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a b s t r a c t

We report a 47.1% efficiency improvement resulting from the combination of device-architecture
modification and inclusion of poly(3-hexylthiophene-2,5-diyl) nanowires (P3HT NWs) in bulk hetero-
junction (BHJ) active layers (ALs). Modelling of ellipsometry spectra shows substantial changes in in-
homogeneity and optical constants of BHJ ALs with P3HT-NW inclusion. Furthermore, finite-difference
time-domain simulation results based on actual device structures with inhomogeneous AL models
indicate that enhanced light harvesting is a main contributing factor to efficiency improvement. On the
contrary, P3HT-NW inclusion has no significant effect on charge carrier collection, other than sup-
pressing occurrence of cul-de-sac in hole-transport pathways and unfavourable indene-C60 bisadduct
domains near top anodes.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Poly(3-hexylthiophene-2,5-diyl) nanowires (P3HT NWs)
derived from pep stacking of P3HT polymer chains has attracted
great interest since the first report on precipitation from a saturated
chloroform (CF) solution of P3HT by Cho et al. [1] Focus of interest
has been substitution of P3HT NWs for pristine P3HT in bulk het-
erojunction (BHJ) organic solar cells (OSCs). One dimensional (1D)
structure is natural for network morphology. Consequently, P3HT
NWs are advantageous in maximizing junctional area between
electron-donating P3HT NWs and electron-accepting fullerene
derivatives in active layers (ALs), without interrupting continuous
hole- and electron-transport pathways [2]. In particular, high
mobility P3HT NWs in the order of ~20 nm in diameter can be
optimal because of limited exciton diffusion length of 10e20 nm
P3HT NWs' high charge mobility is linked to 1D crystalline
d Department of Energy Sys-
structure [1,3]. Indeed, charge mobility of single crystalline P3HT
NWs was reported to be 60 times higher than that of spin-coated
P3HT films [4,5].

There were previous reports on fabrication of BHJ organic solar
cells (OSCs) based on P3HT 1D structures [5e10]. For example, Cho
et al. reported fabrication of BHJ OSCs with P3HT NWs and
electron-accepting [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM). They reported power conversion efficiency (PCE) as high as
3.9% with sufficiently aged (>60 h) P3HT NWs [7]. Both Guillerez
et al. and Betho et al. used P3HT nanofibers prepared from p-xylene
solution together with PCBM to fabricate BHJs OSCs that showed
respective PCEs of 3.6% and 3.2% [11,12]. Xie at al. fabricated BHJ
OSCs with additional P3HT nanofibrils in ALs, which were induced
by adding small amount of acetone to P3HT solution in chloro-
benzene [13]. Yang et al. added hexane to dichlorobenzene (DCB)
solution to improve P3HT crystallinity by forming numerous
fibrillar P3HT crystals, and achieved PCE of 3.9% from their
P3HT:PCBM OSCs [14]. On the other hand, Kim at al. used P3HT
NWs prepared by ultrasonic-assisted self-assembly with PCBM to
fabricate BHJ OSCs. They achieved PCE of 4.09% after thermal
annealing when highly regioregular P3HT was used [15].
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Except one known example that reported low PCE [16], all
previously reported BHJ OSCs based on 1D P3HT nanostructures
were fabricated by using PCBM, the most popular acceptor mate-
rial. In this work, we replaced PCBM with indene-C60 bisadduct
(ICBA), another electron acceptor [17]. ICBA is advantageous for
higher open-circuit voltage (Voc) because unoccupied molecular
level (LUMO) of ICBA lies above that of PCBM [17e19]. Another
noticeable difference is their surface energies. Compared to surface
energy of pristine P3HT (26.42 mJ m�2), those of ICBA
(21.71 mJ m�2) and PCBM (31.74 mJ m�2) are smaller and larger,
respectively [20]. Surface energy difference between donor and
acceptor materials is one of the driving forces for vertical phase
separation that critically affects device operation. For example,
donor (acceptor) domains in the vicinity of cathode (anode) can be
detrimental to BHJ OSC operation because mismatch between
charge carriers and electrodes result in recombination losses. On
the other hand, interdigitated morphology of high mobility P3HT
NWs and continuous electron-acceptor vertical domains is ideal for
ALs from a highly simplified view [21].

There is no doubt that knowledge of vertical inhomogeneity
and/or phase separation is important to develop efficient BHJ OSCs.
Surprisingly, previous papers on BHJ OSCs based on P3HT 1D
nanostructures hardly discussed such issues. In this work, we used
modelling analysis of ellipsometry spectra to manifest vertical in-
homogeneity in BHJ ALs of pre-formed P3HT NWs and ICBA.
Moreover, we utilized finite-difference time-domain (FDTD) sim-
ulations based on actual device structure and inhomogeneous AL
models to estimate net light harvesting efficiency (LHE) free from
parasitic contributions. Such LHE spectra were then used to deduce
internal quantum efficiency (IQE) from measured external quan-
tum efficiency (EQE) [22,23]. Variations in LHE and IQE spectra,
together with equivalent-circuit parameters deduced from
measured current density-versus-voltage (J-V) curves, were useful
to separate optical and electrical contributions of P3HT-NW inclu-
sion to device PCE improvements.

2. Results and discussion

Normal BHJ active layers were spin-coated from a 1:1 mixture of
DCB solutions of P3HT (17 mg mL�1) and ICBA (17 mg mL�1). Novel
BHJ layers with P3HT-NW inclusion were cast from another solu-
tion that was an equal-volume mixture of an ICBA solution in DCB
(17 mg mL�1) and a stock solution containing both pristine P3HT
and P3HT NWs in a mixed solvent of DCB and dichloromethane
(DCM). The stock solution was prepared in two steps (See Sup-
porting Information, Fig. S1). Firstly, P3HT NWs were formed by
taking advantage of the temperature dependence of P3HT solubility
in DCM [24,25]. Cooling down a P3HT solution in DCM (4 mgmL�1)
from 60 �C to room temperature (~22 �C) resulted in precipitation
of P3HT NWs [7]. Secondly, an equal volume of P3HT solution in
DCB (24 mg mL�1) was added to the dispersion of precipitated
P3HT NWs in DCM (4 mg mL�1) and thoroughly mixed for 12 h to
complete stock-solution preparation. The fraction of NWs in P3HT
solute was 16.7% for the stock solution of pristine P3HT and P3HT
NWs in mixed DCM and DCB.

Fig. 1(a) is a typical atomic force microscopy (AFM) image of
P3HT NWs cast from a diluted dispersion solution of precipitated
P3HT NWs in DCM. Length measurements of 100 P3HT NWs from a
high resolution AFM image revealed that more than 90% of P3HT
NWs were longer than 1.0 mm. The average length of P3HT NWs
estimated from the lognormal distribution in Fig. 1(b) was
1.47 ± 0.46 mm. It is worth emphasizing that the precipitated P3HT
NWs remained intact in the stock solution such that P3HT NWs
were clearly visible on AFM and transmission electron microscopy
(TEM) images of films cast either from the stock solution or the
equal volumemixture of the stock solution and the ICBA solution in
DCB (Supporting Information, Fig. S2).

Fig. 2 shows J-V characteristics of BHJ solar cells, active layers of
which consisted of P3HT donor and ICBA acceptor. Two (conven-
tional or inverted) device structures that use ITO as either an anode
or a cathode (Supporting Information, Fig. S3) were combined with
either a normal or a novel (with P3HT-NW inclusion) active layer to
fabricate four types of solar cells. Main performance parameters
extracted from the best-fitting curves to an equivalent circuit
model based on a non-ideal diode with parasitic resistances, series
resistance RS and shunt resistance RSH [26e28], are summarized in
Table 1 (Supporting Information, Fig. S4). We note that P3HT-NW
inclusion led to all-round improvements in device operation
regardless of their structures. Specifically, 4.50% (from 8.22 to
8.59 mA cm�2) improvement in short-circuit current (Jsc), 3.29%
(from 0.761 to 0.786 V) in Voc, 4.97% (from 0.523 to 0.549) in fill
factor (FF), and, consequently, 13.5% (from 3.27 to 3.71%) in PCE
were observed from conventional-structure devices. Similar overall
improvements appeared from inverted-structure devices in
response to P3HT-NW inclusion, but with a less prominent PCE
increase of 8.58%, (from 4.43% to 4.81%) because of smaller im-
provements in Jsc (from 9.41 to 9.60 mA cm�2), Voc (from 0.787 to
0.811 V), and FF (from 0.596 to 0.618).

Such observations led us to conclude that the inclusion of P3HT
NWs in a BHJ active layer was an efficient and universal way to
enhance the performance of P3HT:ICBA solar cells. Another inter-
esting observation was that PCE improvements resulted from
structural modification were larger than those induced by P3HT-
NW inclusion. Specifically, PCE increased by 35.5% and 29.6% for
devices having normal (without P3HT-NW inclusion) and novel
(with P3HT-NW inclusion) active layers, respectively, in response to
change from a conventional to an inverted structure. Naturally, the
combination of an inverted structure and P3HT-NW inclusion
resulted in a dramatic PCE increase of 47.1%, from 3.27% of C-BHJ to
4.81% of I-BHJ-NW.

To elucidate how P3HT NWs contributed to the aforementioned
improvements, wemeasured EQE variations with respect to photon
wavelength, which are equivalent to incident photon-to-current
conversion (IPCE) spectra. IPCE and incremental Jsc spectra in
Fig. 3 show that the larger Jsc of inverted-structure devices origi-
nated frommore efficient conversion of photons in the wavelength
range from 465 to 645 nm. More specifically, high EQE corresponds
to larger LHE and/or high IQE [22,23,29]. Basically, AL absorptance
and LHE are equivalent because photons lost by reflection or
absorbed by other constituent layers do not contribute to currents.
We isolated AL absorptance spectra of the four devices by carrying
out FDTD simulations based on their respective multilayer archi-
tectures. An indispensable prerequisite for FDTD simulation was
collecting optical constants for each constituent layers. Optical
constants of all other layers except ALs were available from litera-
ture. However, optical constants of two types of P3HT:ICBA BHJ ALs,
with or without P3HT NW inclusion, were extracted from analysis
of ellipsometric spectra.

We were unable to fit measured ellipsometric spectra assuming
uniform ALs, but modelling of non-uniform ALs as 7 sublayers
resulted in very good agreement between measured and simulated
spectra as shown in Fig. 4 (see Supporting Information for details of
modelling). Each sublayer was treated as an effective medium that
consisted of a pseudo BHJ-AL material (with or without P3HT-NW
inclusion) and void. Accordingly, optical constants of sublayers
were calculated by using Bruggeman's effective medium theory
[30,31] (Supporting Information, Fig. S5). Fig. 5 shows optical
constants of pseudo BHJ-ALmaterials and void distributions in both
ALs corresponding to the best-fitting curves in Fig. 4. Slightly larger
n and lower void fractions indicate that novel ALs with P3HT-NW



Fig. 1. (a) AFM image of a typical film cast from a 1-mg/ml solution of P3HT NWs in DCM. The original P3HT-NW stock solution can be diluted by adding more DCM. (b) Length
distribution of P3HT NWs. A high resolution AFM image was used for length measurement of 100 P3HT NWs that were cast on a silicon substrate from a highly diluted solution. The
average length of P3HT NWs, corresponding to a lognormal distribution (solid black line), is 1.47 ± 0.46 mm.

Fig. 2. J-V characteristics of the P3HT:ICBA BHJ solar cells under AM 1.5G solar illu-
mination. C-BHJ and C-BHJ-NW are the devices with a conventional structure (ITO/
PEDOT:PSS/active layer/LiF/Al) and I-BHJ and I-BHJ-NW are the ones with an inverted
structure (ITO/ZnO/active layer/MoO3/Ag). The active layers of C-BHJ-NW and I-BHJ-
NW contain P3HT NWs.

Fig. 3. (a) Comparison of IPCE spectra of the four types of P3HT:ICBA BHJ solar cells.
IPCE spectra of structurally identical (either conventional or inverted) devices are
similar regardless of active layer types (with or without P3HT NW inclusion). However,
there is a noticeable difference in IPCE spectra between two device structures
regardless of active layer types. (b) Integrated DJsc(l) represent accumulated currents
due to solar irradiance below wavelength l. The contributions of solar photons up to
800 nm produce Jsc values that closely match measured ones.
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inclusion were denser compared to normal ALs. Moreover, larger k
in visible wavelength range made novel ALs more effective in
harvesting visible wavelength photons. Difference in void-fraction
variations is another noticeable feature. P3HT-NW inclusion
apparently made ALs not only denser but also less inhomogeneous.
It seems that long P3HT NWs were randomly intertwined and ICBA
and/or pristine P3HT occupied spaces among P3HT NWs. Conse-
quently, BHJs were spread throughout the depth of ALs so that less
inhomogeneous and more efficient ALs were formed. On the con-
trary, void-fraction gradation of normal ALs having no P3HT NWs
appears consistent with a common view that midsection BHJs were
sandwiched between P3HT- and ICBA-rich regions.
Table 1
Device characteristics of P3HT:ICBA bulk-heterojunction (BHJ) solar cells with andwithou
a bottom ITO anode (ITO/PEDOT:PSS/active layer/LiF/Al) and the other two have an inver
area is 0.24 cm2 for these devices. The active layers of C-BHJ-NW and I-BHJ-NW contain

Sample ID P3HT NW inclusion VOC (V) JSC (mA/cm2)

C-BHJ no 0.761 8.22
C-BHJ-NW yes 0.786 8.59
I-BHJ no 0.787 9.41
I-BHJ-NW yes 0.811 9.60
Fig. 6 shows light absorptance spectra of ALs in four P3HT:ICBA
BHJ solar cells. These spectrawere extracted from FDTD simulations
t P3HT-NW inclusion in active layers. Two devices have a conventional structure with
ted structure with a top Ag anode (ITO/ZnO/active layer/MoO3/Ag). The effective cell
P3HT NWs.

FF (%) RS (U cm2) RSH (U cm2) PCE (%)

52.3 13.2 ± 0.03 451 ± 3.43 3.27
54.9 10.9 ± 0.02 486 ± 6.84 3.71
59.8 1.67 ± 0.03 717 ± 12.0 4.43
61.8 1.87 ± 0.03 916 ± 12.0 4.81



Fig. 4. Ellipsometric spectra of two types of active layers, with or without P3HT NW
inclusion. Solid squares and circles represent measured J and D spectra, respectively.
Solid lines are corresponding best-fitting curves based on inhomogeneous sublayer
modelling.
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with actual device structures, which automatically took into ac-
count full multilayer optical effects and allowed separation of
absorptance spectrum for any constituent layer. Concomitant
determination of absorptance spectra of other layers showed
appreciable contributions of such parasitic components to total
absorptance spectra (Supporting Information, Fig. S6). LHE esti-
mation from device reflectance and/or ALs' extinction coefficients
tends to be inaccurate because parasitic absorptance contributions
Fig. 5. Effective optical constants (a) and void distributions (b) of two types of active layers (
Both types of active layers were represented by seven sublayers to represent nonuniformit
and multilayer optical effects are neglected. On the contrary, we
were able to utilize parasitic absorptance spectra to verify validity
of our FDTD simulation results and inhomogeneous AL models.
From energy conservation, the sum of reflectance and absorptance
should be 1 for opaque devices. Therefore, reflectance spectra of
opaque devices can be calculated from the sum of AL and parasitic
absorptance spectra:

RDeviceðlÞ ¼ 1� AALðlÞ � AparasiticðlÞ: (1)

Good agreement between measured and calculated reflectance
spectra of four opaque solar cells in Fig. 7 confirms that our FDTD
simulations with inhomogeneous AL models were successful in
deducing LHE spectra of four P3HT:ICBA BHJ solar cells.

IQE spectra that we calculated by combining LHE and IPCE
spectra are shown in Fig. 8:

IQEðlÞ ¼ IPCEðlÞ=LHEðlÞ: (2)

Surprisingly, P3HT-NW inclusion resulted in IQE decrease for
conventional-structure devices, and similar IQE decrease was
induced when device structure was inverted without P3HT-NW
inclusion. However, inclusion of P3HT NWs resulted in IQE in-
crease for inverted structure devices. More significant changes
appeared among LHE spectra. LHEs of C-BHJ device, which were
particularly low, were noticeably improved as a result of P3HT-NW
inclusion. Similar LHE improvement occurred without P3HT in-
clusion when device structure was inverted. Moreover, combina-
tion of device structure inversion and P3HT-NW inclusion resulted
in even higher LHEs. We argue that inclusion of P3HT NWs was not
necessarily advantageous for charge carrier collection because
P3HT NWs were about 7 times longer than typical AL thickness. On
the contrary, aforementioned larger k and reduced inhomogeneity
of ALs induced by P3HT-NW inclusionwere more significant factors
for PCE improvements.

Finally, we propose that variations in AL morphology and device
structure resulted in the systematic difference in two parasitic re-
sistances listed in Table 1. First, 6e8 times smaller RS of inverted
structure devices must be linked to optimal use of charge
with and without P3HT NW inclusion) corresponding to the best-fitting curves in Fig. 4.
y along depth.



Fig. 6. Comparison of light absorptance of active layers in four types of P3HT:ICBA BHJ
solar cells. Only photons absorbed by active layers are converted into currents.
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transporting metal-oxide junction layers. By using ZnO and MoO3
as cathodic and anodic junction layers, respectively, charge-carrier
extraction became more efficient. Second, 1.6e1.8 times larger RSH
of inverted structure devices indicates reduced recombination loss
of charge carriers. Cul-de-sac in charge-carrier transport pathways
and/or P3HT (ICBA) domains near cathode (anode) can be origins of
charge-carrier recombination events to which photo-shunt is
typically attributed. Apparently, P3HT-NW inclusion is expected to
minimize cul-de-sac in hole-transport pathways. Moreover,
occurrence of unfavourable ICBA domains near top anodes will be
substantially reduced in the case of dense and homogeneous ALs
with P3HT-NW inclusion.
Fig. 7. Measured (solid squares) and calculated (solid lines) reflectance spectra of the four ty
used in calculating reflectance spectra.
3. Experimental section

We fabricated BHJ OSCs in two architectural configurations by
using a commercially available ITO-covered glass (12 U sq�1,
GEOMATEC) as a substrate. In a conventional configuration of ITO/
PEDOT:PSS/P3HT:ICBA/LiF/Al, ITO was an anode. On the contrary,
ITO was a cathode in an inverted configuration of ITO/ZnO/
P3HT:ICBA/MoO3/Ag. Two types of P3HT:ICBA ALs were formed for
each OSC structure by spin-coating different mixture solutions of
ICBA (SOL5064A, Solaris Chem.) and P3HT (4002-E, Rieke Metals).
Normal BHJ ALs without P3HT-NW inclusion were spin-coated
from a 1:1 weight-mixture solution of P3HT and ICBA in DCB at
the concentration of 34 mg mL�1. On the other hand, novel BHJ ALs
with P3HT-NW inclusionwere spin-coated from a mixture of a DCB
solution of ICBA (17 mg mL�1) and a mixed-solvent (DCM and DCB)
stock solution of P3HT and P3HT NWs. The thickness of P3HT:ICBA
active layers was 210 nm. Aqueous PEDOT:PSS solution (Clevios P,
Heraeus) was spin-coated and annealed at 140 �C for 10 min to
make 30-nm thick hole-extraction layers (HELs). ZnO electron-
extraction layers, thickness of which was 20 nm, were formed by
spin-coating a precursor solution and then baking it at 200 �C for
30 min. LiF/Al cathodes, Ag anodes, and MoO3 HELs were evapo-
rated in high vacuum (~10�4 Pa). The thickness of MoO3 layers was
20 nm.

The cell size, defined by the overlap of cathode and anode
electrodes, was 0.24 cm2. All devices were measured under AM
1.5G illumination at 1 sun by using a solar simulator (PEC-L01,
Peccell) that was calibrated to 100 mWcm�2 with a reference Si cell
(PEC-S101, Peccell). EQE of the fabricated OSCs was measured by
using a Photo Electrochemistry IPCE system (PE-IPCE, HS Technol-
ogies). Reflectance was measured by using a spectrophotometer
(Cary 5000, Varian), and D and J spectra were measured by using
an ellipsometer (V-Vase, J. A. Woollam). Morphology of P3HT NWs
and related films were examined by using an atomic force
pes of P3HT:ICBA BHJ solar cells. The inhomogeneous active layer models in Fig. 5 were



Fig. 8. LHE, IPCE, and IQE spectra of the four types of P3HT:ICBA BHJ solar cells. IQE(l) was deduced from EQE(l) and LHE(l): IQE(l) ¼ EQE(l)/LHE(l). It is interesting to note that the
inclusion of P3HT NWs contributed to LHE improvements regardless of device structures. However, LHE increase was much more prominent in the case of a conventional structure.
On the contrary, P3HT-NW inclusion resulted in opposite IQE changes: a slight increase for the inverted structure, but a significant decrease for the conventional structure.
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microscope (XE-100, Park system) and a transmission electron
microscope (JEM-2100F, JEOL). A commercial program (FDTD So-
lutions, Lumerical Software) was used to perform FDTD simula-
tions. To separate AL absorptance from parasitic contributions of
other layers, we placed ‘Intensity Monitor’ at each interface be-
tween adjacent layers.
4. Conclusion

In conclusion, P3HT NWs, pre-made by dropping the tempera-
ture of a P3HT solution in DCM below a precipitation point, were
used to modify formation and distribution of BHJs between P3HT
and ICBA. Indeed, P3HT-NW inclusion in ALs was a universal and
efficient recipe for PCE improvement of BHJ OSCs regardless of
device architectures. Combining additional contribution from an
inverted configurationwith that from P3HT-NW inclusion, wewere
able to improve PCE by 47.1% from that of a common device.
Modelling analysis of ellipsometric spectra and FDTD simulations
based on realistic device structures showed that substantial
changes in inhomogeneity, and effective optical constants of BHJ
ALs occurred in response of P3HT-NW inclusion. Consequently,
large difference in light harvesting efficiency followed. IQE esti-
mated by taking into account only AL absorptance, which were
separated from all other parasitic contributions in FDTD simulation
results, showed that P3HT-NW inclusion has no significant effects
on charge carrier collection, other than reducing cul-de-sac in hole-
transport pathways and unfavourable ICBA domains near top an-
odes. In short, nanostructures of ALs including randomly inter-
twined long (>1 mm) P3HT NWs are far from ideal fin-like
morphology [2,21,32,33]. Nevertheless, utilization of preformed
P3HT wires is a viable option for optimization of BHJ solar cells
because elaborate manipulation of vertical inhomogeneity of ALs is
feasible with sequential coating of different P3HT-NW
concentration stock solutions. Unlike pristine P3HT, preformed
P3HT NWs remain intact during subsequent exposure to solvents.
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