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The properties of BiSb nanoribbons from first-principles calculations
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The structural, electronic and magnetic properties of BiSb nanoribbons (BSNRs) with different widths

and edge configurations are investigated via the first-principles pseudopotential method. It is found that

the pristine BSNRs with armchair edges (ABSNRs) are semiconductors and the band gaps exhibit

a width dependent odd–even oscillation. In contrast, the pristine BSNRs with zigzag edges (ZBSNRs)

are found to be metallic. When all the edge atoms are passivated by hydrogen, both the ABSNRs and

ZBSNRs become semiconducting and the corresponding band gaps decrease monotonically with the

increasing width. If, however, the edge atoms are partially passivated, the ABSNRs can be either

semiconducting or metallic. Moreover, local magnetism appears when all the edge Sb atoms are

passivated and there are one or more unsaturated Bi atoms. Using the nonequilibriumGreen’s function

(NEGF) approach, we find that all the investigated odd-numbered ABSNRs have almost the same peak

value of the power factor around the Fermi level. This is not the case for the even-numbered ABSNRs,

where the peaks are twice that of when they are n-type doped. Our calculations indicate that BSNRs

can have a very high room temperature figure of merit (ZT value), which makes them very promising

candidates for thermoelectric applications.
1. Introduction

There is growing interest in the search for high performance

thermoelectric materials, the efficiency of which is evaluated by

the dimensionless figure of merit:

ZT ¼ S2GT/(le + lp) (1)

where S is the Seebeck coefficient,G is the electrical conductance,

T is the absolute temperature, and le and lp are the electronic

and phonon thermal conductance, respectively. In order to

compete with the conventional energy conversion method, the

ZT value of a thermoelectric material should reach at least 3.0.1

However, this goal hasn’t been achieved experimentally so far.

On the theoretical side, it is generally accepted that two- and one-

dimensional nanostructures could have much larger ZT values

compared with the bulk materials,2,3 which has stimulated a lot

of effort from the scientific community for about two decades.

Among many thermoelectric materials, Bi2Te3 has been

intensively investigated due to its excellent thermoelectric

performance around room temperature.4–6 Teweldebrhan et al.

reported the exfoliation of large-area crystalline films and

ribbons from bulk Bi2Te3. The prepared quasi two-dimensional
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structures (with the thickness of a few atoms) were found to have

high electrical conductivity and low thermal conductivity.7,8

Coleman et al. proposed a general exfoliation technique to

disperse a large range of layered compounds, including transition

metal dichalcogenides, graphene, boron nitride (BN), and

Bi2Te3.
9 Using such a simple method, the film and nanoribbon

structures can be obtained in large quantities. Zahid et al.

calculated the ZT value of the quintuple layer of Bi2Te3 and

found that it could reach as high as 7.15.10

Bulk BiSb has a pseudo-layered structure similar to Bi2Te3;

specifically, one Bi atom is connected to the three nearest Sb

atoms, which forms a buckled honeycomb lattice. It is thus

reasonable to expect that one could also obtain certain low-

dimensional BiSb structures. Indeed, the BiSb nanowires,11–14

nanotubes,15 and thin films16–18 have been successfully synthe-

sized experimentally. In this work, we focus on another low-

dimensional BiSb structure, namely, BiSb nanoribbons

(BSNRs). Such kinds of structures are very similar to the well-

known graphene nanoribbons,19–21 but have quite different

electronic and magnetic properties according to our first-princi-

ples calculations. Our results are also compared with those

reported recently for Bi nanoribbons.22 Moreover, the very

favorable thermoelectric properties of the BSNRs are investi-

gated via the nonequilibrium Green’s function (NEGF) method.
2. Computational details

The structural, electronic and magnetic properties of BSNRs are

calculated via a plane-wave pseudopotential formulation23–25
Nanoscale, 2012, 4, 511–517 | 511
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within the framework of density functional theory (DFT). The

code is implemented in the Vienna ab initio simulation package

(VASP). The exchange–correlation energy is in the form of

Perdew–Burke–Ernzerhof (PBE)26 with a generalized gradient

approximation (GGA). The geometry for each investigated

BSNR is fully relaxed until the magnitude of the forces acting on

all the atoms becomes less than 0.05 eV �A�1. The k points are

sampled on a uniform grid in the BSNR plane. We adopt

a standard supercell geometry so that the BSNRs are aligned in

an orthogonal array. The closest distance between each nano-

ribbon and its periodic image is set to be larger than 15 �A so that

they can be treated as independent entities. The electronic

transport properties of the BSNRs are calculated using the

nonequilibrium Green’s function (NEGF) approach27–30 as

implemented in the so-called Atomistix ToolKit code.

The phonon induced thermal conductivity (kp) of the nano-

ribbon can be expressed as:31–33

kp ¼
X

q;l

slqCqðulÞv2lq (2)

where slq and vlq are, respectively, the relaxation time and group

velocity of a phonon mode with the wave vector q and quantum

number l. Cq(ul) is the specific heat per unit volume of each

vibrational state with the angular frequency u. According to the

Matthiessen’s rule, the total relaxation time can be expressed as

a sum of the contributions from possible scattering mechanisms.

In the present work, we only consider the scattering from the

Umklapp process (sU) and the boundary (sB), so the phonon

relaxation time sph is given by:

sph�1 ¼ sU�1 + sB�1 (3)

In this formula, sB�1 ¼ vlq/D, where D is the size of the system.

The second term can be written as

s �1
U ¼ P

BTu 2
u;q expð�h-um=kBTÞ, where B is a constant, T is

the temperature and um is the highest frequency of the phonon

modes. As the cross-sectional area is not well defined for quasi-

one-dimensional systems, such as BSNRs, we usually use the

phonon induced thermal conductance (lp) instead of the thermal

conductivity (kp) to calculate the ZT value.
3. Results and discussion

As mentioned previously, the BiSb mono-layer film may be

exfoliated from the layered structure of bulk BiSb. According to

our calculations, the energy per Bi–Sb atom pair of the mono-

layer is only 0.24 eV higher than that of bulk BiSb, which

suggests the energetic stability of the BiSb layer. The ABSNRs,

or ZBSNRs, can be obtained by cutting the buckled BiSb layer

along the armchair, or zigzag, direction. Following the notation

for graphene nanoribbons,21 the ABSNRs, or ZBSNRs, are

classified by the number of dimer lines, or zigzag chains, across

the ribbon width and are labeled as N-ABSNRs, or N-ZBSNRs.

The initial structures of ABSNRs and ZBSNRs are illustrated in

Fig. 1(a) and 1(d), respectively. We find that all the Bi–Sb bonds

have the same length of 2.99 �A with bond angles of 91�. The
buckling distance, D, denoted in Fig. 1(a) and 1(d) is 1.69 �A.

Upon structure relaxations, we observe from Fig. 1(b) and 1(c)

that the ABSNRs have obvious edge reconstructions and all the
512 | Nanoscale, 2012, 4, 511–517
dangling bonds at the edges are eliminated. In the case of 9-

ABSNR, the positions of the S1 and B1 atoms change a lot,

which leads to the formation of additional B1–B2 and S1–S2

bonds. The corresponding bond length is 3.19 �A and 2.94 �A,

respectively. Moreover, the distance between B2 and S0 is

enlarged to 3.48 �A, which suggests the breaking of their covalent

bond. The buckling distances are no longer uniform and are

found to be 2.77 �A, 1.24 �A, 1.59 �A and 1.83 �A from the first to

fourth dimer lines, respectively. Such edge reconstructions also

lead to a slight change in the length of the original B2–S1, S1–B1,

and B1–S2 bonds. Similar observations can be found for the 10-

ABSNR, as shown in Fig. 1(c). The only difference is that for the

odd-numbered ABSNRs, the reconstructed motifs at the two

edges (B2–S1–B1–S2 and B8–S9–B9–S8) are symmetrically

arranged; while for the even-numbered ABSNRs, they are only

staggered. Such edge differences can give very different electronic

properties, and we will come back to this point later. As for the

ZBSNRs, the edge reconstructions are much smaller as indicated

in Fig. 1(e) and 1(f). Indeed, we find that the bond angle only

changes from 91� to 92� and the bond length from 2.99 �A to

2.96 �A. Besides this, there is no additional bond formed by

structural relaxations for both the odd- and even-numbered

ZBSNRs. The quite different edge configurations between the

ABSNRs and the ZBSNRs will lead to their distinct electronic

properties as discussed in the following paragraph.

Fig. 2 plots the total energies of the BiSb nanoribbons as

a function of the ribbon width. We see that the ABSNRs are

energetically more favorable than the ZBSNRs. This is consistent

with the fact that there are obvious edge reconstructions in the

ABSNRs compared with the ZBSNRs. The total energies of both

systems decrease with the increasing ribbon width and finally

approach the value of the BiSb buckled layer. This is an

important piece of evidence for the stability of the BiSb nano-

ribbons. We have calculated the energy band structure of the

BSNRs and found that all the ABSNRs are semiconductors

while all the ZBSNRs are metallic. Detailed analysis of the band

structures indicates that in the pristine ZBSNRs, the two

unsaturated edge atoms with dangling bonds induce four energy

bands crossing the Fermi level, which makes the system metallic.

When the dangling bonds are eliminated by edge reconstruction

(as observed in the ABSNRs) or by hydrogen passivation (dis-

cussed later), the system becomes semiconducting. Fig. 3 shows

the calculated band gap of the ABSNRs as a function of the

ribbon width (in terms of the number of dimer lines, N). We see

that at small ribbon widths, the gaps of the even-numbered

ABSNRs are relatively larger than those of the odd-numbered

ones. A more interesting observation is that the gap exhibits an

obvious width-dependent even–odd oscillation. Such behavior

disappears gradually with increasing ribbon width, and finally

the gap approaches that of the BiSb buckled layer. This picture is

quite different from that found for graphene nanoribbons, where

the energy gap shows three distinct family behaviors.21 In order

to explain such an oscillation, we plot in Fig. 4 the local density

of states (LDOS) for the 9- and 10-ABSNR around the Fermi

level. We see that the LDOS near the valence band maximum

(VBM) have very similar shapes for the 9- and 10-ABSNR, while

quite different LDOS are found near the conduction band

minimum (CBM). We thus focus on the latter and the corre-

sponding details are illustrated in the inset of Fig. 4. For the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Ball-and-stick model of the BSNRs: (a) the initial structure of an N-ABSNR, (b) the fully relaxed structure of 9-ABSNR, (c) the fully relaxed

structure of 10-ABSNR, (d) the initial structure of an N-ZBSNR, (e) the fully relaxed structure of 6-ZBSNR, and (f) the fully relaxed structure of 7-

ZBSNR. Note: Bk (k ¼ 1, 2.10) and Sk (k ¼ 0, 1, 2.10) represent different Bi and Sb atoms. Both the top and side views are shown.

Fig. 2 The calculated total energies (in units of eV per Bi–Sb atom pair)

of the ABSNRs and the ZBSNRs as a function of the ribbon width. The

dotted line indicates the energy of the BiSb buckled layer.

Fig. 3 The calculated band gap of the ABSNRs as a function of the

ribbon width in terms of the number of dimer lines, N.

This journal is ª The Royal Society of Chemistry 2012 Nanoscale, 2012, 4, 511–517 | 513
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Fig. 4 The local density of states for the (a) 9-ABSNR and (b) 10-

ABSNR. Inset is the enlarged parts around the CBM. Bk (k ¼ 1, 2.10)

and Sk (k ¼ 1, 2.10) correspond to the atoms denoted in Fig. 1.

Fig. 5 The band-decomposed charge densities of the VBM for the (a) 9-

ABSNR, (b) 10-ABSNR, (c) 11-ABSNR, and the CBM for the (d) 9-

ABSNR, (e) 10-ABSNR and (f) 11-ABSNR.

Fig. 6 The calculated band gaps for the hydrogen passivated ABSNRs

and ZBSNRs as a function of the ribbon width. The insets are the fully

relaxed structures of the ABSNR (upper right) and ZBSNR (lower left),

where both the top and side views are shown.
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9-ABSNR, we see that the main contribution to the DOS comes

from the B1 and B9 atoms, followed by the S1, S8, B2 and B8

atoms. There exists, however, a small difference for the 10-

ABSNR. We see that the B1 and B10 atoms contribute to the

DOSmost, and then the S2 and S9 atoms, followed by the B2 and

B9 atoms. If we focus on the positions of these atoms (see Fig. 1

(b) and 1(c)), we find that the atoms at the edges contribute to the

DOS most and those close to the center less so. Since the edge

atoms dominate the electronic states near the CBM, the different

edge reconstructions of odd- and even-numbered ABSNRs may

result in their different band gap behavior. In Fig. 5, we plot the

band-decomposed charge densities of the VBM and CBM for the

9–11-ABSNRs. In the upper panel, we see that only one side of

the nanoribbon contributes to the VBM. This suggests that the

reconstructed atoms at the two edges have no interactions, which

gives very similar valence bands for the 9–11-ABSNRs.

However, we see from the lower panel of Fig. 5 that the two

reconstructed motifs at the opposite edges contribute to the

CBM at the same time. The interactions between them for the

even-numbered ABSNRs are relatively stronger than those for

the odd-numbered ones, which leads to the relatively larger band

gaps of the former.22,34 If the width of the ribbon is increased, the

quantum confinement effect will dominate and the band gap

decreases gradually.

We now consider the effect when the edge atoms of the BSNRs

are passivated by hydrogen atoms. Unlike those observed in the
514 | Nanoscale, 2012, 4, 511–517
pristine BSNRs, we find there are no edge reconstructions if all

the edges are saturated. As shown in Fig. 6, both the ABSNRs

and the ZBSNRs become semiconducting, and their band gaps

decrease with an increasing ribbon width due to the quantum

confinement effect. Moreover, the band gaps of the ABSNRs are

generally larger than those of the ZBSNRs at the same ribbon

width, and the difference becomes smaller when the ribbon width

is increased. If, however, the edge atoms are partially passivated,

we find a very different picture. In the unit cell of a pristine

ABSNR, there are four edge atoms that have dangling bonds. If

one edge atom is passivated, it can be either a Bi (denoted as 1H-

B) or Sb (1H-S) atom. If two edge atoms are passivated, they can
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 The isosurfaces of the spin density for the partially passivated

BiSb nanoribbons with different configurations: (a) 2H-S of 7-ABSNR,

(b) 3H-S of 7-ABSNR, (c) 2H-S of 8-ABSNR, and (d) 3H-S of 8-

ABSNR.
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be: (1) the Bi and Sb atoms on the same side (half H), (2) the Bi

atom on one side with the Sb atom on the opposite side (2H-BS),

(3) the Bi atom on one side with another Bi atom on the opposite

side (2H-B), and (4) the Sb atom on one side with another Sb

atom on the opposite side (2H-S). If three edge atoms are

passivated, two possible configurations exist: (1) the Bi and Sb

atoms on one side with another Bi atom on the opposite side (3H-

B), and (2) the Bi and Sb atoms on one side with another Sb atom

on the opposite side (3H-S). In total, there are eight different

partially passivated products. Here, we take 7-ABSNR and 8-

ABSNR as examples. The corresponding total energies, band

gaps, and magnetic momentums are summarized in Table 1. We

see that the partially passivated ABSNRs can be either metallic

or semiconducting, depending on how the edge atoms are satu-

rated. Our calculated results on the edge passivation (full or

partial) demonstrate the possibility to tailor the electronic

properties of the BiSb nanoribbons with fixed widths. It is worth

mentioning that the sensitive dependence of the electronic

properties on the edge passivation or non-covalent functionali-

zation were also found in graphene nanoribbons.35,36 Among the

similar configurations, we see from Table 1 that 1H-S, 2H-S and

3H-S have relatively small energies, indicating that the Sb atom

at the edge is energetically more favorable to be saturated with

hydrogen. Moreover, it is interesting to note that for both the 7-

ABSNR and 8-ABSNR, magnetism appears with the 2H-S and

3H-S configurations, where all the Sb atoms at the edges are

passivated and there are one or more unsaturated Bi atoms. In

order to find the origin of this magnetism we plot in Fig. 7 the iso-

surface of the spin densities for the 2H-S and 3H-S configura-

tions of 7-ABSNR and 8-ABSNR. Here, the areas inside, or

outside, an iso-surface have larger, or smaller, densities. It can be

clearly seen from the figure that for all the four cases we

considered, the magnetism is mainly located at the unsaturated

edge Bi atoms. It should be mentioned that if the edge atoms in

the ZBSNRs are partially passivated by hydrogen atoms, all of

them are found to be metallic and no magnetism appears. We

must recognize that the experimental realization of a particular

BSNR with partial passivation is still challenging. What we can

expect from the theoretical calculations is that those configura-

tions with the lowest energy could be possible products in

experiments with different hydrogen concentrations.

We now move to the discussion of the thermoelectric proper-

ties. Here we take pristine ABSNRs as examples due to their

favorable energies and interesting electronic properties. The
Table 1 The calculated total energies, E (in units of eV), band gaps, Eg

(in units of eV), and magnetic momentum, M (in units of mB), of the 7-
and 8-ABSNR with edge atoms partially passivated by hydrogen

Configuration

7-ABSNR 8-ABSNR

E Eg M E Eg M

1H-B �60.087 / / �68.569 / /
1H-S �60.427 / / �68.846 / /
Half H �63.754 0.72 / �72.159 0.68 /
2H-BS �63.211 / / �71.733 0.18 /
2H-B �63.016 0.37 / �71.191 / /
2H-S �63.527 0.095 0.12 �71.877 0.072 0.63
3H-B �66.465 / / �74.870 / /
3H-S �66.807 0.025 0.44 �75.210 / 0.41

This journal is ª The Royal Society of Chemistry 2012
calculated electronic transport coefficients as a function of the

chemical potential are plotted in Fig. 8 for the 7–12-ABSNRs.

We see from Fig. 8(a) that the transmission near the VBM is

almost the same for all the considered ABSNRs, which is

consistent with their similar electronic structures mentioned

above. This is, however, not the case near the CBM, where we

find the even-numbered ABSNRs (8-, 10- and 12-ABSNR) have

larger transmissions than the odd-numbered ones (7-, 9- and 11-

ABSNRs). This observation suggests that the even-numbered

ABSNRs may have better electronic transport properties when

they are n-type doped. If we focus on the absolute value of the

Seebeck coefficients shown in Fig. 8(b), we can see that the

maximum values for the even-numbered ABSNRs are generally

larger than those of the odd-numbered ones. Moreover, for the

odd-numbered nanoribbons, the maximum Seebeck coefficients

increase with the increasing widths. In contrast, all the even-

numbered ABSNRs have similar peak values. Fig. 8(c) shows the

corresponding electrical conductance as a function of the

chemical potential. Near the Fermi level, the calculated electrical

conductance for the odd-numbered ABSNRs decrease with the

increasing ribbon widths, which is opposite to the tendency of the

Seebeck coefficients. However, the electrical conductance values

are nearly equal for all the even-numbered ones. The calculated

power factors (PF ¼ S2G) are shown in Fig. 8(d), where we see

that two main peaks appear around the Fermi level. For the odd-

numbered ABSNRs, the opposing behavior of the Seebeck

coefficient and the electrical conductance results in almost the
Nanoscale, 2012, 4, 511–517 | 515
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Fig. 8 The calculated transport coefficients for the 7–12-ABSNRs as a function of the chemical potential: (a) transmission function, (b) Seebeck

coefficients, S, (c) electrical conductance, G, and (d) power factors, (PF ¼ S2G).
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same peak values for both the p-type and n-type doping. As for

the even-numbered ribbons, the peak value of the PF above the

Fermi level is twice that below the Fermi level, which actually

coincides with those of the odd-numbered ones.

To evaluate the figure of merit, we have calculated the phonon

induced thermal conductance lp, which are found to be 0.018 and

0.012 nW K�1 for the 7-ABSNR and 8-ABSNR, respectively.

Inserting these values into eqn (1), we can obtain the corre-

sponding ZT values, as shown in Fig. 9. For the 7-ABSNR, the

maximum ZT value is 5.2 for both the p-type (m¼�0.22 eV) and

n-type (m ¼ 0.23 eV) doping. For the 8-ABSNR, the calculated

ZT values are 6.6 and 9.2, for the p-type (m ¼ �0.28 eV) and n-

type (m¼ 0.31 eV) doping, respectively. These significantly larger

ZT values suggest that, by proper doping,37–39 the BSNRs could

have very promising thermoelectric applications.
Fig. 9 The calculated ZT values for the 7-ABSNR and the 8-ABSNR as

a function of the chemical potential.

516 | Nanoscale, 2012, 4, 511–517
4. Summary

In summary, our first-principles calculations indicate that the

BiSb nanoribbons exhibit very rich electronic and magnetic

properties, which are found to be closely related to their width

and, particularly, the edge configurations (zigzag or armchair,

pristine or passivated, etc.). Using the NEGF approach, the

electronic transport properties of the nanoribbons have been

calculated, which can be classified depending on whether the

nanoribbon is even or odd numbered. In combination with the

very low thermal conductance, much higher ZT values can be

obtained. Our theoretical results suggest that BiSb nanoribbons

could have potential applications in future nanoscale electronic

devices, and may be excellent candidates for high-performance

thermoelectric materials.
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