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when in contact with a semiconducting 
organic material such as P3HT. Strong 
photoluminescence and fl uorescence 
quenching has been recently reported 
between graphene and P3HT, indicating 
electron transfer at the interface between 
the two materials. [ 5,6 ]  Already, examples of 
graphene/P3HT composite devices such 
as organic memories, photovoltaic devices, 
and organic fi eld-effect transistors have 
been demonstrated. [ 5–9 ]  

 Charge transport in conjugated poly-
mers occurs either in the direction of 
π–π stacking, or along the chain backbone 
which is the fastest transport direction 
inside an aggregate. Although processing 
conditions (e.g. spin speed, solvent) can 
alter its crystalline orientation, P3HT has a 
strong tendency to form edge-on lamellae 
with π–π stacking in the plane of the fi lm 
on weakly interacting surfaces (e.g. silicon 

oxide). For this reason, P3HT has been one of the most studied 
materials for organic based FETs which require high in-plane 
mobility.  [ 10–13 ]  The strong light absorbance of P3HT in the vis-
ible range has also generated a lot of interest as a donor mate-
rial for photovoltaics (PV). However, in this case the ability to 
effi ciently transport charges vertically (from top to bottom of 
the fi lm) is a necessary condition. Unfortunately, edge-on orien-
tation does not produce effi cient vertical charge transport, and 
mobility is most often measured in the plane of the fi lm, which 
does not tell us how effi ciently charges can be transported out 
of plane. Face-on or chain-on orientations would be preferable 
for vertical charge transport in photovoltaics. [ 11,14,15 ]  Besides 
the huge interest generated by both graphene and P3HT for 
applications, there is still very little known about P3HT crys-
tallization on a graphene surface, and how it affects crystalline 
orientation and charge transport. A better understanding of 
this process is therefore of strong interest for both fundamental 
and applied science. 

 In this paper, we report the crystallization of highly regio-
regular P3HT on single layer graphene, and we compare it to 
a P3HT layer deposited on a silicon wafer with native oxide. 
The crystalline structure of fi lms with two different thicknesses 
(10 and 50 nm) was characterized by 2D grazing incidence X-rays 
diffraction (2D GIXD). The optical and electrical properties of the 
fi lms were measured by several complementary methods. The 
fi lms deposited on graphene had a very different distribution of 
crystallite orientations, and exhibited a much higher degree of 
π–π stacking perpendicular to the plane of the fi lm, compared to 

 Enhanced Vertical Charge Transport in a Semiconducting 
P3HT Thin Film on Single Layer Graphene 

   Vasyl    Skrypnychuk     ,        Nicolas    Boulanger     ,        Victor    Yu     ,        Michael    Hilke     ,        Stefan C.    B. Mannsfeld     ,    
    Michael F.    Toney     ,       and        David R.    Barbero   *   

 The crystallization and electrical characterization of the semiconducting 
polymer poly(3-hexylthiophene) (P3HT) on a single layer graphene sheet is 
reported. Grazing incidence X-ray diffraction revealed that P3HT crystallizes 
with a mixture of face-on and edge-on lamellar orientations on graphene com-
pared to mainly edge-on on a silicon substrate. Moreover, whereas ultrathin 
(10 nm) P3HT fi lms form well oriented face-on and edge-on lamellae, thicker 
(50 nm) fi lms form a mosaic of lamellae oriented at different angles from the 
graphene substrate. This mosaic of crystallites with π–π stacking oriented 
homogeneously at various angles inside the fi lm favors the creation of a 
continuous pathway of interconnected crystallites, and results in a strong 
enhancement in vertical charge transport and charge carrier mobility in the 
thicker P3HT fi lm. These results provide a better understanding of poly-
thiophene crystallization on graphene, and should help the design of more 
effi cient graphene based organic devices by control of the crystallinity of the 
semiconducting fi lm. 

DOI: 10.1002/adfm.201403418

  V. Skrypnychuk, N. Boulanger, Prof. D. R. Barbero 
 Department of Physics 
 Umeå University 
  Umeå    90187  ,   Sweden   
E-mail:  david.barbero@physics.umu.se    
 V. Yu, Prof. M. Hilke 
 Department of Physics 
 McGill University, Montréal 
  Québec    H3A 2T8  ,   Canada    
 Prof. S. C. B. Mannsfeld, Dr. M. F. Toney 
 Stanford Synchrotron Radiation Lightsource 
  Menlo Park  ,   CA    90187  ,   USA   

      1.     Introduction  

 Graphene, a two dimensional semi-metal made of sp 2  hybrid-
ized carbon, is an outstanding material which exhibits 
high mechanical and chemical stability. Due to its bal-
listic charge transport and high electron mobility reaching 
140 000 cm 2  V −1  s −1  at room temperature, graphene has been 
hailed as one of the most exciting new materials for electronic 
devices. [ 1,2 ]  The high transparency of single and few layers gra-
phene is advantageous for optoelectronic applications where 
light must enter the active layer of the device. [ 3 ]  Recently, devices 
such as fi eld-effect transistors (FETs), and organic photo voltaics 
have been produced using graphene. [ 1,4,5 ]  Moreover, due to 
its large surface area and highly delocalized electrons, it is 
expected that graphene can produce effi cient charge transfer 
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the strong in plane π stacking in fi lms on silicon. Surprisingly, 
we also observed a clear difference in crystallite orientations 
between ultrathin (10 nm) and thin (50 nm) fi lms on graphene. 
A lower amount of face–on lamellae, and a mosaic of π–π ori-
entations, was observed in the 50 nm fi lm on graphene, which 
resulted in a strong enhancement in vertical charge transport 
and charge–carrier mobilities. Raman and UV–vis spectroscopy 
also revealed a slight increase in correlation length and in chain 
planarity on graphene. These results suggest that graphene could 
help improve the vertical charge transport, and the effi ciency of 
organic and hybrid light emitting diodes (LEDs) and PVs.  

  2.     Results  

 Large-area single layer graphene was synthesized on a 
copper foil by chemical vapor deposition (CVD) using a ver-
tical quartz tube as explained in detail in the Supporting 
Information. [ 16 ]  Raman spectroscopy showed full monolayer 
coverage of the graphene on copper. [ 17 ]  A free standing gra-
phene layer was then made by etching of the copper foil, 
and transferred onto a solid substrate (either silicon or glass) 
by fl oating in DI water, and dried overnight. Raman spec-
troscopy of the graphene transferred to silicon ( Figure    1  A) 
revealed that the characteristic G peak at ≈1580 cm −1  and the 
G′ band at ≈ 2785 cm −1  were very sharp and well defi ned in 
our samples. The position and the small full width at half 
maximum (FWHM ≈ 30.8 cm −1 ) of the G′ band corresponds 
to single layer graphene. [ 18 ]  

  Figure  1 B shows the optical transmittance of a glass slide, 
and of a layer of graphene deposited on the same glass slide. 

Glass refl ects ≈8% of the incident light which results in a trans-
mittance of ≈92% in the visible spectrum. By contrast the glass/
graphene sample transmits slightly less (≈88–90% in the same 
range of wavelength) due to the slight absorbance of graphene. 
This can be seen in Figure  1 C which shows a monolayer of gra-
phene deposited in the center of a glass substrate, and which 
appears slightly darker than the glass. The values measured 
are indeed consistent with the transmittance of a monolayer 
of graphene reported in the literature. [ 3 ]  This refl ects the high 
quality and the single layer character of the graphene used in 
this study. 

  2.1.     Electrical Characterization  

 Thin fi lms of regioregular P3HT were deposited on silicon and 
on the graphene/silicon substrate by spin-coating from a dilute 
solution and annealing at 170 °C. Conductivity and mobility 
measurements in P3HT fi lms are usually performed in the 
plane of the fi lm, which is the direction in which the current 
fl ows in a FET device. However, the knowledge of the vertical 
conductivity (across the fi lm thickness) is important for some 
applications (e.g. photovoltaics), and it is not necessarily the 
same as in plane. In this study we therefore measured current 
fl ow perpendicularly to the fi lm surface, as shown in  Figure    2  A, 
where a potential difference was applied between the top sur-
face of the fi lm and the conductive substrate, and the resulting 
current measured across the fi lm thickness. Figure  2 B,C 
reports the current density J (current divided by the surface area 
of the electrode) as a function of applied voltage U. The meas-
urements were repeated several times for consistency, and the 
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 Figure 1.     A) Raman spectrum of the graphene layer on silicon where the two characteristic G and G′ peaks are clearly visible. B) UV–vis transmittance 
of a glass slide and of a graphene/glass sample showing high transmittance and supporting the fact that the graphene is a single layer. C) Graphene 
layer deposited at the center of a glass sample.
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data points were collapsed onto one curve for each substrate. 

The conductivity σ J
L

U
σ = ⋅⎛

⎝⎜
⎞
⎠⎟ , where  L  is the fi lm thickness was 

measured in the diffusion regime (low voltage). The charge–
carrier mobilities µ in the thin P3HT fi lms were extracted by 
fi tting the J-U characteristics with the classical Mott-Gurney 
equation which is used to describe space–charge–limited cur-
rent measured in the drift regime (at higher voltages) in organic 
semiconductors [ 19 ] :

     
4 2

2

3J
kT

q

U

L
π μ= ε   (1)

 

    where  J  is the current density,  U  the applied voltage,  L  the 
sample thickness, ε the dielectric constant of the fi lm,  k  the 
Boltzmann constant,  T  the temperature, and  q  the elementary 
charge. 

 As shown in Figure  2  both P3HT fi lms deposited on gra-
phene were much more conductive than the fi lms on sil-
icon for the same fi lm thickness (either ≈10 nm or ≈50 nm). 
The P3HT fi lms on silicon reached a maximum conduc-
tivity σ ≈ 2.2 × 10 −4  S m −1 , which is consistent with previous 
results obtained in our group, and also as measured by other 
groups. [ 20–22 ]  However, when deposited on graphene, the 
conductivity in the P3HT fi lms increased to σ ≈ 4.1 × 10 −4  
S m −1  in the 50 nm fi lm. Room temperature vertical mobili-
ties were also higher in the fi lms on graphene and reached 
µ ≈ 6.5 × 10 −6  cm 2  V −1  s −1  and ≈2.8 × 10 −4  cm 2  V −1  s −1  in the 
10 and 50 nm fi lms respectively, as shown in Figure  2 D. The 
measurements of vertical conductivity and mobility on gra-
phene are the fi rst to be reported, and these are expected to 

help better design applications where charges must move verti-
cally as opposed to in–plane. 

 In order to understand the reason for the increased cur-
rent density and mobility measured in the P3HT fi lms on 
graphene, we must look at both the energy barrier for charge 
injection between silicon, graphene and P3HT, and at the crys-
talline order in the P3HT fi lms. The work functions (WF) of 
the p-doped silicon substrate (p-Si, WF ≈ –5.1 eV), graphene 
(WF ≈ –4.6 eV) and P3HT (WF ≈ –4.8 eV) indicate that there 
is a charge injection barrier between p-Si and graphene. [ 23,24 ]  
Therefore, charge injection is not enhanced by the presence 
of graphene, unless graphene’s WF is modifi ed. Modulation 
of graphene’s work function has been shown by application of 
a bias, oxygen defects or water adsorption, leading to a reduc-
tion in energy barrier. [ 25,26 ]  This can effectively change the work 
function of graphene by ≈ 0.2 eV, and enable a slightly better 
alignment of Fermi levels at the silicon/graphene interface. 
In agreement with previous studies, hole injection from both 
p-doped Si and p-doped Si/graphene into P3HT was observed 
in our experiments. [ 24 ]  However, based on work functions 
alone, and since we had not intentionally doped graphene, it is 
not clear that the graphene layer in our samples helps charge 
transfer into the organic semiconductor compared to the sil-
icon substrate. [ 24,27 ]  Moreover, a better energy alignment at 
interfaces does not explain the strong enhancement in mobili-
ties measured in the 50 nm fi lm compared to the 10 nm on 
graphene, which have the same energy barriers to charge trans-
port. Another explanation could be that the crystallinity of the 
P3HT layer is different in the two fi lms. It is indeed well known 
that crystallinity strongly infl uences charge transport in organic 
semiconductors such as P3HT, and we therefore must look in 
detail at the crystallinity of the P3HT fi lms on both surfaces.  
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 Figure 2.    Vertical current density and mobility in the P3HT fi lms. A) Schematics of the measurement where a voltage difference is applied across the 
fi lm's thickness, and the resulting current is measured in the direction perpendicular to the fi lm. B) Current density–voltage characteristics of 10 nm 
thick fi ms, and C) 50 nm thick fi lms on silicon (Si) and graphene (G). D) Room-temperature charge–carrier mobilities in the 10 nm and 50 nm fi lms 
on graphene.
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  2.2. X-Ray Diffraction and Crystallinity of the Films 

 Since conjugated polymers are semi-crystalline materials, 
whose degree of crystallinity and crystallite orientation is critical 
for charge transport, we performed a study of the crystallinity in 
these fi lms by the commonly used technique of 2D grazing inci-
dence X-rays diffraction. [ 28–30 ]  This method gives accurate infor-
mation about the crystallinity, the crystallites orientation and 
their coherence length inside the fi lms. The three different pos-
sible orientations commonly found in regioregular P3HT fi lms 
are illustrated in  Figure    3  A. Edge-on where the (100) direction 
is perpendicular to the substrate and hence both the backbones 
and the π–π stacking lie in the plane of the fi lm. The second 
orientation, chain-on, provides the fastest vertical charge trans-
port but is rarely observed with the chains backbones vertically 
aligned along the z direction. [ 31 ]  The third possibility is called 
face-on where π–π stacking is perpendicular to the substrate, 
which also helps to enable charges to be transported vertically. 

  The diffraction patterns of 10 nm and 50 nm thin fi lms of 
highly regioregular P3HT deposited either on silicon or on gra-
phene are shown in Figure  3  and  Figure    4   respectively. These 
were recorded on a planar area detector which limits slightly 
the polar angles accessible at large  q  due to the curvature of 
the Ewald sphere. This is seen in Figure  3 B and Figure  3 C 
where no diffraction is visible along the vertical z axis. On 

silicon, P3HT fi lms either 10 or 50 nm thick formed clearly 
visible edge-on lamellae distinguishable by strong diffraction 
peaks at (100), (200) and (300) along the z axis, as is widely 
observed in the literature. [ 14,32–34 ]  The absence of (010) peak 
near the z axis and of π stacking perpendicular to the sub-
strate on silicon is also in accordance with other studies. [ 14,35 ]  
The ultrathin (10 nm) fi lm showed a strong lamellar alignment 
in the plane of the fi lm as can be seen by the (h00) diffraction 
peaks showing little spreading away from the z axis. The 10 nm 
fi lm deposited on graphene (Figure  3 C) also shows strong (h00) 
alignment along z, but also exhibited a well defi ned (010) dif-
fraction peak along the z axis, which is characteristic of π–π 
stacking perpendicular to the plane (face-on in Figure  3 A). This 
result is consistent with binding energy calculations performed 
between a P3HT chain and a graphene surface, which showed 
that face-on orientation is favored at the surface of graphene. [ 36 ]  

  One might think that this lamellar arrangement in P3HT 
would simply extend to thicker fi lms, and show a similar dif-
fraction pattern as for the ultrathin fi lm. However, Figure  4 B 
shows an intense (100) ring in the 50 nm fi lm on graphene, 
which extends from in-plane (χ≈ 90°) to out-of-plane angles 
(χ≈ 2°). The (100) diffracted intensity is ≈10 times higher on 
graphene compared to silicon at high χ angles (Figure  4 C). The 
(010) diffraction on graphene is also more than one order of 
magnitude more intense than on silicon along the z direction 
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 Figure 3.    Crystallinity in the 10 nm thick P3HT fi lms at a shallow beam incident angle α = 0.13°. A) Possible lamellar orientations in a P3HT fi lm 
(x–y plane). From left to right: edge-on lamellae with π–π stacking in the plane of the fi lm; chain-on orientation with the P3HT chain backbone vertically 
oriented along the z axis; face-on lamellae with π–π stacking perpendicular to the plane of the fi lm along the z direction. B,C) 2D grazing incidence 
diffraction patterns of P3HT on B) silicon, and C) graphene. D,E) Variation of the integrated diffracted intensity as a function of the χ angle for the 
D) (100), and the E) (010) diffraction. The fi lms were processed and annealed in the same conditions (see text for additional information).
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(Figure  4 D), which is characteristic of π–π stacking perpendic-
ular to the plane (face-on in Figure  3 A), instead of in–plane in 
the fi lm on silicon. The existence of (100) and (010) rings in the 
50 nm fi lm on graphene indicates that π–π stacking is oriented 
uniformly from in-plane to out-of-plane directions inside this 
fi lm on the graphene substrate. Moreover, the overall amount of 
face–on lamellae in the 50 nm fi lm is only half of that of the 
10 nm (relative to its thickness) on graphene. Since vertical charge 
transport in P3HT is often associated with face–on lamellae, one 
would expect the 10 nm fi lm to be much more conductive, which 
goes against the electrical measurements shown here. 

 Since charges must be transported across the whole fi lm 
thickness, it is useful to know how large crystalline domains 
are in the thicker fi lms, and how charges can be effi ciently 
transported from one ordered aggregate to the next in the ver-
tical direction. The coherence length of the crystalline aggre-
gates was estimated from the FWHM of the (100) diffraction 
peaks using the Debye-Scherrer equation:

     cos
l

Kλ
β θ

=
 
 (2) 

 where  l  is the coherence length,  K  is a dimensionless shape 
factor (typically taken as  K  = 0.9), λ is the X-ray wavelength, 
β is the peak width at half maximum intensity (FWHM) in 
radians, θ is the position at the center of the peak. [ 37–39 ]  This 
analysis revealed that the out of plane (100) coherence length 
in the thicker fi lms was ≈20.4 nm on silicon, and ≈12.2 nm 
on graphene. The out of plane (010) face-on lamellae in P3HT 
had a coherence length of ≈20.7 nm on graphene. Therefore 
in the thicker fi lms, several ordered aggregates must be inter-
connected from top to bottom of the fi lm in order to create a 
percolated pathway for vertical charge transport. Charges could 
be transported vertically if several face-on aggregates were con-
nected to each other from top to bottom of the fi lm.  

  2.3.     Crystallinity at the Top of Films  

 To answer this question, we performed 2D GIXD at a very 
shallow incident beam angle (0.08 °) which probes only the 
top (≈10 nm) of the thicker P3HT fi lm instead of the whole 
thickness (50 nm). The 2D diffraction pattern (Figure S3, Sup-
porting Information) showed a similar crystalline orientation 
in the top layer compared to the whole fi lm on both substrates. 
Interestingly, the rings in (100) and (010) are also formed in 
the top layer on the graphene sample, which indicates that 
the π stacking also exists in all directions in the top layer on 
graphene. The ratio of diffracted intensities for the two peaks 
(010) and (100) were calculated to give an idea of the relative 
proportion of face-on to edge-on lamellae in the top portion 
of the fi lm and inside the whole fi lm on both substrates. This 
data is shown in  Table    1   where the intensity ratio I(010)/I(100) 
was estimated at two χ angles (χ ≈ 8 ° near out of plane, and 
χ ≈ 86 ° in plane). From this analysis, it appears that in the 
50 nm fi lm on graphene the proportion of in-plane π stacking 
is much less than on silicon, and there is a non- negligible 
amount of out of plane π stacking throughout the fi lm. 
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 Figure 4.    Crystallinity in the 50 nm thick P3HT fi lms at a shallow beam incident angle α = 0.13°. A,B) 2D grazing incidence diffraction patterns of 
P3HT on A) silicon and B) graphene. The magnifi ed view in (B) shows the (100) ring in P3HT on graphene. C,D) Variation of the integrated diffracted 
intensity as a function of the χ angle on C) silicon and on D) graphene.

  Table 1.    Intensity ratios I(010)/I(100) in the 50 nm (whole fi lm and top 
10 nm), and the 10 nm thick P3HT fi lms. The χ angles are 8° (near out 
of plane) and 86° (in plane). 

Thickness probed χ Silicon Graphene

10 nm 8° 0.02 0.10

10 nm 86° 0.31 0.46

50 nm (Top 10 nm) 8° 0.00 0.10

50 nm (Top 10 nm) 86° 3.28 0.61

50 nm (Whole fi lm) 8° 0.00 0.28

50 nm (Whole fi lm) 86° 3.07 0.25
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Remarkably, the intensity ratios are nearly 
identical (0.25 and 0.28) in the plane and out 
of plane on graphene, which confi rms the 
even spread of π stacking orientations at all 
angles observed previously. Moreover, the 
ultrathin (10 nm) fi lm and the top 10 nm of 
the thicker fi lm exhibits the same proportion 
of face–on to edge–on lamellae near z on 
graphene, but the top 10 nm of the thicker 
fi lm has ≈ 25 % less face–on lamellae than in 
the ultrathin 10 nm fi lm. 

    2.4.     Creation of an Interconnected Path for 
Charge Transport  

 These results indicate that the strong enhance-
ment in charge carrier mobility in the 50 nm 
fi lm on graphene is not due to more face-on 
orientations, but instead it is likely due to a 
mixture of face-on and edge-on aggregates 
which creates a continuous pathway (not nec-
essarily the shorter path) for charges to move 
from top to bottom of the fi lm. It seems rea-
sonable to assume that a high degree of inter-
connection between crystalline regions, even 
small aggregates, is a necessary condition for 
effi cient charge transport, as outlined in a 
recent study. [ 40 ]  Charges can indeed be trans-
ferred from one crystalline region to another 
by a mechanism of charge hopping across 
amorphous regions, and charge mobility in 
P3HT has been shown to only decrease slightly when crossing 
a small number (5 or less) of grain boundaries. [ 41 ]  The particular 
crystalline arrangement of P3HT observed on graphene, which 
consists of a mosaic of crystalline domains with a large spread 
of orientations, is likely to favor charge transport vertically across 
the whole fi lm thickness by forming a continuous pathway of 
interconnected crystallites and aggregates for charge transport. 

  Figure    5   depicts the difference in crystalline orientations, and 
possible charge transport pathways between the samples. On 
the silicon surface, P3HT forms mainly edge-on lamellae which 
are parallel to the surface in both the 10 nm and 50 nm fi lms. 
On the other hand, on graphene P3HT forms both edge-on and 
face-on crystallites, which help with vertical charge transport 
compared to only edge-on or face-on. The strong ordering of 
crystallites (sharp peaks along z) in the 10 nm fi lm is likely due 
to strong π interactions with the substrate, and to confi nement 
effects since the crystallite size is almost the same as fi lm thick-
ness. However, in the 50 nm fi lm on graphene, several crystal-
lites are necessary to bridge the bottom to the top of the fi lm. 
The crystallites next to the substrate are likely well ordered with 
face–on and edge–on oriented along z due to strong interactions 
with the graphene layer, as shown in the 10 nm fi lm. However, 
as the thickness increases there is less interaction with the sub-
strate, and crystallites can adopt different orientations, giving 
rise to a spread of orientations. This spread creates an intercon-
nected pathway for charge transport across the fi lm along the 
π–π stacking (and possibly also along the chain backbone) from 

0 and 90° angles. From these results, it appears that graphene is a 
material of choice for obtaining crystalline orientations that favor 
vertical charge transport in P3HT, and it might help improve the 
effi ciency of organic and hybrid OLED and OPV devices. 

     3.     Conclusion  

 In conclusion, we have shown that graphene induces the crys-
tallization of both face-on and edge-on lamellae on its surface. 
In very thin layers (10 nm) the lamellae are mostly parallel to 
the plane, whereas in thicker (50 nm) fi lms, a large spread of 
crystalline orientations is formed. This particular crystalline 
mosaic with π–π stacking oriented homogeneously at various 
angles inside the fi lm favors the creation of a continuous 
pathway of interconnected crystallites for charge transport. Con-
ductivity measurements showed a strong increase in mobility 
and charge transport in P3HT when deposited on graphene.  

  4.     Experimental Section 
  Materials : Poly-3-hexylthiophene (P3HT) (98% RR, Mw = 32 kD) was 

purchased from American Dye Source Inc. Single layer graphene was 
produced by CVD on a copper foil and subsequently transferred to a 
solid substrate (silicon or glass). Details of the synthesis and transfer 
procedure of graphene, and other materials used can be found in the 
Supporting Information. 
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 Figure 5.    Schematics of charge transport in P3HT on A,C) silicon and B,D) graphene. A,C) 
P3HT crystalline aggregates on silicon are formed of mainly edge-on lamellae, which results 
in non-ideal vertical charge transport. B,D) On the graphene surface, aggregates form both 
edge-on and face-on lamellae. In the 10 nm fi lm, lamellae are well oriented with π–π stacking 
perpendicular to the plane of the fi lm, whereas in the thicker 50 nm fi lm, a mix of edge-on and 
face-on lamellae, with various orientations is present. The arrows in (B,D) represent effi cient 
vertical charge transport pathways across the fi lm. The close-ups show the preferential crystal-
line orientation on both surfaces.
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  Sample Preparation : The P3HT fi lms were prepared as described 
in the Supporting Information. The fi lms were then annealed in inert 
nitrogen atmosphere at 170 °C for 15 min, followed by slow cooling 
(≈1 °C · min −1 ) to room temperature. 

  Sample Characterization : The samples were characterized by AFM 
(Veeco Multimode) for the determination of fi lm thickness, and by 
Raman (Renishaw InVia) and UV–vis spectroscopy (Perkin-Elmer) for 
determination of their optical and physical properties. Crystallinity of 
the P3HT fi lms was measured by 2D Grazing-incidence X-ray diffraction 
carried out at the Stanford Synchrotron Radiation Lightsource (SSRL) 
(Menlo Park, CA, USA). See Supporting Information for more details.  

  Supporting Information 
 Supporting Information is available online from the Wiley Online Library 
or from the author.  
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