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Motivated by the experimental discovery of branched silicon nanowires, we performed theoretical
electronic structure calculations of icosahedral silicon quantum dots embedded into pentagonal
silicon nanowires. Using the semiempirical method, we studied the quantum confinement effect in
the fully optimized embedded structures. It was found that (a) the band gaps of the embedded
structures are closely related to the linear sizes of the longest constituting part rather than to the total
linear dimension and (b) the discovered atypical quantum confinement with a plateau and a
maximum can be attributed to the substantial interactions of near Fermi level electronic states of the
quantum dots and nanowire segments. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2973464]

I. INTRODUCTION

The field of one-dimensional silicon nanostructures has a
tremendous technological potential, encompassing such de-
vices as light emitting diodes, field effect transistors, logic
gates, and many others. At present, a number of perfect sili-
con and silicon-silica nanowires of various shapes and effec-
tive sizes were synthesized under high temperature
conditions.' All silicon nanowires have hemispherical caps
at the end of the structures not connected with the substrate.
It was shown” that the presence of a quantum dot at the end
of nanowire is energetically preferable.

The silicon nanowires reveal a remarkable electronic
structure and confine electrons in a special way. The photo-
luminiscence excitation energies are closely related to the
electronic band gap, and the quantum confinement effect
(QCE) is the band gap A dependence on the maximum linear
size d of the species expressed as A=A+ Cd* form, where A,
C, and k are the sample-dependent parameters. The QCE of
the silicon nanostructures has been studied using both ex-
perimental and theoretical techniques.s_9

In a recent experimental work,'" branched and hyper-
branched silicon nanowire structures were synthesized with
multiple secondary legs, terminated by catalyst droplets.
These structures grow at 60° (or 120°) angle with respect to
the silicon nanowire backbone, also terminated by a catalyst
droplet. The 60°/120° angles between the legs and back-
bone exactly match the theoretical models,4 where the for-
mation of such kind of complex nanostructures relies upon
local structural variations of the backbone such as the inser-
tion of a fragment of a different structure type into the nano-
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wire atomic lattice. Because of the structural irregularities
one can easily expect a breakdown of the perfect one-
dimensional periodicity of the branched silicon nanowires '’
affecting the electronic properties of the species.

In contrast to medium or thick nanowires, which reveal
square or rectangular cross sections, thin (1.3—7 nm in diam-
eter) silicon nanowires™'' have nearly polygonal or round
cross sections. Some of them have the [110] main axis with
(100) facets.!! Theoretical models of the atomic structure of
pentagonal and hexagonal nanowires with the main [110]
axis and five or six (100) facets, respectively, were
plroposed.12 The nanowires of both types have a central
pentagonal/hexagonal prism as the core, surrounded by sev-
eral layers of the hexagonal prisms; they show a pronounced
segment structure [Fig. 1(a)].

The pentagonal silicon nanowires described above can
be called PY,(n), where P denotes the pentagonal central
core, surrounded by m—1 hexagonal prism layers along the
[110] direction with (100) facets, and n is the number of
segments [Fig. 1(a)]. All (100) facets permit low-energy re-
construction with formation of dimer-row patterns perpen-
dicular to the nanowire’s main axis decreasing their
surface.'">" To reflect the dimer surface reconstruction an
additional asterisk symbol [P.(n)] is added into the nota-
tion. Only nanowires with even n numbers can form regular
dimer-row patterns perpendicular to the main axis, while
ones with odd n reveal structural distortions during dimer
formation. So, through the present work we studied P%oo*(”)
and P3y,(n) systems.

Another example of complex silicon nanostructures de-
signed using several silicon crystal units are Goldberg-type
quantum dots™ including icosahedral quantum dots" [Fig.
1(b)]. The icosahedral dots were designed by connecting 20

© 2008 American Institute of Physics
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FIG. 1. (Color online) (a) Atomic structure of P .(n) silicon nanowires,

illustrated for m=2 and n=4. m describes the number of prism layers in the
nanowire cross section (1 and 2). n gives the number of the lengthwise
segments (1, 2, 3, and 4). The asterisk denotes the formation of silicon
dimers on the (100) facets of the nanowires. (b) Quantum dot 2'2’6 with the
20-atom core of I, symmetry (shown in red sticks). /=2 is the number of
layers of silicon atoms including the Si,, core. (c) Side and top views of the

quantum dot attached to the nanowire 25/ P?OO*(Z). The silicon atoms of the

quantum dot, nanowire and the shared interface are shown in red (gray off
line), blue (black off line), and green (light gray off line), respectively.
Hydrogen atoms are not shown.

silicon tetrahedrons through three equivalent (111) facets.
Twenty silicon atoms located at the center form the central
dodecahedron. Depending on the size of the parent tetrahe-
dra, several icosahedral dots with a different number of sili-
con atoms (Sijgg, Sisgg, Sigops Sijo» €tc.) can be designed.
According to the notation introduced earlier,14 the icosahe-
dral moiety can be denoted as I3, where I, shows the icosa-
hedral symmetry of the core, the lower index (20) is the
number of silicon atoms in it and [/ is a number of silicon
layers including the core. The lowest quantum dot Sij, is
denoted as 212’6.

Some typical images of branched silicon nanowires'’ are
presented in Fig. 2(a). Based on such type of junctions one
can design an [110] oriented thin branched pentagonal sili-
con nanowire with 60°/120° angles between the legs and the
central backbone.”* Attaching a side branch to such a junction
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FIG. 2. (Color online) (a) Scanning electron microscopy image of a
branched silicon nanowire (adapted from Ref. 10 and reproduced pending
the permission from Nano Lett.). b) Atomic structures of silicon nanowires
with embedded quantum dots (see main text for the notation). The linear
sizes L of the schematic systems (L,,Lg,L) are shown for some actual
systems, along with their diameters (d). Only very few of the computed
systems are illustrated, and the sizes and symmetry of all systems are pro-
vided in Table I. Silicon and hydrogen atoms are shown in red and blue,
respectively.

does not considerably deform the atomic structure of the
nanowire, and the electronic properties of the branched nano-
wires can be expected to be largely determined by the back-
bone and the junction themselves. Experimentally observed
nanowires [Fig. 2(a)] have segments of several microns long,
and thus appear to be essentially one-dimensional periodic
systems with a simple electronic structure. A more interest-
ing behavior with edge effects can be seen in thin nanowires
with the linear size on the order of nanometers.

Therefore, motivated by the observed branched struc-
tures, we designed silicon nanosystems by adding or insert-
ing quantum dots into nanowires forming quantum dot/
nanowire junctions [Figs. 1(c) and 2(b)]. The questions we
try to answer in the present theoretical investigation are (a)
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what is the atomistic structure of such kind of junctions, and
(b) what are the band gaps and other electronic properties of
these very interesting objects? Most importantly, how does
the branch junctions effect the band gaps and what kind of
quantum confinement effect can be observed?

Il. CALCULATION TECHNIQUE AND OBJECTS
UNDER STUDY

Throughout this work, we used the semiempirical Austin
Model 1 (AM1) method'® based on the modified neglect of
diatomic overlap17 approximation, which was successfully
used to study electronic structure of the silicon-based
nanoclusters.'”'* The AM1 approach is generally thought to
produce very reasonable geometries, and we used it to fully
optimize all structures in this study containing up to about
103 silicon atoms. The band gap predicted by AMI is sys-
tematically overestimated by 4.9 eV, reasonably reproducing
the quantum confinement effect as determined earlier,14
therefore, we subtracted this correction from all band gaps
reported here.

To study the relationship of the quantum confinement
and the linear size of the complex clusters, we designed the
complex nanow1re/quantum dot junctions using several I3,

100*(11) and PJy,(m) parts, as shown in Figs. 1(c) and 2(b).
The first type of the complex nanoclusters is
Pfoo*(n)/ P?oo(”)’ which is a junction of two nanowires with
different diameters (11.9 and 19.2 A), n=1,2,...,5. The
second type of complex nanostructures involves one or sev-
eral quantum dot/nanowire interfaces. We studied the asym-
metric 2% /P’ ,-(n) (n=0,1,...,4) and Pfoo*(4)/212'6/P’f00*(n)
(n=0,1,...,13) as well as symmetrlc 22’6/P100*(n)/2 % (n
=0,1,...,4), Pl.(n)/2%/P(n) (n=0,1,...,4), and

100*(4)/2 o/ Progs ()1 25/ PT(4) (n=0,1,....8) clusters.
Some of the structures are presented in Fig. 2(b).

For the sake of comparison, the electronic structure of a
set of pristine P7y.(n)) and P3o(y) (m;=1-16, n,=1-8)
nanowires was also calculated. Their band gaps are presented
in Fig. 3(a). The uniform electron delocalization in these
structures (see Table I for more details) is the main reason of
the narrowing of the band gap under going from small clus-
ters to the bulk semiconductors.

Ill. RESULTS AND DISCUSSION

The symmetric P?OO*(n)/ P3,(n) structures have the fol-
lowing band gaps. For n=1, the diameter of the system L
=19.1 A is similar to the diameter of P;,(1), which is inci-
dentally also close to the linear size of P%OO*(4) (L
=19.7 A). Thus, the band gaps of Pfoo*(4) and

100*(l)/P 0o(1) are very close. We note that the band gap in

100*(”)/ Ploo(”) resembles that of P?Oo(n) shifted by about
0.05-0.1 eV due to the interaction between the two nanowire
pieces. All systems reveal the typical A+ Cd ¥ quantum con-
finement effect [Fig. 3(a)] with some differences in the A, C,
and k parameters.

One of the simplest systems of nanowires with embed-
ded quantum dots possessing the mirror symmetry is
25/ Ploo“(”)/ 21 [Fig. 2(b)]. The length increase leads to a
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FIG. 3. (Color online) Band gap energy dependence on the linear size L,
showing the quantum confinement effect in (a) simple nanowires P?OO*(n):
black lines with c1rcles Pfoo(n): red lines with triangles, and complex con-
nected nanowires Pmo (n)/ P?Oo(n): green lines with squares; (b) quantum
dot-nanowire junctions of 212’6/1)?00*(”): green lines w1th triangles,
2IO/P1()()*( )/2120 black  lines  with  circles, (4)/210/1:’100
(n)/220/P100*(4) red lines with circles, and PIOO (4)/220/P100 (n): red lines
with triangles (n<<4) and blue lines with squares (n=4). Numbers show the
number of segments 7 in nanowires. Pairs of numbers are given if more than
one nanowire is present, giving the two independent numbers of segments.
(n,0) pairs are equivalent to single n and are so shown to elucidate the
structure connection.

I[)()

visible change of the QCE [Fig. 3(b)] in comparison to
1Ooh(n) [Fig. 3(a) and Table I]. The quantum dot diameter
(D=13.3 A) is larger than the Ploo*(”) length up to n=2.
The systems with n=0, 1, and 2 reveal the strongest quantum
dot-nanowire interactions (quantum dot-quantum dot for n
=0). These interactions change the incline of the QCE de-
pendence for 212’6/ PTOO*(n)/ZIZ’b species [Fig. 3(b)] with a no-
ticeable bump around the length of ~25 A (the bump is
observed because for n=0 there is no nanowire piece, so that
n=0 is quantitatively different from n>0). For n>2 the
nanowire linear size and the band gap are determined by
1Ooh(n) restoring the typical QCE [Fig. 3(b)] shifted by
about 0.1 eV with respect to the pristine P100*(”) structures
due to the quantum dot—nanowire interactions.
Another type of systems with mirror symmetry is Ds,
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TABLE I. Atomic and electronic structure of complex nanostructures.

System Length Band gap epomo Symmetry
(A) (ev)* (eV) group
20125 21.4 203 -9.39 Dy,
2‘20/P100*(1)/2£’g, 25.2 201 -9.36 Ds),
2‘20/P100*(2)/22(, 29.1 196  -9.31 Ds,
2‘20/P100*(3)/2£’g, 329 191 —9.27 Ds,,
2‘20/P100*(4)/220 36.8 1.88  -9.25 Ds),
25/ P+ (1) 16.7 211 -9.40 Cs,
25/P0(2) 20.6 199 931  Cs,
2%/}@00*(3) 244 192 926  Cs,
2%/P](,0*(4) 283 188 924  Cs,
]00*(1)/220/P,00*(4) 321 189 924  Cs,
]00*(2)/210/P|00*(4) 36.0 1.87  -924 G,
100*(3)/2 0/}3,00,5(4) 39.9 186 924  Cs,
]00*(4)/2‘0/1),00*(4) 43.9 186  -924 Dy,
]00»(5)/250/1),00*(4) 47.6 185  -922 G,
]00*(6)/250/P|00*(4) 515 183 -920 G,
100*(7)/250/1>100)(4) 55.6 181  -9.18 G,
100*(8)/2'20/P]00}(4) 59.2 179 =917 G,
500*(9)/253/1’1%0*(4) 63.0 178 -9.16  Cs,
P%OO*(IO)/ZZ’b/P%OO*M) 66.9 177 =915  Cs,
100,f(11)/220/1>,00 4) 70.7 176 =915  Cs,
100,‘(12)/220/1%0 4) 74.6 175 =914  Cs,
100,‘(13)/220/19100‘(4) 784 175 914  Cs,
,00*(1)/P,00(1) 19.2 191 -9.21 Cs,
100*(2)/1>,(,0(2) 232 178 =903  Cs,
100*(3)/P,00(3) 309 166  -895  Cs,
100*(4)/P,00(4) 38.6 158  -889  Cs,
100*(5)/P,00(5) 46.3 156  -887  Cs,
]00*(4)/25’6/25’6/Pm*(4) 52.4 1.84  -923 Dy,
]00*(4)/2 O/Pm(]*(l)/2‘2’5/Pf00*(4) 56.2 184 924 Dy,
]00*(4)/2 0/P,m,ﬁ(z)/220/1100*(4) 60.0 185  -924 Dy,
]00*(4)/2 BP0+ (3)/ 25/ P (4) 639 185  -924 Dy,
P (4)/ 25/ P (4)/ 25/ P (4) 677 186  -924 Dy,
]00*(4)/25’5/P|00*(6)/2‘2’5/Pf00 4) 755 181 =919 Dy,
]00*(4)/2'2’5/P|00*(8)/2'2’5/P100 (4) 832 178 -9.17 Dy,
Pl (1) 8.0 234 -945 Dy,
P (2) 120 208 -932 Dy,
P (3) 15.8 195 -925 Dy,
P (4) 19.7 189 -923 Dy,
P} (5) 23.6 186 -922 Dy,
P :(6) 27.4 183 -920 Dy,
ono*(7) 31.3 181 -9.18 Dy,
PIOO*(S) 35.1 179 =917 Dy,
100*(9) 39.0 178  -9.16 Dy,
100*(10) 42.8 177 9.6 D,
P (1) 46.7 176 9.5 D,
Pzw(u) 50.6 176 =915  Ds,
P} (14) 583 175 -9.14 Dy,
Piyo(1) 11.5 199  —9.17 Dsy,
(19.2)°
P3o(2) 153 185  —9.07 Ds),
(19.2)°
Piyo(3) 19.2 173 -8.95 Ds,
(19.2)°
Ploo(4) 23.0 165  -8.88 Ds,
P3yo(6) 30.7 158  -8.81 Ds),
P3y0(8) 38.3 1.54 =877 Ds,

“The band gaps are given with taking into account the AM1 4.9 eV
overestimation.'

®The length of central Py, (n) part.

‘Diameter.
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foox(n)/ 210/ P?ooy(n) (n=1-4). In comparison with P?oo*(”)
(Table ), the insertion of the 2%, fragments between the two
segments of Ploo*(”) leads to a blue displacement of the band
gap at ~0.1 eV. The band gap of the longest
Pfoo*(4)/ O/Pl()()"(4) system (L=43.9 A) is equal to 1.87
eV, which corresponds well to the band gap of pristine

100*(4) (1.90 eV, L=19.7 A).

The band gap of the asymmetric 2 100*(”) system
shows a monotonic decline of the band gap determined by
the nanowire part, with considerable shifts (0.24-0.10 eV,
Table I) for n=1 and 2 due to the interaction of the 2I and

1Oox(n) fragments, which have a similar size (~12- 13 A)
and thus a similar electronic structure.

A different, nonmonotonic type of the quanturn confine-
ment effect is observed in Pmo*(4)/2 /P100*(”) (n=0-13)
and Ploo*(4)/2 /P1oo*(”)/2 0/PIOO,L(4 (n=0-8). For the
former, one can see a plateau in the region of n=0-4, and
for the latter a maximum near n=4 can be observed [Fig.
3(b)]. The plateau is easy to understand, as the band gap is
determined largely by the longest nanowire piece, which is
fixed for the left nanowire fragment. Small fluctuations in the
band gap correspond to some variations in the quantum
nanodot—nanowire interactions.

The pentamer system made of two quantum dots and
three nanowire segments is perhaps the most unusual one of
all in this study. The incline is positive (for n=0-4), thus the
band gap increases with the system size, which is strikingly
contrary to any other system. It is necessary to note that such
type of QCE response was observed in an experiment19 re-
lated to the formation of potential barriers between the nano-
crystalline silicon fragments in the oxidation process of po-
rous silicon.’ The origin of this unusual behavior can be
seen in the inner nanowire piece P?OO*(n), which for n
=0-4 is apparently small enough to influence the electronic
states of the terminal nanowire pieces 100*(4) which deter-
mine the band gap. The band gap increase over n=0-4 does
not exceed 0.02 eV, so this is not a large effect. As n grows
larger than 4, the band gap is determined by the longest
central piece Ploo*(”) and differs slightly from the band gap
in the standalone nanowire of the same size n (e.g., for n
=6, 1.81, and 1.82 e¢V) (Table I).

Summarizing, we observe that the quantum confinement
is determined by the linear size of the largest constituting
unit in the system shifted by the interaction with quantum
dots. For instance, in the case of three units (Fig. 2), the band
gap is given by max(L,,Lg,Lc), and not the total size L,
+Lg+L; thus, the embedded quantum dots effectively par-
tition the nanowires into separate boxes in which electrons
are confined. This shift due to quantum dots is the largest (up
to 0.3 eV) for small nanowires (n<3), becomes about 0.1
for medium sized systems (n=3,4) and turns into nearly
zero for larger nanowires. In one case the shift leads to an
inverse quantum confinement effect with a maximum.

To illustrate and further substantiate the above conclu-
sions, the total and partial densities of states (DOSs) are
shown in Fig. 4. The partial DOSs were calculated by taking
the electron density due to the atomic orbitals centered at
specific pieces of the systems. The Gaussian broadening of
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FIG. 4. (Color online) (a) Total and partial DOS of complex nanoclusters.
Partial DOS are shown in the same color as the corresponding atomic struc-
tures. (b) The detailed total and partial DOS of occupied electronic states of

PTOO*(4)/ 212‘6/ Pfoo*(l) cluster near the Fermi level region. Peaks A, B, and C

correspond to the P?OO*(4), 25’6, and PTOO*

(1) fragments respectively.
all DOS curves throughout the whole Fig. 4 is equal to 0.1
eV. The highest occupied molecular orbital (HOMO) level of
P?oo*(4)/212}6/ P?OO*(4) cluster has been chosen as the zero en-
ergy and the total densities of other structures were shifted
along the x axis to align the positions of the main maxima
with this reference DOS. All vacant states were uniformly
shifted by 4.9 eV toward the occupied ones. The analysis of
DOS is useful to discuss the role of orbital interactions in the
formation of complex structures.”?

The total DOS shapes of P?OO*(l) and P?OO*(4) are close

to each other and significantly differ from that of 21216 [Fig.

J. Appl. Phys. 104, 054305 (2008)

"HOMO
4= PI%JO* (1)

AB =P}.(1+1)

B=Pg(1)

FIG. 5. Molecular orbital diagram elucidating the quantum confinement.
When system A:P?oo*(l) is elongated with B:Pfoo*(l) producing AB
:PTOO*(Z), nearly degenerate occupied and virtual orbitals are shifted by the
A-B interaction (e.g., the HOMO and LUMO orbital energies shifted by
Aeyomo and Agppyo, respectively), reducing the band gap from AE; to
AE,,.

4(a)]. The total DOS of the complex systems such as
P?OO*(4)/ 212’5/Pf00*(4) appear to be essentially additive of the
corresponding constituting pieces. The atomic orbitals at the
interface mix with each other, and one can see some broad-
ening of the partial densities compared to the independent
pieces, which in turn reduces the effective partial band gap
between the occupied and virtual zones.

A typical example of the partial DOS interactions near
the Fermi region in Fig. 4(a) is shown enlarged in Fig. 4(b)
for Pfoo*(4)/ 2/ Pfoo*(l) cluster. The peak A [of P?OO*(4)] is
the highest in energy (-0.05 eV). The peaks B [Pfoo*(l)] and
C (212’6) at —0.3 and —0.4 eV, respectively, are located lower
in energy in the same region and form the main B+ C peak of
the total DOS. Peaks B and C are close in energy and the
corresponding electronic states interact strongly, which is re-
lated to the similarity in the linear sizes of P?OO*(I) and 2%
6.12 and 9.0 A, respectively. The other P?OO*(4) piece (peak
A) has a significantly bigger length (17.8 A) and thus inter-
acts weakly with Pfoo*(l) and 212’6. The band gap of
P?00$(4)/ 212’(')/ P?O(ﬁ(l) is determined by Pfoo*(4) (peak A),
which forms the HOMO region.

In the regions away from the Fermi level [Fig. 4(a)], at
the energy of about —1 eV or less, the occupied electronic
states centered at different parts are strongly mixed due to
the interactions with each other and determine electronic
states delocalized through the whole complex nanostructure.
The vacant zones of pieces, in general, are closer to each
other and thus interact stronger than the occupied zones.

A schematic with a simple molecular orbital explanation
of the quantum confinement effect (Fig. 5) is provided. When
one elongates a nanowire, e.g., from P?oo*(l) by adding an-
other segment Pfoo*(l), the degenerate HOMO and lowest
unoccupied molecular orbital (LUMO) of the two pieces are
shifted because of the interaction between the fragments. If a
quantum dot is embedded in nanowire [e.g.,
P?OO*(n)/ 212}6/P%00*(1)]’ then the orbitals of the two nanowire
pieces become separated in space, thus making the interac-
tion nearly zero, and the band gap of the total system re-
sembles that of the independent pieces with some small shift.

As it was shown in Fig. 4(b), there are some interactions
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between the quantum dot and nanowire orbitals, but they are
weaker and not coherent compared to the nanowrire elonga-
tion. The shift of the HOMO (LUMO) levels of P?oo*(l) and
212/6 is equal to 0.1 eV, whereas for the Pfoo*(4) and 212’5 pair it
is significantly greater: 0.3 (0.1) eV. Thus, the interactions
between the two electronic subsystems in the latter case are

smaller than that in the former.

IV. CONCLUSIONS

Silicon quantum dots embedded into nanowires effec-
tively partition the quantum confinement, and the band gap is
determined by the longest nanowire piece of the system. The
typical 1/d dependence of the band gap upon the total sys-
tem size is destroyed in some cases, with an observed plateau
and a maximum corresponding to the inverse quantum con-
finement effect. The formation of the interfaces between the
constituting parts leads to the interactions of their electronic
subsystems, which are stronger for the Fermi level regions if
the pieces are of a similar electronic structure (i.e., are of a
similar size). The proposed theoretical analysis can be used
to interpret crucial experimental data for branched nanosys-
tems.
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