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ABSTRACT We have produced glycerol-bonded 3C-SiC nanocrystal (NC) films, which when excited by photons of different
wavelengths, produce strong and tunable violet to blue-green (360-540 nm) emission as a result of the quantum confinement effects
rendered by the 3C-SiC NCs. The emission is so intense that the emission spots are visible to the naked eyes. The light emission is
very stable and even after storing in air for more than six months, no intensity degradation can be observed. X-ray photoelectron
spectroscopy and absorption fine structure measurements indicate that the Si-terminated NC surfaces are completely bonded to glycerol
molecules. Calculations of geometry optimization and electron structures based on the density functional theory for 3C-SiC NCs with
attached glycerol molecules show that these molecules are bonded on the NCs causing strong surface structural change, while the
isolated levels in the conduction band of the bare 3C-SiC NCs are replaced with quasi-continuous bands that provide continuous
tunability of the emitted light by changing the frequencies of exciting laser. As an application, we demonstrate the potential of using
3C-SiC NCs to fabricate full-color emitting solid films by incorporating porous silicon.
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In addition to the light weight, high strength, extreme
hardness, wear and corrosion resistance, and inertness,
silicon carbide (SiC) nanostructures have recently at-

tractedfurtherinterestbecauseoftheirnovelmorphologies,1-6

quantum-confined blue photoluminescence (PL) in solvents,7,8

and applications in biophysics such as fluorescent biological
labels.9,10 In these applications, the surface physical and
chemical properties directly determine the growth of the
nanocrystals (NCs), stability in a solvent, and luminescence
properties.11 Since SiC consists of carbon or silicon outer-
most layers, they exhibit interesting and complicated surface
structures in different surroundings. Some theoretical studies
on the surface characteristics of polytypic SiC exposed to
water, acetic acid, and methanol have indicated that the
band gap has a strong dependence on the NC size and
surface bonding structure.4,12-16 This provides the op-
portunity to design suitable surface structures for practical
applications by terminating the surface dangling bonds with
different atoms.17 A typical example is surface patterning
on the molecular level and then using these patterns to
control adsorption of proteins while maintaining their
activity.12,18-20 More recently, surface modification of SiC
by organic and inorganic molecules have led to the forma-

tion of some functionalized SiC materials.21-25 These works
not only enhance our understanding of some unpredictable
behavior that often takes place during processing of SiC
materials but also promote applications of SiC nanostruc-
tured materials in many technique-related fields.

Luminescence from a solid film has important applica-
tions in optoelectronic devices, especially in display technol-
ogy. Since the observation of tunable blue emission in some
suspensions of 3C-SiC NCs,7,8 much research has been
conducted on nanostructured solid 3C-SiC materials.11 Un-
fortunately, 3C-SiC solid films cannot emit tunable blue light
due to the amorphous fraction of the NCs and complicated
surface chemical disorder induced by oxidization.26-33 This
result indicates that effective passivation of the surface of
nanostructured 3C-SiC in the form of a solid film to ac-
complish quantum-confined PL is a difficult problem and not
well understood. This has thus hampered the use of 3C-SiC
nanostructure films in modern optoelectronic devices.

Ethylene glycol, propylene glycol, glycerol, and similar
compounds have a molecular structure that contains -OH
groups with strong electronegativity. They can easily bond
to the modified surfaces of 3C-SiC NCs leading to for
instance, effective surface passivation.34 As a result, it is
possible to obtain stable tunable PL from 3C-SiC NC films.
In this article, we report the broad emission properties of
3C-SiC NC films after surface modification with glycerol. We
first demonstrate experimentally that the glycerol-passivated
3C-SiC NC solid films can produce strong tunable violet to
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blue-green PL (visible to the naked eyes) due to quantum
confinement in the 3C-SiC NCs. We next reveal experimen-
tally that the quantum-confined PL stems from a monolayer
of glycerol molecules on the 3C-SiC NC surface and that
glycerol bonding removes various nonradiative defects/
surface states. To complement our experimental findings,
we carry out theoretical calculations of the geometry opti-
mization and electron structures for 3C-SiC NCs with at-
tached glycerol molecules based on the density functional
theory. The results show that bonding of glycerol molecules
causes strong surface modification giving rise to a quasi-
continuous band in the conduction band which replaces
isolated levels in the case of bare NCs and provides continu-
ously tunable emission wavelengths. As an application, we
demonstrate that by coating the glycerol-passivated 3C-SiC
NCs onto porous silicon (PS), 3C-SiC NCs/PS composite solid
films producing strong full-color tunable PL in the whole
visible range from 360 to 760 nm when the excitation
wavelength changes can be fabricated. The results and
discovery are relevant to modern optoelectronic devices,
especially full-color displays.

The preparation of the 3C-SiC NCs has been described
previously.35 To produce the glycerol-passivated 3C-SiC
films, 10 mL of a water suspension of the 3C-SiC NCs with
diameters ranging from 1.5 to 6.5 nm (most probable size
of ∼4.0 nm) was added to a 10 mL aqueous solution with a
drop of glycerol, followed by ultrasonic vibration and drying
to a volume of 15 mL. Afterward, a piece of silicon substrate
was put into the container until all the water vaporized
leaving a thin layer on the substrate. The details regarding
the transmission electron microscope (TEM) observations,
PL, X-ray diffraction (XRD), X-ray photoelectron spectros-
copy (XPS) and Si L3,2-, and O K-edge X-ray absorption near-
edge structure (XANES) measurements are similar to those
reported previously.34,35

Figure 1a displays the TEM image of the NC distribution
taken at an accelerating voltage of 200 kV, showing that the
3C-SiC NCs are nearly spherical with diameters ranging from
1.5 to 6.5 nm. No NCs with sizes larger than 6.5 nm can be
observed. Figure 1b depicts the high-resolution TEM image

of several representative NCs. The NCs are highly crystalline
with the lattice fringes corresponding to the {111}, {200},
and {220} planes of 3C-SiC. Figure 1c shows the histogram
of the NC size distribution. The NCs present an almost
asymptotic centric distribution and the diameters of most
of the NCs are between 3.0 and 5.5 nm. A Gaussian fit
suggests that the most probable size of the NC diameters is
about 4.0 nm and such NCs can exhibit distinct quantum
confinement effects.7,35 These results have also been con-
firmed by our XRD and Raman scattering measurements
(Supporting Information Figure SI-1).

Figure 2a shows the PL spectra acquired from a solid film
composed of the 3C-SiC NCs separated by glycerol coated
on a silicon wafer. They are taken under excitation by
various wavelengths from 320 to 460 nm emitted from a
Xe lamp. The PL intensity is so high that the emission spots
can be easily observed visually. As the excitation wavelength
increases from 320 to 460 nm, the PL peak position in-
creases monotonically from 380 to 540 nm. The inset in
Figure 2b shows the increment ∆λ between the emission
and excitation wavelengths versus excitation wavelengths.
The flat curve indicates that the relaxed energy of the excited
electrons is fixed and the results are consistent with our
theoretical derivation to be discussed later. No obvious red
shift in the peak can be observed at excitation wavelengths
beyond 480 nm and the intensity of the PL spectrum
decreases rapidly thereafter. Since the band gap of bulk 3C-
SiC is 2.24 eV (554 nm), the NCs cannot be excited and PL
cannot be observed.

The intensity of the PL peak centered at about 480 nm
reaches a maximum at an excitation wavelength of 410 nm.
Because the radii of most NCs are smaller than the Bohr
radius of 3C-SiC (about 2.7 nm), the PL red shift with
increasing excitation wavelength can be attributed to the
quantum confinement effect in 3C-SiC NCs.7,36,37 When the
excitation wavelength is varied from 320 to 410 nm, the 3C-
SiC NCs with the probable sizes can always be excited.

FIGURE 1. (a) A TEM image of the fabricated 3C-SiC NCs. (b) A typical
high-resolution TEM image. (c) The NC number distribution with the
most probable size of 4.0 nm obtained by Gaussian fitting.

FIGURE 2. (a) PL spectra of the 3C-SiC NCs/glycerol solid film on a
silicon wafer excited by different wavelengths. (b) PL spectra of pure
glycerol excited by three different wavelengths. The inset in (b)
shows the increment ∆λ between the emission and excitation
wavelengths vs excitation wavelength.
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Consequently, the PL intensity in this range increases with
excitation wavelength. When the excitation wavelength
exceeds 410 nm, the number of 3C-SiC NCs that can be
excited diminishes thereby leading to a continuous decrease
in the PL intensity. When the excitation wavelength is higher
than 480 nm, only a few NCs can be excited and the PL
intensity is weak. According to the most probable NC
diameter, we can estimate the most intense emission wave-
length in the PL spectrum using the following relationship:37,38

E* ) Eg + h2/8µr2 - 1.8e2/4πε0εr, in which Eg ) 2.24 eV is
the band gap of bulk 3C-SiC, µ is the reduced mass of the
exciton (electron and hole), ε is the high-frequency dielectric
constant of 3C-SiC, and r is the radius of the particle. The
largest PL intensity is derived to be ∼478 nm, which is in
good agreement with the observed value. The above analysis
suggests that the NC size has an important influence on the
PL energy and intensity. To rule out the possibility that the
tunable PL originates from glycerol, we present in Figure 2b
three typical PL spectra of pure glycerol excited by three
different wavelengths. All the spectra with a small water
Raman peak have very low intensities and it clearly indicates
that the strong tunable PL from the solid film stems from
quantum confinement rendered by the 3C-SiC NCs.

The stability of the films is investigated by storing in air
for more than six months and no PL degradation and peak
position shift can be observed indicating that the structure
and luminescent properties of the solid film have not altered.
The stability is closely related to good dispersion and effec-
tive surface passivation of the 3C-SiC NCs by glycerol
molecules in the films. Three -OH groups in the glycerol
molecule have strong electronegativity (Supporting Informa-
tion Figure SI-2a). They can easily bond to the modified
surfaces of the 3C-SiC NCs (Supporting Information Figure
SI-2b) leading to effective removal of the surface/defect
states. As a result, stable quantum-confined PL can be
achieved from the 3C-SiC solid film.

To confirm the presence of bonding with glycerol mol-
ecules on the surface of the 3C-SiC NCs and simultaneously
investigate the surface structures, we examine the C 1s, Si
2p, and O 1s core level XPS spectra of the glycerol-absorbed
3C-SiC NC films produced on a silver thin film substrate and
present the corresponding results in Figure 3a. For compari-
son, the XPS spectra of the 3C-SiC NCs from an aqueous
solution without glycerol are also shown in Figure 3b.34

Similar to the situation in Figure 3b, these spectra in Figure
3a do not reveal the presence of bonding with water
molecules due to careful evaporation and removal of the
surface layer from the sample prior to the analysis. In the C
1s spectrum, the strongest peak at 283.1 eV corresponds to
the SiC component.21,39 The two shoulders on the high-
energy side at 284.6 and 286.4 eV can be attributed to CHn

and O-CH3,22 respectively. Their intensities increase in
comparison with those in Figures 3b1. The strong shoulder
(denoted as CS) on the low-energy side at 280.8 eV, which
is absent in Figure 3b1, is related to alkoxide.40 The C 1s

spectrum reveals bonding of glycerol on the NC surface. In
the Si 2p spectrum, the low-energy peak corresponds to the
SiC component. The peak at 100.2 eV can be ascribed to
the Si1+ state (a Si atom bonding to one oxygen atom),34,41,42

but it is broader and has slightly lower energy than the
corresponding peak at 100.7 eV in Figure 3b2. Thus, this
peak is associated with the chemical bonding of Si-OR in
which R is dehydrogenated glycerol component. The 531.9
eV peak in the O 1s spectrum is also broader and has a larger
intensity compared to that in Figure 3b3, indicating that
hydrogen in the surface Si-OH bonding has been replaced
by R component.43,44 These XPS results indicate that the Si-
terminated NC surfaces are hydrophilic and connected to
-OR, whereas the C-terminated surfaces are almost hydro-
phobic. After integration and correction for the carbon and
oxygen contents using a reference sample (a clean silver
surface), the Si/O atomic ratio is obtained to be 1:0.17. Using
a shell approximation,45,46 we can obtain the glycerol
molecule number of 80 on each NC surface. The molecule
number is about 50% more than that expected for a close-
packed monolayer of glycerol ligands surrounding the NC,
indicating that the Si-terminated surface has been bonded
completely to glycerol molecules. X-ray absorption fine
structure is an effective technique to study the near-neighbor
local structure in complex materials.34 Therefore, we have
also acquired the Si L3,2-, and O K-edge XANES spectra from
the glycerol-absorbed NC film (Supposting Information Fig-
ure SI-3). The results demonstrate that glycerol molecules
have bonded to the Si-terminated 3C-SiC NC surfaces, as is
consistent with the XPS results. These results show that the

FIGURE 3. C 1s, Si 2p, and O 1s core level XPS spectra acquired from
the glycerol (a1-a3) and water (b1-b3) suspension films deposited
on silver film substrates. The 530.6 eV peak in the O 1s spectrum is
related to the Ag substrate (ref 35).
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density of the added glycerol in the water suspension of 3C-
SiC NCs is an important parameter to accomplish tunable
emission. We have used a smaller amount of glycerol to
passivate the NC surface but observed that the tunable PL
intensity is significantly reduced. Hence, complete passiva-
tion of the NC surface is necessary in order to achieve strong
tunable violet to blue-green emission.

To identify the effects of glycerol passivation and surface
modification on the electronic structure, we conduct a
density-functional-theory (DFT) study on the 3C-SiC NCs with
and without absorbed glycerol molecules. The calculation is
performed using the generalized gradient approximation of
Perdew, Burke, and Ernzerholf47 under package CASTEP48

in which a norm-conserving pseudopotential method49 is
used. We use a kinetic energy cutoff of 470 eV for plane
waves to represent the single-particle wave functions. We
adopt a 3C-SiC nanocluster of diameter 1.6 nm with several
glycerol molecules near its surface in a 2.5 × 2.5 × 2.5 nm3

supercell initially to perform geometry optimization and DFT
band structure calculation. The other part of the supercell is
vacuum and so the NCs are sufficiently separated.

The geometry of the nanoclusters together with adsorbed
glycerol molecules is optimized using the BFGS minimizer
in the CASTEP package with the following default conver-
gence tolerances: energy of 2 × 10-5 eV, maximum force
of 0.5 eV/nm, and maximum displacement of 0.02 nm.50

The results pertaining to geometric optimization of 3C-SiC
nanoclusters with 5 water molecules and 2 and 5 adsorbed
glycerol molecules per NC are shown in the insets of Figures
4a-c, respectively. It can be seen that both the glycerol and
water molecules are more likely to adsorb on the Si-
terminated surface sections, while they are further apart
from the C-terminated surface sections. Compared to the

case involving water molecule adsorption,34 adsorption of
glycerol molecules causes more substantial surface modifi-
cation, which may produce specific electronic structures.

Using the optimized structures, we calculate the energy
band structure. The obtained densities of states (DOS) of the
3C-SiC nanoclusters with different number of adsorbed
molecules are shown in Figure 4. It is known that the DFT
calculation underestimates the energy gaps of SiC and their
nanostructures.12,15 In the case of zero-adsorbed molecule,
there are two peaks marked as A and B in Figure 4a
corresponding to the quantized levels of the conduction
band due to the quantum size effect. Peak B can serve as
the host states of the electrons excited from the valence
band when excited by a laser, whereas peak A can accept
electrons relaxing from B and provide PL when the electrons
jump from A to the valence band. The energy position of
peak A is almost fixed and so for NCs without attached
glycerol molecule, it is difficult to tune the wavelength of the
emitted photons by changing the frequency of the excitation
laser. By gradually increasing the number of adsorbed
glycerol molecules, both peaks A and B gradually transform
to a continuum, as shown in Figure 4b,c. Consequently, by
increasing the frequency of the excitation laser, the electrons
can be pumped to higher levels in the upper quasi-continu-
ous band and they will also relax to higher levels in the lower
quasi-continuous band as the energy interval of the relax-
ation is almost unchanged if the relaxation mechanism is
the same. Our experimental result in the inset of Figure 2b
discloses that the relaxed energy interval is nearly constant.
Therefore, glycerol absorption on 3C-SiC NCs further renders
the possibility of tuning the wavelengths of the emitted
photons by changing the frequency of the excitation laser.
The tunable violet to blue-green emission observed in our
experiments thus results from the mutual effects of size and
glycerol bonding. From this point of view, other ligands that
can effectively passivate the 3C-SiC surfaces without produc-
ing nonradiative defect states may also suffice.

As an application of the tunable solid film, we exploit the
advance in broad emission from 3C-SiC NCs to fabricate full
color solid film by combining with PS. Such a composite film
structure is schematically plotted in Supposting Information
Figure SI-2c. The glycerol coating renders the PS surface with
good glycerol passivation and thus produces strong quantum-
confined PL. In our experiments, the PL peak of the PS is
strong and can be tuned from 580 to 760 nm when the
excitation wavelength increases from 400 to 470 nm (the
inset of Figure 5a). The PL spectra of the 3C-SiC NCs/PS solid
film are shown in Figure 5a and they can be divided into
three regions. In the violet-blue (360-500 nm) region, the
tunable PL mainly originates from the quantum confinement
effect of the 3C-SiC NCs. In the blue-red (500-620 nm)
region, the visible emission stems from the contribution of
both Si and 3C-SiC NCs. In the region between 620 and 780
nm, the PL mainly comes from the PS sample. Therefore,
such a composite 3C-SiC NCs/PS solid film can emit strong

FIGURE 4. DOSs of 3C-SiC nanoclusters with different numbers of
absorbed glycerol molecules. (a) 0, (b) 2, and (c) 5 molecules per
NC. The insets show optimized structures of 3C-SiC nanoclusters
with 5 water molecules in (a) and 2 and 5 glycerol molecules in (b)
and (c) per NC. The yellow, gray, red, and white balls represent Si,
C, O, and H atoms, respectively.
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tunable PL in the entire visible region spanning 360 to 760
nm. Similar to the 3C-SiC/glycerol solid film, the full-color
tunable PL is also very stable and no degradation is observed
after storage in air for more than six months.

The PL of the 3C-SiC NCs/PS solid film is so intense that
the emission spots with different wavelengths (colors) are
visible to the naked eye even only by excitation of a Xe lamp.
Figure 5b shows five typical emission photos taken using a
Canon digital camera. Under the five different excitation
wavelengths of 320, 400, 450, 470, and 500 nm, the
emission spots appear to be blue (∼450 nm), green (∼510
nm), yellow (∼560 nm), orange (∼600 nm), and red (∼630
nm), respectively. When taking these pictures, different
filters are used to avoid scattering of the excitation light
background. These color spots clearly demonstrate full-color
tunable light emission from the solid composite nanostruc-
tured materials.

In conclusion, our experiments and calculation of the
electron structures of the glycerol-passivated 3C-SiC NCs
clearly show that glycerol can effectively passivate the
complex surface/defect states of the 3C-SiC NCs. It produces
a 3C-SiC NC solid film having strong (visible to the naked
eyes) and tunable optical emission in violet to blue-green due
to the surface modification on 3C-SiC NCs. The emission is
very stable as demonstrated by that after the solid film has
been stored in air for more than six months, no intensity
degradation can be observed. Full-color (360-760 nm)
tunable 3C-SiC/Si NC film can be made by embedding the
glycerol-passivated 3C-SiC NCs on PS.
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