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ABSTRACT: Vertically ordered nanostructures synthesized
directly on transparent conducting oxide have shown great pro-
mise for overcoming the limitations of current dye-sensitized
solar cells (DSCs) based on random networks of nanoparticles.
However, the synthesis of such structures with a high internal
surface area has been challenging. Here we demonstrate a
convenient approach that involves alternate cycles of nanowire
growth and self-assembled monolayer coating processes for
synthesizing multilayer assemblies of ZnO nanowire arrays and
using the assemblies for fabrication of DSCs. The assembled
multilayer ZnO nanowire arrays possess an internal surface area
that is more than S times larger than what one can possibly
obtain with single-layer nanowire arrays. DSCs fabricated using
such multilayer arrays yield a power conversion efficiency of 7%,
which is comparable to that of TiO, nanoparticle-based DSCs.
The ordered structure with a high internal surface area opens up
opportunities for further improvement of DSCs.

Dye—sensitized solar cells (DSCs) are among the most promising
devices for low-cost solar-to-electricity energy conversion.
Although an energy conversion efficiency of 11% has been demon-
strated for such cells, researchers are still seekin§ to increase the
efficiency further by using alternative sensitizers" and redox elec-
trolytes®* and to fabricate solid-state or nonvolatile-liquid DSCs.>®
The progress of these efforts, however, has been impeded by the
disordered structure of mesoporous TiO, films used in current
DSCs. The mesoporous TiO, films, which are composed of sintered
TiO, nanoparticles, induce a short electron diffusion length (10—
35 um,” as determined by the product of the electron diffusion
coefficient and electron lifetime) that limits further improvement in
DSC performance.®” The disordered porous structure also makes
infiltration of solid or viscous electrolytes into the electrodes difficult
and ineffective.">"" The synthesis and fabrication of vertically aligned
1D nanostructures directly on transparent conducting oxides
(TCOs) has been identified as a promising means of overcoming
these issues.>'> Recent studies have shown that photoanodes based
on ordered 1D arrays lead to a significantly increased electron
diffusion length on the order of 100 um."*~'® This should allow
improvement of the energy conversion efficiency by increasing the
thickness of the sensitized films or using kinetically faster redox
couples. The vertically ordered structure should also facilitate the
filling of solid-state electrolyte or ionic liquid into the sensitized films.

One key challenge of using vertically aligned 1D nanostructures
in DSCs is that in comparison with mesoporous films, the 1D
nanostructures typically have a low internal surface area, resulting
in insufficient dye adsorption and therefore low light-harvesting
efficiency.'” > As a result, the efficiency of DSCs based on
vertically aligned 1D nanostructures is significantly lower than
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that of nanoparticle-based ones. Although an efficiency of 6.9%,
currently the highest value reported for DSCs of this kind, was
recently achieved”' using TiO, nanotube arrays fabricated on
TCO, the fabrication process involved complex sputtering and
anodization of thick Ti films, which are difficult to scale up both
technically and economically. Therefore, fabrication of arrays of
long, vertically aligned 1D nanostructures by an economically
viable method remains challenging. In our previous work,* we
developed a wet chemical process for rapid growth of ZnO
nanowire arrays. With this process, ZnO nanowires with lengths
of >40 um long can be readily obtained. However, such long wires
are typically fused at their roots, and as a result, a significant
percentage of the surface area gained by increasing the wire length
is lost. Fusion of the wires, which is largely due to the widening of
the wires as they grow long, occurs in almost all of the published
methods for growing ZnO nanowires in chemical baths. There-
fore, to avoid wire fusion, a method for growing wires only at the
top surface while protecting the lower section of the wires is
needed. Here we present an innovative solution to this challenge
based on the synthesis of multilayer assemblies of ZnO nanowire
arrays, which possess an internal surface area that is >5 times larger
than that of single-layer ZnO nanowire arrays.

In our process, a key strategy for preventing the fusion of wires at
their roots is growing the wires in multiple stages: wires grow only
~10 um in each stage, and a self-assembled monolayer (SAM)
coating is used to protect the wires grown in previous stages from
widening and fusing in the next growth stage. This process is shown
schematically in Figure 1 and can be described as follows. First, we
grow one layer of ZnO nanowires directly on TCO (Figure 1a).
Through the wet chemical process previously developed by our
group,”” vertically aligned ZnO nanowires up to 10 um long can be
obtained easily without fusion of the roots of the wires. Second, we
coat the surface of the first-layer wires with a SAM coating formed
from the precursor octadecyltrichlorosilane, CH3(CH,),;SiCl;
(OTS) (Figure 1b). Prior to the growth of the second-layer wires,
the SAM coating at the top end of the first-layer wires is removed by
ultraviolet ozone (UVO) treatment while the coating on the side
walls of the wires is left (Figure 1c). The SAM coating on the side
walls of the ZnO nanowires prevents the aqueous solution from
entering the gaps between the wires when the substrate is placed
into the chemical bath for growth of the second-layer nanowires, and
the aqueous solution comes into contact with the wires only at their
top ends. Thus, the wires of the second layer grow only on top of the
first layer, and the first-layer wires are not widened (Figure 1d). This
process may be repeated multiple times to obtain a multilayer
assembly of nanowire arrays until a desired total length for the wires
or a desired internal surface area for the entire multilayer assembly is
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Figure 1. Schematic process for synthesizing a two-layer assembly of ZnO
nanowire arrays on TCO. (a) Growth of the first-layer ZnO nanowire array
on seeded TCO. (b) Coating of the ZnO nanowire array with SAMs. (c)
Selective removal of the SAM coating at the top end of the wires while leaving
the SAMs on the side walls of the wires. (d) Growth of the second-layer ZnO
nanowire array using the top ends of the first-layer wires as seeds. The aqueous
solution comes into contact with only the top ends of the first-layer wires and
cannot enter the gaps between the wires because of the SAMs on their side
walls. (e) Removal of the SAMs from the side walls of the wires by calcination.

reached. Finally, the SAM coating can be removed by calcination
(Figure le) before subsequent DSC fabrication steps.

Figure 2a shows a scanning electron microscopy (SEM) image of
the first-layer ZnO nanowire array grown directly on TCO. The ZnO
nanowires are ~10 #m long and 200 nm wide. It should be noted
that in order to reduce the possibility of wires fusing at their roots, the
concentration of the Zn(NOs), precursor used in this process was
0.01 M, which was much lower than the typical concentration of
0.025 M reported in the literature.>** This layer of nanowires was
then coated with a SAM of OTS, which rendered the top surface of
the nanowire arrays superhydrophobic (water contact angle of
~165°; Figure 2a inset). Prior to the growth of the second-layer
wires, the substrate was treated by UVO. Controlling the UVO
treatment time allowed only the SAM coating at the top ends of the
wires to be removed while leaving most of the coating on the side
walls of the wires. After this treatment, the water contact angle of the
ZnO nanowire arrays was reduced to ~70°. The substrate was then
placed into a chemical bath to grow the second-layer ZnO nanowires.
Figure 2b shows an SEM image of a two-layer assembly of ZnO
nanowire arrays, where an evident boundary between the two layers
can be seen. A closer examination of the boundary (Figure 2c)
indicated that the second-layer wires started their growth from the
top ends of the first-layer wires and grew along the same orientation
as the first-layer wires. The area density of the second-layer wires was
slightly smaller than that for the first layer. This is because some first-
layer wires were not long enough to reach the top surface of the array
and thus could not be contacted by the aqueous solution. Therefore,
they failed to serve as seeds for the growth of second-layer wires. The
second-layer wires were slightly wider than the first-layer wires
because the wires also grew laterally as they grew vertically, although
at a much slower rate. The differences in the widths and densities of
the wires in different layers led to the boundary between the adjacent
layers that was visible under SEM. Such differences also suggested
that the growth of the new-layer wires did not significantly change the
morphology of the previous-layer wires, and therefore, widening and
fusion of the previous-layer wires at their roots were effectively
avoided during the growth of the new layer.

Apparently, the internal surface area of the multilayer assembly of
nanowire arrays increases as more layers are added to the assembly by

Figure 2. SEM images of the first and second layers of a ZnO nanowire
array. (a) First-layer ZnO nanowire array. Inset: optical image of a water
droplet on the array after it was coated with a SAM. Scale bar: 10 um. (b)
Two-layer assembly of ZnO nanowire arrays. Scale bar: 10 m. (c) Junction
between the first- and second-layer ZnO nanowires. Scale bar: 500 nm.

repeating this process. As a proof of concept, we made a four-layer
assembly using this approach. Figure 3 shows an SEM image of this
four-layer assembly of ZnO nanowire arrays, in which each layer was
~10 um thick. The internal surface area is typically characterized by
roughness factor (RF), which is defined as the ratio of the actual
surface area to the projection area of the structure. Curve 1 in
Figure 4 shows a plot of the RF of the four-layer assembly presented
in Figure 3 as a function of the number of layers. It can be seen that
the total RF of the four-layer array assembly was ~510, which is >5
times larger than what can possibly be obtained with a single-layer
array. On the basis of curve 1, the RFs of the individual layers in the
assembly (estimated as the increase in RF resulting from addition of
the new layer to the assembly) are plotted as curve 2 in Figure 4.
Curve 2 indicates that the RFs of the individual layers varied even
though the thicknesses of the layers were the same. When the
thickness is fixed, the RF of each layer is proportional to the product
of the wire diameter and the wire density. For the same reason that
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Figure 3. SEM image of a four-layer assembly of ZnO nanowire arrays.
The thickness of each layer was ~10 yum. Scale bar: 10 ym.

the second-layer wires are wider and less dense than the first-layer
wires, the width of the wires in each new layer is consistently larger
than that of the previous layers, while concurrently the area density
becomes smaller (Figure S1 in the Supporting Information). There-
fore, the RF for each layer depends on the relative weighing of the
two factors: the diameter and the area density of the wires. Curve 2
indicates that under our experimental conditions, the RF of the third
layer was the largest, followed by the second and first layers, while the
RF of the fourth layer was the smallest.

An intriguing question is whether there is a limit on the number of
layers that can be assembled using this approach. Experiments
showed that this assembly approach fails when the distance between
the SAM-coated wires is too large to prevent aqueous solution from
infiltrating into the wire arrays underneath the top layer. Top-view
SEM images of the wires in different layers (Figure S1) show that as
the number of layers increases, the area density of the wires decreases
and the gap between adjacent wires becomes larger. The aqueous
solution can enter the space between the wires if this gap becomes
large enough that the capillary force generated between the hydro-
phobic side walls of the wires fails to overcome the hydrostatic
pressure. Experimentally, we found that this happened when we tried
to assemble more than 4—3 layers of wires using this approach.
When the aqueous solution was able to infiltrate into the previously
synthesized wire arrays, the wires underneath the new layer widened
and even fused during the growth of the wires of the new layer.

The multilayer assembly of ZnO nanowire arrays provides an ideal
electrode structure for DSCs. However, relative to TiO,, ZnO has
significant disadvantageous material properties when used as an
anode material for DSCs, which may result in low values of the
open-circuit voltage (Voc) and fill factor (FF), leading to a low
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Figure 4. Roughness factor (RF) vs the number of layers for multiple-
layer assemblies of ZnO nanowire arrays. Curve 1 shows the total RF as a
function of the number of layers in the assembly. Curve 2 shows the RFs
for the individual layers.

energy-conversion efficiency.”® Therefore, for better characterization
of DSCs based on such anode structures and to compare them with
DSC:s based on TiO, nanoparticles, we coated the ZnO nanowires
with a 20—30 nm thick layer of TiO, (Figure S2) by a solution
deposition method™ before we sensitized the nanowire arrays and
made final DSCs. Using this approach, we fabricated a series of DSCs
from assemblies of one, two, three, and four layers of ZnO nanowire
arrays. The thickness of each layer was kept at 10 y#m, and the
morphology of each layer may be represented by Figure 3.

The I-V characteristics of these DSCs are presented in
Figure Sa. As expected, the short-circuit current (Isc), which largely
depends upon the surface area of the arrays, increased almost
linearly with the RF presented in Figure 4 as the total thickness of
the assembly increased. The energy conversion efficiencies were 2.1,
4.6, 6.2, and 7.0%, respectively, for the DSCs made using one-, two-,
three-, and four-layer assemblies of nanowire arrays. To our knowl-
edge, the efficiency of 7.0% obtained for the four-layer, 40 ym thick
assembly is the highest efficiency reported to date for this type of
DSC. This efliciency is still lower than what has been reported for
DSC:s based on sintered nanoparticles, partly because the RF of the
current four-layer assembly was only 510, which is smaller than the
value of ~780 reported for sintered nanoparticle films.”> However,
it is believed that the RF of the multilayer assembly can be further
increased by increasing the thickness of the array in each layer, and
therefore, DSCs based on such multilayer assemblies may outper-
form the nanoparticle-based DSCs. Figure Sa also shows a slight
decrease in Vo and FF as the thickness of the multilayer array
increased, possibly as a result of an increase in the series resistance of
the DSCs. Figure Sb shows the incident-photon-to-current conver-
sion efficiency (IPCE) versus wavelength for the DSCs fabricated
using different numbers of array layers. As can be seen, increasing the
total thickness of the multilayer assembly improved the IPCE at all
wavelengths from 350 to 800 nm. An important feature observed in
these IPCE curves is a significant red shift of the peak IPCE with
increasing assembly thickness, indicating that the red-light absorption
may be effectively improved by thickening the sensitized film with a
vertically ordered structure. The consistently increasing IPCE, with a
value of nearly 80% for the 40 #m thick assembly, also indicates that
the electron collection by the multilayer arrays up to 40 ym thick is
reasonably efficient. Relative to the increases in Isc and IPCE upon
addition of the second and third layers, growing the fourth layer
brought a less significant increase in these parameters because the
increase in RF (~70) as a result of adding the fourth layer wires was
smaller than those (~150) for the second and third layers.
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Figure 5. Photovoltaic performance of DSCs fabricated using the TiO,-
coated multilayer assemblies of ZnO nanowire arrays: (a) I—V char-
acteristics; (b) Plot of IPCE vs wavelength.

In addition to their application as an anode material for DSCs, ZnO
nanowire arrays have been used in ultrasensitive chemical and bio-
logical sensors, organic solar cells, light-emitting diodes, nanogenera-
tors, and nanopiezotronic devices.” It is hoped that the multilayer
assemblies of ZnO nanowire arrays and the present approach for syn-
thesizing such assemblies may find use in the development of these
devices. Furthermore, ZnO nanowire arrays have been used as tem-
plates for fabricating TiO,, Fe,O3, and CdSe nanotube arrays.m’zs’26
There is no apparent technical barrier to the use of these processes in
fabricating multilayer TiO,, Fe,O3, and CdSe nanotube arrays by emp-
loying the multilayer ZnO nanowire arrays as templates. Such vertically
aligned structural materials with a high internal surface area may find
applications in catalysis and as electrodes in batteries and fuel cells.””**

In summary, we have developed a convenient approach for synthe-
sizing multilayer assemblies of high-surface-area nanowire arrays. The
approach involves alternate cycles of nanowire growth and self-
assembled monolayer coating processes. As a demonstration, assem-
blies of one to four layers of ZnO nanowire arrays with a total thickness
of up to 40 um were synthesized. The internal surface area of the four-
layer assembly was >5 times larger than what can possibly be obtained
with a single-layer array. Such multilayer assemblies were used to
fabricate DSCs with power conversion efficiencies of up to 7%. The
potential of such an approach for synthesizing multilayers of vertically
aligned nanowire arrays has not been fully explored, and it is believed
that optimizing the process parameters and increasing the thickness of
each layer will further increase the internal surface area of such
assemblies, allowing DSCs with better performance to be fabricated.
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