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ABSTRACT: Nanostructured ZnO materials are of great significance for their potential applications in photoelectronic devices,
light-emitting displays, catalysis and gas sensors. In this paper, we report a new method to produce large area periodical bowl-like
micropatterns of single crystal ZnO through aqueous-phase epitaxial growth on a ZnO single crystal substrate. A self-assembled
monolayer of polystyrene microspheres was used as a template to confine the epitaxial growth of single crystal ZnO from the
substrate, while the growth morphology was well controlled by citrate anions. Moreover, it was found that the self-assembled monolayer
of colloidal spheres plays an important role in reduction of the defect density in the epitaxial ZnO layer. Though the mechanism is
still open for further investigation, the present result indicates a new route to suppress the dislocations in the fabrication of single
crystal ZnO film. A predicable application of this new method is for the fabrication of two-dimensional photonic crystal structures
on light emitting diode surfaces.

Nanostructured ZnO materials have been extensively studied
due to their potential applications in photoelectronic devices,
light-emitting displays, catalysis and gas sensors. Many kinds
of ZnO nanostructures, such as nanoflowers,1 nanorods2,3 and
nanotetropods,4,5 are reported in the literature. More complex
nanostructured ZnO films were fabricated by utilizing a
sequential nucleation and growth method.6 A new trend is to
integrate individual nanostructured ZnO blocks into a large
highly ordered assembly which is crucial for achieving adequate
device performance. Hsu et al.7 reported the fabrication of
hierarchical micropatterns by the selective growth of ZnO
nanocrystals. By utilizing a self-assembled microsphere mono-
layer as a template, periodic ZnO nanorod arrays8 were
successfully obtained. Bowl-like microstructured ZnO and TiO2

were also reported in the literature,9–11 in which the methods
of nanoparticles/colloidal spheres codeposition, electrochemical
deposition and atomic layer deposition were used to construct
the bowl-like porous skeletons. In order to get periodic
structures, controlling nucleation sites and growth morphology
are important. Several methods12–14 have been put forward to
produce large area ZnO nanorod arrays through fluid flow driven
self-assembly or growth on patterned Si substrate. A few
researchers15,16 reported the synthesis of single-crystalline
patterned ZnO structure through solution-based epitaxial growth.
In this paper, we report a new method to produce large area
periodical bowl-like micropatterns (PBLM) of single crystal ZnO
through aqueous-phase epitaxial growth on a ZnO single crystal
substrate. A self-assembled monolayer of polystyrene (PS)
microspheres was used as a template to confine the epitaxial
growth of single crystal ZnO from the substrate and form

PBLM. Citrate anions were employed to control the growth
morphology which was proven to be crucial to obtain the
presented micropattern. On the basis of the knowledge of the
authors, this is the first time for a report on the synthesis of
such a micropattern of single crystal ZnO.

It is well-known that the light-emitting efficiency of a light-
emitting diode (LED) is greatly limited by the internal reflection
of the emitting light at the solid/air interface. It has been
demonstrated that constructing photonic crystal (PC) structures17–23

on the LED surface is a promising way to solve the problem.
The present study provided a simple route to construct two-
dimensional PC structure on the surface of single crystal ZnO
substrate. Moreover, our method is based on an aqueous-phase
synthesis of nanostructured ZnO and a totally chemical proce-
dure for the preparation of patterned substrate. It offers the
potential for low-cost, industrial-scale manufacturing6 of PC-
assistant LED devices. In addition, it was surprisingly revealed
that the PS monolayer, which was used as a template for
subsequent epitaxial growth, can obviously reduce the defect
density and obtain high-quality epitaxial film. Different from
the extensively reported “window” effect and lateral epitaxial
overgrowth (LEO) technique by which threading dislocations
could be suppressed,15,16 the confinement effect of adjacent PS
spheres may provide a new mechanism for efficiently reducing
defect density in the epitaxial ZnO thin film.

Figure 1 shows a schematic of our experimental procedure.
The single crystalline ZnO(0001) films with Zn-polarity were
grown on Si(111) wafers by molecular beam epitaxy (MBE)24

and were used as seeds in the subsequent hydrothermal growth
of micropatterned ZnO film. The thickness of the MBE-grown
ZnO film was 900 nm. PSs (10% in water) with a diameter of
1 µm and 583 nm were self-assembled to make a monolayer
mask25 on the MBE-grown ZnO(0001)/Si(111) template. Then
the substrate was heated at 90 °C for 15 min to sinter the
colloidal spheres before the hydrothermal growth. The prepared
monolayers of PSs were used as template film, which is shown
in Figure 1I. The specimen was mounted upside-down in a
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sealed Teflon cylindrical container, containing a 30-mL solution
of 0.3 M methenamine (C6H12N4, HMT), 0.03 M zinc nitrate
hexahydrate (Zn(NO3)2 ·6H2O) and 1.5 mg of sodium citrate.
The reaction temperature and time are 60 °C and 36 h,
respectively. The chemical reaction procedure was described
in the literature.26 The growth thickness can be controlled by
the hydrothermal growth time. ZnO growth in the hydrothermal
crucible was carefully controlled so as to enhance permeation
of precursor solution and nucleation of ZnO in the interstitial
space among the PSs of template film. Therefore, the PSs were
buried in the as-grown single-crystal ZnO, which is shown
schematically in Figure 1II. After removal of the PSs (burned
off at 450 ° or dissolved in toluene), the periodical bowl-like
single-crystal ZnO film could be obtained, which is shown
schematically in Figure 1III.

Figure 2a-c shows the SEM images of the synthesized ZnO
film of PBLM. The hydrothermal growth was carried out for
36 h at the growth temperature of 60 °C. When the growth
process was finished, the PSs were burnt off and left bowl-like
air pores in the grown film. Figure 2a clearly shows that the air
pores are arranged in a close-packed hexagonal-pattern, while
the surface of the PBLM film was kept flat and smooth. To
reveal the fine structure of PBLM film, the magnification SEM
image is shown in Figure 2b. Due to the close-packing of the
PSs, the air pores are tightly connected to each other through
the small tunnels between two adjacent air pores. The cross-
sectional SEM image of the sample is shown in Figure 2c. The
image shows that the top porous layer integrated into the seed
substrate very well. Almost no interface between the porous
layer and the seed substrate could be distinguished on the image.
It indicated that the epitaxial growth of single crystal ZnO was
achieved. The diameter of the air pores is 1030 nm, which is
consistent with the size of the PSs. This implies that no obvious
shrinkage occurred in the synthesis of the porous film.

In the above procedure, a key issue is how to keep growth
of ZnO homogeneous and smooth in the interstitial space among
PSs during the growing process. It is well-known that ZnO
grows rapidly in the [0001] direction. The growth rate of ZnO
crystal should be well controlled in the experiment. The
interstitial space among PSs can be divided into two parts, as
shown in Figure 3a. It should be noted that the interstitial space
is only several nanometers. Part I region is exposed to the
solution directly. Zn2+ and HMT in the solution can readily

diffuse to this region. On the contrary, part II region is shadowed
by the PSs. Therefore, it is difficult for the solute to enter this
region. Figure 3b shows the projection areas of part I and part
II on the seed substrate. It is easy to understand that the easy
diffusion of solute into region I induced the leading growth on
the part I′ region of the substrate prior to the part II′ region.
Figure 3c,d shows the SEM images of the sample growing in
the precursor solution without adding sodium citrate. The surface
morphology of the sample is ragged. This implied that the
growth rate in region I′ is much faster than that in region II′.
Once the crystal growth in region I′ approaches the pore throat,
it will further hinder the solute diffusion into the niche
surrounded by three close-packed PS spheres. The crystal growth
in region II′ was seriously suppressed. In order to solve the
problem, it is necessary to suppress the growth in the ZnO
[0001] direction so that the precursor solution can diffuse into
the part II region. It has been demonstrated that citrate anions
can control the crystal morphologies by adsorbing strongly on
mineral surfaces27 and altering the mineral growth behavior.28

The citrate ions are absorbed preferentially on the (0001) surface

Figure 1. A schematic of the experimental procedure. The left panel
shows the reaction container, the components of the precursor, and the
status of the substrate; the brief fabrication procedure of ordered porous
single crystal ZnO is shown in the right panel.

Figure 2. SEM images of a periodical bowl-like micropattern on single
crystal ZnO substrate with PSs of 1 µm as the template. (a) The surface
morphology with the citrate as the growth rate buffer agent. The
hydrothermal growth time and the temperature are 36 h and 60 °C,
respectively. (b) Magnification SEM image of (a), (c) cross-sectional
SEM image of (a), (d) X-ray diffraction spectrum of (a).
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of ZnO and thus inhibit the crystal growth along the [0001]
orientations.29 In the experiment, we added a suitable amount
of citrate in the solution to slow down the crystal growth along
the [0001] orientation. The quality of the single-crystal porous
ZnO film is improved remarkably (as shown in Figure 2a).
Adding citrate ions into the precursor solution made the crystal
growth in the pore niche more homogeneous.

We studied the crystal structure of the synthesized porous
ZnO film by X-ray diffraction spectra (XRD), which is shown
in Figure 2d. It can be seen that only diffraction peaks belonging
to ZnO [001] reflections appeared on the XRD spectra, which
is very consistent with the normal XRD spectra from single
crystal ZnO film. It demonstrated that the porous ZnO film
preserved the single crystal structure of the seed substrate and
strongly orientated in the [0001] direction, even if the PSs
template was used in the hydrothermal growth.

TEM and high-resolution electron microscopy (HREM)
experiments were used to characterize the microstructural
features of the two epitaxial ZnO layers, parent epitaxial layer
(P) and the daughter epitaxial layer (D), at the atomic scale.
Figure 4a is a low magnification image of the ZnO thin film
covered with a monolayer of PSs. The parent ZnO layer is
indicated by 1 and the daughter epitaxial ZnO thin film is
indicated by 2. An obvious interface between zone 1 and
zone 2 was observed as indicated by the white dash line in
Figure 4a. The selected area diffraction patterns taken from
areas B, C and D are shown as b, c and d, respectively. It
reveals that the parent epitaxial layer is single crystalline
ZnO on Si substrate. The epitaxial growth is with an
orientation relationship of (0001)ZnO || (1j11j)Si and [21j1j0]ZnO

|| [011]Si. The HREM image shown in Figure 4e (taken from
the framed region E of Figure 4a) reveals that the features
of parent epitaxial layer is high quality single crystalline ZnO
film. The parent ZnO film shows excellent epitaxial characters
at the atomic scale. The white dots can be regarded as atomic

chain projects according to the electron diffraction theory30

with a first-order approximation. The simulated HREM image
and the corresponding experimentally recorded HREM image
are shown as insets in Figure 4e and they agree with each
other very well. The parent epitaxial layer was through two
transition layers as indicated as SiOx which is typical in
conventional MBE growth of oxides on Si substrate.31 It is
noteworthy to pay attention to the “column-like” contrast in
the parent epitaxial ZnO thin film layer. This column-like
contrast terminates at the interface with the daughter ZnO
epitaxial layer. The column-like contrast is suggested to
derive from elastic field strains. No high or low angle grain
boundaries were revealed in these column-like ZnO thin films.
Figure 4f-h shows the HREM images of the 2D macroporous
daughter epitaxial ZnO thin film which were hydrothermally
grown on the MBE-grown parent ZnO template. The fast
Fourier transformation (FFT) diffraction patterns are shown
in the corresponding figures. The enlarged HREM images
(Figure 4f-h) show the structural details of the framed areas
F, G, H respectively in Figure 4a at the atomic level. Area
H in Figure 4a contains the parent-daughter ZnO interface
zone and shows the nucleation and transition characters of
the daughter ZnO thin film on the parent. Figure 4h shows
the microstructural characters of the transition zone which
indicates heavy lattice distortions. The interface transition
zone is about 50-100 nm thick. Through this interface
transition zone, the strain was released quickly and the up-
grown ZnO thin films show high quality single crystalline
features. Across the parent-daughter interface, the column-
like contrast in the parent zone disappeared sharply. As
revealed in Figure 4f (the side of the PS) and Figure 4g (the
bottom of the PS), both PS/ZnO interface regions (bottom
and side) show very high quality single crystalline ZnO
characters. The above results suggest that the PS monolayer
suppressed the formation of threading defects or released the

Figure 3. The nanospace and its effect on the epitaxial growth of ZnO. (a) The nanospace confined by substrate and PSs. (b) Two regions of the
seed substrate for ZnO growth, (c) the sample that grew hydrothermally in the precursor solution without sodium citrate, (d) magnification of (c).
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threading defects along the PS interface in the hydrothermally
grown ZnO film. Interestingly, almost perfect ZnO/PS inter-
face without any detectable line defects at the atomic scale
indicates the extreme benign interface structure of the PS
for ZnO ordering growth. These results suggested the
threading dislocations in LEO mode are bent to and/or
confined in the masked region due to the change of growth
direction from vertical to lateral.32 Therefore, window region
itself in the LEO mode just provided a passage for the
subsequent epitaxial growth and has no effect on the defect
reduction. In fact, defects directly go through the window
region and extend to the up-grown epitaxial region in ZnO
LEO,15 while much less threading defects were observed in
the overgrown wing area. For this reason, the second growth
and interlaced windows were used in ZnO LEO to guarantee
a homogeneous low-defect growth. It seems that the colloidal
sphere monolayer used in our experiment can be regarded
as periodical mask in LEO. However, it is noteworthy that
the high quality single crystal porous film was grown in the
interstitial sites among the close packed colloidal spheres,
other than overgrowth from the colloidal sphere monolayer.
Therefore, the lateral growth mechanism cannot be used to
explain the defect reduction observed in our experiment. The
interstitial site surrounded by three close packed colloidal
spheres has a complicated geometrical shape, as shown
schematically in Figure 3a. It has nanometer-sized dimension
which strongly limited solvent diffusion and selective
nucleation in the epitaxial growth. It is suggested that the

defect reduction mechanism has a strong relationship to the
nanospace-confined diffusion process and the selective
nucleation procedure.

In summary, we developed a new method to produce the large
area periodical bowl-like micropattern (PBLM) of single crystal
ZnO through an aqueous-phase epitaxial growth on a ZnO single
crystal substrate. Self-assembled monolayer of polystyrene
microspheres was used as a template to confine the epitaxial
growth of single crystal ZnO from the substrate, while the
growth morphology was well controlled by citrate anions.
Moreover, the self-assembled monolayer of colloidal spheres
plays an important role in reduction of the defect density in the
epitaxial ZnO layer. Though the mechanism is still open for
further investigation, the present result indicates a new route to
suppress the dislocations in the fabrication of single crystal ZnO
film. A predicable application of this new method is the
fabrication of 2D photonic crystal structures on LED surfaces.
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Figure 4. (a) TEM image shows the interface region between the epitaxial ZnO layer of the bowl-like micropattern and the seed single crystal ZnO
film grown on a silicon (111) substrate. The selected area diffraction patterns corresponding to B, C, and D marked regions in image (a) were
shown in panels (b), (c) and (d), separately. High-resolution electron microscopy (HREM) images corresponding to E, F, G and H marked regions
in image (a) were shown in panels (e), (f), (g) and (h), respectively.
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