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ABSTRACT: The knowledge of band edges in nanocrystals (NCs) and quantum-confined
systems is important for band alignment in technologically significant applications such as water
purification, decomposition of organic compounds, water splitting, and solar cells. While the
band energy diagram of bulk silicon carbides (SiCs) has been studied extensively for decades,
very little is known about its evolution in SiC NCs. Moreover, the interplay between quantum
confinement and surface chemistry gives rise to unusual electronic properties and remains
barely understood. Here, we report for the first time the complete band energy diagram of SiC
NCs synthesized such that they span the regime from strong to intermediate to weak quantum
confinement. The absolute positions of the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals show clear size dependence. While the HOMO level follows the
expected behavior for quantum-confined electronic states, the LUMO energy shifts below the
bulk conduction band minimum, which cannot be explained by a simple quantum confinement
caused by the size effect. We show that this effect is a result of the interplay between quantum
confinement and the formation of surface states due to partial and site-selective oxygen passivation.

Over the past few decades, bandgap engineering, the ability to
tailor the bandgap of nanoscale semiconductors, has inspired
considerable excitement because of the visionary technological
opportunities it presents.1−3 The relatively easy access to
bandgap measurement techniques has contributed to the
understanding of bandgap widening, due to quantum confine-
ment, and the exploitation of this phenomenon. However, the
full energy band diagram (EBD) requires accurate knowledge
of a range of other critical parameters in addition to the
bandgap. These include the conduction and valence band-edge
locations [or highest occupied molecular and lowest
unoccupied molecular orbital (HOMO and LUMO, respec-
tively) as appropriatea] and Fermi level; together, these are
decisive for a very wide range of applications. The impact of
quantum confinement on these energy band parameters has
received little attention, in part due to measurement challenges
as well as the higher sensitivity and precision required.
Nonetheless, tailoring the corresponding EBD energy levels
through quantum confinement is in effect a new and much
more powerful tool that offers the opportunity for EBD and
band alignment engineering to complement the traditional
bandgap engineering.
The changes in the absolute position of the band edges and

Fermi level of quantum-confined systems are key to the
governing criteria in designing appropriate materials for most
applications with technological significance. Band align-
ment,4−6 charge injection,7 and controlling charge recombina-

tion8 have been demonstrated in nanocrystals for solar cell
applications and highlight the importance of the band-edge
alignment and/or location for device performance. Water
splitting upon light absorption,9,10 reduction of CO2,

11 and
purification of polluted water12 are further examples where the
positions of the band edges have been shown to be important.
Given the technological significance of band-edge positions

of SiC in various industrial applications, we report here, for the
first time, the complete EBD and size-dependent shifts in the
absolute energy levels of SiC NCs that are affected by quantum
confinement. We debate the use of various experimental
techniques for the measurement of the corresponding critical
parameters. We carry out theoretical calculations that reveal
the influential role of surface states, which could be harnessed
as a powerful design parameter. While our work is applied here
to SiC NCs, the quest for detailed information about the EBD
is relevant for most quantum-confined and nanoscale systems
and has a dramatic impact on a very wide range of energy
applications.
SiC Nanocrystal (NC) Synthesis. Silicon carbide (SiC) is an

important member of the group IV semiconducting materials
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with a wide variety of applications of technological importance.
SiC has excellent electronic, chemical, thermal, and mechanical
stabilities that are best suited for next-generation high-power,
high-temperature, and high-frequency applications and other
industrial scale applications.13−16 SiC can crystallize into
various structures showing polytypism. Polytypism in SiC is
due to a range of possible stacking sequences of Si−C layers,
and among hundreds of polytypes, 3C-SiC, 4H-SiC, and 6H-
SiC are the notable ones.14 SiC NCs can be synthesized from a
tetramethylsilane (TMS) precursor utilizing an atmospheric-
pressure microplasma process. Our research on the synthesis of
SiC NCs with this method has demonstrated a high degree of
reliability in producing high-quality NCs supported by full and
in-depth characterization of materials17 (see also Figure S1).
Cubic (3C-SiC) SiC NCs with different mean diameters of 1.5,
3.7, and 5.3 nm and with narrow size distributions were
previously achieved under different synthesis conditions. We
therefore relied on this method to produce size-tunable cubic
SiC (3C-SiC) NCs and to study their electronic properties.
Our further analysis has demonstrated the repeatability of our
process and therefore confirmed the morphological, chemical,
and structural composition of the SiC NCs. Representative
high-resolution transmission electron microscopy (HR-TEM)
images of SiC NCs are shown in panels a, d, and g of Figure 1.
The corresponding FFT images are displayed in the inset
images of panels a, d, and g of Figure 1. The inverse FFT
images are constructed by applying masking (inset images) to
the corresponding FFTs as shown in panels b, e, and h of
Figure 1, respectively. The line profiles of the inverse FFTs of
SiC NCs are shown in panels c, f, and i of Figure 1, which
confirm the lattice spacing of the (200) planes. Despite being
very small, NCs are crystalline as represented by their lattice
fringes of cubic SiC (3C-SiC). X-ray photoelectron spectros-
copy and Fourier transform infrared spectroscopy (FTIR) have
revealed H-terminations to be present at the surface for the
most part, with both C−Hx and Si−Hx bonds.

17 Further FTIR
(Figure S2) has confirmed the formation of Si−C bonds as the
respective peaks at around 780 cm−1 could be easily observed.
Widespread Si−H/C−H passivation is also confirmed, and no
peaks indicating bonding between C and O could be detected.
Stoichiometric silicon oxide generally presenta a peak at 1070
cm−1, which broadens asymmetrically when bonds are strained
and/or nonstoichiometric oxide is present.18,19 On this basis,
the relatively sharp peak at ∼1020 cm−1 is not consistent with
Si−O−Si bonding arrangements and it is therefore assigned to
the contribution of both C−H2 and SiO. While the presence
of Si−O−Si networks was excluded by extensive oxidation, the
analysis concluded that minor and selective oxidation of
surface Si atoms with a carbon back bond (i.e., C−Si−O) was
present.
The mechanisms leading to the formation of SiC NCs from

TMS in the atmospheric-pressure microplasma (Figure 2)
differ from the standard nucleation and growth steps required
in equilibrium thermodynamic processes. The plasma environ-
ment initially leads to the fragmentation of TMS with the loss
of methyl groups.20−22 As the fragmentation is for the most
part due to electron-induced dissociation, the formation and
growth of the NCs progress through a gas-phase polymer-
ization chain process, confirmed by the close stoichiometry of
the NCs. This is similar to that observed for silane low-
pressure plasmas;23,24 however, at atmospheric pressure, ions
are expected to play a minor role while neutrals are mainly the
ones that participate in the gas-phase polymerization process.

The fragments contributing to the growth are mainly
Si(CH3)4−x and HSi(CH3)4−x, where x represents the number
of methyl groups lost by the TMS molecules. The polymer-
ization and formation of the Si−C structure are the result of

Figure 1. (a−c) High-resolution transmission electron microscopy
(HR-TEM) micrograph of 1.5 nm (mean diameter, Dm) SiC
nanocrystals with the fast Fourier transform (FFT) image (inset),
inverse FFT obtained by masking the FFT (inset), and the
corresponding line profile, respectively. (d−f) HR-TEM micrograph
of 3.7 nm (Dm) SiC NCs with the FFT image (inset), inverse FFT
with the masked pattern (inset), and the corresponding line profile,
respectively. (g−i) HR-TEM micrograph of 5.3 nm (Dm) SiC NCs
with the FFT image (inset), inverse FFT with the masked pattern
(inset), and the corresponding line profile, respectively.
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the reaction of the Si− or Si−H terminations on the methyl or
CHy groups of the polymerized products; in particular,
reactions with HSi(CH3)4−x also result in the formation of
molecular H2. This leads to a growing Si−C network with H-
terminations on the carbon atoms. The silicon atoms at the
surface however easily lose the methyl groups and therefore
can form dangling surface bonds prone to oxidation when
exposed to the environment. The required energy for
crystallization is then supplied by selective particle heating

within the plasma.25 This is due to ion bombardment and
recombination at the surface of the particles, which can lead to
a nanoparticle temperature hundreds of kelvin higher than the
surrounding gas-phase temperature.23

Electronic Properties (experimental). To evaluate the size-
dependent energy band diagram, we have experimentally
measured the absolute position of the Fermi level and the
positions of the HOMO and the LUMO levels, as these vary
for NCs of different sizes. It is however instructive to compare

Figure 2. Schematic diagram illustrating the fragmentation of tetramethylsilane (TMS) leading to the nucleation and growth of silicon carbide
nanocrystals in the atmospheric-pressure plasma process.

Figure 3. (a) HOMO−LUMO gaps of SiC nanocrystals (NCs) determined from the Tauc plots. (b) Ultraviolet photoelectron spectroscopy
(UPS) spectra of the onset region of SiC NCs. The onset has been evaluated by applying a linear fit to the data and determining the intercept; here
the baseline has been corrected after smoothing (Savitzky−Golay smoothing method) the data points for a more accurate background removal. (c)
UPS spectra of the secondary electron-edge region of SiC NCs. The cutoff has been determined by applying a linear fitting to the negative slope
that allowed us to determine the intercept to the axis as shown.
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the size of the NCs to the Bohr exciton radius (a0 = 2.0 nm)
for 3C-SiC. The mean radius rd=1.5 nm of 0.75 nm of the
smallest SiC NCs (Figure 1a−c) is much smaller than a0; thus,
we expect these smaller NCs to be within the strong quantum
confinement regime. For the SiC NCs with an rd=3.7 nm of 1.85
nm (Figure 1d−f), the radius is comparable to the exciton
radius and we can expect quantum confinement to be weaker
but effective. The radius rd=5.3 nm of 2.65 nm of the largest SiC
NCs (Figure 1g−i) is larger than a0, and we can expect that the
effect of the quantum confinement is further reduced; however,
while we tend toward bulk properties, finite size effects remain
present.
The different polytypes of bulk SiC can exhibit drastically

different properties; e.g., the bandgap can vary between 2.2 and
3.3 eV.14,26 The valence band maximum (VBM) positions of
SiC, in their bulk form, have been reported to be around 6−6.5
eV,27−32 and the VBM lies in the same location (T point) of
the Brillouin zone for most of the polytypes.33 On the other
hand, the locations of the conduction band minima (CBM) are
not the same for all polytypes,33,34 due to the variation in their
crystal structures.35 In a majority of the cases, however, band
diagrams determined from either theoretical or experimental
efforts are based on the bulk values of the respective
polytypes.33,34,36−41 To date, there have been no reports on
the experimental determination of SiC NC band-edge
positions under quantum confinement. These positions can
be acquired in bulk materials using X-ray absorption
spectroscopy (XAS),42 ultraviolet photoelectron spectroscopy
(UPS),6,43,44 photoemission spectroscopy in air (PESA),45

cyclic voltammetry (CV),46 and potential-dependent absorp-
tion spectroscopy.47 Most commonly, UPS measurements have
been reported for accurate determination of HOMO levels
(VBM).48

Here, the electronic gap and levels of these SiC NCs were
evaluated by measuring the optical transmission characteristics
of the SiC NCs. Depending on the particle diameter, the
transmission spectra of the SiC NCs show a clear blue-shift in
the transmission with a decrease in the size of the SiC NCs
(Figure S3). The corresponding HOMO−LUMO gaps
determined from the Tauc plots are shown in Figure 3a and
are summarized in Table 1.

Our SiC NCs not only exhibited quantum confinement on
the HOMO−LUMO gap but also demonstrated a strong
dependence of the Fermi level and of the absolute HOMO and
LUMO positions. The corresponding Fermi levels (EF) are
obtained by Kelvin probe measurements (Figure S4) and are
summarized in Table 1. A shift of the Fermi level is expected
due to the change in the sizes of the NCs and may also be due
to a contribution from the surface functionalities.49

The absolute position of the HOMO is obtained from UPS
by determining the onset of the binding energy (Eonset) and the
secondary electron energy cutoff (ESE‑cutoff), also explained in
the Supporting Information. Figure 3b shows the Eonset values
extracted from the UPS spectra, and Figure 3c represents the
ESE‑cutoff values of the SiC NCs. The HOMO energy is

= − −‐E hv E E( )HOMO SE cutoff onset (1)

where hν is the energy of helium I (21.2 eV). HOMO energies
extracted from UPS are summarized in Table 1. Finally, the
LUMO energy (Table 1) is calculated by adding the bandgap
value to the HOMO level. Table 1 therefore provides the full
experimental details of the EBD for the SiC NCs of different
sizes.
Figure 4 depicts the corresponding EBDs (“Experiment”,

red) as per values in Table 1 and compares them with the bulk
EBD values (in black on the left of Figure 4); the values from
theoretical calculations (“Theory-GW”, blue) for 1.5 nm
diameter SiC NCs are discussed below. We first note that, as
expected, decreasing the diameter of the NCs, i.e., increasing
the quantum confinement, opens the bandgap. The largest
NCs present the smallest bandgap (2.97 eV) of all of the NCs;
this is close to but still larger than the bulk bandgap value (2.35
eV). The positioning of the HOMO and LUMO levels for all
NCs follows the expected quantum confinement behavior as
previously outlined in relation to the relationship between the
particle diameter and the Bohr radius, i.e., HOMO moving up
in energy toward the bulk VBM and LUMO energy decreasing
with the particle diameter increasing. However, when NC
energy levels are compared to the bulk values, these appear to
be all downshifted on the energy scale so that the HOMO level
of the largest NCs is still >1 eV away from the bulk limit and
all of the LUMO energies are lower than the bulk CBM. This
behavior suggests that, in addition to quantum confinement,
other factors contribute to the position of the EBD levels for
the NCs.
Electronic Structure Calculations Based on First Principles. To

clarify the experimental results, we performed first-principles
electronic structure calculations at the PBE+G0W0 level. We
consider here only the smallest particle diameter as an example
and take into account partial oxygen surface coverage following
our FTIR measurements, where oxygen is preferentially bound
to Si and not to C as suggested by our experimental
characterization of materials. The shape of the FTIR signal
just above 1000 cm−1, the presence of Si−Hx and C−Hy
terminations, and the surface structure of SiC NCs suggest that
SiO bonds are more likely than an extended Si−O−Si
surface network (see the Supporting Information). Further-
more, Si−O−Si does not largely influence the excitation
spectrum of SiC NCs.53 We therefore focus here on SiC NCs
with hydrogen atoms on all surface carbon atoms and on all
highly coordinated silicon surface atoms (i.e., silicon atoms
with a single dangling bond), while oxygen is on under-
coordinated surface silicon atoms (i.e., SiO bonds). This
corresponds to an oxygen coverage of 10% with respect to H-
terminations. The NCs are modeled such that we start with the
Si and C atoms at ideal 3C-SiC lattice positions and surface
atoms terminated as described above. The structures are
subsequently relaxed (see Methods). While we observe a
certain surface relaxation, the lattice stays close to the bulk
values, which is fully consistent with our HR-TEM measure-
ments and experimental17,54 and first-principles54,55 data in the
literature.

Table 1. Size Dependence of the HOMO−LUMO Gap
(bandgap), Fermi Energy (EF), HOMO Energy (VBM), and
LUMO Energy (CBM) Along with the Corresponding
Values of Bulk 3C-SiCa

NC mean
diameter (nm)

bandgap
(eV) EF (eV)

HOMO
(VBM) (eV)

LUMO
(CBM) (eV)

1.5 3.78 −4.86 −7.76 −3.98
3.7 3.32 −5.39 −7.59 −4.27
5.3 2.97 −5.45 −7.53 −4.56
bulk 2.35 −4.60 −6.18 −3.83

aBulk values are also reported.50−52.
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The results of our calculation for H-terminated SiC NCs are
shown in Figure 4 (“Theory-GW”, blue; EBD on the right).
We can initially compare the calculated HOMO−LUMO gap
of these H-terminated NCs with a simple estimate of NC
bandgap ENC

g a p b a s ed on the Bru s equa t i on 5 6

≈ + + −
πε ε* *( )E r E( ) h

r m m
e

rNC
gap

bulk
gap

8
1 1 1.8

4

2

2
e h

2

r 0
where h is Planck’s

constant, e the electron charge, ε0 the vacuum permittivity, and
r the particle radius. Using literature values for the bulk
bandgap (2.35 eV), effective electron mass me* (0.347m0) and
effective hole mass mh* (0.45m0), and dielectric constant of
bulk SiC (εr = 9.52),57 we find that the bandgap for a NC with
a radius r of 0.75 nm (d = 1.5 nm) is ENC

gap (0.75 nm) = 5.7 eV;
this compares well to our GW result of 5.97 eV. Our
calculations for H-terminated NCs are also consistent with the
effects of strong quantum confinement, where the LUMO is
upshifted in the energy scale compared to the bulk value much
more than the HOMO level is downshifted and with an overall
increase in the bandgap, i.e., from 2.35 to 5.97 eV. However,
the measured bandgap value of 3.78 eV for the 1.5 nm
diameter SiC NCs (Figure 4, red) is much smaller than the
results of our calculations (5.97 eV). Moreover, we stress again
that the measured HOMO/LUMO levels of the NCs appear to
be all lower in energy than what would be expected if only
quantum confinement was to be considered and with the
LUMO level by far lower (−3.98 eV) than the calculated value
(−1.25 eV).
We therefore have to conclude that the H-terminated NC

model does not represent well the experimental SiC NCs, and
consequently, we have carried out calculations to take into
consideration partial SiO surface coverage as previously
anticipated. We find that oxygen atoms in the SiO sites

induce surface states with energies inside the HOMO−LUMO
gap (Figure 5) that drastically downshifts the LUMO level on

the energy scale and effectively reduces the bandgap of the
NCs. Moreover, also the HOMO level is slightly downshifted
in energy due to charge transfer between the oxygen and the
SiC NCs, an effect observed recently also for elemental Si
NCs.49 The overall results of these calculations show that SiC
NCs with partial SiO coverage are a much better match in
terms of HOMO/LUMO levels and bandgap (see Figure 4).
This, together with the chemical analysis of the SiC NCs,

Figure 4. Energy band diagrams showing the VBM/HOMO, CBM/LUMO, Fermi energy (EF), and bandgap (Eg) for bulk SiC (black, left side),
for experimental SiC NCs with mean diameters of 1.5, 3.7, and 5.3 nm (“Experiment”, red), and from calculations of 1.5 nm SiC NCs with
hydrogen terminations and with partial SiO surface coverage (“Theory-GW”, blue).

Figure 5. Calculated density of states of the SiC NC with oxygen
coverage on double bond sites. The states inside the gap are related to
O-induced surface states, and the edge at a higher energy is given by
oxygen-independent “bulk”-like states.
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suggests that the experimentally observed EBD energies are
related to surface states induced by oxygen.
A full EBD of 3C-SiC NCs has been presented for the first

time with the experimental measurements of absolute band-
edge positions of different sizes of SiC NCs. Quantum
confinement has been confirmed together with an overall
increasing trend of the bandgap. The HOMO and LUMO
energy positions have also presented consistent shifts that in
part are attributed to the quantum confinement regimes, as
well. However, to explain some of the trends observed in the
experimental measurements, partial oxygen passivation was
considered and supported by chemical analysis of the SiC NCs.
This hypothesis was then further reinforced with theoretical
calculations that clearly showed the impact of partial SiO
surface coverage. The HOMO of SiC NCs with partial
oxidation has shifted >1.5 eV with respect to the absolute
VBM position of bulk SiC (3C-SiC), thereby offering
application opportunities. Furthermore, the Fermi levels have
also shown a size-dependent behavior by shifting toward the
LUMO levels when the size of SiC NCs is decreased. While
our work was focused on SiC NCs, our results have much
wider implications. First, the possibility of engineering band-
edge absolute values opens great opportunities in EBD and
band alignment engineering. Second, we have highlighted
opportunities and challenges in measurement techniques that
require more attention for their application to nanoparticle
systems.

■ METHODS
Preparation of SiC NCs. The synthesis of SiC NCs was carried
out in a plasma reactor operated at atmospheric pressure
following our previous work.17 The precursor for SiC was
tetramethylsilane (TMS), which was purchased from Sigma-
Aldrich. Argon gas was bubbled through the TMS at flow rates
of 0.4, 2.4, and 5 sccm. The plasma reactor consists of a
rectangular hollow glass with two flat electrodes (20 mm × 5
mm); one of the electrodes was grounded, while the other was
used to sustain the plasma by applying the radiofrequency
(RF) power (100 W) at 13.56 MHz. The SiC NCs were
collected directly in colloids in ethanol or deposited directly on
a substrate.
Material Characterization and Band Energy Diagram Measure-

ments. Structural investigation of the SiC NCs was carried out
using transmission electron microscopy (JEOL JEM-2100F
instrument operated at 200 kV). The samples for TEM were
prepared by drop-casting (∼6 drops) SiC NC/ethanol colloids
onto the TEM grids. The chemical structure and Si−C
bonding were confirmed using Fourier transform infrared
spectroscopy (FTIR) equipped with an attenuated total
reflection (ATR) accessory (Thermofisher iD5). SiC NCs
(in solid form) were directly placed on top of the diamond
crystal of the ATR accessory, and then the measurements were
taken. An ultraviolet/visible (UV/vis) spectrometer (Perki-
nElmer Lambda 35) was used for the transmission measure-
ments of SiC NCs. The SiC NCs were collected directly in
ethanol from the plasma for UV/vis measurements. The
measurement of the Fermi level was taken using an SKP Kelvin
probe system with gold as a reference electrode. The samples
for the Kelvin probe were prepared by depositing SiC NCs
directly from the plasma onto glass substrates coated with a
conductive indium−tin oxide (ITO) layer. The HOMO energy
levels of SiC NCs were estimated by UPS and X-ray
photoelectron spectroscopy (XPS). UPS data of SiC NCs

samples prepared on ITO-coated glass substrates were
acquired using He−I (21.2 eV) beam excitation source. The
XPS spectra were acquired using Kratos equipment (Axis Ultra
DLD photoelectron spectrometer) with an X-ray source of Al
Kα radiation (1486 eV). The spectra were collected at a
resolution of 0.05 eV and a pass energy of 40 eV operating at
10−9 bar. The C 1s peak at 284.8 eV was taken for calibrating
the spectra.
First-Principles Calculations. The electronic and geometrical

properties of the SiC NCs were obtained within density
functional theory at the PBE level of theory58 using the def2-
SV(P) basis set and the corresponding ri-basis set.59,60 The
total energy calculations were converged with a precision of
10−7 au. To model the nanocrystal geometry, we generate an
initial structure with a certain diameter cut out from a cubic
SiC (3C-SiC) lattice with low-coordinated surface atoms,
removed such that only single and double dangling bonds
remain. As described in Electronic Structure Calculations
Based on First Principles, the surface atoms are passivated with
either hydrogen or oxygen. The SiC NCs were fully relaxed,
and the structural optimization was carried out until the
maximum norm of the gradient dropped below 1 × 10−5 au.
The resulting structure remains, consistent with experiment,
close to the 3C-SiC lattice. The quasiparticle energies were
obtained at the G0W0 level.61−63 All calculations were carried
out using the quantum chemistry package TURBOMOLE.64

While the employed basis set cannot be expected to give
completely converged GW quasiparticle energy with regard to
the basis set limit, the expected errors64 are much smaller than
the energy differences discussed here and the discussion of
underlying physical and chemical mechanisms remains valid.
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■ ADDITIONAL NOTE
aQuantum confinement produces important changes in the
density of states. These contribute to a transition from the bulk
description of the band energy diagram (i.e., conduction band,
valence band, and Fermi level) to a molecular description of
discrete energy levels, i.e., with the definition of the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).
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