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An important development in modern electronics is the realization of band-structure engineering for
the design of novel materials and devices. One possible way to realize band-structure engineering is by
addition of periodic potentials to two-dimensional (2D) materials, such as graphene, to form a superstruc-
ture, known as a “superlattice.” Unlike the band gap of graphene, the band gap of silicene can be tuned by
an out-of-plane electric field owing to its unusual buckled structure. In this work, we use the designable
band gap of silicene and the band structure of superlattices, together with the spin and valley degrees
of freedom, to propose a design principle for optimizing the performance of spin- and valley-dependent
negative-differential-resistance (NDR) devices using silicene superlattices. On the basis of the effective
Hamiltonian formalism, we predict that the peak-to-valley current ratio could be larger than most recently
reported results achieved by 2D materials, suggesting that the silicene superlattice is a good candidate for
realizing NDR devices. The design principle proposed in this work could also be extended to other layered
materials with tunable band gaps. This could pave the way for advanced material and device designs based

on band-gap engineering of 2D materials.
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I. INTRODUCTION

Since the experimental realization of graphene [1], two-
dimensional (2D) materials have been intensely inves-
tigated in condensed-matter physics. It has been shown
that the band gap of some 2D materials, such as bilayer
graphene [2] and trilayer graphene [3], can be tuned by
an electric field. Silicene is a 2D artificial honeycomb-
like lattice made of Si atoms. In contrast to monolayer
graphene, for which the A and B sublattices are in the
same plane, the buckled structure of silicene allows easy
control of its band diagram as well as its band gap by
the application of an out-of-plane electric field [4]. Fur-
thermore, silicene possesses two other advantages. First,
owing to its honeycomb lattice, silicene shares many of
the prominent properties of graphene, such as a high Fermi
velocity and carrier mobility, which are superior to those of
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traditional semiconductor materials. Second, silicene has
greater compatibility with current silicon-based technolo-
gies compared with graphene and other 2D materials. The
superior properties of silicene make it an attractive mate-
rial for the development of next-generation electronics [5].

In addition to the tunability of the band gap in 2D
materials with the use of an out-of-plane electric field,
band-gap engineering can also be realized by addition of
periodic potentials to form a superstructure, or superlat-
tice, of an artificial crystal [6]. The band structure of a
superlattice can be tailored by adjustment of the param-
eters of the superlattice, such as the lattice constant. The
band-structure engineering achieved by the superlattice
structure is helpful for optimizing the performance of
devices. Although the concept of superlattices was pro-
posed many years ago, the physics community has recently
showed intense interest in graphene superlattices, owing
to their intriguing properties, such as anisotropic behav-
iors of massless Dirac fermions, superlattice Dirac points,
topological current, and ballistic miniband conduction
[7—13]. The advantages of silicene mentioned above
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suggest it would be interesting to study band-gap engi-
neering of silicene in addition to its superlattice properties.
However, relatively few papers have been published on
this topic to date [14—18].

Negative-differential-resistance (NDR) devices have
gained much attention owing to their peculiar folded
current-voltage characteristics (N-shaped Isp-Vsp curves),
which present multiple threshold-voltage values. These
features are of interest for the design of new functionalities,
such as reflection amplifiers, memories, and oscillators
[19-21]. Very recently, NDR devices based on 2D lay-
ered materials have been explored [22—29]. Multivalued
logic circuits have been implemented with NDR electron-
ics based on complex 2D layered heterojunction channels,
in which the power consumption is lower than that of
conventional binary systems as expected from theoreti-
cal predictions [29]. Additionally, a high peak-to-valley
current ratio (PVCR) of 4.2 has been achieved at room
temperature. Through the construction of superlattices on
2D conducting channels for local band-structure engineer-
ing, NDR electronics can be achieved and a higher PVCR
might also be possible in future circuit design. To the best
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of our knowledge, there have been no investigations of the
NDR effect in silicene superlattices.

In the present work, we use band-gap engineering of
both silicene and its superlattice to develop a design
principle for optimizing the performance of spin- and
valley-dependent negative-differential-resistance devices
based on silicene superlattices. The structure of the pro-
posed silicene superlattices is much simpler than that of
complex layered 2D heterostructures. We show that the
band gap of silicene, its lateral thicknesses, and the period
of the superlattices have distinct effects on the band struc-
ture of the silicene superlattice. This band-structure design
principle might be extended to other 2D materials with tun-
able band gaps, paving the way for advanced material and
device design.

II. METHODS

A. Effective Hamiltonian formalism

The tight-binding Hamiltonian for silicene can be
expressed as the sum of the simplest tight-binding
model for graphene [37], spin-orbit interaction terms, and
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FIG. 1.

Silicene superlattice structure, potential profile, and band structure. (a) The structure of a silicene superlattice, a silicene

monolayer connected to source (S) and drain (D) electrodes, with four strips of ferromagnetic insulators on top. (b) Side view of
silicene showing that the two sublattice atomic planes have a vertical separation distance of 0.46 A, forming a buckled structure. (c)
The potential profiles U(x) for spin-up electrons (solid red line) and spin-down electrons (dashed black line). A is the exchange-
splitting energy induced by the ferromagnetic insulator. Schematic band structure of silicene around K and K’ points for three different
staggered sublattice potentials, (d) Az = 0, (e) Az = Az, and (f) Az > Az ¢, which can be induced by application of an out-of-plane
electric field. Az = Aso = 3.9 meV denotes the critical staggered sublattice potential where silicene becomes semimetallic for K 4

and X’ |.
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staggered sublattice potential induced by external electric
field £:

Aso
H=—t Z cjscjs +i Z SVjj c;rscjs
(i )s 3\/5 (

(Lj))s

—d Z l/«iEZCLst, (1)
A

where ¢ is the transfer energy, cj;, is the creation opera-
tor for electrons with spin polarization s =1 at site i,
and (i,j) and ((i,j)) run over the nearest-neighbor and
the next-nearest-neighbor hopping sites, respectively. The
parameter Agp is the intrinsic SOI, v; = +1 (—1) for
counterclockwise (clockwise) next-nearest-neighbor hop-
ping, u; =+1 (—1) for the A (B) site, and d is the
buckled height of silicene. The low-energy physics that
we are interested in can be described by the massive Dirac
Hamiltonian:

Hy = hvp(tkeoy + k,0,) + A0, (2)
where vr &~ 5.5 x 10° ms™! is the Fermi velocity, & is
the Pauli matrix, and A;; = stAgpo — Ay is the band gap
induced by SOI and the staggered sublattice potential.
Notably, the massive Dirac Hamiltonian can also be used
for other 2D materials, including germanene, stanene, and
group-VIB transition-metal dichalcogenides [38]. In the
presence of the exchange-splitting energy A and gate
voltage V,, the Hamiltonian becomes

H = Hy + eV + Acy). (3)

Similarly to graphene [35], the band structure and the
transmission spectrum of silicene superlattices can be
obtained on the basis of the effective Hamiltonian formal-
ism.

III. RESULTS

A. Silicene superlattices

Figure 1(a) shows a schematic illustration of the pro-
posed NDR device, a silicene superlattice composed of
monolayer silicene on a substrate with N =4 insulat-
ing strips on top of the silicene. Both ferromagnetic
and nonmagnetic insulating strips are considered in this
work. The results for the latter are provided in Sup-
plemental Material [30]. Ferromagnetic insulators can
induce an exchange-splitting energy A in silicene via the
proximity effect, as proposed and achieved for graphene
[31-33]. Hallal et al. [33] found that the exchange split-
ting obtained in graphene ranges from tens to hundreds
of millielectronvolts depending on the substrate. On the
basis of the data from graphene, two groups individually
used A =36 meV [17] and A = 100 meV [34] in

their calculations as the exchange-splitting energy induced
in silicene. In this work, we use A = 36 meV, a rela-
tively conservative value, in our calculations. Higher A«
is expected to achieve a spin- and valley-dependent NDR
device with better performance. However, this energy will
vanish with the use of nonmagnetic insulating strips. A
top gate voltage is applied to the ferromagnetic or non-
magnetic insulator to induce a barrier potential in the
silicene. A bias voltage (Vsp) is applied through the source
(S) and drain (D) electrodes. A schematic diagram of
the potential profile used in the calculation is shown in
Fig. 1(c).

B. Tunable band gap of silicene

The two sublattice atomic planes of silicene feature a
vertical separation distance of d = 0.46 A, forming a buck-
led structure, as shown in Fig. 1(b). By application of an
out-of-plane electric field £z, this unique structure allows
us to induce a staggered sublattice potential Ay = Ezd [4].
Therefore, the band gap of silicene, A,y = [t5As0 — Ayz|,
can be controlled by the out-of-plane electric field. Here
T =41 (—1) and s = +1 (—1) denote the K (K') valley
and spin-up (spin-down) degrees of freedom, respectively.
Aso = 3.9 meV denotes the intrinsic spin-orbit interac-
tion (SOI) of silicene. Figures 1(d) and 1(f) show the
schematic band structure of silicene around K (left panel)
and K’ (right panel) points for three different staggered
sublattice potentials, Ay =0, Az = Azc,and Az > Az,
respectively, where Az = Ago is the critical staggered sub-
lattice potential; that is, the critical point for the topological
phase transition of silicene [4]. Notably, a topological
phase transition can be achieved simply by the tuning
of the staggered sublattice potential with the out-of-plane
electric field in silicene. For Az = 0 in the nonmagnetic
region, the band gap of silicene is 2|Agp| for both the K
valley and the K’ valley [Fig. 1(d)]. In the magnetic region,
for Ay > Ay ¢, the band gap of silicene is 2|tsAso — Asol
such that silicene is semimetallic for spin-up electrons in
the K valley and for spin-down electrons in the K’ valley
[Fig. 1(e)]. For Az > Ay ¢, the band gap for spin-up elec-
trons in the K valley and spin-down electrons in K’ valley
will open again [Fig. 1(f)]. As will be shown, the mag-
nitude of the staggered sublattice potential is important for
the performance of the proposed NDR device. The tunabil-
ity of the staggered sublattice potential, and thus the band
gap of silicene, makes it possible to optimize the device
performance simply by adjustment of the magnitude of the
electric field.

C. Band structure and transmission spectra

To understand the spin- and valley-dependent transport
properties of the silicene superlattice, its band structure
and transmission spectra are investigated on the basis of
the effective Hamiltonian formalism similar to that for
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graphene (see Sec. II) [7,35]. Figures 2(a) and 2(b) show
the energy as a function of the y-component wave vector k,
and the Bloch-wave vector Ky, respectively, for four com-

binations of spin and valley flavor, K 1, K |, K’ 1, and

K’ |. The allowed and forbidden bands are formed, which
are useful in understanding the electronic transport phe-
nomena. In this work, the forbidden band formation is of
crucial importance to obtain the NDR effect. The band gaps
atk, =0 nm~! in Fig. 2(a) correspond to those in Fig. 2(b).
The band structures for each spin and valley combination
are different, leading to spin and valley polarization, which
is the origin of the spin- and valley-dependent NDR effect,
as shown later. Fig. 2(c) shows the transmission spectra for

a silicene superlattice with N = 8 barriers for Vsp =0V,
with clear low-transmission regions corresponding to the
band gaps in Figs. 2(a) and 2(b). Marks 4 and B denote two
high-transmission regions, each containing N — 1 resonant
peaks, corresponding to two allowed bands in the band
structure. Fig. 2(d) shows the transmission spectrum as a
function of bias voltage Vsp for spin-up electrons in the
K’ valley. For Vgp = 0 mV, this spectrum corresponds to
the third panel in Fig. 2(c). For a small Vgp, the minibands
evolve into Wannier-Starker ladders with suppression of
the transmission spectrum, which is an important signature
of a Bloch electron moving in a periodic structure under a
bias voltage.
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D. Bias-dependent transmission spectra

Next we investigate the bias-dependent transmission
spectra by changing the designable parameters of the
superlattices, including the period and lateral width, and
the tunable staggered sublattice potential of the silicene.
These parameters are shown to be useful for interpreting
the current-voltage characteristics, and hence the NDR
effect.

The effect of the number of barriers on the transmission
spectra can be further understood from comparison of
Fig. 3(a) (eight barriers) and Fig. 3(b) (four barriers). In
Fig. 3(b), the four thick black lines (denoted by numbers
1 to 4) with a transmission of almost zero originate from
the band gap of the silicene in the four barrier regions
with a magnitude of 2(Agp + Ayz). Similarly, the three thin
lines (denoted by numbers 1’ to 3') originate from the band
gap of silicene in the three well regions with a magnitude
of 2Ag0. For silicene superlattices with a larger number
of barriers, more gap regions are formed, as shown in
Fig. 3(a). Thus, the current, which is investigated later, is
expected to decrease as the number of barriers increases.
The relationship of the current-voltage characteristics is
discussed later.

Similarly, the effect of the changing lateral width on the
transmission spectrum can be understood by comparison of
Fig. 3(a) (a = b = 50 nm) and Fig. 3(c) (¢ = b = 10 nm).
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FIG. 2. Band structure and transmission spectra of the silicene superlattice with a ferromagnetic insulator. (a) Energy band structure
of silicene superlattice as a function of wave vector k, for four combinations of spin and valley flavors. Filled areas indicate the
allowed bands. (b) Energy band structure of the silicene superlattice as a function of the Bloch-wave vector for normal incidence
k, = 0 nm~!. (c) The unbiased transmission spectrum for eight-barrier silicene superlattices with lateral widths @ = b = 50 nm and
staggered sublattice potential Az = 40 meV. (d) Transmission spectrum as a function of bias voltage Vp for spin-up electrons in the
K’ valley. The potential barrier and exchange-splitting energy are U = 175 meV and A, = 36 meV, respectively.

044047-4



NEGATIVE-DIFFERENTIAL-RESISTANCE DEVICES ACHIEVED...

PHYS. REV. APPLIED 10, 044047 (2018)

(a) (b)

FIG. 3. Bias-dependent trans
1 mission  spectra. (a) Bias-

400

Energy (meV)

8 barriers
A =40 meV

a=b=10 nm .

dependent transmission spectra
for spin-up electrons in the K’
valley with larger bias and energy
range than that in Fig. 2(d). The
lateral width, number of barriers,
and staggered sublattice potential
are a=b =150 nm, N =8, and
Az = 40 meV, respectively. The

o
[¢)]
Transmission

0 transmission spectra for (b) nar-
rower width a = b = 10 nm, (c)
1 lower number of barriers N = 4,

and (d) smaller staggered sublat-

tice potential Azc = Ago =39
meV. The transport windows are
denoted by the regions between
two white lines.

o
(4]
Transmission

s »
E Of ~
g 3
5 -200 RN =
c ~—
w a=b=50nm ™ § a=b=

-400 - 4 barriers \\ S 8 barriers

A =40 meV A=A,
-600 —2 i 1 \3 d S f
0 250 500 750 1000 O 250 500

Vgp (MV)

For a = b = 10 nm, we find that the lateral width is too
small to form an ideal gap (zero transmission). Therefore,
the current in such silicene superlattices for such narrow
lateral width is expected to be larger than that for wider
lateral widths. Figure 3(d) shows the transmission spec-
trum of the silicene superlattices with a critical staggered
sublattice potential Az = Az ¢ in the barrier region, which
is very small compared with the one in Fig. 3(a), leading
to a thinner band gap. Thus, the current for the silicene
superlattices with larger values of Ay is expected to be
smaller.

E. Spin- and valley-dependent NDR

Next we investigate the spin- (s =7, ]) and valley-
(t =K',K) dependent current-voltage characteristics of
the silicene superlattices, which can be obtained with the
Landauer-Buttiker formula [36]:

2e [*
I‘[S = A / {Trs(Ev VSD)
—00

X [f (E — us) —f (E — up)1}dE, 4)

where T.4(E,Vsp) is the bias-dependent transmission
probability, f (¢) = [exp(s/kgT) + 117! is the Fermi-
Dirac distribution at temperature 7, and us (up) is the
chemical potential for the source (drain) electrode. The
spin- and valley-resolved current can be defined as I, =
Ixsix's and Ip = Iy -, respectively.

Figure 4 shows the spin-resolved (upper panel) and
valley-resolved (lower panel) current at room temperature
as a function of the bias voltage. The parameters used in
Figs. 4(a)-4(d) correspond to those used in Figs. 3(a)-3(d).

1
750 1000

Vgp (MV)

Two phenomena are observed: First, in Fig. 4(a), for
both spin- and valley-resolved current, a relatively strong
NDR effect at low bias voltage is observed, compared
with that observed in Figs. 4(b)4(d). This observation
can be explained by the band-gap formation explored in
Fig. 3: larger band-gap regions are formed in Fig. 3(a)
than in Figs. 3(b)-3(d). Thus, stronger current suppression
is expected, resulting in the strong NDR effect observed
in Fig. 4(a). Second, the polarization of the spin-resolved
current is stronger than that of the valley-resolved cur-
rent. This result can be explained by the band structure, as
shown in Fig. 2(b). Owing to exchange splitting induced
by the ferromagnetic insulator, the band structures of spin-
up and spin-down electrons are quite different, resulting in
a large spin polarization, while the band structure of elec-
trons in the K valley and the K’ valley shows relatively
small differences, leading to a small valley polarization.
Unlike traditional semiconductor-based NDR devices, the
incorporation of spin and valley degrees of freedom leads
to richer phenomena in these NDR devices. Characteristics
of'this NDR device, such as the spin and valley physics and
the behavior of the NDR effect can be better understood by
our considering the band structure and transmission spectra
of the superlattices.

F. Optimization of NDR devices

To optimize NDR devices that could be applied to
logic-circuit designs, such as multistate inverter functions,
the total current of the silicene superlattices, defined as
I =14 +1, =Ix + Ig, as a function of bias voltage Vsp,
with variation of the number of barriers, lateral width, and
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FIG. 4. Spin-resolved current Ig vs bias voltage Vsp [upper panels in (a)~d)] and valley-resolved current I, vs bias voltage Vsp
[lower panels in (a)~(d)]. The parameters used in (a)—-(d) are the same as those used in Figs. 3(a)-3(d), respectively.

staggered sublattice potential is further investigated. The
results are shown in Fig. 5.

As shown in Fig. 3, increasing the three parameters leads
to a well-formed band gap (approaching zero transmission)
or a larger band-gap region. Therefore, the total current
is expected to decrease as the three parameters increas
from small values, as shown in Figs. 5(a)-5(c). When
these parameters are too small to enable construction of the
band-gap regions, the NDR effect is not obvious. As these
parameters are increased, the NDR effect is stronger, and

can be quantitatively described by the PVCR. However, if
we continue to increase these parameters, the PVCR might
converge to a certain value or keep decreasing, depend-
ing on the different parameters: the PVCR will decrease
for further increases in the number of barriers [Fig. 5(a)]
and the magnitude of the staggered sublattice potential
[Fig. 5(b)]. The PVCR eventually saturates for further
increases of the lateral width [Fig. 5(c)]. This phenomena
can be explained by the bias-dependent transmission spec-
tra in Fig. 3: (i) increasing the number of barriers leads

FIG. 5. Total current vs bias

voltage Vgp at room temperature.
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to more band gaps, and thus the current will continue to
decrease; (ii) the increase of the staggered sublattice poten-
tial leads to a wider band gap, and thus the current will
also keep decreasing; (iii) the increase of the lateral width
makes the transmission in the band-gap region closer to
zero. For a sufficiently thick lateral width, all the band gaps
are well formed. Thus, the PVCR will converge to a certain
value.

Moreover, the maximum value of the room-temperature
PVCR obtained in this work is compared with other
recently reported results based on 2D materials, as shown
in Fig. 5(d). A room-temperature PVCR of up to 4.7 is the
highest value in previously reported NDR devices made
by layering of conducting channels. Notably, the operat-
ing voltage at this PVCR in this work is much smaller
than the operating voltage reported with vertical structures
[23-29] (see Fig. S1 in Supplemental Material [30]). How-
ever, our proposed structure features a lateral conducting
path, suggesting that the silicene superlattice could be a
good candidate for achieving NDR devices with low power
consumption and high PVCR. Note that we use a ferro-
magnetic insulator to induce exchange-splitting energy in
silicene superlattices. For those wanting to study the NDR
effect in silicene without using ferromagnetic materials, we
also examine a case of a nonmagnetic insulator, and these
results are described in Figs. S2 and S3 in Supplemental
Material [30].

IV. CONCLUSIONS

We demonstrate NDR devices based on silicene with a
large room-temperature PVCR of up to 4.7 under a low
operating bias, which is optimized by band-gap engineer-
ing of the silicene superlattices. Unlike traditional NDR
devices, the spin and valley degrees of freedom of silicene
are introduced into the proposed NDR devices, leading to
a richer NDR effect. Moreover, we find that the tunable
band gap in silicene and designable periods and lateral
thicknesses of the superlattices have distinct effects on
the band structure of the silicene superlattice and thus the
NDR effect: (i) The band gap of silicene directly affects
the size of the band gap in the silicene superlattice. We
show that the NDR effect is not obvious for too large or
too small a silicene band gap. Thus, an intermediate size
for the silicene band gap, of approximately millielectron-
volts, is needed to achieve a large PVCR. (ii) The period
of the silicene superlattice determines the number of band
gaps formed in graphene. Similarly, the NDR effect is not
obvious for too many or too few periods. An appropri-
ate number of periods in the range from 6 to 20 is also
needed to optimize the NDR effect. (iii) The lateral thick-
nesses of the silicene superlattices determine how large the
band gaps formed are. A maximum PVCR can be obtained
for a = b = 50 nm. For large-enough lateral thicknesses

(a = b > 200 nm), the band gaps are well formed. There-
fore, the PVCR tends to become a constant for increasing
thicknesses.
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