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Strain effect on transport properties of
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The transport properties of hexagonal boron—nitride nanoribbons under the uniaxial strain are investigated by

the Green’s function method. We find that the transport properties of armchair boron—nitride nanoribbon strongly

depend on the strain. In particular, the features of the conductance steps such as position and width are significantly

changed by strain. As a strong tensile strain is exerted on the nanoribbon, the highest conductance step disappears and

subsequently a dip emerges instead. The energy band structure and the local current density of armchair boron—nitride
nanoribbon under strain are calculated and analysed in detail to explain these characteristics. In addition, the effect of

strain on the conductance of zigzag boron—nitride nanoribbon is weaker than that of armchair boron nitride nanoribbon.
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1. Introduction

Recently, the single layer of hexagonal boron—
nitride (h-BN), an isostructure of graphene, has been
obtained experimentally!' =3 and shown to possess ex-
cellent electronic and optical properties.*=¢ Based on
the single-layer structure, boron—nitride nanoribbons
(BNNRs) with different widths and edges can be pro-
duced by the same experimental process as graphene
nanoribbons (GNRs).["~=12l BNNR as an analogy to
GNR exhibits excellent electronic properties ruled by
m-electrons in a hexagonal lattice, such as the ex-
tremely high carrier mobility.['3] Furthermore, BNNR
has its own unique properties due to the large ionic-
ity of boron (B) and nitride (N). For example, the
BNNRs with different edges, i.e., armchair BNNR
(A-BNNR) and zigzag BNNR (Z-BNNR), are both
wide-band-gap semiconductors and promising materi-
als in optics and opto-electronics.!'¥ While high ther-
mal and chemical stabilities of BNNRs indicate that
the nanoribbons may have more practical significance
as electronic devices.['5) Thus, BNNRs recently have
attracted intensive interest.

Many theoretical studies indicate that the strain
effect is an effective way to modulate the electronic

structures of nano-sheet and nanoribbon.'6=18 Qur
group has investigated the electronic structures of
graphene under different planar strains. The results
clarify that the asymmetrical strain successfully re-
sults in the opening of band-gap at the Fermi level
in graphene.['8l Subsequently, Sun et al. studied elec-
tronic structures of GNRs under uniaxial strain. They
illustrated that the band-gaps of armchair GNR un-
derwent a zigzag oscillation under strain, while the
electronic structures of zigzag GNR were not sensi-
tive to the strain.!'”) Obviously, the effect of strain on
the GNRs and that on graphene are different, and
GNRs with different edges have different responses
to strain. Recently, our group explored electronic
structures of h-BN nano-sheet under different planar
strains. The calculations show that the band-gap
width of the h-BN nano-sheet can be distinctly re-
duced by strain and the gap feature exhibits strong
anisotropic behaviours.'®! In view of the various re-
sponses of nano-sheet and nanoribbon to strain, it
is reasonable to expect that the electronic structures
of BNNRs under strain are different from those of h-
BN nano-sheet under strain. Moreover, the different
electronic structures are anticipated to induce unique
transport properties of BNNRs under strain.
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In this paper, the transport properties of BN-
NRs under the uniaxial strain are investigated by the
Green’s function method.['=22 First, we calculate the
conductances of A-BNNR under various strains. The
results show that the position and the width of the
conductance steps change with strain. In particu-
lar, the highest conductance step disappears and a
dip emerges instead when the tensile strain is strong
enough. By analysing the energy band structure and
the local current density, it is found that these phe-
nomena originate from the redistribution of transmis-
sion channels. Meanwhile, the band-gap of A-BNNR
displays a width-dependent zigzag oscillation similar
to that of GNR. Then, the conductances of Z-BNNR
under strain are studied. Although the strain also re-
sults in the changes of conductance steps, the effect of
strain on the conductance of Z-BNNR is weaker than
that of A-BNNR.

2. Model and method

The considered structures include two kinds of
geometries: A-BNNR and Z-BNNR, as sketched in
Fig. 1, in which W denotes the width of BNNR. Along
the axial direction of BNNR, we divide the structure
into three parts: a central region consisting of a fi-
nite BNNR and two semi-infinite (left and right) leads
on the two sides of the central region. To calculate
the electronic properties of BNNRs, the tight-binding
model is needed in order to describe Hamiltonians H
of A-BNNR and Hy of Z-BNNR, respectively, as

Hx = ¢B Za;rai +en Zb;bj + Ve Z(a;rbj + H.c)
i J (4,5)

+ V5 > (albm +He), (1)

<1‘7m>
EB Z azai + N Z b;bj =+ Voll Z(a;rbj =+ H.C)
i J (i,5)
+ V5> (albm + He), (2)

(i,m)

Hy,

where eg = 2.315 eV and ex = —2.315 eV separately

denote the on-site energies of B and N atoms. 2]

+
a;
(bj) is the creation operator at site i (j) of B (N) atom.
Vo (Vi) and Vg (Vj) describe the hopping energies
parallel and perpendicular to the axial direction of A-
BNNR (Z-BNNR), respectively. The sums in (4, j) and
(i,m) are restricted to the nearest-neighbour atoms
parallel and perpendicular to the axial direction of

BNNR respectively. One can use the lattice Green’s

function method to calculate the transport properties
of BNNRs. According to the Green’s function scheme,

the Green’s function of BNNR can be expressed as[?"]

Gs=(E—-Hy—%p —%g)"}, (3)

where H is the Hamiltonian of the central region;
YR = HlT gL/rH1 denotes the self-energy term of
left or right lead; H; is the interaction matrix between
lead and central region; gr, /g is the Green’s function
of left or right lead, which can be obtained based on
the recursive Green’s function method (RGF).[19:24]
Once the total Green’s function is calculated, one can

obtain the conductance G of BNNRs

where I, g = i (EL,R — Z’I:R) is the coupling func-
tion of left or right lead. In addition, energy band
structure and local current density of BNNRs under

strain can be obtained by the Green’s function. 2526l

Fig. 1. (a) An A-BNNR; (b) A Z-BNNR. W denotes the
width of nanoribbon. The grey and the black balls sepa-
rately denote N and B atoms.

In our calculations, the hopping energies are set
as Vo = Vg = —24 eV and V; = V5 = 24 eV
in the absent of strain. When a strain is exerted on
BNNRs, B-N bond lengths will change with strain.
The changes inevitably affect the hopping energies
in BNNRs (Va,Vg,Vo’[,Vé).
culations clarify that the B-N bond lengths change

The first-principles cal-

almost linearly with strain.l?”! For simplicity, we as-
sume that the change in hopping energy is propor-
tional to the change in B-N bond length linearly and
AVg = 0.13AV, = 0.13t, AV = 0.25AV, = 0.25¢. In
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the following discussion, we use t to denote the strain.
t <0eVandt >0 eV correspond to compressive and
tensile strains, respectively.

3. Results and discussion

Figure 2 illustrates the conductances of A-BNNR
under different values of strain ¢ each as a function
of electron energy. In Fig. 2(a), we show the conduc-
tance without strain, i.e. ¢ = 0 eV. It is found that the
conductance exhibits a perfect stepwise profile and a
wide-band-gap exists around the Fermi energy. The
maximum value of conductance is 4Gy (Go = 2¢2/h)
that reflects the number of transmission channels in
the nanoribbon. Figures 2(b) and 2(c), and 2(d)-2(f)
show the conductances under compressive and tensile
strains, respectively. One can find that the conduc-
tances of A-BNNR under various strains are different.
Obviously, the position and the width of conductance
steps change with strain strength. As a compressive
strain is exerted on the nanoribbon, the width of the
highest conductance step and the total spectrum range
increase with strain strength [see Figs. 2(b) and 2(c)].
When a tensile strain is exerted, however, the highest
step becomes narrow and the total spectrum range
If ten-
sile strain is strong enough, the 4G conductance step

decreases as shown in Figs. 2(d) and 2(e).

even disappears and a dip emerges in the conductance
step instead [see Fig. 2(f)]. Meanwhile, one can find
that the band-gap slightly changes with strain. These
results indicate that the transport properties of A-

BNNR are very sensitive to the strain exerted on the

structure.
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Fig. 2. Curves for conductance versus electron energy for
A-BNNR with W = 8 under some different values of strain
t. The dash lines each are a benchmark for comparison.

The transport properties of the nanoribbon are

closely related to the energy band structure.[26:28] In

order to explain the dependence of conductance step
on strain, in Fig. 3, we show the energy band struc-
tures and the corresponding conductances of A-BNNR
One can find that the value
of conductance step is related to the number of sub-

under different strains.

bands. Without strain, i.e. when t = 0 eV, there are
four sub-bands in the crossover part of the two sub-
Thus,
a 4Gy conductance step appears in the corresponding

bands marked by 1, 2 as shown in Fig. 3(a).

region of conductance profile [see Fig. 3(b)]. As a ten-
sile strain is exerted, the symmetry of the nanoribbon
is broken so that all of the sub-bands shift (upwards
or downwards) with the strain. Especially, the sub-
bands 1 and 2 move downwards and upwards with
tensile strain respectively. Furthermore, the moving
distance increases with the strength of strain. When
the strain reaches 0.635 eV, the two sub-bands 1 and
2 are overlapped with each other as shown by the solid
line in Fig. 3(c). This directly causes one transmission
channel to die out. Consequently, the highest conduc-
As the

strain continues to increase (t = 0.8 eV), the further

tance step with 4G¢ disappears [Fig. 3(d)].

moving of sub-bands leads sub-bands 1 and 2 to be
separated as shown in Fig. 3(e) and thus a dip with
2Gy emerges in conductance that is denoted by the
solid line in Fig. 3(f).
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Fig. 3. Energy band structures for A-BNNR with W =8
under different values of strain ¢t. (a) t = 0 eV, (c)
t = 0.635 eV and (e) t = 0.8 eV. (b), (d) and (f) show
conductances of A-BNNR corresponding to (a), (c¢) and
(e), respectively.
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To further characterize the nature of the trans-
port properties of A-BNNR, we explore the local cur-
rent density of the structure under different values of
strain ¢. Figure 4 displays the local current-density
distributions. Clearly, the spatial characters of the
plots exhibit the variations of transmission channels
in the nanoribbon. In Fig. 4(a), four well-separated
transmission channels emerge in nanoribbon without
strain, and each of them has the same weight, which
corresponds to the 4G conductance step as shown by
the solid line in Fig. 3(b).
exerted on the nanoribbon, the number of transmis-

When a tensile strain is

sion channels decreases due to the symmetry breaking.
As t = 0.635 eV [see Fig. 4(b)], the two middle well-
separated propagating channels obviously couple to-
gether, and thus one channel vanishes. So, the value
of conductance becomes 3Gy as shown in Fig. 3(d).
While the strain increases to 0.8 eV [Fig. 4(c)], only
two new well-separated channels occur in nanoribbon.
Consequently, the value of conductance turns to be
2Gy, and a dip emerges in conductance as shown by
the solid line in Fig. 3(f).
dicate that the features of the electronic structures

These results clearly in-

under strain are directly reflected from the transport
properties of A-BNNR.

As claimed above, the band-gap of A-BNNR is
slightly changed with strain ¢. We further investi-
gate the dependences of band-gap on strain and ribbon
width. Figure 5 illustrates the variations of band-gaps
of A-BNNRs with strain ¢ for different widths. From
Fig. 5(a), one can find that all the band-gaps for three
different ribbon widths (W = 8, 9 and 10) display a
zigzag oscillation as the strain ¢ varies, and the change
between two neighbouring turning points is nearly lin-
ear. However, the three curves exhibit distinct fea-
tures with the variation of strain. As strength of ten-
sile strain is enhanced, the band-gaps of A-BNNRs
with W = 8 and 9 first increase and then decrease.
While the gap of A-BNNR with W = 10 displays
an opposite trend instead. Meanwhile, the maximal
values of three curves are sensitive to the width of
A-BNNR. Similar to the case of GNRs,[??! A-BNNRs
also show a family behaviour with respect to the width
(W = 3n, 3n + 1, 3n + 2)." As a comparison, the
variations of various gaps of A-BNNRs with W = 11,
12, 13 with ¢ are depicted in Fig. 5(b). Comparing
Fig. 5(a) with Fig. 5(b), it is found that the band-gaps
of A-BNNRs in a similar family such as W = 8 and
11 A-BNNRs, remain a similar trend with the varia-
tion of strain except for the maximal value and period

shrinking. These results verify that the dependence of
band-gap of A-BNNR on strain is determined by the
ribbon width.

Fig. 4. Local current-density distribution (arrows) of A-
BNNR with W = 8 under various values of strain ¢ at
E =345¢eV :t =10 (a), 0.635 (b) and 0.8 eV (c), with
grey and black balls denoting N and B atoms, respectively.
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Fig. 5. Variations of the band-gaps for A-BNNRs with
strain ¢ for different values of width W: W =8, 9, 10 (a),
and 11, 12, 13 (b).
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In addition, the conductances of Z-BNNR, under
different strains are shown in Fig. 6. By comparing
Fig. 6 with Fig. 2, one can find that the conduc-
tance modification of Z-BNNR under strain is similar
to that of A-BNNR. For example, the widths of the
highest conductance steps become wide as compres-
sive strain is exerted on Z-BNNR [see Fig. 6(a)] and
A-BNNR [see Figs. 2(b) and 2(c)]. While a tensile
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Fig. 6. Curves for conductance versus electron energy for
Z-BNNR with W = 8 for three different values of strain t¢.

strain is exerted [see Figs. 6(c) and 2(e)], the widths
both turn narrow instead. But the modification of

conductance of Z-BNNR is much smaller than that
of A-BNNR under the same strains.
sile strain, i.e., ¢ = 0.8 eV, the highest step disap-

Under a ten-

pears and a dip emerges in conductance of A-BNNR.
However, the highest step still exists in conductance
of Z-BNNR even if a larger tensile strain (1.0 eV) is
exerted. Therefore, the electron transport of the Z-
BNNR under strain is not discussed in detail.

4. Conclusions

The transport properties of BNNRs under a uni-
axial strain are investigated by the Green’s function
method. It is found that the position and the width of
the conductance steps of A-BNNR are different under
various strains. As the tensile strain is exerted, the
highest conductance step becomes narrow and even
disappears. Subsequently, a dip emerges. To explain
these phenomena, the energy band structure and the
local current density of the A-BNNR under strain are
studied. The results show that all the sub-bands move
upwards or downwards and the transmission channels
change with tensile strain. Meanwhile, the band-gap
of A-BNNR shows a zigzag oscillation under strain. In
addition, the modification in conductance of Z-BNNR,
is similar to that of A-BNNR. But the effect of strain
on the conductance of Z-BNNR is weaker than that
of A-BNNR. These results are important for under-
standing and controlling the transport properties of
BNNRs.
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