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Abstract

The HelixJet, a plasma source operating under atmospheric pressure with RF
power, was used for the synthesis of silicon nanoparticles (Si-NPs) in the
context of relevance in nanomedicine, sensor technology, and nano-
technology. The HelixJet was operated with a variety of He/Ar/H,/SiH, gas
mixtures to characterize the Si-NPs in regard to their size, crystallinity,
structure, and photoluminescence. Distinct varieties of nanomaterials in the
size range from 3nm to over 100 nm were synthesized depending on the
operation parameters of the HelixJet. Admixture of H, alongside high RF
powers led to the formation of crystalline nanoparticles with a strong
photoluminescence intensity, where the photoluminescence properties as well
as the nanocrystal synthesis yield were tunable by adjustment of the synthesis
parameters. Post-synthesis in-flight annealing allowed the formation of large
crystalline nanoparticles. In

addition, the experiments con- glass tube (He/H,)
ducted in this study resulted
in a design improvement of
the HelixJet plasma source
that extends the stability of
the operating range. Further-
more, the added spatial sepa-
ration of the He/H, and He/
Ar/SiH, streams (SiH, injec-
tion on-axis) minimizes mate-
rial deposition within the He-
lixJet and enables continuous

long-term operation.
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1 | INTRODUCTION

Silicon nanoparticles (Si-NPs) represent a class of
nanomaterials that are currently being studied very
intensively since their application in nanotechnology
and in the field of life science opens up surprising
possibilities. For example, Fu et al. published the unique
optical characteristics of spherical Si-Nps.[!! Depending
on the size of the Si-NPs and the wavelength of the
incoming light, the Si-NPs exhibit a direction-dependent
light scattering. This feature is crucial for the production
of new metamaterials and nano-antenna devices. For
light-on-chip technology, the production of defined Si-
NPs with the required shape and size is absolutely
essential. The current technology uses complex vacuum
reactors for this.”?! Precise and efficient production of Si-
NPs at atmospheric pressure would thus be a
breakthrough.

Another use of optically active nanomaterials is their
in vivo application for diagnostic and therapeutic
purposes. These nanomaterials have to meet many
important requirements such as being nontoxic and not
triggering undesirable metabolic reactions. They should
be broken down systematically in a short time and not
accumulate in the body. In this context, Park et al. 2009
published a study that points to the relevance of porous
silicon nanoparticles as a drug carrier, which has not yet
been explored sufficiently.[3] Their fundamental diagnos-
tic properties are near-IR photoluminescence, which
allows monitoring of both their accumulation and
degradation in vivo.

Moreover, a special subclass of Si-NPs is silicon
nanocrystals (Si-NCs) with diameters below 10 nm. The
quantum confinement effects result in a changed band
structure and direct band-gap behavior with the band gap
being controlled by the nanoparticle size and its
passivation. Si-NCs are investigated since the 1990s with
increasing interest due to their potential exciting
applications in the microelectronic, photonic, photo-
voltaic, and nanobiotech industries. Low-pressure
plasmas have been used as the method of choice for
nanocrystal generation due to a very good size control
with narrow size distributions and the ability of surface
passivation.[S] This is maintained by the nonequilibrium
nature of the low-pressure plasmas, where a negative
nanoparticle charge prevents their agglomeration and
where selective heating due to surface recombination
processes promotes particle crystallization even under
conditions with low gas temperature.!®!

Atmospheric pressure nonequilibrium plasmas have
been investigated as alternative sources for the synthesis
of Si-NCs as well.”"'* The advantages of this technology
are the operation without vacuum equipment which

opens up modular configuration options in situ or the
combination with other systems. In particular, the
particle extraction and connection to a scanning mobility
particle sizer (SMPS) are very easy and allow for
qualitative improvements in technology regarding the
control of particle size distribution. However, the
disadvantages include low particle yields, low efficiency,
clogging of plasma nozzles, and thus limited stability and
reproducibility of the process.

The above examples show the urgency of the Si-NP
studies with regard to their controlled efficient produc-
tion resulting in a defined shape, size, and optical
activity. For this study, we decided to investigate the
synthesis of Si-NPs and Si-NCs by means of a plasma jet
introduced by Schifer et al. in 2020 as the HelixJet,
which is operated at atmospheric pressure by RF
power.'?! The HelixJet has demonstrated surprising
versatility in recent applications due to its unusual
properties compared to other plasma nozzles. This is
mainly based on the radial homogeneity of its plasma
across and along the discharge space, where other
sources of atmospheric plasma contract into a filamen-
tary structure. In HelixJet, filaments are not formed, even
in a tube with a diameter of 1cm. In addition, it is a
source that is economical in terms of gas consumption.
These properties have been advantageously used for the
defined treatment of plastic microparticles used for 3D
printing or for the synthesis of stoichiometrically pure
silica as corrosion protection.'>!3!

2 | EXPERIMENTAL SETUP AND
DIAGNOSTICS

21 | HelixJet

The so-called HelixJet is a plasma jet with a double-helix
electrode configuration (see Figure 1a). The design of the
HelixJet was inspired by the investigations on self-
organization phenomena in the plasma jet named
ntAPPJ.'* It could be shown previously that filaments
tend to self-assemble. They form equidistant groups and,
under certain conditions, are able to rotate at high
speeds."® During filament rotation (locked mode),
filaments are twisted spirally while the inclination
correlates with the radial velocity. The HelixJet was
designed in a way that the electric field lines match the
tilt of filaments in the original self-organized jet. Hence,
the stable and uniform conditions of the plasma
generated by the HelixJet can be explained by the
synergy between self-organization mechanisms and the
optimal spiral arrangement of the double-helix electro-
des. The electrodes are placed around a 22 cm long quartz
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FIGURE 1 Side-view images of the HelixJet without plasma (a) and with a pure helium plasma at various powers (b). Increasing the
applied power enables the jet to be operated at its full length. The front view taken with a telecentric lens (c) and the corresponding intensity

profile (d) of a plasma emission with 5 ppm silane concentration.

glass tube with an inner diameter of 8mm and a wall
thickness of 1mm. One of the helix electrodes is
grounded, while the other one is driven by a 13.56 MHz
generator with impedance matching. Powers entering the
matchbox are measured with a Z-Scan RF measurement
probe (advanced energy). Measured powers range from
20 to 230 W with corresponding peak-to-peak-voltages
between 400 and 700 V.

In general, the HelixJet can be operated in noble
gases with admixtures of molecular gases or particles.
Here, the plasma has been generated in helium at flows
as low as 100 standard cubic centimeters per minute
(sccm) and with small admixtures of SiH, as a precursor.
During its operation, the jet is always cooled with a
constant flow of compressed air to ensure uniform and
reproducible behavior. An example of the HelixJet's
discharge is shown in Figure 1b. This side view shows
how the discharge is able to fill the whole volume in
between the electrodes when the power is increased.
Figure 1c,d shows a front image taken with a telecentric
lens and a Basler acA1440 camera and the corresponding
light emission intensity profile at an admixture of 5 ppm,
respectively. The radial profile of the emitted radiation
shows increased intensity towards the walls of the jet,
which is the typical behavior of an atmospheric plasma

operated in y-mode as described in Yang et al.lel Apart
from this, the intensity profile shows spatial homogene-
ity, which has a significant effect on the efficiency of the
process in the tube. The resulting plasma density is
expected to be homogeneous across the tube as presented
for example in Shi et al.l'”l Based on a comparison with
the published results in an argon discharge at a time
resolution of ns,'? it can be assumed that even at the
conditions here, the discharge is quasi-stationary without
any visible modulations.

2.1.1 | HelixJet modifications

The particle yield at atmospheric pressure is low when
working with small reactive gas admixtures. For most
analytical methods and applications it is crucial to have a
sufficient amount of nanoparticles collected in a short
time. To achieve this, the admixture of silane has to be
increased. However, when the HelixJet is operated with a
large admixture of strongly electronegative silane, the
discharge becomes unstable. This can be observed over
the extension of the discharge which is not filling the
whole interelectrode volume anymore and gets shorter
(as it is seen for the helium case and low power operation
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FIGURE 2 CAD-sketch of the modified HelixJet (top) and
depiction of the actual experiment (bottom). Additionally to the
helix-shaped electrodes, a grounded tantalum electrode (blue) has
been inserted into the quartz glass tube. It is placed in close
proximity to the driven electrode (red). The gas inlet has been
altered to a configuration, where the silane is injected on-axis to
reduce deposition on the tube's inner wall.

in Figure 1) or extinguishes completely. This effect can
be counteracted by increasing the applied power until the
discharge is filling the whole volume again, but this
power is limited in our case. Additionally, powers
exceeding 230 W have been causing overheating of the
electrodes. The original HelixJet setup has been, there-
fore, modified with an additional electrode inserted into
the glass tube and with the on-axis injection of the
reactive gas as shown in Figure 2.

The additional grounded electrode is cut at the same
angle as the helices and is positioned in close proximity to
the driven RF-helix-electrode. With these modifications, a
plasma is easily ignited in the large electric field at this
additional grounded electrode. The absence of silane in this
region (see later) prevents any deposition here. This
additional plasma provides ions, electrons, and high-energy
photons that facilitate the ignition and operation of the
regular plasma inside the HelixJet. Tantalum was chosen as
a material for this second electrode due to its lower vapor
pressure at elevated temperatures.'®! The second modifica-
tion is concerning gas injection. With the previous model, all
gases (reactive and noble) were premixed and then fed into
the plasma. The on-axis gas injection approach splits the gas
injection into an outer and inner flow. Noble gases and
hydrogen can be fed through the outer flow whereas the
silane diluted in noble gas is fed through the ceramic tube on
the jet's axis. The ceramic tube has a diameter of 4 mm and a
wall thickness of 0.7 mm. This approach limits the contact of
the high-density plasma at the quartz glass tube inner wall
with silane and thus reduces thin film deposition there. The
position of the inner capillary is adjusted in a way that injects

the silane downstream of the additional grounded electrode
to prevent particle formation or material deposition there.
The evidence of the spatially separated gas injections can be
seen at the bottom right of Figure 2. The first plasma
consisting of only the carrier gas helium is emitting in
orange, while the following plasma contains the additional
admixture of 0.01% silane diluted in argon and is therefore
glowing in the typical violet argon color. These measures
result in an even longer lifetime of the HelixJet (half a year
and counting) compared to a premixed gas injection
(deposition visible after a day) due to further elimination
of material deposition inside the jet.

22 | SMPS

SMPS can be used to measure size distribution functions
from a polydisperse stream of submicrometer particles
down to diameters approaching 1 nm. The SMPS used in
this paper was a TSI Universal-SMPS (Model 3938).
Particles exiting the HelixJet pass through an aerosol
neutralizer, where a known charge distribution is
established according to Wiedensohler et al.'® The
particles are then fed into the differential mobility
analyzer (DMA). In this paper, two different DMAs were
used. The 1-nm-DMA (Model 3086) was used for well-
resolved classification of particles between 1 and 50 nm.
The Long DMA (Model 3081A) was used for particle
sizes up to 1000 nm. Both models consist of two aligned
cylindrical electrodes with respective radii # and r, and
length L. The inner cylinder is charged positively. Only
particles of a certain electric mobility u can pass the
DMA and reach its outlet for a set voltage Uppya -

Upya = ———=, €y

where Q describes the gas volume flow. Under the
assumption of spherical particles, the particle diameter d
and electric mobility u are correlated by Stokes' Law.

_ neC

where n is the number of elementary charges on the
particle, e the elementary charge,  the dynamic gas
viscosity, and C the Cunningham slip correction, which
can be found in Kim et al.”®’ A condensation particle
counter (CPC) can be positioned downstream of the
DMA. Particles leaving the DMA pass through a chamber
saturated with n-butyl alcohol. The vapor condensates on
each particle making them increase in size until they can
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be detected by an opacity meter. When working with the
SMPS, a transfer function for diffusion losses of particles
in the flow path within the SMPS was used, which is
especially important when particles below 100nm are
sized. With the setup described, the SMPS is not only
limited to measuring particle size distribution functions
but it can also be used to select the particle size on
demand. By applying a certain voltage Upya, only
particles with a certain diameter (certain mobility) can
pass the device and can then be collected behind it. We
stress here that this selection of particle size “on
demand” can currently be realized with high flexibility
and accuracy only with atmospheric plasma sources
providing an additional argument for their further
development and characterization.

2.3 | Electron microscopy

Direct investigation of particle sizes, crystal structure, and
chemical composition was performed by transmission
electron microscopy (TEM) as well as scanning electron
microscopy (SEM). The TEM used in this paper was an FEI
Tecnai F30 G* STwin operated at 300kV. Scanning electron
microscopy measurements were conducted on a ZEISS
Sigma 300 Field emission SEM operated at 30kV. TEM
samples were either obtained by placing TEM Cu grids with
a lacey carbon carrier film (Plano GmbH) below the output
of the jet or by gentle pressing of the grid onto a particle-
coated Si wafer in the case of fluorescent nanoparticles. The
crystallographic phase of the synthesizes material is
investigated both by high-resolution TEM (HRTEM) as well
as selected area electron diffraction (SAED). TEM energy
dispersive X-ray spectroscopy (EDXS) is used to analyze the
chemical composition. The Z-contrast of high-angle annular
dark field (HAADF) scanning TEM (STEM) is used to
identify whether single particles or clusters of particles were
synthesized for a given set of parameters.

2.4 | Steady-state and time-resolved
photoluminescence spectroscopy

A thorough description of the system for steady-state
photoluminescence (PL) spectroscopy as well as the one
for time-resolved measurements can be found in
Galdf et al?!! In brief, the spectra of the silicon nanocrystals
were collected using a Shamrock 300i (Andor, Oxford
Instruments) spectrograph coupled with an EMCCD camera
(Newton 970, Andor, Oxford Instruments). The nanoparti-
cles were collected on silicon wafers and those samples were
excited using a continuous laser beam at 325 nm generated
by a HeCd laser. The initial laser intensity (~2.8 mW) was
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reduced to ~0.5mW by ND filters to eliminate potential
surface modification of the nanocrystals. The measurements
were realized at ambient conditions and the resulting spectra
were corrected to the spectral sensitivity of the whole system.
The laser pulses exciting the samples in the time-resolved
setup were generated using a laser cascade composed of a
femtosecond Pharos SP (light conversion) laser and a HiRo
(light conversion) harmonic generator. The original IR
pulses (1030nm, 1kHz repetition rate) were converted by
HiRo into ones of 343nm. The output pulse intensity was
decreased to about 60 uJcm—2 which corresponds to about
104 photons per square centimeter. The resulting PL signal
was collected using a streak camera (Hamamatsu) coupled
with an imaging spectrometer. As a proof of minimal
modification of the samples during measurements, the
spectra of each sample were collected two times and the data
were accepted only in case that both measurements were
matching. The data were processed and analyzed using a
procedure published in Ktisova and Popelat.”?! Here the
influence of a finite pulse duration on the PL decays was
eliminated using deconvoluted data. The signal-to-noise ratio
was increased by integration over four spectral neighboring
decays. The onset was determined using a single exponential
fit. Afterward, the decays were fitted precisely by a stretched-
exponential function.

T AT

where 7 is the time constant and § is the stretching
exponent. This function describes the superposition of
exponential functions which, because of the size
distribution of nanocrystals, commonly describes
exciton-related PL decays of silicon nanocrystals well.

The final average decay time at a specific wavelength
was obtained using:

2
r(m)

) = —"L ). @
r(m

3 | RESULTS AND DISCUSSION

3.1 | Standard helix jet

This section covers the results obtained with the
unmodified standard HelixJet. It has been operated at
an overall flow of 800 to 2000 sccm, which results in a
residence time of the particles in the plasma between 200
and 600ms. The noble carrier gas is helium, and the
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reactive gas for particle production is 0.01% silane diluted
in argon, meaning that the amount of argon in the gas
mixture is changing with the silane admixture. Silane
concentrations are given in ppm and hydrogen concen-
trations in %.

The particle production and particle properties have
been studied through various analytical methods. The
SMPS has been used to analyze the mean particle
diameter of the nanoparticles that are synthesized with
the HelixJet at different concentrations of silane (see
Figure 3). For a constant overall flow of 1000sccm, the
silane concentration has been adjusted between 1 and
36 ppm for a constant power of 125 W. This has led to the
synthesis of nanoparticles in the range of 10nm up to
100 nm. To synthesize nanoparticles below 10 nm, the gas
flow of the carrier gas helium was increased at a constant
flow of silane. This reduced the particle diameter as seen
in the inset in Figure 3.

The nanoparticles synthesized in the HelixJet have
been analyzed with SEM measurements. To decrease the
amount of collected particles for microscopy meth-
ods, one particle diameter is selected from the distribu-
tion function using the DMA voltage. The particles have
been collected on a holey carbon TEM grid. It is found,
that for increased silane concentrations, smaller nano-
particles agglomerate to bigger ones and are detected by
the SMPS as such. Here, only an effective aerodynamic
diameter of the agglomerate is measured by the SMPS
based on the drift properties of the agglomerate. This is
demonstrated in Figure 4, where preselecting nanopar-
ticles with a diameter of 50nm in the SMPS (remember
they are assumed to be spherical particles to calculate

1001 gas flow 1 sim

£
= 80 g “
..9 -~ 0.7 ppm
0] L = SiH,
% 60 é
= 0.35 ppm,
o & o i
o 40f © SiH
S 2
% 20 € 0 Ar/SiH, flow constant

F ©
< 1 ppm SiH, . 1 1.5 2

0 pem =T He flow / sim
0 10 20 30 40

SiH4 concentration / ppm

FIGURE 3 Dependence of mean particle diameter on silane
concentration as measured with SMPS for the total gas flow of 1000
sccm and a power of 125 W. Inset: Dependence of mean particle
diameter on helium flow. Increasing the helium flow decreases the
SiH, concentration while the Ar/SiH, flow is constant during the
measurements.

‘

FIGURE 4 SEM image of amorphous silicon nanoparticle
agglomerates generated at 33 ppm silane admixture and

125 W collected on a holey carbon TEM grid. The particle diameter
was pre-selected by the SMPS to be 50 nm. SEM, scanning electron
microscopy.

their mobility) resulted in agglomerates composed of
several tens of roughly 10 nm large particles.

3.1.1 | Annealing stage results

By introducing an annealing stage in the form of a muftle
furnace, the initially synthesized agglomerates (as shown
in Figure 4) could be fused into smaller crystalline
particles with the measured mean diameters correspond-
ing to the real diameter. To achieve this, the particles are
led through the furnace (1100°C) in stainless steel tubing.
The path through the oven is 2m long which results in a
“time of flight” of around 9s in the oven. Figure 5 shows
four different size distribution functions that have been
measured with the SMPS. The dashed lines belong to a
SiH, concentration of 13ppm. At room temperature
(blue) this concentration produces particles with an
effective measured mean diameter 10nm. After being
treated in the annealing stage, the mean diameter
reduces to 6nm as it can be seen in the red curve. An
even more significant change in diameters through the
introduction of the annealing stage is observed for an
increased concentration of 36 ppm (solid lines). Here the
mean particle diameter decreases from 90nm mean
diameter at room temperature (blue) to 40nm mean
diameter (red) after passing the annealing stage. The
resulting particles of this adapted synthesis process have
the real size corresponding to their aerodynamic size as
seen in Figure 6a and are fully crystalline with a thin
amorphous shell as seen from HRTEM in the inset of the
same figure.
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These annealed nanoparticles are fully crystalline, yet
often consist of multiple crystallites as seen from the
moiré pattern in Figure 6a. The nanoparticles synthe-
sized in this manner have relatively wide size distribu-
tions up to 100nm in diameter and even mono-
crystalline particles with diameters up to 200nm could
be found. Elemental analysis via EDXS revealed a
stoichiometry of 41atm% Si, 29 atm% Mn, and 26 atm%
O. Traces of Cr could be detected as well. Due to the close
proximity of the Mn-L and O-K lines, it is likely, that the
amount of oxygen is overestimated in the EDXS
quantification. A non-negligible amount of manganese
alongside traces of chromium is a consequence of the

7
12 x10 i . .
——36ppm, 20°C
10F ——36ppm, 1100°C|-
=-==-13ppm, 20°C
8 =-=--13ppm, 1100°C|]

dN/dlogDp / (#/cm?®)
N o))
L -

N

o

20 40 60 80 100 120
particle diameter / nm

FIGURE 5 Size distribution functions for two different silane
concentrations. Each measured after the annealing stage first at
room temperature 20°C and second at 1100°C. Total gas

flow 800 sccm.
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manganese and chromium in the stainless steel alloy of
the tubing in the annealing stage. Manganese has a
relatively high vapor pressure compared to other metals,
so it is released from the metal earlier than other
components of the alloy. Together with the high
annealing temperatures exceeding 1000°C it is present
in the annealing stage and gets incorporated into the
particles. Using another alloy can lead to the formation of
different silicides or ceramic/glass tubing could be used
to avoid silicide formation at all.

Analysis of the crystallographic phase of the particles
via electron diffraction reveals that Mn,Si;, as well as
MnSi, are the dominant phases, (see Figure 6b). Distinct
reflections originating from each phase only show that
particles of both phases are synthesized simultaneously.
A small amount of crystalline Si material is present as
well, as indicated by the weak 111 reflection of Si.
Particles of both phases have been identified from
HRTEM and fast Fourier transform (FFT) analysis.
Looking at the overall stoichiometry determined via
EDXS a phase mixture of Mn,Si; and MnSi is in good
agreement with the ratio of Mn to Si obtained from EDXS
quantification. The particles are stable in air and no
effects of oxidation have been observed when investigat-
ing samples again several weeks after their synthesis
even after having been stored in ambient conditions for a
prolonged time. HRTEM shows an amorphous layer
around the particles (Figure 6a). It is likely that this layer
is made up of silicon and/or manganese oxide and it
prevents further oxidation of the particle cores. The short
time of flight of roughly 9s (see Section 3.1.1) is highly
likely not sufficient for the crystallites in the particles to

—— rotational average
- - MI"I4I5I7
ile  —= MnSi e
—

————--------034

I, Luial i \s4driidi Iili|iii:i|; '

0.4 0.6 0.8 1.0 1.2 1.4 1.6
d/ (1/4)

FIGURE 6 TEM micrograph (a) of crystalline nanoparticles of various sizes synthesized with identical plasma parameters as in Figure 4
with the addition of an annealing stage at 1100°C with the inset showing an HRTEM micrograph of a 20 nm particle. (b) SAED pattern and
the corresponding rotational average of a large number of the particles shown in (a). Rotational average shows that MnSi alloys are

dominant. SAED, selected area electron diffraction; TEM, transmission electron microscopy.
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fully merge. Introducing a longer tubing, and thus a
longer annealing time could enable the synthesis of
single-crystalline particles in the future.

Higher manganese silicides (HMS) such as Mn,Siy,
Mn;Si;,, Mny;Sig, and so on have a direct band gap of
about 0.7eV and show ferromagnetic behavior, which
makes them ideal ferromagnetic semiconductors for
optoelectronic applications. Mn4Si; and other HMS
compounds have been studied for example in Liu
et al.l>! Possible other applications for crystalline silicon
particles on the larger end of the size scale include all-
dielectric nanophotonics.**! Also, quantum emitters
could be coupled to these silicon nanospheres instead
of being coupled to plasmonic (metallic) nanoparticles.
This would result in various advantages, since metals can
normally lead to nonradiative resonances and eventually
quenching, in contrast to dielectric nanoparticles that
could enhance the (spontaneous) emission.”*! Addition-
ally, arrays of these nanoparticles can have photo-crystal
or wave-guiding functionalities.***7)

3.1.2 | Stability diagram

If the particles are not annealed in an oven, crystallinity
can also be achieved by introducing H, to the gas
mixture. Admixing hydrogen enhances the particle
temperature due to selective heating and suppresses
oxidation due to the presence of a small amount of gas
impurities (mainly H,O) in the used gas mixture.'®! Addi-
tionally, hydrogen-related radicals and ions result in
nanoparticle etching, reducing their size. But an
increased hydrogen concentration brings the operation
of the HelixJet to its limits: Due to the higher ionization
energy of hydrogen and much larger concentration of
molecular gas in the mixture, a larger power is needed to
ignite and sustain the discharge. Figure 7 displays the
power P; that is needed to sustain the discharge at the
whole interelectrode volume inside the HelixJet (called
the full discharge further on) at different concentrations
of reactive gases. It can be seen for the unmodified
HelixJet that the power needed for a stable full discharge
operation increases with increasing silane concentration.
Without hydrogen admixture, up to 160 W is needed to
generate the full discharge at the highest silane
concentration used. Adding hydrogen, P, further
increases to values of up to 200W even for small
concentrations of silane. The jet can not be safely
operated with hydrogen at silane concentrations above
15ppm. These instabilities result in limited flexibility
since small changes in gas composition or other plasma
parameters can lead to unstable plasma. Running the jet
at these high powers would also result in the heating of

250 F '
“m-0%
- ®-1.25%
200} e 2.5%
P - § - 4 -2.5%; modified
b ‘—.____..
= 1s0}e® I
= e
100f M
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FIGURE 7 Stability diagram showing the minimal power Pt
that is needed to ignite the full discharge dependent on the
different concentrations of silane. This is shown for different
H, concentrations and for the modified version of the HelixJet.

all jet components including the generator and match-
box. When collecting particles, the jet has to be operated
for a prolonged time and an elevated temperature of
those components (which can not be compensated by
simple air cooling anymore) can potentially reduce their
reliability.

3.2 | Modified HelixJet

Modifications of the original HelixJet have been,
therefore, introduced to improve the stability and range
of its operation. The purple rhombus symbols in Figure 7
demonstrate, that the jet can now be operated stably at
high hydrogen and silane concentrations while only
using one-fourth of the power (55W). The particle
production with the modified version of the jet and their
properties can be discussed now.

3.3 | SMPS results

3.3.1 | H, Admixture

Figure 8 shows the dependency of the effective mean
particle diameter as determined with SMPS for different
concentrations of hydrogen and silane at a fixed power of
145W. When using no hydrogen (blue triangles) the
particle size increases steeply until a concentration of
Sppm followed up by a slower linear increase with
increasing silane concentration. With this, a particle size
of 80 nm can be achieved for a concentration of 25 ppm.
Again, it is not expected to be the size of a single particle,
but rather an effective diameter of an agglomerate of
smaller particles as discussed above for the case of the
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FIGURE 8 Particle mean diameter as measured with SMPS for
different concentrations of silane and hydrogen at a fixed power of
145W and an overall flow of 800 sccm.

standard HelixJet. Error bars have been determined from
the FWHM of the fitted lognormal distribution of the size
distribution function. For a better overview, only error
bars for 0% and 1.25% hydrogen admixture are shown.
The error bars of all curves with hydrogen are similar.
When adding hydrogen to the gas mixture, the
effective mean particle size decreases. This is due to the
interaction of atomic and molecular hydrogen with the
particles leading to their partial etching as has been
observed for silicon films in Nguyen et al.!**?! Addition-
ally, the presence of hydrogen will contribute to the
reduction of oxygen from the surface and hence
compensate for the effect of impurities (O,, H,0) in the
gas mixture. The enhanced selective heating, oxygen
removal and hydrogen passivation of defects will
improve the nanoparticle properties with respect to
crystallinity and stability against post-oxidation. Overall
the reduction of the effective diameter of the particle
agglomerates is only weakly dependent on the H, con-
centration within the used range of 0.125%-2.5%.

3.3.2 | Effect of power

Figure 9 shows the dependency of the particle diameter for
different applied powers P. The experiment was done for
two different silane concentrations of 5 and 25ppm and a
hydrogen concentration of 1.25%. The particle size for the
smaller silane concentration (red circles) does not change
with power, except for one outlier. For a higher concentra-
tion, the particle size increases steadily with increasing
applied power. Samples synthesized at 90 and 160 W have
been investigated via HAADF-STEM to calibrate the particle
sizes obtained via SMPS to a direct measurement of the Feret
diameter (90W case) as well as to corroborate our
assumption about the formation of particle agglomerates
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FIGURE 9 Particle or particle agglomerate effective diameter
for different applied powers at an overall flow of 800 sccm. Two
concentrations of silane were used (5 and 25 ppm). The hydrogen
concentration was 1.25% for both.

(160W case). Single particles with a diameter of roughly
10nm as well as agglomerates of a few 10 nm particles are
observed (see Figure 10a) at an applied power of 90 W.
When the power is increased to 160 W larger agglomerates
with encircling diameters of 50-100 nm are clearly evident
(Figure 10b). HRTEM, as given in Figure 10c), shows that in
the case of agglomeration at 160 W individual particles have
diameters of less than 10nm and are amorphous. SAED
patterns of the same particles confirm their amorphous
nature. At lower silane concentrations, agglomeration of the
10-nm particles does not seem to be happening. At a
concentration of 25ppm single particles still possess
diameters of 10nm or less, yet form increasingly bigger
agglomerates when a higher power is applied. The changed
value of the available power per silane molecule ratio can
provide a plausible explanation for this behavior. All silane
molecules are most likely consumed in the particle
formation under conditions with 5 ppm of silane. Increasing
the plasma density by increasing the applied power does not
increase the available amount of precursors, therefore, the
amount of generated particles. This seems not to be the case
for large silane concentrations of 25 ppm, where an increase
of the applied power results in generation of more particles
and, consequently, their faster agglomeration. It remains an
open question, whether the agglomeration takes place in the
plasma or during the transport (%17s) from the plasma to
the SMPS device. The particles were deposited directly onto
carbon film TEM grids, thus, additional agglomeration from
sample transfer is minimized. However, it is still likely that
some of the larger agglomerates with encircling diameters
exceeding the SMPS measurement range have formed
during the deposition process. The TEM measurements
show, that SMPS analysis provides precise, well-tailored
particle diameters in the range of 10nm and below. When
measuring larger nanoparticles under our conditions, it is
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necessary to crosscheck for agglomeration with suitable
microscopy methods, whether single spherical particles or
particle agglomerates are being measured.

3.4 | Generation of photoluminescent
nanocrystals

To test the ability of the modified HelixJet to synthesize
silicon nanocrystals, we have produced samples at
various experimental conditions. Synthesis conditions
varied in the concentration of reactive gases as well as
the power of the HelixJet. The samples have been
collected on silicon wafers and were analyzed with
photoluminescence measurements.

Our studies showed that a strong photoluminescence
signal could be achieved for low silane admixtures
(5ppm) and high powers (above 140 W). Hydrogen had
to be admixed.

As an example, we present a sample in Figure 11 that
has been synthesized with 5ppm of silane and 0.625% of
hydrogen admixture at a power of 145W.

To elucidate the origin of the photoluminescence of
nanocrystals, this sample was further investigated with time-
resolved photoluminescence spectroscopy using a streak
camera system. In the case of Si-NCs, the photolumines-
cence can either occur on the surface (charge recombination
on traps/functionalization) or in the core of a particle
(exciton radiative recombination).*>*! While surface-related

FIGURE 10 HAADF-STEM micrographs of
samples created with 25ppm silane
concentration at 90W (a) and 160W (b). At
higher powers, particles form larger
agglomerates as evidenced by HRTEM given in
(c). HAADF, high-angle annular dark

field; HRTEM, high-resolution TEM; STEM,
scanning TEM.
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FIGURE 11 Spectral dependence of photoluminescence of a
sample created at with admixtures of 5 ppm silane and
0.625% hydrogen at a power of 145W.

recombination can be manifested in many various ways, the
latter results in a multi-exponential/stretch-exponential PL
decay at a microsecond timescale.* The PL temporal decay
of this sample at 700 nm is shown in Figure 12. The PL was
excited using laser pulses at 325nm and an excitation
intensity of 80uJcm™2. Clearly, the decay was multi-
exponential showing the average temporal constant of
84 us. This temporal constant and decay behavior is a sign
of well-ordered silicon nanocrystals and corresponds to
silicon nanocrystals with homogeneous surface oxygen
termination.*>4

85UB017 SUOWWOD 8AIe.D 3|dedldde ayy Aq pausenob ate sajoie YO ‘8N JO 3| 10y AeIq1T 8UIUO 8|1 UO (SUO I IPUOD-PUe-SWLBI W00 A8 1M Ae.q U [UO//:Sdny) SUORIPUOD pue swis | 8Ly 88S *[£202/50/6T] Uo ARiqiTauliuo AB|im ‘Bid Xeuiol(qioseiseAln Aq 621002202 dedd/z00T 0T/10p/L0o A8 | im Afelq1jeuluo//sdny woiy pepeojumod ‘Z ‘€202 ‘69882T9T



DWORSCHAK ET AL.

PLASMA PROCESSES 11 of 13

Particle diameters of this sample can be estimated
according to Wen et al.!**! and Mazzaro et al.”*?! to be
between 3 and 6 nm. To investigate the validity of the size
estimations, the nanocrystal sizes, their crystallinity as
well as the overall morphology, TEM measurements have
been carried out (Figure 13). Figure 13a shows an
HRTEM micrograph of our exemplary sample, which
was generated with 5ppm silane and 0.625% H,.
Nanocrystals (identified by visible lattice fringes) along-
side amorphous material can be seen. The nanocrystals
are clustered together and often embedded in an
amorphous phase. Depending on the synthesis parame-
ters, either clustered, single particles or particles
completely embedded in an amorphous phase are
observed for photoluminescent active samples. For all

= 100F —PL data |4
@ ——decay fit
>
5
S 10
E Tay(700 nm) = 84 us
o
R
T 1072}
£
o
=
103 = : : : t
0 0.2 0.4 0.6 0.8
t/ms

FIGURE 12 Temporal decay of photoluminescence of the
exemplary sample (5 ppm silane and 0.625% hydrogen admixture at
145W) measured at 700 nm. The decay was fitted using a multi-
exponential curve, the final average time of the decay was
calculated using Equation (3).

AND POLYMERS

synthesis parameters, if nanocrystals are formed, they
have individual diameters between 5 and 10nm. To
investigate the crystallographic phase of the nanocrystals
SAED is utilized. By using SAED a large number of
particles is evaluated, and thus, more representative
results are obtained.

The SAED pattern shown in Figure 13b is character-
istic of nanocrystalline samples. Due to the presence of
larger quantities of amorphous material a strong back-
ground intensity is present. For an evaluation, the
rotational average is taken and a background subtraction
using a fifth-order polynomial background model is
applied. The results are in very good agreement with a
cubic silicon reference (Figure 13b) clearly proofing the
synthesis of Si nanocrystals. EDXS measurements show a
stoichiometry of 58 atm% silicon to 42 atm% oxygen. This
is consistent with nanocrystals embedded in amorphous
SiO4. Synthesis parameters of 5ppm silane and
0.625% H, thus lead to a large volume fraction of
crystalline Si nanoparticles passivated by SiO, material.
The high PL intensity found for these synthesis parame-
ters again confirms the hypothesis that PL intensity
scales both with the total amount of active material as
well as the volume fraction of nanocrystals to amorphous
material. The synthesized nanocrystal-amorphous mate-
rial system is invariant to oxidation due to storage at
ambient conditions. Both the PL intensity as well as the
structure as investigated by TEM did not change several
months after the initial synthesis. This again is in support
of the proposed structure of nanocrystals passivated by
SiOy layers which protects them from further oxidation
and provides the surface termination.

Several additional tested conditions typically with
high silane concentrations of 25ppm and low applied

FIGURE 13 (a) HRTEM micrograph of Si nanoparticles synthesized with 5ppm silane and 0.625% H, at 145W. A crystalline particle
with a radius of 7nm is highlighted. (b) SAED pattern and corresponding rotational average, with calculated reflections from cubic silicon as
a reference. HRTEM, high-resolution TEM; SAED, selected area electron diffraction.
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powers below 110W have led to the synthesis of
amorphous particles or particle agglomerates without a
measurable PL. For these silane admixtures, the maxi-
mum particle generation rate can be estimated for an
overall flow of 800sccm to be around 0.3 mg/h. While
this exceeds the deposition rate of comparable atmo-
spheric plasma sources, it can still not compete with the
generation rates of low-pressure systems that can exceed
100 mg/h.1¢

4 | CONCLUSIONS

The HelixJet has been used successfully to generate a
wide range of nanoparticles depending on the
synthesis parameters and the use of an annealing
stage. Distinct species of nanoparticles could be
created: amorphous SiOy particles, crystalline MnSi
nanoparticles, and Si nanocrystals embedded in SiO,.
The stability of the discharge has been increased with
modifications in form of an additional electrode and
on-axis injection of the SiH, molecules allowing the
HelixJet to be operated at large admixtures of reactive
gases for prolonged times (weeks of continuous
operation). The measurements with SMPS, TEM,
and the nanoparticle PL have revealed that hydrogen
admixture and high applied power lead to the
generation of crystalline particles. The combination
of silane and hydrogen concentrations can be used to
tune the particle size between 3 and 10 nm, where
even smaller particles can be probably generated with
a further reduction of the silane concentration. The
crystalline particles are covered by an amorphous
SiOy layer and show strong photoluminescence none-
theless with a decay time in the range of tens of
microseconds. Up to 50 ug/h of SiNCs can be synthe-
sized under the conditions leading to material with a
high PL yield (5ppm silane, hydrogen admixture,
powers above 140 W).

High SiH, concentrations lead to the formation of
larger agglomerates of amorphous ~10nm diameter
nanoparticles. An additional annealing stage can be
used to transform these agglomerates into crystalline
alloy nanoparticles with broad size distributions and
diameters up to 200 nm. SMPS can be used as a filter
to collect only particles with the desired size at the
differential mobility analyzer with fixed settings.
Manganese atoms, originating in the stainless steel
tubing used in the annealing stage, have been
detected in large amounts in the annealed crystalline
particles with MnSi and Mn,Si; being the dominant
phases. Using ceramic tubing would avoid metal
silicide formation. On the other hand, it suggests a

possible synthesis method for these crystals for
example for optoelectronic applications.

Overall, this article has demonstrated that the large
plasma cross-section, large stability at high admixtures of
precursor gases, long operation time, and the ability to
tune the nanoparticle properties make the HelixJet a
promising atmospheric plasma source for the generation

of silicon and other material nanoparticles or
nanocrystals.
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