements: (a) set-up of the experimental measurement performed in inert atmosphere during annealing; (b) vertical
current vs. temperature measured during cooling from the melt on both graphene and silicon at 1 V applied bias.
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at which point it reached a maximum value (Fig. 2b). Upon
further cooling, the current stabilized from E100 1C to E80 1C
and then slightly dropped at room temperature. A very different
behavior was observed on the graphene surface, where the
current stayed very low until E60–70 1C upon cooling, and
then suddenly quickly increased by E10 fold to reach a maximum
value at room temperature. The mobility measured at room
temperature was E4.2 times higher on graphene than on silicon,
reaching a value of m E 5.0 � 10�4 cm2 V�1 s�1.

Since charge transport in semiconducting polymer films
strongly depends on the amount of crystallites and the crystal-
line orientation, the very different mechanisms of charge
transport observed on Si and G suggest different orientations
of crystallites, and also different kinetics of crystallization on
each surface. The detailed process of crystallization of P3HT on
both surfaces was investigated by in situ GIXD synchrotron
measurements during cooling from 240 1C, and is summarized
in the ESI.† For clarity and ease of reading, we have focussed
the following discussion on the interplay between charge
transport and crystallite orientation.

At 240 1C both films were disordered as shown by the
absence of any diffraction (Fig. S1b and c, ESI†). Upon cooling,
crystallites started to form primarily with in-plane p stacking
(edge-on configuration, Fig. 1a) on silicon, and with out-of-
plane p stacking (face-on, Fig. 1b) on graphene. The Hermans
orientation parameter S, which indicates preferred orientation
of crystallites in the films, was calculated from the diffracted
intensity as a function of temperature (see Fig. 3a). The para-
meter S is defined as:28,29

fp ¼
Ð p=2
0 IðwÞ cos2 w sin wdw
Ð p=2
0 IðwÞ sin wdw

(2)

S ¼ 1

2
3fp � 1
� �

(3)

where w is the polar angle and I(w) the diffracted intensity. A
value of S = 1 represents crystallites with edge-on configuration,
while for S = �0.5 the crystallites are face-on. A value of S = 0
denotes no particular orientation.

The calculation of the Hermans parameter (Fig. 3a) showed
that crystallites were preferably oriented edge-on on silicon
(S E 0.2), and that a mixture of face-on and edge-on crystallites were
found on graphene (S E �0.03) at temperatures below E150 1C.

Moreover, a non-negligible amount of randomly oriented
crystallites, was also present as shown by the (100) ring at
q E 0.39 Å�1 in ESI,† Fig. S1b and c, which explains the
deviation of S from either values of 1.0 or �0.5. Polar plots
quantitatively represent the diffracted intensity from the films at all
angles (Fig. S2, ESI†). A polar angle w = 21 (next to z axis) represents
edge-on crystallites, whereas w = 901 (xy plane) represents face-on
crystallites. It can be seen that on graphene most random crystallites
are found at polar angles w E 45–881 (see Fig. S1b, ESI†), whereas
on silicon the majority of randomly oriented crystallites are found at
polar angles wE 2–451 (see Fig. S1c, ESI†), extending from the z axis
where edge-on crystallites first formed. Calculation of the amount of

well-oriented face-on crystallites, defined here as the integrated
intensity of the (100)xy peak divided by the sum of the integrated
intensities of both the (100)xy and (100)z peaks at room temperature,
gave E2% on silicon and E20 times more on graphene. These
results confirm the much larger amount of face-on crystallites
found on graphene by specular X-ray diffraction (Fig. 3b), clearly
observable by the well defined (010)z peak on graphene at room
temperature while no peak was detected on silicon. This is
indicative of the stronger p–p interactions existing between
graphene and polythiophene molecules which favor formation
of face-on lamellae. It is therefore important to consider the
different populations of crystallites on each substrate in order to
better understand charge transport. Indeed, face-on lamellae
favor vertical charge transport in the film whereas edge-on
lamellae, which have vertically oriented insulating alkyl side
chains, tend to hinder vertical charge transport.19

In order to distinguish between the different populations of
crystallites in both films, we adopt the following nomenclature
with respect to diffractions at q E 0.39 Å�1 (100 diffraction): (1)
well-oriented edge-on and face-on lamellae are distinguished by
diffraction spots at w E 0–21 from the z axis, or the xy plane,
respectively; (2) a (100) diffraction with w E 2–881 represents
non-oriented (random) crystallites. We moreover distinguish
between non-oriented predominantly edge-on (w E 2–451), and
non-oriented predominantly face-on (wE 45–881) crystallites. A
discussion of how the crystallization of the P3HT films can help
explain the increase in current and mobility on both surfaces,
as a function of cooling temperature, is now presented.

The fast enhancement in charge transport which occurred
on graphene can be linked to two noteworthy changes in

Fig. 3 Crystallite orientation on graphene and on silicon. (a) Hermans
orientation parameter S as a function of cooling temperature for the 100 peak
on silicon (dot) and on graphene (square). (b) Specular Bragg diffraction peak
for (010z) after cooling down to room temperature on both surfaces.
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crystallinity. First, the p–p distance of face-on crystallites reached a
minimum and constant value of 3.74–3.75 Å (Fig. 4a). A shorter p–p
distance, has been previously shown to favor charge transport inside
an aggregate for both small molecules,30,31 and for polymers.32,33

Second, the current increased only once a minimum amount of
crystallites (face-on and non-oriented face-on) was reached in the

film (Fig. 4), which occurred at E60–70 1C (see Fig. 2b).
This sudden and fast increase in current is reminiscent of an
electrical percolation where a continuous and unbroken path of
interconnected entities is formed across the system at the
percolation threshold (fc).34

In the case of a semiconducting polymer, the conductive
entities are the crystallites and the tie-chains. The observation
of percolation in polythiophene polymers has recently been reported
by horizontal FET mobility measurements in films with a majority
of edge-on aggregates.35 Here however, charges must be transported
vertically along p stacking oriented out-of-plane (face-on and non-
oriented face-on lamellae linked through tie-chains, which are the
majority crystallites in the film). Therefore the more crystalline the
film, the easier it is for charges to find a path across multiple
crystallites, and when a sufficient amount of properly oriented
crystallites with out-of-plane p stacking and connecting tie-chains
is reached, percolation may occur and results in a fast increase in
charge transport. Here we measured the amount of crystallites f
with their p stacking oriented out-of-plane (face-on and non-
oriented face-on) in the film on graphene, and plotted the
current vs. f using the electrical percolation equation:36

I p (f � fc)t (4)

where I is the electrical current measured in the out-of-plane
direction, f represents the amount of crystallites in the film, fc is the
percolation threshold, and t is the critical exponent. Note that usually
eqn (4) is written with the conductivity s instead of current on the left

hand side. The conductivity is defined as s ¼ I

U
� t
A

, where t is the

film thickness and A is the contact area between the top electrode
and the film. Here, however the film thickness, electrode contact
area and applied voltage U were kept constant during the measure-
ment. For simplicity, we therefore used the current I instead of the
conductivity in eqn (4) and in the remaining of the discussion. The
amount of crystallites f is directly measured from the integrated
X-ray diffracted intensity of the 100xy or 010z peaks in the case of
face-on crystallites during crystallization.37

Current vs. f is displayed in Fig. 4b and c, where the solid
lines are fits of the data using eqn (4). The percolation threshold
was determined using an implementation of the Levenberg–
Marquardt method by fitting the peaks of crystallites with out-
of-plane p stacking (e.g. 010z, 100xy and randomly oriented
face-on) with eqn (4).38 Values of fc are given in Table 1, along
with the critical exponent t. In all cases, a critical exponent
t E 1.3 was found, indicating the formation of a 2-dimensional
network.39 As long as the minimum amount of crystallites
needed for percolation had not been reached (f o fc), the
current remained low because an interconnected pathway has

Fig. 4 Correlation between electrical current and grazing incidence X-ray
diffraction data during cooling from the melt on graphene. (a) Evolution of
the current vs. interplanar p–p spacing for the face-on lamellae during
cooling. The lowest p–p spacing was measured just before percolation
was reached (fc), at which point the current increased by more than
10 fold upon further cooling (T o 70 1C). (b) Current vs. amount of non-
oriented face-on crystallites (as in Fig. 3b) showing a correlation after
the percolation threshold point at 70 1C, where d reached its lowest value.
The films were probed with a synchrotron X-ray beam at an incident angle
a = 0.131. (c) Electrical current vs. integrated intensity of the (100xy) and
(010z) peaks on graphene. The data was fitted with the percolation theory,
where the solid lines are fits to eqn (4).

Table 1 Values of the percolation threshold fc and of the critical
exponent t obtained by fitting using eqn (4) for the film on graphene

Diffraction peak fc (a.u.) t

(100xy) 68.85 1.3
(010z) 23.81 1.3
Random orient. 78.95 1.3
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not been created yet throughout the film’s thickness. Above fc,
a fast increase in current was measured indicating the formation
of a percolating network of conducting crystallites on graphene
(see Fig. 4b and c).

We propose a schematic model which illustrates the differences
in crystallinity and charge transport of P3HT on graphene and
silicon (Fig. 5a and b). At higher temperatures (e.g. E160 1C),
the amount of crystallites with out-of-plane p stacking was too
low on graphene to enable charge transport through the thick-
ness of the film (Fig. 5a). As the film cools down, more crystallites
are formed and below E60 1C percolation occurred with the
formation of continuous pathways throughout the film’s thick-
ness, which enable charge transport across multiple crystallites
bridged by tie-chains (Fig. 5b). The reduction in p–p distance of
face-on lamellae (Fig. 4a), reaching a low value at the same
temperature, is also likely to help faster vertical charge transport.
It is worth noticing that the overall amount of crystallites on
graphene was still relatively low, and only E36% of that
measured in film grown on silicon (Fig. S3, ESI†). On silicon
indeed, the amount of crystallites was already much larger at
elevated temperatures (e.g. E160 1C), enabling weak charge
transport through interconnected randomly oriented crystallites
linked by tie-chains (Fig. 5c). The Hermans orientation para-
meter S E 0.15–0.2 indeed suggest a mix of edge-on and randomly
orientated crystallites on silicon (Fig. 3). As more and more
crystallites formed during further cooling, a steady current
increase was measured as more pathways for charge transport
were created, reaching a maximum current value around 80–
100 1C. The current however remained much lower on silicon
because of the less efficient transport of charges through edge-on
lamellae compared to face-on lamellae. For lower temperatures, a

slight decrease in current was measured on silicon (Fig. 2b)
which is explained by the fact that charge transport is thermally
activated in disordered systems such as P3HT.40 The mobility has
been shown to follow an Arrhenius-like temperature dependence
as previously observed,41 and therefore both mobility and current
are expected to decrease, in a film whose crystalline order does
not change significantly, when cooling down in the temperature
range investigated.

Conclusions

In conclusion, we have performed a parallel series of experiments to
determine in situ the crystallinity and the charge transport on P3HT
films on both silicon and graphene substrates as a function of the
cooling temperature from the melt. Our results show that single
layer graphene can be used at the interface with a semiconducting
polythiophene polymer film in order to strongly enhance charge
transport by a percolation induced mechanism, which was not
found on the less interacting silicon interface. Charges are trans-
ported principally through face-on and non-oriented face-on crystal-
lites on graphene, whereas non-oriented edge-on crystallites (and
tie-chains bridging them) are believed to be the main mechanisms
of charge transport on silicon. These results provide a better
understanding of how semiconducting polymer films crystallize
on graphene, and show the importance of the chemistry of the
interface and of its interaction with the polymer crystallites, which
influence not only the crystallization but also the formation of
electrical pathways in the P3HT film. At percolation, a fast increase
in current was measured in P3HT deposited on graphene, and lead
to a mobility E4.2 times higher compared to silicon.

Fig. 5 Schematics of the formation of charge transport pathways in a P3HT film on graphene (a and b) and on silicon (c and d) at 160 1C and at 30 1C.
Non-oriented edge-on and face-on lamellae are represented with a tilt angle from the horizontal substrate. Tie-chains bridging crystallites are shown in
blue. Charge transport is represented by a red dotted arrow (on Si) and a red solid arrow (on G) pointing upward.
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