
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 5
/1

0/
20

21
 9

:1
0:

31
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal
Deposition press
aSchool of Materials Engineering, Purdue U

USA. E-mail: hwang00@purdue.edu
bSchool of Electrical and Computer Enginee

Indiana 47907, USA
cSandia National Laboratory, Albuquerque,

† Electronic supplementary informa
10.1039/d0na00887g

Cite this: DOI: 10.1039/d0na00887g

Received 22nd October 2020
Accepted 20th February 2021

DOI: 10.1039/d0na00887g

rsc.li/nanoscale-advances

© 2021 The Author(s). Published by
ure-induced microstructure
control and plasmonic property tuning in hybrid
ZnO–AgxAu1�x thin films†

Robynne L. Paldi,a Xing Sun,a Xin Li Phuah,a Juanjuan Lu,a Xinghang Zhang, a

Aleem Siddiquic and Haiyan Wang *ab

Self-assembled oxide–metallic alloy nanopillars as hybrid plasmonic metamaterials (e.g., ZnO–AgxAu1�x) in

a thin film form have been grown using a pulsed laser deposition method. The hybrid films were

demonstrated to be highly tunable via systematic tuning of the oxygen background pressure during

deposition. The pressure effects on morphology and optical properties have been investigated and found

to be critical to the overall properties of the hybrid films. Specifically, low background pressure results in

the vertically aligned nanocomposite (VAN) form while the high-pressure results in more lateral growth

of the nanoalloys. Strong surface plasmon resonance was observed in the UV-vis region and

a hyperbolic dielectric function was achieved due to the anisotropic morphology. The oxide–nanoalloy

hybrid material grown in this work presents a highly effective approach for tuning the binary nanoalloy

morphology and properties through systematic parametric changes, important for their potential

applications in integrated photonics and plasmonics such as sensors, energy harvesting devices, and

beyond.
Introduction

Bimetallic nanoalloys are a class of materials poised to present
promising applications in nanotechnology.1–4 For example,
AgxAu1�x (ref. 5) and AuxCu1�x (ref. 6) are capable of being used
in optical and plasmonic applications, where the plasmon
resonance is easily controlled through manipulation of the
composition and morphology. Other promising nanoalloys are
magnetic compositions such as FexCo1�x (ref. 7) for magnetic
storagememory, where properties can be tuned by adjusting the
composition and morphology.8 Furthermore, plasmonic and
magnetic coupled nanoalloys can be created such as AuxFe1�x

(ref. 9) and CoxPt1�x (ref. 10) for interesting magneto-optic
coupling. Currently, most nanoalloys were grown through
chemical synthesis methods which can produce effective
nanoalloys. However, nanoalloys grown through these methods
suffer from stability issues including dealloying and phase
segregation.3,11 Another major issue plaguing nanoalloys is the
inability to easily tune their size, morphology, composition and
properties.1,4 To overcome the stability issues, multicomponent
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nanoalloys can be created but they also eventually suffer deal-
loying.12 Another way is to create nanocomposites that encap-
sulate nanoalloys in a chemically stable nanocomposite form.13

Oxide-based nanocomposites present a promising platform
for increasing long-term stability.14 Oxides are typically chemi-
cally stable and have a wide range of functional properties like
ferromagnetism in lanthanum strontium manganite (LSMO) or
ferroelectricity in barium titanate (BTO). Combining different
nanoalloys with different oxides could provide a pathway for
achieving new, multifunctional hybrid materials with enhanced
properties and stability. Growing these hybrid oxide–nanoalloy
materials could be achieved through a pulsed laser deposition
(PLD) technique. The PLD technique is a highly versatile phys-
ical vapor deposition method that has demonstrated a bottom-
up, one-step method of growth for self-assembled oxide–metal
hybrid materials such as BaZrO3 (BZO)–Co, BaTiO3 (BTO)–Au,
ZnO–Au, and recently oxide–nanoalloy composites.15–21 The PLD
technique has already been used to achieve stability in oxide–
metal and nitride–metal hybrid materials.22–24 The critical issue
to overcome for the oxide–nanoalloy system is to achieve
a sufficiently mixed alloy without segregation.

In this work, the zinc oxide (ZnO) matrix has been combined
with the AgxAu1�x nanoalloy to form an oxide–nanoalloy hybrid
plasmonic material of ZnO–AgxAu1�x. The tunability of the
oxide–nanoalloy ZnO–AgxAu1�x hybrid material was investi-
gated throughmanipulation of the oxygen background pressure
during PLD. ZnO was selected as the matrix as it is a well-known
wide-band gap semiconductor (Eg � 3.37 eV) that is useful for
Nanoscale Adv.
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photocatalysis and transparent electrodes.25–27 Furthermore,
ZnO is chemically and thermally stable, earth abundant, and
generally non-toxic, making it a promising candidate to form
stable nanoalloy nanocomposites. AgxAu1�x is chosen as the
nanoalloy in this report due to it being extensively studied for its
plasmonic resonance and usefulness in energy and sensor
applications.4,28 Varying the oxygen background pressure
provides a successful method for tailoring the optical properties
and morphology of ZnO–AgxAu1�x nanocomposites. A highly
tunable morphology can be achieved by systematic variation in
background pressure as per the schematic presented in Fig. 1.
As the background pressure varies from low pressure (vacuum
and 20 mTorr) to high pressure (100 and 150 mTorr), the oxide–
nanoalloy morphology could be effectively tuned. Systematic
microstructural characterization of ZnO–AgxAu1�x hybrid thin
lms was performed through XRD, STEM, and EDS-mapping
and the corresponding effect on optical properties was investi-
gated through spectroscopic ellipsometry and UV-vis
spectroscopy.
Results and discussion

X-ray diffraction analysis was performed to elucidate the effect
of oxygen background pressure on the morphology of ZnO–
AgxAu1�x nanocomposites. The results are summarized in
Fig. 2. Scans of q–2q are depicted in Fig. 2a for all lms
deposited at different background pressures, indicating the
high degree of epitaxial quality for all the lms. The ZnO matrix
grew in a hexagonal wurtzite structure with the preferred out-of-
plane c-axis orientation along the (0002) direction, parallel with
the underlying c-axis Al2O3 substrate (0006) plane. Both Ag and
Au have a face-centered cubic (FCC) structure, and their alloys
also form an FCC lattice.29 Therefore, based on the measured q–

2q, the alloy nanopillars were determined to have an FCC
structure textured out-of-plane along the (111) direction and
parallel to the (0006) plane of the substrate. To match both the
hexagonal-shape of wurtzite ZnO and the c-axis oriented Al2O3

substrate, the alloy lattice rotates so that the out-of-plane
direction has a 3-fold symmetry. This created an out-of-plane
alignment of AgxAu1�x (lll)kZnO (000l)kAl2O3 (000l).
Fig. 1 Schematic diagram of oxygen pressure microstructure tuning in
colored blue while the AgxAu1�x nanoalloy is colored green. Depositio
increasing oxygen pressure induces irregular lateral growth.

Nanoscale Adv.
To determine if there was peak splitting in the alloy, which
could imply phase separation, high-resolution q–2q scans were
performed across a small range near the (111) peak of AgxAu1�x,
as depicted in Fig. 2b. There is no obvious peak splitting, which
implies that the nanoalloy grown in this work is well mixed for
all samples. Interestingly, there are variations of peak position
and d-spacing with respect to background pressure tuning. In
Fig. 2b, the value of the location of bulk Ag (2q111¼ 38.116�) and
bulk Au (2q111 ¼ 38.252�) peaks is denoted. For the nanoalloy
deposited under vacuum, the peak was located near bulk Ag,
with 2q111 ¼ 38.11�. As the background pressure was increased
to 20 mTorr, the peak was shied downward to below bulk Ag
with 2q111¼ 38.08�. As the pressure was further increased to 100
mTorr and 150 mTorr, the peak shied upward from 2q111 ¼
38.2� to 2q111 ¼ 38.23�. Interestingly, as the pressure was
increased, the peak location shied from near the Ag peak at
low pressure toward the Au peak at high pressure. The rela-
tionship for tuning of the alloy lattice was more clearly
demonstrated when investigating the d-spacing in Fig. 2d. For
the lms deposited under vacuum, the alloy d-spacing d111 is
measured to be 0.2359 nm, which is the same as the bulk Ag d-
spacing (d111 ¼ 0.2359 nm). When background pressure
increases to 150 mTorr, the alloy d-spacing d111 is measured to
be 0.2352 nm, which is more comparable to bulk Au d-spacing
(d111 ¼ 0.2351 nm). When background pressure increases,
compressive stress on the alloy lattice increases, as the d-
spacing was tuned smaller from vacuum at d111 ¼ 0.2359 nm to
d111 ¼ 0.2352 nm under the 150 mTorr conditions. The ZnO
(0002) peak was also investigated to determine pressure varia-
tion, with high-resolution scans of the (0002) peak shown in
Fig. 2c. There appeared to be some peak shiing with respect to
background pressure, but no specic trend was observed. This
was further conrmed based on the d-spacing of the ZnO (0002)
peak in Fig. 2d, which shows no trend and little to no change in
the ZnO lattice. This is contrary to the usual relationship
between ZnO and the oxygen background pressure in PLD
growth.25,30–34 The lack of a general trend for the ZnO may be
related to the nanoalloy formation driving the lattice strain in
the nanocomposite.

The composition of each nanoalloy was calculated from the
EDS-spectrum and plotted as a ratio of Ag/Au vs. background
the ZnO– AgxAu1�x nanocomposite. In the diagram, the ZnO matrix is
n at low pressure produces vertically aligned alloy nanopillars, while

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 X-ray diffraction. (a) Scans of q–2q for all films deposited at different oxygen pressures, (b) scans in the region of the Ag/Au (111) peak, (c)
scans showing the region near the ZnO (0002) peak, and (d) d-spacing calculation for AgxAu1�x (111) and ZnO (0002).
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pressure in Fig. S1a – Ag†/Au > 1 implies Ag-rich alloys and Ag/
Au < 1 implies Au-rich alloys. The resulting compositions from
EDS-spectra are tabulated in Fig. S1b–e† and the Ag/Au vs.
deposition pressure graph in Fig. S1a† was calculated using
the wt% values from the tables in Fig. S1b–e.† The x-value for
each nanoalloy composition was also calculated for each oxygen
pressure deposition. Compositions of the nanoalloys were
Ag33Au67, Ag61Au39, Ag55Au45, and Ag67Au33 for deposition
under vacuum, 20 mTorr, 100 mTorr, and 150 mTorr, respec-
tively. Results of the composition tuning and EDS show an
overall trend of Ag content increasing with respect to increasing
background pressure but there was a decrease in Ag content
between 20 mTorr and 100 mTorr. The increase of Ag content
and the decrease of Au could be related to the mass of Au and Ag
and their kinetic energy during deposition. Ag is a lighter
species than Au so it will have higher kinetic energy on initial
ablation. Au will have lower kinetic energy than Ag and there-
fore as the pressure is increased, Au species will show less
diffusion in the lm.

For more detailed microstructural characterization, the
ZnO–Ag33Au67 vertically-aligned nanocomposite (VAN) depos-
ited in vacuum was selected for a microscopy analysis. The full
characterization results using STEM coupled with EDS-mapping
© 2021 The Author(s). Published by the Royal Society of Chemistry
and TEM are depicted in Fig. 3. A model of the structure can be
seen in Fig. 3a of the VAN. A STEM image of the cross-sectional
sample is shown in Fig. 3b. HR-STEM was performed in Fig. 3c
to determine the atomic arrangement of Ag33Au67 and ZnO. The
blue-dashed line indicates the heterointerface between the ZnO
matrix and nanopillars. The out-of-plane atomic arrangement
of Ag33Au67 grows in the out-of-plane direction [111] and ZnO
grows in the out-of-plane direction [0002], conrming the
orientation from XRD in Fig. 2. STEM coupled with EDS-
mapping was performed on the cross-sectional image in
Fig. 3d–g. The map of Au can be seen in Fig. 3d and Ag is in
Fig. 3e. Mapping of Ag and Au only occurred from the nanopillar
and mapping of Zn only occurred in the matrix, indicating the
well separated nanopillar and matrix phases. A STEM image of
the plan-view is shown in Fig. 3h, depicting a hexagonal shape
of alloy nanopillars and quasi-hexagonal in-plane ordering.
Plan-view EDS-mapping was performed in Fig. 3j–m to conrm
the well-separated phases of AgxAu1�x pillars and the ZnO
matrix, as evidenced by the Ag, Au and Zn maps and the
combined EDS-map in Fig. 3l. A HR-TEM plan-view image in
Fig. 3m shows the in-plane atomic arrangement of nanopillars
and the matrix. The (111) stacking arrangement of the alloy
pillars can be seen as the wurtzite structure of the matrix, and
Nanoscale Adv.
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Fig. 3 Microstructure characterization of the vacuum deposited sample. (a) schematic diagram of the microstructure, (b) representative cross-
sectional STEM micrograph, (c) HRSTEM micrograph at the heterointerface of the alloy/oxide. EDS-chemical map of (d) Au, (e) Ag, (f) Zn, and (g)
combined. (h) Representative plan-view micrograph. EDS-mapping of (i) Au, (j) Zn, and (k) combined. (m) HRTEM of plan-view specimen.

Fig. 4 Morphology tuning through oxygen pressure. Cross-sectional
STEM image for (a) vacuum, (b) 20 mTorr, (c) 100 mTorr, and (d) 150
mTorr. Corresponding plan-view image for (e) vacuum, (f) 20 mTorr,
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the sides of the nanoalloy nanopillars are indexed as {220}
planes. The out-of plane epitaxial relationship is determined
from the cross-sectional SAED pattern in Fig. S2† as Ag33Au67
(220)kZnO (10-10)kAl2O3 (11-20); the in-plane epitaxial rela-
tionship was determined as Ag33Au67 (20-2)kZnO (11-20)kAl2O3

(01-10). Moreover, the in-plane diffraction pattern of the alloy
demonstrated interesting double-diffraction in the SAED
pattern relating to the alloy formation.

The effect of oxygen background pressure on the
morphology of ZnO–AgxAu1�x nanocomposites was investigated
through scanning transmission electron microscopy (STEM)
analysis of both cross-sectional and plan-view samples of all the
lms for comparison in Fig. 4. STEM under high angle annular
dark eld mode (HAADF) was chosen as it provides excellent
composition related contrast due to Z-contrast imaging (i.e.,
contrast �Z1.7). Furthermore, cross-sectional EDS-mapping was
also performed on the other nanoalloy samples deposited at
different background pressures and is presented in Fig. S3.†
The EDS-map of each lm shows that the nanoalloy remained
sufficiently mixed despite systematic increases in background
deposition pressure. Moreover, the nanoalloy and the oxide
matrix remained as a distinctly two-phase nanocomposite
material. The cross-sectional STEM image of the lm deposited
under vacuum is shown in Fig. 4a. The morphology comprised
vertically aligned alloy nanopillars embedded in the ZnO
matrix. The plan-view STEM image under vacuum is shown in
Fig. 4e, and indicates that alloy nanopillars have a hexagonal
shape, which followed from the XRD pattern of the alloy having
the out-of-plane (111) direction. Interestingly, as background
Nanoscale Adv.
pressure was increased to 20 mTorr in Fig. 4b, the pillars
remained vertically aligned but are at higher density and some
particles become interspersed in the matrix. The plan-view of
(g) 100 mTorr, and (h) 150 mTorr.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the 20 mTorr lm in Fig. 4f indicated that nanopillars retained
the hexagonal shape and conrmed the increase in small
particles when compared to the lm grown under vacuum in
Fig. 4e. When background pressure was increased to 100 mTorr
in Fig. 4c, the morphology became more irregular and included
a combination of vertical and lateral growth. This suggests that
morphology tuning could be caused by the increased back-
ground pressure and reduced kinetic energy, and resulting in
plasma plume cluster nucleation as reported previously.35 In the
plan-view image shown in Fig. 4g, the 100 mTorr growth
retained some hexagonal morphology of nanopillars and
increased in size. The background pressure was further
increased to 150 mTorr in Fig. 4d, where the morphology
became more regular and lateral. This is conrmed in Fig. 4h,
where the growth is depicted as irregularly shaped lateral
nanopillars. As background pressure was increased, the
ordering of the nanopillars appears to become more irregular
within the matrix. Under higher pressure, there is a reduction in
kinetic energy and consequently, resulting in irregular nano-
pillar growth. Moreover, as the background pressure is
increased, cluster nucleation begins to occur in the plasma
plume.36–39 This cluster nucleation and reduction in kinetic
energy could be accounted for the transition from vertical
pillars at low pressure to lateral pillars under high pressure. The
reduction in kinetic energy inhibits the ability for ordered and
vertically aligned pillar formation. Moreover, the reduction in
kinetic energy in the plasma plume causes the ejection of
heavier elements like Au, which could explain the observed
composition tuning in Fig. S1† such that the Ag content
increases in the nanoalloy as pressure is increased.

Bimetallic AgxAu1�x nanoalloys are benecial for their plas-
monic response. The optical properties of ZnO–AgxAu1�x oxide–
alloy nanocomposites deposited at different background pres-
sures were investigated through UV-vis spectroscopy, as depic-
ted in Fig. 5. The surface plasmon resonance of each lm is
indicated by a minimum in each plot and marked in the gure.
For the nanocomposite deposited under vacuum, there is
a surface plasmon resonance at 492 nm. As the background
Fig. 5 Transmission UV-vis spectrum showing optical tuning,
numbers on graph indicate the plasmonic peak.

© 2021 The Author(s). Published by the Royal Society of Chemistry
pressure increases to 20 mTorr, the plasmonic resonance is
512 nm. At 150 mTorr, the surface plasmon is further red
shied to 545 nm and the plasmonic resonance at 150 mTorr is
595 nm. Here, a red shi of the plasmonic resonance with
increasing background pressure is observed. The tuning of the
plasmon resonance from 492 nm under vacuum to 595 nm at
150 mTorr could be related to the effective microstructure and
morphology tuning as discussed above. Specically, increasing
the background pressure will cause a red shi of the plasmon
resonance. Interestingly, the red-shi with increasing Ag
content is converse to what is usually observed. Therefore, the
morphology tuning might be one of the dominant factors in
terms of plasmon resonance tuning as growing more lateral
pillars from vacuum to 150 mTorr resulted in red-shied plas-
mon resonance. The signicant morphology variation from
vertically aligned pillars at low pressure to the lateral pillar at
high pressure could result in a transition of different plasmon
excitation.40 In the UV-vis measurement, the light beam is
traveling through the lm, such that at low pressure the
transverse plasmon resonance is more dominantly excited. As
the pressure increases and the morphology of the pillars
becomes lateral, it could be that the longitudinal plasmon
resonance is more dominantly excited. On the other hand,
composition tuning could also play a role in the tuning effect, as
the Au content is found to drop with increasing background
pressure, as evidenced in Fig. S1.† More detailed studies are
needed to clearly understand the mechanism of plasmon
tuning in this system.

Because of the anisotropic nature of the hybrid nanoalloy
morphology, the dielectric function and anisotropic optical
properties were analysed by spectroscopic ellipsometry (see
methods) . The experimental setup and the imaginary permit-
tivity for each lm can be found in Fig. S4.† Data for the
measured ellipsometry parameters of psi and delta and corre-
sponding models can be found in Fig. S5 and S6.† The real part
of the permittivity for each hybrid thin lm deposited at
different background pressures is plotted in Fig. 6. All lms
demonstrate the properties of hyperbolic metamaterials (HMM)
and the hyperbolic dispersion is coupled with epsilon near zero
permittivity (ENZ). HMMs have a dielectric function that acts as
a metal in one direction and a dielectric in the perpendicular
direction.41 In Fig. 6, the region for hyperbolic dispersion is
marked on each graph. A type I HMM with an isofrequency
curve of a hyperboloid of two sheets that can support only high k
states is denoted in the graphs in Fig. 6 as a purple region. The
type II HMM with an isofrequency curve of a paraboloid of one
sheet that can support both high and low k states is denoted
with a yellow shading. Representative isofrequency curves are
shown in the inset of the graphs of Fig. 6.

Angular dependent ellipsometry data were measured and
tted for all the samples. The real part of permittivity for the
vacuum deposited lm can be found in Fig. 6a. This lm is
a type II HMM with a hyperbolic region spanning parts of the
visible and near-infrared (NIR) from 593 nm to 1023 nm. In this
region, the components out-of-plane to the anisotropy axis 3t <
0 and in-plane to the anisotropy axes 3k > 0 and 3t have ENZ
permittivity at 593 nm and 1023 nm. The real part of
Nanoscale Adv.
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Fig. 6 Dielectric function tuning. Real part of dielectric function for (a) vacuum, (b) 20 mTorr, (c) 100 mTorr and (d) 150 mTorr. Inset shows
representative isofrequency curves indicating the type of hyperbolic metamaterial, yellow represents a type I hyperbolic metamaterial with the
surface of a hyperboloid of one sheet and purple represents a type II hyperbolic metamaterial with the surface of a hyperboloid of two sheets.
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permittivity of the lm deposited at 20 mTorr is depicted in
Fig. 6b. Upon increasing the background pressure to 20 mTorr,
the type II hyperbolic region in the visible-near infrared region
increases in size to include a range of 736–2050 nm. Moreover,
two new type I hyperbolic regions occur from 400 to 520 nm and
590 to 736 nm, where 3k < 0 and 3t > 0. The out-of-plane (3t)
component has ENZ permittivity at 736 and 2060 nm and the in-
plane (3k) component has ENZ permittivity at 400, 520, 590, and
736 nm. Upon increasing background deposition pressure to
100 mTorr, the hyperbolic properties are further tuned. In the
100mTorr deposited lm, the type II region now spans from 788
to 2500 nm, the end of the measured spectrum. Compared with
the 20 mTorr lm, there is only one type I region occurring from
463–560 nm. The in-plane component has ENZ permittivity at
463 and 560 nm while the out-of-plane component has ENZ
permittivity at around 788 nm. Further increasing the back-
ground deposition pressure to 150mTorr maintained the type II
region and decreased the size of the region in the visible region
and it is changed to type II hyperbolic dispersion. The real part
of the permittivity for the 150 mTorr sample is plotted in
Fig. 6d. The type II HMM region occurs from 740 to 2500 nm
and 387 to 440 nm. The in-plane component has ENZ
Nanoscale Adv.
permittivity at 387, 440 nm, and 740 nm. Pressure induced
dielectric function tuning has also been observed in the ZnO–Au
VAN system.20

The work in this report demonstrates the robust tunability of
the hybrid plasmonic ZnO–AgxAu1�x system and the respective
effect on morphology andmaterial properties. Thin lms grown
under vacuum produce vertically aligned nanoalloy pillars that
can be tuned more laterally by introducing and increasing the
oxygen background pressure during growth. The change in the
morphology also leads to tunability of the optical properties and
composition of the nanoalloy, where increasing oxygen pressure
will decrease Au and red-shi the plasmonic response. Due to
the self-assembled nature of the growth and one-step PLD
approach, there are a robust number of parameters that can be
tuned to achieve new oxide–nanoalloy morphology and property
effects. Future studies could investigate the result of frequency,
substrate temperature, or laser energy tuning on the ZnO–Agx-
Au1�x. Moreover, due to the ZnO support and highly tailorable
morphology, the ZnO–AgxAu1�x system broadens the applica-
bility of nanoalloy thin lms toward future integrations where
previous nanoalloys are restricted in their use due to instability.
Due to the robustness of the oxide–nanoalloy approach, other
© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanoalloys can be explored such as magneto-optic candidates
like NixCu1�x or NixAu1�x and other plasmonic candidates like
AgxCu1�x and AgxAl1�x. This hybrid ZnO–AgxAu1�x system with
tunable optical properties, such as a tailorable plasmon reso-
nance range, could nd applications as optical device compo-
nents that require a specic wavelength range in optical
absorption, sensing and detection.
Conclusion

In this work, ZnO–AgxAu1�x nanocomposite thin lms with
highly tunable morphology, composition, and optical proper-
ties were demonstrated. The lms were deposited at different
background pressures, each with unique morphology and
properties. The lm deposited in vacuum has a vertically
aligned nanopillar structure, which was tuned toward irregular
lateral nanopillar growth at high background pressure. The
hybrid oxide–nanoalloy materials in this report demonstrated
strong plasmonic resonance in the UV-vis region that was highly
tunable. Moreover, due to the inherent anisotropy of the
nanocomposite morphology, they have interesting anisotropic
dielectric function with hyperbolicity at useful wavelengths. We
found the lm deposited at 20 mTorr, with high density pillar
morphology, to have the most interesting optical properties in
terms of practical applications due to a broad wavelength range
of hyperbolic dielectric functions and relatively low absorption.
This work presents broad tunability in hyperbolicity and plas-
monic properties using the design of metallic alloy nanopillars
in an oxide matrix to address the versatile optical property
needs in optical components and devices.
Experimental
Thin lm growth

ZnO–AgxAu1�x nanocomposite lms were grown on c-cut Al2O3

(0001) using pulsed laser deposition. Growth was performed
with a KrF excimer laser (Lambda Physik Complex Pro 205, l ¼
248 nm) and the substrate temperature was kept constant at
500 �C. The laser energy was 420 mJ and focused at an incident
angle of 45�. The target–substrate distance was kept constant at
4.5 cm and measured before each deposition to ensure accu-
racy. A composite target consisting of ZnO–AgxAu1�x was
developed through solid-state sintering used for laser ablation.
Before deposition, the chamber was pumped down to around
10�6 mTorr before oxygen pressure was applied. Oxygen back-
ground pressure was varied from vacuum to 150 mTorr and the
laser pulse frequency was set to 5 Hz for all depositions. Aer all
depositions, the chamber was cooled to room temperature at
a rate of 15 �C min�1.
Microstructure characterization

The lmmorphology was characterized through XRD, TEM, and
STEM coupled with EDS-mapping. XRD scans of q–2q were
conducted using a Panalytical X'Pert X-ray diffractometer with
Cu Ka radiation. Bright eld TEM, STEM, SAED and EDS-
mapping were performed on a FEI Talos F200X TEM. Samples
© 2021 The Author(s). Published by the Royal Society of Chemistry
for electron microscopy were prepared, for both cross-sectional
and plan-view, via a standard grinding procedure which entails
manual grinding, polishing, dimpling, and a nal ion milling
step to achieve electron transparency (PIPS 691 precision ion
polishing system, 5 keV for cross-section and 4–4.5 keV for plan-
view samples).
Optical measurements

Ellipsometry experiments were carried out on an RC2 Spectro-
scopic ellipsometer (J.A. Woollam Company). Three angles 30�,
45�, and 60� were measured from a spectrum range of 210–
2500 nm. Measured values of psi and delta data were obtained
and then t with a uniaxial model coupled with a B-spline
model to discern the anisotropic dielectric function of ZnO–
AgxAu1�x nanocomposite thin lms, and an agreeable mean
square error (MSE) < 5 was obtained for all lm models. Normal
incident depolarized transmittance (T%) was measured using
an optical spectrophotometer (Lambda 1050 UV-vis
spectrophotometer).
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7 Ö. Çelik and T. Fırat, Synthesis of FeCo Magnetic Nanoalloys
and Investigation of Heating Properties for Magnetic Fluid
Hyperthermia, J. Magn. Magn. Mater., 2018, 456, 11–16,
DOI: 10.1016/j.jmmm.2018.01.090.

8 I. Robinson, S. Zacchini, L. D. Tung, S. Maenosono and
N. T. K. Thanh, Fisica Synthesis and Characterization of
Magnetic Nanoalloys from Bimetallic Carbonyl Clusters,
Chem. Mater., 2009, 21(13), 3021–3026, DOI: 10.1021/
cm9008442.

9 V. Amendola, S. Scaramuzza, S. Agnoli, S. Polizzi and
M. Meneghetti, Strong Dependence of Surface Plasmon
Resonance and Surface Enhanced Raman Scattering on the
Composition of Au–Fe Nanoalloys, Nanoscale, 2014, 6(3),
1423–1433, DOI: 10.1039/c3nr04995g.

10 I. Parsina, C. Dipaola and F. Baletto, A Novel Structural Motif
for Free CoPt Nanoalloys, Nanoscale, 2012, 4(4), 1160–1166,
DOI: 10.1039/c1nr11171j.

11 G. Barcaro, L. Sementa and A. Fortunelli, Simulation of
Supported Metal Clusters, in Encyclopedia of
Nanotechnology, ed. B. Bhushan, Springer, Dordrecht, 2015,
DOI: 10.1007/978-94-007-6178-0_100948-1.

12 J. Zhao, K. Jarvis, P. Ferreira and A. Manthiram, Performance
and Stability of Pd–Pt–Ni Nanoalloy Electrocatalysts in
Proton Exchange Membrane Fuel Cells, J. Power Sources,
2011, 196(10), 4515–4523, DOI: 10.1016/
j.jpowsour.2011.01.026.

13 N. Alissawi, V. Zaporojtchenko, T. Strunskus, I. Kocabas,
V. S. K. Chakravadhanula, L. Kienle, D. Garbe-Schönberg
and F. Faupel, Effect of Gold Alloying on Stability of Silver
Nanoparticles and Control of Silver Ion Release from
Vapor-Deposited Ag–Au/Polytetrauoroethylene
Nanocomposites, Gold Bull., 2013, 46(1), 3–11, DOI:
10.1007/s13404-012-0073-6.
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