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Abstract

Thermal stability of oxide-metal nanocomposites is important for designing practical devices for
high temperature applications. Here, we study the thermal stability of the self-assembled ordered
three-phase Au-BaTiO3-ZnO nanocomposite by both the ex situ annealing in air and vacuum
conditions, and by in situ heating in TEM in vacuum. The study reveals that the variation of the
annealing conditions greatly affects the resulted microstructure and the associated dominant
diffusion mechanism. Specifically, Au nanoparticles show coarsening upon air annealing while
Au and Zn either form a solid solution, with Zn atomic percentage less than 10% or undergo
reverse Vapor-Liquid-Solid (VLS) mechanism upon vacuum annealing. The distinct
microstructures obtained also show different permittivity response in the visible and near-infrared
region, while retaining their hyperbolic dispersion characteristics enabled by their highly
anisotropic structures. Such in situ heating study in TEM provides critical information of
microstructure evolution, growth mechanisms at nanoscale, and thermal stability of the multi-

phase nanocomposites for future electronic device applications.
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Introduction

Metamaterials offer extensive opportunities for engineering the light-matter interaction,
ideal for achieving exotic optical properties including optical magnetism,' negative refraction,?
and hyperbolic dispersion® which have potential applications in the field of optical computing,
cloaking and sub-diffraction imaging. One such class of metamaterials is hyperbolic metamaterial
(HMM), which have a highly anisotropic structure, composed of metal and dielectric units, and
support the propagation of high wavevectors.*> Recently, several two-phase metal-dielectric self-
assembled nanocomposites, as vertically aligned or in a layer-by-layer stacking have been shown
to exhibit hyperbolic dispersion.®® Beyond the two-phase nanocomposite structures, a greater
design flexibility can be achieved by incorporating a third phase through the three-phase
nanocomposite design.””!! The three phase nanocomposites offer great opportunities for a wide
range of material selection and functionality coupling for developing next generation integrated
electronic and photonic devices. A careful selection of materials and functionalities can further
help in the spatial ordering of the three phases which is essential for metamaterial properties.
Recently, a self-assembled ordered three-phase nanocomposite of Au-BaTiO;-ZnO has been
demonstrated as a hyperbolic metamaterial in the visible and near-infrared wavelength region.’

Thermal stability of plasmonic and hyperbolic optical structures is critical for applications
such as in heat-assisted magnetic recording, biosensors, photothermal therapy, and
thermophotovoltaics.!>!7 In general, metallic based plasmonic and hyperbolic nanostructures have
poor thermal stability and limited durability, which leads to property degradation. With increasing
temperatures, different physical processes become active such as enhanced diffusion, phase change
and crystallinity change, that alter their physical properties. Previously, thermal stability study in
TEM has been performed on two phase oxide-oxide (BFO-SmO) based nanocomposites, which
demonstrated stability up to 600°C and pore formation above 750°C.!8 In general dielectrics are
more thermally stable having high melting points as compared to metals. Therefore, the oxide-
metal nanocomposites offer unique opportunity in achieving enhanced thermal stability as
compared to metallic films. Among them, the self-assembled ordered three-phase metamaterial
system offer an exciting path forward towards increased multifunctionalities. Therefore, exploring
the complex phase interactions, phase change, growth mechanisms and thermal stability of these
complex three-phase system, is extremely critical for plasmonics-based refractory applications.

Recently, in-situ heating studies in TEM have also been demonstrated in oxide-metal
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system (Au-BTO), which demonstrated high thermal stability upto 600°C.!° In this work, thermal
stability studies were performed on the ordered three phase Au-BaTiOs-ZnO sample by both the
ex situ annealing in air and vacuum environment, and the in sifu annealing in TEM, to investigate
the microstructural change. BaTiO; (BTO) matrix serves as a thermally stable matrix'® whereas
Au and ZnO undergo microstructural changes at elevated temperatures. The heating profiles used
for air and vacuum annealing are illustrated in Figure 1 which allow the exploration of the growth
mechanism. The samples were heated to 650°C ex situ in air and vacuum for 1 hr. Interestingly,
changing the annealing environment activates a different growth mechanism, leading to the
formation of very distinct microstructures. The sample was also heated in situ in TEM under
vacuum to study the interfacial effects between Au and ZnO. The optical properties of all the three
samples are also compared and correlated to their microstructures. Varying the annealing
conditions provides an interesting approach to achieve microstructure and property tuning in

oxide-metal nanocomposite systems.
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Figure 1. Schematic illustration of the (a) ordered three-phase Au-BaTiO3-ZnO nanocomposite.
Heating profiles showing the (b) ex situ annealing in air, (c) in vacuum, and during in situ
heating in TEM to investigate the thermal stability of the nanocomposite thin film.

Results and Discussion

To study the thermal stability of the three-phase nanocomposite, the sample was annealed
at 650°C, both in air and in vacuum for 1 hr. 650°C was chosen specifically since it is close to the
growth temperature, which was set at 700°C and due to the experimental limitation of the in-situ
heating holder. The X-ray diffraction (XRD) 6#-26 scans (Supplementary Information S1) of all the
three-phase samples show that the BTO phase remains textured in the [001] direction. The splitting
in the BTO peak arises from the two different BTO layers, in the Au-BTO and the BTO-ZnO films,
respectively. Such peak splitting can be attributed to the lattice relaxation in the two layers. The
BTO present in the upper BTO-ZnO layer undergoes strain relaxation since it gets deposited onto
BTO, instead of STO, as the effective substrate. However, upon annealing the sample in vacuum,

the ZnO (0002) peak disappears. To further confirm the absence of the ZnO phase upon vacuum
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annealing, Raman spectroscopy was conducted on the samples after annealing in air and vacuum.
The Raman signal from ZnO is relatively weak due to its very small diameter (~7.6 nm). The
Raman shift, presented in Supporting Information, Figure S2 shows that the two samples share
similar features overall. However, the absence of the ZnO peak at 414 cm™! and ~1100 cm™! after

vacuum annealing confirms that the ZnO phase is absent.

To gain a better understanding of the growth mechanism, scanning transmission electron
microscopy (STEM) was performed on the samples. Figure 2 compares the sample morphology
of the as-deposited sample and after annealing it in air and vacuum for 1hr. The microstructure of
the as-deposited sample (shown in Figure 2a) is similar to the one that has been reported earlier.”
It shows the presence of Au NPs capping the ZnO nanowires, embedded inside the BTO matrix.
Figure 2b shows the microstructure and phase distribution after annealing the sample in air at
650°C for 1hr. Overall, the morphology looks quite similar with Au and ZnO pillars arranged in
an ordered fashion. The length and diameter of the Au and ZnO pillars are approximately the same
(~7.2 nm and ~7.6 nm, respectively). However, the size of the Au NPs capping the ZnO NWs is
very different. The size of the Au NPs increases from ~10nm to ~16nm after post-growth annealing
in air. Besides, the number of Au NPs capping the ZnO NWs significantly reduces after annealing.
Such increase in the size of the Au NPs size suggests the diffusion of Au from smaller particles to
the larger ones (Ostwald ripening) along the BTO surface to reduce the total particle surface area.
During the post-growth anneal, coarsening of the Au NPs make the particles transition from a
faceted shape to a round shape. The Au NP size increases from 9.1+1.9 nm before annealing to

16.8+5.0 nm after annealing due to the Ostwald ripening. In contrast, the particles embedded inside
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Figure 2. Ex situ annealing of the ordered three-phase Au-BaTiO3-ZnO nanocomposite. (a)
Cross-sectional STEM image of the as-deposited Au-BaTiO3-ZnO nanocomposite, Cross-
sectional STEM image and the corresponding EDS map after ex sifu annealing in (b) air and (c)
vacuum

the BTO matrix do not undergo Ostwald ripening, maintain their shape and size and are thermally
stable during the annealing process. These results confirm that Au can diffuse from one catalyst
NP to another NP during equilibrium conditions by migrating along the BTO surface. Further
investigation was done by annealing the sample at 650°C in vacuum for lhr. Figure 2c¢ shows the
microstructure and phase distribution after doing vacuum annealing. Surprisingly, the morphology
looks completely different on changing the annealing environment. The Au NPs present at the
surface reduces significantly after vacuum annealing. EDS mapping also shows the alloying
between Au and Zn to form a AuZn solid solution. The oxygen partial pressure required to reduce
bulk ZnO to Zn at 650°C is 10-?° torr, as calculated from the Ellingham diagram.?’ However, the
pressure in furnace and column pressure in TEM was maintained at 10 torr and 10710 torr before

annealing, respectively. The oxygen partial pressure required for the dissociation of bulk ZnO
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13500
(above 750°C) has been reported previously as?': log Poa(Torr) = ——— + 8.01, which gives

oxygen partial pressure of 10 torr at 750°C. It is likely that the ZnO NW still gets reduced to Zn
by annealing in vacuum due to the reducing environment created by the low oxygen partial
pressure, high temperature, oxygen vacancies, nanostructure formation and impurity carbon as has
been reported before.?!26 Reducing environment increases the oxygen vacancies in ZnOy, thereby
reducing the interfacial energy of Au/ZnOy due to the miscibility of Au and Zn. Interestingly, Au
and Zn forms a solid solution, evident from the EDS mapping showing the elemental distribution
in Figure 2c. The phase composition of the AuZn solid solution is discussed in more detail later.
Clearly, oxygen pressure plays a critical role in determining the final morphology of the three-

phase Au-BTO-ZnO nanocomposite.

In order to gain a further understanding of the growth mechanism of the ordered three phase
nanocomposite, the thermal stability of the film was investigated using in situ heating in TEM in
vacuum. The thickness of the film used for the in-situ heating experiment was ~80nm. The Au and
ZnO nanopillar diameter was 10.27+1.15nm and 7.60+1.95nm, respectively, while the aspect ratio
of Au NPs capping the ZnO NW was 1.26+0.56. In situ heating in TEM was conducted on a cross-
section TEM sample with heating from room temperature (RT) to 650°C and the corresponding
STEM images were recorded at RT, 400°C, 500°C, 600°C and 650°C. Figure 3 shows the
morphology variation and transformation in four selected Au NPs and pillars. These snapshot
images highlight the different aspects of the mechanism at five different temperatures. Figure 3a
shows a Au NP capping a ZnO NW, having a facetted surface at room temperature. Upon
increasing the temperature to 400°C, the particle starts to have a smoothly curved surface. The
curvature of Au-ZnO interface remains as low as possible. The instability arises from the curved

surface near the edge of the ZnO NW. Due to the Gibbs-
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Figure 3. In situ heating of Au-BaTiO3-ZnO in TEM. Cross-sectional STEM image along with
the initial and final EDS map during the in situ heating in TEM from room temperature (RT) to
650°C of the (a)-(d) four selected regions. Scale bar corresponds to 20 nm.

Thomson effect, the solubility of Au in ZnO at this curved surface is greater as compared to the
flat surface (Figure S3). Therefore, the Au NP shape starts changing from the corner of the Au-Zn
interface. Overall, the particle remains relatively stable up to 400°C. Increasing the temperature to

500°C, increases the diffusion rate of Au into ZnO and they become a liquid alloy phase. The
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existence of such eutectic liquid alloy phase below the bulk eutectic temperature is attributed to
the nanoscale size effects due to the Gibbs-Thomson effect. Further increasing the temperature to
600°C and 650°C, causes the liquid phase alloy to diffuse through the underlying ZnO phase. It is
also possible that the VLS mechanism happens reversibly, specifically, by precipitating the
supersaturated ZnO on top of the Au-Zn nanopillar. Similar mechanism is also observed in Figure
3b, wherein the Au NP becomes unstable from its corners and mixes with the ZnO NW, thereby

precipitating the supersaturated ZnO NW on top.

Figure 3c shows an isolated Au NP that is slightly in contact with the ZnO NW. Clearly,
the Au NP doesn’t undergo a major morphology change upon heating. However, its contrast
becomes weaker, which is likely due to the Zn diffusion since the image contrast is roughly
proportional to Z2, evident by the EDS mapping. In contrast, the Au pillar, initially in contact with
the ZnO pillar becomes a AuZn liquid alloy after heating the sample to 650°C. Similar results are
also observed in Figure 3d in which the Au NP diffuses down along ZnO NW while ZnO diffuses
to the Au NP to become Au-Zn liquid phase alloy. Therefore, two different mechanisms: (i) reverse
VLS, and (ii) formation of AuZn solid solution taking place upon vacuum annealing. The
activation of the either mechanism can be attributed to the diameter of the ZnO NW at the Au-
ZnO interface at room temperature. When the Au-ZnO interfacial diameter is greater than a critical
diameter (~10-11 nm), reverse VLS mechanism takes place and when the Au-ZnO interface is less
than the critical diameter, AuZn solid solution formation takes place. Since the smaller ZnO NW
has the higher probability of getting reduced to Zn at the same temperature and pressure as
compared to the larger ZnO NW, it gets alloyed with Au to form a AuZn solid solution. The
morphological changes in the sample take place mainly in two stages. Stage 1 is active up to 400°C,
where the microstructure is relatively stable. Further increasing the temperature above 400°C

activates stage 2 process, where a rapid microstructural change is seen.
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Figure 4. Tunable optical properties. Real part of the in-plane (€’190=¢’¢19) and out-of-plane
(8001) permittivity for the as-deposited, air-annealed, and vacuum annealed Au-BaTiO3-ZnO thin
films.

Optical properties are closely related to the microstructural and morphological change in
the sample. The dielectric constant measured from the angular dependent ellipsometry data of the
three samples were compared to reveal the effects of the microstructural variation among them.
The permittivity was modeled using an anisotropic model through the use of general oscillator
models to enforce the Kramers-Kronig consistency. The real part of the in-plane (¢'j) and out-of-
plane permittivity (¢' | ) are plotted in Figure 4. Clearly, the g, for all the three samples show similar
characteristics such as an absorption peak near 600 nm because of the plasmonic absorption by Au
and remain positive throughout the wavelength region. Interestingly, the €' ;| show a pronounced
difference in the visible wavelength region. The as-deposited sample shows a resonant frequency
near 600 nm which disappears after air and vacuum annealing. The resonant frequency in the out-
of-plane direction possibly arises due to the presence of Au NP capping the ZnO NW as observed

earlier.’ After vacuum annealing, the fraction of Au NPs present largely reduces and the most of

11



Nanoscale

the pillars are Au-Zn alloy which causes the out-of-plane permittivity to become negative
throughout the wavelength range. The vacuum annealing leads to the solid solution formation
which shows a more metallic behavior in the out of plane direction as compared to the air annealed
sample. Nonetheless, all the samples show negative €' | in the near-infrared wavelength region,
thereby retaining the hyperbolic character. Thus, changes in the microstructure directly help tune

the optical properties of the three-phase nanocomposite.

The microstructure and phase composition of the three-phase nanocomposite before and
after vacuum annealing is further analyzed with the high-resolution STEM images to understand
the interface formation mechanism after the VLS growth mechanism. Figure 5a presents the
HRSTEM image of a BTO-ZnO vertical interface of an as-deposited 3-phase sample. A fast-
Fourier transformed (FFT) image (Figure 5b) shows the domain matching relationship along the
vertical interface. Several misfit dislocations are present at regular intervals, making the interface
as semi-coherent, reducing the vertical strain energy. The BTO-ZnO vertical interface shows two
types of domain matching epitaxy (DME): 5 BTO (002) with 4 ZnO (0002) and 6 BTO (002) with
5 Zn0 (0002). O atom of ZnO binds alternatively with Ba and Ti atoms of BTO on either side of
the ZnO pillar, making the energy of every layer to be similar. Such matching relationship also
causes a slight tilt in the ZnO pillar. ZnO growth takes place along [0002] out-of-plane, with two
domains growing with a 30° rotation in the in-plane direction with STO. The growth along [0002]
out-of-plane exposes its low surface energy planes, specifically, (1120) and (1010), in the
vertical direction that is coupled with BTO. Such a growth orientation minimizes the strain and

surface energy between the ZnO-BTO and ZnO-STO interfaces.

12
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Figure 5. Microstructure of the as-deposited Au-BaTi03;-ZnO nanocomposite. (a) HR-STEM
image of the BaTi03-ZnO vertical interface and its corresponding (b) fourier-transform image
showing the presence of dislocations at the BaTiO3-ZnO vertical interface. Schematic illustration
showing the two possible domain-matching epitaxy (DME) at the BaTi03-ZnO vertical interface
with (¢) 5 BTO (002): 4 ZnO (0002) and (d) 6 BTO (002): 5 ZnO (0002) lattice matching
relationship.

Figure 6a-b shows an EDS elemental map of a vacuum annealed sample containing three
pillars: the first two are pure Au pillars and the third pillar is a Au-Zn solid solution. The
corresponding EDS line-profile is shown in Figure 6¢. Clearly, the Zn phase is absent in the first
two Au pillars (shown in red) while both Au and Zn are present in the third pillar. Further, using

a k factor (kaur znk) of 3.0,%7 the composition of the AuZn alloy is determined to contain less than

13
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10 at.% of Zn, which is within the single phase region of the Au-Zn phase diagram.?® The Zn
atomic concentration was calculated by the Cliff and Lorimer method using x-ray counts of Au L
and Zn K obtained from the EDS measurement.?® Figure S4 (Supplementary Information) shows
another EDS line-scan across several pillars, whose compositions are marked in the map. All the
AuZn alloys have composition of Zn less than 10 at.%. Interestingly, the solubility of Au in Zn is
33.5 at.% at 683°C and ~12 at.% at room temperature from the bulk Au-Zn phase diagram.?® The
observed low Zn solubility can be attributed to the nanostructured Au and Zn formation, low
cooling rate (20°C/min), and the presence of oxygen vacancies, which can cause a deviation of the
solidus line from the bulk Au-Zn phase diagram. Figure 6d and 6e compares the atomic resolution
STEM image of the Au pillar and Aug9,Zny g, respectively. The crystal structure of Augg,Zng g 1s
similar to the pure Au, confirming that the AuZn alloy is a solid solution with a FCC structure.
The FFT image of the vertical interface between the AuZn solid solution and BTO is shown in
Figure 6f. Clearly, no dislocations are formed and the interface remains largely coherent, due to
the similar lattice matching relationship between the two phases. Figure 6g shows the HRSTEM
image of one ZnO pillar capped by a Au NP after vacuum annealing. In order to compare the
vertical interface before and after vacuum annealing, FFT image of the BTO-ZnO interface was
analyzed and is presented in Figure 6h. Clearly, Au and BTO show a nearly coherent interface
without obvious misfit dislocations while the BTO-ZnO vertical interface shows similar DME as
observed before annealing (Figure 5S¢ and 5d), i.e., 5 BTO (002) with 4 ZnO (0002) and 6 BTO
(002) with 5 ZnO (0002).

14
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Figure 6. Microstructure of the vacuum-deposited Au-BaTiO3-ZnO nanocomposite. (a) STEM
image of the vacuum-annealed Au-BaTiO;-ZnO nanocomposite, (b) its corresponding EDS
elemental map and (c) EDS line-scan with the labeled stoichiometry. (d) HR-STEM image of the
pure Au pillar and (e) of the pillar with stoichiometry Aug¢,Zn, og With its (f) corresponding
fourier-transform image. (g) HR-STEM image of Au-BaTiO; and BaTiO;-ZnO vertical interface
with (h) its corresponding fourier-transform image.

In situ heating experiments in TEM provides useful insights into the phase transformation
and structure reconstruction during the annealing of the three-phase Au-BTO-ZnO ‘nanoman’

structure. Compared to the thermally stable Au-BTO at 600°C as demonstrated earlier'®, the
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experiments here demonstrate the thermal stability of the three-phase structure up to 400°C under
vacuum and the interfacial dynamics between the Au and ZnO in nanoscale. It is mainly due to the
complex phase interaction between Au and ZnO resulting in either reverse VLS or the formation
of Au-Zn solid solution formation. Moreover, the in situ heating experiments provide an
opportunity to explore the growth mechanisms in other nanocomposite systems, understand their
complex phase interactions, trying different annealing environment and realize the factors
influencing nanowire growth towards the successful fabrication of nanowire-based devices. Such
high thermal stability of these nanocomposites makes them useful in plasmonics-based high
temperature applications. Further, their mechanical durability can also be tested using in-situ

tensile tests as has been shown previously for Pt thin films and Ag NWs.30-32

Conclusions

In summary, the thermal stability of self-assembled ordered three phase Au-BaTiO3-ZnO
has been demonstrated by both ex sifu annealing and in situ heating in TEM up to 400°C. The
study reveals that different mechanisms are dominant, i.e., Ostwald ripening for annealing in air
and reverse VLS and solid solution formation for under vacuum. /n situ heating experiment in
TEM confirms that the ZnO NW diameter at the Au-ZnO interface determines the activation of
one of the either mechanism. The three-phase structure remains stable up to 400°C, after which
enhanced diffusion starts to take place, leading to a rapid microstructural change. The Zn
composition in the AuZn solid solution is less than 10 at.%, thus forming a FCC structure similar
to that of pure Au. Such in situ heating in TEM provides a powerful means for monitoring the
microstructure evolution at nanoscale and complement the existing factors influencing nanowire
growth. High temperature stability up to 400°C is helpful for plasmonics-based applications under

elevated temperatures.
Experimental Details

Thin Film Growth: The self-assembled three-phase Au-BTO-ZnO nanocomposite thin films were
deposited using a two-step growth using a templating method. Initially, an Au-BTO (1:1) thin film
was deposited followed by the deposition of BTO-ZnO (1:1) thin film. The thin films were
deposited on STO (001) single-crystal substrates using pulsed laser deposition (PLD) (with a KrF
excimer laser, Lambda Physik Compex Pro 205, A = 248 nm). The films were deposited at the

16
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substrate temperature of 700 °C with a laser frequency of 2Hz and 40 mTorr oxygen pressure was

maintained during the deposition.

Structural Characterization: The microstructure of the films was investigated by XRD
(PANalytical Empyrean XRD), TEM, and high-resolution STEM (FEI TALOS 200X operated at
200 kV). Cross-section TEM samples were prepared using the manual grinding, polishing and
thinning process followed by dimpling and ion milling using precision ion polishing system (PIPS
II, Gatan). The in situ heating experiments were conducted using a furnace type single-tilt in situ
heating holder (Model 628, Gatan Inc.) with temperature monitoring (Model 1905 Temperature
Controller, Gatan Inc.) and water recruiting systems (operates automatically when the holder
temperature reaches 500°C). The sample was heated at the rate of 15°C/min and the holding time

at each temperature was 10min after which the it was cooled rapidly after reaching to 650°C.

Optical characterization: The dielectric permittivity of the films was measured using
spectroscopic ellipsometer (JA Woollam RC2). The measurement was performed at three different
angles: 55°, 65°, and 75°. A Raman microscope (Renishaw RM 2000) equipped with a 532 nm

green laser was used for the Raman spectroscopy measurements.
Supporting Information

X-Ray Diffraction (XRD), STEM/EDX of vacuum annealed Au-BTO-ZnO nanocomposite,

Raman spectroscopy
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Thermal stability of an ordered three-phase Au-BaTiO3-ZnO vertically aligned nanostructure by
both the ex sifu annealing in air and vacuum conditions, and the in sifu heating in TEM in vacuum
has been demonstrated. The study reveals that the variation of the annealing conditions greatly

affects the resulting microstructure and the associated dominant diffusion mechanism.

Keywords:

in situ heating, ex situ heating, thermal stability, metamaterial, thin films, vertically aligned
nanocomposite

Thermal stability of self-assembled ordered three-phase Au-BaTiO;-ZnO nanocomposite
thin films via in situ heating in TEM
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