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ABSTRACT: Two-dimensional atomic sheets such as graphene and boron nitride monolayers represent a new class of
nanostructured materials for a variety of applications.
However, the intrinsic electronic structure of graphene and
h-BN atomic sheets limits their direct application in electronic
devices. By first-principles density functional theory calculations we demonstrate that band gap of zigzag BN
nanoribbons can be significantly tuned under uniaxial tensile
strain. The unexpected sensitivity of band gap results from
reduced orbital hybridization upon elastic strain. Furthermore,
sizable dipole moment and piezoelectric effect are found in
these ribbons owing to structural asymmetry and hydrogen passivation. This will offer new opportunities to optimize twodimensional nanoribbons for applications such as electronic, piezoelectric, photovoltaic, and opto-electronic devices.
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strategy10 was experimentally demonstrated by hybridizing hBN and graphene (h-BNC) domains. However, their random
distribution may introduce difficulties in fabricating nanoscale
h-BNC films with uniform electronic properties. It would,
therefore, be highly desirable to have capabilities to
continuously control the band gap of two-dimensional materials
for building future electronic and optoelectronic devices.
One promising route toward the continuously tunable band
gap is elastic strain engineering (ESE),11 which allows one to
control the electronic properties of materials by simply applying
an elastic strain. Although large elastic strain rarely exists in
bulk materials since they are easily relaxed by dislocation
plasticity or fracture, plasticity and fracture are greatly delayed
in nanostructures (“smaller is stronger”), allowing for a much
larger dynamical range of applying elastic strain reversibly.11
For example, experimentally measured breaking strength of
graphene monolayer was as high as 13% of ideal strength, while
that of bulk graphite seldom reaches 0.1%.12,13 Unfortunately,
uniaxial elastic strain will not open an energy gap for infinite
graphene within 20% strain.14−17 In the case of zigzag GNRs,

wo-dimensional materials, such as graphene1−5 and
hexagonal boron nitride (h-BN) monolayers, 6 are
attractive for their fascinating physics and potential applications
in next-generation electronics. Single atomic layer thickness
makes it possible to fabricate devices with channels that are
extremely thin. This will allow field-effect transistors (FETs) to
be scaled to shorter channel heights and higher speeds without
encountering the adverse short-channel effects that restrict the
performance of existing devices.1 However, we must overcome
a few fundamental difficulties. First, FETs with large-area
graphene channels cannot be switched off because it is a
semimetal with zero band gap. To give a large on−off ratio in
the conductance, required for electronic logic, it is necessary for
them to possess a significant electronic energy gap Eg. The ballpark value for Eg should be around that of silicon, 1.1 eV. For
this purpose, energy gaps were opened by cutting graphene into
ultranarrow nanoribbons (GNRs).7,8 However, their band gaps
depend strongly on the types of the edges and widths7 of GNRs
and therefore encounter serious issues with fabrication because
of the small widths (less than 5 nm) required for getting a big
enough band gap. On the other hand, monolayer h-BN and hBN nanoribbons (BNNRs) with edges passivated by hydrogen
are all wide-gap semiconductors,9 making them unsuitable as
FET channels at room temperature. Recently, another
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width-dependent and strain-dependent band gap and piezoelectricity described here are unlikely to change.
The width and strain dependence of energy gap are
presented in Figure 2 for monolayer h-BN and ZBNNRs

uniaxial strain also has little influence on the band
structure.18−22 Although the energy gaps of armchair GNRs
are predicted to change as a function of the applied uniaxial
strain, the tunable window of the energy gap becomes narrower
when the width of ribbon increases.18−22
In this Letter, we demonstrate by first-principles calculations
that band gap of zigzag BNNRs (ZBNNRs) can be significantly
tuned by applying a uniaxial strain. We find that the wider
ZBNNRs are, the more easily the band gaps can be tuned under
the same strain, demonstrating distinctly different physics from
GNRs. Moreover, ZBNNRs possess sizable dipole moment,
and more importantly the magnitude and direction of the
dipole moment change substantially under elastic strain,
resulting in a polarization switch at finite strain. These findings
imply their potential applications in electronic, piezoelectric,
photovoltaic, and opto-electronic devices. We will also elucidate
below the underlying mechanism of strain- and widthdependent band gap and polarization.
First-principles density-functional theory (DFT) calculations
were performed in a supercell configuration using the Vienna
ab initio simulation package (VASP).23 We employed projector
augmented-wave (PAW) method,24 the local-density approximation (LDA)25 of exchange-correlation functionals, an energy
cutoff of 400 eV for the plane-wave basis, and 50 MonkhorstPack k-points along the nanoribbon axis. Geometry optimizations were performed with a criterion of the maximum residual
force less than 0.02 eV/Å without any symmetry constraints.
The supercell was adjusted to maintain a sufficiently large
separation between adjacent nanoribbons (>15 Å from surface
to surface). A representative atomic structure of 2 nm wide
ZBNNR is shown in Figure 1, which has two distinct edges

Figure 2. The variation in band gaps of monolayer h-BN and
ZBNNRs with different widths from 1 to 6 nm under the uniaxial
tensile strain.

with uniaxial tensile strain applied along the zigzag direction.
We can see that band gap of monolayer h-BN has slight
changes, while band gaps of ZBNNRs decrease significantly
with increased tensile strain. The wider the ribbon is, the more
rapidly the gap decreases. For example, 10% elastic strain
reduces the band gap of 6 nm wide ZBNNR from about 3.5 to
1.0 eV. A previous study has indicated that the maximum elastic
strain which BNNRs can take is over 20%.27 Thus, ESE of
ZBNNRs appears to be a promising approach to reduce the
large band gap of h-BN down to the silicon range. The origin of
the above width and strain dependence of the energy gaps can
be understood from electronic band structures and wave
functions shown in Figure 3. Clearly, ZBNNRs are indirect

Figure 1. Atomic structure of 2 nm wide ZBNNR. Each B or N atom
row along nanoribbon width direction is labeled.

terminated by N and B atoms, called N-edge and B-edge,
respectively, with all edge atoms further passivated by H atoms.
As presented in Supporting Information, the band gap and
polarization using the generalized gradient approximation of
exchange-correlation functionals are almost the same as the
LDA results except for a small constant shift. It is known that
DFT with LDA in general underestimates the band gaps of
materials and more accurate estimation of band gaps requires a
quasiparticle approach.26 Nevertheless, the general trends of

Figure 3. (a) Band structures of 2 nm wide ZBNNRs under different
uniaxial tensile strains. (b) Charge densities of HOMO and LUMO
under the different uniaxial strains.
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smaller than the ideal elastic strain limit of >20%27). Therefore,
ZBNNRs act just like a giant polar molecule with a permanent
dipole moment. The long aspect ratio of nanoribbon means we
can mechanically “grab” and stretch this molecule. Importantly,
the magnitude and direction of dipole moment density of giant
polar molecules can be significantly tuned by stretching them
along the ribbon axis. We find that this polarization switch is
attributed to the strain-induced electron transfer toward the Nedge, and more details are presented in Supporting
Information. ZBNNRs, therefore, combine the advantages of
semiconducting properties and piezoelectric properties, which
hold promising potential in nanoelectro-mechanical devices,
such as piezoelectric sensors and piezoelectric nanogenerators.
However, the negative spontaneous polarization of ZBNNRs
under zero strain may sound counterintuitive. In fact, N has a
larger Pauling electronegativity32,33 than B, χ(N) = 3.04 > χ(B)
= 2.04, hence in principle it will take electron from B.
Consequently, the N-edge and the B-edge seemingly should be
negatively and positively charged, respectively, resulting in a
positive dipole moment. Thus, the negative transverse
spontaneous polarization in Figure 4 must be related to the
presence of the hydrogen passivation at two edges. Indeed, our
additional calculations yield positive dipole moments if
ZBNNRs are “naked”, that is, without any hydrogen
passivation. However, when hydrogen is attached to the left
of the N-edge, it adds a strong negative contribution to P, as
χ(H) = 2.20 < χ(N) = 3.04 and N would take electron from H,
so the H−N bond would be strongly negatively polarized.
Whereas, on the other side of the ribbon when a column of H is
added to the right of the B-edge, because χ(H) = 2.20 > χ(B) =
2.04, H can actually take electron from B, and the B−H bond
should also be negatively polarized. Therefore, the two negative
polarization contributions overwhelm the originally positive
polarization of “naked” ZBNNR. In effect, the positive net
charge of the N-edge should be attributed to H of the H−N
bond, while the negative net charge of the B-edge should be
attributed to the H of the B−H bond. This charge asymmetry
between left and right is a consequence (albeit a bit subtle) of
the structural asymmetry of ZBNNR, giving rise to the above
spontaneous polarization at zero elastic strain and a permanent
transverse dipole moment density, which is different from BN
nanotubes.34
For device applications, effective mass of carriers is also
important. It is defined as m* = ℏ2[d2E(k)/dk2]−1, where E(k)
is the energy band, k is the coordinate vector in reciprocal
space, and ℏ is the reduced Planck constant. The effective
masses of electron and hole are shown in Figure 5 in the units
of me (me is the free electron mass). The effective electron and
hole masses converge rapidly with increasing widths, indicating
weak width dependence for wide nanoribbons. However, for
ZBNNRs with the same width the effective hole mass increases
significantly (by 50% from 0.85me to 1.30me with 12% strain)
and the effective electron mass decreases substantially (by 25%
from 1.6me to 1.2me with 12% strain). Over a certain large
strain (about 11%) the effective mass of the hole is larger than
the effective mass of the electron. The large strain-dependent
variation of effective mass demonstrates the possibility of
tuning carrier mobilities of doped ZBNNRs by applying ESE.
Lastly, we remark on the physical significance of the band
gap. For photovoltaic applications, not only the band gap itself
needs to be tuned (Shockley−Queisser analysis)35 for
controlling the optimal light spectrum to absorb, but also the
oscillator strength needs to be tuned for controlling the

band gap semiconductors with the highest occupied molecular
orbital (HOMO) located at K point and the lowest unoccupied
molecular orbital (LUMO) located at X point. Charge densities
of HOMO and LUMO states under the different uniaxial
strains are shown in Figure 3b. We can see that HOMO
corresponds to an edge state decaying inward from the N-edge
with 2pz character on nitrogen atoms, while the LUMO is an
edge state localized at the B-edge with 2pz character on boron
atoms. These are in agreement with previous results.28−31 As
the strain increases, HOMO becomes more localized toward
the N-edge, while LUMO does not change much. These
localized quasi-one-dimensional edge states fundamentally
differ from the delocalized two-dimensional states in bulk hBN. Thus, as indicated in Figure 2, the band gap of ZBNNRs
will not converge to that of h-BN even if the width of ZBNNRs
goes to infinity. The width dependence of the band gap results
from quasi-one-dimensional nature of the localized edge states,
instead of quantum confinement of the bulk states (the
conventional quantum kinetic energy argument). A detailed
explanation of the width-dependent band gap is included in
Supporting Information. When uniaxial tensile strain is applied
along the ribbon axis of ZBNNRs, the B−N bond along the
ribbon axis becomes longer, thus the hybridization of 2pz
orbitals of N and B atoms on the edges reduces, resulting in
a smaller band gap. Because of the spatial separation of the edge
states, electrons and holes are localized on the opposite edges
of the ZBNNRs, which may give rise to interesting transport,
thermoelectric, and optical properties.
The structural asymmetry of ZBNNRs not only leads to two
asymmetric edge states but also introduces spontaneous
polarization with a residual dipole moment along the width
axis. Here we calculate the dipole moment density using the
following equation, P = (1/c)∫ supercell xρ(x,y,z)dx dy dz, where
ρ(x,y,z) is the total charge density including negative valence
electronic charge and positive ionic charge, w is the ribbon
width, and c is the length of super cell (see Figure 1). As shown
in Figure 4, the direction of dipole moment density is negative

Figure 4. The variation of the dipole moment density of ZBNNRs
with uniaxial tensile strain.

under zero strain. With increasing strain, dipole moment
density increases gradually, indicating electron transfer toward
N-edge. The direction of the dipole moment flips when the
strain is above a critical value. For example, the critical strain of
6 nm wide ZBNNR is about 4% only, which is a reasonable
critical elastic strain in the ultrastrength regime11 (but much
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general and may open new avenues of optimizing twodimensional semiconducting and insulating nanoribbons for
electronic, piezoelectric, photovoltaic, and opto-electronic
applications.
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absorption coefficient. The direct transition between the
spatially separated HOMO and LUMO is optically weak,
because wave function overlap between edge-localized HOMO
and LUMO decays exponentially with the ribbon width.
However, optical absorption spectrum of ZBNNRs involves all
possible optical excitations by promoting electrons from every
valence band to every conduction band. Our additional
calculations confirm that there indeed exist high-lying valence
states spatially close to LUMO and low-lying conduction states
spatially close to HOMO, indicating the transition between
them are optically allowed. Furthermore, as shown in Figure 3a,
the energy level between these optically allowed excitations also
reduces upon elastic strain. This means the optical absorption
spectrum of ZBNNRs is also strain dependent, implying that
elastic strain could possibly be utilized to optimize the optical
absorption spectra of ZBNNRs for photovoltaic applications.
However, for FET applications the wave function overlap issue
above is not as important; the band gap should still be the main
consideration because thermal excitation instead of optical
excitation is utilized in controlling the carrier concentration.
Indeed, electric field has been used in bilayer graphene36 to
generate a continuously tunable band gap up to 0.25 eV, and
FET device based on this perpendicular electric field has been
demonstrated.37 The main difference with our case is that the
electric field there is externally applied, whereas it is internally
generated here via the static dipole and piezoelectric effect.
In conclusion, by first-principles calculation we show that the
band gaps of ZBNNRs can be tuned significantly by applying a
uniaxial tensile strain within the elastic range and this special
property roots in the reduction of orbital hybridization along
the ribbon axis upon elastic strain. Furthermore, we find that
under the same strain, the wider the nanoribbon, the smaller
the gap, which is a result of the localized edge states instead of
quantum confinement of the bulk states (the conventional
quantum kinetic energy argument). The above findings provide
us a practical method to tune their electronic and optical
properties with elastic strain engineering. In addition, due to
structural asymmetry and hydrogen passivation ZBNNRs
possess a permanent transverse dipole moment, like a giant
polar molecule. The magnitude and direction of the dipole
moment can be tuned significantly by stretching this
“molecule”, with a significant effect on the band gap and
carrier mobility. The phenomena predicted here should be
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