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ABSTRACT: The ability of plasmonic metal nanostructures (PMNs),
such as silver and gold nanoparticles, to manipulate and concentrate
electromagnetic fields at the nanoscale is the foundation for wide range
of applications, including nanoscale optics, solar energy harvesting, and
photocatalysis. However, there are inherent problems associated with
plasmonic metals, such as high Ohmic losses and poorer compatibility
with the conventional complementary metal—oxide—semiconductor
(CMOS) microfabrication processes. These limitations inhibit the
broader use of PMNs in practical applications. Herein, we report
submicrometer cuprous oxide (Cu,O) cubic particles can exhibit strong
electric and magnetic Mie resonances with extinction/scattering cross
sections comparable to or slightly exceeding those of Ag particles. Using
size- and shape-controlling particle synthesis techniques, optical
spectroscopy, and finite-difference time-domain simulations, we show
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that the Mie resonance wavelengths are size- and shape-dependent and tunable in the visible to near-infrared regions. Therefore,
submicrometer Cu,O cubic particles may potentially emerge as high-performance alternatives to PMNs. The strong electric and
magnetic Mie-resonance-mediated nanoantenna attribute of the Cu,O cubic particles can be potentially used in a wide range of
applications, including nanoscale optics, surface-enhanced Raman spectroscopy, surface-enhanced infrared absorption spectroscopy,

photocatalysis, and photovoltaics.
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B INTRODUCTION

Plasmonic metal nanostructures (PMNs), such as silver (Ag)
and gold (Au) nanoparticles, exhibit extraordinarily high
extinction cross sections due to localized surface plasmon
resonances (LSPRs).'”'* Because the LSPR wavelength is
sensitive to the geometry and physical environment, PMNs are
very attractive for real-world applications such as sensors,””
nano- and micro-optical devices,"> photocatalysis,"*~*° and
photovoltaics.”' ~** Also, the strong interplay between
plasmonic nanostructures and metamaterials has led to
realization of exceptional properties such as artificial magnet-
ism, > ™% finding applications in subwavelength resonant
cavities, subdiffraction near-field superlenses, and phase
compensators,28 smart metamaterial cloaking,zg_31 and
plasmonic color printing and optical data storage.”

By virtue of their high extinction cross sections with
resonances in the visible and near-IR, PMNs can act as
nanoantennas via the electromagnetic (EM) field enhancement
effect which has promising applications in third-generation
photovoltaics such as dye-sensitized, organic, and quantum
dot- and perovskite-based solar cells.”"** However, these noble
metals (Ag and Au) are scarce and expensive and pose
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limitations such as intrinsic nonradiative optical losses and
fabrication complexities.”” To overcome this barrier, recent
years have witnessed a growing interest in developing novel
nonplasmonic and low-loss dielectric resonators that can
support light manipulation at the nanoscale and exhibit strong
extinction cross sections.”’

While plasmonic metal' ™" and metal oxide spheres
exhibit only electric multipolar resonances (i.e., dipole,
quadrupole, etc.), for optically resonant dielectric spheres,
both electric and magnetic multipolar resonances occur.***%*”
Similar to the electric multipolar modes in plasmonic
nanoparticles, the electric and magnetic multipolar modes in
dielectric structures can lead to enhanced optical responses,
such as surface-enhanced absorption, fluorescence, and Raman
scattering.”> Therefore, optically resonant submicrometer
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Scheme 1. A Pictorial Description of Synthesis of (a) Spherical Cu,O Particles Using Microemulsion Method and (b) Cubic

Cu,0 Particles Using wet Chemical Reduction Method
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dielectric particles have recently emerged as high-performance
alternatives to PMNs. For example, it has been demonstrated
that submicrometer silicon (Si) sphere resonators exhibit lower
dissipation losses, strong localization and enhancement of
electromagnetic fields, and superior performance in compar-
ison to their lossy plasmonic silver counterparts.”**** Also,
strong electric and magnetic multipolar resonances have
recently been demonstrated in various dielectric nanostruc-
tures, such as Si hollow nanocylinders and nanodisks,*’
nanowires,”' ~* silicon carbide microrods,** GaAs nanodisks,**
tellurium cubes,” germanium particles,”” and cuprous oxide
(Cu,0) spherical,” truncated octahedral,” and hollow
spherical particles.*’

Herein, we report strong and tunable nonplasmonic Mie
resonances in Cu,O cubes with sizes of a few hundred
nanometers. Using finite-difference time-domain (FDTD)
simulations, we show that the Cu,O cubes exhibit strong
localization and enhancement of electric as well as magnetic
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fields at the Mie resonances. We show experimentally and
numerically that Mie resonances in Cu,O cubes can be tuned
from visible to near-infrared (NIR) by varying their size.
Specifically, the high scattering cross sections of the Cu,O
cubes allow for acquisition of single particle scattering spectra,
which are also observed to vary with particle size. The novel
findings of this contribution are (i) strong and size-tunable Mie
resonances in Cu,O cubes and (ii) exceptionally high
scattering cross sections of Cu,O cubes as predicted and
corroborated by FDTD simulations and single particle
scattering spectroscopy, respectively. In particular, we have
demonstrated the dielectric Cu,O cubes can exhibit strong
electric and magnetic Mie resonances with scattering cross
sections comparable to or slightly exceeding those of
plasmonic Ag nanoparticles. Finally, (iii) the scattering cross
sections of Cu,O cubes are higher than those of spheres (per
same size) by using single-particle scattering spectroscopy and
FDTD simulations.

https://dx.doi.org/10.1021/acsanm.0c01201
ACS Appl. Nano Mater. 2020, 3, 6806—6815
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B RESULTS AND DISCUSSION

To experimentally demonstrate the strong and tunable Mie
resonances of the Cu,O cubic particles and compare their
extinction and scattering cross sections with those of spheres,
we synthesized spherical and cubic particles of Cu,O. The
synthesis procedure followed a microemulsion method for the
Cu, O spherical particles, as shown schematically in Scheme 1a.
While for the cubes, as shown schematically in Scheme 1b, a
wet chemical reduction route was employed. The detailed
synthesis procedures are described in the Supporting
Information.

The Cu,O phase for both quasi-spherical and cubic particles
is confirmed by the X-ray diffraction (XRD) patterns, as shown
in Figure S1ab.”>>' The Cu,O crystalline phase of single
nanocubes are also confirmed by using single-particle Raman
spectroscopy. Figure 1 shows a representative Raman finger-
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Figure 1. Raman scattering spectrum, acquired from a single Cu,O

nanocube. The inset shows the diffraction-limited bright-field image
of the nanocube.

print of a single nanocube, which conforms to the Cu,O
crystalline phase.”” > The cutoff of the Raman intensity below
200 cm ™! is due to the dichroic laser mirror of the microscope
(the Rayleigh rejection filter cutoff is at 90 cm™'). The
diffraction-limited bright-field image of the nanocube is shown
in the inset. The strongest peak, being at 217 cm™, is a
second-order Raman peak, assigned to the overtone of the r{;)
mode, and is characteristic of crystalline Cu,0.”>>® The
second strongest peak, seen at 629 cm™’, is assigned to the Ty,
symmetry lattice vibration in Cu,O which is infrared-active.””
The 417 cm™ peak, being the third strongest, is attributed to
the overtone of four phonons, 3I';, + I, in crystalline
Cu,0.°” On the other hand, the strongest characteristic peaks
of CuO, being at 298, 330, and 602 cm™), are not detected,®
unless the incident laser power is increased beyond 0.46 mW,
upon which transformation to the CuO phase occurs enabled
by the excessive laser heating. The weaker peak at 522 cm™" is
assigned to the 3-fold degenerate T, mode.”*** Additionally,
the peaks at 292 and 317 cm™' appear to be a doublet
associated with the 308 cm™" Raman band in crystalline Cu,O,
which is assigned to the second overtone of the ') mode.

The Cu,O cubic particles are also characterized by using
high-resolution transmission electron microscopy (HR-TEM),
selected area electron diffraction (SAED), and single-particle
Raman spectroscopy. Figure 2a demonstrates a representative
TEM image and SAED (inset). Additionally, Figure 2b depicts
a HR-TEM image obtained from [110] zone axis and its
related fast Fourier transform spectrum (FFT, inset). Both
SAED and HR-TEM demonstrate that the synthesized Cu,O
nanoparticles are single-crystalline cubes.
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Figures 2c and 2e show the UV—vis—NIR extinction spectra
of Cu,O sphere and cube samples measured at different times
during the synthesis. We also measured the size distribution of
the particles using TEM for samples obtained at different times
during the synthesis (see Tables S2 and S3 as well as and
Figures S2a—g). Figures 2d and 2f show the representative
TEM images of the Cu,O sphere and cube samples,
respectively. During the Cu,O spherical particle synthesis, we
monitored the extinction spectrum as a function of synthesis
time until 20 h, after which no significant change was observed.
Additionally, the TEM indicated the average particle size
increases with synthesis time and saturates beyond 20 h, being
consistent with the extinction results. Similarly, for Cu,O
cubes, the change in the extinction spectra and the increase in
average particle size were observed until 1 h and 15 min of
synthesis, after which no further change was noticed.
Therefore, the measured extinction spectra in Figures 2c¢ and
2e verify the Mie resonances as well as their tunability with
particle size and shape. As seen from Figure 2¢, no resonance
peaks for smaller Cu,O spherical particles at the early stage of
synthesis (e.g., 1 h sample, particle diameter = 5.3 + 1.7 nm)
can be captured in the measurement range of 300—800 nm.
On the other hand, the 8 h sample with a size of 125 + 28 nm
shows a clear Mie resonance peak at about 450 nm. In the
extinction spectra of Figure 2e, which monitors the time
evolution of Cu,O cubic particles, higher order multipole Mie
resonances are also observed. For example, the S min sample,
consisting of Cu,O cubes of 267 + 83 nm size, shows two
distinct resonance peaks at 675 and 540 nm. With increasing
synthesis time, the average particle size is increased, and the
modes are red-shifted. For example, the end-of-synthesis cube
sample (i.e, 1 h and 1S min sample, edge = 327 & 125 nm)
exhibits lower-energy-shifted Mie resonance peaks compared
to that of the 5 min cube sample. Similarly, a lower energy shift
of the peaks with increasing particle size is seen in Figure 2c
and Figure S2d for the spherical particles.

To understand the nature of Mie resonances observed in the
extinction spectra of Cu,O spherical and cubic particles
(Figures 2c,e), FDTD simulations are performed. The detailed
FDTD simulation procedures are described in the Supporting
Information. Figures 3a—d show the simulated extinction cross
section spectra for varying sizes of Cu,O spheres and cubes.
The corresponding scattering and absorption spectra are
shown in Figures S3a—d and S4a—d, respectively. In Figure
3a, a Mie resonance peak is seen to red-shift with increasing
particle size. The peak maximum enters the simulation window
of 400—2000 nm for particle size of 125 nm and larger. In
Figure 3b, as the particle size increases to 200 nm and above,
more than one of the Mie resonance peaks become noticeable.
For the largest spherical particle of 400 nm diameter, three of
the resonance peaks are below the bandgap of Cu,O (ie,
wavelength above 590 nm). Cu,O is a semiconductor with
bandgaps of ~2.1 eV.”” These resonance features are not
expected for the bulk single crystalline Cu,O. As seen from
Figure 3c,d, there is a similar trend for Cu,O cubic particles as
well. For both spheres and cubes, with increasing particle size,
the resonances downshift in energy. Upon comparison of
spherical and cubic particles of similar sizes, the resonance
peaks are lower energy shifted for cubic particles. From the
simulated scattering and absorption spectra shown in Figures
S3a—d and S4a—d, it is concluded that scattering is the
dominant contribution to Mie extinction for the investigated
particle sizes.

https://dx.doi.org/10.1021/acsanm.0c01201
ACS Appl. Nano Mater. 2020, 3, 6806—6815
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Figure 2. (a) Representative TEM image of cubic Cu,O nanoparticles (inserted is a SAED from zone [110] of a single Cu,O cube). (b) High-
resolution TEM image of a cube with FFT spectrum inserted. (c, ¢) Measured UV—vis—NIR extinction spectra of Cu,O spherical particles (c) and
Cu,O cubes (e) after different synthesis times. The arrows show the direction of time. (d, f) Representative TEM images of Cu,O spheres after 8 h
of synthesis (d) and Cu,O cubes after 1 h and 15 min of synthesis (f). The legends in (c) and (e) show the synthesis times. Indexes shown in the

inset of (b) match with the indexes shown in the inset of (a).

To explicate the Mie resonance peaks observed in the
extinction spectra of Cu,O spherical and cubic particles, we
first present detailed analysis of the simulation data for the 175
nm spherical particle, as an example. Figure 4a shows the
simulated extinction spectrum of the 175 nm diameter Cu,O
sphere. For comparison, we have also provided the simulated
extinction spectrum of a 175 nm diameter Ag sphere in Figure
4b. The Cu,O particle exhibits one resonance peak, being at
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542 nm. In Figures 4c and 4d, we show the corresponding
magnetic and electric field spatial distributions, respectively.
For the simulations of the field distributions, a plane wave is
used for the incident radiation propagating in the direction of
positive x-axis and polarized along the y- and z-axes for the
electric and magnetic fields, respectively.

The electric field distribution in Figure 4d shows the typical
two-lobe distribution, characteristic of an electric dipole.

https://dx.doi.org/10.1021/acsanm.0c01201
ACS Appl. Nano Mater. 2020, 3, 6806—6815
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Figure 3. (3, b) Simulated extinction cross section as a function of wavelength for Cu,O spheres of various diameters ranging from (a) 25 to 175
nm and (b) 200 to 400 nm. (c, d) Simulated extinction cross section as a function of wavelength for Cu,O cubes of various edge lengths ranging
from (c) 25 to 150 nm and (d) 200 to 400 nm. The propagation direction of the incident radiation for cubes simulation is perpendicular or parallel

to the principal axes.

Similarly, the magnetic field distribution pattern in Figure 4c
confirms the magnetic dipole mode.*® The enhanced magnetic
near field pictured in Figure 4c is generated by the circular
displacement currents, strongly coupled to the electric field
penetrating into the particle.”> The optimum current-field
overlap/coupling leading to magnetic dipole resonance occurs
when the electric field is antiparallel at opposite edges of the
particle. Hence, the condition for magnetic dipole resonance is
that wavelength inside the particle equals approximately the
particle dimension along the propagation direction (inside
particle),” explaining the tunability of the resonance with size.

Figures 4c,d also show that the 175 nm Cu,O sphere can
exhibit enhancements of up to 25 and 8 times for the near
magnetic and electric field intensities, respectively, over the
incident far field. The comparison of the magnetic and electric
field distributions shown in Figures 4c¢,d and Figures S5a,b
confirms that the magnetic and electric dipole resonances both
occur near 542 nm. For comparison, in Figures 4ef, we also
provide the simulated magnetic and electric field distributions
for a 175 nm diameter Ag sphere at the LSPR peak wavelength
of 530 nm (also see Figures S5c,d). As seen, the magnetic field
enhancement is relatively weak for the Ag particle. Hence, the
electric dipolar mode dominates the LSPR at 530 nm.
Impressively, the extinction cross section of the Cu,O sphere
is comparable to that of the Ag sphere.

To distinguish the origin of multiple Mie resonance peaks
observed in the extinction spectrum of larger Cu,O particles,
for example, 400 nm cubic particle in Figure 3d, we analyzed
the magnetic and electric field distributions at multiple
wavelengths around the lowest and second lowest energy
resonance peaks. Figures Sa and 5b show the representative
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magnetic and electric field distributions, respectively, for the
400 nm Cu,O cubic particle at the lowest energy Mie
resonance (1295 nm). Figures Sa and Sb also show that the
400 nm Cu,O cubic particle can exhibit localization and
enhancement of up to 60 and 14 for the near magnetic and
electric field intensities, respectively, over the incident far field.
From the FDTD simulation results shown in Figures Sab
along with the results shown in Figures S6a,b, S7, and S8, it
can be concluded that the lowest energy Mie resonance peak is
due to the combination of the magnetic and electric dipole
excitations. To elucidate the second-lowest energy Mie
resonance peak (908 nm) observed in the extinction spectrum,
in Figures Sc,d, we display the magnetic and electric field
distributions at 908 nm. From Figures 5c,d and Figures S6c¢,d,
it is concluded that both the magnetic and electric quadrupole
excitations contribute to this resonance peak.

In Figures 3a—d, upon comparison of spherical and cubic
particles of similar sizes, the resonance peaks are lower energy
shifted for cubic particles. We attribute these trends to the
expected red-shifts of both the electric and magnetic resonance
modes for cubic geometry.”” Specifically, in cubic geometry,
the surface charges responsible for the electric resonance
modes are expected to accumulate at the corners. The
increased charge separation reduces the restoring force for
the surface charges, which results in a shift of the electric
resonance modes toward lower energy.””’ For magnetic
resonance modes, the resonant wavelength mainly depends
on the radius of displacement current circle excited by the
electric field. The radius of the displacement current circle is
expected to be pushed outward with the increased effective
radius of the cubic geometry due to the corners and leading to

https://dx.doi.org/10.1021/acsanm.0c01201
ACS Appl. Nano Mater. 2020, 3, 6806—6815
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Figure 4. Simulated extinction cross section as a function of wavelength for the (a) 175 nm Cu,O sphere and (b) 175 nm Ag sphere. Simulated
spatial distribution of enhancement in (c) magnetic field intensity [H?/H,’] in the YZ plane and (d) electric field intensity [E*/E,’] in the XY plane
for the 175 nm Cu,O sphere at the resonance wavelength of 542 nm. Simulated spatial distribution of enhancement in (e) magnetic field intensity
[H?/H,] in the YZ plane and (f) electric field intensity [E?/E,*] in the XY plane for the 175 nm Ag sphere at the resonance wavelength of 530 nm.

the red-shift of magnetic resonance modes as well.”” Because
both the electric and magnetic resonance modes contribute to
the Mie resonance peaks in Figures 3a—d, the peaks are lower
energy shifted for cubic geometry.

The strong and tunable Mie resonances of Cu,O cubic
particles are also confirmed and compared with those of
spherical particles by using single particle scattering spectros-
copy. Specifically, to validate the high scattering cross sections,
we have acquired Mie scattering spectra of single particles. The
single particles were excited using a dark field condenser at
glancing incidence (18°) to the substrate uniformly from all
directions. The light scattered to far field in the semi-infinite
space around the particle (above the substrate) was collected
by a high numerical aperture lens. The details of the
experimental setup, sample preparation, and acquisition are
described in the Supporting Information. The acquisitions
were performed for more than 30 spherical particles and cubes
each. Figures 6a,b provide representative results.

Scattering spectra for three submicrometer spherical
particles are given by Figure 6a. The corresponding SEM
and diffraction-limited dark field images for each particle are
also shown. The spectra reveal a systematic increase of the
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scattering cross section with size, but a concomitant red-shift is
minor unlike in the simulated scattering spectra (Figures
S3a,b). The steeper fall (i.e., cutoff) of the broad band above
2.6 eV (580 nm), marking its asymmetry, may be owed to
enhanced absorption over the Cu,O direct gap due to dipolar
resonance in the particle. Such a quantum mechanical effect
would be missed by the simulator, which borrows the dielectric
function from bulk Cu,O. Indeed, our scattering spectra are in
agreement with ensemble-averaged extinction spectra of Figure
2¢, which also exhibit asymmetry due to enhanced absorption
below 580 nm as well as minor red-shift with increasing size.
We assign the longer wavelength side of the broad feature in
the scattering spectra to the preresonance tail of the magnetic
and electric multipole resonances. In Figure 6a, the peaks of
these resonances for particles II and III are possibly masked by
the cutoff, discussed above.

Similarly, scattering spectra for three submicrometer cubes
are shown in Figure 6b. By comparison with Figure 6a, a higher
scattering cross section is inferred for Cu,O cubes than
spherical particles per equal size. Such high cross sections
account for the remarkable signal-to-noise in Figure 6b. As an
example, the peak scattering cross section, associated with the
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Figure S. Simulated spatial distribution of enhancement in (a, c)
magnetic field intensity [H?/H,’] in the YZ plane and (b, d) electric
field intensity [E?/Ey*] in the XY plane for Cu,O cubes of 400 nm
edge length at the resonance wavelength of (a, b) 1295 nm and (¢, d)
908 nm.

lowest energy resonance band for particle I1I in Figure 6b (at
750 nm), is computed (Supporting Information) as 4.8 X
1071 m?, which is close to its simulated value of 6.3 x 1073
m?® (Figure S4b), while the maximum cross section for the
same particle occurs at 634 nm, being 6.4 X 107" m’ To
benchmark these cross sections against those of plasmonic
nanoparticles, we performed simulations for 300 and 400 nm
Ag spheres as well as cubes (Figures S9—S12). As a result, our
simulated extinction and scattering cross sections for Cu,O
spheres and cubes are comparable to or slightly exceeding
those of Ag spheres and cubes, respectively. Here, we observe
all the anticipated (i.e., by simulations) consequences of the

increasing particle size: increasing cross section, lower energy
shift of the resonances, and emergence/bolstering of the higher
order multipole resonances. Despite the agreement in these
trends, the measured spectra (Figure 6b) exhibit some
differences from the simulated spectra (Figures S4a,b). First,
the measured resonances are blue-shifted with respect to
simulated ones. The second difference is that experimental
spectra reveal higher number of resonance peaks than the
simulated ones. For example, Figure S13 shows the
comparison of FDTD simulation results performed with an
incidence along the body diagonal of cubic particle and an
incidence along the principal axis. As seen from Figure S13, the
second lowest energy Mie resonance mode appears at different
wavelengths for the two cases. For the cubic particle with an
incidence along the principal axis, the second lowest energy
Mie resonance mode is blue-shifted. Therefore, we attribute
the higher number of resonances observed in Figure 6b to the
excitation of the higher number of modes in the cube due to
the larger range of incident directions. Specifically, in the
measurement, the incidence is not only oblique to the
substrate (XY plane), but it is in all directions rotationally
symmetric around the Z-axis of the cube. Hence, the cube is
excited at a range of incident angles. On the other hand, the
additional peaks are not due to splitting of degenerate modes
in the cube because of substrate-induced broken symmetries.
We simulated cases with a glass substrate, but its influence on
resonance wavelengths is found to be negligible. We will
perform further simulations and single particle scattering
measurements in future work to elucidate why experimental
spectra are blue-shifted with respect to simulated spectra and
to investigate the additional modes as well as their excitation
dependence on incidence direction/polarization.
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Figure 6. Scattering spectra of (a) three Cu,O submicrometer spherical particles and (b) three Cu,O submicrometer cubes. The corresponding
SEM and diffraction-limited dark field images for each particle are shown, too.
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B CONCLUSIONS

In summary, the present work demonstrates strong and size-
tunable Mie resonances in submicrometer Cu,O cubes. The
lowest energy Mie resonance observed in the extinction
spectrum is assigned to the combination of the magnetic and
electric dipole excitations. Similarly, both the magnetic and
electric quadrupole excitations contribute to the second-
lowest-energy Mie resonance peak observed in the extinction
spectrum. The Mie resonance peak wavelengths are tunable
from the visible to the near-IR region by controlling the size of
the particles. By comparison, a higher scattering cross section is
observed for Cu,O cubes than spherical particles per equal
size. Additionally, submicrometer Cu,O cubes, being dielectric
resonators, have scattering cross sections comparable to or
slightly exceeding those of Ag particles. They exhibit
enhancement of electric and magnetic fields for the incident
light at Mie resonances. These high-performance nanoantenna
attributes of the submicrometer Cu,O cubic particles,
combined with their low Ohmic losses and being semi-
conductors, make them attractive alternatives to PMNs in a
wide range of applications, including spectroscopic, photonic,
and energy-harvesting applications.

B MATERIALS AND METHODS

The procedures for FDTD simulations, Cu,O particles preparation,
and UV—vis extinction and single-particle scattering measurements
are described in detail in the Supporting Information. Briefly, we
synthesized Cu,O particles of varying sizes and shapes and confirmed
the corresponding Mie resonance peaks using UV—vis extinction
spectroscopy. Additionally, single-particle scattering measurements
were used to confirm the strong scattering from Cu,O cubes. To
predict and compare the optical behavior of Cu,O particles of varying
sizes and shapes, we utilized the Lumerical FDTD package. The
optical data for Cu,O and Ag were obtained from Palik.*®
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