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Molecular-sized colloid silicon carbide (SiC) nanoparticles are very
promising candidates to realize bioinert non-perturbative fluor-
escent nanoparticles for in vivo bioimaging. Furthermore, SiC
nanoparticles with engineered vacancy-related emission centres
may realize magneto-optical probes operating at nanoscale
resolution. Understanding the nature of molecular-sized SiC
nanoparticle emission is essential for further applications. Here we
report an efficient and simple method to produce a relatively
narrow size distribution of water soluble molecular-sized SiC
nanoparticles. The tight control of their size distribution makes it
possible to demonstrate a switching mechanism in the lumine-
scence correlated with particle size. We show that molecular-sized
SiC nanoparticles of 1-3 nm show a relatively strong and broad
surface related luminescence whilst the larger ones exhibit a rela-
tively weak band edge and structural defect luminescence with no
evidence of quantum confinement effect.

Silicon carbide is a wide bandgap indirect semiconductor®
with a variety of applications such as high power electronics
due to the high breakdown field, high thermal conductivity,
and existence of surface oxide.” Because of the chemical resis-
tivity and high intrinsic temperature SiC is ideal for appli-
cations in harsh environments.> It also exhibits great
application potential in ultraviolet (UV) photodiodes,* spin-
tronics™® and quantum information processing.”® SiC can crys-
tallize in several forms called polytypes. These polytypes are
identical in two dimensions (hexagonal basal plane) and differ
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Dominant luminescence is not due to quantum
confinement in molecular-sized silicon carbide
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in the Si-C bilayer sequences in the third dimension (c-axis
perpendicular to the basal plane).'® As an indirect-bandgap
semiconductor, bulk SiC has weak luminescence, however,
porous SiC,"" small nanocrystals'> and nanowires’> show
bright photoluminescence (PL). SiC nanocrystals (NCs) are
proven to be favorable biological labels'* due to their good bio-
compatibility,"> hemocompatibility’® and excellent solubility
in polar solvents."” Moreover, they contain many surface
groups that are suitable for further chemical modifications
and conjugation for targeted biomolecules.'® Even though the
applicability of SiC NCs in the biological environment'®*® and
therapy>® was demonstrated, understanding the physics
behind the luminescence is still in the centre of intense
research. In porous SiC bright luminescence was reported,
similar to that in porous Si, but the origin of this lumine-
scence is still unclear. The luminescence of porous SiC is often
associated with the quantum confinement effect,>® however,
the relatively large crystallite size and the polytype indepen-
dent luminescence implied that the luminescence was related
to surface defects.*® Experimental results***® and theoretical
calculations showed that the luminescence of SiC NCs is
strongly influenced by the surface groups.”® Indeed a SiC NC
solution containing 2 nm nanoparticles shows luminescence
with emission at 450 nm (2.75 eV), nearly independent of exci-
tation wavelength, while calculation showed that hydrogen ter-
minated NCs of this size should emit in the deep UV.*”*®* Wu
and coworkers gave experimental evidence of quantum con-
finement in SiC NCs* based on the excitation dependent
luminescence properties of such NC solutions. This depen-
dence is a necessary but not a sufficient condition to un-
ambiguously prove the quantum confinement effect. There are
several reports about excitation dependent luminescence pro-
perties of carbon dots’>*' and graphene oxide solutions®
where this property is explained by different surface groups
and the distribution of these groups.®® Guo et al. reported that
SiC NCs prepared in ethanol solution possessed low excitation
dependent emission in the case of fresh samples but aged
samples showed strong excitation dependence.** Their size
measurements suggested that SiC NCs aggregated quickly in
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ethanol solution and they associated the changes in the
luminescence properties with the change in size distribution
of SiC NCs.** These contradicting results create doubt about
the simple quantum confinement model and the varying con-
clusions might come from the different size distribution of the
colloid SiC particles.

In this paper we demonstrate an effective size separation
method which allows us to prepare a SiC NC solution contain-
ing only 1-4 nm particles. This is an important step toward
biomedical and in vivo applications where the hydrodynamic
size of the nanocrystals should be less than 5.5 nm that is
needed for clearance.?>® With the separation of small individ-
ual SiC NCs from larger or aggregated NCs we show that SiC
NCs larger than 4 nm have different PL properties than those
of molecular-sized nanoparticles. We demonstrate that the
obtained excitation dependence of the SiC NC solution in pre-
vious reports is a convolution of two different emission centres
with different PL and photoluminescence excitation (PLE) pro-
perties because of the coexistence of molecular-sized 1-4 nm
nanoparticles with surface related luminescence and larger
nanoparticles or aggregates with band edge (BE) or near band
edge (NBE) luminescence.

The recorded PL spectra of as-prepared SiC NCs are shown
in Fig. 1. As can be seen the peak maximum at ~450 nm shifts
only 8 nm upon changing the excitation wavelength between
310 and 370 nm (marked with a vertical dashed line) but
shows a severe reduction in the measured intensity upon exci-
tation with wavelengths longer than 320 nm. We observe
another more intense red shift upon excitation with wave-
lengths of 370-450 nm (marked by the slant dashed line). This
shift was previously associated with the quantum confinement
effect.”® We will demonstrate that this shift is due to the convo-
lution of two different emission centres.

A sample with broad size distribution was centrifuged
using a 30 kDa macrosep filter. The remaining solution
(sample II) was washed 10 times to remove most of the small
particles. It should be noted that the feed was concentrated
from 10 ml to 1.5 ml during filtration but not dried. As shown
in Fig. 2a, the filtrate (sample I) exhibits a similar peak
maximum as the as-prepared sample but the long-wavelength
shoulder is missing and there is almost no sign of changing
the emission with excitation wavelength.

Fig. 3a-c and d show the size and atomic structure of
sample II observed by high transmission resolution
spectroscopy (HRTEM) and atomic force microscopy (AFM),
respectively, whereas Fig. 3e plots the corresponding PL
spectra. The PL spectra of sample II show excitation indepen-
dent emission with a peak maximum at 530 nm (2.39 eV).
The shape and intensity of the luminescence band are very
different from those of sample 1.

Despite the wide size distribution no shift occurs in the
emission maximum upon changing the excitation wavelength.
The 530 nm (2.39 eV) PL signal is in good agreement with the
band gap of 3C-SiC (2.35 eV). The Bohr radius of 3C-SiC is
about 2.7 nm and calculations implied that 4 nm 3C-SiC NCs
have an almost bulk like absorption band.*® Based on these
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Fig. 1 Photoluminescence spectra of SiC NCs in water at different exci-
tation wavelengths. We attribute this complex spectrum to two types of
emission centres represented by dashed lines. An emission centre at
~450 nm (vertical dashed line) shows a negligible red shift with increas-
ing excitation wavelength whereas another emission centre at the low-
frequency shoulder shows a clear red shift by varying the excitation
wavelength between 370 and 450 nm represented by the slant dashed
line. The Raman signal of water is also marked in the spectrum by star
symbols.

arguments we attribute the 530 nm peak to the BE lumine-
scence of larger particles. While SiC has an indirect band gap,
and consequently weak luminescence at room temperature,
exciton recombination can be enhanced by the relaxation of
selection rules due to the relatively small size of the particles
and dielectric confinement. Several additional peaks appear in
the PL spectra of sample II at about 408 nm (3.02 eV), 460 nm
(2.67 eV) and 492 nm (2.52 eV). The first peak may correlate
with the BE luminescence of 6H polytype inclusions®” whilst
the other two may originate from their stacking faults.*® 6H
inclusion in 3C-SiC may be considered as an “ordered”
sequence of stacking faults that can be described as 3-3 zig-
zag lines consisting of 6 Si-C bilayers along the c-axis (see
ESI}). Stacking faults within the 6H inclusions embedded in
3C-SiC result in irregular stacking sequences. We show the evi-
dence of such irregular stacking sequences in a larger SiC
nanoparticle observed by HRTEM in Fig. 3(a—c). Even though
the purchased SiC is a cubic 3C powder confirmed by X-ray
diffraction measurements before and after etching it (not
shown), polytype inclusions are common defects in SiC and
may appear at low concentrations in the 3C-SiC powder. Since
the applied etching method works mainly on the cubic
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(a) Shows the PL spectra of sample | (filtrate) at different excitation wavelengths after SiC NCs were filtered through a 30 kDa centrifuge

filter. After filtration the red shoulder does not occur in the PL spectra (cf., Fig. 1). (b) Shows the AFM image and size distribution of sample |. The
average size is about 1.5 nm and most of the particles are smaller than 4 nm.

3C-SiC,*° the hexagonal polytypes remain mostly intact. There-
fore, selective etching of 3C-SiC enhances the concentration of
polytype inclusions in our system. While we believe this is the
main reason for the detected polytype dispersion, it should be
noted that phase transformation was claimed during the
preparation of SiC NCs by laser ablation®® and also by an
etching process similar to ours.>® 6H inclusions in 3C-SiC
enhance the luminescence of 3C-SiC*' which further explains
the detectable BE luminescence of 3C-SiC at room tempera-
ture. Fig. 4 shows the photoluminescence excitation (PLE)
spectra of sample I and sample II. Sample I has maximum
emission efficiency at 320 nm excitation while the PLE spec-
trum of sample II corresponds to the PLE of bulk 3C-SiC.*?
These observations further strengthen our conclusion that
the properties of large particles are close to those of bulk
3C-SiC.

Large particles may either form because of the repeated
etching of SiC powder reducing the size of the starting
materials or may come from the aggregation of smaller par-
ticles. To unravel the role of either of these mechanisms in the
change of the luminescence band we dried a droplet of sample
I on the Si surface consisting of only molecular-sized nano-
particles and measured the PL during drying. Fig. 5 shows
how the PL changed during water evaporation. First, SiC NCs
are surrounded with strongly adsorbed water molecules,** thus
the PL of this sample is almost identical to the PL of SiC NCs
in solution. As we successively remove the hydration shell
around the SiC nanoparticles, the emission maximum shifts
to lower wavelengths typical of the PL signal of sample 1I. We
conclude from the change in the PL bands that water evapor-
ation is a two-step process: first the disappearance of the

10984 | Nanoscale, 2015, 7, 10982-10988

excess water, leaving the hydrated nanoparticles intact, fol-
lowed by the disruption of the hydration shells and the sub-
sequent forming of aggregates which leads to the PL bands
characteristic of sample II. This result indicates that sample II
may contain aggregates.

Aggregated or closely packed NCs usually have different
optical properties from those of the individual particles.**** It
should be noted that even though surfactants are not used to
stabilize our SiC NCs because of the high colloid stability of
the particles, recrystallization or Ostwald ripening effect is not
probable because of the high stability of the Si-C bond. The
wavefunctions in two closely lying SiC NCs may overlap build-
ing up crystalline bands*>** that can lead to bulk-like optical
properties. This effect is known in similar nanoparticle
systems.**™*?

We did not find any sign of size dependent optical pro-
perties in the 3C-SiC colloid system, however, the size distri-
bution was relatively broad in both parts of the separated
samples. SiC NCs made by electroless wet chemical etching
contain a large number of oxidized surface groups because of
the applied strong acids. We conclude that SiC NCs could
be rather described as Si,CyO.,(H) systems. In the case of
molecular-sized SiC NCs surface related luminescence is domi-
nant.>**® The surface related luminescence originates from
localized states that have weak NC size dependency.’
However, various oxygen-containing surface groups may con-
tribute to the PL spectrum depending on the surface environ-
ment possessing considerable Stokes shifts*****” that result
in a relatively broad PL signal at room temperature. As the par-
ticles become larger, the surface to volume ratio becomes
small and the oxygen content becomes negligible. Our results

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) HRTEM image of a ~10 nm SiC nanoparticle. (b) Fast Fourier transform (FFT) of the area marked with a square in panel (a). (c) Fourier

filtered HRTEM image of the area marked with a rectangle in the upper right corner of the square in panel (a). An irregular stacking sequence of 5-2-
3-1-2-4 is indicated in the figure. See text for more explanation. (d) shows AFM image and the size distribution of sample Il. Sample Il contains par-
ticles with size between 2 and 40 nm. 3 Gauss functions can be fitted to the size distribution with maxima at 6.5 nm, 17.5 nm and 29.0 nm. (e) PL
spectra of sample Il (filtrand) at different excitation wavelengths after SiC NCs were filtered through a 30 kDa centrifuge filter. The broad peak at
530 nm (2.39 eV) is the BE luminescence of SiC while peaks at 408 nm (3.02 eV), 464 nm (2.67 eV) and 492 nm (2.52 eV) are associated with the BE
of 6H polytype inclusions (sequence of 3 in c) and their stacking faults (sequences other than 3 in c). The Raman peaks of the absorbed water are

also indicated (‘(Raman’); they have comparable intensity to that of the detected PL of SiC particles.

confirm the conclusion of theoretical calculations stating®”*®
that the core recombination becomes dominant for nano-
particles with sizes of 4 nm and above while surface related
luminescence dominates in smaller SiC nanoparticles.

In conclusion, we demonstrated an effective separation of
molecular-sized bioinert SiC nanoparticles from larger aggre-
gates in colloid SiC NC solution. These two fractions possess
significantly different PL signals. PL is proven to be a very
simple and efficient tool to verify the presence of larger aggre-
gates in the colloid samples using a PL peak at around
530 nm. Our results show that the molecular-sized SiC NCs

This journal is © The Royal Society of Chemistry 2015

indeed exhibit surface group-related broad luminescence
between 400 and 600 nm with a maximum at 450 nm. This
broad luminescence may play an important role in the context
of magneto-optical color centres in nanocrystalline SiC.*”*® 1t
has been proposed that molecular-sized SiC NCs embedding
paramagnetic color centres may be ultimate fluorescent bio-
markers that might be used even for quantum metrology going
beyond the traditional dyes.'* We demonstrated here that
molecular-sized SiC NCs themselves possess complex emission
properties. We note that the fluorescence of color centres
introduced in these SiC NCs might be compromised by the

Nanoscale, 2015, 7, 10982-10988 | 10985
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Fig. 5 PL spectra of SiC NC solution containing small particles during
drying on the Si surface. The emission is changing due to water evapor-
ation and aggregation. The measurement was carried out by heating the
sample on a 100 °C hot plate and placing it into the spectrometer at
5 minute intervals.
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surface groups responsible for the emission of SiC NCs which
is a subject of studies in the near future.

Experimental section

The 3C-SiC powder with particle sizes of about 1-10 um (US
Research Nanomaterials Inc.) was etched in a HF : HNO; solu-
tion for the preparation of SiC NCs. The synthesis method was
reported elsewhere."® Briefly, SiC powder was placed in an acid
digestion chamber with concentrated HF : HNO; solution and
etched for 2 hours at 100 °C. During the etching a thin porous
layer is formed on the surface of the particles. After the
removal of the acid and sonication of the porous SiC we obtain
1-5 nm SiC NCs and large particle residues that can be
removed by centrifugation. Repeating the etching process on
the microparticles, they shrink slowly and the size distribution
of the nanoparticles becomes wider. The samples were studied
by photoluminescence (PL; Horiba Jobin Yvon NanoLog),
atomic force microscopy (AFM; NeaSpec), and high resolution
transmission electron microscopy (HRTEM; JEOL JEM-3010).
The PL was measured with a 450 W Xe lamp and 3 nm band-
width for SiC colloid solution unless noted. We applied a stan-
dard spin coating technique to separate the nanoparticles
dried on a silicon substrate, in order to study them by AFM.
For size distribution measurements, about 300 particles were
measured with AFM on different places of the substrate. We
deposited the dried SiC particles on a thin carbon layer for
HRTEM study and about 300 particles were analyzed.
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