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The quantum confinement effect (QCE) of linear junctions of silicon icosahedral quantum dots (IQD) and
pentagonal nanowires (PNW) was studied using DFT and semiempirical AM1 methods. The formation of
complex IQD/PNW structures leads to the localization of the HOMO and LUMO on different parts of the
system and to a pronounced blue shift of the band gap; the typical QCE with a monotonic decrease of the
band gap upon the system size breaks down. A simple one-electron one-dimensional Schrödinger equation
model is proposed for the description and explanation of the unconventional quantum confinement behavior
of silicon IQD/PNW systems. On the basis of the theoretical models, the experimentally discovered deviations
from the typical QCE for nanocrystalline silicon are explained.

Introduction

The field of one-dimensional silicon semiconductor structures
is very attractive due to its tremendous technological potential.
At present, a number of perfect 1D silicon and silicon-silica
nanowires (NW) of various shapes and effective sizes have been
synthesized under high temperature conditions.1-3 The surface
of these systems can be saturated by hydrogen or covered by a
SiO2 layer. The TEM images demonstrate the diamond-like
crystalline structure of the silicon cores and (in the case of Si/
SiO2 NWs) the amorphous nature of the outer silica layer. All
silicon NWs have hemispherical caps terminating one end of
the structures. It was shown4 that the presence of a quantum
dot at one end of a nanowire is energetically stable.

The quantum confinement effect (QCE) can be described as
the A + Cd-k dependence of the band gap upon the maximum
linear size d of nanoparticles, where A, C, and k are sample-
dependent parameters. In the following discussion we refer to
this monotonous decreasing of the band gap upon the size as
typical, and any deviation such as an appearance of minima is
considered atypical. The QCE response of the electronic
structure of silicon nanowires has been studied using both
experimental and theoretical techniques.5-8 Typically,9 the band
gap of nanocrystalline silicon depends on the size d as ∼ 1/d
(k ) 1).

In some cases considerable deviations from the typical QCE
were observed in experiment. For example, Wolkin et al.10 found
that such a deviation occurs for silicon nanocrystallites with a
diameter less than 3 nm and attributed it to excitonic effects.
Another deviation (a red shift of the band gap accompanying

the size decrease) was observed in nanoparticles of strongly
correlated electron systems like CuO.11 A possible reason for
the deviations from the typical QCE in silicon nanowires is a
quantum dot insertion. The quantum dots divide NWs into nearly
independent parts, destroying the typical QCE.

In this work the atypical QCE is analyzed in terms of the
localization of the HOMO and LUMO using DFT and semiem-
pirical quantum-chemical calculations as well as by solving a
one-electron one-dimensional Schrödinger equation with a step-
like potential. It is shown that the quantum dot injection
produces potential barriers in the perfect NW structures with a
consequent destruction of the typical QCE. The orbital localiza-
tion shows in a variety of physical properties. For instance,
chemical reactivity is connected to it, the intensity of the
transitions that determine the efficiency of the nanodevices is
related to the transition dipole between the ground and excited
states, again affected by the localization; also some electric
properties such as conductance may be related to the band gap
as well as the localization character.

In contrast to the medium or thick particles, which have
square or rectangular cross-sections, the thin (13-70 Å in
diameter) nanowires2,12 have a nearly polygonal or round shapes.
Some of them have the [110] main axis with (100) facets.12 A
theoretical model of the atomic structure of pentagonal nanow-
ires (PNW) with the main axis along the [110] direction and
five (100) facets was proposed.13 PNW has a central pentagonal
prism as the basis surrounded by several layers of hexagonal
prisms and reveals a pronounced segment structure. The
pentagonal silicon NWs are the most energetically stable
structures13,14 among several NWs with a small diameter (e100
Å), designed by connecting triangular prisms cut out along the
[110] direction.

The nanowires of pentagonal type with m layers of the
hexagonal prisms, surrounding the central pentagonal prism,
have (100) facets and n segments and can be compactly
classified under the notations of PNW(m,n) where m denotes
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the number of hexagonal prism layers along the [110] direction.
13 To explain this better, one can draw analogy to a pencil. The
inner pentagonal prism is the pencil graphite core. The addition
of hexagonal prisms (larger m) make the pencil thicker, and
the addition of segments (n) make it longer.

Another example of complex silicon nanostructures designed
using several crystal units are Goldberg-type quantum dots,15

including icosahedral quantum dots (IQD)16,17 as the first
member of this family. Depending on the size of parent
tetrahedrons, several icosahedral dots with a different number
of silicon atoms (Si100, Si280, Si600, Si1100, etc.) can be designed.
According to the introduced notation,4,14 such structures are
denoted as IQD(n) where n is the number of silicon layers
surrounding the core. Then the lowest Si100 member is denoted
as IQD(1) (Figure 1a), whereas the second Si280 is denoted as

IQD(2). Combining several IQD fragments, one can design a
one-dimensional nanowire.18

The atomic structure of the IQD(k)/PNW(m,n) interfaces
through the pentagonal vertices of the icosahedral dot was
propposed in ref 4 (the pentagonal nanowire PNW(1,4) is
presented in Figure 1b). The connection of PNW(m,n) with the
pentagonal vertex of the IQD(k) can be made through a cavity
at the end of PNW(m,n) formed by five (111) facets obtained
by a truncation of the triangular prisms along the [110] directions
(see Figure 1c, the bonds between the IQD and PNW are
presented as arrows). Such cavity exactly matches both the IQD
pentagonal vertex and five (111) facets. The relative stabilities
of the objects in this study were not determined directly; the
validity of the structures is based on the fact that they are energy
minima at the AM1 level of theory.

Figure 1. Atomic structure of (a) icosahedral quantum dot IQD(1) (Si100H60), (b) pentagonal nanowire PNW(1,4) and (c) the interface in the
PNW(1,4)/IQD(1)/PNW(1,4) junction. The silicon atoms of the icosahedral quantum dot core form the pentagon vertexes and IQD/PNW interface.
Arrows represent the chemical bonds between IQD and PNW. Silicon and hydrogen atoms are depicted in red and blue, respectively.
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Methods of Electronic Structure Calculations and Atomic
Models

To study the atomic and electronic structure of complex IQD/
PNW clusters, we used the semiempirical AM1 method18 based
on the modified neglect of diatomic overlap (MNDO)19,20

approximation. Previously, the AM1 method was successfully
used to study electronic structure of the silicon-based nano-
clusters. 15,21 Several dozens or more of possible PNW(1,n1)/
PNW(2,n2) and IQD(k)/PNW(m,n) junctions can be created. Due
to the complexity of the objects (∼103 silicon atoms) and a
large number of possible structures, the use of the AM1
semiempirical approach is thought to be reasonable for structure
determination and qualitative energetics, although the method
systematically overestimates the experimental band gap of
silicon nanostructures by about 4.91 eV, as determined from
the asymptotic band gap in large nanodots versus the experi-
mental value of crystal silicon.15 The AM1 band gap overes-
timation is taken into account in all figures describing the
theoretical QCE. To restore the actual AM1 value, one can add
4.91 eV to the band gap values quoted in this work.

The B3LYP/3-21G*22 method was used to prove the ability
of AM1 method to correctly describe the electronic and atomic
structure of the objects under study. We calculated the
PNW(1,n), IQD(1)/IQD(1) and IQD(1)/PNW(1,n) and found
that the results of the electronic structure calculations by both
methods are consistent when the AM1 band gap overestimation
(4.91 eV) is taken into account. Both methods give close slopes
of the QCE dependences, and B3LYP band gaps are 3-4 eV
lower than the uncorrected AM1 values.

For example, the B3LYP and AM1 band gaps of the shortest
(8 Å) PNW(1,1) are equal to 4.16 and 7.25 eV, respectively
(the energy difference is equal to 3.09 eV). The longest
PNW(1,4) (20 Å) displays a somewhat larger difference of 3.99
eV (6.80 and 2.81 eV for DFT and AM1, respectively), IQD(1)
(13 Å) has a smaller difference of 3.76 eV (7.19 and 3.43 eV
for AM1 and DFT, respectively), whereas the formation of the
conglomerate IQD(1)/IQD(1) leads to the AM1-B3LYP energy
difference of 4.92 eV (6.93 and 2.91 eV for AM1 and DFT,
respectively). For the longest IQD(1)/PNW(1,4) system (28 Å),
the energy difference between band gaps is equal to 3.97 eV
(6.78 and 2.81 eV for AM1 and DFT, respectively).

We also used B3LYP/3-21G* optimized geometries to verify
the validity of AM1 for structure prediction. The root-mean-
square deviation for PNW(1,4) at the B3LYP/3-21G* and AM1
levels is equal to 0.05 Å. AM1 gives the Si-Si bond lengths a
little longer than B3LYP/3-21G*, and both methods predict a
high symmetry and similar structures of the silicon nanoclusters.

Results and Discussion

Nanowire Junctions. To study the QCE of the perfect one-
dimensional structures, geometries of a set of pristine PNW(1,n)
(n ) 1 - 14) and PNW(2,n) (n ) 1 - 8) clusters were optimized
(Figure 2a) using AM1. The band gaps are shifted relative to
each other by 0.15-0.25 eV depending on the length of the
objects (Figure 2b). The calculations clearly demonstrate the
delocalized character of all valence electrons. The uniform type
of delocalization is related to the narrowing of the band gap
under the transition from the small clusters to the bulk
semiconductors.23

The combination of PNW(1,n1) and PNW(2,n2) in a joint
structure produces the PNW(1,n1)/PNW(2,n2) junction with the
typical QCE character (Figure 2b). In the short-length region
(∼20 Å) the total length of the system is equal to or less than
the diameter of PNW(2,n2) (19.2 Å). Because of this, the band

gap of the complex PNW(1,n1)/PNW(2,n2) system in this region
is close to the band gap of PNW(1,4) with approximately the
same length (19.7 Å). For such objects, the localization character
of the occupied and vacant levels is such that the orbitals are
localized on the PNW(1,n1) or PNW(2,n2) arms or delocalized
through the whole system. For example, both the HOMO and
LUMO of the shortest PNW(1,1)/PNW(2,1) structure are
delocalized through the whole system. Elongation of both parts
up to 2-5 sections (n1, n2 ) 2, 3, 4, 5) leads to the localization
of the HOMO on the PNW(2,n2) part (Figure 2c). The behavior
of the LUMO localization character is such that for the
PNW(1,2)/PNW(2,2) structure, the LUMO is mainly localized
on the PNW(1,2) part. The consequent elongation of both parts
leads to the localization of the LUMO on the PNW(2,n2) leg
(Figure 2c). The intermediate behavior of the QCE for the
PNW(1,n1)/PNW(2,n2) structure in comparison with the QCE
of the pristine PNW(1,n1) and PNW(2,n2) nanowires can be
explained by the spatial separation of the HOMO and LUMO
localized at different parts of the complex nanostructures.

Quantum Dot/Nanowire Junctions. One of the simplest
systems with the mirror symmetry is a combination of two
IQD(1) and one PNW(m,n) parts in one IQD(1)/PNW(1,n1)/
IQD(1) junction (Figure 3a). The variation of the length of the
objects resulting from the addition of PNW(m,n) segments leads
to a change of the localization character of the HOMO and
LUMO and a consequent change of the QCE (Figure 3b,c). The
HOMO and LUMO of the shortest IQD(1)/IQD(1) junction
(without PNW(1,n1) segments between the IQD(1) parts) and
IQD(1)/PNW(1,1)/IQD(1) system are delocalized through the
whole system. Increasing the number of PNW(1,n1) segments
from 1 to 4 (IQD(1)/PNW(1,2)/IQD(1) system) results in the
localization of the HOMO and LUMO at the PNW(1,n1) part
(Figure 3b). A different localization character of the electronic
states leads to the appearance of an inflection in the QCE
dependence at L ) 25.2-32.9 Å because of the different slopes
of the QCE dependence in the short- and long-range length
regions.

Other types of systems with the mirror symmetry are D5h

PNW(1,n1)/IQD(1)/PNW(1,n1) and PNW(1,n1)/IQD(2)/
PNW(1,n1) clusters (Figure 4a). We used an equal number of
segments in both nanowires. The QCE dependences of both
types of structures are presented in Figure 4c. In comparison
with PNW(1,n1), the insertion of the IQD(1) and IQD(2)
fragments between the two segments of PNW(1,n1) produces a
blue shift of the band gap at ∼0.1 eV. The QCE of PNW(1,n1)/
IQD(1)/PNW(1,n1) has a larger slope than PNW(1,n1)/IQD(2)/
PNW(1,n1) because of the different localization character of the
HOMO and LUMO. For the small-sized objects (n1 ) 1, 2),
the HOMO and LUMO are delocalized through the whole
system. The absolute values of the band gaps for these cases
are determined by the central IQD cores. The IQD(2) has the
lowest band gap, so the absolute displacement of the QCE of
PNW(1,n1)/IQD(2)/PNW(1,n1) systems is determined by the
nature of the central core. Increasing the length of PNW(1,n1)
parts in the PNW(1,n1)/IQD(1)/PNW(1,n1) systems causes a
change in localization character of the HOMO and LUMO: the
HOMO is delocalized through the whole system (for n1 ) 2))
or localized on the PNW(1,n1) legs (n1 ) 3, 4), whereas the
LUMO is localized on the IQD(1) region. Due to the compara-
tively large size of the of the IQD(2), both the HOMO and
LUMO are localized on the central IQD(2) region. Because of
the stability of the localization, increasing the total length of
the system slightly affects the QCE dependence of the PNW(1,n1)/
IQD(2)/PNW(1,n1) objects.

Quantum Confinement Effect in Si Nanowires J. Phys. Chem. A, Vol. 112, No. 40, 2008 9957



Figure 2. (a) Side view of the pentagonal nanowires (b) dependence of the band gap of PNW(1) (black line with filled circles), PNW(2) (red line
with empty triangles) and PNW(1)/PNW(2) (green line with filled squares) upon the total system length (the quantum confinement effect). The
values of n are shown near the corresponding curve points. The AM1 band gap overestimation (4.91 eV) is taken into account. (c) Spatial localization
of the HOMO and LUMO for PNW(1,4), PNW(2,4) and junction PNW(1,2)/PNW(2,2) and PNW(1,5)/PNW(2,5) clusters.
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If the mirror symmetry is broken (asymmetrical IQD(1)/
PNW(1,n) and PNW(1,n)/IQD(1)/PNW(1,m) systems, Figure
5a,b), then the typical QCE is completely destroyed (the right
side of the curve in Figure 5c, starting at m > 0). At the AM1
level of theory the elongation of a single PNW(1,n) leg of the
IQD(1)/PNW(1,n) system up to four segments leads to the
typical 1D QCE character (Figure 5c, the left part of the curve
for m ) 0). The HOMO and LUMO (see Figure 5b) of the
asymmetrical IQD(1)/PNW(1,n) are localized at the PNW(1,n)
part (HOMO) or delocalized through the whole system including
the IQD(1) and the IQD(1)/PNW(1,n) interface (LUMO). An
appearance of the single PNW(1,1) segment at another side of
the system produces a pronounced maximum in QCE (Figure
5c, n ) 4, m ) 1) due to the resonance of the orbitals localized
on two different PNW parts. The addition of up to six extra
segments to one PNW leg keeps the same localization character
of the HOMO and LUMO (the longest PNW(1,n) leg and
IQD(1), respectively, Figure 5b). The second maximum in QCE
(symmetrical PNW(1,4)/IQD(1)/PNW(1,4) clusters, n ) 4, m
) 4) can be explained by the resonance of the orbitals in both
PNW legs.

The quantum dot divides the finite nanowires into almost
independent parts. The band gaps of PNW(1,4)/IQD(1)/
PNW(1,n) (n ) 0, 1, 2, 3, 4) are nearly equal to the band gap
of single PNW(1,4) (1.89 eV, taking into account the AM1 band
gap overestimation,15 Figure 2b). Some discrepancies between
the band gaps of clusters and the band gap of PNW(1,4) can be
explained by the tunneling effect between the divided nanowire
parts via the quantum dot. A further increase in the length of
the right part (n < 4) leads to the domination of the longest
PNW part in the formation of the band gap width and the
restoration of the typical QCE behavior (compare the band gaps
behavior of PNW(1,4)/IQD(1)/PNW(1,n), n ) 4, 6 and 8 (see
Figure 5c) with the band gap behavior of PNW(1,n), n ) 4, 6
and 8 (see Figure 2b). The discrepancies between these curves
can be also explained by the tunneling effect.

The complex defect-free nanowire/dot system can be quali-
tatively described by a simple model based on the solution of
one-dimensional Schrödinger equation (1/2∇ 2 + U(x) ψ(x) )
εψ(x) with the wave function ψ localized in the infinite quantum
well24 and the step potential U(x) shown in Figure 6

Figure 3. (a) Side view of the IQD(1)/PNW(1,4)/IQD(1) and (b) spatial localization of the HOMO and LUMO for the IQD(1)/IQD(1), IQD(1)/
PNW(1,2)/IQD(1) and IQD(1)/PNW(1,4)/IQD(1) clusters. (c) QCE dependence of the band gap of the IQD(1)/PNW(1,n)/IQD(1) systems upon the
total system length. The values of n are shown near the corresponding points of the curve. The AM1 band gap overestimation (4.91 eV) is taken
into account.
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Figure 4. (a) Side view of the PNW(1,4)/IQD(1)/PNW(1,4) and PNW(1,4)/IQD(2)/PNW(1,4) clusters and (b) spatial localization of the HOMO
and LUMO for PNW(1,4)/IQD(1)/PNW(1,4) and PNW(1,4)/IQD(2)/PNW(1,4). (c) QCE dependence of PNW(1,n)/IQD(1)/PNW(1,n) (brown line
with solid circles) and PNW(1,n)/IQD(2)/PNW(1,n) (red line with empty triangles) systems. The values of n are shown near the corresponding
points of the curves. The AM1 band gap overestimation (4.91 eV) is taken into account.
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The IQD(k) influence on the electrons near the Fermi level
can be taken into account as a quantum barrier with the finite
height U0, whereas the differences between the separate PN-
W(l,n) and PNW(k,m) parts are taken into account by the length
of the corresponding wells. For all structures we used the
quantum dot barrier height U ) U0/3 and a width of 4 Å. The
inner nanowire fragment potential was shifted by U0 ) 0.27
eV relative to the outer legs.

The quantum confinement of the PNW(1,n)/IQD(1)/
PNW(1,m) system (the dependence of energy difference between
the ground and excited levels upon the total system length in
atomic units), calculated in this model, is presented in Figure
5d. Like B3LYP and AM1 methods (Figure 5c), the 1D model
predicts a decrease of the QCE at the 15-25 Å (the AM1 result
is 16.7-28.3 Å) and 39.9-78.0 Å (43.9-78.4 Å) regions. Due
to a good qualitative agreement between these results, one can
draw the conclusion that the dominant cause of the atypical
quantum confinement effect is the change in localization of the
HOMO LUMO, related to the ground and excited states.

Some deviations from the AM1 results can be explained by
the obvious absence of the interface regions in the proposed
model. We believe that the one-electron model can be used for
any defect-free elongated systems.

Icosahedral Quantum Dot/Nanowire Mixed Junctions. The
complex linear junctions like PNW(1,n1)/IQD(1)/ PNW(1,m)/
IQD(1)/PNW(1,n1) with the mirror symmetry (see Figures 7
and 8) constituting the two IQD(1) and three PNW(1,k) parts
reveal an atypical QCE dependence with pronounced maxima
at 67.7 and 15.3 Å. The first type of the PNW(1,4)/IQD(1)/
PNW(1,m)/IQD(1)/PNW(1,4) structures is designed by varying
the total length of the objects by adding some extra sections to
the central PNW(1,m) part, keeping the four-sectioned left and
right PNW(1,4) cores constant. The longest object has the 83.2
Å length with an eight-section central PNW(1,8).

The atypical QCE of this structure can be explained by a
change in localization of the orbitals (see Figure 7b). The
HOMO and LUMO are localized at the left and right legs of
the system as long as the length of the central part is less or

Figure 5. (a) Side view of the PNW(1,4)/IQD(1)/PNW(1,6) cluster. (b) Spatial localization of the HOMO and LUMO for PNW(1,2)/IQD(1),
PNW(1,4)/IQD(1)/PNW(1,2) and PNW(1,4)/IQD(1)/PNW(1,8). (c) QCE dependence of PNW(1,n)/IQD(1)/PNW(1,m) systems, taking into account
the AM1 overestimation (4.91 eV). The values of n and m are shown near the correspondent curve points in pairs as (n,m). (d) 1D Schrödinger
solutions and correspondent QCE. In the insets the spatial distributions of the wave functions of the ground (blue line) and single excited (red line)
states are shown.
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Figure 6. Potential U(x) for the one-dimensional Schrödinger model. The length parameters L1, L2 and L3 are determined by the actual nanowire
dimensions. The width W describing the quantum dot width is fixed to 4 Å. U0 is set to 0.27 eV. The vertical lines at both sides show the infinite
walls of the potential.

Figure 7. (a) Side view of the PNW(1,4)/IQD(1)/PNW(1,3)/IQD(1)/PNW(1,4) cluster. (b) Spatial localization of the HOMO and LUMO for
PNW(1,4)/IQD(1)/PNW(1,2)/IQD(1)/PNW(1,4), PNW(1,4)/IQD(1)/PNW(1,4)/IQD(1)/PNW(1,4) and PNW(1,4)/IQD(1)/PNW(1,6)/IQD(1)/PNW(1,4)
clusters. (c) QCE of PNW(1,4)/IQD(1)/PNW(1,n)/IQD(1)/PNW(1,4) systems, the AM1 band gap overestimation (4.91 eV) is taken into account.
The values of n are shown near the correspondent curve points. (d) QCE of the system with two potential barriers calculated using one-dimensional
Schrödinger equation.
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equal to the length of the two PNW(1,4) legs. The elongation
of the central PNW(1,n) part (n g 5) leads to the localization
of both the HOMO and LUMO in the central PNW(1,n) part.

A small increase of the band gap of PNW(1,4)/IQD(1)/
PNW(1,n)/IQD(1)/PNW(1,4) (0 e n e 4) can be explained by
treating the IQD(1)/IQD(1) system as a composite quantum dot
which divides the nanowire into equivalent parts (PNW(1,4)
legs). The composite quantum dot has a bigger size than IQD(1)
and a smaller band gap. The interaction of the orbitals from
the composite quantum dot and PNW legs changes the band
gap of the whole system. The consequent increase of the central
part (0 < n e 4) results in a effective transition of the big
composite quantum dot into two independent dots with a
nanowire between them and higher band gaps.

A further increase of the length of the central part (n < 4)
leads to the localization of the HOMO on this fragment with
consequent decrease of the band gap having a typical QCE
behavior (compare band gaps of PNW(1,4)/IQD(1)PNW1,n)
4,6,8)/IQD(1)/PNW(1,4) (see Figure 7c) with band gaps of
PNW(1,n)4,6,8) (see Figure 2b). The discrepancies between
these curves can be explained by the tunneling effect between
the divided nanowire parts via quantum dots.

In Figure 7d the solutions of 1D Schrödinger equation as well
as the corresponding QCE are presented. The 1D model potential
has two energy barriers. Because of this, the ground and excited
levels can be localized on different parts of the system and so

the atypical QCE is caused by the complex localization character
of one-electron states.

The second type (PNW(1,6-n/2)/IQD(1)/PNW(1,n)/IQD(1)/
PNW(1,6-n/2) (0 e n e 12)) of complex linear structures
consists of 3 PNW parts and 2 IQD fragments (Figure 8) and
keeps the total length of the objects constant (67.6 Å) by
simultaneously varying of all PNW(1,n) parts. The PNW(1,6)/
IQD(1)/IQD(1)/PNW(1,6) system has no central PNW(1) section
(the central part is formed by the IQD(1)/IQD(1) fragment) and
has two six-sectioned left and right PNW(1,6) legs. On the other
side we have the IQD(1)/PNW(1,12)/IQD(1) system with the
longest central twelve-sectioned PNW(1,12) part without the
left and right PNW(1,n) legs. The length of the central
PNW(1,12) part is equal to 46.1 Å.

The band gap of the system is determined by the HOMO
localized on the left and right legs and the LUMO localized on
the IQD(1)/IQD(1) part (Figure 8). The insertion of PNW(1,2)
and PNW(1,4) sections between the IQD(1) fragments (and
consequent decrease of the left and right legs up to 5 and 4
segments) does not change the nature of the HOMO/LUMO
localization. The band gap maximum is observed when the
length of the central part (4 segment central PNW part of
PNW(1,4)/IQD(1)/PNW(1,4)/IQD(1)/PNW(1,4) system) is 15.3
Å because of the strong interactions of the orbitals of three
PNW(1,4) parts, which are similar in length. The consequent
increase of the central PNW part (6, 8 and 12 segments) with

Figure 8. (a) Side view of the PNW(1,3)/IQD(1)/PNW(1,6)/IQD(1)/PNW(1,3) cluster. (b) Spatial localization of the HOMO and LUMO for
PNW(1,6)/IQD(1)/IQD(1)/PNW(1,6) and PNW(1,2)/IQD(1)/PNW(1,8)/IQD(1)/PNW(1,2) systems. (c) QCE of PNW(1,6-n/2)/IQD(1)/PNW(1,n)/
IQD(1)/PNW(1,6-n/2) systems with the AM1 band gap correction (4.91 eV). The values of n are shown near the correspondent curve points. (d)
QCE of the system with two potential barriers calculated using the one-dimensional Schrödinger equation.
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the corresponding decrease of the left and right legs results in
the restoration of the typical QCE of 1D PNW(1,n) system. The
solution of one-dimensional Schrödinger equation gives similar
result (see Figure 8d).

Conclusions

The quantum confinement effect of the electronic structure
of the complex linear junctions of silicon nanowires and
quantum dots with different symmetries reveals a pronounced
modification or destruction of the typical 1/d QCE dependence.
The formation of interfaces between constituting parts leads to
the localization of the HOMO and LUMO at different parts of
nanostructures and a considerable change of the band gaps. The
atypical quantum confinement dependence can be also inter-
preted in terms of the simple one-electron one-dimensional
Schrödinger equation based on model step-like potentials. The
formation of the 1D complex silicon nanostructures composed
of structural units with different symmetries may serve as a
promising way to control the band gap. The experimentally
observed deviations from typical QCE of silicon nanostructures
with the small size10 can be interpreted as a formation of
potential barriers between the nc-Si cores with complex
localization of the HOMO and LUMO.
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