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ABSTRACT: Microstructural control in metal-dielectric hybrid metamaterials presents enormous opportunities in tailoring the
physical properties including the magnetic and optical properties. Here, we demonstrate a strong tunability achieved in the
microstructure of self-assembled ordered three-phase Au-BaTiO3−ZnO hybrid metamaterial along with its optical properties, grown
by a pulsed laser deposition method. Varying the growth temperature, deposition frequency, and template thickness evolves the
microstructure by tuning the Au and ZnO pillar geometry as well as the shape and size of the Au nanoparticles capping the ZnO
nanowires. The three-phase hybrid metamaterials exhibit unique optical properties, including enhanced nonlinear optical properties,
hyperbolic dispersion in the visible and near-infrared wavelength region, and tuned epsilon-near-zero (ENZ) wavelength upon
varying the deposition parameters. This study suggests that the three-phase hybrid metamaterials present great potential in the
microstructure and optical property tuning that can also be applied to other two-phase and three-phase nanocomposite systems.

■ INTRODUCTION

Metal-dielectric nanocomposites as hybrid metamaterials have
demonstrated a variety of physical properties and multi-
functionalities toward practical applications in magnetic
storage devices, photocatalysts, waveguides, smart windows,
batteries, and optical metamaterials.1−7 The anisotropic nature
of these nanocomposites is usually achieved by fabricating
them in either multilayer or nanowire morphology using a two-
phase nanocomposite approach.3,8−14 The hybrid materials
with either metallic phase embedded inside the oxide matrix as
vertical pillars or alternatively stacked in a multilayer design
show very strong anisotropic physical properties, ideal for
applications such as subdiffraction imaging, negative refraction,
and optical magnetism.15−18 For example, a Au/Al2O3
multilayer structure with a periodic hole array through the
film stack has shown a negative index at near-IR frequencies,
while a Au/BaTiO3 system with periodic Au nanowires
embedded in BaTiO3 matrix shows hyperbolic dispersion in
the near-IR wavelength region.12,18

Very recently, a group of hybrid metamaterials in a unique
oxide-metal vertically aligned nanocomposite (VAN) form has
been demonstrated using pulsed laser deposition

(PLD).10,12,19−22 The nanocomposites act as a hyperbolic
metamaterial for wavelengths longer than the epsilon-near-zero
(ENZ) wavelength due to its anisotropic morphology,
behaving as a metal in one axis (εz < 0) and a dielectric in
the other axes (εx = εy > 0). Such hyperbolic metamaterials
support the propagation of high wavevectors which provide a
multifunctional platform for realizing subdiffraction limited
imaging, nanolithography, and ultrasensitive optical sensing
devices.16,23−27 In addition, tuning the effective electro-
magnetic response of the hyperbolic metamaterials by varying
the ENZ wavelength is technologically important for realizing a
nonlinear material response in different wavelength re-
gions.28,29 Such an ENZ wavelength tunability can be achieved
by varying the aspect ratio and density of the metallic phase as
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shown in two-phase systems including Au-BaTiO3(Au-BTO)
and Au-ZnO.9,21 In these studies, careful microstructural
control modulates the free electron density in the out-of-plane
direction, thereby tuning the hyperbolic dispersion character-
istics of the metal-dielectric nanocomposites. To achieve
multifunctionalities and complex geometry designs for
developing next generation integrated electronic and photonic
devices, a third phase has been incorporated into a two-phase
nanocomposite to form a three-phase nanocomposite design,
such as the self-assembled ordered Au-BaTiO3−ZnO (Au-
BTO-ZnO) with coupled ferroelectric property and hyperbolic
dispersion in the visible and near-infrared wavelength region.30

Such three-phase systems provide additional degrees of
freedom in providing morphological and functional tunabil-
ities.
In this work, we demonstrate the tunable morphology of the

Au-BTO-ZnO three-phase nanocomposite, by varying the

deposition parameters using a two-step PLD process. The two-
step PLD includes the first layer deposition of the Au-BTO
template followed by the second layer deposition of the BTO-
ZnO nanocomposite. This produces a unique complex and
highly ordered three-phase nanocomposite structure. Different
deposition parameters, including the growth temperature,
template (the first layer of Au-BTO) thickness, deposition
frequency, and the underlying substrate selected
(SrTiO3(STO), MgO and LaAlO3 (LAO)), were applied and
gave rise to distinct microstructures. On the other hand, the
parameter dependent study also provides fundamental under-
standing of the growth mechanism, driven by thermodynamics
and growth kinetics of the self-assembly process. Detailed
microstructural analysis including X-ray diffraction (XRD),
(scanning) transmission electron microscopy (S)TEM coupled
with energy-dispersive X-ray spectroscopy (EDS) elemental
mapping has been conducted to correlate with the optical

Figure 1. X-ray diffraction of the ordered three-phase Au-BaTiO3−ZnO nanocomposite thin films. XRD plots dependent on deposition parameters
(a) temperature, (b) Au-BaTiO3 template thickness, and (c) frequency. (d) c lattice parameter of BaTiO3 and ZnO plotted at different deposition
frequencies, deposited on SrTiO3 (STO) (001) substrate. (e−f) Reciporocal space maps (RSM) around the STO (002) peak for the 2 Hz/2 Hz
and 10 Hz/10 Hz samples, respectively.
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properties, including the complex dielectric properties and
hyperbolic properties, especially the ENZ wavelength in the
visible and near-infrared wavelength regions.

■ RESULTS AND DISCUSSION
All of the three-phase Au-BTO-ZnO samples were deposited
using a two-step templating growth method (see Experimental
Details). Figure 1 shows a collection of XRD graphs for the
three-phase Au-BTO-ZnO at various growth temperatures,
template thicknesses, and frequencies to determine the growth
orientation and strain relaxation in the films on single-
crystalline STO (001) substrates. Figure 1a shows the XRD
plots for the temperature dependent samples deposited at 400,
500, 600 and 700 °C. BTO and ZnO texture along [002] and
[0002], respectively. The BTO (002) peak shows a splitting
that corresponds to the different strain states in the BTO. Both
the BTO and ZnO peaks completely disappear for the 400 °C
sample, implying that the crystallinity of the film reduces at low
growth temperatures. Figure 1b shows the XRD plots with

different bottom Au-BTO template layer thicknesses. The
template thickness was varied from 20 nm to 60 nm.
Interestingly, the peak splitting in BTO can be attributed to
the lower (Au-BTO) and upper (BTO-ZnO) layers,
respectively. The bottom BTO layer is constrained by the
STO substrate, while the upper BTO layer, being constrained
by the lower BTO layer, becomes slightly relaxed in the out-of-
plane direction. In addition, the 60 nm buffer sample shows the
presence of a Au(111) peak, suggesting that additional
orientation of the Au pillars emerges as the buffer layer
thickness increases.
Figure 1c presents the XRD plots for frequency dependent

samples. The nomenclature “x Hz/y Hz” refers to the laser
frequency used for the Au-BTO layer and the BTO-ZnO layer,
respectively. Evidently, there is a clear peak splitting in BTO at
lower frequencies (2 Hz/2 Hz). Since the diffusion length can
be estimated by ≈x Dt2 , the adatoms have a longer
diffusion length under low frequencies, thus forming a
complete coherent interface with STO and becoming more

Figure 2. Cross-sectional EDS elemental maps of the three-phase Au-BaTiO3−ZnO nanocomposite thin films, deposited at (a) 500 °C, (b) 600
°C, and (c) 700 °C on STO (001) substrate.

Figure 3. (a−d) Cross-sectional EDS elemental maps of Au-BaTiO3 (Au-BTO) template layer and BaTiO3−ZnO (BTO-ZnO) layer, deposited on
the STO (001) substrate at different deposition frequencies. (e) Plot of the Au pillar width and (f) Au nanoparticle aspect ratio at different
deposition frequencies.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c00801
Cryst. Growth Des. 2020, 20, 6101−6108

6103

https://pubs.acs.org/doi/10.1021/acs.cgd.0c00801?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00801?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00801?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00801?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00801?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00801?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00801?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00801?fig=fig3&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00801?ref=pdf


strained. In contrast, the BTO peak splitting becomes less
obvious as the two layers are deposited at higher frequencies
due to the formation of a semicoherent interface and resulting
in strain relaxation. The calculated c lattice parameters of BTO
and ZnO for all the samples are presented in Figure 1d with
the bulk c lattice parameter marked as a dotted line. Clearly,
the BTO and ZnO phase experiences a tensile strain and
compressive strain in the out-of-plane direction, respectively.
The high epitaxial quality of the samples deposited under two
extreme frequencies is further compared using reciprocal space
mapping (RSM). Figure 1e,f shows the RSMs near substrate
STO (002) peak for the 2 Hz/2 Hz sample and 10 Hz/10 Hz
sample, respectively. The c lattice parameter of the lower BTO
layer is 4.14 Å and 4.07 Å, while that of the upper BTO layer is
4.07 Å and 4.04 Å, deposited at 2 Hz and 10 Hz, respectively,
as calculated from the RSM. This is consistent with the
observations in Figure 1c and correspond to the different strain
states of the two BTO layers present in the film. In addition,
no obvious degradation of the film quality was observed on
changing the frequency.
Figure 2a−c shows a collection of EDS elemental maps for

samples deposited at 700 °C, 600 °C, and 500 °C, respectively.
Figure 2b,c shows the presence of Au NPs at the tip of ZnO
NWs, which is indicative of the vapor−liquid−solid (VLS)
mechanism. Because of the presence of eutectic solution at 683
°C at 33.5 atom % Zn (L → Au + AuZn) in the bulk Au−Zn
phase diagram along with a congruently melting AuZn
intermetallic,31 there must be a presence of ternary eutectic
point, assuming the miscibility of ZnO in AuZn intermetallic is
almost negligible. Therefore, there must exist a pseudobinary
Au-ZnO eutectic system with the eutectic point existing on the
Au rich side of the phase diagram.32 Similar pseudobinary
systems such as Au-GaAs, Ge-GaSb, Al−Mg2Si, etc. have been
reported earlier.33−35 Above 600 °C, Au and ZnO form a low
melting point eutectic solution which gets supersaturated from
the incoming flux of ZnO adatoms to give rise to the uniaxial
growth of ZnO nanowires. Clearly, the growth temperatures at
600 and 700 °C show the presence of the VLS mechanism,
enabling the formation of the eutectic solution, while the VLS
mechanism is absent at 500 °C. Therefore, the growth
temperature must be at least above 600 °C for the VLS
mechanism to take place.

The effect of growth kinetics on the overall morphology was
studied by varying the deposition frequency. Figure 3a−d show
a set of EDS maps at different deposition frequencies, i.e., 2
Hz/2 Hz, 2 Hz/10 Hz, 10 Hz/2 Hz, and 10 Hz/10 Hz,
respectively. Clearly, all the samples show the presence of Au
NP capping the ZnO NW. The EDS elemental map shows the
clear and sharp interfaces among Au, BTO, and ZnO,
suggesting that all the three phases grow separately without
any obvious interdiffusion. The interface between BTO and
STO remains largely coherent as seen from the HR-STEM
images and their corresponding Fourier-filtered images (shown
in Supplementary Figure S1) at 2 Hz and 10 Hz. However,
formation of dislocation can be seen in the sample deposited at
10 Hz, resulting in strain relaxation, as observed from the XRD
plots earlier. In addition, the deposition kinetics plays a key
role in determining the Au and ZnO pillar diameter, and the
shape of Au NP. The Au pillar diameter increases from ∼7.5
nm to ∼10 nm, while the ZnO pillar diameter decreases from
∼7.6 nm to ∼5.7 nm at 2 Hz and 10 Hz, respectively. In
addition, the aspect ratio (length/height) of the Au NP
capping the ZnO NW decreases from ∼1.2 at low frequencies
to ∼0.8 at high frequencies. The large mismatch of Au and
ZnO pillar diameter at 10 Hz makes the Au NP aspect ratio <1.
Therefore, the relative matching of the ZnO and Au pillar
diameter makes it easier for the Au-ZnO system to undergo a
VLS mechanism at 2 Hz, which also determines the aspect
ratio of the Au NP capping the ZnO nanowire.
The effect of Au-BTO template geometry on the overall

morphology was studied by varying the template thickness.
Figure 4a−c presents the STEM-EDS images for the 20 nm, 40
nm, and 60 nm Au-BTO template thickness, showing the
elemental distribution of Au, BTO, and ZnO phases. As the
template thickness is increased from 20 nm to 60 nm, fewer
numbers of Au pillars undergo the VLS mechanism. Figure
4d−f shows the EDS mapping of the ZnO phase for the three
different template thicknesses. Clearly, the number of ZnO
pillars penetrating inside the Au-BTO template layer decreases
as the template layer thickness increases. This is due to the
relative concentration of Au and ZnO during the deposition.
With 20 nm template thickness, there is sufficient concen-
tration of ZnO present to undergo the VLS mechanism with
Au pillars. However, as the template thickness increases, some
of the ZnO pillars, although being deposited on top of Au

Figure 4. Cross-sectional EDS elemental maps with Au-BTO template thickness, varied from (a) 20 nm, (b) 40 nm, and (c) 60 nm and their
corresponding Zn EDS map in (d−f), deposited on STO (001) substrate.
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pillars, do not have enough concentration at the Au-ZnO
interface to undergo the VLS mechanism with Au. Therefore,
tuning the template thickness plays an important role in
determining the final morphology of the three-phase nano-
composite.
The effect of strain on the morphology of the three-phase

nanocomposite was studied by depositing the films on three
different substrates: LAO (001), STO (001), and MgO (001)
having a lattice parameter of 3.79 Å, 3.91 Å, and 4.21 Å
respectively, which results in a different strain state. All the
samples were deposited at 700 °C at 40 mTorr oxygen partial
pressure with 10 Hz/2 Hz frequency. Figure S2 (Supporting
Information) shows the X-ray diffraction for all the samples.
Clearly, BTO shows a highly crystalline and textured (00l)
growth. BTO phase experiences a tensile strain of ∼0.50% on

STO, while it sustains a compressive strain of ∼0.50% on both
LAO and MgO substrates. Figure 5 compares the micro-
structure of the three different samples. Overall, the
morphology undergoes a change by varying the substrate.
The Au pillar diameter varies from ∼13 nm (MgO substrate)
to ∼9 nm (STO substrate) to ∼7.5 nm (LAO substrate). The
ZnO pillar diameter at 2 Hz is ∼8 nm, which matches
reasonably well with the Au pillar diameter on STO and LAO
substrate. However, there is a large mismatch between the Au
and ZnO pillar diameter on MgO, and hence, very few pillars
undergo the VLS mechanism resulting in the formation of Au
NP on the film surface. In contrast, relatively more Au pillars
undergo the VLS mechanism on STO and LAO substrate due
to the diameter matching of Au and ZnO.

Figure 5. Cross-sectional EDS elemental maps when using different substrates: (a) LaAlO3 (LAO) (001), (b) STO (001), and (c) MgO (001).

Figure 6. Polar plots of the measured SHG intensity as a function of incident polarization angle with output polarization fixed at (a) 90° (S-out)
and (b) 0° (P-out). Real part of the in-plane (ε′∥) and out-of-plane (ε′⊥) permittivity at different (c) frequencies and (d) Au-BaTiO3 template
thicknesses, deposited on the STO (001) substrate.
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The following section discusses the tunable optical proper-
ties in these three-phase systems with tunable microstructures.
First, the nonlinear response of the ordered three-phase sample
was measured using the second harmonic generation (SHG).
Figure 6a,b presents a polar plot showing the measured SHG
intensity as a function of incident light polarization angle with
output polarization fixed at 0° (P-out) and 90° (S-out),
respectively. An angle resolution of 2° (1° for the half wave-
plate) was used to scan the input polarization. The SHG
intensity of BTO is also plotted for comparison. Clearly, the
second-order nonlinearity of the ordered three-phase Au-BTO-
ZnO gets enhanced by up to 1 order of magnitude for both 0°
and 90° output polarization as compared to the pure BTO
film. This enhancement can be attributed to two factors: (i)
increased strain state of BTO, and (ii) the interface between
Au and BTO. The presence of Au and ZnO, growing vertically
in the BTO matrix, results in a higher strained state of BTO up
to a greater thickness. In addition, the SHG signal also arises
due to the surface nonlinearity at the metal−dielectric interface
(Au-BTO interface in this case) as has been observed
before.36,37

Second, the optical properties with different deposition
parameters were measured. Figure 6c,d shows the optical
dielectric permittivity with different deposition frequencies and
template thicknesses, respectively, measured using an angular-
dependent spectroscopic ellipsometer. Because of the aniso-
tropic nature of the nanocomposites, the permittivity was
modeled as in-plane (ε∥) and out-of-plane (ε⊥) permittivity
components using the general oscillator models to make them
Kramers−Kronig consistent. Figure 6c compares the dielectric
permittivity for the 2 Hz/2 Hz and 10 Hz/10 Hz sample. The
in-plane permittivity (ε∥) follows similar trends and remains
positive throughout the wavelength region. However, the out-
of-plane permittivity (ε⊥) increases in the visible wavelength
region on increasing the frequency from 2 Hz to 10 Hz. In
addition, the epsilon-near zero (ENZ) wavelength shows a red-
shift from 895 nm to 927 nm as the frequency is increased
from 2 Hz to 10 Hz. This can be attributed to the lower free
electron density in the 10 Hz sample. Figure 6d compares the
dielectric permittivity for the 20 nm and 60 nm template
thickness. Again, the in-plane permittivity for both the samples
shows similar trends and remains positive throughout the
wavelength regime. Interestingly, the out-of-plane permittivity
shows a clear red-shift in the ENZ wavelength from 678 nm to
995 nm as the template thickness increases, implying that the
sample with the thinner template is more metallic. Owing to
the higher free electron density, the 20 nm template thickness
sample shows a blue-shift in the ENZ wavelength. The 20 nm
sample also exhibits negative out-of-plane permittivity in the
visible wavelength region due to presence of a greater amount
of Au NP as compared to the 60 nm sample. Therefore, by
tuning the template geometry as well as the deposition kinetics,
the optical response of the three-phase nanocomposite can be
successfully tuned.
Tuning the deposition parameters such as growth temper-

ature, deposition frequency and template thickness provides
extra degrees of freedom to tune the microstructure and its
corresponding optical properties. For example, maintaining the
growth temperature above a critical temperature leads to the
activation of the VLS mechanism. Such a study also helps
understand the diffusion kinetics during the growth process.
Specifically, optimization of the relative Au and ZnO pillar
diameter leads to an ordered growth of the three-phase

nanocomposite as shown by varying the deposition frequency
and substrate-induced in-plane strain.
In addition, microstructure evolution tunes the ENZ

wavelength, which is important for achieving nonlinear optical
response in different wavelength regimes. The ENZ wave-
length tunability is achieved over a larger wavelength range
from ∼650 nm to ∼1000 nm compared to those achieved
previously.9 These tuning effects can be attributed to the
relative change in the free electron density. The increased
nonlinearity of the three-phase sample is also confirmed by the
enhanced SHG response. Therefore, this study provides an
opportunity to tune the microstructure and physical properties
of three-phase metal−dielectric nanocomposite systems which
can be extended to other two-phase and three-phase systems.

■ CONCLUSIONS

In summary, the morphology tuning of the three-phase
nanocomposite of Au-BTO-ZnO by varying the growth
temperature, deposition frequency, and template thickness
has been presented as an effective approach in achieving
tunable microstructure and optical properties. The growth
temperature above 600 °C shows the presence of Au NP
capping the ZnO NW, indicative of the VLS mechanism.
Increasing the template thickness decreases the number of
ZnO pillars undergoing the VLS mechanism. Varying the
frequency of the Au-BTO template and BTO-ZnO layer results
in microstructure evolution, which is mainly driven by the
relative matching of the Au and ZnO pillar diameter. Such
microstructure evolution in these hyperbolic metamaterials
tunes the free electron density in the out-of-plane direction,
thereby tuning the ENZ wavelength in the Z-direction. This
study demonstrates the great potential in tunable, three-phase
nanocomposite systems meeting various optical device needs.

■ 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 Au-BTO buffer layer as a template as shown
previously.30 First, a buffer layer of Au-BTO layer was deposited
(using a Au-BTO composite target) followed by the deposition of
BTO-ZnO layer (using a BTO-ZnO composite target). The thin films
were deposited on STO (001), MgO (001), LAO (001) single-crystal
substrates using pulsed laser deposition (PLD) (with a KrF excimer
laser, Lambda Physik Compex Pro 205, λ = 248 nm). All the films
were deposited at 40 mTorr oxygen pressure in the temperature range
of 400−700 °C and in the frequency range of 2−10 Hz.

Structural and Optical Characterization. The microstructure
of the films were characterized using XRD (PANalytical Empyrean
XRD) 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
SHG measurements were carried out using a home-built system with
an amplified Ti:sapphire laser. The dielectric permittivity of the films
was measured using a spectroscopic ellipsometer (JA Woollam RC2).
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I.; Sivan, Y. Revisiting the boundary conditions for second-harmonic
generation at metal-dielectric interfaces. J. Opt. Soc. Am. B 2017, 34,
1824.
(37) Cao, L.; Panoiu, N. C.; Osgood, R. M. Surface second-
harmonic generation from surface plasmon waves scattered by
metallic nanostructures. Phys. Rev. B: Condens. Matter Mater. Phys.
2007, 75, 205401.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c00801
Cryst. Growth Des. 2020, 20, 6101−6108

6108

https://dx.doi.org/10.1002/adma.201305958
https://dx.doi.org/10.1002/adma.201305958
https://dx.doi.org/10.1126/science.1108759
https://dx.doi.org/10.1126/science.1108759
https://dx.doi.org/10.1038/nphoton.2013.243
https://dx.doi.org/10.1038/nphoton.2013.243
https://dx.doi.org/10.1038/nmat2461
https://dx.doi.org/10.1038/nmat2461
https://dx.doi.org/10.1103/PhysRevLett.116.233901
https://dx.doi.org/10.1103/PhysRevLett.116.233901
https://dx.doi.org/10.1126/science.aae0330
https://dx.doi.org/10.1126/science.aae0330
https://dx.doi.org/10.1002/adma.201806529
https://dx.doi.org/10.1002/adma.201806529
https://dx.doi.org/10.1002/adma.201806529
https://dx.doi.org/10.1007/BF02882177
https://dx.doi.org/10.1021/jp054476m
https://dx.doi.org/10.1021/jp054476m
https://dx.doi.org/10.1007/BF02654608
https://dx.doi.org/10.1007/BF02654608
https://dx.doi.org/10.1179/026708301101510311
https://dx.doi.org/10.1179/026708301101510311
https://dx.doi.org/10.1002/(SICI)1521-4095(200002)12:4<298::AID-ADMA298>3.0.CO;2-Y
https://dx.doi.org/10.1002/(SICI)1521-4095(200002)12:4<298::AID-ADMA298>3.0.CO;2-Y
https://dx.doi.org/10.1364/JOSAB.34.001824
https://dx.doi.org/10.1364/JOSAB.34.001824
https://dx.doi.org/10.1103/PhysRevB.75.205401
https://dx.doi.org/10.1103/PhysRevB.75.205401
https://dx.doi.org/10.1103/PhysRevB.75.205401
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00801?ref=pdf

