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Hybrid Ag—LiNbOz nanocomposite thin films with
tailorable optical propertiest

Jijie Huang,*® Di Zhang,® Zhimin Qi,° Bruce Zhang® and Haiyan Wang & *°<

Ag nanostructures exhibit extraordinary optical properties, which are important for photonic device
integration. Herein, we deposited Ag—LiNbOs (LNO) nanocomposite thin films with Ag nanoparticles
(NPs) embedded into the LNO matrix by the co-deposition of Ag and LNO using a pulsed laser
deposition (PLD) method. The density and size of Ag NPs were tailored by varying the Ag composition.
Low-density and high-density Ag—LNO nanocomposite thin films were deposited and their optical
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properties, such as transmittance spectra, ellipsometry measurement, as well as angle-dependent and

polarization-resolved reflectivity spectra, were explored. The Ag-LNO films show surface plasmon

DOI: 10.1039/d0na00975j

rsc.li/nanoscale-advances for photonic device applications.

Introduction

Nanocomposite thin films have attracted considerable research
interest owing to their multifunctionality, heterointerface-
induced physical phenomenon, strain engineering, as well as
other promising applications in various fields."* For example,
multiferroic nanocomposite thin films have been achieved in
multiple systems (e.g. BaTiO; (BTO)-CoFe,O, (CFO)* and
BiFeO; (BFO)-CFO*®), which are rarely obtained in single phase
films. In addition, the exchange bias effect has been observed in
ferromagnetic (FM)-antiferromagnetic (AFM) systems using the
FM-AFM interface spin-orbital coupling such as Lag 7Sr, ;MnO;
(LSMO)-NiO,” BFO-Fe;0,,* LSMO-LaFeO; (LFO) and;® previ-
ously, such an exchange bias effect was mostly achieved by
a multilayer design. Furthermore, enhanced ferroelectricity has
been realized in BTO-Sm,0; ' by lattice mismatch-induced
strain. Taking advantage of charming properties of nano-
composite thin films, various devices could be developed for
desirable performance, including nonvolatile switching
devices' and magneto-resistive devices.*

In another side, because of its unique optical and electrical
properties, the Ag nanostructure has been extensively studied in
the past few decades. The potential applications of Ag nano-
structure vary from bio-related applications (e.g. bio-sensing,
antibacterial)®*** to energy-related applications (e.g

“School of Materials, Sun Yat-sen University, Guangzhou, Guangdong 510275, China.
E-mail: huangjj83@mail.sysu.edu.cn

*School of Materials Engineering, Purdue University, West Lafayette, IN 47907, USA.
E-mail: hwang00@purdue.edu

School of Electrical and Computer Engineering, Purdue University, West Lafayette, IN
47907, USA

T Electronic  supplementary
10.1039/d0na00975j

information  (ESI) available. See DOL

© 2021 The Author(s). Published by the Royal Society of Chemistry

resonance (SPR) in the visible range, tunable optical constants and optical anisotropy, which are critical

photoelectric, catalysis)."**® Currently, most studies have
focused on the synthesis approach and morphological regula-
tion of Ag nanostructures. The synthesis methods, such as
chemical reduction,” polyol process,” laser ablation in
aqueous solution,** and an electrochemical method, are mostly
solution-based.”” The performance of the Ag nanostructure
largely depends on its size, density (distribution), shape
(nanosphere, nanocube, nanowire, and nanotriangle) and
surrounding medium.>*>¢

In this study, we employed the concept of the nano-
composite thin film to fabricate Ag nanoparticles (NPs) into
LiNbO; (LNO) to form a Ag-LNO nanocomposite thin film.
Recently, metal-oxide nanocomposite thin films have been
extensively explored, and extraordinary physical properties,
such as magnetic anisotropy,”*® plasmonic resonance,” and
hyperbolic property,® have been obtained. Interestingly, the
shape of the metal nanostructure highly depends on the oxide
matrix, e.g., Au nanorods exist in the Au-BTO system,*® while Au
NPs form in the cases of Au-LNO,** Au-VO, ** and Au-LiNi, s-
Mn, 3C0,,0,.** Furthermore, the growth mechanism of the
metal-oxide system is indeed complex and currently under
investigation. It involves sophisticated kinetics and thermody-
namics processes, in addition to crystal lattice matching. Thus,
additional investigation is required to completely understand
the growth mechanism of metal-oxide nanocomposites. Here,
we selected LNO as the oxide matrix because of its attractive
properties, including ferroelectricity, transparency in the visible
range and optical nonlinearity.***® Furthermore, the LNO
matrix can work as the surrounding medium to protect Ag from
oxidation. The demonstration of Ag-LNO nanocomposite
presents a new approach for the synthesis of Ag and other easily
oxidized metal nanostructures.
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Results and discussion

Ag-LNO with low-density and high-density Ag NPs have been
deposited on Al,O; (001) using the pulsed laser deposition
(PLD) method by controlling the dimension of the Ag strip.
Microstructural characterizations have been conducted on both
the samples. Fig. 1(a) shows a low-mag scanning transmission
electron microscopy (STEM) image with its corresponding
energy-dispersive X-ray spectroscopy (EDS) mapping in Fig. 1(b).
Low-density Ag NPs with an average diameter of ~15 nm have
been randomly distributed in the LNO matrix. Fig. 1(c) shows
a high-mag transmission electron microscopy (TEM) image
with a typical Ag NP, which presents high crystallinity in both
the Ag and LNO phase. Furthermore, the lattice matching
between the Ag NP and LNO could be determined as Ag [1 1 1]/
LNO[00 0 1] and Ag [—1 1 0]/LNO [1 1 —2 0]. Moreover, a plan-
view microstructure is observed in the low-mag STEM image in
Fig. 1(d) and its corresponding EDS mapping in Fig. 1(e), which
provides the overall 3D look of the low-density Ag-LNO nano-
composite thin film, as illustrated in the schematic in the inset
of Fig. 1(a). A high-resolution plan-view TEM image shown in
Fig. 1(f) determines the in-plane lattice matching of Ag[—1 1 0]/
LNO [0 1 0 0]. Fig. S11 shows the microstructure of the high-
density Ag-LNO film, which shows a higher density of the Ag
NPs with a larger average size of ~25 nm compared to the low-
density one. Furthermore, X-ray diffraction (XRD) measure-
ments were conducted to characterize the crystallinity of Ag-
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LNO films compared with the pure LNO film. Only the LNO (0
0 [) phase is observed for all these films with or without the
embedded Ag NPs, which indicates zero deterioration in the
crystallinity of the LNO phase with the introduction of Ag. This
could be attributed to the incorporation of Au, thus facilitating
the nucleation and growth of LNO, which is very similar to the
case of LNO-Au nanocomposite films.*”** For the Ag phase,
stronger Ag (1 1 1) and weak Ag (0 0 2) peaks have been deter-
mined, which suggests that the majority of Ag follows the (11 1)
growth direction. Atomic force microscopy (AFM) was per-
formed to detect the surface morphology of Ag-LNO films
compared with the pure LNO film. The pure LNO exhibits a very
smooth surface with an average roughness of 1.26 nm; more-
over, low-density and high-density Ag-LNO films present
a higher roughness of 10.2 and 8.06 nm, respectively.

We then focus on the optical performance of the Ag-LNO
nanocomposite thin films. First, transmittance measurements
at normal incidence were conducted for low-density and high-
density Ag-LNO compared with the pure LNO film. The pure
LNO shows high transmittance throughout the visible range till
1500 nm. A valley is observed at 535 nm for the low-density Ag-
LNO, and a broad valley centered at 550 nm was determined for
the high-density Ag-LNO. The transmittance valley corresponds
to the surface plasmon resonance (SPR) of Ag NPs, and the
different position is attributed to the varying size of the Ag NPs.
The red-shift with increase in Ag NPs size follows the spherical
particle-in-a-box model proposed by Brus.*® Such an SPR
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Fig. 1 Microstructure characterization of the low-density Ag—LNO nanocomposite thin film. (a) Low-mag cross-sectional STEM image, inset is
the schematic and (b) corresponding EDS mapping; (c) high-resolution TEM image to show one representative Ag NP; (d) low-mag plan-view
STEM image and (e) corresponding EDS mapping; (f) high-resolutionTEM image to show the Ag/LNO interface.
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position could be reproduced by COMSOL simulation using the
approximated geometry of the actual sample (upper panel of
Fig. 2(c) for low-density Ag-LNO and Fig. 2(d) for high-density
Ag-LNO), as shown in Fig. 2(b). The lower panels of Fig. 3(c)
and (d) show the optical field enhancement maps of low-density
Ag-LNO at 535 nm, 800 nm and high-density Ag-LNO at
550 nm, 800 nm, respectively. At the SPR position, the reso-
nance is primarily attributed to the strong field enhancement
localized at the Ag/LNO interface.

To explore the optical complex dielectric functions of the Ag—
LNO nanocomposite thin films, angular-dependent ellipsom-
etry measurements were carried out. The real (¢') and imaginary
(¢") parts of the complex dielectric function of the pure LNO,
low-density and high-density Ag-LNO are plotted in Fig. 3(a)
and (b), respectively, which were obtained by fitting the
measured ellipsometric phi (¢) values (shown in Fig. S41). The
refractive index n and extinction coefficient k of all the samples
are compared in Fig. S5.f Compared to the pure LNO film, the
incorporation of Ag NPs tunes the optical constants of the entire
film, especially the high-density Ag-LNO film. Decreased &
values are observed in the lower wavelength range, which is
attributed to the inclusion of Ag NPs as metals show lower ¢
values. However, no epsilon-near-zero (ENZ) is obtained, which
might be attributed to the large amount of LNO phase in the
film and large ¢ values shown by LNO. Furthermore, a broad
peak (~650 nm to ~800 nm) appears for the high-density Ag-
LNO film because of the increased reflection by Ag NPs, which
has been revealed in the Au-LNO and Au-TiO, nanocomposite
thin film, at different wavelength ranges.*** Furthermore, the
pure LNO exhibits zero ¢’ and k values because it is transparent
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in the measured wavelength. The low-density Ag-LNO presents
zero ¢’ and k values until ~500 nm with an increase toward
positive owing to the light absorption by the embedded Ag NPs,
which is inconsistent with the above transmittance spectra.

In addition, we employed angle-dependent and polarization-
resolved reflectivity measurement (incident angles of 55°, 65°,
and 75°) to characterize the optical anisotropy of Ag-LNO films.
Fig. 4(a) and (b) show the measured and simulated reflectivity
spectral for low-density Ag-LNO, while Fig. 4(c) and (d) present
the measured and simulated reflectivity spectral for high-
density Ag-LNO. For both these cases, the simulated results
reproduced the experimental spectral well. For the s-polarized
light incidence (electric field is parallel to the film surface),
the reflectivity is higher with larger incident angle, which agrees
with the classical electromagnetic theory.* However, consider-
ably different reflectivity spectra are obtained with p-polarized
light incidence (electric field is perpendicular to the film
surface), which indicates the optical anisotropy of the Ag-LNO
nanocomposite thin film.

Overall, the Ag-LNO nanocomposite thin films show inter-
esting optical properties, which can be further tailored by
controlling the deposition parameters, such as the target
composition, deposition temperature, and laser frequency. This
method provides another approach to fabricate Ag nano-
structures without oxidation. Moreover, such a Ag-LNO nano-
composite thin film could be integrated on other substrates
such as SrTiO; (STO). A typical low-mag STEM image of low-
density Ag-LNO is shown in Fig. S6at with its corresponding
EDS mapping presented in Fig. S6b,t which exhibit a similar
structure compared to the film on the Al,O; substrate. Fig. S6ct

High-density Ag-LNO

(d)

800 nm

(a) Measured and (b) simulated transmittance of pure LNO, low-density and high-density Ag—LNO thin films; side-view electrical field

maps of (c) low-density Ag—LNO at 535 nm and 800 nm and (d) high-density Ag—LNO at 550 nm and 800 nm.
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Fig.3 The (a) realand (b) imaginary parts of the complex dielectric function comparison of the pure LNO, low-density and high-density Ag—LNO

nanocomposite thin films.
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Fig.4 Angle-dependent and polarization-resolved reflectivity (s-polarization and p-polarization) measured at different angles of incidence (55°,
65°, 75°) and corresponding simulated reflectivity spectra. (a) Measured and (b) simulated reflectivity spectra for low-density Ag—LNO; (c)
measured and (d) simulated reflectivity spectra for high-density Ag—LNO.

shows the transmittance spectra of pure LNO, low-density and
high-density Ag-LNO films on STO, which show SPR-related
valleys, although the position is slightly changed.

Conclusion

High-quality Ag-LNO nanocomposite thin films have been
deposited, with Ag NPs embedded in LNO matrix. The density
and size of Ag NPs were tuned by varying the composition of the
target. No crystal quality deterioration was observed for the co-
growth of the metal phase Ag and the oxide phase LNO. The Ag-

1124 | Nanoscale Adv., 2021, 3, 1121-1126

LNO nanocomposite thin films showed interesting optical
properties, such as SPR in the visible range, tunable optical
constants, as well as optical anisotropy. This work demonstrates
an effective approach to synthesize Ag nanoparticles without
oxidation, which is promising for future application in photonic
devices.

Experimental

The pure LNO, low-density and high-density Ag-LNO nano-
composite thin films were deposited by pulsed laser deposition

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(PLD) method with a KrF excimer laser (Lambda Physik, A = 248
nm). The co-deposition of Ag strip and LNO target was applied
to deposit the Ag-LNO nanocomposite thin films, the films were
obtained by the alternative laser ablation of Ag strips and LNO
target. Before the deposition, the base pressure was pumped
down to 5 x 10~ torr. During deposition, the temperature was
maintained at 650 °C with an O, pressure of 10 mTorr and
deposition frequency of 3 Hz. The density of Ag NPs was
controlled by the size of the Ag strip. After deposition, the
chamber was naturally cooled to room temperature at a rate of
10 °C min ™.

The crystal structure and microstructure of films were
characterized by XRD (PanalyticalX'Pert X-ray diffractometer)
and TEM (FEI Talos-F200X). The AFM images were obtained by
Bruker Icon AFM.

Transmittance measurement was then carried out by UV-
visible spectroscopy (PerkinElmer Lambda 1050). Optical
simulation was conducted by COMSOL Multiphysics Wave
Optics Module. Variable angle ellipsometry experiments were
then conducted using a RC2 spectroscopic ellipsometer (J.A.
Woollam Company). The effective refractive index and optical
dielectric constants were obtained by fitting the ellipsometry
parameters of psi (¢) using different models in VASE.
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