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 Shape- and size-control of nanocrystals (NCs) is valuable 
in many aspects of modern science and technology. [  1–9  ]  Wet 
chemical methods are widely used in the synthesis of metal, 
metal oxide, and metal sulfi de NCs with various shapes and 
dimensions in a controllable manner. [  1–9  ]  However, they are 
unsuitable for the synthesis of carbides and nitrides because 
of their high melting points (generally  >  2000  ° C) as well as 
a lack of appropriate precursors. Carbide and nitride NCs 
are of signifi cant interest for biomedical applications and 
optical devices operated in extreme conditions, because 
they have high strength and unique optical properties while 
being chemically inert and biocompatible. [  10–15  ]  The prop-
erties of NCs are dependent on not only their constituent 
materials but also their geometries. Nanorings, for example, 
are important zero-dimensional nanostructures in many 
applications and they provide an excellent model to explore 
quantum-related properties. [  16–19  ]  Their fabrication, however, 
remains a signifi cant challenge using existing fabrication 
methodologies. [  20–22  ]  
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 In this work, we show that beaded SiC nanorings (inner size: 
3–10 nm; outer size: 9 − 20 nm) can be synthesized at room tem-
perature by reactive laser ablation of a silicon wafer in an organic 
medium combined with a subsequent selective chemical etch. 
The prepared SiC nanorings exhibit apparent quantum confi ne-
ment effects, emitting strong violet-blue photoluminescence 
under ultraviolet excitation. More importantly, an anomalous 
red spectral shift ascribed to collective effects between surface 
structures and quantum confi nement is observed. This is the 
fi rst experimental confi rmation that surface reconstruction and 
termination dominates the optical properties of SiC NCs below 
a threshold diameter of 3 nm determined by theoretical calcula-
tions. The photoluminescence tunability, biocompatibility, non-
toxicity, and chemical stability make SiC nanorings excellent 
candidates for applications in biomedicine (e.g., bio-imaging) 
and optical devices operating under extreme conditions (e.g., 
high-temperature, high-pressure, and/or highly corrosive envi-
ronments). In principle, the fabrication technique presented 
here could also be extended into the fabrication of other car-
bide, nitride, and carbonitride nanostructures. 

 Our previous studies have shown that Si nanoparticles can 
be prepared with pulsed laser (Nd:YAG, 1064 nm) ablation of 
a Si target immersed in ethanol (about 8 mL). [  23  ]  Here we dis-
cover that beaded SiC nanorings can be generated when the 
laser ablation time is prolonged. In detail, when laser irradia-
tion fi rst strikes the silicon wafer, a silicon plasma is immedi-
ately formed at the surface of the wafer due to absorption of the 
high laser power (process I in  Figure    1  ); the local temperature 
of this plasma could reach several thousand degrees Kelvin. At 
the same time, pyrolysis of the ethanol molecules located at the 
interface between the silicon plasma and the surrounding liquid 
produced free carbon species (e.g., atoms) (process II in Figure 
 1 ). The subsequent decrease in the temperature and pressure 
of the silicon plasma caused many silicon nuclei to be formed. 
Some of these silicon nuclei reacted with the surrounding 
carbon atoms, forming SiC nanoparticles (process III in Figure 
 1 ). Alternatively, the large amount of silicon nuclei favored 
aggregation energetics and gave rise to hollow or porous-like 
Si aggregates (process III in Figure  1 ). These pre-formed Si 
aggregates were heated to an ultrahigh temperature  Th  (several 
thousand Kelvin) when they absorbed subsequent laser pulses. 
The high local temperature around the Si aggregates induced 
by laser irradiation again led to decomposition of the ethanol 
into carbon species (e.g., atoms or clusters) in the immediate 
vicinity of the hot Si aggregates. Finally, the highly active carbon 
species reacted with the hot silicon aggregates and gradually 
transformed into hollow or porous-like SiC aggregates (process 
IV in Figure  1 ). This chemical reaction (i.e., carbonization) is 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 5598–5603
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     Figure  1 .     Schematic illustration of the formation process of SiC quantum rings. I, II) Laser-
induced formation of Si plasma and carbon atoms/clusters. III) Formation of Si aggregates and 
SiC nanoparticles. IV) Transformation from Si aggregates to SiC nanorings by laser-induced 
carbonization. V) Selective etching of Si and centrifugation classifi cation to generate pure SiC 
nanorings.  
the reason for terming the method reactive laser ablation in 
liquid. As the Si–C reaction is restricted by small numbers of 
carbon atoms (only molecules near Si aggregates decompose) 
and ultra-short reaction times (short pulses lead to short dura-
tions of elevated temperature), a very small amount of Si can 
be transformed into SiC during a single laser shot exposure. [  24  ]  
This condition necessitates many laser exposure cycles to trans-
form the Si aggregates entirely into SiC. Hence, long-time laser 
irradiation is benefi cial to the preparation of SiC nanorings. 
Finally, selective acid etching was used to remove the remaining 
Si and produce pure SiC nanorings/nanoparticles. Low-speed 
centrifugation is effective in separating SiC nanorings from SiC 
nanoparticles (process V in Figure  1 ).  

 Based on this mechanism, the laser energy density, which 
infl uences the amount of highly reactive carbon species 
present, and laser irradiation time, which affects the prob-
ability of Si nanoparticles secondary laser exposure, are both 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeiAdv. Mater. 2012, 24, 5598–5603
crucial parameters for the preparation of 
SiC nanostructures. Transmission electron 
microscopy (TEM) images show that the as-
prepared sample is seemingly composed of 
many nanoparticles (Figure S1a, Supporting 
Information). These nanoparticles are a mix-
ture of Si and 3C–SiC, as verifi ed by selected 
area electron diffraction (SAED) patterns 
(inset in Figure S1a) and X-ray photoelectron 
spectroscopy (XPS) results (Figures S2a and 
c, Supporting Information). Further analysis 
revealed that some of the as-prepared nano-
particles are hollow or porous-like aggre-
gates (red arrows in Figure S1a, Supporting 
Information). The size distribution of the 
nanoparticles and the hollow or porous-like 
aggregates (measured as solid particles) are 
shown in Figures S1b and S1c, Supporting 
Information, which gives the mean size of 
7.8 and 12.8 nm, respectively. A rough esti-
mation indicates the hollow or porous-like 
aggregates comprise about 10% of the nano-
particles in the as-prepared sample. 

 An aqueous solution of HF (5 wt%) and 
H 2 O 2  (5 wt%) was used to remove the Si 
component from the as-prepared product. 
After the acid treatment ( ∼ 5 h), the inner Si 
component has been completely removed 
and only SiC remains, as proved by the 
X-ray diffraction pattern (Figure S3, Sup-
porting Information) and the Si 2p and C 1s 
XPS spectra (Figures S3b, d). Interestingly, 
a large amount of SiC nanorings emerge 
from this procedure, as shown in  Figure    2  a 
(see red arrow marks), with some nanorings 
not intact (green arrow marks in Figure  2 a). 
There are also many ultra-fi ne SiC nanopar-
ticles. The size distribution of the nanopar-
ticles and nanorings (outer diameter of the 
“solid particle”) are exhibited in Figures  2 b 
and  2 c, showing mean diameters of 5.1 and 
9.5 nm, respectively. Nanorings account 
for approximately 15% of the nanoparticles in the pure SiC 
sample. Figures  2 d – f present several typical SiC nanorings 
with different inner and outer diameters; the beaded structures 
are comprised of approximately 3 nm SiC quantum dots. The 
SiC nanorings can be separated from the SiC nanoparticles by 
a low-speed centrifugation classifi cation method. This method 
allows pure narrow size distributions of SiC nanorings to be 
generated for further photoluminescence studies and applica-
tions, which is important in applications where size monodis-
persity is highly desired. By low-speed centrifugation classifi -
cation (5000 rpm for 10 min), SiC nanorings were separated 
from the nanoparticles, and a large amount of SiC nanorings 
were obtained (Figure S5, Supporting Information). Figure  2 g 
displays a cracked nanoring; the structure and morphology of 
the imperfect nanoring (Figure S6, Supporting Information) is 
signifi cant because it verifi es the formation mechanism of the 
SiC nanorings (Figure  1 ).  
5599wileyonlinelibrary.comnheim
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     Figure  2 .     a) TEM image of 3C–SiC nanorings. Inset in (a), SAED of 3C–SiC. Size distribution of 
b) the nanoparticles and c) nanorings. d–f) typical 3C–SiC nanorings. g) a cracked nanoring.  
 The production rate of SiC nanorings is estimated to be 
20  μ g min  − 1  by weighing the mass-loss of the Si target before 
and after the laser ablation process (detailed calculations can 
be found in the Supporting Information). There are several 
potential ways to increase the yield rate of SiC nanorings. By 
increasing the laser power and the laser frequency, the produc-
tion rate of Si nanostructures can be accelerated, facilitating 
the mass production of SiC nanorings. Since an aromatic com-
pound (i.e., toluene) is much easier to be decomposed into 
reactive carbon atoms by laser irradiation, the transformation 
effi ciency from Si to SiC nanorings and thus the throughput of 
SiC nanorings is anticipated to be improved by adding a small 
amount of toluene into ethanol. 

 Laser ablation in liquid is usually deemed as a physical 
method to fabricate various semiconductor, metal, and metal 
oxide nanoparticle colloids. [  25–30  ]  Here, we fi rst report that it can 
be extended to synthesize quantum-sized beaded SiC nanor-
ings by introducing a carbonization reaction between the com-
ponent from the Si target and carbon atoms and/or clusters 
induced by laser decomposition of the liquid molecules, which 
not only provides a method to prepare unique nanostructured 
carbide materials, but also deepens our understanding of the 
nanoparticle formation mechanism during the laser ablation 
in liquids. Taking advantage of the extremely high local tem-
perature induced by laser ablation, this reactive laser abla-
tion strategy might enable the fabrication of a wide variety of 
00 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
nano structures, such as Si 3 N 4 , C 3 N 4 , TiC, 
Fe 3 C, BN, and W 2 C. [  31  ]  All of these car-
bide and nitride nanostructures have high 
strength (deducted from their corresponding 
bulk materials), strong chemical inertness, 
and resistance to heat, corrosion, and wear. 

 The SiC nanorings we synthesized demon-
strate strong quantum confi nement effects, 
so we denote them quantum rings. We 
found that SiC quantum rings show strong 
violet-blue emission with a peak centered 
at 430 nm under the excitation wavelength 
of 370 nm (see pink curve in  Figure    3  ). 
As the photon energy of the emitted light 
is much larger than the bandgap of bulk 
3C–SiC 2.25 eV (550 nm), such violet-blue 
emission is ascribed to quantum confi ne-
ment effects, which is partially verifi ed by 
UV-vis absorption spectra (Figure S7, Sup-
porting Information). In addition, as the 
excitation wavelength is shifted from 350 to 
460 nm, the emission peak moves from 418 
to 510 nm (Figure  3 ). This blue spectral shift 
is a commonly observed phenomenon with 
a size distribution of quantum structures: 
as the excitation wavelength is decreased, 
smaller SiC NCs are excited, emitting shorter 
wavelengths because of their larger bandgaps 
(defi ned by quantum confi nement). [  32  ]   

 Surprisingly, when the excitation wave-
length moves from 290 to 350 nm, the 
emission peak shifts from 432 to 418 nm 
(Figure  3 ): a red spectral shift. This red 
shift contradicts theoretical predictions based on quantum 
confi nement effects and has not been observed before in SiC 
NCs. In this case, an analogy to Si NCs might be helpful, as 
researchers have found that the optical bandgap of small sized 
Si nanoparticles is dramatically reduced when their surface is 
terminated with silicon–oxygen bonds instead of hydrogen. [  33  ]  
Understanding that the surface area/volume ratio scales with 
1/ r , we hypothesize that the surface atom confi guration and 
the surface termination are overshadowing quantum confi ne-
ment and determining the optical properties of the smaller SiC 
nanostructures.  Ab initio  calculations have made similar pre-
dictions for SiC NCs with a diameter between 1 and 3 nm, [  34  ]  
however, the experimental evidence for  <  3 nm SiC NCs is still 
lacking because there are no appropriate techniques to prepare 
such small SiC NCs. There have already been reports that the 
surface structure (e.g., reconstruction or termination) of SiC 
NCs will infl uence their optical properties. [  35  ]  For example, SiC 
NCs with hydrogen and hydroxy bonding exhibit quite different 
optical properties, where a new peak at 510 nm emerges when 
the surface of SiC NCs is functionalized by H  +   and OH  −  . [  35  ]  

 In order to explore the origin of the anomalous red spectral 
shift in our SiC quantum rings, we used a Gaussian multipeak 
fi tting method to differentiate contributions from the surface 
structures and bandgap transitions within the SiC quantum 
rings to the photoluminescence emission spectrum. As shown 
in Figure S8, Supporting Information, there are two emission 
nheim Adv. Mater. 2012, 24, 5598–5603
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     Figure  3 .     a) Photoluminescence (PL) spectra of 3C–SiC quantum rings 
under different excitation wavelengths and PL excitation spectrum moni-
toring at 430 nm (dashed line). b) Emission peak position as a function 
of excitation wavelength (black dashed line). The red line shows the peak 
position of the Gaussian fi tted curve (in Figure S7) as a function of excita-
tion wavelength.  
peaks under the excitation wavelengths of 330 (Figure S8c) 
and 310 nm (Figure S8b), and three peaks at 290 nm excitation 
(Figure S8a). It is believed that the shorter-wavelength (404, 400, 
and 383 nm) emission peaks excited at 330, 310, and 290 nm 
can be attributed to bandgap transitions within SiC quantum 
rings. These three peaks (404, 400, and 383 nm) are in good 
accordance with the blue spectral shift induced by the quantum 
confi nement effect (see red curve in Figure  3 b). 

 To confi rm that the longer-wavelength (434, 450, and 
458 nm) emission peaks excited at 290, 310, and 330 nm have 
close relations to the surface structures of the SiC nanocrystals, 
we performed additional analysis, experiments, and theoretical 
calculations. Small sized SiC NCs can be deemed as formed by 
the core, exposed surfaces, and surface passivations. The core 
part generally contributes to the band-to-band recombinations, 
giving rise to the presence of the shorter-wavelength emis-
sion peaks (404, 400, and 383 nm) as aforementioned. Surface 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 5598–5603
passivations will have infl uence on the photoluminescence of 
SiC NCs. In order to determine the surface passivations of the 
SiC quantum rings, Fourier transform infrared (FTIR) char-
acterization was conducted. From the FTIR result (Figure S9, 
Supporting Information) together with the Si 2p and C 1s XPS 
spectra (Figure S2), it is determined that the surfaces of SiC 
quantum rings are passivated by –OR (at Si sites) and –CH 3  (at 
C sites)—both –OR and –CH 3  are formed during laser decom-
position of ethanol molecules. Based on the above-discussed 
SiC nanoring formation mechanism, the formation of these 
bonds on the surfaces of the SiC nanorings is not surprising. 
Laser ablation will decompose ethanol molecules into various 
reactive organic species and –OR. When SiC nanostructures are 
formed under the local high temperature induced by laser irra-
diation, these reactive organic species and –OH will bind to the 
surfaces of the SiC simultaneously. Due to the perfect surface 
passivations, surface defects are largely removed, resulting in 
the experimentally observed strong photoluminescence from 
the SiC quantum rings. However, these surface passivations 
(–CH 3  and –OR) are unlikely to lead to the anomalous red spec-
tral shift according to previous studies. [  35  ]  

 The surface structures of SiC NCs undergo serious energy 
favorable reconstructions as verifi ed by theoretical calculations 
and experimental observations. [  36  ]  Different crystal planes have 
different atom reconfi gurations and surface reconstructions. It 
is diffi cult to determine the exact exposed crystal planes of the 
SiC nanorings due to the irregular shapes of the nanorings and 
extremely non-equilibrium formation conditions. We took the 
(001) plane as an example and performed theoretical calcula-
tions based on fi rst principles (details can be found in the Sup-
porting Information). Our results (Figures S10, S11, Supporting 
Information) indicate that surface structures will introduce 
energy states within the bandgap. Interestingly, the results fur-
ther reveal that carbon atoms on the surfaces contribute more 
signifi cantly to the formation of these energy states compared 
with Si atoms (Figures S10, S11), indicating the importance 
of surface compositions to the electronic structures. Different 
crystal planes have different contributions to the band structure 
change of SiC NCs, unveiling the signifi cance of atom con-
fi guration in changing the electronic structures of SiC NCs. [  34  ]  
Therefore, surface structures of the SiC NCs including the 
surface composition (i.e., Si or C) and surface atom confi gura-
tion (e.g., surface reconstructions and different exposed crystal 
planes) lead to the formation of energy states within bandgaps. 
The photon-excited excitons have two pathways to recombina-
tion (Figure S12, Supporting Information), i.e., band-to-band 
recombination (Process I in Figure S12) and recombination at 
the energy states induced by surface structures (Process II in 
Figure S12), resulting in the two emission peaks in Figure S7. 
The strain force within the SiC nanoring structure might also 
have an impact on the optical properties by infl uencing the band 
structure and/or affecting recombination pathways of excitons. 
In summary, surface composition and atom confi guration con-
nected with exposed crystal planes and surface reconstructions 
are important factors to the anomalous red spectral shift of SiC 
nanorings we observed. 

 Recently, red spectral shifts from Si nanocrystals were 
observed; they were ascribed to radiative recombination of non-
equilibrium excitons. [  37  ]  This mechanism might also contribute 
5601wileyonlinelibrary.combH & Co. KGaA, Weinheim
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of optical similarities between Si and SiC (e.g., intrinsic indi-
rect bandgap). Photoluminescence peaks attributed to radia-
tive defect centers can also affect the emission spectrum of Si 
NCs, [  38  ]  similar to the case in SiC quantum rings. However, the 
defect peak is usually well-separated from the bandgap peak in 
Si NCs, and further studies are needed to determine whether 
the mechanism we hypothesized above might contribute to the 
anomalous red spectral shift in Si NCs. Future investigations 
will measure the photoluminescence dynamics, the tempera-
ture dependence of the photoluminescence, and time-resolved 
photoluminescence to help classify the exact origin of the 
abnormal red spectral shift from SiC quantum rings. 

 The red spectral shift we observed from SiC quantum rings 
demonstrates that quantum confi nement effects become invalid 
for calculating the optical bandgaps of SiC nanostructures when 
the size is very small. Below a threshold diameter ( Dt ), the sur-
face structure plays a signifi cant role in determining the optical 
properties of the nanostructures. From Figure  3 , we know that 
this transition occurs at approximately 350 nm excitation wave-
length, and at this excitation wavelength, the SiC emission is 
located at about 420 nm (Figure  3 ). The emission energy can be 
defi ned as a function of particle size (Figure S12) according to 
quantum confi nements using an effective mass approximation 
(Equation 1), [  39  ] 

 E
∗ = Eg + h2/ 8µr 2 −1.8e2/ 4πεoεr   

(1)
   

where   μ   [ =   m  e  m  h /( m  e   +   m  h )] is the reduced mass of the exciton, 
 m  e   =  0.394 m  o ,  m  h   =  0.387 m  o , and  m  o  is the free electron mass. 
 E  g  is the band gap of bulk cubic SiC (2.25 eV),   ε   is the high-
frequency dielectric constant of SiC ( ∼ 10), and  r  is the radius of 
the SiC NCs. Using this approximation, the threshold diameter 
( Dt ) for SiC NCs is calculated to be 3 nm. When the diameter of 
SiC NCs is below 3 nm, the contributions of surface structure 
(e.g., surface composition, surface reconstruction, and exposed 
crystal planes) to the photoluminescence emission cannot be 
neglected and they will play an important role together with 
quantum confi nement effects. This is the fi rst experimental 
work to point out the importance of surface structures of small 
sized ( < 3 nm) SiC nanostructures, which might cause contra-
dictory spectral shift (i.e., red spectral shift) with the predictions 
based on quantum confi nement effects. 

 The third peak (340 nm) under the excitation wavelength of 
290 nm can be related to the interior structure evolution of the 
ultrafi ne SiC nanocrystals. The weak 383 nm peak, related to 
quantum confi nement effects, indicates that the particle size 
can be roughly estimated at 2.6 nm (Figure S12). This peak 
indicates that as the size of the SiC NCs is further decreased 
below  Dt , bandgap transitions are sharply weakened and sur-
face structure contributions become overwhelmingly dominant. 
Under this condition, new ultraviolet emission peaks (e.g., 340 
nm peak) will emerge with quite different origins (e.g., direct-
bandgap like emissions) [  40  ]  due to the energetically favorable 
structural reconstruction of SiC NCs. 

 The photoluminescence from the SiC quantum rings we fab-
ricated is very stable—it is still very intense even after several 
months of preservation. These non-toxic and biocompatible 
3C–SiC quantum rings with strong and steady violet-blue emis-
sion will be invaluable in applications such as cell imaging, 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
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bio-labeling, drug carrier, and optical devices operating under 
extreme conditions (e.g., high-temperature, high-frequency, 
high-pressure, and/or highly corrosive). 

 In summary, SiC quantum rings have been synthesized 
using reactive laser ablation of a Si target in ethanol combined 
with subsequent selective chemical etching. The SiC quantum 
rings show strong and steady violet-blue emissions, which 
exhibit a prominent excitation wavelength dependence (blue 
spectral shift) caused by quantum confi nement effects when 
the excitation wavelength is larger than 350 nm. Interestingly, 
the SiC quantum rings also show an abnormal red spectral 
shift when the excitation wavelength is smaller than 350 nm, 
which is likely caused by surface structures (e.g., surface com-
position, surface reconstruction, and exposed crystal planes) 
in the smallest SiC NCs. Smaller than a threshold size (about 
3 nm), surface structures must be considered when designing 
the optical properties of SiC NCs. The SiC quantum rings pre-
sented here have many desirable properties such as chemical 
inertness, high strength, fascinating optical properties, and 
interesting morphology (beaded rings). Importantly, the reac-
tive laser ablation method might be conveniently extended to 
design other carbide and nitride nanostructures, compensating 
for the shortcomings of traditional chemical methods in pre-
paring these nanomaterials.  
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