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Quantum mechanics-based simulations have been undertaken to support the development and application
of multi-functional nano-devices constructed from zigzag silicon carbide nanoribbons (zSiCNRs), boron
phosphide (BP), nanoribbons (zBPNRs), and Pb-chalcogenide (PbS, PbSe) nanoribbons. We explore the
effect of gate voltage on the electronic performance of the devices. Symmetric -V characteristics, spin
polarization properties, NDR effects, and high rectification ratios are observed among these devices. The
effects of the angle, length and width of the constructed nanoribbon are also studied. The results show
that the width of the nanoribbons can have a substantial influence on their electronic performance.
These results provide a crucial simulation input to help guide the design of multi-functional nano-
devices built from hybrid SiC—BP/PbS/PbSe nanostructures, and this research is essential for better
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Introduction

Modern SiC technologies have led to a rapid improvement in the
practical fabrication of SiC devices, such as photodiodes,* high-
temperature sensors,> high-power devices,"** and microwave
devices.>® This is derived from the fact that in carbon sp”
hybridization is more stable, while in silicon the preferable
hybridization is sp®, hence, SiC has unique physical and elec-
tronic properties, and it is an ideal material for manufacturing
electronic devices.”® 2D materials have been attracting more and
more attention in recent years. Graphene, particularly in the form
of zigzag-edged nanoribbons (zGNRs), has been regarded as
having promising potential for nano-devices. Similar to gra-
phene®° zigzag-edged SiC nanoribbons (zSiCNRs) are also
found to have some unique and excellent properties, such as
a honeycomb-like structure which is one-atom thick. In addition,
zSiCNRs can exhibit magnetic characteristics with very small
magnetic moments according to previous work."*> And zSiCNRs
also present metallic or semiconducting phenomena, which
depend on the width of the nanoribbon. All of the previous
studies indicate that zZSiCNRs are promising for both electronic
and spintronic applications.”*"*
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understanding of their electronic transport properties.

2D materials have significant advantages in low-dimensional
scientific research and nanoscale device application, which has
aroused considerable interest in recent years. For example,
Alejandro et al. predicted that boron phosphide (BP) nano-
sheets had intermediary electronic properties between those of
graphene and BN systems." Although zigzag BP nanoribbons
(zBPNRs) and zSiCNRs own the same crystal structure and
similar lattice constant, their electronic properties are different
because of the difference of C, Si, B, P electronic structures.
Both theoretical and experimental works have indicated BP is
a promising ideal candidate to adapt to electronic devices in
future. For example, moderate band gap and high carrier
mobility can coexist in h-BP.**** Encouragingly, BP film have
been synthesized on aluminum nitride (0001)/sapphire
substrate by chemical vapor deposition.*®

Recently, other two-dimensional Pb-chalcogenide (PbS,
PbSe) systems have been prepared by interfacial nanoscale
assembly."”** which is a new potential photoelectric materials
owning to the high symmetry of its rock-salt structure® with
a direct band gap of 0.41 eV,* leading to the dependence of its
optical behavior on temperature,”* efficient photon energy
carrier multiplication®*?* and so on. Due to these characters,
PbS-based nanomaterials possess wide applications in func-
tional diodes,***¢ detectors,” single electron devices,*® optical
switches,? optical amplification,*® telecommunication,*" bio-
logical imaging® and nonlinear optics.**** As for the same
family member, PbSe is also proved to be a good option for the
next generation of electronic device since it possesses excellent
electronic properties.*® In the last few years, many exciting
contributions have emerged on nanoscale PbSe field. Fu et al.
achieved the stability enhancement of PbSe colloidal QDs.*® And
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n- and p-channel thin film field-effect transistors made by PbSe
were reported by Talapin,” confirming the possibility of
utilizing PbSe to fabricate the electronic device.

These four materials characteristics suggest that they have
potential to play an important role in nano-devices in the future.
We wonder whether we can integrate their excellence together
to construct a novel “Y”-shaped hybrid structure as a multi-
functional nano-device.*® Here, we propose a “Y”-shaped
nanostructures consisting of zSiCNRs, zBPNRs, zPbSNRs and
zPbSeNRs to construct nano-devices for potential applications.

Results and discussion

Fig. 1 shows the schematic of the computational model which
illustrates four types of “Y”-shaped tri-wing hybrid structures
composed of (a) zSiCNRs, (b) zBPNRs, (c) zPbSeNRs and (d)
zPbSNRs, denoted tri-SiC, tri-SiC-BP, tri-SiC-PbSe and tri-SiC—
PbS respectively. All the structures are passivated with
hydrogen. The three legs lie in the xy plane, and z is the
transport direction of 1D structures. SICNRs, BPNRs, PbSeNRs
and PbSNRs are classified by the number of zigzag SiC, BP, PbSe
or PbS chains (N) along the y-axis and are denoted as NzSiCNR,
NzBPNR, NzPbSeNR and NzPbSNR, respectively. The tri-SiC
includes three 4zSiCNRs with two Si edges and one C edges
connected by sp® hybridization, whereas two 4zSiCNRs and one
4zPbSNR (4zBPNR) with one Si edge connected to one S(P) edge
make up the tri-SiC-PbS (tri-SiC-BP). And the tri-SiC-PbSe has
the similar structure to tri-SiC-PbS. We repeat configuration
three times along the z-axis. The angle value between two up
legs in the Y-shaped structure is 120° in xy plane. Based on
previous studies of three-wing GNR, these hybrid structures
should be fairly stable to resist external interference.*>** In
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Fig.1 Schematic of the computational model and structures of (a) tri-
SiC, (b) tri-SiC-BP, (c) tri-SiC—-PbSe, and (d) tri-SiC—PbS. SiCNRs,
BPNRs, PbSeNRs and PbSNRs are classified by the number of zigzag
SiC, BP, PbSe or PbS chains (N) along the y-axis and are denoted as
NzSiCNR, NzBPNR, NzPbSeNR and NzPbSNR, respectively. The
dashed box denotes the unit cell.
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addition, these “Y”-shaped tri-wing hybrids may show inter-
esting electronic characteristics due to hybridization between
the three wings. As shown in Fig. 2, the “Y”-shaped tri-wing
hybrid structure is sandwiched between two graphene elec-
trodes in a field effect transistor (FET) configuration where the
transverse gate voltage (V,) is only applied on the “Y”-shaped tri-
wing hybrid structure.

First of all, the current-voltage characteristics of the tri-SiC,
tri-SiC-BP, tri-SiC-PbS and tri-SiC-PbSe at various gate voltage
are shown in Fig. 3. The results show that the effect of gate
electrodes on current is different among the four models.

For the device tri-SiC, the I-V curves are symmetrical at the
zero point, the current is not sensitive to the change of the gate
voltage. For tri-SiC-BP, however, the I-V curves of the tri-SiC-BP
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Fig. 2 Electrical circuit diagram of a dual input (A and B) logic gate.
Between the four electrodes is the electronic device composed of two
contacts (source and drain), a nano-device and gate electrodes. The
dielectric constant and the thickness of dielectric layers are 3.9¢q and
40 A

(a) tri-SiC

(b) tri-SiC-BP

ld(uA)
ld(uA)

—vg=1v
—Vg=2v

(c) tri-SiC-PbS (d) tri-SiC-PbSe

Id(pA)
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Fig. 3 (a) Current-voltage characteristics of the tri-SiC device at
different gate voltage. The insets show transmission spectra at two
individual voltage points and the corresponding conductance curve of
the tri-SiC at equilibrium state. The grey area represents the bias
window. (b) Current—voltage characteristics of the tri-SiC-BP device
at different gate voltage. (c) Current—voltage characteristics of the tri-
SiC—PbS device at different gate voltage. (d) Current—voltage char-
acteristics of the tri-SiC-PbSe device at different gate voltage.
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do not follow the Ohm's law. For example, when V, = 0 and V, =
1V, both two curves offer upgrade firstly then descending latter
tendency at positive bias. This phenomenon of upward and
downward movement is what we called the negative differential
resistance (NDR) effect. This NDR effect due to the quantum
effect.**> While for tri-SiC-PbS, it follows Ohm's law that I-V
curve almost exhibits linear relation. The slope of the I-V curve
is markedly elevated when the gate voltage is applied, and the
slope would not change any matter how much gate voltage
applied. Specifically, as for the tri-SiC-PbSe, it is clear that the
current is affected strongly by the different gate potential. A
large zero-current Coulomb gap and current plateau are pre-
sented, possessing the characteristic of Coulomb blockade and
Coulomb staircase. The tri-SiC-PbSe has obvious on- off state
and the current is cut off around [—0.5, 1.0] region at V; =0V,
thus, being as “on” and “off” states of the switch. Interestingly,
the on-off states region can be regulated by the gate voltage. As
can be seen that when applied the gate voltage (positive or
negative gate bias), the off region reduces and the operate
region expands.

Now, we probe into the origin of the symmetrical I-V feature
of the tri-SiC. Its current-voltage characteristics at equilibrium
state are illustrated in Fig. 3(a). As the integral area of the
transmission curve within the bias window determines the
current, we draw the transmission spectra at two inflection
points on the I-V curve in insets of Fig. 3(a). It is found that the
inflection point at 0.6 V corresponds well to another inflection
point located at —0.6 V. And the case at bias 0.6 and 1.2 is also
the same, showing typical marvelous symmetry. As depicted in
the inset of Fig. 3(a), the conductance curve of the tri-SiC device
exhibits “W”-shaped-characteristics which shows completely
vertical symmetry at zero point, corresponding well to the
symmetry of I-V curves.

In order to explore the spin characteristics of the tri-SiC, the
electronic structures and the density of states (DOS) at V; =0V
and V, = 2 V are shown in Fig. 4. We select two bands above and
below the Fermi energy level closely which locate at I" point for
both up-spin and down-spin species. The corresponding Bloch
states at the I' point indicate that only the valence band results
from the coupling of the three SiC wings. But the presence of
conductance band is due to the p states of the Si atoms at the Si
edge of the three SiC nanoribbons. From Fig. 4(h), it can be seen
that the main peak of the down-spin DOS around Fermi level
shifts to the right more easily compared to that of up-spin,
which corresponds well to their band structures. We can see
that p orbit mainly contributes to DOS and the down-spin is
stronger than the up-spin. And the down-spin state when the
applied gate voltage V, is 2 V has more distinct contribution to
DOS than that when V, is 0 V. To reveal the relationship between
the contact of two types of atoms and the high electron
performance of the tri-SiC device, we further calculated the EDD
(electron differential density), as shown in Fig. 4(f and g). An
interaction between the C and Si atomic surfaces shows that the
change in electron density is non-negligible after self-consistent
simulation at its boundary. The blue color in the EDD map
means very small value of EDD, indicating high interactions
produce enough electron density, but pink color means big
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Fig.4 The structures and transport properties of tri-SiC device. (a and
b) The Bloch states of up-spin at the I' point, respectively. (c and d) The
Bloch states of down-spin at the I' point, respectively. (e) The band
structures of up-spin (black line) and down-spin (red line), respectively.
(f and g) Electron difference density of tri-SiC device in different
perspective. (h) Density of states of up-spin electrons (black line) and
down-spin electrons (red line) for the device tri-SiC at Vy = 0 V and V
= 2V, respectively. The Fermi level is set at zero in the energy scale.

value of EDD. We can know that the center connection is
stronger than the three wings, and the difference between self-
consistent charge density and atomic charge density of Si atom
is greater than that of C atom.

Fig. 5(a—c) shows the transmission spectra and DOS of the
tri-SiC-BP at zero bias when V, = 0V, —2 Vand 1V, respectively.
From the figure we find peaks at the DOS in the vicinity of the
Fermi level correspond partially to that at transmission spectra,
and the gate voltage has distinct influence on the electron state
around Fermi level. In order to make it clear, we further
calculate LDOS at Er = 1.1 eV, —0.5 eV and —1.5 eV when V, = 0,
—2 and 1 V respectively, since these three typical energy values
accord well with the DOS and transmission spectra. We can see
from Fig. 5(d) that the LDOS of electrons in device tri-SiC-BP
without gate voltage delocalizes at the SiC region, demon-
strating that the BP nanoribbons have hardly any contribution
to the DOS in this condition. However, when the applied gate
voltage V, = —2 V or V; = 1V, the biggest LDOS moves to the BP
nanoribbons bottom as shown in Fig. 4(e and f), showing that
the main electrons transport pathway transfers from the SiC to
BP nanoribbons which might lead to a big current change.

Fig. 6 illustrates the LDOS of the device tri-SiC-PbS without
gate electrode applied and with different gate voltage applied
with type of n and p. It is obviously seen from Fig. 6(a) that the
LDOS of electrons mainly delocalizes on the PbS nanoribbons,
especially on their bottom Pb and S atoms. After applied gate
electrodes, the LDOS of electrons in PbS nanoribbon almost
disappears except a few atoms having less contribution to the
DOS and most of them transfer to SiC as shown in Fig. 6(b). This

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a—c) Density of states and transmission spectra for the device
tri-SiC-BP at different bias of Vg =0V, Vg = -2Vand Vg =1V,
respectively. The Fermi level is set at zero in the energy scale. (d—f)
LDOS for the device tri-SiC-BP at Ef = 1.1 eV, —0.5eV and —1.5 eV
when Vy =0, —2and 1V, respectively. The energy origin is set to be the
average Fermi level Er and isosurface showing the LDOS of the cor-
responding junctions at 0.1 eV. The isosurface shown corresponds to
0.0005 states per A’ per eV.

illustrates the gate voltage can block the electrons transport
through the PbS nanoribbon in device tri-SiC-PbS significantly.
So, the conductance of tri-SiC-PbS can be tuned by an applied
voltage, suggesting this could be used as a gate-electrode to
control the current switching. Compared to Fig. 6(b), the

C)]
‘?\ [/

Fig.6 LDOS of the tri-SiC-PbS at (a) Vg=0V, (b) V=2V and (c) Vg =
—2 V with an isovalue of 0.04. The energy origin is set to be the average
Fermi level Ef and isosurface showing the LDOS of the corresponding
junctions at 0.1 eV. The isosurface shown corresponds to 0.0005
states per A® per eV.
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distribution of LDOS is nearly not changing when applied
a reverse gate voltage, depicted in Fig. 6(c), interpreting why I-V
curves almost unchanged when the gate voltage changes. Based
on this kind of gate voltage insensitive property, when we use
this device as a current switching, we can tune it regardless of
the value and direction of the gate voltage.

Fig. 7 shows the rectification ratio and the transmission
spectra of the device tri-SiC-PbSe. It can be seen that its I-V
curves show distinct asymmetric characteristics which can be
explained by the rectification ratio. Rectification ratio is the
ratio of current to positive voltage and negative voltage when the
absolute value of the voltage is the same, that is, RR(V) = |[(V)/
I(—V)|, as shown in Fig. 7(a). We define the rectification ratio
RR(V) > 1 is the forward rectifying behavior and RR(V) < 1 is the
reverse rectifying behavior. It can be seen from Fig. 7(a) that the
tri-SiC-PbSe appears strong forward rectifying behavior when V,,
= 0 V, which gains the maximum rectification ratio of 4.43.
However, it appears weak reverse is rectifying behavior after
applied gate voltage. To understand the underlying physics
behind the rectifying effect, its transmission spectra are calcu-
lated. As depicted in Fig. 7(b), the transmission curve within the
bias window has a larger integrating area at a positive bias of
1.0 V than that at a negative bias of —1.0 V, resulting in the
maximum forward rectification ratio when no gate voltage
applied (V, = 0 V). When negative bias V, = —1 or positive bias
Vg = 2V, more than one transmission peaks move into the bias
window and increase significantly. However, the peaks at the
negative bias window play an important role, and the magni-
tude is larger than that at the positive window, resulting in
a change in the rectification ratio, as illustrated in Fig. 7(c
and d).

Moreover, we study the effects of the angle, width and length
on the electronic performance of the devices. Since I-V curves
are one of the most intuitive manners of electronic perfor-
mance, we calculate the I-V characteristics of PbS-based and
PbSe-based devices, as shown in Fig. 8 and 9, respectively. First,
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Fig. 7 (a) Rectification ratio for the device tri-SiC—PbSe. Transmission
spectra for the device tri-SiC-PbSe at (b) Vg =0V, (c) Vg = -1V and (d)
Vg=2V.
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Fig. 8 (a) The structures and /-V characteristics of tri-SiC—PbS when
changing the angle between two SiC nanoribbons from 120° to 60°.
The angle after change is labeled in the figure. (b) The structures and
|-V characteristics of tri-SiC—PbSe when changing the length of the
PbS nanoribbon from three to two. (c) The structures and /-V char-
acteristics of tri-SiC—PbSe when changing the width of the PbS
nanoribbon from four to two. The numbers represent the number of
zigzag chains in each branch wing after change.
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Fig. 9 (a) The structures and /-V characteristics of tri-SiC—PbSe when
changing the angle between two SiC nanoribbons from 120° to 60°.
The angle after change is labeled in the figure. (b) The structures and
|-V characteristics of tri-SiC—PbSe when changing the length of the
PbSe nanoribbon from three to two. (c) The structures and /-V char-
acteristics of tri-SiC—PbSe when changing the width of the PbSe
nanoribbon from four to two. The numbers represent the number of
zigzag chains in each branch wing after change.
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we change the angle between the two SiC wings from 120° to
60°, as displayed in Fig. 8(a) and 9(a). It can be seen that the
change of angle does not have significant influence on their
behaviors. It is roughly similar to I-V curves of the prototypes,
especially for the angle-changed tri-SiC-PbSe. And gate voltage
still does not affect the angle-changed tri-SiC-PbS but has
distinctive effect on the angle-changed tri-SiC-PbSe. Further-
more, we change the length of PbS and PbSe nanoribbons from
three units to two units, as shown in Fig. 8(b) and 9(b). It can be
seen that small changes are observed, but still can be ignored. I-
V characteristics of the changed structures still follow the
features of prototypes. We also change the number of zigzag
PbS or PbSe chains (N) from four to two in order to improve the
width of nanoribbons, as illustrated in Fig. 8(c) and 9(c). Strong
changes of electronic performance emerge. Distinctive NDR
effect appears when changed the length of PbS nanoribbon in
tri-SiC-PbS, which shows linear relation. In a word, angle and
length of nanoribbon have seldom influence on electronic
performance, but width can have strong effect.

Methods

In this work, we adopt density functional theory (DFT) method
and non-equilibrium Green's function (NEGF) formalism as
implemented in Atomistix ToolKit (ATK) software package.*
The mesh & points are set as 1 x 1 x 50.® The mesh cutoff is 75
Ha. The electron temperature is set to 300 K. In order to avoid
the interaction between periodic images, all structures are
modeled in a supercell with vacuum layers of at least 15 A
between neighboring cells. The exchange-correlation potential
is described by the Perdew-Burke-Ernzerhof parameterization
of the generalized gradient approximation (GGA-PBE) or spin-
dependent generalized gradient approximation (SGGA-PBE).
Local atomic numerical orbits with double-zeta single polarized
basis and norm-conserving pseudopotentials are used. The
simulated system can be divided into three parts: one is central
scattering region, others are semi-infinite right and left elec-
trodes. We also add gate electrodes with dielectric layers which
are an oxide. Before calculations of electronic transport prop-
erties, the geometry of model is first optimized until all residual
forces on each atom are smaller than 0.05 eV A~*. More detail
can refer to ESL.{

Conclusions

The electronic properties of “Y”-shaped BP/PbS/PbSe nano-
devices based on silicon carbide nanoribbons were revealed
using quantum mechanics-based simulations. For the device
tri-SiC, the current is not sensitive to the change of the gate
voltage. All the I-V curves under different gate voltage are
symmetrical at the zero point and “W”-shaped conductance
characteristics are found. In addition, significant spin polari-
zation characteristics were observed, making it potential
building block for spintronics. As for the device tri-SiC-BP,
strong NDR effect appears because of the change of the trans-
port pathway under the gate bias, which might be utilized in the
frequency multipliers and oscillators. And device tri-SiC-PbS

This journal is © The Royal Society of Chemistry 2018
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could be used as a current switching not controlled by gate
voltage. While the device tri-SiC-PbSe shows obvious on and off
states which could be used as switching and the rectifying
circuits. The effects of the angle, length and width of the con-
structed nanoribbons are also studied. The results show that
angle and length of nanoribbon have seldom influence on
electronic performance, but width can have substantial effect.
This study may provide theoretical guidance for the exploration
of multi-functional nano-devices in a new way.
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