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Ab initio investigation of boron nanodevices:
conductances of the different geometric conformations

Li Gui-Qin(李桂琴)†

Department of Physics, Tsinghua University, Beijing 100084, China

(Received 20 May 2009; revised manuscript received 13 June 2009)

Conductances of different geometric conformations of boron ribbon devices are calculated by the ab initio method.

The I–V characteristics of three devices are rather different due to the difference in structure. The current of the

hexagonal boron device is the largest and increases nonlinearly. The current of the hybrid hexagon-triangle boron

device displays a large low-bias current and saturates at a value of about 5.2 µA. The current of the flat triangular

boron flake exhibits a voltage gap at low bias and rises sharply with increasing voltage. The flat triangular boron device

can be either conducting or insulating, depending on the field.
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1. Introduction

In the recent years, much attention has been

paid to carbon systems that are regarded as possi-

ble key materials for future nanodevices. The at-

tention originated from the observation of highly

stable carbon clusters in the form of Buckminster

fullerenes,[1] the subsequent observation of stable car-

bon nanotubes,[2] as well as the peculiar electronic

structure of graphene.[3−6] However, the studies on

boron demonstrated that boron was vital to the pro-

duction of nanodevices. Boron is the fifth element in

the periodic table and has only three valence electrons.

The boron atom has some intriguing similarities to

carbon, such as hardness close to that of diamond, a

high melting point and a richness of chemistry next

only to carbon.[7−11] The three valence electrons of

boron could, in principle, form an sp2 hybrid orbital

that might lead to tubular and planar structures sim-

ilar to those formed by carbon. However, boron and

carbon have some differences. Bulk carbon is charac-

terized by a 2D system (graphite) and carbon clusters

feature 3D cages, while bulk boron is characterized

by 3D cages and boron clusters feature 2D structures.

Furthermore, the boron sheet has a huge variety of

structures compared with the carbon graphite. The

stable structures of the boron sheet is still an open

question.

The hexagonal graphitic boron sheet was pro-

posed. The hexagonal boron sheet is an sp2 bonded

system, but a boron atom has only three valence elec-

trons, leading to an unstable structure.[12,13] Then the

buckled triangular boron sheet was proposed[14] and

the 2D triangular boron sheet was studied and used to

construct boron nanotubes.[15,16] However, the buck-

ling and large deformations show that the buckled

triangular boron sheet is not very stable. Recently,

the hybrid hexagon-triangle boron sheet has been pro-

posed and found to have a most stable structure.[17]

It is interesting to explore the promising prop-

erties of boron sheets for applications in nanoscale

devices due to the chemical richness of boron. In

the present paper, the conductance of boron de-

vices is investigated by the ab initio method. At

present, most of the conductance investigations fo-

cus on the sandwich-type structure of an individ-

ual molecule material connected in between two

metal electrodes.[18−21] But the bonding between the

molecule and the electrode is usually ill defined and

uncontrollable in current experiments,[22,23] which

makes it difficult to fabricate functional electron de-

vices with this structure. Nanoscale material sys-

tems may conduce to constructing the functional de-

vices. We consider two-dimensional junctions formed

from boron ribbon contacted by infinite metallic gold

electrodes through a sulfur atom. Usually in most

sandwiched devices S and Au are used as metal elec-

trodes, which can make contacting stable. The S

atom can be replaced by Cr and N atoms, such as

in graphene sheets which are contacted with Cr/Au
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metal electrodes.[24] Three finite boron ribbons with

hexagons, flat triangular and hybrid hexagon-triangle

are selected to study their conductances. The de-

vice is divided into two different parts: an ‘extended

scattering’ region, comprising the boron ribbon, the

S atoms and part of the metallic electrodes, and the

‘electrodes’ which are semi-infinite on both the left-

and the right-hand sides of the device.[25]

2. Calculation method

The conductances of the boron ribbon devices are

calculated by using the non-equilibrium Green func-

tion method.[26] This formalism is based on the theory

proposed by Datta.[27] The tight-binding Hamiltonian

is used in the conductance calculations. To simplify

the problem and reduce the computational cost, the

calculations are performed on a boron ribbon device

with finite length and finite electrode. The geome-

try of the device considered is in the following. The

gold electrodes are oriented along the (111) direction

and consist of three layers (three, seven, three), see

Figs. 1(a)–1(c). The vertical distance between the S

atom and the most external plane of the Au electrode

is 1.90 Å (1 Å=0.1 nm) with an S–Au bond length of

2.53 Å. The other bond lengths used here are: S–B

1.97 Å, B–B 1.67 Å and Au–Au 2.885 Å.

In investigating the conductance of the boron rib-

bon device, the electronic transmission coefficients of

the whole system are first calculated by using the non-

equilibrium Green function method,[26,27]

T = Tr(Γ1GΓ2G
+), (1)

where Tr, the trace, is over all orbitals of the ex-

tended boron; G is the retarded Green’s function ma-

trix, which can be self-consistently evaluated from the

tight-binding Hamiltonian of the scattering region and

self-energies; G+ is the advanced Green’s function ma-

trix; Γi, the spectral density, represents the coupling

between the ith electrode and the extended region and

it can be given by the imaginary part of electrode self-

energy.

The terminal current is

I =
2e

h

∫ +∞

−∞
dET (E, V )[f(E − µ1)− f(E − µ2)], (2)

where f(E) is the Fermi function with electrochemical

potentials µ1 and µ2. The details of the calculation

method can be found in Ref. [28].

3. Results and discussion

The conductance formalism is used to investigate

the transport properties of three geometric confor-

mation boron ribbon devices consisting of 20 boron

atoms, 27 boron atoms and 26 boron atoms, sepa-

rately (see Figs. 1(a)–1(c)). The details of the trans-

port behaviour of the three devices are displayed in

Figs. 2(a)–2(c) and Figs. 3(a)–3(c) by the densities

of states (DOSs) and the transmission coefficients,

each as a function of the injection energy of the elec-

tron. The peaks of DOS indicate not only the posi-

tions of the renormalized boron ribbon levels of the

extended states, but also the broadening of the boron

ribbon levels due to the presence of the electrodes and

bias. The conductance characteristics are shown in

Figs. 4(a)–4(c). The Fermi level of the gold (111) is

chosen to be −9.5 eV.[28] Notice that this value of EF

differs from the work function of Au (111) in Ref. [29]

(−5.31 eV) because the Hückel energy level is 4–5 eV

lower than the correct value relative to the value in

vacuum.[28]

Fig. 1. Geometries of the devices investigated in this work. A boron ribbon is contacted to two finite Au

electrodes with structures of (a) hexagonal boron, (b) flat triangular boron, (c) hybrid hexagon-triangle boron.

It can be seen from Figs. 2(a)–2(c) that there are some differences. First, the positions and heights of the

peaks in the DOS for the three structural boron ribbons are different from each other. Second, the numbers of

the peaks in the DOS Fermi level are different, and their corresponding gaps are also different from each other.
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The largest gap of the peak is observed on the hexagonal boron ribbon device, and the second largest gap is

seen from the hybrid hexagon-triangle boron ribbon device. Third, the largest DOS at the Fermi level exists in

the figure of the hexagonal boron ribbon device, which will affect the conductance significantly. The DOS at

the Fermi level in Fig. 2(c) is a little larger than that in Fig. 2(b).

Fig. 2. Total densities of states for boron ribbon devices

with structures of (a) hexagonal boron, (b) flat triangular

boron, (c) hybrid hexagon-triangle boron.

As expected, in Figs. 3(a)–3(c), the positions of

peaks in the transmission coefficients are correlated

well with those of the peaks in the DOSs for three

types of boron ribbons. The height of the peak in

transmission, however, is not necessarily mapped onto

the height of the peak in the DOS.

From Fig. 4, one can observe that the largest DOS

of hexagonal boron ribbon at the Fermi level domi-

nates the largest current as compared with the two

other boron ribbon junctions. The current of the hy-

brid hexagon-triangle boron ribbon device maintains a

larger value than that of the flat triangle boron ribbon

device, although the difference in transmission coeffi-

cient between these two junctions is not too large. No-

tably the hybrid hexagon-triangle boron flakes display

a large low-bias current, which increases nonlinearly.

Then it saturates at a value of about 5.2 µA. In con-

trast the I–V of the flat triangular boron flake is con-

siderably lower at low bias and increases nonlinearly

with bias. These phenomena mean that the barriers

for electron transport of the devices with hexagonal

structure and hybrid hexagon-triangle structure are

reduced and the current-carrying capabilities are in-

creased as compared with the flat triangular one.

Fig. 3. Total transmission coefficients for the boron rib-

bon devices with structures of (a) hexagonal boron, (b)

flat triangular boron, (c) hybrid hexagon-triangle boron.

Fig. 4. Current–voltage characteristics for the three types

of boron ribbon devices.

017201-3



Chin. Phys. B Vol. 19, No. 1 (2010) 017201

These different current characteristics could be

related to the structures of these three boron junc-

tions. The hexagonal boron is an sp2 bonded sys-

tem. Unlike graphene, in which four valence electrons

per atom completely occupy the sp2 and the pz bond-

ing states, a boron atom has only three valence elec-

trons and not enough electrons to fully occupy some of

the strong in-plane sp2 bonding states, which results

in a metallic plane. The hexagonal boron is highly

prone to accepting electrons, and the hexagonal re-

gions act as acceptors, which leads to the large cur-

rent and the current tends to increase nonlinearly with

the source–drain voltage in Fig. 4(a). For the flat tri-

angular boron, each atom has six nearest neighbours

and three valence electrons; a three-centre bonding

scheme should be considered.[16] The flat triangular

structure has a surplus of electrons in anti-bonding

states. From a doping perspective, the three-centre

flat triangular region should act as a donor, thereby

leading the system to behave as a semiconductor with

the voltage gap. In Fig. 4(b) one observes nonlinear

current–voltage curves that exhibit a voltage gap at

low applied bias. The current rises sharply as the

source–drain voltage increases, showing that boron

can transport charge carriers at higher bias. Thus,

within a range of source–drain voltages, the system

can be either insulating or conducting, depending on

the field. For hybrid hexagon-triangle boron, the va-

lence electrons per atom fully occupy all available in-

plane sp2 bonding states. The remaining electrons

occupy the low energy pz-derived states, leading to a

metallic system. The current tends to increase as the

source–drain voltage increases and then it saturates

at a value of about 5.2 µA.

4. Conclusions

The conductances of different geometric confor-

mations of boron ribbon devices are calculated by

using the non-equilibrium Green function technique.

The tight-binding Hamiltonian is used in calculation.

Although three valence electrons of boron could in

principle form an sp2 hybrid orbital, different struc-

tures exhibit either acceptor or donor or full filler na-

tures because each atom has a different number of

neighbours. As a consequence, the I–V characteris-

tics of the three geometry conformations are rather

different from each other. The hexagonal boron device

has the largest current increasing nonlinearly with the

source–drain voltage. The hybrid hexagon-triangle

boron device has the second largest current, which

displays a large low-bias nonlinear current and satu-

rates at a value of about 5.2 µA. The nonlinear cur-

rent of the flat triangular boron flake is lowest and ex-

hibits a voltage gap at low applied bias. Thus, within

a range of source–drain voltages, the flat triangular

boron flake can be either conducting or insulating,

depending on the field. These phenomena mean that

the current-carrying capabilities of the hexagonal and

hybrid hexagon-triangle devices are stronger as com-

pared with the flat triangular one. These results may

serve as a reference in fabricating nanoscale electronic

devices experimentally.
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