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Abstract
Enhanced optical properties of silicon quantum dots (QDs) are pertinent for light-emitting
applications including luminescent solar cell concentrators. Surface passivation plays a crucial
role in improving photoluminescent quantum yield and effective carrier lifetimes of silicon
nanocrystals and is often achieved by surface grafting of organic ligands. However, organically
passivated silicon QDs often suffer from a deterioration of the optical properties when exposed
to the environment. In this work, we explore the effect of an inorganic amorphous silicon nitride
(SiNx) shell on silicon QDs and their optical properties. Utilizing a dual plasma approach with
dual injection ports, we synthesized Si/SiNx core–shell nanoparticles using SiH4, NH3, H2, and
Ar. The core–shell nanocrystals were characterized using optical and structural methods, which
revealed that higher nitridation plasma powers could lead to Si precipitation altering the
composition of SiNx shell. While as-synthesized Si/SiNx core–shell nanocrystals did not exhibit
photoluminescence, oxidized Si/SiNx core–shell nanocrystals show significantly higher
quantum yield (35%) and longer carrier lifetime compared to their bare oxidized Si analogues
even after an environmental exposure of six months.

Supplementary material for this article is available online
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1. Introduction

Luminescent silicon quantum dots (QDs) are considered
promising candidates for various light-emitting applications
including luminescent solar concentrators [1–3]. Silicon is
nontoxic and abundant and Si QDs have tunable optical prop-
erties ranging from visible to near-infrared (NIR) spectral
region along with negligible overlap between the absorption
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and emission profiles, which enables high solar harvesting per-
formance for luminescent solar concentrators [4, 5]. However,
Si QDs are not as efficient emitters as traditional II–VI QDs,
due to silicon’s indirect bandgap, which requires phonon-
assisted recombination [5]. Experimental efforts have shown
that Si QDs emit light in the visible and NIR portion of the
electromagnetic spectrum when their diameter is less than
approximately 5 nm. Additionally, photoluminescence (PL)
has been observed from films of Si QDs embedded in dielec-
tric matrices, including silicon nitride (SiNx) [6–9], silicon
oxide (SiOx) [10], and silicon oxynitride (SiOxNy) [10, 11],
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and have been intensely investigated for their use in optoelec-
tronic applications.

The actual mechanisms involved in certain luminescence
phenomena of Si QDs are still controversially discussed in
the literature [12]. Silicon nanocrystals processed from high
purity precursors in gas-phase processes, such as nonther-
mal plasmas, exhibit quantum confinement of carriers in
the core of the nanocrystal, leading to size-dependent emis-
sion [13]. The wavelength of the emission shifts to higher
energies with decreasing core dimensions. For light-emitting
applications, the photoluminescence quantum yield (PLQY)
should be maximized; thus, radiative recombination processes
must be favored and non-radiative recombination processes
minimized.

Experimental and theoretical evidence point to carrier
recombination at defect sites on the nanoparticle surface as
the most significant non-radiative process in intrinsic Si QDs
[14, 15]. At the scale of quantum-confinement, upwards of
20% of atoms in the nanocrystal can be found within one unit
cell of the nanoparticle surface. For this reason, surface pas-
sivation of light-emitting Si QDs is crucial for the fabrication
of effective luminescent solar cell concentrators.

Popularly, surface passivation is achieved through organic
termination of the silicon surface utilizing carboxylic acids
[16], long chain hydrocarbons with terminal alkenes [17–19],
aliphatic and aromatic amines [20], and bifunctional hydro-
carbon chains [21]. However, in applications such as lumines-
cent solar concentrators, where the long-term PLQY stability
is important, it is generally found that the PLQY of organ-
ically passivated Si QDs decays upon exposure to the envir-
onment [3]. Inorganic surface passivation is inherently more
stable. For bulk silicon devices, inorganic surface passivation
has been intensely pursued, where this crucial process reduces
surface recombination velocity and improves minority carrier
lifetime in silicon solar cells for decades of exposure to the
environment. A SiOx passivating layer is traditionally used;
however, recent PV devices have employed amorphous SiNx

as a passivating layer to optimize carrier transport [22–24].
In this work, we have adapted this concept and explored

the use of an inorganic amorphous SiNx, denoted a-SiNx, as
a passivant on Si QDs. The literature presents a complex pic-
ture of a-SiNx. Often, films of a-SiNx are described based upon
their deposition conditions, for which the reported composi-
tions and properties are poorly characterized or defined [25].

A key advance in colloidal QD engineering has been the
development of methods for epitaxial shell growth in solution,
notably successive ionic layer adsorption reaction [26] and
colloidal atomic layer deposition [27], which allows for mono-
layer control over shell growth. However, these colloidal tech-
niques have proven challenging to apply to group IV materials
[28].

Nonthermal plasma reactors have emerged as a competitive
synthesis technique to grow a library of nanomaterials includ-
ing group IV nanocrystals [29, 30]. These plasma grown nan-
omaterials often offer improved morphology and uniformity
due to high synthesis temperatures, enhanced purity due to
lack of solvents, limited post-synthetic purification due to lack

of ligands, and elevated doping efficiencies due to kinetically
driven growth.

Recent works have shown successful synthesis of several
group IV core–shell nanostructures including Si/Ge [31] and
Si/SiNx core–shell nanocrystals [32, 33]. However, previous
reports of plasma synthesized Si/SiNx nanocrystals were pro-
duced using molecular nitrogen as a precursor. Both previous
efforts reached similar conclusions that the SiNx shell itself
does not serve as an effective passivant nor does it prevent
oxidation of silicon nanocrystals.

Herein, we explore the synthesis of quantum-confined Si
QDs coated with an amorphous SiNx shell utilizing SiH4, NH3,
H2 and Ar gases in a flow-through capacitively coupled non-
thermal plasma reactor to investigate the impact of nitride
coating on the QDs’ optical performance. We employed a
dual plasma approachwith dual injection zones, which enables
the tailoring of surface properties of Si QDs, including shell
growth, before they have a chance to agglomerate [19, 32].

2. Methodology

2.1. Nanoparticle synthesis

Si QDs coated in an a-SiNx shell were produced in a two-
stage, low-pressure nonthermal plasma. SiliconQD coreswere
grown in an upstream plasma analogous to the approach by
[29] and then entered into a downstream Ar–NH3 plasma for
nitridation. Figure 1 shows the dual-plasma system used to
synthesize Si QD with an a-SiNx.

The primary gas feed, a mixture of argon (Ar), silane
(SiH4), and hydrogen (H2), entered through the top of the
3/8′′OD-1/4′′ID borosilicate glass reactor tube. The plasma
was generated in the reactor tube by the application of
10 W radiofrequency (RF) power at 13.56 MHz through a
pair of copper ring electrodes, coupled through an impedence
matching network. The distance separating the powered elec-
trode from the grounded vacuum fitting below was 5 cm. The
argon, silane, and hydrogen flow rates in the primary gas feed
were fixed throughout this study at 31.4 sccm, 0.6 sccm, and
5 sccm, respectively, while the pressure was held at 2 Torr.

Downstream of the Si core growth region, the reactor
expands to 1′′OD-7/8′′ID and an additional precursor was
added through a second inlet to initiate shell growth. This
secondary gas feed was composed of NH3 and Ar at fixed
flowrates of 5 sccm each. This secondary gas feed was injec-
ted into the reaction chamber through a stainless steel vacuum
fitting with 16 individual 1 mm diameter holes spaced evenly
around the circumference of the reactor. The vacuum fitting
itself was grounded and served as a counter electrode. Down-
stream of the secondary gas inlet, a second plasma was gen-
erated by the application of RF power at 13.56 MHz from a
second power supply through a pair of copper ring electrodes,
coupled through a second impedance matching network. The
distance separating the powered electrode from the grounded
vacuum fitting above was 4 cm. Within the second plasma, an
a-SiNx shell was grown through a nitridation process in which
some fraction of the Si core was consumed and converted into
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Figure 1. Schematic of reactor used for the synthesis of core/shell
Si/a-SiNx QDs.

the a-SiNx shell. The residence time to grow these particles
was estimated from the gas volumetric flow rate, the reactor
diameter, and the length of the plasma region to be ∼4 ms.
Witness substrates were mounted to the chamber walls at vari-
ous locations in the primary plasma and monitored for SiNx

film deposition to assess ammonia back diffusion. No SiNx

film deposition was observed upstream of the ammonia injec-
tion. We hypothesized that the back diffusion is substantially
suppressed by the addition of an expansion region below the
primary plasma.

2.2. Structural characterization

A combination of material characterization methods were
required to infer dimensions and composition of the QD cores
and shells. The structural analysis of these Si/a-SiNx core/shell
QDs is complicated by several factors including: the pres-
ence of silicon in both core and shell, minimal Z-contrast
between core and shell, and sub 4 nm diameter, which makes
imaging difficult. Therefore, a suite of material information

was collected including crystallite size from x-ray diffraction
(XRD), optical bandgap estimates from UV–Vis absorption
derived Tauc plots, surface species from Fourier transform
infrared spectroscopy (FTIR), surface composition from x-ray
photon spectroscopy (XPS), and optical properties from PL
and time-resolved photoluminescence (TRPL) measurements.
The combined information gleaned from these sources reveals
the effects of applied power in the nitridation plasma on QD
properties.

XRD was used to probe the dimensions of the crystalline
silicon core as a means to estimate nitridation depth. Diffrac-
tion patterns were collected on a Bruker D8Discover diffracto-
meter with a beryllium 2D area detector using a Co–Kα source
(1.79 Å) and were mathematically converted to Cu–Kα pat-
terns (1.54 Å) for data analysis. Data analysis was performed
using the Material Data Incorporated Jade 8.0 software pack-
age. Typical collection times were 10 min per frame. Samples
were prepared directly from plasma synthesis by impaction
from the gas phase onto glassmicroscope slides forming a nan-
oparticle film.

Absorption spectra were collected on a Cary 5000 spectro-
meter from QD films deposited on glass substrates at 0–50 W
power in the nitridation plasma. The Tauc equation was used
for the band gap estimation: (αhν)1/n = β (hν − Eg), where α
is the absorption coefficient of a material at a particular energy,
hν, n = 2 for an indirect-band gap semiconductor, and β is
a proportionality constant. The indirect bandgaps, Eg, were
estimated by plotting (αhν)1/n vs. hν and extrapolating the first
major absorption onset of the experimental data to the intersec-
tion with the baseline. The core sizes were derived from the
Brus equation: ∆E(r) = Eg + h2/8r2 (1/me

∗ + 1/mh
∗), where

Eg is the band gap estimated from Tauc plots, h = Plank con-
stant, r = radius of the QD, and me

∗ and mh
∗ are effective

masses of the excited electron and excited hole, respectively
[34].

Mid-infrared absorption spectra were collected under inert
conditions in a N2-purged glovebox using a Nicolet spectro-
meter operated in diffuse-reflectancemode. Samples were pre-
pared directly from plasma synthesis by impaction from the
gas phase onto aluminum-coated Si wafers. Samples were not
exposed to air prior to measurements.

XPS spectra were collected on a PHI VersaProbe III
with a monochromatic Al Kα anode x-ray source (photon
energy= 1486.6 eV) and a hemispherical analyzer. All spectra
were recorded using the PHI software package SmartSoftXPS
v2.0 and processed using PHI MultiPack v9.0. Samples were
deposited as nanoparticle films directly from plasma synthesis
by impaction from the gas phase onto glass microscope slides.
During analysis, sample neutralization was enabled.

Ideally, transmission electron microscopy (TEM) would be
used to image the core–shell structures of the Si/a-SiNx QDs.
This was attempted using an aberration-corrected scanning
TEM (FEI Titan G2 60-300 at 200 keV). Unfortunately, due
to the sub 4 nm size of the QDs considered here and due
to the minimal Z-contrast between core and shell, this was
inclusive. However, TEM studies of larger Si/a-SiNx nano-
crystals produced in the same reactor, but under different
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conditions, clearly confirmed the formation of a core–shell
structure (figure S1 available online at stacks.iop.org/JPD/54/
504005/mmedia).

The PLQY of a-SiNx coated Si QD ensembles was charac-
terized using the absolute measurement method where absorp-
tion and emission are recorded and integrated. Emission from
photoluminescent Si QDs was measured using an Ocean
Optics USB2000 spectrometer and integrating sphere. The
absolute spectral response of the integrating sphere was cal-
ibrated using an Ocean Optics LS-1-CAL tungsten halogen
light source. Rhodamine 101 dispersed in ethanol was used
as a fluorescent standard to validate calibration. The excita-
tion source was a 405 nm light-emitting diode. Samples were
prepared as nanoparticle films directly from plasma synthesis
by impaction from the gas phase onto glass microscope slides.
The error associated with this absolute quantum yield meas-
urement method is on the order of 5.5%. TRPL measurements
were executed on a custom Horiba DeltaFlex system in right-
angle alignment operated inmulti-channel scalingmode, using
a Horiba 405 nm pulsed laser diode operated at 2.0 mW,
50 ps, and 0.67 kHz repetition rate as the excitation source
and a Horiba PPD-900 photon counting detector. Samples
were prepared as nanoparticle films a few hundred nanomet-
ers in thickness directly from plasma synthesis by impac-
tion from the gas phase onto glass microscope slides. Time-
resolved spectral data were collected by taking decay curves
at emission wavelengths from 550 to 900 nm in increments
of 10 nm.

3. Results and discussion

Figure 2 exhibits the powder XRD patterns of Si/a-SiNx

particles and the crystallite sizes estimated by the Scherrer
equation. The (111) peak at 28◦ was used to estimate the crys-
tallite sizes. XRD patterns revealed crystalline Si cores (PDF
00-027-1402) for all applied powers in the second (nitridation)
plasma. Specifically, we observe that the size of Si crystallite
decreases with increasing power in the nitridation plasma, as
illustrated in figure 2(c). This observation confirms that there
is a monotonically increasing degree of consumption of the
core Si QDs to form an amorphous SiNx shell with increasing
power in nitridation plasma. The lack of evidence for ammonia
back diffusion in this system implies increased nitridation with
increasing power in the nitridation plasma. Thus, we can con-
clude that the SiNx shell thickness might increase with increas-
ing power in nitridation plasma.

Interestingly, however, the absorption data display a dif-
ferent trend. Absorption spectra collected with varied power
in the nitridation plasma were transformed to Tauc-plots and
associated bandgap energies were estimated (figure S2 and
table 1). From the Tauc plot derived Si core estimates, there is
a drop in Si core size from 0 W (no nitridation) to 10 W. Nev-
ertheless, at powers at 20 W and above, there is an apparent
increase in the size of the Si core. It should be noted that while
the Tauc-plot method to extract the optical bandgap of bulk
materials is well-established [35], the literature shows ques-
tionable applicability to Si QD materials [36–38]. Therefore,

Figure 2. (a) Diffraction patterns for Si/a-SiNx core/shell QD
synthesized under varying power in the nitridation plasma (0, 1, 5,
10, 20, 30, 40, 50 W). Spectra are offset for clarity. (b) The (111)
diffraction peak of silicon overlaid for all samples for ease of
comparison. (c) Crystallite sizes estimated from Scherrer
broadening analysis are indicated for various powers in the
nitridation plasma.

Table 1. Estimated band gaps and particle sizes of Si/a-SiNx
core–shell QDs synthesized under varied nitridation plasma power
(0–50 W).

Power (2nd plasma) Eg Tauc (eV) Si core size (nm)

0 W 1.89 2.54
1 W 2.12 2.18
5 W 2.15 2.14
10 W 2.14 2.15
20 W 2.10 2.21
30 W 2.07 2.25
40 W 2.00 2.35
50 W 1.95 2.43

we used Tauc-plot derived bandgaps and particle sizes (table 1)
to deduce trends rather than to conclusively determine Si QD
core size.

We hypothesize that the apparent increase in Si core size
above 20 W originates from precipitation of Si from the a-
SiNx coating due to increased nanoparticle heating by ener-
getic surface reactions within the plasma at higher powers
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Figure 3. (a) FTIR spectra for Si/a-SiNx core/shell QD synthesized
for varying powers of nitridation plasma showing Si–Hx stretching
modes at ∼2050–2200 cm−1, N–H2 scissoring modes at
∼1620 cm−1, N–H2 wagging modes at ∼1200 cm−1, Si–N
asymmetric stretching modes at ∼750–1000 cm−1, Si–Hx

deformation modes at ∼800–1000 cm−1, and Si–H2 wagging
modes at ∼650 cm−1. (b) Shift of Si–Hx vibration peaks to higher
wavenumbers with increasing power of nitridation plasma.
(c) Emergence of a shoulder around 1100 cm−1 that indicates a
reordering of SiNx shell material during Si precipitation and
increased SiN4 bonding.

[39, 40]. The precipitation of Si in the form of nanoparticles
from a-SiNx films is a well-documented phenomenon, which
can be induced under appropriate treatment processes [6–8].
Ultimately, this precipitation could lead to a nitrogen-rich
SiNx coating and an amorphous silicon interlayer deposited
on the crystalline silicon core.

We performed FTIR measurements to investigate the sur-
face composition of Si/a-SiNx core–shell particles and to
test the above hypothesis of amorphous Si precipitation.
Figure 3(a) shows the FTIR spectra for Si/a-SiNx core/shell
nanoparticles synthesized under varying power in the second
plasma. The broad peak around 750–1100 cm−1 corresponds
to the Si–N asymmetric stretching vibrations, which con-
firms SiNx on the nanocrystal surface. Two peaks around
∼1200 cm−1 and ∼1600 cm−1 correlate to the N–H vibra-
tion modes. Above 10 W power in the nitridation plasma,
a shoulder peak emerged between the 1000 and 1100 cm−1

region associated with N3–(Si–N)–Si2 configuration and sil-
icon precipitation, which is consistent with prior literature
[41, 42]. This provides evidence for the reordering of the SiNx

matrix that results during Si precipitation towards increased
SiN4 bonding and an increased ratio of N:Si in the shell
(figure 3(c)). Thus, FTIR confirms that the apparent increase
of Si core size determined by UV–Vis absorption is indicat-
ive of Si precipitation. Since no increase in core crystallite
size is seen by XRD for powers above 10 W, the precipitate
is amorphous.

The FTIR spectra also revealed a marked change in spectral
features associated with hydrogen. As shown in figure 3(b),
with increased power in nitridation plasma, peaks associated
with Si–Hx stretching modes that are located near 2100 cm−1

were shifted to higher wavenumbers indicating increased N
back-bonding forming ∗N–Si–Hx bonds [43]. This shift is con-
sistent with increasing nitrogen content in shells produced at
higher powers in the nitridation plasma [44].

TheXPS spectra of the core/shell QDs exhibit peaks corres-
ponding to N 1s and Si 2p features confirming the presence of
nitrogen on the nanocrystal surface (figures S3 and S4). How-
ever, the N:Si ratio depends on the radius of the Si core and the
thickness and composition of the SiNx shell. Thus, we can-
not use N:Si atomic ratio deduced by XPS to quantitatively
determine shell composition or thickness.

Based on the above observations, we propose that two
mechanisms to determine the nitridation of crystalline Si QDs
under the studied conditions. The primary mechanism is that
nitridation of Si QD surface in the second plasma reduces
the core Si crystallite size. This is relevant at all powers in
the secondary plasma. The secondary mechanism is that at
higher nitridation powers, precipitation of an amorphous Si
layer may lead to increased nitrogen concentration in the SiNx

shell. This pathway is more pronounced at nitridation plasma
powers greater than 20 W.

The driving motivation behind this work is to explore the
effect of an SiNx shell on the optical properties of Si QDs.
While PL from Si QDs is well documented, the photophys-
ical processes that govern luminescence in Si QD ensembles
are complicated. QD ensembles are polydisperse, radiative
and non-radiative recombination rates are size-dependent,
and inter-particle interactions, including exciton transport and
processes, are complex and poorly understood in quantum-
confined materials.

We performed PLQYmeasurements to characterize optical
measurements. As-produced, there is nomeasurable PLQY for
all samples synthesized at powers 0–50 W. However, upon
exposure to atmosphere, the a-SiNx shells began to oxidize and
exhibit an appreciable PLQY. Over time, the PLQY increased
until the shells reach a terminal oxide content and thickness.
Samples were oxidized under ambient atmospheric conditions
for six months and PLQY was periodically measured. Figure
S5 shows the progression of PLQY for samples produced at
selected powers (0, 1, 20, and 50 W). Hydrogen-terminated
Si QDs, produced at 0 W in the nitridation plasma, exhibit
a slow onset to PLQY and reach a maximum quantum yield
of around 15%. In contrast, the Si/a-SiNx core/shell QDs pro-
duced at 1W in the nitridation plasma rapidly exhibit moderate
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Figure 4. (a)–(c) Relative PL, PLQY, and maximum emission peak
wavelength for all samples produced at varied nitridation plasma
powers (0, 1, 5, 10, 20, 30, 40, 50 W) after six months of oxidation.

quantum yields within the span of a few days and reaches
a maximum quantum yield of more than 30%. As power in
the nitridation plasma was increased, the rate of increase in
PLQY and maximum quantum yield after six months were
both reduced.

Figures 4(a) and (b) present the relative PL spectra and
PLQY of samples produced at varied nitridation plasma
powers (0, 1, 5, 10, 20, 30, 40, 50 W) after six months of
oxidation. Si/a-SiNx core/shell QDs produced at 1 W nitrid-
ation plasma exhibited the highest relative PL and PLQY after
six months. At nitridation plasma powers of 20 W and higher,
both the relative PL and the PLQY were decreased indicating
an increase in defect concentration within the Si QD ensemble.
We suggest that at these powers, the formation of an amorph-
ous Si interlayer on the crystalline Si core resulting from Si
precipitation could contribute to increasing defect density.

Figure 4(c) demonstrates the maximum peak emission
wavelengths after six months oxidation for samples under

Figure 5. (a) Decay curves from a Si/a-SiNx core/shell ensemble
produced at 1 W power in the nitridation plasma with emission
wavelength range of 600–800 nm. (b) and (c) the effective life times
(τ ) and stretching exponents (β) of core/shell samples produced at
varied nitridation plasma powers at 750 nm emission wavelength.

varying power in the second plasma (0, 1, 5, 10, 20, 30,
40, 50 W). For quantum confined Si QDs, the peak emis-
sion wavelength is directly related to the size of the QD. The
trend in peak emission wavelength, which blueshifts from 0
to 10 W and then redshifts at higher powers, is consistent
with the trend seen in optical absorption spectra (figure S2).
These results also confirmed the proposed amorphous Si pre-
cipitation, which creates an a-Si interlayer at powers of 20 W
and greater, increasing the effective core Si size. Precipita-
tion of amorphous Si at higher powers was feasible due to the
increased nanoparticle heating by energetic surface reactions
within the plasma.

Time-resolved spectral data were collected by taking decay
curves at emission wavelengths from 600 to 800 nm in
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increments of 50 nm. Figure 5(a) shows a decay curve from
a Si/a-SiNx core/shell ensemble produced at 1 W power in
the nitridation plasma with emission wavelength range of
600–800 nm. After nearly six months of oxidation, these
core/shell QDs showed the longest effective carrier lifetime τ
of 264 µs and the highest stretching exponent value β ∼ 0.85.
Figures 5(b) and (c) presented the effective life times and
stretching exponents of core/shell samples produced at var-
ied nitridation plasma powers at 750 nm emission wavelength.
Consistent with PLQY measurements, there is a relative
degradation in optical properties for Si/a-SiNx QDs produced
at increasing nitridation plasma powers. Specifically, with
increased power in the nitridation plasma, the QD ensembles
exhibited shorter effective carrier lifetimes and lower β values.

The rapid process of oxidation for Si/a-SiNx QDs is similar
to the oxidation of a-SiNx prepared by plasma enhanced vapor
deposition (PECVD) [45, 46]. In the PECVD process, films
prepared at low-temperature result in a low-density, porous,
‘fractal-like network’ which permits air and moisture to per-
colate, resulting in a much shorter timescale for the full con-
version of a-SiNx films to a-SiOxNy than for films produced
at higher temperatures which are composed of higher dens-
ity a-SiNx. For Si/a-SiNx QDs produced at 1 W power, we
hypothesize that a low-density, porous a-SiNx shell provides
a means for rapid vacancy oxidation to an a-SiOxNy shell that
is thicker than found from the oxidation of H-terminated Si
QD under ambient conditions.

Thus, post-oxidation, the a-SiOxNy for samples produced
below 20Wpower in the nitridation plasma provides improved
surface passivation for Si QDs relative to passivation by native
oxide. Further work will be conducted to for process optimiz-
ation to evaluate the effectiveness of a-SiOxNy coating across
a range of Si QD sizes and emission energies.

4. Conclusions

Si QDs coated with an amorphous SiNx shell were formed in a
two-stage, capacitively coupled plasma reactor utilizing SiH4,
NH3, H2, and Ar. As the nitridation plasma power increased, it
was found that crystallite Si core sizes were decreased indicat-
ing consumption of the crystalline Si core forming an amorph-
ous SiNx shell. However, Tauc-plots derived from UV–Vis
absorption spectra exhibited an increase in Si core size above
10 W of nitridation plasma power. We hypothesized that sil-
icon precipitation can occur from a-SiNx shell forming an
amorphous Si interlayer with N-rich SiNx shell contributing
to the larger Si core sizes, which was reported in the prior lit-
erature. This was confirmed by the emergence of a shoulder
peak at 1100 cm−1 in FTIR spectra, which is attributed to the
reordering of the SiNx matrix forming N3–(Si–N)–Si2 bond-
ing during Si precipitation. XPS spectra revealed peaks cor-
responding to Si 2p and N 1s confirming the presence of Si
and N in the shell material.

While as produced Si/a-SiNx core/shell ensemble did not
exhibit PL right after synthesis, oxidized particles showed
appreciable PL with PLQY as high as 35% even after six
months of exposure to the environment. Upon oxidation,

Si/a-SiNx core–shell QDs produced at 1 W nitridation plasma
power showed the highest PLQY, the longest carrier life time
with the largest exponential stretch exponents of 0.85. Cor-
roborating the above observations, optical properties of these
QD ensembles including relative PL, PLQY, effective carrier
life time, and stretching exponent values decreased with the
increasing plasma nitridation power. This is consistent with
the Si precipitation forming an amorphous Si interlayer at
higher nitridation plasma powers, which would lead to the
increased surface defect density and degradation of optical
properties. Furthermore, we conclude that post oxidation of
low-density porous a-SiNx shells, produced below 20 W of
nitridation plasma power, permits rapid oxidation to form a-
SiOxNy shells, which serve as a stable passivant improving the
optical properties.
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