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Designing of spin filter devices based on zigzag zinc oxide
nanoribbon modified by edge defect∗
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The spin-dependent electronic transport properties of a zigzag zinc oxide (ZnO) nanoribbon are studied by using
density functional theory with non-equilibrium Green’s functions. We calculate the spin-polarized band structure, projected
density of states, Bloch states, and transmission spectrum of the ZnO nanoribbon. It is determined that all Bloch states are
located at the edge of the ZnO nanoribbon. The spin-up transmission eigenchannels are contributed from Zn 4s orbital,
whereas the spin-down transmission eigenchannels are contributed from Zn 4s and O 2p orbitals. By analyzing the current–
voltage curves for the opposite spins of the ZnO nanoribbon device, negative differential resistance (NDR) and spin filter
effect are observed. Moreover, by constructing the ZnO nanoribbon modified by the Zn-edge defect, the spin-up current is
severely suppressed because of the destruction of the spin-up transmission eigenchannels. However, the spin-down current
is preserved, thus resulting in the perfect spin filter effect. Our results indicate that the ZnO nanoribbon modulated by the
edge defect is a practical design for a spin filter.

Keywords: ZnO nanoribbon, spin-dependent transport, nonequilibrium Green’s functions, transmission eigen-
channels, spin filtering efficiency

PACS: 85.75.–d, 73.63.–b DOI: 10.1088/1674-1056/ab3b50

1. Introduction
Spintronics is a promising field for the next-generation

electronic devices, which have lower energy consumption
and faster electronic systems due to the use of electron in-
trinsic spin states to carry information.[1–3] Although spin-
based electronic devices are currently used in commercial
magnetic-field sensors and nonvolatile memory devices,[4] the
spin states in the transport process are a major challenge in
the field of spintronics because spin–orbital coupling and scat-
tering can change their intrinsic spin state.[5] A spin filter
is an important device for processing spin states. Currently,
spin filters are based on carbon atomic chains,[6] Joseph-
son junctions,[7] ferromagnetic quantum barriers,[8,9] molecu-
lar devices,[10] graphene nanoribbons,[11–14] and graphite-like
nanoribbons.[15,16]

ZnO, a group II–VI compound semiconductor, has unique
properties and novel applications in photocatalysis, spin-
tronics, and photovoltaics.[17] Bulk ZnO has a direct wide
band gap (3.37 eV), large exciton binding energy (60 meV),
high optical gain (320 cm−1), strong luminescence, high
electron mobility, superior piezoelectric properties, and high
transparency.[18–20] In addition, various ZnO structural forms
have been synthesized such as nanosheets,[21] nanotubes,[22]

nanowires,[23] nanorods,[24] and nanoribbons.[25] A nanorib-
bon is a one-dimensional nanostructure with its thickness

much smaller than its width. The ZnO nanoribbon (ZnONR)
can be obtained by cutting the graphite-like ZnO nanosheets.
On the basis of the shapes of the edges, ZnONRs are di-
vided into armchair and zigzag ZnONRs, both of which
have stable structures.[26,27] Recently, nanoribbons have at-
tracted considerable attention because graphene nanoribbons
exhibit perfect spin-filtering properties, and some graphene-
like nanoribbons (e.g., silicon nanoribbons[28] and boron ni-
tride nanoribbons[29]) also possess filtering properties. The
ZnO nanoribbon has a graphene-like structure, and its elec-
tronic structure and magnetic properties depend on its orienta-
tion. The armchair ZnONR is a nonmagnetic semiconductor
with a band gap that changes with its width, while the zigzag
ZnONR is a ferromagnetic metal.[30] Because magnetism is
essential for the spin-dependent transport, ZnONR is expected
to exhibit an interesting spin-dependent transport. The elec-
tronic transport of ZnONR has been reported by Sarkar et
al.,[31] and Zhang et al.[32] determined that the zigzag ZnONR
with edges passivated by zinc atoms maintains an absolute
spin filter effect in a larger bias range. In addition, there are
no reports on spin-dependent ZnONR transport, and none of
the effects of defects, doping, edge states, and external elec-
tromagnetic field is clear. Therefore, it is strongly motivated
to exploring their transport phenomena and mechanisms.

In this work, we focus on the spin-dependent electronic
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transport of zigzag ZnONR. It is determined that the zigzag
ZnONR exhibits a complete spin-polarized transport, and a
NDR behavior can be observed for the spin-down current.
A further analysis indicates that the spin-up transmission is
mainly determined by the Zn 4s at the edge of the ZnONR.
Moreover, ZnONR modified by the Zn-edge defect demon-
strates a perfect spin-filtering effect, which has a considerable
application potential. We believe that our results are quite use-
ful for developing a spin filter based on ZnONR.

2. Computational methods
The model of a two-probe device is constructed by cutting

a ZnO monolayer with zigzag edges as illustrated in Fig. 1.
The width of ZnONR is defined by the number of parallel
zigzag Zn–O chains, and n-ZnONR denotes a zigzag ZnONR
with n Zn–O chains. To investigate the electronic structure
and transport properties, the device is divided into three re-
gions: left electrode, right electrode, and central scattering re-
gion. In our calculations, the geometry of the ZnO monolayer
is carried out by using the plane-wave pseudopotential total
energy calculation method based on density function theory
(DFT) as implemented in the Cambridge sequential total en-
ergy package (CASTEP). The exchange–correlation potential
is treated by the generalized gradient approximation (GGA)
with Perdew and Wang 91 (PW91) parameterization scheme.
The interaction between nuclei and electrons is approximated
with Vanderbilt ultrasoft pseudopotential. The plane-wave ba-
sis set has cutoff energy of 480 eV, and the Brillouin zone in-
tegration is approximated by using a 6× 6× 1 Monkhorst–
Pack k-point mesh. The convergence tolerance is set to be
1×10−5 eV/atom and the vacuum layer is set to 15 Å to avoid
the interaction between adjacent layers.

left electrode

z

y

x

z
y

x

right electrodescattering region  

Fig. 1. Schematic illustration of device model: the gray region denotes the
left and right electrodes, and the transport direction is in z direction. Pe-
riodic boundary conditions are applied along x and y directions, and 15-Å
vacuum spacing is in x direction to avoid the interaction between adjacent
layers. Gray circles indicate sites of the edge defects. Red and gray spheres
represent oxygen and zinc atoms, respectively.

The spin-dependent transport properties are performed by

the QuantumWise Atomistix Toolkit (ATK) package. This

package combines DFT with non-equilibrium Green’s func-
tion (NEGF) to simulate spin-polarized quantum transport in
the non-equilibrium case. The exchange–correlation potential
is described by Perdew–Burke–Ernzerhof (PBE) parametriza-
tion of GGA. The basis set of the linear combination of atomic
orbital uses double zeta polarization for all atoms, and the it-
eration control parameter uses mesh cutoff energy of 150 Ry
with a tolerance of 1× 10−5. The two-dimensional (2D) fast
Fourier transform (FFT2D) is applied to the investigation of
periodic boundary conditions. The Monkhorst–Pack k-point
grid of 1×1× 100 is employed in the transport calculation.
The k-point sampling of 1, 1, and 100 is used in the x, y,
and z directions, respectively, where z refers to the direction of
charge transport. Spin-dependent transmission values through
the nanoribbon at the given energy and the spin electron trans-
mission coefficient under external bias Vb are obtained from
the following equation[33,34]

Tσ (E,Vb) = Tr[ΓLGr
ΓRGa]

σ
, (1)

where the spin index σ indicates spin-up or spin-down; ΓL/ΓR

is the conductor’s coupling function to the left/right electrodes,
E is the electronic energy, and Gr/Ga is the retarded/advanced
Green’s function of the scattering region. The spin-dependent
current of device is calculated from the Landauer–Büttiker
formula[35,36]

Iσ (Vb) =
e
h

∫
µR

µL

{Tσ (E,Vb) [ f L (E,Vb)− fR (E,Vb)]}dE, (2)

where e is the electron charge, h is the Planck’s constant,
and fL/R(E,Vb) is the Fermi–Dirac distribution function of
left/right electrode. The difference in chemical potential be-
tween the left electrode and the right electrode is µL− µR =

eV b. When the Fermi level is set to be zero, the bias voltage
window corresponds to the range [−Vb/2,+Vb/2].

3. Results and discussion
First, we take 7-ZnONR for example to investigate the

spin-dependent electronic transport properties. The two-probe
device based on pristine 7-ZnONR is constructed as illustrated
in Fig. 1, and named M1. For M1, the corresponding spin-
dependent transmission spectra T (E,Vb) at zero bias voltage
are plotted in Fig. 2(a). It is clearly observed that the spin-
down and spin-up transmission spectrums do not coincide with
each other. The transmission is spin-polarized, which results
in the dangling bonds of atoms at the edge of ZnONR. At
−0.26 V and −0.28 V, there are minimum spin-up and max-
imum spin-down transmission spectrums, respectively. Near
the Fermi level, there are wide spin-up and spin-down trans-
mission platforms, and the spin-up transmission coefficient is
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lower than the spin-down coefficient. This indicates that both

spin transmission channels are open at the Fermi level. To

elucidate the mechanism of transmission channels, we inves-

tigate the spin-polarized band structure, projected density of

states (PDOS), and Bloch states of ZnONR as shown in Fig. 3.

By comparing the spin-up band with spin-down band, we ob-

serve the splitting of these bands around the Fermi level as

illustrated in Fig. 3(a), which is marked as I, II, and III. It

is observed that only one band crosses the Fermi level in the

spin-up case, and three bands cross the Fermi level in the spin-

down case. According to PDOS in Fig. 3(b), the 2p state of O

atom and the 4s state of Zn atom are asymmetric in spin-up and

spin-down cases. Thus, spin splits in the Fermi level originate

from O 2p and Zn 4s. The calculated results are in agreement

with those previously published results.[37] For each spin, the

distributions of Bloch states are in accordance with those of

the eigenchannels. We calculate the Bloch states of the three

bands, and the results are plotted in Fig. 3(c). It is determined

that all Bloch states are distributed at the edge of ZnONR. No-

tably, regardless of the spin-up or spin-down, the Bloch states

of the band marked as I are located in the Zn-edge. The Bloch

state bands, marked as II and III are located at the O-edge in

the spin-down case, and there are no Bloch states in the spin-

up case. According to the above-mentioned analysis, the spin

transport channel is provided by O 2p and Zn 4s at the edge of

ZnONR.
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Fig. 2. Spin-dependent transmission spectra T (E) at zero bias voltage for (a) M1, (b) M2, and (c) M3, respectively. Zero of energy is set to be at Fermi level.
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Fig. 3. (a) Spin-polarized band structure of 7-ZnONR; (b) spin-polarized PDOS of 7-ZnONR, Fermi level is set to be at zero; (c) Spin-polarized Bloch states
of energy bands I, II, III, respectively, with isovalue being 0.2.

To investigate the transport properties of 7-ZnONR under
applied bias, the spin-dependent current–voltage (I–V ) curve
of M1 is shown in Fig. 4(a). At the bias from 0 V to 1.0 V,
we clearly observe that the current is spin-polarized. For the
spin-up case, the current increases slowly with bias voltage in-
creasing. When the electron is of spin-down, the spin-down
current is proportional to the bias voltage in a range from 0 to
0.2 V, but then oscillates slightly in a range from 0.2 V to 0.6 V.
The spin-down current peak value is 23.2 µA at 0.58 V. With
the bias further increasing, the spin-down current decreases
rapidly to 8.7 µA at 0.84 V. It is clearly seen that the NDR
has a peak-to-valley ratio of 2.7. Moreover, to obtain a clear
picture about the mechanism of the NDR effect, the transport
spectra for the spin-down electrons at 0.2, 0.4, 0.6, and 0.8 V

are displayed in Fig. 5. According to Eq. (2), the T (E,Vb) in
the bias voltage window determines the current, and the inte-
grated area in the window is displayed as a shaded area. At
a bias voltage of 0.2 V, there is a high transmission plateau in
the bias window. As the bias voltage increases, the transmis-
sion spectrum is suppressed. Then, although the amplitude of
the transmission spectrum lowers, the bias window increases.
There is almost no change in the integrated area, thus redsult-
ing in a current plateau in a bias range of 0.2 V–0.6 V. When
the bias reaches 0.8 V, the transmission spectra are severely
suppressed. The increase in the bias window range cannot
compensate for the decrease in the integral area caused by the
decrease in the transmission coefficient, which leads the strong
NDR to occur.
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Fig. 4. Plots of spin-up and spin-down currents versus voltage at zero bias voltage for (a) M1, (b) M2, and (c) M3, respectively.
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It is known that for M1, the edge states are essential for
the electronic spin transport. If the edge Bloch states are de-
stroyed, the spin-filtering effect may occur. In fact, the edge
defect of the nanoribbon is an effective approach to destroy-
ing the edge Bloch states. To explore the spin filter based on
ZnONR, we construct the two-probe devices based on ZnONR
with edge defects. In Fig. 1, the gray circles indicate the sites
of the edge defects. The devices with the O-edge and Zn-edge
defects are denoted as M2 and M3, respectively. When the O
or Zn atom is removed, the geometries are optimized again to
obtain the relaxed structures. For the O-edge defect case, the
transmission spectrum is illustrated in Fig. 2(b). By compar-
ing the transmission of M1 in Fig. 2(a), we find that the spin-
up transmission coefficient remains approximately unchanged
near the Fermi level, whereas the spin-down transmission co-
efficient decreases from 3 to 1. The difference in transmission
coefficient between spin-up and spin-down cases is reduced,
and the corresponding I–V curves are similar to each other
as illustrated in Fig. 4(b). For the Zn-edge defect case, the
transmission spectrum is illustrated in Fig. 2(c). Comparing
with Fig. 2(a), the transmission coefficient exhibits a decreas-
ing behavior near the Fermi level. The spin-up transmission
coefficient decreases from 1 to 0, and the spin-down transmis-
sion coefficient decreases from 3 to 2. Meanwhile, the spin-
down current is clearly larger than the spin-up current in the
bias voltage region as shown in Fig. 4(c). Therefore, the M3

system acts as a perfect spin filter. The polarization character-
istics of spintronic device can be quantitatively described by
the spin-filtering efficiency (SFE). The SFE at non-zero bias is
calculated by the spin-dependent current as follows:

SFE = |Iup− Idown|/|Iup + Idown|×100.

The SEF at zero bias is calculated by the spin-dependent trans-
mission coefficient at zero bias below.

SFE = (Tup−Tdown)/(T up +Tdown)×100.

The calculated SFEs for the three systems are shown in Fig. 6.
It is clear that the SFEs of M1, M2, and M3 at zero voltage
are 57%, 11%, and 100%, respectively. For M1, the SFE de-
creases continuously with bias increasing. For M2, the SFE is
less than 10% in the whole bias range. However, M3 has a high
SFE in the entire bias range, reaching approximately 100% at
[0 V, 0.3 V], which indicates that M3 is an ideal spin-filtering
device.
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Fig. 6. Plots of SFE versus bias voltage for M1, M2, and M3.

To investigate the effect of the defects on the transport
properties of ZnONR, figure 7 shows the electron transport
pathways for the spin-up and spin-down states of M1 and M3

under zero bias. The transport pathways can analyze the con-
tribution of local bonds to the transmission coefficient.[38] As
illustrated in Fig. 7, the direction of the transport pathways is
indicated by colored arrows (e.g., blue and purple arrows point
to the right, and red arrows point to the left). The size of the ar-
rows indicates the magnitude of the transport pathways. There
are two types of transmission channels: one is a chemical bond
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between zinc and oxygen, and the other is a hopping chan-
nel between the same atoms. This phenomenon also occurs in
the devices that are based on MoS2.[39] Figure 7 indicates that
the transmission occurs mainly through the edges of ZnONR
and reaches the other electrode. This observation is consistent
with the result of the Bloch state analysis in Fig. 3. For M1,
the spin-up electrons are transferred through the Zn atoms lo-
cated at the Zn edge. Concurrently, some of the electrons are
reflected to the left electrode by the Zn–O bond. When the
Zn-edge defects are generated, the spin-up electron transport
channels are destroyed, and the spin-up electrons are strongly
scattered near the defects. Therefore, the spin-up current is
severely suppressed. However, for the spin-down electrons,
there are two spin-down transport channels, which are located
at the zinc and oxygen edges. The Zn-edge transport chan-
nel is aligned with the spin-up transport channel, and the O-
edge transport channel is composed of Zn–O bonds. When the
Zn-edge defects are generated, the spin-down transport chan-
nel of the zinc edge completely disappears. Accordingly, the
spin-down transport channel remains constant at the edge of
oxygen. Therefore, in M3, the spin-up transport channel is
severely damaged or suppressed, and the spin-down transport
channel is preserved.

M1 M3

Spin up

Spin down

Fig. 7. Transport pathways for spin-up and spin-down states of M1 and M3
under zero bias.

4. Conclusions
In this work, by using first principle based on DFT com-

bined with NEGF, we studied the electronic structure of in-
trinsic ZnONR. By analyzing the band structure, split-state
density, and Bloch states, we reveal that the energy bands of
ZnONR exhibit spin splitting near the Fermi level. The spin-
down current has a significant NDR effect. In addition, the
Bloch state of the energy band of the spin splitting is dis-
tributed at the edge of ZnONR. By using the edge defect mod-
ulation, we constructed M2 and M3 devices. The SFE of M3

demonstrates that it has a perfect spin-filtering effect. The M3

device, which possesses a simple structure without stacked
layers and external magnetic-field regulation, can be used to
fabricate a spin filter.
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