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Coupling strength effect on shot noise in boron devices∗
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The shot noise properties in boron devices are investigated with a tight-binding model and the non-equilibrium Green’s
function. It is found that the shot noise and Fano factors can be tuned by changing the structures, the size, and the coupling
strength. The shot noise is suppressed momentarily as we switch on the bias voltage, and the electron correlation is
significant. The Fano factors are more sensitive to the ribbon width than to the ribbon length in the full coupling context.
In the weak-coupling context, the Fano factors are almost invariant with the increase of length and width over a wide bias
range.
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1. Introduction
Nanoscale electronic devices have been attracting much

attention,[1–8] the nanoscale systems may help minimize com-
puter circuit dimensions and enhance the computer perfor-
mance. To design electronic devices with specific properties, a
basic understanding of the transport properties in the devices is
necessary. The transport properties in such devices are charac-
terized by several important factors, including the quantization
of energy levels, the quantum interference of electron waves,
the electronic structure of the molecule, the molecular cou-
pling with the side attached electrodes,[8] etc. The transport
properties of the electronic devices are also controlled by the
carrier number, thus the shot noise is the primary noise source
of interest. The noise is connected with current fluctuation.[9]

There are two types of noise in the electronic devices. One is
the thermal noise and the other is the shot noise. The thermal
noise is a fluctuation in the occupation numbers of the states in
a system caused by thermal agitation. The shot noise, current
fluctuation, is a consequence of the quantization of charge and
can be used to obtain some information about a system which
is not directly available through conductance measurements.
The noise power of current fluctuation provides additional im-
portant information about the electron correlation by calculat-
ing the Fano factor F . The Fano factor is the ratio of the actual
shot noise to the Poisson noise.[9] Full shot noise is character-
ized by F = 1. With shot noise suppression, F < 1; and F > 1
for shot noise enhancement. The shot noise suppression re-
ceives a lot of attention in connection with modern electronic
devices.

In this paper, we investigate the shot noise based on the
tight-binding model through boron devices. Graphene, as a
promising new material for electronic devices, is of consid-

erable interest due to its peculiar electronic properties.[10–15]

Many devices based on graphene ribbons have been investi-
gated both experimentally and theoretically.[16–20] However,
studies on boron revealed that the high hardness and high melt-
ing point of boron are vital to the production of electronic
devices.[21–25] Researchers have proposed several boron sheet
structures, such as the hexagonal graphitic boron sheet,[26] the
buckled triangular boron sheet,[27] and the hybrid hexagon–
triangle boron sheet.[28,29] However, the stability of the boron
sheet is still an open question. The hybrid hexagon–triangle
boron sheet was thought to be the most stable structure.[28,29]

The density of states and transmission coefficients in a boron
device have been studied.[30,31] In this paper, we investigate
the effects of shot noise, Fano factor, and coupling strength on
the shot noise in boron devices.

The rest of this paper is organized as follows. In Sec-
tion 2, the theoretical calculation method of shot noise through
a boron ribbon sandwiched between two gold electrodes is de-
scribed. In Section 3, the shot noise as a function of the ap-
plied bias voltage is studied for different boron devices, and
the effects of several factors on the shot noise are investigated.
In Section 4, some conclusions are drawn from our investiga-
tions.

2. Theoretical calculation method
In this section, we briefly describe the calculation of shot

noise in a boron device. According to the scattering theory of
thermal and shot noise, the noise power of current fluctuation
in the device is[9]

S =
e2

π h̄

∫ +∞

−∞

dE{T [ fL(1− fL)+ fR(1− fR)]

+ T (1−T )( fL− fR)
2}, (1)
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where fL,R = f (E − µL,R) are the Fermi functions with elec-
trochemical potentials µL and µR (µL,R = EF ± eV/2), and
T is the transmission coefficient of the system and given as
T = Tr(Γ1GΓ2G+), with G(G+) being the retarded (advanced)
Green function, Γ describing the coupling between electrode
and extend boron ribbon and being simply given by the imag-
inary part of the electrode self-energy. The first term on the
right-hand side of Eq. (1) is the thermal equilibrium noise con-
tribution to the noise power spectrum, and the second term is
the shot noise contribution. We only consider the shot noise
in this paper. We can see from Eq. (1) that the shot noise is
not simply determined by the conductance of the system. In-
stead, it is determined by a sum of products of transmission
and reflection probabilities. The Fano factor is[9]

F =

∫
∞

−∞
dET (1−T )( fL− fR)

2∫
∞

−∞
dET ( fL− fR)

. (2)

A typical device that exhibits full shot noise (F = 1) is
a vacuum diode operating under current saturation conditions
(i.e., the noise is produced due to single independent elec-
trons). Phenomena of shot noise suppression (F < 1) and
enhancement (F > 1) can also occur in certain devices. The
mechanisms for shot noise suppression or enhancement may
be long-range and short-range Coulomb interactions,[32–37]

elastic and inelastic scatterings, Fermi–Dirac statistics due to
the Pauli principle,[9,38,39] etc.

3. Results and discussion
In this section, we investigate the shot noise in a boron

device with an ab initio method combining with the nonequi-
librium Green function technique.[40,41] The tight-binding
Hamiltonian is used in the calculations. The hexagonal
graphitic boron device, buckled triangular boron device, and
hybrid hexagon–triangle boron device are designed as follows.
The zigzag edge of the boron ribbon is contacted through
a single sulfur atom to finite gold electrodes, as shown in
Figs. 1(a)–1(c). The electrodes are oriented along the (111) di-
rection and are described by clusters with three layers (three,
seven, and three). The vertical distance between the S atom
and the most external plane of the Au electrodes is 1.90 Å
with an S–Au bond length of 2.53 Å. The other bond lengths
are Au–Au 2.885 Å, S–B 1.97 Å, and B–B 1.67 Å. The struc-
ture parameters of the hexagonal graphitic boron, buckled tri-
angular boron, and hybrid hexagon–triangle boron are based
on Refs. [26]– [29].

In Fig. 2, we plot the shot noise as a function of the ap-
plied bias voltage for three different structure boron devices,
where the dashed curve (curve 1) denotes the result of the
hexagonal graphitic boron device, the dotted curve (curve 2)
represents the result of the hybrid hexagon–triangle boron de-
vice, and the dash dotted curve (curve 3) corresponds to the

result of the buckled triangular boron device. It is found from
Fig. 2 that there are significant differences among the three
values of shot noise. The shot noise can be greatly modulated
not only by the bias voltage, but also by the structure. Curves 1
and 3 monotonically increase as the bias increases. The value
of shot noise in the hybrid hexagon–triangle boron device in-
creases with increasing bias up to 0.6 V, then it saturates at
a value around 7.5× 10−25 A2/Hz. This means that the shot
noise remains at the same level above the bias of 0.6 V.
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Fig. 1. (color online) Geometries of six boron ribbons, where the boron
atom denoted by α is contacted through a S atom to gold electrodes: (a)
hexagonal graphitic boron ribbon, (b) buckled triangular boron ribbon,
(c) hybrid hexagon–triangle boron ribbon, (d) hybrid hexagon–triangle
boron ribbon with 38 boron atoms, (e) hybrid hexagon–triangle boron
ribbon with 52 boron atoms, and (f) hybrid hexagon–triangle boron rib-
bon with 60 boron atoms.
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Fig. 2. (color online) Shot noise in three different boron structure de-
vices.

To better understand the shot noise in these boron de-
vices, we calculate their Fano factors. The details of the
Fano factor versus the applied voltage are shown in Fig. 3.
The Fano factors are between 0 and 1. This feature means
that for these three boron devices, the shot noise is sup-
pressed momentarily when we switch on the bias voltage and
the electron correlation is very significant. Here the elec-
tron correlation only means that one electron feels the ex-
istence of the other due to the Pauli principle,[8] because
we have neglected all other electron–electron interactions in
our calculations. The Fano factor in the buckled triangular
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boron device (curve 3) increases at some bias voltages and
decreases at other bias voltages in the whole bias range in-
vestigated. It is evident that the Fano factor demonstrates
a valley between 0.2 V and 0.6 V. A similar feature ap-
peared in other research work dealing with the shot noise
in the double-barrier heterostructures and the spin-dependent
shot noise in diluted-magnetic-semiconductor/semiconductor
heterostructures.[42,43] The Fano factor in the hexagonal
graphitic boron device is almost the same as that in the hy-
brid hexagon–triangle boron device at the bias up to 0.5 V.
At a bias higher than 0.5 V, the Fano factor in the hexag-
onal graphitic boron device decreases with increasing bias,
however that in the hybrid hexagon–triangle boron device in-
creases slowly with increasing bias and then is almost satu-
rated at a value around 0.7. These features demonstrate that the
electron transport capabilities are suppressed in different man-
ners for the three devices as the applied voltage increases. The
shot noise in the buckled triangular boron device is slightly
suppressed compared with the other devices.
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Fig. 3. (color online) Fano factor versus applied voltage for three dif-
ferent structure boron devices.

To demonstrate the influence of the size effect on the shot
noise, we present the shot noise and Fano factors of three
different-size hybrid hexagon–triangle boron devices in Figs. 4
and 5, respectively, where the solid curve corresponds to the
result of the device with 38 B atoms, the dashed curve denotes
the result of the device with 52 B atoms, and the dotted curve
represents the result of the device with 60 B atoms. The struc-
tures of the boron ribbons are shown in Figs. 1(d)–1(f). The
armchair edge of the boron ribbon is contacted through a sin-
gle sulfur atom to finite gold electrodes. It is found from Fig. 4
that the shot noise shows a size-dependent behavior. As the
length of the ribbon increases (corresponding to the B atoms
increasing from 38 to 52), the shot noise decreases as the bias
voltage decreases from 0.75 V, while slightly increases as the
bias voltage increases from 0.75 V. As the width of the ribbon
increases (corresponding to the B atoms increasing from 38 to
60), the shot noise decreases slightly with bias increasing up to
0.25 V, then increases excellently above 0.25 V and becomes
saturated at a value around 10×10−25 A2/Hz.

It is shown in Fig. 5 that the shot noise is suppressed in
these three different-size devices and the electron correlation is
significant. The important feature to note is that the Fano fac-
tors are all small at V → 0 and each exhibit a strong increase
with bias increasing up to 0.2 V. The Fano factor is almost
invariant over a wide bias range as the length of the ribbon
increases. However, the Fano factor decreases obviously as
the width of the ribbon increases. This feature means that the
electron correlation in the device with a wider boron ribbon
is much more significant than that in other devices. The shot
noise in the wider device is drastically suppressed over most
of the bias range compared with that in other devices.
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Fig. 4. (color online) Shot noise versus applied voltage in three different
size hybrid hexagon–triangle boron devices at full-coupling context.
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Fig. 5. (color online) Fano factor versus applied voltage in three differ-
ent size hybrid hexagon–triangle boron devices at full-coupling context.

Finally, we study the shot noise in the weak-coupling de-
vices. We reduce the self-energies of both contacts by a con-
stant 0.5. The details of the shot noise and Fano factor in
weak-coupling boron devices are shown in Figs. 6 and 7, re-
spectively. Compared with the result in Fig. 4, the shot noise
in Fig. 6 shows a strong dependence on the coupling strength.
The shot noise decreases with decreasing coupling strength.
This is due to the change of the energy level broadening.
The contribution to the change of the energy level broadening
comes from the imaginary parts of the two self-energies.[43]

The Fano factor is almost invariant over a wide bias range not
only as the length of the ribbon increases, but also as the width
of the ribbon augments.

Figure 8 presents the densities of states (DOS) in three
boron devices with different coupling strengths. The solid
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Fig. 6. (color online) Shot noise versus applied voltage in three
different-size hybrid hexagon–triangle boron devices at weak-coupling
context.
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Fig. 7. (color online) Fano factor versus applied voltage in three
different-size hybrid hexagon–triangle boron devices at weak-coupling
context.
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Fig. 8. (color online) (color online) Densities of states in three different-
size hybrid hexagon–triangle boron devices with different coupling
strengths: (a) 38 B atoms, (b) 52 B atoms, (c) 60 B atoms.

curve denotes the DOS in the full-coupling context, and the
dashed curve refers to the result of the weak-coupling context.
We can see that the difference in DOS for different coupling
strengths near the Fermi level is not obvious. This means that

the electron transmission is not obviously affected by the cou-
pling strength. The results in Figs. 4 and 6 demonstrate that
the nonequilibrium fluctuation in current measured by the shot
noise is generally more sensitive to the coupling strength due
to the effects of incidence and reflection, which may shed light
on the subtle mechanisms in mesoscopic transport processes.

4. Conclusion
In this paper, the characteristics of shot noise in the boron

devices with different structures are investigated with an ab
initio method combining with the non-equilibrium Green’s
function technique. It is found that the shot noise in the boron
device is greatly modulated by the applied voltage, structure of
the boron, size of the boron, and coupling strength. For all de-
vices, the shot noise is suppressed momentarily as we switch
on the bias voltage and the electron correlation is very signif-
icant. The shot noise in the hybrid hexagon–triangle boron
device remains at the same level above the bias of 0.6 V. The
shot noise in the buckled triangular boron device is slightly
suppressed compared with that in other two devices. The
Fano factor in the buckled triangular boron device demon-
strates a valley between 0.2 V and 0.6 V. The Fano factor
in the hexagonal graphitic boron device and that in the hy-
brid hexagon–triangle boron device are almost the same below
0.5 V. The Fano factor in the boron device is more sensitive to
the width of the ribbon than to the length of the ribbon in the
full-coupling context. In the weak-coupling context, the Fano
factor is almost invariant over a wide bias range as the size in-
creases. Our results may provide ideas for fabricating efficient
electronic devices.
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