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Atomic-scale tuning of self-assembled ZnO microscopic patterns: from

dendritic fractals to compact island
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How nature uses water molecules to create fascinating patterns
ranging from snowflakes to ice cubes has intrigued mankind for
centuries. Here we use ZnO to mimic nature’s versatility in creating
microscopic patterns with tunable morphology. During growth of
ZnO on Zn-dominant spheres via chemical vapor deposition, highly
regular and symmetric dendritic snowflake patterns and smooth
compact islands can be obtained at different growth conditions. We
reproduce the dendritic patterns using atomistic Monte Carlo
simulations. These findings not only improve understanding of how
water molecules form various patterns, but may also be instrumental
in tailoring ZnO nanostructures for desirable functionality.

Perpetual effort is made by mankind in trying to understand and
mimic nature’s versatility in creating various enchanting patterns.
Such efforts often involve prototypical atoms or molecules as
building blocks, with water molecules and carbon atoms as prime
examples.” More recently, a rich variety of morphological patterns
have been discovered from ZnO-based structures,® including nano-
belts,” nanowires,® nanosprings,” and nanorings.’® Here we substan-
tially broaden the morphological phase space reachable with Zn and
O as the basic constituent elements. We show that, under the proper
growth conditions, highly regular and symmetric dendritic snowflake
patterns of varying compactness can be obtained at different ZnO
coverages. Furthermore, a reduction in the relative concentration of
oxygen supply leads to smooth compact islands with sharp or flat
tops. These ZnO-based morphological patterns closely resemble
those of a water molecule. We therefore expect that the underlying
formation mechanisms revealed via Monte Carlo simulations should
also be instrumental to the understanding of the fascinating patterns
made by water in nature.

The synthesis was carried out in a conventional furnace with
a horizontal quartz tube.'*? Zinc powder (99.99%) was milled in an
agate mortar for 20 min prior to being put into a quartz boat covered
with a silicon (111) substrate. When the center of the tube furnace
reached 800 °C, the boat containing the zinc powder was placed
inside and heated for 5 min. The varied surface morphologies of the
microscopic-scale spheres were prepared by controlling the compo-
sition of the atmosphere and the cooling rate upon their removal
from the furnace.
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A field-emission scanning electron microscope (FE-SEM)
(XL-SFEG, FEI Corp) was used to observe the morphologies of
ZnO on Zn-dominant spheres. X-ray diffraction (XRD) data was
obtained on a Rigaku D/MAX 2400 type spectroscope with Cu K,
radiation (wavelength 1.5406 A). The photoluminescence (PL)
measurement was performed at room temperature on a Renishaw
Raman spectrometer with He—Cd laser excitation light of an excita-
tion wavelength of 325 nm.

Representative SEM images are shown in Fig. 1. The patterns
shown in Fig. 1(a), (b) and (c) were obtained by cooling down the
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Fig. 1 SEM images of varied morphology of microscopic-scale spheres
synthesized under different conditions. The five SEM images (a(I)-e(I)) of
low magnification in the left column show the large scale of spheres. The
five SEM images in the middle column (a(Il)-e(II)) show their corre-
sponding single 3D superstructure. The five SEM images in the right
column (a(Ill)-e(I1I1)) show the diverse morphology of ZnO snowflake
patterns on the microsphere. The surface of the microsphere: (a), (b) and
(c) have snowflake-like hexagonal structures of different densities; (d) has
the truncated-pyramid tips structure; and (e) has the hexagonal plates
structure.
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Zn-dominant spheres to room temperature in air with cooling rates of
800 °C min~', 300 °C min~' or 150 °C min~!, respectively. The
patterns shown in Fig. 1(d) and (¢) were synthesized with similar
growth conditions, except that the cooling atmosphere was modified
with an influx of Ar, resulting in a reduced concentration of oxygen in
the chamber; the corresponding cooling rates were about 150 °C
min~" and 5 °C min~", respectively. The five low-magnification SEM
images in the left column show the distributions of the three-
dimensional (3D) microscopic-scale spheres on the substrate. The five
SEM images in the middle column show the corresponding
morphology of a single 3D sphere from each case, and the five SEM
images in the right column depict the patterns present on the surface
of the individual microsphere in greater detail. From the SEM images
in the right column, we observe that the surfaces of the microspheres
shown in Fig. 1(a) are sparsely covered by highly symmetric hexag-
onal dendritic structures. Each of the six branches of the dendrite has
the same thin Christmas-tree shape, and their lengths are approxi-
mately the same. This snowflake-like hexagonal structure increases in
both size and density of the branches in Fig. 1(b). In Fig. 1(c), the
snowflake-like structures on the surface of the microsphere are sha-
ped such that the surface is uniformly covered. Two other types of
patterns are shown in Fig. 1(d) and Fig. 1(e). Fig. 1(d) shows a variety
of microspheres which are covered by truncated-pyramid tips, and
Fig. 1(e) depicts microspheres covered with hexagonal plates.

The structure and composition of these spheres were analyzed
by X-ray diffraction (XRD) and energy dispersive X-ray spec-
troscopy (EDX). In the XRD pattern, diffraction peaks of both
ZnO and Zn have been observed, indicating the microspheres
consist of both Zn and ZnO (Fig. 2(a)). The XRD pattern shows
that all of the peaks are sharp and have narrow full width at half
maximum (FWHM). These reflection peaks match well with
patterns of ZnO (JCPDS, No, 80-0075) and Zn (JCPDS, No,
04-0831). In order to get more information about the micro-
spheres, EDX was used to investigate the components of their
surface and interior. The results are shown in Fig. 2(b). The EDX
result from the snowflake-like hexagonal surface of the micro-
sphere (Fig. 2 b(II)), which shows only elements Zn and O, proves
the presence of the ZnO. We used FIB (Focused Ion Beam, FEI
DB235) to etch the surface of each type of microsphere to expose
its interior (Fig. 2 b(I)). EDX analysis (Fig. 2 b(II)) of the interior
reveals that the core is only Zn, with the presence of Si caused by
the sputtering of the Si substrate in the etching process. EDX
measurements were made of both the hexagonal and the smooth
portions of the microsphere partially covered by snowflake-like
hexagonal structures (Fig. 2 c(I)). Oxygen exists only in the
snowflake-like hexagonal structure (Fig. 2 c¢(II)) and is not found
in the smooth part of the sphere (Fig. 2 ¢(I11)). The results of the
other four types of structures were similar, further demonstrating
that the microspheres are composed of a pure Zn interior and
surface with ZnO only present in the snowflake-like structures.

The room-temperature photoluminescence (PL) spectra of ZnO on
Zn-dominant spheres were measured with the excitation from 325 nm
emission laser with 1 mW power (the intensity is about 450 W cm2).
Fig. 3 illustrates the PL spectra of ZnO on Zn-dominant spheres of
different coverage percentages and morphologies on the surface. The
curves a, b, and c in Fig. 3 correspond to Zn-dominant spheres,
sparsely covered by ZnO snowflake-like hexagonal patterns (Fig. 1
a(Il)), partly covered by snowflake-like hexagonal structure (Fig. 1
b(I)), and entirely covered by planar hexagons (Fig. 1 e(Il)),
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Fig. 2 Structure and composition analyses of microscopic-scale spheres.
(a) XRD results of the spheres covered by snowflake-like hexagonal
patterns, showing the coexistence of Zn and ZnO. b(I) A ZnO on Zn-do-
minant microsphere covered by snowflake-like hexagonal patterns etched
by FIB. b(II) EDX results of the surface of b(I), showing the existence of O.
b(IIT) EDX results of the core of b(I), showing that there is only Zn. c¢(I) A
microsphere partly covered by snowflake-like hexagonal patterns. c(II)
EDX results of the snowflake part of c(I), showing the existence of O. c(III)
EDX results of the smooth part of c(I) showing that there is only Zn.

respectively. A UV emission band peak located at about 380 nm and
a broad green peak referring to a deep-level or trap-state emission at
about 530 nm were detected. The feature at about 380 nm corre-
sponds to the near-band-gap emission, and the broad peak at 530 nm
is attributed to single-ionized oxygen vacancies in ZnO. In the
4x magnification PL spectra, it can be observed that the UV emission
band at 376 nm of the microspheres partly covered by snowflake
structures is blue-shifted compared with those sparsely covered by
snowflake structures (378 nm). This result shows that the degree of
surface coverage of snowflake-like ZnO on the surface of Zn
microspheres can affect the optical properties of the materials. It is
found that the intensities of the ultraviolet excitation and the green
emission of the spheres covered by snowflake structures are nearly the
same, indicating that more oxygen vacancies exist in these structures.
Compared to snowflake-like ZnO/Zn microspheres, the microspheres
covered by planar hexagons exhibit a stronger luminescence. The PL
peak at 383 nm is 12 times that of the snowflake-like ZnO/Zn
structures. This peak can be assigned to an excitonic transition
indicating that the hexagonal structures can improve the crystal
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Fig. 3 Room-temperature PL spectra of ZnO on Zn-dominant spheres.
(a) Sparsely covered by snowflake-like hexagonal patterns. (b) Partly

covered by snowflake-like hexagonal structures. (c) Entirely covered by
planar hexagons.

quality of the ZnO, which implies fewer structural defects and a fine
crystalline form in the hexagonal structures. These results prove that
the fabrication of novel ZnO/Zn structures is an important way to
tailor the physical properties of semiconductor materials.™

The variety of growth patterns obtained experimentally resembles
snowflakes, and the knowledge about the formation of these
patterns may provide a better understanding of the mechanisms
behind the growth of natural snowflakes.'* For the dendritic
patterns, we investigated the growth processes using Monte Carlo
simulations in the nonequilibrium growth region.”>?° In the
simulations, a fixed range with a nucleation center was set, with the
range about the size of the ZnO islands in the experiments. Peri-
odical conditions were used and particles were added one by one
into the region. A particle on the Zn surface continues to diffuse
until reaching the edge of the ZnO island. If the particle is at a kink
site (with more than 2 nearest neighbors) or on the ZnO surface, it
will stop and become part of the growing aggregate. If the particle
is at the straight part of the island edge (namely, with no more than
2 nearest neighbors), it will stop with a probability p, which is
connected to the expected total number of hops » via the relation

) =S mp(1 - p)' = 1% (1)
n=0

Accordingly, the expected diffusion length is given by

(151 = ay /220 \/% @

Here, a = 3.25 A is the lattice constant of ZnO (001). The diffusion
length may change during the growth, but this does not affect the
main simulation results. Therefore, as a simplification, we set p =
0.0005, i. e. {|S]) = 11.6 nm. Moreover, in the growth, different
cooling rates result in different growth time, then different coverages.
Here, we use coverage to demonstrate the effect of cooling rates.

The simulation results are shown in the right column of Fig. 4. The
corresponding coverages from up to down are 13%, 52% and 100%,

b,

Fig.4 ZnO patterns, natural snowflakes and simulation results. a(I-111)
The different patterns observed in the experiment. b(I-III) Different
types of snowflakes in ref. 14, b(I) is photo 6 of p. 18, b(II) is photo 3 of p.
18 and b(III) is photo 6 of p. 21. ¢(I-1II) The simulated results.

respectively. It is found that the dendritic patterns are mainly
modulated by the total coverage. When the coverage is low, there is
plenty of void space between the islands. Most of the particles
attaching to the islands reach the islands from the outside “shores”
rather than in the “bays”. Because of the screening effect,** the main
branches grow quickly but the growth of the side branches is highly
restrained. When the coverage is larger, there is less void space
between the islands, so most of the incoming particles are deposited in
the bays between the main branches. Therefore, compared with the
main branches, the side branches grow proportionally faster. If the
coverage reaches a full monolayer, all the sites are occupied, and have
nearly the same growth speed in the direction perpendicular to the
surface. In this case, the dendritic snowflake-like patterns remain the
same in the lateral directions but increase their heights vertically.

The formation mechanism of the more compact patterns is too
complicated to simulate on equal atomistic footing, but a possible
mechanism is proposed as follows: The patterns grow with an influx
of Ar gas, resulting in a rapid decrease in the concentration of oxygen.
The cooling rates for these patterns are lower than those of the
growth of the dendritic patterns. Therefore, since the diffusion length
is larger, effective corner crossing of a particle diffusing along the
island edges is more frequent. This results in patterns that are
compact rather than dendritic.>*

Conclusions

In summary, we have mimicked the naturally created snow and
ice crystal patterns from dendrites to plates in ZnO/Zn hetero-
nanostructures. The underlying mechanism is revealed by detailed
atomistic Monte Carlo simulations of the growth processes in the
nonequilibrium regime pointing to the crucial role of different
coverages of the aggregates. The present work is helpful for revealing
the atomic scale processes that give rise to our micrometre-scale

This journal is © The Royal Society of Chemistry 2010

Nanoscale, 2010, 2, 2557-2560 | 2559



“snowflakes” and shed new light on the formation of natural milli-
metre-scale snowflakes and ice crystals.
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Title: Atomic-scale tuning of self-assembled ZnO microscopic
patterns: from dendritic fractals to compact islands

Highly regular and symmetric dendritic snowflake patterns and
smooth compact islands were obtained at different growth
conditions in the growth of ZnO via chemical vapor deposition.
These dendritic patterns were reproduced using atomistic Monte
Carlo simulations. We employed the ZnO to mimic successfully
nature’s versatility in creating microscopic patterns with tunable
morphology.
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