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The increasing interest in morphology-control synthesized
semiconductor nanomaterials and promising properties have
led to the expanded application of semiconductor nano-
materials in nanoelectronics, field-effect transistor, light-
emitting diodes, lasers, solar cells, chemical sensors and
biosensors, nanopackaging, and catalysts. To date, various
techniques such as chemical synthesis, self-assembly, and
nanomanufacturing of bulk or layered wafers have been
applied to morphology controlled synthesis novel semicon-
ductor nanomaterials. We encourage the submissions of
new methods and techniques in the morphology controlled
synthesis and/or fabricated semiconductor nanomaterials
and understanding the advanced optical, mechanical, elec-
trical, or thermal properties of these as-prepared semi-
conductor nanomaterials. In this special issue, we invited
researchers to contribute original articles as well as reviews
that address the field of advanced nanostructured semi-
conductor materials. Today, we are very glad to see the
sunset of issue with 5 research articles and one review paper
published.
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The effects of variation of the aperture angle on spectral andmagnetic properties of one-electronnanotube of the axially symmetrical
conical shape in the presence of the electric and magnetic fields have been investigated based on a numerical solution of the
Schrödinger equation in the effective mass approximation. We show that the energy spectrum and the magnetic dipole moment of
the structure are changed dramatically with increase of the cone’s aperture angle due to the interplay between the diamagnetic and
centrifugal forces, which push the electron at opposite directions. Particularly, the energy levels close to the ground state become
quasi-degenerate, owing to a change of the hidden symmetry, induced by the magnetic field in this structure, when its morphology
is converted from the cylindrical type to the conical one and the Aharonov-Bohm oscillations of the ground state energy and of
the magnetic dipole moment are quenched. We found additionally that any weak electric field breaks this hidden symmetry, splits
quasi-degenerate state, and restores the Aharonov-Bohm oscillations.

1. Introduction

One-dimensional nanostructures such as wires and tubes are
object of intensive research at last decade owing to their
unique applications in fabrication of nanoscale devices [1–
3]. They are expected to play an important role as functional
units in fabricating of optoelectronic devices with nanoscale
dimensions. One of their applications is related to solar
cells based on new photovoltaic technologies. As it has been
recently demonstrated a very promising way to this goal
gives a hybrid solar cell covered in silicon nanocones and a
conductive organic polymer [4–6]. Another possible inter-
esting route for one-dimensional nanostructure applications
is designing of nanoantennas as solid-state single photon
sources [7]. A strong dependence of the absorption of light
on the geometry has been revealed recently by comparing
the properties of the cylindrical and conical nanowires [8].
For optical properties of the wires, related to absorption
and emission of the light, an important parameter is their
polarizability, mainly governed by the anisotropic quantum
confinement, but it also can be controlled by external electric
and magnetic fields.

An important particularity of one-dimensional structures
with axial symmetry is their extraordinary sensibility to ext-

ernal magnetic field related to the Aharonov-Bohm (AB)
effect. Previously, AB effect has been studied for narrow
quantum rings (QRs) with one and two electrons [9, 10] and
with neutral and charged excitons [11–16].

It was shown previously that the presence of any nonuni-
formity [17–19] or an impurity [20] in a circular QR generates
a partition of the closed paths of particles and quenching of
the AB oscillations of one- and two-particle energy levels.
One can expect that the similar magnetic properties but with
weaker sensibility to defects could have narrow nanotubes
where, unlike the QR, there are an infinite number of closed
paths over the cylindrical surface that do not pass through
defect location. AB oscillations in photoluminescence from
charged exciton in InAs tubes with a thickness of several
monolayers have been experimentally revealed recently [21].

Another source of a delicate nature of the AB effect in
wide QRs is the spatial separation of closed classical paths
corresponding to states with different angular momenta in
the presence of the external magnetic field. The higher the
magnetic field, the stronger is the separation between these
paths and the weaker is the interference of the corresponding
wave functions responsible for the AB effect. As a conse-
quence, the amplitude of the AB oscillation is significant only
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Figure 1: Vertical cross-section of conical nanotube.

if the ring is sufficiently narrow. On the other hand, in the
limiting case of 1D ring the dephasing due to defects becomes
such strong that it can suppress these oscillations completely.
Therefore, a thin quantum tube could be a good alternative for
observing the AB effect of one- and two-particle composite
systems confined in them [21].

Recently, it has been demonstrated that microtube struc-
tures can be fabricated by using lattice-mismatched epitaxial
layers that rolled up when freed from the substrate due to
the built-in strain [22]. We believe that this technique also
offers an opportunity to designnanotubeswith variable cross-
section radii, in which the spatial separation of the classical
paths corresponding to the states with different angular
momentum may be controlled by means of external fields.
In order to check such possibility, we study in this paper
the spectral properties of one-electron thin nanotube of the
conical form with different aperture angles in the presence of
external magnetic and electric fields applied simultaneously
along the symmetry axis.

The paper is organized as follows. In the next section we
consider a model of a thin one-electron nanotube of a conical
formanddescribe the procedure of the separation of variables
in the framework of the adiabatic approximation.The numer-
ical results and the analysis of energies dependencies on the
magnetic field in the zero-electric-field case are presented
in Section 3. Also here we analyze similar dependencies for
the magnetic dipole moment. The influence of the electric
field on theAB oscillation and the nanotubesmagnetic dipole
moment is considered in Section 4. Finally, some conclusions
are presented in Section 5.

2. Theoretical Model

We consider a model of a nanotube of conical form with the
geometrical parameters: the height 𝐻, the thickness 𝑤, the
aperture angle 𝛼, and the bottom and the top radii 𝑅𝑏 and 𝑅𝑡,
respectively (se Figure 1). The aperture angle 𝛼 is related to
dimensions of the nanotube as

tan𝛼 = (𝑅𝑏 − 𝑅𝑡)
𝐻 . (1)

Horizontal cross-sections of the structure are QRs of
unchanged thickness 𝑤 and with different centre-line radii

which depend on the coordinate 𝑧:
𝑅𝑐 (𝑧) = 𝑅𝑏 − 𝑧 tan𝛼 = 𝑅𝑏 ⋅ (1 − 𝑧

𝐻) + 𝑅𝑡 ⋅ 𝑧𝐻. (2)

The following relations define in cylindrical coordinates
(𝑟, 𝜑, 𝑧) the interior nanotube region frontiers:

0 < 𝑧 < 𝐻; 𝑅𝑐 (𝑧) − 𝑤
2 < 𝑟 < 𝑅𝑐 (𝑧) + 𝑤

2 . (3)

In our model, the external, magnetic 𝐵 and electrical 𝐹 fields
are parallel to the 𝑧-axis.Weuse the effective Bohr radius 𝑎∗0 =ℏ2𝜀/𝑚∗𝑒2, the Rydberg 𝑅∗𝑦 = 𝑒2/2𝜀𝑎∗0 , and the parameters 𝜉 =
𝑒𝐹𝑎∗0 /𝑅∗𝑦 and 𝛾 = 𝑒ℏ𝐵/2𝑚∗𝑐𝑅∗𝑦 as units of length, energy, and
the dimensionless electric and magnetic fields, respectively.
In what follows, we use the material parameters typical for
thin GaAs layers, in which the corresponding scales are 𝑎∗0 ≈10 nm and 𝑅∗𝑦 ≃ 5meV [20]. We adopt a simple model with
the infinite-barrier confinement, in which the potential is
supposed to be equal to zero inside the nanotube region (3)
and to infinity otherwise.The variable 𝜑 can be separated due
to the axial symmetry of the structure, and with 𝑚 being the
𝑍-projection of the angular momentum, the corresponding
wave function Ψ𝑚(𝑟, 𝜑, 𝑧) = 𝑒𝑖𝑚𝜑𝜓𝑚(𝑟, 𝑧), 𝑚 = 0, ±1, ±2, . . .,
satisfies the following wave equation:

[−Δ 𝑟,𝑧 + (𝑚𝑟 − 𝛾𝑟
2 )
2 + 𝜉 ⋅ 𝑧]𝜓𝑚 (𝑟, 𝑧) = 𝐸𝜓𝑚 (𝑟, 𝑧) ;

0 < 𝑧 < 𝐻; 𝑅𝑐 (𝑧) − 𝑤
2 < 𝑟 < 𝑅𝑐 (𝑧) + 𝑤

2 .
(4)

Here Δ 𝑟,𝑧 is the part of the Laplace operator in polar
coordinates that includes only radial and axial terms.

Below we consider only a case of very thin nanotube
(𝑤 ≪ 𝑅𝑡), taking into account the fact that thicknesses of
experimentally fabricated tubes have the essentially smaller
than their radii [20]. Moreover, this condition allows us to
find solutions of (4) corresponding to the lower energies
taking advantage of the adiabatic approximation. Indeed, the
confinement within a thin and long nanotube with infinite-
barrier confinement is strongly anisotropic, the coordinates
𝑟 = 𝑟 − 𝑅𝑐(𝑧) and 𝑧 in a thin nanotube are restricted within a
rectangular region of the very narrow thickness 𝑤 and very
high height 𝐻, and therefore the electron motion in the 𝑟
direction is essentially faster than one in the 𝑧 direction.

Following the well-known two-step adiabatic procedure,
we represent the solution of (4) in the form 𝜓𝑚(𝑟, 𝑧) =
𝜙𝑚(𝑟, 𝑧)𝑓(𝑧), where the first and the second factors describe,
respectively, the rapid electron motion at the radial direction
and the slow along the symmetry axis. The procedure is
performed of first finding of the lowest eigenvalue 𝐸(𝑟)𝑚 (𝑧) of
the equation:

[−1𝑟
𝑑
𝑑𝑟𝑟

𝑑
𝑑𝑟 + (

𝑚
𝑟 − 𝛾𝑟

2 )
2 − 𝐸(𝑟)𝑚 (𝑧)] 𝜙𝑚 (𝑟, 𝑧) = 0

𝑟 = 𝑅𝑐 (𝑧) + 𝑟; − 𝑤
2 < 𝑟 < +𝑤2 ;

𝜙𝑚 (−𝑤2 , 𝑧) = 𝜙𝑚 (+
𝑤
2 , 𝑧) = 0.

(5)
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Here the variable 𝑧 is treated as parameter (cf. electronic
motion for fixed nuclear position in molecular problem).
Once the problem (5) is solved and the lowest energy 𝐸(𝑟)𝑚 (𝑧)
is found, then

−𝑑
2𝑓𝑛 (𝑧)
𝑑𝑧2 + 𝑈𝑚 (𝑧) 𝑓𝑛 (𝑧) = 𝐸𝑚,𝑛𝑓𝑛 (𝑧) ;
𝑈𝑚 (𝑧) = 𝜉 ⋅ 𝑧 + 𝐸(𝑟)𝑚 (𝑧) ; 𝑅𝑡 cot𝛼 < 𝑧 < 𝑅𝑏 cot𝛼;

𝑓𝑛 (𝑅𝑡 cot𝛼) = 𝑓𝑛 (𝑅𝑏 cot𝛼) = 0;
𝑛 = 1, 2, 3, . . . .

(6)

The function 𝑈𝑚(𝑧) governs the vertical displacement of the
plane of the electron rotation around the 𝑧-axis, and in what
follows we call it the adiabatic potential.

One can find this function by solving the eigenvalue prob-
lem (5) for different values of the parameter 𝑧. The analytical
solution of this problem has a form of a linear combination of
hypergeometric functions and correspondent eigenenergies
𝐸(𝑟)𝑚 (𝑧) are the roots of a transcendental equation. However,
for the case of a very thin nanotube, one can find simple
expressions for 𝐸(𝑟)𝑚 (𝑧) and �̃�𝑚(𝑧) = 𝑈𝑚(𝑧) − 𝑗20,1/𝑤2 in the
first order of the perturbation theory, considering the ratio
𝑤/𝑅𝑐(𝑧) as a small parameter:

�̃�𝑚 (𝑧)

≈ {{{{
{
𝜉 ⋅ 𝑧 + [ 𝑚

𝑅𝑐 (𝑧) −
𝛾 ⋅ 𝑅𝑐 (𝑧)

2 ]
2

; 𝑧 ∈ (0,𝐻)
∞; 𝑧 ∉ (0,𝐻) .

(7)

Here 𝑗0,1 = 2.4048 is the first root of the Bessel function
𝐽0(𝑥). In our numerical work, we solve (6) with the adiabatic
potential (7) by using the numerical trigonometric sweep
method [23] and we find electron energies 𝐸𝑚,𝑛 for twenty
different magnetic quantum numbers𝑚 = 0, −1, −2, . . . , −19
and two different axial quantum numbers 𝑛 = 1, 2. Below, we
present results of calculations for the conical nanotube with
geometrical parameters, the base radius 𝑅𝑏 = 6𝑎∗0 , the height𝐻 = 20𝑎∗0 , the thickness 𝑤 = 0.2𝑎∗0 , and 𝑦 different aperture
angles from 𝛼 = arctan 0.25 corresponding to the case of the
cylindrical nanotube, corresponding to aperture angle 𝛼 = 0
and 𝑅𝑡 = 1𝑎∗0 up to 𝛼 = arctan 0.25 and 𝑅𝑡 = 1𝑎∗0 . In what
follows we present the results for the renormalized electron
energies defined as 𝐸𝑚,𝑛 = 𝐸𝑚,𝑛 − 𝑗20,1/𝑤2.
3. Zero-Electric-Field Case

Let us first analyze the vertical displacement of the position
of the stationary point 𝑧min, corresponding to the minimum
of the potential �̃�𝑚(𝑧), induced by the external magnetic field
𝛾. The values of 𝑧min and �̃�𝑚(𝑧min) define the position of the
plane of the classical horizontal circular track and the classical
energy of the rotational state with the angular momentum𝑚
and the study of their evolution under external fields allows
us to give below a simple interpretation of the spectral and
magnetic and electric properties of the conical nanotube.

According to (7), the potential minimum position in the
zero-electric-field case (𝜉 = 0) depends on interplay between
the centrifugal force, which pushes the electron toward the
cone bottom, and the magnetic confinement that drives it to
the cone top. The potential minimum position is situated at
the cone bottom (𝑧min = 0) until the increasingmagnetic field
remains weak (𝛾 ≺ 𝛾1 = 2𝑚/𝑅2𝑏), and �̃�𝑚(𝑧min) = (𝑚/𝑅𝑏 −𝛾 ⋅ 𝑅𝑏/2)2 falls up to zero, when the magnetic field tends to
its lower threshold 𝛾1. As 𝛾 increasing further surpasses 𝛾1,
the minimum position 𝑧min = √2𝑚/𝛾 is displaced from the
cone’s bottom toward the top until the magnetic field reaches
the upper threshold (𝛾2 = 2𝑚/𝑅2𝑡 ) while the potential energy
minimummaintains a zero value �̃�𝑚(𝑧min) = 0. Finally, as the
magnetic field increasing exceeds the upper threshold value
(𝛾 ≻ 𝛾2), the potentialminimumposition continues staying at
the cone top (𝑧min = 𝑅𝑡 cot𝛼)while the corresponding energy�̃�𝑚(𝑧min) begins to rise.

In Figure 2 we present the evolution of the minima of the
adiabatic potentials for some lower states under increasing
magnetic field in conical nanotubes with three different mag-
netic aperture angles. Arrows show trends of displacements of
the corresponding minima positions in increasing magnetic
field. It is seen that classical electron paths, associated with
adiabatic potential minima, align in a sequence of horizontal
circular tracks climbing under increasing magnetic field one
by one in ascending order of the angular momentum, from
the bottom of the cone toward its top. The number of tracks
lifting at the same time between the bottom and the top of
the nanotube depends on the magnetic field value; the larger
the magnetic field is, the greater the number of such tracks is.
All classical circular tracks that satisfy the condition 𝛾𝑅2𝑡 /2 <𝑚 < 𝛾𝑅2𝑏/2 for given 𝛾 are located between the bottom and
the top of the nanotube (0 < 𝑧min < 𝐻) at the altitude

𝑧min = 𝐻 ⋅ (𝑅𝑏 − √2𝑚/𝛾)(𝑅𝑏 − 𝑅𝑡) ; 2𝑚
𝑅2
𝑏

< 𝛾 < 2𝑚
𝑅2𝑡 . (8)

The energies minima of these rotational states remain equal
to zero during escalation. In Figure 3, we show as example the
potential curves for the case 𝛾 = 0.5, 𝑅𝑏 = 6𝑎∗0 , 𝑅𝑡 = 4𝑎∗0 for
which quantum numbers𝑚 = 4, 5, 6, 7, 8, 9 satisfy conditions
(8).

From Figure 3, one can see that the potential curves,
positioned between the bottom and the top of the nanotube,
have the almost parabolic shape and therefore in the har-
monic approximation the following analytical expressions for
energies can be found from (6), by using the power series
expansion of the potential (7) about the point 𝑧min:

𝐸𝑛,𝑚 ≈ 𝛾 (2𝑛 − 1) tan𝛼; 2𝑚
𝑅2
𝑏

< 𝛾 < 2𝑚
𝑅2𝑡 . (9)

Formulae (8) and (9) show that the energy spectrum of
the one-electron conical nanotube acquires in the presence
of the axially directed external magnetic field two peculiar
features. At first, energies of states with quantum numbers
𝑚 between 𝛾𝑅2𝑡 /2 and 𝛾𝑅2𝑏/2 in the harmonic approximation
depend only on the external magnetic field and the cone
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Figure 2: Escalation of the adiabatic potential minima positions along 𝑧-axis under increasing magnetic field for lower states in conical
nanotube with dimensions 𝑅𝑏 = 6𝑎∗0 ,𝐻 = 20𝑎∗0 , and 𝑤 = 0.2𝑎∗0 , for two different top radii 𝑅𝑡.
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Figure 3: Adiabatic potential along 𝑧-axis for lower states and
for the magnetic field. 𝛾 = 0.5. Arrows indicate directions of
displacements of potential curves under increasing magnetic field.

aperture angle, but they are independent on the angular
momentum 𝑚. Therefore, there are 𝑘 > 1 lower states
(𝑘 = int[𝛾(𝑅2𝑏 − 𝑅2𝑡 )/2]) with different angular momenta,
but with almost equal energies; that is, the lowest energy
level is 𝑘-fold quasi-degenerate. On the contrary, the most
probable electron positions along the tube axis in these states
depend strongly on the angular momentum 𝑚 according
to the relation (8). Therefore, by increasing magnetic field
applied along the nanotube axis one can create an arbitrary
number of quasi-degenerate, spatially separated states with
mutually orthogonal wave functions.

In Figure 4 we present results of calculation of six lower
energies corresponding to the radial quantum number 𝑛 =
1 as functions of the magnetic field in nanotubes with the
aperture angle tan𝛼 = 0.25 and dimensions 𝑅𝑏 = 6𝑎∗0 ,𝑅𝑡 = 1𝑎∗0 ,𝐻 = 20𝑎∗0 . The straight line in Figure 4 has a slope
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Figure 4: Six lower energies as functions of the external magnetic
field in one-electron conical nanotube with dimensions 𝑅𝑏 = 6𝑎∗0 ,𝑅𝑡 = 1𝑎∗0 , 𝐻 = 20𝑎∗0 , and 𝑤 = 0.2𝑎∗0 . The dash-dot step-like line
indicates the variation of the ground state angular momentum and
symbols show the points of curves crossovers.

in an excellent accordance with relation (9). Points of the
crossovers between curves corresponding to the states with
the angular momenta 𝑚 − 1, 𝑚 and correspondent values of
the magnetic fields are marked by solid rectangular symbols.
Starting from the crossover points 𝛾𝑚, the energies grow
linearly as functions of the magnetic field until the electron,
rising along the 𝑧-axis, achieves to arrive up the cone top.
The dash-dot polygons shown at the lower part of Figure 4
point out jumps of the ground state angular momentum at
the points of the curves crossovers. It is seen that these jumps
of the angular momentum are accompanied by the inversion
of the energy levels and by a veryweak splitting between them
in a way that they become quasi-degenerate.

In Table 1, we present the energies of the seven lower
energies for different values of the magnetic field calculated
for a conical nanotube with the same dimensions in Figure 4,
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Figure 5: One-electron energies as functions of the external magnetic field in conical nanotubes with fixed dimensions 𝑅𝑏 = 6𝑎∗0 ,𝐻 = 20𝑎∗0 ,
and 𝑤 = 0.2𝑎∗0 and for three different top radii 𝑅𝑡.

Table 1: Energies (given in 𝑅𝑦∗ with error bars 0.005𝑅𝑦∗) of lower
levels in one-electron conical nanotubewith𝑅𝑏 = 6𝑎∗0 ,𝑅𝑡 = 1𝑎∗0 , and𝐻 = 20𝑎∗0 and for different magnetic fields. Bold numbers indicate
quasi-degenerate levels.

𝛾 𝑚
0 1 2 3 4 5 6 7

.00 .01 .09 .25 .47 .76 1.1 1.5 1.9

.25 .16 .07 .07 .09 .15 .27 .44 .67

.50 .38 .14 .13 .13 .13 .13 .14 .19

.75 .66 .24 .19 .19 .19 .19 .19 .19
1.00 .98 .36 .26 .25 .25 .25 .25 .25
1.50 1.8 .72 .41 .38 .38 .38 .38 .38
1.75 2.2 .95 .50 .44 .44 .44 .44 .44

where bold numbers indicate quasi-degenerate levels. A
consistent growth of number of quasi-degenerate states with
the increase of the magnetic field is seen, which we ascribe to
a change of the hidden symmetry, induced by the magnetic
field in a structure, when its morphology is converted from
the cylindrical type to the conical one.

In Figure 5, we present results of calculation of lower
energies as functions of the magnetic field in nanotubes with
the base radius 𝑅𝑏 = 6𝑎∗0 and three different top radii
𝑅𝑡. Curves are shown for quantum numbers 𝑛 = 1, 2 and
𝑚 = 0, 1, 2, . . . , 15. One can observe multiple crossovers of
curves and a reordering of the energy levels, typical for AB
effect observed for all aperture angles. Nevertheless, there is
an essential modification of energies dependencies when the
aperture angle is increased, primarily due to the rise of slopes
of two envelope straight lines that mark off bands bottoms.
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Figure 6: Density of states of one-electron conical nanotubes with fixed dimensions 𝑅𝑏 = 6𝑎∗0 ,𝐻 = 20𝑎∗0 , and 𝑤 = 0.2𝑎∗0 for three different
top radii 𝑅𝑡 and different values of the external magnetic field.

At the case of the cylindrical nanotube, when the aperture
angle is equal to zero, two overlapping bands in Figure 5(a)
correspond to axial quantum numbers 𝑛 = 1, 2.

Although energies dependencies on the field in the
conical nanotubes with aperture angles different from zero
in Figures 5(b) and 5(c) remain oscillatory, they are no longer
periodic due to a linear trend associated with the evolution
bands bottoms positions. The relation tan𝛽𝑛 = (2𝑛 − 1) tan𝛼
gives slopes 𝛽𝑛 of the corresponding envelope straight lines
to dependencies of the energies of the bands bottoms on the
magnetic field according to (9). Particularly, the slopes in
Figure 5(b) are tan𝛽1 = 0.1, tan𝛽2 = 0.3, and tan𝛽1 = 0.2,
tan𝛽2 = 0.6 in Figure 5(c) in an excellent accordance with
this relation.

The gradual growth of the degree of the quasi-degene-
ration of the states close to the envelope straight lines, under
increasing magnetic field, manifested in Figure 5, could

originate a singularity in the density of states. In Figure 6,
we display the curves of the density of states of one-electron
conical nanotubes with the base radius 𝑅𝑏 = 6𝑎∗0 , the height𝐻 = 20𝑎∗0 calculated for three different top radii 𝑅𝑡 =
1𝑎∗0 , 2𝑎∗0 , 4𝑎∗0 and for six different values of the magnetic
field. Two dotted straight lines mark the evolution of the
singularity peaks positions under increasing magnetic field
for states with axial quantum numbers 𝑛 = 1 and 𝑛 =
2, respectively. One can observe a consistent growth of the
intensity of peaks related to the increase of the degree of the
quasi-degeneration of the corresponding states. The splitting
between peaks positions Δ = 2𝛾 tan𝛼, given by relation (9),
increases linearly with the growth of the magnetic field, and
it depends also on the cone’s aperture angle. The larger the
aperture angle, the stronger the splitting.

This remarkable alteration of spectral properties of coni-
cal nanotubes with a variation of the aperture angle provides
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Figure 7:Magnetic dipolemomenta of the ground state as functions
of the external magnetic field for nanotubes 𝑅𝑏 = 6𝑎∗0 , 𝐻 = 20𝑎∗0 ,
and 𝑤 = 0.2𝑎∗0 and for three different top radii 𝑅𝑡.

also a significant change of magnetic properties of the
structure, particularly in the nonlinear dependence of the
magnetic dipole moment of the ground state on themagnetic
field. The expression for the absolute value of the magnetic
dipole moment can be derived using the Hellmann-Feynman
theorem.

𝑀 = 𝑑𝐸0 (𝛾)
𝑑𝛾 , (10)

where 𝐸0(𝛾) is the ground state energy. As it can be seen
from right side of Figure 5 the ground state energy in a
cylindrical nanotube is a periodic function of the magnetic
field.Therefore, the magnetic dipole moment dependence on
the magnetic field should be also a periodic function.

As the cylindrical nanotube is transformed in a conical
one, the aperture angle is increased, the separation between
minima points is consistently reduced, and the amplitude
of the ground state energy oscillation is decreased, as it
can be seen from curves presented in Figure 5. Therefore,
the ground state energy dependence becomes almost linear
in accordance with formula (9) for 𝑛 = 0, resulting in
the magnetic dipole moment of a conical nanotube almost
independent on the magnetic field and equal to the tangent
of the aperture angle.

In Figure 7 we show results of calculation of the magnetic
dipole moment in conical nanotubes with top radii 𝑅𝑡 =1𝑎∗0 , 2𝑎∗0 and 4𝑎∗0 , for which tan𝛼 are equal to 0.25, 0.2,
and 0.1, respectively, which are in excellent accordance with
our theoretical analysis. Strong dependence of the magnetic
moment curves on the aperture angle is seen; their shapes are
changed fromone, typical forweakly dampedABoscillations,
when the aperture angle is small (solid line in Figure 7),
up to other, typical for an overdamped oscillator, when the
aperture angle becomes large (dash lines). The final part of
the curves in all cases presents a horizontal line in which
the value of the magnetic dipole moment is independent on

the field. According to relation (9) and (10), it is equal to
𝑀 = 𝑑𝐸0,0(𝛾)/𝑑𝛾 = tan𝛼 = 0.1. This result establishes
a direct relation between magnetic properties of the conical
nanotube and its morphology.

4. Effect of the Electric Field

Previous results make evident the fact that the hidden sym-
metry, induced by the increasing magnetic field in systems
with the cone-type morphology, provides a quenching of the
AB oscillations of the lower energy levels and a multifold
quasi-degeneration of the ground state. One can expect
that it is possible to suppress or strengthen the escalation
of rotational trajectories induced by the magnetic field, by
applying a sufficiently strong electric field along the 𝑧-axis
and breaking in this way the hidden conical symmetry
and restoring the AB oscillations. In Figure 8, we show the
dependencies of positions of minima 𝑧min of the adiabatic
potentials, on the magnetic field, for three different values of
the external electric field 𝐹 applied along the 𝑧-axis, given by
the relation (9). It is seen that the escalation of the electron
circular paths around the axis from the bottom toward the
top under increasing magnetic field can be both reinforced
in the case of the negative electric field and suppressed in the
presence of the positive electric field.

As example, in Figure 8 we point out the positions of
potential minima (marked by square solid symbols) of states
which are climbing between the bottom and the top of
nanotube, for 𝛾 = 0.4. One can see that the positive electric
field 𝐹 = +0.5 kV/cm accelerates the escalation toward
the cone’s top of only states with higher angular momenta
𝑚 = 6, 7, 8, 9. In contrast, the negative electric field 𝐹 =
−0.5 kV/cm allows besides the escalation of lower states with
𝑚 = 2, 3, 4, 5. Moreover, in contrast to the first case, in which
potentials minima of all four states are equal to zero, in the
second all minima are negative being the lowest level located
close to the top, while in the last case the lowest level is
situated near the bottom.

In Figure 9 we show the lowest energies as functions
of the magnetic field and in the presence of the negative
𝐹 = −0.5 kV/cm and positive 𝐹 = +0.5 kV/cm electric
fields in one-electron conical nanotubewith dimensions𝑅𝑏 =6𝑎∗0 , 𝑅𝑡 = 4𝑎∗0 , 𝐻 = 20𝑎∗0 , and 𝑤 = 0.2𝑎∗0 . Comparing
the curves from Figure 9 with those in Figure 5(c) for zero-
electric-field case one can observe that in the presence of
the external electric field, independently on its direction,
amplitudes of the ground state energy oscillation grow in
both cases, but periods of the oscillation, Δ𝛾 for positive and
negative electric fields, become essentially different.

In the case of the negative electric field Δ𝛾 in Figure 9(a)
is approximately equal to 0.07, which slightly exceeds the
value 2/𝑅2𝑏, while the period Δ𝛾 in the presence of the
positive electric field in Figure 9(b) is about 0.12, which is in
excellent accordance with the value 2/𝑅2𝑡 . Thus, the external
electric field induces splitting of the quasi-degenerate ground
state energy level and it constrains spatially the probability
distribution in the statewith lowest energy close to the conical
nanotube top if the electric field is negative and about the
bottom in the case of the positive field.
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Figure 8: Escalation of the minima positions of adiabatic potentials along 𝑍-axis under increasing magnetic field for lower states in conical
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0.4 0.6 0.8 1.00.2

𝛾

0.50

0.52

0.54

En
er

gy
 (R

y
∗
)

F = +0.5 kV/cm

Δ𝛾

(a)

0.4 0.6 0.8 1.00.2

𝛾

En
er

gy
 (R

y
∗
)

F = −0.5 kV/cm

Δ𝛾
−1.55

−1.50

(b)

Figure 9:The lower energies as functions of the externalmagnetic field in one-electron conical nanotubewith dimensions𝑅𝑏 = 6𝑎∗0 ,𝑅𝑡 = 4𝑎∗0 ,𝐻 = 20𝑎∗0 , and 𝑤 = 0.2𝑎∗0 in the presence of the electrical fields are (a) 𝐹 = −0.5 kV/cm and (b) 𝐹 = +0.5 kV/cm.

Previous results reveal that the probability density distri-
bution of finding the electron along the 𝑧-axis and spectral
properties of the one-electron conical nanotube are defined
by the interplay between effects of the magnetic and electric
fields. The larger the positive electric field is, the bigger the
number of the rotational states retained close to the bottom
is, and the stronger the magnetic field should be in order to
unblock the ascent of rotational states with superior angular
momenta. On the contrary, a negative external electric field
releases the electron escalation, cooperating in this process
with the magnetic field. Therefore, the external electric field
essentially affects magnetic properties of this system.

In order to emphasize the effect of the electric field on
the magnetic properties of conical nanotube, we present in

Figures 10(a) and 10(b) dependencies of the angular and the
magnetic momenta on the magnetic field in the presence
of the electric field applied along the 𝑧-axis at two opposite
directions, calculated for the structure with dimensions 𝑅𝑏 =6𝑎∗0 , 𝑅𝑡 = 4𝑎∗0 , 𝐻 = 20𝑎∗0 , and 𝑤 = 0.2𝑎∗0 . One can see that
the electric field changes both dependencies in comparison
with those presented in Figures 4 and 7 for zero-electric-field
case. Particularly, the growth of the angularmomentumof the
ground state under increasingmagnetic field is accelerated in
the presence of the negative electric field and it is decelerated
when external electric field is positive according to the results
presented in Figure 10(a).

The curves of the magnetic dipole moment, shown in
Figure 10(b), give an evidence of the AB oscillations similar
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Figure 10: Angular (a) and magnetic dipole (b) momenta as functions of the external magnetic field in conical nanotube with 𝑅𝑏 = 6𝑎∗0 ,𝑅𝑡 = 4𝑎∗0 ,𝐻 = 20𝑎∗0 , and 𝑤 = 0.2𝑎∗0 in the presence of the electrical fields 𝐹 = −0.5 kV/cm and 𝐹 = +0.5 kV/cm.

to those in 1D QR with radius 𝑅𝑡 = 6𝑎∗0 for 𝐹 = +0.5 kV/cm,
while for𝐹 = −0.5 kV/cm they are similar to those inQRwith
radius 𝑅𝑏 = 4𝑎∗0 .

It is seen from Figure 10(b) that the amplitude and the
period of the AB oscillation in the case of the negative electric
field are two times larger than those in the case of the positive
electric field.This result confirms that the electron rotation in
the ground state ismainly restrained in a narrow layer close to
the cone’s top in the first case and close to the bottom at the
second case. The special points, where the magnetic dipole
moment in Figure 10(b) acquires extreme values, coincide
with the crossovers of the energy levels in Figure 9, in which
the energy gap between the ground state and the first excited
state disappears; that is, the ground state becomes doubly
degenerate. This is essentially different from the case of zero-
electric-field, in which the ground state is quasi-degenerate
with many-fold of levels, almost for all values of the magnetic
field, as it can be seen fromFigures 4 and 5 andTable 1.Hence,
the electric field breaks the conical symmetry of the system,
resulting in the splitting of the quasi-degenerate energy levels
for all values of the magnetic field except special periodical
values for which the ground state is converted to a doubly
degenerate.

To clarify how an increasing electric field transforms
consistently the nanotube magnetic properties, we display
in Figure 11 the curves of the magnetic dipole momenta as
functions of the magnetic field for six different values of the
positive and negative external electric fields. A consistent
evolution of the dependencies with the growth of the electric
field is seen; the damping of AB oscillations, significant in
the case of the zero-electric-field in Figure 7, is reduced
remarkably and it almost disappears when the electric field
approaches to 0.5 kV/cm.

5. Summary and Conclusions

In order to analyze the effects of the electric and magnetic
fields, applied parallel to symmetry axis, on the spectral
and magnetic properties of nanotubes, we consider a simple
separable model of a thin axially symmetric one-electron
nanotube of conical shape, which offers a comprehensible
interpretation of calculation results. We show that the ener-
gies and the probability distributions of the electron along
the symmetry axis in states with different angular momenta
are defined by the interplay between the centrifugal and
diamagnetic forces. The centrifugal force pushes the maxima
of the electron distributions with different angular momenta
toward the cone’s bottom, while the diamagnetic force drives
them to the cone top. The greater the cone’s aperture angle
𝛼 is, the stronger the competition between these two forces
is. As the magnetic field is small, the centrifugal force retains
the electron rotation around the axis close to the bottom.This
retaining force is proportional to square angular momentum
and therefore, when the magnetic field is increased, the
peaks of the electron distributions corresponding to different
angular momenta begin to climb successively one by one
from base toward the top in the order of ascending angular
momenta pushed up by the diamagnetic force. We show
that such redistribution of the electron’s probability density
produces a consistent decrease of the amplitude of the
AB oscillation of the ground state energy as function of
the magnetic field, and when the magnetic field increasing
becomes sufficiently large the oscillatory dependence of the
ground state energy is quenched and it is transformed into
a straight line with the slope exactly equal to the tangent
of the aperture angle, while the ground state energy level
becomes quasi-degenerate. The number of quasi-degenerate
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Figure 11: Evolution of the curves of the magnetic dipole moment as functions of the external magnetic field under increasing electrical fields
in one-electron conical nanotube with dimensions 𝑅𝑏 = 6𝑎∗0 , 𝑅𝑡 = 4𝑎∗0 ,𝐻 = 20𝑎∗0 , and 𝑤 = 0.2𝑎∗0 .
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levels rises consistently with the increase of themagnetic field
and the aperture angle. We ascribe this effect to a change
of the hidden symmetry, induced by the magnetic field in
axially symmetric heterostructures, when their morphology
is converted from the cylindrical to conical type.

A special form of the dependence of the ground state
energy on the magnetic field in the conical nanotube is
reflected also on the evolution of the corresponding curves
of the density of the states and of the magnetic dipole
moment under increasing magnetic field. Particularly, the
multiple quasi-degeneration of the levels close to the ground
state energy conduces to the appearance of the singularities
in the density of states about the bottoms of subbands,
corresponding to different axial quantum numbers. We show
that the intensity of these peaks and gaps Δ = 2𝛾 tan𝛼
between them grow with the increment of the magnetic
field and they depend strongly on the cone’s aperture angle.
The larger the aperture angle, the higher the peaks and the
stronger the splitting.

Similar analysis is presented for one-electron nanotube in
the presence of the electric field applied parallel to the cone
axis. We show that, by applying a sufficiently strong electric
field, it is possible to suppress or reinforce the escalation
of rotational trajectories, induced by the magnetic field,
breaking in this way the hidden conical symmetry, producing
splitting quasi-degenerate levels about the ground state and
restoring the AB oscillations.

We show that the positive electric field retains the rota-
tional states close to the bottom increasing the minimum
value of the magnetic field required to unblock the ascent
of rotational states with superior angular momenta. On the
contrary, a negative external electric field releases the electron
escalation, cooperating in this process with the magnetic
field. Therefore, the external electric field affects essentially
the spectral andmagnetic properties of this system. Results of
calculation of the energies and the magnetic dipole moment
approve that the electron rotation in the ground state is
mainly restrained in a narrow layer close to the cone’s top
in the presence of the negative electric field and close to
the bottom for the positive electric field. The amplitude of
the AB oscillation and the period of the oscillation in the
first case are smaller than those in the case of the positive
electric field. We ascribe such effect to the possibility of
redistribution of electron probability along the axis under
external electric field. Our analysis establishes a fascinating
possibility to control the magnetic properties of nanotubes
by means of an external electric field.

We believe that our analysis reveals a possibility for
detection of the coupling between the polarization and mag-
netization in conically shaped nanostructures, resulting from
the quantum-size effect. Similar coupling between magnetic
and electric properties of ferroelectric and ferromagnetic
materials consisting in the appearance of an electric polar-
ization under the application of a magnetic field or in the
appearance of a magnetization under the application of an
electric field is called the magnetoelectricity [24, 25]. One
can expect that similar effect associated with the quantum
confinement might be presented in tubes with nonuniform
cross-section profiles. The more abrupt the variation of

the cross-sections radii along the axis in such structures
is, the stronger the coupling between the polarization and
magnetization could be.
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electron quantum ring of non-uniform thickness in magnetic
field,” Physica E, vol. 56, pp. 393–399, 2014.

[20] W. Gutiérrez, L. F. Garca, and I. D. Mikhailov, “Coupled donors
in quantum ring in a threading magnetic field,” Physica E, vol.
43, no. 1, pp. 559–566, 2010.

[21] K. Tsumura, S. Nomura, P. Mohan, J. Motohisa, and T.
Fukui, “Aharonov-Bohm oscillations in photoluminescence
from charged exciton in quantum tubes,” Japanese Journal of
Applied Physics, vol. 46, no. 17–19, pp. L440–L443, 2007.

[22] K. Kubota, P. O. Vaccaro, N. Ohtani, Y. Hirose, M. Hosoda,
and T. Aida, “Photoluminescence of GaAs/AlGaAsmicro-tubes
containing uniaxially strained quantumwells,”Physica E, vol. 13,
no. 2–4, pp. 313–316, 2002.

[23] F. J. Betancur, I. D.Mikhailov, and L. E. Oliveira, “Shallow donor
states inGaAs-(Ga, Al)As quantumdots with different potential
shapes,” Journal of Physics D: Applied Physics, vol. 31, no. 23, pp.
3391–3396, 1998.

[24] J. Zhai, J. Li, D. Viehland, and M. I. Bichurin, “Large mag-
netoelectric susceptibility: the fundamental property of piezo-
electric and magnetostrictive laminated composites,” Journal of
Applied Physics, vol. 101, Article ID 014102, 2007.

[25] J. P. Rivera, “A short review of the magnetoelectric effect
and related experimental techniques on single phase (multi-)
ferroics,”TheEuropean Physical Journal B, vol. 71, no. 3, pp. 299–
313, 2009.



Review Article
Synthesis and Applications of Semiconducting Graphene

ShahrimaMaharubin,1 Xin Zhang,2 Fuliang Zhu,3 Hong-Chao Zhang,1

Gengxin Zhang,4 and Yue Zhang5

1Department of Industrial Engineering, Texas Tech University, Lubbock, TX 79415, USA
2Fundamental and Computational Sciences Directorate, Pacific Northwest National Laboratory, Richland, WA 99352, USA
3School of Materials Science and Engineering, Lanzhou University of Technology, Qilihe, Lanzhou 730050, China
4Corporation Quality Network, Intel Corporation, Chandler, AZ 85226, USA
5Department of Mechanical and Industrial Engineering, Texas A&M University-Kingsville, Kingsville, TX 78363, USA

Correspondence should be addressed to Gengxin Zhang; gengxin.zhang@intel.com and Yue Zhang; yue.zhang@tamuk.edu

Received 15 August 2016; Revised 1 October 2016; Accepted 3 October 2016

Academic Editor: Stefano Bellucci

Copyright © 2016 Shahrima Maharubin 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.

Semimetal-to-semiconductor transition in graphene can bestow graphenewith numerous novel and enhanced structural, electrical,
optical, and physicochemical characteristics.The scope of graphene and its prospective for an array of implications could be signif-
icantly outspread by this transition. In consideration of the recent advancements of semiconducting graphene, this article widely
reviews the properties, production, and developing operations of this emergent material. The comparisons among the benefits
and difficulties of current methods are made, intending to offer evidences to develop novel and scalable synthesis approaches.
The emphasis is on the properties and applications resulting from various conversion methods (doping, controlled reduction, and
functionalization), expecting to get improved knowledge on semiconducting graphene materials. Intending to motivate further
efficient implications, the mechanisms leading to their beneficial usages for energy conversion and storage are also emphasized.

1. Introduction

Graphene has upraised far-reaching attention in very broad
scientific society for its surprising electrical, mechanical,
optical, and thermal properties [1]. It is an allotrope of carbon
having a single layer of sp2-bonded carbon atoms densely
packed into a two-dimensional honeycomb lattice [2, 3]. Each
C-atom in the structure has s and three p orbitals. Two of p
orbitals (px and py) and s orbital in the structure hybridize
to form a strong covalent sp2 C-C bond. The remaining
pz orbital overlaps the neighboring C-atom pz orbital to
form a filled 𝜋 orbital (valence) and the empty 𝜋∗ orbital
(conduction) [1]. Due to the structural formation graphene
offers an excellent thermal conductivity, exhibits high charge
mobility, and possesses high theoretical specific surface area
[2, 4]. Among all these properties, themost interesting aspect
of graphene is assumed to be its unique electronic properties.
Graphene’s electron mobility is considerably greater than
silicone (∼1400 cm2 V−1 s−1) which is a widely used semi-
conductor [1]. Therefore, for the applications in postsilicon

electronics, graphene has been considered as a candidate
material.

Although graphene possesses several exceptional char-
acteristics, however, due to the absence of a substantial
bandgap, its use as an electronic material for semiconducting
applications is one of the greatest challenges. Graphene is
basically a semimetal or a zero bandgap semiconductor [5, 6].
This semimetal characteristic of graphene does not affect its
use in numerous applications but it considerably restricts
its use in all other semiconducting applications where an
appropriate bandgap is requisite. An identical atmosphere of
the two C-atoms in the graphene unit cell is the major reason
for this zero bandgap present in graphene [7]. Consequently,
breaking the adjacent, in-plane lattice symmetry is the major
way to open up a bandgap in graphene. This could be done
by different structural and chemical alterations. For instance,
if an atom substitutes the carbon atom in the structure, the
symmetry in the lattice could be broken. This may result in
the creation of a gap between 𝜋 and 𝜋∗ bands.This symmetry
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Figure 1: Schematic band structures of (a) n-type graphenewith bandgap, (b) pure graphene, and (c) p-type graphenewith bandgap (reprinted
from [10]; copyright 2016, PCCP Owner Societies).

could also be broken through other means [7]. For the
use of graphene in electronic devices opening a well-tuned
considerable bandgap in graphene is the major challenge.

Figure 1 is the representation of the graphene band struc-
tures presented where there is a linear energy momentum
dispersion relation near the Dirac point [8, 9]. The cone
shaped valence band and conduction bands meet across 𝐾
point. The Fermi level (𝐸F) lies at the crossover point in the
band structure of pure graphene with zero bandgap. 𝐸F lies
in valence and conduction band in the band structures of 𝑝-
type graphene and 𝑛-type graphene, respectively, including a
bandgap [10].

The surface properties of graphene are possible to be
adjusted via structural alteration including chemical dop-
ing, chemical functionalization, and controlled reduction,
which proposes remarkable prospects for the development
of graphene-based semiconducting materials with unique
electronic characteristics. These materials show advantages
for numerous prospective applications, including energy
conversion, energy storage, catalysis, sensing, field effect
transistor, and many more because of their high power
density and long lifecycle [11–14].

There are many methods that incorporate semiconduct-
ing properties into graphene, which include the preparation
of graphene/nanoparticle hybrids, patterning graphene in
the form of a graphene nanoribbon, nanomesh, or quantum
dot. These methods have shown substantial developing and
emerging interest from both theoretical and experimental
viewpoints and have been reviewed in several literatures [2,
15–18]. This review focuses on converting metallic graphene
into semiconducting graphene by chemical alteration of
graphene through doping, controlled reduction, and func-
tionalization. Although these newly developedmethods have
risen to rigorous attention in research, these methods are
not classified or summarized in a single document. Hence, a
methodical synopsis on these significantmethods for produc-
ing semiconducting graphene and its exceptional character-
istics and functions compared to graphene is greatly required.
This review provides an overall context and structure on the
latest advancements in the area of semiconducting graphene
materials.

The conversion processes discussed in this review
could be categorized into three major sections: (1) doping

of graphene through surface transfer and substitutional
approach; (2) controlled reduction of graphene oxide (GO);
and (3) functionalization of graphene via chemical methods.
Doping of graphene with alien atoms instigates the electronic
and structural distortions inside the carbon sheet leading to
changes in the graphene bandgap properties. Partial reduc-
tion of GO controls the level of oxygen-containing functional
group into the graphene structure. During functionalization
different functionalities are grafted onto graphene by covalent
or noncovalent approaches. All these methods are actually
utilized for the bandgap opening in graphene and Fermi
level tuning of graphene.The semiconducting graphene finds
applications in many scientific fields, ranging from fuel
cell, solar cell, and thermoelectric devices to supercapacitor
and lithium-ion batteries. These applications are carefully
reviewed in the manuscript.

2. Fabrication Methods

2.1. Doping of Graphene. A number of methods have been
proposed in the literature [19–21] tomodify the graphene and
its electronic structure for the introduction of a substantial
bandgap in it. Among all the approaches, one utmost reason-
able approach is doping, which helps in tuning the bandgap
in graphene. The concentration and nature of the charge
carriers can be regulated by doping. For the band engineering
of graphene, two major kinds of doping styles have been
applied—surface transfer doping and substitutional doping.
Surface transfer doping involves the adsorption of an atom
into the graphene lattice structure. This incorporation of
atom could shift the voltage point of graphene at Dirac
point from zero gate voltage to +ve or −ve gate voltage as
an outcome of p- or n-type graphene. Substitutional doping
involves the replacement of carbon atoms inside the graphene
lattice. The incursion of atoms into the natural graphene will
unavoidably instigate the electronic and structural distortions
inside the carbon sheet, leading to changes in the graphene
bandgap properties. In this section, an overview of recent
experimental and theoretical investigations on the doping of
graphene is given, and the possible reason for the semicon-
ducting behavior of doped graphene is explained.
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2.1.1. Surface Transfer Doping. Surface transfer doping of
graphene could be attained through the interchange of elec-
trons between graphene and the surface absorbed-dopants
present in graphene.Therefore, this type of dopingmight also
be termed as adsorbate-induced doping. This type of doping
does not interrupt the graphene structure and it generally can
be reversible [22, 23].

For surface transfer doping of graphene, a considerable
hole-doping in the graphene (with conical band structure)
might be attained through the adsorption of atoms (mostly
metal atoms) having high affinity for electrons. These atoms,
including gold (Au), bismuth (Bi), and antimony (Sb), could
be adsorbed on the surface of graphene and may modify
the electronic properties in graphene [24]. Benayad et al.
examined the result of Au-ion treatment on the WF and
the change in electronic structure of rGOs. The relative
percentage of carbon gradually decreased and the relative
percentage of Au0 increased markedly with increased doping
concentration. This might be due to a charge-transfer from
sp2 electrons to Au-ion solution. The carbon oxide species
with functional groups C=O and O-C=O also contribute to
donating electrons to the Au-ions and the Au-ions are spon-
taneously transformed into Au0 by a charge-transfer from the
reduced GO to the Au-ions [24] (Figure 2). Usually, the Dirac
point (minimum conductivity point) of original graphene is
at the zero gate voltage.This voltage point moves in graphene
in the direction of positive gate voltage due to p-type doping
or a negative gate voltage due to n-type doping.The adsorbed
Bi and Sb atoms on the surface withdraw electrons from
graphene; then the Dirac point moves in the direction of the
Fermi level but does not overlap with it. However Au has the
higher electron affinity and it moves the Dirac point to the
vacant states, prompting the p-type doping in graphene.

It was found in the literature that the charge-transfer
is motivated by the difference in work function (WF) and
the chemical interactions among the metal component and
graphene [25]. If the work function of metal is larger
compared to the work function of graphene, graphene is
expected to be doped with holes. In contrast, if the work
function of graphene is larger compared to the work function
of metal, graphene is expected to be doped with electrons.
Alkaline metals have strong ionic bonding characteristics, so
they are able to donate electrons. This assists the discharge of
their lone-paired electrons in the graphene conduction band
and rises the intensely charge carrier amount in graphene

[26]. Alkaline metals become excellent applicants for n-type
dopants because of the development of this firm ionic bond
and substantial charge transportation [27].

2.1.2. Substitutional Doping. Substitutional doping of graphe-
ne is attained by the substitution or replacement of carbon
atoms in the graphene lattice by a foreign atom. Substitutional
doping has got specific consideration because of its capability
of charge infusion in the graphene electronic structure. This
type of doping involves the replacement of carbon atom with
another atom near the locations of single or multiple open-
ings. Generally heteroatoms (nitrogen, boron, phosphorous,
sulfur, etc.) and metal atoms (gold, platinum, etc.) are used
for this doping. These gap defects in lattice are formed by
directing a beam of electron using scanning transmission
electron microscopy (STEM) or by bombardment of ions
[28].

The unpaired electrons of a pristine graphene are power-
fully attached and passivated in the delocalized 𝜋 structure of
graphene, making it chemically not reactive, which obstructs
its reactivity and absorption capability [21]. The insertion
of heteroatoms can give graphene extremely rich active
sites. The electroneutrality in graphene could be broken by
addition of heteroatom that has a dissimilar electronegativity
compared to the carbon atom. This might create instable
charged zones in it [29], which could function as active
sites. These sites could also be existent as structural defects
that may rise from the strain in the lattice imparted from
the atomic size differences with the dopants [30]. Generally,
the roots of these sites enrich the chemical properties in
graphene for better interaction and simultaneously introduce
a bandgap that introduce semiconducting properties into
graphene; it can thus be utilized in so many applications.
Substitutional doping of graphene with heteroatoms has been
achieved by several approaches including direct synthesis,
solid-phase synthesis, and liquid-phase synthesis. Among all
these approaches the most widely used ones are discussed in
this section.

The direct synthesis method includes CVD and segre-
gation-growth approach. The chemical vapor deposition is
a suitable way for doping different heteroatoms while the
graphene films are produced by catalytic growth mechanism.
This method involves particularly direct incorporation of
heteroatoms into the graphitic carbon lattices [31]. In this
process a metal catalyst is used as the substrate. A gaseous
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Figure 3: Preparation methods of heteroatom-doped graphene. (a) CVD doping experimental setup (reprinted from [31]; copyright 2013,
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source of carbon is then mixed with another solid, liquid, or
gas containing heteroatom at high temperature in the furnace
together (Figure 3(a)). On the surface of the catalyst, these
precursors tend to dissociate and then try to recombine by
precipitation into the heteroatom-graphene [32–35]. CVD
method has been extensively employed for the formation
of nitrogen-doped graphene. Most literature studies predict

this type of substitutional doping of nitrogen may transform
graphene into an n-type semiconductor, complemented by
significant modification of electronic transport and charge
mobility [36–38]. Doping of nitrogen in graphene results
in a transition from metal to semiconductor, which has a
bandgap varying till 5 eV, thus increasing probable applica-
tions of graphene in mostly electronic and optoelectronic
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side [39]. The CVD approach enables the growth and doping
simultaneously and thus allows controllable doping. This is
a complex process which needs high operating temperature.
Waste gases and hazardous materials are sometimes also
produced in this process. This method involves high cost
and usually yield is low [35, 40–45]. The segregation-growth
approach is one more significant approach to synthesize
doped graphene through direct synthesis.Thismethod allows
the selective doping of graphene through the incorporation
of heteroatoms into specific areas of the graphene surface
[46]. In a recent study Zhang et al. produced nitrogen-doped
graphene through this segregation-growth method [47]. In
their study they squeezed C-containing Ni layers and the N-
containing B layers through thermal annealing. This process
formed uniform N-doped graphene which exhibited a sub-
stantial bandgap of 0.16 eV. This method provides the option
of controlling the concentration and position of dopants.The
resultant doped graphene has application in FET [47].

The solid-phase synthesis involves reactions at high tem-
perature including thermal annealing and arc-discharge
method [48]. The thermal annealing of GO or reduced
GO is effective in attaining doping with heteroatom when
suitable precursors are present. Thermal annealing is the
method of producing heteroatom-doped graphene using
high temperature. For instance, nitrogen-doped graphene has
been obtained by Wu et al. by annealing reduced GO in NH3
and argon atmosphere at 600∘C [49]. Porous silica was used
by Yang et al. to confine GO sheets for N- or S-doping for
avoiding aggregation and ensuring free gas transport during
the annealing process. S-doping was found to be less effective
compared to N-doping, and it forms thiophene-like structure
at the defect sites (Figure 3(b)) [50]. Thermal annealing
method gives wide choices of dopant precursors (gases,
liquids, or solids). It provides controllable doping. Although
high temperature is required in this process it is still helpful
to recover sp2 carbon network [51–59]. The arc-discharge
approach is one more significant approach to synthesize
doped graphene [60]. This method produces heteroatom
reactive radicals for the doping. Arc-discharge method may
obtain doped graphene by evaporating the carbon source
at high temperature. Nitrogen-doped graphene is widely
produced by the arc-dischargemethod. Rao et al. successfully
synthesized nitrogen-doped graphene by application of this
technique in the presence of NH3 or vapor of pyridine [61,
62]. Li et al. have produced multilayered nitrogen-doped
graphene sheets by this method where NH3, used as buffer
gas, acts as N precursor [63]. Arc-discharge approach has also
been applied to prepare boron-doped graphene. For example,
Panchakarla et al. have prepared bilayer graphene with boron
doping by arc-discharge method in the presence of H2 and
B2H6 where a boron-filled graphite electrode was used [62].
Thismethod givesmass production. However it requires high
voltage or current. The main limitation is low doping level.
Thismethod is generally applied formultilayer graphene [62–
64].

The liquid-phase synthesis involves hydrothermal and
solvothermal treatment [48]. The solvothermal synthesis
was first applied for the production of gram-scale graphene
[65]. Currently, the gram-scale production of nitrogen-doped

graphene is attained through using the method at nearly
300∘C. Nitrogen-doped graphene with varying content of
nitrogen was achieved by mixing lithium nitride with tetra-
chloromethane or cyanuric chloride with lithium nitride and
tetrachloromethane [66]. Another solvothermal synthesis
of nitrogen-doped graphene was developed by Deng et al.
under mild condition reaction of the tetrachloromethane
and lithium nitride [66]. Sulfur doped graphene can also be
prepared by solvothermal method. Liu et al. achieved sulfur
doped graphene with pure thiophene S-bonding by a rapid
microwave-assisted solvothermal method using graphene
oxide and benzyl disulfide. This experiment attained a sulfur
doping level nearly at 2.3 percentage in 6 minutes. Doped
graphene prepared by this method develops superior electro-
chemical properties [67].

2.2. Controlled Reduction of Graphene Oxide. Controlled
reduction of graphene oxide (GO) is a possible way to
attain substantial bandgap opening in the graphene structure
among several other approaches [68]. This offers tunable
optoelectrical properties into the structure of graphene.
Modified graphene with this tuned bandgap properties could
be employed in many fields including electronic and optical
devices [69], sensors [70], catalysts [71], and supercapacitors
[72].

Graphene oxides are generally electrically insulating
because of the existence of substantial sp3 hybridized carbon
atoms bonded with oxygen. The alteration of sp2 and sp3
carbon segments present in graphene oxide are beneficial
for the manipulation of its bandgap therefore controlling
the transformation of graphene oxide from an insulator to
a semiconductor [73]. Reduction of graphene oxide cre-
ates numerous defects in the lattice of graphene, which
further may affect the resultant transportation properties.
The energy gap in GO might be tuned through regulating
the reduction extent. The bandgap engineering probability
within the GO is of attention due to its application in
several sectors including electronic and photonic devices.
GO can go through controlled reduction for obtaining the
semiconducting properties in its structure [74, 75]. Various
reduction methods have been proposed for this purpose.The
chemical and thermal reduction routes are mostly implied
ones among all reduction approaches.

2.2.1. Chemical Reduction. Chemical reduction is advised
as very simple and reasonable solution-processing approach
that is able to be performed at low temperature and may
imply wide-ranging reductants [70, 76]. Controlled chemical
reduction of GO leads to substantial bandgap opening in the
structure. GO experiences the transition from insulator to
semiconductor and then to semimetal with large-scale reduc-
tion. The variation in the transportation gap moves from
insulating to semiconducting range and advances to zero
with extensive reduction [73].Therefore proper control in the
reduction process is important for tuning the semiconducting
properties in GO.

A recent study demonstrated the evidence of controlled
removal of chemical functional groups from the surface of
GOby the chemical reduction ofGO [77].This study has used
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Figure 4: Controlled chemical reduction of GO. (a) Structural model of GO with the carbonyl (green), phenols (orange), tertiary alcohols
(gray), and epoxide (red) functional groups (reprinted from [78]; copyright 2009, Nature Publishing Group). (b) Change in optical bandgap
on disclosure to hydrazine vapors (reprinted from [77]; copyright 2012, American Chemical Society).

hydrazine vapors as a reducing agent for stepwise removing
the functionalities (Figure 4(a)) in GO at room temperature.

The data from this study showed that carbonyl groups are
the most reactive to hydrazine vapors and they were the first
that were reduced at eight hours. Next reduced groups were
the phenolic group that were reduced after sixteen hours.
Then the epoxy groups are reduced at 21.5 hours.The tertiary
alcohols take the longest to be reduced and are reduced after
108 hours of exposure. The optical-gap variation during the
reduction process with hydrazine vapor is summarized in
Figure 4(b). The initial insulating properties of GO (∼3.5 eV
at 0 hours) are indicated in the figure. In the first 4 hours, a
noteworthy reduction has been observed in the optical energy
gap (∼3.0 eV at 4 hours).

The optical energy gap value close to semiconductor
characteristics (∼1.6 eV at 30 hours) resulted from the con-
sequential elimination of the phenolic and epoxy groups.The
radical decrease in bandgap decelerates after this point, nearly
after forty-five hours. This provides a qualitative knowledge
about the challenges related to the elimination of the tertiary
alcohol. After completely removing the functional groups, the
bandgap decreases to nearly 1 eV at 108 hours [77].

This study provides the information of the bandgap
control at different stages of reduction, which creates the
potentials for alternating chemical configuration of graphene
and GO, and regulating their electric and optical properties
aimed at their use in a wide range of applications [79, 80].

2.2.2. Thermal Reduction. Thermal reduction is usually
attained by heating GO in the presence of inert atmosphere
at high temperature [81–83]. Appropriate control in the
reduction process is important for tuning the semiconducting
properties in GO, as extensive reduction may result in zero
bandgap in the structure.

The gradual transition of GO from electric insulator
to semiconductor and further to semimetal like graphene

with thermal reduction was reported in a study by Jung
et al. The results suggested a close correlation among the
electrical properties and the chemical structure of GO [84].
Another study by Eda et al. extended the works of Jung et
al. which provided a whole scenario of transportation in GO
at different extents of reduction. In particular, they reported
the dependence of the transportation properties in GO on
temperature as a function of the reduction treatments. At low
temperature, a transportation gap was observed for moder-
ately reduced GO.The energy gap was found to be dependent
on the degree of the reduction process. The transport gap
seems to be ranging from 10 to 50meV and advances towards
zero with large-scale reduction treatment. Proper regulation
in the thermal reduction process is able to generate bandgap
in GO and induce semiconducting properties in it [73].

Thermal reduction of GO-based composites is a popular
method to fabricate 3D graphene networks [85].Thismethod
needs the construction of a GO-based composite and then
reduction of the GO for the production of the 3D graphene
networks. A challenge in making 3D networks via thermal
reduction frequently results in collapse of the pore structure
without a support, which must be subsequently removed.
However, it is hard to remove the supportmaterial completely
and the residual would influence the thermal and electrical
properties of reduced graphene oxide. Zhang et al. recently
implied a method using NC as support materials (Figure 5).
NC is an energetic material fill and GO forms a composite
material with NC with easy dispersion. NC is easily decom-
posed during the thermal degradation of the composite and
thus provides an efficient technique for reducing GOwithout
any support [85].

2.3. Functionalization of Graphene. The functionalization of
graphene via chemical methods suggests an alternatemethod
to govern its electronic characteristics. In the process of
functionalization of graphene, sp2 network is converted into
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Go-NC composites 3D graphene networks

Heating

Figure 5: Synthesis of 3D graphene network by thermal reduction (reprinted from [85]; copyright 2014, American Chemical Society).

sp3 structure with the transformation of metal characteristics
in graphene towards insulating. The metallic properties of
graphene are able to be altered to semiconducting by apposite
surface functionalization [86, 87]. Furthermore, the large
surface exposure can be attained via attachment with other
functional groups on graphene or graphene derivatives [88].
By functionalization, graphene surfaces or edges become rich
in functional groups, which helps the tuning in molecular
level [89]. Graphene could be functionalized by covalent,
noncovalent, and also some further approaches that come
across the precise necessities of diverse types of applications.
Functional group is able to widen the characteristics of
graphene by the development of graphene donor-acceptor
complex, which gives tunability in electrical conductivity and
photovoltaic and optical characteristics [90]. Functionaliza-
tion of the sheet of pure graphene is very challenging and
sometimes almost impossible because of the poor solubility.
The GO sheet having reactive groups (carboxylic acid as well
as hydroxyl and epoxy groups on its edge and basal plane,
resp.) is one of the utmost common starting materials for
graphene functionalization.

2.3.1. Covalent Functionalization. Covalent interaction in-
volves covalent bond formation either at the basal planes or
at the edges of graphene. Graphene derivatives that are cova-
lently attached are formed through attachment of molecular
groups or atoms to sp2 carbons. This conversion upholds
the graphene two-dimensional lattice. However there are
significant alterations to the characteristics of graphene
because of the loss of the 𝜋-electron cloud existing in the
structure of graphene (above and below). Functionalization
of graphene can be achieved through the reaction with
unsaturated 𝜋-bonds present in graphene, the oxygen atoms
on GO, and organic functional moieties [91, 92]. These
reactions transform sp2 carbon atoms to sp3 hybridization,
generating nonconducting and semiconducting areas in the
layers of graphene [93]. Literature shows that most of the
study focuses on the covalent-linkage among the oxygen
moieties in GO as well as other functional groups [90, 94, 95].

Covalent functionalization of graphene with organic
compounds has been used to utilize semiconducting appli-
cation of graphene. In a recent study, Yu et al. have explored

a new class of charge transport materials in PSCs [96]. They
have chemically grafted CH2OH-terminated region regular
poly(3-hexylthiophene) (P3HT) onto carboxylic groups of
GO via esterification reaction (Figure 6(a)). A bilayer pho-
tovoltaic device established on this functionalized compound
showed two hundred percent increment in the power conver-
sion efficiency compared to the P3HT/C60 counterpart.

The significant improvement in the performance of this
device is attributed to the strong electronic interaction
and good matching in the bandgap among the P3HT and
graphene to increase charge transportation. The energy level
diagram is shown in Figure 6(b) for the G-P3HT/C60 device.
This experiment demonstrates that derivatives of graphene
could be utilized as effective hole transporting material
in the active layer of PSCs [96]. Recently, Zhang et al.
have also exploited the functionalization of graphite oxide
with fullerene via the covalent fisher esterification reaction.
This covalent bonding 2D graphene with 0D fullerene is
anticipated to bring together some novel characteristics into
the structure of graphene and display enormous prospective
in solar cells, hydrogen storage, and sensors applications [97].

2.3.2. Noncovalent Functionalization. For the modification
of graphene sheets, noncovalent functionalization reactions
are also frequently utilized. With respect to the covalent
modification, these noncovalent approaches do not interrupt
the novel sp2 structure of graphene, which furthermost
retains the high electrical conductivity. The noncovalent
interactions between graphene and other functional groups
generally involve 𝜋-𝜋 stacking [98, 99], hydrogen bonding
[100–102], van der Waals interaction [101, 103], and elec-
trostatic forces [85, 100, 104]. Among these methods, 𝜋-𝜋
stacking and electrostatic interaction are most commonly
used for the semiconducting applications [105, 106]. Recently,
Zhang et al. have noncovalently functionalized graphene
with semiconducting fullerene via 𝜋-𝜋 interaction and inte-
grated this compound into the epoxy composites [107] and
conjugated polymer [108] to enhance the thermoelectric
performance of the polymer materials. Zhang et al. have also
successfully demonstrated the successful enhancement of
the thermoelectric properties of rGO𝑥/F-C60𝑦 nanohybrids
prepared by a noncovalent lithiationmethod [109] (Figure 7).
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Figure 7: Band structure modulation of rGO through F-C60 (reprinted from [109]; copyright 2015, Elsevier).

This interactionwith semiconducting nanoparticles increases
the bandgap of graphene to 2.9 eV and demonstrates p-type
characteristics.

Noncovalent functionalization can be implied to graphe-
ne by using different types of organicmodifiers. Table 1 shows
different noncovalent modification of GO using different
modifying agents with the changes in electrical conductivity.

3. Application of Semiconducting Graphene

3.1. Fuel Cell. Fuel cells directly convert chemical energy
into electrical energy to provide a green solution to the
environment. This process involves high energy conversion
by oxidizing at the anode (H2 gas) and reducing at cathode
(O2 gas) [118].The electrical power is provided by the electron
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Table 1: Electrical Conductivity of noncovalent functionalized GO
with different modifying agents.

Modifying agent Conductivity (Sm−1) Reference
SPANI 30 [110]
PMMA 2.47 × 10−5 [111]
PVA 9 × 10−3 [112]
PE 10 [113]
PET 2.11 [114]
PBA 200 [115]
Amine terminated polymer 1500 [116]
PIL 3600 [117]

current that comes from the anode while proton reduces
oxygen and generates water at the cathode [118]. The oxygen
reduction reaction (ORR) is a slow reaction (rate-limiting
step) on the cathode that can be fast in the presence of a
considerable quantity of catalyst. Pt is themostly used catalyst
for this process; however its high price is a limitation to
commercialize the application of the fuel cells.

In recent research proposals carbon based materials
are being considered to replace platinum based electrodes
in the fuel cells as reasonable catalysts with exceptional
performance.This accompanies the progress of carbon based
electrocatalysts for ORR [119, 120]. Literature study revealed
that pristine graphene is not effective in facilitating electron
transfer and thus catalytic activities towards ORR are absent
in it [121]. Structural modification in graphene (such as
doping, functionalization) could cause electron modulation
to convert it into efficient electrocatalyst for oxygen reduction
reaction (ORR) through achieving required electronic struc-
tures for catalytic activity [32].

Doping of graphene with heteroatoms may increase the
catalytic activity of graphene in oxygen reduction reaction
process.The doping-induced ORR improvement mechanism
is still not entirely figured out. Multiple steps and numerous
intermediates are assumed to be involved with the ORR
method depending on the surface chemistry of the catalyst.
Considering a general 4-electron pathway, first the oxygen
is absorbed on the catalyst surface and then reduced into
hydroxyl group. The oxygen adsorption and cleavage in
oxygen-oxygen bond are promoted by heteroatom dopants
(including N-, B-, S-, P-, and Se-doped graphene) due to
the charge-polarization of the bond between heteroatom
and carbon [122, 123] and/or increase in spin density [124,
125]. Heteroatom doping in graphene could also increase
the selectivity, stability, and electrochemical window along
with the improved catalytic activity for ORR. Consequently
graphene materials doped with heteroatoms have possibility
of being applied in fuel cells to replace the currently used
Pt catalysts. For instance, codoping of graphene with N and
S exhibits exceptional activity towards the oxygen reduction
reaction, compared to regular platinum based catalysts. This
heteroatom-doped material could be a promising cathodic
ORR electrocatalyst for fuel cells due to its simple produc-
tion method, reasonable price, and high performance [126]
(Figure 8(a)).

The electrocatalytic activities of graphene in oxygen
reduction reaction have also been observed through nonco-
valent functionalization along with doping which involves
intermolecular charge-transfer in the process and causes little
or no change to the graphene structure. For instance, a
very simple method to chemically functionalize heteroatom-
doped graphene sheetswith small organic-molecules for their
implication as electrocatalysts for the ORR was presented by
Ulsan National Institute of Science and Technology (UNIST)
research team (Figure 8(b)).They confirmed that, by the vari-
ation in the amount and arrangements of the N-dopant, the
electrochemical performance can be enhanced. Furthermore,
this method was extended to the doping graphene with other
heteroatoms, such as- B- and S-doped graphene. Greater
stability was seen from the N-doped graphene nanosheets in
contrast with regular Pt/C catalysts.

To understand the complete mechanism of this catalytic
activity and the enhanced lifetime of the fuel cells, additional
study is needed. Further research in this developing arena
may be proved to be advantageous for fuel cell technology
with metal-free graphene-based ORR catalysts.

3.2. Solar Cell. Doped and functionalized graphene with
semiconducting properties has remarkable implication in
solar cell [127]. Atomic doping may bestow graphene with n-
type or p-type semiconducting performance. Consequently,
these resultant doped compounds could be implied for p-n
junction solar cells. Doping enhances the catalytic activity as
well as work function in graphene [128–130]. In a recent study
a boron-doped graphene has been used as a p-type electrode
in solar cells through interfacing boron-doped graphene with
n-type Si (Figure 9(a)) [128]. Immense development in the
solar cell performance has been experienced due to the
improved electrical conductivity in the cell.

Functionalized graphene-based materials are also used
for application in solar cells. For instance, polymer solar cells
(PSCs) apply a hole-extraction layer among the electrode
and the active layer to facilitate the charge collection by
electrode [131]. The major role of these layers is to minimize
the energy barrier for the extraction of charge carrier. These
graphene layers develop very selective interaction for the
holes and block the electrons near the electrode. Therefore,
the graphene layers modify the morphology of the active
layer. Functionalization of graphene/GO in a controlled
way has been observed to be advantageous for the charge
extraction and active layers in polymeric solar cells [96, 132].
For instance, in a recent study chemically grafted poly(3-
hexylthiophene) (P3HT) onto GO has been observed to give
200% rise of the power conversion efficiency (PCE) compared
to the counterpart P3HT/C60 [96]. This improvement in
the performance of the device is attributed to the firm
electronic interaction and great coordination in bandgap
among the graphene and P3HT to increase charge transport
[96]. Another study using a covalently attached C60 onto
graphene in the active layers of a P3HT-based polymer
solar cell as electron acceptor resulted in 2.5-fold rise in the
PCE [96, 133] (Figures 9(b) and 9(c)). Consequently, C60-
grafted graphene has been acted as an excellent electron
accepting or transporting materials in polymer solar cells



10 Journal of Nanomaterials

O2 + H2O OH−

4e−

S O

C

N

(a)

O

NH

NH

N

NH

N
N

Anode reaction Cathode reaction

H2 O2

Fuel cell
Metal-air battery

Heteroatom-doped graphene nanosheet

O

O

O

O O

O

O

O

O

O

O

OH
OH

OH

OH

OH

OH

O−

O−

O−

O−

H

H

NH3
+

NH3
+

NH3
+

NH3
+

HN

+H3N

+H3N

Chemically functionalized graphene oxide nanosheet

2H2 → 4H+ + 4e− 2O2 + 4e− + 4H+ → 2H2O

(b)
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and many other optoelectronic devices. These efforts point
out that functionalized semiconducting graphene is able to
be operated in the active layer of PSCs as effective hole
transportation materials.

3.3. Thermoelectric Devices. Thermoelectric devices directly
convert the temperature gradient into electric potential dif-
ference. These devices are mainly used for heating or cooling
purposes. They have vast applications in many industries
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including automotive and power generation [135]. The ther-
moelectric effect is seen in many thermoelectric materials
(TE) [136]. Among them organic TE have received consid-
erable attention as a result of their abundance, environment
friendliness, and characteristic of being easily processable,
but the prospective of these materials is considerably limited
due to the insufficient thermoelectric properties. In a recent
study, Zhang et al. have enhanced the thermoelectric perfor-
mance by integrating noncovalently functionalized graphene
with fullerene by 𝜋-𝜋 stacking into a conjugated polymer,
PEDOT:PSS (Figure 10). Proper controlling of the fullerene-
graphene ratio in this nanohybrid can result in a synergistic
effect which may enhance the overall thermoelectric proper-
ties [108].

3.4. Supercapacitors. Energy storage has also dominant im-
portance in addition to the energy conversion devices
(including fuel cells, solar cells) mentioned before. Super-
capacitors and batteries have drawn significant attention as
energy storage devices due to their long lifecycle and high
power density. Supercapacitors are the lower energy storage

devices which possess greater energy delivery capability [137,
138]. These devices require high power delivery capability,
high energy storage capacity, and long cycle of life for their
applications in large scale. Recently graphene has been used
in supercapacitors because of its greater electric double-
layer capacitance (EDLC) [139–141]. Although the applica-
bility of graphene-based materials in supercapacitors has
encountered some significant challenges, pristine graphene
is chemically inert and does not offer any electrochemical
capacitance (pseudocapacitance). Therefore, functionalized
or doped graphene materials are proved to be favorable for
the application in supercapacitors due to their greater EDLC
and presence of pseudocapacitance [142].

Some substantial quantity of deviations in the struc-
ture of graphene could be introduced by doping for the
use of graphene in supercapacitors. Literature reveals that
heteroatom-doped graphene (B-, N-, and P-doped graphene)
offers increased stability, improved conductivity, and better
chemical reactivity compared to pristine graphene. These
materials are more advantageous to be used in supercapaci-
tors as they enhance electrochemical activity, lower charge-
transfer resistance, and improve conductivity compared to
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Figure 10: Graphic representation of transportation of the carrier in an orderly polymer film, reduced GO polymer, and a polymer composite
filled with C60/rGO nanohybrids (reprinted from [108]; copyright 2013, Nature Publishing Group).
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Figure 11: (a) Schematic representation of an assembled structure of a supercapacitor, with the SEM image in the top-view (reprinted from
[147]; copyright 2011, American Chemical Society). (b) Illustration of a supercapacitor model which consists of GO electrodes (ten percent
oxidation) with pure EMI+BF4− (reprinted from [149]; copyright 2013, American Chemical Society).

pure graphene [143–146]. Study demonstrates that super-
capacitor based on graphene doped with nitrogen showed
fourfold greater capacitance compared to its counterpart
based on pure graphene [147] (Figure 11(a)). These materials
may expedite electron transfer, lower the charge-transfer
resistance of the electrode, and thus improve the capacitance
[147, 148].

Influence of codoping of graphene with two or more
atoms is also observed in different studies. For example,
another experiment showed that an electrode based on B

and N codoped graphene resulted in capacitance way higher
compared to counterpart electrodes of pristine graphene
or only boron-doped graphene or only nitrogen-doped
graphene. This might be due the synergetic effects among
the two codopants. When these electrodes are implied in
supercapacitors they seemed to attain increased energy and
power density [143].

Controlled oxidized graphene is also used in semicon-
ducting applications. Recently, Deyoung et al. revealed the
dependency of capacitance on the oxidation extent [149]
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(Figure 11(b)), since oxidation modifies the ion accessibil-
ity towards electrode surface. This method demonstrates
excessive potential to catalyze electrode optimizations, even
though there are restrictions in the parameters measured for
the calculations.

3.5. Lithium-Ion Batteries. Lithium-ion batteries are regard-
ed as energy storage devices with high energy storage capacity
and poor energy delivery capability [138]. In a lithium-ion
battery during charging, ions move to the anode from
cathode and go in the reverse direction during discharging.
Pure graphene materials possess low binding energy towards
lithium-ion and high energy barrier for the penetration of
ions through the graphene sheet. Therefore, they are not
appropriate for lithium-ion storage [150–152]. Modified
graphene and carbon materials are often used in lithium-ion
batteries [153]. The presence of defects in graphene material
allows lithium-ion penetration and prevents clustering of
lithium as firm contact exists among the lithium and defect
sites [151]. However the number of defect sites should be
controlled to avoid some difficulties [154].

Heteroatom doping has been proved to maintain optimal
balance between storage of lithium and diffusion for elec-
trodes [155].Theoretical and experimental study showed that
lithium atom is a potent electron donor.Therefore the storage
capacity is increased in case of doping of graphene with an
electron-deficient atom (such as boron) [156]. This restricts
lithium diffusion (delithiation) though increasing binding
energy among lithium and boron-doped graphene. So overall
these materials enhance the battery capacity [156]. Nitrogen-
doped graphene shows reduced storage capacity but more
efficient delithiation which may be due to the decreased
binding energy and the electrostatic repulsion between
lithium and nitrogen. Therefore, these materials increase

the charge/discharge rate performance [150, 156, 157]. Func-
tionalized graphene and chemically modified graphene elec-
trodes are also used in Li-ion batteries for better performance.
These modified graphene electrodes provide better paths for
electrons and ions conduction in batteries, therefore intro-
ducing greater capacity as well as improved rate capability.

Lithium-ions and electrons are reserved at comparatively
higher potential in the functional groups on the surface
of graphene in the functionalized graphene cathode, while
in the reduced GO anode. Lithium-ions and electrons are
reserved at comparatively lower potential on the graphene
surface. An all-graphene-battery was prepared by Kim et al.
through joining a reduced GO anode with a functionalized
graphene cathode in lithiated state (Figure 12). This battery
showed improved electrochemical properties. The specific
capacity was almost 170mAhg−1 depending on the cathode
mass, which matched approximately hundred percent imple-
mentation of this cathode [158].

4. Conclusion and Perspective

As discussed in this review, the high surface area, exceptional
mechanical characteristics, and reasonable price of graphene
materials make them promising material for application in
several energy storage and conversion devices. Although
the use of pristine graphene in these electronic application
experiences so many challenges due to the high conductivity
and zero bandgap properties of graphene, different methods
have been developed to overcome these limitations and
introduce a tunable bandgap in graphene to convert it into
semiconducting material. Primarily three major approaches
such as doping, controlled reduction, and functionalization
of graphene are discussed in this article. The enormous
prospects of these semiconducting graphene materials for
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energy conversion and storage applications have also been
explored in this paper. Appropriate surface modification
through doping, reduction, or functionalization may imply
their use in fuel cell, solar cell, thermoelectric devices,
supercapacitors, and batteries.

Despite the tremendous progress made in the field of
semiconducting graphenematerials, still many difficulties are
associated with their synthesis procedure. In case of surface
transfer doping of graphene, the materials do not possess
long-term stability. This is due to the fact that the adsorbed
species may desorb from graphene surface and react with
reactive molecules. The substitutional doped graphene (with
metal or heteroatoms) may have more stability in this case,
as the atoms are attached to the carbon linkage of graphene.
Although the substitutional doped graphene still experiences
some critical challenges in the large-scale production, doping
controllability, and mechanisms. The large-scale production
has been impeded by the requirement of harsh condition and
high temperature. A green synthesis method and controlled
synthesis of doped graphene are highly desirable. Due to the
constant progression of novel materials and innovative appli-
cations, the mechanisms for reactions are still complicated in
many electrochemical systems. Additional investigations in
this interesting field of doped graphene materials will make
contribution to the green energy systems. The controlled
reduction provides a way for mass production of semicon-
ducting graphene. The major challenge of this method is
associated with the effective removal of oxygen-containing
groups and proper control over reduction process, which is
highly significant to appropriately tune the electrical conduc-
tivity into the graphene structure. Moreover, as this process
introduces many defects to graphene, further improvements
are desired to produce semiconducting graphene of high-
quality. The application of semiconducting graphene mate-
rials into energy storage devices also experiences some
major challenges.Though, doped or functionalized graphene
materials are proved to be favorable for the application in
supercapacitors due to the presence of pseudocapacitance
and greater EDLC, however, the mechanical stability of
these compounds is not so high. The use of semiconducting
graphene materials in lithium-ion batteries is also discussed
in this manuscript, although a material with high specific
surface area as graphene may cause some major difficulties,
including high irreversible capacity and SEI formation in the
battery electrodes. In spite of the difficulties, semiconducting
graphene has been considered as an attractive candidate for
energy applications. Our expectation is that this review will
inspire more exciting applications of this growing family of
semiconducting graphene materials.
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For the last ten years, quantum dots modified by biological materials have made it possible to study biochemical processes by
means of biomedical imaging. This thesis introduced how the fluorescence CdTe quantum dots/hydroxyapatite composites were
synthesized and how their structure, morphology, and fluorescence property were characterized by using TEM, XRD, EDS, UV-vis
absorption spectra, and fluorescence spectra.Thefluorescence spectra indicated the superb photometric characteristics of CdTe/HA
composites. We also found that refluxing temperature and time had prominent effects on fluorescence wavelength and intensity
of CdTe/HA composites, so the fluorescence emission wavelength of CdTe/HA composites could be controlled. In addition, the
effect of BSA on the fluorescence properties of CdTe/HA composites was studied. The fluorescent emission intensity of CdTe/HA
composites was enhanced directly with increasing concentrations of BSA; meanwhile, the fluorescence emission intensity of BSA
dramatically decreased, which indicated that a Förster nonradiative energy transfer process occurred through the formation of
chemical bonds between BSA and CdTe/HA composites. And the two-dimensional correlation (2D COS) was used to analyze
the BSA solution before and after the reaction, which indicated that CdTe/HA composites have bound to a site at the surface
of the molecule in the first subdomain IA. We also found that there was a linear relationship between the fluorescence intensity
enhancement (𝐹/𝐹0) of CdTe/HA composites and the concentration of the bovine serum albumin, which might become a method
for quantitative analysis of BSA in a real sample.

1. Introduction

The fluorescent properties of biocompatible nanoparticles
have offered attractive possibilities for medical purposes
(drug and gene delivery applications) and multifunctional
biological imaging to understand the biochemical processes
in vitro and in vivo. Quantum dots have generated great
research interest in the past two decades, due to their desir-
able fluorescent properties (tunable emission spectra, high
photostability, resistance to photobleaching, and controllable
surface characteristics, etc.) [1–9]. However, the application
of quantum dots is limited, due to their characteristics of par-
ticle growth, photoinduced decomposition, biological toxic-
ity, and conjugate aggregation [10]. Ideal biocompatible nano-
particles should have good light stability and particle size in

the nanometer scale and should not be toxic for the organism.
Studies have shown that the nanosized inorganic luminescent
materials, as a new type of biological probes, have the poten-
tial to replace semiconductor quantum dots [11]. Among
inorganic materials, hydroxyapatite (HA in short), which is
themain inorganic component of animal bones and teeth [12,
13], has good biological compatibility and biological activity
[14–17] and can be used as the carrier of gene, drug, and
protein [18–22]. Furthermore, HA has no obvious fluores-
cence emission under the excitation of visible lights, which
ensures that the emission spectrum of fluorescent material
modified by HA is clearly observed and recorded.

Although HA has been widely used to synthesize biologi-
cal luminescence materials such as La series and rare earth
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ions [18, 23–27], based on the substitution of the calcium
ion, there are limited reports on the synthesis of HA/CdTe
quantum dots composites. Jiang et al. [28] conjugated HA
derivatives (adipic acid dihydrazide modified HA, HA-ADH
in short) with QDs through the reaction between amine
group of HA-ADH and sulfo-NHS of QDs (QDs mixed with
EDC hydrochloride and sulfo-NHS). And Li et al. [29] syn-
thesized N-acetyl-L-cysteine-capped CdSe-polyelectrolytes
@ hydroxyapatite composite microspheres through a step-
wise layer-by-layer method; QDs (CdSe quantum dots) were
loaded into the hollow HA microsphere, and polyelectrolyte
layers were used to increase the loading amount and the
electrostatic interaction between microsphere and QDs. In
both researches, the HA and quantum dots were synthesized
separately, and then several steps were used to conjugate
quantum dots with HA. The products fabricated in this
method had a diameter of several microns, and dispersion
and stability depend on the precise control over conditions
such as pH and ionic strength. Additionally, the N-acetyl-
L-cysteine-capped CdSe-polyelectrolytes @ hydroxyapatite
composite microspheres had been applied in detecting cop-
per ion based on the fluorescence quenching of CdSe. To date,
the quantumdots sensors functionedmainly through fluores-
cence quenching [30–35], and the synthesis of thesematerials
with fluorescence enhancement signal has become a new
challenge.

In this aspect, the coprecipitation method was used to
synthesize CdTe/HA composites, and its product has bright
fluorescence emission and good biocompatibility. Notably, a
single light source could excite multicolor emission of dif-
ferent CdTe/HA composites, which clearly made them ideal
candidates for simultaneous multicolor imaging in biological
and medical applications. Furthermore, BSA was demon-
strated as a fluorescence-enhanced reagent for the CdTe/
HA composites and the mechanisms were also discussed.
In addition, the fluorescent emission intensity of CdTe/HA
composites (𝐹/𝐹0) was enhanced linearly with increasing
concentration of BSA, which suggested its great potential in
real sample detection.

2. Experimental Section

2.1. Equipment. Powder X-ray diffraction (PXRD) patterns
were collected on a DX-2700 X-ray diffractometer with
graphite monochromatized Cu K𝛼 radiation (𝜆 = 0.154 nm)
and 2𝜃 ranging from 10∘ to 90∘ with an increment of 0.02∘ and
a scanning rate of 5∘/min. Absorption spectra were acquired
at room temperature using a UV-2550 Shimadzu UV-VIS-
NIR spectrophotometer with a 1.0 cm quartz cell. The trans-
mission electron micrographs (TEM) were recorded with a
Tecnai G220 electron microscope. The fluorescence spectra
were measured on F-280 spectrofluorophotometer equipped
with a xenon lamp and quartz carrier at room temperature,
and the excitation and emission slit were at 2.0 nm (or
5.0 nm). The fluorescence photographs were recorded using
Nikon D7000. Synchronous and asynchronous 2D correla-
tion fluorescence spectra were taken by using Shige software.

2.2. Reagents. 3-Mercaptopropyl acid (MPA) (99+%), tellur-
ium powder (∼200mesh, 99.8%), CdCl2 (99+%), and NaBH4
(99%) were purchased from Aldrich Chemical Co. BSA was
purchased from Shanghai Biotechnology Co., Ltd. BSA pow-
der was dissolved in a 2mmol/L phosphate buffered saline
solution (PBS, pH = 7.4) to obtain 1mg/mL solution and all
the solutions were stored at 0–4∘C and diluted only prior
to their immediate use. All other agents were of analytical
reagent grade and used as they were received. Water used
throughout the test was doubly distilled water (>18MΩ⋅cm).

2.3. Preparation of CdTe Presoma. CdTe presoma was pre-
pared as described in previous papers [36–38]. In brief,
freshly prepared NaHTe solution, produced by reaction of
NaBH4 solution with tellurium powder at a molar ratio of
2 : 1, was added to nitrogen-saturated 1.25 × 10−3mol/L CdCl2
aqueous solution at pH = 11.4 in the presence of MPA as
a stabilizing agent. The solutions were stirred for another
20min and stored at 0–4∘C.

2.4.The Preparation of CdTe/HAComposites. 0.3998 g CaCl2⋅
2H2O was dissolved in 100mL distilled water, the pH value
was adjusted to about 10 using 0.1mol/L NaOH, and 10mL
Na2HPO4⋅12H2O solution (6.071 g/mL) was slowly added to
the flask; this suspended precipitation was stirred for 0.5 h.
Then, CdTe presoma was added to the solution, and the
resulting mixture was then subjected to refluxing (80∘C)
under different refluxing conditions. After filtrating in pump-
ing filtration and drying at 80∘C, orange power was obtained.

2.5. Interaction of BSA and CdTe/HAComposites. 1mg CdTe/
HA composites power was dissolved in 4mL PBS buffer
solution, and pHwas adjusted to 7.4.Then, a series of different
volumes of 50.8 g/L BSA solutions were added to the solution.
Thefluorescence spectra of the resulting solutionswere taken,
after incubation for 10min at room temperature.

3. Results and Discussion

3.1. Characterization of Composites. The CdTe/HA compos-
iteswere synthesized using an inorganic synthesismethod.As
the charge and radius of cadmium ions are similar to those of
calcium ions, cadmium ion alongwith 3-mercaptopropyl acid
and NaHTe could be precipitated along with the formation
of hydroxyapatite. The fluorescence intensity of CdTe/HA
composites did not decrease as the temperature increased,
which indicated that the CdTe quantum dots and HA were
not simple physical adsorption but surface complexation and
ion exchange adsorption through the formation of stable
chemical bond.

Firstly, the product was characterized by TEM and XRD.
As shown in Figure 1(a), the CdTe/HA composites were well
dispersed on the substrate and had rod shapes with average
width of about 5 nm and lengths of about 80 nm. Figure 1(b)
shows that the lattice fringes of CdTe quantum dots had
circular shapes with ∼5 nm diameter, which overlap with the
lattice fringes of HA. Figure 1(c) shows the lattice fringes
of CdTe/HA composites, which indicated that introducing
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Figure 1: TEM image of CdTe/HA composites (a, b, and c); XRD pattern of HA, CdTe, and CdTe/HA composites (d); EDS spectrum of the
CdTe/HA composites (e); the fluorescence emission spectra of six distinguishable CdTe/HA composites and their fluorescent photograph
excited with a near-UV (365 nm) lamp (f).
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Figure 2: Fluorescence spectra of HA, CdTe quantum dots,
CdTe@HA composites, and CdTe/HA composites.

CdTe did cause little lattice distortions of the HA. Figure 1(d)
shows the XRD pattern of HA, CdTe, and CdTe/HA compos-
ites. HA synthesized without CdTe under the same exper-
imental condition was used as a control. When compared
with the standard data, all of the characteristic diffraction
peaks could be indexed to hexagonal HA with diffraction
peaks at 2𝜃 = 25.8, 31.7, 39.6, 46.7, 49.6, and 53.2∘ (JCPDS
number 09-0432), and no other phases could be detected.
Figure 1(d) also illustrates a typical XRD pattern of CdTe
prepared by a hydrothermal method, which could be indexed
to the cubic structure of CdTe (JCPDS card: 01-075-2086).
Due to the larger proportion of HA on the surface of the
final products, the diffraction peaks of CdTe could hardly be
found in XRD pattern of CdTe/HA composites. Also, EDS of
the final product indicates the existence of Ca, P, O, S, Cd,
and Te, confirming the detectable levels of ions within the
CdTe/HA composites (see Figure 1(e)). Figure 1(f) shows the
fluorescence spectra of 6 distinguishable CdTe/HA compos-
ites; from left to right (green to red), the emissionmaxima are
located at 516, 539, 559, 583, 594, and 606 nm.Thefigure in the
inset shows that these 6 distinguishable fluorescence emission
colors observed from CdTe/HA composites are excited with
a near-UV (365 nm) lamp.

Although HA alone could adsorb CdTe quantum dots
due to a physical adsorption process, the adsorption amount
is very limited and the interaction between HA and QDs is
weak. The CdTe quantum dots (prepared by a hydrothermal
method) were adsorbed directly on the HA (designated
as CdTe@HA composites) for comparison purpose. The
fluorescence spectra observed from different samples are
shown in Figure 2. Compared with CdTe@HA composites,
the CdTe/HA composites exhibit much higher fluorescence
intensity, indicating increased loading amount. A rough
calculation according to fluorescence intensity at 552 nm
suggested that the loading amount could be increased by
w37%. And the CdTe/HA composites power appeared to be
fairly stable over time; when exposed to air for more than

2 months, the fluorescence intensity remained unchanged.
Also, fluorescence emission intensity of CdTe/HA compos-
ites solution was measured, but no significant fluorescent
quenching was observed during a period of 2 h. We assumed
that the HA shell had a dramatic effect on the stability of
luminescent properties compared with crude CdTe quantum
dots. However, fluorescence emission intensity of this mate-
rial showed significant degradation after 3 months, which
showed improved resistance to air oxidation compared with
crude CdTe. Furthermore, from Figure 2, we also found that
there was an increase of half peak width and a decrease of the
fluorescence intensities of CdTe/HA composites compared
with crude CdTe quantum dots in an aqueous solution. This
was probably because of the aggregation of CdTe quantum
dots during the coprecipitation process. Nevertheless, theHA
shell prevented flocculation and kept the structural integrity
of the CdTe cores and was sufficient for fluorescent stability.

The influences of refluxing temperature and time on the
peak positions and fluorescence intensity are illustrated in
Figure 3. When refluxing temperature is 60∘C (Figure 3(a)),
the growth rate is very slow. Even after refluxing for 6 h, the
peak positions of CdTe/HA composites just carry out 11 nm
red shift, but fluorescence intensity increases dramatically.
When refluxing temperature is 80∘C (Figure 3(b)), the growth
rate is faster than that at 60∘C. After refluxing for 6 h, the
peak positions of CdTe/HA composites carry out 60 nm
red shift, but fluorescence intensity increases first and then
decreases.When refluxing temperature is 100∘C (Figure 3(c)),
the growth rate of CdTe/HA composites is faster than that at
80∘C; after refluxing for 3 h, the peak positions of CdTe/HA
composites carry out about 100 nm red shift, and the flu-
orescence intensity also increases first and then decreases.
We realized that, for synthesis of CdTe/HA composites,
refluxing temperature could play a very important role in
the peak positions and fluorescence intensity of CdTe/HA
composites: the higher the refluxing temperature was, the
longer the fluorescent emission wavelengths will be. This
also indicated that the crystal size and growth rate of CdTe
(growing in/on the HA) synthesized at higher temperature
were larger and faster than those at lower temperature [39].
Therefore, only by varying the refluxing temperature could
we control the growth rate of CdTe/HA composites, and by
varying the refluxing time we could control the fluorescence
emission wavelength of CdTe/HA composites in this reaction
system. Note that the half band width changedmarkedly over
time, which suggested that defocusing of size distribution
takes place earlier at higher growth temperature. But when
refluxing temperature was 100∘C, it was difficult to control the
morphology of as-prepared CdTe/HA composite. So, reflux-
ing temperature of 80∘C was employed for all subsequent
studies to obtain different emission wavelength products.

3.2. The Effect of BSA on the Fluorescence Spectrum of CdTe/
HA Composites. There are sulfhydryls on the surface of BSA;
sulfur and tellurium (tellurium is one of the metal elements
in the CdTe quantum dots) belong to the same main group,
which have similar chemical properties, so sulfur could
combine with cadmium on the surface of CdTe quantum
dots through a chemical bond. So, we studied the effect of
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Figure 3: The effects of heating temperature on the wavelength (red triangle) and fluorescence intensity of CdTe/HA composites (black
square) (temperatures of (a) 60∘C, (b) 80∘C, and (c) 100∘C).

BSA on the fluorescence intensity of as-prepared CdTe/HA
composites. Interestingly, fluorescence emission of CdTe/HA
composites was enhanced obviously in the presence of BSA.
As reaction requires time to be consummated, an equilibrium
time of 10min was employed for all subsequent studies to
obtain consistent results. And it is well known that QDs are
pH sensitive [40]; the following experiments were carried out
in PBS buffer solution (pH = 7.4).

We then investigated the concentration-dependent fluo-
rescence enhancement of CdTe/HA composites in the pres-
ence of BSA. As shown in Figure 4(a), the fluorescence
emission of the CdTe/HA composites is reduced slightly at
first and then is enhanced with increasing BSA concentration
(as stated in the literature [41], a similar phenomenon
of fluorescence-enhanced sensor has been reported). Fig-
ure 4(b) shows that the fluorescence emission intensity of
CdTe/HA composites is enhanced directly with increasing
quantities of BSA. Furthermore, the intensity increased
(𝐹/𝐹0) almost linearly against the concentrations of BSA over
a concentration range from 0.05 g/L to 0.45 g/L (𝑅 = 0.9906)
(Figure 4(c)), which could be used for quantitative analysis
of BSA. The equation [30, 42] LOD = (3.3𝜎/𝑘) is used to
calculate the limit of detection (LOD), where𝜎 is the standard
deviation of the 𝑦-intercepts of the regression lines and (𝑘) is

the slope of the calibration graph. Here, the LOD of 0.25mg/
mL for BSAdetermination is 0.032 g/L.Although thismethod
shows no advantage in linear range and the limit of detection,
we do provide a new and simple method for quantitative
analysis of BSA, and more detailed research will be done in
the future.

3.3. Fluorescence Changing Mechanisms of CdTe/HA Compos-
ites and BSA. In addition, we measured the UV-vis spectra
of CdTe/HA composites with and without BSA (Figure 5(a)).
Distinctly, compared with the maximum absorption spec-
trum of BSA and pure CdTe/HA composites, besides the
characteristic band of BSA at about 280 nm, a new band
at 404 nm could be observed, implying the absorption of
BSA onto CdTe/HA composites. Note there is an appreciable
spectral overlap between the emission spectrum of BSA and
the UV absorption spectrum (or the excitation spectrum)
of CdTe/HA composites (as shown in Figure 6), and the
fluorescence intensity of BSA decreases (Figure 5(b)) with the
enhancement of the fluorescence emission of the CdTe/HA
composites. All these meet the requirement for FRET, so we
supposed that a Förster nonradiative energy transfer (FRET)
process occurred through chemical interaction between BSA
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Figure 4: Fluorescence emission spectra of CdTe/HA composites (0.25mg/mL) measured with (solid line) and without (dash line, 0.05 g/L
BSA) BSA solution (a). Fluorescence emission spectra of CdTe/HA composites (0.25mg/mL) with different amounts of BSA (0.05 g/L,
0.1 g/L, 0.15 g/L, 0.2 g/L, 0.25 g/L, 0.3 g/L, 0.35 g/L, 0.4 g/L, and 0.45 g/L); an excitation wavelength of 380 nm was used for all samples (b).
The relationship between concentrations of BSA and 𝐹/𝐹0 (c).

and CdTe/HA composites.The efficiency (𝐸) of energy trans-
fer between the donor (BSA) and the acceptor (CdTe/HA
composites) can be measured experimentally and calculated
by (1) [43], where 𝑟 is the distance between the donor and
acceptor and 𝑅0 is the donor-acceptor distance at 50%:

𝐸 = 1 − 𝐹𝐹0 =
𝑅06
𝑅06 + 𝑟6 , (1)

𝑅0 = 0.211 (𝑘2𝜂−4𝜙𝐷𝐽 (𝜆))1/6 (in Å) . (2)

𝑅0 could be calculated by (2), where 𝜂 = 1.336 is the
refractive index of the medium, 𝑘2 = 2/3 is the orientation
factor, and 𝜙𝐷 = 0.13 is the quantum yield of the donor in

the absence of the acceptor.The spectral overlap integral 𝐽(𝜆)
between acceptor emission spectrum and donor absorbance
spectrum was approximately calculated by origin software.
In this study, we calculated 𝐸 = 0.9709, 𝑅0 = 4.775 nm,
𝑟 = 3.080 nm, and 𝐽(𝜆) = 5.94×1015 cm−1⋅nm4.The values of
𝑅0 and 𝑟were on the 2–8 nm scale and 0.5𝑅0 < 𝑟 < 1.5𝑅0.The
value for 𝑅0 was less than 5.0 nm, which indicates that
efficient energy transfer takes place between the donor-accep-
tor pair [44]. According to the prediction of the Förster non-
radiative energy transfer theory, these results indicate that
the energy transfer between BSA and CdTe/HA composites
could occur with high probability, resulting in the fluores-
cence quenching of BSA and fluorescence enhancement of
CdTe/HA composites.
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Figure 5:UV-vis absorption spectra of BSA,CdTe/HAcomposites, andBSAwithCdTe/HAcomposites (a).Thefluorescence emission spectra
of BSA and CdTe/HA composites (𝜆ex = 280 nm) (b).
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Figure 6: UV absorption spectra of CdTe/HA composites (solid
line), the fluorescence emission spectra of BSA (dash line, 𝜆ex =280 nm), and the excitation spectrum of CdTe/HA composites (dot
line).

Meanwhile, we found that the quenching extent of the
fluorescence intensity of BSA is not in proportion to the
enhancing of CdTe/HA composites. It is apparent that other
types of quenching mode, in addition to FRET, need to be
considered as contributing factors in the quenching of the
BSA emission. The 2D correlation technique was introduced
to explore the quenching mechanism (as shown in Figure 7).
Synchronous and asynchronous 2D correlation fluorescence
spectra of pure BSA (as shown in Figures 7(a) and 7(b)) and
BSA with CdTe/HA composites (as shown in Figures 7(c)

and 7(d)) in aqueous solutions were constructed from the
fluorescence spectra in Figure 8.

Bovine serum albumin (BSA) is composed of three
kinds of intrinsic fluorophores (tryptophan, tyrosine, and
phenylalanine) [43] and contains two tryptophans (Trp-212
and Trp-134) [45, 46]. It is able to assign the peak at 360 nm
to Trp-134, while the peak at 325 nm is assigned to Trp-
212. Because Trp-134 is located at a more polar site of the
protein, the emission peak is at longer wavelength [47]. Upon
excitation at 280 nm, for pure BSA solution, only one peak at
(341, 341) in the synchronous correlation map (Figure 7(a))
and two distinct peaks at (325, 360) nm in the asynchronous
correlation map (Figure 7(b)) were observed, respectively.
So, we can conclude that the fluorescence emission peak at
341 nm is the cocontribution of the two tryptophans involved,
and the overlapped peaks of the two Trp residues can be
distinguished by the 2D correlation technique. For BSA
and CdTe/HA composites mixed solution, only one peak
at (325, 325) was observed in the synchronous correlation
map (Figure 7(c)) and the asynchronous correlation map
(Figure 7(d)), respectively. The fluorescence emission of Trp-
134 should be quenched when BSA was added to CdTe/HA
composites solution and indicated that CdTe/HA composites
were bound to a site at the surface of the molecule in the first
subdomain IA, close to theTrp-134.More in-depth discussion
of the mechanism of the binding between BSA and CdTe/HA
composites should be adopted in the future.

4. Conclusions

We have suggested a new and simple method for the syn-
thesis of CdTe/HA composites. In particular, by varying
the refluxing temperature, we could control the growth rate
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Figure 7:The synchronous and asynchronous 2D correlation fluorescence spectra of BSA solution (a, b) and BSA with CdTe/HA composites
solution (c, d), constructed from the fluorescence spectra in Figure 8.

and emission wavelength of CdTe/HA composites. Besides,
the fluorescence emission intensity of CdTe/HA composites
can be enhanced by BSA, the mechanism of which was
explained by FRET theory and two-dimensional correlation
(2D COS) analysis. We believed that CdTe/HA composites
did have a great potential in multicolor imaging and would
be suitable for the further biological applications. But the
binding mechanism between BSA and CdTe/HA composites

and the application of this method in in vivo optical imaging
are still unknown, and more in-depth researches should be
adopted in the future.
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A facile hydrothermal synthesis with CuSO4 as the copper source was used to prepare micro/nano-Cu2O. The obtained samples
have been characterized by X-ray diffraction, scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
With increasing the reaction temperature and time, the final products were successively Cu2O octahedronmicrocrystals, Cu2O/Cu
composite particles, and a wide range of Cu spherical particles. The gas sensitivity of products towards ethanol and acetone gases
was studied. The results showed that sensors prepared with Cu2O/Cu composites synthesized at 65∘C for 15min exhibited optimal
gas sensitivity. The gas sensing mechanism and the effect of Cu in the enhanced gas response were also elaborated. The excellent
gas sensitivity indicates that Cu2O/Cu composites have potential application as gas sensors.

1. Introduction

Cu2O, a famous p-type semiconductor material, has recently
attracted extensive interests owing to the widespread appli-
cations in solar energy conversion, photocatalysts, sensors,
and lithium ion batteries [1–4], so the preparation of Cu2O
nanoparticles has become a very popular topic in the field
of scientific research. Up to now, many different methods of
synthesizing Cu2O micro/nanocrystals have been reported
[5–15]. Among the various synthesis methods, hydrothermal
synthesis is often used by plenty of researches because
some versatile morphologies and different phases are easy
to get by tuning the reaction elements, such as the growth
temperature and duration time. However, such reports were
mainly devoted to morphology evolution and the photocat-
alytic activities of Cu2O micro/nanoparticles, while the gas
sensitivities of sensors based onCu2OorCu2O-based hybrids
such as Cu2O/Cu composite had seldom been investigated.
Gas sensors, especially metal oxide semiconductor materials,
have aroused most interests due to their advantages of
high response and short recovery time in the detection of
environmental pollution, various harmful gases, industrial
wastes, and so forth. It is generally believed that the sensing
mechanism of metal oxide semiconductor sensor is mainly

involving the modulation performance to the conduction of
semiconductor performed by gas molecules adsorbed on the
surface of sensors. That is, the surface conductive character-
istics of oxide semiconductor will significantly change before
and after the gas molecules adsorption; and adsorption of
different gas molecules will lead to the different changes of
conductivity. Moreover, the morphologies, species, and the
production process of materials have a great influence on the
sensitivity of sensors. To enhance the sensing properties of
gas sensors, some efforts have been devoted to the synthesis
of some various hollow or porous structures [16–20] or to the
incorporation with precious metals, such as Au [21, 22] and
Ag [23, 24]. During the past ten years, some semiconductor
oxides, such as SnO2 [20, 25–27], ZnO [28–30], In2O3 [31, 32],
and WO3 [33–36], have been intensively investigated. How-
ever, the performance and fundamental understanding of
micro/nano-Cu2O-based sensors are still in the elementary
stages. In the field of gas-sensing, Cu2O crystal has great
potential applications in detecting pollutant gases consider-
ing its low cost and significant surface reactivity with both
reducing and oxidizing gases, and further investigations are
very necessary to improve the theory of gas sensitivity of
Cu2O crystals.
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Table 1: The crystal structure and morphology of samples synthesized at different condition.

Samples Temperature (∘C) Time (min) Product Morphology
S1 20 30 Cu2O Octahedral
S2 65 15 Cu2O/Cu Octahedral/sphere
S3 65 30 Cu Solid/hollow sphere
S4 80 9 Cu Sphere
S5 80 30 Cu Sphere

In this paper, Cu2O micro-octahedron, micro/nano-
Cu2O/Cu composite particles, and Cu spherical particles
were obtained with a facile one-pot solution synthesis only by
controlling the reaction temperature and time.The influences
of reaction temperature and time on the morphologies and
phases of the productswere investigated.Acetone and ethanol
gases were selected to be the probe analytes to detect the gas
sensitivity of products.

2. Experimental Details

2.1. Synthesis of Cu2O, Cu2O/Cu, and Cu Microstructures. In
our facile one-pot experiment, cupric sulfate (CuSO4) was
used as the Cu2+ source and PVP as the soft template. In the
preparation, 0.16 g CuSO4 was dissolved into 100mL deion-
ized water under continuous magnetic stirring. Then 0.18 g
PVP was added into the above solution under continuous
stirring for about 10min. In sequence, 25mL (0.06M) NaOH
solution was added into the above solution, and then the
color of the solution turned to light blue from clarification.
After full stirring, 2mL hydrazine hydrate solution prepared
in advance was added dropwise as the reducing agent. The
solution was then kept at 65∘C in a water bath until numerous
reddish brown particles appeared. After that, it was cooled to
the room temperature naturally and then the final products
were separated by centrifugation and cleaned four times by
filtration with plenty of deionized water and pure ethanol.
Finally, the products were dried in a vacuum oven at 60∘C
for 4 h. The obtained sample at this temperature was named
sample 1 (S1). Adjusting the water bath temperature and
time, samples 2–5 (S2–S5) were achieved correspondingly.
The following procedure was the same as that of S1.

2.2. Fabrication and Measurement of Gas Sensors. The fabri-
cation process of the gas sensor was similar to that reported
before by Wan and was briefly described [37]: The products
were dispersed in a suitable amount of deionized water to
form a paste. Then the paste was coated uniformly on the
external surface of the ceramic tube with Au electrodes and
Pt wires. To keep the sensor working at elevated temperature,
a Ni–Cr coil heater was inserted into the tube to form an
indirect-heated gas sensor. The sample was suspended with
Pt wires to form a heat insulation structure. Desired con-
stant operating temperatures could be obtained by applying
certain voltages to the heater. The substrate temperature
was measured with a thermocouple. The responses of gas
sensors in dry air were tested by the gas distribution method.
The gas-sensing properties were tested in a steel chamber

through which a controlled atmosphere was allowed to flow.
The electrical response of the sensor was measured with
an automatic test system controlled by personal computer
and a typical testing procedure. The electrical properties of
the gas sensor were measured by a WS-60A gas-sensing
characterization system (Weisheng Instruments Co. Ltd.,
China). A square voltage signal (3.5V and 0.4Hz)was applied
to the sensor heating resistor. The gas sensitivity is defined as
𝑆 = 𝑅gas/𝑅air, where 𝑅gas and 𝑅air are the resistances of the
sensors in analyte gas and in ambient air when the sensor was
heated, separately.

2.3. Characterization. The crystal structures of the as-
prepared samples were identified by X-ray powder diffrac-
tion (XRD) using an advanced X-ray diffractometer (D8
ADVANCE, Bruker, Germany) with Cu-K𝛼 radiation oper-
ating at 40 kV and 30mA. The morphology and size were
investigated by field emission scanning electron microscopy
(FESEM; S4800 andHitachi, Japan) at an accelerating voltage
of 5 kV. The inner microstructure of the samples was stud-
ied by transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) (Tecnai G2 F20, FEI, USA) at an
accelerating voltage of 200 kV.TheN2 adsorption-desorption
isotherms of the products were measured at 77 k on Specific
Surface Area Analyzer Belsorp-max (BELSORP-max ver. 2.1,
Japan). The Brunauer-Emmett-Teller (BET) specific surface
area (SBET) was determined by a multipoint BET method.
The samples to be testedweremeasured at the same condition
simultaneously. Before the BETmeasurement, heat treatment
has been done firstly at 120∘C for 4 h under the vacuum
condition of 1.292𝐸−8Pa.Then at the saturated liquid nitro-
gen temperature 77K and the vacuum degree of 10−7mmHg,
nitrogen adsorption and desorption (BET) measurements
were performed at a relative pressure 𝑃/𝑃0 (𝑃, 𝑃0, resp.,
represent the equilibrium pressure of nitrogen adsorption
at low temperature and saturation pressure) range of 0.4–
1.0.Through analysis of the adsorption-desorption isotherms,
specific surface area can be calculated by the multipoint BET
method.

3. Results and Discussion

3.1. Crystal Structure and Morphology. Firstly, the effects of
reaction condition on the crystal structure and morphology
of samples were examined, which is shown in Table 1. It can
be seen that the crystal structures andmorphologies of the as-
prepared samples are significantly influenced by the reaction
temperature and time.
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Figure 1: XRD patterns of samples synthesized at different reaction
temperature for various time.

Figure 1 shows the XRD patterns of Cu2O, Cu2O/Cu, and
Cumicrostructures prepared at different reaction conditions.
In order to collect reliable data to investigate the growth
mechanism, the morphology and structure of synthesized
particles are also studied by SEM and TEM measurements
and the results are presented in Figure 2. High-resolution
TEM (HRTEM) as shown in Figure 2 was also used to
investigate the inner ultrafine structure of S1∼S5, in order
to study the influence of morphology on the gas response
activity that will be discussed later. When the hydrothermal
reaction was carried out at 20∘C for 30min, pure Cu2O (S1)
was detected from the XRD results. All the characteristic
diffraction peaks were labeled and can be indexed according
to the cubic phase for Cu2O (JCPDS card no. 5-667).
Obviously, no other diffraction peaks related to impurities
such as CuO or Cu could be detected. Figures 2(a) and 2(b)
presented the SEM and TEM images of products synthesized
at this reaction condition. The products consist of uniformly
well-defined octahedral structurewith an average edge length
estimated to be about 800 nm. And it was observed that
Cu2O octahedral was solid and no hollow structure was
found. HRTEM image (Figure 2(b1)) showed obviously that
the surface of octahedral particle was not smooth, which has
been piled up by approximately 5 nm ultrafine particles like
fish scales (also shown in Fig. S(1) of SupplementaryMaterial
available online at http://dx.doi.org/10.1155/2016/4580518).
The structure causes the specific surface area of S1 to increase
greatly. Moreover, the lattice fringes of the “fish scale” have
interplanar spacing of 0.244 nm, which is corresponding to
the cubic Cu2O (111) plane [11].

While the reaction condition was changed to 65∘C for
15min, it was found that the (111) and (200) planes from
Cu (JCPDS card no. 4-836) appeared in addition to those
of Cu2O in Figure 1. Along with the appearance of Cu
diffraction peaks, the intensities of the (111) and (110) peaks
from Cu2O significantly decreased, indicating the reductive

conversion from Cu2O to Cu. From SEM and TEM results,
some nonuniformly spherical structures were observed in
Figures 2(c) and 2(d). In addition, a small part of octahedral
structures with rough surfaces were also observed, which
would be inclined to dissolve into many small spherical
particles. Moreover, Figure 2(d1) exhibits that sample S2 has
special nanocluster structures that are made up of ultrafine
grains with the sizes of 2–7 nm.The HRTEM images showed
that the clearly resolved interplanar distances of Cu2O and
Cu were d111 = 0.247 nm and d111 = 0.209 nm, respectively
[38, 39], which can be also seen in Fig. S(2) in Supplementary
Information.When the reaction time was extended to 30min
at the same temperature, the phase and purity of the products
were confirmed in Figure 1 (S3), and no characteristic peaks
of CuO or Cu2O were detected, indicating that Cu2O was
further reduced to Cu. Parallel to the further hydrother-
mal reduction from Cu2O to Cu, the octahedral structure
disappeared completely and some part of hollow spherical
structure appeared which was built up by numerous small
nanoparticles shown in Figure 2(e). In addition, some solid
nanospheres were also found in Figures 2(e) and 2(f). At
65∘C, the longer the reaction time, the stronger and sharper
the diffraction peaks of Cu phase. The regular spacing of the
lattice plane of the hollow spherical particle is calculated to
be 0.209 nm in Figure 2(f1), in good agreement with the (111)
lattice spacing of metal Cu [39]. When reaction temperature
was raised to 80∘C (the products were labeled as S4 and S5
for 9min and 30min, resp.), even only for 9min, the XRD
results showed that only Cu diffraction peaks were found.
This suggested that higher temperature in the reaction system
could accelerate the phase transformation from Cu2O to Cu.
And SEM images of product shown in Figures 2(g) and 2(h)
present irregular spherical shape. When the reaction time
was prolonged to 30min, the similar structure can be found
except the smaller and smoother particles in Figures 2(i) and
2(j). Nevertheless, it was found that the diffraction peaks of
Cu got weakenedwhen extending the reaction time at 80∘C. It
might be attributed to the decrease in the size of Cu particles
with prolonging the reaction time, as would be observed in
SEM images. It is clear that surfaces of the spherical particles
in Figures 2(h1) and 2(j1) are not smooth.The distinct crystal
lattices illustrate that S4 and S5 possess good crystalline
structure [40]; the distinct lattice fingers with d spacing were,
respectively, 0.209 and 0.210 nm corresponding to the (111)
lattice plane of Cu, which is in good agreement with that
obtained by XRD shown in Figure 1.

3.2. PossibleGrowthMechanism. From the above analysis, the
growth temperature and duration time are the determined
factors for the phases and morphologies of final products.
When the growth temperature is lower than 20∘C, Cu(OH)2
precursor was formed firstly at the outside of the micelle,
which can be clearly deduced from the light blue solution
after NaOH solution was added, and then Cu(OH)2 was
reduced to Cu2O octahedral microcrystals seen in Figures
2(a) and 2(b) by hydrazine hydrate (PVP) which is a common
reduction agent. And the related chemical reaction for Cu2+

http://dx.doi.org/10.1155/2016/4580518
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reduction by N2H4⋅H2O which was consistent with the
reported research was proposed as follows [41]:

Cu2+ + 2 (OH)− → Cu (OH)2 (1)

4Cu (OH)2 + N2H4 → 2Cu2O + 6H2O +N2 (2)

Higher temperature can accelerate the reaction rate; when
the hydrothermal reaction was carried out at 65∘C for 15min,
most of octahedral particles began to collapse and dissolve
to form irregular spherical particles in Figures 2(c) and 2(d).
Along with the morphology evolution from the octahedral
structure to spherical one, Cu2O phase is partly reduced into
Cu during the process that has been proved by XRD patterns
in Figure 1 and the HRTEM images in Figure 2(d1). It is clear
that the produced Cu nanoparticles with the size about 2–
7 nm were distributed on the surface of the Cu2O particles
in Fig. S(2). It was deduced from similar reduction reported
before that the reaction equation in alkaline environment in
this process was proposed as follows [15, 42]:

4Cu+ + N2H4 + 4 (OH)− → 4Cu + 4H2O +N2 (3)

As expected, the content of Cu in the Cu2O/Cu composite
increased with increasing the reaction time to produce a
range of composites with controllable composition. It had
been proved that the reduction efficiency increased with the
increase of time [15, 43]. That had also been proved by Fig.
S(2) in Supplementary Material, in which the content of Cu
increased with the extension of time. Prolonging the reaction
time, the further reduction according to (3) happened.
When the duration is extended to 30min at 65∘C, only Cu
diffraction peaks were displayed in XRD patterns. Parallel to
the reduction conversion of Cu2O to Cu, octahedral particles
disappeared and hollow structure appeared. Morphology
evolution related to this process presented two possibilities:
one was the fact that the small particles continue to grow up
withOstwald ripeningmechanism, and the other was the fact
that hollow structure was firstly aggregated by small particles
according to certain rule and then gradually grew into solid
construction with growth time.

When hydrothermal temperature was 80∘C, the final
products were all pure Cu even only for 9min. It was thought
that there were also two feasibilities for the reduction process.
One was the fact that the Cu+ ions were converted into Cu via
further reduction according to chemical equation (3), which
could be accelerated at higher temperature, and another may
be the direct phase transformation from Cu2+ to Cu, and the
following reactions occur:

2Cu2+ +N2H4 + 4 (OH)− → 2Cu + 4H2O + N2 (4)

The whole reaction process can be concluded: (1) reduc-
tive transformation from Cu2+ to produce octahedral Cu2O,(2) further reductive transformation from Cu2O to Cu to
produce Cu2O/Cu composite microstructure with increasing
temperature and reaction time, and (3) Cu2O being totally
reduced into pureCuor the rapid direct phase transition from
Cu2+ to Cu. The strong reaction condition dependence on
products can also be demonstrated inTable 1.With increasing

temperature and time, the solubility of precursor increases;
then the more stable morphology (from octahedral structure
to spherical one) and crystal (from Cu2O to Cu) gradually
formed with further strengthened reduction reaction, while
the particle size decreased in general with the rising tempera-
ture; that is probably because the nucleation rate is faster than
grain growth speed.

3.3. Gas Sensitivity. As is well known, multicomponent com-
posites comprising different types of materials offer novel
properties and are quite attractive due to their potential
applications in lithium-ion batteries, diluted magnetic semi-
conductors, optoelectronic devices, and photocatalysis [11,
44–46]. However, most strategies available for synthesizing
metal-semiconductor hybrid structures often require mul-
tistep and complex procedures. So the formation of well-
controllable hybrid structures has been still a great challenge.
It is worth mentioning from the above discussions that
Cu2O/Cu composites were synthesized by facile one-pot
solution synthesis and it supplied a simple and effective
method for design ofmetal-semiconductor hybrid structures.

From the above discussion, S2 and S3 in Figures 2(c)
and 2(e) exhibit hollow structures partly. Hollow structure
is suitable to gas sensing due to pore structure and larger
surface area. In order to determine the absorptive property,
nitrogen adsorption and desorption (BET) measurements
were performed on both products seen in Figure 3(a). At
a relative pressure (𝑃/𝑃0) range of 0.4–1.0, both samples
exhibited the typeH3 hysteresis loops indicating the presence
of slit-like mesoporous material (2–50 nm) in both samples.
The BET specific surface areas of S2 and S3 were 8.25
and 7.88m2 g−1, respectively. It is well known that operating
temperature and gas concentration have great influence on
gas sensor response. Herein, the response of all sensors at
different operating temperature was tested simultaneously
with gas consideration in a range of 10–500 ppm under
identical experimental conditions. Figure 3(b) showed the
responses curves of S2 and S3 towards 100 ppm acetone
gas at different operating temperature. In order to be more
accurate, four gas sensors were made by each sample. The
data of the average sensitivity of the four sensors were
exhibited and the standard deviation from the mean value
was also marked by error bar on Figure 3(b). It can be seen
that the responses of sensors were strongly dependent on
the operating temperature, especially for S2-based sensor.
Comprehensively considering economy and efficiency, 250∘C
was selected as the working temperature to carry on the
research of gas sensitivity.

Figure 4(a) exhibited the typical dynamic response and
recovery curves of all samples when cycled by increasing
ethanol vapor in a range of 10–500 ppm and at the working
temperature of 250∘C simultaneously. Similar to what was
previously reported [37], as a p-type gas sensor, the resistance
underwent different increases on the injection of reducing
gases (ethanol) and then recovered its initial value quickly
after gas was released, indicating that each of gas sensor test
devices responded as expected for p-type semiconductors
and was sensitive to ethanol. With the increase of ethanol
concentration, the peak becomes stronger, suggesting that
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Figure 3: (a) Typical N2 adsorption-desorption isotherms of the representative samples; (b) the responses of sensors to 100 ppm acetone gas
as a function of operating temperature.
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Figure 4: (a) Dynamic response-recovery curves of the gas sensors at 250∘C. (b) Response (𝑅𝑔/𝑅𝑎) versus ethanol concentration for the gas
sensors.

the ethanol sensors based on samples are sensitive to the
concentration of ethanol. Particularly, the response ampli-
tude of Cu2O/Cu composite-based sensor was much larger
than pure Cu2O octahedral or Cu microsphere, indicating a
promotion effect of Cu2O/Cu composite on gas sensitivity.
Figure 4(b) showed the relationship between gas response
and the ethanol concentration. Corresponding to the result
displayed in Figure 4(a), the gas sensor prepared with S2

showed excellent sensitivity to ethanol gas. It was also clearly
illustrated that the sensitivity increased rapidly at first (below
100 ppm) and then slowly in the range of 100–500 ppm.
Particularly, the response of S1 sensor increased from 1.13
to 3.01 with the ethanol concentration from 10 to 100 ppm,
which was faster than those of S3, S4, and S5 samples. That is
because the scale-like surface structure of S1 in Figure 2(b1)
and Fig. S(2) can increase the contact areas of test gas.



Journal of Nanomaterials 7

0 300 600 900 1200 1500

0.0

0.3

0.6

0.9

1.2

1.5

1.8

Times (s)

500

300
100

50
20

Re
sis

ta
nc

e(
KΩ

)

10ppm

S2
S1

S3

S4
S5

(a)

0 100 200 300 400 500

2

3

4

5

6

Concentration (ppm)

S2
S1

S3

S4
S5

Re
sp

on
se

(R
g
/R

a
)

(b)

Figure 5: (a) Dynamic response-recovery curves of the gas sensors at 250∘C. (b) Response (𝑅𝑔/𝑅𝑎) versus acetone concentration for the gas
sensors.

Furthermore, the changes of resistance of Cu microparticles
of S3–S5 are mainly due to physical absorption because of
unsmooth surface. When the gas concentration is higher
than 100 ppm, the sequence of sensitivity is as follows: S2
> S1 > S5 > S3 > S4. Moreover, the response and recovery
time of Cu2O/Cu composite-based sensor were 11 and 26 s,
respectively, which are shorter than 15 and 30 s of Cu2O
reported by Zhang et al. [3]. Thus it can be deduced that
incorporation of Cu with semiconductor can improve the gas
sensing properties.

Although ethanol gas sensors performances have been
widely studied [47–51], very few researches on acetone sensor
had been reported. Among the common environmental
pollutants, acetone is a kind of well-known combustible
hazardous chemical. And it is toxic to human body, which
forces anesthetic action on the central nervous system. Thus,
effective acetone gas sensors with rapid response and high
sensitivity are of great importance and much needed for
both environmental protection and human health. So the
sensing performances to acetone gas were given in Figures
5(a) and 5(b). Similar to the sensing test results towards
ethanol, the resistances of all sensors increased to different
extents on exposure to acetone vapor and then resumedwhen
releasing the test gas. The response and recovery time of the
Cu2O/Cu composite-based sensors were about 20 and 30 s,
respectively, which are shorter than those of the other sensors.
Moreover, gas sensor based on S5 showed lower sensitivity to
acetone compared to ethanol gas, indicating that S5 exhibits
selectivity to ethanol.

The widely accepted sensing mechanism of metal oxide
is based on the modulation of the depletion layer by oxygen

absorption. When oxidizing molecules are adsorbed onto an
n-type oxide surface, a depletion layer is formed in response,
resulting in the increase of the sensor resistance. The reverse
happens to a p-type gas sensor; that is, oxidizing gases will
induce an accumulation of holes near the surface resulting in
a decrease in resistance, while reducing gases, on the other
hand, will deplete holes near the surface, resulting in an
increase in resistance [37–52]. So in the experiment, when the
sensor is being exposed to air, a certain amount of O2 can be
adsorbed on the surface of Cu2O particles. Then ionization
from O2 at the semiconductor surface into O2

−, O2−, or O−
ions appeared by capturing electrons from the conduction
band of Cu2O, which results in an accumulation layer of
holes near the surfaces of metal oxides and the decrease of
surface resistance. When a reductive gas is introduced, like
ethanol, a chemical reaction takes place between C2H5OH
and O2

−, O2−, and O− (O− species are dominant at the
operating temperature [49]), which results in relatively strong
activation on the surface of the Cu2O sensor:

(C2H5OH)(ads) + 7O−(ads)
→ 2CO2(gas) + 3H2O(gas) + 7e−

(5)

According to the above equation, the electrons are released
and recombined with holes, which result in a lower carrier
concentration and an increase of the resistance.

Previouswork reported that the incorporation of precious
metals such as Pd, Pt, or Au with semiconductor oxides is an
effectiveway to improve gas sensing properties [21, 47, 51–55].
Although the sensitivity of gas sensors based on pure Cu2O
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micro/nanoparticles and composite of Cu2O with metals
such asAuhad been reported [3, 22, 56], as far aswe know, the
sensitivity of composite of Cu2O/Cumicro/nanoparticles has
seldom been studied. Herein, a facile in situmethod was used
for the growth of Cunanoparticles by hydrothermal reductive
transformation directly on the surfaces of Cu2O seen in
Figure 2(d1). Comparing with sputtering, impregnation, and
other surface modification techniques, in situ growth meth-
ods have exhibited the advantages of avoiding introduction of
impurities. Gas-sensing studies above indicate that the sen-
sitivity of Cu2O/Cu composite toward ethanol and acetone
showed improved response at any given concentration. The
enhanced sensing performance is due to the sensitization
catalysis of Cu nanoparticles that has been proposed via a
“spill-over effect” [22, 57]; that is, Cu nanoparticles activate
the target gas by dissociation and subsequent spill-over of
dissociation fragments onto the gas sensing material, which
causes the gas response. In the Cu2O/Cu composite gas
sensor, Cu particles increase the molecule to ion conversion
rate and the quantity of adsorbed oxygen; as a result, a
deeper depletion layer is formed compared to the pure Cu2O.
When ethanol or acetone gas is introduced, the layer would
decrease or disappear rapidly, resulting in a dramatic change
in the conductivity of semiconductormaterials. In a word, Cu
particles increase both the quantity of oxygen species and the
molecule-ion conversion rate, thus significantly enhancing
the ethanol and acetone sensing properties.

So it can be deduced that incorporation of Cu with
semiconductor oxides was an effective way to improve the
gas sensing properties, which is in accordance with what was
reported in the previous work [21, 47, 51–55]. Considering
the low-cost and facile synthesizing method of the Cu2O/Cu
composite, they are emerging as one of the most potential
candidates for gas sensors in the field of gas sensing.

4. Conclusions

In summary, through a facile hydrothermal reduction, we
have successfully realized the phase transformation from
Cu2O octahedral into Cu2O/Cu composite and then a wide
range of novel Cu microspheres by simply changing reaction
temperature and duration time.The gas sensing properties of
Cu2O/Cu composite that have seldom been studied towards
acetone and ethanol are investigated here. The results show
that Cu2O/Cu composite exhibited higher sensitivity than
those of other samples. The reason is mainly due to the Cu
particles serving as sensitizers or promoters, which could
increase the conversion rate of molecule to ion and the
quantity of adsorbed oxygen. The excellent gas sensitivity
and low economic cost indicate that Cu2O/Cu composite has
potential application as gas sensors.
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2Grupo de Investigación en Teoŕıa de la Materia Condensada, Universidad de Magdalena, Santa Marta, Colombia

Correspondence should be addressed to L. F. Garcia; lfragar@gmail.com

Received 14 July 2016; Accepted 18 August 2016

Academic Editor: Javad Foroughi

Copyright © 2016 L. F. Garcia 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.

We consider a model of donor centered at the base of a type-II nanocone, in which the excessive electron, released from the
donor, is located within a narrow tube-shaped shell exterior region around the cone lateral surface. By solving the one-electron
Schrödinger equation we analyze the alteration of the spatial probability distribution of the electron, the period of the Aharonov-
Bohm oscillations of the energy levels, and the electric and magnetic moments induced by external electric and magnetic fields,
applied along the symmetry axis. We show that the diamagnetic confinement provided by the magnetic field forces the electron
to climb along the cone’s border, inducing the electric polarization of the structure. Similarly, the external electric field, which
pushes the electron toward cone’s bottom, changes the order of the energy levels with different magnetic momenta varying the
magnetic polarization of the structure. Our theoretical analysis reveals a new possibility for the coupling between the polarization
and magnetization arising from the quantum-size effect in type-II semiconductor nanocones.

1. Introduction

The magnetoelectric effect is the phenomenon of inducing
magnetic (electric) polarization by applying an external
electric (magnetic) field that has been revealed previously in
ceramics, crystals, and epitaxial crystalline layers, composites
of piezoelectric and magnetostrictive particles in laminated
layers [1].The possibility of controlling magnetization and/or
polarization by an electric field and/or magnetic field allows
an additional degree of freedom in device design [2].The aim
of this paper is to call attention to a possibility of existence of a
similar coupling between the polarization andmagnetization
semiconductor nanocone provided by the quantum confine-
ment in quasi-one-dimensional nanostructures such aswires,
cones, or rods.

The quasi-1D structures have a natural architecture for
light trapping and therefore at present are considered as a
promising choice for optoelectronic devices such as solar
cells and photodetectors [3, 4]. A reduced dimensionality that
retains a single conducting channel in quasi-1D structures
makes them very sensible to the external electric field with
respect of any process related to the separation of positive and

negative charges. The charge separation in a nanostructure
can be additionally reinforced by a type-II heterojunction,
constructed from two materials for which both the edges
of the valence and conduction bands of one component are
lower than those in the other component. Nanowires with
type-II heterojunctions core/shell like ZnO/ZnSe have been
synthesized for solar cell applications [5], in which the hole
states are more confined in the cylindrical core component
and the electron states are more confined in the tube-shaped
shell component. Radii of the core of ZnO nanowires are
typically 60–120 nmand thickness of ZnSe shell is 5–8 nm [5].

Earlier studies have been reported on fabrication of
different types of nonvertically aligned GaN/GaP core/shell
nanowires [6] and particularly one of them with type-II
heterojunction, between cone-shaped GaN core and a thin
tube-shaped GaP shell [6]. In this paper we intend to prove
that such structure can exhibit the magnetoelectric effect. To
this end we consider, as an example, a simple model of an on-
axis shallow donor in type-II semiconductor nanocone. The
excessive electron released from the donor is mainly located
within a thin shell region, encompassing the cone-shaped
antidot, a region forbidden for the electron for penetrate
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inside. In the presence of a strong external magnetic field,
the excessive electron circulates around the nanocone being
localized inside a narrow region.

The possible electron’s paths within this region with
convex topology have an important particularity related to
their extraordinary sensibility to external magnetic field. The
interaction between the magnetic field and circular electric
current induced by this field pushes the electron toward the
axis while the confinement, provided by the antidot barrier
and the external magnetic field, retains it outside of the
nanocone,making possible only circular paths encompassing
the antidot. It gives rise to a set of special properties of
the energy spectrum typical for the Aharonov-Bohm (AB)
effect, which is characterized by oscillations of curves of the
energies dependencies on the magnetic field and periodic
multiple crossovers between them. Previously, AB effect has
been studied for narrow QRs with one and two electrons [3]
and with neutral and charged excitons [7–11].

AB effect in a structure with cone-shaped morphology
has particular peculiarities, related to an additional degree
of freedom acquired by the electron along the symmetry
axis within the shell region. In the presence of the external
magnetic field parallel to the symmetry axis the probability
distributions of the electron, in states with different angular
momenta, are defined by the interplay between the centrifu-
gal and diamagnetic forces.

The centrifugal force pushes the maxima of the electron
distributions with different angular momenta toward the
cone’s bottom, while the diamagnetic force drives them to
the cone top. As the magnetic field is weak, the predominant
centrifugal force retains the electron rotation around the axis
close to the bottom.When themagnetic field is increased, the
peaks of the electron distributions corresponding to different
angular momenta begin to climb successively one by one
from the bottom toward the top in the order of ascending
angular momenta pushed up by the diamagnetic force. Such
redistribution of the electron’s probability density under
external magnetic field produces an electric polarization of
the structure along the symmetry axis.

Similar alteration of the magnetic polarization occurred
in the presence of the electric field applied parallel to the cone
axis. A sufficiently strong electric field can suppress or rein-
force the escalation of rotational trajectories, induced by the
magnetic field, reordering the energy levels corresponding to
differentmagneticmomenta and changing themagnetization
of the system.

The paper is organized as follows. In the next section we
describe a procedure of separation of variables of the one-
particle wave equation for an on-axis shallow donor in a type-
II semiconductor nanocone, in which the excessive electron
released from the donor is mainly located within a thin shell
region, encompassing the cone-shaped antidote.

Numerical results for dependencies of the energies, mag-
netic and electric momenta, and susceptibilities on the exter-
nal magnetic and electric fields presented in Section 3 reveal
a new possibility for the coupling between the polarization
and magnetization arising from the quantum-size effect in
type-II semiconductor nanocones. Finally some conclusions
are presented in Section 4.
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Figure 1: Vertical cross-section of a type-II nanocone with on-axis
donor.

2. Theoretical Model

We consider a nanometric architecture, with the vertical
cross-section along the symmetry axis schematically repre-
sented in Figure 1, where the donor impurity is located at the
center of the bottom of a type-II nanocone with geometrical
parameters given by the height 𝐻, the bottom and the top
radii of the conical cores 𝑅𝑏 and 𝑅𝑡, respectively, and the
shell thickness𝑤.The external homogeneous fields, magnetic
field B, and electrical field F are applied parallel to the Z
axis. The core region of the structure is regarded below as an
infinite-barrier antidot, whose lateral frontier surface is given
in cylindrical coordinates by the dependence:

𝜌 (𝑧) = 𝑅𝑏 − (𝑅𝑏 − 𝑅𝑡) ⋅ 𝑧𝐻. (1)

This surface presents a hard wall for the electron released
from the on-axis donor, located at the core bottom. The
magnetic field B applied parallel to the Z axis presses the
electron inside the shell region to the wall.Therefore, one can
expect that the electron ismainly located within the quasi-2D
region:

{𝜌 (𝑧) < 𝑟 < 𝜌 (𝑧) + 𝑤; 0 < 𝑧 < 𝐻, 0 < 𝜑 < 2𝜋} (2)

in which the electron circulates around the core, encompass-
ing the cone’s lateral surface.

In our calculations we use the effective Bohr radius
𝑎∗0 = ℏ2𝜀/𝑚∗𝑒2, the effective Rydberg, 𝑅∗𝑦 = 𝑒2/2𝜀𝑎∗0 ,
the parameters 𝜉 = 𝑒𝐹𝑎∗0 /𝑅∗𝑦 , 𝛾 = 𝑒ℏ𝐵/2𝑚∗𝑅∗𝑦 as units
of length and energy, and the dimensionless electric 𝐹 and
magnetic 𝐵 fields, respectively, with 𝑚∗ being the electron
effective mass and 𝜀 the dielectric constant of the shell
material parameters. Below, we adopt a simple model, in
which the excessive electron, released from the donor, is
constrained within the shell’s region under the confinement
potential, equal to zero inside the shell region and to infinity,
otherwise. Besides, we take into account that the effective
Bohrmagneton inside the shell material is significantly larger
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Figure 2: Climb of the position of the adiabatic potential minimum along 𝑍 axis under increasing magnetic field for three different values
of the electric field for lower states of one electron in a conical nanotube with dimensions 𝑅𝑏 = 6𝑎∗0 , 𝑅𝑡 = 1𝑎∗0 , and𝐻 = 10𝑎∗0 .

than the correspondent to spin value and therefore in what
follows we consider the spineless Hamiltonian in which the
interaction of the magnetic field with the spin is depreciated.
Due to the axial symmetry of the structure, the 𝑍-projection
𝑚 of the angular momentum is a good quantum number
and the corresponding donor wave function in cylindrical
coordinates can be represented as follows:

Ψ𝑚 (𝑟, 𝜑, 𝑧) = 𝑒𝑖𝑚𝜑𝜓𝑚 (𝑟, 𝑧) ; 𝑚 = 0, ±1, ±2, . . . . (3)

By using substitution 𝑟 = �̃� + 𝜌(𝑧) and separating the
angular variable in 3D one can obtain the following wave
equation for donor wave function 𝜓𝑚(𝑟, 𝑧) in the state with
the 𝑍-projection𝑚 of the angular momentum:

[−1�̃�
𝑑
𝑑�̃� �̃�

𝑑
𝑑�̃� + 𝑉𝑚 (�̃� + 𝜌 (𝑧) , 𝑧)]𝜓𝑚 (�̃�, 𝑧)

+ [− 𝜕2
𝜕𝑧2 + 𝜉 ⋅ 𝑧]𝜓𝑚 (�̃�, 𝑧) = 𝐸𝜓𝑚 (�̃�, 𝑧) ,

𝑉𝑚 (𝑟, 𝑧) = (𝑚𝑟 − 𝛾𝑟
2 )
2 − 2

√𝑟2 + 𝑧2 ;
0 < 𝑧 < 𝐻; 0 < �̃� < 𝑤; 𝑟 = �̃� + 𝜌 (𝑧) .

(4)

Below we analyse only a limit case of a very thin shell
(𝑟 ∼< 𝑤 → 0), taking into account that thicknesses of
experimentally fabricated type-II nanowires are essentially
smaller than their radii [5, 6]. In this limit, one can neglect the
displacement of the electron in the radial direction, reducing
in this way the 2D eigenvalue problem for 𝜓𝑚(�̃�, 𝑧) to simpler
1D wave equation for 𝑓𝑚(𝑧) = lim�̃�→0𝜓𝑚(�̃�, 𝑧)

− 𝑑2𝑓𝑚 (𝑧)
𝑑𝑧2 + 𝑈𝑚 (𝑧) 𝑓𝑚 (𝑧) = 𝐸 ⋅ 𝑓𝑚 (𝑧) ;

0 < 𝑧 < 𝐻; 𝑓𝑚 (0) = 𝑓𝑚 (𝐻) = 0,
(5)

where

𝑈𝑚 ≈ 𝜉 ⋅ 𝑧 + [ 𝑚
𝜌 (𝑧) −

𝛾 ⋅ 𝜌 (𝑧)
2 ]

2

− 2
√𝑧2 + 𝜌2 (𝑧)

. (6)

Eigenenergies of (5) depend on two quantum numbers,
axial (𝑛 = 0, 1, 2, . . .) and angular (𝑚 = 0, ±1, ±2, . . .). The
correspondent eigenfunctions 𝑓𝑚,𝑛(𝑧) define the probability
density distribution of the electron along the symmetry axis
and the dipolar momentum. In our numerical work we solve
(6) with potential (7) by using the numerical trigonometric
sweep method [12] and we find the lower electron energies
𝐸𝑚,𝑛 for twenty different magnetic quantum numbers 𝑚 =
0, −1, −2, . . . , −19 and only one axial quantum number 𝑛 =
1. Below, we present results of calculations for the conical
nanotube with geometrical parameters, the base radius 𝑅𝑏 =6𝑎∗0 , the height𝐻 = 10𝑎∗0 , and the top radius 𝑅𝑡 = 1𝑎∗0 .

3. Results and Discussion

Possible classical paths corresponding to potential (6) are the
circumferences of radii 𝜌(𝑧) at horizontal planes, located at
a distance 𝑧 away from the bottom of the cone. According to
(6) the plane position is defined by interplay between four
forces: centrifugal force, which pushes the electron toward
the cone bottom, the magnetic confinement that drives it
to the cone top, and the Coulomb attraction to the donor
and the electric field, which can force the electron at both
directions. The analysis of the dependencies of the stationary
point position 𝑧min corresponding to the minimum of the
potential 𝑈𝑚(𝑧) (which defines the position of the classical
horizontal circular track) on the external fields allows us to
give below a simple interpretation of the spectral, electric, and
magnetic properties of the structure.

In Figure 2 we present the displacements of 𝑧-positions
of potential’s minima for some lower states under increasing
magnetic field for three different values of the electric field.



4 Journal of Nanomaterials

−0.2

−0.3

−0.4

−0.5

0.0 0.1 0.2

F (kV/cm)

 = 0.2

m = 0

m = 1

m = 2

m = 3

m = 4

En
er

gy
 o

f c
la

ss
ic

al
 ci

rc
ul

ar
 tr

ac
ks

(R
∗ y

)

(a)

 = 0.6

0.1 0.2

F (kV/cm)

m = 0

m = 1

m = 2

m = 3

m = 4

−0.2

−0.3

−0.4

−0.5

En
er

gy
 o

f c
la

ss
ic

al
 ci

rc
ul

ar
 tr

ac
ks

Rb = 6a∗0
Rt = 1a∗0
H = 10a∗0

(R
∗ y

)

(b)

Figure 3: Variation of the minimum energy of the potential (6) for lower rotational states under increasing electric field for three different
values of the magnetic field in one-electron conical nanotube with dimensions 𝑅𝑏 = 6𝑎∗0 , 𝑅𝑡 = 1𝑎∗0 , and𝐻 = 10𝑎∗0 .

The 𝑧-coordinates of these minima define the corre-
sponding plane of classical circular tracks around of the
symmetry axis and, simultaneously, the electron circular
tracks around of the symmetry axis and, simultaneously, the
classical dipole momentum of the structure, induced by the
magnetic field. It is seen from Figure 2 that these tracks are
aligned in a sequence of horizontal circular tracks, climbing
one by one under increasing magnetic field in ascending
order of the angularmomentum, from the bottom of the cone
toward its top. The number of tracks that participate in this
climb between the bottom and the top of the nanotube at the
same time depends on the magnetic field value; the larger is
the magnetic field the greater is the number of such tracks.

Also, one can see that the external electric field affects
essentially the climb of the circular tracks, generated by the
external magnetic field, assisting or hindering this process
according to the electric field direction.The curves of depen-
dencies of the classical electric polarization of the structure
on the external magnetic field, presented in Figure 2, reveal
a background for a possible magnetoelectricity in cone-like
structures and, besides, they explain how an external electric
field could strengthen or weaken this effect.

One would expect a reciprocal relation between the
electric andmagnetic properties of the structure, according to
which the external electric field could also change the initial
magnetic polarization. In order to examine such possibility
we present in Figure 3, the dependencies of the minimum
positions of potential (6) on the electric field in states with
different magnetic momenta and for three different values
of the external magnetic field. It is seen that the increase of
the external electric field provides multiple crossovers of the
energies dependencies and the reordering of the energy levels
with different angular momenta. The angular momentum of
the classical circular track with the lowest energy induced

by the external magnetic field in the zero-electric field case
increases from 𝑚 = 2 up to 𝑚 = 4 while the magnetic field
grows from 𝛾 = 0.2 up to 𝛾 = 0.4.

The crossovers of the curves in Figure 3 are accompanied
by the inversion of the energy levels and provide a successive
decrease of the magnetic momentum of the ground state and
the magnetization of the structure.

In what follows we present the results of calculation of
the lower energies as functions of the electric and magnetic
fields, obtained by solving the eigenvalue problem (5) by
using the trigonometric sweep method [1]. The electric and
magnetic momenta 𝑝 and 𝜇 and the susceptibilities 𝜒 and 𝜒𝑚
at zero temperature were defined according to the Hellmann-
Feynman theorem as

𝑝 = 𝑒𝑎∗0 ⋅ 𝜕𝐸1𝜕𝜉 ;

𝜒 = 𝑒𝑎∗0 ⋅ 𝜕
2𝐸1
𝜕𝜉2 ;

𝑝𝑚 = −𝜇𝐵 ⋅ 𝜕𝐸1𝜕𝛾 ;

𝜒𝑚 = −𝜇𝐵 ⋅ 𝜕
2𝐸1
𝜕𝛾2 .

(7)

We calculate by means of the numerical derivation of the
ground state energy𝐸1, 𝜇𝐵 being the effective Bohrmagneton
and 𝑎∗0 the effective Bohr radius.

In Figure 4 we present the lower energies, found by
solving eigenvalue problem (5) and parameters of the electric
and magnetic polarizations, calculated via relations (7) as
functions of the external magnetic field for three different
values of the electric field in a nanocone with following
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Figure 4: The lower energies and parameters of the electric and magnetic polarizations of an on-axis donor as functions of the external
magnetic field in a type-II nanocone with dimensions 𝑅𝑏 = 6𝑎∗0 , 𝑅𝑡 = 1𝑎∗0 ,𝐻 = 10𝑎∗0 , and 𝑤 = 0.2𝑎∗0 for three different values of the electric
field.
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dimensions, the base radius 𝑅𝑏 = 6𝑎∗0 , the height𝐻 = 10𝑎∗0 ,
and the top radius 𝑅𝑡 = 1𝑎∗0 .

The oscillatory dependencies of the ground state energies
on themagnetic field in curves, presented in the superior row
of Figure 4, are different from those in a narrow ring due to
the presence of a linear growing trend of the bands’ bottoms.
The slope of the envelope line over the band bottom for the
positive electric field is lesser than for negative one, as it is
seen from Figure 4 and it tends to zero in the presence of a
very strong electric field.

We attribute such changes of the energy dependency on
the magnetic field with a capability of the electric field to
obstruct or to stimulate a lifting of the electron circular tracks
generated by an increasing magnetic confinement. A very
strong positive electric field presses the electron’s circular
tracks close to the cone’s bottom, resulting in transformation
of the configuration system to one similar to the 1D quantum
ring with radius equal to 𝑅𝑏. Comparing the curves in
Figure 4 one can observe that the periods of the oscillation
Δ𝛾 for positive and negative electric fields are essentially
different. If in the case of the positive electric field Δ𝛾
in Figure 4 is approximately equal to 0.08, that is, slightly
exceeding the value Δ𝛾 = 2/𝑅2𝑏 to the period of AB
oscillations in 1DQR of the radius𝑅𝑏 = 6𝑎∗0 , while the periodΔ𝛾 for the negative electric field in Figure 4 has the value 0.5
that corresponds to the period of AB oscillations in 1D QR
of the radius 𝑅 = 2𝑎∗0 , thus, these results demonstrate that
the external electric field constrains spatially the probability
distribution in the state with lowest energy close to the cone’s
top if the electric field is negative and about the bottom in the
case of the positive field.

The remarkable alteration that induces external electric
field over the ground state energy dependence on the mag-
netic field, which is observed in the curves of the upper
row in Figure 4, can provide also a significant change of the
polarizability of the structure.

In the following inferior rows we present the curves of the
magnetic and electric dipole momenta and susceptibilities as
functions of the magnetic field calculated by using relations
(7) for negative, positive, and zero-electric field cases. It is
seen that all these curves have a form of damped oscillations
about an ascent trend line if the electric field is negative
and otherwise about a descent trend line. We attribute this
conversion of slopes of trend lines of curves in Figure 4 to
a relocation of circular tracks of the electron around the
symmetry axis, owing to the change of the direction of the
electric field. Negative slope of the polarization parameters
is associated with a climb of the circular tracks under an
increasing magnetic field, which is significant for a positive
electric field, when the electron is constrained about the
cone’s bottom, and vice versa, in the case of negative electric
field when the electron is constrained about the cone top.

One can see also that the periods of oscillation related
to reordering of the energy levels under increasing magnetic
field for the ground state energy in the first row and for
all parameters of the magnetic and electric polarizations in
inferior rows coincide exactly.

In Figure 5 we present the lower energies, found by
solving eigenvalue problem (5), and parameters of the electric

and magnetic polarizations, calculated via relations (7) as
functions of the external electric field for three different
values of the magnetic field (𝛾 = 0, 1, 2). It is seen that
for 𝛾 = 0 there is no crossovers of energy levels and the
ground state energy at the first column is increased smoothly
with a small change of the slope only for electric fields
between −0.2 kV/cm and +0.2 kV/cm.Therefore, parameters
of polarization have a relatively noticeable alteration only
within this interval. One could attribute such dependencies of
the polarization parameters to a successive descent of classical
circular tracks with different magnetic moments, which have
been initially lifted by the negative electric field, toward the
cone bottom.

The corresponding dependencies are strongly different
for 𝛾 = 1 and 𝛾 = 2. It is seen that curves of the energies
as functions of the electric field exhibit multiple crossovers
and a reordering of the energy levels. As a consequence the
slope of the curve for the ground state energy is changed
abruptly for the electric field 𝐹 = −0.4 kV/cm when 𝛾 = 1
and for 𝐹 = −0.2 kV/cm when 𝛾 = 2, causing a jump of
the electric dipole momentum at these points. Also, it is seen
that multiple crossovers of the energy levels with different
magnetic momenta produces an oscillation of the parameters
of the magnetic polarization in the second and third rows.

4. Summary and Conclusions

In order to analyze the effect of the electric and magnetic
fields applied along the symmetry axis of type-II nanocone
on the spectral and magnetic properties of the on-axis
donor, we consider a separable model, in which it is sup-
posed that the excessive electron released by the donor is
located within a very narrow layer over lateral side of the
structure. We show that the energies and the probability
distributions of the electron along the symmetry axis in states
with different angular momenta are defined mainly by the
interplay between the centrifugal and diamagnetic forces.
The centrifugal force pushes the maxima of the electron
distributions with different angular momenta toward the
cone’s bottom, while the diamagnetic force drives them to
the cone top. As the magnetic field is small, the centrifugal
force retains the electron rotation around the axis close to the
bottom. When the magnetic field is increased, the peaks of
the electron distributions corresponding to different angular
momenta begin to climb successively one by one from base
toward the top, pushed up by the diamagnetic force, in the
order of the ascending angular momenta.

We show that such redistribution of the electron’s proba-
bility density produces a consistent decrease of the amplitude
and the period of the AB oscillations of the ground state
energy as function of the magnetic field, which are different
from those in a narrow ring due to the presence of a linear
growing trend of the bands’ bottoms. The amplitude, the
period, and the slope of the envelope line over the ground
state energy for the positive electric field is lesser than for
negative one and it tends to zero in the presence of a very
strong electric field.Thus, the electric field can obstruct or can
stimulate a climb of the electron circular tracks, generated by
the increasing magnetic confinement, varying the magnetic
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Figure 5: The lower energies and parameters of the electric and magnetic polarizations as functions of the external electric field in one-
electron conical nanotube for three different values of the magnetic field.
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momentum and the magnetic polarizability of the system.
The climb of the circular tracks with different magnetic
momenta can be also produced by increasing the electric
field, changing abruptly the dipole moment.

Our theoretical analysis reveals a new possibility for the
coupling between the polarization and magnetization aris-
ing from the quantum-size effect in type-II semiconductor
nanocones.
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The indium tin oxide (ITO) has been widely applied in light emitting diodes (LEDs) as the transparent current spreading layer. In
thiswork, the performance ofGaN-based blue light LEDswith nanopatterned ITOelectrode is investigated. Periodic nanopillar ITO
arrays are fabricated by inductive coupled plasma etching with the mask of polystyrene nanosphere. The light extraction efficiency
(LEE) of LEDs can be improved by nanopatterned ITO ohmic contacts. The light output intensity of the fabricated LEDs with
nanopatterned ITO electrode is 17%higher than that of the conventional LEDs at an injection current of 100mA.Three-dimensional
finite difference time domain simulation matches well with the experimental result. This method may serve as a practical approach
to improving the LEE of the LEDs.

1. Introduction

Recently, GaN-based light emitting diodes (LEDs) have been
garnering an increasing amount of attention in the field of
solid state lighting, signaling, and displays due to their broad
emission wavelength range [1]. However, when considering
LEDs lighting as a replacement for fluorescent lighting, their
light extraction efficiency (LEE) is still relatively low due
to the internal total reflection of light trapped inside LEDs
[2]. To increase the LEE of LEDs, several approaches had
focused on fabricating micro-/nanostructures either inside
or outside the LEDs [3–20]. For example, roughed GaN
surface [3–7], roughed sapphire substrate [8, 9], roughed
indium tin oxide (ITO) surface [10–12], and grown ZnO
micro-/nanostructures [13–15] have been implemented in
LEDs. The common nanoscale patterning techniques, such
as electron-beam lithography [16], nanoimprint lithography
[17], holographic lithography [18], hydrothermally method

[19], and nanosphere lithography (NSL) [20], are used to
obtain nanoscale surface textures.

Compared to the other techniques, NSL has the advan-
tages of low cost and high throughput, which is very suitable
for surface patterning. In the previous works, the two-
dimensional photonic crystal structure was fabricated on
an InGaN/GaN multiple quantum well structure by a silica
nanosphere lithography, and several times enhancement in
photoluminescence intensity was observed [21, 22]. However,
there was no research on the electroluminescence. Compar-
ing to the silica nanosphere, the size of polystyrene (PS)
nanosphere will be decreased with increasing the etching
time as an etching mask. Through the PS NSL method,
nanopillars with different diameters can be obtained and
the LEE of LEDs can be optimized [23]. In addition, the
nanopillar structure will take the characteristic of small top
and big bottom, and this is helpful for the light to escape
due to the gradient refractive index. In order to reduce
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Figure 1: Schematic fabrication process for nanopatterned ITO electrode. (a) Deposition of PS spheres on the ITO electrode surface. (b) ICP
etching to nanopatterned ITO electrode. (c) Removal of the PS nanospheres. (d) Schematic illustration of the GaN-based blue LEDs with
nanopatterned ITO electrode.

the influence of etching on the electrical characteristics of
the LED device, the nanostructures should be prepared on
the ITO transparent electrode layer. However, this research
has rarely been reported. In this work, by PS NSL technology,
GaN-based blue LEDs with surface patterned ITO electrode
were fabricated and the optical and electrical performances
of the LEDs with nanopatterned ITO electrode were ana-
lyzed and discussed. The electroluminescence intensity of
the ITO patterned LEDs is increased by 17% at 100mA
injection current compared to that of conventional LEDs.
Finally, the light output enhancements are simulated based on
three-dimensional finite difference time domain (3D-FDTD)
method to verify the experimental results.

2. Experimental Methods

The GaN-based (𝜆 = 465 nm) epitaxial wafer was grown on
a 2-inch sapphire (Al2O3) substrate using a metal-organic
chemical vapor deposition. After the growth of a 2 𝜇m
undoped GaN (u-GaN) buffer layer and 3 𝜇m n-GaN layer,
an active layer of five-period InGaN/GaN MQWs and a
150 nm p-GaN layer were deposited. The device fabrication
process was as follows. A transparent ITO electrode with
a thickness of about 400 nm was first deposited on the
p-GaN surface. Then, the LED chips with dimensions of
300 𝜇m × 300 𝜇m were formed by mesa-etching the exposed
n-type GaN via standard lithography, ITO wet etching,
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Figure 2: SEM images of the nanopillar patterned ITO layer. Scale bars are 400 nm. (a)The original surface of ITO layer. (b)–(d) 30∘ tilt SEM
images of samples A, B, and C, respectively. (e)-(f) Cross-sectional image of samples B and C. The ITO layers of samples A, B, and C were
etched by ICP etching for 60 s, 80 s, and 100 s, respectively.

and subsequent inductively coupled plasma (ICP) etching.
Cr/Pt/Au (200/400/2000 nm) was finally deposited on the
top of ITO surface as well as the exposed n-GaN layer as a
contact metal for both the p- and the n-GaN layers.

After the formation of the contact metal electrodes on
the p- and the n-GaN layers, the nanopatterned ITO layer
was fabricated through the NSL, and the process flow was
shown in Figure 1. First, a hexagonal close-packedmonolayer
of PS nanospheres with a 450 nm diameter was formed on
the ITO layer, as shown in Figure 1(a). Second, the ITO
layer with a monolayer mask of PS spheres was etched by
an ICP etching machine via the gas flow of BCl3/Cl2/Ar, as
shown in Figure 1(b). Finally, the PS spheres were removed
by trichloromethane solvent with sonication and the periodic
ITO nanopillar arrays were obtained, as shown in Figure 1(c).
Figure 1(d) presented the schematic of the modified LED
structure with a nanopillar patterned ITO electrode.

3. Results and Discussion

By the method described above, we could fabricate the LEDs
with periodic ITO nanopillar arrays. When the ITO was
etched by ICP, the mask of PS spheres was also etched
and the size of the PS spheres was altered. Therefore,
various height and diameter of the top part of the ITO
nanopillar could be obtained by changing the ICP etching
time. In order to explore the different effects of various ITO
nanopillar structure on LEE of the LED, three nanopatterned
ITO samples were fabricated by different ICP etching time.
The three samples with the nanopillar ITO layer etched
by ICP for 60 s, 80 s, and 100 s were marked as samples
A, B, and C, respectively. The three nanopatterned ITO

samples and conventional LEDs were fabricated from the
same InGaN/GaN LED wafer to eliminate the differences in
the device characteristics. Figure 2 shows scanning electron
microscope (SEM) images of ITO layer of samples A, B, and
C and the conventional LED. As shown in Figures 2(b)–
2(d), when the ICP etching time is longer, the surface of ITO
is etched more obviously and the height of the nanopillars
becomes higher. The diameters of nanopillars for samples A,
B, and C are found to be about 400 nm, 390 nm, and 380 nm
from the SEM images, respectively. Figures 2(e) and 2(f) show
cross-sectional images of samples B and C.The heights of the
nanopillars of samples A, B, and C are about 60 nm, 100 nm,
and 140 nm, respectively.

Figure 3(a) shows the light output intensity (LOI) as
functions of injection current for the three nanopatterned
LEDs and a conventional LED. At the same injection current,
the light output intensity of the three nanopatterned LEDs is
higher than that of the conventional LED. At an operating
current of 100mA, the light output intensity of the samples
A, B, and C is approximately 3%, 14%, and 19% higher
than that of the conventional LED, respectively. Figure 3(b)
shows the forward current-voltage (I-V) characteristics of the
four samples. It is clear that the LED with nanopatterned
LEDs exhibits nearly the same I-V characteristics as the
conventional LED. The forward voltages at 100mA are 4.42,
4.46, 4.46V, and 4.37 for the samples A, B, and C and con-
ventional LED, which consequently indicates an acceptable
electrical performance for the nanopatterned LEDs. In order
to eliminate differences in input electric power (IEP) of the
samples, the IEP-LOI curves were calculated from the curves
in Figures 3(a) and 3(b). As shown in Figure 3(c), the LOI
of the three nanopatterned LEDs are higher than that of the
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Figure 3: Electroluminescence curves of three nanopillar patterned LEDs and a conventional LED. (a) The optical output power versus
injection current (O-I) characteristics. (b) The current versus voltage (I-V). (c) The optical output power versus power (O-P) characteristics.

conventional LED at the whole IEP range. At an operating
current of 100mA, the LOI of the samples A, B, and C are
approximately 3%, 12%, and 17% higher than that of the
conventional LED, respectively.Therefore, we believe that the
proposed technology is an effective method to improve the
LEE of GaN-based LEDs.

The results showed that the LEE of the samples with
nanopillar patterned structureswere enhanced.With increas-
ing the etching depth, the size of the nanopillar became
smaller, and the light extraction efficiency of the sample
would be relatively higher.With the nanopillar patterned ITO
surface, photons should experience multiple scattering at the
sample surface and could escape from the device easily, as
shown in Figure 4. For the LEDs with the flat surface ITO

structure, the emitted light having the incident angle smaller
than the critical angle was the only light that can be extracted,
as shown in Figure 4(a). According to Snell’s law, the critical
angle 𝜃𝑐 of the total internal reflection satisfied the formula
sin 𝜃𝑐 = 𝑛2/𝑛1, where 𝑛1 = 1.9 and 𝑛2 = 1 are the refractive
indexes of ITO and air, respectively. Then, the critical angles
of total reflection at air/ITO interface are around 31.8∘. Thus,
the majority of photons are reflected from the interface
of conventional ITO LEDs [17]. The nanopillar patterned
LEDs have higher LEE, which can be explained from various
points of view. Firstly, the nanopillar array played the role
of roughness. Secondly, the periodic nanopillar array served
as a two-dimensional grating. Such Bragg scattering assisted
the waveguide modes to become the radiation mode; then
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the photons have taken more opportunities to escape from
the ITO surface into the air, as shown in Figure 4(b). The
transmitted and reflected light can be expressed as [24]

𝑛2
𝜆 sin 𝜃𝑡 (cos𝜙𝑡, sin𝜙𝑡)

= 𝑛1𝜆 (sin 𝜃𝑖) (cos𝜙𝑖, sin𝜙𝑖) + (
𝑚
Λ 𝑥 ,
𝑛
Λ 𝑦) ,

𝑛1
𝜆 sin 𝜃𝑟 (cos𝜙𝑟, sin𝜙𝑟)

= 𝑛1𝜆 (sin 𝜃𝑖) (cos𝜙𝑖, sin𝜙𝑖) + (
𝑚
Λ 𝑥 ,
𝑛
Λ 𝑦) .

(1)

𝑛1 and 𝑛2 are refractive indices of ITO and air, respectively.
𝜆 is the wavelength of light in the vacuum. Λ 𝑥 and Λ 𝑦 are
periods of the lattice in the 𝑥 and 𝑦 directions. 𝑚 and 𝑛

are integers indicating the diffraction orders. 𝜃𝑖, 𝜃𝑡, and 𝜃𝑟
are the incident angle, transmitted angle, and reflected angle,
respectively. 𝜙𝑖, 𝜙𝑡, and 𝜙𝑟 are the azimuthal angle of incident
light, transmitted light, and reflected light, respectively. So,
the waveguide modes can be coupled to the radiation modes.
This will make the photons that were originally emitted out of
an escaping cone go back into the escaping cone and improve
the LEE of the LEDs.

In order to verify the experiments, we also perform
3D-FDTD simulations to give the light extraction of the
LEDs with nanostructures. The simulated LED structure is
shown in Figure 5(a), which consisted of a 1000 nm sapphire
substrate, a 5200 nmGaN layer (including the u-GaN,MQW,
and p-GaN layer), and a 400 nm ITO layer. In simulation,
the lateral space of simulation region is 8000 nm × 8000 nm,
and there are about 18 × 20 nanopillars in the simulation
region. To explore the effect of the diameters and heights
of the nanopillars on the LEE, eight samples are simulated
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here. For samples 1, 2, and 3, the diameters are set as 400 nm,
390 nm, 380 nm, and the heights are set as 60 nm, 100 nm,
and 140 nm, respectively. For samples 4–8, the diameters of
the nanopillars are set as 380 nm and the heights are set
as 180 nm, 220 nm, 260 nm, and 300 nm, respectively. The
light extraction effect of LED with different nanostructures
is simulated by the 3D-FDTDmethod. In the simulation, the
wavelength of incident light is 465 nm, which corresponds to
the center wavelength of emission spectrum. The refractive
indices of GaN and ITO are approximately 2.49 and 1.9 at
the wavelength of 465 nm. The simulation results are shown
in Figure 5(b). The horizontal coordinate is the number of
simulated samples, and the longitudinal coordinate is the
increase ratio of LEE. The simulation results show that the
LEE of samples 1–3 is increased, which is consistent with the
experimental results. In addition, we also see that simulated
sample 3 (height of 140 nm) is a local optimal value, and the
structure of the optimal value is near sample 6 (height of
260 nm). This is consistent with the rough calculation [25]

ℎ = 𝜆𝑛ITO-pc ≈
465
1.64 ≈ 284 nm, (2)

where 𝜆 is the incident light wavelength and 𝑛ITO-pc is the
effective refractive index of the ITO nanostructures layer.

4. Conclusions

Benefiting from the excellent electrical conductivity and light
transmittance, ITO transparent electrode has replaced nickel
gold alloy as a transparent electrode of the LEDs. However,
the refractive index of ITO is 1.9 and is much higher than
the refractive index of air, which limits the light escaping
from LEDs. In this paper, we fabricated LEDs with nanopillar
patterned ITO layer via nanosphere lithography. The optical
and electrical performances of the LEDs with nanopatterned
ITO electrode were investigated. The results show that the
LEE was enhanced with increasing the etching depth. The
electroluminescence intensity of the ITO patterned LEDswas
increased by 17% at 100mA injection current compared to
that of conventional LEDs. The enhancement of the LEE can
be ascribed to the fact that the total reflection of the ITO
surface is broken by the periodic nanopillars structure. The
LEE may be further improved by optimizing the nanopillars
structure. Therefore, this is a promising method for realizing
high-efficiency LEDs.
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