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ABSTRACT: The thermal stability of the Au−BaTiO3 nano-
composite thin film as a hybrid metamaterial deposited by a one-
step pulsed laser deposition (PLD) method has been investigated
via both ex situ annealing followed by TEM analysis and an in situ
heating study in TEM. For the ex situ annealing study, the XRD
analysis shows good crystallinity for both as-deposited and
annealed films after being annealed at 600 °C for different time
periods (i.e. 1, 3, 6, and 30 hours). The optical measurements
including transmittance/reflectance, ellipsometry, and Raman
spectroscopy demonstrate excellent optical properties of the
hybrid metamaterial films by exhibiting the static localized surface
plasmon resonance (LSPR) peak and hyperbolic dispersion in the
visible to near-infrared regime. Both TEM results of the ex situ
annealed samples and in situ heatingTEM results reveal no obvious microstructure change after the extensive high-temperature
annealing and suggest the high thermal stability of the Au−oxide hybrid materials for their future high-temperature plasmonic
applications.

KEYWORDS: thermal stability, hybrid metamaterial, ex situ, in situ, crystallinity, localized surface plasmon resonance,
hyperbolic dispersion

■ INTRODUCTION

Plasmonic metamaterials are known for exhibiting novel
optical properties owing to the surface plasmon polaritons
(SPPs) produced from the interaction of light with metal−
dielectric interfaces.1,2 The metal−dielectric hybrid metamate-
rials have attracted significant research interest because of the
combined characteristics of two different materials resulting in
pronounced differences in electromagnetic parameters. By a
unique metamaterial design to manipulate SPPs and control
the propagation of light within the materials, various novel
optical properties can be achieved such as negative
refraction,3,4 hyperbolic dispersion,5 cloaking,6 subwavelength
diffraction,7 and nonlinear optics,8,9 which present great
potentials in the fields of photovoltaics,10 photocatalytics,11

biological and chemical sensing,12,13 and optical computing.14

Recently, hyperbolic metamaterials (HMMs) have drawn
much research interest.15 By restricting free-electron motion in
one or two spatial directions, various artificial optical
properties could be achieved such as hyperlens and negative
refraction, which can be used to fabricate practical optical
devices. Great effort has been expended to explore novel
HMMs systems, and until now both layered metal−dielectric
structures such as Ag/TiO2,

16 Ag/SiO2,
17 and Ag/MgF2

18 and
nanowire arrays with hyperbolic dispersion including Ag and
Au nanowires deposited in self-assembled porous Al2O3

template19−21 have been experimentally demonstrated. Other
types of materials such as graphene22,23 and highly doped
semiconductors24 have also been fabricated to achieve epsilon-
near-zero (ENZ) and hyperbolic media. However, most of
these material systems are not stable at high temperatures,
which directly restricts their lifetime and potential applications
such as thermophotovoltaic conversion at high temper-
atures.25,26 Hence, exploring thermally stable HMM systems
is of significance.
Very recently, a self-assembled epitaxial Au−BaTiO3 (BTO)

vertically aligned nanocomposite (VAN) thin film was
fabricated via a one-step PLD technique, showing anisotropic
optical properties and ENZ in the vis−NIR regime.27 The
following work demonstrates highly tunable optical properties
of the hybrid Au−BTO metamaterial via geometry control of
the Au plasmonic phase28 and its successful integration on the
Si substrate with a highly tailorable optical response.29

However, the thermal stability study of the typical hybrid
metamaterial systems is still lacking. Considering the high
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thermal stability of BTO, it is believed that the Au−BTO
hybrid film could possess enhanced thermal stability compared
to that of pure Au films.
In this work, an ex situ annealing experiment and in situ

heating in TEM were both performed to investigate the
potential microstructural evolution of the Au−BTO hybrid
thin film after being annealed for extended time periods under
high temperatures, as the heating profiles illustrated in Figure
1. The optical property measurements including normal

incident transmittance/reflectance, ellipsometry, and Raman
spectroscopy were conducted to explore the optical properties
of the hybrid metamaterial after thermal annealing under high
temperatures for extended time periods. This thermal stability
study of the oxide−metal hybrid materials also provides
important information on interface stability between the
oxide−metal interfaces toward future metamaterials designs
for high-temperature applications.

■ EXPERIMENTAL SECTION

Thin Film Fabrication. The Au−BTO (1:1 molar ratio)
composite target was prepared using a spark plasma sintering (SPS)
technique. The Au−BTO thin films were deposited on single-
crystalline SrTiO3 (STO) (001) substrates using the PLD system with
a KrF excimer laser (Lambda Physik Compex Pro 205, λ = 248 nm).
The laser beam was focused on the target surface with an incident
angle of 45° and a laser energy of about 3.0 J/cm2. The distance
between the target and substrate is around 4.5 cm. The deposition
temperature was 600 °C, and the deposition frequency was 2 Hz. An
oxygen partial pressure of 100 mTorr was maintained during the
deposition. The samples were cooled at 10 °C/min under 100 mTorr
O2 pressure to room temperature after the deposition.

Microstructure Characterization. X-ray diffraction (XRD,
Panalytical X’Pert X-ray diffractometer with Cu Kα1 (λ = 0.154 nm
radiation source) was conducted to characterize the crystallinity of the
thin film. Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) (in high-angle annular
dark field mode (HAADF)) were taken on an FEI Talos 200X system
with a point-to-point resolution of 1.6 Å. TEM samples were prepared
using a standard TEM sample preparation procedure, including
manual grinding, polishing, dimpling, and ion milling (PIPS 691
precision ion polishing system, Gatan Inc.). 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) was utilized in the in situ heating TEM
experiment. The ramping program wasset to be 15 °C/min, and the
holding time at each temperature is 10 min, as the heating profile
illustrates in Figure 1. The temperature during the in situ heating
TEM experiment was limited to 650 °C as a safe working temperature
to avoid glue evaporation.

Optical Property Measurements. Normal incident depolarized
transmittance (T%) and reflectance (R%) spectra were collected
using a UV−vis−NIR absorption spectrophotometer (PerkinElmer
Lambda 1050) with an integrated sphere and a total absolute
measurement system (TAMS). Absorbance (A%) spectra were
derived on the basis of the following optical equation: T% + R% +
A% = 1. Ellipsometry measurements were conducted on a
spectroscopic elliposometer (J.A. Woollam RC2) with variable angles
(55, 65, and 75°) and a spectral range of 210 to 2500 nm. Two
ellipsometric parameters, psi (Ψ) and delta (Δ), which are related by
the equation rp/rs = tan (Ψ) e(iΔ) (where rp and rs are the reflection

Figure 1. Schematic illustration of the Au−BaTiO3 (Au−BTO)
vertically aligned nanocomposite (VAN) thin film and heating profiles
showing the conventional annealing and in situ TEM heating
experiments to investigate the thermal stability of the hybrid thin film.

Figure 2. (a) X-ray diffraction (XRD) θ−2θ patterns of the as-deposited and 600 °C annealed Au−BTO for different time periods (i.e., 1, 3, 6, and
30 h) for Au−BTO hybrid thin films grown on the STO (001) substrate. Pole figures of Au and BTO along poles (111), (220), and (002) for the
as-deposited (a1−a3, b1−b3) and 600 °C/30 h annealed (c1−c3, d1−d3) nanocomposite films.
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coefficients for p-polarization and s-polarization light, respectively),
were obtained during the measurement. The dielectric permittivity
was obtained by fitting the ellipsometric data using appropriate
models in the CompleteEASE software. Here, all Au−BTO thin films
were assumed to be anisotropic, thus the uniaxial model was applied.
The in-plane permittivity (along the x, y direction) was modeled using
Lorentz and/or Tauc-Lorentz oscillators, while the out-of-plane
permittivity (along the z direction) was modeled using Lorentz and
Drude oscillators due to the vertical Au nanopillar structure. A Raman
spectroscopy measurement was conducted using a Raman microscope
(Renishaw RM 2000) equipped with a green laser with a wavelength
of 532 nm. All Raman spectra were collected by fine-focusing a 100×
objective microscope, and the data acquisition time was 30 s.

■ RESULTS AND DISCUSSION

To identify the crystallinity of the Au−BTO hybrid thin films
grown on STO (001) substrates, θ−2θ XRD patterns of the as-
deposited sample and the annealed samples at 600 °C for
different annealing periods (i.e., 1, 3, 6, and 30 h) were
collected and plotted in Figure 2a. For the XRD pattern of the
as-deposited Au−BTO film, it shows the highly textured
growth of BTO and Au along (00l) orientations, with two
minor extra peaks of Au(111) and Au(220). No obvious
change has been observed by comparing the XRD patterns of
the Au−BTO thin films after different annealing periods,
indicating the high thermal stability of the nanocomposite film
at 600 °C. The XRD pole figure analyses were conducted on
the as-deposited and the 600 °C/30 h annealed Au−BTO films
to further confirm the crystallinity and stability of the film.
Figure 2a1,a3 shows the pole figures of Au(111), Au(220), and
Au(002) for the as-deposited films. It is shown that Au exhibits
a strong textured (002) peak, which is consistent with the
above results in which the Au(002) peak is dominant.
Meanwhile, Figure 2a1,a2 shows an in-plane rotation of
Au(002) grains in order to minimize the lattice strain between
the film and substrate. In parallel, the pole figures of BTO
shown in Figure 2b1−b3 demonstrate the highly textured
growth of BTO along the (00l) direction. In comparison, the
pole figures of Au and BTO of the same film at 600 °C after 30
h of annealing are shown in Figure 2c1−c3,d1−d3, showing no
obvious change for either Au or BTO. Overall, the pole figure
analyses provide a better comparison of the crystallinity and
textural properties of the Au−BTO hybrid film before and after
annealing, suggesting the high thermal stability of the films.
The optical property under elevated temperature is essential

for HMMs systems in future high-temperature applica-
tions.25,26 The absorbance (A%) spectra of the as-deposited
and 600 °C annealed material for different time periods (1, 3,

6, and 30 h) are plotted in Figure 3a with the inset of the
schematic illustration of the measurement configuration. The
LSPR peaks for all curves at around 550 nm come from the
plasmonic absorption of the Au phase. The transmittance (T
%) spectra of all films are plotted in Figure S1, showing typical
plasmonic absorption due to the LSPR of Au without an
obvious peak shift. The reduction of transparency of all
annealed samples is attributed to the metallic nature of the thin
film after the long-time vacuum annealing.30−32 The
ellipsometry data for the as-deposited and post-annealed
samples were fitted to derive their dielectric permittivity
values. Because of the anisotropic nature of the Au−BTO
hybrid system, in-plane (ε∥) and out-of-plane (ε⊥) dielectric
permittivity components of the films were derived by fitting
ellipsometric parameter psi (Ψ) and delta (Δ) data using
general oscillators to enforce the Kramers−Kronig consistency.
The experimental and fitted Ψ and Δ ellipsometry data plotted
in Figure S2 show a good match between the experimental and
fitted data, and the very similar Ψ values in as-deposited and
annealed films indicate the stable dielectric constants of the
film. Figure 3b plots the real part in-plane (ε′∥) and out-of-
plane (ε′⊥) components of permittivity of the as-deposited and
annealed samples at 600 °C for different periods. It can be seen
that the ε′∥ values of all films are positive throughout the
wavelength range and exhibit similar features by having Au
absorption peaks, while the ε′⊥ curves present ENZ character-
istics and decrease from positive to negative at approximate
800 nm in wavelength, showing the hyperbolic dispersion in
the vis−NIR wavelength regime. On the basis of the 3D
symmetry of the hybrid system, there are two independent
permittivity tensor components (i.e., εx = εy = ε∥ and εz = ε⊥).
Thus, the film has one negative and two positive permittivity
components (εz < 0, εx and εy > 0) in the near-infrared regime
and belongs to type I HMMs.15 It is noted that the hyperbolic
transition wavelengths (shown as the inset in Figure 3b) of as-
deposited and annealed films are very similar, except for a
minor blue shift of the 600 °C/30 h annealed film due to its
metallic feature as discussed previously. The imaginary part of
the permittivity consisting of in-plane and out-of-plane
components plotted in Figure S3 has similar features by
showing the plasmonic absorption peak of Au. Furthermore,
the Raman spectra of as-deposited and 600 °C/6 h and 600
°C/30 h annealed films shown in Figure S4 also have similar
features, including the intensities and positions of spectra
peaks. Overall, all of the optical measurement results
demonstrate that the Au−BTO hybrid thin film maintains

Figure 3. (a) Absorptance spectra of Au−BTO hybrid metamaterial thin films as-deposited and annealed at 600 °C for different time periods (1, 3,
6, and 30 h). (b) Real part of the in-plane (ε′∥) and out-of-plane (ε′⊥) permittivity of as-deposited and annealed Au−BTO thin films.
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highly stable optical properties after being extensively annealed
at 600 °C.
To probe the microstructure of the Au−BTO hybrid film

before and after annealing, cross-section and plan-view STEM
analyses were conducted on the as-deposited and 600 °C/6 h
and 600 °C/30 h annealed Au−BTO thin films. Figure 4a
shows the vertically aligned Au nanopillars grown throughout
the BTO matrix with a film thickness of about 50 nm. Plan-
view STEM images with EDS mappings shown in Figure 4a1−
a4 indicate the distinct Au and BTO phases without obvious
interdiffusion. The cross-section STEM images of 600 °C/6 h
and 600 °C/30 h annealed films shown in Figure 4b,c
demonstrate no obvious morphological change in the Au phase
after long-time annealing. The plan-view STEM and EDS
results of the 600 °C/30 h annealed film illustrated in Figure
4c1−c4 show relatively blurred phase interfaces between Au
nanopillars and the BTO matrix, indicating the enhanced
atomic diffusion between Au and BTO under high temper-
atures. To further investigate the thermal stability of the Au−
BTO hybrid metamaterial film at extreme temperatures, the
cross-sectional STEM image and corresponding EDS results of
the 750 °C/1 h annealed film are shown in Figures 4d and S5,

where the larger diameters and curved edges of Au nanopillars
suggest partial melting of Au at 750 °C; another set of STEM
and EDS results of the 950 °C/1 h annealed film shown in
Figure S6 indicates that the Au nanopillars have partially
melted and some have become Au particles embedded in a
BTO matrix.
Two high-resolution STEM (HR-STEM) images taken from

the as-deposited Au−BTO sample are shown in Figure 4e,f.
The fast Fourier transform (FFT) patterns shown as insets
demonstrate Au(002) and Au(111) growth orientations for the
nanopillars, which support the XRD results. On the basis of the
plan-view STEM images, the diameters of a large number
(>100) of Au nanopillars in as-deposited and 600 °C/30 h
annealed Au−BTO thin films are collected and shown in
Figure 4g. It can be seen that the average diameter of Au
nanopillars in the Au−BTO film increased from ∼6.69 to
∼7.08 nm after 30 h of annealing at 600 °C due to the
enhanced atomic diffusion, resulting in the coarsening of Au
nanopillars. The nonuniform Au nanopillar diameters lead to
the broad LSPR peaks (seen in Figures 3a and S1) of the
hybrid film because the plasmonic resonance wavelength is
related to the size of the nanoparticles/nanopillars.33,34

Figure 4. Cross-sectional STEM images of (a) the as-deposited and the (b) 600 °C/6 h, (c) 600 °C/30 h, and (d) 750 °C/1 h annealed Au−BTO
nanocomposite thin films. Plan-view STEM images with EDS mappings of (a1−a4) as-deposited and (c1−c4) 600 °C/30 h annealed Au−BTO
thin films. (e, f) HR-STEM images of the as-deposited Au−BTO thin films with the corresponding FFT patterns. (g) Statistical histogram plots of
the Au nanopillar diameter distribution within the as-deposited and the 600 °C/30 h annealed Au−BTO thin films.
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Moreover, the distribution density of Au nanopillars has been
calculated on the basis of the plan-view images (Figure S7),
and the average Au nanopillar spacing in as-deposited and 600
°C/30 h postannealed film samples are determined to be 20.04
and 20.14 nm, respectively, indicating no Au pillar movement
or density change after long-term annealing. The constant Au
nanopillar density confirms the thermal robustness of the
hybrid Au−BTO film, which also explains the similar
properties of as-deposited and postannealed films in the
optical measurements. The selected area diffraction patterns
(SADP) of the as-deposited and 600 °C/30 h annealed films
taken in the [100] zone axis are shown in Figure S8, where
three sets of diffraction patterns of Au in both films are
indexed. On the basis of XRD, HRSTEM, and SADP analyses,
the three growth-matching relations in as-deposited and 600
°C/30 h annealed films are BTO(002)//Au(002)//
STO(002), BTO(002)//Au(111)//STO(002), and
BTO(002)//Au(220)//STO(002).
An in situ TEM study is a powerful tool for exploring the

thermal stability of nanocrystalline materials and provides an
important reference for potential applications at high temper-
atures.35 Here, to observe the real-time microstructural
evolution and further clarify the thermal stability of the Au−
BTO hybrid film, the in situ TEM heating experiment was
performed (details in the Experimental Section). Figure 5a−f
shows a series of cross-sectional STEM images of the same
region in the Au−BTO film at various temperatures: as-
deposited and 400, 450, 550, 600, and 650 °C. By comparing
the images from as-deposited (Figure 5a) and 650 °C heated
(Figure 5f) samples, no obvious morphology change has been
observed, except for the minor change of one Au nanopillar,
which is outlined by a yellow dashed line in both images. The
minor morphology change may come from the partial melting
of the Au pillar regions with large curvature (such as the top
and bottom of the Au nanopillars) owing to the combined
thermal excitation and e-beam effect in the TEM. Figure 5g,h
shows the EDS mapping results for the as-deposited and 650
°C Au−BTO hybrid films, showing typical VAN structure and
distinct Au/BTO interfaces, indicating that the film remains
stable at 650 °C. Compared with other HMM material systems
with low-temperature stability, the thermal robustness of the
Au−BTO hybrid metamaterial is due to the unique VAN
structure, where the plasmonic Au nanopillars are confined in
the thermally stable BTO matrix. The reduction of diffusion
length in such metal nanopillar−oxide matrix morphology
leads to enhanced thermal stability of the hybrid film.
Overall, the robust thermal stability of Au−BTO hybrid

metamaterials has been well demonstrated by ex situ XRD and
TEM, in situ TEM heating, and optical characterizations. The
localized plasmonic enhancement effect has been considered
by annealing the hybrid film at high temperature for extended
time periods. The thermally stable hyperbolic dispersion
feature of the Au−BTO (metal−dielectric) metamaterial
system makes it a great hyperbolic medium which can achieve
various optical applications such as hyperbolic waveguides,34
,36 subwavelength imaging,1,37 and superlenses.7,38 Meanwhile,
the one-step PLD technique has been proven to be a great
platform for fabricating versatile hybrid metamaterials systems
such as Cu−ZnO,39 Au−LiNbO3,

34 Co−BaZrO3,
40 and Au−

BTO-ZnO,41 which opens up enormous possibilities in
designing and processing future nanoscale hybrid metamate-
rials for optical, electrical, and magnetic device applications.

■ CONCLUSIONS

In this work, the thermal stability of self-assembled hybrid Au−
BTO hybrid thin films has been investigated. The crystallinity
and microstructure of the as-deposited and annealed Au−BTO
films at 600 °C were characterized by XRD, ex situ annealing,
and in situ heating TEM experiments, demonstrating the
excellent thermal stability of the Au−BTO film. Optical
properties including absorbance, transmittance, and dielectric
permittivity of the Au−BTO film remain stable at 600 °C by
showing the stable LSPR absorptance peak of Au and
hyperbolic dispersion in the vis−NIR regime. The thermal
robustness and hyperbolic dispersion features of the Au−BTO
plasmonic hybrid thin film enable it to have great potential
applications for high temperature optical devices and nano-
photonics.
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