
Transport properties through alternating borophene and graphene superlattices

Nadia Benlakhouy,1, ∗ Abderrahim El Mouhafid,1, † and Ahmed Jellal1, 2, ‡

1Laboratory of Theoretical Physics, Faculty of Sciences,
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The electronic transport properties of two junctions (BGB, GBG) made of borophene (B) and
graphene (G) are studied. Using the transfer matrix method with Chebyshev polynomials, we
have studied single and multiple barriers in a superlattice configuration. We showed that a single
barrier exhibits remarkable tilted transport properties, with perfect transmission observed for both
junctions under normal incidence. We found that robust superlattice transmission is maintained
for multiple barriers, particularly in the BGB junction. It turns out that by varying the incident
energy, many gaps appear in the transmission probability. The number, width, and position of these
transmission gaps can be manipulated by adjusting the number of cells, incident angle, and barrier
characteristics. For diffuse transport, we observed significant variations in conductance and the
Fano factor, highlighting the sensitivity of these junctions to the physical parameters. We showed
different behaviors between BGB and GBG junctions, particularly with respect to the response
of conductance and Fano factor when barrier height varies. For ballistic transport, we have seen
that the minimum conductivity is related to the maximum Fano factor, demonstrating their control
under specific conditions of the physical parameters. Analysis of the length ratio (geometric factor)
revealed some remarkable patterns, where conductivity and the Fano factor converged to certain
values as the ratio approached infinity.
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I. INTRODUCTION

The discovery of graphene, a single layer (SLG) of
carbon atoms arranged in a hexagonal lattice, was a
milestone in materials science and earned the Nobel
Prize in 2010 [1, 2]. The two-dimensional wonder ma-
terial demonstrated superior electrical, mechanical, and
thermal properties, laying the foundations for a wide
range of applications [3–6]. Following in the footsteps of
graphene, borophene, a monolayer of boron atoms with
unique honeycomb structures, has emerged as a promis-
ing nanomaterial [7–10]. Different phases of bulk and
two-dimensional (2D) boron allotropes, such as α, β,
and others, have been put forward in theoretical pro-
posals [7, 11–14]. Although boron typically avoids form-
ing chemical bonds to maintain a stable honeycomb lat-
tice, it is feasible to generate a stable planar structure
by integrating honeycomb with triangular units [15, 16].
This structure, known as 2B : Pmmn, has two atoms
per primitive unit cell and belongs to the orthorhombic
crystal system with space group 59 (Pmmn). A novel
Dirac material known as hydrogenated borophene, or
borophane, was predicted [17] to exhibit Dirac proper-
ties with a remarkable Fermi velocity nearly twice that
of graphene.

Characterized by interesting properties different from
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those of graphene, borophene has emerged as a fasci-
nating facet in the field of 2D materials. The impor-
tance of studying graphene and borophene lies in their
different contributions to nanoscale physics and materi-
als science, highlighting the need for further exploration
of these materials [18–22]. By exploring the interfaces
between two-dimensional materials, one can discover a
realm of intricate interactions and emergent phenomena
[23–25]. The key to unlocking new functionalities lies at
these interfaces, where the unique properties of individ-
ual materials come together. The integration of graphene
and borophene junctions has the potential to provide un-
precedented electronic, structural, and transport proper-
ties [26, 27]. The study of this interface becomes not only
a quest to understand the interaction of graphene and
borophene, but also a gateway to exploit their combined
potential for innovative applications in nanoscale devices
and materials engineering [28–30]. Notable contributions
from various studies highlight the importance of under-
standing this interface, with research on graphene junc-
tions [31–34] and borophene [35, 36] serving as crucial
steps.

Building on previous advances in understanding the
transport properties of graphene (G) and borophene (B)
in the presence of various potential barriers, we undertake
a similar investigation focused on analyzing the behavior
of two junctions, BGB and GBG. Specifically, we study
the case where these two junctions encounter a single
barrier and extend it to scenarios with multiple barri-
ers, similar to a superlattice. Consequently, we have ar-
rived at the key findings: In the case of a single barrier,
our study has uncovered remarkable electronic transport
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properties. Indeed, regardless of the barrier width or
height, perfect transmission is consistently observed at
normal incidence in both junctions. However, the BGB
junction has a significant effect, showing the influence of
the potential barrier, as reducing the barrier height re-
sults in a loss of transmission. We observe pronounced
scattered transmission at normal incidence as long as the
energy and transverse wave vector ky vary. In addition,
we show that the single barrier induces resonances as-
sociated with the finite size of graphene and borophene.
In the scenario involving multiple barriers (superlattice),
we observe remarkable transport properties. Notably, the
superlattice maintains perfect transparency for the BGB
junction even at non-null incident angles, highlighting
robust transmission. Resonance peaks, particularly no-
table in BGB, depict distinctive transport phenomena
that are affected by the number and position of the cells.
Specifically, as the energy varies, multiple transmission
gaps emerge. The number, width, and position of these
gaps can be modified by adjusting the number of cells,
incident angle, and barrier parameters. In the case of
diffuse transport, we find significant variations in con-
ductance and Fano factor, highlighting the sensitivity
of BGB and GBG junctions to physical parameters. In
particular, we observed different behaviors between BGB
and GBG junctions, especially in terms of how the con-
ductance and Fano factor respond to variations in barrier
height. In the case of ballistic transport, an intriguing
relationship emerged between the minimum conductivity
and the maximum Fano factor. This relationship demon-
strated the controllability of these factors under certain
conditions of the physical parameters. In addition, our
analysis of the length ratio, also known as the geometric
factor, revealed remarkable patterns. As the ratio ap-
proached infinity, the conductivity and the Fano factor
converged to certain values, suggesting intriguing prop-
erties associated with this geometric configuration.

The paper is organized as follows. In Sec. II, we present
a theoretical model describing fermions in borophene and
graphene. In Sec. III, we use a mathematical formal-
ism based on the continuity of spinors at interfaces and
the transfer method to compute the transmission, con-
ductance, and Fano factor. In Sec. IV, we numerically
analyze our results by giving different discussions and
comparisons with literature. We summarize our main
conclusions in Sec. V.

II. THEORETICAL MODEL

We offer separate presentations for each configuration:
borophene-graphene-borophene (BGB) and graphene-
borophene-graphene (GBG), as depicted in Fig. 1 (a, b).
To study the transport properties in both junctions and
provide comparisons, we consider the periodic potential
illustrated in Fig. 1 (c) and given by

Vj(x) =

{
V0, if (j − 1)L ≤ x ≤ (j − 1)L+ d
0, otherwise
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FIG. 1. (Color online) Band dispersion relations around the
Dirac point for BGB-junction (a) and GBG-junction (b) are
plotted in each region of a rectangular potential barrier of
height V0 and width d. The blue tilted energy and red linear
energy dispersions correspond to borophene (B) and graphene
(G), respectively. (c) defines the 1D periodic potential of
(BG)n (case 1) and (GB)n (case 2) superlattices, where n is
the number of cells, d is the barrier width, and w is the well
width. We have set the period L = d + w.

where V0 is the barrier height, d and w are, respectively,
the barrier and well widths, and j is an integer, 1 ≤ j ≤
n, with n rectangular barriers. The distance L = d + w
represents the width of the unit cell, which is composed
of one barrier and one well.

A. Borophene

We initiate our study with the low-energy continuum
Hamiltonian for a monolayer borophene in region jth,
which describes a tilted anisotropic Dirac cone in 2D us-
ing three parameters [37–40]

HB,j = ℏvxkxσx + ℏvykyσy + ℏvtkyσ0 + Vj(x)σ0, (2)

where σx, σy are the Pauli matrices for the pseudospin
representing the lattice degree of freedom, while σ0 is the
2×2 identity matrix, (kx, ky) are the wave vector compo-
nents, and the three distinct velocities are {vx, vy, vt} =
{0.86, 0.69, 0.32} × vF [37–40], with vF = 106m/s is the
Fermi velocity. We can easily show that tilted relation
dispersion corresponds to Hamiltonian Eq. (2) reads as

Es
B,j(k) = Vj + ℏvtky + sℏ

√
v2xk

2
x,j + v2yk

2
y, (3)

in which s = ± indicate the conduction and valence
bands, respectively. This relation is presented in Fig. 1
with blue lines.
By taking into account the conservation of the trans-

verse wave vector ky and using the eigenvalue equation
HB,jΨB,j = EB,jΨB,j for a given region j, we show that
the associated eigenspinors can be written in matrix form
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as

ΨB,j(x, y) = MB,j(x) ·
(
aB
bB

)
eikyy, (4)

where MB,j(x) is given by

MB,j(x) =

(
eikx,jx e−ikx,jx

f+
j eikx,jx f−

j e−ikx,jx

)
, (5)

and the wave vector along x-direction reads as

kx,j =
1

ℏvx

√
ε2B,j − 2ℏvtεB,jky + ℏ2v2t k2y − ℏ2v2yk2y. (6)

Here, we have set the quantities f±
j =

iℏvyky±ℏvxkx,j

εB,j−ℏvtky
, and

EB,j − Vj = εB,j .

B. Graphene

For graphene regions, an electron in the presence of
an electrostatic potential is described by the following
Hamiltonian [41]

HG,j = vF σ⃗ · π⃗ + Vj(x)σ0, (7)

where π = px + ipy is the in-plan momentum and σ⃗ =
{σx, σy} are the Pauli matrices. The corresponding linear
band dispersion near the Dirac points takes the form

Es
G,j(k) = Vj + sℏvF

√
q2x,j + k2y, (8)

where qx,j and ky are wave vector components. Here,
s = ± denotes the conduction and the valence band in
graphene dispersion, which is illustrated in Fig. 1 (red
lines).

Regarding the eigenspinors, from the eigenvalue equa-
tion HG,jΨG,j = EG,jΨG,j , we show that they can be
cast as follows

ΨG,j(x, y) = MG,j(x) ·
(
aG
bG

)
eikyy, (9)

and we have

MG,j(x) =

(
eiqx,jx e−iqx,jx

gje
iqx,jx g∗j e

−iqx,jx

)
(10)

with the complex number gj = 1
g∗
j
= sgn(εG,j)

qx,j±iky

εG,j
,

EG,j − Vj = εG,j , and the wave vector qx,j is defined

qx,j =

√(
εG,j

ℏvF

)2

− k2y. (11)

Note that the wave vectors kx,j and qx,j are both depend
on the incident angle θj within the jth potential barrier.
This dependence is expressed through the relations θj =

arcsin
ky

kx,j
for BGB and θj = arcsin

ky

qx,j
for GBG.

III. TRANSPORT QUANTITIES

By ensuring the continuity of the wave function across
the various boundaries between barriers and wells, we can
establish the transfer matrix for the periodic structures
BGB and GBG, each composed of n unit cells, respec-
tively,

Mn,BGB = MB,1(0)
−1Ωn

BGBMB,1(nL), (12)

Mn,GBG = MG,1(0)
−1Ωn

GBGMG,1(nL), (13)

where the matrix Ωn
BGB/GBG are given by

ΩBGB = MG,2(L)MG,2(d)
−1, (14)

ΩGBG = MB,2(L)MB,2(d)
−1. (15)

To go further, we establish the dispersion relations corre-
sponding to BGB and GBG junctions. Utilizing Bloch’s
theorem for a period L and the dispersion relation
cos(KxL) = 1

2 tr(Mn,BGB/GBG) for n cells, we arrive at
the following expressions for BGB and GBG, respec-
tively:

cos(KxL) = α
[
(g2 − f−

1 )(1 + f+
1 g2) cos(dkx,1 + wqx,2) + (f+

1 − g2)(1 + f−
1 g2) cos(dkx,1 − wqx,2)

]
, (16)

cos(KxL) = β
[
(g1 − f−

2 )(1 + f+
2 g1) cos(dqx,1 + wkx,2) + (f+

2 − g1)(1 + f−
2 g1) cos(dqx,1 − wkx,2)

]
, (17)

where we have set the parameters α = 1
(1+g2

2)(f
+
1 −f−

1 )
and

β = (1 + g21)(f
+
2 − f−

2 ), Kx is the Bloch wave vector.

In Fig. 2, we illustrate the band structures for BGB

(Eq. (16)) and GBG (Eq. (17)) under appropriate condi-
tions of the physical parameters. This sheds light on the
impact of the incident angle on the mini-zone boundary.



4

In particular, enlarged depictions of the band structures
near the wave vector π/L are presented for BGB and
GBG junctions by choosing the barrier height between
the two layers V0 = 0 (a) and V0 = 50 meV (b, c), where
d = w = 20 nm. In Fig. 2(a) for V0 = 0, a notable ob-
servation arises in the band structures of BGB and GBG
junctions. Regardless of the values taken by the incident
angle θ, both BGB and GBG band structures remain
unchanged with no gap opening, unlike the findings ob-
served in graphene superlattices [42]. This observation
underscores the crucial role of barrier height in altering

the band structure of graphene-based heterostructures.
Subsequently, in Figs. 2(b, c), we observe that the en-
ergy separation around ±π/L depends on both the wave
vector and incident angle. Notably, at θ = 0◦, there is
no gap opening at the center of the mini-zone boundary
for both the two junctions. However, at θ = 10◦ and 20◦,
the original Dirac cones have upward shifts, and the gap
exhibits sensitivity to the incident angle.
In order to determine the transmission coefficient for

n barriers, we introduce the Chebyshev polynomials [43,
44]. Specifically, we map the transfer matrices Eqs. (12)
and (13) as

Mn,BGB = MB,1(0)
−1

(
Un−1(ωBGB)ΩBGB,11 − Un−2(ωBGB) Un−1(ωBGB)ΩBGB,12

Un−1(ωBGB)ΩBGB,21 Un−1(ωBGB)ΩBGB,22 − Un−2(ωBGB)

)
MB,1(nL), (18)

=

(
Mn,BGB,11 Mn,BGB,12

Mn,BGB,21 Mn,BGB,22

)
, (19)

Mn,GBG = MG,1(0)
−1

(
Un−1(ωGBG)ΩGBG,11 − Un−2(ωGBG) Un−1ΩGBG,12(ωGBG)

Un−1(ωGBG)ΩGBG,21 Un−1(ωGBG)ΩGBG,22 − Un−2(ωGBG)

)
MG,1(nL), (20)

=

(
Mn,GBG,11 Mn,GBG,12

Mn,GBG,21 Mn,GBG,22

)
, (21)

where Un(x) = sin[(n+1)x]
sin x represent Chebychev

polynomials of the second kind, ωBGB/GBG =

arccos
[
1
2 tr(M1,BGB/GBG)

]
, and ΩBGB/GBG,ij are the

(i, j) elements of the single period matrices Eqs. (14,
15). This process results in acquiring the transmission
coefficient associated with the n barrier, as

TBGB,n =
1

|Mn,BGB,11|2
, (22)

TGBG,n =
1

|Mn,GBG,11|2
. (23)

Based on the Landauer-Büttiker formula [45] and the
transmission probabilities Eqs. (22, 23), we compute the
conductance as a function of the incident angle θ. This
is

GBGB/GBG,n = G0

∫ π/2

−π/2

TBGB/GBG,n cos θdθ, (24)

where θ = arccos Qx

EF
, with Qx = kx for borophene and

Qx = qx for graphene. Here, G0 = 2e2EFD/(πℏ) is
the conductance unit, and D is the sample size in the
y-direction. Finally, the Fano factor is given by

FBGB/GBG,n =

∫ π/2

−π/2
TBGB/GBG,n(1− TBGB/GBG,n) cos θdθ∫ π/2

−π/2
TBGB/GBG,n cos θdθ

.

(25)

0 , 0 0 , 5 1 , 00
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θ = 2 0 °

( c )( b )( a )

k x ( π/ L )

En
erg
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eV

)

FIG. 2. (Color online) (a) The band structures of BGB (solid
lines) and GBG (dashed orange lines) junctions for V0 = 0
and d = w = 20 nm, but BGB (b) and GBG (c) for V0 = 50
meV.

IV. RESULTS AND DISCUSSIONS

Having established the analytical findings, we shift to
conducting numerical analysis on the transport proper-
ties linked to the GBG and BGB junctions across differ-
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ent scenarios. Our goal is to provide a comprehensive un-
derstanding of the electronic transport phenomena that
occur at these two junctions. To accomplish this, we
consider single and multiple barriers as distinct entities.

A. Single barrier (one cell)

In Fig. 3, we present the transmission probabilities as
a function of the incident angle θ in the absence of po-
tential barrier V0 = 0 for two barrier widths: (a) d = 50
nm and (b) d = 100 nm. Remarkably, perfect transmis-
sion is observed under normal incidence for both BGB
and GBG junctions, regardless of the particular value of
d, resulting in signature of Klein tunneling. i.e., T = 1.
This robust behavior highlights the exceptional trans-
port characteristics of these structures, especially con-
cerning the normal incident angle and V0 = 0. This
effect remains consistent even when the potential bar-
rier is non-zero [41]. In contrast to the findings in [41],
the transmissions exhibit asymmetry for both junctions
at non-normal incidence. Furthermore, perfect transmis-
sion occurs over a significant interval of incident angles
associated with each junction. This phenomenon of per-
fect tunneling can be explained by invoking the principle
of pseudospin conservation between the energy states of
graphene and borophene.

Fig. 4 shows the contour plot of the transmission prob-
abilities versus the energy E and transverse wave vector
ky for V0 = 0 and d = 100 nm. It depicts pronounced
scattered transmission under normal incidence, a phe-
nomenon strongly influenced by the dimensions of both
graphene and borophene. This observation underscores
the dynamic interplay between the structural dimensions
of graphene and borophene. Notably, a consistent find-
ing in both GBG and BGB configurations is that the
transport primarily occurs through graphene. A similar
behavior has been previously studied in [32] by focusing
pristine AA bilayer graphene sandwiched between two
regions of a single layer of graphene.

While the previous analysis focused on junction be-
haviors independent of potential barriers, our investiga-
tion now extends to evaluating the consequences under
the influence of various potential barriers. In Fig. 5, we
show the angular dependence of transmission probability
(a) BGB and (b) GBG, but now in the presence of the
potential barrier V0 ̸= 0. The discovery shows distinct
patterns in electronic transport when Dirac fermions are
normally incident at these junctions. Particularly, we ob-
serve a perfect transmission at normal incidence, indicat-
ing distinct characteristics of Dirac fermions within these
heterostructures. For the BGB junction with V0 = 285
meV, the results align with those obtained in [41] by
studying monolayer graphene. However, a significant
shift occurs when the barrier height is reduced to 200
meV, resulting in vanishing transmission. The asymme-
try in transmission at non-normal incidence for the two
junctions is consistently achieved, mirroring the previous

-90 °

-60 °

-30 °

0

30 °

60 °

90 °

0.2

0.4

0.6

0.8

1.

-90 °

-60 °

-30 °

0

30 °

60 °

90 °

0.2

0.4

0.6

0.8

1.

-90 °

-60 °

-30 °

0

30 °

60 °

90 °

0.2

0.4

0.6

0.8

1.

-90 °

-60 °

-30 °

0

30 °

60 °

90 °

0.2

0.4

0.6

0.8

1.

(a) (b)

FIG. 3. (Color online) Angular dependence of transmission
probability for BGB and GBG junctions with E = 82, 49
meV, V0 = 0, and two barrier widths: (a) d = 50 nm, (b)
d = 100 nm. Red curves represent BGB, and blue curves
represent GBG.

FIG. 4. (Color online) Contour plot of the transmission prob-
ability as a function of the energy and transverse wave vector
for V0 = 0 and d = 100 nmm with BGB (a) and GBG
(b). The dashed black lines represent the band energy for
graphene.

scenario where V0 = 0. Furthermore, these resonances
emerge even when the incident energy is below the bar-
rier height, a phenomenon grounded in the conservation
of pseudospin, directly associated with the Klein para-
dox in quantum electrodynamics [41]. The positions and
numbers of these resonances primarily hinge on the bar-
rier height and the specific junction.

A contour plot of transmission probabilities as a func-
tion of energy and transverse wave vector is shown in
Fig. 6 for V0 = 0.3 eV and d = 100 nm, such that
BGB (a) and GBG (b). This figure shows a (ky, E) plane,
identifying distinct quantifiable regions that signify dif-
ferent modes both inside and outside the junctions. Re-
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FIG. 5. (Color online) The same as in Fig. 3(b) but now for
V0 = 200 meV (red curves) and V0 = 285 meV (blue curves).

FIG. 6. (Color online) The same as in Fig. 4 but now for
V0 = 0.3 eV. The white and black lines represent the band
inside and outside the barrier.

markably, there is an asymmetry in the transmissions at
ky = 0, where d significantly affects the scattered trans-
mission due to the absence of valley equivalence. In the
presence of the potential barrier in the central region in-
duces resonances in the transmission probabilities for en-
ergies in the range E < V0. This phenomenon is asso-
ciated with the finite size of graphene and borophene,
as well as the presence of charge carriers with different
chirality. Importantly, there is a noticeable difference
between GBG and BGB. This can be attributed to the
lack of valley equivalence, where carriers scattering from
borophene to graphene differ from those scattering in the
opposite direction. It is noteworthy that at ky = 0, Klein
tunneling is observed in graphene [41] through a poten-
tial barrier, even at low applied potentials of E < V0.
Also, it emerges here for both BGB and GBG junctions,
showing that the barrier consistently remains perfectly
transparent.
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FIG. 7. (Color online) Transmission probability as a function
the energy for BGB (a) and GBG (b), with V0 = 50 meV,
d = w = 20 nm, θ0 = 10◦, and different numbers of cells n.

B. Multiple barrier (n cells)

We recall that Fig. 1 (c) presents the 1D periodic po-
tential barrier, denoted by (AB)n, with n being the num-
ber of cells. It provides a visual representation of the
repeating potential barriers inherent in these superlat-
tices. Also, it serves as a key to exploring the complex
interplay between periodic potential structures and elec-
tron transport phenomena within the studied superlat-
tices. The periodicity of potential barriers, evident in
the representation, is a crucial aspect influencing elec-
tron behavior in these systems.

To show how the number of cells n affects the trans-
port properties, we plot transmission as a function of
energy for different values of n in Fig. 7. For n = 1, we
observe that the transmission is almost perfect, with a
slight difference between the two junctions. The trans-
mission shows a consistent pattern as n increases, sug-
gesting resilience to fluctuations in n.

We see that, despite increasing n = 20, 30, the posi-
tions and numbers of resonant peaks indicate that the
BGB junction retains complete transparency even at an
incidence angle of θ = 10◦. Crucially, this transparency
remains unaffected by variations in well widths. Reso-
nances of the same kind are found for both junctions,
with resonances in BGB being more significant than in
GBG. To compare with our results, it is worth noting
that at normal incidence, a structure resembling mono-
layer graphene consistently remains perfectly transparent
[46]. By further increasing n, we observe that at n = 30,
band gaps begin to emerge. Indeed, the BGB junction
exhibits three gaps, whereas the GBG junction has two.
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FIG. 8. (Color online) Contour plot of the transmission prob-
ability as a function of the energy and incident angle for BGB
(a) and GBG (b) through N = 20 barriers, with V0 = 50 meV
and d = w = 20 nm.

FIG. 9. (Color online) The same as in Fig. 8 but now as a
function of the energy and the barrier height V0 for θ = 10◦ .

All these gaps fall within the same energy range, as de-
picted in the band structure shown in Fig. 2.

In Fig. 8, we plot transmission as a function of the en-
ergy and incident angle in BGB (a) and GBG (b) junc-
tions through n = 20 barriers, with V0 = 50 meV and
d = w = 20 nm. We find that the properties of graphene,
which are widely known, differ significantly from those
of borophene-graphene superlattices. Unlike graphene,
where the directions of the wave vector and the group
velocity are collinear, our results in BGB and GBG show
unique patterns in how electrons cross barriers, depend-
ing on both energy E and angle θ. Anisotropic disper-
sion in borophene superlattices introduces noncollinear
directions and gives access to valley birefringence [36],
whereas Klein tunneling in graphene is valley-degenerate
and occurs mainly at normal incidence [42]. Our results
indicate that, in contrast to graphene, where certain en-
ergies lead to a complete blocking of electron motion, in
the borophene arrangement, certain energies allow elec-
trons to pass through barriers more freely. This effect is
particularly pronounced in the GBG junction for energies
above 80 meV, while the behavior of the BGB junction
is different. Note that for the BGB junction, the appear-
ance of resonances in the transmission at E = 80 meV
and E = 136 meV occurs only when the incident angle
is negative. This is in contrast to the results obtained
in [36, 42], where the resonances appear only for E < 20
meV. Under the same condition and at E = 50 meV, the
transmission differs from zero for the BGB junction.

In Fig. 9, we show the transmission probability as a
function of the energy and barrier height for θ = 10◦,
with the same conditions as in Fig. 8. We observe that
with an increase in V0, certain transmission gaps emerge.
Remarkably, these gaps display dynamic behavior, with

FIG. 10. (Color online) The same as in Fig. 8 but now as a
function of the energy and the barrier width d for w = 20nm
and θ = 10◦.

FIG. 11. (Color online) The same as in Fig. 8 but now as a
function of the energy and the well width w for d = 20 nm
and θ = 10◦.
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FIG. 12. (Color online) Conductance and Fano factor as a
function of the energy for BGB (a) and GBG (b), with V0 = 0
meV and d = w = 20 nm.
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FIG. 13. (Color online) The same as in Fig. 12 but now for
V0 = 50 meV.

their centers gradually shifting to the right and their
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widths expanding proportionally. Notably, at V0 = 120
meV, a transmission gap emerges within the low-energy
spectrum. As V0 increases, this gap expands into a trans-
mission gap, which is a result that has been discussed in
[42].

Fig. 10 illustrates how the transmission probability
varies with respect to the barrier width d for BGB (a)
and GBG (b) junctions across multiple barriers. As d in-
creases, we observe two distinct transmission gaps whose
widths progressively increase with increasing the barrier
height V0. Additionally, Fig. 10 demonstrates the ap-
pearance and disappearance of transmission gaps across
different energy regions as d increases.

Fig. 11 shows the transmission probability as a func-
tion of well width w. At E = 50 meV, for w = 0, we
find the emergence of a transmission gap corresponding
to a single barrier. Remarkably, as d increases, this gap
gets smaller while other transmission gaps arise. As w
rises further, these gaps become transmission gaps, first
growing and then shrinking again. This phenomenon
raises the prospect of using well width increases to create
electron wave channels that are thinner [42]. Moreover,
Fig. 11 illustrates how the center of each transmission gap
gradually shifts to the left as d rises, moving neighboring
gaps closer together.

Fig. 12 displays the conductance and Fano factor as a
function of the energy for BGB (a) and GBG (b) junc-
tions, with V0 = 0 and n = 1, 5, 15, 20, 30. As expected,
a noteworthy observation emerges: the minima in con-
ductance align with the maxima in the Fano factor. Ad-
ditionally, modifying the number of cells or the junction
showcases the ability to modulate both the amplitude
and the position of certain peaks in the Fano factor.

Fig. 13 presents the conductance and Fano factor for
V0 = 50 meV and with the same conditions as in Fig. 12.
We note that the presence of a potential barrier between
layers introduces notable changes in the behavior of both
the conductance and Fano factor. The precise location is
E = V/2 with a constant Fermi velocity [47]. We observe
that, independently of n, the minimum conductance oc-
curs near the Dirac point, corresponding to a Fano factor
F = 0.33. This is a robust property in both graphene
and borophene. These findings coincide with the results
of a study conducted [48] on the impact of Fermi veloc-
ity modulation on the Fano factor of graphene superlat-
tices. In this case, when V0 is introduced, the conduc-
tance decreases but the Fano factor increases. Interest-
ingly, although the maximum value of the Fano factor
tends to grow with the introduction of V0, the amplitude
of this increase can be decreased by carefully regulating
the number of barriers in BGB and GBG junctions.

At this level, we discuss the effect of tilted energy on
conductivity σ = Gd/D and Fano factor F in the ballis-
tic regime. Such ballistic transport requires heavy dop-
ing of regions 1 and 3 with the electrostatic potential
V (x) = V∞ for x < 0 and x > d and V (x) = V0 for
0 < x < d. In Fig. 14, we present the ballistic conductiv-
ity and and Fano factor as functions of the barrier height
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FIG. 14. (Color online) Ballistic conductivity and Fano factor
at the Dirac point as a function of the barrier height V0 for
BGB (a) and GBG (b), with E = 0, V∞ = −∞ and D/d = 5.
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FIG. 15. (Color online) The same as in Fig. 14 but now as a
function of the width over length ratio D/d, with E = V0 = 0
and V∞ = −∞.

V0. At the Dirac point (V0 = 0) and for V∞ = −∞, for
the BGB junction in Fig. 14 (a), we observe the univer-
sal minimum ballistic conductivity G0/π and the Fano
factor F = 0.333, similarly to SLG [49]. Conversely, for
the GBG junction in Fig. 14 (b), we have the results
1.295G0/π and F = 0.343. Notably, in GBG junctions,
the conductivity is larger and the Fano factor smaller for
V0 < 0 compared to V0 > 0. Additionally, it is notewor-
thy that BGB junction exhibits a symmetry at the Dirac
point, in contrast to GBG junction.

Fig. 15 shows the ballistic conductivity and Fano fac-
tor as a function of the width over length ratio D/d.
For the BGB junction in Fig. 15 (a), at the Dirac point,
an interesting behavior is noticed as the limiting case
D/d → ∞. Specifically, we note that the ballistic con-
ductivity σ tends towards G0/π and the Fano factor
F converges to 0.333, as reported in [49]. Conversely,
for the GBG junction in Fig. 15 (b), we see that σ ap-
proaches 1.295G0/π, and the F converges to 0.343 when
D/d → ∞. These results shed light on the relation be-
tween the length ratio of the junction and its ballistic
transport, offering insights into the underlying electronic
properties of the BGB and GBG junctions.
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V. CONCLUSION

We have studied the transport properties of BGB and
GBG junctions by separately treating the cases of a single
barrier and multiple barriers in a superlattice configura-
tion. In the framework of the first case, we have demon-
strated that the two junctions have exceptional transport
properties, particularly showing perfect transmission at
normal incidence. We have seen that a decrease in the
barrier height leads to a loss of transmission. By vary-
ing the energy and transverse wave vector, we observed
pronounced scattered transmission at normal incidence.
In the case of multiple barriers, we found a strong su-
perlattice transmission, with the BGB junction retaining
perfect transparency even at non-zero incident angles. It
turns out that by varying the incident energy, many gaps
appear in the transmission probability, and by adjusting
the number of cells, incident angle, and barrier parame-
ters, one can modify the number, width, and position of

these transmission gaps.

Under diffuse transport conditions, significant fluctu-
ations in conductance and Fano factor were observed,
highlighting the high sensitivity of BGB and GBG junc-
tions to changes in physical parameters. Notably, distinct
patterns emerged when comparing the behavior of BGB
and GBG junctions, particularly with respect to their
responses to changes in barrier height. In ballistic trans-
port, our findings suggest that the minimum conductiv-
ity coincides with a maximum Fano factor. Moreover,
we have noticed significant differences between BGB and
GBG junctions, especially for conductivity and the Fano
factor, which are influenced by the variation of the bar-
rier height. Furthermore, our study of the length ratio
(geometrical factor) has revealed intriguing patterns, as
conductivity and the Fano factor approach specific val-
ues as the ratio approaches infinity. These results could
offer valuable insights for developing electronic junctions
utilizing graphene and borophene materials.
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