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Abstract
We employ a four-band continuum model to study the transport and confinement in an n-p-n
junction in bilayer chiral borophene for both the identical- and opposite-chirality configurations.
We demonstrate the existence of topological states in a domain wall between domains of
opposite-chirality bilayer chiral borophene with reversed layer stacking. An interlayer bias modifies
the conductance of the identical-chirality configuration but not that of the opposite-chirality
configuration, and it induces a layer localization of the bound and topological states. Our findings
suggest paths toward utilization of the layer degree of freedom in bilayer chiral borophene in future
electronic devices.

1. Introduction

Various structures of borophene (two-dimensional
elemental boron) were the subject of extensive the-
oretical studies even before their experimental real-
ization [1–6]. Borophene was synthesized in the β12

and χ3 phases on a silver substrate using molecular
beam epitaxy in reference [7], as confirmed by amore
elaborate follow-up work [8]. Later, borophene was
synthesized in freestanding form by sonochemical
liquid-phase exfoliation and it was suggested that the
formation ofmultilayered phases is possible bymodi-
fying the centrifugation speed and time [9]. Con-
tinuous theoretical efforts addressed other potentially
stable structures [10–13], showing great versatility of
the material properties [14–16].

Several studies considered the transport across
n-p and n-p-n junctions (as the classical elements of
electronic devices) in borophene. For instance, the
synthesized phases β12 and χ3 were investigated with
a focus on the effect of strain as a mechanism to con-
trol the transport [17]. A transport study of mixtures
of the β12 and χ3 phases found that the line-defects
between the two phases induce quasibound states that
suppress the electron propagation in a wide energy
range [18]. The transport in the predicted 8-Pmmn
phase was the topic of several works highlighting the
phenomenon of obliqueKlein tunneling, which arises
from tilted and anisotropic Dirac cones. These studies

were carried out for n-p [19] and n-p-n [20, 21]
junctions with additional consideration of hydrogen-
ation (borophane). Common features of interest were
the anisotropy and the directional dependence of the
electronic properties.

Recently, bilayer chiral borophene was proposed
to exhibit orbital pseudospin textures [13]. While the
material is isotropic both when the two layers have
identical and opposite chirality, these two configur-
ations have very distinct electronic properties. The
energy spectrum of the identical-chirality configur-
ation is gapless with two intersecting Dirac cones and
a non-dispersive nodal line located at the Fermi level.
Reversing the chirality of one layer breaks the inver-
sion symmetry and leads to an energy gap. Thus, the
opposite-chirality configuration shows two pairs of
gapped paraboloidal bandswithDirac cones. The dis-
tinct characteristics of the identical- and opposite-
chirality configurations call for further investigation
of bilayer chiral borophene, particulary as chiral lat-
tices are known to support new topological phases in
three-dimensional materials [22, 23].

We therefore analytically study the transport and
confinement in an n-p-n junction, in which the
pseudospin plays a pivotal role [24–27].We show that
an interlayer bias provides an external mechanism to
tune the electronic states. It establishes a coupling
between the pseudospins, modifies the transmission
and reflection profiles, and affects the localization
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behavior of the states in the two layers. Such tunab-
ility is highly desirable to realize controllable nano-
electronic devices. Identifying new electronic degrees
of freedom (beyond the intrinsic degrees of freedom
such as charge and spin) is key for the emerging field
of layertronics.

This paper is organized as follows. We start with
a description of the crystal structure. Then, we dis-
cuss the electronic properties, where we consider
the energy spectrum, layer localization, and dens-
ity of states. Next, we introduce the formalism for
investigating the transport and confinement by the
transfer matrix method for propagating and bound
states, where we also elucidate the pseudospinmodes.
After that, we discuss the transmission and reflec-
tion profiles, probability densities of the bound states,
and conductance. Finally, we discuss the topolo-
gical confinement in a domain wall between domains
of opposite-chirality bilayer chiral borophene with
reversed layer stacking. We conclude by giving a sum-
mary of our main findings.

2. Results and discussion

2.1. Energy spectrum, layer localization, and
density of states
Bilayer chiral borophene realizes a χ-h0 phase [13]
with all boron atoms five-fold coordinated in a per-
fectly planar hexagonal structure with P6/m space

group. A single layer has two chiral variants, which are
mirror images of each other. A bilayer therefore can
consist of layers with identical chirality, which case we
denote by b|b, and opposite chirality, which case we
denote by b|d (where the mirror symmetry between
the letters b and d reflects the opposite chirality). The
two configurations are shown in figures 1(a) and (b).

The low-energy effective Hamiltonian near
the K point for the wave function Ψα =

(ψA1,ψB1,ψA2,ψB2)
T, where A (B) denotes the px

(py) orbital, 1 (2) denotes the top (bottom) layer, and
T denotes the transpose, is given by [13]

Hα(k
′) =


V1 −vFK γ 0

−vFK† V1 0 γ

γ 0 V2 −αvFK
0 γ −αvFK† V2

 ,

(1)

where k ′ = (k ′x,k
′
y)

T, V1 (V2) is the on-site poten-
tial in the top (bottom) layer, vF is the Fermi velo-
city (∽106 ms−1 [28]), K = ℏ(k ′x + ik ′y) is the in-
plane canonical momentum,α= 1(−1) for identical
(opposite) chirality, and γ ∼ 56 meV [13] is the
interlayer coupling. It is worth mentioning that
6B:P6mmm bilayer borophene has a similar low-
energy effective Hamiltonian but with a dispersive
nodal line [29]. The energy eigenvalues ofHα(k ′) are

E ′
α(k

′) = U ′ ±
√
γ2 +(ℏvFk ′)2 +∆ ′2 ± ℏvFk ′

√
2γ2(1+α)+ 4∆ ′2, (2)

where k ′ =
√
k ′2
x + k ′2

y , U ′ = (V1 +V2)/2 is the

average potential, and∆ ′ = (V1 −V2)/2 is the inter-
layer bias. To simplify the notation, we introduce the
length scale l= ℏvF/γ, which allows us to define the
dimensionless quantities U= U ′/γ,∆=∆ ′/γ, and
k= lk ′.

The energy spectrum given by equation (2) is
shown in figure 2 for both configurations. The
color of the bands denotes the layer localization
⟨Lz⟩α = ⟨Ψα|τz ⊗σ0 |Ψα⟩ in the top or bottom layer,
where τ z is a 2× 2 Pauli matrix in the layer space and
σ0 is the 2× 2 identity matrix in the sublattice space.

The energy spectrum of the b|b configuration in
figure 2(a) shows two Dirac cones centered at ky = 0
and intersecting at E= 0. This intersection between
the electron and hole states gives rise to the nodal line
(yellow circle) of figure 1(c). Applying an interlayer
bias increases the energy separation between the two
Dirac points, as shown in figure 2(b), to 2

√
1+∆2.

Thereby, the radius of the nodal line increases without
affecting its presence. The ⟨Lz⟩α projection shows a

change from unlocalized (figure 2(a)) to clearly local-
ized states after applying the interlayer bias. The states
of the upper (lower) Dirac cone are localized promin-
ently in the bottom (top) layer. Note that the layer loc-
alization can be switched by reversing the interlayer
bias.

The energy spectrum of the b|d configuration
in figure 2(d) exhibits a pair of two-fold degener-
ate parabolic bands separated by a band gap of 2,
compare equation (2). The interlayer bias lifts the
degeneracy and results inDirac cones, where the band
gap remains the same, as shown in figure 2(e). The
⟨Lz⟩α projection in figure 2(d) demonstrates that
the states at the band edges are unlocalized, while
toward the boundary of the Brillouin zone we observe
more and more localization, either in the top or
bottom layer (oppositely for the two bands). It is
important to note that figure 2(d) shows only one
pair of the degenerate bands. For the other pair the
roles of the top and bottom layers are exchanged.
This feature is revealed when the interlayer bias

2
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Figure 1. Structure of bilayer chiral borophene in the (a)
identical- and (b) opposite-chirality configurations (top
layer: black; bottom layer: red). The low-energy spectra are
shown in (c) and (d), respectively, where the yellow circle in
(c) represents the nodal line.

Figure 2. Energy spectra of the b|b configuration with (a)
∆= 0 and (b)∆= 0.8 as well as the b|d configuration
with (d)∆= 0 and (e)∆= 0.8. The layer localization
⟨Lz⟩α is projected on the bands, where black (red) color
refers to localization of the states in the top (bottom) layer
and blue color refers to unlocalized states. Panels (c) and (f)
show the corresponding densities of states, where the green
solid (orange dashed) line refers to∆= 0 (∆= 0.8).

is applied (figure 2(e)), as both pairs are visible.
As a consequence, we obtain layer-polarized Dirac
cones similar to those in figure 2(b) for the b|b
configuration.

We conclude the study of the electronic properties
by considering the density of states, i.e. the number
of states per unit area and energy, given by Dα(E) =
(1/A)

∑
n,k δ(E− Eα,n(k)), where A is the area and

the index n runs over the bands. In the limit of con-
tinuous momenta we have

Dα(E) =
1

2π
gsgv

∑
n

ˆ ∞

0
dk δ(E− Eα,n(k)), (3)

where gs = 2 is the spin degeneracy and gv = 2 is the
valley degeneracy. Evaluation for the b|b configura-
tion yields

D1(E) =
(
E−

√
1+∆2

)
Θ
(
E−

√
1+∆2

)
+
(
E+

√
1+∆2

)
Θ
(
E+

√
1+∆2

)
− E,

(4)

where Θ(x) is the Heaviside step function. D1(E) is
displayed in figure 2(c), where the green solid (orange
dashed) line refers to ∆= 0 (∆= 0.8). Similarly, we
obtain

D−1(E) = Θ(1+ E)−Θ(1− E), (5)

which is displayed in figure 2(f). Notice that the inter-
layer bias, besides not changing the band gap, does
not change D−1(E) either. Thus, the effects of the
interlayer bias on the b|d configuration, to be dis-
cussed in this work, stem from a mere redistribution
of states in the k-space.

2.2. Formalism
To lay out the theoretical framework for investigating
the transport and confinement in an n-p-n junction,
which can be created by the electric field effect using
electrostatic gating, we start bymodeling the junction
as a rectangular potential barrier of width w,

V(x) =


0 for x< 0

Diag(U+∆,U+∆,

U−∆,U−∆) for 0⩽ x⩽ w

0 for x> w

,

(6)

which enters the Schrödinger equation
Hα(k)Ψα = Eα(k)Ψα. The rectangular shape with
sharp edges is justified by the large Fermi wave
length in the vicinity of the Dirac points. Note
that the y-component of the momentum is con-
served due to translational invariance along the y-
direction. Formally, [Hα(k),py] = 0, where py is
the momentum operator. Thus, we can express
the eigenstates of Hα(k) as Ψα(x,y) = ϕα(x)eikyy,
where ϕα(x) = (ϕA1(x),ϕB1(x),ϕA2(x),ϕB2(x))T.
This one-dimensional problem can be solved by
replacing kx →−i∂/∂x in the Schrödinger equation.
By reducing the system of four coupled differen-
tial equations, we reach the second-order differential
equation

d2

dx2
ϕB1(x)+ (ksx)

2 ϕB1(x) = 0, (7)

3
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where

ksx =±
√
−k2y +

1

2
(s
√
2∆2 +α+ 1+

√
2(Eα −U)2 +α− 1)2 (8)

is the wave vector in the x-direction and s=±1 is the
pseudospin.

We proceed by adopting the transfer matrix
method, starting bywritingϕα(x) = PαE(x)C,where

Pα =


A+

+ A+
− A−

+ A−
−

1 1 1 1
B+
+ B+

− B−
+ B−

−
D+ D+ D− D−

 (9)

is a 4× 4 matrix of prefactors with

As
± =

±ksx + iky +Bs
±

∆− Eα +U
, (10a)

Bs
± =

(α(∆− Eα +U)Ds − 1)(±ksx + iky)

∆2 +(Eα −U)2 − 1
, (10b)

and

Ds =
α− (ksx)

2 − k2y +(∆− Eα +U)2

(α− 1)∆+ (α+ 1)(Eα −U)
. (10c)

Moreover, E(x) = Diag(eik
+
x x,e−ik+x x,eik

−
x x,e−ik−x x)

andC= (c+right, c
+
left, c

−
right, c

−
left)

T,where the superscript
denotes the pseudospin and the subscript refers to
right and left propagating states.

To clarify the notion of pseudospin, consider the
unitary transformation

Uα =
1√
2


1 0 −α 0
0 1 0 −1
1 0 α 0
0 1 0 1

 . (11)

When applied toHα(k), we obtain

H̄α(k)

=


U−α −kx − iky ∆ 0

−kx + iky U− 1 0 ∆

∆ 0 U+α −kx − iky
0 ∆ −kx + iky U+ 1


(12)

with the modified wave function

Ψ̄α =
1√
2


ψA1 −αψA2

ψB1 −ψB2

ψA1 +αψA2

ψB1 +ψB2

 . (13)

We can write Ψ̄α = (ψ+
α ,ψ

−
α )

T, where ψs
α =

1√
2
(ψA1 − sαψA2,ψB1 − sψB2)

T. Since Ψ̄α resembles

a spinor, the index s is referred to as the pseudospin.
We can associate the top (bottom) 2× 2 block on the
diagonal of H̄α(k)with pseudospin+ (−) and there-
fore refer to the bands of the corresponding energy
spectrum as the + (−) mode. Notice that H̄α(k)
has a block-diagonal form when ∆= 0, i.e. the two
pseudospins are decoupled.

We consider as solutions to the Schrödinger
equation propagating (free electrons and holes) and
bound (evanescent outside the barrier) states.

2.2.1. Propagating states
For propagating states ksx is real. By considering
an electron impinging on the barrier from the
left with a distinct pseudospin we obtain C s

x<0 =
(δs,+, r+s, δs,−, r−s)T and C s

x>w = (t+s,0, t−s,0)T,
where δ is the Kronecker delta and rs

′s (ts
′s) is the

reflection (transmission) coefficient from ks
′

x to
ksx states, see figure 3. Notice that there are non-
scattering transmissions and reflections between
states of the same pseudospin mode, e.g. t++, which
require a state of this mode inside the barrier for
pseudospin conservation [25, 26], and scattering
transmissions and reflections between states of dif-
ferent pseudospin modes, e.g. t+−, which require
a coupling between the pseudospins, i.e. ∆ ̸= 0, as
explained earlier.

We impose the boundary conditions

Ψ̄s
α,x<0(0) = Ψ̄s

α,0⩽x⩽w(0) (14a)

and

Ψ̄s
α,0 ⩽x⩽w(w) = Ψ̄s

α,x>w(w), (14b)

which results in the system of equations

C s
x<0 =QαC

s
x>w (15)

with the 4× 4 transfer matrix

Qα = P−1
α,x<0Pα,0 ⩽x⩽wE0 ⩽x⩽w(w)

−1P−1
α,0 ⩽x⩽w

× Pα,x>wEx>w(w). (16)

We obtain ts
′s and rs

′s by solving equation (15).

4



2D Mater. 9 (2022) 025031 H Y Albuhairan et al

Figure 3. Pseudospin modes of the (a) b|b and (b) b|d
configurations with∆ ̸= 0. The black line represents the
barrier of height U. The+ (−) mode is obtained from the
top (bottom) 2× 2 block on the diagonal of H̄α(k). Note
that the modes of the b|d configuration are degenerate
outside the barrier but are shown here slightly shifted for
clarity. The dots represent incident states that might be
transmitted to the other side or reflected to the same side of
the barrier. The dashed arrows represent the eight possible
transmission and reflection channels.

To find the transmission and reflection probabil-
ities, T s ′s and Rs ′s, respectively, we exploit the con-
servation of the current density Jsα = vF

〈
Ψ̄s

α

∣∣σx ⊗
σ0

∣∣Ψ̄s
α

〉
[26, 30] to obtain

T s ′s =

∣∣∣∣∣ Jsα,transmitted

Js
′

α,incident

∣∣∣∣∣ and Rs ′s =

∣∣∣∣∣ Jsα,reflectedJs
′

α,incident

∣∣∣∣∣ . (17)

This yields

Z ss = (z ss)2 (18a)

and

Z s ′s =

∣∣∣∣∣δα,1
(
1+ s ′

2

|E|+ s

)
Re

(
ksx
ks ′x

)

+ δα,−1

∣∣∣∣∣(z s ′s)2, (18b)

where Z=T or R, z= t or r. These probabilities fulfill
the conditions T−s +T+s +R−s +R+s = 1.

The conductance, which is directly accessible to
experiment, can be calculated as a function of the
energy using the Landauer-Büttiker formula [31, 32]

Gs ′s(E) = G0
Ly
2π

ˆ +∞

−∞
dkyT

s ′s(E,ky), (19)

where Ly is the length of the sample in the y-direction
and G0 = gsgve2/h is the conductance quantum. The
total conductance of the system is the sum over all
channels, G=

∑
s ′,sG

s ′s.

2.2.2. Bound states
It is possible to trap holes inside the barrier
when there are no propagating states of the same
pseudospin available outside the barrier. To find these
bound states, we consider the solutions for x< 0 and
x>w to be evanescent waves with wave vector κsx. We
utilize again the transfer matrix method, as discussed
in section 2.2.1, with the elements of the transfer
matrix Q̄α obtained from Qα by the replacement
ksx →−iκsx. In addition, for the wave function to be
normalizable, the coefficients of the e±κs

xx terms are
set to zero for x→±∞.

To find the spectrum for ∆= 0, we realize
C s
x<0 = Q̄αC s

x>w and the normalization condi-
tions imply Q̄α,22c

+
left,x>w + Q̄α,24c

−
left,x>w = 0 and

Q̄α,42c
+
left,x>w + Q̄α,44c

−
left,x>w = 0. Note that the

elements Q̄α,24 and Q̄α,42 represent the coupling
between the two pseudospins and thus are both zero
for ∆= 0. Therefore, the spectra of the + and −
modes are given, respectively, by the conditions

Q̄α,22 = 0 and Q̄α,44 = 0. (20)

To find the spectrum for ∆ ̸= 0, we rewrite C s
x<0 =

Q̄αC s
x>w in the form Q̄ ′

αCs
4 = 0, where

Q̄ ′
α =


−1 Q̄α,12 0 Q̄α,14

0 Q̄α,22 0 Q̄α,24

0 Q̄α,32 −1 Q̄α,34

0 Q̄α,42 0 Q̄α,44

 (21)

and Cs
4 = (c+right,x<0, c

+
left,x>w, c

−
right,x<0, c

−
left,x>w)

T. The
spectrum then is obtained by solving the transcend-
ental equation

Det[Q̄ ′
α] = 0. (22)

To confirm the confinement of the bound states
inside the barrier and to evaluate the effects of
the interlayer bias on the localization, we study
the layer-resolved probability density Pα,i(x) =
|ψAi|2 + |ψBi|2, with i denoting the layer, which sat-
isfies

´∞
−∞ dx(Pα,1(x)+Pα,2(x)) = 1 and can be

calculated by imposing the boundary conditions in

5
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Figure 4. Transmission and reflection probabilities of the b|b configuration for U= 3 and w= 6 (first two columns:∆= 0; last
three columns:∆= 0.8). The superimposed solid (dashed) lines represent the bands outside (inside) the barrier. The magenta
(cyan) bands represent the− (+) mode and the black bands represent the bound states. Note that for∆= 0 the scattering
transmission and reflection probabilities (T+−,T−+,R+−, and R−+) are zero and thus are not shown.

equations (14(a) and (b)) together with the phys-
ical requirement that the wave function is finite for

x→±∞. This yields eight equations that can be
written in matrix form asMαCs

8 = 0, where

Mα =



Ā+
+ Ā−

+ −A+
+ −A+

− −A−
+ −A−

− 0 0
1 1 −1 −1 −1 −1 0 0
B̄+
+ B̄−

+ −B+
+ −B+

− −B−
+ −B−

− 0 0
D̄+ D̄− −D+ −D+ −D− −D− 0 0

0 0 A+
+e

ik+x w A+
−e

−ik+x w A−
+e

ik−x w A−
−e

−ik−x w −Ā+
−e

−κ+
x w −Ā−

−e
−κ−

x w

0 0 eik
+
x w e−ik+x w eik

−
x w e−ik−x w e−κ+

x w e−κ−
x w

0 0 B+
+e

ik+x w B+
−e

−ik+x w B−
+e

ik−x w B−
−e

−ik−x w −B̄+
−e

−κ+
x w −B̄−

−e
−κ−

x w

0 0 D+eik
+
x w D+e−ik+x w D−eik

−
x w D−e−ik−x w −D̄+e−κ+

x w −D̄−e−κ−
x w


(23)

with Ās
±, B̄s

±, and D̄s beingAs
±,Bs

±, andDs after the
replacement ksx →−iκsx, respectively, and

Cs
8 =(c+right,x<0, c

−
right,x<0, c

+
right,0 ⩽x⩽w, c

+
left,0 ⩽x⩽w,

c−right,0 ⩽x⩽w, c
−
left,0 ⩽x⩽w, c

+
left,x>w, c

−
left,x>w)

T.

(24)

We calculate E and ky for a bound state either from
equation (20) or from equation (22), and evaluate
Mα. Then, we calculate Cs

8 as the null space of Mα

and utilize it to find Pα,i(x).

2.3. Transmission and reflection profiles, and
probability densities of the bound states
2.3.1. Identical chirality
We show in figure 4 the transmission and reflec-
tion profiles of the b|b configuration for a barrier
height of U = 3 and a barrier width of w= 6. Res-
ults are shown only for ky ⩾ 0 due to the mirror sym-
metry with respect to ky = 0. Superimposed are the
bands of the+ and−modes from figure 3(a), which
divide the profiles into a transmission area, a bound
state area, and a forbidden area. To understand the
essence of these areas, we focus our attention on T−−

6
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for ∆= 0. As discussed earlier, there are two con-
ditions for transmission of propagating states. First,
for a state to be propagating, ksx must be real for
x< 0 and x>w, which requires the state to lie to the
left of the solid magenta bands in figure 4. Second,
for a transmission to happen, a state with the same
energy and pseudospin must be available inside the
barrier, which requires the state to lie to the left of
the dashed magenta bands in figure 4. Therefore, the
transmission area for theT−− profile lies to the left of
both the solid and dashedmagenta bands. The bound
states, on the other hand, are characterized by evanes-
cent waves outside the barrier and propagating waves
inside. Thus, they lie in the area to the right of the
solid and to the left of the dashed magenta bands in
figure 4. Finally, the area to the right of the dashed
magenta bands is forbidden.

We observe in figure 4 for ∆= 0 that the trans-
mission areas in the T++ and T−− profiles are
characterized by high transmission probabilities. In
particular, Klein tunneling (unimpeded penetration
through a potential barrier regardless of its width
and height) is observed for normally incident states,
i.e. states with ky = 0. As we have T+− = T−+ = 0
for decoupled pseudospins, no results are shown in
figure 4. The Rss profiles are given by Rss = 1−T ss.

Turning on the interlayer bias enables scatter-
ing transmissions and reflections, whereT+− = T−+

and R+− = R−+ due to the time-reversal symmetry.
The T+− and T−+ profiles show that the transmis-
sion is more pronounced in the areas where both
k+x and k−x are real inside the barrier. The addi-
tional channels reduce the transmission in the non-
scattering channels. In addition, a new rectangular
transmission area shows up in the T++ profile for
0.4< ky < 2.6 and 0.4< E< 2.6. In this area k+x is
imaginary inside the barrier but k−x is real. Hence, due
to the pseudospin coupling, the propagating states of
k+x outside the barrier transmit through the propagat-
ing states of k−x inside the barrier. Note that k−x is also
real in the empty rectangular area for 0< ky < 1.6
and 1.4< E< 3.0. However, this area does not show
transmission fringes, since k−x is now real outside the
barrier. Consequently, the non-scattering transmis-
sions dominate, see the corresponding area in the
T−− profile for∆= 0.8 in figure 4.

In general, the transmission fringes, which are
more eminent for ∆= 0, are a manifestation of
Fabry-Pérot resonances and arise from the finite
width of the barrier. Remarkably, they perfectly con-
nect to the bound states (black bands in figure 4),
which are the solutions of equation (20) for ∆= 0
and equation (22) for∆ ̸= 0. The reason for the con-
nection is that the Fabry-Pérot resonances and bound
states arise from the same standing wave condition.
To confirm this picture, we show in figure 5 the layer-
resolved probability densities of the states marked in
figure 4. For∆= 0, the bound states are unlocalized
and the curves are the same for the top and bottom

Figure 5. Layer-resolved probability densities of the bound
states marked in figure 4 (ky = 2.8). The black solid (red
dashed) lines represent the states localized in the top
(bottom) layer. The left- and right-hand sides refer to
∆= 0 and∆= 0.8, respectively.

layers. Notice that the increasing number of peaks for
decreasing energy identifies the resonance mode. For
∆ ̸= 0, the distinct pattern of peaks is preserved as
shown on the right-hand side of figure 5. However,
the states are now localized in the top layer, in agree-
ment with figure 2.

2.3.2. Opposite chirality
The transmission and reflection profiles of the b|d
configuration for U = 3 and w= 6 are shown in
figure 6, again only for ky ⩾ 0 due to the mirror sym-
metry with respect to ky = 0. Superimposed are the+
and−modes from figure 3(b), which again divide the
profiles into a transmission area, a bound state area,
and a forbidden area. Since the modes are degener-
ate outside the barrier for ∆= 0, we effectively have
one mode only and T++ = T−−. Transmission areas
show up for 1< E< 2 and E> 4 delimited by bands
of the same mode inside (dashed bands) and outside
(solid bands) the barrier. The transmission is prom-
inent for E> 4, while only transmission fringes can be
seen for 1< E< 2.

Turning on the interlayer bias lifts the degeneracy
of the modes outside the barrier, see figure 3(b). The
transmission area of the T++ (T−−) profile is delim-
ited by the bands of the + (−) mode. Note that the
cusps of transmission near normal incidence (ky ≃ 0)
in the energy ranges 1.7< E< 2 and 4< E< 4.2 are
due to the fact that here both k+x and k−x are real inside
the barrier. The interlayer bias also enables scattering
transmissions and reflections, where the time-reversal
symmetry again results in T+− = T−+ and R+− =
R−+. Although the scattering transmissions are faint,
they reduce the probabilities of the non-scattering
transmissions. The scattering reflections, however,
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Figure 6. Transmission and reflection probabilities of the b|d configuration for U= 3 and w= 6 (first two columns:∆= 0; last
three columns:∆= 0.8). The superimposed solid (dashed) lines represent the bands outside (inside) the barrier. The magenta
(cyan) bands represent the− (+) mode and the black bands represent the bound states. Note that for∆= 0 the scattering
transmission and reflection probabilities (T+−,T−+,R+−, and R−+) are zero and thus are not shown.

are strong and comparable to the non-scattering
reflections. In fact, within the gap (2< E< 4), we
have R+− = R−+ ≃ 1 for near-normal incidence.

The transmission fringes seen for 1< E< 2 are
again a manifestation of Fabry-Pérot resonances and
perfectly connect to the bound states. While the
bound states are degenerate for ∆= 0, the degener-
acy is lifted for∆ ̸= 0 by shifting them along ky, which
results in a crossing of bound state bands with differ-
ent pseudospins below the lower cyan dashed band
in figure 6. The layer-resolved probability densities of
the states marked in figure 6 are shown in figure 7.
We again obtain for ∆= 0 the same curves for the
top and bottom layers. There are three peaks, as we
address a state in the band with the third highest
energy. State (2) is localized in the bottom layer and
state (3) is localized in the top layer for∆ ̸= 0.

2.4. Conductance
The conductance is shown in figure 8 as a func-
tion of the interlayer bias and energy for both the
b|b and b|d configurations. Due to equation (19),
the conductance mirrors the features of the trans-
mission profiles in figures 4 and 6. In particular, the
Fabry-Pérot resonances affect the energy range 0.5<
E< 2.5 for the b|b configuration and the energy
range 1< E< 2 for the b|d configuration, where
the band gap of the latter is seen in the energy

Figure 7. Layer-resolved probability densities of the bound
states marked in figure 6 (ky = 0.6). The black solid (red
dashed) lines represent the states localized in the top
(bottom) layer. The left- and right-hand sides refer to
∆= 0 and∆= 0.8, respectively.

range 2< E< 4. The conductance of the b|d con-
figuration does not depend on the interlayer bias,
which agrees with the fact that the interlayer bias
does not change the density of states, as depicted in
figure 2(f), while the conductance of the b|b config-
uration shows symmetry with respect to ∆= 0. The
conductance is shown in figure 8(c) as a function ofU
for E= 1.5 and∆= 0.8. In the case of the b|b config-
uration it decreases for increasing U until both Dirac
cones contribute to the transport inside the barrier

8



2D Mater. 9 (2022) 025031 H Y Albuhairan et al

Figure 8. Conductance of the (a) b|b and (b) b|d
configuration as a function of the interlayer bias and energy
for U= 3 and w= 6. For both configurations the
conductance is shown in (c) as a function of U for E= 1.5
and∆= 0.8.

(U> E+
√
1+∆2 = 2.78), while in the case of the

b|d configuration it is suppressed within the energy
gap (E− 1< U< E+ 1). Both configurations display
pronounced conductance peaks originating from the
Fabry-Pérot resonances discussed in section 2.3.

2.5. Topological confinement
In general, one-dimensional chiral states are topolo-
gically protected when there is no intervalley scatter-
ing and they propagate only along the domain wall
that separates regionswith Berry curvatures of oppos-
ite sign, where the valley Chern number changes
across the domain wall [33–35]. Topologically con-
fined states occur in bilayer graphene at domain
walls between domains with reversed interlayer bias
[36, 37] and between domains with reversed layer
stacking [38, 39]. These counterpropagating states
can induce net valley currents [39–41]. Here, we con-
sider a domain wall between domains of opposite-
chirality bilayer chiral borophene with reversed layer
stacking, which we denote as b|d-d|b configuration.
Note that the Hamiltonian of the d|b configuration is
obtained by exchanging the top left and bottom right
2× 2 blocks in equation (1). The energy spectrum
of the b|d-d|b configuration is displayed in figure 9
for ∆= 0 and ∆= 0.8. Following the procedure of
section 2.2.2, we findE=±ky for the conterpropagat-
ing states for ∆= 0. The interlayer bias results in a
slight deformation of the bands, see figure 9(b). We

Figure 9. Energy spectra of the b|d configuration (blue
bands) along with the topological states confined at the
b|d-d|b domain wall (orange bands) for (a)∆= 0 and (b)
∆= 0.8. The layer-resolved probability densities of the
topological states with ky = 0.6, marked by a circle in (a)
and (b), are shown in (c) and (d), respectively, where the
black solid (red dashed) lines represent the states localized
in the top (bottom) layer.

show in figures 9(c) and (d) the layer-resolved prob-
ability densities of the topological state marked by a
circle in figures 9(a) and (b), respectively. The peaks
at x= 0 demonstrate localization at the domain wall,
while layer localization is observed only for ∆ ̸= 0.
These results indicate potential of the b|d-d|b config-
uration as a topological two-dimensional material.

3. Conclusion

The properties of an n-p-n junction in bilayer chiral
borophene were studied for the identical-chirality
(b|b) and opposite-chirality (b|d) configurations
using a low-energy effective model. We elucidated
the role of the pseudospin in the transport and con-
finement, which both depend on the availability of
propagating states with the same pseudospin inside
and outside the barrier. The pseudospins couple for a
non-zero interlayer bias (∆ ̸= 0) and enable scatter-
ing transmissions and reflections. The conductance of
the b|b configuration displayed dependence on∆, in
contrast to the b|d configuration. The layer-resolved
probability densities of the bound states reflected
the resonance mode by the number of appearing
peaks and evidenced layer localization for∆ ̸= 0. We
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demonstrated the existence of localized topological
states in a domain wall between domains of opposite-
chirality bilayer chiral borophene with reversed layer
stacking. Under an interlayer bias both the bound
and topological states are subject to a distinct layer
localization, which can be switched by reversing the
interlayer bias. Controlling the layer localization by
an interlayer bias aligns with the prospects of harness-
ing the layer degree of freedom in future electronic
devices [42–44]. As bilayer borophene was synthes-
ized very recently (α-phase on a silver substrate [45]
and β12 phase on a copper substrate [46]), the intro-
duced concepts are of immediate experimental sig-
nificance. Due to the general approach, our findings
are not limited to borophene but apply to any chiral
bilayer material.
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