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’ INTRODUCTION

In recent years, the nanoscale Kirkendall effect has extensively
been utilized to produce a variety of hollow nanospheres,
nanotubes, hollow/porous hierarchical nanostructures, and even
more.1�7 This fabrication regime involves unequal atomic diffu-
sivities across a binary-phase interface, and is compensated by the
injection of lattice vacancies that can accumulate and super-
saturate into voids near the interface along the side of the faster
diffusing species. Core�shell nanowires/nanospheres have two
or all three dimensions at the nanoscale. Injected vacancies in
these confined spaces are easy to supersaturate and accumulate
into single voids. Consequently, nanotubes and hollow nano-
spheres can evolve from the initial core�shell nanostructures,
exploiting the nanoscale Kirkendall void formation process.

The established knowledge on the interdiffusion behavior of
diverse binary thin-film diffusion couples provides a rich database
for rational selection and design of core�shell precursors with
unequal diffusion coefficients. However, for structures directly
derived from film stacking, for example, binary nanoscale

multilayered systems with alternating A and B layers, it has not
been revealed until now how the Kirkendall void formation is
evolved. In contrast to core�shell nanostructures, binary nano-
scale multilayered systems have only one dimensional parameter
at the nanoscale (the respective layer thickness), whereas the
other dimensions are infinitely extended. Besides a large diffusion
interface area,8,9 another distinct feature of the multilayered
systems is that film stacks grown by current deposition techni-
ques frequently encounter a polycrystalline structure. The wide
network of short circuit diffusion paths composed of grain
boundaries (GBs) should play a crucial role during the thermal
interdiffusion process.10 Therefore, the void formation regimes
can be significantly different from the core�shell nanowires/
nanospheres normally representing an encapsulated single-
crystal core.
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ABSTRACT: Spatial confinement in nanostructures is of critical im-
portance in the fabrication of tubular and hollow spherical objects using
void formation via the Kirkendall effect. For both core�shell nanowires
and nanospheres, generated vacancies are trapped within an area that is
confined either in two (nanowires) or all three (nanospheres) spatial
dimensions. When the void formation is extended to multilayered thin
films where only one dimension (thickness) is in the nanoscale and the
other dimensions are infinitely extended, the final morphology of the
formed voids can be significantly different. Using a multilayered system
consisting of alternating layers of ZnO and Al2O3 grown by atomic layer
deposition (ALD), we investigate the effects of annealing temperature,
annealing duration, layer thickness, polycrystallinity, grain size, and
reaction space on the solid-state diffusion process and final morphology
of the produced Kirkendall voids. As opposed to single-crystal ZnO nanowires coated with an amorphous Al2O3 shell, which
involves only a one-way transfer of ZnO into Al2O3, polycrystalline ZnO layers in themultilayered films also cause diffusion of Al2O3

into ZnO layers via grain boundary diffusion. Temperature treatment at 700 �C generally yielded layered voids for multilayered films
with thin component sublayers. This morphology was well-preserved even at 800 �C. In contrast, partially continuous nanogap
morphologies were formed for multilayered films with thick sublayers at 700 �C. However, only interlaced voids were produced at
800 �C in this case, because of grain boundary migration induced oriented attachment. The mechanisms revealed here allow precise
fabrication and design of porous multilayered composite films with controlled void morphology.
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By using single-crystal ZnO nanowires coated with an amor-
phous Al2O3 layer, our group has studied the reaction mechan-
isms and various other factors influencing the thermal diffusion
process in ZnO�Al2O3 core�shell nanowires in detail.11�14 It
was revealed that the bulk solubility of Al2O3 in ZnO is almost
zero at elevated temperatures and the solubility of ZnO in Al2O3

is very high. This example represents an extreme Kirkendall type
diffusion process as it is effectively a one-way outward diffusion
of ZnO into Al2O3, accompanied by the formation of spinel
ZnAl2O4.

In this article, we extend this thermal diffusion couple and use
periodically alternating Al2O3 and ZnO layers as a model
structure to investigate the unequal interdiffusion process in
nanoscale multilayered systems. The intended Al2O3/ZnO mul-
tilayered structure consists in total of nine alternating layers (five
Al2O3 and four ZnO) sequentially grown by atomic layer
deposition (ALD). The Al2O3 layers are amorphous in nature
while the ZnO layers are polycrystalline. We explore the possi-
bility of applying the nanoscale Kirkendall effect in a polycrystal-
line infinite space for the fabrication of discrete ZnAl2O4

multilayered structures. Depending on the process parameters
such as annealing time, reaction temperature, and film thickness,
ordered/unordered embedded cavities or partially continuous
large gaps are formed. The results indicate that the void
morphology in the final spinel ZnAl2O4 products can be effec-
tively regulated. These findings are further extended to various
Al2O3/ZnO multilayered 1D nanosystems to instruct the fabri-
cation of complex 1D porous nanostructures. This case study is
of particular importance for producing layered compounds and
porous thin films derived from Kirkendall-type thin-film diffu-
sion couples, and for increasing the experimental predictability of
target nanostructures.

’EXPERIMENTAL SECTION

Al2O3/ZnO multilayered films, consisting of five layers of Al2O3 and
four layers ZnO, were deposited by atomic layer deposition at 150 �C
(Oxford Instruments, OpAL) on 1%HF treated Si (100) substrates. The
thickness of each Al2O3 and ZnO layer was precisely controlled by the
number of diethylzinc (DEZ)/H2O and trimethylaluminum (TMA)/H2O
exposure cycles. The pulse length for DEZ and TMAwere set to 40 and 20
ms, respectively. After each metalorganic precursor pulse, a 20 ms dose of
H2O was released into the reactor as the oxidant. Before deposition, the
reactor was pumped down to 8 mTorr and maintained between 170 and
190 mTorr during the process. N2 gas was used as the purging agent to
remove any residual/byproduct gases to prevent parasitic reactions.
The long time anneals at 700 and 800 �C in air were performed using a

standard box furnace manufactured by Carbolite. The short time anneals
were performed in a rapid thermal processing furnace (Jipelec JetFirst
200C).
ZnAl2O4 nanotube templates were fabricated using ZnO/Al2O3

core�shell nanowires and annealing them at 800 �C in air. Commer-
cially available multiwall carbon nanofibers were purchased from
Nanothinx, Greece. ZnO nanowires were grown via a vapor transport
technique on silicon or GaN/sapphire substrates using gold as catalyst.
ZnO (Sigma Aldrich 99.999%) and graphite (Alfa/Aesar ∼200 mesh)
powders were used as source, mixed in a 1:1 ratio. The substrate was
placed near the source powder in a quartz tube furnace. The pressure
inside the tube was maintained at 200 mbar using O2 (0.001 sccm) and
Ar (7 sccm) as carrier gases and a growth temperature between 875 and
939 �C was maintained.
The ZnAl2O4 nanotube templates were coated with a single layer of

ZnO (12 nm) and an Al2O3 (24 nm). The coated templates were then

annealed at 700 �C in air. Carbon nanofibers were coated with a triple
layered film stack consisting of a single layer of 12 nm ZnO layer
sandwiched between two 24 nm Al2O3 layers and the final structure was
annealed at again 700 �C in air. And finally, ZnO nanowires with a TiO2

diffusion barrier shell were coated with a nine layer multilayered film
with alternating layers of ZnO (four layers of 12 nm) and Al2O3 (five
layers of 24 nm) films, which were subsequently annealed at 800 �C.

Cross-sectional TEM samples were prepared by the standard pre-
paration technique. A stack was first made by gluing together two
substrate fragments (film-to-film). After the mechanical thinning down
process (mechanical polishing), final thinning was done with the help of
ion milling. The cross-sectional TEM samples were analyzed using two
transmission electron microscopes, viz. a CM20T from Philips (200 kV)
and a JEM-4010 from JEOL (400 kV) for high resolution TEM
micrographs. A Philips CM20FEG scanning TEM instrument (200
kV) equipped with an EDXdetector (IDFix-system, SAMx) was used for
energy-dispersive X-ray spectroscopy analysis. 1D nanostructures were
observed by a JEOL JEM-1010 electron microscope (100 kV).

’RESULTS AND DISCUSSION

Growth of Al2O3/ZnO Multilayered Films by ALD. A sche-
matic view of the ALD-grown Al2O3/ZnO multilayered films is
shown in Figure 1a. ALD, a gas phase deposition technique, has
been widely used to produce thin-film structures for various
applications. Unlike conventional chemical vapor deposition
(CVD), in a typical ALD process, the reaction gases are released
into the deposition chamber separately, in a self-limiting and
alternating manner. This property of the ALD process ensures
precise monolayer thickness control and allows deposition of
various high-quality and conformal binary oxides, sulfides, metals
and other binary/ternary materials in a wide temperature
window.15�18 In our experiments, Si (100) wafers were selected
as the substrate material because no major interdiffusion occurs
between the Si substrate and the ALD-deposited Al2O3 films at
temperatures even as high as 1200 �C.19 Therefore, the bottom
Al2O3 layer is a good diffusion barrier to prevent interactions
with the underlying substrate. For studying the effects of layer
thickness/grain size on the Kirkendall void formation in multi-
layered films, we prepared two different multilayered samples,
namely sample I and sample II, for the subsequent solid-state
reactions. For both cases, a thickness ratio of 2:1 for Al2O3:ZnO
was employed to ensure complete consumption of each ZnO
layer in the ZnAl2O4-forming reaction at high temperatures.
Figures 1b, c present a typical cross-sectional transmission
electron microscopy (TEM) image of the samples I and II,
respectively, in which the dark segments correspond to ZnO and
the light ones to Al2O3. Sample I consists of alternating layers of
12 nm Al2O3 and 6 nm ZnO. Sample II has exactly the same
geometry except the layer thicknesses are doubled to 24 nm
(Al2O3) and 12 nm (ZnO). Panels d and e in Figure 1 exhibit the
result of a TEM-EDX (energy-dispersive X-ray spectroscopy)
line scan performed across the cross-section of sample II. It can
be clearly seen that abrupt changes occur in the detected Al and
Zn levels indicating that the deposited layers have indeed a
multilayered sequence with sharp junctions. It is known that the
Al2O3 films deposited in a wide temperature window by ALD are
amorphous. However, ZnO films produced by ALD are always
crystalline regardless of the deposition temperature. To investi-
gate the thickness relationship of the ALD-deposited ZnO films
with crystalline properties, single-crystal ZnO nanowires were
also used as substrates for the ALD deposition of ZnO layers, to
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facilitate direct and timely TEM observations. A TEM image of
ZnO nanowires coated with a 5 nm ZnO film is displayed in
Figure 1f (bottom). The rough surface of the resulting nanowire
demonstrates that the ZnO film deposited at a temperature of
around 150 �C is actually composed ofmany tiny crystallites. The
top image (Figure 1f) shows the electron diffraction pattern
obtained from this nanowire. The simultaneous presence of the
indexed diffraction rings confirms the polycrystalline nature of
the ALD-deposited ZnO film. When the thickness of the
deposited film was increased to 25 nm, larger ZnO crystallites
were abundantly formed, as shown in Figure 1f. This result
indicates that the crystallite size in the ALD-deposited ZnO films
increases with thickness, most possibly due to Ostwald ripening.
Kirkendall Void Formation in the Al2O3/ZnO Multilayered

Films.For inducing thermal diffusion of the ZnO layers into their
adjacent Al2O3 layers, both sample I and sample II were annealed
at elevated temperatures in air. Figure 2a shows a cross-sectional
TEMmicrograph of sample I upon annealing at 700 �C for 3 h. It
is found that partially continuous nanogaps occurred in place of
the original ZnO layers. This process is governed by the reactive
Kirkendall-type diffusion of ZnO into Al2O3, consistent with our
previous results on the formation of spinel ZnAl2O4 nanotubes
by the solid�solid reaction of ZnO�Al2O3 core�shell nano-
wires. However, the nanogaps are not completely continuous
even if all the ZnO layers are supposed to be entirely consumed
from a chemical viewpoint. The formation of completely con-
tinuous nanogaps may have been prevented by the extent of the
solid�solid reaction space, which is not confined to a small area
as in core�shell nanostructures. Aside from the reaction space,
due to dimensions of the deposited thin films, infinitely large and
freestanding layers may not be thermally stable as these discrete
films would require the means of mechanical support. In the case
of ZnO�Al2O3 core�shell nanowires, the generated vacancies
more easily accumulate and grow into large voids, and finally
evolve into nanotubes due to confined reaction space between

the reactants as well as the resultant self-supportive tubular
structure. When the temperature was raised to 800 �C, the
discontinuous morphology feature of the formed nanogaps was
amplified and layers of ordered nanocavities appeared
(Figure 2b). Especially, the nanocavities seem to have the shape
of the initial ZnO nanocrystals, differing from both the interfacial
voids evolving by surface diffusion of the Kirkendall voids in the
ZnO�Al2O3 core�shell nanowires, and those created by the
simple decay of the neighboring spinel layers owing to thermal
instability.12 Peng et al. once produced nanolaminate assemblies
of Al2O3/ZnO/Al2O3 trilayers and investigated the bidirectional
diffusion of ZnO based on the Kirkendall effect.20 This study
granted that the polycrystalline ZnO thin films behave the same
way as single-crystal ZnO substrates during a spinel-forming
thermal diffusion process. However, in the current experiments,
we demonstrated that the polycrystalline nature of ZnO in the
multilayered films cannot be ignored.
In the multilayered films, the polycrystalline ZnO layers intro-

duce many short-circuit diffusion paths via the grain boundary
(GB) network.10 The GBs could easily accommodate diffusion of
Al2O3 into ZnO layers, since GB diffusivity is much larger than
bulk/lattice diffusivity.21 The preferential GB diffusion of Al2O3

causes encapsulation of ZnO crystals, freezing them in their initial
positions. Then, the solid�solid ZnAl2O4-forming reaction

Figure 1. (a) Schematic diagram of multilayered film grown by ALD.
Cross-sectional TEM micrographs of (b) sample I consisting of five
layers of Al2O3 (12 nm, light contrast) and four layers of ZnO (6 nm,
dark contrast), and (c) sample II consisting of five layers of Al2O3

(24 nm, light contrast) and four layers of ZnO (12 nm, dark contrast).
(d) Cross-sectional TEMmicrograph of sample II showing the scan line
for EDX analysis. (e) EDX results from the line scan shown in d. (f) ZnO
nanowires coated with 5 and 25 nm ALD ZnO. Inset is the electron
diffraction pattern from the nanowire coated with 5 nm ALD ZnO.

Figure 2. Cross-sectional TEM micrographs of sample I (a) after
annealing for 3 h at 700 �C in air, (b) after annealing for 3 h at 800 �C
in air, (c) after RTP treatment for 1 min at 800 �C in air.
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proceeds between the ZnO grains and the surrounding Al2O3.
Therefore, when the fast diffuser is altered frommonocrystalline to
polycrystalline, the diffusionmode shifts from one way diffusion to
a concomitant diffusion process where both ZnO and Al2O3

diffuse into each other via interfacial bulk (ZnOfAl2O3) and
GBdiffusion (Al2O3fZnO).TheGBdiffusion ofAl2O3 intoZnO
layers was also confirmed via EDX analysis (Figure 3) on Sample I
which was annealed at a lower temperature (600 �C) for 3 h. At
this temperature, the spinel forming solid�solid reaction does not
easily take place because of insufficient thermal energy. The bulk
interface diffusion of ZnO into Al2O3 is very slow. Therefore, the
presence of Al in the ZnO layers is a direct evidence of the presence
of GB diffusion of Al2O3. Note that at temperaturesg700 �C, GB
diffusion of Al2O3 into ZnO layers and interfacial bulk transfer of
ZnO into Al2O3 occur simultaneously. Hence, the final void
morphology is determined by these two competing processes.
Yu et al. studied GB diffusion in the presence of the Kirkendall
effect using computer simulations.22 According to their calcula-
tions, in two component systems, GB diffusion is significantly
enhanced when vacancies are generated due to the Kirkendall
effect. This may be the reason why the GB diffusion becomes even
more dominant when the temperature is raised from 700 to
800 �C, as more vacancies are generated at higher temperatures
creating a greater GB diffusion component.
For understanding the relationship between the void evolution

and the reaction time, annealing of sample I was also performed
at 800 �C in air for one minute in a rapid thermal processing
(RTP) furnace. As demonstrated by the TEM image shown in
Figure 2c, the final Kirkendall void morphology of the RTP
sample looks strikingly similar to the results from the sample
annealed at 800 �C for three hours. For single-crystal ZnO
nanowires coated with an amorphous Al2O3 shell, annealing at
800 �C for only 1 min does not result in the formation of many
large interfacial voids and complete consumption of the ZnO
core is not achieved either. This gives strong evidence that the
diffusion of Al2O3 along the GBs of ZnO is indeed a kinetically
favored process, which significantly increases the interface area
between the Al2O3 films and the particulate ZnO layers and
accordingly accelerates the spinel-forming reaction by the fol-
lowing one-way bulk diffusion of each ZnO nanocrystallite.
Therefore, the thermal diffusion and solid-state reaction pro-
cesses reached equilibrium in a very short time. The high

similarity in the morphology of the samples annealed for 1 min
(RTP) and 3 h also confirms that the ordered voids embedded in
the multilayered ZnAl2O4 product derived from sample I is a
highly thermally stable configuration. Long-time annealing at
800 �C does not lead to the collapse of the porous structures
created by the Kirkendall void formation process.
Next, we investigated the influence of layer thickness on the

Kirkendall void morphology in the multilayered films. As shown
in Figure 1f, an increased layer thickness is directly associated
with increased ZnO grain size, which has been proved to greatly
affect the GB diffusion process. The effective solute diffusion in
polycrystalline solids can be described by the general Hart-
Mortlock equation as shown below23

DEff ðHart�MortlockÞ ¼ sgDGB þ ð1� sgÞDL ð1Þ

Here,DEff is the effective diffusivity, s the segregation factor, g the
volume fraction of atomic sites in the GB of the polycrystal, DGB

the GB diffusivity, and DL the lattice (i.e., bulk) diffusivity. The
term g can be written as g = (qδ)/(d), where q is a grain shape-
dependent numerical factor (q = 1 for parallel grains), δ the GB
width (treated as constant ∼0.5 nm), and d is the grain size.
According to this equation, the GB diffusion of Al2O3 into ZnO
should be reduced with increasing ZnO grain size d. Hence,
multilayered films with bigger ZnO crystals (sample II) should

Figure 3. Left: STEM image and corresponding EDX element map-
pings of Al, Zn, andO for sample I after annealing at 600 �C for 3 h in air.
Right: STEM image and intensity profiles of Al and Zn across the
multilayer of the same sample.

Figure 4. Cross-sectional TEM micrographs of sample II (a) after
annealing for 3 h at 700 �C in air, (b) after annealing for 3 h at 800 �C in
air, (c) after RTP treatment for 1 min at 800 �C in air.
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show a better gap profile than sample I at lower temperatures
such as 700 �C because the increased grain size of ZnO can
reduce the GB diffusion of Al2O3.
To confirm these assumptions, sample II was subjected to the

same thermal processes as sample I. First, sample II was annealed
at 700 �C for 3 h. The resulting pore morphology is shown in
Figure 4a. Under these annealing conditions, long and partially
segmented nanogaps were formed. The pore morphology re-
sembles the results obtained from sample I at 700 �C but this
time the gaps seem to have a more continuous profile. When the
thermal process was repeated at 800 �C for 3 h, the multilayered
film unexpectedly transformed into a ZnAl2O4 film with a
random, unordered pore morphology with unexpectedly large
cavities as shown in Figure 4b. To understand the source of the
large voids and the random pore morphology, sample II was also
subjected to a 1 min RTP anneal in air at 800 �C. The resulting
structure, see Figure 4c, is an intermediate, nonequilibrium stage
in the thermal process, where large spinel crystals are clearly
visible. The formation of large spinel crystals during the solid�
solid reaction is not surprising due to the larger size of the initial
ZnO crystals in sample II. It appears that the formed voids travel
through the ZnAl2O4 GB network, settle and enlarge in energe-
tically favorable sinks, which leads to formation of large inter-
laced voids in the film. Although increased grain size of ZnO
reduces the influence of Al2O3 GB diffusion into the ZnO layers,
the ordered gap morphology decayed at higher temperatures
such as 800 �C because of lower porosity and enhanced GB
migration of the formed ZnAl2O4.

10

Figure 5 shows a series of high-resolution TEM (HRTEM)
images of sample II after the RTP treatment at 800 �C. Figure 5a
represents a low-magnification TEM micrograph belonging to
this sample. Various sites are selected from this sample for
HRTEM analysis to determine the underlying cause of the

randomly ordered void morphology. Interestingly, even though
the sample consists of randomly ordered large voids, relatively
long, partially continuous gap formations are visible beneath the
top layer. This is also the case for sample I thermally treated by
RTP at 800 �C for 1 min. The HRTEMmicrograph in Figure 5b
demonstrates that the top first layer is composed of long-
sectional monocrystalline ZnAl2O4. The distinctive gap-like
morphology under this ZnAl2O4 cap indicates that the diffusion
behavior of the ZnO top layer is different from that of the other
layers. It is reasonable to consider that the sandwiched ZnO top
layer is not really embedded during the RTP-induced solid�solid
reaction because the stress-induced cracks in the top Al2O3 layer
can facilitate its outward diffusion/evaporation into the air.13

Figure 5c shows two large adjacent ZnAl2O4 bicrystals located
inside the multilayered film. The crystals are attached to one
another with a small angle α with the same crystal facets facing
each other. This result suggests that large crystals in the ZnAl2O4

film having clear facets can approach, attach, and fuse each other
in an oriented manner during thermal annealing at higher
temperatures.24 The GB migration of the formed ZnAl2O4

domains could be triggered and enhanced by the increased
mechanical stress within the multilayered film due to larger
overall film thickness and lower porosity due to increased ZnO
grain size.10,25 Moreover, large nanocrystallites are known to be
better faceted than small ones. For instance, very small Au
nanocrystals are approximately spherical in shape, forming no
clear facets but this is not the case when the crystal size is
increased. Thus, when sample I was annealed under the same
conditions as sample II, ordered voidmorphology was retained as
a result of smaller overall multilayered film thickness and higher
porosity which prevented major GB migration. Additionally,
large spinel grains forming across the multilayer stack were
occasionally observed in sample I after annealing at 800 �C, as
shown in Figure 2b. These large crystals were most probably
produced by the fusion of small immobile adjacent grains
annealed at such a high temperature. The ordered void mor-
phology in the multilayer stack is not disturbed in the presence
of these large crystals, suggesting the absence of major grain
boundary migration during the reaction. In contrast, these
reconfiguration processes became severe and widespread when
the film thickness and ZnO grain size were increased (sample II).
Figure 5d shows bicrystals that are again attached in an oriented
manner. Because this time the attachment angle is zero and the
grains are well-aligned, if annealed further, these crystals will
most likely fuse and grow into a bigger crystal.26

A schematic summary of the Kirkendall void development in
our multilayered films is presented in Figure 6. The overall void
evolution can be considered as a two stage process (Figure 6a). In
the first stage, Al2O3 diffuses into ZnO via GBs surrounding the
ZnO nanocrystals in the layers. In the second stage, ZnO diffuses
into the surrounding Al2O3 through the interface via bulk
diffusion which results in inward injection of vacancies and
formation of embedded ordered Kirkendall voids. If the initial
ZnO layers in the multilayered film are thick, the GB diffusion of
Al2O3 into ZnO is partially weakened because of increased grain
size. Better gaplike layered nanostructures are formed, accom-
panying the formation of large ZnAl2O4 crystals. However,
increased mechanical stress, reduced porosity, and well-faceted
crystallite morphology in this case very easily initiate GB migra-
tion of the formed ZnAl2O4 crystals at higher temperatures and
lead to degradation of the layered structures. Such a structural
development process is schemed in Figure 6b.

Figure 5. (a) Low-magnification TEM image of sample II annealed for
1 min at 800 �C in air. High-resolution TEM micrographs of (b) top
ZnAl2O4 spinel layer, (c) adjacent bicrystals attached with an angle α,
(d) adjacent bicrystals attached without an angle. Note that dashed lines
are the grain boundaries.
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Design of 1D Porous Nanostructures Using Multilayered
Films. Knowledge on void formation by the Kirkendall effect as
obtained from thin-film diffusion couples can be directly applied to
the design of hollow nanostructures. Based on the above investiga-
tions, the arrangement of the Kirkendall void morphology in
multilayered films is further explored to create complex 1D porous
nanostructures starting from 1D templates shelled by the Al2O3/
ZnO multilayered films. More importantly, the influence of
reaction temperature and layer thickness on the morphology of
the final products known from the Al2O3/ZnOmultilayered films
can be profitably referred. In the following case experiments, the

thicknesses of ZnO (12 nm) and Al2O3 (24 nm) layers are
employed, consistent with the layer thicknesses in sample II.
The first example schematically shown in the left of Figure 7a
involves a single-crystal ZnAl2O4 nanotube coated with a single
pair of ZnO and Al2O3. Here, the nanotube acts as an inert 1D
template. After this sample was annealed at 700 �C for 3 h, ordered
pore/channel formation in place of the former ZnO layer is visible,
producing a so-called tube-in-tube structure (right TEM image of
Figure 7a). Because only one side of the ZnO layer is coated by the
Al2O3 film, it can be expected that the GB diffusion of Al2O3 into
the ZnO layer is approximately reduced by half in this case.
Besides, the stress-induced cracks in the outer Al2O3 layer can
facilitate the outward diffusion/evaporation of the ZnO layer into
the air, as we mentioned before. Therefore, the formed hollow
space presents a continuous gaplike morphology feature.When an
Al2O3/ZnO/Al2O3 trilayer was coated on a carbon nanofiber
template (see Figure 7b), this system was again transferred to the
tube-in-tube structure after annealing at 700 �C with the template
combusted in air. However, compared with the structure shown in
Figure 7a, a more granular void distribution appears between the
outer and inner nanotube. This result is reasonable because theGB
diffusion of Al2O3 is more obvious for a ZnO layer sandwiched by
amorphous Al2O3 films, whichmore easily leads to “faceted” voids.
Finally, we performed an experiment with our nine layered film
coated on a 1D template (ZnO nanowires protected by a TiO2

diffusion barrier shell) at 800 �C. As expected, the multilayered
shell was transformed into porous ZnAl2O4 nanostructures with
unordered pores (Figure 7c). This suggests that the GBmigration
of the formed relatively large ZnAl2O4 domains at 800 �C makes
this system thermally unstable, in agreement with the result
obtained from the multilayered film shown in Figure 4b.

’CONCLUSIONS

We studied the morphology development of Kirkendall voids
in ALD-grown Al2O3/ZnO multilayered films. The alternating

Figure 6. Schematic illustration of (a) Kirkendall void development in Al2O3/ZnO multilayered films containing polycrystalline ZnO layers,
(b) oriented attachment of large ZnAl2O4 crystals and crystal growth via Ostwald ripening.

Figure 7. Nanostructures coated with multilayered films illustrated
schematically before and after annealing (left) along with a TEM
micrograph after annealing (right): (a) ZnAl2O4 nanotube coated with
a single pair of ZnO and Al2O3 annealed at 700 �C. (b) Carbon nanofiber
coated with a multilayered film with three alternating layers of Al2O3 and
ZnO annealed at 700 �C. (c) ZnO nanowire coated with a multilayered
film with nine alternating layers of Al2O3 and ZnO annealed at 800 �C.



4451 dx.doi.org/10.1021/cm201446y |Chem. Mater. 2011, 23, 4445–4451

Chemistry of Materials ARTICLE

stack of amorphous Al2O3 and polycrystalline ZnO layers
provides a representative example for investigating the Kirken-
dall void formation in a polycrystalline infinite space. The effects
of annealing temperature, grain size, reaction time and reaction
space on the void features of final spinel products are studied in
detail. It is found that more GBs existing in thin ZnO layers
significantly enhance the GB diffusion of Al2O3 into the ZnO
layers at 700 �C. The resultant ZnAl2O4 multilayer represents
ordered voids in the original positions of the ZnO layers,
exploiting the following one-way diffusion of ZnO into the
surrounding Al2O3. This porous structure is rigid at higher
reaction temperature such as 800 �C because of the restricted
GB migration of small ZnAl2O4 crystallites formed under this
condition. The employment of thick ZnO layers (reduced GBs)
favors the creation of large gaps in the multilayered spinel
nanostructures as a result of the reduced GB diffusion of Al2O3

into the ZnO layers. However, the produced structure is easy to
decay at higher temperatures due to enhanced GB migration of
the formed big ZnAl2O4 crystallites. We have also established
models for the development of voids with different processing
conditions. It should be mentioned that the reaction product
spinel ZnAl2O4 had been shown to be an important material
in tissue engineering, optical, photo, and electroluminescence
applications as well as catalytic applications. Controlled regula-
tion of the void features in this material will largely enrich its
functionalities in various areas. The results presented here should
allow synthesis of newmultilayered nanostructures with controlled
pore morphologies and can be extended to other Kirkendall-type
thermal diffusion couples.
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