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ABSTRACT: Optically Mie-resonant crystalline silicon nano-
particles have long attracted interest for their unique scattering ‘Precursor
behaviors. Here, we report a bottom-up nonthermal plasma
process that produces highly monodisperse particles, with
diameters controllable between 60 and 214 nm, by temporarily
electrostatically trapping nanoparticles inside a continuous-flow
plasma reactor. The particle size is tuned by adjusting the gas

residence time in the reactor. By dispersing the nanoparticles in h i ' /\ /Y\ A
water, optical extinction measurements indicate colloidal solutions el
of a particle-based metafluid in which particles support both strong 60 80 110130 155 214
i . . Al Particle diameter (nm)
magnetic and electric dipole resonances at visible wavelengths. The
spectral overlap of the electric and magnetic resonances gives rise
to directional Kerker scattering. The extinction measurements show excellent agreement with Mie theory, supporting the idea that
the fabrication process enables particles with narrow distributions in size, shape, and composition. This single-step gas-phase process

can also produce Mie-resonant nanoparticles of dielectric materials other than silicon and directly deposit them on the desired
substrates.

NP size 214 nm

Frequency
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rystalline semiconductors are an important class of The combination of both field confinement and low

materials for controlling light—matter interactions from nonradiative losses can produce high-quality factor (Q-factor)
scattering particles in the visible regime. Their interband resonances, and this has been shown to result in highly
transitions separated by a clearly defined bandgap of directional scattering.">~'® For example, spherical high-index
appropriate size can enable a large permittivity with and low-loss dielectric particles can exhibit strong circulating
comparatively little dissipative loss."™ This can result in a displacement currents, which mimic magnetic multipoles,
high elastic scattering efliciency, strong field localization, and termed optically induced magnetic resonances (OMRs).
scattering phenomena not accessible in other materials.>™® These artificial magnetic-type atoms are of interest in the
High scattering efficiency is a direct result of inherently low metamaterial and metasurface community as they lead to a
absorption losses, which are particularly characteristic of homogenized nonunity effective magnetic permeability at
indirect gap crystalline semiconductors. The scattered fields optical frequencies.l9_21 Furthermore, these often high-Q

of dielectric particles are driven by displacement currents of
bound charges, in contrast with plasmonic scattering, which is
driven by free electron conduction currents and therefore is
susceptible to Ohmic losses.””'" The inherent lack of
nonradiative loss implies the possibility of near unity radiative
efficiency, which is important in many applications, such as
extracting light from quantum emitters.'” Similar efficiency is
seen in low-index and low-loss materials, such as insulators, Received: December 28, 2022
although this is at the expense of less field confinement, a ReVis_ed‘ February 15, 2023
reduced mode volume, and/or increased particle 51ze21314 Published: February 23, 2023
Alternatively, the notably large refractive index of semi-

conductors can produce a high scattering efficiency with

strong field confinement in a low-index matrix medium.

harmonics can interfere with broadband resonances, resulting
in anomalous highly directional scattering, exhibiting a Fano-
like line shape, termed the Kerker effect.”>** Unlike metals
and insulators,”'***™** indirect bandgap crystalline semi-
conductors can have both strong electric- and magnetic-type
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Figure 1. (a) Schematic diagram of the flow-through nonthermal plasma reactor operating in a constricted filamentary regime. (1) Precursor
injection into the reactor through a side port flange. (2) Low-density diffuse region, where silane dissociation and particle nucleation begin. (3)
High-density filamentary region, where size-selected particles crystallize, mainly due to electron—ion recombination heating mechanism. (4) NP
extraction through the orifice and injection into the deposition chamber toward the substrates. (b) High-speed camera image of the laser light
scattering experiment showing the plasma discharge (violet) and particle trapping zone (green). (c,d) Representative bright-field TEM images of c-
Si NPs with a mean diameter of 112 nm. (e) SAED pattern of randomly selected Si NPs showing the crystallinity of NPs. (f) Select HAADF-STEM
images of a single Si NP after air exposure for 1 day. STEM-EDX elemental maps of Si (red) and O (dark cyan) show a Si core surrounded by a
thin oxide shell. Slight variations in the intensity of O within the NP might be attributed to different lattice defects, including vacancy defects,

present in the c-Si NP.

Mie resonances existing simultaneously in a simple single
subwavelength sphere, under plane-wave illumination.””~>"
Furthermore, higher order electric and magnetic-type Mie
resonances can also exist simultaneously in the subwavelength
particle, since the large particle permittivity shrinks the
effective wavelength within the particle. Crystalline semi-
conductors offer a platform of features desired in many fields of
photonics. In that regard, spherical crystalline silicon (c-Si)
particles are ideal candidates for exploring such effects in the
visible region. Furthermore, c-Si particles may also integrate
well with modern Si-based technologies.

Low-cost and scalable synthesis of highly uniform crystalline
high-index dielectric nanoparticles (NPs), as the building
blocks of metastructures and metafluids, has been a subject of
active research for over a decade; however, producing ideal Si
meta-atoms through bottom-up techniques still remains a
challenge.”” Several fabrication methods have been developed
for the synthesis of Si meta-atoms with different achievement
levels over NP crystallinity, sphericity, purity, and density, as
well as scalability of the technique. Femtosecond laser ablation
of bulk Si donor targets in air or liquid solvents'”****7>* has
been widely used to generate nanodroplets of molten Si that
form into polydisperse spherical NPs upon solidification.
However, the most successful laser-induced methods®*%%’
require complex optical systems and inherently suffer from low
throughput. Gas-phase synthesis techniques enable the
bottom-up production of Si meta-atoms. As one of the most
promising techniques, chemical vapor deposition (CVD) can
produce submicrometer-sized Si particles through decom-
position of disilane or trisilane at elevated temperatures.**~*’
Due to the larger size of the particles, their polycrystallinity,
and lack of tunability over size distribution, CVD-synthesized
particles have higher potential in light-scattering applications
for near-IR rather than the visible spectral range. Recently,
colloidal synthesis of Mie-resonant Si NPs has been
accomplished by grinding Si lumps with a blender into
small-sized NPs*' or thermal disproportionation of SiO
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powder into Si and SiO, before extracting the freestanding c-
Si NPs by etching out the SiO, matrix.*”*’ Despite the
scalability of these techniques, they require several postsyn-
thesis processes, and their Si NPs lack either the ideal size/
shape uniformity or purity.

B PLASMA SYNTHESIS OF SIZE-CONTROLLED
CRYSTALLINE SILICON NANOPARTICLES

Over the past two decades, nonthermal plasma synthesis has
emerged as a competitive technology for the formation of
nanocrystals that are difficult or impossible to synthesize with
other fabrication techniques. Nanocrystals of covalently
bonded group IV elements,"* ™ noble and transition
metals,"” > and compound semiconducting materials>' >
are among the vast library of materials successfully synthesized
by this all-gas-phase method. Nonthermal plasmas have
excellent control over particle size and size distribution
owing to the negative charge of the NPs immersed in the
plasma, preventing particle agglomeration.56 Compared to
their liquid-phase counterparts, nonthermal plasmas also
benefit from a solvent- and ligand-free process, resulting in
highly pure nanocrystals in which the surface passivation could
be controlled via precursor selection®” as well as in-flight
functionalization.”®” By connecting the nonthermal plasma
reactors to an extraction orifice, this single-step deposition
technique enables the scalable collection of crystalline particles
in powder form or as a thin film with tunable film thickness
and porosity.*’

Despite all the promising advances, nonthermal plasmas
have been long limited to synthesis of small crystalline NPs,
typically <10 nm in diameter, due to the short residence time
of NPs in plasma discharges. Bapat et al.”" expanded this limit
to ¢-Si NPs of 35 nm by operating the plasma in a regime in
which NPs were temporarily trapped inside the reactor.
Recently, Wray et al.”> improved this process by optimizing the
plasma conditions, pushing the average particle diameter to 82
nm with a standard deviation of 1.2 nm. In this study, we
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Figure 2. (a) Gaussian-fit particle size distributions, as measured by TEM analysis of hundreds of particles for each sample. Each particle size
distribution is color coded from purple (60 nm) to red (214 nm). The table shows each distribution mean particle diameter, standard deviation,
and percent deviation from the mean value in parentheses. (b) Average diameters of NPs as a function of the gas residence time inside the plasma
reactor. Error bars are the standard deviations obtained from the particle size distribution. (c) Photographs of colloidal dispersions of monodisperse
c-Si NPs in deionized water with NP size increasing from left to right. The cuvettes are illuminated with white light from the bottom. (d) Measured
(solid line) and simulated (dotted line) extinction spectra of particles suspended in deionized water, (e) Representative bright-field TEM images of

¢-Si NPs with mean diameters ranging from 60 to 214 nm.

expand on the previous work on nonthermal plasmas that use
trapping to extend the particle residence time in the reactor
showing that this approach can produce monolithic ¢-Si NPs in
a wide range of diameters exhibiting strong scattering
resonance with extinction peaks covering the entire visible
range.

Hydrogen-terminated c¢-Si NPs supporting the OMRs were
synthesized via decomposition of silane (SiH,) in a flow-
through tube plasma reactor diagrammed in Figure la and
described in detail in the Supporting Information. The
precursor dissociation and particle nucleation and growth
begin in a low-density diffuse plasma region upstream of the
radiofrequency (RF) electrode. In this region, NPs are
temporarily trapped and grow until they reach a critical size.
To verify this trapping mechanism, a laser light scattering
experiment was performed by shining a sheet of laser light at 4
= 532 nm through the top of the reactor for in situ detection of
trapped NPs. Figure 1b shows an image of the discharge during
normal operation taken with a high-speed camera. A strong
green scattering signal is observed a few centimeters above the
RF electrode close to the tube wall representing a high
concentration of NPs at this location. We define this region as
the trapping zone. Once the desired NP size is reached, which
is controlled by the gas flow rates as well as other plasma
conditions, NPs are detrapped and enter the high-density
plasma region downstream of the electrode. Due to the high
power density in this region, the plasma is contracted into a
rotating filamentary discharge channel based on a thermal-
ionization instability.”' At this stage of the reactor, the NP
temperature exceeds the gas temperature by several hundreds
of Kelvins, mainly due to electron—ion recombination at the
particle surface, resulting in crystallization of the NPs.*"%* The
high power density in the constricted plasma region is required
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for the formation of monolithic ¢c-Si NPs because operation in
a lower power diffuse regime was found to produce NPs with
inferior crystallinity and morphology.

Figure 1lc shows a bright-field transmission electron
microscopy (TEM) image of a NP sample with a mean
diameter of 112 nm. The NPs are highly uniform and spherical
with minimal defects. The difference in apparent contrast of
different NPs is due to the alignment of their crystallographic
zone axis with respect to the electron beam, with NPs aligned
with the electron beam appearing darker. The contrast
difference in individual NPs, exhibiting a darker “core” and a
brighter “shell”, might be attributed to crystallographic defects
present in their lattice. High-resolution TEM analysis has been
performed to verify that NPs are fully crystalline up to the few
nm thick surface oxide layer. Figure 1d shows the TEM image
of a typical NP to better emphasize the nearly complete
spherical shape. The crystallinity of the NPs is further verified
by the selected area electron diffraction (SAED) pattern shown
in Figure le. Even though the focus of this article is on c¢-Si
NPs, we also show the versatility of the nonthermal plasma
technique by synthesizing germanium and silicon—germanium
NPs in a similar size regime. Therefore, we show that by only
changing the precursor gases flowing into the reactor we can
easily switch to synthesizing other dielectrics and even their
alloys (refer to the Supporting Information for more details).

Figure 2a shows six distinctly controlled c-Si NP size
distributions produced using the nonthermal plasma reactor in
Figure la. With mean diameters ranging from 60 to 214 nm,
these distributions represent an over 2-fold size range
produced simply by varying the gas residence time in the
plasma discharge. The standard deviation of all samples is less
than 5.4% of their respective mean diameters, indicating nearly
monodispersed samples. Prior studies have shown that the NP
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size correlates linearly with the particle residence time for
plasma reactors operating in the diffuse regime.” The particle
residence time includes two factors: (1) the time it takes for
particles to travel the length of the reactor (ie., the gas
residence time) and (2) the time particles remain in the
trapping zone. While the gas residence time can be easily
determined, estimation of the particle trapping time requires
intricate experimental methods capable of detecting individual
particles in the reactor. Interestingly, recent Monte Carlo
simulations of particle trapping for sub-10 nm NPs have shown
that even though considering particle trapping in the reactor
results in the synthesis of particles with larger sizes than the no
trapping assumption, the average NP size is still linearly
dependent on the gas residence time.”* In Figure 2b, we
experimentally validate this result by controlling the NP
diameter in the plasma reactor via adjustment of the gas
residence time. Furthermore, we show the linear relation to gas
residence time holds even for particle sizes over 10X the prior
studies by Monte Carlo. Therefore, NP sizes can be simply and
linearly controlled in a wide size regime, despite the complex
force balance in dusty plasmas. The gas residence time is
ch
hQ
the standard pressure, Q the total gas flow rate, A, the cross-
sectional area, and L, the length of the plasma. In Figure 2b we
tuned this time between 2.2 and 7.2 s by adjusting the Ar flow
rate and the orifice size while all other experimental conditions,
including the silane flow rate, tube size, electrode position, and
RF power, were fixed. All experimental conditions used in this
study are summarized in Supporting Information Table S1.

defined as t,,, =

, where P is the pressure of the reactor, P,

B OPTICAL EXTINCTION MEASUREMENTS OF
SILICON NANOPARTICLE METAFLUIDS

The H-terminated NPs undergo a self-limiting oxidation
process upon exposure to air at ambient conditions resulting
in the formation of a thin (<S nm) oxide shell on the surface of
the c-Si NPs.”>°® This is seen in the high-angle annular dark-
field scanning transmission electron microscope (HAADF-
STEM) images shown in Figure 1f. By dispersing the NPs in
deionized (DI) water and sonicating the solution for 15 min,
homogenized colloidal solutions are obtained. Figure 2c shows
representative c-Si NPs suspended in a DI water solution
under white light illumination. The samples, also termed
metafluids, show a clear change in color across the visible
spectrum, indicating that the size control is sufficient to
produce strong and distinct Mie-resonant scattering through-
out the visible. The oxide layer on the ¢-Si NPs is too thin to
noticeably alter the resonant modes of the NPs, especially
given the low index contrast between water and SiO,. With
that said, the native oxide layer at the NP surfaces does provide
a negative surface charge,41 which hinders NP agglomeration
in the colloidal solution.

To better characterize the unique scattering states of these
NP solutions, Figure 2d shows the results of optical extinction
measurements with the simulated extinction spectra overlaid.
The simulated spectra, obtained through Mie theory, are based
on the measured diameter distribution in Figure 2a and keep
the same color convention, 60 (purple) to 214 nm (red). Apart
from the 214 nm sample, we see excellent agreement between
measurement and theoretical predictions in both the spectral
shape and strength of the extinction. This further validates
what was found in the single particle characterization in Figure
1: the nonthermal plasma process can produce, with high

1933

accuracy and specificity, pristine c-Si particles with a nearly
complete circular morphology. Size variations produced by this
technique are small enough that the scattering response closely
mimics that of a monodisperse particle solution (a comparison
to theoretical predictions that assume a delta function particle
size distribution is shown in Supporting Information). All
curves are normalized as e/max(e), with e denoting the
extinction, so that any potential differences in either the
spectral shape or oscillator strength between measurement and
theory are preserved. Therefore, the striking spectral match for
sizes between 60—154 nm is not simply a result of normalizing
to artificially match resonance peaks but a result of
experimentally approaching near exact theoretical predictions.
Both the procedure for measuring the extinction spectra and
comparing measurements to simulation are described in the
Supporting Information.

Figure 2e shows representative TEM images of all samples
with mean diameters ranging from 60 to 214 nm. All samples
are highly monodispersed, nearly completely spherical, and,
apart from the 214 nm mean diameter sample which shows
porous NPs, composed of fully dense c-Si. The reason behind
the porosity of the NPs in the 214 nm sample is still not well
understood; however, we believe that it could be due to
smaller temperature variations in larger NPs within the plasma
discharge. Such temperature variations, during both the
heating and cooling processes, are necessary for the formation
of single-crystalline, highly dense spherical NPs.**” Once
dispersed in water, the pores of the 214 nm NPs are filled with
water, which has a lower refractive index than Si, resulting in a
reduction in the effective refractive index of the NPs.
Therefore, in Figure 2d we model these water inclusions in
simulation as a Bruggeman effective index and find a 20% fill
fraction of water in c-Si to best fit the experimental data. All
other simulated spectra assumed pure c-Si particles. More
detail on the 214 nm mean diameter sample is shown in the
Supporting Information.

Given the strong agreement between measurement and
simulation, Figure 3 (left) takes the theoretical extinction
spectra based on the measured diameter distribution and
decomposes them into scattering and absorption contributions.
In all cases, a strong OMR is observed. In particles around 60
nm in diameter a magnetic dipole resonance occurs at a
wavelength of 375 nm. This contributes primarily to
absorption-dominated spectra as this wavelength is below the
visible spectrum (380—800 nm) and within the lossy region of
silicon. Even in a region of appreciable loss, the large real
refractive index of c-Si enables the existence of OMRs. As
particle size increases, both the electric and magnetic-type
harmonics red-shift and the extinction spectra become
scattering dominated. Correspondingly, the radiative efficiency
increases. Figure 3 (right) shows the radiative efficiency of
each particle distribution. In each case, the average scattering
efficiency for the spectral range starting from the peak of the
electric dipole resonance to the end of the visible spectrum is
reported, with minimum and maximum values shown in
parentheses. The results show efficiencies approaching 99%,
even though particles are clearly strongly interacting.

According to the Mie theory, the total scattering efliciency

. . E _ 1 E 2
can be decomposed into electric (O—sca = an e, Il ) and

M _

magnetic-type <asca =
¢t and ¢! are the electric and magnetic-type Mie coefficients of

1 M2 . L
= 2 el ) partial efficiencies, where
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Figure 3. (Left) Simulated extinction (solid line), scattering (dotted
line), and absorption (dashed line) efficiency for all particle size
distributions that are shown in Figure 2a. (Right) Wavelength-
resolved radiative efficiency for each particle size distribution. In both
figures, all curves are color coded by mean particle size, according to
the size convention in Figure 2a. The average, maximum, and
minimum radiative efficiencies for each distribution are reported
directly below the respective radiative efficiency curve in the right
figure. These values are calculated in the spectral window, starting
from the electric dipole resonance to the end of the visible spectra.

polar order, n, and x = 27r/4 is the size parameter of a particle
with radius, r, at wavelength A. The total efficiency is then o,

= oL, + o'.. The right column of Figure 4 decomposes the
scattering efficiency spectra from Figure 3 into electric and
magnetic type partial efficiencies to determine the fundamental
atomlike oscillations that give rise to the scattering behavior.
From this, we find that all particle sizes support a strong
magnetic dipole resonance. Furthermore, particle sizes larger
than 150 nm also support electric and magnetic quadrupoles
resulting from the large and relatively lossless permittivity of c-
Si. The magnetic dipole resonances are shown to spectrally
intersect with the tail of the electric dipole response, a
precursor to achieving Kerker scattering. To better understand
the potential for anomalous directional scattering, the left
column of Figure 4 decomposes the scattering spectra into a
basis of directional Kerker harmonics. For spherically
symmetric objects under Elane wave illumination the forward
(cf) and backward (c}) directional Kerker scattering

coeflicients are related to the Mie scattering coeflicients
(=), M _ .E
the o = (¢, —ic,) and

—%(cf’f + ic"). The expansion into Kerker scattering

transforms

through

coefficients simplifies the understanding of directional
scattering. Some of the advantages the Kerker expansion
provides include weak coupling between forward- and
backward-type harmonics, clear notions of directionality and
side lobes for each harmonic, and interference between the
same type harmonics relating to changes in directivity. A
detailed description of the Kerker harmonics is currently under
review and will be published elsewhere. Under the Kerker
expansion, the scattered intensity in the exact forward

2
direction, I(6 = 0) = é IIZn J@n+1 c,{ll is dependent
only on the forward Kerker coeflicients, where Z is the

impedance of the host media. Likewise, the intensity in the
exact backward direction,
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Figure 4. (Left) Decomposition of simulated scattering efficiency in
terms of first (black) and second order (teal) forward (solid-dot line)
and first (brown) and second order (pink) backward (dashed line)
directional Kerker harmonics. (Right) Decomposition of simulated
scattering efficiency in terms of first (black) and second order (teal)
electric (solid-double dot line) and first (brown) and second order
(pink) magnetic-type (dotted line) Mie harmonics. In both figures,
the scattering spectra of each particle size distribution are color coded
according to Figure 2.

I0=rx) = # Y, V@n+1) cfllz, depends only on the

backward Kerker coefficients. Furthermore, the total scattering
efficiency can be decomposed into forward and backward

= ol + o, where o/ ——lecfll and

partial powers, -~ o o
== Z Il cf II". The left column of Figure 4 shows that in

Gsca

GSCQ

all size dlstrlbutlons there exists a spectral region characterized
by anomalous directional scattering. The region near the
lowest energy electric and magnetic dipole crossing shows
suppressed backward coefficients and strong forward Kerker
peaks. The middle electric and magnetic crossing point shows
the peak in the first order backward scattering coefficient. In
both the 60 and 80 nm average diameter samples we see a clear
region of dominant backward Kerker coeflicients, indicating
anomalous backward scattering in these samples. Second-order
Kerker coefficients are also seen in particle sizes larger than
150 nm.
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B SUMMARY

We have demonstrated the bottom-up synthesis of highly
spherical pure crystalline silicon nanoparticles in the optically
Mie-resonant regime using nonthermal plasmas. Particle mean
diameter is controlled between 60 and 214 nm, and all samples
have shown extremely narrow size distributions of less than
5.4% of their respective mean diameters. Nanoparticle size is
shown to have a linear relationship with the total gas residence
time in the reactor. Optical extinction measurements of NPs in
water show excellent agreement with Mie theory predictions,
further verifying pristine control in particle shape and material
quality. Furthermore, extinction measurements show these
particles exhibit both electric- and magnetic-type Mie
resonances in the visible regime, giving rise to anomalous
highly directional Kerker scattering. A strong magnetic dipole
is seen in all samples. This is only possible due to the high
degree of crystallinity of the particles, which allows for strong
circular currents to exist within each particle. At present,
particles with 214 nm diameter or greater exhibit a porous
structure. We believe it is possible to improve the quality of
these particles by optimizing the plasma conditions. Finally, we
have demonstrated that this single-step synthesis technique can
be extended to other dielectric materials by simply changing
the precursor gases flowing into the reactor.
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