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Growth kinetics of ZnAl,O, spinel phase was followed in double layered nanotubes (DLNTS), i.e. in cylindrical
geometry in two different layer sequences. DLNTs were annealed at 700 °C in ambient atmosphere for different
times. ZnAl,0, phase formed due to solid-state reaction. To follow the growth kinetics of the spinel, thin
lamellae were prepared from the cross sections of the tubes and studied in a transmission mode scanning
electron microscope (TSEM). The phase grows parabolically with time, independently of the layer sequence.
The growth rate was higher in the )ZnO)Al,05) layer sequence, than for the reverse case. This can be explained

by the competing vacancy fluxes induced by mechanical stress developing during the solid-state reaction and
by the difference in the diffusion fluxes of the two constituents. This is the first case that the influence of closed
geometry and layer sequence on spinel growth between two oxide layers has been experimentally investigated.

1. Introduction

Kirkendall effect is a well-known phenomenon during interdiffusion
in binary systems [1]. The origin of this effect is the resultant vacancy
flow caused by the inequality of the intrinsic atomic fluxes in the lattice
frame of reference oriented towards the faster component. In fact this
resultant volume flow is responsible for the development of stress in the
diffusion zone: one side tends to shrink and the other one to expand.
Additional stress can also develop due to the formation of product
compounds in which the specific volumes of the constituents can be
considerably different than in the parent phases [2]. The developed
stress field may in turn have a feedback effect on the atomic fluxes.
Since the stress fields are long-range fields, for samples with closed
geometries, e.g. cylindrical or spherical samples, the stress development
and relaxation will certainly depend on the shape and size of the sample
and for example the dependence of the process on the radius and the
stacking sequence is expected [2,3]. Even nowadays, describing the
complex interplay of diffusion and stress is a challenge.

The effect of closed geometry and diameter variation on the growth
of intermetallic layers has been investigated for a while in macroscopic
samples. One of the first experimental findings dates back to 1977 when
they demonstrated that in a Ni-Cd system with a closed geometry, the
formation of the Ni;Cd,; phase led to cracks and local separation of
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layers, while this effect in planar geometry was not observed [4,5]. In
1990, a detailed investigation regarding phase growth in the cylindrical
Cu-Zn system was performed by Bogdanov et al. [6]. Our research
group also investigated the growth of @ (Al Cu), #, (AlCu) and §
(Al,Cu;) phases in the Al-Cu system (Al wire covered by copper), as
well as the growth of y (NisCdy;) and y’ (Cd,Ni) phases in Cd-Ni
system in planar and cylindrical geometry at different radiuses and
temperatures [7,8].

In 2012 and 2017, theoretical descriptions of reactive diffusion in
spherical and cylindrical core-shell nanostructures were developed by
Erdélyi et al. [9] and Roussel et al. [10].

To demonstrate the interplay between stress and solid-state reac-
tion, Schmitz et al. [3] designed a clear model experiment by depositing
thin-film Al/Cu/Al and Cu/Al/Cu triple layers on tips of 25 nm apex
radius and investigated them by atom probe tomography (APT). They
studied the growth of the reaction product, which was always faster
when the Cu was stacked on top of Al. They suggested, that an anal-
ogous effect may play a role in oxidation or chemical reactions of
core-shell structures.

The study of how solid-state reactions take place in closed geome-
tries is also relevant for applications. Double- or multilayer nanotubes
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are promising materials in the production of gas sensors, chemical
and biochemical sensors and solar cells. In most cases, the formation
of these structures is based on solid-state diffusion and/or reaction
between two parent materials, and the Kirkendall effect is applied to
explain the resulting arrangements [11-14]. Choosing the appropriate
constituents, solid-state reactions can result in spinel nanostructures,
which are of great interest due to their wide range of applicability [15-
18]. Specifically, zinc-aluminate has been chosen because ZnAl,0, is
the only phase that exists in the equilibrium ZnO/Al,0; phase dia-
gram [19] and there is a number of technological applications in which
ZnAl,0, is a promising candidate. As a catalyst [20] or photocatalytic
material, it is particularly suitable for the elimination of toxic aro-
matic compounds [21] but it also shows potential as a temperature
sensor [22] and its good thermal stability makes it suitable for high
temperature applications [15,23].

In the present work, the main aspect of the investigation was to
study the kinetics of the ZnAl,O, spinel growth in different stacking
orders of ALD-grown ZnO and Al,O; oxide layers in double-layered
nanotubes (DLNTs), i.e. cylindrical geometry. ZnAl,O, forms in the
solid state reaction (SSR) ZnO + Al,0; — ZnAl,0,, where Zn and
Al are metallic elements with valencies 2* and 3* respectively and
O with a valency of 27. Because of the many various application
possibilities listed above, understanding the underlying processes of
spinel formation and growth are indispensable. This work presents
experimental results that can help us gain a deeper understanding of
the interplay between reactive diffusion and stress and initiate further
experimental studies on this subject.

2. Experimental

Poly(vinyl alcohol) (PVA) nanofibers, prepared via electrospinning
method [24], were used as templates (core) to produce nanowires in
two sequences, PVA)Al,0;)Zn0) and PVA)ZnO)AI,03), by atomic layer
deposition (ALD) in a Beneq TFS-200 — 186 reactor. Al,O; layer was
prepared using trimethylaluminium (TMA) and water (H,0) as precur-
sors at 70 °C. The pulse time for the TMA and H,0 was 0.15 s [25]
which was followed by a 6 s and 10 s nitrogen purge. For the ZnO
layer diethyl-zinc (DEZ) and water (H,O) precursors were used at
100 °C. The consecutive pulse times were: 0.15 s for DEZ followed by
a 10 s nitrogen purge and 0.15 s for H,O followed by 10 s nitrogen
purge [26]. 240 cycles of Al,0; and 100 cycles of ZnO have been
deposited on glass samples to determine the deposition rate of the
metal oxides. X-ray reflectivity (Rigaku SmartLab 9 kW X-ray diffrac-
trometer), variable angle spectroscopic ellipsometry (Semilab SE-2000)
as well as profilometer (AMBIOS XP-1.) measurements were performed
to determine the deposition rates of the different oxide layers which
were found to be 0.07 nm/cyc for Al,O; and 0.1 nm/cyc for ZnO.
After deposition, the samples were annealed in ambient atmosphere
in order to eliminate the PVA core, resulting in DLNTs in two differ-
ent stacking orders:)Al,0;)Zn0O) and)ZnO)Al,05). The heat treatments
were carried out in tube furnace using the following program [24]: (1)
the temperature was increased from room temperature up to 230 °C
with 10 °C/min heating rate, then (2) it was further increased up to
550 °C with 2 °C/min heating rate. After reaching 550 °C, the samples
were removed from the furnace and cooled down to room temperature.

To initiate the spinel formation, the pre-treatment step was followed
by further annealing of DLNTs in ambient atmosphere for different
periods of time at 700 °C in the same tube-furnace.

In every stage of the experimental process, X-ray diffraction patterns
were collected using the X-ray diffractometer (XRD) under Cu-K, radi-
ation (1.54 A) in order to detect and identify the appearing ZnAl,0O,
phase. Cross-sectional TEM (X-TEM) lamellae were prepared from the
samples using Thermo Fisher Scientific Scios 2 dual beam scanning
electron microscope (FIB-SEM), and images were taken at 30 kV in
the FIB-SEM using a retractable STEM detector in transmission mode
(TSEM). SEM, as well as TSEM images, were used to measure the
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Fig. 1. Z-contrast (BSE) images of the two types of nanotubes after the preannealing
step. For better interpretation, see the schematics on the right. The images were taken
at 2 kV using the in-lens BSE detector.

initial thicknesses of the as-deposited layers as well as the thickness
of the ZnAl,0, spinel formed during the reaction—diffusion process. It
is important to emphasize that during the measurements we focused on
the growth aspect of the reaction—diffusion process.

3. Results

Fig. 1 displays both sample sequences after the PVA template was
burned out during the pre-treatment. The images were taken from the
fractured end of the DLNTs in Z-contrast mode. The average thick-
nesses of the deposited layers determined via TSEM image analysis are
~150 nm and ~75 nm for the ZnO and the Al,O; respectively.

X-TEM lamellae were prepared and XRD diffractograms were taken
after each heat treatment step. The measured X-ray diffractograms
taken from the as-deposited samples showed peaks of the ZnO phase,
indicating that only the ZnO layer was crystalline, while the Al,0; was
amorphous (see Fig. 3). The TSEM measurements on the heat treated
samples showed that while in one stacking order the zinc-aluminate
phase can appear after only one hour of annealing at 700 °C, it takes
longer in the reverse order. Note, that our earlier measurements [27]
on the formation of the ZnAl,0, in planar geometry showed that the
new intermediate phase appears after 15 min of annealing at the same
temperature.

Fig. 2 displays TSEM images of the DLNTs annealed at 700°C for
640 minutes with both stacking order.

It is known that the formation of pores during interdiffusion is a
consequence of the resulting vacancy flow, J,,, which is oriented against
the faster diffusing component. Although details of the nucleation and
growth of the void(s) can be complicated due to additional effects,
such as stress development [28-30], non-steady-state vacancy distri-
bution [31] etc., it is generally accepted that the overall growth of the
voids is controlled by the faster diffusing component.

In Fig. 2 Frenkel-voids are visible at the ZnO side of the new
ZnAl,0O, phase in both layer sequences. This indicates that ZnO is
the faster (often supposed as the only) moving component in the sys-
tem, which is in agreement with earlier investigations [12,32,33]. The
process is understood in terms of a uni-directional vacancy diffusion
mechanism, wherein ZnO diffuses into the Al,O; layer, resulting in
vacancy accumulation and supersaturation at the ZnO side of the spinel
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(a) )Zn0O)A1,03
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Fig. 2. TSEM images of the two types of nanotubes annealed at 700°C for 640 minutes.
The images were taken at 30 kV in TSEM-HAADF mode, it shows Z-contrast. For better
interpretation, see the coloured details on the right. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

phase. Voiding is a result of the relaxation of the material supersatu-
rated with vacancies. The relaxation of the vacancy subsystem in ionic
materials can proceed in this way, which means just joining vacancies
into voids [34-36]. It cannot be directly determined if the reaction
proceeds via molecular or cation-anion movement, but the appearance
of the voids indicate which is the faster diffusing component [33].

Another interesting experimental finding is, that a continuous new
phase appears earlier in the )ZnO)Al,03) type samples, then in the
reverse order. In the case of the )ZnO)Al,0;) type of specimen the
initial interface was wavy, due to the polycrystallinity of the ZnO. The
grain size, as in most thin films, is comparable to the layer thickness
of the ZnO film. In the case of the other sequence, the originally sharp
Al,05/ZnO interface resulted in a more even growth of the ZnAl,0O,
phase, which nucleates and forms a continuous layer a bit later (see
Fig. 4).

X-ray diffractograms (Fig. 3) taken from the specimens show the
appearance of the ZnAl,0O, phase. Comparing the peak heights of the
different phases in the diffraction spectra of samples heat-treated for
different times indicate the growth of the spinel and the consumption
of the zincite, since the height of the ZnAl,0, peaks increase, while
that of the ZnO peaks decrease.

In Fig. 4 the layer thicknesses of the ZnAl,0, phase are plotted
as a function of the square root of the annealing time for both layer
sequences. One can see, that the experimental points in both cases can
be well fitted with straight lines, indicating that the growth follows
parabolic kinetics in both cases, i.e. Ax = AP\/;, where Ax is the layer
thickness of the new phase, AP is the growth rate constant, which is
generally temperature dependent and ¢ is the annealing time [1]. The
plot displays that, according to the fitting, the growth is faster, i.e. AP
is greater in the )Zn0O)Al,0;) type DLNT than in the other sequence.

4. Discussion and conclusion

In conclusion, we showed that between crystalline ZnO and amor-
phous Al,O; a crystalline ZnAl,O, spinel phase forms at 700 °C in
cylindrical geometry. The reaction product grows into the alumina
phase, producing Frenkel-voids at the ZnO/ZnAl,O, interface inde-
pendently of the layer sequence. This is a clear indication that the
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Fig. 3. X-ray diffractograms of )ZnO)Al,O;) specimens after different annealing times.
Black vertical lines and indices correspond to spinel (ZnAl,O,) Bragg peaks. The
unindexed peaks show the diffraction pattern of the ZnO phase. After 2 h of heat
treatment, the appearing shoulders of ZnO at values of 31.78° and 36.8° confirm the
appearance of ZnAl,O,. After 8 h of heat treatment, the peaks of the spinel phase
became more significant, on the other hand, we could observe a slight decrease in the
ZnO peaks.
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Fig. 4. Layer thickness of the Al,ZnO, intermediate phase as a function of the square
root of the annealing time. The points show the corresponding experimental data of
the different layer sequences in cylindrical geometry for )ZnO)Al,0;) (black) and for
)Al,03)ZnO) (red) type samples. Note, that the thicknesses of the continuous layers are
plotted, i.e. we focused on the growth phase of the whole process. The green points
display data of the planar sample [27]. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

solid-state reaction process is controlled by ZnO diffusion. It also ap-
peared, that the spinel layer starts to grow earlier in the )ZnO)Al,0;),
than for the )Al,0;)ZnO) arrangement. We found that the growth
kinetics follows a parabolic time dependence independently of the
stacking. The growth rate is higher for the )Zn0O)Al,05) type of sample
than for the )Al,05)ZnO) one.

Since the specific volume of the product phase is greater than the
specific volume of the mother phases, in cylindrical geometry, the
developing mechanical stress field is such that there is tensile stress in
the outer and compressive stress in the inner side of the product phase,
which induces a vacancy flux towards the inside of the nanotube (stress
field induced vacancy flux) [3,9,10]. Moreover, this is independent of
the initial stacking order of the oxides (see Fig. 5).

On the other hand, because of the difference of the diffusion fluxes
of the components, there is always a resulting vacancy flux towards
the faster component (it is induced by the imbalance of the atomic
fluxes) [1] (see Fig. 5).

As a result, if the faster component is in the inner layer, then
the vacancy fluxes induced by the stress field and the imbalance of
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Fig. 5. Schematic figure of the developing hydrostatical stress (black curve), the atomic
(Jz0, grey arrow) and vacancy fluxes (J, and J, %) in different layer sequences. The
black (J, ) arrow shows the mechanical stress induced vacancy flux, whereas the grey
(J,) arrow displays the vacancy flux due to the imbalance of the atomic fluxes. (on
the basis of [9,10]).

the atomic fluxes are parallel, which helps the diffusion of the ZnO,
resulting faster growth of the spinel product, whereas if the slower
component is the inner layer, they are antiparallel, so the phase growth
is slower (see Fig. 5).
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There are theoretical and experimental evidences [37] which sup-
port that positive nanoscale curvature i.e. concave surface is able to
considerably increase the probability of phase nucleation and even
contributes considerably to the growth rate of the nuclei. This explains
that the continuous new phase appears earlier in the )Zn0O)Al,05) type
samples, than in the reverse case. It is important, that the phase growth
in this cylindrical case follows a parabolic time dependence (see Fig. 4).
The reason of this could be, that grain coarsening is not as easy in this
geometry, than in planar one, i.e. only the grain boundary diffusion of
the ZnO (either in ionic or in molecular form) controls the growth of
the new ZnAl,O, phase [38].

Comparing the growth rate of the spinel in planar [27] and cylin-
drical geometry, one can immediately see that it is the slowest in
planar case (see Fig. 4). This may be surprising, since based on our
previous calculations [9,10], we would expect this to fall between the
two growth rates measured in the cylindrical samples. The discrepancy
can be explained by the fact that stress field develops not only due
to material transport, but also due to thermal expansion. The planar
samples were produced on a rigid Si substrate, i.e. its presence greatly
influences the process through the different thermal expansion of the
substrate and the sample. According to the available data, the thermal
expansion coefficient for Si is ~ 107%1/K, while for ZnO and Al,O; it
is practically the same and one order of magnitude higher (~ 10751/K)
than that of the substrate.

The developing thermal stress, even in multilayered samples, can be
calculated using the following formula [39,40]:

E(2)

1-v(z)
where E(z) is the Young’s modulus, v(z) is the Poisson’s ratio, a(z) is the
thermal expansion coefficient and ¢, denotes the strain at z = 0, which
can be calculated from the equilibrium condition foh o(z)dz = 0, where
h is the thickness of the sample. The resulting compressive thermal
stress, calculated from the expression above, is in the order of MPa for
the self-supporting film, and it is in the order of GPa for the film on Si
substrate. It was shown not only in theoretical calculations [9,10,41],
but also in experimental studies [42-45], that such a high hydrostatic
pressure decreases the equilibrium vacancy concentration significantly.
In this pressure range, the change can be as much as two orders of
magnitude. As a result, the diffusion flux also decreases. The DLNT’s
on the other hand are support free, therefore there is no thermal stress
contribution, which overall explains the relatively small growth rate in
the planar sample.

We would like to emphasize that this is the first case that the influ-
ence of closed geometry and layer sequence on spinel growth between
two oxide layers has been experimentally observed. The difference in
the kinetics of the intermediate layer growth in a cylindrical and planar
geometry has been compared and explained.

o(z) = [e, — a(2)AT]
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