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ABSTRACT

Nucleation and growth kinetics of ZnAl,0, spinel phase was studied between amorphous Al,O4 and crystalline
ZnO oxide layers grown by atomic layer deposition on a highly curved solid Pt cores with Pt)Al,03)ZnO)
sequence (double-layered nanopillars, DLNPs). The composite pillars were annealed at 700 °C in ambient
atmosphere for different durations. Thin plan-view lamellae were prepared from the cross sections of the
pillars to investigate the nucleation and the growth kinetics of the ZnAl,O, spinel phase in a transmission
mode scanning electron microscope (TSEM). We found that similarly as in planar geometry, the growth occurs
in two stages: first, islands form and grow along the interface until creating a continuous layer; then this
continuous layer thickens. However, in comparison to the planar case, the first stage is extremely shortened
due to the closed geometry. The growth rate of the formed continuous ZnAl,O, phase is strongly influenced
by the type of core (hollow in DLNTs, solid in DLNPs). The spinel layer grows parabolically with time, but
much more slowly in DLNPs than in double-layered nanotubes (DLNTs). Computer simulations showed that
the diffusion fluxes and the developing mechanical stresses in the system during the interdiffusion process

explain the experimental findings.

1. Introduction

Although interdiffusion has been a known process for a long time
and its technological importance is undeniable, it is still not fully
understood. The details of the diffusion processes are becoming more
and more important because of their increasing impact on material
transport in nano-sized objects. In interdiffusion processes, material
transport can lead to the development of internal stresses. The role
of these stresses and their relaxation is more relevant as the sizes are
reduced.

During interdiffusion, imbalanced atomic fluxes and the different
partial molar volumes of the diffusing species, resulting in net vol-
ume flux, can lead to a build-up of internal stresses. As a result, an
inhomogeneous deformation occurs, with one side of the diffusion
couple contracting while the other expands. The possible formation
of new phase(s) that induce a change in the specific volume in the
reaction zone can also lead to stress development. The impact of
these diffusion-induced stresses is highly influenced by the available
relaxation mechanisms (e.g. Kirkendall shift, creep, dislocation slip,
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mechanical deformation) and their respective time scales with the
diffusion annealing time. The developing internal stresses influence the
driving force of the diffusion fluxes through the impact on the diffusion
coefficient and on the thermodynamic potential of the diffusing species,
i.e. the relaxation of this diffusion-induced stress leads to a feedback
loop. All of these become increasingly important on the nanoscale.

One of the first attempts to address this problem was made by
Larché and Cahn [1,2]. However, Stephenson [3] gave the first com-
prehensive set of differential equations that incorporate the minimum
necessary fundamental phenomena. His model was formulated for pla-
nar geometry, included equations for calculating diffusion fluxes and
the resulting compositional changes, as well as stress development
caused by imbalanced atomic fluxes and different partial volumes,
along with stress relaxation through plastic deformation.

Due to the long-range nature of the elastic fields, the geometry of
the sample highly influences the process. Reactive diffusion on the
nano-scale has gained significant importance in spherical geometry.
Numerous studies have been published on the formation of hollow
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nano-shells (e.g. [4-6]), but the influence of stresses on these reactions
was not studied, despite the significant role these processes might play
in closed geometries with high curvatures.

The effect of closed geometry on the growth of intermetallic com-
pound layers has been the subject of interest for some decades. One of
the first experimental demonstrations, showing the importance of the
effect, was performed in binary, cylindrical, Cd-Ni and Al-Cu diffusion
couples of macroscopic dimensions (wires with a diameter of max.
~1 mm) [7-9]. The formation of the intermetallic phase, in the diffusion
experiments, led to the appearance of cracks and local delamination
of the intermetallic layers. Decreasing the diameter of the inner wire,
a deviation was also observed from the parabolic behavior (that is,
Ax x k,, \/;, where Ax is the thickness of the layer of the new phase, k, is
the growth rate constant and ¢ is the annealing time). The difference in
growth rate by changing the sequence of the layers was also described.

To illustrate the interplay between stress and solid state reactions,
Schmitz et al. [10] designed a model experiment by performing thin-
film diffusion in Al/Cu system building a tri-layered structure on atom
probe tips with a 25 nm apex radius. Atom probe tomography (APT)
analysis revealed that the growth of the reaction product varied consis-
tently depending on the layer sequence. Theoretical descriptions of the
observed phenomena have been published later by Erdélyi et al. [11]
for spherical and by Roussel et al. [12] for cylindrical geometry.

As is known, during the reaction between amorphous Al,05; and
crystalline ZnO, the main diffusing species is ZnO [13,14]. As a re-
sult, diffusion is highly asymmetric and the ZnAl,0, product phase
grows at the expense of the amorphous alumina phase. In our earlier
publications, we studied the kinetics of the ZnAl,0, spinel growth in
planar [15] and cylindrical [16] geometries.

In planar geometry, we demonstrated that the solid state reaction
occurs in two stages. (i) first, islands of the new phase form with a
thickness of ~ 10 nm that grow laterally without significantly increasing
their thickness; (ii) once these islands have grown together, they form
a continuous layer that will thicken further.

In the cylindrical case, the effect of different stacking orders of
ZnO and Al,05; oxides deposited by atomic layer deposition (ALD)
was studied in double-layered nanotubes (DLNTs). We showed that the
phase grows parabolically over time, regardless of the layer sequence,
however, the growth rate was higher in the )Zn0O)Al,0O3) stacking than
in the reverse case. This difference was attributed to the competing
vacancy fluxes induced by mechanical stress caused by the different
specific volumes of the phases involved in the process, as well as the
difference in diffusion fluxes of the two constituents.

In this paper, we present an experimental study of reactive diffusion
between ALD-grown crystalline ZnO and amorphous Al,O5 oxide layers
deposited on highly curved solid Pt pillars as cores with Pt)Al,03)ZnO)
sequence (double-layered nanopillars, DLNPs). In this geometry, one
can expect the results to be curvature or radius dependent [11,12],
therefore, we performed tests with different nominal core diameters.
We show that phase growth occurs in two stages, but the first stage is
extremely shortened and that the growth rate of the continuous spinel
phase (ZnAl,0,) in the second stage is strongly influenced by the type
of the core (hollow in DLNTS, solid in DLNPs).

After the interpretation of the experimental results, a hypothesis is
formed that the developing stress is influenced by the type of core,
which affects the growth rate of the spinel phase. We confirm our
hypothesis via computer simulations using a theoretical framework
developed on the basis of previously published models [11,12]. The
theoretical details of the model are described in the following section.

2. Theoretical framework
2.1. Reactive diffusion in nanotubes and nanopillars

In [12], a model is described for reactive diffusion and stresses in
nanowires or nanorods. In the present work, a modified version of
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this model for hollow and solid core double-layered systems is used
to interpret the experimental results using computer simulations with
parameters, initial and boundary conditions specific to the experiments.
Fig. 1 displays the schematics of the DLNTs. Due to the geometry, the
equations of the model are written in a cylindrical coordinate system
using the radial distance (r), the azimuthal angle (0) and the signed
distance along the main axis (z).

The formation of a new phase with a distinct specific volume com-
pared to the parent phases during reactive diffusion causes significant
strain. This yields the displacement vector for the cylinder with radius
r described by

1+v1 G G

u=1_v;1(r)+C1r+T—vfr, 1)

where v is Poisson’s ratio, E is Young’s modulus, and
" 1-2v
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with £5F denoting the stress-free expansion and £” the plastic defor-
mation. C;, C, and C; represent the integration constants (determined
from the boundary conditions) and R; denotes a lower limit for the
integral, such as the inner radius of a hollow cylinder or the end of the
solid core. The components of the strain and the stress tensors can then
be determined:
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The constants of integration (C,, C,, C3;) are obtained from the corre-
sponding boundary conditions. For a system with a solid core and a free
outer surface (o,,(R,) = 0), the displacement at the interface with the
core is equal to zero: u(R;) = 0. If the wire is initially axially stressed
with ogz, or when it is fixed only in the axial direction, then

=(l +v)(1-2v) 1
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as reported in [12]. However, if the cylinder is hollow (not discussed
in [12]) and the inner surface is free too, then instead of u(R;) = 0,
the boundary condition becomes o,,(R;) = 0. This yields the following
constants of integration

2
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However, when even the axial ends are free, then
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so that u, = 0 and for the last constant of integration (C;) Eq. (A.3)
from [12] must be used to have zero resultant force at the ends,
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Fig. 1. Schematic representation of the double-layered nanopillars before and after heat treatment.

We show that the hollow or solid core of the cylinder can result in
significant differences in the reaction-diffusion process.

To have a complete set of equations for the simulations, the stress-
free volume change must be calculated as well using the formula

DSF 11 0, .
Dr =—§{7Z}W[r(9,-—90)1,-]—q , ©)
=
where D/Dr is the substantial derivative that provides the rate of
change of any scalar quantity observed at a point that moves with the
material coordinate system (). ©; is the atomic volume of component
iand 2, =w, Y (¢;2,)/ X;_, ¢; is the atomic volume of a vacancy, g
is the change in volume, while the fluxes are

> D;

" SF SF

Ji = _pk_;wcicuvl [(”i +‘QiP) - (”v +'QUP)] (10)
fori=1,...,n,

in which the pressure is P = —% tré. p; and p, denote the chemical

potentials of component i and of the vacancy which can be determined
from the Gibbs free enthalpy of the system, p = 1/(}_ ¢;2; + ¢,2,)
is the total atomic density, D, = Dj‘/cg, with D} representing the
tracer diffusion coefficient of the chemical component i [11,17]; k is
Boltzmann’s constant, 7T is the absolute temperature, while ¢; and ¢, are
the atomic fractions of component i and the vacancies, with 0 being
the atomic fraction of the vacancies at equilibrium.

The composition over time, if fluxes flow only radially, changes
according to
%:—#%(r’ji)—cisu, 1D
where s, is the rate of change in the vacancy concentration caused by
their creation/annihilation at the sinks and sources. Thus, the change
in volume (¢) has two contributions (¢ = g, + q,,,), one due to the
creation/annihilation of vacancies (g,) and the other due to the change
in specific volume caused by phase transformation (g,,). The concen-
tration and the rate of change of vacancies

QP

e,(P)=clexp (— e > , 12)
Q P

s, =K, [CS exp <—#> - CU] , 13)

where K, is a rate coefficient that describes the efficiency of the sources
and sinks, R is the gas constant. From these, g, can be obtained as
q, = 5,082,

The stress relaxation mechanisms are modeled together as plastic
deformation, where only the radial component plays a role, which is
given by
p 1
£, = a(Zar, —0go — 03z)» (14)
in which 7 is the shear viscosity. For detailed derivation and explana-
tion of the formulas in this section, see [12].

One has to solve these equations simultaneously for a double-
layered )Al,03)ZnO) cylindrical system using the appropriate param-
eters to observe the time evolution of stress, strain, displacement, va-
cancy concentration, fluxes, composition and hence the growth kinetics
of a new ZnAl,0, spinel phase in the material.

2.2. Implementation

To investigate whether the solid core and the developing stress
can indeed significantly affect the growth rate of the spinel phase,
computer simulations were performed using the theoretical model de-
scribed above. The corresponding equations were solved numerically
as described in [11,12].

Our objective was not to perfectly match the experimental data
but to validate our hypothesis. We used the reduced (dimensionless)
form of the equations. The input parameters are based on the available
literature (see Table 1).

The nucleation phase was excluded from the modeling (it should be
noted that the model elucidated in Section 2 would not be appropriate
to address this phase). A continuous reaction layer was considered as
the initial state and the developing stress profile and the formation time
for this state was calculated using the equations described in Section 2.
The thickness of the initial reaction layer was determined based on the
experimental results and the theory available for the process.

The system is treated as a quasi-binary system, the two components
being ZnO (Zn-ox) and Al,O5 (Al-ox). The ZnAl,0,4 product phase is
modeled as an ordered phase (with an existence range that is based
on the experimentally determined composition profiles). The highly
asymmetric diffusion is represented by ZnO diffusing 100 times faster
than Al,O5 in the ZnAl,0, phase. As a result, the product phase is
growing mostly in one direction; at the expense of the alumina phase.
Vacancy sinks and sources are located at the inner and outer surfaces of
the bilayer (i.e. at R; and R,), and also at the interfaces of the product
phase.

We ran simulations with boundary conditions corresponding to
both solid core geometry (see Eq. (5)) and hollow core geometry (see
Eq. (6)), keeping every other parameter unchanged.

3. Experimental methods

Platinum nanopillars were built on silicon single-crystal wafers.
The wafers were etched in 65 wt.% nitric acid for 5 min at room
temperature to clean, then rinsed in distilled water for 5 min and
5 min in ethanol afterwards. The Pt nanopillars were fabricated us-
ing a gas injection system (GIS) in Thermo Fisher Scientific Scios 2
dual beam scanning electron microscope (FIB-SEM). The GIS precursor
material was trimethyl(methylcyclopentadienyl)platinum(IV), which is
decomposing when reacting with the electron beam. 5 kV acceleration
voltage and 50 pA beam current was used for the electron-beam-
induced deposition (EBID). The pillars were built in groups of four or
six, in three different of diameters: 130 nm, 185 nm and 285 nm. This
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Table 1
Parameters used in simulations to model the amorphous Al,O; — crystalline ZnO system.
Variable Value Description
v 0.24 Poisson’s ratio [18]
E 242 GPa Young’s modulus [19]
R, 100 nm Inner radius of the cylinder
R, 300 nm Outer radius of the cylinder
n 160 Number of finite volume cells
69 0 Initial stress in the axial direction
Qp,0, 35.2 cm?®/mol Molar volume of Al,05 [20]
270 15.5 e¢m?/mol Molar volume of ZnO [21]
, 75% Relative volume of vacancies [22]
Gy 4.5% Relative change in specific volume caused by phase transformation [23]
o 1073 Atomic fraction of vacancies in equilibrium
T 973 K Absolute temperature
K, 1 The efficiency of sources and sinks
Dzno/Dayyo, 100 Diffusion asymmetry in the ZnAl,O, phase
11,0, 0.15 sz Stress relaxation of Al,O4
253 ALy O3
Nz0AL0, 0.15 DEAVZ Stress relaxation of ZnAl,O,
24 AL, 03
Nz00 3.72 DEAV: Stress relaxation of ZnO
AL O3
dt 45.107 £ Time step

Do,

was followed by a degassing treatment in order to get rid of residual
precursor gases in the Pt columns. The samples were heated at ~180 °C
for 2 h in ambient atmosphere.

The fabricated Pt nanopillars were used as a cylindrical template.
Thermal atomic layer deposition (ALD) technique was used to deposit
100-100 nm Al,O5 and ZnO layers on the Pt pillars in a Beneq TFS-200-
186 reactor. ALD is a great tool to uniformly coat cylindrical templates,
let them be nanowires or even nanotubes [16,24]. The Al,O5 layer was
prepared at 100 °C using trimethylaluminium (TMA) and water (H,0)
as precursor materials. The pulse times for both TMA and H,0 were
0.15 s, which were followed by 5 s nitrogen purges. For the ZnO layer,
diethylzinc (DEZ) and water (H,O) precursors were used at 125 °C. The
pulse times were 0.15 s for both DEZ and water, followed by a 2.5 s and
a 5 s nitrogen purge respectively. From our previous studies [15,16],
we know that Al,O5 deposited this way is amorphous and ZnO has a
hexagonal structure.

After deposition, the Pt)Al,03)ZnO) structured cylindrical samples
were heat treated in a tube furnace in ambient atmosphere. In order to
compare the results with our earlier measurements on planar [15] and
double-layered nanotube (DLNT) samples [16], we applied a two-stage
thermal processing ("burn-out’) [25]: (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 a lowered (2 °C/min)
heating rate. At 550 °C, the samples were removed from the furnace
and cooled to room temperature. This pre-treatment was followed by
the reaction—diffusion heat treatment at 700 °C in ambient atmosphere
for various times: 0.5h, 2h, 4 h, 8 h, 12 h.

Plan-view TEM lamellae (parallel to the surface of the Si sub-
strate, i.e. perpendicular to the longitudinal axis of the cylinders) were
prepared from the composite nanopillars using the FIB-SEM equip-
ment. Scanning transmission (TSEM) images were taken at 30 kV and
0.4/0.8 nA, with a retractable STEM detector. The detector operates
in multiple modes, we employed the Bright Field (BF) and High-
Angle Annular Dark-Field (HAADF) modes. In BF mode, the aperture is
used to select the unscattered (transmitted) electrons, allowing for the
structure being studied. While in HAADF mode, the electrons scattered
at an angle of > 5 deg are collected and the image shows atomic number
contrast (Z-contrast). The images were used to measure the thickness
of the intermediate phase formed during the reaction-diffusion pro-
cess. According to our previous studies [15,16], the product phase
is ZnAl,0, spinel. To confirm the existence of a spinel phase grow-
ing within these circumstances, we used a Talos F200X G2 scanning
transmission electron microscope (STEM) equipped with a four-detector

in-column energy dispersive X-ray (EDX) analysis system. We exam-
ined the samples with high-resolution scanning transmission electron
microscopy (HRSTEM) and energy dispersive X-ray (EDX) spectrometry
techniques as well.

4. Results

Fig. 2(a) shows the as-prepared composite nanopillars after the
deposition of the oxide layers. It is visible that the hexagonal ZnO top
layer has some surface roughness due to its polycrystalline nature. In
Fig. 2(b), a cross-sectional image of a composite nanopillar is displayed
after the deposition of the oxide layers. One can see, that Al,03 has
a smooth, cylindrical surface, while ZnO forms a nanograined shell
around it. The grain structure shows a columnar nature, which is typical
for ZnO layers grown by ALD [26].

We show cross-sectional TSEM images of composite nanopillars
after heat treatment in Fig. 2(c-e), showing their inner structure. The
images show a new phase between the initial Al,O5 and ZnO materials.
From our previous studies [15,16], we learned from XRD measurements
that this new phase is a ZnAl,0, spinel phase. In Fig. 3, we show a
HAADF STEM close-up of the reaction zone after 8 h of heat treatment
at 700 °C with the corresponding EDX map of Al, O and Zn and a line
scan across the diffusion zone. In Fig. 3 and the corresponding Table 2,
we demonstrate the average compositions of the two parent phases and
the product phase in the marked areas. These values correspond well to
the expected compositions of Al,05, ZnAl,0, and ZnO, although both
the composition profiles in Fig. 3 and the data in Table 2 show that the
ZnO phase is not perfectly stoichiometric, but is oxygen-deficient. This
is often the case with ZnO deposited by ALD [27].

In addition to its composition, the structure of the product phase
was also investigated by HRSTEM measurements. Local Fast Fourier
Transform (FFT) patterns from the diffusion zone show that the product
phase is the ordered ZnAl,0, intermediate phase with a spinel structure
crystallized in the cubic Fd3m space group. Fig. 4(a) shows an HAADF
STEM image taken along the [01 1] ;. direction of the reaction product.
The FFT pattern demonstrates that the phase is the ZnAl,0, spinel
phase with [011]... The indexed lattice spacing of 4.1 A and 2.9 A
are in agreement with the (200) and (02 2) lattice planes of the spinel,
respectively.

We performed 0.5 h long heat treatments to capture the earliest
stage of phase formation. In some samples, we have seen continuous
ZnAl,O, layers (see Fig. 2(c)). We also found samples in which we
could see discontinuous layers or islands of the product phase. In Fig.
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ZnAl,O,

|——300 hm—

Fig. 2. Composite nanopillars (a) SEM image of a group of nanopillars. (b) Cross-section image of an as-deposited composite nano-pillar. On the solid, Pt core
a smooth, 100 nm thick, amorphous Al,O; shell is covered by a 100 nm thick, nanocrystalline ZnO layer. (c-e) Cross-sectional TSEM images of a nanopillars

annealed at 700 °C for 0.5, 2, and 8 h. The reaction product is clearly visible between the two parent phases. For improved visibility, we used HAADF for the
shortest annealing time. For easier interpretation, see the colored details in the image.

Table 2
The average compositions (in at.%) of the different regions marked in Fig. 3.
Area #1 Area #2 Area #3
Al O, ZnAl,0, Zno
(0] 58.49 + 4.79 at.% 54.76 + 3.52 at.% 43.97 + 3.25 at.%
Al 41.43 + 4.80 at.% 31.09 + 4.27 at.% 0.70 + 0.15 at.%
Zn 0.08 + 0.02 at.% 14.14 + 1.84 at.% 55.33 + 3.30 at.%

5, we show the TEM image of one such example. Notice the highlighted
and magnified image area which shows the spinel island.

For different heat treatment times, we measured the thicknesses of
the ZnAl,0, phases in the TSEM images, like the ones shown in Fig.
2(c-e). Detailed analysis of the product phase thicknesses could not

reveal a definitive radius dependence in the investigated range. Prob-
ably, the uncertainties coming from other aspects of the experimental
setup overwrite the curvature dependence. On the other hand, this is
in agreement with previous findings, where the radius dependence was
shown to be quite weak above 100 nm [11,12]. As a result, the data in
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Fig. 3. EDX analysis of a sample after 8 h of heat treatment at 700°C. (a)
HAADF TEM picture with the locations of the line profile and averaged area
measurements for Table 2 marked. (b) Elemental EDX map with the same areas
marked. (c¢) Elemental composition values from the area of the line profile
(as dots) and the composition profiles calculated as moving averages using a
1.4 nm wide window (as continuous lines).

Fig. 6 represent the average phase thickness values over all core radii
used for the experiments.

In Fig. 6, the measured layer thicknesses are plotted as a function
of the square root of the corresponding annealing times. It can be seen

Ceramics International 51 (2025) 52409-52418

that a straight line can be fitted to the measured values. The growth
rate follows the parabolic law [28], that is, Ax is a linear function of
/1, where Ax is the thickness of the layer of the new phase and 7 is
the annealing time. Because the formation of the continuous layer of
the product phase is not always complete after 0.5 h, in Fig. 6, we
did not include the value in the fitting of the growth rate, and in
the graph we marked the average phase thickness at this time with
an empty circle, although the data point still fits the growth rate
trend well. The experimental data from our previous measurements
performed in the same system, but without the solid core, i.e. in double-
layered nanotubes (DLNTs) [16] are also plotted in the same graph (red
squares). The plot shows that, although phase growth is parabolic in
both cases, the formation of the new phase is faster in nanotubes with
hollow cores and slower in nanopillars with solid cores.

5. Discussion

Studying the composition profiles in Fig. 3(c) and the quasi-binary
composition profiles (indicating the fractions of the locally present
atoms belonging to aluminium oxide and zinc oxide) in Fig. 7, we can
gain some new insights into the phase formation process. We can see
that ZnO can penetrate the amorphous Al,05 almost 10 nanometers
beyond the formed crystalline phase. According to the current theory
of phase formation in a concentration gradient by the polymorphic
nucleation mode [29], first, the two parent phases mix, creating a
metastable solution; then, if the composition gradient decreases below a
certain critical level, the new phase can form the new lattice structure
by polymorphic transformation. Due to the gradient, pancake-shaped
nuclei islands appear and they grow laterally until creating a continu-
ous layer. The thickness of these pancake-shaped nuclei and the earliest
continuous layer are around 10 nm [15,29]. This is the reason why, in
the computer simulations, the thickness values start at 10 nm.

Furthermore, based on the quasi-binary composition profiles, we
can determine the existence range of the spinel phase for the computer
simulations. We set the existence range of the product phase between
Cznox = 0214 and ¢z o, = 0.291.

In planar samples, we observed the formation of ZnAl,0, islands
after 15 min. The average observed widths of the spinel islands were
already in the 200 nm range after 15 min and in the 400 nm range
after 30 min. Even after 1 h, we did not observe spinel phase as a
continuous layer in planar samples. However, in DLNPs, after a 0.5 h
long heat treatment, we observed a continuous ZnAl, O, layer in several
samples, which can be explained by the fact that the circumference of
the Al,03)ZnO interface is about 1000-1500 nm, so 2-4 spinel islands
can already cover the cross-sectional image of the interface. Due to the
statistical nature of both the phase formation process and the analysis,
we also found samples in which we could see discontinuous layers
or islands of the product phase. This proves that our findings about
the two-stage phase formation process in planar samples are also valid
in cylindrical geometry. However, due to the spatial constraint of the
closed geometry, the length of the first stage is extremely reduced, and
a continuous layer can form in a much shorter time than in planar
samples.

In reaction—diffusion, a significant amount of stress can develop
in the system. The two main contributing factors are: (i) the highly
asymmetric nature of the diffusion, ZnO being the significantly faster
diffuser; (ii) the increase in molar volume due to the formation of the
new crystalline phase. However, in competition with developing stress,
there are stress relaxation mechanisms at work in the system, too. ALD-
deposited, amorphous Al,O5 is known to show a surprising level of
plasticity [30], which can provide a very strong relaxation mechanism
on the inner surface of the cylindrical system, if it is able to move, as
in the case of hollow-core DLNTs. However, in the case of DLNPs, this
relaxation mechanism is severely hindered.

Measurement of stress in samples is challenging, but highly asym-
metric diffusion provides us with a very good stress indicator. The
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Fig. 4. High-resolution HAADF STEM image of the spinel structure of ZnAl,0, phase. (a) High resolution HAADF STEM image of a reaction layer in the specimen
annealed at 700°C for 8 h. (b) FFT pattern of the image area marked with the dashed rectangle, it shows [011] orientation of the ZnAl,0, phase. (c) Lattice
filtered inverse FFT image of the area marked with continuous rectangle, overlaid with the Zn-Al atomic arrangement of the ZnAl,O, structural model in [011]
orientation. (Lattice filtering was performed in DigitalMicrograph®.) (d) Structural model of ZnAl,O, spinel in [011] /e Orientation.

-

ZnAl,0, island

Fig. 5. TEM image of a DLNP annealed at 700 °C for 0.5 h. The magnified
region shows a crystalline ZnAl,O, spinel island.

crystalline ZnO — amorphous Al,O5 system is famous for the extremely
strong Kirkendall-voiding that gives the system some of its application
potential [13,14,31], creating hollow nanostructures through reaction—
diffusion. According to the accepted theory of diffusion [28,32-34],
pores can form in the reaction zone as a result of the vacancy flow
oriented against the faster diffusing component. As ZnO is the faster
diffusing component in this system, due of the Frenkel effect, voids
(Kirkendall-voids) should appear on the ZnO side of the reaction prod-
uct [35,36]. In both planar and hollow core cylindrical systems, we
observed the formation of voids at the ZnAl,04)ZnO interface from
the very early stages of the reaction, as early as after 15 min of heat
treatment. An analysis of our collected experimental data reveals no
evidence of void presence within the cylindrical system with solid core.
This implies that substantial compressive stress is likely developing,
given the established understanding that high compressive stress can
inhibit the formation of voids [37-39].
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Fig. 6. Thickness of the ZnAl,0, phase as a function of the square root of
annealing time at 700 °C. The line of the solid core system (DLNPs) is fitted
on the heat treatment values 2 h < < 12 h (solid blue points). Error bars show
the +2 standard deviation range. Source of the data for the hollow system
(DLNTSs) is [16].

In Fig. 8, we show two snapshots from computer simulation results
of the hollow core (DLNT) and solid core (DLNP) systems after the
same amount of annealing time. It is clear that in the system with the
solid core (Fig. 8(b)), the thickness of the product phase is significantly
thinner than in the hollow system (Fig. 8(a)). This is in good agreement
with the experimental findings. To gain some insight about the reason,
we can look at the vacancy concentrations in the systems (see blue
dashed lines in Fig. 8.) Due to the highly asymmetric diffusion and
the developing stress field, a vacancy gradient develops which works
against the interdiffusion, that is, the directions of the vacancy and ZnO
concentration gradients are the same. In the case of the hollow core
system, the developing difference in the vacancy concentration between
the parent phases is much smaller than in the case of the solid core
system. In cylindrical systems, there are two vacancy flux contributions
that work against each other. One is induced by interdiffusion, pointing
to the outer surface of the cylindrical sample, and the other emerges
due to the stress field which develops during the process. The result of
these two contributions significantly lowers the flux of ZnO in DLNPs
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Fig. 8. Snapshots of computer simulations showing the composition profile of ZnO (continuous black line), vacancy composition (dashed blue line) and hydrostatic
stress (dot-dashed red line) at the same moment for (a) hollow system and (b) solid core system. Arrows indicate the locations of the vacancy sinks and sources.

The inserts are just schematic figures to represent the contents of the graphs.

compared to the DLNTs, because in that case the vacancy concentration
gradient forming due to the stress field is significantly larger (see Fig.
8). Please note that at the ZnAl,04)ZnO interface, the hydrostatic stress
is in the tensile (positive) region for the hollow core system and in the
compressive (negative) region for the solid core system. This explains
our experimental findings as the formation of Kirkendall-voids is helped
by the tensile stress in the hollow system, whereas it is suppressed by
the compressive stress in the solid core system.

Fig. 9 shows the thickness of the spinel phase obtained from the
computer simulations as a function of the square root of the annealing
time. It can be seen that in both cases the growth follows the parabolic
law. Furthermore, the growth rate is lower for DLNPs compared to
DLNTs. These results align well with our experimental observations.

6. Conclusion

Samples with cylindrical geometry were prepared by atomic layer
deposition on Pt nanopillars. The inner layer was amorphous Al,03,

the outer layer was crystalline ZnO. During heat treatment at 700°C,
ZnAl, 0, spinel phase formed in a solid state reaction between the two
parent phases.

We showed that phase growth occurs in two stages (i) first, islands
of the new phase form with a thickness of ~ 10 nm that grow along the
interface without significantly increasing their thickness; (ii) once these
islands have grown together, they form a continuous layer that will
thicken further. The first stage of the reaction is extremely shortened
due to the spatial constraints caused by the curved geometry.

Detailed analysis of the product phase thicknesses could not reveal
a definitive radius dependence in the investigated range. We compared
the growth rate with data from our previous work, in which the same
system was studied in nanotubes with hollow core. We demonstrated
that while the growth kinetics is parabolic in both cases, the presence
or absence of a solid core significantly affects the growth rate of
the ZnAl,0,4 spinel product phase. Although Kirkendall-voids formed
both in planar geometry and in double-layered nanotubes, we did not
observe void formation in double-layered nanopillars with a solid core.
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Fig. 9. The thickness of the product phase in computer simulations as a
function of the square root of time. Red squares show the system with hollow
center. Blue circles show the case with a solid core in the middle. The
corresponding lines are linear fits of the points.

This is a strong indication of the presence of compressive stress in
the system. We performed computer simulations based on the avail-
able continuum theory, introducing different boundary conditions for
hollow and solid core systems. The simulation results confirmed the
accumulation of a significant amount of compressive stress and a slower
growth rate of the product phase when the system has a solid core.
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