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ABSTRACT: In the past two decades, plasmonic Mie resonators

enabled numerous breakthroughs in the manipulation of light at /) - /.y
the subwavelength scale as well as at larger scales through the - .
construction of metamaterials/surfaces from them, as artificial Eo ‘0
atoms. Central to these features are enhanced field concentrations o 400Im
and extinction cross sections at Mie resonances. These unique -400

aspects are also exhibited by moderate-to-high refractive index
dielectric Mie resonators. Dielectric Mie resonators offer further
unique attributes, such as magnetic resonances and low losses.
Here, we report on submicron cupric oxide (CuQO) particles with a
medium refractive index that can exhibit strong electric and
magnetic Mie resonances with extinction/ scattering cross sections
as large as those of plasmonic resonators. Through the develop-
ment of particle synthesis techniques enabling shape and size control, optical spectroscopy, and finite-difference-time-domain
simulations, we show the Mie resonance wavelengths are size- and shape-dependent. This spectral tunability in the visible-to-near-
infrared regions allows for energy harvesting and light manipulation in a wider range of the solar spectrum. The strong electric and
magnetic Mie-resonance-mediated nanoantenna attribute of CuO particles can be potentially exploited in applications, such as
metamaterials/surfaces, photocatalysis, and photovoltaics.

B INTRODUCTION coupling between neighboring nanostructures and sub-
strates.”””* However, plasmonic resonators suffer from
absorption losses inherent to metals at visible frequencies.’
Further, scaling up the fabrication of metal nanostructures
via top-down approaches, as in current semiconductor
microfabrication, has not yet been realized.*>° To overcome
these challenges, there has been a growing interest in
developing novel dielectric, Mie-resonator nanoparticles.
These alternative materials can allow for light manipulation
at the nanoscale and still exhibit strong extinction cross
sections.””*>*” The dielectric nanostructures exhibit both the
electric and magnetic multipolar modes, namely, dielectric Mie
modes, that can mediate the optical antenna effect. Unlike in
plasmonic resonators, the electric resonances in dielectric Mie

bsorotion. fl IR tterine. 1 th resonators are driven by the oscillation of polarization charges
as absorption, TUOIescence, and Raman Scatiering. 4e_n7ce, &y bound to covalent bonds (in contrast to delocalized electrons
enable trace-level/single molecule spectroscopy, ultra-

o . ©g09. .10 11.12 in metallic bonds), while the magnetic resonances are driven
sensitive light detection,” biosensing, - and heat transfer. by di 35,37
s y displacement currents (rather than actual currents).
In recent years, the development of optical antennas has

) ) i Numerous nano-optics applications may be conceived, such as
mainly relied on plasmonic metal nanostructures (PMNs).

Numerous applications of PMNs have been demonstrated,
such as sensors,'” nano-, and micro—ogtical devices,"* photo- Received: July 1, 2022
catalysis,"”~*' and photovoltaics.”*~> PMNs exhibit high Revised:  September 2, 2022
extinction cross sections due to localized surface plasmon Published: September 15, 2022
resonance (LSPR).'***7** The LSPR frequency is sensitive to

dielectric function and geometry (shape and size) of the

nanostructure as well as the physical environment and EM

The optical antenna (i, nanoantenna) effect has been
instrumental in nano-optics. Similar to that of radio wave
and microwave antennas, its attribute is to localize electro-
magnetic (EM) fields by transforming free propagating
radiation and vice versa."” Optical antennas can enhance and
facilitate several photophysical processes. In a light-emitting
diode (LED), recombination of an electron—hole pair
generates a photon. In photovoltaics, the reverse process
occurs, where an incoming photon generates an electron—hole
pair." In both cases, an optical antenna mediates the coupling
of charge oscillations (plasmonic or dielectric Mie modes) with
the photon and localizes it to make the process more efficient.”
Optical antennas also enhance photophysics in molecules, such

© 2022 American Chemical Society https://doi.org/10.1021/acs.jpcc.2c04646
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Figure 1. Simulated extinction cross-section spectra of CuO spheres (a, b) and cubes (c, d) for various sizes (diameters and edge lengths are given
in the legend, respectively). For the cubes, the incident radiation propagates along one of the principal axes.

optical sensors, nonlinear optics, surface-enhanced absorption,
fluorescence and Raman scattering, directional scattering,
photocatalysis, and photovoltaics.”*>*”~*'

Recent computational and experimental investigations by
Andiappan and co-workers have established that Mie
resonances in dielectric cuprous oxide (Cu,O) cubes and
spheres can be tailored through size.””*”** These reports show
that Cu,O cubes and spheres exhibit strong enhancement of
electric as well as magnetic fields at Mie resonances,
accounting for high scattering cross sections (e.g, 7 times
that of the geometric cross section for a 300 nm size cube, that
is, scattering efficiency = 7). These strong Mie resonances in
Cu,O subwavelength structures are owed to moderate
refractive index (real part), n, in the range of 2.6—3.1 over
the wavelength range of 400—2000 nm."” Additionally, the
lowest band gap of 2.15 eV is dipole-forbidden, and hence an
imaginary part of the refractive index (k) and losses are
sufficiently low up to the second gap (direct and dipole-
allowed) of 2.6 eV (480 nm). Therefore, strong Mie
resonances can be sustained in the range of 480—2000 nm.
The general criterion for moderate n is 1.7 < n < 3.0, which
allows spectral overlapping of magnetic and electric reso-
nances, enabling directional scattering (Kerker effect).** This
interesting attribute is lost if # > 3, upon which the magnetic
and electric resonances are spectrally separated from each
other.**

Cupric oxide (CuO) has similar material properties to Cu,O
in the wavelength range of 500—2000 nm (i.e, 2.5 $n 5 3.0
and sufficiently low k),**>*® promising of dielectric Mie-
resonators. In this contribution, we report dielectric Mie
resonances in subwavelength nanostructures of CuO. Specif-
ically, we focus on the synthesis and characterizations of
submicron CuO particles and the elucidation of the Mie
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resonances in them by finite-difference time-domain (FDTD)
simulations and single-particle scattering measurements.

B EXPERIMENTAL DETAILS

To prepare submicron CuO particles, we first prepared
submicron Cu,O particles using solution- based synthesis
protocols reported in our recent contribution.”” Using these
solution-based synthesis protocols, Cu,O quasi-spherical and
cubical particles of controlled sizes in the range of ~40—450
nm were prepared.”” CuO particles were then prepared
through the oxidation of solution-synthesized submicron
Cu,0 particles in a tubular furnace at 500 °C.*”** The
detailed procedure for the preparation and characterization of
CuO particles and the details of FDTD simulations are
provided in the Supporting Information (SI).

B RESULTS AND DISCUSSION

To predict the dielectric Mie resonances in CuO particles of
different sizes and shapes, we performed FDTD simulations for
CuO nanospheres and nanocubes of different sizes. The
simulated extinction spectra for the CuO spheres and cubes are
shown in Figure la—d for different particle sizes from 25 to
400 nm. With increasing particle size, for both spheres and
cubes, the extinction cross section increases, and the resonance
peaks redshift, as reported by others.”>*”** When the
diameter/edge reaches and exceeds 200 nm, there are multiple
Mie resonance peaks spread across the simulation window of
400—2000 nm. For example, the largest simulated sphere
shown in Figure 1b is 400 nm in diameter, where the two
dipolar resonances (electric and magnetic, spectrally over-
lapped) occur at photon energies below the band gap of CuO
(i.e, wavelengths longer than 1033 nm). CuO is a p-type
semiconductor with an indirect band gap of ~1.2 eV.*” These
resonance features are not seen in the absorption or reflectance
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Figure 2. Simulated spatial distribution of enhancement in (a, b) magnetic field intensity [H>/H,’] in the YZ plane and (¢, d) electric field intensity
[E*/Ey*] in the XY plane for a CuO cube of 400 nm edge length. The enhancement is over the far-field incident field (subscript 0). Panels (a) and
(c) represent the lowest energy resonance (1296 nm). Panels (b) and (d) represent the second-lowest energy resonance (935 nm).

spectra of bulk single crystalline CuO. In the SI, we also show
that scattering becomes the dominant contribution to Mie
extinction (i.e., over absorption) beyond particle size of 250
nm for spheres as well as cubes (Figures S2—SS in the SI).
Therefore, larger CuO nanoparticles can be employed as
efficient scatterers.

To have a better understanding of the Mie resonances
observed in the extinction spectra of CuO particles (Figure
la—d), we performed a detailed analysis of the simulated data
for 400 nm cubic particles. Specifically, in analyzing the
multiple Mie resonances observed in the extinction spectrum
of the 400 nm cubic particles (Figure 1d), we mapped the
magnetic and electric field distributions at multiple wave-
lengths around the lowest and second-lowest energy resonance
frequencies in Figure 2, at 1296 and 935 nm, respectively. The
magnetic field distributions at these two wavelengths are
plotted in Figure 2a,b, respectively. The electric field
distributions are mapped in Figure 2c,d, respectively. For
generating the field distributions in the simulation, a plane
wave is used for propagation in the direction of the positive x-
axis and polarized along the y- and the z-axes for the electric
and magnetic fields, respectively. The detailed simulation
procedure is described in the SIL

The magnetic field patterns at the lowest resonance peak
wavelength shown in Figure 2a confirm the presence of
magnetic dipole mode.”” Similarly, the electric field patterns at
the lowest resonance peak wavelength shown in Figure 2c
exhibit a two-lobe distribution, which is a characteristic trait of
an electric dipole. The enhanced magnetic field patterns (e.g,
Figure 2a) are generated by the circular displacement currents
resultin% from a strongly coupled electric field penetrating the
particle.” The resulting magnetic response is made possible
when the particle size (diameter, d) and wavelength in the
particle medium (A/n) are comparable (d ~ A/n), where 1 is
the wavelength in free space.” This simple scaling relation also
explains the tunability of the resonance with geometry. From
the FDTD simulation results in Figure 2a—d along with the
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results shown in Figure S6a—d in the SI, it can be concluded
that the lowest energy Mie resonance peak is associated with
the combination of the magnetic and electric dipole
excitations. Similarly, it is concluded that both the magnetic
and electric quadrupole excitations contribute to the second-
lowest energy Mie resonance, being at 935 nm. The results also
show that the 400 nm CuO cubic particle can exhibit field
localization and enhancement of up to 80 and 15 for the
magnetic and electric local field intensities, respectively, over
the incident far field.

To experimentally confirm the tunable Mie resonances in
CuO particles, we characterized the CuO particles by single-
particle scattering spectroscopy. The CuO particles are
prepared through the oxidation of Cu,O particles, and the
formation of CuO particles is confirmed using X-ray diffraction
(XRD) patterns and Raman spectra of samples measured
before and after oxidation. Figure 3a,b depicts XRD spectra for
Cu,0 and CuO, that is, before and after oxidation. The
assignment of facets of Cu,O in Figure 3a was referred from
previous reports by Andiappan and co-workers.’”?”**
Similarly, the peak assignment of CuO facets in Figure 3b
was sourced from the literature.*”*'~>* From the comparison
of the transmission electron microscopy (TEM) images of
Cu,O particles (i.e., before oxidation) and CuO particles (i.e.,
after oxidation), we find that the morphology of particles
changes upon oxidation. For example, Figure 3c shows the
representative TEM image of Cu,O cubes of 426 + 63 nm
edge length. Upon oxidation into CuO, the addition of oxygen
increases the particle size to 530 + 49 nm (Figure 3d). This
change in size is expected mainly because CuO (monoclinic) is
a denser phase with a density of 6.3 g/cm?, versus 6.0 g/cm’ of
Cu,O (cubic). Also, for the Cu,O cubes sample shown in
Figure 3c, the shape changes upon oxidation from regular
cubes to irregular CuO rectangular prisms with rounded
corners/edges and quasi-spheres (e.g., Figure 3d).

Figure 3e shows the Raman spectrum of solution-
synthesized submicron Cu,O particles before oxidation. The
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Figure 3. Representative X-ray diffraction patterns of (a) Cu,O and (b) CuO particles. Representative TEM images of (c) Cu,O (426 + 63 nm)
and (d) CuO particles (530 + 49 nm). Representative Raman spectra of (e) Cu,O and (f) CuO particles.

strong peak at 215 cm™' s assigned to a second-order
overtone, 2I'T,, which is a characteristic in modes in crystalline
Cu,0.” Similarly, another strong peak at 630 cm™ is assigned
to the infrared-allowed I'fs; (TO) mode in Cu,O crystals.””
Finally, the weak peak at 415 cm™ is attributed to the overtone
of four phonons, 3Ty, + I'zg in crystalline Cu,O.>” Additionally,
Figure 3f displays the Raman spectrum of the submicron
particles after oxidation in a tubular furnace at 500 °C. The
strongest peak at 273 cm™ is assigned to the Ay, mode, which
characterizes the monoclinic crystal structure of Cu0.”>™>’
Similarly, the Raman peaks at 330 and 609 cm™" correspond to
By
CuO.”~7 Hence, the Raman spectra shown in Figure 3e,f
confirm the complete oxidation of the as-synthesized Cu,O
particles to CuO particles.

We have validated the strong and tunable Mie resonances in
CuO particles by single-particle scattering spectroscopy, as

and B,, modes of the monoclinic structure in crystalline

shown in Figure 4. The details of the experimental setup,
sample preparation, acquisition, and data analysis for scattering
measurements are described in the SI. Figure 4a shows the Mie
scattering spectrum of a 76 nm size particle, for which a sharp
drop occurs below 490 nm. We attribute this cutoff to an
optical gap in CuO at ~2.5 &V,**® over which direct and
dipole-allowed electron transitions (absorption) dominantly
dephase the excited Mie mode and thereby absorption
outcompetes scattering. The same is observed in the other
five spectra, as well. The simulations do not capture this fall in
scattering (Figure S2 in SI) because the solved Maxwell
equations employ the dielectric function of the bulk CuO. A
detailed explanation of this observation is the subject of a
future report. Hence, Figure 4a does not present a Mie
resonance peak in the spectral range of the scan. On the other
hand, the spectrum of the 220 nm size (long axis) particle in
Figure 4b hints at a resonance peak developing at about 500

https://doi.org/10.1021/acs.jpcc.2c04646
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Figure 4. Representative single-particle scattering spectra of (a, b) spherical (smaller), (c—e) faceted (larger), and (f) aggregated CuO particles.
Scattering Intensity is as defined/computed in the SI. Scanning electron microscopy (SEM) and optical images of the particles are also displayed.

The scale bars in the optical images are 2 ym.

nm, right before the cutoff at the optical gap. Here, the particle
shape is close to an ellipsoid with a long-to-short axis ratio of
1.26, and simulations for a 200 nm size sphere also reveal a
Mie resonance close to 500 nm.

Next, we look at the scattering spectra of larger particles in
Figure 4c—e, which were acquired in the spectral range of
400—1000 nm. The granular particle in Figure 4c with rounded
corners/edges, whose plan view appears to be halfway between
a rectangle and circle, with long and short axes of 355 and 314
nm, respectively, exhibits a strong resonance band at 975 nm.
Compared with the simulated scattering spectra for spheres
and cubes, we anticipate this band is associated with the
electric and magnetic dipolar resonances with incident
propagation direction along the long axis (355 nm). The
lowest energy resonance for simulated spheres of 350 nm
diameter is found exactly at the same wavelength. Further, we
calculate a scattering cross section of 3.2 X 107" m” for the
peak of this resonance band, which is close to the simulation
value of 3.8 X 107> m? for a 350 nm diameter sphere (see
Figure S2b). Close to the 975 nm band, we also observe a
resonance band at 900 nm, which we associate with the electric
and magnetic dipolar resonances with excitation along the
short axis (314 nm). Hence, the broken symmetry by
asymmetric particle shape leads to the observation of a higher
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number of resonance peaks. In the experiment, the single
particles were excited using a darkfield condenser at glancing
incidence (18°) to the substrate uniformly from all directions.
The light scattered to the far field in the semi-infinite space
around the particle (above the substrate) was collected by a
high-numerical-aperture lens. Hence, it is possible to excite all
of the dielectric modes of the particle propagating parallel to
the substrate.

For the even larger particles in Figure 4d,e, the electric and
magnetic dipolar resonances are inferred to have shifted to
longer wavelengths, being out of the scan range, as the tail of a
strong resonance band is seen at the upper end of the
measurement range (1064 nm), being consistent with the
simulations (i.e., as in 400 nm size sphere and cube). For these
two largest particles, we observe debris of smaller particles
possibly produced during the oxidation of Cu,O cubes at 500
°C, as they are not present among the as-synthesized Cu,O
cubes. Due to the smaller particle size of less than ~100 nm,
Mie resonances of these smaller particles occur in UV, and the
scattering intensity is expected to be insignificant, as inferred
from the simulation results of Figure S2. Theoretically, the
scattering cross section of dipolar resonances scale with the
sixth power of the particle size.’® Therefore, the smaller
particles should not contribute to the scattering spectra in
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Figure 4d,e. Additionally, these spectra exhibit artifact peaks at
810, 864, and 917 nm due to the hot mirror filter employed.
Despite normalization of the raw spectrum by standard
spectrum after background subtraction (SI), these three
peaks could not be eliminated in these spectra, possibly due
to the low counts in the 800—930 nm interval. Another effect
of annealing at 500 °C has been the sintering of the
nanoparticles. Accordingly, we included the scattering
spectrum of a clump of sintered particles of varying sizes
(Figure 4f). In this spectrum, multiplicity of resonance bands
spread over the 500—1100 nm range is seen due to varying
sizes of the nanoparticles (140—330 nm).

In summary, the experiment shows differences from
simulations due to irregularities and asymmetry in particle
shape (not true spheres or cubes) as well as the departure of
the dielectric function from that in the bulk. However, the
experiment validates the tunability of dielectric Mie resonances
in submicron CuO particles with size and shape. Further, the
experiment validates the large scattering cross sections
predicted by FDTD simulations. In particular, the strong
Mie resonance at 725 nm in Figure 4e is associated with a giant
cross section of 8.8 X 107" m?.

B CONCLUSIONS

Here, we show by experiment and simulation that
subwavelength CuO spheres and cubes host dielectric Mie
resonances, which are tunable with geometry. Additionally, we
have analyzed the characteristics of the lowest energy
resonance and the next, which exhibit dipolar- and
quadrupolar-like field distributions, respectively. We also reveal
these resonances involve both electric and magnetic con-
tributions, where field concentrations occur both inside and on
the surface of the particle. The tunability of the Mie resonance
peaks in the visible-to-near-IR region can be achieved by
controlling the shape and size. Being a strong dielectric
resonator, a CuO cube or sphere exhibits strong electric and
magnetic field enhancements over the incident light at Mie
resonances. Based on these findings, we conclude CuO
nanostructures have the promise of being efficient optical
antennas for concentrating and manipulating light. Hence, they
are good alternatives to PMNs in nanophotonics applications.
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