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ABSTRACT: Crystallographic orientation and micro-
structure of metal oxide nanomaterials have great impact
on their properties and applications. Here, we report
[1010] oriented ZnO nanowire (NW) arrays with a
multichannel mesostructure. The NW has a preferential
growth of low energy (1010) crystal plane and exhibits 2—
3 orders of magnitude faster electron transport rate than
that in nanoparticle (NP) films. Furthermore, the surface
area of the as-prepared NW arrays is about S times larger
than that of conventional NW arrays with similar
thickness. These lead to the highest power conversion
efficiency of ZnO NW array-based sensitized solar cells.
We anticipate that the unique crystallographic orientation
and mesostructure will endow ZnO NW arrays new
properties and expand their application fields.

Manipulating the crystallographic orientation and micro-
structure of semiconductors are important to their
properties and applications.'* Aligned ZnO nanowire (NW)
arrays have attracted considerable interest because of their
tunable electronic properties and compatibility with a wide range
of applications, such as UV lasing® piezoelectric device,®
photodetector,7 solar cells,*'° and so on. Various synthesis
methods including vapor-phase transport process,'" chemical
vapor deposition,'* and liquid-phase approaches'>'* have been
developed for the fabrication of one-dimensional (1D) ZnO
nanostructures. The key feature of 1D crystal growth follows the
thermodynamic “lowest energy” rule where high energy crystal
plane usually grows fast. As a result, ZnO NW arrays with a
preferential growth of high-energy (0001) polar plane are
commonly obtained. Consequently, both fundamental and
application studies have been largely limited to [0001] oriented
nanoarrays. Therefore, it is highly desirable to fabricate ZnO NW
arrays with other preferential growth planes, such as low-energy
{1010} nonpolar surfaces, and to investigate corresponding
properties and applications.

Besides crystallographic orientation, microstructure of semi-
conductors is another important factor affecting their applica-
tions. Aligned 1D nanoarrays offer a directed charge transport
path that makes them advantageous electrode architectures
versus nanoparticles (NPs) for solar cell applications,®™'%%'¢
but the relatively low surface area caused from the free space
between NWs has been a long-standing issue limiting their
practical application. One strategy to increase the surface area is
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to increase the length of NWs, but efficiency up to 2.1% and 1.6%
have been reported, respectively, for about 33 ym long ZnO NW
and 60 pm long ZnO nanotube array-based dye sensitized cells
(DSCs).'”'* Herein, we report aligned [1010] oriented ZnO
NW arrays with a multichannel mesostructure. The high surface
area and rapid charge transport make the as-prepared NW arrays
an ideal electrode structure for future optoelectronic device
applications. We have demonstrated a solar to electricity
conversion efficiency of 6.15%, to our knowledge, the highest
value ever reported for 1D ZnO nanoarray-based DSCs. We
believe that ZnO with such unique crystallographic orientation
and mesostructure will be of broad academic and industrial
interests.

Figure la is a typical field emission scanning electron
microscopy (FE-SEM) cross-sectional view of densely packed
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Figure 1. Aligned ZnO nanowire arrays. (a) FE-SEM cross-sectional
view of ZnO NW arrays grown on FTO coated transparent glass
substrate. (b) XRD pattern of the as-prepared NW arrays. Unlike
conventional [0001] oriented NWs, the (1010) diffraction peak is much
stronger than the others, and only a very weak (0002) peak was
observed. The inset in panel b is an atomic structure model of wurtzite
ZnO projected along [1210] with (1010) crystal plane being
highlighted. Atom color code: red, O, and gray, Zn.

NW arrays that grow vertically from the fluoride doped tin oxide
(FTO) coated transparent glass substrate. The NW arrays have a
length of about 25 ym and an average diameter varies from about
300 nm at the bottom to about 20 nm at the tip part. Figure 1b
shows the X-ray diffraction (XRD) pattern. All peaks can be
indexed to wurtzite structured ZnO (JCPDS card No. 65-3411).
In contrast to the XRD patterns of standard powder (the bottom
of Figure 1b) and [0001] oriented ZnO NW arrays that are
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reported up to date,’”"* the (1010) diffraction peak is much
stronger than the others and only a very week (0002) peak is
observed, implying that the as-fabricated ZnO NW arrays may
have a [1010] crystallographic orientation. The inset in Figure 1b
is an atomic structure model of wurtzite ZnO projected along the
[1210] direction with the (1010) crystal facet being highlighted.

According to the transmission electron microscopy (TEM)
images of multiple and representative individual ZnO NWs
shown in Figure S1 (Supporting Information SI) and Figure 2a at

1010

Figure 2. TEM and HR-TEM characterizations of ZnO nanowire. (a)
Low magnification image of a single ZnO NW with multichannel
mesostructure across the entire wire width. (b—d) HR-TEM images
recorded from b, ¢, and d areas that marked by white small boxes in
panels a and b, respectively, showing both nanochannel and crystalline
framework, and confirmed that the growth is perpendicular to the
(1010) crystal plane along the [1010] direction both at the center and
border areas of NW. The inset in panel b is the corresponding FFT
pattern.

different magnifications, the NW has internal nanochannels with
an average width of about 6 nm and length that can be up to
several micrometers. More detail information on the crystal
structures of NW is gained from high-resolution TEM (HR-
TEM) images. As shown in Figure 2b, the continuous crystal
lattice across these nanochannels and the corresponding fast
Fourier transform (FFT) patterns with minor distortions reveal a
single-crystal-like feature of the ZnO NW. HR-TEM images of
the center (Figure 2c) and edge (Figure 2d) areas of the NW as
marked with white boxes in Figure 2b,a, respectively, show that
the crystallographic orientation is the same at different areas.
Clear fringe spacing of 0.28 nm corresponds to the d-spacing of
the (1010) planes of ZnO can be observed. These XRD pattern
and HR-TEM characterizations confirm that the as-synthesized
ZnO NW arrays have a multichannel mesostructure and an
unusual [1010] crystallographic orientation.

The as-obtained ZnO NW arrays were fabricated via a thermal
phase transformation approach, during which materials with
large crystal lattices can be readily converted to compacted ones
by removing volatile products.'”~** Herein, ZnO NW arrays are
transferred from single crystal Zn(OH)F NW arrays, whose

morphology and crystal structures are shown in Figures S2 and
S3, SI. Zn(OH)F NW arrays (JCPDS card #74-1816) grow
vertically from the substrate along a preferential [001] direction.
The length can be tuned to be longer than 40 ym by adjusting the
growth time (Figure S4, SI). Figure 3 shows the schematics of the
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Figure 3. Schematics of structure transformation from Zn(OH)F to
ZnO nanocrystals. (a) Atomic structure model of Zn(OH)F that is
projected along [010] direction. (b) Structure model after F~ and H*
ions are removed. (c) Atomic structure model of ZnO projected along
[1210] direction. (d) Illustration of the structure of solid Zn(OH)F
(before) and multichannel ZnO nanocrystals (after transformation).
Atom color code: cyan, F; red, O/OH; and gray, Zn.

transformation process. The crystal parameters for orthorhombic
Zn(OH)F (Pna2,) area=10.13A,b=4.76 A,and c=3.12 A. In
this crystal, zinc atoms are located on the distorted octahedral
sites.” Figure 3a shows a possible atomic structure model.
Positions of zinc atoms in the (001) crystal plane of Zn(OH)F
are separated by fluoride atoms and hydroxyl groups. During the
thermal treating process, fluoride and hydrogen ions are removed
from the lattice, leading to the formation of dangling bonds on
zinc and oxygen atoms as shown in Figure 3b. Subsequently,
oxygen and zinc atoms adjust their positions along a way with
minimum lattice distortion to form more compacted ZnO
nanocrystal (Figure 3c). Considering the large d-spacing of
Zn(OH)F (100) planes (10.13 A), which is similar to the 2-fold
d-spacing of ZnO (0001) planes (5.2 A), contraction of
nanocrystal along the Zn(OH)F [100] direction is possible. An
illustration of structural models of Zn(OH)F (before) and
multichannel ZnO nanocrystals (after transformation) is shown
in Figure 3d. The thermal treatment parameters, such as
temperature and oxygen flow rate are critical to this contraction
process. Under an appropriate condition, fluoride ion removal
and crystal lattice contraction can be maintained at a dynamic
equilibrium status, leading to the formation of single-crystal-like
multichannel mesostructure.

Aligned ZnO NW arrays with such unusual crystal growth
orientation and multichannel mesostructure will be of broad
academic and industrial interests. In this work, we investigated
their electronic properties and application as a photoanode in
DSCs, where both rapid charge transport and high surface area
are essential for high device performance."” As shown in Figure
SS, SI, the surface area of the as-prepared multichannel NWs after
being scratched off the substrate is measured to be 28.7 m*/g.
The roughness factor (RF) of our 25 ym long multichannel ZnO
NW arrays is 955, which is comparable to that of most commonly
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used NP films based photoanode (~1,000), but S-fold larger than
that of 1D ZnO NW arrays previously reported (RF < 200) with
similar thickness.”"'°

As we know, high surface area nanostructured electrode
normally associated with NP films have large number of grain
boundaries, lattice defects, and significantly low electron
mobility.* To understand the electron transport in [1010]
crystal oriented ZnO NW arrays, they were analyzed usin%
intensity-modulated photocurrent spectroscopy (IMPS).”
Figure 4a compares the electron diffusion coefficient (D) as a
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Figure 4. Electron transport, recombination, and current—voltage
characteristics of ZnO NW array-based DSCs. (a) Dependence of
electron diffusion coefficient on the photoelectron density based on
ZnO NW arrays (red circle) and ZnO NP films (black square). (b)
Transit time constants measured from IMPS as a function of serially
connected external resistance (R). (c) Dependence of the electron
transport and recombination times on photocurrent density determined
by IMPS/IMVS at short circuit and open circuit, respectively. (d) The
DSCs based on ZnO NW arrays give an open-circuit voltage of 0.65V, a
fill factor of 0.58, a short-circuit photocurrent density of 16.3 mA cm ™2,
and a power conversion efficiency of 6.15%. The photocurrent was
measured using AM-1.5 simulated sunlight (Oriel Sol3A Class AAA
Solar Simulator).

function of photoelectron density. The D value of NP-based
electrode displays the expected power-law dependence on the
photoelectron density, which has been ascribed to electrons
undergoing multiple trapping—detrapping events within an
exponential distribution of conduction band tail states.”® In
marked contrast, the D value of ZnO NW is much higher and
shows no dependence on the photoelectron density, indicating
that either the surface trap distribution on ZnO NW arrays is very
narrow in energy or the measured charge transport is limited by a
factor unrelated to the transporting process within the ZnO NW
arrays electrode.

In order to further understand such electron transport
behavior, we connected ZnO NW array-based solar cells to
external resistor with different resistances. Figure 4b shows the
measured IMPS time constants (z.) of whole device as a function
of the serially connected external resistance (R;). The value of 7,
increases linearly with the resistance of the externally connected

resistors. The fitting to 7. = (R, + R,)C yields approximately C =
2.2 X 107° F and R, = 32 ohm. This result indicates that the 7.
from IMPS measurement is determined by the resistor—
capacitor time constant of the devices,® rather than limited by
the charge transport process within the ZnO NW arrays. Thus,
the measured D value exhibits a photoelectron density
independent behavior and represents only the lower bound for
the actual diffusion coeflicient of ZnO NW arrays, i.e., the true
electron transport is much faster than that shown in Figure 4a. It
is worth to note that, even with this underestimation, the
apparent diffusion coefficients in [1010] oriented ZnO NW
arrays is 2 to 3 orders of magnitude higher than those in ZnO NP
films, when compared over a broad range of photoelectron
density. These results confirmed that the as-prepared single-
crystal-like ZnO NW arrays have not only high surface area but
also rapid charge transport properties that make it an ideal
electrode structure for future optoelectronic device applications.

To capitalize on the advantage of high surface area and rapid
charge transport properties, we fabricated DSCs using 25 um
long ZnO NW array-based photoanode developed in this study.
Figure 4c shows the dependence of electron recombination time
(7,) and transport time (7.) on photocurrent density of the cells.
The 7. value of ZnO NW array-based DSCs at short circuit does
not change with increasing light intensity, which is consistent
with the diffusion coeflicient being independent of the
photoelectron density (Figure 4a). In contrast, the 7, value
decreases (or recombination rate accelerates) with increasing
light intensity, which can be attributable to the increased local
concentration of injected electrons. The transport time is 2—3
orders of magnitude shorter than the recombination time across
the entire illumination intensity range, indicating that the
electron collection efficiency (#.) of our 25 um long high
surface area ZnO NW arrays is about 100%, as described by the
relationship 77, = 1 — (7./7,).”°

As shown in Figure 4d, under simulated AM 1.5 illumination,
DSCs based on ZnO NW arrays gives an open-circuit voltage
(V,.) of 0.65 V, a fill factor (FF) of 0.58, and a short-circuit
photocurrent density (J,.) of 16.3 mA cm™ that is consistent
with the incident photon-to-current efficiency measurement
(Figure S6, SI). The power conversion efficiency is 6.15%
without using a light scattering layer, which is the highest value
ever reported for 1D ZnO NW array-based DSCs. Even when in
comparison to the J,. value (~17—18 mA/cm?) of TiO, NP cells
that were fabricated under highly optimized condition,**" the J,.
value of our device is remarkable. As can be seen from Figure 1a,
some NWs are entangled at the tip part that may hinder dye
loading and ion movement in the electrolyte, which implies that
the J,. value and power conversion efliciency of our devices can
be further improved if well-separated NW arrays can be achieved
by using approaches such as supercritical drying techniques. The
rapid charge transport and low recombination of our NW-based
photoanode make it possible to use alternative redox shuttles
with faster reduction kinetics but smaller overpotential than the
traditional I7/I>~ system to increase the V,.*” Better device
performance can be further obtained by employing more
compatible dye or coating the electrodes with an ultrathin
chemically more stable metal oxide layer, such as TiO,, Nb,Os, or
AL O,

In summary, we have constructed [1010] oriented ZnO NW
arrays with a multichannel mesostructure on transparent
conductive substrate. The as-prepared ZnO NW arrays have
both rapid electron transport and high surface area that make
them ideal electrode materials for optoelectronic device
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applications. We have demonstrated the highest power
conversion efficiency of ZnO NW array-based sensitized solar
cells. ZnO NW arrays with such unique crystal orientation and
microstructure will be of broad academic and industrial interests,
for example, for the use in piezoelectric devices, sensors, catalysis,
light emission, solar cells, photodetectors, and so on.
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