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Spin transport properties for B-doped zigzag silicene nanoribbons
with different edge hydrogenations
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Hong-Xia Bu(歩红霞), and Xiao-Juan Yuan(袁晓娟)

School of Physics and Electronic Engineering, Qilu Normal University, Jinan 250100, China

(Received 25 March 2021; revised manuscript received 27 May 2021; accepted manuscript online 3 June 2021)

Exploring silicon-based spin modulating junction is one of the most promising areas of spintronics. Using nonequi-
librium Green’s function combined with density functional theory, a set of spin filters of hydrogenated zigzag silicene
nanoribbons is designed by substituting a silicon atom with a boron one and the spin-correlated transport properties are
studied. The results show that the spin polarization can be realized by structural symmetry breaking induced by boron
doping. Remarkably, by tuning the edge hydrogenation, it is found that the spin filter efficiency can be varied from 30% to
58%. Moreover, it is also found and explained that the asymmetric hydrogenation can give rise to an obvious negative dif-
ferential resistance which usually appears at weakly coupled junction. These findings indicate that the boron-doped ZSiNR
is a promising material for spintronic applications.

Keywords: silicene nanoribbons, spin filtering effect, negative differential resistance
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1. Introduction

Silicene, as a hexagonal honeycomb monolayer nano-
material, has been successfully synthesized on Ag(111),
ZrB2(0001), and Ir(111) substrates.[1–3] Unlike graphene, sil-
icene has a buckled structure rather than a planar one.[4] The
altitude difference between two adjacent Si atoms is calculated
to be about 0.5 Å (low-buckled geometry) due to mixed hy-
bridization of sp2 and sp3 instead of the entire sp2 hybridiza-
tion in planar graphene.[5] In the face of low-buckled struc-
ture, silicene has not only the similar outstanding electronic
characteristics to graphene but also some more superior fea-
tures, for instance, a stronger spin–orbit coupling,[6] a better
bandgap adjustability,[7] the quantum spin hall effect,[8] an
easier valley polarization,[9] etc. Specifically, the successful
synthesis of silicene nanoribbons (SiNRs) offers a new op-
portunity towards many potential applications, for example,
field-effect transistors and spintronics devices.[10] In addition,
silicene owns an distinct natural advantage over graphene,
that is, its superior compatibility with today’s silicon-based
semiconductors.[11]

Like graphene and graphene nanoribbons (GNRs), sil-
icene and silicene nanoribbons (SiNRs) are also attracting in-
creasing interest.[12–18] The silicene and SiNRs share a simi-
lar electronic structure to that of graphene and GNRs.[19–23]

Therefore, two types of silicene nanoribbons can also be
formed: armchair-edged silicene nanoribbons (ASiNRs) and
zigzag-edged silicene nanoribbons (ZSiNRs). The two edge
states of ZSiNRs are also anti-parallelly (AP) coupled, and the
magnetic half-metal state can be achieved by breaking the in-

version symmetry through applying a transverse electric field
field. Moreover, the ZSiNRs are found to involve additional
compelling properties, such as the electric-field-controlled
gaps, symmetry-dependent transport properties, and high ZT
values of thermoelectric performance. [24–26] The most attrac-
tive signature of silicone and SiNRs is the potential gapless
connection to the traditional silicone semiconductor based mi-
croelectronics and spintronics. To realize the magnetic mod-
ulation and spin polarized transport in ZSiNRs, extensive at-
tention is paid to the edge modifications and substitutions in
ZSiNRs.[27–33] If the silicon atoms on the edges are passi-
vated in different methods, great changes occur in band struc-
ture, magnetic structure, edge states, and energy difference be-
tween the antiferromagnetic (AFM) and ferromagnetic (FM)
states can be observed in the ZSiNRs.[27] Zheng et al. have
presented a systematic study of the geometric, electronic and
magnetic properties of N- or B-doped SiNRs, and their results
showed that the substitution of N or B for Si is preferentially
at the ribbon edge sites.[30] In this study, we theoretically de-
sign a set of boron (B)-doped ZSiNRs junctions as shown in
Fig. 1 and concentrate on the influence of chemical doping
combined with different edge hydrogenations. Our research
shows that the electric current polarization in symmetric B-
doped ZSiNRs can reach 58% at a certain bias voltage. Addi-
tionally, the NDR behavior is achieved in asymmetric sp2–sp3

edged ZSiNRs. However, the symmetric dihydrogenation ex-
hibits spin degeneracy. These results lead to another method to
control spin-polarized current and to design the silicene-based
spintronic devices.
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2. Theoretical models and calculation methods
The geometric structures of B-doped ZSiNRs with rib-

bon width that 5 silicon dimer lines cross from top and side
view are shown in Fig. 1. Generally, the bare edge of ZSiNRs
is exceedingly reactive because of the hanging bonds of bor-
der Si atoms and undergoes rebuilding to reduce the total en-
ergy. Edge modification can enhance the property of ZSiNRs
and thus enlarge ZSiNRs’ applications in the field of elec-
tronic devices.[34] In this study, H atoms are adopted to chem-
ically decorate the edge state, and three different junctions are
constructed, which are called H15ZSiNR–H1, H25ZSiNR–H1,
and H25ZSiNR–H2, respectively. The H1 and H2 denote that
the silicon atoms on the edges are terminated by one or two
hydrogen atoms. The n = 5 is the number of silicon dimer
lines across the ribbon width. For the memorization purposes,
these three junctions are separately denoted as M1, M2, and
M3. The junctions can be divided into three blocks: the semi-
infinite left electrode labeled by translucence pink shadow,
the intermediate scattering section, and the semi-infinite right
electrode labeled by translucence olivine shadow. Each elec-
trode is denoted by two repeated unit cells along the transport
direction, and the scattering section includes nine unit cells.
Generally speaking, the magnetism of the two (left and right)
electrodes can be adjusted to spin parallel (P) or antiparallel
(AP) conditions via regulating the external magnetic field of
electrodes.[35,36] Thus in this work we show a detailed research
of the spin transport properties by boron-doped SiNR with dif-
ferent edge hydrogenations.

(a)

(b)

(c)

M1

M2

M3

L C R

L C R

L C R

Fig. 1. Structural models for 5-ZSiNR two-probe systems from top (left) and
cross section view (right). Purple (yellow) circles denote Si (H) atoms, and
green circles represent that Si atom is substituted by B atom.

The structural optimization and the spin transport prop-
erties are performed by the ab initio code package Atomistix

ToolKit (ATK), which is on the basis of spin-dependent den-
sity functional theory (DFT) combined with nonequilibrium
Green’s function (NEGF).[37–40] The mesh cutoff is set to be
110 Ry and the k-sampling is 1×1×100. The exchange and
correlation potential adopts the Perdew–Zunger parametriza-
tion of the local spin density approximation (LSDA). A vac-
uum area of 10 Å is used for forbidding the interactions be-
tween periodic images. The structural optimization is imple-
mented by using the quasi-Newton method till the absolute
value of force acting on each atom is < 0.02 eV/Å. Under a
certain bias (Vbias), the spin-related current through the junc-
tions can be performed by the Landauer–Büttiker formula:[41]

Iσ =
e
h

∫
µR

µL

Tσ [ fL (E−µL)− fR (E−µR)]dE, (1)

where h denotes the Planck constant, e is the elementary
charge, σ represents the spin index which are σ =↑ (spin-up)
and σ =↓ (spin-down). µL = EF +eV/2 and µR = EF−eV/2
are the electrochemical potentials respectively corresponding
to the left and right electrodes. The chemical potential of left
(right) electrode will shift down (up) by eV/2 when the pos-
itive bias voltage is applied to the left electrode. The energy
range [µL,µR] devoting to the total integral current is named
the bias window, and Tσ is the spin-dependent transmission,
which can be calculated from

Tσ = Tr
[
ΓLσ GRσ

ΓRσ GAσ
]
, (2)

where GRσ and GAσ represent the retarded and advanced
Green function, ΓLσ and ΓRσ denote the spin-dependent cou-
pling matrixes resulting from the coupling of the central scat-
tering region to the left and right electrodes.

3. Calculation results and discussion
To further study, we calculate the spin-resolved current–

voltage (I–V ) of M1–M3 in a bias range from−2.0 V to 2.0 V
as given in Figs. 2(a)–2(c). We mainly consider the current
quality under the P magnetism condition, that is to say, the
two electrodes with identical spin orientation (the left elec-
trode is spin polarized upward and the right one is also up-
ward). As can be seen from Fig. 2(a), the tunneling current
passes through the device is spin-polarized. This phenomenon
is desired for spin filter or spin valve. The spin-down cur-
rent (I↓) is greater than spin-up one (I↑) within a bias scope
from −0.8 V to 0.8 V. We can see clearly that the I↓ increases
rapidly with the increase of Vbias, whereas the I↑ maintains ex-
tremely small even on the verge of zero over a wide range of
bias voltage. This result clearly indicates that the suggested
junction under the P magnetism can display a spin filter effect
in a low bias range. To analyze this phenomenon as shown
in Fig. 3, the relevant spin filtering efficiency (SFE) is ob-
tained from the equation SFE = [(I↓− I↑)/(I↓+ I↑)]×100%.

017302-2
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For zero bias, the SFE is calculated through this formula:
SFE = [(T↓(EF)−T↑(EF)]/[(T↓(EF)+T↑(EF)]×100%, where
T↑(EF) and T↓(EF) denote the transmission coefficients of dif-
ferent spin states at the Fermi level (EF), respectively. We can
find that the SFE at zero bias voltage can reach 32% and a high
spin filter status can be maintained in the scope of positive and
negative bias which is on the verge of 40%. Particularly, the
SFE can be up to 58.3% at Vbias =−0.5 V. But the SFE shows
a downward trend when the bias is beyond this region. Yet
for the M3 system as illustrated in Fig. 2(c), the currents (I↓
and I↑) are both basically prohibited in low bias range from
−1.0 V to 1.0 V. While it is allowed to pass through in the high
bias range for both up current and down current. These results
show that the spin-polarization at M3 is suppressed and there-
fore exhibits nonmagnetic phenomenon. In the case of M2 (in
Fig. 2(b)), the current in spin-up state grows rapidly in the low
bias region and then it falls down with the bias increasing. This
phenomenon indicates the appearance of negative differential
resistance (NDR) effect which has very important applications
in the field of electronic technology.

(c) M3

(b) M2

(a) M1
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Fig. 2. Spin-dependent current for models M1–M3 under P spin configura-
tion at various biases, with I↑ referring to blue block and I↓ representing red
block.
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Fig. 3. Spin polarization varying with applied bias for device M1.

To explain the spin filter phenomenon, the band structure
and the transmission spectra for junction M1 at Vbias = 0.2 V
are calculated and presented in Fig. 4, which is a most intuitive
understanding of electronic structures and quantum transport
behaviors for an electronic device. As can be seen from the
band structure diagram of M1 (Fig. 4), the bands of spin-up

state and spin-down state at EF are split. Further study shows
that when a positive bias of 0.2 V is applied, the chemical po-
tentials move downward along the left electrode and upward
along the right electrode, within the bias window, the π∗ (π)

subband of left electrode overlaps with the π∗ (π) subband of
right electrode for spin-up (spin-down) state. From previously
published study, it is well recognized that the transport char-
acteristics of ZGNRs are strongly dependent on symmetry and
the presence of a mirror plane σ is of great concern.[42] The
I–V properties of ZGNRs are quite different between the cases
with and without the σ mirror plane. That is to say, if the width
is even, the ribbon exists a symmetrical midplane σ , whereas
if width contains the odd number of silicon dimer lines, such
a midplane is absent. Unlike the ZGNRs, the ZSiNRs have no
definite parity relative to the σ plane due to the wrinkled struc-
ture, but has C2 symmetry relative to a twofold axis when the
width contains the even number of silicon dimer lines. Thus
the pristine ZSiNR also shows a symmetry-dependent trans-
port property although it has a buckled structure, where odd-
and even-width zigzag ribbons are found to have completely
different I–V characteristics despite the similarity of their band
structures. For example, bipolar spin-filter behavior is ob-
served in even-width devices, while in the odd ones a linear
I–V curve characteristic limits their applications in spintronic
devices.[25] In this case, since the width is odd (5-ZSiNRs)
thus there is no C2 symmetry relative to the center axis. Thus
its π band and π∗ band have no definite parity under the C2

operation. Without the limitation of parity, the electronsno
matter whether their spins are up or down should both traverse
from the left electrode to the right electrode, finally generate
a strong transmission coefficients. Paradoxically, we can see
from the middle row of Fig. 4 that there exists a wide transmis-
sion coefficient for spin- down electrons in the bias window.
However, for the spin-up ones, as only a small transmission
peak exists above the EF in the bias window, the transmission
coefficient is relatively small. Consequently, the large spin-
down current appears.

XΓ

π

Up
Down

T↼E↽

E
n
e
rg

y
 (

e
V

)

0

0

1.0

-1.0
XΓ

Right

π

π*π*

Left

Fig. 4. Band structures and transmission spectra for junction M1 at Vbias =
0.2 V, with area between two black dotted lines denoting bias window, and
blue line and red lines representing spin-up and spin-down transmission spec-
tra, respectively.
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In order to better analyze the above spin-resolved trans-
port property, we show the spatial-resolved local density of
states (LDOS) at EF and the transmission eigenstates of junc-
tion M1 under 0.2 V (Figs. 5 and 6). To our surprise, the
magnetic properties of the device can be modulated by us-
ing B dopant, especially for up-spin electron state. As can
be seen from Fig. 5, the LDOS of spin-down electrons is well
delocalized. This means that the spin-down electrons can pass
through the intermediate scattering section and reach the right
electrode, while the spin-up electrons are mainly distributed at
the edges of the nanoribbon and are heavily localized. This
phenomenon will lead the transmission channel to forbidden,
corresponding to the small transmission coefficent in the mid-
dle row of Fig. 4. To further study, the spin filtering effect is
also reflected in the spin-dependent transmission eigenstates
under EF as shown in Figs. 6(a)–6(d). The transmission eigen-
states of both π and π∗ for the spin-up electrons are highly lo-
calized. This results in a blockade of electronic transmission.
Conversely, the eigenstate of π for the spin-down (Fig. 6(c))
electron is continuously distributed along the nanoribbon. It is
obviously seen that the LDOS and the transmission eigenstates
of spin-down electrons are more delocalized than the spin-up
ones. This indicates that the spin-down electrons dominate
over the spin-up electrons, resulting in the perfect spin filter-
ing effect.

(a) (b)LDOS ↑ LDOS ↓

Fig. 5. Spin-resolved LDOS at EF of junction M1 at Vbias = 0.2 V, and iso-
value 0.02 a.u.

(a) Transmission eigenstates ↑ (b) Transmission eigenstates ↑

(c) Transmission eigenstates ↓ (d) Transmission eigenstates ↓

Fig. 6. Spin-dependent transmission eigenstates at EF of M1 under Vbias =
0.2 V and isovalue 0.05 a.u.

For further exploration, since the edge effect is a signif-
icant influence factor for nanoribbons, the effects of differ-
ent edge hydrogenations on the transport properties are also

considered by M2 and M3, and the conductivity of edge-
doped junction M3 and the corresponding LDOS are dis-
cussed. When the edge silicon atom is hydrogenated with two
H atoms, the band structure (Vbias = 1.5 V) is obviously differ-
ent from the counterpart of the M1 system as shown in Fig. 7.
The results show that the spin-up and spin-down bands are
completely degenerate and the π and π∗ bands near EF appear
slightly dispersive in contrast to the scenario in M1 case. And
a 0.51-eV band gap is opened, which shows up a semicon-
ducting character. From the I–V curve (Fig. 2(c)) it follows
that the currents (I↓ and I↑) are almost zero in the low bias re-
gion, however they are allowed to pass through the high bias
range. Like the case of M1, when the positive bias of 1.5 V
is applied, the chemical potentials move downward along the
left electrode and upward along the right electrode, and in the
bias window, the π and π∗ bands for both spin-up electrons
and spin-down electrons of the two electrodes overlap. Sim-
ilarly, due to the n = 5 is also odd, thus its π and π∗ bands
have no definite parity under the C2 operation. Without the
limitation of parity, the electrons no matter whether their spins
are up or down should both traverse from the left electrode
to the right one, generating strong transmission coefficients.
As presented in the transmission spectrum (Fig. 7), there ex-
ist indeed more transmission coefficients entering into the bias
window. For the subsequent analysis, we present in Fig. 8 the
spin-correlated LDOS of device M3 at EF under 1.5 V. We can
see that the LDOS of both spin-up and spin-down electrons are
delocalized. This indicates that the electrons can pass through
the intermidiate scattering region and reach the right electrode.
This is consistent with the calculated transmission spectrum as
shown in Fig. 7.

XΓ
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XΓ
RightLeft

π π

π* π*
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e
rg

y
 (

e
V

)

-2 0 2

0
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-1.0

Fig. 7. Band structures and transmission spectra for junction M3 at Vbias =
1.5 V, with region between two black dotted lines denoting bias window, and
blue line and red line representing spin-up and spin-down transmission spec-
tra, respectively.

Finally, we focus on the NDR phenomenon appearing in
the spin-up state of device M2 as shown in Fig. 9. On the ba-
sis of Landauer–Büttiker equation (1), the spin-dependent cur-
rent across the intermediate scattering section is determined
by the transmission coefficient in the bias window. Thus the
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current and voltage transport characteristics can be analyzed
through the transmission spectra.[43,44] Figure 9 shows the
spin-up transmission spectra under three different biases. At
Vbias = 0.7 V (Fig. 9(a)), it is found that the transmission coef-
ficients in the bias window are relatively large. When the bias
increases up to 1.0 V (Fig. 9(b)), the transmission peak under
the integral area becomes small. This means that the current
decreases with the bias voltage increasing. As the bias reaches
to 1.3 V (Fig. 9(c)), more transmission coefficients enter into
the bias window, and thus causing the current to increase. As
a consequence, an NDR behavior appears in the spin-up state.

(a) (b)LDOS ↑ LDOS ↓

Fig. 8. Spin-resolved LDOS at EF of junction M3 at Vbias = 1.5 V and iso-
value 0.02 a.u.
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Fig. 9. Transmission spectra for spin-up channels at various voltages of junc-
tion M2, with blue line denoting transmission spectrum and black dotted lines
representing integral window.

4. Conclusions
In summary, we have investigated the spin-correlated

transport properties of different edge hydrogenated zigzag sil-
icene nanoribbons with edge-doped boron atoms by regulat-
ing the electrode magnetism in P configuration. The spin filter
effect (with nearly 60% SFE) and NDR behavior can be ob-
tained. We also find that the spin-polarization at device M3 is
compressed. This is attributed mainly to the perturbation of
B-doping localized at the edge. The physical mechanisms of
these interesting properties are analyzed by the spin-resolved
transmission spectra, the transmission eigenstates, the band
structures, and the symmetry of ZSiNR electrodes. Based
on the multiple spin-dependent transport properties, there are
some potential applications in spintronics.
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[41] Büttiker M, Imry Y, Landauer R and Pinhas S 1985 Phys. Rev. B 31

6207
[42] Li Z Y, Qian H Y, Wu J, Gu B L and Duan W H 2008 Phys. Rev. Lett.

100 206802
[43] Fan Z Q, Deng X Q, Tang G P and Chen K Q 2013 Appl. Phys. Lett.

102 023508
[44] Xie Fang, Fan Z Q, Liu K, Yu J H and Chen K Q 2015 Org. Electron.

27 41

017302-5

http://dx.doi.org/10.1063/1.4793998
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1103/PhysRevLett.108.245501
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1021/nl304347w
http://dx.doi.org/10.1063/1.3211968
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevB.84.195430
http://dx.doi.org/10.1063/1.4801309
http://dx.doi.org/10.1103/PhysRevLett.107.076802
http://dx.doi.org/10.1103/PhysRevLett.109.055502
http://dx.doi.org/10.1039/c2nr00037g
http://dx.doi.org/10.1039/c2nr00037g
http://dx.doi.org/10.1088/0953-8984/27/25/253002
http://dx.doi.org/10.1088/0953-8984/27/25/253002
http://dx.doi.org/10.1021/nl902198u
http://dx.doi.org/10.1038/NNANO.2014.184
http://dx.doi.org/10.1039/C5CP00544B
http://dx.doi.org/10.1063/1.3309775
http://dx.doi.org/10.1103/PhysRevB.80.155453
http://dx.doi.org/10.1016/j.carbon.2016.09.022
http://dx.doi.org/10.1016/j.carbon.2016.11.021
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1039/C4RA09566A
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1103/PhysRevLett.102.236804
http://dx.doi.org/10.1016/j.surfrep.2011.10.001
http://dx.doi.org/10.1016/j.surfrep.2011.10.001
http://dx.doi.org/10.1088/0953-8984/24/22/223001
http://dx.doi.org/10.1021/nl203065e
http://dx.doi.org/10.1063/1.4726276
http://dx.doi.org/10.1039/c2cp42645e
http://dx.doi.org/10.1063/1.4896630
http://dx.doi.org/10.1021/jp4005357
http://dx.doi.org/10.1039/c3ra42720j
http://dx.doi.org/10.1039/c3tc30097h
http://dx.doi.org/10.1039/c3tc30097h
http://dx.doi.org/10.1063/1.4801948
http://dx.doi.org/10.1016/j.cplett.2014.10.041
http://dx.doi.org/10.1021/jp208248v
http://dx.doi.org/10.1021/jp208248v
http://dx.doi.org/10.1016/j.orgel.2016.11.025
http://dx.doi.org/10.1039/c3cp55447c
http://dx.doi.org/10.1039/c3cp55447c
http://dx.doi.org/10.1063/1.4862970
http://dx.doi.org/10.1103/PhysRevB.65.165401
https://doi.org/10.1088/0953-8984/14/11/302
https://doi.org/10.1088/0953-8984/14/11/302
http://dx.doi.org/10.1103/PhysRevB.63.121104
http://dx.doi.org/10.1103/PhysRevB.63.245407
http://dx.doi.org/10.1103/PhysRevB.31.6207
http://dx.doi.org/10.1103/PhysRevB.31.6207
http://dx.doi.org/10.1103/PhysRevLett.100.206802
http://dx.doi.org/10.1103/PhysRevLett.100.206802
http://dx.doi.org/10.1063/1.4788691
http://dx.doi.org/10.1063/1.4788691
http://dx.doi.org/10.1016/j.orgel.2015.08.028
http://dx.doi.org/10.1016/j.orgel.2015.08.028

	1. Introduction
	2. Theoretical models and calculation methods
	3. Calculation results and discussion
	4. Conclusions
	References

