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ABSTRACT: Epitaxial ZnO thin films were grown on single
crystalline Au microplates from an aqueous solution at 90 °C. The
composite structures were approximately 100 ym wide. The epitaxial
ZnO films were smooth, continuous, and several micrometers thick. »
We examined the epitaxial relationship between the ZnO and Au
through scanning electron microscopy, electron backscatter diffrac-
tion, high-resolution transmission electron microscopy, and electron
diffraction and demonstrated control over the resulting film
morphology through the kinetics of growth. An epitaxial relationship
of ZnO[1100](0002)||Au[211](111) was dominant in the structures.
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he quality of metal/oxide interfaces is an important

determinant of the efficiency of electrical," plasmonic,>?
and catalytic devices.* Typically, metal/oxide interfaces are
formed by vapor-phase deposition, resulting in polycrystalline
films with various morphologies, textures, grain sizes, and
orientations. Here, we demonstrate a method for growing
epitaxial ZnO from an aqueous solution at 90 °C on single
crystalline Au microplates. These results could have important
implications on the advancement of metal/ZnO-based
electronic devices,® plasmonic devices,”” and heterogeneous
catalysts.>’

While epitaxial growth of ZnO on nearly lattice-matched
substrates, including GaN,"? sapphire,u’12 and SiC,"* has
become well-established, heteroepitaxy with metals has not
been as well explored. The common challenges of epitaxial
growth on highly dissimilar materials'®> apply to the Au/ZnO
system as well. Au and ZnO have different crystal structures,
chemical bonding, and lattice constants. Gold has a face-
centered cubic (FCC) crystal structure with a lattice constant a
= 0.4079 nm. ZnO has a hexagonal wurtzite crystal structure
with lattice constants a = b = 0.3250 nm and ¢ = 0.5207 nm. In
the close-packed plane of each structure, this yields a lattice
mismatch of (az,0 — axV/2/2)/(a\/2/2) = 12.7%.

Despite these challenges, there has been some success in
epitaxial growth of ZnO on Au.'* Because the thermal
expansion coeflicients of the two materials are so different,
low temperature deposition techniques have been crucial in
their heteroepitaxy. Aqueous, epitaxial electrodeposition of
ZnO nanopillars on lal;ge single crystalline gold substrates has
been demonstrated.'>*® However, smooth ZnO films are often
required for most practical optoelectronic applications. Addi-
tionally, gold, while ubiquitous in semiconductor technologies
and plasmonics, is rarely used as single crystalline substrates.
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Recently, a simple thermolysis procedure for producing very
large, gold microplates'”'® has been developed. These plates
are single crystalline, making them atomically smooth and ideal
for modular plasmonic'” and microelectronic devices.

Our technique is a simple solution-based aqueous synthesis
and, unlike the previously demonstrated epitaxial electro-
deposition of ZnO on Au,lS’16 does not require an external
electrical bias. Another advantage of our work is that we
demonstrate the coalescence of epitaxial ZnO columns into a
smooth, thin film, which is essential for most device fabrication.
The single crystalline gold plates can also be grown on any
substrate that can survive the 130 °C deposition and be stable
in the growth solution.'® The simple synthesis method for
obtaining epitaxial ZnO therefore opens more opportunities for
modular Au/ZnO devices made through bottom-up processes.

Single crystalline Au microplates were first grown on Si
substrates by thermolysis of a (AuCl,) —tetraoctylammonium
bromide (TOAB) complex in air.'”'® Briefly, 3.2 mL of 25 mM
hydrogen tetrachloroaurate(III) hydrate in deionized water
were mixed with 8 mL of 50 mM tetraoctylammonium bromide
(TOAB) in toluene. After vigorous stirring, the top layer,
consisting of a Au—TOAB complex in toluene, was separated
and drop-cast onto a Si substrate. The substrate was heated to
130 °C on a hot plate for 24—48 h and gently rinsed with
toluene and dried.

Aqueous ZnO deposition followed procedures similar to
those reported in literature.'”~>" In order to maintain control
over film morphology, a two-step method was used to separate
the nucleation and growth of the ZnO films as much as
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possible. The nucleation step was done either by rapid heating
using a microwave oven or by slow heating in a conventional
oven. Substrates were cleaned with an Anatech 106 oxygen
plasma barrel asher for 1 min immediately prior to seed-layer
deposition to remove adsorbed organic contaminants. For the
microwave-based nucleation, the substrate was suspended with
the growth-face facing down in a solution of 0.2 g zinc nitrate
hexahydrate, 1.25 mL of 15 M ammonium hydroxide, and 24
mL of deionized water in a Teflon vessel. The vessel was heated
on high power for 25 s in a microwave oven (GE model
JES738WJ02), heating the solution very rapidly to approx-
imately 95 °C. The substrate was immediately removed from
the vessel after heating, gently rinsed in water, and dried. For
nucleation in a conventional oven, the substrate was identically
suspended face down in a Teflon vessel with the same solution.
The vessel was then kept at 90 °C in an oven for at least 1.5 h.
Afterward, the sample was removed, gently rinsed in water, and
dried.

The second step was to grow the nucleated seed layer into a
continuous, coalesced film. The growth solution consisted of
0.2 g of zinc nitrate hexahydrate, 1.25 mL of 15 M ammonium
hydroxide, 24 mL of deionized water, and 0.05 g of sodium
citrate tribasic dihydrate. Again, the substrate was sealed in a
Teflon vessel face down in the solution and heated in a
conventional oven to 90 °C for 4—24 h. The growth rate
decreases substantially after the first 4 h, but some samples
remained in the oven for 24 h to ensure completion of the
growth process. Afterward, the substrate was removed, gently
rinsed in water, and dried.

To reveal the bottom surface of the ZnO, the sample was
flipped and pressed onto a new, resist-coated Si substrate. AZ
5214E (Clariant) photoresist was spun onto the Si substrate at
2000 rpm for 30 s, then soft-baked at 100 °C for 1 min,
resulting in a resist thickness of approximately 2 gm. A metal
block weighing 1.6 kg was placed on top of the sandwich
structure, and the structure was heated to 130 °C, above the
glass temperature of the photoresist.”> The sandwiched
structure remained at 130 °C for 30 min and was slowly
cooled back to room temperature. The metal block was then
removed, and the two Si substrates were separated with
tweezers. As a result, some of the microplates were transferred
into the layer of photoresist on the new Si substrate. This
sample, with flipped microplates on it, was dipped into Au
etchant Type TFA (Transene Company) until all Au was
removed. Since the Au microplates were of various thicknesses,
the total etching time also varied from 10 to 60 min. The
bottom surface of the ZnO was revealed after all of the Au was
removed.

Scanning electron microscopy (SEM) and electron back-
scattered diffraction (EBSD) were performed using a
SupraSSVP field emission SEM (Carl Zeiss AG, Germany)
equipped with an EBSD detector. AFM was performed using an
Asylum MFP-3D AFM. Photoluminescence (PL) was
performed on the grown ZnO using a LabRAM ARAMIS
system (HORIBA Scientific, Japan). Samples were excited with
a 325 nm (HeCd) laser for PL. Cross-sectional specimens for
transmission electron microscopy (TEM) were prepared using
the “lift-out” technique in a focused ion beam (FIB) (Zeiss
NVision 40) system. TEM (JEOL-2100 at 200 kV) and
selected area electron diffraction (SAED) measurements were
conducted in order to study the orientational relationship
between the Au and the ZnO. The HRTEM micrograph was
acquired using a Zeiss Libra 200 monochromic, Cs-corrected
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transmission electron microscope (TEM) at 200 kV (Cs-
corrected to approximately —1 um).

ZnO films on the Au microplates were made by a two-step
procedure to separate nucleation and growth as much as
possible and, therefore, to exercise better control on the
structure and morphology of the ZnO. We refer to the ZnO
grown on the Au microplates after the nucleation step as the
seed layer. Growth of the ZnO proceeded by slowly decreasing

a

Slow nucleation

Fast nucleation

Figure 1. Overall film morphology of epitaxial ZnO on Au controlled
through growth kinetics. (a) SEM micrograph of the initial Au
microplate. Scale bar = 10 um. Left column: Nucleation and growth
steps of microwave-nucleated ZnO on Au. (b) Schematic of dense
nanopillars formed on the Au microplate during the fast nucleation
step. (c) SEM micrograph showing ZnO on Au microplate after the
fast nucleation step. Scale bar = S um. Insets show high magnification
views of the corner of the plate, showing the uniform height of the
nanopillars (lower left, scale bar = 1 ym), and middle of the plate,
showing the crystal habits (top right, scale bar = 200 nm) of the ZnO.
(d) Schematic of flat ZnO on Au, showing the Au substrate
underneath a smooth ZnO film. (e) SEM micrograph showing the
smooth and flat morphology of microwave-nucleated ZnO after the
growth step. Scale bar = S ym. Inset shows a low magnification view of
the entire film on the Au microplate. Scale bar = 40 ym. Right column:
Nucleation and growth steps of oven-nucleated ZnO on Au. (f)
Schematic of sparse, unfaceted ZnO of varying sizes on a Au
microplate formed during the slow nucleation step. (g) SEM
micrograph showing the Au microplate after the slow nucleation
step, viewed at a tilt of 45°. Scale bar = 1 um. (h) Schematic of ZnO
on Au showing the Au substrate underneath a highly faceted ZnO film.
(i) SEM micrograph showing rough and faceted morphology of oven-
nucleated ZnO after the growth step viewed at a tilt of 45°. Scale bar =
S pm. Inset shows a low magnification view of the entire film on the
Au microplate. Scale bar = 20 ym.
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Figure 2. Bottom surface of ZnO. SEM and AFM micrographs of the flipped ZnO/Au microplates after the Au has been removed. (a) Low
magnification, 45° tilt view (SEM) of the entire flipped ZnO membrane embedded in photoresist after Au has been etched away. Scale bar = 10 ym.
(b) Bottom surface of ZnO nucleated rapidly by microwave heating. (Top: SEM, scale bar = 1 ym; bottom: AFM, S ym X S ym image.) (c) Bottom
surface of ZnO nucleated slowly by heating in a conventional oven. (Top: SEM, scale bar = 1 ym; bottom: AFM, S ym X S um image).

the solubility of zinc species in solution through the gradual
elevation of temperature.'”** The main difference between the
nucleation step and the growth step was the speed at which the
temperature was raised. Figure 1 (panels b, d, f, and h) shows
schematics of the overall structure of ZnO grown on Au
microplates at the different stages of synthesis. Also shown are
micrographs from scanning electron microscopy (SEM) of the
ZnO film at various stages of growth. Overall film morphology
could be changed from flat and smooth (Figure 1, panels b—e)
to rough and faceted (Figure 1, panels f—i) by altering the
kinetics of the nucleation step.

When the nucleation step was fast, the resulting ZnO film
after the growth step was smooth (AFM RMS roughness was
~7 nm) and uniform in height. Individual grains were nearly
impossible to discern by SEM (Figure le). Microwave heating
was used to raise the temperature to 90 °C in 25 s in order to
make the nucleation step fast and increase the rate of ZnO
formation. Figure lc shows that the initial seed layer was
composed of small densely packed ZnO crystallites on the Au
surface. The crystallites were faceted with the expected
hexagonal crystal habits and had a columnar structure. The
height of each crystallite was uniform across the surface of each
Au microplate. Each crystallite grew and coalesced during the
growth stage at the same rate, resulting in a smooth ZnO film.
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Conversely, a conventional oven raised the sample temper-
ature to 90 °C over 1.5 h, resulting in a much slower nucleation
rate. It has been previously shown by Wen et al. that ZnO
nanowire arrays may grow without the aid of a seed layer on
metal films.”* The nucleation step in the oven described in this
work is akin to a very short growth by the method described by
these authors. The final ZnO film morphology was composed
of many large, hexagonal grains of ZnO with each hexagonal
grain oriented in the same direction (Figure 1i). The alignment
of each grain indicates that there was an epitaxial relationship
between the film and the substrate. Each grain appears smooth
and sharply faceted, but since the film is composed of many of
these grains, each with a different height, the overall film is
extremely rough. ZnO grown on the Si substrate, but not on
the Au microplates, shows no signature of alignment. Figure 1g
shows that the initial seed layer was composed of islands of
ZnO that formed over the course of the nucleation step. ZnO
crystallites sparsely populated the surface of the Au. The
crystallites that formed were columnar and tall. Because the
nucleation did not occur all at the same time, the height of each
ZnO column depended on when it was formed during the 1.5 h
period. The largest crystallites were ~1 ym tall. A large portion
of the surface after the slow nucleation step was populated by
granular ZnO particles that lacked any obvious crystal facets.

dx.doi.org/10.1021/cg301582a | Cryst. Growth Des. 2013, 13, 986—991
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a)

Figure 3. EBSD of a Au microplate before and after ZnO growth. (a)
EBSD IPF map of a single crystalline Au microplate. (b) EBSD IPF
map of ZnO grown on the same Au microplate. Insets for (a) and (b):
top right indicates the orientation of the unit cell of the Au microplate;
bottom left is the corresponding SEM micrograph for the EBSD IPF
map. Scale bars = 25 ym.

Each of these crystallites, which started growing at different
times within the 1.5 h nucleation period, eventually coalesced
into a film during the growth step, resulting in a film composed
of large hexagonal grains of different heights.

The final thickness of the film grown by fast nucleation was
approximately 3 ym (Figure la of the Supporting Information),
whereas the final thickness of films grown by slow nucleation
was approximately 10 pum ( Figure 1b of the Supporting
Information). The discrepancy in the thickness is due to the
selectivity of ZnO growth. The amount of ZnO precursor was
the same in both growth solutions, and so we expected to see
the total volume of ZnO grown to be equal. When fast
nucleation was used, nonselective nucleation occurred on the Si
substrate in addition to the nucleation on the Au microplates.
Therefore, during the growth step, ZnO was deposited over a
large area. In contrast, during slow nucleation, ZnO only
nucleated on the metal, which is similar to a previous report.24
Hence, all of the ZnO growth occurred only on the Au
microplates. As a result, the ZnO grown on the slow nucleated
samples are much thicker because the ZnO grew over a smaller
area.

To examine the bottom surfaces of films produced by both
techniques, the films were inverted and the Au was removed
using a gold wet etch. The bottom surfaces of the films indicate
the quality of the interface on a larger scale than cross-sectional
TEM and reveal some of the kinetics at the beginning of ZnO
growth. The bottom surface of the film produced by fast
nucleation was porous (Figure 2b) and had a root-mean-
squared roughness of approximately 50 nm, as measured by
atomic force microscopy (AFM) (Figure 2b). Rapid nucleation
and growth of the ZnO using microwave heating caused gaps to
form between each ZnO nanopillar in the initial ZnO layer.
Growth of the ZnO nanopillars and their eventual coalescence
occurs as zinc species in solution undergo a condensation
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Figure 4. Cross-sectional TEM and SAED confirm epitaxial
relationship between Au and ZnO. (a) SAED of ZnO only (left),
ZnO and Au (middle), and Au only near the interface (right). b)
Schematic of the 2D projection of the close-packed planes of
Zn0O(0001) and Au(111) at the interface. The solid line represents the
unit cell for Au. The dashed line represents the unit cell for ZnO. The
shaded region represents the coincidence lattice. The two possible
orientations are those with the ZnO lattice rotated 0° and 30° about
the [0001] axis with respect to the (111)[111] Au lattice. These
orientations correspond to the two epitaxial relationships found in the
SAED. (c) The top panel shows a high resolution TEM micrograph of
the ZnO/Au interface. The bottom panel is a Fourier-filtered image of
the top panel, which highlights the misfit dislocations present at the
interface. Scale bars = S nm.

reaction at the surface of the nanopillars. However, for films
produced by fast nucleation, we believe that the high density of
nanopillars makes it difficult for the zinc species to diffuse to
the bottom of the pillars, preventing coalescence of the ZnO
near the Au surface before access to the solution is cut off by
the growing film. SEM and AFM (Figure 2c) of the film
produced by slow nucleation revealed a much smoother surface
(RMS roughness of approximately 4 nm) compared to the film
prepared by fast nucleation. Here, the nucleation process is
much slower and the seed layer is much less dense. Therefore,
zinc species more readily access the space between the ZnO
seeds, creating intimate contact with the Au surface. Large
grains are visible in the SEM and AFM micrographs, but the
boundaries do not correspond to a specific crystallographic
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Figure 5. Effects of annealing on photoluminescence of ZnO grown
on Au microplates. Photoluminescence spectra of ZnO grown on Au
microplates as-grown and after a stepped anneal. The fast nucleation
method was chosen to produce the ZnO film for this sample. Inset: A
logarithmic—linear scale shows the effects of thin film interference in
the defect band of the ZnO.

direction. We are currently investigating the origin of the
boundaries which may result from disturbances in the solution
growth during the long nucleation period, such as loose
precipitates adhering to the substrate or deformation in the Au
microplate.

Electron backscatter diffraction (EBSD) was used to reveal
the single crystalline nature of the ZnO film on the Au(111)
surface and infer the epitaxial relationship over large areas.
EBSD inverse pole figure (IPF) determined the surface of the
ZnO to be a single grain of ZnO(0001) (Figure 3b) on
monocrystalline Au(111) (Figure 3a). Relative misorientation
in ZnO and Au at each measured point on the plate was
negligible (Figure 2 of the Supporting Information), confirming
the absence of large-angle grain boundaries. After accounting
for the slight difference of rotation between the two SEM
micrographs, the unit cell orientations corresponding to the Au
microplate and the ZnO are shown in the insets of Figure 3
(panels a and b), which demonstrate the epitaxial relationship.
From the EBSD data, we can infer the full epitaxial relationship
between the ZnO film and the Au substrate, ZnO[1100]
(0002)||Au[211](111), which persists over the entire area of
the Au microplate. The fast nucleation method was used to
produce the film shown in Figure 3. However, ZnO films
produced by the slow nucleation method also showed the same
epitaxial relationship as probed by EBSD. Ultimately, due to the
low angular resolution in EBSD, we relied on TEM and
electron diffraction to confirm the epitaxial relationship.

Cross-sectional TEM was acquired to confirm the epitaxy
between the ZnO film and the Au microplate. The ZnO film
used in cross-sectional TEM was produced by the fast
nucleation process. The high-resolution cross-sectional TEM
(HRTEM) micrograph (Figure 4c) shows alignment between
the Au and the ZnO planes and a fully crystalline interface
between Au and ZnO. By Fourier filtering the HRTEM image
using only the ZnO(1120) and Au(022) planes (Figure 3 of the
Supporting Information), we obtained an image that highlights
the dislocations. On average, dislocations were present for
every 8.7 planes of Au and for every 7.7 planes of ZnO (sxy planes
= 14, 57,0 planes = 1.3, and n = 38 dislocations). The observed
frequency of dislocations corresponds closely with the expected
frequency of dislocations when the two lattices are not rotated
with respect to each other, 9 Au planes for every 8 ZnO planes
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(Figure 4b). Bright field TEM imaging (Figure 4 of the
Supporting Information) shows a columnar microstructure,
signaling that ZnO on Au initially grew in islands before
coalescing. Selected area electron diffraction (SAED) was used
to index the planes present in the cross-sectional TEM
micrograph at the interface (Figure 4a). (Streaks in the
SAED are camera artifacts.) Unexpectedly, two zone axes of
ZnO were present in the SAED, indicating that two
orientations of ZnO were epitaxial to the Au substrate at the
interface: ZnO[1100](0002)||[Au [211](111), which has no
rotation between the two close-packed lattices, and ZnO[1210]
(0002)||Au[211](111), which has a 30° rotation between the
two close-packed lattices (Figure 4b). The [1100] reflections
from the ZnO were much stronger than the [1210] reflections,
indicating a preferred and dominant crystal orientation. While
the 30° rotation is favored in some epitaxial wurtzite films on
cubic (111) surfaces, such as ZnO on MgAlL,O,,* it is slightly
more unusual for an analogous epitaxial system, Ag/ZnO.*
Both Ag and Au have similar lattice constants, 4.08 and 4.09 A,
respectively, and the same crystal structure. For the Ag/ZnO
system, both epitaxial relationships had similar interfacial
energies and the resulting structure was dependent on surface
conditions. In experiments of Ag nanocrystal deposition on
Zn0,*® both variants were initially observed, but the 30°
epitaxial growth was strongly inhibited by the compressive
strain in the Ag. In other cases of ZnO grown on textured Ag
films by solution growth, the 30° rotated growth was not
observed at all.”” Similarly, since we did not observe evidence of
the 30° rotation in EBSD after complete growth of the ZnO
films, we believe that the nonrotated variant also dominated our
growth process.

Finally, to confirm the quality of the ZnO, photo-
luminescence spectra were measured (Figure S). Data
presented in Figure S are from ZnO films produced after a
fast nucleation step. Similar PL spectra were also obtained from
films produced after a slow nucleation step. As-grown ZnO
films showed photoluminescence at unexpectedly low wave-
lengths. Two peaks were resolved at 354 and 377 nm
corresponding to energies of 3.50 and 3.28 eV, respectively,
with the peak at 377 nm being more intense. After a stepped
annealing of the sample on a hot plate at 250 °C for 30 min and
then at 300 °C for 30 min, an asymmetric peak was observed
around 380 nm (3.26 eV). The shift in photoluminescence was
attributed to the effects of residual water, remaining in the film
after growth in an aqueous solution.”® After annealing, residual
Zn(OH), was dehydrated and the remaining water was
expelled from the film. With quenching defects from the excess
water eliminated by the short anneal, the annealed ZnO
exhibited strong UV band edge photoluminescence, character-
istic of high quality ZnO, with a small defect band centered
around 600 nm.

In summary, heteroepitaxial deposition of continuous ZnO
films on single crystalline Au microplates through solution-
based techniques has been demonstrated. Our method
improves on previous work of epitaxial deposition of ZnO on
Au by using a deposition technique without a need for electrical
contacts and by obtaining a fully continuous and smooth film.
Nucleation of the ZnO seed layer was also investigated and
shown to dramatically affect the morphology of the resulting
film after growth. Our method of producing modular single-
crystalline ZnO/Au plates, which may be formed on a large
range of substrates, can facilitate detailed study of metal-
semiconductor junctions and new devices, such as micro-
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systems-enabled photovoltaics,” micrometer-scale metal/oxide
catalysts, or fully epitaxial ZnO nanopiezoelectric generators.>®
These promising results will enable further studies of the
electrical and optical properties of the epitaxial ZnO/Au
junction.
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© Supporting Information

FIB cross-section of the Au/ZnO structures; pole figures of
electron backscattered diffraction of ZnO and Au; method for
Fourier filtering of the HRTEM image; and bright-field TEM
image of the Au/ZnO interface. This material is available free of
charge via the Internet at http://pubs.acs.org.
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