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Abstract
We present a first-principles density functional theory (DFT) study of lateral two-dimensional
(2D) heterostructures composed of group-IV monolayers (silicene and germanene) in both
pristine and hydrogenated forms. We systematically investigate interfacial stability, band align-
ment, and Schottky barrier characteristics. Two different interface models are compared: (i) α-
type, representing ideal junctions with abrupt covalent bonding, and (ii) β-type, characterized
by atomic mixing. The effects of chemical composition, hydrogenation, and interface morpho-
logy on structural features such as buckling height and electronic band alignment are analyzed.
Our results reveal that α-type interfaces are consistently more favorable than their β-type counter-
parts, exhibiting superior thermodynamic stability and reduced structural perturbation. Among
the different heterostructures, fully hydrogenated SiH/GeH interfaces display the lowest forma-
tion energy, indicating excellent interfacial compatibility, while pristine Si/Ge interfaces exhibit
the strongest cohesive bonding per atom, underscoring their exceptional thermodynamic robust-
ness. In general, partial hydrogenation significantly increases the buckling asymmetry and electro-
static potential steps, leading to enhancement of band offsets. A Type-I band alignment is observed
for the fully hydrogenated GeH/SiH heterostructure, resulting in carrier localization and enhanced
electron–hole overlap. In contrast, semimetal–semiconductor junctions such as Si/SiH and Ge/SiH
exhibit Schottky behavior with tunable barrier heights of up to 1.5 eV, indicative of strong rectifica-
tion and suppressed carrier injection. The ohmic, rectifying, and charge-confining behaviors of the
various junctions are analyzed in relation to their interfacial band alignments and Schottky barrier
heights. These findings highlight the critical role of interface engineering in controlling the elec-
tronic properties of 2D lateral heterostructures for next-generation nanoelectronic applications.

1. Introduction

In recent years, band offsets (BOs) at semiconductor
heterojunctions and metal–semiconductor junctions
have attracted considerable attention because of their
critical role in a wide range of solid-state devices,
including transistors, lasers, and solar cells. Two-
dimensional (2D) materials such as graphene and
its group IV analogues are particularly interesting
because they exhibit remarkable electronic proper-
ties, including ultra-high carrier mobility at room
temperature [1–4], excellent thermal conductivity,

and high optical transparency [5–7]. These char-
acteristics make 2D materials with sizeable elec-
tronic band gaps promising candidates for next gen-
eration semiconductor heterojunctions and metal–
semiconductor junction-based devices.

The feasibility of assembling 2D materials, even
those with large lattice mismatches, has signific-
antly increased interest in 2D heterostructure engin-
eering [8]. In particular, 2D materials enable the
fabrication of both vertical and lateral heterostruc-
tures. Vertical heterostructures, also known as van
der Waals heterostructures, are formed by stacking
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different 2D layers that are weakly bonded through
van der Waals interactions [9, 10]. In contrast, lateral
heterostructures, also known as 2D pseudomorphic
heterostructures, consist of a single, continuous 2D
sheet containing adjacent domains made of different
materials or lattice structures [11, 12].

Despite notable advances in their synthesis, the
controlled fabrication of lateral heterostructures
remains a major challenge. Recent atomic-scale
investigations using low-energy electron diffraction
and scanning tunneling microscopy (STM) have
demonstrated that lateral heterostructures composed
of germanene and stanene can be formed without
large-scale intermixing: tin and germanium atoms
neither exchange lattice positions nor adsorb onto
neighboring sheets [13]. These findings open path-
ways toward fabricating high-quality lateral hetero-
structures with minimal atomic diffusion, a critical
requirement for band-engineered 2D systems.

Previously, using first-principles simulations, we
demonstrated that a striped 2D lateral heterostruc-
ture made by alternating silicene and germanene rib-
bons of constant width remains pseudomorphic, that
is, it maintains lattice-matched edges, up to crit-
ical ribbon widths reaching tens of nanometers [14].
Our recent first-principles simulations further indic-
ate that hydrogen passivation of the dangling bonds
of silicene (−0.57 eV) is energetically favorable than
in germanene (−0.25 eV) [15]. As a result, for
its compatibility with Si technology, the Ge/SiH
junction emerges as a promising candidate for the
experimental realization of such heterostructures by
H-passivation of Ge/Si interfaces.

The energy band gaps of silicene, germanene, and
stanene are relatively small, typically ranging from
0.002 to 0.03 eV, and up to 0.1 eV for stanene [16].
First-principles calculations have shown that their
hydrogenated counterparts, silicane (SiH) and ger-
manane (GeH), are indirect-gap and direct-gap semi-
conductors, respectively, in their bulk forms [17,
18], which has been confirmed by recent experi-
mental studies [19]. Moreover, lateral heterostruc-
tures formed from combinations of silicene, ger-
manene, silicane, and germanane hold promise for
a wide range of applications, including Schottky
diodes, light-emitting devices, quantum wells, and
optoelectronic components. However, fundamental
insights into the structural and electronic properties
of such heterostructures remain limited.

In this work, we investigate the structural and
electronic properties of lateral heterostructures com-
posed of silicene, germanene, and their hydrogen-
ated counterparts, silicane and germanane. Within
the framework of density functional theory (DFT),
we employ plane wave pseudopotential methods,
as implemented in the QUANTUM ESPRESSO

simulation package [20], to simulate structural con-
figurations and to examine the microscopic mechan-
isms that govern the valence BO (VBO) and conduc-
tion BO (CBO) at the interfaces. The systems stud-
ied include Si/Ge, Si/SiH, Ge/GeH, Si/GeH, Ge/SiH,
and GeH/SiH lateral heterostructures, oriented along
the zigzag direction. We compare two distinct inter-
face models: (i) the α-type, representing ideal junc-
tions with abrupt covalent bonding, and (ii) the β-
type, which incorporates atomic intermixing at the
interface.

2. Methods: computational details

The calculations were performed using the QUANTUM

ESPRESSO simulation package within the frame-
work of DFT [20, 21]. Electron-ion interactions
were described using ultrasoft pseudopotentials [22],
while the exchange-correlation energy was treated
using the generalized gradient approximation (GGA)
in the parameterization of Perdew-Burke-Ernzerhof
(PBE) [23]. The Kohn-Sham orbitals were expan-
ded in a plane-wave basis set with an energy cutoff
of 45 Ry (∼612 eV), and a charge density cutoff of
400 Ry (∼5442 eV). Brillouin zone sampling was car-
ried out with a Monkhorst-Pack grid [24] of 8× 1×
1. A vacuum of fixed amount of approximately 20 Å
was introduced in the y direction to eliminate spuri-
ous interactions between periodic images. All atomic
structures were fully relaxed along the x and z dir-
ections until the residual forces were below the con-
vergence threshold of 10−5 eVÅ−1, while the y dir-
ection containing the vacuum region was kept fixed.
We modeled zigzag-oriented 2D interfaces perpen-
dicular to the z axis (see figure 1), composed of sili-
cene and germanene. We also investigated silicane
and germanane, hydrogenated derivatives of silicene
and germanene, experimentally synthesized 2D semi-
conductors [25, 26]. Note that the number of atoms
in the supercell varied according to the hydrogena-
tion state: 48 atoms for bare heterostructures (Ge/Si),
72 atoms for partially hydrogenated systems (Si/SiH,
Ge/GeH, Si/GeH and Ge/SiH), and 96 atoms for the
fully hydrogenated GeH/SiH heterostructure.

2.1. Interface modeling and structural
configurations
For each heterostructure, we considered two distinct
interface configurations, to capture different bonding
and intermixing scenarios: (i) the α interface, rep-
resenting an ideal junction where materials A and
B are connected through covalent bonds without
intermixing; and (ii) the β interface, which intro-
duces an intermixed atomic region at the junction.
These models, illustrated in figure 1, enable a detailed
investigation of the effects of atomic arrangement
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Figure 1. Atomic structures of heterostructure interfaces for two configurations: (top) α-type interface and (bottom) β-type
interface. Tan spheres represent atoms of material A, while purple spheres correspond to material B. The two configurations differ
in their stacking sequences and bonding geometries at the junction. In the side view, d denotes the atomic buckling, representing
the vertical shift between atoms within the same layer of material A or B.

on electronic and energetic properties. Following the
structural relaxation of all configurations, the inter-
face formation energy (FE) was computed using the
following expression:

FE=
1

2

[
EA/B −N(EA + EB)

]
, (1)

where EA/B is the total energy of the fully relaxed het-
erostructure, N is the number of structural unit cells
that make up regions A and B, while EA and EB are
the total energies of unit cells A and B, respectively.
The factor 1/2 accounts for the presence of two equi-
valent interfaces within the supercell (see figure 1). A
positive value of FE indicates that energy is required
to form the interface, whereas a smaller or near zero
value suggests enhanced thermodynamic stability of
the interface. We also calculated the average cohes-
ive energy (CE) per atom, which measures the overall
energy gain per atom to form the entire heterostruc-
ture from a gas of its constituent atoms:

CE=
NSiµSi +NGeµGe +NHµH − ET

NSi +NGe +NH
. (2)

ET is the total energy of the fully relaxed hetero-
structure supercell. NSi, NGe, NH are the number
of Si, Ge and H atoms in the supercell, while µSi,
µGe, µH correspond to their chemical potentials,
respectively [27]. We use µH = 1

2Etot(H2) for hydro-
gen and atomic reference energies for other elements.

The CE per atom provides a measure of absolute sta-
bility, with more positive values indicating enhanced
thermodynamic stability.

2.2. BOs and Schottky barrier calculations
The BOs at the interface between semiconductors can
be determined using the band lineup (BL) method
[28, 29].Within this approach, the VBO and the CBO
at a heterojunction between materials A and B are
computed as follows.

VBO= ηA − ηB +∆V, (3)

CBO= ηA − ηB +∆V+ EAg − EBg . (4)

Here, η denotes the reference energy, defined
as the energy difference between the valence band
maximum (VBM) and the macroscopic average of
the planar averaged potential, both evaluated in the
strained bulk environment of each material. The
terms EAg and EBg refer to the band gaps of bulk
materials A and B, respectively. The interfacial poten-
tial lineup, ∆V, is calculated as VA −VB. It cap-
tures the shift in the macroscopic electrostatic poten-
tial across the interface, arising from both the elec-
tronic pseudocharge distribution and the electrostatic
field of the bare ionic cores [30]. The planar average
of the electrostatic potential along the z-direction is
obtained by integrating the potential over the (x, y)
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plane at each fixed z:

V(z) =
1

S

ˆ
S
V(x,y,z) dxdy, (5)

where V(x,y,z) is the three-dimensional electrostatic
potential [31] calculated by the PWSCF program of
the simulation package QUANTUM ESPRESSO and S is
the area of the unit cell in the (x, y) plane. The mac-
roscopic average of the planar averaged potential is
defined as follows,

V(z) =
1

a

ˆ z+a/2

z−a/2
V(z ′) dz ′, (6)

where a is the averaging window, typically chosen
to match the lattice periodicity along the z-direction
[31].This macroscopic profile is particularly useful
for determining the electrostatic potential lineup
across the interface. It is important to note that inde-
pendent bulk calculations are performed for mater-
ials A and B to determine the values of ηA, ηB, EAg ,
and EBg . Moreover, when one of the materials that
form the junction exhibits semimetallic behavior,
that is, a vanishing band gap and a continuous dens-
ity of states near the Fermi level, the Schottky barrier
height (SBH) can be approximated as a negative of
the CBO (SBH≈−CBO). This approximation arises
from the replacement of the conduction band min-
imum (CBM) by the Fermi level in the semimetal. It
is known that the GGA underestimates the absolute
values of the band gaps because of the absence of the
derivative discontinuity in the exchange-correlation
potential [32]. However, this limitation has a relat-
ively minor impact on the calculation of quantities
such as the electrostatic potential lineup∆V, valence
and CBOs, respectively, and the SBH [33]. These
quantities are derived from relative differences in ref-
erence energy levels and electrostatic environments
between the two materials forming the heterojunc-
tion, rather than from absolute band positions. As a
result, they remain relatively accurate and transfer-
able within the GGA framework [34].

3. Results and discussion

3.1. Interfaces stability
Before proceeding with the analysis of band align-
ments of heterostructures A/B investigated in this
work, we first assess their energetic stability using two
complementary metrics: the interface FE and the CE.

The FE quantifies the relative energetic cost of
assembling an interface from bulk reference phases.
The computed values (table 1) show that among
all interfaces, the fully hydrogenated SiH/GeH sys-
tem exhibits the lowest FE (FE = 0.00 eV) for
both the α and β configurations. Similarly, pristine
Si/Ge interfaces also display very low FEs (∼0.03−
0.04 eV), consistent with minimal interfacial stress

and well-matched chemical environments. In con-
trast, partially hydrogenated heterostructures such
as Si/SiH, Ge/GeH, Si/GeH, and Ge/SiH exhibit
higher FEs in their β configurations (all exceeding
FE = 0.50 eV). This increase suggests greater inter-
facial strain, bond frustration, and structural asym-
metry, while their correspondingα interfaces consist-
ently show lower FE values, indicatingmore favorable
atomic arrangements.

The CE, derived from equation (2), measures the
absolute thermodynamic stability per atom relative to
isolated atoms. This metric establishes a clear hier-
archy across the different interface morphologies. In
non-hydrogenated and partially hydrogenated het-
erostructures, α-type interfaces consistently demon-
strate enhanced stability relative to β-type config-
urations, with energy differences of approximately
0.01 eV per atom. Hydrogen passivation progressively
reduces the CE, from 3.41 eV in pristine Si/Ge(α)
to 2.36 eV in partially hydrogenated Si/GeH(α) and
1.92 eV in fully hydrogenated GeH/SiH(α). This
trend is consistently observed for the β-type inter-
faces as well (table 1).

The above results highlight that FE and CE cap-
ture complementary aspects of interface stability. The
lowest FE values demonstrate that fully hydrogen-
ated SiH/GeH interfaces are the easiest to assemble
from their reference phases, reflecting high interfacial
compatibility. In contrast, the CE trend establishes
that pristine Si/Ge interfaces exhibit the strongest
intrinsic bonding per atom, underscoring their super-
ior thermodynamic robustness. Taken together, FE
provides insight into relative interfacial compatib-
ility during growth, whereas CE quantifies abso-
lute bond strength across different morphologies.
Both metrics are therefore essential for a compre-
hensive understanding of interface energetics, with
direct implications for growth conditions, passiva-
tion strategies, and the long-term stability of Si/Ge
heterostructures.

To evaluate the structural response of materials A
and B at their interface, we examined the variation
in atomic buckling, defined as the out-of-plane dis-
placement of atoms relative to the basal plane, before
and after heterostructure formation. Specifically, we
focused on the interfacial atoms directly involved in
bonding across the interface. This variation is quan-
tified as δ = dinterface− dbulk, where dinterface and dbulk
denote the atomic buckling of a given material meas-
ured at the interface and in the bulk environment,
respectively. A small absolute value of δ indicates lim-
ited structural distortion, implying a high degree of
lattice compatibility between the constituent materi-
als. This compatibility reduces interfacial strain, pro-
motes coherent bonding, and enhances the thermo-
dynamic stability of the heterostructure. In contrast,
high values of |δ| reflect significant buckling recon-
figuration, showing structural mismatch, increased
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Table 1. Computed parameters for silicene and germanene based lateral heterostructures, including reference energies (η), electrostatic
potential lineup (∆V), bandgaps (Eg), valence and conduction band offsets (VBO and CBO), interface formation energies (FE),
heterostructure cohesive energies (CE), and Schottky barrier heights (SBH). All values are in eV.

Heterostructure Type ηA ηB ∆V EAg EBg VBO CBO SBH FE CE

Si/Ge α −1.04 −0.92 0.12 0.00 0.00 0.00 0.00 — 0.03 3.41
β −1.03 −0.91 0.12 0.00 0.00 0.00 0.00 — 0.04 3.40

Si/SiH α −1.01 −1.23 0.62 0.00 2.22 0.84 −1.38 1.38 0.22 2.72
β −1.02 −1.23 0.49 0.00 2.20 0.70 −1.50 1.50 0.55 2.71

Ge/GeH α −0.94 −0.99 0.29 0.00 1.09 0.34 −0.75 0.75 0.25 2.10
β −0.94 −1.01 0.24 0.00 1.08 0.31 −0.77 0.77 0.57 2.09

Si/GeH α −1.05 −0.76 0.60 0.00 1.06 0.31 −0.75 0.75 0.25 2.36
β −1.04 −0.79 0.50 0.00 1.07 0.24 −0.83 0.83 0.57 2.35

Ge/SiH α −0.92 −1.30 0.38 0.00 1.99 0.77 −1.22 1.22 0.25 2.46
β −0.93 −1.30 0.26 0.00 1.98 0.64 −1.34 1.34 0.59 2.45

GeH/SiH α −0.82 −1.28 0.06 1.09 1.91 0.51 −0.31 — 0.00 1.92
β −0.81 −1.27 0.06 1.08 1.92 0.52 −0.32 — 0.00 1.92

Figure 2. Change in Buckling height (δ) for each material composing the heterostructures, before and after interface formation.
The top panel corresponds to α-type interfaces, and the bottom panel to β-type. For each heterostructure, bars represent the
individual change in buckling for material A (blue) and material B (red). Positive values indicate an increase in buckling, while
negative values denote a reduction.

interfacial stress, and a greater likelihood of defect
formation.

The calculated buckling variations (δA and δB),
summarized in figure 2, reveal distinct trends as a
function of interface type and hydrogenation level.

In particular, α-type interfaces consistently exhibit
smaller buckling changes than their β counter-
parts, suggesting that α configurations induce less
out-of-plane distortion and thus better preserve
the structural integrity of individual layers. These
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Figure 3. Electrostatic potential lineup (∆V) across α- and β-type interfaces of Silicene and Germanene based lateral hetero-
structures. Bars are color coded by the magnitude of∆V : green for minimal potential step (∆V ⩽ 0.1 eV), orange for moderate
shift (0.1<∆V ⩽ 0.5 eV), and red for strong interfacial dipoles or built-in fields (∆V> 0.5 eV). Systems like SiH/GeH and
Si/Ge exhibit symmetric profiles with minimal∆V, while partially hydrogenated systems like Si/SiH(α) and Ge/GeH(α) show
large∆V, indicating strong charge redistribution. The trends emphasize the role of hydrogenation, chemical contrast, and inter-
face orientation in tuning interfacial electrostatics.

minimal changes in buckling at the heterojunction
may be associated with reduced structural distortion,
as well as enhanced interfacial cohesion and mechan-
ical stability. This observation is consistent with pre-
vious studies on 2D materials, which report that in-
plane compression can induce surface wrinkling or
buckle delamination resulting in buckling instabil-
ity [35]. In contrast, β interfaces tend to induce asym-
metric distortion, often flattening one layer (δA< 0)
while increasing the buckling of the other (δB> 0).
For example, in the case of Si/SiH β interface, the
silicene layer (material A) becomes significantly flat-
ter (δA=−0.44Å), while the hydrogenated silicene
layer (material B) becomes more corrugated (δB=
+0.39Å), reflecting a stress imbalance at the junc-
tion. The degree of hydrogenation also strongly influ-
ences structural reconfiguration. Fully hydrogenated
heterostructures, such as GeH/SiH, exhibit minimal
buckling shifts |δ|< 0.05Å, indicating high resistance
to deformation and enhanced stability. In contrast,
partially hydrogenated systems such as Si/GeH and
Ge/GeH show larger buckling variations (up to |δ|=
0.46Å), implying a more pronounced local relaxa-
tion at the interface. This behavior correlates with
their generally higher interface FEs, suggesting a dir-
ect link between buckling asymmetry and reduced
thermodynamic stability.

3.2. Electrostatic potential lineup
For a deeper understanding of the electronic struc-
ture of heterostructures, we analyzed the electrostatic
potential lineup (∆V), which represents the change

in the macroscopic average of the planar averaged
electrostatic potential across the interface between
materials A and B. This quantity reflects the internal
electric field generated by charge redistribution and
interfacial dipoles, and plays a key role in determin-
ing the relative alignment of the energy bands across
the junction [31]. Specifically, ∆V allows alignment
of the vacuum levels of the two materials, allow-
ing an accurate determination of the CBO and the
VBO, which can be considered crucial parameters for
the transport of charge carriers across the interface.
Moreover, in the cases where one of the materials is
semimetallic or has a vanishing band gap, ∆V dir-
ectly impacts the SBH, defined as the energy barrier
for the injection of electrons or holes from the metal
into the semiconductor [36]. As reported in table 1
and illustrated in figure 3, ∆V exhibits significant
variations depending on the combination of mater-
ial and the configuration of the interface, underscor-
ing its importance in the customization of interfacial
electronic properties.

The Si/Ge heterostructures exhibit a moder-
ate and symmetric ∆V of 0.12 eV for the α and
β interfaces, indicating closely matched chemical
potentials and minimal interfacial polarization.
Similarly, SiH/GeH also shows nearly flat potential
lineups of 0.06 eV in both configurations, which
also reflects excellent interfacial chemical compat-
ibility. Partially hydrogenated heterostructures such
as Si/SiH, Ge/GeH, Si/GeH and Ge/SiH exhibit elev-
ated electrostatic potential lineups (∆V), ranging
from 0.24 to 0.62 eV. These shifts reflect stronger
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interfacial dipole formation, which can be explained
by bonding asymmetries and electronegativity differ-
ences between hydrogenated and pristine domains.
In general, the α interfaces in partially hydrogenated
systems yield larger ∆V values than their β coun-
terparts, underscoring the influence of the geometry
of the interface and the local atomic configuration.
This increase in potential gradients is favorable for
device applications that require strong band bending
or built-in electric fields, such as tunneling barriers
and heterojunction photodetectors.

3.3. BOs and Schottky barriers
As summarized in table 1, the VBOs of the studied
heterostructures span a wide range, from 0.00 eV to
0.84 eV, showing the tunability of the electronic prop-
erties of the interfacial region. Among the systems
examined, the Si/SiH interface exhibits the highest
VBO values (0.84 eV for the configuration α and
0.70 eV for β), followed by Ge/SiH (0.77 eV for α
and 0.64 eV for β). These elevated offsets suggest
strong electron and hole confinement within non-
hydrogenated domains [37–39]. In general, a not-
able trend emerges in partially hydrogenated systems,
where α interfaces consistently exhibit higher VBOs
than their β counterparts. This shows the influence
of interfacial stacking order and dipole orientation
on band alignment. The observed asymmetry likely
arises from differences in charge redistribution and
dipole formation across the junction, which modify
the local electrostatic potential and enhance band-
edge discontinuities. These findings point out the
importance of atomic-scale interface engineering for
tailoring BOs in 2D heterostructures.

The CBO also show a broad distribution, ranging
from zero to strongly negative values (see table 1).
The most negative CBOs occur in partially hydro-
genated heterostructures, particularly at the β inter-
faces. Notably, the Si/SiH (β: −1.50 eV) and Ge/SiH
(β:−1.34 eV) systems exhibit the largest negative off-
sets, followed by Si/SiH (α: −1.38 eV) and Ge/SiH
(α: −1.22 eV). These large negative CBO values
indicate that the CBM of the hydrogenated mater-
ial lies substantially above that of its pristine coun-
terpart, resulting in strong confinement of electrons
within the non-hydrogenated domain. This elec-
tronic landscape is particularly favorable for applica-
tions that require n-type channel isolation, electron-
blocking interfaces, and efficient tunneling barri-
ers [40, 41]. This behavior further illustrates how
hydrogenation and interface symmetry jointly gov-
ern carrier confinement and transport across 2D
heterostructures. Moderately negative CBOs are also
observed in heterostructures such as Ge/GeH (α:
−0.75 eV, β: −0.77 eV) and Si/GeH (α: −0.75 eV, β:
−0.83 eV). These values indicate moderate electron
confinement within the non-hydrogenated regions,
potentially enabling partial electron tunneling across
the interface.

The fully hydrogenated SiH/GeH heterostruc-
ture exhibits small but consistently negative CBOs
(−0.31 eV for α and −0.32 eV for the β interface).
This suggests that the CBM of SiH is positioned
higher in energy than that of GeH, promoting elec-
tron accumulation within the GeH region. Figure 4
summarizes the band alignment diagrams for all α-
andβ-type interfaces, including VBO, CBO, and SBH
values, and visually highlights the impact of hydro-
genation and interface geometry on the electronic
properties of the junctions. Combined with positive
VBOs (VBM of SiH below that of GeH), this con-
figuration corresponds to a Type-I (straddling) band
alignment, where both the CBMandVBMofGeH fall
within the bandgap of SiH. A such alignment leads to
carrier confinement in GeH, with electrons and holes
preferentially localized in the same material [42, 43].
Consequently, the spatial overlap of electron and hole
wave functions is enhanced, increasing the oscillator
strength and reducing the radiative lifetime. These
properties are highly desirable for light-emitting
applications, quantum wells, and other optoelec-
tronic devices that benefit from efficient radiat-
ive recombination and strong light–matter interac-
tion [44, 45]. In the case of Si/Ge heterostructures,
we observed perfectly aligned bands, with both VBO
and CBO equal to zero. This alignment indicates
the absence of a potential barrier at the interface.
Consequently, the Si/Ge contact behaves as an ideal
ohmic junction, enabling carrier injection without
rectifying behavior. These characteristics are par-
ticularly advantageous for applications that require
low-resistance contacts to ensure efficient device
performance.

To evaluate carrier injection efficiency at metal–
semiconductor junctions in the lateral heterostruc-
tures Si/SiH, Ge/GeH, Si/GeH and Ge/SiH, we com-
puted the SBHs based on CBOs obtained from
the electrostatic potential lineup method. Among
all considered configurations, the Si/SiH(β) inter-
face exhibits the highest SBH of 1.50 eV, indicative
of a strongly resistive contact that significantly lim-
its electron injection. While, the Si/GeH(α) inter-
face presents lower SBH of 0.75 eV, suggesting a more
favorable band alignment for efficient carrier injec-
tion across the junction. These trends reflect the inter-
action between the chemical nature of the constituent
materials and the stacking geometry at the junction.
The interface configuration significantly modulates
the SBH. For example, in the Ge/SiH system, switch-
ing from the α to the β configuration increases the
SBH from 1.22 eV to 1.34 eV. In contrast, the Si/GeH
system shows the opposite trend, with the β inter-
face exhibiting a barrier height lower than its coun-
terpart α. This underscores the role of the interfacial
atomic configuration and dipole formation in modu-
lating the local electrostatic environment. These find-
ings highlight the importance of precise interface
engineering in tailoring charge injection properties
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Figure 4. Band alignment diagrams for α- and β-type interfaces in 2D lateral heterostructures composed of pristine and hydro-
genated silicene and germanene. These diagrams illustrate the valence, conduction band offsets and Schottky barriers heights
(VBO, CBO and SBH) across each junction. Blue and red lines denote the valence and conduction band edges of materials A and
B, respectively, allowing direct comparison of energy levels between the two sides of each heterojunction.

and optimizing the performance of 2D lateral hetero-
structures [46–48].

3.4. Transport characteristics
The transport characteristics of the studied hetero-
structures are directly correlated with their interfacial
band alignments and SBHs. The pristine Si/Ge junc-
tion, exhibiting vanishing BOs (table 1), constitutes
an ideal ohmic contact with negligible carrier injec-
tion barriers, reflecting coherent charge transport
across the interface. Partially hydrogenated configur-
ations such as Si/SiH andGe/SiH establish semimetal-
semiconductor junctions characterized by substan-
tial SBHs, up to 1.5 eV, indicative of strong rectifying
behavior and suppressed electron injection. In con-
trast, systems like Ge/GeH and Si/GeH exhibit mod-
erately negative CBOs (table 1), which partially con-
fine electrons within the non-hydrogenated regions
and promote tunneling-assisted conduction across
the junction. Finally, the fully hydrogenated GeH/SiH
interface with a Type-I alignment, leading to carrier
localization within the GeH domain, which enhances
electron-hole overlap while simultaneously restrict-
ing cross-interface transport.

These results emphasize the critical role of chem-
ical passivation and interface morphology in dictat-
ing charge transport regimes in lateral 2D group-IV
heterostructures.

4. Conclusion

In this work, we present a first-principles invest-
igation of the structural and electronic properties

of lateral 2D heterostructures composed of pristine
and hydrogenated group IV monolayers, including
silicene and germanene. Our study systematically
explores the influence of interface geometry, chem-
ical composition, and hydrogenation on key quant-
ities such as band alignments, SBHs, electrostatic
potential lineups, and structural deformation, char-
acterized by variations in the buckling height. We
find that α-type interfaces generally exhibit smal-
ler buckling perturbations and lower FEs compared
to their β counterparts, indicating better struc-
tural stability. Partially hydrogenated heterostruc-
tures introduce larger structural asymmetries and
more pronounced BO discontinuities, which are cor-
related with increased interfacial strain. Band align-
ment analysis reveals a range of electronic configur-
ations, including Type-I (straddling) and Schottky-
like profiles, depending on the specific material pair-
ing and interface type. In particular, semimetal-
semiconductor junctions such as Si/SiH and Ge/SiH
exhibit sizable SBHs, indicative of efficient rectify-
ing behavior. In general, our results underscore the
critical role of interface engineering through stack-
ing geometry and chemical passivation in tailoring
the electronic properties of 2D lateral heterostruc-
tures. Based on band alignments, the transport char-
acteristics range from ohmic conduction in pristine
Si/Ge, to rectifying behavior in partially hydrogen-
ated systems, and carrier confinement in fully hydro-
genated GeH/SiH. This progression highlights the
versatility of interface design in controlling charge
transport in lateral heterojunctions based on group-
IV 2D-materials. These findings provide valuable
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guidelines for the development of next-generation
nanoelectronic devices, particularly in applications
that demand tunable BOs, directional charge trans-
port, and low-resistance contacts.
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