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ABSTRACT: Here we describe a simple, versatile technique to
produce large-scale arrays of highly ordered ZnO nanorods.
Patterning of three distinct ZnO crystal morphologies is
demonstrated through use of different ZnO seed layers. Array
formation is accomplished through a simple variation on
nanosphere lithography that imprints a thickness variation across
a PMMA mask layer. The area of exposed seed layer is controlled
through etching time in an oxygen plasma. Subsequent hydro-
thermal growth from the patterned seed layer produces high-
quality ZnO crystals in uniform arrays. The high uniformity of the
patterned array is shown to induce a high contact angle hydrophobic state even without the need for chemical modification of the
ZnO surface. This technique provides a straightforward way to integrate the optical and electrical properties of high-quality ZnO
nanorods with the tunable fluidic properties at the surface of well-ordered arrays.
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1. INTRODUCTION

One-dimensional nanostructured ZnO materials display
enhanced light absorption and extraction; improved charge
transport and large surface to volume ratio making them
excellent candidates for electronic, optoelectronic, electro-
chemical, and electromechanical devices.1−3 Vertical alignment
of the ZnO nanorods further expands potential applications due
to the higher element density. This has enabled the
development of quasi-3D structured devices such as LEDs,
laser diodes, vertical FETs, biochemical sensors and photo-
voltaic cells.4−8 More recently, the challenge has become to
synthesize well-ordered vertically aligned nanorod arrays
because the uniform separation and high symmetry can induce
collective behavior among the nanorods in the array. Potential
applications of this emergent behavior include photonic crystals
for light transport9−11 and designed surfaces for micro-control
of liquid at interfaces.12,13

A variety of patterning approaches have been introduced to
achieve vertically aligned ZnO nanorod arrays such as electron-
beam lithography and laser-interference lithography.9,10,14

These nanoscale lithographic techniques produce arrays of
excellent uniformity, however, they require expensive facilities
and complex processing. In recent years nanosphere lithog-
raphy (NSL) has emerged as a promising alternative capable of
high-precision wafer-scale hexagonal-patterned arrays from
which ZnO nanostructures can be grown. Typically, NSL
patterning has been used in conjunction with vapor phase
synthesis of ZnO nanostructures.15−18 The need for vacuum
processing and ZnO crystal contamination by the metal catalyst
has encouraged the search for an improved synthesis technique.
Recently, hydrothermal synthesis has shown promise as a
simpler, more controllable technique.19,20 Preliminary work has
produced good results, however, there are still two primary

drawbacks. First, ZnO crystal growth is generally initiated from
a heterogeneous single crystal substrate. This limits the
achievable crystal morphologies and orientations. Second,
inorganic sols are frequently used to transfer the nanosphere
pattern to the substrate. The inorganic sol is difficult to remove
and may interfere with some potential applications.
Here we demonstrate a simple technique that simultaneously

satisfies three critical design principles: (i) growth of high-
quality ZnO nanorods of controllable morphology; (ii)
patterning into uniform, well-ordered arrays; (iii) use of a
simple, low-cost process. The crystal morphology is controlled
through selection of an appropriate ZnO seed layer. Patterning
is accomplished through a simple variation on nanosphere
lithography that creates a topographical thickness variation
across a PMMA mask layer. The area of exposed seed layer is
controlled through etching time in an oxygen plasma.
Subsequent hydrothermal growth produces high quality
nanorods patterned into uniform arrays. The high uniformity
of the array is indicated by the transition to a high contact angle
hydrophobic surface state even without chemical modification.
This work expands the possibilities for the integration of the
excellent optical and electrical properties of high-quality ZnO
nanorods with fluidic technologies for applications such as
waterproof optoelectronics and opto-fluidics.

2. EXPERIMENTAL SECTION

The process flow for fabrication of patterned ZnO nanorod
arrays is shown in Figure 1. Three different types of ZnO seed
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layers were studied and will be referred to by the type number
in the text. Type I seed layers were prepared by RF magnetron
sputtering of a stoicheometric ZnO target onto the native oxide
of a silicon wafer. Type II seeds were prepared on a clean
Si(100) wafer by pulsed laser deposition. Type III seeds were
grown epitaxially by pulsed laser deposition on Al2O3 (0001)
substrates. Detailed crystallographic analysis of the ZnO seed
layers and resulting ZnO nanorod structures were reported
previously.14

Patterning is accomplished by first spin coating a 200 nm
layer of poly(methyl methacrylate) (PMMA) over the ZnO
seed film. The PMMA is briefly exposed to an oxygen plasma
(30 W, 3 sec) to transform the initial hydrophobic surface into
a hydrophilic surface. On the PMMA-coated substrates, a
hexagonally close-packed monolayer of silica spheres is
deposited by Langmuir-Blodgett assembly (Figure 1b). Next,
the samples are heated to 180°C for 4 min to soften the PMMA
and allow the silica spheres to sink down into the polymer

layer. The embedded silica spheres are removed via chemical
etching with a diluted hydrofluoric acid solution (H2O:HF =
50:1). The resulting topographical pattern in the PMMA layer
consists of a hexagonal-array of circular depressions surrounded
by raised meniscus rings caused by capillary wetting around the
spheres (Figure 1d). A mild etch of the PMMA layer with an
oxygen plasma (30 W, 5−20 s) erodes the PMMA layer
exposing the underlying ZnO seeds to an extent that is
controlled by the etching time (Figure 1e).
Following patterning, ZnO nanostructures are grown from

the exposed seed areas by hydrothermal synthesis using a
standard recipe.21 Briefly, the patterned substrates are placed in
an aqueous solution containing (0.025 M) zinc nitrate
hexahydrate (Zn(NO3)2 6H2O, Sigma-Aldrich) and (0.025
M) hexamethylenetetramine (C6H12N4, Sigma-Aldrich). The
equimolar solution is placed in an oven at 90 °C for 12 h
creating well- ordered, vertically aligned ZnO nanostructures
(Figure 1f). The PMMA mask remains after the hydrothermal

Figure 1. Schematic illustrating the patterning process to produce well-ordered, vertically aligned ZnO nanorods.

Figure 2. Topographical patterning of the PMMA etch mask: (a) top-view SEM of self-assembled silica spheres; (b) cross-sectional view showing an
silica sphere sunk into the PMMA layer; (c) AFM topography of the PMMA layer after removal of the silica spheres; (d) AFM surface profile and
schematic showing the sunken central depressions and the raised meniscus outer rings.
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growth and can be removed by a short O2 plasma etch, though
this step was not carried out on the samples reported here. The
resulting samples were washed in deionized water and analyzed
microscopically via field-emission scanning electron microscopy
(FE-SEM, JEOL JSM-7600F) and atomic force microscopy
(AFM, Park Systems, XE-100). The surface wetting properties
were measured by a water contact angle system (Contact Angle
Meter, GBX-DigiDrop).

3. RESULTS AND DISCUSSION

Figure 2 shows the hexagonally close-packed monolayer of
silica spheres and the subsequent PMMA topographical
patterns. When heated to 180 °C the PMMA softens and the
silica spheres sink down into the polymer layer as shown in
Figure 2b. After removal of the silica spheres, the resulting
surface topography exhibits a uniform pattern of circular

depressions surrounded by raised meniscus rings. The depth of
the depressions are ∼40 nm below and the meniscus rings peak
up ∼20 nm above the original surface level (Figure 2d).
An oxygen plasma is used to etch the PMMA layer. Because

of the patterned thickness variations, etching time sensitively
tunes the area of the underlying seed layer that is exposed
(Figure 3). If the etching time is insufficient (time <8 s), a
continuous layer of PMMA remains across the surface fully
masking the seeds and preventing ZnO nanorod growth
(Figure 3a). With an appropriate etching time (8−13 s),
circular regions of the seed layer are exposed from which ZnO
nanostructures are grown (Figure 3b). Control of the ZnO
nanostructure size therefore, can be accomplished by a
combination of two factors. First, the size of the original silica
spheres sets the overall lattice spacing of the array. Second, the
degree of etching sets the size of the individual nanostructures
within the pattern. Finally, in the case of over-etching (t ≈ 13

Figure 3. Etching control of the PMMA mask: (a) under etching with no exposure of the underlying ZnO seed layer and no subsequent growth of
ZnO nanorods; (b) appropriate etching to expose central regions of the pattern and growth of circular ZnO nanorods; (c) excessive etching leaving
only PMMA in the outer meniscus rings.

Figure 4. Growth of three types of ZnO nanorod patterns: (a) type I nanoflowers lacking both in-plane and c-axis orientation; (b) type II
multidomain columns with good c-axis orientation, but lacking in-plane orientation; (c) type III single crystal columns with both excellent in-plane
and c-axis orientation.
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s), most of the PMMA can be removed except the raised
meniscus rings. Growth from this mask produces well-ordered,
circular wells surrounded by a continuous ZnO nanorod layer
(Figure 3c). This form holds the liquid in nano-scale contact
with the ZnO and might find applications in nanowell analytical
sensors or catalytic nanoreactors for fine chemical syn-
thesis.22,23

A key advantage of this technique is the utilization of a ZnO
seed layer to initiate the nanorod growth. The seed layer both
enables the selection of the desired crystal morphology within
the pattern and promotes high-quality crystallization. To
illustrate this point, we grew patterned arrays from three
distinct seed layers with different c-axis and in-plane crystallo-
graphic orientations. Type I seeds lack both in-plane and c-axis
orientation. The resulting bundles of radially protruding
nanorods resemble nanoflowers as seen in Figure 4a. Type II
seed films have good c-axis orientation, but lack in-plane
orientation. Hydrothermal growth from this patterned seed
layer produces arrays of multidomain columnar structures
(Figure 4b). Type III epitaxial seed films display both c-axis and
in-plane orientations. The resulting arrays are composed of
single-crystal ZnO columns with well−defined hexagonal facets
(Figure 4c). Taken together, Figures 3 and 4 show that this
technique enables the independent optimization of both the
individual ZnO nanorod units and the overall patterning of
these units into arrays. Moreover, this technique has potential
to be scaleable due to the ability to create large-scale
nanosphere patterns with the Langmuir−Blodgett assembly
technique coupled with the ability to grow the high-quality

nanorod arrays hydrothermally at low temperature in ambient
pressure ovens.
Collective properties will depend on the orientation of the

individual hexagonal nanorods within the array. Figure 5 shows
a fortuitous region illustrating the range of possible orientations
of the individual ZnO nanorods with respect to the overall
hexagonal symmetry of the array. When the in-plane crystal
orientation of the seed coincides with the orientation of the
silica sphere array, the resulting ZnO nanorods have the same
orientation as the overall pattern as noted in region I (Figure
5c). When the in-plane crystal orientation of the seed is rotated
by 30° with respect to the hexagonal arrangement of spheres as
seen in region II, the result is an inverse honeycomb structure
(Figure 5d). For the general case of angles between 0 and 30°
(region III), intermediate orientations are observed (Figure
5e). Orientational control of the individual ZnO nanorod units
relative to the overall symmetry may prove useful for defining
the photonic or electrical coupling among the arrays. It may
also be possible to use these patterns to control particle
movement over the surface, e.g., in microfluidic particle or cell
sorting.24,25

Zinc oxide nanorod arrays with excellent pattern uniformity
enable the surface to display emergent properties. A prime
example is the emergence of a hydrophobic wetting state from a
hydrophilic material through surface texturing. This transition is
demonstrated for the patterned ZnO nanorod arrays in Figure
6. Wettability of a surface depends on both the intrinsic surface
affinity for the liquid and the surface texture. Zinc oxide is
intrinsically hydrophilic and films of all three types of ZnO seed
layers show similar values for the static water contact angle, CA

Figure 5. Orientational control of the ZnO patterns: (a) SEM of self-assembled silica spheres showing three regions with different relative
orientation between the hexagonal sphere pattern and the underlying ZnO seed in-plane orientation, (b) ZnO nanorods grown from the pattern
shown in a; (c−e) magnified SEM images of ZnO nanorods with different orientations within the array: (c) the ZnO ⟨1000⟩ crystal vector is parallel
with the ⟨1000⟩ direction of the overall hexagonal array; (d) ZnO ⟨1000⟩ crystal is rotated by 30° compared to the array’s hexagonal lattice; (e) an
intermediate angle between 0 and 30°.
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≈ 68−75°. Growth of ZnO nanorod arrays introduce
significant surface texturing that strongly increases the contact
angle for all three ZnO nanostructure morphologies (Figure
6b). Heating the nanorod arrays at 150 °C was found to
increase the contact angle in all three ZnO topographies
(Figure 6c). When dynamic wetting tests were carried out, all
samples showed a large CA hysteresis with significant water
adhesion as demonstrated in Figure 6d for substrates tilted at a
90° angle. The quantitative trends in the contact angle of the
surfaces are shown in Figure 6e.
Surface wetting properties are determined through a

combination of the intrinsic surface energy of the ZnO facet
in contact with the water and the surface texture.26 The
wurtzite structure of the ZnO nanorods consists of alternating
zinc and oxygen atomic layers along the c-axis. The minimum
energy is a top surface terminated by Zn+ ions, leaving a polar
surface with large affinity for polar water molecules.27 The non-
polar side facets are generally terminated with hydroxyl groups
providing a moderately hydrophilic surface in their initial
state.28 Additionally, the surface texture plays an important role
in the surface wetting.29−31 In the Wenzel state, water remains
in full contact with the rough surface increasing the total surface
area and amplifying the intrinsic surface properties. When air
becomes trapped within the topographical features, however,
the surface area decreases and is replaced with the perfectly
hydrophobic air−water interface. In this Cassie state, the
hydrophobicity of the surface increases to the extent that the
effective surface area is reduced.
From this background, it is possible to interpret the wetting

behavior and water adhesion of the three types of ZnO nanorod
structures. Type I nanoflowers are composed of narrow rods
with irregular spacing and poor vertical orientation resulting in
little air trapping. Water penetrates into the spaces between
rods and the surface exists in the Wenzel state. On the other
hand, both type II multi-domain columns and Type III single-
crystal columns are vertically oriented and able to trap air
leading to a more pronounced hydrophobicity (CA of 122 and

137°, respectively). The ability to trap air suggests that the
vertically aligned nanorod arrays are in the Cassie state. This is
supported by the observation that when the water droplet is
pushed into the surface the CA abruptly decreases because of
air being forced out of the interconnected channels between the
nanorods. Heating the ZnO nanorod arrays alters the surface
energies by driving the terminal OH groups from the ZnO
facets making them more hydrophobic. Type I nanoflowers
show the largest improvement upon heating because in the
Wenzel state the side facets are in contact with the water. Type
II and Type III vertical nanorods show a more modest CA
improvement because the top surface still has a strong affinity
for the water, but air trapping is promoted by more
hydrophobic side facets leading to less water penetration
between the nanorods. The surface affinity also explains the
large surface adhesion. In all three types of ZnO nanorod
arrays, the top facet is terminated by Zn+ ions, which will
electrostatically attract the water dipole, leading to strong
adhesion despite the large contact angle as observed in Figure
6d.
The natural Lotus leaf uses two important design strategies:

strongly hydrophobic surface coating and multi-scale structure
to amplify the hydrophobic properties.32 The static water
contact angle of the Type III single crystal nanorod arrays (CA
≈ 154°) approach that of the Lotus leaf (CA ≈ 160°) despite
having no hydrophobic surface modification. Previous work on
ZnO surfaces designed using the Lotus principles has achieved
contact angles up to 170°.33−36 Because of the low surface
energy of the hydrophobic coating, water droplets have a low
adhesion leading to the self-cleaning properties of the Lotus
effect. In contrast, our surfaces display both a large contact
angle and high surface adhesion as have been observed for
titania and zinc oxide designed surfaces.37−39 In this work, the
lack of a chemically modified surface allows the direct contact
between the ZnO nanorods and liquid. This enables the
electrical, optoelectronic and chemical functionality of the high
quality nanorod arrays to interact directly with the liquid at the
surface. The high CA and large adhesion enables the
localization of liquid droplets on the surface even when tilted
and shaken potentially making them valuable for biochemical
sensors and catalytic nanoreactors.40

4. CONCLUSIONS
A simple technique to produce large-scale arrays of highly
ordered ZnO nanorods was demonstrated. Three distinct ZnO
crystal morphologies were prepared by use of different ZnO
seed layers. For array formation, we used a simple variation on
nanosphere lithography that patterns a thickness variation
across a PMMA mask layer. Control of the etching time of the
mask layer with an oxygen plasma enabled the tuning of the
area of seed layer exposed. Subsequent hydrothermal growth
produced high-quality ZnO crystals in uniform arrays. The high
uniformity of the pattern was shown to induce the hydrophobic
surface state without the need for chemical modification of the
ZnO surface.
This combination of excellent individual crystal control and

their arrangement into highly regular arrays suggests the
possibility of using ZnO surfaces for micro-control of fluids.
Some possibilities include: droplet control on the surface,
biochemical sensors of small volumes, small-scale chemical
reactors, and particle sorting at interfaces. Furthermore, this
work encourages development in the integration of the
excellent optical and electrical properties of high quality ZnO

Figure 6. Water contact angle measurements for the three types of
patterned ZnO nanostructures: (a) bare ZnO seed films; (b) as-grown
ZnO nanostructures; (c) ZnO nanostructures after thermal treatment;
(d) water adhesion on substrates inclined at a 90° angle. (e)
Corresponding water contact angle graph.
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nanorods into fluidic technologies to promote applications such
as waterproof electronics and optofluidics.
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