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ABSTRACT: The role of molecular orientation of a polar
conjugated polymer in polymer−fullerene organic photovoltaic
(OPV) cells is investigated. A planar heterojunction (PHJ) OPV
cell composed of poly(3-hexylthiophene) (P3HT) and [6,6]-
phenyl C61-butyric acid methyl ester (PCBM) is used as a model
system to isolate the effect of the interfacial orientation on the
photovoltaic properties. The molecular orientation of the
aggregate P3HT relative to the PCBM layer is varied from highly
edge-on (conjugated ring plane perpendicular to the interface
plane) to appreciably face-on (ring plane parallel to the interface).
It is found that as the P3HT stacking becomes more face-on there
is a positive correlation to the OPV open-circuit voltage (VOC),
attributed to a shift in the highest occupied molecular orbital (HOMO) energy level of P3HT. In addition, the PHJ OPV cell
with a broad P3HT stacking orientation distribution has a VOC comparable to an archetypal bulk heterojunction (BHJ) device.
These results suggest that, in the BHJ OPV cell, the hole energy level in the charge transfer state is defined in part by the
orientation distribution of the P3HT at the interface with PCBM. Finally, the photoresponses of the devices are also shown to
have a dependence on P3HT stacking orientation.
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1. INTRODUCTION

In organic solar cells the photoactive layer typically consists of
an electron donor and an electron acceptor material with offsets
in their highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels.
Given the low dielectric constant and weak intermolecular
coupling character of organic semiconductors, light absorption
results in the formation of Coulombically bound electron−hole
pairs, or excitons, and the heterojunction provides a driving
force to efficiently dissociate the excitons into free charge
carriers. The difference in the HOMO of the donor and LUMO
of the acceptor is also directly related to the open-circuit
voltage (VOC) of the solar cell.1−4 Given the critical nature of
the heterojunction on organic photovoltaic (OPV) device
performance, there has been a significant amount of research
considering energy level alignment at the interface, charge
transfer states, and dipole interactions.2−12 Recently, the role of
molecular orientation at the heterojunction interface has been
investigated in a number of OPV systems,5,6,9,13 where the
relative molecular orientation has been shown to significantly
influence device performance including charge transfer

dissociation and recombination rates.5,6 The orientation of
polar organic molecules is also expected to alter the molecular
energy levels of frontier orbitals, which then vary the output
voltage of the solar cell.12,14 However, there has not been a
detailed experimental analysis on the variation in VOC with
polar molecule orientation in OPV devices, and in particular in
polymer:fullerene systems.6,11

Here, we consider the effect the out-of-plane stacking
orientation of the quadrupolar donor polymer poly(3-
hexylthiophene) (P3HT) relative to the acceptor ([6,6]-phenyl
C61-butyric acid methyl ester) (PCBM) on OPV VOC. Given
the widespread use of P3HT, details of the energy conversion
process in P3HT/PCBM solar cells have been considered at
length.1,15,16 However, probing the interface in polymer−
fullerene systems such as P3HT/PCBM is difficult due to the
typical approach of solution processing with common solvents
resulting in the formation of a bulk heterojunction (BHJ).16 In
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this study, we form planar heterojunction (PHJ) OPV cells with
sharp interfaces to simplify the system under consideration.
The PHJ OPV cells were fabricated using a transfer printing
approach that has previously been shown to form a sharp
interface between the printed layers.17−20 Intermixing has been
found in transfer printed films under low thermal annealing
temperatures.17,21 Here, we are careful to avoid any solvent or
thermal annealing that would cause undesired mixing following
previously described methods.19,20 The transfer printing
approach allows each layer of the OPV cell to be individually
processed on a separate substrate to precisely control film
morphology. To this end, the processing conditions of the
P3HT layer were varied to alter the out-of-plane molecular
stacking orientation. Key differences in film processing were the
choice of solvent, spin-cast speed, and the application of large
biaxial strains.22,23 Briefly, the biaxial strain process consists of
consecutively straining the P3HT films by 100% in transverse
directions resulting in films with the greatest face-on stacking
characteristics as experimentally characterized below, and in a
recent report.24 Altogether, there are six unique processing
conditions for the P3HT films, with processing details given in
Table 1. The processing conditions of the PCBM layer were

held constant in all cases to isolate the effects of the P3HT
morphology. The P3HT film thicknesses were kept between 36
and 45 nm, and the PCBM film thickness was held constant at
≈38 nm. The thicknesses of the P3HT and PCBM layers were
selected on the basis of optimizing the PHJ OPV power
conversion efficiency, and are similar to previous reports on
P3HT/PCBM PHJ solar cells.25

2. RESULTS AND DISCUSSION
2.1. Bilayer Morphology Characterization. The packing

characteristic of the crystalline P3HT was measured with
grazing incidence X-ray diffraction (GIXD), with 2-D image
plate data shown in Figure 1. It can be seen that there is a range
of diffracting characteristics of the P3HT films depending on
processing conditions. The slow cast film from the solvent 1,2-
dichlorobenzene (DCB) shows the highest degree of edge-on
stacking (conjugated ring plane perpendicular to the interface
plane) with alkyl-stacking (h00) peaks out-of-plane and a π−π
stacking (020) peak observed in-plane. The biaxially strained
films cast from chloroform (CF) have the highest degree of
face-on stacking (conjugated ring plane parallel to the interface
plane) with the (020) peak observed primarily out-of-plane. It

is important to note that it has previously been demonstrated
that the crystalline P3HT in the biaxially strained films show
very weak preferential alignment of the backbone along the
strain directions,23 and are considered isotropically distributed
in the plane of the film in this study. The orientation
distribution of the diffracting P3HT is approximated by
constructing a pole figure from the image plate data based on
the (100) scattering peak, provided in Figure 2. From the pole

Table 1. List of Processing Conditions for the P3HT Films
Applied to the PHJ Solar Cells and Processing Conditions
for the P3HT:PCBM BHJ Solar Cell

film
namea solvent

solution conc
(mg/mL)

spin speed
(rpm)

thickness
(nm)

RMS
roughness
(nm)

CF-S CF 3 500 42 0.75
CF-F CF 6 3000 36 0.58
CF-X CF 7 750 41 1.51
DCB-S DCB 6 625 42 2.8
DCB-F DCB 12 3000 37 1.29
DCB-X DCB 12 850 45 6.5
BHJ DCB 30 600 220
aThe solvent is either chloroform (CF) or 1,2-dichlorobenzene
(DCB). The film is designated by S for slow spin-cast speed, F for fast
spin-cast speed, or X for biaxially strained. The BHJ solution was cast
from a 1:1 P3HT:PCBM ratio by mass.

Figure 1. (a−f) Grazing incidence X-ray diffraction of all PHJ films in
this study. The P3HT films are cast from chloroform (CF) and
dichlorobenzene (DCB). Slow (S), fast (F), and strain (X) refer to
P3HT processing conditions described in Table 1. For the biaxially
strained films, the measurement is made with the beam parallel to the
second strain direction.

Figure 2. Pole figure of the P3HT (100) stacking peak obtained from
the GIXD data to illustrate the P3HT film texture. The data is
normalized by the sum of the intensity for each film, and then
corrected by sin(ω). For the biaxially strained films, the pole figure is
given here for the X-ray beam parallel to the second strain direction.
The pole figure for the biaxially strained film with the X-ray beam
parallel to the first strain direction is given in Supporting Information
Figure S3, and both pole figures are found to be similar.
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figure, the stacking character of the P3HT is shown to vary
from highly edge-on to films with significant amounts of face-
on stacking. Note that since the GIXD data is taken at fixed
incident angle, the pole figure for the (100) can only measure ω
angles greater than 1.7° (2θBragg/2 − θincident). Crystals oriented
at smaller angles are not measured. For these films, the
unmeasured crystals are negligible because no significant highly
oriented scattering is observed for the in-plane π-stacking and
the geometric sin(ω) correction means that any such crystals
make an insignificant contribution to the total crystal
concentration. This is consistent with the 2-D images, and
thus, the (100) diffraction peak is considered representative of
the orientation distribution of the crystalline P3HT in the film.
Furthermore, while the GIXD probes the bulk of the film, it has
been shown to track well with the average surface orientation in
spun cast21 and biaxially strained24 films as measured using
near-edge X-ray absorption fine structure (NEXAFS) spectros-
copy. Therefore, we consider the near surface P3HT crystal
orientation to be consistent with the orientation of the
diffracting P3HT measured by GIXD.
To compare differences in P3HT local aggregate order for

the various processing conditions, the films were measured
using UV−vis absorption spectroscopy, with the normalized
absorbance given in Figure 3. It is observed that films cast from

the same solvent have similar absorbance spectra, with relatively
little difference between spin-cast speed and the application of
strain. However, the films cast from DCB have slightly sharper
absorbance features at 505 and 605 nm than films cast from CF.
These absorbance features arise from vibronic coupling of
parallel-aligned, cofacially packed conjugated chains that can be
described by a weakly interacting H-aggregate model.15,26,27

This model can be used to estimate the local aggregate order
(described by the Gaussian line width, σ), the width of

interacting aggregates (described by the exciton bandwidth,W),
and the percentage of aggregate P3HT in the film.27 Applying
this model to the absorbance data in Figure 3, σ and percent
P3HT aggregate are found to be relatively constant with a
variation from 77 to 90 meV and 45% to 48%, respectively.
This assumes all films have a similar polymer long-axis
orientation distribution with respect to the substrate. The
largest change in the H-aggregate model fit is the exciton
bandwidth, which is found to decrease when going from films
cast from DCB solvent (average W = 103 meV) to films cast
from CF solvent (average W = 83 eV). This change
corresponds to a change in the aggregate width along the
backbone direction from approximately 43 to 35 thiophene
units.15,28 Additional details of the model and fitting results are
provided in the Supporting Information. The absolute
absorbance of the films is also given in Supporting Information
Figure S2, where all films are found to have a similar
magnitude, as expected given the similar film thickness. The
similar absorbance indicates that light absorption in the P3HT
layer will be similar when applied in an OPV device. While
crystallinity and percent aggregate are not the same, this
measurement suggests similar levels of local order between
films.
Finally, the surface roughness of the P3HT layer may

influence device performance and requires characterization.
The P3HT film topography, for the surface that is in intimate
contact with the PCBM layer in the OPV cell, was measured
with atomic force microscopy (AFM) prior to device
fabrication with characteristic images given in Figure 4. The
RMS roughness of the film surface is given in Table 1 showing
that the fast spun cast films had the lowest RMS roughness
followed by slow spun films and then the biaxially strained
films. During device processing, the PCBM layer is printed
onto this P3HT surface without significant applied pressure,
and the P3HT/PCBM interface roughness is expected to be
similar to the surface roughness of the P3HT layer prior to
printing.
In summary, the largest change in morphology between

processing conditions is the out-of-plane P3HT stacking
orientation, which varies widely from edge-on to face-on
depending on processing conditions. There is also a variation in
surface roughness as measured by atomic force microscopy,
where the higher spin-cast speed results in smoother films and
the biaxial strain process increases surface roughness. The
relatively weak vibronic character observed in the absorbance
spectrum and the similar estimated percent aggregate (45−
48%) suggest all P3HT films have similar levels of local order.
From the absorbance, the estimated variation in the number of
interacting thiophene units in the aggregate P3HT is not
expected to contribute to appreciable differences in electronic
structure. Lastly, the similar film quality between spun cast and
biaxially strained films is also highlighted by previous work that
showed that these films have similar in-plane field effect
mobility when applied in a field effect transistor configuration.24

2.2. Photovoltaic Device Characteristics. To determine
the role of P3HT morphology on device performance, PHJ
OPV cells consisting of the six unique P3HT processing
conditions were fabricated and characterized. The current
density−voltage (J−V) characteristics of the PHJ OPV cells
under 1-sun illumination are given in Figure 5 with key
performance metrics provided in Table 2. The efficiency of
these planar devices is considerably lower than that of their BHJ
counterpart as a result of the much smaller interfacial area

Figure 3. Absorbance of the bilayer P3HT/PCBM films for (a) P3HT
films cast from chloroform (CF) and (b) films cast from
dichlorobenzene (DCB). The measurements are for P3HT films
fabricated with a slow spin-cast speed (S), fast spin-cast speed (F), and
biaxial strain (X) as detailed in Table 1.
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between the P3HT and PCBM.25,29 When these PHJ cells are
thermally annealed at 110 °C, the P3HT and PCBM layers
intermix resulting in a thin BHJ device with power conversion
efficiencies of approximately 2.5%. The key difference observed
in the PHJ device performance in this study is the variation in
VOC and short circuit current density (JSC). As the P3HT
stacking in the OPV cell becomes more face-on, there is a

corresponding increase in VOC. The reverse trend is observed
for JSC for each set of films with common starting solvent.
To gain insight into the OPV cell performance, the dark

current density characteristics for the devices plotted in Figure
5 are fit to the generalized Shockley equation,8
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where RP is the shunt resistance, RS is the series resistance, J0 is
the dark saturation current density, e is the electron charge, K is
the Boltzmann constant, T is temperature, and V is voltage.
From this model, RS, RP, and J0 are extracted, with best-fit
values for each device provided in Table 2, and fits to the dark
current data plotted in Supporting Information Figure S4. The
ideality factor (n) was also fit using eq 1 and found to be
approximately 1.7 for all devices. We find that RS and RP vary
between devices; however, the differences are not expected to
contribute significantly to device performance variation as
discussed below and in more detail in the Supporting
Information.6,8 Contrasting the relatively similar values for n,
RP, and RS, J0 is found to vary significantly between devices,
decreasing as the P3HT stacking becomes more face-on. This
variation in J0 can be correlated to VOC, where under open-
circuit conditions eq 1 can be simplified to

=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟V

nKT
e

J

J
lnOC

SC

0 (2)

with the approximation that RP is large and RS is small. The
correlation between VOC and J0 for the devices is given in
Figure 6 along with the theoretical variation of VOC with change
in J0 based on eq 2 for JSC = 1 mA cm−2 and n = 1.7. The
predicted VOC is shown to be in good agreement with the
experimental values, highlighting the minimal effect that the
variations in short circuit current and resistances have on the
measured VOC. Furthermore, J0 can also be given by4,8
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where J00 is the current prefactor, T is temperature, and ΔEHL is
the difference between the HOMO of the donor (P3HT) and
LUMO of the acceptor (PCBM). A modified ideality factor is
given here as n′, which relates the activation energy in the
Arrhenius behavior of J0 to ΔEHL. This factor can be attributed
to the thermal excitation of free carriers at the heterojunction,
as well as influences from interface states.4,30,31 Combining eqs
2 and 3 results in
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which provides a linear relationship between VOC and ΔEHL
with a modification based on the saturation current prefactor.
The factors in this equation that contribute most significantly to
the change in VOC are discussed below in further detail. When
considering the device VOC, it is important to note that the
choice of electrodes can impact the VOC of OPV cells.32

However, Fermi level pinning at the interface between P3HT
and the adjacent hole t ransport layer pol(3 ,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) is expected.2 This should result in the HOMO of

Figure 4. Characteristic AFM images for the different P3HT
processing conditions outlined in Table 1 including (a) CF-X, (b)
CF-F, (c) CF-X, (d) DCB-S, (e) DCB-F, and (f) DCB-X. The area of
each image is 2.5 μm × 2.5 μm. The RMS roughness calculated from
these images is given in Table 1.

Figure 5. Current density−voltage relationship for characteristic PHJ
OPV cells under 1-sun illumination conditions (100 mW cm−2). The
P3HT films are cast from chloroform (CF) and dichlorobenzene
(DCB), with additional processing details described in Table 1.
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the P3HT film dictating the output voltage rather than the
PEDOT:PSS layer.
To consider the origin of the differences observed in JSC, the

external quantum efficiency (EQE) was measured for each
device, given in Figure 7. The predicted JSC obtained by
integrating the product of the EQE with AM1.5G photon flux
generally shows good agreement with the JSC measured with
the solar simulator with results given in Supporting Information
Table S1. It is observed that the differences in EQE are greatest
over the portion of the spectrum dominated by aggregate
P3HT absorption suggesting that the origin of the variation in
photocurrent is related to the molecular orientation of the
P3HT, discussed below in more detail. The variation in out-of-
plane P3HT stacking characteristics may also influence device
performance by altering the charge collection efficiency due to
changes in out-of-plane hole mobility.33 To determine if there
is a significant difference in hole mobility, single carrier diodes
were fabricated for each P3HT processing condition. From the
J−V characteristics, the hole mobility was found to be 60 ×
10−6 ± 40 × 10−6 cm2 V−1 s−1 with no significant difference
found between devices, particularly for films with a common
starting solvent. The uncertainty is based on the pooled

standard deviation of all devices. Therefore, the change in out-
of-plane P3HT stacking for the films under consideration does
not appear to have a significant influence on out-of-plane hole
mobility.

2.3. Discussion. The variation in open-circuit voltage with
molecular orientation has been previously considered theoret-
ically by Heimel et. al,14 where density functional theory (DFT)
models suggested that the ionization energy and the electron
affinity of P3HT can change by up to 0.5 eV between perfectly
face-on and edge-on configurations with respect to vacuum.14

This is attributed to an intrinsic surface dipole in P3HT along
the conjugated backbone. From the DFT model, the change in
ionization energy (IE) with stacking orientation was analytically
described by14

θ
ε

μ θ
θ

= +
+ −

πe
c b a b

IE( ) IE
cos( )

[ ( )cos( )]0
0 (5)

where IE0 is the ionization energy in the absence of a surface
dipole taken here as 3.42 eV, e is electron charge, ε0 is the free
space permittivity, μπ is the intrinsic surface dipole taken as 7.37
× 10−30 Cm, and θ is the conjugated ring plane angle with
respect to the plane of the film. The characteristic lengths a, b,
and c are the interlamellar distance (1.73 nm), π-stacking
distance (0.39 nm), and monomer extension (0.78 nm),
respectively.14 This analytical expression suggests that,

Table 2. Performance of the Solar Cells under 1-sun Illumination

film name JSC
a (mA/cm2) VOC

a (V) fill factora efficiencya (%) RP
b (MΩ cm2) RS

b (Ω cm2) J0
b (μA/cm2)

CF-S 1.24 ± 0.11 0.35 ± 0.03 0.50 ± 0.05 0.22 ± 0.03 0.10 5 0.25
CF-F 0.82 ± 0.17 0.40 ± 0.02 0.53 ± 0.01 0.18 ± 0.05 1.00 40 0.03
CF-X 0.87 ± 0.16 0.44 ± 0.03 0.50 ± 0.03 0.19 ± 0.03 0.95 60 0.05
DCB-S 1.11 ± 0.08 0.26 ± 0.04 0.49 ± 0.02 0.12 ± 0.02 0.17 10 2.00
DCB-F 1.15 ± 0.15 0.28 ± 0.05 0.50 ± 0.01 0.16 ± 0.02 0.15 50 3.00
DCB-X 0.68 ± 0.04 0.36 ± 0.02 0.48 ± 0.02 0.12 ± 0.01 2.00 50 0.08

aAverage values with standard deviation given. bRepresents data from characteristic devices.

Figure 6. (a) Reverse saturation current (J0) determined by fitting an
equivalent circuit model to the dark current−voltage characteristics of
the OPV cells compared to the open-circuit voltage (VOC) under
illumination. The symbols are for experimentally determined VOC, and
the dashed line is the VOC dependence based on eq 2. (b) A
comparison between the P3HT HOMO energy estimated from the
XRD pole figure and DFT, and the OPV VOC. The dashed line is a
linear fit to the data resulting in a slope of 1.41 ± 0.19. The data is
given as the negative of the P3HT HOMO energy level to represent a
positive increase in ΔEHL.

Figure 7. External quantum efficiency (EQE) for the PHJ OPV cells
for (a) P3HT films cast from chloroform (CF) and (b) P3HT films
cast from dichlorobezene (DCB). The processing conditions of the
P3HT include slow spin-cast speed (S), fast spin-cast speed (F), and
biaxial strain (X) as detailed in Table 1.
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assuming vacuum level alignment, an edge-on orientation of the
P3HT relative to the heterojunction leads to a higher-lying
HOMO level, and thus a smaller difference between the
HOMO of the donor (P3HT) and LUMO of the acceptor
(PCBM) resulting in a smaller OPV VOC.
The IE of the P3HT films under study is estimated by taking

a density weighted average of IE(θ) from eq 5 for each P3HT
crystal stacking orientation, where the orientation distribution
of P3HT is taken from the pole figure data in Figure 2. To get
an accurate measure of the relative concentration of crystallites
with a given orientation, a sin(ω) correction was applied to the
pole figure.34 The estimated IE of each film is compared to the
film OPV VOC in Figure 6b showing a linear relationship with a
slope of 1.41 ± 0.19. Comparing this correlation to eq 4, the
linear relationship between VOC and ΔEHL suggests that the
change in VOC is due to the change in the P3HT HOMO level
consistent with the DFT model. While the absolute charge
transfer state HOMO energy level may differ from the IE of the
neat polymer with respect to vacuum as predicted by DFT, the
orientation dependence is expected to follow a similar trend.
The change in J00 may also influence VOC;

35 however, the linear
relationship in Figure 6b suggests that the logarithmic term that
includes J00 is not a large contributing factor. Additionally, it has
been shown that J00 can be related to the electronic coupling at
the heterojunction,35,36 and that this may impact VOC.
However, it has been shown that, for a range of OPV material
systems, J00 does not significantly influence the open-circuit
voltage of the device.35,36 This includes OPV devices with
P3HT and a range of fullerene derivatives.35

It is worth noting that the slope of 1.41 found in Figure 6b
does not correspond to the slope predicted using eq 4 of n/n′.
Here, n under illumination is approximately 1.4, found from eq
2 and the slope of VOC with JSC given in Figure 8. In a wide

range of heterojunctions n′ is commonly found to be close to
2.4,30,31 This results in a slope closer to 0.7. One aspect of the
P3HT film not accounted for is the molecular stacking
orientation of the amorphous fraction of the film. The
percentage aggregate of the P3HT films was estimated above
to be between 45% and 48% by absorption analysis. Although
percent aggregate and percent crystallinity are not the same, the

aggregates are likely to have a similar packing distribution as the
diffracted material. The percent aggregate estimate suggests
that there is about 50% amorphous material that might not be
accounted for by the GIXD pole figure measurement. Assuming
the amorphous, nonscattering polymer does not have a strong
out-of-plane stacking preference, it will reduce the predicted
change in open-circuit voltage resulting in a slope closer to the
theoretical n/n′. However, additional analysis beyond the scope
of this work is required to place physical significance to the
slope in Figure 6b.
It is somewhat surprising that averaging the IE(θ) of the

P3HT with various orientations correlates well with the
variation in VOC. However, this result is similar to that found
in ternary organic solar cells, which are devices made up of a
donor or acceptor component that consists of two comple-
mentary materials.37 In these systems, there is a continuous
variation in the device VOC with the ratio of the two-component
pair with limits in VOC defined by the ratio limit of 0 and 1 of
the pair. Recently, the origin of this continuous variation in VOC
has been attributed to the delocalized nature of the hole
(electron) in the charge transfer state that reflects the average
composition of the donor (acceptor) pair.37 Similarly, given the
semicrystalline nature of P3HT, the hole wave function is
expected to be significantly delocalized, and the HOMO energy
level of the charge transfer state should be a compositional
average of the local orientation distribution of the P3HT.
A comparison of the VOC of the PHJ OPV cells cast from

DCB to the more common BHJ OPV cell is given in Figure 8.
In organic solar cells VOC is dependent on current density,38

and a comparison between VOC should be made at a common
JSC. To compare devices at common JSC values, the VOC and JSC
are measured over a range of illumination intensities. As shown
in Figure 8, The VOC of the more face-on biaxially strained
P3HT OPV cell (DCB-X) approaches the BHJ device. While
the VOC is lower in the PHJ cell, the biaxially strained film cast
from DCB still has a large edge-on stacking P3HT component.
The performance of the film with the highest face-on stacking
character, biaxially strained P3HT (CF-X), is also given in
Figure 8 for 1-sun illumination conditions. In this comparison,
the CF-X OPV cell has a VOC comparable to that of the BHJ
device. This suggests that the local energetic environment of
the P3HT at the heterojunction in a BHJ device is similar to
that of the CF-X PHJ cell. In a BHJ OPV cell, it is unlikely that
there is a strong stacking preference of P3HT with respect to
PCBM.16 Under these conditions the HOMO energy level of
the charge transfer state is consistent with the broad orientation
distribution of the biaxially strained P3HT film cast from CF.
The variation in short circuit current may be attributed to a

number of factors including differences in interfacial roughness,
exciton diffusion lengths, active layer thickness, or charge
transfer state coupling and dissociation efficiency. From Figure
7, the variation in photoresponse is dominated by absorption in
the aggregate P3HT suggesting that the orientation of the
P3HT plays a role in the device variation. The change in
photoresponse is similar to previous results that considered the
molecular orientation of zinc phthalocyanine (ZnPc) at a
heterojunction with C60.

6 In that work, quantum chemical
calculations showed that the charge transfer dissociation
efficiency for excitons generated in the ZnPC was shown to
have a larger dependence on ZnPc orientation than excitons
generated in the C60 acceptor.

6 A similar mechanism may exist
in the P3HT/PCBM system; however, a large number of
variables will influence the photogeneration of carriers, and the

Figure 8. Open-circuit voltage (VOC) vs short circuit current (JSC) of
PHJ and BHJ OPV cells all cast from dichlorobenzene (DCB) under
variable light intensity. The natural log slope of the data is found to be
between 0.034 and 0.038 for all devices. The average VOC of the PHJ
OPV cells with biaxially strained P3HT films cast from chloroform
(CF-X) under 1-sun illumination conditions is also plotted for
comparison.
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specific cause of the differences in short circuit current between
PHJ cells remains a topic of future work.

3. CONCLUSION

In this study, P3HT/PCBM PHJ OPV cells were fabricated
with variation in P3HT processing conditions. The variation in
P3HT processing was shown to primarily modify the out-of-
plane molecular orientation in the films, resulting in six unique
P3HT orientation distributions as characterized by X-ray
diffraction. The relative orientation of P3HT was then shown
to have a significant impact on the open-circuit voltage (VOC)
of the OPV cells. This is attributed to the variation in ΔEHL at
the heterojunction due to a shift in HOMO energy level of the
P3HT. The change in P3HT HOMO energy level is estimated
using DFT modeling of the IE with molecular orientation. A
linear relationship is found between VOC and P3HT HOMO
energy level when the energy level is defined by a composi-
tional average of the crystalline P3HT out-of-plane stacking
distribution. This result is supported by equivalent circuit
modeling, where VOC is shown to have a linear dependence on
ΔEHL. The alloy-like behavior with molecular orientation is
believed to exist due to the extended wave function of the hole
in the charge transfer state. These results have significant
implications for future organic solar cell design where molecular
orientation of polar molecules can be engineered to maximize
not only charge transfer dissociation efficiency,9,13 but also
operating voltage.

4. EXPERIMENTAL METHODS
4.1. Film Preparation. The P3HT was obtained from Plextronics,

Inc. with a number-averaged molecular mass Mn = 50 kDa, a
regioregularity of 99%, and a polydispersity of 2.1.39 The PCBM was
obtained from Nano-C with a purity of 99%. The PEDOT:PSS
solution was type PVP AI4083, obtained from Heraeus Materials
Technology. PDMS was made from SYLGARD 184 Elastomer Kit
from Dow Corning at a ratio of 15:1.24 OTS was obtained from
Gelest, Inc. The P3HT films were spun cast on octyltrichlorosilane
(OTS) treated silicon at 500, 750, and 3,000 rpm from 3, 6, and 7 mg/
mL chloroform solutions, and at 625, 850, and 3000 rpm from 6, 12,
and 14 mg/mL 1,2-dichlorobenzene (DCB) solutions. The concen-
tration of the P3HT solutions was varied to ensure a consistent final
P3HT film thickness that ranged from 36 to 45 nm. Neat PCBM films
were spun on silicon substrates at 2250 rpm from 35 mg/mL DCB
solution resulting in a film thickness of approximately 38 nm. All
substrates were cleaned by sonication for 10 min in deionized (DI)
water, acetone, and isopropanol, followed by UV-ozone treatment for
10 min, and then rinsed with DI water. The OTS treatment followed a
previously described procedure.24 PEDOT:PSS films were spun on
indium tin oxide (ITO) coated glass at 5000 rpm for 60 s and then
annealed inside a glovebox at 120 °C for 20 min.
4.2. Device Construction. Planar heterojunction devices were

constructed by transfer printing consecutive layers of P3HT and
PCBM onto PEDOT:PSS and ITO coated glass substrates. The P3HT
films were initially cast of OTS treated Si. A polydimethylsiloxane
(PDMS) stamp is then laminated to the P3HT film and quickly
removed resulting in complete transfer of the P3HT to the PDMS.
The P3HT coated PDMS is then laminated to the PEDOT:PSS and
ITO coated glass substrate and removed with a slight shear load
resulting in P3HT transferring completely to the PEDOT:PSS surface.
For biaxially strained P3HT films, the P3HT film is strained uniaxially
while on the PDMS stamp by 100% strain and then transfer printed
back onto a OTS treated silicon substrate. It is laminated back onto
the same PDMS stamp and strained uniaxially by 100% in the
transverse direction and then printed onto the PEDOT:PSS layer of
the OPV cell. In the case of PCBM, the PCBM film was initially cast
on a silicon substrate with a native oxide layer. The PDMS stamp was

then laminated onto the PCBM and the stack was immersed in DI
water resulting in delamination of the silicon substrate and complete
transfer to the PDMS. The film was then thoroughly dried with
nitrogen gas and laminated onto the P3HT layer. The PDMS is slowly
removed by transferring the PCBM film onto the partially fabricated
OPV cell. P3HT printing was performed in a N2 filled glovebox while
PCBM printing is performed in atmosphere. The printing process is
the same method previously shown to result in a sharp interface.19,20

This includes the demonstration of bilayers after metal deposition,20

providing confidence that the electrode deposition in this study does
not induce unintentional mixing.20 The OPV cell was completed by
depositing the cathode by vacuum thermal evaporation at a pressure of
1 × 10−6 Torr. The cathode consisted of ∼1 nm lithium fluoride and
∼100 nm aluminum film. The bulk heterojunction films were
processed from 30 mg/mL solution at a 1:1 P3HT:PCBM ratio by
mass in DCB solvent. The solution is spun cast at 600 rpm for 30 s
and then placed in a covered Petri dish to dry slowly for 1 h. The films
were then thermally annealed uncovered at 110 °C for 10 min.

4.3. Morphology Characterization. The thickness of the films
was determined using a Woollam variable-angle spectroscopic
ellipsometer (VASE). Absorbance measurements were made using
an Ocean Optics Jazz spectrometer. Absorbance was measured for
P3HT/PCBM bilayer films on PEDOT:PSS and ITO coated glass
substrates. The reported absorbance was corrected by subtracting the
absorbance of a PEDOT:PSS and ITO coated glass substrate. X-ray
diffraction was performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beamline 11-3 with an area detector (MAR345
image plate), an energy of 12.735 keV, and an incidence angle of
≈0.12°. For the biaxially strained films, the sample was aligned with
the X-ray beam parallel to the first and second strain directions. In
these measurements, the sample chambers were purged with helium to
reduce beam damage and background scattering. The pole figures are
corrected for the fixed incident angle of the GIXD geometry and the
sin(ω) to account for the film geometry. The uncertainty in the
calculated P3HT HOMO energy level is estimated by considering the
variation in GIXD pole figures of the biaxially strained films. The film
with the largest difference in predicted energy levels (DCB-X) was
used to estimate uncertainty with the difference in estimated HOMO
energy level taken as the confidence interval.

4.4. Electrical Characterization. The organic photovoltaic
devices were tested using a Newport 150 W solar simulator with an
AM1.5G filter under 1-sun (100 mW/cm2) conditions, referenced to
an NREL certified Si solar cell. The OPV device area is 3.14 mm2, and
the device performance is not corrected for spectral mismatch. The
reported current−voltage characteristics are representative devices.
The device performance in Table 2 is based on a minimum of 6
devices from multiple experiments except the fast cast chloroform film,
which is based on 2 devices. The uncertainty is given as 1 standard
deviation of the mean.

The external quantum efficiency was measured using light from a
Newport 150 W solar simulator with an AM1.5G filter in combination
with Newport 7400 Cornerstone 130 1/8m monochromator. The
response was recorded as the current over a 1 MΩ resistance, using a
Stanford Research Systems SR830 lock-in amplifier. A Newport 818-
UV silicon low power photodetector was used as a reference.
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