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ABSTRACT: Supraparticles are coordinated assemblies of
discrete nanoscale building blocks into complex and hierarch-
ical colloidal superstructures. Holistic optical responses in such
assemblies are not observed in an individual building block or
in their bulk counterparts. Furthermore, subwavelength
dimensions of the unit building blocks enable engraving optical
metamaterials within the supraparticle, which thus far has been
beyond the current pool of colloidal engineering. This can lead
to effective optical features in a colloidal platform with ability to
tune the electromagnetic responses of these particles. Here, we
introduce and demonstrate the nanophotonics of meta-shell
supraparticle (MSP), an all dielectric colloidal superstructure
having an optical nonlinear metamaterial shell conformed onto
a spherical core. We show that the metamaterial shell facilitates engineering the Mie resonances in the MSP that enable
significant enhancement of the second harmonic generation (SHG). We show several orders of magnitude enhancement of
second-harmonic generation in an MSP compared to its building blocks. Furthermore, we show an absolute conversion
efficiency as high as 10−7 far from the damage threshold, setting a benchmark for SHG with low-index colloids. The MSP
provides pragmatic solutions for instantaneous wavelength conversions with colloidal platforms that are suitable for chemical
and biological applications. Their engineerability and scalability promise a fertile ground for nonlinear nanophotonics in the
colloidal platforms with structural and material diversity.
KEYWORDS: colloids, nanostructures, metamaterials, nonlinear optics, Mie resonances

Colloidal nanoparticles (CNPs) and their assemblies
exhibit a cohort of electromagnetic (EM) resonances
and couplings, facilitating them as essential optical

actuating platforms in bio/-chemical sensing, imaging, and
photocatalytic reactions.1−6 Their processing versatility enable
easy integration into photonic and solid-state devices7,8 as
modular light sources. When assembling the colloidal nano-
particles into colloidal superstructures, holistic optical
responses are observed that are not found in an individual
building block or in their bulk counterparts.9 Notwithstanding,
CNPs that enable instantaneous and efficient nonlinear
harmonic conversion of electromagnetic (EM) stimuli could
provide solutions to the remaining important challenges in
their photoactivation and -actuation. For example, wavelength
requirements to trigger a photostimulation could bring
limitations due to insufficient light penetration into the
reaction media and biological tissues.10,11 Delivering optical
energy through the ambient media within its specific
transparency windows that could trigger the target photo-
responses via instantaneous wavelength conversions could

immensely broaden the scope of the operations while
enhancing its procedural compatibilities and efficiencies.12−15

Recently, several advanced strategies have been employed to
enhance optical wavelength conversions in nanostructures. A
large subset of such strategies are focused on high index
materials that are architected via top-down nanofabrica-
tion.16−34 On the other hand, synthetic challenges exist in
realizing dexterous colloidal platforms with high index
materials and their bottom-up fabrication. As such, commun-
ities have explored low index nanocolloids for optical nonlinear
conversions.35−39 However, limitations in their structural
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diversities and complexities constrains their engineerability for
nonlinear nanophotonics.
Here, we demonstrate a pragmatic approach to enhance

optical nonlinear conversions with low index χ(2) CNPs by
assembling them into a colloidal superstructure in the form of a
synthetic metamaterial shell conformed onto a dielectric core
sphere, which can be denoted as the meta-shell supraparticles
(MSP), Figure 1a. In comparison to individual χ(2) CNPs, their

assembly into an MSP increases the density of Mie resonances
and their combinations for χ(2) nonlinear optical interactions.
The anisotropy and the graded-index profile of the
metamaterial shell (Figure 1b) in these particles can be
utilized for engineering the collective behavior of these Mie
resonances, allowing for a significant enhancement in the
second order nonlinear optical wavelength conversions (Figure
1b−d).

RESULTS AND DISCUSSIONS
The MSP is realized through one-pot chemical synthesis
(Supporting Information (SI) 1.1). We have previously
demonstrated hierarchical colloidal superstructures with high
quality and yield, using multiple materials selections with
various constitutive properties, shapes, and dimensions.40−42

Such a synthetic versatility enabled us to engineer structures
via simple procedural adjustments. The MSP can have varieties

of core spheres with tailored meta-shell nanotopography
comprised of vertically oriented ZnO nano rods (NRs) as
the noncentrosymmetric χ(2) material43 (a few examples in
Figure 2d,e (SI 1.1)).
First, we carried out linear light scattering measurements by

the MSPs in aqueous dispersion and realized that their
extinction lineshapes do not correlate with either the ZnO NRs
or the core μ-spheres, Figure 2f. The spectra feature a
broadband peak (P1) in the visible wavelengths and a narrower
peak (P2) in the ultraviolet range. When P2 is approximately at
the second harmonic of the P1, the overlap of the EM modes at
both the fundamental and the second-harmonic wavelengths
suggests opportunities for wavelength conversion. This
emergent spectral behavior arising from multitude of Mie
resonances can be fine-tuned by adjusting the meta-shell
corrugation geometry or its core dimensions,44 Figure 2g−i.
These experimental findings on the linear response of the
MSPs are verified with finite difference time domain (FDTD)
full-wave simulations. We created a model MSP (SI 2.2) that
mirrors the experimental construct based on a polystyrene
(PS) core sphere with an overall diameter of d = 2.2 μm
(Figure 2a), that is, MSP2.2. The model replicates the
imperfect orthogonal orientation of the ZnO NRs. Numerical
results of extinction cross-section σext of MSP2.2 are in
agreement with the experimental measurements, as depicted in
Figure 2j,k (SI 2.2−2.4). Note that, due to solution based
chemical synthesis nature of the MSP, there will be particle to
particle variations which accounts for the slight mismatch in
the scattering peaks between the experiment and the
simulation. For studying the nonlinear nanophotonics of the
MSP, the PS cores were subsequently replaced with SiO2 core
owing to its superior mechanical and thermal stability against
high power laser.
The linear response of the meta-shell supraparticle, which

consists of a metamaterial shell on a core, is enriched by the
density of its Mie resonances. While ED, EO, and MD modes
are supported in the core-only silica sphere (dcore = 1 μm) at λ
= 1550 nm, our theoretical analysis suggests that the meta-shell
particle accommodates a different set of Mie resonances
including electric-dipole (ED), -quadrupole (EQ), -octupole
(EO), -hexadecapole (EH), and magnetic-dipole (MD),
-quadrupole (MQ), -octupole (MO) modes (SI 4.2), as
shown in Figure 3. These Mie resonances and their
interferences can be tuned in the MSP to lead to a hot spot
with strong electric field strength |E|. Such a behavior is similar
to formation of a photonic nanojet in simple low-index
geometries;45−51 however, a significant portion of this hot spot
forms in the shell and its |E| strength can be much larger than
that of the core alone (see an example with 2-fold |E|
enhancement, SI 3.2).
Engineering the Mie resonances of the MSP and their

interferences can be achieved through tuning the radial graded-
index profile as well as the angular anisotropy of the
metamaterial shell (Figure 4). The key distinction of the
metamaterial shell compared to the conventional metamate-
rials is its spherical construct of high aspect-ratio unit building
blocks. Such arrangement leads to a radial graded-index profile.
Our analytical calculations (SI 4.1) show that changing the
graded-index profile enables us to change the scattering
behaviors of the particle at both the fundamental and the
second harmonic wavelengths, Figure 4a−c. Moreover, the
effective index of the shell near the periphery of the particle
(due to lower ZnO NR density) generates an excellent

Figure 1. Nonlinear nanophotonics with colloidal meta-shell
supraparticle (MSP). (a) The MSP, of diameter d, is synthesized
by assembling ZnO nanorods (NRs), of width w and length l, into
a spherical array, forming a shell of metamaterials (meta-shell),
conformed onto a dielectric μ-sphere; (b) the meta-shell features
radial graded index and spherical anisotropy profile that provides
additional degrees of freedom (c) with which to engineer Mie
resonances within the MSP, (d) through which mode profiles, both
spectral and spatial, are designed to significantly enhance the SHG
conversion efficiencies of the ZnO NRs and also to control its
radiation pattern.
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impedance-matched interface which can help to reduce the
backscattering of the incident light at the interface, leading to
improvement in the light delivery to the shadow side of the
supraparticle. As the graded-index tapers to free space, maximal
spectral overlap in the ED and the MD mode is achieved
across a broad spectrum, Figure 4c (SI 4.3). This can facilitate
spatial overlap of the photonic nanojet at both the fundamental
and the second-harmonic wavelengths, Figure 4d. Improve-
ment in the spatial and spectral overlaps can lead to
enhancement of the second-harmonic generation in the
photonic nanojet, and its efficient forward propagation, as
shown in Figure 4e,f. Hence, the radial graded index profile in
the MSP can be instrumental in enhancing the SHG and its
directionality that is suitable for applications in chemical and
biological settings.
The spherical arrangement of orthogonal ZnO NR array in

the metamaterial shell also leads to radial anisotropy in the
spherical coordinate, which does not appear in natural

dielectrics. Such an anisotropy is expected to provide
additional degrees of freedom in the overall optical
responses.52−60 In the metamaterial shell, the spherical
anisotropy enables fine-tuning the spatial location of the
photonic nanojet hotspot. This capability can be utilized for
enhancing the nonlinear conversion efficiency by overlapping
the hot spot with the highest densities of χ(2) nanostructures.
Increasing the anisotropy (decreasing the εθ, while keeping εr
constant) can move the hotspot toward the core interface,
Figure 4g−i, hence contributing to the enhancement of the
nonlinear conversion process.
The SHG efficiency (η) can be decomposed to the SHG

efficiency of contributing modes (ηSHG,n) as
61
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Figure 2. Structural engineering of MSP. a−c, scanning electron microscopy (SEM) images of the MSP synthesized with a polystyrene (PS)
μ-sphere core (diameter, d = 1 μm) having diverse geometries and dimensions of its unit building block ZnO NRs that constitute the meta-
shell; d,e, MSP synthesized with a SiO2 μ-sphere template (d = 1 μm) and having ZnO NR (d) length l ≈ 600 nm, designated MSP2.2 and
(e) l ≈ 1290 nm, designated MSP3.58; f−i, spectral tuning is achieved by adjusting the corrugation geometry in the meta-shell, (f) peak
normalized (P.N.) extinction spectra (A.U.), in aqueous dispersion, of ZnO NRs, d = 1 μm PS μ-sphere and MSP; P.N. extinction spectra of
MSP with (g) varying spike lengths, l ≈ 190 nm, l ≈ 270 nm, l ≈ 400 nm, l ≈ 600 nm and (h) varying spike widths, w ≈ 100 nm, w ≈ 120 nm,
w ≈135 nm, and (i) varying core diameters, d = 1 μm, d = 3 μm; j-k, Overlap in the spectral line shape between the extinction cross-section
(σext) of a model MSP from the FDTD full wave simulation, and the extinction spectra from the experimental measurement, for both
suspended in (j) water and in (k) air. Since absorption for ZnO is minuscule above λ = 360 nm (as is the case for both polystyrene and
silica), the spectrum shown here is essentially the scattering spectrum arising from different resonances of the nanostructure. All scale bar: 1
μm.
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where E2ω,n, is the field envelope of nth mode at the second
harmonic (2ω) resonating at ωn (δωn = 2ω−ωn) with a quality
factor of Qn. Eω is the envelope of the excitation field at the
fundamental harmonic, and η n is the nonlinear coupling
between the input at fundamental harmonic and the second-
harmonic output defined as the field overlap between the nth
mode at the second-harmonic and the input excitation in the
nonlinear region.61 The strength of the overlap between each
Mie mode and the hot-spot at the fundamental harmonic, the
quality factor, and the detuning of the center of the resonance
of each modes from the second-harmonic define the
contribution of each mode on the output signal.
Our analysis based on the Mie theory considering the graded

index profile and the spherical anisotropy of the meta-shell (SI
4.1, 4.2) matches the full-wave FDTD simulations and explains
the superior nonlinear performance of the meta-shell supra-
particles (SI 3.2). Without the meta-shell, the SiO2 core sphere
generates a photonic nanojet whose region of peak |E| is
confined within the core sphere, Figure 4j. In the presence of a
meta-shell featuring a graded index profile only, the peak |E| at
the hotspot region is enhanced by an approximate 2-fold, but
localized at the outer peripheries, Figure 4k. While the peak |E|
is higher without the spherical anisotropy in the meta-shell,
ascribing spherical anisotropy to the meta-shell fine-tunes the
spatial location of the hotspot volume toward, but exterior to,
the core interface, at which the density of the χ(2)

nanostructures are at its highest, Figure 4l. Overall, the

simulations show an approximate 4-fold increase in the peak |E|
at the hotspot in the MSP compared to that of the incident
light |E| (SI 3.3, Figure S8).
For the experimental measurement, we utilized two-photon

laser scanning confocal microscope with input wavelength
centered around λ = 900 nm. As the commercial scanning
microscope was not appropriate for quantifying the SHG
conversion efficiency, we utilized custom-built NLO micros-
copy employing femtosecond laser with input wavelength at λ
= 1550 nm. Hence, we present our calculation results both at λ
= 1550 nm (Figure 3) and λ = 900 nm (Figure 4) while
designating the corresponding alternative to the Supplemen-
tary Information. Importantly, we note that the nature of the
enhancement in the conversion efficiency remains the same for
both wavelengths.
We initially characterized the SHG from the MSP using

pulsed input sources in a commercial laser scanning micro-
scope. At identical input powers and detection settings, we are
unable to measure the SHG from independently synthesized
colloidal ZnO NRs (SI 6.2). This indicates an enhancement in
the SHG from the MSP compared to the ZnO NR building
blocks.
While the SHG from individual ZnO NRs were below our

minimum detectable signal, we used full-wave FDTD
simulations to estimate the enhancement in the normalized
SHG conversion efficiencies η (W−1) of different config-
urations of ZnO NRs, Figure 5c−f. In carrying out the
simulation, we simplified the optical nonlinearity of ZnO NR
to have effective second order susceptibility (χ(2) = 15 pm/V),
whose value was within the ranges of previously reported
values62 (SI 5.2). When placing a single χ(2) ZnO NR at the
shadow side of a SiO2 core μ-sphere, the photonic nanojet
enhances its η by an approximate 7-fold, Figure 5d. In the
presence of the meta-shell featuring the graded index and
spherical anisotropy profile but without the χ(2), there is an
additional 66-fold increase in η, Figure 5e. Finally, when χ(2) is
assigned to the meta-shell in its entirety, there is an additional
87-fold increase in η, Figure 5f. Hence, there is an approximate
104-fold enhancement in the SHG η between an MSP2.2 and a
single ZnO NR (SI 6.3). It is also worth noting that the
spherical symmetry of the meta-shell particle makes it
insensitive to polarization variations of a linearly polarized
input.63

Next, we quantified the experimental value of the η (W−1)
by the MSP2.2 utilizing custom-built NLO microscopy, Figure
5b (SI 7.1−7.6). Taking into account the SHG signal collected
in the reflection mode, η averages to 9.97 × 10−12 W−1. The
full-wave FDTD simulations replicating the experimental setup
(SI 7.5) resulted in η = 8.53 × 10−12 W−1 which closely
approximates the experimental measurements.
Taking into account the SHG signal collected in the

forward-scattered mode, the maximum η reached 8.05 × 10−11

W−1. This corresponds to 1.08 × 10−7 of absolute conversion
efficiency, which is the highest achieved by solution processed
dielectric colloidal particles reported thus far, displaying 5
orders of magnitude improvement compared to that reported
from the BaTiO3 nanoparticles,

35 and also displays 2 orders of
magnitude improvement compared that observed with a
colloidal hybrid plasmonic superstructure.64 It should be
noted that the maximum absolute conversion efficiency was
achieved with the maximum available power at the particles,
which was far from the damage threshold and any saturation in
the efficiency, Figure 5b. While the average input power of

Figure 3. Mie resonance enrichment withmeta-shell. Scattering
coefficients of (a) electric and (b) magnetic multipoles in the MSP
calculated from analytical modeling and Mie theory; compared to
a core μ-sphere, the density of Mie resonances is enriched in the
presence of a circumambient meta-shell. See SI 4.2 for scattering
coefficients corresponding core sphere. Here, an and bn are the
scattering coefficients of electric and magnetic dipole in the nth
order, respectively.
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Figure 4. Mie resonance engineering with meta-shell. The diameter of the core sphere is dcore = 1 μm, thickness of the meta-shell is tshell = 600
nm. The permittivity of the sphere is εcore = 2.2; a−c, increase in the index gradient increases the broadband spectral overlap between the
electric dipole (ED) and the magnetic dipole (MD) mode that spans several higher order harmonics, (a) εr, shell: 2.2, (b) εr, shell: 2.2→1.5, (c)
εr, shell: 2.2 →1; a1 and b1 are the scattering coefficients of electric and magnetic dipole in the first order, respectively. (d) Multimode
interferences leading to the formation of photonic nanojet hotspot and their spatial overlap at both fundamental and the second harmonic
wavelengths; e-f, FDTD full wave simulation, at λ = 900 nm, showing (e) photonic nanojet formed by the model MSP2.2 upon light
incidence and (f) enhanced forward scattering in the SHG radiation pattern by the model MSP, alike to a photonic nanojet. The details of
the nonlinear optics simulations with the FDTD can be found in the 5−7; g-i, Increase in the angular anisotropy shifts the hotspot toward
the core sphere interface, (g) εθ, shell: 2.2, (h) εθ, shell: 1.5, (i) εθ, shell: 1; Here, the radial anisotropy is kept constant, εr, shell = 2.2; j−l, photonic
nanojet features, calculated from the analytical modeling, for (j) the core sphere, (k) core sphere with meta-shell having gradient index (GI)
feature and (l) core sphere with meta-shell having both the gradient index and anisotropy (A) features. See SI 4.3, Figure S10 for identical
plots with input λ = 1550 nm.
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femtosecond pulses at the particles, Pin,avg, for the above
measurement was 46 mW, we measured that the MSP2.2 could
withstand Pin,avg up to 1 W at λ = 1550 nm. It is worth noting
that we have observed laser-induced damage in some defective

particles leading to clear changes in the optical images of the
particle. The SHG measurement from both the reflected and
the forward-scattered detection scheme exhibit quadratic
dependence to the input power, Figure 5b.

Figure 5. Second harmonic generation of light by the MSP. (a) confocal microscopy image of the SHG by the MSP2.2 (see SI 6.1 details);
(b) Experimental values of forward scattered and reflected SHG output power, measured from custom built optical nonlinear microscope (SI
7.1−7.3), display quadratic dependence to the input power. For SHG signal collected in the reflection mode, η ranged between 6.17 × 10−12

W−1 and 1.53 × 10−11 W−1 (N = 29). For the SHG signal collected in the forward scattered mode, η ranged between 4.87 × 10−11 W−1 and
8.05 × 10−11 W−1 (N = 5). Sample having the highest SHG conversion values collected in the reflection mode and in the forward scattered
mode are plotted in the graph as demonstration. The dotted green line (R = 0.9997) and the dotted blue line (R = 0.996) are fit to the
quadratic curves (y = ηx2) for reflected and forward scattered SHG, respectively. The FDTD simulation of the predicted quadratic
relationships for the reflected (η = 8.53 × 10−12 W−1) and forward scattered (η = 6.81 × 10−11 W−1) SHG are also plotted; c−f, FDTD
simulation, for input pulse centered at λ = 1550 nm, showing 4 orders of magnitude enhancement in the SHG conversion efficiencies η
between a model MSP2.2 and a ZnO NR; Farfield radiation pattern of the forward scattered SHG from (g) the experiment (the inset is the
experimental SHG image) and from the (h) FDTD simulation. Dotted circle represents the angle of collection for the forward scattered
SHG; (i) The directivity plot showing enhanced forward scatter of the SHG. The MSP employed for the study here are samples from Figure
2d (MSP2.2); All scale bar: 5 μm.
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The η measurement from the forward-scattered mode
averages to η = 6.43 × 10−11 W−1 (N = 5), indicating a
forward to backward scattering ratio (F/B) of 6.45 with the
current measurement setup. The high F/B accords with the
findings from the FDTD simulations. Farfield directivity polar
plot, Figure 5i, derived by taking the FFT of the second-
harmonic images, Figure 5g, shows enhanced forward
scattering of SHG (see SI 7.6 for farfield pattern of reflected
SHG). The FDTD full-wave simulation of MSP2.2 with
identical experimental parameters yields η = 6.81x 10−11 W−1

for the forward-scattered SHG and the F/B = 7.98.
Furthermore, taking into account the total SHG in all
directions, the MSP2.2 in the simulation exhibits η = 1.48 ×
10−10 W−1. Consistency among our 3D full-wave simulations,
analytical studies, and experimental results illustrates the
efficacy of our developed techniques for future studies in the
colloidal nonlinear nanophotonics.

CONCLUSION

The presented meta-shell approach for enhancing enhancing
optical nonlinear processes in nanostructures is in sharp
contrast with the ongoing nonlinear nanophotonic efforts.
While most of the efforts utilize high Q-factor Mie resonances
confined within the structures usually comprised of high-index
materials, our meta-shell approach utilizes collective interfer-
ences of high-density low-Q-factor modes in low-index
materials, which lead to formation of strong hotspots that is
utilized to enhance the conversion efficiency of the χ(2)

elements in the MSP. Furthermore, the metamaterial shell
allows for engineering the Mie resonances of the suprapaticle
to maximize the spatial overlap of the hotspot with the regions
having highest density of the χ(2) colloidal elements. The
presented platform utilizes the low-index wide-bandgap
colloidal supraparticles made of ZnO for nonlinear optical
wavelength conversion. While ZnO does not have a large χ(2)

compared to other commonly used nonlinear materials, its
well-developed chemical synthesis in the colloidal platforms
makes it compatible with a wide array of scientific and
industrial processes. Furthermore, the demonstrated concept
can be extended to metallic structures to utilize plasmonic
resonances to further expand the possibilities of nonlinear
nanophotonics with colloidal platforms.65 Combining chemical
and optical properties that arise from the MSP packaged into a
single supraparticle could further expand development of the
colloidal nonlinear nanophotonics to chemistry and biology.

METHODS
Chemical Synthesis of MSP. The colloidal meta-shell supra-

particles (MSP) are constructed via aqueous colloidal synthesis under
mild synthetic conditions. Initially, positively charged ZnO nano-
particles (NPs) (Sigma-Aldrich) are electrostatically adsorbed onto
negatively charged colloidal core spheres. The core spheres utilized
for the construction of the MSP are polystyrene (PS) and silica
(SiO2) μ-spheres. We utilized carboxyl functionalized PS μ-spheres
(Polysciences Inc.) that is imparted with interfacial negative charges.
In order to impart interfacial negative charges to the SiO2 μ-spheres,
we overlaid the particle with polyelectrolyte poly(allylamine hydro-
chloride)−poly(acrylic acid) coating sequence in a layer-by-layer
approach. The interfacial coating of ZnO NPs function as seeds from
which ZnO nanorods (NR) are grown in vertical orientations via a
combination of hydrothermal and sonochemical processes. Synthetic
methods to impart interfacial negative charges to the SiO2 μ-spheres
will be described in detail in the forthcoming publication “Photo-
catalytic Hedgehog Particles for High Ionic Strength Environments:

Electric Field Catalysis without Electrodes”.66 In a typical synthesis
that constructs the meta-shell of the MSP2.2 (1 μm in core diameter,
600 nm in meta-shell thickness, total MSP diameter of 2.2 μm), the
ZnO NP coated core spheres are immersed in ZnO precursors,
comprised of 25 mM of zinc nitrate hexahydrate (Zn(NO3)2.6H2O,
Sigma-Aldrich) and 25 mM hexamethylenetetramine (C6H12N4,
Sigma-Aldrich), dissolved in aqueous solution. ZnO NRs are grown
by subjecting the mixture to hydrothermal (90°) and sonochemical
energy for 90 min. The length, thickness and the densities of the ZnO
NRs in the meta-shell are easily tailored by adjusting their growth
conditions, such as the growth time, ZnO precursor concentrations
and the seeding density. The SiO2 μ-spheres are synthesized by the
well-known Stober process. The synthesized MSP are maintained as a
dispersion in aqueous environment.

FDTD Simulations. Full wave simulations are carried out using
Lumerical FDTD to characterize optical extinction properties of the
MSP, near-field distributions at different wavelengths and nonlinear
conversion efficiencies. First, we created a model MSP composed of
either a SiO2 or a PS core of diameter d = 1 μm and the meta-shell
consisting a spherical array of ZnO NRs (length l = 600 nm, thickness
w = 120 nm) that mirrors the experimental construct. Computer
aided design software was used to reconstruct a model MSP with
imperfect orthogonalization of ZnO NRs to mirror the experimental
construct and to remove artifacts due to symmetry that is not present
in the experimental construct (see SI 2.2 and 2.4). Total-field
scattered-field (TFSF) source was utilized to obtain extinction cross
section of the MSPs and to estimate the second harmonic conversion
efficiencies of the MSP. The simulation setup is configured to emulate
the experimental conditions such as the objective NA and the pulsed
input sources (see SI 6 and 7). We simplified the optical nonlinearities
of ZnO NR to have isotropic susceptibility tensor having an effective
χ(2) = 15 pm/V. Ref 41 reports a range of nonlinear coefficients from
deff = 2 pm/V to 15 pm/V.62,67 We have chosen a median value (deff =
7.5 pm/V) from the reported range to numerically approximate
second harmonic conversion of the MSP.

Confocal Microscopy. The SHG measurement was also carried
out with confocal microscopy (Zeiss LSM 880 with two photon laser)
in which the MSP are irradiated with femtosecond pulses (140 fs, 80
MHz) centered at λ = 900 nm and at 5% of its maximum available
power. In order to fully immerse the MSP within the spotsize, a low
NA (0.16) 5× objective was use. The SHG intensities obtained from
the images are subtracted by the background noise, normalized by the
gain settings, followed by normalization with the square of the input
power reading.

NLO Microscopy. The schematic in SI Figure S20 (7.1) depicts
the nonlinear optical (NLO) microscopy setup constructed to detect
the SHG generated by the MSP. SI Table S1 (7.1) shows the optical
components employed in the setup. Ultrashort pulse frequency comb
(Menlo Systems, τ = 80 fs, f rep = 250 MHz) centered at λin = 1550 nm
is used as the input source. The input pulse is subject to a
continuously variable neutral density filter wheel to obtain variable
input average power. The input beam is guided into a 50× objective
(Mitutoyo Plan APO NIR, NA = 0.42) and focused onto a single
particle on the sample slide with a spot size df ≈ 2.6 μm. A collimated
LED white light source was incorporated to locate and focus the input
pulse into individual MSP. The backscattered SHG is subject to a pair
of filters to remove the input light and the third harmonic generation.
A 1” VIS lens was used to focus the SHG onto a photodiode power
sensor. The total average power of the backscattered SHG is then
determined by accounting for the power loss through each optical
component. The transmission values of each optical component that
the SHG passes through are shown in SI Table S2.

The forward scattered SHG was collected via aspheric condenser
lens (NA 0.79, F = 16 mm) and subject to a pair of filters to remove
the input pump and the higher order harmonic generations identical
to the reflection mode setup. The total average power of the forward
scattered SHG is then determined by accounting for the power loss
through each optical component, listed in SI Table S2. The aspheric
condenser lens was replaced with a 60× objective (Nikon, M Plan 60,
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630770) when taking the forward scattered images to obtain the
farfield pattern.
Analytical Modeling. The average unit-cell size of the nanowires

at the outer interface of the particle is subwavelength. Hence, we can
approximate the nanowires using an effective medium approach. Since
the nanowires are mostly oriented radially, we can model them with
all-dielectric radial anisotropy using Maxwell-Garnett approximation.
The effective permittivity parallel and normal to the direction of the
nanowires are52

r r( ) (1 ( ))d hε ρ ε ρ ε= + −⊥

r r
r r
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where εd is the permittivity of the dielectric nanowire, εh is the
permittivity of the host medium (which is air here), and ρ(r) is the
nanowire filling factor. Since the density of the nanowires reduces as
the distance from the center increases, the filling factor is r-dependent.
This results in a graded-index profile in the shell. For the TE
(magnetic) modes, the electric field in the r direction is zero. Hence,
the TE modes do not feel the anisotropy of the shell. However, the
TM (electric) modes are affected by the anisotropy of the shell.
To calculate the scattered fields, we have used the Mie theory. We

have assumed the input is a plane wave polarized in the x direction
and propagates in the z direction. The input electric field intensity is
E0. The electric and magnetic fields of TE and TM modes in the r
direction in the mth-medium can be written as53
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where an
m and (bn

m) are constants representing normalized field
amplitude of nth electric and magnetic modes in the mth medium,
respectively. zn (x) is one of the Ricatti-Bessel functions of nth-order
or their superposition, Pn

(1) is associate Legendre function of 1st order
and nth degree, ε⊥,m = εθ,m = εφ,m and ε∥,m = εr,m are the transverse and
longitudinal components of the effective permittivity of the mth-
medium, respectively, and k0 and Z0 are the wavenumber and the
impedance of the frees-pace, respectively. The order of the Bessel
functions in anisotropic media is
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The normalized amplitude of the scattered filed of the nth mode in
free space are defined as scattering coefficients of electric (an) and
magnetic (bn) modes. It is seen that by changing the anisotropy, we
can control the index of the Bessel function for the electric modes.
To model the graded-index profile, we have discretized the

metamaterial shell to 40 homogeneous layers. By applying the
boundary conditions at the interface between each layer, we can find
the scattering coefficients of the particle with metamaterial shell.
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