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The quantum confinement effect is important in nanoelectronics and optoelectronics applications;
however, there is a discrepancy between the theory of quantum confinement, which indicates that
band-gap widening occurs only at small sizes, and experimental observations of band-gap widening in
large-diameter nanowires (NWs). This paper reports an obvious blue shift of the absorption edge in
the UV-visible absorption spectra of SiC NWs with diameters of 50–300 nm. On the basis of quantum
confinement theory and high-resolution transmission electron microscopy images of SiC NWs, band-gap
widening in SiC NWs with diameters of up to hundreds of nanometers is fully explained; the results
could help to explain similar band-gap widening in other NWs with large diameters.
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1 Introduction

Band-gap widening in nanostructured semiconductor
materials has been studied for 30 years [1, 2]. Many
models have been proposed to explain the phenomenon;
the most important are quantum confinement [3–5], sur-
face states [6–8], and defect states [9]. Quantum confine-
ment can be observed when the diameter of a material
is of the same magnitude as the de Broglie wavelength
of the electron wave function. Along with quantum ef-
fects, surface effects become more significant when the
nanocrystal size is decreased to approximately 1 nm be-
cause of the resulting rapid increase in the surface atom
ratio. In addition, defect states including point defects,
line imperfections, face defects, and body defects arising
during the growth process will result in redistribution of
the charge and internal stress; thus, the band gap will be
altered. To date, the commonly accepted theory is that
the band gap is widened as a result of quantum con-
finement for crystallite sizes at which the diameter of a
material is of the same magnitude as the de Broglie wave-
length of the electron wave function [10–12]. When ma-
terials are that small, their electronic and optical prop-
erties deviate substantially from those of bulk materials
[13]. As a result, the band gap becomes size-dependent,
which ultimately results in a blue shift in light emission
(or absorption) as the particle size decreases. Wu et al.

[5] found the first experimental evidence of the quantum
confinement effect in β-SiC nanocrystallites, which were
fabricated by electrochemical etching of a polycrystalline
β-SiC target and had sizes of 1–6 nm. The photolumi-
nescence and photoluminescence excitation spectra, in
which the emission band maximum ranged from 440 to
560 nm, showed clear evidence of quantum confinement
in β-SiC nanocrystallites. Then Wang et al. [14] studied
the quantum confinement effect in SiC nanostructures
using density functional theory (DFT) and the local-
density approximation (LDA) approach. They found
that the band gaps of SiC nanowires (NWs) and SiC
nanodots decreased with increasing diameter d of the
nanostructures from 0.5 to 2 nm owing to the quantum
confinement effect, and the band gap (Eg) could be fit-
ted using Eg = Ebulk

g + 0.51d−1.245 for SiC NWs and
Eg = Ebulk

g + 2.18d−0.85 for SiC nanodots, where Ebulk
g

is the band-gap value of bulk SiC. However, many ex-
perimental studies also found an obvious increase in the
band-gap energy of nanowires with diameters of up to
300 nm [15–17]. For example, Luo et al. [15] studied
NWs and nanobelts of SnO2 with a diameter of approx-
imately 300 nm and found a band gap of 3.74 eV for
the NWs and 3.81 eV for the nanobelts, both of which
were larger than the value of 3.62 eV for bulk SnO2. Es-
kizeybek et al. [16] studied the diameters of spherical or
irregular CdO nanoparticles ranging in size from 20 to 50
nm; UV-visible spectroscopy analysis of these particles
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showed that the direct gap of the CdO NWs was approxi-
mately 2.60 eV, which was higher than that of bulk CdO
(2.3 eV). Phuruangrat et al. [17] recently pointed out
that the UV-visible absorption edge of CdS NWs with
diameters of approximately 100 nm showed a blue shift,
which was also explained by the quantum confinement
effect. All the above studies attributed the band-gap
widening to the quantum confinement effect but did not
present an explanation. As we know, theoretical calcu-
lations suggest that such effects should not be observed
because the diameter of the investigated NWs is as high
as hundreds of nanometers, which is much larger than
the de Broglie wavelength.

To explore the unexpected existence of the quantum
confinement effect in NWs with large diameters, we stud-
ied SiC NWs in this work because SiC is an important
wide-band-gap semiconductor with superior properties,
such as a high breakdown field strength, high thermal
conductivity, and high saturation drift velocity [18, 19].
Moreover, it is important that SiC NWs have excellent
physical and chemical stability even at sizes of a few
nanometers. This study was designed in three phases.
In the first phase, the band gap as a function of the
diameter of β-SiC NWs was calculated by Brus’s band-
gap widening equation under the effective-mass approx-
imation [1]. The calculation results showed that only
β-SiC NWs with diameters of less than 6 nm would ex-
hibit a strong quantum confinement effect. In the second
phase, SiC NWs with diameters of approximately 50–
300 nm were prepared and proven to be β-SiC by X-ray
diffraction (XRD) analysis. Then the UV-visible spec-
tra were measured, and the absorption edge was found
to be obviously larger than the band gap of the bulk
β-SiC crystal. In the third phase, to explore these con-
tradictory findings, high-resolution transmission electron
microscopy (HRTEM) images of SiC NWs were studied.
The images indicated that the SiC NWs were made up
of nanosheets with thicknesses of 1–5 nm, which was the
reason for the obvious blue shift of the absorption edge.
This work could fully explain the band-gap widening of
SiC NWs with diameters of up to hundreds of nanometers
and similar phenomena in other NWs with large diame-
ters. Moreover, the insight obtained from this work could
be employed to explain the strain effect (which changes
the dimension of the lattice size) on the energy bands
of SiC NWs [20, 21], which leads to several interesting
effects such as piezoresistance.

2 Calculation of band gap as function of
diameter

In a previous report, Wang et al. [14] obtained the
band gap (Eg) as a function of the SiC NW diameter

for diameters of 0.5–2 nm by fitting four data points cal-
culated on the basis of DFT using the LDA approach,
that is, Eg = Ebulk

g + 0.51d−1.245. However, we consid-
ered that this equation was not a universal formula be-
cause it is not based on a physical perspective, and the
number of fitting points was only four. Brus [1] stud-
ied the band gap in semiconductor crystallites with sizes
of ∼ 15 Å to several hundred angstroms using experi-
ments and theory. The nanocrystallites were treated as
clusters because they were too small to have bulk-like
electronic wave functions, even though they exhibited
bulk-like crystal structure. The cluster molecular orbital
(MO) could be obtained from the infinite crystal Bloch
MO by ignoring the weak wave vector k dependence of
site x. Thus, the added energy of an extra electron (hole)
in a tiny crystallite could be treated as the quantum lo-
calization energy of a pseudo-electron (pseudo-hole) with
effective mass me (mh), assuming that the cluster has a
compact shape with a center of symmetry in k space, and
the effective mass constant me (mh) was used instead
of the effective mass tensor. Furthermore, it is recom-
mended to add the electron–hole correlation, in a certain
special sense, to the polarization energy terms because
the term for the Coulomb interaction in the presence of
the crystallite surface should be considered. Further, the
polarization terms are assumed to follow the standard
solid-state ansatz, in which the electron and hole inter-
act with each other via a shielded Coulomb interaction.
Finally, the band-gap energy is [1]

Eg ≈ Ebulk
g +

ℏ2π2

2R2

(
1

me
+

1

mh

)
− 1.8e2

4πε0εrR
, (1)

where R is the particle size, e is the electron charge, ε0
is the permittivity of vacuum, and εr is the dielectric
constant. The second term on the right-hand side is the
quantum confinement term, which shifts Eg to a higher
energy as R−2, and the third term is a Coulomb term
that shifts Eg to lower energy as R−1. Thus, the appar-
ent band gap would always increase when R was small
enough.

To calculate the numerical relationship between the
band gap of β-SiC NWs and the diameter d (d ≡ 2R), the
related physical parameters should be obtained first. For
β-SiC NWs [5], the longitudinal and transverse effective
electron masses are me

l = 0.647m0 and me
t = 0.24m0,

and the effective masses of heavy and light holes are
mh

h = 1.2m0 and mh
l = 0.125m0, respectively, where

m0 is the electron rest mass [22]. In an approximate
calculation [5], we took the effective mass of electrons,
me =

√
me

lm
e
t = 0.394m0, and that of holes, mh =√

mh
hm

h
l = 0.387m0, and we took the band gap of bulk

β-SiC as 2.30 eV and the dielectric constant εr as ap-
proximately 10. Therefore, the band gap of β-SiC NWs
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Fig. 1 Band gap of β-SiC NWs as a function of diameter.
Eg−QCE is the band gap obtained using only the quantum
confinement term, and Eg−Cou is the band gap obtained using
only the Coulomb interaction term.

as a function of diameter is

Eg ≈ 2.30 +
7.724

d2
− 0.516

d
. (2)

The band gap of β-SiC NWs as a function of diameter d
is shown in Fig. 1 (black line). No adjustable parameters
were used in the calculations. The figure shows that the
quantum confinement term shifted Eg to higher energy
as R−2 (red line), and the Coulomb term shifted Eg to
lower energy as R−1 (blue line). Thus, the band gap
would always increase with decreasing diameter for small
NWs. Moreover, only β-SiC NWs with diameters of less
than 6 nm would exhibit an obvious band-gap widening
effect. This simple description should be regarded as
only a first approximation of quantum confinement in
semiconductors; as the dimension of the nanostructures
becomes very small, this relationship could be expected
to break down.

3 Experimental observation of band-gap
widening in SiC NWs

β-SiC NWs with diameters of approximately 50–300
nm and lengths of approximately 0.5 mm were synthe-
sized by pyrolyzing liquid polysilacarbosilance (l-PS) at
1300◦C for 1 h by a chemical vapor deposition route [23–
25]. The SiC NWs were collected from the ceramic boat
[Fig. 2(a)] and rinsed sequentially in concentrated sulfu-
ric acid (1.8 N), deionized water (18.25 MΩ·cm), sodium
hydroxide (2.0 N), deionized water (18.25 MΩ·cm), di-
lute hydrofluoric acid (1.8 N), anhydrous alcohol, and
deionized water (18.25 MΩ·cm) to remove all the raw ma-
terials, impurities, and the co-axial silicon dioxide layer.
The SiC NWs were then dried in an oven before the mea-
surements were made.

The SiC NWs were characterized using an X-ray

diffractometer (Siemens D500, λ = 0.1541 nm) to deter-
mine their composition. The diffraction peaks of the SiC
NWs [Fig. 2(d)] were in good agreement with the estab-
lished values (JCPDS Card No. 73-1665), indicating that
the NWs were well-crystallized β-SiC (cubic 3C type)
[23, 26]. Then, a scanning electron microscope (SEM,
Hitachi S-4800) was used to observe the morphology of
the β-SiC NWs. The resulting images showed that the
product consisted of β-SiC NWs with diameters ranging
from 50 to 300 nm [Figs. 2(b) and (c)].

To characterize the band gap of the SiC NWs, a Hi-
tachi UV-4100 Spec UV spectrophotometer was used to
measure the UV-visible spectra from 200 to 800 nm of
the as-prepared NWs collected from the ceramic boat
at room temperature in air. The UV-visible absorption
spectrum of the β-SiC NWs, as shown in Fig. 3, indi-
cated that the absorption edge was approximately 465
nm. The band gap (Eg) of the bulk β-SiC was approxi-
mately 2.30 eV, from which we could calculate the corre-
sponding absorption edge, which was 539 nm, as follows:

λ =
ℏc

2πEg
, (3)

where ℏ is the reduced Planck constant (1.05×10−34 J·s),
and c is light velocity (299, 792, 458 m/s). An obvious
blue shift of the absorption edge is observed, indicating
that the band gap of the β-SiC NWs is wider than that
of bulk β-SiC. The band gap of the NWs, as calculated
by Eq. (3), is about 2.666 eV.

4 Discussion

Band-gap widening in SiC nanomaterials due to the
quantum confinement effect has been studied theoreti-
cally and experimentally [14, 27–29]. However, all of the
previous studies focused on a size range of a few nanome-
ters. Obviously, these studies cannot explain our experi-
mental observations of band-gap widening in β-SiC NWs
with diameters of up to hundreds of nanometers. As
far as we know, nobody has studied the quantum con-
finement effect in NWs with large diameters, and some
studies [15–17] attributed band-gap widening in large-
diameter NWs to the quantum confinement effect with-
out any explanation. We thought one plausible expla-
nation would seem to be that the NWs are not made of
a single crystal, but consist of nanocrystallites of a few
nanometers in one dimension.

The first phenomenon we noticed was that the ab-
sorbance spectrum in Fig. 3 was persistently enhanced
from 465 to 240 nm, which is defined as the intermediate
zone in the figure. If the β-SiC NWs were single crys-
tals, the zone should be very narrow, and the absorbance
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Fig. 2 UV-visible absorption spectrum of the SiC NWs.
The intermediate zone, in which the absorbance was persis-
tently enhanced, was defined as falling between 465 and 240
nm.

curve should be very steep. If we assume that the β-SiC
NWs are made of nanocrystallites, according to Eqs. (2)
and (3), the size of nanocrystallites should be 1.5–3.9
nm.

To explore the composition of the β-SiC NWs, a
high-resolution transmission electron microscope (JEOL
JEM-3010) with selected area electron diffraction
(SAED) equipment was used, and TEM and HRTEM
images of the SiC NWs are shown in Figs. 4(a)–(c). Fig-
ure 4(a) shows TEM images of the SiC NWs obtained
at low temperature. The insets in Fig. 4(a) are HRTEM
images of a typical NW at different magnifications. A

black-and-white pattern with a period approximately 3
nm could be observed in the SiC NWs, and the bound-
ary between the black and white patterns in the HRTEM
image is shown in an inset of Fig. 4(a). The HRTEM im-
age in the upper right inset in Fig. 4(a) shows a perfect
crystal on both sides, and the lattice fringe spacing was
measured to be 0.25 nm, which is consistent with the
[111] plane space of β-SiC (JCPDS Card No. 73-1665).
The SAED pattern [Fig. 4(b)] of the middle site of the
white pattern showed a clear spot, indicating the single-
crystal nature of this site. The SAED pattern could be
indexed to β-SiC, and from the indexed spot, one could
see that the NW was grown along the [111] direction.
The same results were obtained for the middle site of
the black pattern. However, there is an ambiguous layer
with a thickness of approximately 0.5 nm between the
black pattern and the white pattern shown in the up-
per right inset of Fig. 4(a). Apparently, the ambiguous
layer is not a crystal phase and is most likely a defect
layer, which is not a stacking fault or antiphase bound-
ary, but a disordered amorphous phase. Now, it seems
likely that the NW was not a single crystal, but was
made up of nanosheets (black and white pattern) of β-
SiC with thicknesses of approximately 3 nm. To perform
a statistical analysis of the nanosheet thickness distribu-
tion using HRTEM, the four NWs labeled 1–4 in Fig. 4(c)
were chosen, and the results are shown in Fig. 4(d). The
nanosheet thickness distribution was within the range of
1–5 nm. A Gaussian fitting indicates that the maximal
probability for the nanosheet thickness is about 2.7 nm,
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and the standard deviation is 0.94 nm. The results in-
dicate that the probability of the nano-sheet thickness
is 95% of the nanosheet thicknesses fall within plus or
minus 1.96 times the standard deviation, i.e., from 0.86
to 4.54 nm.

Regarding the UV-visible absorption spectrum, if we
ignore the influence of SiC nanosheets thicker than 4.54
nm, according to Eq. (2), the absorption edge of the
UV-visible absorption spectrum for SiC NWs can be cal-
culated as 2.561 eV. The value was close to 2.666 eV
obtained from the experimental UV-visible absorption
spectrum. However, there is an error of 0.105 eV com-
pared with the experimental value. To analyze the cause
of the error, we noticed two facts: i) the Coulomb term
in Eq. (1) shifted Eg to lower energy (shown in Fig. 1 as
a blue line), and ii) there are probably a large number
of surface states in the crystal boundary between two
nanosheets. These facts indicate that electrons or holes
could be trapped or neutralized by surface states; con-
sequently, Coulomb interaction has a weak effect on the
band gap. If we omit the Coulomb term, we obtain

Eg ≈ 2.30 +
7.724

d2
. (4)

Using this equation, the band gap for a nanosheet with
a thickness of 4.54 nm could be calculated as 2.675 eV,

which is very close to the experimental value of 2.666 eV;
the difference is at an acceptable level.

5 Conclusion

In summary, to our knowledge, this was the first explicit
observation of the quantum confinement effect in SiC
NWs with diameters of up to hundreds of nanometers.
A theoretical estimation indicated that only β-SiC NWs
less than 6 nm in one dimension could exhibit an obvi-
ous band-gap widening effect, and the quantum confine-
ment effect would widen the band gap as R−2. HRTEM
images of SiC NWs indicated that the β-SiC NWs con-
sisted of nanosheets with thicknesses of 1–5 nm. Surface
states at the boundary between nanosheets greatly de-
crease the influence Coulomb interaction of electrons and
holes by trapping or neutralizing the carriers. This study
could help to solve the discrepancy between the theory
of quantum confinement, which indicates that band-gap
widening occurs only at small sizes, and experimental ob-
servations of band-gap widening in large-diameter NWs,
paving the way to new applications of the quantum con-
finement effect in nanoelectronics and optoelectronics.
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