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ron transport properties of boron-
nitride nanoribbons with electron and hole doping

L. L. Song,ab X. H. Zheng,*a H. Hao,a J. Lan,a X. L. Wanga and Z. Zengac

By first principles calculations based on the density functional theory and nonequilibrium Green’s function

technique, we have studied the electronic and transport properties of C-doped zigzag-edged boron-nitride

nanoribbons (ZBNNRs). Due to the two sub-lattices in boron-nitride nanoribbons (BNNRs), C substitutions

at B sites and N sites naturally provide ways for electron doping and hole doping. Different combinations of

the C chain substitution schemes are utilized to tune the electron transport of nano junctions constructed

with ZBNNRs. It is found that, either substitution for B or N by C, in symmetric doping, the junction always

behaves as a good conductor. However, in the asymmetric doping, the performance of the junctions highly

depends on the positions of the C chain. When the C atoms are doped at opposite edges on the two sides of

the junction, there is no current across the junction although dopings at B site and N site can both transform

a BNNR from an insulator into a metal. Interestingly, when the doping sites are moved to the middle of the

ribbons, the junctions conduct very well and negative differential resistance (NDR) is observed due to the

special alignment of the energy bands of the two leads.
1 Introduction

Graphene and its nanostructures are among the most prom-
ising building blocks for future nanoelectronic devices and have
attracted ever-increasing attention due to their novel structure
and enriched electronic and magnetic properties.1–3 Extensive
studies on graphene have also stimulated great interest in its
isomorph—single layers of hexagonal boron-nitride (h-BN),
which replaces carbon atoms in graphene with alternating
boron and nitrogen atoms in the sp2 lattice structure. Although
a h-BN layer has a similar structure to that of graphene, it
possesses a number of properties different from its carbon
counterpart. A pure h-BN layer is a semiconductor with a wide
band gap, high chemical inertness, thermal stability, enhanced
oxidation resistance and good optical properties.4–6 These
distinctions make h-BN uniquely attractive for applications in
electronics, photonics and nanocomposites.7,8

Similar to graphene, h-BN layers can be terminated in one of
the dimensions to obtain quasi-one-dimensional materials,
known as BN nanoribbons (BNNRs). Depending on the direc-
tion of termination, there are two types of BNNRs, based on
their edge shapes, called zigzag-edged BNNRs and armchair-
edged BNNRs, respectively. Armchair-edged BNNRs are
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usually nonmagnetic semiconductors. The corresponding
energy gap is found to oscillate with increasing ribbon width.
However, the gap of zigzag-edged BNNRs (ZBNNRs) decreases
monotonically as the ribbon width increases.9–11 Moreover,
depending on their edge passivation, ZBNNRs could be either
magnetic or nonmagnetic.12–17 As proved by previous studies on
ZBNNRs, the electronic and magnetic properties in these
ribbons are easily modied by different methods, such as by
external electric eld,9 defects,18,19 hydrogenation,20 impurity or
molecular doping.21,22 Especially, it has been demonstrated that
C-doping is an efficient approach to tune the optical, chemical,
electronic, and magnetic properties of BN nanomaterial and
extend their application.23–27 Recently, Park et al. have shown
that C-doped h-BN has extraordinary properties with possible
application in optics, magneto-optics and opto-electronics.28

Aer C doping, the hydrogen storage capacity of h-BN with
transition-metal dispersion is obviously uplied.29 This makes
h-BN an exceptional candidate in high capacity hydrogen
storage. Moreover, Beheshtian et al. found that doping BNNRs
with a zigzag line of carbon atoms decreases the ribbon’s band
gap, and the electric polarization of the doped BNNRs depends
on the types of atoms (B or N) that surround the dopants.30 Even
in the absence of an external electric eld, carbon chain-doped
zigzag BNNRs with one H-saturated boron edge and one bare
carbon edge exhibit half-semiconducting / half-metallic /

metallic electronic transition behaviors as the number of zigzag
carbon chains replacing the zigzag boron–nitrogen chains
gradually increases.31

Due to enriched properties and widespread application of C-
doped h-BN, both experimental and theoretical researchers are
This journal is © The Royal Society of Chemistry 2014
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motivated to propose various ways for its fabrication. Recently,
electron-beam induced substitution has been successfully
applied for doping C atoms in h-BN and BN nanotubes.32,33

More interestingly, Liu et al. proposed a novel approach of
constructing custom-designed C doped h-BN via CO molecules
interacting with the vacancy defect in h-BN using the density
functional theory (DFT).34 These papers demonstrate that it is
possible to tailor the electronic andmagnetic properties of h-BN
and BNNRs by intentional C-doping.

Thus far, most studies on C-doped BN nanoribbons, nano-
tubes and nanosheets are focused on tuning the electronic
structures, whereas very little attention has been paid to the
modulating of the transport properties. In this paper, we
present a systematic study of transport properties of ZBNNRs,
and we particularly focus on the tuning of transport properties
with C doping. Two kinds of doping have been considered: one
by replacing one or two lines of B or N atoms by C atoms along
the whole nanoribbon (called “symmetric doping”); the other by
replacing one line of B atoms in the le half and replacing one
line of N atoms in the right half of the ribbon by C atoms (called
“asymmetric doping”). It is found that in symmetric doping, the
systems behave like a metal and the current increases linearly
with voltage. However, in asymmetric doping, the I–V charac-
teristics depends on the relative positions of the substituted C
chains in the system. When the two C chains are far away from
each other along the transverse direction, it behaves like an
insulator, while it shows metallic behavior and negative differ-
ential resistance (NDR) when they both lie in the center. This
can be understood by the spatial distribution of the valence and
conduction band wave functions, and the special alignment and
relative shi of the bands crossing the Fermi level in the two
leads under nite bias.

2 Computational details

In order to study the C doping effects, 10-ZBNNR which contains
10 zigzag BN chains is considered in this work and the edges of
the ribbon are terminated with H atoms to obtain themost stable
structure.16 We consider two types of junctions characterized by
different C doping schemes based on ZBNNRs, as shown in
Fig. 1. In the rst type (symmetric doping), one or two lines of B
or N atoms are substituted by C atoms along the whole nano-
ribbon. Namely, the le and the right region of the junction are
the same. Particularly, we consider three cases, characterized by
N-edge substitution (MN) at lower edge, or B-edge substitution
(MB) at upper edge, and B- and N-edge substitutions (MBN) at
both edges. In the second type (asymmetric doping), one line of B
atoms in the le region and one line of N atoms in the right
region along the axial direction in the nanoribbon are substituted
by C chains. Specically, we consider two cases, with one char-
acterized by C chain substitution for the edge B or N chains at
opposite edges in the two regions and the other by C chain
substitution for middle B and N chains.

All calculations were performed with an ab initio scheme
combining density functional theory with the nonequilibrium
Green’s functions method for quantum transport. The relaxation
of the equilibrium geometries was performed using the SIESTA
This journal is © The Royal Society of Chemistry 2014
code which employs norm-conserving pseudopotentials and
linear combinations of atomic orbitals as basis sets.35 For a
symmetric doping case, the structure is obtained by relaxing one
unit cell and then repeating it periodically. For asymmetric
doping, the structure is obtained as follows: rst, we connect two
different ribbon sections both with 8 unit cells which have been
fully relaxed. Then it is put in a supercell with a large vacuum
surrounding it in all three directions and relaxed with the atoms
in 4 unit cells on either end xed and all other atoms in the
middle free tomove. Finally, the relaxed structure is connected to
the fully relaxed leads. In the relaxation of a unit cell, the k-grid is
chosen as 1 � 1 � 100 k-grid while in the relaxation in asym-
metric doping, only the G point is used. The wave function is
expanded with a double zeta polarized (DZP) basis set and the
exchange–correlation potential is treated at the level of general-
ized gradient approximation (GGA), with the form of Perdew–
Burke–Ernzerhof (PBE).36 The neness of a real space grid is
determined by an equivalent plane wave cutoff 200 Ryd. A 15 Å
vacuum slab was used to avoid interactions between ZBNNR
neighbors. The structures of all the doped and undoped ZBNNRs
are fully relaxed until the force tolerance 0.04 eV Å�1 is reached.

The quantum transport calculations were carried out by the
Atomistix ToolKit soware packages (version 2008.02).37,38 In
the calculations, the model structure is partitioned into three
regions: semi-innite le lead (L), central scattering region (SC),
and semi-innite right lead (R). Each lead supercell consists of 4
unit cells with a length of 9.84 Å and the length of the scattering
region in each device is six times that of the lead supercell. The
same parameters used in the above relaxations with SIESTA,
such as the basis sets, exchange–correlation potential, mesh
grid cutoff and vacuum thickness are adopted in the transport
calculations. The k-point sampling for the lead supercell is done
by 1 � 1 � 40 k-grid. The transmission function at energy E and
bias Vb was calculated through the Landauer formula:39,40

T (E, Vb) ¼ Tr [GL (E, Vb)G
R(E, Vb)GR(E, Vb)G

A(E, Vb)], (1)

where GR/A represent the retarded and advanced Green func-
tions of the scattering region and GL/R are the coupling func-
tions from the le and right leads. The current is calculated by
integrating the transmission function over the energy bias
window by the following formula:

IðVÞ ¼ 2e

h

ðmR
mL

TðE;VÞ� f ðE � mLÞ � f ðE � mRÞ
�
dE; (2)

where f(E � mL/R) are the Fermi distribution functions of the
electrons in the leads. mL ¼ Ef + eV/2 and mR ¼ Ef � eV/2 are the
chemical potentials of the le and right leads, with Ef the Fermi
energy at zero bias. In addition, since C-doping may result in
nontrivial magnetism, spin polarization has been considered in
all the cases and it is found that they are all spin degenerate.
3 Results and discussion
3.1 symmetric doping

As investigated earlier,32 the C dopants in BNNRs tend to be
located at the edges of the ribbon. One typical case is shown in
RSC Adv., 2014, 4, 48212–48219 | 48213
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Fig. 1 Optimized geometry structure of the two-probe devices constructed by 10-ZBNNR with different C substitution schemes: (a) replacing a
B chain at the upper edge of both sides; (b) replacing a B chain at the upper edge of the left side and a N chain at the lower edge of the right side;
(c) replacing a B chain and a N chain at the center of both sides. Blue, purple, yellow and indigotin balls are H, B, C and N atoms, respectively. The
shadowed areas show the lead supercells and the region between them is the scattering region. The red dashed line indicates the boundary of
the left and right regions. The size of the left and right regions along the transport direction in the scattering region are both three times as big as
that of the lead supercells.
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Fig. 1(a), which depicts the schematic conguration of a two-
terminal device based on the B-edge substitution (model MB).
By substituting the lower N edge atoms or both the upper B edge
and the lower N edge, we get other two models MN andMBN (not
shown). For comparison, we have also studied the electron
transport of the 10-ZBNNR without doping. There is a �4.2 eV
wide gap around the Fermi level in its transmission spectrum
(not shown). This transmission gap originates from the gap
Fig. 2 (a) I–V curves and (b) transmission functions for two-termina
substitution, and both B-edge and N-edge substitutions, respectively.

48214 | RSC Adv., 2014, 4, 48212–48219
with the same size in the band structure which will be shown
later. Thus, the current at low bias is zero in a large bias range
and it behaves as an insulator.

However, this situation is completely changed in the edge-
doped ZBNNRs. Fig. 2(a) shows the calculated I–V curves for
model MN, MB and MBN. The current increases linearly as a
function of the bias voltage starting from zero bias in all three
cases, and consequently they behave as a good conductor. The
l devices composed of ZBNNRs with B-edge substitution, N-edge

This journal is © The Royal Society of Chemistry 2014
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I–V curve is symmetric with respect to the positive and negative
biases due to the regular symmetric structures of the device
models. Nevertheless, the slopes of the I–V curves are different,
indicating different conductances in these cases. We can see
that the currents of the MN and MB cases at the same bias are
almost equal (with MN slightly larger) while that of MBN is
doubled.

To investigate the mechanism of such phenomena, we
present the transmission functions at zero bias as a function of
energy for the three two-terminal device models in Fig. 2(b).
Each transmission curve consists of step-like platforms. Most
importantly, around the Fermi level, the transmission coeffi-
cient is either 1.0 or 2.0, not like in the non-doping case where it
is always zero. This leads to metallic behavior in the doped
cases. In the MB case, both below and above the Fermi level, the
transmission is 1.0, while in the MN case it is 1.0 above the
Fermi level and 2.0 below the Fermi level. Interestingly, the
transmission function of the MBN case can be regarded as a
simple sum of the MB and MN cases in the energy range [�0.8,
0.8] eV. This indicates that the effects of MBN can be considered
Fig. 3 Alignment of band structures of the left and right leads in the
symmetric doping cases at zero bias: (a) with no doping; (b) with B
edge substitution; (c) with N edge substitution; (d) with both B and N
edge substitutions. The Fermi energy is set to 0.

This journal is © The Royal Society of Chemistry 2014
as a combination of the single MB and single MN. In fact, the
current at low bias also satises this rule. Another interesting
point is that although the transmission below the Fermi level in
MB is twice as big as that in MN, the current is almost the same.

In order to understand the differences in the transmission
functions of the three cases, we have investigated their band
structures (see Fig. 3). For comparison, the band structure of the
pristine ZBNNR is also presented in Fig. 3(a), where a band gap
of�4.2 eV is clearly observed. In the cases of MN and MB, due to
the presence of the C chain, the conduction band (labelled with
a or blue in Fig. 3(b)) in the MN case and the valence band
(labelled with b or black in Fig. 3(c)) in the MB case becomes
much more dispersive and the band gap becomes much
smaller. Meanwhile, for the substitution of the B atom in theMB

case, the C atom is an electron donor (n type doping), thus the
empty conduction band in the pristine ribbon becomes partially
lled now (see Fig. 3(b)). Effectively, the C doping pulls down
the conduction band. For the substitution of a N atom in theMN

case, the C atom is an electron acceptor (p type doping),
therefore the original fully occupied valence band becomes
partially lled (see Fig. 3(c)). Thus, the C doping pulls up the
valence band. This changes the ZBNNRs from an insulator into
a metal. In MN, besides band b, there is another band (labelled
with g or purple) that slightly crosses the Fermi level and its
maximum lies at 0.1 eV. This is why the transmission below the
Fermi level in MN is 2.0 and it extends to 0.1 eV above the Fermi
level since there are two bands in this energy region. More
interestingly, in the MBN case, since the C substitution for B
pulls down the conduction band and its substitution for N pulls
up the valence band simultaneously, both the a band and the b
band are dragged towards the Fermi level and become partially
lled. Meanwhile, the g band also has a tail crossing the Fermi
level. Thus, there are two bands in the energy range [0.1, 1.0] eV
and three bands in the range[�1.0, 0.1] eV. The number of
bands is exactly the value of the transmission in these energy
ranges.

These fantastic band structures originate from the fact that
the dopant does not destroy the basic planar structure and the
basic band structure. For many other systems, such substitution
may greatly change the band structure of the original system.
However, in the systems concerned in this work, the C doping
acts more like an electron donor or acceptor. Thus, it is regar-
ded as one of the best ways to modulate the performance of
ZBNNRs.

Now we look into the origin why the transmission below the
Fermi level in the MN case is twice that in the MB case while the
current is only slightly larger. Actually, it arises from the relative
shi of the band structures of the le and right leads under
nite bias. We can use a cartoon to explain this. In Fig. 4, we
show the bands of the le and right leads under zero bias
(Fig. 4(a)) and a nite bias (Fig. 4(b)) in the MN case. Around the
Fermi level there are two bands, b and g. Thus, we have two
transmission channels, namely, from b to b and from g to g. At
zero bias, the transmission above the Fermi level will be 1 while
that below the Fermi level will be 2. In the nite bias (V) case,
the le bands will be shied up by eV/2 while the right bands
down by eV/2. In the bias window, namely, the range between
RSC Adv., 2014, 4, 48212–48219 | 48215
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Fig. 4 Cartoon model of the alignment of band structures of the left
and right leads in the MN case around the Fermi level: (a) at zero bias;
(b) at finite bias V. b and g are two bands around the Fermi level. The
black dashed line shows the Fermi level and the two green dashed lines
indicate the bias window.

Fig. 5 The alignment of band structures of the left and right leads at
zero bias when the C chains of the two regions are located at opposite
edges. a, b and g indicate three bands crossing the Fermi level. The
Fermi energy is set to 0.
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the two lines, there are two bands (b and g) in the le lead, but
there is only one band (b) in the right lead. Thus, there is only
one transmission channel (from b to b) while the g channel is
blocked in the bias window. Thus the transmission is close to
one, which is the same as in theMB case. This is why we have got
almost the same current in both the MB and MN cases. This
demonstrates that a study of the equilibrium transmission
function is not enough and analysing the I–V curve is very
important in a device. The current in the MN case is slightly
larger than the MB since the transmission platform with height
of 2.0 in theMN case extends a little above the Fermi level, which
contributes to a transmission of 2.0 in a very small energy range
above the Fermi level, and thus contributes to a little fraction of
the current.

The transition of ZBNNRs from an insulator to a metal has
also been observed in Yu et. al.’s work, where several rows of BN
chains are substituted with C chains and the equilibrium

conductances range between 2G0 (G0 ¼ 2e2

h
: conductance

quantum) and 3G0, depending on whether it is zigzag-edged
graphene nanoribbons (ZGNRs) embedded in ZBNNRs or
ZBNNRs embedded in ZGNRs.41 We have also studied the cases
with several B or N lines replaced by C lines, with the number of
B or N lines increasing from 1 to 4. It is found that we can always
observe the insulator–metal transition and the equilibrium
conductance ranges between 1–3G0 in the MB cases and 2–6G0

in the MN cases. It originates from the facts that more originally
empty conduction bands become partially lled in the MB cases
due to the C induced electron doping and more fully occupied
bands become partially lled in the MN cases due to the C
induced hole doping.
3.2 Asymmetric doping

From the study above, we can see that either B edge substitution
or N edge substitution changes the nanoribbon into a metal. In
48216 | RSC Adv., 2014, 4, 48212–48219
a macroscopic situation, when a structure is composed by
connecting two metals together, it will still behave as a good
conductor. A question naturally arises as to how it will behave
when we connect two C doped BN nanoribbons with different
substitution scheme. In order to study this problem, we have
designed a device as shown in Fig. 1(a). In this model, the B
atoms at the upper edge at one side and the N atoms at the
bottom edge at the other side are substituted by C atoms, which
are both conductors as shown in Fig. 5. Obviously, around the
Fermi level, there is an overlapping energy region where there is
a band crossing the Fermi level in both regions. However, our
study indicates that the current in the whole bias range [�1.5,
1.5] V studied and the transmission in the range [�2.0, 2.0] eV
(see Fig. 6(a) and (b)) are exactly zero, which demonstrates that a
nite density of states in both leads does not guarantee nite
transmission.

For understanding the origin, in such a situation where two
‘metallic’ materials connected together produce zero conduc-
tance and current, a study of the spatial distribution or
symmetry of the wave functions is necessary.42 Consequently,
we take an insight into how the wave functions of the bands
crossing the Fermi level are spatially distributed. The wave
function of the conduction band in the MB case and that of the
valence band in the MN case at the G point are shown in Fig. 7(a)
and (b), respectively. We notice that, although the conduction
band in the MB case and the valence band in the MN case are
overlapping in energy around the Fermi level, their wave func-
tions are well separated spatially. Thus the electron trans-
mission from one lead to the other by these channels is blocked.

In order tomake the junction conducting, obviously, one way
is to tune the wave function distributions so that they are
spatially connected. This may be achieved by moving the carbon
chains from the edge towards the center. One case is shown in
Fig. 1(c). Interestingly, when the carbon chains lie at the center,
the current increases almost linearly starting from zero bias (see
Fig. 6(a)). In the transmission function, there is a large trans-
mission peak in the energy range [�0.9, 0.4] eV. This range
coincides very well with the overlapping energy region in the
band structures of the two regions shown in Fig. 8. From Fig. 8
and 5, we nd that, no matter whether the C chain lies at the
edge or is located at the ribbon center, the bands crossing the
Fermi level are always there. Besides changing the dispersion of
these bands, the C chains act more like an electron donor or an
electron acceptor in the ZBNNRs. From Fig. 7(c) and (d), it can
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 The I–V curve (a) and the transmission function (b) in the two doping schemes. Here “edge” means that the C chains are located at
opposite edges on the two sides of the junction; “center” means the C chains are located at the center of the ribbon on both sides.

Fig. 7 Distribution of the wave functions at the G point for: (a) a-band
with B-edge substitution; (b) b-band with N-edge substitution; and (c)
a-band with B-center substitution; (d) the b-band with N-center
substitution.
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be seen that the wave functions of the bands crossing the Fermi
level are all located at the ribbon center. Thus, the electron
transmission is permitted now.
Fig. 8 The alignment of band structures of the left and right leads to a
zero bias when the C chains of the two regions are both located at the
ribbon center. The shadowed area indicates the overlap energy region
in both leads. a, b and g indicate the three bands crossing the Fermi
level. The Fermi energy is set to 0.

This journal is © The Royal Society of Chemistry 2014
Another feature in the I–V curve shown in Fig. 6(a) is that
negative differential resistance is observed in both the positive
and negative bias regions and the peak-to-valley ratio (PVR) in
the current in the negative bias region is as large as�105, which
is much larger than many reported values in other systems.43,44

To gain further insight into the origin of NDR behavior, we plot
the transmission spectra as a function of both electron energy
and bias in Fig. 9. According to eqn (2), the current through the
device is the integration of the transmission T(E, Vb) from mL to
mR (the bias window). Since the average Fermi level, which is the
average of the chemical potential of the le and right leads, is
set as zero, the integration window is actually [�eVb/2, eVb/2].

From Fig. 9, we can see how the transmission peak around
the Fermi level evolves with the bias. Compared with the zero
bias case (see Fig. 6(b)), in the positive bias region, the peak
width increases rstly until 0.3 V and then it decreases. In the
negative bias region, the peak width decreases monotonously
with the bias until 1.3 V. However, the current is determined by
the signicant integration (SI) region as dened by the region
inside the bias window with nonzero bias (indicated by the
bright region between the two green dashed lines in Fig. 9). We
can see that the width of the SI region increases linearly rst
until 0.65 V, then it almost keeps unchanged and nally it
decreases rapidly in both the positive and negative bias regions.
Fig. 9 Transmission as a function of electron energy and bias. The
green dashed cross lines indicate the bias window.
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The transmission in this region starts to decrease when Vb $

0.65 V. Thus, the current decreases accordingly and NDR
happens. Especially, in the negative bias region, aer Vb > 1.3 V
which is exactly the overlap energy region width in Fig. 8 at zero
bias, due to the upshi (eVb/2 > 0) of bands in the le lead and
the downshi (�eVb/2 < 0), the overlap energy region becomes
zero. Thus, the transmission and the current are negligibly
small, which gives rise to a very large peak-to-valley ratio as
shown earlier.
4 Conclusion

In summary, we have investigated the tuning effects of C doping
on the electronic and transport properties of ZBNNRs. In the
substitution of C for N, the C atom acts as an electron acceptor,
thus the fully occupied valence band becomes partially lled. In
contrast, in the substitution of C for B, the C atom acts as an
electron donor, thus the empty conduction band becomes
partially lled. Consequently, the substitution of carbon atoms
for either boron atoms or nitrogen atoms always leads to a
transition from a semiconductor to a metal. However, in such a
metal, there is something special since the conducting channel
contributed by the valence band or the conduction band is
around the C chain. Thus, in the symmetric doping, we get
metallic behavior in the I–V characteristics. Nevertheless, in the
asymmetric doping, if the C chain in one doping region is far
from that in the other doping region, the conducting channel is
disconnected and thus the junction still behaves as an insu-
lator. If the C chain in both region moves to the center of the
region along the axial direction, electrons can be transmitted
from the conduction band in the region with a B chain
substituted to the valence band in the region with a N chain
substituted. Thus, it behaves as a good conductor. This
demonstrates that the tuning effects of C doping in ZBNNRs
depend on the substituted sub-lattice (B or N) and the relative
position of the doping site.
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