7))
G
()
ajd
i
()
—d
(7))
.2
7))
>
L
al
O
.9
o
Q
<

AIN-based hybrid thin films with self-
assembled plasmonic Au and Ag
nanoinclusions

Cite as: Appl. Phys. Lett. 114, 023103 (2019); https://doi.org/10.1063/1.5083950
Submitted: 02 December 2018 . Accepted: 30 December 2018 . Published Online: 16 January 2019

Xuejing Wang, Trang Nguyen, Yang Cao, Jie Jian 1, oana Malis 7, and Haiyan Wang ®

2 )

View Online Export Citation CrossMark

RN

ARTICLES YOU MAY BE INTERESTED IN

Enhanced quantum dots spontaneous emission with metamaterial perfect absorbers
Applied Physics Letters 114, 021103 (2019); https://doi.org/10.1063/1.5081688

The role of transient surface morphology on composition control in AlGaN layers and wells
Applied Physics Letters 114, 031602 (2019); https://doi.org/10.1063/1.5063933

Carrier localization structure combined with current micropaths in AlGaN quantum wells
grown on an AIN template with macrosteps

Applied Physics Letters 114, 011102 (2019); https://doi.org/10.1063/1.5063735

2017 Journal
Impact Factor:

Applied Physics Reviews 12.894

Now accepting original research

Appl. Phys. Lett. 114, 023103 (2019); https://doi.org/10.1063/1.5083950 14, 023103

© 2019 Author(s).


http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/207282199/x01/AIP/HA_APL_PDFCover2019/HA_Open_APL_PDF_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.5083950
https://doi.org/10.1063/1.5083950
https://aip.scitation.org/author/Wang%2C+Xuejing
https://aip.scitation.org/author/Nguyen%2C+Trang
https://aip.scitation.org/author/Cao%2C+Yang
https://aip.scitation.org/author/Jian%2C+Jie
https://orcid.org/0000-0003-0742-3498
https://aip.scitation.org/author/Malis%2C+Oana
https://orcid.org/0000-0001-8716-9199
https://aip.scitation.org/author/Wang%2C+Haiyan
https://orcid.org/0000-0002-7397-1209
https://doi.org/10.1063/1.5083950
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5083950
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5083950&domain=aip.scitation.org&date_stamp=2019-01-16
https://aip.scitation.org/doi/10.1063/1.5081688
https://doi.org/10.1063/1.5081688
https://aip.scitation.org/doi/10.1063/1.5063933
https://doi.org/10.1063/1.5063933
https://aip.scitation.org/doi/10.1063/1.5063735
https://aip.scitation.org/doi/10.1063/1.5063735
https://doi.org/10.1063/1.5063735

Applied Physics Letters ARTICLE

scitation.org/journal/apl

AlIN-based hybrid thin films with self-assembled
plasmonic Au and Ag nanoinclusions

Cite as: Appl. Phys. Lett. T14, 023103 (2019); doi: 10.1063/1.5083950
Submitted: 02 December 2018 - Accepted: 30 December 2018 - Published Online:

16 January 2019

©

Export Citatior

®

View Online CrossMark

Xuejing Wang,' Trang Nguyen,” Yang Cao,” Jie Jian,' (¥) Oana Malis,”

1,3,a)

and Haiyan Wang

AFFILIATIONS

! Department of Materials Engineering, Purdue University, West Lafayette, Indiana 47907, USA
? Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA
* Department of Electrical Engineering, Purdue University, West Lafayette, Indiana 47907, USA

2 Author to whom correspondence should be addressed: hwangOO@purdue.edu

ABSTRACT

Aluminum nitride (AIN)-based two-phase nanocomposite thin films with plasmonic Au and Ag nanoinclusions have been demon-
strated using a one-step thin film growth method. Such AIN-based nanocomposites, while maintaining their wide bandgap semi-
conductor behavior, present tunable optical properties such as bandgap, plasmonic resonance, and complex dielectric function.
Depending on the growth atmosphere, the metallic nanoinclusions self-organized into different geometries, such as nano-
dendrites, nano-disks, and nanoparticles, providing enhanced optical anisotropy in-plane and out-of-plane. The infrared trans-
mission measurements demonstrate the signature peaks of AIN as well as a broad transmission window attributed to the
plasmonic nanoinclusions. This unique AIN-metal hybrid thin film platform provides a route to modulate the optical response of
wide bandgap III-V nitride semiconductors towards infrared sensing or all optical based integrated circuits.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083950

Plasmonic nanostructures are known for their outstanding
properties in manipulating light-matter interactions, due to sur-
face plasmon polaritons (SPRs) and localized surface plasmon
resonance (LSPR). The famous example of Lycurgus cup’' with Au
nanoparticle (NP) color centers has been known for centuries
and opens the route for artificial (meta)material designs in com-
bining metallic nanostructures in different material media for
multi-functionalities. With a pronounced difference in electro-
magnetic parameters, metal-dielectric combination on the
nanoscale is of great interest. It induces SPRs that have various
applications, including photovoltaic and photocatalytic devices,”
bio-medical sensing,” integrated nanophotonic circuits,” etc.
From the materials science perspective, the metal-dielectric
metamaterial can be termed nanocomposites, namely, two- or
multi-phase materials that are physically or/and chemically fab-
ricated into a whole unit. Limited success has been achieved in
areas of metal-oxide hybrid thin film systems.”®

Wide bandgap semiconductors, especially the III-V nitride
family including GaN, AIN, and their alloys, have been widely
explored for optoelectronic devices such as solid state lasers,
solid state lighting, and photovoltaics, as well as high power

electronics.”” On the other hand, research directions on

exploring new materials towards future all optical based inte-
grated circuits excite the community in search of various mate-
rials with a wide range of optical tunabilities. An effective
approach is to combine the plasmonic nanostructure designs
with nitride based dielectric materials to achieve such tunability.
Very recently, an initial demonstration of the epitaxial growth of
vertically aligned nanocomposites of metal-transition metal
nitrides, such as Au-TaN or Ag-TiN,'"*"" has suggested the possi-
bilities of integrating such dissimilar materials together in a
hybrid material form. However, such integration focused on two
plasmonic systems with limited tunabilities of dielectric func-
tion. It is expected that incorporating metallic nanoinclusions
into dielectric I1I-V nitride systems could present a large range
of optical tunabilities, especially the complex dielectric func-
tions in a wide optical range. However, such demonstration is
very challenging and has not yet been realized, largely due to
the complexity under different growth conditions of metal and
I1I-V nitrides as well as their lattice compatibility, as plasmonic
metals mostly have FCC structures, while III-V nitrides are wurt-
zite (hexagonal close packed).

In this work, we demonstrate the possibility of incorporat-
ing plasmonic Au and Ag nanoinclusions in III-V nitrides with
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various geometries. As a model system, we selected AIN as the
matrix material for this demonstration. AIN presents a wide
bandgap of ~6eV and has been widely incorporated in III-V-
based optoelectronic devices as an effective buffer for GaN
growth and alloy components for bandgap tuning.”* AIN has
also shown piezoelectric properties for MEMS,” microwave
(GHz) filters,'®"” and other optical capabilities.'*"” These unique
properties make AIN an ideal candidate for optoelectronic based
applications as compared to most oxides. By careful control of
the growth conditions, the Au and Ag nanoinclusions in AIN pre-
sent various geometries and offer pronounced tunabilities in
bandgap, optical absorption, dielectric function and anisotropy,
as well as plasmon resonance in the mid-infrared range.
Furthermore, such hybrid systems can also be integrated on Si
substrates for Fourier transform infrared spectroscopy (FTIR)
measurements demonstrated in this work.

The films were deposited using a pulsed laser deposition
(PLD) system with a KrF excimer laser (Lambda Physik Compex
Pro 205, 4 = 248 nm). The laser beam was focused onto the target
with an incident angle of 45° and an energy density of around
3.5]/cm? The chamber was initially pumped to 1.0 x 10~ mbar.
The thin film depositions were carried out under 10-15Hz and at
the temperature of 700°C on both c-cut sapphire and (001) Si
substrates. For Si substrates, 5% HF solution was applied to
remove the surface oxide layer before deposition. After the depo-
sition, the chamber was automatically cooled to room tempera-
ture under vacuum. It is noted that the metal:AIN ratio in the
composite target is controlled with the weight ratio of 3:97, which
results in the atomic ratio of ~12.94 at. % for Au and ~7.53 at. %
for Ag, respectively. The microstructures of deposited films were
characterized by X-ray diffraction 6-20 (Panalytical XPert X-ray
diffractometer, Cu K, radiation), bright field transmission electron
microscopy (TEM, FEI Talos F200X TEM) high-angle annular dark
field (HAADF) scanning (S)TEM images, selected area electron dif-
fraction (SAED) patterns, and energy-dispersive X-ray spectros-
copy (EDS) chemical mappings. The TEM samples were prepared
using a standard cross-section sample preparation procedure,
including manual grinding, dimpling, and ion milling (PIPS 691
precision ion polishing system, 4.0 keV).

The transport properties of as-deposited films were mea-
sured by a standard four probe method with the temperature
varying from 5K to 390K in a physical property measurement
system (PPMS, Quantum Design). Normal incident depolarized
transmittance (T%) and reflectivity (R%) spectra were recorded
using an UV-Vis spectrophotometer (Lambda 1050 UV/Vis spec-
trophotometer). Ellipsometry experiments were carried out on a
RC2 spectroscopic ellipsometer (J.A. Woollam Company). Three
angles 30°, 45°, and 60° and a spectral range from 210 to
2500 nm were covered for the measurements. Fourier transform
infrared (FTIR) spectra were measured (using a Nicolet 8700 FT-
IR spectrometer, Fisher Scientific) at room temperature, with
the input polarizer fixed at either 0° (p-pol) or 90° (s-pol). A high
sensitivity mercury cadmium telluride (MCT) detector and an
indium antimonide (InSb) detector were used for mid-IR and
near-IR range, respectively. The FTIR samples were prepared by
mechanical polishing with the sample mounted on a 45° sample
holder for the wedge angle.

scitation.org/journal/apl

To identify the growth orientation and the crystalline qual-
ity of metal-AIN hybrid thin films, the as-grown AIN/sapphire,
Au-AIN/sapphire, and Ag-AIN/sapphire thin film samples were
characterized using XRD. The 0-20 scans from 32 to 45° were
collected and displayed separately in Fig. 1. Pure AIN (a) grown
on c-cut sapphire exhibits a strong (0002) h-AIN peak at 35.735°,
which is close to other literature reports.”” On the other hand,
multiple peaks have been observed in the nanocomposite sam-
ples (b) and (c), where (111) Au at 38.220°, (111) Ag at 38.117°, and a
weak (002) Ag at 44.334° are identified. Such strong and sharp
metal peaks indicate good crystallinity as well as clear phase
separation of the metallic phase. Meanwhile, the (0002) AIN
growth is suppressed as seen from a broader (0002) AIN peak
and an additional peak at 40.41° in the Au-AIN nanocomposite
film. The (0002) AIN position remains almost identical in three
samples (~35.7°), which indicates that the interfacial strain
between AIN and the sapphire substrate is unaffected by intro-
ducing a secondary phase, and (0002) AlN is expected to domi-
nate the initial thin film growth.

The microstructures were further explored using
(Scanning) Transmission Electron Microscopy [(S)TEM]; the
STEM images are coupled with selected area diffraction pat-
terns (SAEDs) from the (1100) zone axis. The pure AIN film, in
Fig. 1(d), shows a columnar growth as typically seen in AIN with a
sharp film-substrate interface. As is expected, Au-AIN [Fig. 1(e)]
and Ag-AIN [Fig. ()] are self-assembled into two phases. Clear
diffraction patterns (DPs) indicate the high epitaxial quality of
the films. Interestingly, their morphologies are vastly different.
With the same metal density, Au nanoinclusions are dendritic-
like nanostructures [as illustrated in Fig. 1(e)] which are very fine
and dispersed, while Ag adatoms agglomerated into “nano-
disks” with sharp boundaries. Careful comparisons of the STEM
images indicate that in the initial (~15 nm) growth stage, both Au
and Ag appear as very fine particles with a well-ordered
arrangement within AIN. These particles are grown as seeds to
direct the self-assembling process and phase separation in the
later growth stage. Referring to the XRD results, one can
observe that there is about 14.25% interfacial strain between
(0002) AIN (20=35.735°) and (0006) sapphire (20=41.672°),
which means that the initial AIN layer could be highly strained.
Therefore, it is possible that the well-ordered Au (Ag) nanoinclu-
sions serve to compensate the large strain between AIN and the
sapphire substrate in the initial growth stage. Once the films
reach their critical thickness, a self-organized growth of the
metallic phases, either as dendritic-like or disk-like nanostruc-
tures, starts in the second stage. In the second stage, the mor-
phologies largely result from different surface energies between
the metal and AIN and the growth kinetics. The surface mor-
phology of the two nanocomposites was further examined using
scanning electron microscopy (SEM). As is seen from Fig. S1, Au
and Ag agglomerated with uniform distribution on the top sur-
face, which could be important for potential applications such as
light harvesting or enhanced Raman sensing. Besides the films
grown in vacuum, we explored the nanocomposite growth in
the backpressure of N, (50 mTorr) for both Au-AIN and Ag-AIN
on sapphire. The TEM and EDS results are displayed in Fig. S2.
Under a N, atmosphere, both Au and Ag self-organize into much
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more confined nanoparticles (NPs). These results suggest that
growth morphologies are largely controlled by the growth
kinetics during the deposition.

Self-organized Au and Ag nanoinclusions acting as plas-
monic resonators inside AIN are expected to tune the overall
physical properties. A set of optical transmittance (T%) and
reflectance (R%) measurements from 200 to 1500 nm was per-
formed on all five samples: AIN, Au-AIN (vacuum), Ag-AIN (vac-
uum), Au-AIN (N,), and Ag-AIN (N,). Compared to pure AIN [Fig.
2(a)], the attenuated transmittance (~30%) intensities of the
nanocomposite films contribute to the strong absorption at the
resonance frequency and enhanced reflectance intensities
(~35%) of the metallic phases. Specifically, plasmonic resonance
is estimated from the absorbance spectra (A=1— R — T), [Fig.
2(c)], with Au at 352nm and Ag at 445 nm,; the variations of the
resonance are mainly affected by the nanoinclusion morphology
and are overall consistent with other reported values.”
According to the T% spectra [I'ig. 2(a)], the Tauc plot was applied
to retrieve the bandgaps of three samples, and («hv)? as a func-
tion of photon energy is plotted in Fig. 2(b). From the Tauc plot,
bandgap tuning is effectively achieved by adding the metallic
nanoinclusions. The bandgap of the AIN thin film is 5.36-5.48 €V,
while Au-AIN and Ag-AIN are both reduced to 4.63-4.72 eV and
4.76-4.85 eV, respectively. Such optical tuning is possibly related
to the change in the charge carrier density in the systems
because of metallic nanoinclusions. Electrical transport mea-
surements were conducted on samples in a temperature range
from 3K to 390 K. Figure 2(d) shows the resistivity versus tem-
perature (3 K-390K) plot. Both Au-AIN and Ag-AIN films show
obvious semiconductor behavior but with much enhanced
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conductivity (AIN, not shown here, is out of range in the trans-
port measurement). The optical and electrical transport proper-
ties of the nanocomposites grown in N, are shown in Fig. S4,
where more ordered nanoparticles exhibit pronounced plas-
monic resonance, namely, the 440 nm of Ag NPs and 540 nm of
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Au NPs that are consistent with reported studies.”’ Note that
variations of T% of films grown in different environments are
due to the geometry and the dimension of nano-inclusions. For
example, the dendritic Au as compared to Au NPs are rather dis-
persed, such that the plasmonic resonance is blue-shifted and
the overall extinction is higher.

Ellipsometry parameters (¥, A) in a broad spectrum range
(210-2500nm) were collected to retrieve effective optical
parameters. The addition of a secondary phase breaks the over-
all symmetry of the hybrid films, and the fitting models were
treated as anisotropic models such that the in-plane (ordinary)
and out-of-plane (extra-ordinary) parameters can be specified
(Fig. 3). Comparing the anisotropic dielectric constants in the
two films with Au and Ag nanoinclusions, we observe a signifi-
cant difference between the ordinary (||) and extraordinary (L)
values. Specifically, the nano-dendritic Au-AIN one with out-of-
plane Au nanoinclusions induces more optical oscillations in the
perpendicular direction, represented by a much larger g, value
[Figs. 3(a) and 3(b)]. On the other hand, Ag-AIN with Ag nano-
disks exhibits a stronger metallic property in-plane as seen from
its lower ¢, and larger &,/ values [Figs. 3(c) and 3(d)]. The isotro-
pic optical parameters of pure AIN and nanocomposite films are
displayed in Fig. S3. Again, with plasmonic metallic nanoinclu-
sions, the films are still semiconducting (g; > 0) in the measured
spectrum range, but with a much broader range of dielectric
tuning as a function of the wavelength [Fig. S3(b)]. The
decreased real part of the dielectric constants (g) in a lower
wavelength range (300-1200nm) is mainly affected by the
metallic nanoinclusions, while the films behave more dielectric
in the near-infrared regime (NIR). Detailed ellipsometric param-
eters and fitted optical constants of Au-AIN (N5) and Ag-AIN (Ny)
are shown in Fig. S4 in the supplementary material.
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FIG. 3. Optical parameters of £1 of Au-AIN and Ag-AIN films grown in vacuum. (a)
Anisotropic &4 of Au-AIN and (b) the corresponding &, values. (c) Anisotropic €4 of
Ag-AIN and (d) the corresponding €, values; inset images illustrate the in-plane (||)
and out-of-plane (_L) directions with respect to the Au and Ag geometries.
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The infrared (IR) properties of metal-AIN hybrid films (vac-
uum grown) were further investigated using FTIR. The measure-
ments were conducted using a transmission setup with a built-
in polarizer (s-pol and p-pol). Here, the two edges of the thin
film samples were polished to wedge angles (45°) to allow multi-
ple bounces in the film, such that light-matter interactions
would be strong for enhanced signals. As illustrated in Fig. 4
(insets), the number of bounces inside the sample is calculated
using

N=1=t,

where [ is the width of the polished sample and t is the sample
(film and substrate) thickness. For more accurate comparison,
we controlled the number of bounces of all the measured sam-
ples (N~ 6), and the resultant spectra in Fig. 4 are calculated
from
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FIG. 4. (a) Mid-IR transmittance spectra of AIN/Si and Au-AIN/Si samples grown in
vacuum; the inset shows the illustration of the optical path through the sample. (b)
Transmittance spectra in the near-IR range of Au-AIN/sapphire and Ag-AIN/sap-
phire, and the AIN spectrum is applied as a baseline. Note that the transmittance is
taken from the ratio of p-pol intensity/s-pol intensity.
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The mid-IR spectra were collected for films grown on (111) Si
substrates due to the wide transparency range of Si
(1.2 pm-~15 pm). Transmittance spectra of AIN/Si and Au-AIN/Si
samples are shown in Fig. 4(a). The strong dip at ~733.31cm ™" is
assigned to the E; (TO) mode of AIN (active phonon mode), and a
wider dip at 906.88 cm ™' (AIN/Si) and 888.56 (Au-AIN /Si) corre-
sponds to the A; (LO) mode of AIN, namely, the longitudinal optic
phonons.”” Note that a minor shift (~18cm™) is related to the
Au addition. A weak dip at ~819.61cm ™" corresponding to the E,
(LO) mode is caused by the cubic-AIN phase, and another defect
at ~1106 cm ™" belongs to a very thin amorphous SiO, layer on
the (111) Si substrate. Next, the spectra at near-IR were collected
for films grown on c-cut sapphire. In this regime, we are more
interested to observe any signatures from the plasmonic coun-
terparts. Therefore, the pure AIN spectrum is applied as back-
ground for the Au-AIN and Ag-AIN nanocomposite films. Figure
4(b) shows the spectra after baseline correction, where a pro-
nounced transmission window is observed, with peak positions
at 2692.18 cm ™" for Au and 2202.34 cm ™" for Ag. The sharper res-
onance of Ag is possibly due to a more confined geometry
(nano-disks) as compared to relatively dispersed Au nanostruc-
tures. This infrared transmission window is correlated with the
accumulative scattering effect and/or the higher order surface
plasmon polariton (SPP) modes from the dispersed Au (Ag)
nanoinclusions.”” Such unique properties demonstrate tunable
IR resonance and can be further explored for potential sensing
applications.

In this work, a two-phase plasmonic metamaterial system
of metal-AIN with plasmonic Au and Ag nanoinclusions has been
demonstrated. Different nanoscale morphologies including
dendritic-like Au and disk-like Ag have been formed under high
vacuum growth, while under N, uniform nanoparticles are self-
organized in AIN. Based on the hybrid film geometries, optical
spectra, coupled with electrical transport (R-T) measurements,
demonstrate effective bandgap tuning, a change of electronic
states, as well as enhanced absorption attributed to plasmonic
color-centers. The two-phase nanocomposites exhibit obvious
optical anisotropy in terms of effective dielectric constants,
while maintaining their semiconductor nature. We further
tested the IR transmission property and identified the (LO), (TO)
AIN signature peaks (dips) in both pure AIN and Au-AIN films. In
addition, plasmonic inclusions enable a broad transmission win-
dow in the mid-IR range of nanocomposites. This initial demon-
stration of plasmonic nanoinclusions in III-V nitrides presents a
unique platform for designing metal-semiconductor metamate-
rials for optoelectronics and all optical-based integrated circuits
on sapphire or Si substrates.

See supplementary material for SEM EDS elemental map-
pings and ellipsometry fitted optical parameters for Au (Ag)-AIN

ARTICLE scitation.org/journal/apl

films grown under vacuum and detailed microstructures and
optical properties of Au (Ag)-AIN films grown under a N
atmosphere.
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