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Substrate-Oriented Nanorod Scaffolds in Polymer-
Fullerene Bulk Heterojunction Solar Cells
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The use of a p-type inorganic semiconductor to form a nanorod
scaffold within a polymer-fullerene bulk heterojunction solar
cell is reported. The performance of this cell is compared to
those made of the commonly used n-type scaffold of ZnO,
which has been reported many times in the literature. The

1. Introduction

Hybrid organic/inorganic nanosystems offer an interesting po-
tential avenue for photovoltaics. The two material classes offer
distinct advantages and disadvantages, with carrier mobility
(low in organic semiconductors, about 1072cm?V~'s™' and
high in inorganic semiconductors, about 10> cm?V~'s™") being
an important difference. In polymer—fullerene bulk heterojunc-
tions (BHJ), the morphology must be precisely tuned on multi-
ple scales, which range from 1-100 nm. The tools for control-
ling domains of this size are not currently sufficient, and the
fabrication of highly efficient devices relies on the spontaneous
self-organization of the morphology."? Ideally, the optimal
morphology will also be the lowest energy configuration so
that molecular diffusion upon heating is not problematic; this
is possible, but it is by no means trivial.

Some inorganic semiconductors have properties that could
be very beneficial in organic BHJ solar cells. There are many
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scaffold is designed to improve charge-carrier collection by in-
creased mobility in thicker samples. Observations show that
generally the device performance shows a negative correlation
to nanorod length. By using CuSCN as a p-type inorganic scaf-
fold, a very similar trend is observed.

such materials that can be grown into nanostructures of vari-
ous shapes and sizes, which are then crystalline and stable.
These nanostructures can be free particles (dots, rods, tetra-
pods, etc.) or can be grown in an oriented manner from
a device-relevant substrate, such as ITO.®7 These inorganic
scaffolds allow for a predetermined and stable morphology,
typically with very high carrier mobility, which gives more con-
trol and more freedom in device design, and as such the topic
has been the subject of intense research.”

Organic semiconductors generate excitons upon photoexci-
tation, and therefore require a heterojunction to separate into
free carriers. The most successful heterojunctions have been
polymer—fullerene combinations.”'¥ The most obvious step to
introduce the inorganic nanostructures into organic photovol-
taics (OPV) is to replace the fullerene in the heterojunction
with an n-type semiconductor such as ZnO. This approach has
been studied extensively with reasonable success, however the
resulting devices are not particularly efficient compared to
those with fullerenes. "' For example, semiconducting poly-
mers intermixed into a ZnO nanorod scaffold can produce de-
vices ranging from 0.5%-1.6% power conversion efficien-
cy'7"®  whereas polymers with fullerene produce 4%-
99.00119.29 This |ower efficiency is mostly due to insufficient
interfacial area between the two phases, which leads to low
short-circuit currents. If you create a nanostructure with fine
enough pores, it is nearly impossible to put the organic semi-
conductor into it, and therefore the resulting domain size re-
mains too large to efficiently separate excitons.?"

The next logical step is to incorporate an inorganic scaffold
into a polymer-fullerene BHJ. Here the polymer—fullerene do-
mains are small, and the inorganic scaffold can act as a high-
mobility continuous charge-collection pathway direct to the
desired electrode for one selected carrier. The carrier mobility
in organic semiconductors is low and considered a limiting
factor in solar cells. The nanorod scaffold could allow for much
thicker solar cells with high short-circuit current (Js) and fill
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factor (FF) values. This method is reasonably successful, in that
it improves the short circuit current significantly (compared to
a polymer-ZnO nanostructured heterojunction), roughly to the
same value you would expect from a polymer—fullerene BHJ.
This type of solar cell has been studied by using a variety of in-
organic and organic donor/acceptor material combinations
with successful, though not necessarily conclusive re-
SUItS.HG'”'zz_ZS]

Herein we attempt to answer the question: Does a sub-
strate-oriented nanorod scaffold improve the functionality of
polymer—fullerene BHJ solar cells? Specifically we compare the
published efficiency values of the most common material com-
binations (ZnO scaffold with poly(3-hexylthiophene):phenyl
Cs:-butryric acid methyl ester (P3HT:PCBM) and Ag, or poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)  (PEDOT:PSS)/
Ag. The trend appears to be a quite general decrease in effi-
ciency with nanorod length. Based on this analysis we suppose
that the electron mobility (which is enhanced by ZnO nano-
structure) may not be a limiting factor in device efficiency. A
nearly identical nanostructure may be constructed from the
hole-transporting CuSCN. We present a series of solar cells
using CuSCN scaffold and P3HT:PCBM BHJ with a Ca/Al elec-
tron-selective electrode. These devices have the same nano-
structure and the same active layer, but should exhibit en-
hanced hole transport, compared to the enhanced electron
transport in the ZnO. We vary the length of the CuSCN nano-
rods from 0-800 nm to compare the trend in performance for
devices with the same nanostructure and active layer, but with
selectively “enhanced” electron (ZnO) and hole (CuSCN) trans-
port. The trend is the same for both types of devices, in that
solar cells on the nanorod scaffolds are functional, but the effi-
ciency appears to decrease with rod length continuously from
0 nm.

2. Results and Discussion
2.1. ZnO-Scaffold Solar Cells

The discussion of inorganic scaffolds begins with ZnO, which is
the most common inorganic material used in nanorod-scaffold
hybrid solar cells, for several reasons.” ZnO is an n-type semi-
conductor with a conduction-band energy level that is well
aligned to the LUMO of PCBM, and it is known to function
nicely as an electron-selective contact in BHJ solar cells;®3'-33
it is transparent in the visible and IR portions of the solar spec-
trum, and is nontoxic, abundant, and inexpensive. Perhaps the
strongest motivation for using ZnO in particular is that various
physical and chemical methods may be used to grow nano-
structures of almost innumerable shapes, sizes, and aspect
ratios, which allows for a high degree of morphological control
when designing solar cells.l"%>7:31-38

In 2003, Vayssieres showed that arrayed nanorods of ZnO
may be grown, oriented roughly perpendicular to a substrate,
from aqueous solution.” The nanorods can be grown at large
scales and with low costs.” More importantly, the length and
aspect ratio of the rods can be controlled by growth time and
concentration, and the orientation (perpendicular to the sub-
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strate or random orientation) is controlled by the quality of
the seed layer. The length can be varied from several tens of
nanometers to several micrometers, and the width from tens
to hundreds of nanometers, and the spacing can be controlled
on the order of tens of nanometers. These are precisely the ap-
proximate length scales that are applicable in nanorod-scaffold
hybrid PV.

Because the energetic and morphological properties of this
ZnO scaffold were an ideal test bed for hybrid PV, research ef-
forts to incorporate ZnO nanorods into polymer solar cells in-
tensified worldwide. In 2006, Olson et al. showed that the ZnO
scaffold functioned as a heterojunction-acceptor material with
P3HT polymer, and that the scaffold can be used as an elec-
tron-selective contact in a P3HT:PCBM BHJ solar cell with an
Ag electrode."*? This was the first report of a device with
Structure 1 (see Figure 1), and showed 2% PCE with roughly
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Structure 1

~ Structure 2

D

Figure 1. a) Drawings of the nanorod-scaffold-based BHJ solar cells with
Structure 1 consisting of ITO/ZnO/P3HT:PCBM/Ag or PEDOT:PSS/Ag in an in-
verted cell, and Structure 2 consisting of ITO/CuSCN/P3HT:PCBM/Ca:Al.

b) Cross-sectional SEM images of ZnO nanorods (adapted with permission),”
and CuSCN nanorods, with scale bars representing 1 um in both images.

150-200-nm-long nanorods. Subsequently they published the
same device architecture but with only the ZnO seed layer,
and no nanorods at all, with device efficiency of 3%.2"

Within the first year of the nanorod-scaffold polymer—fuller-
ene BHJ solar cell, there was already evidence that the nano-
rods were detrimental to device performance. However, it was
difficult to conclude anything from these two data points.
There has since been extensive research on precisely this
device structure.
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Figure 2. Power conversion efficiency versus ZnO nanorod length in devices
constructed using Structure 1. Data was compiled from reported literature
Values'[l7,23*29,39]

In Figure 2 we plot the reported efficiency of the solar cells
as a function of ZnO nanorod length for over 40 reported cells
using similar structures."”"22*3% We collected the information
for cells with only the materials described in Structure 1: ZnO-
nanorod scaffold, P3HT:PCBM BHJ blend, and either Ag or PE-
DOT:PSS/Ag electrode. Other materials that have been used,
including different semiconducting polymers, oxide scaffolds,
and hole-selective contacts, but these reports are more isolat-
ed. The materials identified in Structure 1 are used commonly
enough to provide some comparison across multiple studies
and multiple laboratories. We also compare many of the re-
ported values that use the same materials but with no scaffold
at all.

In polymer-photovoltaics research, there is a high degree of
variation from batch-to-batch, and from one laboratory to an-
other, due to subtle processing differences. To produce a high
efficiency cell requires an intense optimization procedure for
each variable. The ZnO nanorods themselves, if uniform stoi-
chiometric composition is assumed, have variables of length,
aspect ratio, spacing, orientation, and seed-layer thickness.
Other variables include the quality of P3HT available (which
has improved over time), and the tools and environment used
for device fabrication and characterization. It is not at all sur-
prising that the data in Figure 2 show such dispersion.

Of the individual studies published in the literature, there
are specific results that stand out. In one study, the PCE of the
cells was observed to increase with rod length while maintain-
ing constant J,.”® In other studies, the PCE of the cells was
observed to decrease.""?% Given that there are significant
opportunities for errors in the efficiency measurements, and
that the optimization of each cell is extremely labor-intensive,
we felt that a blind comparison of the reported PCEs was the
best way to check for a global trend.

The comparison in Figure 2 shows a decreasing PCE with in-
creasing nanorod length. Because all of these data represent
devices that were independently optimized to the point of
being considered of publication quality, they represent a good
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statistical cross-section of what can be expected from the ma-
terial combination. The cumulative data suggest that such ZnO
scaffolds are not yet demonstrably beneficial to the PCE of BHJ
solar cells.

Within the P3HT:PCBM BHJ blend, the electron and hole mo-
bilities can vary by up to an order of magnitude, depending
on the ratio of the two materials and the BHJ nanoscale mor-
phology. However, the electron mobility is typically found to
be slightly higher than the hole mobility, by up to a factor of
2. So perhaps it is the case that the ZnO scaffold (mobility pre-
sumably greater than 10 cm?V~'s™")"? selectively enhances the
transport of the faster carrier.

2.2. CuSCN-Scaffold Solar Cells

If a similar, theoretically “ideal”, nanorod scaffold could be ap-
plied to enhance the hole transport in the same polymer-full-
erene blend, would it show overall efficiency enhancement?
The first challenge in answering this question is to identify an
appropriate inorganic semiconductor. CuSCN is a p-type mate-
rial  (with a hole mobility presumably greater than
0.1 cm?V~'s ¥ that has been demonstrated to function as
a hole-selective contact for OPV. Takahashi et al. demonstrated
solar cells with ITO/CuSCN/P3HT:PCBM/AI structure and 2.5%
PCE."? In 2011, Sun et al. demonstrated that arrayed nanorods
of CuSCN can be electrodeposited from solution onto conduct-
ing substrates.*® The nanostructure is nearly identical to the
ZnO scaffold used extensively in solar-cell research, as can be
seen in Figure 1b. These CuSCN nanorod scaffolds will provide
a "hole-mobility-enhancing” test structure for solar cells.

In Figure 3a we plot the J-V (current density-potential)
characteristics of the solar cells for rod lengths varying from 0
(no CuSCN) to 800 nm. The observed trend in PCE is very simi-
lar to that seen in the literature values of devices with ZnO
scaffolds. CuSCN is demonstrated to function as a hole-trans-
port layer and the nanorod scaffold is successfully introduced
into functional solar cells. However increasing nanorod length
makes the devices progressively worse.

The device parameters (Voc, Jsc, FF, PCE, serial resistance, and
parallel resistance, Voc=open circuit voltage), are reported in
Table 1. The values, normalized to the 0 nm rod-length device,
are plotted in Figure 3b. The value of V. is relatively constant
while the values of FF and Jsc both decrease with rod length. It
is not surprising that FF decreases with increased device thick-
ness, due to increased recombination and higher likelihood of

Table 1. Device parameters for CuSCN-based solar cells of various nano-
rod lengths. The 0 nm device has no CuSCN at all.

Rod length Voc Jsc FF PCE R series R parallel
[nm] MVl  [mAcm™  [%] [%] [Q] [kQ1]

0 600 7.2 62 2.7 40 110

100 590 6.5 59 23 50 270

200 580 5.1 50 1.5 130 160

400 580 4.2 53 1.3 100 170

600 550 2.6 50 0.7 200 190

800 540 2 49 0.5 40 50

ChemPhysChem 2014, 15, 1070-1075 1072


www.chemphyschem.org

PHYS

0

ks

< 27

£

=

K7)

£ 4-

(]

=

g

5 -6

O

1 1 1
a) o 200 400 600
Voltage/mV

Normalized Device Parameter

—— PCE

0.0 T T T T
800

0 200 400 600
b) Nanorod Length/nm

EQE/%

T T T
500 600 700
C) Wavelength/nm

Figure 3. a) J-V characteristics of solar cells constructed using Structure 2,
for various CuSCN nanorod lengths. b) Normalized device parameters versus
CuSCN nanorod length. c) EQE curve for devices of different nanorod
lengths.

protruding nanorods causing shorts. To understand the de-
crease in Jy., we look to the EQE data shown in Figure 3¢c. We
see a persistent decrease in the EQE intensity, as well as
a change in shape of the spectrum. The higher energy light
contributes proportionally less to the photocurrent in thicker
scaffolds. This result is likely due to the optical absorption of
CuSCN, which is strong for wavelengths shorter than 350 nm.

The purpose of introducing a nanorod scaffold is to improve
the values of Jc and FF by enhancing carrier transport and

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

preventing recombination, but these are precisely the parame-
ters that decrease sharply with rod length. This was not the
case for the ZnO-scaffold devices in the literature, where the
device parameter trends were far less consistent. However, it is
a reasonable indication that the structure does not perform
the desired function of improving the solar-cell performance.

A very recent report by Chappaz-Gillot et al. demonstrates
two similar CuSCN structures in conjunction with a low-bandg-
ap semiconducting polymer and a TiO, hole-blocking layer to
form scaffold-supported BHJ solar cells.*¥ The authors present
several devices with nanocolumnar CuSCN of varying thick-
ness, which show the same trend in PCE as is observed here.

2.3. Analysis

In both the ZnO and CuSCN scaffold devices, we observe a gen-
eral behavior for which there are several possible explanations.
Primarily, the real scaffold-based solar cells do not conform to
the structures shown in Figure 1a. There are many variables in-
volved in such a device, including the rod length, aspect-ratio,
spacing, and orientation with respect to the substrate, as well
as the degree to which the BHJ blend infiltrates the scaffold
and the thickness of the organic capping layer that separates
the scaffold from the metal electrode. The capping layer is nec-
essary to prevent shorting of the metal directly to the scaffold,
which would reduce the parallel resistance of the solar cell. If
the capping layer is too thick, it adds significant series resist-
ance. Full infiltration of the BHJ blend would be ideal, but is
certainly not guaranteed. For densely packed, vertically orient-
ed nanorods, polymers will typically sit on top of the scaffold.
Almost universally, the nanorod-scaffold-based devices are con-
structed on highly disordered nanorods as seen in Figure 1b,
which allow for much better filling of the BHJ blend material.
In the case of some of the longer ZnO nanorods, the BHJ
blend tends to coat the nanorods without filling the voids,
which requires a space-filling PEDOT:PSS layer or conformal
coating of the metal electrode.”*?

In our CuSCN devices, we do not see any conclusive evi-
dence of either nanorod protrusion, excessive capping layer, or
failure of the BHJ blend to penetrate the scaffold. A protruding
nanorod scaffold would be in direct contact with both the ITO
and the metal electrode and thus provide decrease the parallel
resistance of the diodes. Likewise, overly thick capping layers
would add significant serial resistance. From the data present-
ed in Table 1, we observe no corresponding trend with rod
length. We can also see in cross-sectional SEM images (Fig-
ure 4S) that there is sufficient capping of the rods with the
BHJ blend. The BHJ blend seems to infiltrate the gap between
the CuSCN nanorods rather well, although the absolute (quan-
titative) degree of infiltration cannot be estimated from these
images.

There may also be more fundamental problems with the
proposed geometry. Following the dissociation of the exciton
in the BHJ blend, either a built-in field or a concentration gra-
dient are required to induce drift or diffusion current in any
BHJ solar cell. The selective contact materials are responsible
for this requirement. In the device architecture proposed here

ChemPhysChem 2014, 15, 1070-1075 1073
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(Figure 1a), the BHJ blend material deepest within the scaffold
is primarily responsible for light absorption as it is closest to
the transparent electrode. In these regions, the carrier concen-
tration gradient that is generated by charge transfer through
the walls of the nanorod scaffold is directly perpendicular to
the desired direction of current flow. The presence of the scaf-
fold with high conductivity and dielectric constant (compared
to the BHJ layer) will alter and perhaps completely shield the
field within the scaffold. If the scaffold is significantly more
conductive than the BHJ blend, then the field will be concen-
trated in the region between the tips of the nanorods and the
metal back electrode. While the scaffold may selectively en-
hance the extraction of one carrier, it may also diminish the ex-
traction of the other and leave behind an excess of one carrier
in the region of primary photon absorption.

3. Conclusions

The inorganic nanorod scaffold, incorporated into polymer-
fullerene BHJ solar cells, is an interesting approach to merge
two complementary nanotechnologies. The motivation for
using this system is to potentially improve carrier transport
through direct, carrier-selective, connected pathways. Unfortu-
nately, we do not see any consistent improvement in solar-cell
performance. Devices without nanorods have higher power
conversion efficiency, on average, and peak reported values
than those without. There is more evidence for a negative cor-
relation between rod length and device performance.

This trend appears to be true for both electron-transport
and hole-transport nanorod scaffolds. We analyzed nearly
a decade of published results of the ZnO/P3HT:PCBM material
combination. While several of the individual studies see posi-
tive effects of the nanorod scaffold, this is not a universal ob-
servation. Furthermore, the overall picture presented by the
multiple independent results is of decreasing PCE with increas-
ing rod length.

We constructed a nearly identical nanorod scaffold with the
p-type semiconductor CuSCN. By using it in the P3HT:PCBM
BHJ solar cell in a comparable configuration, we see a similar
negative correlation. The poor performance of the solar cells is
mostly due to decreasing values of Ji. and FF, which are pre-
cisely the areas that we hoped to improve with the scaffold.

This hybrid solar cell design has been investigated for
a decade, following the introduction of the arrayed nanorods
of ZnO. In that time, we have seen the PCE of conventional
polymer—fullerene-BHJ solar cells improve to over 9%."" With-
out the nanorods, the devices have demonstrated FF values of
79%“ and Jic over 17 mAcm=21"

Experimental Section
Electrodeposition of CuSCN Nanorods

Highly oriented CuSCN nanorods were obtained by electrodeposi-
tion according to the method described in the literature.*® An ITO
(10 Qsq.”", Lumtec) coated glass (20x25x0.7 mm) patterned for
four cells was used as the substrate. Masking tape was applied to
conductive pads of 8.5x3.0 mm to regulate the exposed area to

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3.5 x3.0 mm. Since four such pads we used in parallel, the effec-
tive electrode area was about 0.42 cm®. Potentiostatic electrolysis
at +0.2 V (vs. Ag/AgCl) was carried out for a controlled period be-
tween 2-20 min at room temperature in an ethanol/water mixed
solution (1:1 in volume ratio) containing 10 mm Cu(ClO,), (Aldrich),
5 mm LiSCN (Kishida), and 0.1 m LiClO, (Wako). The electrode was
in a stationary condition and no agitation of the solution was ap-
plied, so that the reactants were depleted in the vicinity of the
electrode to enhance the anisotropic growth of the nanorods.*
The electrodeposited CuSCN was rinsed with water and dried in air
at room temperature. The nanorod length was determined by ob-
serving the cross-section with a scanning electron microscope
(JEOL JSM-6700F), while the crystallographic orientation of the
nanorod was checked by measuring X-ray diffraction (XRD) pattern
on a Rigaku SmartLab. Additional details of the CuSCN nanorod
growth and characterization can be found online in Supporting In-
formation Figures S1-S3.

Fabrication of BHJ Cell and Measurements

BHJ layers were prepared either on bare ITO or on CuSCN-nanorod
layer by spin-coating from an o-dichlorobenzene (DCB) solution
containing poly-3-hexylthiophene (P3HT, Lumtec) and [6,6]-phenyl-
Ce-butyric acid methyl ester (PCBM, Lumtec) in equal weight (each
20 mg per 1 mL DCB) at a rate of 500 rpm for 28 s and then at
1000 rpm for 2's, as it was found to be suitable to fill up the nano-
space of CuSCN scaffolds with the BHJ material. The samples were
kept in a glove-box filled with N, and left for 2 h for slowly drying
the BHJ layer and finally were annealed at 110°C on a hotplate.
The samples were then transferred to a vacuum chamber for de-
positing 20-nm thick Ca and 100-nm thick Al layers in strips of 3.0-
mm width to be overlaid on the BHJ-coated CuSCN layer to con-
struct four cells of 3.0x3.0 mm per substrate. The active part was
then protected by a glass cap filled with desiccant before the cell
was taken out of the glove-box.

The I~V curve and the photocurrent action spectrum of the cell
were measured on a Bunko Keiki CEP-2000 system. While the -V
curve was measured under illumination with an AM 1.5 simulated
sun light (100 mWcm ™), the external quantum efficiency (EQE)
was measured under monochromatic light illumination with a con-
stant photon flux (5.0x 10" s™'cm™).
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