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ABSTRACT

A method for growing vertical ZnO nanowire arrays on arbitrary substrates using either gas-phase or solution-phase approaches is presented.

A ~10 nm-thick layer of textured ZnO nanocrystals with their ¢ axes normal to the substrate is formed by the decomposition of zinc acetate
at 200-350 °C to provide nucleation sites for vertical nanowire growth. The nanorod arrays made in solution have a rod diameter, length,
density, and orientation desirable for use in ordered nanorod —polymer solar cells.

Solar cells made from blends of a light-absorbing, hole-  High-quality vertical ZnO nanowire arrays are grown using
conducting polymer and an electron-accepting inorganic epitaxy, either (1) heteroepitaxy with an appropriate single-
material are promising devices for inexpensive solar energy crystalline substrate (usually Ab; or GaN) or (2) homoepi-
conversion. Typically, blended polymeinorganic films are taxy with a textured ZnO thin film that is deposited on top
produced by spin coating a solution containing a mixture of of a nonepitaxial substrate (such as silicon or glass) to act
a conjugated polymer and either a fullerene derivative, as a nanowire nucleation layer. Of these two methods,
chalcogenide nanordef, or oxide nanocryst&P onto a heteroepitaxy is currently limited to insulating or expensive
transparent conducting substrate. Films made in this way cansubstrate$! 13 whereas thin-film-based homoepitaxy requires
be sufficiently thick and intimately mixed to efficiently —gas-phase preparation of the ZnO Id§€f and results in a
absorb light and separate charges, but they are poorlynanowire array that sits atop a disordered polycrystalline film.
structured for efficient charge transport to the electrodes Neither approach is particularly low-cost, versatile, or
because the doneicceptor interface is convoluted and promising for the fabrication of high-performance ZnO
discontinuous. In principle, a film designed to optimize nanowire optoelectronic devices, including solar cells. Re-
charge collection would consist of a perfectly ordered array cently, several groups have grown vertical ZnO nanowire
of continuous and crystalline inorganic nanorods oriented arrays on silicon or glass substrates without the use of a
normal to the electrode surface and encased in a layer ofpreexisting textured thin film. These arrays were synthesized
the polymers—8 To maintain efficient charge separation ina at temperatures ranging from 40600 °C using either
nanorod-based architecture, the rods must be th#fd(nm) metak-organic chemical vapor deposition (MOCVB)?
and closely spaced, with a rod-to-rod distance equal to pulsed laser depositidApr chemical vapor transport (CVH.
approximately twice the diffusion length of excitons in the To explain their nanorod alignment, one of the autfbrs
polymer, which is usually 520 nm. Zinc oxide is a nontoxic  hypothesized that a textured ZnO wetting layer formed prior
n-type semiconductor that has favorable band energies forto nanorod growth. If this notion is correct, it should be
forming heterojunctions with hole-conducting polymers and possible to better control the properties of this ultrathin film
can be grown as nanorod arrays with the appropriate of textured ZnO nuclei by preparing it in a separate synthetic
dimensions for efficient nanoretpolymer solar cells. The  step. One could then create seeded surfaces for the growth
nanorod architecture we present here is also sufficiently openof vertical ZnO nanowires on an assortment of substrates
to avoid the poor polymer filling that has plagued the using any nanowire growth technique, gas-phase or solution-
fabrication of cells based on nanoparticlated mesoporous  phase.
titania films?1© The decomposition or hydrolysis of zinc salts is an
. . : established route to the formation of ZnO colloids and
TSﬁ{vrgfspif’y”2}”8;}’},?&;?'5”;?&;'5;“”9@be”‘e'ey-e““- nanocrystals in aqueous soluti¢n?® We adapted this
*Lawrence Berkeley National Laboratory. approach to form layers of ZnO nanocrystals directly on a
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Figure 1. (a—d) Control of ZnO nanowire orientation by choice of nanoparticle seed. (a) XRD and (b) plan-view SEM data for an array
grown from ZnO nanocrystal seeds that were formed in situ on a silicon surface from the decomposition of a zinc acetate precursor at 350
°C. (c) XRD and (d) SEM data for an array grown from preformed ZnO quantum detd (8n) that were dispersed onto silicon by
dip-coating. Both arrays were grown for 30 min. Scale bars, 500 nm.

substrate by thermally decomposing zinc acetate at-200 a powder pattern because they rest at all angles on the
350°C. In our optimized procedure, a substrate is wet with substrate. XRD patterns of the resulting nanorod arrays
a droplet of 0.005 M zinc acetate dihydrate (98%, Aldrich) demonstrate that the orientation of the ZnO seeds directly
in ethanol, rinsed with clean ethanol after 10 s, and then determines the orientation of the nanorods. Although silicon
blown dry with a stream of argon. This coating step is substrates are used here for ease of imaging, we routinely
repeated three to five times. The substrate, now covered withobtain completely vertical rod arrays over the entire surface
a film of zinc acetate crystallites, is heated to 3&Din air of any of the substrates mentioned above. See Figure S1 of
for 20 min to yield layers of ZnO islands with their (0001) the Supporting Information for a plan-view image of vertical
planes parallel to the substrate surface. Alignment of the ZnOarray on ITO grown by the same aqueous method.
nanocrystals is substrate-independent and occurs on flat These vertical nanorod arrays are highly suitable for use
surfaces regardless of their crystallinity or surface chemistry, in ordered nanorodpolymer solar cells. First, the rod
including ZnO and AIO; single crystals, transparent con- diameter, length, spacing, and orientation are appropriate for
ducting oxides such as indium tin oxide (ITO) and fluorine- forming a high-performance bulk heterojunction by filling
doped tin oxide (FTO), amorphous oxides including glass the vertical array with a semiconducting polymer. Figure 2a
and silicon with its native oxide, and the oxide-free metals is a tilted SEM image of an array grown on silicon in aqueous
gold and titanium. The zinc acetate deposition and decom- solution, whereas Figure 2b shows a similar array in cross-
position procedure is carried out twice to ensure a completesection. Both arrays consist of nanorods with diameters of
and uniform coverage of ZnO seeds. 15-65 nm and lengths of 250400 nm, separated by gaps
We grew vertical ZnO nanorod arrays from the aligned of 5—45 nm (see also Figure S1). The nanorod number
nanocrystal seeds in aqueous solution at@@"-28Figure 1 density can be as high as 70 billion rods per square
compares a nanorod array grown from the aligned acetate-centimeter. These geometric parameters are tunable to
derived seeds with another array seeded with preformed ZnOvarying degrees by changing the growth time, solution
nanocrystaf® that were dip-coated onto the substrate surface. composition, or seed density. For example, the nanorod
X-ray diffraction (XRD) was performed on both seeded length increases linearly with growth time and can be tuned
substrates before and after wire growth. Prior to growth, the from 100 to 1200 nm before the rods begin to coalesce.
aligned seeds show only a (0002) reflection, indicating their Second, the rods grow directly from the substrate without
completec-axis texturing, whereas the dip-coated seeds give an intermediate thin film of ZnO that might complicate
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Figure 2. SEM characterization of vertical nanowire arrays on
silicon. (a) Image taken at a 24%ilt. Wire lengths and diameters
are 250-400 nm and 1565 nm, respectively. Scale bar, 500 nm.
(b) Cross-sectional image of a different array showing the absence
of an intermediate nanoparticle layer. Scale bar, 200 nm.

electron transport. Our ZnO rod arrays form ohmic junctions
with ITO; two-point electrical measurements give linear
current-voltage (—V) traces similar to recent measurements
on nanowire arrays produced from preformed sééde
ZnO rod arrays are filled easily with hole-conducting
polymers such as poly(3-hexylthiophene) to yield functioning
solar cells®®

The aligned ZnO seeds were characterized with transmis-
sion electron microscopy (TEM) and scanning tunneling
microscopy (STM) to better understand their microstructure
and mechanism of formation. For TEM studies, acetate-
derived seeds were grown directly on a TEM membrane
window grid (50-nm-thick SN4 window, ~2 nm RMS
roughness, SPl Supplies) using only one deposition
decomposition cycle to ensure a relatively low seed density. g{ggugg% g)‘&_‘rr gﬁ/tleiﬂ]zg‘tfg ]f’;tgﬁ a}gestgfaedderngidozr]ntﬁesgtejgfzgacge
Figure 3a s a I.att|ce-resolved image Of a smgle.ZnO seeda flat, electron-transpa?'ent& mgmbrane.gThe labeled distance
on the TEM window. The labeled lattice_directions cor- f 2 86 A corresponds to thgl010} lattice spacing. Scale bar, 6
respond to the perpendiculft010} and{1120} planes of nm. (b) Electron diffraction of an ensemble of seeds on the same
ZnO, confirming that the axis is normal to the membrane nitride window. The (0002) ring is missing from the pattern,
surface. Weak hexagonal faceting of the seed is also evidentfc?“;'?;e“gic"‘ﬁ‘a Sg%?%'sa:és ¢ }ZXteL;“C’)‘r? I'?I)tr}ehese?)?nsté (c:?msi;—imal
Low-magnlflcathn TEM 'ma_ges_ (nOt,ShO\,Nn) indicate that hepigﬁt c%rrespor?d to the ITO Zurface, which wF;s confirmed by
the seeds are fairly uniform in size with diameters 6fl5 imaging samples with a lower seed density to allow a clear view
nm. Selected area electron diffraction (SAED) was utilized of the underlying substrate. Height bar is in units of nanometers.
at low magpnification to investigate the alignment of the seed Scan parameters: 100 mV and 200 pA. Scale bar, 10 nm.
ensemble. The polycrystalline diffraction pattern in Figure
3b lacks the (0002) ring, as expected for seeds with strongcycles. STM topography images (Figure 3c) show that the
c-axis texturing normal to the membrane and no in-plane seeds are relatively flat platelets with diameters-628 nm
rotational alignment. and thicknesses of-36 nm. The average diameter of the

For STM studies, acetate-derived seeds were formed inseeds is somewhat larger than was found in TEM, probably
situ on flat ITO substrates<(1l nm RMS roughness, Thin  as a result of STM tip convolution. Structurally, a film with
Film Devices, Inc.) using two depositierdecomposition a maximum thickness of about 10 nm is formed from two
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Figure 4. Gas-phase growth of oriented ZnO nanowires on nonepitaxial substrates. (a) ZnO nanowires grown on a silicon (100) surface
from acetate-derived seeds; image taken at‘atdt5Inset is a plan-view image. (b) ZnO nanowires grown on the same surface without
seeds (but with gold catalyst), imaged at & 48. Inset is a plan-view image. All scale bars are one micron.

to three seed layers, which is consistent with SEM measure-{0001} surfaces have roughly a 60% higher cleavage
ments that fail to resolve a particle layer at the base of the energy® than the nonpolar{1010} and {1120} faces,
nanorods. The combined XRD, TEM, and STM data strongly independent of the specific functional used in the calcula-
suggest that-axis texturing occurs across the ZnO seed tions. However, surface-sensitive spectroscopic sttfttes
multilayer. show no evidence for substantial charge transfer on real ZnO-
This aligned seeding strategy is compatible with any ZnO {0003 faces, calling the relevance of the theoretical findings
nanowire growth method, including gas-phase techniques.into question. Scanning tunneling microscopy has shown that
As an illustration, we used a gold-catalyzed carbothermal clean (0001)-Zn faces roughen across two atomic layers in
reduction metho#t to grow ZnO wires on silicon (100) order to stabilize themselves by nonstoichiometry (mecha-
substrates at 908C. Figure 4 compares arrays made from nism 3)#%42 adsorbates may also be involved. Stabilization
substrates with and without acetate-derived seeds. Bothof the (000)-O facet is more controversial. When clean, this
substrates were coated with 20 A of gold immediately before surface is unambiguously atomically flat and stoichiometric.
nanowire growth. While the unseeded substrate yielded aRecent ion-scattering evidence suggests that adsorbed hy-
disordered wire array, as one would expect for nonepitaxial drogen is important for charge neutralization on the (98D1
ZnO growth on silicon, the seeded substrate produced verticalface/*4*but other studies dispute this possibilityand the
wires (see also Figure S2). Vertical wire arrays were also problem is unresolved. Experiments have thus far yielded
grown from seeded substrates without the gold film. These no reliable quantitative information on the energies of the
gas-phase wires grow to significantly larger diameters at a various ZnO surfaces, perfect or otherwise.
lower density than the solution-phase wires, perhaps because If the ZnO{0001 faces are the highest-energy low-index
of different growth mechanisms or seed aggregation at high planes, as theory claims, we face an immediate problem in
temperature. We note that control experiments using sub-explaining the dominance afaxis texturing in ZnO islands,
strates with neither seeds nor gold showed no nanowirethin films, and nanowires. ZnO films deposited at elevated
growth. temperatures are usually oriented with thexis perpen-
We now examine the reason for theaxis alignment of dicular to the substrate surface, even on amorphous substrates
the acetate-derived ZnO seeds. As a reminder, the polarsuch as glass. Moreover, single-crystalline ZnO nanowires
{00071 faces of wurtzite ZnO are electrostatically unstable synthesized without the use of epitaxy almost always grow
Tasker type Il surfacé3 that cannot exist without a along thec direction, regardless of growth method (gas- or
mechanism to redistribute their surface charge and lower theirsolution-phase). These growth habits suggest that thes
free energy. Polar surfaces are generally stabilized in one ofis the fastest growth direction and therefore that Z0a 1
three ways® (1) surface reconstruction or faceting; (2) the is the highest-energy of the low-index surfaces, in agreement
transfer of charge between surfaces (i.e., electronic relax-with theory. It is reasonable to expect that ZnO film/wire
ation); or (3) surface nonstoichiometry, including the neu- orientation is determined by the nucleation and growth of
tralization of surface charge by adsorbed molecules. Thethe first few layers of zinc and oxygen atoms. How does
{0001} facets of ZnO have been studied heavily both c-axis texture develop in these initial nuclei when {01
experimentally and theoretically to clarify the operative planes are higher in energy than other ZnO surfaces?
stabilization mechanisms, especially after it was pointe#fout ~ Our acetate-derived ZnO seeds provide an important new
that neither surface reconstructs (which rules out the mostexample ofc-axis alignment. Each seed is a relatively flat
common stabilization pathway, mechanism 1). platelet that is 2540 atomic layers thick. Because seed
We summarize the results of these studies here as a pointlignment occurs on disparate, nonepitaxial surfaces, ZnO-
of reference. Ab initio calculations performed for perfect substrate interactions are probably not an important driving
ZnO{ 0007} facets consistently find that stability is achieved force for texturing. Instead, texturing seems to be an intrinsic
by an exchange of charge mediated by surface statesthermodynamic feature of the growth of these nuclei. We
(mechanism 2¥°-38 According to these models, optimized propose three mechanisms that could enable cHasis
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texturing of nucleating ZnO seeds despite the high energy growth technique, gas-phase or solution-phase, to fabricate
of the {0001} surfaces: (1) molecules present under the high-density vertical wire arrays free of intermediate thin
experimental conditions adsorb onto nasd@@01] surfaces films or nanoparticle layers. The arrays grown from aqueous
and stabilize them relative to competing facets. In the solution feature a nanorod diameter, length, density, and
decomposition of zinc acetate to ZnO, these adsorbates wouldrientation that make them highly suitable as the inorganic
be primarily acetate and hydroxyl groups. (2) THGO0L scaffold in efficient nanorodpolymer solar cells.

surface energy depends on the crystal thickness so that very

thin ZnO crystals prefer 80003 orientation, which is then Acknowledgment. This work was supported by the
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