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By first-principles calculations, we propose three heterojunction nanodevices based on zigzag silicene 
nanoribbons with different edge-hydrogenated topological line defects. The devices all present excellent 
spin-filtering properties with 100% spin polarization as well as remarkable rectifying effect (with recti-
fication ratio around 102) and negative differential resistance behaviors. Our findings shed new light on 
the design of silicon-based nanodevices with intriguing spintronic applications.

© 2018 Published by Elsevier B.V.

1. Introduction

Silicene has been successfully fabricated on several substrate 
surfaces (Ag [1–3], Ir [4], ZrB2 [5]), in which, silicon atoms 
compose two-dimensional (2D) honeycomb lattice, similar to 
the geometric structure of graphene. Interestingly, silicene has a 
slightly buckled geometric feature [6,7] originating from the mix-
ing sp2/sp3 hybridizations due to the longer Si–Si bonding dis-
tance. However, silicene is expected to be more compatible with 
the conventional semiconductor industry than other Dirac materi-
als. In particular, silicene nanoribbons (SiNRs), the one-dimensional 
derivative of silicene, have attracted extensive attention in both 
experiment and theory [8–11] because of their intriguing elec-
tronic properties as a function of nanoribbon width, chiralities, and 
edge structures. Increasing numbers of investigations have been fo-
cused on zigzag-edged silicene nanoribbons (ZSiNRs) owing to its 
potential applications in spintronics. Many intriguing phenomena 
were discovered in ZSiNR-based devices, such as spin-filtering ef-

* Corresponding author at: School of Physics, State Key Laboratory of Crystal Ma-
terials, Shandong University, Jinan 250100, PR China.

E-mail address: liuds@sdu.edu.cn (D. Liu).

fect (SFE) [12–14], negative differential resistance (NDR) [14–18], 
current rectification [12], and magnetoresistance [19].

Similar to bulk materials, silicene is grown with various im-
perfections, such as point defects [20,21] (vacancies and adatoms) 
and line defects [22–25]. These defects may severely affect the 
electronic, magnetic, and transport properties of the sheets or rib-
bons [26,27]. The line defects are of topological nature that is 
robust to the local geometrical rearrangements. Many efforts have 
been devoted to the modulation of topological line defects [28–31]. 
By generating the grain boundaries with strain (or other methods), 
one can make different kinds of line defects embedded in silicene, 
such as an octagon plus two paired pentagons (558 defect) or a 
pentagon plus a heptagon (57 defect) in each unit cell [32,33]. 
The defects do not change the geometric structure, but alter the 
electronic properties of the nanoribbons. As such, the design of 
line-defect-based electronic nanodevices is of practical importance 
for the development of nanoelectronics.

On the other hand, the edge states in SiNRs also play a crit-
ical role for the transport properties. Tuning the edge states can 
dramatically modify the electronic and magnetic properties of 
SiNRs [34–37]. It was demonstrated that edge hydrogenation rep-
resents an efficient method for tailoring the characteristics of 
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Fig. 1. (Color online.) Line defect structures for the 558-defect (a), 57-defect (b) and 
Klein (c) edges.

SiNRs, such as converting the system into spin-gapless semicon-
ductors, ferromagnetic (FM) semiconductors or FM metals [37–39]. 
It is known that the silicon atoms at the edges of SiNRs is of sp2

type when they are terminated by one hydrogen atom. This sp2

type hybridization can be converted to sp3 when the edge silicons 
adsorb two hydrogen atoms, and may exhibit exotic charge- and 
spin-transport properties [40].

In this Article, we report the design of nanodevices with mono-
H-terminated and di-H-terminated ZSiNR heterojunctions with 
558-defect edge, 57-defect edge, and Klein edge, as shown in 
Fig. 1(a)–(c), in the parallel [1, 1] and antiparallel [1, −1] mag-
netic configuration. According to our calculations, a nearly 100% 
spin-filtering effect and spin-rectifying effect are observed at low 
bias voltages. Moreover, remarkable negative differential resistance 
effect is also obtained in these devices.

2. Methods and computational details

Using the Atomistix Toolkit (ATK) package, we employ the 
density functional theory (DFT) for geometry optimization and 
electronic structures calculations, and the nonequilibrium Green’s 
function (NEGF) method to simulate the electronic transport prop-
erties [41–44]. The exchange–correlation functional is treated in 
the local spin density approximation with the Perdew–Zunger 
(SLDA-PZ) parameters, and double-ζ polarized (DZP) basis set is 
adopted for electron wave functions. The cutoff energy is 150 Ry 
and the Monkhorst–Pack k-mesh is 1 × 1 × 100. The convergence 
threshold of energy and force are set to be 1 × 10−5 eV and 
0.05 eV/Å, respectively. The nonlinear current Iσ through the cen-
tral scattering region is obtained by the Landauer–Büttiker for-
mula [45],

Iσ (V ) = e

h

μL∫
μR

Tσ (E, V )
[

f L(E − μL) − f R(E − μR)
]
dE

Here f L/R(E) = 1/{1 + exp[E − μL/R/K B T ]} is the Fermi distribu-
tion function, kB as the Boltzmann constant, T as the temperature 
and Tσ as the spin-dependent transmission.

3. Results and discussion

3.1. The mono-H-terminated and di-H-terminated ZSiNR heterojunction 
with 558-defect edge

The geometric structures of the model systems used in our 
calculations are depicted in Fig. 2(a) and (b). The monohydrogen-
terminated and dihydrogen-terminated ZSiNR heterojunctions with 

558-defect on the edge (denoted as 558-ZSiNR-H and 558-
ZSiNR-H2, respectively) serve as the central scattering region. The 
spin configurations on both electrodes can be designed as parallel 
(P) or antiparallel (AP) through setting simulate external magnetic 
fields, respectively. Fig. 2(a) and (b) also present the spin density 
distribution (SPD) of each spin configuration under zero bias, with 
pink (cyan) indicating up-spin (down-spin) distribution. The cal-
culated spin-resolved currents as a function of the applied bias 
ranged from −0.5 V to 0.5 V for the P and AP configuration, re-
sults shown in Fig. 2(c) and (d). For P configuration, the up-spin 
electrons can smoothly flow through the system at positive bias, 
while it is nearly prohibited at negative bias from 0 V to −0.4 V. 
Meanwhile, the down-spin current is almost forbidden at the bias 
ranging from −0.1 V to 0.2 V and it arises gradually outside of 
this region.

On the other hand, the tendency of AP configuration is just re-
versed. The barrier of the down-spin channel is almost apparent 
under positive bias but prohibitive under negative bias from 0 V 
to −0.4 V. Inversely, the up-spin channel is open under the neg-
ative bias but closed between 0 V to 2.0 V. These phenomena are 
quantified precisely by the SFE as a function of bias in the inset of 
Fig. 2(c) and (d). In terms of the spin-resolved current, SFE is de-
fined: SFE = (Iup − Idown)/(Idown + Iup), where Iup (Idown) denotes 
the up-spin (down-spin) current of the two spin configurations. 
The value of SFE can reach up to 100% whether at the positive 
or negative bias in both P and AP spin configurations. It reveals 
that the 558-ZSiNR-H/558-ZSiNR-H2 heterojunction is promising 
candidate in fabricating dual-orientation spin-filtering devices. An-
other intriguing phenomenon, the rectifying effect, is also observed 
in devices constructed by 558-ZSiNR-H/558-ZSiNR-H2 heterojunc-
tion. The rectifying ratio (RR) can be defined as RR = |Ipos/Ineg|, 
where Ipos (Ineg) is the spin-resolved current at positive (negative) 
voltage. As shown in Fig. 2(e), the up-spin RR of P configuration 
presents a sustained increase until the bias reaches 0.4 V, and the 
maximum value is about 68. For the down-spin of P configuration, 
the valley value of RR is 1 × 10−1 at 0.2 V. After that it begins to 
increase to 1 at about 0.34 V and then greater than 1 as the bias 
continuing increasing. It suggests that the rectification reversal will 
appear in the down-spin I–V curve in P configuration. For AP con-
figuration, the down-spin RR could be up to 130 at 0.2 V and the 
peak emerges at 0.23 V. And the valley ratio of up-spin is 3 × 10−2

at 0.2 V and then it increases larger than 1 with the bias increas-
ing. So there is also rectification reversal in up-spin I–V curve in 
AP configuration. In addition, the up-spin current in AP configura-
tion grows rapidly in negative bias before −0.2 V. But as the bias 
further increases, it starts to decrease gradually and an obvious 
NDR effect begins to emerge in the bias range of [−0.2 V, −0.4 V]
as shown in Fig. 2(d).

To further rationalize the transport properties of 558-ZSiNR-
H/558-ZSiNR-H2 heterojunction, we plot the transmission spectra 
and band structures of magnetized left and right electrodes for P 
and AP configuration at finite bias in Fig. 3. In P configuration, 
when the positive bias is applied, the energy bands of left and 
right electrodes begin to shift downward and upward, respectively. 
Under a bias of 0.2 V as shown in Fig. 3(a), up-spin subbands of 
left electrode overlaps with those of right electrode in the bias 
window, leading to transmission peaks for up-spin channels. Nev-
ertheless, we note that the transmission for the down-spin elec-
trons is forbidden owing to lacking of down-spin subbands of the 
right electrode in the bias window. As a result, the up-spin current 
is much larger than the down-spin current at 0.2 V and a per-
fect spin-filtering occurs. Actually between 0 V and 0.2 V, the SFE 
can always maintain more than 80%. When negative bias is ap-
plied, the migratory direction of the left and right energy bands 
is just the reverse. Just as −0.2 V shown in Fig. 3(b), the up-
spin channels close and partial down-spin channels open. Thus 
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