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ABSTRACT

A setup consisting of two atmospheric plasma sources is used for the combined synthesis and passivation of nanoparticles. The

silicon nanoparticles synthesized in the first source are analyzed for their chemical composition, morphology, and photo-

luminescence. The particles are then treated with a second plasma to induce surface passivation. The passivation process of the

particles is monitored in real time using in situ infrared absorption spectroscopy. The results indicate that this treatment

induces methylation of the silicon nanocrystals, which is further supported by XPS analysis. This surface passivation shifts the

maximum of the photoluminescent signal to blue in the visible spectral region. Further optimization of the reported nano-

particle passivation process can provide a flexible tool for tuning nanoparticle properties.

1 | Introduction

Silicon nanoparticles (Si-NPs) and nanocrystals (Si-NCs) have
gained significant attention in both scientific and industrial
areas due to their unique properties and versatile applications.
Si-NCs possess advantageous characteristics such as bio-
compatibility, biodegradability, and non-toxicity [1-3], making
them promising candidates for various biomedical applications,
including drug delivery and biomedical imaging [4, 5]. The
tunable optical and electrical properties of Si-NCs, influenced
by their size and surface termination [6], give them the pre-
requisites for the development of light-emitting devices [7],
photovoltaics [8], and sensors [9, 10]. Surface passivation and
functionalization resulting in the desired surface termination
play a crucial role in modulating the photoluminescence (PL)
intensity, quantum yield, as well as stability of Si-NPs. Non-
thermal equilibrium plasmas operated at atmospheric pressure
offer great flexibility in applications that are commonly carried

out by low-pressure vacuum systems [11, 12]. This includes the
synthesis of optical-quality Si-NPs or silicon quantum dots [13].
These nanoparticles typically possess highly sensitive surfaces
and are susceptible to alterations in their properties over time
due to aging. Moreover, surface modification of nanoparticles is
often needed to improve the optical properties. The work of
Kisova et al. has shown that methyl groups bonded to the
nanocrystal surface enhance the PL properties of Si-NPs sig-
nificantly [14]. The electrochemically etched Si-NC powder
dispersed in a solvent from a mixed aromatic hydrocarbon
solution was irradiated with a UV laser. The original PL band at
~600-650 nm and a decay time of around 20 ms was replaced by
a new rapidly decaying yellow band comparable to the PL of
direct band gap materials. Organic residues attached to the Si-
NC surface via both Si-C and Si-O-C bonds were found; how-
ever, the exact chemical mechanism remains unknown due to
the complexity of the experiment. Further, it has been theo-
retically shown that passivation with methane can tune the
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optical band gap of ultra-small (< 3 nm) nanoparticles [15]. The
methyl groups attached to the surface of Si-NCs introduce a
tensile strain in the particles, leading to an increase in the band
gap and consequently blue-shifting the maximum of the PL
signal. This passivation is supposedly also connected to an
increase in the overall PL intensity. The analysis of the particle
composition of both passivated and pristine particles can be
carried out by various methods. Fourier Transformed Infrared
Absorption spectroscopy (FTIR) is one of the preferred mea-
surement techniques. To analyze the material generated in a
plasma, the material is usually deposited on a substrate and
then brought into the sample compartment of the FTIR spec-
trometer. In most cases, this will automatically expose the
sample to ambient humid air and set off oxidation of the
material. Oxidized functional groups could then be falsely
identified to have their origin in the synthesis process.

In this paper, we report on a double atmospheric pressure
plasma system with the combined synthesis of quantum dots in
the first, and their modification in the second atmospheric
pressure plasma source. A similar approach has been used
already for low-pressure systems by other groups, such as
Kortshagen et al., where one reactor was responsible for the
particle generation and the second one for subsequent etching
[16] or surface passivation [17]. A rather complicated double
atmospheric process for the generation and treatment of na-
noparticles has also been reported, for example, by Boies et al.
[18]. In our work, the material properties and gas phase con-
sumption of molecular precursors are monitored in situ using a
reflective FTIR setup. The optical and other properties of the Si-
NPs have been studied ex situ using transmission electron
microscopy (TEM), and their photoluminescent properties
related to surface passivation have been characterized.

2 | Experimental Setup and Diagnostics
2.1 | Plasma Sources

Synthesis and surface passivation of Si-NPs are performed
separately in a two-step process in two similarly looking
atmospheric pressure plasma jets that are connected in series.
Both atmospheric plasma jets used in this publication are
downsized versions of the HelixJet first published by Schéifer
et al. in 2019 [19]. For the combined synthesis and passivation
of the nanoparticles, two HelixJets are placed on top of each
other. As seen in Figure 1 on the left, these jets consist of a
quartz glass capillary with an outer diameter of 5 mm and a
wall thickness of 1 mm. A set of helical electrodes is placed
around each jet in a double helix structure. The electrodes cover
the capillary in a length of 4 cm. One of each of the electrodes is
grounded, while the other one is driven by a 13.56 MHz fre-
quency. Both jets are connected to their respective generator by
a matching network. The first jet is fed with varying amounts of
argon as a carrier gas mixed with silane (SiH,) as a reactive
precursor gas for particle synthesis, while the second jet can be
supplied with additional gases through a cylindrical connector
with a symmetric gas feed placed between jets. The gas inlet is
designed under an angle of 45° to support the laminar flow
inside the jets and to avoid the formation of turbulent vortexes,
which would lead to a loss of particles. The gas feed for
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FIGURE1 | Combined setup of two atmospheric pressure plasma
sources connected via a symmetrical gas connector. The first jet is
carrying out particle production, and the second one the surface pas-
sivation. The resulting particles and the consumption of precursors are
monitored using in situ FTIR analysis.

the second jet uses helium as a carrier gas, with the possibility
to mix a reactive gas to induce surface passivation.

Si-NCs were synthesized in the first jet using an RF power of
150 W and a gas flow of 200 sccm. The silane concentration was
varied between 5 and 50 ppm by mixing pure argon with a fixed
mixture of 100 ppm silane in argon. For the surface passivation
of Si-NC synthesized in the first jet at a silane concentration of 5
ppm, the second jet has been fed with an additional 200 sccm of
0.05% CH, diluted in helium. Helium was chosen as a carrier
gas to facilitate the plasma ignition [20] thus allowing for
the second jet to be operated in a pulsed mode. To pulse
the second generator, a TTL signal (0—5 V) has been utilized
with different duty cycles. The pulse width of the signal has
been chosen in agreement with the residence time of the par-
ticles in the second plasma. For an overall flow of 400 sccm, the
average residence time of the particles in the second plasma
volume is around 20 ms.
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Using appropriate pulsing settings ensures that nano-
particles transitioning through the second plasma should
pass through an ignited state at least once in their residence
time. The pulse can be operated on different duty cycles to
tune the dissociation degree of methane. A duty cycle of 0%
corresponds to the second plasma being off (no treatment),
while a continuous wave (cw) operation corresponds to a
duty cycle of 100%. The generated and treated nanoparticles
are carried downstream by the gas flow toward a polished
substrate. Here, they are collected on a substrate using a
positive bias voltage of U, = 3 kV. Due to the negative
charge of the particles, the positive bias results in a particle
drift toward the substrate. This is important for the subse-
quent ex situ measurements as well as for the in situ FTIR
analysis.

2.2 | In Situ Fourier Transform Infrared
Spectroscopy

The FTIR in this study was carried out using a commercial
Bruker VERTEX 80V spectrometer with a wavenumber res-
olution of 4 cm™. The IR beam can be coupled out of the
spectrometer and then directed into the in situ setup as
shown in Figure 2. The beam is focused and reflected by a
mirror through a KBr window onto a biased substrate, where
the nanoparticles are collected. A reflective substrate (e.g., a
polished silicon wafer or stainless steel substrate) is chosen to
reflect the IR beam through the second KBr window onto
another mirror and then into a liquid-nitrogen-cooled MCT
detector. The IR beam is then absorbed by the deposited
particles and also in the gas phase inside the small chamber
with the substrate, providing additional information about
the presence and consumption of molecular precursors. The
beam path outside the small chamber is flushed with dry
nitrogen gas to ensure a dry environment and to minimize
the absorption by CO, and H,O coming from the ambient air.
FTIR spectra are post-processed by the subtraction of poly-
nomial background.

lasma jet
P OUtflO\jN

Emirror
HIR beam

gas out bias

FIGURE 2 | CAD sketch of the in situ FTIR setup. The IR beam is
exiting the device and is directed via a mirror onto a reflective wafer.
The reflective wafer is placed directly under the outflow of the plasma
jet. The beam path is flushed with nitrogen in the outer parts of the
chamber; the core chamber is filled with gases exiting the jet.

23 | TEM

Direct investigation of particle sizes, morphology, crystal
structure, and chemical composition was performed by TEM. In
this case, a field emission gun equipped with FEI Tecnai F30 G*
STwin operated at 300 kV was used to study nanoparticles in
TEM bright field mode. TEM samples were obtained by placing
TEM holey carbon copper grids below the output of the jet on a
collection electrode that could be positively biased with 3 kV.
The local elemental composition was examined by energy-
dispersive X-ray (EDX) spectroscopy, providing estimated val-
ues of the oxygen concentration. A quantitative determination
is beyond the scope of this study. The particle size distribution
was calculated from particle diameters measured using the
Image] software.

2.4 | X-Ray Photo-Electron Spectroscopy (XPS)

XPS was used to study the chemical composition and chemical
bonds on the surface of the passivated Si-NPs. Corresponding
samples were measured using an XPS UHV system from PRE-
VAC Sp. z o. 0., equipped with an Al-anode operating at 300 W.
Widescans were performed by using three iterations and a pass
energy of 200 eV. High-resolution scans were measured with
20 iterations and a pass energy of 50 eV. For the processing and
analysis of the XPS spectra, the software CasaXPS (version 2.3.23)
was used. The background correction was done by applying the
Shirley algorithm [21]. For all recorded spectra, charge correction
was applied by setting the C—C representing component in the
fitted C 1s spectra of each sample to 284.8 eV.

2.5 | PL Measurements

The steady-state PL spectra were measured directly on the pow-
dered sample using a Shamrock 300i imaging spectrograph (Andor;
Oxford Instruments) coupled with a CCD camera. A HeCd laser
(A = 325 nm; P = 3.5 mW) was used to excite the Si-NPs. To
minimize the influence of inhomogeneities and laser-induced
modification of the sample, the measurement was repeated at
different spots on the wafer surface and the collected spectra were
compared. All spectra were corrected for the spectral sensitivity of
the whole system.

3 | Results and Discussion

The aim of this study is to characterize the effect of plasma
treatment on the optical properties of silicon quantum dots.
Therefore, the operation parameters of the first jet have been
optimized to generate small silicon nanocrystals that exhibit PL
behavior. These reference particles can be then modified using
the second jet. Particles in the first jet can be generated using
argon as a carrier gas. Here, silane concentration, overall gas
flow, and applied power are variables. These parameters have a
significant influence on the composition and structure of the
particles, where the Si-NP sizes usually scale with silane con-
centration. Residence time and plasma power have a strong
effect on the crystallinity.
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The TEM images of nanoparticles synthesized at various silane
concentrations are shown in Figure 3. As can be expected, a
larger concentration leads to larger nanoparticles because
there is more material available in the plasma for them to
grow. For a silane concentration of 5 ppm, quantum dots with
average diameters of around 7.5 nm are formed. Regardless of
size, the nanoparticles are crystalline, as indicated by the
SAED insets, and have a spherical shape. A detailed study of
electron diffraction patterns using rotational averages and
their comparison with d-values of cubic silicon showed that
the reflections in the SAED patterns correspond to FCC sili-
con. This shows that the applied power in combination with
the selective heating of the nanoparticles [22] is sufficient to
reach the crystallization temperature of larger nanoparticles up
to 40 nm in diameter. Additionally, all nanoparticles have an
amorphous oxygen-rich shell. For the samples from Figure 3,
the average diameter as well as the maximum and minimum
diameters observed in the TEM images were determined and
are shown in Table 1. Using EDX, the atomic concentrations of
silicon and oxygen were measured. Both the TEM images and
EDX results show that as silane concentration decreases, both
the average, and also maximum and minimum diameters of the
nanoparticles also decrease. A closer analysis of the average
atomic oxygen-to-silicon ratios shows an increase in oxygen
content as particle size decreases. This is the consequence of the
much larger surface-to-volume ratio of the smaller nano-
particles. Since every nanoparticle has a similar oxygen-rich
amorphous shell, smaller particles will inherently exhibit a
higher oxygen content, even though the quality of the crystal
itself is good.

3.1 | FTIR Results/Particle Composition

Normalized FTIR spectra (measured during the deposition
process after 10 min) of the largest and smallest deposited na-
noparticles according to Table 1 are plotted in Figure 4. The
FTIR band with the greatest peak intensity at around 1100 cm ™
corresponds to Si-O-Si bonds and its broad appearance can be
explained by the simultaneous excitation of both longitudinal
and transversal oscillation modes due to the incident angle of
the reflective FTIR setup as explained in Ref [23]. This oxygen
contamination results very probably from the residual water
molecules in the system, impurities in the process gases, or leak
of air into the setup. The wavenumbers in the range of
2100—2300cm™" contain the absorption peaks of the Si-H-
bonds. Here, a much higher degree of non-oxidized Si-H-bonds
is found in the 50 ppm sample of larger nanoparticles.

TABLE1 | Average dy, and maximum dy,,, diameters for silicon
nanoparticles synthesized at different silane concentrations cgjy,, as
well as the elemental compositions of these nanoparticles as deter-
mined by EDX.

CsiH, dayg in nm d max at%Si  at% O
a 50 ppm 163 £ 6.1 40.8 nm 94 6
b 25 ppm 14.5 + 3.6 24.6 nm 85 15
¢ 10 ppm 93+ 24 16.9 nm 72 28
d 5 ppm 74+ 23 14.6 nm 48 52

FIGURE 3 | TEM images of nanoparticles synthesized in the first jet at a power of 150 W with a fixed overall flow of 200 sccm at silane

admixtures of (a) 50 ppm, (b) 25 ppm, (c) 10 ppm, and (d) 5 ppm.
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FIGURE 4 | In situ FTIR spectra of silicon nanoparticles generated
at a silane admixture of 50 ppm in red and 5 ppm in blue. Applied
plasma power was 150 W and the overall gas flow was 200 sccm.

Several factors can contribute to this effect. First, smaller Si-NPs are
generated at smaller silane admixtures, where the ratio of silane to
impurities is smaller and the oxidation larger. Second, the amount
of the available hydrogen per surface site of Si-NPs is larger for
larger Si-NPs. The silane molecule is a source of hydrogen in this
process with a 4:1 H:Si ratio. Most of the silicon is located in the Si-
NP volume for larger particles, leaving more hydrogen available per
surface site in the plasma compared to the case of smaller Si-NPs,
where much more Si is located at the surface. Moreover, hydrogen
is likely located at the particle surface. Smaller particles are heated
in the plasma more easily [22], allowing them to reach and stay at
temperatures high enough for hydrogen desorption from the
amorphous silicon to occur.

4 | Surface Passivation Using Methane

As discussed in the introduction, the passivation of the nano-
particle surface with methyl groups (and, in general, with hydro-
carbon chains) can strongly influence the Si-NC optical properties.
Therefore, plasma conditions have to be found that will enhance
surface passivation with hydrocarbon functional groups, while
preventing the fast deposition of a thick hydrocarbon layer. These
conditions can be realized by a pulsed plasma operation, reducing
the average specific energy per molecule. Mainly CH; fragments
are generated as primary CH, dissociation products under these
conditions [24]. The reactivity of CH; radicals is negligible in the
gas phase [25], and it is rather slow at the surface. Additionally,
atomic hydrogen is produced which can generate dangling bonds
at the NP surface, to which the CH; radicals can attach with a
higher probability (around 0.01) as has been observed in the case
of their interaction with hydrocarbon films [26]. The low surface
reactivity of CH; should make surface passivation more probable
compared to thin film growth. The smallest crystalline particles
synthesized at 5 ppm of silane in argon were selected for subse-
quent passivation experiments.

4.1 | Methane Consumption
As a first step, methane consumption is monitored by means

of FTIR absorption in the gas phase measured at the methane
band at a wavenumber of 3014cm™" in the exhaust gases
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FIGURE 5 | Methane consumption for different duty cycles as
measured for the case of particles being synthesized in the first jet (blue)
and for the case of no particles produced (red).

coming out of the second plasma jet for its different duty
cycles. This is later used as an indicator for the plasma
chemistry processes. As can be seen in Figure 5, the con-
sumption of methane in the second jet increases with the
length of the duty cycle, as the CH, signal in the FTIR
measurement becomes weaker, which is an expected result.
This trend is consistent regardless of whether the first jet
operates with argon alone or with the argon/silane mixture.
However, methane consumption is slightly lower when silane
is introduced into the first jet. When no silane is admixed
(red curve), the maximum methane consumption is slightly
higher and less CH, is leaving the second jet in the exhaust
gases. When introducing silane in the first jet, there is more
hydrogen in the system that can etch the amorphous carbon
layers on the walls with CH,4 being one of the main etching
products, as has been shown in Ref [27]. Additionally, na-
noparticles will attract charges making the second plasma
weaker. This can change the plasma chemistry. Higher
methane dissociation in the second plasma indicates the
presence of highly reactive methane fragments (CH, radicals)
that can lead to carbon film or dust formation. Since the aim
is to passivate the Si-NC with methyl radicals, only a
weak second plasma with lower CH, consumption is desir-
able. Therefore, a duty cycle below 10% should be used in this
process as an optimal operation mode.

4.2 | FTIR Analysis of the Surface Passivation

Figure 6 shows the normalized and background-corrected
FTIR spectra as measured by the in situ setup for untreated
Si-NPs in blue, as well as for particles that were treated with a
pulsed (50 Hz) plasma with a 0.05% methane admixture. A
duty cycle of D = 60% is shown in yellow, and a duty cycle of
D = 7.5% is shown in red. The peaks at 1100 and 800 cm™"
correspond to asymmetric stretching in Si-O-Si [28-30] and
Si-O bending [31], respectively. They appear similar for both
treated and untreated samples. In the wavenumber range
from 2400 to 2000 cm™*, Si-H, [32, 33], R-Si-H; [34], and
O-Si-H [32] bonds can be identified. Here, a treatment at
high-duty cycles (yellow) seems to almost completely remove
these bonds from the particle surface. Instead, several peaks
in the region from 1800 to 1400 cm™" appear, which indicate
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FIGURE 6 | FTIR spectra for nanoparticles synthesized at 5 ppm

silane untreated (blue) and treated with 0.05% CH, admixture for duty

cycles of 60% (yellow) and 7.5% (red). Spectra are shown normalized to
the peak at 1100 cm™.

the formation of a thick hydrocarbon layer on top of the
particles produced with duty cycle D = 60%. The peak at
1720 cm™! can be identified to be C = O stretching vibrations
[35]. In the range from 1680 to 1550cm™?, the stretching
vibrations of double-bonded carbon are found [36]. The
region from 1450 to 1370cm™' includes the deformation
vibrations of CH bonds [37].

The growth of a thin amorphous hydrocarbon carbon layer can be
identified for all treated samples in the wavenumber region from
3000 to 2800 cm ™", independent of the length of the duty cycle.
Here, three peaks can be identified as the asymmetric stretching of
CH; (2964 cm™) as well as the asymmetric (2934 cm™) and sym-
metric (2880 cm™) stretching of CH, according to Refs [38, 39].
This amorphous hydrocarbon layer is not present in the untreated
sample (blue) and is also not observed when the first jet is switched
off (not shown here). Therefore, a carbon thin film deposition on
the substrate can be excluded and these new features in the spectra
are present only due to a carbon film growing on top of the
nanoparticles.

The last difference between the three spectra can be observed at
a wavenumber of 1260 cm™'. Here, only the sample treated at
D = 7.5% exhibits a peak, which corresponds to the CHj;
deformation vibration in Si-CHj. [29, 30]. This peak which is
not present in the untreated sample can be an indicator for a
successful surface passivation with CHs. This will be further
verified with XPS measurements.

Overall, the duration of the duty cycle strongly influences the
passivation and termination of the Si-NPs. Untreated nano-
particles first exhibit Si-H bonds at the surface, which then
quickly oxidize in ambient air, leaving the surface to be ter-
minated by oxygen. For short duty cycles, a peak at
1260cm™' in the FTIR spectra indicates the successful
attachment of methyl groups to silicon atoms at the nano-
particle surface, with the additional presence of C-bonded
CH; and CH, groups. For increased duty cycles, a thick
carbon layer is probably formed, completely covering the
particle and preventing the formation of the other surface
bonds as demonstrated by their reduced relative contribution
to the absorption spectrum.
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FIGURE 7 | Background-corrected and normalized XPS spectra for
an untreated sample in blue and a sample treated with a duty cycle of
7.5% in red.
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FIGURE 8 | Photoluminescence intensity spectra for nanoparticles
synthesized at 5 ppm silane untreated (blue) and treated with 0.05%
CH, admixture at a duty cycle of D = 7.5%.

4.3 | XPS Results

XPS measurements have been carried out to further investigate the
formation of Si-C bonds. Figure 7 shows the background-corrected
and normalized spectra for the Si 2p core-level spectrum of an
untreated sample (blue) and a sample treated at a duty cycle of
D = 7.5% (red). Additionally, a sum of three Gaussian functions has
been fitted to each spectrum. The starting parameters for the
maxima of the fits were chosen corresponding to the binding en-
ergies for SiO, (103.6 eV), SiC (101.0 eV), and Si-Si in lattice silicon
(99 eV) [40, 41]. When comparing the graphs and the fits, the
treated sample exhibits a more pronounced Si-C peak. Despite the
noise, a more prominent low-energy shoulder of the Si 2p peak is
clearly visible, suggesting the presence of methyl groups or carbon
bound to the surface of the Si-NPs. Together with the in situ FTIR
data, this confirms the formation of silicon-carbon bonds and
confirms the methylation of the Si NPs in the methane-containing
plasma in the second jet.

44 | PL

The spectra of the PL measurements can be seen in Figure 8 for
the untreated particles in blue, as well as the particles that
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underwent treatment with CH, containing second plasma in
red. All spectra were corrected for the spectral sensitivity of the
whole system. Although the setup does not allow for the col-
lection of absolute photoluminescent intensity, the spectra are
expected to be comparable. Since nanoparticles of the same size
were collected at similar conditions and with similar resulting
thin films, the scattering of the excitation laser and the angular
radiation of the PL from the sample will be comparable.
Additionally, three independent measurements on three dif-
ferent spots of each sample yield similar photoluminescent
intensity. Since the primary focus is on the wavelength shift,
this shift can be quantitatively expressed. The untreated sample
exhibits a strong PL signal with the maximum at a wavelength
of 750 nm. In comparison, the sample treated with 0.05% CH, at
a duty cycle of D = 7.5% shows a clear blue shift with a maxi-
mum at around 710 nm, but at only half the intensity. A similar
behavior has already been observed by other research groups,
where methylation was able to induce a blue shift in the PL
signal, but at the same time reduced the overall PL intensity
drastically [42]. Samples produced at duty cycles of 10% were
not of optical quality and did not exhibit any PL. This is prob-
ably due to the thick CH layer on the particles.

5 | Conclusions

A set-up of two HelixJet plasma sources has been successfully
used for the combined synthesis and treatment of Si-NPs with
optical properties. TEM measurements revealed that mono-
crystalline particles of various sizes can be synthesized
depending on the silane admixture. For small silane admixtures
of around 5 ppm, the particles turned into quantum dots with
average diameters of 7 nm exhibiting a PL response visible to
the naked eye with a maximum at around 750 nm. When
treating these particles with a second identical HelixJet plasma
source with an admixture of helium-diluted CH, and operated
in pulsed mode with variable duty cycle, the appearance of an
Si-CH; absorption could be observed for a small duty cycle
using a custom-built in situ FTIR setup, as well as the growth of
an amorphous carbon layer on the silicon particles for duty
cycles of 10% and above. For small duty cycles, the successful
passivation of silicon with carbon groups could be verified by
XPS analysis, where only the treated samples displayed the peak
for silicon-carbon bonds. The methane plasma treatment with
small duty cycles successfully led to a blue shift in the PL of
silicon nanocrystals with the maximum shifted to 710 nm after
the treatment.
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