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ABSTRACT The solid-state reaction within a coaxial Al,05/Zn0/Al,0; multilayered microtubular structure can
be used to prepare discrete microtube-in-microtube ZnAl,0, spinel assemblies through a Kirkendall void production
mechanism at 700 °C. In contrast with previous studies of the nanoscale Kirkendall effect, the reaction observed
here proceeds through a bi-directional vacancy diffusion mechanism wherein Zn0 species diffuse into inner- and
outer-Al,0; concentric layers, thereby resulting in vacancy supersaturation and void production between two
isolated spinel microtubes. Low-temperature atomic layer deposition (ALD) of Al,0; and Zn0 enables the
fabrication of complex coaxial multilayered microtubes with precise control of the starting film thicknesses and
relative composition. When a molar excess of Zn0 is present between two Al,0; layers, electron microscopy images
reveal incomplete Zn0 consumption after annealing at 700 °C. At higher initial Al,0; concentrations, however,
complete reaction with Zn0 is observed, and the size of the Kirkendall gap between isolated spinel microtubes

appears to be directly influenced by the thickness of the intermediate Zn0 layer.
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everal interesting studies have re-

cently demonstrated that the Kirken-

dall effect,’ a well-known metallurgi-
cal process involving nonequilibrium
counter-diffusion of two species through
an interface, can be used to produce nanos-
cale objects including spherical shells,
nanotubes,®° dendrites,'® and other struc-
tures'! with controlled dimensions and ge-
ometries. According to this mechanism, va-
cancies diffusing toward the region
containing faster-diffusing species can ei-
ther be annihilated at dislocations or, if the
density or number of defects is sufficiently
low, the vacancies can become supersatu-
rated and condense to form voids. Produc-
tion of such porous nanostructures often
proceeds by exposing a small colloidal or
nanocrystalline structure to a species or thin
film coating of a complementary reactive
compound. During subsequent reaction, ac-
cumulated vacancies will condense close
to the interface and within the faster-
diffusing core to form Kirkendall voids. The
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resulting voids can also enable surface diffu-
sion of species, which, in turn, can acceler-
ate the reaction kinetics.>® A wide range of
complementary compounds have been
identified and studied with regard to
Kirkendall-related nanostructures.>”'* The
solid-state reaction and diffusion process
that occurs between ZnO and Al,Os in the
formation of ZnAl,O, spinel is often used as
a model system. For instance, quasi-one-
dimensional ZnO nanowires or branched
nanostructures generated by vapor-phase
processes have been coated with highly
conformal Al,O; films of controlled thick-
ness by atomic layer deposition (ALD).*8
The solid-state reaction between ZnO and
Al,Os progresses through fast outward dif-
fusion of Zn or ZnO into the Al,05 layer to
form hollow microtubes of a single crystal
or polycrystalline ZnAl,0, spinel.* 8

In all prior reports of the nanoscale Kirk-
endall effect induced in engineered assem-
blies, the nanoscale crystal “substrate” and
complementary reactive coating or chemi-
cal species have been physically arranged in
a bilayer (e.g., Al,03 on ZnO) so that the
counter-diffusion process yields spinel in a
single solid-state reaction zone (e.g., be-
tween the ZnO and Al,O; layers*~8). In this
work, we demonstrate that, by using multi-
layer structures fabricated by successive
ALD, the Kirkendall effect can be extended
to produce alloys at multiple reaction inter-
faces, yielding a complex arrangement of
multiple, isolated layers of a single alloy
product. The resultant layers of spinel dem-
onstrate that concurrent outward and in-
ward diffusion of a fast-diffusing species can
actively participate in Kirkendall void forma-
tion. Specifically, we show that when a
trilayered Al,03/Zn0O/Al,O; tubular nano-
structure is prepared at material volumes
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that favor stoichiometric solid-state reaction, two spinel
microtubes develop as a “microtube-in-microtube”
structure wherein the microtubes are physically sepa-
rated by a nanoscale gap (Kirkendall void). Moreover, by
varying the volumes of the coreactive species available
at multiple binary junctions, the extent of each reaction
and the thickness of the accompanying product layer
can be independently controlled. This ability to tune
multiple reaction fronts in a nanoscale Kirkendall pro-
cess may open new opportunities for material design
and function for a range of future nanotechnologies.

RESULTS AND DISCUSSIONS

Figure 1 is a schematic diagram of the synthesis pro-
cedure, based on atomic layer deposition chemistry, de-
veloped to generate coaxial ZnAl,0, microtubes from
sequentially layered Al,O; and ZnO thin films. A matrix
of electrospun poly(vinyl alcohol) (PVA) microfibers
(Figure 1a) constitutes the initial substrate template.
The fibers are coated with a conformal film of Al,Os by
ALD (Figure 1b), followed by ALD of ZnO (Figure 1c) and
another Al,O; layer (Figure 1d) to form trilayered Al,O5/
Zn0O/Al,05 coaxial nanostructures on a three-
dimensional (3D) PVA microfiber mat. The ALD process
allows the thickness of the deposited ZnO and Al,Os
coatings to be independently tuned with monolayer-
scale precision by adjusting the number of ALD cycles
used during fabrication."* "7 After ALD film coating,
the PVA core is eliminated by annealing at 450 °C in air
for 12 h (Figure 1e). Alternatively, the PVA core can be
dissolved in deionized (DI) H,O at ambient temperature.
After PVA removal, the free-standing nanolaminated
microtubes are further annealed at 700 °C in air for an
additional 12 h to induce species diffusion and solid-
state reaction, as depicted in Figure 1f. The resulting
unique nanostructure portrayed in Figure 1f is referred
to as a “microtube-in-microtube” arrangement. Figure
1g schematically illustrates the difference between pre-
vious studies,* 8 where the sample geometry pro-
motes unidirectional vacancy diffusion from the slower-
toward faster-diffusing species, and the present study,
where a multilayer geometry enables bi-directional va-
cancy diffusion.

The approach used to deposit inorganic oxides on
PVA microfibers, as well as the resulting film morphol-
ogy and hollow microtubes, have been previously re-
ported.'® Microfibers of PVA coated by Al,O; appear
smooth and uniform, with the film thickness precisely
controlled at the monolayer level and with film deposi-
tion proceeding during the first few ALD cycles with-
out a detectible growth incubation period.'® Figure 2
panels a and b show PVA microfibers that have been se-
quentially coated by Al,03 (212 ALD cycles) and ZnO
(112 ALD cycles). These results confirm that successive
ALD preserves the original 3D morphology of an elec-
trospun PVA microfiber mat. An enlargement of a single
PVA microfiber after coating with Al,05; and ZnO is pre-
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Figure 1. Schematic diagram of the procedure developed
here for the fabrication of ZnAl,0, microtube-in-microtube
assemblies: (a) electrospinning is used to produce PVA mi-
crofibers; (b) a thin, conformal Al,O; coating is applied to the
PVA fibers by low-temperature ALD; (c) a successive ZnO
coating is applied by ALD; (d) a second Al,O; coating is ap-
plied by ALD, resulting in trilayered PVA/Al,03/Zn0O/Al,03
microcables; (e) the PVA core is removed by calcination at
450 °C in air for 12 h; (f) the resultant Al,05/Zn0O/Al,O; co-
axial microtubes are annealed at 700 °C to form coaxial
ZnAl,0, microtubes separated by a nanometer-scale gap re-
sulting from accumulation of Kirkendall voids. (g) White ar-
rows show the direction of vacancy diffusion for a typical
nanoscale Kirkendall-effect experiment in which Al,Os is
coated onto a ZnO crystal (left), as well as for the experimen-
tal procedure described here, where diffusion occurs in two
directions to produce an internal nanoscale gap (right).

sented in Figure 2b. The dark core corresponds to the
PVA microfiber with a diameter of ~300 nm, and the
bright shells correspond to coaxial Al,O; and ZnO coat-
ings. Figure 2c is a TEM image of an Al,03/ZnO
core—shell microtube formed after dissolving the PVA
substrate in DI H,O at ambient temperature for 12 h. It
is interesting to note that the PVA substrate templated
in this example consisted of two parallel microfibers
fused longitudinally during electrospinning, and the
ALD Al,03/Zn0 coating accurately retains the shape of
the original substrate. Because of the similar electron
densities of Al,O; and ZnO in this image, the precise
thickness of each shell cannot be accurately deter-
mined. Similar concentric microtube morphologies are
observed in all areas analyzed by TEM and are thus con-
sidered to be representative of the specimen. The sur-
face of the outer ZnO shell is noticeably rougher than
the comparable Al,0; microtubes previously reported’”
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Figure 2. SEM (a and b) images of PVA electrospun fibers coated with
an Al,Os(inner)/ZnO(outer) bilayer deposited by low-temperature ALD.
Film thicknesses and the number of ALD cycles used in this and subse-
quent specimens are provided in 1. The SEM image in panel b shows
a single PVA fiber with the coaxial bilayer coating (Al,O3, solid arrow;
ZnO, dashed arrow). (¢, d) TEM images of the coaxial Al,03/ZnO micro-
tubes obtained after removal of the PVA by dissolution in water (c)
and microtubes produced after PVA calcination (d).

due presumably to the crystalline nature of the ZnO
ALD film. The bi/multilayered ALD coatings examined
here consistently appear uniform along the length of
each microtube, with no large defects detected by TEM
analysis.

In the case of bilayered two-shell microtubes, re-
moval of the PVA template by thermal calcination leads

v

Figure 3. Representative TEM images of Al,03/Zn0O/Al,03 microtubes
formed by ALD on PVA microfibers. The images in panels a and b were
obtained after annealing at 450 °C in air. The image in panel b per-
mits direct visualization of the trilayered morphology consisting of a
dark polycrystalline ZnO middle layer and lighter amorphous Al,03
shells. The images in panels c and d were obtained after annealing the
microtubes at 700 °C for 12 h. Light spots (arrows in c and d) indicate
voids formed within the tubular structure. Unreacted excess ZnO par-
titions between the inner and outer shells.
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TABLE 1. Characteristic Dimensions of Initial ALD Layers
and Post-Reaction Spinel Layers and Kirkendall Gaps®

figure  inner Al,0; In0 outer Al,0; spinel/gap/spinel®
2 18(212) 21 (112)
3 18(212)  21(112)  8.5(100) N/A
4 18(212)  10(55) 25(300) 22 £ 0.8/6.4 = 1.5/28 = 1.0
5 18(212)  21(112)  39(450) 23£31/12 £1.8/44 £ 23

“Presented as thickness, in nm (number of ALD cycles). ®Presented as thickness, in
nm. Uncertainties represent 1 standard deviation from ~30 measurements.

to significant breakdown of the microtubular morphol-
ogy. After thermal calcination at 450 °C for 12 h, fol-
lowed by sonication in ethanol, the ZnO coating is
found to densify as it crystallizes into microtubes com-
posed of aggregated ZnO nanoparticles measuring
10—30 nm across. In some cases, the inner Al,O3 shell
deteriorates to form nanoscale plates (indicated by the
arrows in Figure 2d), resulting in complete disintegra-
tion of the surrounding ZnO shell. These observations
are ubiquitous and representative of the specimen. It is
important to note that previous studies of PVA microfi-
bers coated only by Al,O; and annealed under similar
conditions in our laboratory showed no evidence of mi-
crotube disintegration.’> The microtube deterioration
exemplified in Figure 2d could be due to mechanical
weak points introduced into the Al,O5; network by ZnO
ALD. Such weak points can help to promote film disrup-
tion during thermal annealing and/or mechanical
sonication.

X-ray photoelectron spectra collected from several
ZnO films deposited by ALD on silicon wafers verify
the presence of only Zn and O, with a relatively small
amount (<2.5 atom %) of C even for films deposited at
temperatures as low as 65 °C. The O1s spectrum shows
evidence of oxide and O—H bonding, and peak integra-
tion indicates the —OH content comprises ~18% of
the oxygen species present. Similar hydroxyl bonding
is observed in infrared spectra of ZnO and Al,O; layers
deposited at low temperatures. We anticipate that any
hydroxyl groups or carbon residue remaining after
high-temperature annealing might influence the de-
tailed energetics and kinetics of diffusion of the species/
vacancy during spinel formation (e.g., by enhancing va-
cancy formation or species diffusion rates), but the
overall reaction process should not be significantly
affected.

To explore mechanisms related to bi-directional va-
cancy diffusion, trilayered specimens consisting of three
chemically distinct coatings were prepared by sequen-
tial ALD, thereby forming the Al,03/Zn0O/Al,0s/PVA co-
axial microfiber morphology schematically depicted in
Figure 1d. Upon removal of the inner PVA core by an-
nealing at 450 °C in air for 12 h, (cf. Figure 1e), trishell
Al,05/Zn0/Al,0;5 coaxial microtubes are obtained.
Transmission electron micrographs of the resulting
structures obtained after low temperature annealing

www.acsnano.org



are provided in panels a and b of Figures 3, 4 and 5.
Each figure corresponds to samples prepared with dif-
ferent ALD layer thicknesses, and the number of ALD
cycles used to generate each layer is listed in 1. In sharp
contrast to the previous bishell microtube morphology
discussed with regard to Figure 2, the images in Figures
3, 4 and 5 demonstrate significantly less disintegration
(implying improved stability) when the trishell assembly
is calcinated at 450 °C to eliminate the PVA core. It is
reasonable to anticipate that, for the case of trishell as-
sembly, the outer amorphous Al,O3 layer protects and
reinforces the sandwiched semicrystalline ZnO layer.
Moreover, after heating to 450 °C, the microtubes re-
tain their compact trishell arrangement, as demon-
strated, for example, in the cross-sectional, high-
resolution (HR) TEM image of an Al,05/Zn0O/Al,03 co-
axial microtube displayed in Figure 3b. In this image,
three clearly defined shells are evident and appear inti-
mately bound together with no voids located between
the layers. Such HRTEM images provide a direct means
by which to measure the thickness of each ALD layer in
the trishell assembly, and the corresponding results
are included in 1. The compact arrangement of the
trishell Al,05/Zn0O/Al,O3 microtube layers affords com-
plete confinement of the middle ZnO shell, which is
able to react with both the inner and outer Al,Os shells
to form Kirkendall voids.

Annealing the trilayered coaxial microtubes at 700
°C initiates solid-state interfacial reaction and diffusion
processes, and TEM images of the resultant morpholo-
gies are also presented in Figures 3, 4, and 5. Additional
HRTEM images of samples after high temperature an-
nealing are shown in Figures 6 and 7 as well. The com-
posite materials studied here are unique compared to
previous studies of the nanoscale Kirkendall mechanism
in that all of the materials involved in the reaction are
strategically deposited by ALD so that the relative com-
position of each reactant can be readily controlled by
the number of ALD cycles utilized to generate each
layer. As alluded to earlier and indicated in 1, the thick-
nesses of the ZnO and Al,O; layers are different in each
of the three specimen series displayed in Figures 3, 4,
and 5. Panels ¢ and d of Figure 3 reveal that the mor-
phology of the microtubes changes dramatically upon
annealing at 700 °C for 12 h. The blotchy texture of the
microtubes shown in Figure 3c suggests the formation
of voids in the ZnO layer, and the TEM image provided
in Figure 3d confirms the existence of Kirkendall voids
in the ZnO layer below the outer Al,O3 shell. It is impor-
tant to note that, before annealing at 700 °C, the trilay-
ered coaxial microtubes portrayed in Figure 3 possess a
ZnO/Al,0;s film thickness ratio of about 21/(18 + 8.2)
~ 0.80, which is larger than the molar volume ratio
Vzno/Vano, of (14.5 cm?/mol)/(25.7 cm*/mol) ~ 0.56. Al-
though the mass density of ALD films deposited at low
temperature may not be the same as bulk materials, the
measured thickness ratio suggests that the sample in
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Figure 4. TEM images of Al,03/Zn0O/Al,03 microtubes: (a, b) after an-
nealing in air at 450 °C. The HRTEM image in panel b shows the thin
dark ZnO middle layer sandwiched between two lighter Al,O; layers.
(c—f) After further annealing at 700 °C for 12 h. Compared to samples
in Figure 3, these samples contain a thinner (~10 nm) ZnO layer, with
a thicker (~25 nm) outer Al,Os layer. The arrows in panel d identify iso-
lated pieces of the inner or outer shells as a consequence of micro-
tube fracture. In panels e and f, HRTEM images reveal a light middle
layer located between two darker layers, indicating the formation of
a thin gap between two polycrystalline ZnAl,O, layers.

Figure 3 contained excess ZnO for the solid-state
stoichiometric reaction ZnO + Al,O; — ZnAl,0,4, which
is consistent with the presence of ZnO after the solid-
state diffusion and reaction upon annealing at 700 °C in
air. For comparison, the samples discussed with regard
to Figures 4 and 5 have a thinner ZnO inner shell and/or
thicker Al O3 outer shells, giving rise to a reaction ex-
cess of Al,Os in those samples.

Figure 4 shows TEM images acquired from another
set of trilayered Al,03/Zn0O/Al,0; coaxial microtubes
with film thicknesses of 18/10/25 nm, respectively. Rela-
tive to the specimen described in relation to Figure 3,
this sample has a thinner (10 nm) ZnO layer and a
thicker (25 nm) outer Al,O5 shell. Images in panels a
and b of Figure 4 verify that the microtubes maintain a
trilayered coaxial arrangement after calcination at 450
°C. This arrangement is particularly striking in the HR-
TEM image of a broken microtube in Figure 4b, wherein
the sandwiched ZnO middle layer appears dark rela-
tive to the brighter Al,O; inner and outer shells. Corre-
sponding images of microtubes annealed at 700 °C for
12 h are displayed in panels c-f of Figure 4. While bro-
ken pieces of inner and outer shells are visible in Figure
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4c, panels d-f provide evidence that the trilayer mor-
phology remains largely intact after annealing. Note,
however, that the middle layer now appears bright rela-
tive to the inner and outer shells, thereby revealing a
gap that develops between the two shells. Close exami-
nation of the broken microtube edge in Figure 4f con-
firms the presence of a gap that results from the bi-
directional solid-state reaction and diffusion process
between the Al,03; and ZnO layers. As before, HRTEM
images permit direct assessment of the thicknesses of
the layers and gap, and the results are given in 1. The
values reported here represent averages of more than
30 analysis points measured from several microtube
samples. Two observations warrant mention here. The
first is that the dimension of the gap is generally not
uniform, possibly due to the relative proximity of the
microtubes to each other, and surface roughness result-
ing from the polycrystalline nature of the inner and
outer tubes. The second, expected from the solid-state

reaction, is that high-temperature annealing promotes
Figure 5. TEM images of Al,03/Zn0O/Al,03; microtubes similar to those : . . .
shown in Figure 4, with thicker ZnO (21 nm) and outer ALO; (~39 2" |ncree?se in the lnne'r an'd outer she'II thlcknesses.' For
nm) layers: (a, b) annealed at 450 °C in air; (c, d) annealed at 700 °C for the specimens shown in Figure 4, for instance, the in-
12 h. Image contrast (and reversal) is identical to that observed in ner shell is found to increase by 22% from 18 to ~22
Figure 4. A continuous Kirkendall gap is evident in panel d.

nm, whereas the outer shell increases by 12% from 25
to ~28 nm. The arrow in Figure 4d identifies a broken
shell piece that is ~28 nm thick. Existence of this iso-
lated outer shell confirms that the adjacent shells are

Figure 6. HRTEM images of (a) a section of an isolated inner tube wall showing polycrystalline regions, (b) a part of an in-
ner tube shell displaying polycrystalline ZnAl,0, and amorphous Al,O; (outlined by yellow lines), (c) a section of an outer
tube wall consisting mainly of ZnAl,O, crystal, (d) a section of an outer tube wall possessing crystalline ZnAl,0, and amor-
phous Al,0s. The images correspond to the inner and outer microtubes obtained from the sample shown in Figure 4. Labeled
lattice spacings of 0.46 and 0.28 nm identify the 111 and 220 planes, respectively, of ZnAl,0,.
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separated from each other after high-temperature an-
nealing. Other broken shells from this sample set were
further characterized by HRTEM, and the images are
shown in Figure 6. The layers show polycrystalline do-
mains with lattice spacings consistent with ZnAl,O,. As
discussed later, X-ray diffraction data are also in agree-
ment with this assignment. We also note from the HR-
TEM images in Figure 6 that the spinel ZnAl,O, and
amorphous Al,O; are present as separate phases in
both the inner (panels a and b) and outer (panels c and
d) shells.

To further explore the versatility of this process and
our capability to tune the extent of the bi-directional
solid-state reaction and diffusion processes, the thick-
ness of ZnO and Al,Oj; shells have been further adjusted
by sequential ALD to produce a larger Kirkendall gap.
Images of the resulting morphologies are presented in
Figure 5. Coaxial Al,05/Zn0O/Al,03 microtubes formed
after calcination are evident in panels a and b of Fig-
ure 5, while TEM images of those generated after an-
nealing at 700 °C are included in panels c and d. After
heating to 450 °C, the Al,O;(inner)/Zn0O/Al,O5(outer) co-
axial shells possess thicknesses of 18/21/38.5 nm, re-
spectively, with the middle ZnO shell consistently ap-
pearing darker relative to both Al,O; shells. After
annealing at 700 °C, a bright gap once again appears
to be sandwiched between two darker shells. This gap,
particularly clear in the HRTEM image in Figure 5d, mea-
sures 11.7 = 1.8 nm across, and the thicknesses of the
outer and inner shells are 44.4 = 2.3 nm and 22.6 = 3.1
nm, respectively. It is important to recognize that this
specimen is comparable to the sample portrayed in Fig-
ure 3 except for a thicker outer Al,Os shell (38.5 versus
8.5 nm). The thicker Al,O3 shell allows consumption of
all available ZnO during the solid-state reaction and dif-
fusion processes upon annealing at 700 °C, thereby pro-
ducing a visible gap between the spinel microtubes.
This signature feature is absent in Figure 3. Densifica-
tion can also be considered as a possible mechanism for
void formation,'® and the polycrystalline ZnO layers de-
posited at low temperature in the samples discussed
with regard to Figures 3 and 5 are expected to undergo
some degree of density change upon annealing. The
very different final products displayed in Figures 3d and
5d cannot, however, be reconciled by considering only
the densification of films. Rather, the difference be-
tween the two specimen series further corroborates
the existence of a bi-directional vacancy diffusion
mechanism.

The resulting physical separation between the in-
ner and outer tubes is further visualized in the electron
micrographs shown in Figure 7. These images were col-
lected from a sample of microtubes with Al,03/Zn0O/
Al,O5 of ~18/10/44 nm, respectively, after annealing at
700 °C. The electron micrograph in Figure 7a shows a
broken inner tube protruding from an outer tube, dem-
onstrating clear physical separation between the tubes.

www.acsnano.org
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Figure 7. Typical TEM image of Al,03/Zn0O/Al,O; microtubes
(~18/10/44 nm) annealed at 700 °C for 12 h. (a) Broken tubes
clearly reveal physical separation and delineation between
the inner and outer spinel tubes. The image confirms in-
creased roughness of the spinel layers along the length of
the tube, on the surfaces adjacent to the Kirkendall void. A
process break during the final Al,O; coating step resulted in
the thin line visible in the thick outer Al,O; layer. (b) HR-
TEM image of the tubes in panel a, depicting the outer tube,
hollow gap, and inner tube. The lattice spacing and orienta-
tion are consistent with polycrystalline ZnAl,O, distributed
randomly in an amorphous Al,03; matrix. The lattice signal
becomes weaker along the radial direction toward the outer
surface of the outer shell. The width of the hollow region be-
tween the tubes is consistent with that shown in Figure 4,
with a similar starting thickness of ZnO.

The size of the gap is consistent with that shown in Fig-
ure 4 for samples with a similar starting thickness of
ZnO. The TEM image also shows some nanoscale rough-
ness of the spinel layers along the length of the tube,
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Figure 8. XRD patterns of the coaxial microtubes portrayed
in Figure 4: (a) after calcination at 450 °C in air for 12 h, and
(b) after annealing at 700 °C for 12 h. The reflections marked
in panel a correspond to the ZnO lattice, whereas those in
panel b correspond to features associated with ZnAl,O,.
There is no evidence of crystalline ZnO in the diffraction pat-
tern acquired after high-temperature annealing, which is in-
dicative of complete reaction consumption of the ZnO layer.

on the surface adjacent to the Kirkendall void. The HR-
TEM image in Figure 7b likewise reveals the polycrystal-
line nature of the tubes, consistent with inward and
outward diffusion of Zn-related species into the Al,O3
layers. Measured lattice spacings are consistent with
ZnAl,O,, and a sharp interface does not appear to exist
between excess Al,O3 and the spinel shells.

In addition to the microtube structures shown here,
it may be possible to extend the concept introduced
here to planar or other three-dimensional nano- or mi-
crostructures. In a planar configuration, the bi-
directional Kirkendall reaction for nanolaminated Al,0s/
ZnO/Al,0s films with suitable molar ratio is expected
to result in two ZnAl,O, layers. However there is no
physical means to support a large area gap between
these layers. Preliminary experiments suggest forma-
tion of two planar layers that may be physically sepa-
rated by, for example, mechanical peeling.

The crystal structure of the microtubes displayed in
Figure 4 have been analyzed by XRD after annealing at
450 and 700 °C, and results are provided in panels a and
b, respectively, of Figure 8. The specimen annealed at
450 °C shows only ZnO-related diffraction features, con-
sistent with polycrystalline ZnO located between amor-
phous Al,Os layers. The reflections present after anneal-
ing at 700 °C, on the other hand, correspond to
polycrystalline ZnAl,O, spinel, providing direct evi-
dence for the solid-state reaction between ZnO and
Al,Os in the coaxial microtubes assembly. In this case,
the interfacial reaction appears to consume all the ZnO
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Figure 9. ALD layer thicknesses of ZnO and Al,0; deposited
on planar silicon wafers (measured by ellipsometry, open
symbols) and microfibers (measured by TEM, filled symbols)
after annealing at 450 °C in air. Included is the Kirkendall
gap thickness from two Al,03/Zn0O/Al,0; microtubular speci-
men series (shown in Figures 4 and 5) annealed at 700 °C
and plotted as a function of the ALD cycle number for the
ZnO layer. The error bars represent one standard deviation
in the data.
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reactant in the middle shell. Previous results
that thin ALD Al,O; films develop crystalline order upon
extended annealing at temperatures above 800 °C.
The formation of segregated interfacial voids and
microtube-in-microtube structures therefore demon-
strates that the nanoscale Kirkendall effect can be di-
rectly extended to trilayered systems, where the solid-
state reaction and diffusion simultaneously proceeds in
two opposite directions across two spatially isolated
interfaces.

The results shown in Figure 9 for samples in the
microtube geometry highlight the ability to tune the
thickness of deposited films by sequential ALD and the
size of the reaction-induced Kirkendall gap that can de-
velop between microtubes. The figure compares the
thicknesses of ALD coatings in microtube assmblies, as
measured by TEM after annealing at 450 °C, to those of
ALD films deposited directly on planar silicon wafers,
as determined by ellipsometry. As expected, the thick-
ness of the ZnO and Al,O; films deposited on a planar
surface increases linearly with the number of ALD cycles
at a growth rate of ~0.19 nm/cycle for ZnO and ~0.08
nm/cycle for Al,Os. Several cycles of growth incubation
time may be required for ZnO ALD, which is consistent
with previous reports.'®?? The TEM results gleaned
from layers deposited under the same conditions on
the fiber matrix indicate remarkably similar growth
rates. The TEM data constitute mean values of more
than 30 measurements, and the corresponding stan-
dard deviation is less than 7% on average. Figure 9 also
shows the size of the gap between microtubes after an-
nealing at 700 °C. These results, obtained from TEM im-
ages such as those provided in Figures 3, 4, and 5, are
plotted as a function of the cycle number used for ZnO
ALD. Under conditions where there is sufficient Al,O3
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present to react with the available ZnO (i.e., the sample
series displayed in Figures 4 and 5), the void dimen-
sion increases with increasing ZnO thickness, demon-
strating that the Kirkendall gap size can be controlled
by varying the ALD film thickness. It is important to note
that the precise correspondence between the starting
ZnO layer thickness and the ensuing void or gap size
will depend on the reaction volume of the surround-
ing AlLO; layers. When insufficient Al,O; reactant is
available and ZnO is in molar excess, discrete voids,
rather than a distinct, contiguous gap, develop after an-
nealing at 700 °C for 12 h (cf. Figure 3).

CONCLUSIONS

The experimental results reported here establish
that Kirkendall voids can be formed between two
ZnAl,0, spinel microtubes through the solid-state reac-
tion and diffusion processes between concentric Al,0;
and ZnO shells deposited by low-temperature ALD on
fibrous templates. The resulting morphologies can be
described as microtube-in-microtube ZnAl,O, assem-
blies, where the individual spinel microtubes are sepa-

METHODS

The inorganic coaxial microtubes used in this study were
prepared by coating electrospun poly(vinyl alcohol) (PVA) mi-
crofibers with Al,03 and ZnO thin films deposited by ALD.
The fabrication processes regarding PVA electrospinning and
ALD coating were described elsewhere.'>?3 In the present
work, Al,O; ALD was conducted at 45 °C and ~0.9 Torr."> A
modestly higher temperature (65 °C) was used for ZnO ALD,
also performed at ~0.9 Torr. The reactants included two or-
ganometallic precursors: trimethylaluminum (Al(CHs)s, TMA,
98%, Strem) and diethyl zinc (Zn(C;Hs),, DEZ, 96%, Strem) and
deionized water vapor (DI H,0). All the species were deliv-
ered as ambient-temperature vapors into a custom-built hot-
wall viscous flow tube reactor. High-purity Ar (99.999%) (Na-
tional Welders Supply Co.) was used as the purge and carrier
gas and further purified by a gas filter (DRIERITE Gas Puri-
fier) before entering the reaction system. During cycling, the
TMA and DI H,0 were alternately introduced into the ALD
chamber (base pressure ~107¢ Torr) in pulses of 5and 1's, re-
spectively. Corresponding purge times were 20 (TMA) and
60 s (DI H,0). For ZnO deposition, DEZ and DI H,O were like-
wise injected into the reactor in pulses of 5 and 2 s, respec-
tively, and each purge time was 120 s. In conjunction with
each ALD deposition on PVA microfiber mats, two pieces of
silicon wafer (measuring ~1 ¢cm X 1.5 cm, treated by JTB
Baker Clean, rinsed in DI water, and then blown-dry with N;)
were used as reference substrates for growth rate measure-
ments on a planar surface under identical deposition condi-
tions. During deposition, the microfiber mat was positioned
between the two Si wafers. The PVA microfiber templates
were removed either by heating in air at 450 °C for 12 h or
dissolution in DI H,0 for 12 h. To stimulate solid-state inter-
facial reaction, resultant specimens consisting of coaxial mi-
crotubes composed of Al,03; and ZnO layers were subse-
quently annealed in a convective air furnace at 700 °C for
12 h. Microfibers and microtubes were examined by field-
emission scanning electron microscopy (FESEM) performed
on a JEOL 6400F microscope operated at 5 kV. Microtube
samples for transmission electron microscopy (TEM) analysis
were first sonicated in ethanol for 1 min. Several drops of the
suspension were pipetted onto carbon-coated TEM grids,
which were allowed to dry at ambient temperature and then
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rated by a continuous hollow gap. The process is under-
stood in terms of a bi-directional vacancy diffusion
mechanism, wherein ZnO diffuses into both inner and
outer Al,O5 layers, resulting in vacancy accumulation
and supersaturation between the two spinel micro-
tubes. If the mole fraction of Al,Os is insufficient for
completion of the spinel formation reaction, excess ZnO
crystallites remain in the reaction zone after annealing.
For samples with an equal or excess Al,O3; mole fraction,
the thickness of the Kirkendall gap between isolated
spinel microtubes can be controlled in part by the thick-
ness of the deposited ZnO layer. Fabrication of
microtube-in-microtube assemblies is achieved using
the precise control over layer thickness afforded by ALD
of Al,O; and ZnO thin layers at low deposition temper-
atures. This work demonstrates that complex material
multilayers produced by ALD can enable vacancy diffu-
sion in more than one direction. Extending this scheme
to other materials and geometries will open new possi-
bilities for complex nanoarchitecture synthesis and en-
gineering in a broad range of nanotechnological
applications.

imaged with an FEl Tecnai G? twin microscope operated at
160 kV. The crystal structure of the microtubes were charac-
terized by X-ray diffractometry (XRD) performed on a Philips
X'Pert PRO MRD HR diffractometer over an angular range of
5—85°(26) in intervals of 0.01° (26) and with a step duration
of 1 s. For XRD, a mat of microtubes was attached to the
sample holder by means of double-sided tape. The Al,O;
and ZnO ALD film thicknesses on Si wafer were discerned
by ellipsometry using refractive indices of 1.79 and 2.00 for
Al,O3 and ZnO, respectively. X-ray photoelectron spectros-
copy (XPS) measurements were conducted on a Kratos Ana-
lytical AXIS ULTRA spectrometer outfitted with a monochro-
matic Al Ka source and operated at 15 kV. For all samples, the
C 1s peak was normalized to 284.6 eV as the reference. In
the survey and detail scans, the pass energies were main-
tained at 160 and 20 eV, respectively, and the data were ana-
lyzed and fitted using the CasaXPS software suite.
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