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Over the past two decades, the emergence of new techniques
has made synthesis and construction of matters at nanoscale
possible, leading to an extremely rapid rise of the ﬁeld
of nanomaterials science. For instance, today’s electronics
industry is the result of advances in nanomaterials research.
As electronic devices get smaller, there are increasing challenges in silicon technology. Materials with new scaling properties need to be developed urgently. Indeed, nanomaterials
science promises a wide range of novel applications of new
perspectives.
Meanwhile, theoretical modeling and computational
simulation have advanced as much as the experimental techniques in nanomaterials science. The development ranges
from density functional algorithms to mesoscale methods,
which enables the pursuit of the characteristic nature of
nanomaterials as well as predict and design functional nanomaterials. On the other hand, recent development of parallel
processor supercomputers has led to tremendous increase
(by a factor of a million) in computational power. These
developments together have been creating new opportunities
for modeling and simulation of electronic properties of
nanomaterials, as well as for designing novel nanoelectronic
devices. In this special issue, six papers are selected to provide
discovery of novel phenomena, fundamental understanding
and prediction, and design of nanomaterials from zerodimensional nanoparticles, to one-dimensional graphene
ribbons and carbon nanotubes, to two-dimensional ﬁlms.
The ﬁrst paper of this special issue introduces a novel
method to synthesize Ag-Au nanoparticles for the purpose
of potential application as catalysis in chemical industries.

Size, shape, and some other basic properties of the resulting
bimetallic Ag-Au nanoparticles have been characterized by
measurements and computer simulations.
The second paper of this special issue studies the
intrinsic spin-orbit coupling eﬀect in the band structures
of graphene nanoribbons. Graphene’s fascinating properties
mostly originate in its simply beautiful electronic structure.
Due to the exceedingly small eﬀective mass, graphene holds
the promising potential of next generation semiconductor
industry. Therefore, enormous attentions are paid to the
band structure of graphene. Using tight-binding model and
state-of-the-art ab initio simulations, it has been discovered
that a band gap might be opened at the Dirac point
in graphene nanoribbons due to the spin-orbit coupling.
Moreover, the ribbon width and edge conﬁguration are
found to play an important role in modulating the spin-orbit
coupling strength.
The third paper reports the fabrication of silica ﬁlms with
mesoporous. The size of the mesoporous is quite uniform.
and the X-ray diﬀraction shows that the mesoporous pattern
in the ﬁlms is highly ordered. Such interesting structure
could be applied as template for further synthesis of quantum
devices.
The fourth paper proposes two designs of silicon-onInsulator (SOI) structures by theoretical modeling. Performances of these SOI structures have been systematically
studied in detail. It is interesting that when the ﬁlm thickness
shrinks to nano-/subnano-scale, the electrical behaviors
become very distinct compared with classical cases, which
could be used to design new SOI-based devices.
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The ﬁfth paper reports the synthesis of Cu/SnO2 nanoparticle/Cu sandwich structure and studies the electric
performance of the products. Armed with theoretical modelings, the authors demonstrated that when the dielectric
goes to the size of nanoscale, the conduction behavior is
dominated by the Poole-Frenkel mechanism.
The last paper simulates the TiO2 -nanoparticle encapsulated single-walled carbon nanotube (TiO2 -NP@SWCNT)
by using the Lennard-Jones potentials. Such novel “peapod”
nanostructures have been holding a lot of attention in both
theoretical and experimental aspects. TiO2 is a well-known
functional material which is widely used in chemical and
environmental industries, due to its great catalytic performance. This paper discusses the mechanism of encapsulating
TiO2 nanoparticles into a one-dimensional container, carbon
nanotubes. It is shown that TiO2 particle needs to overcome
a strong barrier to enter the nanotube from tube mouth.
Shaogang Hao
Zhirong Liu
Junqiang Lu
Gang Zhou
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3 Microelectronics Research Center, University of Texas at Austin, Austin, TX 78758, USA
4 Departamento de Ciencias y Tecnologı́a, Universidad Metropolitana, San Juan, PR 00928, Puerto Rico
2 Departamento

Correspondence should be addressed to Manuel Ramos, maramos1@miners.utep.edu
Received 13 October 2010; Revised 22 November 2010; Accepted 27 December 2010
Academic Editor: Shaogang Hao
Copyright © 2011 Manuel Ramos et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Bimetallic nanoparticles are important because they possess catalytic and electronic properties with potential applications in
medicine, electronics, and chemical industries. A galvanic replacement reaction synthesis has been used in this research to form
bimetallic nanoparticles. The complete description of the synthesis consists of using the chemical reduction of metallic silver nitrite
(AgNO3 ) and gold-III chloride hydrate (HAuCl) salt precursors. The nanoparticles display round shapes, as revealed by highresolution transmission electron microscope (HRTEM). In order to better understand the colloidal structure, it was necessary to
employ computational models which involved the simulations of HRTEM images.

1. Introduction
Synthesis and characterization of nanocrystals have been a
research topic of high interest in recent decades due to their
potential application in medical (cancer imaging), optical
physics, catalysis, engineered materials, and electronics [1–
6]. Achievement of speciﬁc particle morphology depends
solely on right combination of precursors, as well as suitable
selection of temperature and capping agents [7].
Presently, one can ﬁnd several articles where full explanations are included in chemical synthesis techniques to attain
speciﬁc particle morphologies, along with their potential
applications [8]. Monometallic nanoparticles are assumed
to have three basic shapes: decahedral, cubo-octahedral, and
icosahedral. Nanoparticles geometry and facets are made out
of (111) planes as observed in icosahedron; and is attributed
to lowest surface energy γ(111) of nucleation in (111)plane; this implies a large internal core-strain values. Cubooctahedron presents no internal core-strain and signiﬁcant
large surface energy constituted primarily by (111) and (100)

facets, whereas decahedron has moderate internal strain and
smaller facets made of (111) and (100) planes. The following
is concluded regarding monometallic nanoparticles: γ(111) <
γ(100) < γ(110) as indicated by Lee and Meisel [9].
Previous theoretical work indicates that the addition of
a second metal, when synthesizing nanoparticles, can lead to
a signiﬁcant change on its physical-chemical properties, as
reﬂected also on particle morphology (i.e., core-shell, spherical, and truncated-icosahedral). Very little is known about
bimetallic nanoparticles in terms of its crystallographic
structure, shape, and location of bimetallic precursors, which
can attract attention when studying bimetallic systems.
In order to understand the diﬀerence between bimetallic
nanoalloy and bulk systems, Yonezawa and Toshima proposed that some bimetallic nanoalloys (i.e., Au-Ag, Au-Pd)
seem to exist due to miscibility gaps at certain compositions
ratio (i.e., 20%, 30%, and 10%) provoking the formation of
a nanoalloy [10]. Nanoalloy formation could be attributed
to the diﬀerences in atomic radii and electron migration
allowing atoms to accommodate, showing shell periodicity
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Figure 1: (a) 20 nm resolution HRTEM image of spherical shape Ag-Au nanoparticles. (b) 5 nm resolution HRTEM image showing lattice
distances. (c) Select area diﬀraction with (022), (022), and (002) principal reﬂections. (d) Inverse Fast Fourier Transform of SAD presented
in (c).

(i.e., onion array layers) as observed by conventional electron
microscopy techniques [11].
We present a successful chemical synthesis from Au and
Ag salt precursors for bimetallic spherical shape nanoparticles. Bimetallic particle formation is attributed to a galvanic
replacement reaction and shape. Bimetallic composition
was conﬁrmed by high resolution transmission electron
microscope (HRTEM) results, as well as computational
simulations for reconstruction of HRTEM images.

100◦ C. Then a separate second solution that consisted of
240 mg of gold-III chloride hydrate (HAuCl) dissolved in
500 mL of deionized water at 100◦ C with the addition of
a mixture of 1% sodium citrate and 50 mL of distilled
water. Finally, both precursor solutions were mixed together
and subjected to vigorous stirring at constant temperature
of 100◦ C for 1 h. The stoichiometric equation for particle
formation of Ag-Au galvanic reaction is presented as follows:

2. Experimental

and seems to be in agreement with [12].

Two precursor solutions were used for chemical synthesis
of bimetallic Ag-Au nanoparticles. The ﬁrst solution was
made dissolving 90 mg of silver nitrite (AgNO3 ) in 500 mL
of distilled water; later a mixture was added. It was made
with 1% sodium citrate dissolved in 10 mL of distilled water,
which was brought and kept for 1 h to boiling temperature

3. Results and Discussion

3Ag(s) + AuCl− −→ Au(s) + 3Ag+ + 4Cl−

(1)

Particle size, shape, and morphology were studied by
HRTEM on an FEI Tecnai TF20 equipped with an STEM
unit, high-angle annular dark-ﬁeld (HAADF) detector, and
X-Twin lenses. Sample preparation was done by dissolving
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Figure 2: (a) HRTEM of elbow-like nanoparticle, formed by accommodation of three small Ag-Au nanoparticles. (b) 3D reconstruction
image of (a) performed by ImageJ package.

EDX measurements of Ag-Au nanoparticle
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Figure 3: EDX results of Ag-Au nanoparticles, Cu and C signals
are from TEM grid, inset dark ﬁeld scanning transmission electron
image.

0.5 milligrams in isopropanol placed in an ultrasonic bath for
dispersion of nanoparticle clusters. One drop of the solution
was used for HRTEM on lacey/carbon (EMS LC225-Cu)
grids. Operational voltage was 200 kV in both dark ﬁeld (DF)
and bright ﬁeld (BF) mode images, with Scherzer defocus
condition at Δ fSch = −1.2(Cs λ)1/2 . Energy-dispersive X-ray
analysis, EDX was performed while TEM using a solid angle
of 0.13 sr detector.
Atomic percentage of gold found was about 13% from
EDX results, which was conﬁrmed from calculated molar
concentration on both precursor solutions; ratios of AuCl4
ions with respect to silver were roughly 10%, indicating that
for each gold atom there are three silver neighbors present.
The percentages were consistent, since lattice parameters
in both metals are very similar, for Au-lattice ∼0.4078 nm
and Ag-lattice ∼0.4086 nm for typical FCC bulk structures.
Figure 1(a) presents two round spherical shapes Ag-Au

nanoparticles, Figure 1(b) corresponds to a section of
Figure 1(a) at 5 nm of resolution, Figure 1(d) is presenting
atomistic distances for [111] and [121] planar directions
with atomistic distances of 0.268 nm and 0.278 nm for Au
and Ag atoms, respectively; select area of diﬀraction indicate
(022), (022), and (002) as principal planar reﬂections.
Grain boundary was observed for spherical truncated
nanoparticles as presented in Figure 2(a). Grain boundary
can be understood in terms of surface energy thermodynamics and attributed also to the ionic interaction between
specimens as proposed by Elechiguerra et al. for nanorods
formation [13]. A 3D reconstruction image is presented
in Figure 2(b); the image was reconstructed using ImageJ
package. Figure 3 presents EDX results; the two major peak
signals correspond to C/Cu content on TEM diﬀraction
grids; gold shows energy intensities at 2 keV and 2.6 keV,
whereas for silver, intensities are observed at 3 keV and
3.4 keV. Using A ccelrys Materials Studio, a computational
nanoparticle model was done. The model was subjected
to TEM simulations using a full dynamical calculation
by multislice method [14]. The TEM
is based
n simulator
(−ibU 2 ) , where U
a
e
on projected potential f (U) =
i
i=1
represents coordinates in reciprocal space (u, v, w). Results
from TEM simulations are presented in Figure 4 and seem
to be consistent with experimental HRTEM presented on
Figure 2(a).

4. Conclusion
A successful synthesis to produce nanoparticles gold and
silver precursor solutions is presented here. Bimetallic AgAu nanoparticles were formed due to a galvanic replacement
reaction, which consists of the migration of ionic Ag and Au
atoms from salt precursors at boiling temperature. Products
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Cerius2 HRTEM simulation.
E = 600.0 kV Cs = 2.70 nm Ap = 0.70 A−1
Drms = 250.0 A div = 0.30 mrad
Vib = 0.35 A As = 0.0 A at 0.0
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Figure 4: (a) Computer assisted Ag-Au nanoparticle (Ag-blue and Au-yellow) used to understand HRTEM image presented in 2. (b) TEM
simulation of (a) (Ag-Au nanoparticles) for comparison with experimental HRTEM images.

were analyzed by HRTEM and EDX techniques. EDX results
show energy intensity peaks at 2 keV and 2.6 keV for gold
and 3 keV and 3.4 keV for silver. Particle shape was studied
by computational modeling for speciﬁc elbow-like shape for
three small Ag-Au nanoparticles. The model was subjected to
TEM simulations using full dynamical projected potential.
The authors will start testing synthesized Ag-Au nanoparticles as contrasting agents in cancer mapping for biotissue
during magnetic resonance imaging (MRI) studies [15].
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Starting from a tight-binding model, we derive the energy gaps induced by intrinsic spin-orbit (ISO) coupling in the lowenergy band structures of graphene nanoribbons. The armchair graphene nanoribbons may be either semiconducting or metallic,
depending on their widths in the absence of ISO interactions. For the metallic ones, the gaps induced by ISO coupling decrease
with increasing ribbon widths. For the ISO interactions, we ﬁnd that zigzag graphene nanoribbons with odd chains still have
no band gaps while those with even chains have gaps with a monotonic decreasing dependence on the widths. First-principles
calculations have also been carried out, verifying the results of the tight-binding approximation. Our paper reveals that the ISO
interaction of graphene nanoribbons is governed by their geometrical parameters.

1. Introduction
Graphene, ﬁrst obtained in 2004 [1], has been explored for
spintronics due to its unique and intriguing properties [2]. In
spintronics, one of the main interactions that could aﬀect the
spin behavior is intrinsic spin-orbit (ISO) coupling. In the
last few years, a volume of research has been performed on
the ISO coupling in graphene [3–8] and shows that the ISO
coupling can cause a gap in the band structure. Recently, it is
reported that the geometric curvature [5, 9, 10] and impurity
[11] can enhance the eﬀective strength of the ISO by orders
of magnitude.
When graphene is patterned into a narrow ribbon, one
obtains a graphene nanoribbon (GNR), whose carriers are
conﬁned to the one-dimensional (1D) system. There are two
basic shapes of GNRs, called armchair GNRs (AGNRs) and
zigzag GNRs (ZGNRs). Both results by tight-binding(TB)
method [12–15] and ﬁrst-principles calculations [16–19]
show that spectra of GNRs depend strongly on the shapes
of their edges. GNRs, oﬀering a system to investigate conﬁnement eﬀects, could be key elements in future electronics
and spin-transport applications. In the case of GNRs with
ISO coupling, on one hand, based on TB model, Zarea et al.

[20–22] have studied the eﬀects of ISO interactions on lowenergy properties of AGNRs and ZGNRs. However, these
works were based on the eﬀective π-orbital TB approaches
and used the model from graphene plane by imposing hardwall boundary conditions. They did not study ISO from that
of each atom. They also did not give the exact data of the
gap induced by ISO coupling. On the other hand, based on
ﬁrst principles, few investigations of the ISO interaction on
GNRs have so far been performed. Thus, the ISO coupling is
still signiﬁcant and challenging in GNR.
In this paper, we study the ISO eﬀects on ZGNRs and
AGNRs by the sp 3 TB method from a graphene ribbon
model. The ﬁrst-principles calculations are also performed
to verify the results. Our investigation reveals how the
geometrical parameters, such as width and the edge shape,
aﬀect the strength of the ISO.

2. Tight-Binding Model
Two basic kinds of GNRs are shown in Figure 1. The
AGNRs are classiﬁed by number of dimer lines while ZGNRs
by number of chains. To simplify, we use N-AGNR and
N-ZGNR to represent the AGNR with N dimer lines and
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Figure 1: The geometry of (a) N-AGNR and (b) N-ZGNR.

the ZGNR with N chains, respectively. As seen in Figure 1,
a GNR is described by a rectangular unit cell containing
2N carbon atoms. The 2N atoms can be classiﬁed to N
subsystems. Each subsystem contains two atoms A and B.
aZ ) denotes the translational axis of an (a)
The unit vector aA (
AGNR (ZGNR). The nearest-neighbor translation vectors of
the atoms are


2A , N
3A
1A , N
A = N
N
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1 1
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2 3 2
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nx nz (ppσ) − nx nz (ppπ)

ts,pz

nz (spσ)

t p y ,pz

n y nz (ppσ) − n y nz (ppπ)

(1)
m and n subsystems. The 2N × 2N hamiltonian matrix for
N-GNR can be written as follows:

 
 

 
1
1
1
1
1
,
= a − , − √ , a , − √ , a 0, √

2

Table 1: Two-center matrix elements for hopping between s and
p orbital along a direction speciﬁed by the unit vector (nx , n y , nz ),
taken from [4]. s = −8.868 eV, p = 0, (ssσ) = −6.769 eV, (spσ) =
5.580 eV, (ppσ) = 5.037 eV, and (ppπ) = −3.033 eV.

3

Hπ
⎛

where a = 2.46 Å. We employ the tight-binding method
within a two-center Slater-Koster approximation for nearestneighbor hopping, and orthogonality between Wannier
functions centered on diﬀerent atoms is assumed. This gives
the elements of the Hamiltonian matrix [4]

0

···

0

0

0

⎞

⎜
⎟
⎜Hπ2,1 Hπ2,2 Hπ2,3 · · ·
0
0
0 ⎟
⎜
⎟
⎜ .
..
..
..
..
.. ⎟
⎟,
.
=⎜
⎜ .
.
.
.
.
. ⎟
⎜
⎟
⎜ 0
0
0 · · · HA,N −2 HA,N −1 HA,N ⎟
⎝
⎠
0
0
0 ···
0
HπN,N −1 HπN,N

(3)

hA,μ;A,μ 
k = hB,μ;B,μ 
k = tμ δμ,μ ,
hA,μ;B,μ 
k = h∗B,μ ;A,μ 
k =

Hπ1,1 Hπ1,2

 
i ,
eik·Ni tμ,μ N

(2)

i=nearest

where μ(μ ) = s, px , p y , pz , A and B represent the two distinct
sites in the honeycomb lattice unit cell. tμ is the atomic
energies of μ orbital, and tμ,μ denotes the hopping energies
between the nearest-neighbor sites. In Table 1, we reproduce
for completeness the relationship between tμ,μ and the four
independent Slater-Koster parameters. To simplify, we let
θ = (ssσ), α = (spσ), β = (ppσ), and η = (ppπ). The wave
vector k is parallel to x.
First, we consider the π electrons. The 2 × 2 hamiltonian
matrix Hπmn is introduced to describe the interaction of

where A denotes πN − 1.
We can diagonalize the above hamiltonian and gain
the eigenvalues for GNRs. The results are the same with
those of [12]. The energy spectra of AGRNs for diﬀerent
widths can be observed in Figure 2. The system is metallic
for AGNRs with widths N = 3M-1, where M is an integer,
and insulating otherwise. For the metallic AGNRs, the top
of valence band and the bottom of conduction band are
degenerate at K A = 0 in the Brillouin zone (BZ). For the
insulating ones, the gaps decrease with an increase in ribbon
widths and tend to zero in very large N. The calculated
band structures of ZGNRs are depicted in Figure 3 for four
diﬀerent ribbon widths. It is observed that for ZGNRs, the
valence band and the conduction band are degenerate at

K Z = π/a and K Z = −π/a in the BZ.
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Figure 2: Calculated band structures of AGNRs with (a) N = 4, (b) N = 5, (c) N = 6, and (d) N = 60.

3. Intrinsic Spin-Orbit Coupling
HSO induces σ-π coupling. So, we discuss the hamiltonian
including both π and σ electrons. The hamiltonian for
N-GNR is an 8N × 8N matrix:

operator, respectively. The hamiltonian hSO can be expressed
as follows [3–5]:
⎛
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(4)
We consider the ISO interaction as an additional term to
Hπσ . The ISO interaction HSO of the system comes from each
atomic ISO hamiltonian hSO . hSO is in the form of hSO = ξ
L·
 where ξ = 6 meV denotes the ISO coupling constant. 
L and
S,
S represent the angular momentum operator and the spin
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0

which acts on the basis states |s ↑ , | px ↑ , | p y ↑ , | pz ↑ ,
|s ↓ , | px ↓ , | p y ↓ , and | pz ↓ . Then, the total hamiltonian
including ISO interaction is H = Hπσ + HSO . Finally, we solve
the total hamiltonian for GNRs and obtain the eigenvalues.
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Figure 3: Calculated band structures of ZGNRs with (a) N = 4, (b) N = 5, (c) N = 6, and (d) N = 60.

Since it has been shown that the ISO coupling in
graphene just causes a small gap [3–8], thus the spectra near
the Fermi surface attract our interest. Hence, we focus on
the metallic GNRs. If ISO interaction is taken into account,
the band structures are lifted. In metallic AGNRs and the
ZGNRs with even chains, a gap is opened in the spectra by
ISO coupling. In contrast, for the ZGNRs with odd chains,
conduction and valence edge bands are still degenerated at
K Z = π/a. The diﬀerence between the inﬂuence on odd
ZGNRs and even ZGNRs is likely due to their conﬁguration.
The odd ZGNRs are in “zigzag/antizigzag” conﬁguration
while even ZGNRs are in “zigzag/zigzag” conﬁguration. We
display the energy spectrum near Fermi surface of 5-AGNR
with ISO interaction near K A point in Figure 4(a). The band
gap caused at k = 0 is 1.7 × 10−3 meV. The band structures of
5-ZGNR and 4-ZGNR with ISO interaction near K Z point
are presented in Figures 4(b) and 4(c). For 4-ZGNR, the
highest valence band state and the lowest conduction band
state are located at k = 0.9973 π/a rather than k = π/a point.
There is a band gap of 1 × 10−5 meV induced by ISO. The ISO
interaction is shown to have a stronger eﬀect in 5-AGNR than
in 4-ZGNR. It is possible because that the proportion of edge

atoms in unit cell atoms which is 4/10 for 5-AGNR is larger
than 2/8 for 4-ZGNR. The relation between the gaps and the
widths will be discussed in the next section to compare the
results with the ﬁrst-principles calculations data.

4. First-Principles Calculations
In order to verify the results from TB model, we study the
metallic GNRs by ﬁrst-principles calculations. The relativistic ab initio electronic structure calculations for graphene
nanoribbons have been performed using the Vienna ab initio
simulation package (VASP) [23]. We choose the projector
augmented wave (PAW) method [24] with a Perdew-BurkeErnzerhof (PBE) generalized gradient exchange correlation
potential (GGA) to describe the electron interactions [25]. A
vacuum separation of 10 Å is used to eliminate interactions
between graphene layers. An energy cutoﬀ of 950 eV and
Monkhorst-Pack k-point meshes are employed to deal with
the many atoms in a unit cell of the GNRs for various widths.
The ISO interaction is calculated considering only the
spherical part of the potential inside muﬃn tins surrounding
the carbon nuclei. The edge carbon atoms of our GNRs are
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Figure 5: (Color online) Band structure of the 5-AGNR without
(black squares) and with (red triangles) ISO coupling obtained by
ﬁrst-principles calculations.

Figure 6: (Color online) The relationship between the gaps induced
by ISO and N-AGNRs from tight-binding approximation (red
circles) and from First-principles calculations (black diamonds;
energies are multiplied by 50).

passivated by hydrogen atoms. Due to the smallness of ISOderived gaps in GNRs, we artiﬁcially increase the relativistic
potential in VASP code in our calculations.
First, we study the band structures of AGNRs with
diﬀerent widths N = 3M-1 in the range of N = 5 to N = 35.

We have known that the AGNRs with N = 3M-1 show the
metallic behaviors in TB method without ISO interactions,
and gaps are opened by the ISO coupling between the valence
band and the conduction band. While for the ﬁrst principles
calculations, we ﬁnd that there are always gaps in the band
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spectra, but the ISO coupling can reduce the gaps. The ﬁrstprinciples band structure near Fermi surface of 5-AGNR is
shown in Figure 5. Without ISO interaction, the band gap
is 0.5379 eV. When the ISO coupling is considered, the band
gap becomes smaller. As Figure 6 depicts, the change of the
gap ΔE decreases when N increases from 8 to 35, which is
in good agreement with the results of TB method except
N = 5. In 5-AGNR, the gap change is smaller in TB method
than that expected. In TB method, we do not consider the
change of the carbon-carbon bond length on the edge. As
the smallest width metallic AGNR, 5-AGNR, is aﬀected most
by the edge. So, the model may not exactly express the ISO
interaction in 5-AGNR.
Next, we consider the ZGNRs with the widths for N =
3, 4, 5, 6. Without ISO coupling, although the bands are
self-avoiding, the ZGNRs are metallic. In the presence of
ISO interaction, the bands split, and a gap is opened.
Figure 7 displays the band structures near Fermi surface of
5-ZGNR and 4-ZGNR in the presence and absence of the
ISO interaction. Increasing the relativistic potential by 300
times, the band gap changes from 1.9 × 10−3 eV to 1.0 ×
10−5 eV. Since the ISO-opened gap is the second power of

the potential expected from the perturbation theory, ﬁnal
results which are obtained through dividing the gaps gotten
from VASP by 90000 are 2.0 × 10−6 meV and 1.0 × 10−7 meV,
respectively. This method was veriﬁed of being eﬀectual by
the ﬁrst-principles calculations in [4]. Both ﬁrst-principles
calculations and TB approximation demonstrate that with
the increase of the widths for even chains, the gaps decrease
rapidly.

5. Summary
In summary, we have investigated the ISO eﬀects in ZGNRs
and AGNRs within four orbital TB approximation and ﬁrstprinciples calculations. In TB method, for metallic AGNRs
and the ZGNRs with even chains, a gap is opened in
the spectra by ISO coupling while for the ZGNRs with
odd chains, conduction and valence edge bands are still
degenerated at K Z = π/a. By ﬁrst-principles calculations,
the ISO coupling reduces the gaps for AGNRs with N =
3M-1 and causes a gap in ZGNRs. The results show that
the edge conﬁguration and width aﬀect the strength of the
ISO coupling. The ISO interaction has a stronger eﬀect
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for AGNRs than for ZGNRs. Besides, the inﬂuence of ISO
coupling is weaker on GNRs with larger width, which the
edge aﬀects less.
Note Added. Recently, a related preprint which addresses
spin-orbit interactions in GNRs with more than 50 chains
by four orbital TB method has been posted [26].
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Materials with nanosized and well-arranged pores have been researched actively in order to be applied to new technology ﬁelds.
Especially, mesoporous material containing various pore structures is expected to have diﬀerent pore structure. To form a mixed
pore structure, ordered mesoporous silica ﬁlms were prepared with a mixture of surfactant; Brij-76 and P-123 block copolymer. In
mixed surfactant system, mixed pore structure was observed in the region of P-123/(Brij-76 + P-123) with about 50.0 wt.% while
a single pore structure was observed in regions which have large diﬀerence in ratio between Brij-76 and P-123 through the X-ray
diﬀraction analysis. Regardless of surfactant ratio, porosity was retained almost the same. It is expected that ordered mesoporous
silica ﬁlm with mixed pore structure can be one of the new materials which has distinctive properties.

1. Introduction
Porous materials are classiﬁed into several kinds such as
microporous, mesoporous, and macroporous by their pore
size according to the IUPAC (International Union of Pure
and Applied Chemistry) notation [1]. The microporous
materials have pore diameter less than 2 nm, and the macroporous materials have pore diameter greater than 50 nm.
The mesoporous materials contain pores with diameter
between 2 and 50 nm. They have been still researched
since 1970s, and research in this ﬁeld has steadily grown
[2]. They have low density, large surface area, insulating
property, and higher elastic modulus than nonordered
mesoporous materials. For these properties, it was expected
that they can be used in various application ﬁelds such
as sensor, electronic, membrane, gas storage, adsorbent,
catalyst support, and so on [3–5]. Silica-based materials, with
nanosized pores, were discovered in 1992 by the researchers
of the Mobil Oil Corporation [6]. These materials were ﬁrst
obtained as powders by mixing organic surfactant with silica
precursor. Mesoporous thin ﬁlms have been obtained more
recently using the evaporation-induced self-assembly (EISA)
method, developed by Lu et al. in 1997 [7]. EISA method is a

way to form micelles using surfactant, and a driving force for
the formation of micelle is to reduce contact area between
hydrocarbon chain and hydrophilic solvent [8]. When the
concentration of the solution is below the critical micelle
concentration (cmc), surfactant molecules can move around
in solution without making micelles [9]. With evaporation of
solvent, above cmc, the concentration of solution increases,
so surfactant molecules start making micelles. After that,
micelles stack up and form an ordered structure, and then
ﬁnally, ordered mesoporous silica ﬁlm can be obtained
through calcination to remove the organic surfactant. There
are several variables of forming ordered mesoporous structure such as reactant concentration, synthesis temperature,
pH of solution, and the nature of surfactant. However,
the eﬀects of mixed surfactants on ordered mesoporous
silica are hardly known because there have been several
researches related with single surfactant, but there have
been only few researches with mixed surfactants [10–17].
Lan Chen et al. made their studies on the mixture of
various surfactants and synthesized the bimodal structure in
P123-P65-25R4 system. But new ordered pore structure was
not discovered. Therefore, further research is needed about
ordered the mesoporous silica ﬁlm using mixed surfactant.
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(a)

(b)

Figure 1: Possible states of the structure of the micelles; (a) nonseparated state and (b) separated state.

Understanding the correlation between structure and mixed
surfactant can be deployed on a commercial scale.
Density of material inﬂuences on some of the other
physical properties of material. Refractive index, for example,
is a kind of property which is related with density of the
material. Because mesoporous materials have pores, if we
control the pore structures of the mesoporous material
intentionally, we can get the material with various densities
using mixed surfactants. Thus, we can have the material
that has diﬀerent refractive indices although it is composed
entirely of the same chemical species. Through the control
of the thickness of regions with diﬀerent indices, we can
modify transmission and reﬂection of light, and it could
be applied to several ﬁelds such as high reﬂective glass and
transparent thermal insulating materials. Also, processing
steps can be reduced by using mixed surfactant system.
There have been several reports about ordered mesoporous
silica using surfactant Brij-76 or P-123. According to the
researches, Brij-76 is known that it can make 2D hexagonal,
BCC, and lamellar structure, and P-123 is known that it can
make 2D hexagonal and BCC structure [18–20].
In this study, mesoporous silica ﬁlm was obtained using
two surfactants, Brij-76 and P-123, with various molar ratios.
The pore structure variation according to the molar ratio of
the surfactants was analyzed.

2. Experimental Procedure
Ordered mesoporous silica ﬁlms were synthesized by the
EISA method as follows. Firstly, EtOH (Duksan, 99.9%) was
used as a solvent. The Brij-76 (C18 H37 (OCH2 CH2 )10 OH,
Aldrich) and the P-123 block copolymer (H(OCH2 CH2 )10 ·
(OCH3 CH2 CH2 )70 (OCH2 CH2 )10 OH, Aldrich) were dissolved in the solvent, and acidiﬁed H2 O was added.
After stirring for 1 h, TEOS (Fluka, 98%) was sequentially
added to the solution as silica precursor. The ﬁnal molar
ratio of TEOS : EtOH : H2 O : HCl : mixed surfactants was
1 : 20 : 5 : 0.01 : 0.05, and the weight ratio of the mixed

surfactants (P-123/(Brij-76 + P-123)) was changed from 0
to 100 wt.% having 12.5 wt.% interval. After 30 min, a sol
was spin-coated on silicon wafers at 3000 rpm for 30 sec at
23◦ C and a relative humidity of 30%. The used silicon wafer
is (100)-oriented and its surface is hydrophilic caused by
RCA-1 cleaning. To remove the block copolymer, ordered
mesoporous silica ﬁlms were calcined at 400◦ C for 2 h at a
heating rate of 1◦ C/min in oxygen atmosphere.
To investigate the ordered pore structure, X-ray powderdiﬀraction (XRD) patterns were collected using Cu Kα
radiation with wavelength of 1.5418 Å. The porosity of the
ﬁlm was measured by ellipsometry. The microstructural
images of the mesoporous silica ﬁlm were obtained using a
transmission electron microscope (TEM, JEOL JEM-4010)
at 400 kV.

3. Pore Structure Model
Two kinds of surfactants, Brij-76 and P-123, are diﬀerent
in several properties. Among them, especially, Brij-76 has
lower molecular weight (M.W. of Brij-76 and P-123 are 710
and 5750, resp.), and the chain length of Brij-76 is shorter.
As a result, it is expected that the micelle of Brij-76 is
smaller than that of P-123, so they can make diﬀerent pore
structures above cmc. Therefore, pore structure synthesized
using mixed surfactant which consists of Brij-76 and P123 can be suggested as two models on the assumption
that micelles are made by only same the kind of surfactant.
They are nonseparated and separated states. Nonseparated
state is a state which has a region with randomly mixed
micelles, so it has disordered and isotropic pore structure
as shown in Figure 1(a). Two kinds of micelles should be
formed in similar rates in order to form nonseparated state.
Therefore, each surfactant should have similar cmc in this
case. Separated state is a state with the mixture of regions
with homogeneously packed micelles, so it can be assembly
of ordered pore structures as shown in Figure 1(b). Two
kinds of surfactants should have very diﬀerent cmc to form
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separated state. We can control pore structures using the rate
of the micelle formation in this case. If ordered mesoporous
silica ﬁlm is made by mixed surfactant which consisted of
Brij-76 and P-123, it is expected a separated state model due
to large diﬀerence of cmc in this report.

Brij-76

Intensity (a.u.)

87.5 wt.%

4. Results and Discussion

75 wt.%
67.5 wt.%
50 wt.%
37.5 wt.%
25 wt.%
12.5 wt.%
P-123
2

0 wt.%
2.5

3

3.5

4

2θ (deg)

Figure 2: XRD patterns of mesoporous silica ﬁlm along the weight
ratio of mixed surfactant (P-123/(Brij-76 + P-123)).

0.35
0.3
FWHM

Figure 2 shows XRD spectra of ordered mesoporous silica
ﬁlms according to the weight ratio of mixed surfactants (P123/(Brij-76 + P-123)). Only one peak was detected when
P-123/(Brij-76 + P-123) is from 0 to 25.0 and from 75.0 to
100 wt.%. It is the peak of the pore structure formed by Brij76 and appeared at 2.91◦ in region of P-123/(Brij-76 + P123) from 0 to 25.0 wt.% [18]. Also, the d-spacing which
means a distance between pores is about 3 nm. In the region
of P-123/(Brij-76 + P-123) from 75.0 to 100 wt.%, the peak is
caused by the pore structure formed by P-123 and appeared
at 2.26◦ , and d-spacing corresponds to about 3.9 nm [21].
That shows the micelle size of P-123 is bigger than that of
Brij-76 because that the size of surfactant P-123 is bigger.
In case of P-123/(Brij-76 + P-123) is 12.5, 25.0, 75.0, and
87.5 wt.%, there also was one peak of each, little bit shifted.
That means the small amount of minor surfactant hinders
making pore structure formed by major surfactant instead
of making separated phase. At the point of 50.0 wt.% of P123/(Brij-76 + P-123), two XRD peaks were observed. That
means the ordered mesoporous silica ﬁlm had mixed pore
structure, and each surfactant was enough to make its own
pore structure. It can be explained as that Brij-76 has lower
cmc value (0.002 g/L at 298 K) than the cmc value of P123 (0.045 g/L at 298 K), so micelles of Brij-76 were formed
earlier than micelles of P-123 [22, 23]. In addition, seeing
that the intensity of the XRD peak formed by Brij-76 is higher
than that by P-123, pore structure formed by the micelles
of Brij-76 was developed more ordered for the same reason.
In case of 37.5 and 62.5 wt.% in P-123/(Brij-76 + P-123),
two XRD peaks were detected, so there existed mixed pore
structures in the region from 37.5 to 62.5 wt.%. Therefore,
it was expected transition region existed that between 37.5
and 62.5 wt.%. As a result, it was considered that the mixed
surfactant formed the separated state between two models.
Figure 3 shows full width at half maximum (FWHM)
values of the specimens. In the region of P-123/(Brij-76 + P123) from 0 to 37.5 wt.%, FWHM values slightly increased,
so it indicated that XRD peaks became broad. In other
words, it implies that ordering of the pores decreased. The
reason is that the insuﬃcient amount of surfactant cannot
make micelles, and it inﬂuences on the formation of the
structure of micelles and the development of the micelles
of another kind of surfactant negatively [24, 25]. Therefore,
the formation of the micelle structure was hindered by
the minor surfactant of P-123. Similarly, in region of P123/(Brij-76 + P-123) from 62.5 to 100 wt.%, hindrance of
the minor surfactant of Brij-76 occurred, and ordering of
the pores decreased as P-123/(Brij-76 + P-123) went down
from 100 to 62.5 wt.%. However, in the region of P-123/(Brij76 + P-123) from 37.5 to 62.5 wt.%, FWHM value rapidly

100 wt.%

0.25
0.2
0.15

0

25
50
75
Surfactant weight ratio (%)

100

P-123
Brij-76

Figure 3: FWHM of mesoporous silica ﬁlm along the mass ratio of
mixed surfactants (P-123/(Brij-76 + P-123)).

increased, and XRD peaks became very broad. That means
each kind of surfactant was enough to make two kinds of
its own micelles, so two kinds of micelles formed each pore
structure and hindered each other. That is, micelles hindered
the formation of micelle structure, not surfactants. It was
considered that the reason about the change of the FWHM
value was based on the diﬀerence of hindrance between
micelle and surfactant.
Figure 4 shows the porosity of ordered mesoporous silica
ﬁlm according to the weight ratio of mixed surfactant
(P-123/(Brij-76 + P-123)). The porosity decreased in the
region of P-123/(Brij-76 + P-123) from 0 to 50.0 wt.%
and increased in the region of P-123/(Brij-76 + P-123)
from 50.0 to 100 wt.% slightly. It indicates that the small
amount of another kind of surfactant cannot contribute to
porosity because the small number of surfactants cannot
make micelles and only interrupt the pore structure. In case
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Figure 4: Porosity of mesoporous silica ﬁlm along the weight ratio
of mixed surfactants (P-123/(Brij-76 + P-123)).

of P-123/(Brij-76 + P-123) of 50.0 wt.%, the porosity is the
lowest value. This is because two kinds of micelles formed
each pore structure and hindered each other as mentioned
above. It was also conﬁrmed by XRD peaks in Figure 2. Thus,
it implies that pore structure in case of P-123/(Brij-76 + P123) of 50.0 wt.% is less ordered than in case of P-123/(Brij76 + P-123) of 0 or 100 wt.%. However, taken as a whole,
it was not considerable change of the porosity, so we could
conclude that most of the added surfactant participated
in the formation of pores, and the porosity depended on
the total amount of surfactants regardless of the kind of
surfactant.
To conﬁrm a mixed pore structure obtained from XRD
result of mesoporous silica ﬁlm with 50 wt.% P-123/(Brij76 + P-123) in Figure 2, the microstructure was observed
through TEM measurement and given in Figure 5. Two
diﬀerent domains, highly ordered mesostructure and low
ordered mesostructure, were observed in TEM image of the
ﬁlm. The interpore distance of highly ordered mesostructure
was about 3.3 nm, and that of low ordered mesostructure
was about 4.7 nm. The highly ordered mesostructure corresponds to the domain formed by Brij-76, and the low ordered
mesostructure corresponds to the domain formed by P-123
when comparing with XRD results. The interpore distances
in the TEM images were larger than those in XRD results.
This enlargement in the TEM images could be caused by
a diﬀused image of pores from a misorientation between
a pore alignment direction and an electron beam incident
direction. However, the interpore distance ratios of two kinds
of pore structure were similar, for example, 1.3 with XRD
and 1.4 with TEM. Therefore, it could be concluded that the
mesoporous silica ﬁlm could have a mixed two diﬀerent pore
structures when using two diﬀerent surfactants such as Brij76 and P-123.

5. Conclusions
Ordered mesoporous silica ﬁlms were synthesized using
mixed surfactant, Brij-76 and P-123. Two kinds of mixed

20 nm
(b)

Figure 5: Microstructures of mesoporous silica ﬁlm with the
composition of 50 wt.% (P-123/(Brij-76 + P-123)); (a) the domain
formed by Brij-76, and (b) the domain formed by P-123.

pore structures, nonseparated state and separated state,
were expected to be formed. The mixture of two ordered
pore structures is possible in case of the separated state,
and surfactants which have very diﬀerent cmc are needed.
Results of XRD pattern showed the mixture of ordered pore
structure in the region of P-123/(Brij-76 + P-123) from
37.5 to 62.5 wt.%. XRD peaks of ordered pore structure
became broad due to hindrance by surfactant and/or micelle.
The porosity depended on the total amount of surfactants
regardless of the kind.
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In the industrial chain of the nanomaterials for electronic devices, a main stage is represented by the wafer characterization. This
paper is starting from a standard SOI wafer with 200 nm ﬁlm thickness and is proposing two directions for the SOI materials
miniaturization, indexing the static characteristics by simulation. The ﬁrst SOI nanomaterial is a sub-10 nm Si-ﬁlm with a
rectangular shape. The inﬂuence of the buried interface ﬁxed charges has to be approached by the distribution theory. The second
proposal studies the inﬂuence of the vacuum cavity in a “U” shaped SOI nanoﬁlm. In all cases, with rectangular or “U” shape
ﬁlm, the simulations reveal transfer characteristics with a maximum and output characteristics with a minimum for sub-10 nm
thickness of the SOI ﬁlm.

1. Introduction
The modeling of the classical devices [1] or novel nanodevices [2] improves the design and explains some phenomena
experimentally encountered [3].
In the SOI structures, two oxide-semiconductor interfaces exist with speciﬁc associated charges. Conventional
models ignore the charges situated at the buried oxidesubstrate interface, being focused just on the front and
back channels conduction in the silicon ﬁlm. All these ﬁxed
charges, expressed in electrons per cm2 , are physically spread
into a small volume that becomes signiﬁcant in ultra-thin
ﬁlms. This paper presents a suitable model for the ﬂat-band
voltage, based on the δ-distribution strings, which include
this bottom interface. Hence, the model accuracy increases
in the SOI nanoﬁlms materials, accordingly with our theory
and numerical simulations. The electrons conﬁnement eﬀect
is continuing to be studied in “U” shape SOI ﬁlms. Whether
the conduction channel occurs at the ﬁlm bottom, the upper
part of the SOI ﬁlm was removed, monitoring the static
characteristics of some SOI-MOSFETs.
This paper proposes two directions for the electrical
characterization of the nano-SOI (silicon on insulator) materials, by simulation of the electrical characteristics of some

devices. The ﬁrst class of the studied SOI transistors has a
rectangular ﬁlm shape. In this case, the eﬀect of the buried
interface ﬁxed charges is modeled with the distribution
theory [4, 5].
The classical HTA SIMOX (high temperature annealing
separation by implanted oxygen), technology oﬀers SOI
wafers with 200 nm Si-ﬁlm on 400 nm BOX with ﬁxed
charges in the range Qox = 1010 ÷ 1012 e/cm2 , [6]. This charge
is located in a shallow oxide slice. An SOI device has the
interfaces: I1 -Si-ﬁlm/BOX, I2 -BOX/Substrate, and eventually
the upper interface I0 -gate oxide/Si-ﬁlm; see Figure 1. The
classical model strongly insists on the electric charges from
I0 and I1 interfaces, [7]. In fact, all these ﬁxed charges are
physically spread into a small volume. In ultra-thin oxide
structures, this kind of charge must be modeled as a bulk
charge density [8].
This paper emphasizes that the eﬀect of a ﬁxed charges
about 1012 e/cm2 , at the bottom interface I2 could be
neglected in a classical SOI-MOSFET with 200 nm Si/400 nm
BOX sizes, while it is the main charge in a nano-SOIMOSFET with 10 nm × 10 nm × 10 nm Si/10 nm × 10 nm
× 10 nm BOX.
Transforming 1012 e/cm2 in 10−2 e/nm2 = 1 electron
per 10 nm × 10 nm that means that the back interface

2

Journal of Nanomaterials
Drain

Source

VS = 0

Q I1
+

VG = VFB 0

QI 2
++

NA
p-substrate

NA
+ BOX ++
p-ﬁlm +
++
n+-ﬁlm
tf = tn+

n+-ﬁlm

p-ﬁlm

tds

Inversion channel

I1

tBOX

I2
tdf 0 I 1
tBOX
for
VG VFB

BOX = SiO2

(a)

VG = VFB 0

Q I1
Q I2
VS = 0
+
+
+
NA
BOX ++
p-ﬁlm +
++
+

I2
Si-substrate

tSb

tSb − tds

NA
p-substrate

Δt1

Δt2

0

tBOX

Gate

Figure 1: The current ﬂow in a cross-section of a rectangular SOIMOSFET, with SOI ﬁlm thickness less than 200 nm.

Source

D rain
Cavity

−tf

tds + tBOX

tBOX + tSb

t

(b)

Figure 3: A segment of SOI structure with localization of interface
charges (a) with QI1 , QI2 as sheet charge density and (b) with QI1 ,
QI2 scattered onto the Δt 1 , Δt 2 thicknesses.

Wn+

Si

Si
tn+

n+ -ﬁlm
ln+

tBOX

Si-p
lC

characteristics with maximum, both for rectangular shape
sub-10 nm or “U” shaped SOI ﬁlms.

n+ -ﬁlm
ln+

tf
BOX = SiO 2

G ate

Figure 2: The conceptual architecture of the nanotransistor with a
cavity, with SOI ﬁlm thickness less than 10 nm.

I2 (Si/BOX) is charged with one indivisible elementary
charge. A model with a discontinuous function escapes from
the integration operation. Just the Dirac distribution can
correctly describe it as a bulk charge density.
Beside to the strong eﬀect of the buried interface charge
on the current through a SOI nanotransistor, the current
conﬁnement is modulated by the shape of the SOI material,
in sub-10 nm Si-ﬁlm devices, [9]. The inﬂuence of the
vacuum cavity on the static characteristics, in a “U” shape
nanotransistor, was the second direction of study for this
paper; see Figure 2.
The notations from Figures 1 and 2 are tn+ : the Si-n+
region thickness, tf : the Si-p ﬁlm thickness, tBOX : the buried
oxide (BOX) thickness, tSb : the Si-substrate thickness, ln+ : the
Si-n+ region length, lC : the cavity length, and Wn+ : the Si-n+
region width.
The joint of both subjects will be ﬁnally motivated by
similar output characteristics with minimum and transfer

2. The Analytical Model with Distributions
Firstly, the characterization of the back interface of a nanoSOI-MOSFET, using the pseudo-MOS transistor technique
[10], will be presented. This is a dedicated transistor for
the in situ electrical characterization, working like an upside
down SOI-MOSFET controlled by the back gate, [11]. All
unprocessed SOI wafers contain a pseudo-MOS transistor
with two metals in contact with the semiconductor layer, as
source and drain. The substrate acts like the gate contact in
a classical SOI-MOSFET, Figure 1. One key parameter that
contains information about the back interface charge is the
ﬂat band voltage, VFB , [12]. This parameter is extracted from
the measured ID -VGS curves or directly from simulations
with its deﬁnition.
In order to be focused just on the ﬁxed interface charge
density, others eﬀects like interface traps, mobile ionic charge
and metal semiconductor work function are neglected in the
analytical model and in simulations.
The SOI structure associated with the pseudo-MOS
transistor is modeled. Identical doping concentrations in
ﬁlm and substrate, NA , are considered to avoid the ﬁlmsubstrate work function in the ﬂat-band voltage expression.
The source and drain are grounded, while the gate is
biased at VFB voltage, Figure 3(a). By Poisson’s equation
integration, the ﬂat-band voltage VFBC is computed by the
classical method [13]
VFBC = −

(QI1 + QI2 )2
QI1
· tBOX −
,
εox
2εSi qNA

(1)
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Figure 4: (a) The potential distribution in the 200 nm SOI structure; (b) the holes concentration across the structure; (c) the holes
concentration along the structure.

where tBOX is the buried oxide thickness, εSi , εox , respectively,
are the dielectric permittivity of silicon and oxide, VFBC is
the classical ﬂat-band voltage given by the condition of the
potential zeroing in the entire SOI ﬁlm. The depleted ﬁlm
thickness tdf → 0 for VG → VFB , QI1 , QI2 are, respectively,
the sheet charge densities from the upper and buried
interface and the last term, VFB-Sb models the substrate
depletion on distance tds in Figures 3(a) and 3(b) presents
the interface charges scattered into smalls volumes, as a real
situation, both in micro- or nano-SOI structures. Hence, a
relationship between surface charge density QI and the bulk
electric charge density qV for whatever I1 or I2 interface is
QI = lim

 Δt

Δt → 0 0

qV · dt = lim qV · Δt,
Δt → 0

(2)

where Δt is interpreted as a spreading coeﬃcient. The surface
charge QI was spread into an inﬁnitesimal volume: Δt ·S, with

Δt → 0 and qV = ct, S being the area. If qV is modeled with a
function like this
⎧
⎨qS , expressed in e/cm3 ,
qV =⎩

0,

for t = 0,
for t ∈ R − {0},

(3)

where qS is a real number associated with QI /Δt. Then,
QI becomes zero, accordingly with (2), escaping from the
integration operation. In order to obtain QI ﬁnite in (2),
qV must tend to ∞, considering Δt → 0. But this is a
δ distribution. On the horizontal axis Ot, along the SOI
structure from Figure 2(a), the bulk charge density can be
written with the Dirac distribution
qV (t) = QI1 · δ0 (t) + QI2 · δtBOX (t).

(4)

The electric ﬁeld distribution is expressed as a Heaviside
distribution after the ﬁrst integration. The potential imposes
a second integration that is diﬃcult in distribution terms.
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Figure 5: Detail in ﬁlm for the electron concentration rised for a positive gate voltage.

Due to this reason, is preferred a model based on δ-generator
strings. The functional analysis demonstrated that Dirac
distribution is the limit of the following string of regulates
distribution, pulse-type [14]
⎧
⎪
⎨ 1 ,
Dti (t) =⎪ Δti
⎩0,

for t ∈ [ti , ti + Δti ],
for t ∈
/ [ti , ti + Δti ],

(5)

where ti is the spatial coordinate for QIi , i = 1 or 2 and Δti −→
0 (∀i) represent the spreading coeﬃcients for QI1 , QI2 ; see
Figure 2(b). Now, the bulk electric charge distribution can
be written with δ-generators string
qV (t) = QI1 · D0 (t) + QI2 · DtBOX (t) .

(6)

The string Dti (t) has the advantage of being an integrable
∞
function. The integral −∞ Dti (t)dt gives 1 like δ distribution.
The convergence toward δ-distribution is successfully fulﬁlled for Δt i → 0. In the old SOI technologies, Δt i = 20 nm =

2·10−8 m [15], but in the ultimate stage of nanotechnologies,
Δt i could reach the atomic sizes— Δti ≈ 0.3 nm = 3·10−10 m,
closer to zero, [16]. Hence, our model is more accurate
for nanodevices. After two integration operations of the
Poisson’s equation, the following potential drops result:
For t ∈(−tf , 0) −→ Φﬁlm = 0,
For t ∈(0, Δt1 ) −→ ΦΔt1 = −

QI1
· Δt1 ,
2εox

For t ∈(Δt1 , tBOX − Δt2 )
−→ ΦBOX = −

QI1
· (tBOX − Δt1 − Δt2 ),
εox

For t ∈(tBOX − Δt2 , tBOX )
−→ ΦΔt2 = −

QI1
QI2
· Δt2 −
· Δt2 .
εox
2εox

(7)
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Adding the previous voltages, Φﬁlm , ΦBOX , ΦΔt1 , ΦΔt2 —the
potentials drops, respectively, over ﬁlm, neutral oxide, and
Δt1 and Δt 2 regions from the buried oxide, with the potential
drop over the depleted substrate, VFB-Sb , the complete ﬂatband voltage expression with distribution terms, VFBC , is

0.2

0.4

0.6

0.8

1

−1
−1.5

(8)

(QI1 + QI2 )2
−
.
2εSi · qN A

0

−0.5

−2
−2.5
Distance Y (μm)

If the spreading coeﬃcients are approximated with zero
(Δt1,2 = 0), the new model (8) becomes the conventional
model (1). The validity of the new model (8) will be
discussed in the next paragraph, in comparison with classical
model (1).

VG = 0V
VG = VFB

Figure 6: The potential distribution in the 200 nm structure
between source and gate.

In this paragraph, the previous models (1) and (8) are
tested using Atlas simulations of a pseudo-MOS transistor
integrated on a SOI wafer with 200 nm Si-p-ﬁlm and 400 nm
buried oxide. The constructive data were [17]: tn+ = 0.2 μm,
tBOX = 0.4 μm, tSb = 1 μm, the doping concentrations in ﬁlm
and substrate is NA = 2 × 1015 cm−3 .
The applied voltages were VD = 0 V· · · + 4 V, VS = 0 V
and VG = 0 V· · · − 3 V in order to estimate the simulated
ﬂat-band voltage that must be applied on gate.
Figure 4(a) presents the potential distribution and the
holes concentration in an intermediate situation at VG =
−1.8 V, through the structure with 200 nm Si-ﬁlm thickness.
A negative gate bias induces a holes crowding in the ptype ﬁlm. Near drain, where VGD is higher than VGS , the
holes reached p = 8 × 1015 cm−3 and near source p =
4 × 1015 cm−3 > 2 × 1015 cm−3 = NA , Figure 4(b). From
the longitudinal holes distribution can be observed the holes
concentration decreasing in the substrate; see Figure 4(c).
This simulation proves the substrate depletion eﬀect.
Figure 5 presents the electron concentration in the same
structure with 200 nm ﬁlm thickness. A positive gate bias
induces an electron inversion channel in p-type ﬁlm (e.g.,
n| y=0.2um = 1016 cm−3 > 5·1015 cm−3 = NA-ﬁlm ); see Figure 5.
Atlas takes into account the interface electric charge by
the statements
Interface ymin = 0.1

ymax = 0.5,

QF = 5e10,

Interface ymin = 0.5

ymax = 0.8,

QF = 1e12.

(9)

The metal semiconductor work function was zero for
the source, drain, and gate contacts, deﬁned as “neutral”.
The simulated ﬂat-band voltage value, VFBS was searched
accordingly with the theoretical deﬁnition. For VS = 0 V, the
VG voltage was searched so that the potential in the ﬁlm
bottom becomes zero.
Figure 6 presents the potential distribution between
source and gate, after Atlas running. Initially, the potential
distribution was extracted for VGS = 0 V in order to observe

Relative errors (%)

3. The Simulation Results for the SOI
Structure with 200 nm Thickness
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Error for Vt2 = 0.3 nm
Error for Vt 2 = 4 nm

Figure 7: The ﬂat-band voltages: VFBS = −1.95 V, VFBC = −1.77 V,
and VFBD = −1.93 V, besides to the relative errors for VFBC , VFBD in
respect with VFBS .

the potential bending in the absence of some external
electrical voltages due to the interface charges densities QI1
and QI2 . In this case, the potential at the ﬁlm bottom
reaches +0.28 V at x = 0.2 μm; see Figure 6. Then, the gate
voltage was increased so that the potential at the coordinate
x = 0.2 μm decreases to 0 V. This occurs for VGS = −1.95 V in
Figure 6 consequently; VFBS = −1.95 V.
On the other hand, the classical model (1) provides a ﬁx
value VFBC = −1.77 V and the new model (8) based on the
distribution generation strings gives VFBD = −1.93 V, ﬁtting
the spreading coeﬃcients to Δt 1 = 0.5 nm and Δt2 = 7 nm.
All these results are brieﬂy shown in Figure 7, where the
old model (1) gives 9.3% error, while the new model (8) can
adjust the error to 1.03%.
A comparison of the simulated parameter VFBS with a
measured ﬂat-band voltage, VFBM , is possible, monitoring
the transfer characteristics of the pseudo-MOS transistor
made on the SOI wafer with 200 nm Si-p-ﬁlm and 400 nm
buried oxide, [17]. In order to extract the ﬂat-band voltage,
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Figure 8: The ID -VGS characteristics for (a) 50 nm (b) 10 nm and (c) 2 nm thickness of the semiconductor SOI ﬁlm.

the source was grounded, while the drain was maintained at
+0.3 V, and the gate voltage was varied from −5 V up to +5 V
in order to induce the ﬂat-band conditions in the device.
From the transfer characteristics, the measured ﬂat-band
voltage results: VFBM = −2.16 V for p-type ﬁlm and +4.25 V

for n-type ﬁlm, [17, 18]. In our case, the closest values to the
experimental parameter, VFBM = −2.16 V, are the simulated
and distribution model: VFBS = −1.95 V and VFBD = −1.93 V.
Obviously, the classical model (1), VFBC = −1.77 V, loses the
accuracy, neglecting the buried oxide interface. However, the
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Figure 9: The ﬂat-band voltages: VFBS , VFBC , and VFBD , besides to
the relative errors for VFBC , VFBD in respect to VFBS , for tf = 50, 10,
and 2 nm.

discrepancy among experiments, simulations, and analytical
values is still small at 200 nm ﬁlm thickness and is predictable
to becomes consistent for sub-20 nm ﬁlms.

4. Simulation Results for
Sub-10 nm Rectangular SOI Structures
with Interface Charges
The investigation of the nano-SOI-MOSFETs is continuing
with the downscale of the ﬁlm thicknesses: for Si-ﬁlm
from 200 nm to 50 nm, 10 nm, and 2 nm and for BOX
layer from 400 nm to 50 nm, 10 nm, and 4 nm. The doping
concentrations are NA = 5 × 1015 cm−3 both in ﬁlm and
substrate. The interface electric charge densities are QI1 =
5 × 1015 e/cm2 and QI2 = 1012 e/cm2 .
The simulated transfer characteristics show the evolution
of the ID -VGS curves from: (a) 50 nm, (b) 10 nm, (c) 2 nm
thickness of the semiconductor SOI ﬁlm; see Figure 8. The
typical characteristic shape of a standard SOI-MOSFET is
fulﬁlled till 10 nm. From these curves, the simulated ﬂatband voltage can be extracted, as the voltage that opens the
accumulation channel and produces the current increases:
VFBS = −0.9 V for 50 nm structure and VFBS = −0.8 V
for 10 nm structure. Under this value, an ID -VGS curve
with a maximum occurs, probably due to the electrons
conﬁnement eﬀect. The simulated ﬂat-band voltage cannot
be still extracted from the ID -VGS curve.
In order to check these assessments, the output characteristics are also investigated, to observe the typical eﬀect of
transistor. Figure 8 comparatively presents the ID -VDS curves
for diﬀerent semiconductor SOI thickness: 10 nm and 2 nm.
The typical shape with saturation occurs till 10 nm ﬁlm
thickness. For sub-10 nm the characteristics takes atypical
shape with minimum, Figure 8 for tf = 2 nm.
A comparison among the simulated, classical, and distribution ﬂat-band voltage for tf = 50 nm, 10 nm, and 2 nm
is available in Figure 9, besides to the error versus the VFBS .
This analysis proofs that the model (8) with distributions is
closer to the simulations than the classical model (1), which
provides higher errors at lower thicknesses.
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Figure 10: The ID -VDS characteristics at VGS = 3 V and rectangular
shape of the SOI ﬁlm with 10 nm and 2 nm thickness.

Figure 10 comparatively presents the output characteristics when the drain-source voltage was increased from 0 V up
to +5 V, at a constant VGS , for two nanosizes of the SOI ﬁlm.
Besides to the model with distribution accuracy, the prior
simulations of the statics characteristics highlights classical
shape of characteristics for tf > 10 nm and atypical shape for
tf < 10 nm.
Another direction of the SOI nanotransistors investigation is related to a special shape of the SOI ﬁlm. Taking into
account that the current occurs only at the Si-ﬁlm bottom,
results that the 90% from the upper Si-ﬁlm region does not
participate to conduction. Hence, this Si-ﬁlm region was
removed in next simulations, obtaining a SOI nanotransistor
with a cavity or “U” shaped.

5. Simulation Results for Sub-10 nm
Special Shaped SOI Nanotransistor without
Interface Charges
In the simulations, the constructive data were those
described in the paragraph 4. The aim of this paragraph is to
highlight only the special shape eﬀect of the semiconductor
on the static characteristics.
The main physical eﬀects included as “nanoeﬀects”
were band to band tunnelling, Fowler-Nordheim tunnelling,
Fermi distribution, including in the MODEL statement the
following parameters: BBT, FNORD, and FERMI. Figure 11
presents the total current vectors in a structure with tn+ =
7 nm, tf = 1 nm, and tBOX = 10 nm, at VDS = 4 V, VGS =
3 V, besides to the electrons concentration in the channel
region. The vectors through the vacuum (emphasised by
dotted line), proved the tunnel eﬀect.
In Figure 12 family of curves ID -VGS for yﬁlm = 200 nm,
10 nm, 1 nm, and 0.3 nm are presented. These curves have
a maximum for yﬁlm ≤ 1 nm, like SET transistor [19] or
atypical nanodevices [20].
Figure 13 shows the curves ID -VDS at VGS = 3 V. The
shape of the ID -VDS curves with a minimum proves the
tunnel eﬀect, [21].
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Figure 14 presents the global potential distribution (left)
and a detail of the electron concentration (right) for the
0.3 nm structure with cavity, biased at a high drain voltage
in this last case: VS = 0 V, VG = 3 V, and VD = 4 V.
In this case, the saturation occurred, and an unbalanced
electron distribution can be seen in the ﬁlm 1.1·1016 cm−3
in the source region, 7·1015 cm−3 in the channel near the
source, 2·1015 cm−3 in the channel near the drain, and
decrease up to 1.4·1015 cm−3 in the drain, region at the ﬁlm
bottom; see Figure 14.

6. Possible Set Implementation
The single electron devices (SEDs) tend to become the
main rivals for the sub-50 nm classical CMOS devices

200 nm
1 nm

10 nm
0.3 nm

Figure 13: The ID -VDS output characteristics.

[22]. Advantages of SED’s are low-power dissipation, ultrahigh-density of integration, a natural technology evolution
inspired from miniaturized CMOS processes, and hence
reasonable costs.
The simulations suggest the SET (single electron transistor) like behavior of the SOI nanotransistor with cavity for
sub 1 nm ﬁlm thickness. The electrons must be transferred
from source to drain one by one [23].
As in the case of SOI-MOSFETs, a positive gate bias
induces an electron inversion channel in the p-type ﬁlm.
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Figure 14: The potential and the electron concentration in the 0.3 nm structure.

The DC analysis used the following voltages: VG = 3 V,
VD = 0.1 V, VS = 0 V. The nanoeﬀects were simulated
taking into account the Fowler-Nordheim tunneling and
the Fermi distribution, using in the MODEL statement the
following parameters: FNORD, FERMI: models conmob srh
auger fermi ﬂdmob fnord print, meaning: constant mobility,
Shockley-Read-Hall and Auger recombination model and
mobility attenuation with lateral ﬁeld. For electron concentration study in the inversion channel, the drain voltage was
maintained at 0.1V and the gate voltage was increased from
0 V to +3 V with a 0.05 V step. Despite of the very thin p
ﬁlm, a high electron concentration occurs in the channel at
VGS = +3 V, as is shown in Figure 15. With VDS increasing,
the current arise as a superposition, when the source-drain
vacuum is tunneled.
However, the device is in strong inversion at this gate
voltage, because nchannel = 2 × 1020 cm−3 > 5 × 1015 cm−3 =
NA−ﬁlm . The electron concentration in the 0.3 nm p-type SOI
ﬁlm is: nchannel = 2 × 1020 cm−3 = 0.2 nm−3 ≈ 1 electron

per channel volume, V, Figure 16. The channel volume is
V = 0.3 nm × 3 nm × 6 nm = 5.4 nm3 . Then, the electrons
transport, from source to drain, is one by one. Therefore, the
SET principle is satisﬁed.

7. Conclusions
This paper presented a nanotransistor with silicon on insulator structure in diﬀerent situations. When the ﬁlm thickness
varied between 200 nm to 10 nm the electrical characteristics
preserve the classical shape. When the ﬁlm thickness varied
from 1 nm to 0.3 nm and a cavity occurs above the ﬁlm,
the device presents atypical electrical characteristics ID -VGS ,
having a maximum like the SET transistor. The shape of
the ID -VDS curves with a minimum proves the presence of
the tunnel eﬀect. The electron transport in the p-ﬁlm is
one by one, proving the Single Electron Technology for our
proposed SOI nanotransistor.
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Figure 16: The electron concentrations in the 1 nm transistor-a
detail in a cross-section.

Also, the new model with distribution presented in this
paper, improves the ﬂat-band voltage modeling of the SOI
nanostructures, introducing new ﬁtting parameters: Δt1,2 —
the spreading coeﬃcients. However, neither the presence
or absence of the interface charge QI1,2 is deﬁning for the
atypical shape of the transfer characteristics, because the
curves with maximum arose both in rectangular SOI ﬁlm
with QI2 both in “U” shape SOI ﬁlm without QI2 ; the
only conditions was to exist a ultra-thin SOI ﬁlm under
2 nm.
The simulations revealed that the SOI nanotransistor
with a thinner ﬁlm in the channel body represents a solution
for the SET’s implementation, with possible applications in
industry like digital ULSI, invertors with SET, memories
with SEM-single electron memory, and communications
cells [24].
These simulations and the model with the distribution
represent an important chapter in the devices design—a key
stage during the industrial manufacturing.
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It is well known that metal/Tin-dioxide/metal sandwich structures exhibit a ﬁeld-assisted lowering of the potential barrier between
donor-like center and the conduction band edge, known as the Poole-Frenkel eﬀect. This behavior is indicated by a linear
dependence of Iog J on V 1/2 , where J is the current density, and V is the applied voltage. In this study, the electrical properties
of Cu/nano-SnO2 /Cu sandwich structures were investigated through current-voltage measurements at room temperature. Also,
an attempt to explore the governing current ﬂow mechanism was tried. Our results indicate that noticeable feature appearing
clearly in the current-voltage characterization is the Poole-Frenkel and space-charge-limited conduction mechanisms.

1. Introduction
Nanocrystalline materials with average grain size of less than
50 nm have attracted considerable scientiﬁc interest because
of their unusual physical and chemical properties [1]. The
microstructure of nanocrystalline materials depends upon
the method of preparation. Tin dioxide (SnO2 ), a wide
band gap (3.6 eV) n-type semiconductor, is one of the most
important materials for gas sensors [2]. It is well known for
its application in gas sensors and dye-based solar cells [3].
Because of their relatively low operating temperature and
as oxidizing gases, SnO2 nanoparticles have been extremely
studied [4]. As a transparent conducting oxide (TCO), it has
been widely used as optoelectronic devices such as ﬂat panel
displays and thin ﬁlm solar energy cells [5]. As an n-type
semiconductor, tin dioxide has been actively explored as the
functional component in detecting combustible gases such as
CO, H2 , and CH4 [6]. Most of these studies concentrated on
devices, which were fabricated with polycrystalline ﬁlms as
the sensing units [7]. Nanostructures of SnO2 could also be
employed to detect various gases [8, 9].
In some of these applications, the mechanism of electronic conduction strongly aﬀects the device characteristics.
Therefore, one needs to understand conduction mechanism.

The type of electronic conduction mechanism depends on
several factors, in particular, the nature of the metallic
contact to the semiconductor (either ohmic or blocking), the
level of voltage applied across the sample, surface roughness,
and grain size and its temperature. Metal-semiconductor
(MS) structures (or Schottky diodes) have been studied
extensively because of the very importance and critical components in integrated circuit technology. Moreover, it is a
very attractive tool for the characterization of semiconductor
materials [10–13].
In the present work, We examine the mechanisms, which
control carrier transport in Cu/nano-SnO2 /Cu sandwich
structures. These include the study of gate voltage dependence of device leakage current.

2. Experimental Details
SnO2 nanoparticles were synthesized by a simple sol-gel
method which its details reported elsewhere [14]. SnO2
nanopowder Pellets were made by applying a uniaxial
pressure of 312.92 atmospheres on the powder sample.
Polarization measurements were performed on the Cu/nanoSnO2 /Cu sequence system using a computer-controlled
AUTOLAB potentiostat and galvanostat.
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Figure 1: log |J | versus V characteristic of nano-SnO2 with
diﬀerent grain sizes.

where βpf is the Pool-Frenkel coeﬃcient. The theoretical
values of these coeﬃcients are given by
2βs = βpf =

3. Results and Discussion
3.1. Polarization Study. A typical forward bias semilogarithmic log |J | versus V characteristic of Cu/nano-SnO2 /Cu
sandwich structures is shown in Figure 1. The leakage
current can be aﬀected by the surface roughness and
grain size. The smaller grain size produces more grain
boundaries and causes more leakage current [15]. Hence,
it is suggested that the decrease of the leakage current
of specimens can be attributed to the reduction of the
surface roughness. The log |J |-V characteristics show also
no double blocking behavior (see Figure 1). We assume that
the copper electrode as a back contact does not block the
current in reverse direction, which is especially the case
for very low barriers. So the current transport through
the Cu contact dominates the log |J |-V characteristic for
positive voltages. Schottky emission, Poole-Frenkel, spacecharge-limited conduction (SCLC), and so forth, are the
possible conduction mechanisms in the studied junctions
[16]. The governing conduction mechanism in Cu/nanoSnO2 /Cu Schottky diodes at hand can be ﬁgured out from the
power of log |J |-V curve. Power of the curve greater than
2 (m > 2) indicates SCLC mechanism whereas being equal
to 1 (m = 1) imply ohmic character. When the power lies
between 1 and 2 imposing either Schottky or Poole-Frenkel
conduction mechanism. The linear sections of the curve
could be interpreted in terms of either the Schottky emission
or Poole-Frenkel emission. For the Schottky emission, the
current density J is expressed as follows [17]:
−ϕ

kT



exp(eβs V

1/2 /kTd 1/2 )

,

(1)

where A∗ is the eﬀective Richardson constant, ϕ is the
Schottky barrier height at the electrode contact, and βs is the
Schottky ﬁeld lowering constant. For Pool-Frenkel emission,
the current density is given by
J = Jpf0 exp(βpf V

2
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Figure 2: Forward bias log |J |-V plot of the Cu/nano-SnO2 /Cu
arrangement with a grain size of 17.6 nm.
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For Schottky diodes, thermionic emission (TE) model
suggests the following J-V relationship:
J = J0 exp(eV/nκT) ,

(4)

where V , κ, T, n and J0 are the applied voltage, Boltzman
constant, temperature, ideality factor, and saturation current
density, respectively. The saturation current density is given
by
J0 = A∗ T 2 exp(−eϕb /κT) ,

(5)

where A∗ , ϕb , and e are the Richardson constant, barrier
height, and electron charge, respectively. The parameters
J0 and ϕb for SnO2 nanoparticles with a grain size of
17.6 nm were calculated 8.6472 × 10−4 A and 0.6015 eV,
and for SnO2 nanoparticles with a grain size of 52.4 nm
were obtained 0.0312 A and 0.5073 eV, respectively, using the
above equations.
As shown in Figure 2, three linear regions are eventual
in the log |J |-V characteristic of the Cu/nano-SnO2 /Cu
sandwich structure. One of them is in the lower-voltage
region (1.2 < V < 1.6), where the power is equal to
1.2, imposing either Schottky or Poole-Frenkel conduction
mechanism. In the second region, with increasing voltage,
more electrons injected from electrode into the ﬁlm and
current density originates from the SCLC mechanism, where
the power is equal to 2.7. Abrupt increment of the current
density is characteristic of the SCLC mechanism due to
the trapped carriers. As the applied voltage is increased
further, strong injection of electrons takes place and causes
an increase in the density of ﬁlled trapping sites and leading
to an increase of ﬁlm conduction. An abrupt increase in
leakage current appeared which follows a trap-ﬁlled limited
law. For this conduction, the increasing slop indicates that
the I-V correlations are determined by another distributed
trap type [18].
In the higher voltage region (Section 3), less slope is
observable and the “quasisaturation” of the current may be
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shallow traps at grain boundaries. The adsorbed oxygen
atoms at the grain boundary produce defect states which trap
carriers and create a potential barrier. By applying an applied
ﬁeld, the barrier height is diminished and electrons can ﬂow
from interfacial states, thus it can be reason of the existence
of the Poole-Frenkel mechanism [19].
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Figure 4: Log J-V 1/2 plot of the Cu/nano-SnO2 /Cu arrangement
with a grain size of 17.6 nm.

caused by the charge trapping. Consequently, an internal
electric ﬁeld is created, which is opposed to the external
electric ﬁeld, limiting the carriers ﬂow. As can be seen in
the Figure 3, similar analysis is carried out for nanostructure
SnO2 with a grain size of 52.4 nm.
The other possibility for the nonlinear J-V characteristics is bulk-limited Poole-Frenkel emission. Figure 4
shows the plot of ln |J | versus V 1/2 for Cu/nano-SnO2 /Cu
arrangement with a grain size of 17.6 nm, which clearly
yields a linear section of the curve, could be interpreted in
terms of either Schottky emission or Pool-Frenkel emission.
Corresponding experimental value of β calculated from
the slope of the linear region of Figure 4 was found to
be 3.63 × 10−5 eV m1/2 V−1/2 . The experimental value of
β for SnO2 nanoparticles with a grain size of 52.4 nm,
derived from the slope of the linear section of Figure 5, was
found to be 3.42×10−5 eV m1/2 V−1/2 . Theoretical values of
βs and βpf were found to be 1.88 × 10−5 eV m1/2 V−1/2 and
3.76 × 10−5 eV m1/2 V−1/2 , respectively. Experimental value
for β in the both nanoparticle is nearly agreement with the
theoretically calculated value of βpf . Hence, we can conclude
that the conduction mechanism in our nanocrystalline ﬁlm is
controled by the Poole-Frenkel eﬀect and the Schottky eﬀect
is probably masked by the Poole-Frenkel emission from some

4. Conclusion
The tetragonal tin dioxide nanoparticles were obtained by
using sol-gel technique with thermal treatments. Possible
mechanism for leakage current conduction in the Cu/nanoSnO2 /Cu sequence system showed characteristics of typical
Schottky-barrier devices. The Poole-Frenkel eﬀect has been
observed in nanotin oxide thick ﬁlm. This eﬀect depends on
the electron transport phenomenon through grain boundaries. Nanostructured SnO2 ﬁlms with a large number of
grain boundaries contain a considerable number of trap
states.
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Titanium dioxide nanoparticle (TiO2 -NP) is widely used in manufactured nanomaterials such as sunscreens, cosmetics, drugs,
and some food products. It can be encapsulated in a single-walled carbon nanotube (SWNT) depending on their physical and
chemical interactions. On applying the Lennard-Jones potential function and the continuous approximation, we determine three
encapsulation mechanisms for spherical shape TiO2 -NP entering a tube: (i) head-on at the tube open end, (ii) around the edge of
the tube open end, and (iii) through a defect opening on the tube wall. The total potential energy of the system is obtained as an
exact expression by performing double surface integrals. We ﬁnd that the TiO2 -NP is most (least) likely to be encapsulated into a
SWNT by head-on conﬁguration (around the edge of the tube open end). This encapsulation procedure is a potential application
for targeted drug delivery. For convenience, throughout this analysis all conﬁgurations are assumed to be in vacuum and the
TiO2 -NP is initially at rest.

1. Introduction
The unique chemical, physical, and electronic properties
of single-walled carbon nanotubes (SWNTs) provide the
most promising avenue of research into the fabrication of
nanoscale one-dimensional systems [1, 2]. Self-assembled
molecules in the SWNT’s hollow core are expected to exhibit
new features diﬀering from those of the bulk materials [3, 4].
“Peapods,” SWNTs ﬁlled with fullerenes [5, 6], are already
exciting interest with future developments hopefully leading
to composite materials fulﬁlling particular electronic or
mechanical functions. However, the formation mechanisms
regarding nanopeapods are currently uncertain. Suggestions
about their unique behaviour have focused on the van der
Waals interaction and the large surface area to volume of
nanoparticles.
Titanium dioxide (TiO2 , titania) has been the subject of a
number of studies in the ﬁelds of water and air puriﬁcation,
photocatalytic sterilisation of food and the environmental
industry. The activity of TiO2 against a wide variety of
organisms, bacteria, algae, virus, and cancer cells, has been

reported. As a photocatalyst, the production of superoxide
(O•−
2 ) and hydroxyl radicals (•OH) due to absorption of
light with a wavelength less than 385 nm (ultraviolet A, UVA) occurs. This is due to the generation of electron-hole
pairs which migrate to the surface in combination with a
competition of trapping and recombination events in the
body of lattice [7, 8]. Most studies suggest that hydroxyl
radicals, which are able to oxidise organic substances and
disrupt bacteria and virus, are the main cause of the
bactericidal eﬀect during photocatalysis [9, 10]. TiO2 has
been well studied because of its low price and abundance, its
stability and nontoxicity, as well as its high oxidative power.
The major drawback of TiO2 is that its band gap occurs in
the near-UV of the electromagnetic spectrum.
Combining TiO2 with carbon nanotube as hybrid
materials oﬀers many important potential applications. We
comment that there are other types of nanoparticles, such
as gold and magnetic Fe3 O4 , that can be used to study these
three encapsulation mechanics, here the TiO2 molecule is
employed as an example, and once an analytic expression is
obtained it can be adapted to the other systems. In this paper,
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utilising a simple model based on algebraic calculations using
the Lennard-Jones potential as the force ﬁeld, we investigate
the feasibility of encapsulating TiO2 in SWNT. The potential energy, force distribution, encapsulation energy, and
consequent results for the assumed spherical TiO2 particles
are presented. Further, we employ the continuous approach
where the atoms at discrete locations on the molecules are
smeared over surfaces of a spherical nanoparticle and a
cylindrical SWNT, as a result some electronic properties,
metallic and semiconducting, of nanotubes are neglected,
and only the radius of the tube is taken into account. In this
paper, we consider only the potential energy of the system
where the electrostatic potential between two molecules will
be included in authors’ future work.
The paper is organised as follows; the potential function
and the continuous approximation of TiO2 -SWNT systems
are described in Section 2. In Section 3, we determine the
three encapsulation mechanisms and their numerical results.
Finally, conclusions are presented in Section 4. Using this
model, we believe that many novel nanoscaled applications of these two particles will become apparent, possibly
impacting on therapeutic research and the construction of
nanoscale drug delivery systems.

x
(bcosθ, bsinθ, z)
(0, 0, Z)

ρ

b
z

a
Z

∞

Figure 1: TiO2 encapsulated into a carbon nanotube head-on at the
tube open end.

der Waals interaction acquired by a particular molecule as a
consequence of being sucked into the nanotube [11], and it
can be written as
W=

∞

−∞

F(Z)dZ = −

∞

−∞

dU
dZ = U(−∞) − U(∞), (4)
dZ

which is transformed into kinetic energy. We note that the
particle begins to enter into the tube when the suction energy
is equal to zero.

3. Three Possible Encapsulation Mechanics
2. Potential Energy and Force Distribution
The continuous approach has been utilised by many applicants to determine the interaction energy between two
carbon nanostructures [11–17]. We have assumed that the
carbon atoms on the nanotube and the titanium and oxygen
on the TiO2 are uniformly distributed over the surfaces of the
two molecules, so that the continuous approximation can be
used. It is in a form of double surface integrals, averaged over
the surfaces of each entity, and we may deduce


U = η1 η2

 

Φ ρ dS1 dS2 ,

(1)

where η1 and η2 are the mean atomic surface densities of
TiO2 and carbon nanotube, respectively, and dS1 and dS2 are
two surface elements. Φ(ρ) is a potential function between
two atoms on each molecule, and ρ is a distance between
two surface elements. In this study, the well-known LennardJones potential function [18] is employed which is given by
 

Φ ρ =−

A
B
+
,
ρ6 ρ12

(2)

where A and B are the attractive and repulsive constants,
respectively. The resultant axial force in the z-direction is
calculated by diﬀerentiating the potential energy with respect
to Z, so that the force is obtained by
FZ = −

∂U
,
∂Z

3.1. Encapsulation of TiO2 Head-On at the Tube Open End.
In this model, a TiO2 molecule is assumed to be a sphere.
Firstly, the energy and the force distribution for the TiO2
molecule encapsulated into a single-walled carbon nanotube
by entering the tube head-on at the tube open end are
determined. After that, the maximum interaction energy can
be determined by optimising the value of nanotube radius
using the suction energy. This system is shown in Figure 1.
With reference to a rectangular Cartesian coordinate
system (x, y, z) with origin located at the tube end, a
typical point on the surface of the tube has the coordinates
(b cos θ, b sin θ, z) where b is the radius of the semi-inﬁnite
tube. Similarly, with reference to the same rectangular
Cartesian coordinate system (x, y, z), the centre of the TiO2
molecule has coordinates (0, 0, Z) where Z is the distance
from the tube end to the centre of the TiO2 molecule in
the z-direction which can be either positive or negative. The
radius of the spherical TiO2 molecule is denoted by a. Thus
the distance ρ between the centre of the TiO2 and a typical
point on the tube is given by

(3)

where Z is the distance from the tube open end to the centre
of the TiO2 molecule.
The suction energy or the encapsulation energy (W) is
deﬁned as the total energy or work done generated by van

ρ2 = b2 + (z − Z)2 .

(5)

Firstly, we determine the interaction energy between a
point and a spherical TiO2 which is given by
U

∗
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1
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 −
4
ρ
2 ρ+a 4
ρ−a




B
1
1
−

 −
10
5 ρ + a 10
ρ−a



(6)

,

where η1 denotes the mean surface density of TiO2 molecule.
We note that the derivation for the above equation can be
found in [11].
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Using the Lennard-Jones potential function and the continuous approximation for a cylindrical carbon nanotube,
the total potential energy can be obtained and it can be
written as
U = πabη1 η2
×

π ∞
−π

0





1 A
1
1

 −
4
ρ 2 ρ+a 4
ρ−a





−

B
1
1

 −
10
5 ρ + a 10
ρ−a



dzdθ,
(7)

where η2 represents the mean atomic surface density of
carbon nanotube. The mean atomic surface density of TiO2
is calculated from a single unit cell of the anatase structure,
which is the most common mineral form of TiO2 whereas the
others are rutile and brookite. It is a tetragonal conﬁguration
with two TiO2 units per a primitive cell and we may deduce
η1 = 0.07498 Å−2 [19]. In the case of a carbon nanotube,
it can be thought as a graphene sheet rolled up to form a
cylinder, therefore we can simplify the mean atomic surface
density of the tube from the graphene sheet, and we may
deduce η2 = 0.3812 Å−2 . Moreover, (7) can be rewritten as
U = 4πa2 bη1 η2
×

 π  ∞
−π

0


−A 

1
ρ 2 − a2

3 + 



2a2
4
ρ 2 − a2



5
B
80a2
+

6 + 
7
2
2
2
5 ρ −a
ρ − a2
+

(8)

336a4
512a6
8 + 
9
ρ 2 − a2
ρ 2 − a2

256a8
+
10
2
ρ − a2



dzdθ.

There is one form of the integral which needs to be evaluated,
and it is deﬁned by
Gn =

π ∞
−π

0

1
n dzdθ.
ρ 2 − a2



(9)

The derivation for Gn can be found in Baowan et al. [16],
where we may deduce
Gn =

2π
2
(b − a2 )n−1/2

 π/2
−tan−1 [Z/(b2 −a2 )]

cos2(n−1) ψdψ

(10)

and



cos2(n−1) ψdψ
⎡⎛

=

1
22(n−1)

⎣⎝

⎞

2(n − 1)
(n − 1)
n−2

⎛

⎠ψ
⎞

!⎤

2(n − 1) sin (2n − 2k − 2)ψ
⎠
⎦,
+ ⎝
(n − k − 1)
k
k=0
(11)

Table 1: Lennard-Jones constants used in this model.
Interaction
 (meV)
C-Ti
3.14
C-O
4.14
Graphene-Graphene 3.83

6

12

σ (Å) A (eV × Å ) B (eV × Å )
3.7588
35.38
9979.40
3.2531
19.61
23241.81
2.39
15.2
24100

where ( mn ) is the binomial coeﬃcient. By evaluating (11)
at ψ = π/2 and ψ = −tan−1 [Z/(b2 − a2 )] an analytical
expression for Gn may be obtained.
For the interaction between the TiO2 molecule and the
carbon nanotube, there are two diﬀerent interactions which
are C-Ti and C-O interactions. By their atomic proportion,
the total potential energy can be determined as
2
1
U Tot = U(AC−Ti , BC−Ti ) + U(AC−O , BC−O ).
3
3

(12)

The Lennard-Jones constants A and B for this system are
given in Table 1 while the constants for C, Ti, and O are
taken from the work of Mayo et al. [20] and the constants
for graphene are taken from the work of Girifalco et al. [21].
The potential energy of the system depends on the
distances in the z-directions. We illustrate graphically an
example of the potential energy versus the distance Z for
encapsulating a TiO2 molecule with radius a = 10 Å into
carbon nanotubes with radii b = 12.7 and 13.5 Å. In fact,
the TiO2 molecule will enter into the tube if the energy
level inside the tube is lower than that outside the tube.
From Figure 2(a), it is clearly seen that the TiO2 will be
encapsulated into the tube with radius 13.5 Å. However, this
phenomenon will not occur for the tube with radius 12.7 Å.
In the sense of force distribution as shown in Figure 2(b), the
TiO2 will enter into the tube if the force is positive which is
in agreement with the result from energy behaviour.
The relation between the suction energy and the radius
of nanotube b is shown in Figure 3 with three diﬀerent values
of TiO2 radii a. For the case of a = 10 Å, the suction energy
is zero when b = b0 = 12.7875 Å which is the tube radius
at which the TiO2 molecule begins to enter into the tube
and the encapsulation process occurs when b > b0 . The
maximum suction energy is 3.4187 eV, it occurs when the
tube radius b = 13.3039 Å which gives the radius diﬀerence
as b − a = 3.3039 Å. These values are similar to those in the
work of Baowan et al. [17].
Further, we observe similar behaviours for the cases of
a = 12 and a = 14 Å as illustrated in Figure 3. The maximum
suction occurs at b = 15.2994 and 17.3024 Å for a = 12 and
14 Å, respectively, with corresponding to b − a = 3.2994 and
3.3024 Å. Therefore, we may conclude that the maximum
suction energy is insensitive to the variation of their radii,
and it depends on the diﬀerent of their radii. However, the
change of the TiO2 length has an eﬀect on the third and
fourth decimal places of this value, b − a.
3.2. Encapsulation of TiO2 around the Edge of an Open End.
In this model, the energy and the force distributions for
a TiO2 molecule encapsulated into a single-walled carbon
nanotube by entering the tube around the edge of an open
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Figure 2: (a) Potential energy and (b) force distributions for TiO2 with radius a = 10 Å encapsulated into a carbon nanotube head-on at the
tube open end.
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Figure 3: Suction energy for head-on conﬁguration with three
diﬀerent nanoparticle radii a = 10, 12, 14 Å.

end are investigated. A schematic of this system is shown in
Figure 4.
Again, with reference to a rectangular Cartesian coordinate system (x, y, z) with origin located at the tube end, a
typical point on the surface of the tube has the coordinates
(b cos θ, b sin θ, z) where b is the radius of the semi-inﬁnite
tube. Similarly, with reference to the same rectangular
Cartesian coordinate system (x, y, z), the centre of the TiO2
molecule has coordinates (x, 0, Z) where Z is the distance in
the z-direction which can be either positive or negative and x
is the distance of the TiO2 molecule in the x-direction. Thus

Figure 4: TiO2 encapsulated into a carbon nanotube around the
edge of the tube open end.

the distance ρ between the centre of the TiO2 molecule and a
typical point on the tube is given by
ρ2 = (b cos θ − x)2 + b2 sin2 θ + (z − Z)2
2

= (b − x) + 4bx sin2

 

θ
+ (z − Z)2 .
2

(13)

Using the Lennard-Jones potential function and the continuous approximation, the total potential energy can be written
as (7) where ρ is given by (13). Furthermore, there is another
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form of the integral which needs to be evaluated, where we
deﬁne as
Hn =

π ∞
−π

0



1
n dzdθ.
ρ 2 − a2

(14)

We note that in the case of (14), ρ is a function of two
variables which are Z and x. Further, an analytical expression
for (14) consists of three parts in terms of the standard
hypergeometric function, which are presented in the work
of Baowan et al. [16].
In Figure 5(a), we illustrate graphically an example of
the potential energy versus the distances x and Z for
encapsulating the TiO2 molecule with radius a = 10 Å into
carbon nanotubes with radii b = 12.7 and 13.5 Å. Firstly,
we consider the potential energy level, it is obvious that
the potential energy is higher than in the former case so
that in this case the TiO2 molecule has less likely chance to
encapsulate in the carbon nanotube.
In the case of b = 12.7 Å as shown in Figure 5(a), the
suction energy is zero when x = x0 = 25.2267 Å and we
obtain Δx0 = b − x0 = 2.5267 Å. The maximum suction
energy, 0.39501 eV, occurs at x = 25.7284 Å which gives
Δxmax = 3.0284 Å, and the TiO2 molecule will not be sucked
into the carbon nanotube if the distance x is greater than
45.2398 Å. We note that the distance x has to be greater than
a + b for the TiO2 molecule to be located above outside the
tube.
Similarly for b = 13.5 Å as shown in Figure 5(b), the
suction energy is zero when x = x0 = 26.0270 Å. Moreover,
we obtain Δx0 = 2.5270 Å which is the distance in the x
direction between the surface of the TiO2 molecule and the
tube wall. The maximum suction energy, 0.40058 eV, occurs
at x = 26.5288 Å which gives Δxmax = 3.0288 Å. If the
distance x is greater than 46.1589 Å, the TiO2 molecule will
not be sucked into the carbon nanotube since the global
minimum energy is located farther along the tube in the
positive z-direction.
Next, we consider only the positive z-direction where the
TiO2 molecule is located above the tube. In this case, the
TiO2 will not be encapsulated into the tube if its position
is far away from the tube open end. The reason is that the
energy at this point is lower than the energy barrier near the
tube end. However, a nanopeapod can be formed if we give
an initial energy to the TiO2 molecule to be greater than the
energy barrier. Moreover, if the TiO2 molecule is initiated at
rest closer to the tube open end, it has a higher probability of
being encapsulated around the tube edge.
3.3. Encapsulation of TiO2 at a Defect Opening on the Tube
Wall. In this model, we investigate the potential energy for
a TiO2 molecule encapsulated into a carbon nanotube at a
defect opening on the tube wall, where the centre of TiO2
is located midway along the tube length. Since the LennardJones potential is only eﬀective at short range, the carbon
nanotube is assumed to be inﬁnite in length. The total
potential energy of this case is calculated by subtracting the
total energy of the TiO2 interacting with the defect pad from

the total potential energy of the TiO2 interacting with the
inﬁnite nanotube, as shown in Figure 6.
Again, with reference to a rectangular Cartesian coordinate system (x, y, z) with origin located at the centre of
the tube, a typical point on the surface of the tube has
the coordinates (b cos θ, b sin θ, z) where b is the radius
of the inﬁnite tube. Similarly, with reference to the same
rectangular Cartesian coordinate system (x, y, z), the centre
of the TiO2 molecule has coordinates (x, 0, Z) where Z is the
distance in the z-direction which can be either positive or
negative and x is the distance of the TiO2 molecule in the xdirection. Thus the distance ρ between the centre of the TiO2
and a typical point on the tube is given by
ρ2 = (b cos θ − x)2 + b2 sin2 θ + (z − Z)2
2

= (b − x) + 4bx sin2

 

(15)

θ
+ (z − Z)2 .
2

On letting
 

 

1 A
1
1
Φ ρ =

 −
4
ρ 2 ρ+a 4
ρ−a
∗





B
1
1
−

 −
10
5 ρ + a 10
ρ−a



(16)

,

the total potential energy of the TiO2 interacting with the
inﬁnite nanotube is given by
Utube = πabη1 η2

π ∞

 

−∞

−π

Φ∗ ρ dzdθ.

(17)

The defect pad is assumed to be in the region where Z ∈
(−L, L) and θ ∈ (−θ0 , θ0 ) so that the total energy of the TiO2
interacting with the defect pad is given by
Upad = πabη1 η2

 θ0  L
−θ0

 

−L

Φ∗ ρ dzdθ.

(18)

The defect pad is arbitrarily chosen as a square with the
length L, which is determined from the summation of
the radius a of the TiO2 and the equilibrium interspacing
between the TiO2 and the nanotube which is 3.304 Å [17].
Utilising the arc length formula S = rθ where S is the arc
length, r is the radius of the circle, and θ is the angle in
radians made by the arc at the centre of the circle, the limit
of the integration, θ0 , is adopted to be settled from L = bθ0 .
Note that there is only a minor eﬀect on the energy proﬁle
when we vary θ0 , and the overall properties of the system
remain the same when L is greater than the critical value
13.304 Å.
Thus the total potential energy for the TiO2 encapsulated
in the carbon nanotube at the defect opening on the tube wall
is obtained by
U = πabη1 η2

 π  ∞
−π

−

 

−∞

Φ∗ ρ dzdθ

 θ0  L
−θ0

−L

 



Φ∗ ρ dzdθ .

(19)
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0.2
0.15
0.1
0.05
0
−0.05 0
−0.1 Z (Å)
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−40

−20

40

x = 27 Å
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(a)

20

(b)

Figure 5: Potential energy for TiO2 with radius a = 10 Å encapsulated into carbon nanotubes with radius (a) b = 12.7 Å and (b) b = 13.5 Å
around the edge of the tube open end where the distance x is ﬁxed.
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Figure 6: TiO2 encapsulated into a carbon nanotube at defect
opening on the tube wall.

By using precisely the same analytical method as shown in
the previous section, we separately determine the energy for
the tube and that for the pad, and numerically calculate the
total potential energy for the system.
We examine the relation between the potential energy
and the distance Z for the diﬀerent values of x which are
the interspacing between the TiO2 molecule and the carbon
nanotube surface. The behaviours of all cases are similar.
Two examples of the potential energy versus the distances
x and Z for encapsulating the TiO2 molecule with radius
a = 10 Å into a carbon nanotube with radii b = 12.7 and
13.5 Å are shown in Figure 7. We consider the interaction
energy at both edges of the defect pad because the point
force singularity is aﬀected from the edges and we get an
approximate value at 0.2 eV. We observe that there are two
potential energy peaks near the edges of the defect pad when
x ≤ 25.7288 and x ≤ 26.5288 Å for b = 12.7 and 13.5 Å,
respectively. Therefore, an initial energy is required for the
TiO2 molecule to be encapsulated into the carbon nanotube
if the TiO2 molecule is located outside the region of the defect
pad. However, the TiO2 is spontaneously sucked through the
defect pad when its position is directly above the defect pad.

Furthermore, the TiO2 molecule will not be sucked through
the defect pad to form a nanopeapod if the value of x is
greater than 25.7288 and 26.5288 Å for b = 12.7 and 13.5 Å,
respectively, because the position of the global minimum
energy is located farther from the defect pad along the carbon
nanotube in the z-direction.

4. Conclusions
In this paper, we investigate a nanopeapod which is a
well-known self-assembled hybrid carbon nanostructure
comprising a TiO2 molecule and a carbon nanotube. We
consider three encapsulation site scenarios for the TiO2
molecule entering the carbon nanotube which are (i) headon at the tube open end, (ii) around the edge of the tube
open end, and (iii) through a defect opening on the tube
wall. The TiO2 is assumed to be initially at rest prior to
enter into the two speciﬁc carbon nanotubes which are
12.7 Å and 13.5 Å in radius in a vacuum environment. We
utilise the classical Lennard-Jones potential function and the
continuous approximation to determine the potential energy
which may be expressed in terms of the hypergeometric
function. Because of the complicated analytical expressions,
we use the algebraic computer package MAPLE to perform
numerical evaluations.
In Figure 8, we compare the potential energy and encapsulation energy for the three encapsulation mechanisms. It
is found that the TiO2 molecule is most likely to enter
the carbon nanotube head-on at the tube open end. The
reason is that the overall attractive force arises from the
entire tube, and this mechanism avoids the point force
singularity acting at the edge of the tube. Encapsulation at
a defect pad is the second most likely mechanism to form
the nanopeapod. There is an eﬀect from the edges of the
defect pad but the TiO2 molecule is sucked into the tube if
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0
−0.05 0
−0.1
−0.15
−0.2
−0.25
−0.3
−0.35
−0.4
−0.45

40

20

x = 25.2 Å
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Figure 7: Potential energy for TiO2 with radius a = 10 Å encapsulated into a carbon nanotube with radius (a) b = 12.7 Å and (b) b = 13.5 Å
at defect opening on the tube wall where the distance x is ﬁxed.
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our applied mathematical modelling approach are not been
widely used in this ﬁeld. However, mathematical modelling
can generate important insights into complex processes
and reveal optimal parameters or situations that might be
otherwise almost impossible through experimentation.
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Figure 8: Potential energy for TiO2 with radius a = 10 Å
encapsulated into a carbon nanotube with radius b = 13.5 Å and
x = 26.4 Å for the three encapsulation mechanisms.

its location is directly above the defect pad. The least feasible
mechanism to encapsulate the TiO2 molecule into the tube
is entering around the edge of the tube open end because
the TiO2 molecule must overcome the strong repulsive forces
at the tube extremities and change its direction of motion
as moving into the tube. Although these results might be as
expected, this theoretical study is a ﬁrst step in understanding
the complex system for the encapsulation of drug molecules
into a nanocapsule.
In comparison to other methods used to study nanoscience and nanotechnology, such as ﬁrst principle calculations, molecular dynamics, or Monte Carlo simulations,
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