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Conventional and spin related thermoelectric effects in zigzag boron nitride nanoribbons are studied theoretically within the
Density Functional Theory (DFT) approach. Nanoribbons with edges passivated with hydrogen, as well as those with bare edges
are analyzed. It is shown, that one spin channel in the nanoribbons of 0HB-0HN and 2HB-1HN types becomes nonconductive
slightly above the Fermi level, and therefore such nanoribbons reveal remarkable spin related thermoelectric phenomena and are
promising materials for thermoelectric nanodevices. Thermoelectricity in BN nanoribbons of other types is less efficient and
therefore these materials are less interesting for applications.

1 Introduction

Since the two-dimensional (2D) boron nitride (BN) was syn-
thesized, one can observe an increasing interest in this novel
low-dimensional material.1–10 Similarly to graphene, silicene,
or stanene, boron nitride is a 2D crystal of hexagonal atomic
structure. Its electronic properties, however, are essentially
different, as it is an insulator with a wide energy gap.11,12

Interestingly, this material exhibits high chemical stability,
which is a very important feature from the point of view
of potential applications.13 Boron nitride nanoribbons (BN-
NRs) also turned out to be stable and – similarly to graphene
nanoribbons (GNRs) – they can be obtained by cutting BN
sheets or by un-zipping BN nanotubes.14

Various types of the edge termination in the nanoribbons
can be observed, including armchair and zigzag nanoribbons
with B-edges (bare or passivated) or N-edges (bare or pas-
sivated). Their physical properties are remarkably different
from those of GNRs, mainly due to typical ionic nature of
the B-N bonds. From theoretical considerations follows that
electronic and magnetic properties of zigzag BNNRs (in the
following referred to as zBNNRs) are determined by the type
of their edges, and also depend on whatever the B or N edges
remain bare or they are terminated with hydrogen atoms.15–17

Generally, zBNNRs with bare B or N edges can be magnetic as
the dangling bonds at the edges induce magnetic moments.18

Ribbons with bare B-edge or B-edge terminated with hydro-
gen atoms are half-metallic, whereas those with N-edge or
both edges being terminated with hydrogen are mainly semi-
conducting.19 Interestingly, zBNNRs asymmetrically termi-
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nated with fluorine exhibit half-metallic behavior and 100%
spin polarization around the Fermi level20. Accordingly, dif-
ferent termination of zBNNRs allows controlling their elec-
tronic and magnetic properties. It has been also shown that
the band gap of zBNNRs can be significantly tuned by a
uniaxial tensile strain.21 Apart from this, a magnetic tunnel
junction consisting of BNNRs contacted to two ferromagnetic
graphene electrodes was also studied, and such a junction
turned out to be a very effective spin filter.22

It is known that boron nitride nanostructures exhibit rela-
tively high thermal conductance, which however is consid-
erably lower than the thermal conductance of the carbon-
based counter-parts.23 There are two reasons of such behav-
ior, namely softer phonon modes in systems based on boron
nitride, as well as a difference in atomic mass of B and N
atoms.23 Owing to the lower heat conductance, BNNRs seem
to be interesting from the point of view of the corresponding
thermoelectric properties.

Generally, thermoelectric phenomena in nanostructures are
currently of great interest, mainly due to a possibility of heat
into electric energy conversion at nanoscale. Many papers
have appeared, mainly theoretical, concerning thermoelectric
properties of novel nanomaterials, especially graphene and
GNRs of various types.24–31 However, carbon-based nanos-
tructures are not good thermoelectric materials, as the ther-
moelectric efficiency is rather low due to exceptionally high
phonon thermal conductance. Thus, it is very important to
search for nonomaterials with optimal thermoelectric prop-
erties. To enhance thermoelectric efficiency, hybrid systems
based on graphene and BN have been proposed, in which BN
is periodically embedded into GNRs.32 Thermal conductance
of such hybrid nanoribbons can be considerably reduced while
the Seebeck coefficient can be enhanced.

In this paper we study thermoelectric effects in zBNNRs
and demonstrate outstanding properties of nanoribbons with
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Fig. 1 (Color online) Band structure and spin-resolved transmission function Tσ (E) of zBNNRs of the following types: a) 2HB-1HN, b)
1HB-2HN, c) 2HB-2HN, and d) 0HB-0HN. Only a narrow energy region in a close vicinity of the Fermi energy EF is presented. Here, up and
dn stand for the spin-up and spin-down channels, respectively. The nanoribbons consist of N = 6 zigzag atomic chains, while the other
parameters as described in the text.

some specific edges, which exhibit remarkably enhanced ther-
moelectric efficiency. Moreover, our calculations also show
that zBNNRs with two bare edges as well as those asym-
metrically terminated with hydrogen in such a way that
the B-edge is di-hydrogenated while the N-one is mono-
hydrogenated, exhibit ferromagnetic ordering. In addition to
conventional thermoelectricity, such nanoribbons also reveal
spin related thermoelectric phenomena.33–37 The spin See-
beck effect, which is a spin analog of the conventional See-
beck effect, was observed experimentally in thin films38 and
tunnel junctions.39,40 While the latter effect describes electri-
cal voltage generated by a temperature gradient, the former ef-
fect corresponds to thermally generated spin voltage. The spin
Seebeck effect originates from the interplay between charge,
spin and heat transport. Our investigations show that the con-
ventional and spin Seebeck effects are remarkably enhanced
in the above mentioned zBNNRs due to a specific band struc-
ture leading to rapid decrease of transmission near the Fermi
level in one spin channel, whereas the second spin channel re-

mains fully conductive. Moreover, thermal conductance due
to electrons, κe, is reduced in the region of chemical potential
corresponding to the main peak in the thermopower S, but the
electrical conductance G is still relatively high. It is also im-
portant that the thermal conductance due to phonons, κph, is
much lower in BNNRs in comparison to carbon-based nanos-
tructures.23 As a result, thermoelectric efficiency described by
thermoelectric figure of merit ZT = GS2T/(κe +κph), with T
denoting the temperature, is remarkably enhanced. Accord-
ingly, the nanoribbons under consideration appear to be opti-
mal thermoelectric materials, with a great potential for appli-
cations in nanoelectronics and spintronic devices.

2 Computational details

Electronic band structure of zBNNRs containing N zigzag
atomic chains was determined within the Density Functional
Theory (DFT) using the Generalized Gradient Approximation
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(GGA).41,42 The structures were optimized until atomic forces
converged to 0.02 eV/Å. Furthermore, we used the atomic
double-polarized basis (DZP), while the grid mesh cutoff was
set equal to 200 Ry. In turn, for calculating the spin-resolved
transmission function we have employed the Non-equilibrium
Green Function (NGF) method, as implemented in the Transi-
esta code.43,44

To study the influence of hydrogen termination of zBN-
NRs on their electronic, magnetic and transport properties,
we have performed systematic calculations for various types
of nanoribbons, i.e. for nanoribbons with bare edges as well
as for those terminated with one or two hydrogen atoms. We
have considered the situations when the hydrogen atoms are
attached symmetrically or asymmetrically to both edges. For
convenience, we will use the following notation: (i) 2HB-1HN
for the nanoribbon in which the B-edge is di-hydrogenated,
while the N-edge is mono-hydrogenated, (ii) 1HB-2HN for
nanoribbons with the B-edge and N-edge being mono- and di-
hydrogenated, respectively, and (iii) 2HB-2HN for nanorib-
bons with both edges terminated with two H atoms. Addition-
ally, we also present results for the nanoribons of 0HB-0HN
type, with both bare edges. The obtained numerical results
show that the most stable systems are the zBNNRs of 2HB-
1HN type, whereas the corresponding nanoribbons of 0HB-
0HN type have the highest energy.

3 Electronic structure and transmission func-
tion of zBNNRs

The calculated electronic band structures, shown in Fig. 1,
clearly show that the zBNNRs under consideration exhibit
metallic transport features (nonzero electron density at the
Fermi level EF of the corresponding charge-neutral nanorib-
bon). Additionally, in Fig. 1 we also present the spin-resolved
transmission function, Tσ (E). As one can see, the hydrogen
atoms at the nanoribbon’s edges strongly influence its elec-
tronic band structure and also the corresponding transmis-
sion function. In a close vicinity of the Fermi level EF , the
transmission function in the case of 2HB-2HN and 1HB-2HN
zBNNRs is high and constant in both spin channels, which
indicates that these systems can not exhibit remarkable ther-
moelectric properties. Qualitatively different behavior can be
expected in the case of 0HB-0HN and 2HB-1HN nanorib-
bons. In both these systems, one spin channel becomes non-
conductive just above the Fermi level EF , which can strongly
influence their thermoelectric properties. First, this leads to an
enhanced Seebeck coefficient. Second, these nanoribbons ex-
hibit ferromagnetic ordering of the edge magnetic moments,
so the spin related thermoelectric effects can also be revealed.
Therefore, in the following we will focus mainly on these
zBNNRs.

4 Thermoelectric properties of 2HB-1HN zBN-
NRs

Nanoribbons of 2HB-1HN type exhibit ferromagnetic order-
ing, i.e. magnetic moments localized at the B dihydrogenized
edge are parallel, while the moments at the other edge are van-
ishingly small. Spin density calculated for such a nanoribbon
is presented in Fig. 2, where the magnetic moment per unit
cell is equal to 5.53 µB.

Fig. 2 (Color online) Spin density distribution for the zBNNR of
2HB-1HN type with N = 6 zigzag atomic chains. Such a
nanoribbon exhibits ferromagnetic alignment of the edge moments.
These moments are localized at the B dihydrogenized edge.

In ferromagnetic systems, in which the two spin channels
can be treated as independent and do not mix on the nanorib-
bon length, the spin effects become important and may be re-
vealed in thermoelectric properties. In the presence of a tem-
perature gradient ∆T , a spin voltage ∆Vs can be then gen-
erated in addition to the conventional electrical (or charge)
voltage ∆V , which give rise to the spin Seebeck coefficient
Ss =−∆Vs/∆T as well as to the conventional Seebeck coeffi-
cient Sc =−∆V/∆T . Assuming that both Sc and Ss are deter-
mined under the condition of zero charge I and spin Is currents,
the Seebeck coefficients in the linear response regime can be
calculated according to the following formulas:36

Sc =− 1
2|e|T

(L1↑/L0↑+L1↓/L0↓),

Ss =− 1
2|e|T

(L1↑/L0↑−L1↓/L0↓), (1)

where Lnσ = − 1
h
∫

dE Tσ (E)(E − µ)n ∂ f
∂E for n=0,1,2. Here,

Tσ (E) is the spin-dependent transmission function, f (E − µ)
is the Fermi-Dirac distribution function corresponding to the
chemical potential µ and temperature T (equal in both elec-
trodes in the linear response description). The electrical con-
ductance in the spin channel σ is then given by the formula
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Gσ = e2L0σ , while the thermal conductance κe due to elec-
trons is equal to

κe =
1
T ∑

σ

(
L2σ −

L2
1σ

L0σ

)
. (2)

Thermoelectric coefficients of the 2HB-1HN zBNNRs have
been calculated using the spin-polarized transmission function
presented in Fig. 1a. Let us discuss first the electrical con-
ductance. The corresponding results obtained for the spin-up,
G↑, and spin-down, G↓, channels are presented in Fig. 3. The
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Fig. 3 (Color online) Spin-resolved electrical conductance of the
2HB-1HN zBNNRs with N = 6 zigzag atomic chains, shown as a
function of the chemical potential and calculated for T=90K. Spin
polarization P is also shown.

polarization factor P, defined as P = (G↓−G↑)/(G↓+G↑)×
100%, is also presented there. It is interesting that the conduc-
tance in both spin channels is practically the same in a wide
region of chemical potential below the Fermi level EF , while
one spin channel becomes inactive in transport just above EF .
Therefore, the spin polarization factor P can achieve 100 % in
a wide region of chemical potential above the Fermi level, and
the system can then work as a very efficient spin filter. Im-
portantly, the filtering properties can be easily controlled by a
gate voltage applied to the system, which allows to change the
chemical potential.

Thermal conductance due to electrons is presented in Fig. 4
as a function of the chemical potential. Since only one spin
channel is active in transport for chemical potentials above the
Fermi level, the total transmission is diminished and the ther-
mal conductance is also remarkably reduced. This is an im-
portant feature from the point of view of thermoelectric prop-
erties, because the heat transport is reduced in the same energy
region, where the charge transport is quite significant. When
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Fig. 4 (Color online) Thermal conductance of 2HB-1HN
nanoribbons as a function of the chemical potential for (a) indicated
temperatures and N = 6 zigzag atomic chains, and (b) for indicated
values of the nanoribbon width and T = 90 K.

the temperature increases, the thermal conductance is consid-
erably enhanced in a wide energy region below the Fermi en-
ergy EF . However, the appropriate enhancement above the
Fermi energy is not well pronounced, so the thermal conduc-
tance in this region remains relatively low, even at room tem-
perature, see Fig. 4a. Dependence of the heat conductance on
the nanoribbon width is shown in Fig. 4b. Note, in a broad
region of chemical potentials the heat conductance is almost
independent of the nanoribbon width. Remarkable differences
appear for |µ |> 0.4 eV.

Let us investigate now the conventional (charge) Sc and spin
Ss Seebeck coefficients. The corresponding numerical results
are shown in Fig. 5, where both Sc and Ss are presented as
a function of the chemical potential. Due to the fact that the
transmission Tσ (E) in each spin channel is constant in wide
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Fig. 5 (Color online) (a) Conventional Sc and spin Ss thermoelectric
coefficients for the 2HB-1HN zBNNRs as a function of chemical
potential, calculated for N = 6 and T = 90 K. (b) The coefficient Sc
for N = 6 and indicated values of temperature.

energy regions below and above the Fermi level, there is prac-
tically no contribution to the Seebeck coefficients in these re-
gions. This is because currents due to particles and holes can-
cel then each other. This also follows from the Mott’s relation,
according to which S ∼ ∂ lnG(ε)/∂ε for ε taken at the Fermi
level. Thus, when the transmission is constant, the conduc-
tance is constant as well and therefore S vanishes. However,
a very high peak appears in the vicinity of EF as a result of
rapid decrease of transmission with increasing energy E in the
spin-up channel, which becomes non-conductive above EF .
Then, the contributions due to particles and holes do not can-
cel each other. On the contrary, the transmission function in
the spin-down channel remains constant, so this channel does
not contribute to the Seebeck coefficients. In such a situation
both Sc and Ss are practically equal. A different behavior can

be observed for chemical potentials far below and far above
the Fermi energy, where Sc and Ss have opposite signs (see
Fig. 5a), which indicates that only the spin-down channel con-
tributes to both Seebeck coefficients in this particular situa-
tion. Variation of the conventional Seebeck coefficient with
temperature is presented in Fig. 5b. One can note, that the
main peak in Sc is shifted with increasing T towards higher
values of the chemical potential. Moreover, due to a broaden-
ing of the Fermi-Dirac distribution function, the peak becomes
then wider and slightly higher.

The presented results clearly show that the nanoribbons of
type 2HB-1HN, considered in this section, can exhibit very
high conventional and spin Seebeck effects for chemical po-
tentials in a close vicinity of the Fermi energy EF – even if they
have metallic transport properties. This results from the very
specific band structure of these nanoribbons. It is also inter-
esting to note, that this asymmetrically hydrogenated system
exhibits some features which are similar to the corresponding
features of the nanoribbons with both bare edges, especially
for energies close to and above the Fermi energy EF . In both
systems the spin-up transmission rapidly decreases above EF ,
and this spin channel becomes non-conductive for higher ener-
gies, while the second spin channel is then fully active in trans-
port. Quite different behavior can be observed in nanoribbons
of 2HB-2HN and 1HB-2HN types, where both spin channels
appear to be conductive practically in the same energy regions,
as one can conclude from Fig. 1.

5 Thermoelectric efficiency of zBNNRs

Thermoelectric efficiency of a system is described by the fig-
ure of merit, defined as

ZTc =
S2

c(G↑+G↓)T
κe +κph

, (3)

where G = G↑+G↓ is the total electrical conductance, while
κph denotes here the heat conductance due to phonons. Sim-
ilarly, one can introduce the spin thermoelectric efficiency by
the formula

ZTs =
S2

s |G↑−G↓|T
κe +κph

, (4)

where G↑−G↓ corresponds here to the spin conductance.
The spin thermoelectric efficiency calculated for the four

systems under consideration is presented in Fig. 6a. The
phonon heat conductance for the nanoribbons was estimated
on the basis of Ref.45, and following this paper we assumed
κph=0.3 nW/K at 90K for N = 6. It appears that the conven-
tional ZTc and spin ZTs figures of merit exhibit very similar
behavior, so we focus mainly on the results for the spin one.
Very interesting results have been obtained for the nanorib-
bons of 2HB-1HN type, where ZTs has two high peaks; the one
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Fig. 6 (Color online) (a) Spin thermoelectric efficiency ZTs of the
zBNNRs of indicated types as a function of the chemical potential
for T = 90 K, N = 6 atomic chains. (b) Conventional thermoelectric
efficiency ZTc of the 2HB-1HN zBNNRs, calculated for indicated
temperatures and N. (c) Conventional thermoelectric efficiency of
the 2HB-1HN zBNNRs for indicated nanoribbon widths and
T=90K. κph for different temperatures and nanoribbons widths
taken from Ref 45.

(higher) just above the Fermi level and the second (consider-
ably lower) for chemical potentials far below EF . The higher
peak results from the rapid decrease in the spin-up transmis-
sion, when this channel becomes non-conductive and leads
to the high peak in the Seebeck coefficient. It is important
that the second spin channel is still fully conductive in this
energy region, so the electrical conductance remains constant
and thus enhances the thermoelectric efficiency. Its influence
on ZTs and ZTc can be very well seen for nanoribbons with
bare edges. In this system the transmission of the spin-down
channel is very high above the Fermi level, which leads to
considerably high spin and charge conductance and, as a re-
sult, pronounced peaks appear in ZTs and ZTc just above EF .
Moreover, the two peaks for µ below EF , which appear in ZTs
and ZTc, are closer to the Fermi energy EF in nanoribbons with
bare edges than in nanoribbons of the 2HB-1HN type. These
peaks come from the edges of wide energy gap in the spin-up
channel, which is present in the transmission for chemical po-
tentials lower than EF . The obtained results clearly show that
the nanoribbons of 2HB-1HN type, and especially the ones
with bare edges, 0HB-0HN, are very promising systems for
conversion of thermal energy into the electric one in nanoelec-
tronic and spintronic devices. This appears due to exceptional
electronic and thermoelectric properties of these nanoribbons.

Temperature variation of ZTs and ZTc is very important
from the point of view of potential applications, as the thermo-
electric efficiency of a good thermoelectric material should be
high enough at room temperature. According to Fig. 6b, a high
conventional thermoelectric efficiency in 2HB-1HN zBNNRs
can be expected even at room temperature. A slight increase
of ZTc at room temperature can be ascribed to the fact that
the main maximum in Sc is shifted at high temperatures to
the region where the thermal conductance due to electrons is
reduced when the gap becomes open in the spin-down chan-
nel (see Figs 1 and 4). According to Fig. 6c, height of the
main peak in ZTc becomes reduced with increasing nanorib-
bon width, but remains relatively high up to N=12.

On the other hand, properties of the nanoribbons of 2HB-
2HN and 1HB-2HN types are much less pronounced. Con-
stant transmission in a wide energy region in the 2HB-2HN
system leads to rather small values of ZTs and ZTc, apart from
the peaks which appear for large negative values of the chem-
ical potential. Similarly, a high peak also appears in the asym-
metrically terminated 1HB-2HN nanoribbons, which however
is relatively far from the Fermi level.

We have also calculated the band structure and trans-
port properties of the zBNNRs with both mono-hydrogenated
edges and of the zBNNRs with one edge bare and the other one
mono-hydrogenated. Two of them, i.e. 0HB-1HN and 1HB-
1HN nanoribbons have semiconductor properties, but with
very wide energy gaps which make the experimental observa-
tion of the thermoelectric properties rather impossible, espe-
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cially at low temperatures. The other systems, i.e. 1HB-0HN
and 0HB-2HN nanoribbons, are metallic and exhibit relatively
high thermoelectric efficiency ZTc close to 25 and ZTs ≈ 8, but
the peaks appear rather far below the Fermi Energy EF . More-
over, these structures are less stable.

All the results presented above show very clearly that hy-
drogenation of zBNNRs has a very huge impact on the trans-
port and thermoelectric properties of these systems. Thermo-
electric efficiency can be very low (2HB-2HN systems) or sig-
nificantly enhanced (0HB-0HN, 2HB-1HN) in dependence on
the degree of the edge hydrogenation.

6 Summary and conclusions

Electric and thermoelectric transport properties of hydrogen
terminated boron nitride nanoribbons of zigzag type have been
analyzed theoretically. From the electronic band structure de-
termined by the ab-initio method based on the DFT formal-
ism, we have calculated electric and thermal conductance as a
function of the chemical potential, as well as the correspond-
ing thermoelectric coefficients. The numerical results clearly
show that the edge hydrogenation strongly influences electric
and thermoelectric properties of the nanoribbons. In depen-
dence on the number of hydrogen atoms attached to B or N
edge atoms, the systems can reveal either wide-gap semicon-
ducting or metallic transport features, and thus can exhibit
very different thermoelectric properties.

The nanoribbons of 2HB-1HN and 0HB-0HN types appear
to be ideal thermoelectric materials, with a great potential for
applications in nanoelectronic and spintronic devices. These
nanonribbons exhibit high thermoelectric efficiency, both con-
ventional and spin ones, described by the appropriate figures
of merit ZTc and ZTs, respectively. This exceptional thermo-
electric efficiency results from the very peculiar band struc-
ture of these nanoribbons, with one spin channel inactive in
transport just above the Fermi energy EF of the corresponding
charge neutral systems. Accordingly, in the presence of an ap-
propriate gate voltage, which enables controlling position of
the corresponding Fermi level, the systems can become half-
metallic. Moreover, the transmission of the conducting chan-
nel is relatively high and flat in this energy region, leading
thus to a considerable electrical conductance. The conducting
channel does not contribute to the Seebeck coefficients, but a
rapid decrease of transmission just above the Fermi energy EF
in the spin-up channel results in a strong enhancement of both
Sc and Ss.

Finally, the total thermal conductance due to electrons and
due to phonons is relatively small. It appears that κph at
low temperatures is much lower than the phonon conductance
in other one-dimensional systems, like silicene or grapheme
nanoribbons. Accordingly, zigzag boron nitride nanorib-
bons of 2HB-1HN and 0HB-0HN types exhibit all three fea-

tures responsible for high thermoelectric efficiency: 1) half-
metallicity, 2) rapid decrease of one-spin channel transmission
near the Fermi energy EF , and 3) low phonon conductance.
Therefore, these systems seem to be ideal ones for conversion
of heat into electrical energy at nanoscale.
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