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ABSTRACT

The semiconductor industry’s quest for miniaturization has driven the exploration of new materials and innovative designs. Among these,
two-dimensional (2D) semiconductor materials have emerged as promising candidates due to their unique electrical conductivity and supe-
rior carrier transport properties, which address the limitations of conventional bulk semiconductors at the nanoscale. Understanding the
electronic transport properties of 2D materials is essential for unlocking their full potential in emerging nanoelectronic applications. In this
context, our study focuses on the transport characteristics of Janus Ge2PAs monolayer-based metal–semiconductor–metal (MSM) devices.
Utilizing DFT (density functional theory) simulations coupled with the nonequilibrium Green’s function method, we explore the effects of
external factors, such as channel length and electrode doping concentration on device performance in the ballistic region (sub-10 nm). By
modeling two-probe MSM nanodevices, we analyze transmission coefficients [T(E)] under varying bias voltages and study the I–V charac-
teristics’ dependence on channel lengths and doping concentrations. Our findings provide valuable insights into the electronic transport
properties of the Janus Ge2PAs monolayer and offer guidance for the design and optimization of 2D material-based nanoelectronic devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0283827

I. INTRODUCTION

As the semiconductor industry advances, the prominence of
microelectronic devices continues to grow, driven by the ongoing
reduction in the feature size of individual transistors. This pursuit
of miniaturization has fueled exponential growth in computing
power over recent decades.1 However, as device dimensions
approach nanoscale, conventional bulk materials encounter intrin-
sic limitations, necessitating the development of novel materials
and design paradigms to sustain and enhance technological
advancements.2 In this context, the exploration of two-dimensional
(2D) semiconductor materials has emerged as a key area of scien-
tific investigation.3 Characterized by unique electrical conductivity
and superior carrier transport properties, 2D materials present a
promising solution to the challenges faced by conventional bulk

semiconductors at the nanoscale.4,5 With their high carrier
mobility6–8 enabling rapid charge transport and excellent thermal
conductivity9 facilitating efficient heat dissipation, these atomically
thin materials exhibit remarkable electronic properties. The inher-
ent characteristics make 2D materials highly promising candidates
for the next-generation electronic devices, which require not only
high-speed data processing but also enhanced thermal management
to ensure device reliability and performance.

Given the significant influence of electronic transport proper-
ties on the operation and efficiency of vital electronic devices, such
as field-effect transistors (FETs) and metal–oxide–semiconductor
field-effect transistors (MOSFETs), it is crucial to understand the
transport characteristics of 2D materials thoroughly.10 This knowl-
edge is essential to harness the full potential of 2D materials in
emerging nanoelectronic applications. Consequently, intensive
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research efforts have focused on discovering and characterizing 2D
semiconductors with exceptional transport properties, particularly
in terms of carrier mobilities.11,12 Transition metal dichalcogenides
(TMDs) have garnered considerable interest as some of the most
promising 2D semiconductors in recent years.13 However, their
practical implementation is often limited by low carrier mobilities
caused by inherent defects in their material structure.14 This chal-
lenge has spurred interest in the fabrication of few-layered group
IV–V binary compounds, which have become a new focal point for
2D materials research.15–19 These materials, characterized by their
low symmetries and distinctive bonding types in different direc-
tions, are anticipated to exhibit anisotropic electronic, mechanical,
and optical properties.20 Studies have confirmed the electronic
anisotropy of group IV–V monolayers, particularly XAs (where
X = Si or Ge), revealing that electron mobility is significantly
higher in one direction, while hole mobility performs better in
another.21 Furthermore, theoretical research suggests that due to its
low carrier effective mass, the carrier mobility of single-layer SiP is
expected to surpass that of monolayer MoS2.

22 Additionally, inves-
tigations have shown that monolayers of GeP and GeAs exhibit
exceptional electron and hole mobilities, outperforming those of
TMDs and highlighting their potential role in advanced semicon-
ductor technologies.23 Complementing these findings, recent litera-
ture details the computational design of 2D GeP-based electronic
devices, demonstrating that introducing vacancies and strain can
further enhance electrical performance.24,25 Beyond binary mono-
layers, such as the aforementioned group IV–V materials, Janus
monolayers within the realm of 2D materials have gained substan-
tial attention, particularly following the successful synthesis of 2D
ternary MoSSe.26,27 In Janus monolayers, the introduction of a
third element disrupts the out-of-plane mirror symmetry, leading
to the emergence of novel physical properties or enhanced func-
tionalities compared to their parent structures.28–32 Additionally,
the unique structural asymmetry of 2D Janus materials alters their
defect dynamics, potentially mitigating the negative effects of
defects and can exhibit higher defect tolerance compared to con-
ventional TMDs.30,33,34

Recently, we have employed this approach to design the 2D
Janus Ge2PAs (also referred to as GePAs), predicting that this
structure would demonstrate exceptionally high and anisotropic
carrier mobility along with robust thermodynamic stability.35 The
distinct electronic behavior of 2D Ge2PAs arises from the specific
bonding environment of atoms along one of the in-plane direc-
tions, which enables carrier mobility that surpasses even the ultra-
high mobility observed in few-layered black phosphorus.36

Moreover, the Ge2PAs monolayer exhibits a strong optical absorp-
tion coefficient in both the visible and near-infrared (NIR) regions
of the spectrum, significantly enhancing its ability to harvest
photons across a wide range of wavelengths. Its anisotropic nature,
combined with high carrier mobility along a particular direction,
facilitates the efficient transport of photo-generated carriers, mini-
mizing recombination losses and enabling a fast photoresponse.
These combined properties make the Ge2PAs monolayer an ideal
candidate for broad-spectrum photodetectors capable of operating
effectively in the visible and NIR regions.37

While theoretical examinations based on density functional
theory (DFT) provide valuable insights into the electronic

properties of materials, it is imperative to assess the transport char-
acteristics of devices fabricated with these materials for practical
applications. The fundamental architecture, consisting of a semi-
conductor material sandwiched between two metal electrodes, is a
common feature present in virtually every device system. Motivated
by the promising properties of a Janus Ge2PAs monolayer, we
conduct DFT simulations combined with the Nonequilibrium
Green’s Function (NEGF) method to investigate the impact of
external factors, such as channel length and electrode doping con-
centration, on the performance of Ge2PAs-based two-terminal
metal–semiconductor–metal (MSM) devices in the ballistic region
(sub-10 nm). To begin with, we obtain the electronic band struc-
ture of the pristine monolayer. Subsequently, we model the
two-probe MSM nanodevice and demonstrate the transmission
coefficients ([T(E)]) of the devices under varying bias voltages.
Next, we investigate the dependence of the I–V characteristics of
the devices on different channel lengths and electrode doping con-
centrations. Finally, we explore the Schottky barrier (SB) heights
and discuss their effect on carrier transport.

II. METHODS

The geometry optimization and electronic structure calcula-
tions were conducted using the DFT approach implemented in the
Vienna Ab initio Simulation Package (VASP).38,39 The generalized
gradient approximation with the Perdew-Burke-Ernzerhof
(GGA-PBE) formalism40 was chosen to approximate the exchange-
correlation functional. Ion–electron interactions were treated using
the projected augmented wave method (PAW) with a plane-wave
cutoff energy of 530 eV.41 The Brillouin zone (BZ) was sampled
with a 24� 4� 1 k-point mesh centered at Γ using the
Monkhorst–Pack scheme.42 To eliminate artificial interactions, a
vacuum space of approximately 15 Å was introduced, which was
found to be sufficient. Van der Waals (vdW) interactions were
described using the Grimme method (DFT-D3).43 The lattice
parameters and atomic positions were iteratively adjusted until the
forces on the atoms were below 0.01 eV/Å, and the energy differ-
ence between consecutive steps was smaller than 10�5 eV.

The device model was constructed directly using the opti-
mized structure, and simulations of the T(E) and the I–V charac-
teristics were conducted using the QuantumATK package.44

QuantumATK provides a reliable framework for evaluating trans-
port properties by integrating DFT calculations in conjunction with
the Non-Equilibrium Green’s Function (NEGF) technique.45 The
NEGF-DFT formalism was employed to model a two-probe system,
which is divided into three regions: the left electrode (drain), the
central region (channel), and the right electrode (source). The elec-
trodes were modeled as semi-infinite periodic systems, with their
properties were calculated using standard DFT techniques to define
boundary conditions for the central region. The calculations began
with an initial guess for the electron density, which was used to
determine the effective potential (Veff ), including contributions
from the Hartree and exchange-correlation terms. Using this effec-
tive potential, the Kohn–Sham Hamiltonian was constructed, and
the Green’s function for the central region was computed. The
Green’s function incorporated the coupling to the electrodes
through self-energy terms (ΣL and ΣR). The density matrix was
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then derived from Green’s function, accounting for the coupling
matrices (self-energy contributions) and the Fermi–Dirac distribu-
tions of the electrodes. The electron density was iteratively updated
from the density matrix until convergence was achieved for Veff

and charge density. Once the system was converged, the transmis-
sion function [T(E)] was calculated.

In these simulations, the carrier transport direction was
set along the x axis, with Monkhorst–Pack k-grid sampling speci-
fied as 201� 2� 1. The atomic cores were represented using
PseudoDojo pseudopotentials,46 and a medium numerical basis
was utilized for the expansion of the wave function. The density
mesh cutoff energy was set to 105 Ry to balance computational effi-
ciency and accuracy. The electrode temperature was maintained at
300 K. Bulk properties were assigned to the left and right elec-
trodes, and the initial step in the device simulation involved con-
ducting bulk calculations for each electrode with Dirichlet
boundary conditions applied at both the left and right boundaries.
Periodic boundary conditions were applied in the directions per-
pendicular to the electron transport directions.

The self-consistent solution for the transmission coefficient
[T(E, Vb)] under different biases (Vb) was obtained using the
retarded Green’s function,47

T(E, Vb) ¼ Tr G(E, Vb)Γ
LGy(E, Vb)Γ

R
� �

, (1)

where ΓL(R) is the broadening function of the left (right) electrode
given by ΓL(R) ¼ 1=i(ΣL(R) � (ΣL(R))

y
) with self-energy of the left

(right) electrode ΣL(R). Applying a Vb across the device results in a
shift of the chemical potentials of the left (μL) and right (μR) elec-
trodes to μL ¼ EF þ eVb=2 and μR ¼ EF � eVb=2, respectively. The
current flow along the transport direction is then driven by the dif-
ference in chemical potential between the left and right electrodes.
The current induced by a Vb, i.e., the I–V characteristics for the
two-terminal system, was calculated using the Landauer–Büttiker
formula within the framework of quantum transport formalism.
This involves integrating T(E, Vb) within the bias window, which
ranges from �eVb=2 to þeVb=2,

I(Vb) ¼ 2e
h

ðμR
μL

T(E, Vb)
�
fL(E, Vb)� fR(E, Vb)

�
dE, (2)

where fL(E, Vb) and fR(E, Vb) are the Fermi distribution of the left
and right electrodes, respectively.

III. RESULTS AND DISCUSSION

A. Structural and electronic properties

This section explores the structural characteristics of the 2D
Ge2PAs monolayer, as initially proposed in our previous work.35

Inspired by recent advancements in ternary monolayer synthe-
sis26,27 and the successful realization of 2D GeP17 and GeAs,19 we
designed 2D Ge2PAs by substituting arsenic atoms into the
topmost layer of 2D GeP. Upon substitution, the Janus Ge2PAs
monolayer exhibits the monoclinic Cs point group (Cm space
group), distinguished by broken symmetries, such as rotational and
inversion symmetries, unlike the GeP and GeAs counterparts,

which belong to the C2h point group (C2/m space group). The
Ge2PAs structure adheres to the general electron counting rule,
with germanium (Ge) atoms displaying fourfold coordination,
while phosphorus (P) and arsenic (As) atoms exhibit threefold
coordination. This coordination pattern is achieved through sp3

hybridization, underlying the specific geometric arrangement of
orbitals in the material. As shown in Fig. 1(a), the rectangular unit
cell of Ge2PAs consists of 12 Ge, 6 P, and 6 As atoms. The opti-
mized lattice constants are a = 3.70 Å and b = 21.59 Å. The ther-
modynamic, mechanical, vibrational, and thermal stabilities have
been previously demonstrated through cohesive energy analysis,
phonon-dispersion calculations, and molecular dynamics simula-
tions.35 Considering the experimental progress on 2D Ge-based
binary structures17,19 and 2D Janus materials,26,27 the realization of
Ge2PAs monolayers and their integration into 2D heterostructures
can be anticipated.

The investigation of the electronic properties of materials is of
profound significance, representing the foundational framework for
the strategic design and optimization of materials tailored for elec-
tronic devices. In this respect, our attention now turns toward the
analysis of the electronic characteristics of the monolayer. Figure 2
illustrates the electronic band structure of the Ge2PAs monolayer,
computed using GGA-PBE and HSE06 methods. The determined
bandgap values are 1.55 and 2.23 eV for PBE and HSE calculations,
respectively. Given the potential impact of spin–orbit coupling
(SOC) on the band structure, we also examined the band structures

FIG. 1. (a) Top and (b) side views of a Janus Ge2PAs monolayer. The dashed
black rectangle denotes the unit cell. Germanium, phosphorus, and arsenic
atoms are depicted as purple, pink, and green spheres, respectively.
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of the monolayer with SOC, as shown in Fig. S1 of the
supplementary material. The results indicate that SOC exerted only
a minimal influence on the calculated band structure, with no sig-
nificant alteration to the characteristics and shapes of the electronic
bands. The observed variations in the dispersion profiles along the
Γ� x and Γ� y directions near the Fermi level indicate notable
in-plane anisotropy. This anisotropy, evident in dispersion profiles,
is underscored by the quantitative evidence from mobility values

reported in our previous study,35 where electron and hole mobili-
ties in the x-direction have been found to be much higher than
those in the y-direction.

B. Electronic transport properties

Acknowledging the fundamental importance of 2D semicon-
ductors in modern technology, a comprehensive understanding of
electronic properties and their direct correlation with transport
properties is pivotal for advancing current technologies.
Considering the anisotropic electronic properties of a 2D Janus
Ge2PAs monolayer, we investigated its transport properties by
focusing on the high-mobility direction as the preferred transport
axis. In addition to its low carrier mobility, the y-direction also
exhibits a significantly larger lattice constant (b = 21.59 Å). As a
result, achieving proper electrostatic screening in this direction
requires device lengths that exceed the ballistic transport regime.
Therefore, we limited our analysis to the x-direction. Figure 3 illus-
trates the schematic design of a two-probe MSM nanodevice used
in our simulations. In this schematic, the pink-shaded areas repre-
sent the left and right electrodes, while the unshaded area depicts
the channel region. The setup involves connecting a left and right
semi-infinite electron reservoir through a central region that
encompasses the interfaces under consideration.

The contact interface between a semiconductor and its exter-
nal metallic electrodes is crucial for both device performance and
the accurate assessment of the material’s transport properties.48

The interface characteristics are primarily governed by the SB,
which represents the difference between the metal’s work function
and the electron affinity of the semiconductor. This difference
creates an energy barrier that hinders the flow of charges between
the semiconductor and the metal.49 While SB can provide useful
rectifying properties and enable high-speed switching in certain
systems, in some cases, the presence of an SB is undesirable due to
its association with increased energy consumption and the compli-
cations it poses in directly examining the intrinsic characteristics of

FIG. 2. The electronic band structure of a Ge2PAs monolayer. The results for
PBE and HSE06 are shown with solid blue and dashed green lines, respec-
tively. The Fermi level is set to zero.

FIG. 3. Schematic diagrams of the
two-probe configuration in (a) a side
view and (b) a top view. Germanium,
phosphorus, and arsenic atoms are
presented as purple, pink, and green
spheres, respectively.
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semiconductor materials, especially for 2D semiconductor
devices.48 Thus, within semiconductor device engineering, achiev-
ing low SB values or Ohmic contact remains a central goal to
reduce energy consumption and extend device lifespan. Common
contact types typically consist of three main configurations: top
contact, side contact, and vdW contact. However, these contacts
often create challenges in achieving Ohmic or low SB behavior in
real devices due to the presence of defects, vdW gaps, and manu-
facturing difficulties. To address these challenges, a novel type of
configuration called atomic-level seamless contact has been devel-
oped.50 This approach involves directly connecting low-
dimensional metals and semiconductors with native chemical
bonds, resulting in a contact that mitigates factors, such as lattice
mismatch between different materials, and ensures a consistent and
homogeneous environment for evaluating transport properties.

We adopted a strategy commonly found in the
literature,21,51–56 utilizing intrinsic 2D Ge2PAs as the channel mate-
rial while employing highly doped Ge2PAs for both electrodes. In
this respect, we employed the electrostatic doping method, which
involves introducing localized charges that are individually attached
to each atom.45,57 This method has been demonstrated experimen-
tally and has been shown to achieve electrically tunable doping
levels of up to 1014 cm�2 in ultra-thin TMDs.58 It is important to
note that the structural stability is maintained under electrostatic
doping, and the overall band structure, aside from the expected
Fermi level shift, remains essentially unaltered as shown in Fig. S12
of the supplementary material. This assumption is supported by
experimental evidence obtained from two-terminal graphene
devices.59

When the metallicity of the electrodes is ensured through
doping, the resulting structure can be simplified into an MSM con-
figuration. An MSM structure essentially consists of two
back-to-back Schottky contacts.60 Each metal–semiconductor junc-
tion forms an SB due to the work function difference between the
metal and the semiconductor. This arrangement is crucial for con-
trolling the current flow through the device. Under an applied
voltage, the two contacts exhibit different behaviors. Contact No. 1
undergoes a reverse bias, where the voltage enhances the SB and
hinders charge carrier injection from a metal to a semiconductor.
Conversely, Contact No. 2 experiences a forward bias, where the
voltage reduces the SB and facilitates charge carrier injection. This
differential biasing of the two contacts creates a potential difference
across the semiconductor layer, driving the flow of current. By
manipulating the SB heights through controlled biasing, MSM
devices enable modulation of charge carrier transport and, conse-
quently, the device’s electronic characteristics.

In our investigation of the transport properties within the 2D
Janus Ge2PAs structure, we considered a range of electrode doping
concentrations to mimic metallic electrodes with different work
functions. Since the work function of a material directly depends
on factors, such as density of states (DOS), temperature, carrier
density, and doping concentration,61 adjusting these parameters
can emulate the characteristics of various metallic materials. In the
present case, the selected doping concentrations for the electrodes
are 0.015, 0.045, and 0.075 e/atom, corresponding to 4:51� 1013,
1:35� 1014, and 2:25� 1014 cm�2, respectively, which fall within
experimentally achievable limits.58 At the first concentration level,

the Ge2PAs electrodes begin to exhibit metallic properties. At the
second and third concentrations, they represent scenarios of mod-
erate and heavy doping, respectively.62,63 Under these conditions,
the Fermi level of the electrodes is shifted 0.02, 0.16, and 0.24 eV
above the conduction band minimum. Furthermore, we systemati-
cally investigated three channel lengths: 3.0, 4.5, and 6.5 nm at each
doping level, aiming to identify the shortest possible sub-10 nm
device configuration. Additionally, we also considered heavier
doping concentrations of 3:16� 1014 cm�2 and 6:01� 1014 cm�2

for the longest case. This exploration was designed to elucidate how
variations in the channel length and the doping concentration
influence the electronic transport properties of the Janus
Ge2PAs-based MSM devices.

To investigate ballistic transport in devices with the specified
parameters, we began by calculating the transmission spectra under
equilibrium (0 V) and non-equilibrium conditions (0.5 and 1 V).
The complete set of results is presented in Figs. S2, S3, and S4 of
the supplementary material for bias voltages of 0, 0.5, and 1 V,
respectively. Each figure employs a consistent layout: the plots from
left to right within rows correspond to devices with increasing
doping concentrations at a constant channel length, while plots
from top to bottom within the columns belong to devices with
increasing channel length at a constant doping concentration. In
the transmission spectra for a 0 V bias, red dashed lines denote the
Fermi level of the device. Similarly, for biased cases, red and green
dashed lines represent the Fermi levels of the right and left elec-
trodes, respectively.

We selected the results of the longest device (channel length
of 6.5 nm) as the representative case to discuss the physical picture
in the remainder of the paper. Transmission spectra of the 6.5 nm
device under bias voltages of 0, 0.5, and 1 V are shown in Fig. 4.
Similar to the figures in the supplementary material, plots progress
from left to right for increasing doping concentration. At zero bias,
the transmission spectra exhibit a transmission gap, indicative of
the semiconducting nature of the channel. The width of this gap is
influenced by electrode doping, with a slight increase observed for
higher doping levels. When a finite bias is applied, transmission
within the bias window becomes evident, which signifies the pres-
ence of current flow through the device. The inset of Fig. 4 further
demonstrates that the transmission probability within the bias
window is enhanced with increasing bias voltage. Additionally, a
positive correlation is observed between electrode doping concen-
tration and the overall transmission values.

To elucidate the origin of the observed transmission values
and their dependence on the applied bias, we calculated the bias-
dependent projected device density of states (PDDOS). The com-
plete set of results for bias voltages of 0, 0.5, and 1 V is presented
in Figs. S5, S6, and S7 of the supplementary material, respectively.
These figures maintain the same organizational layout as the pro-
vided transmission spectra data in the supplementary material. The
blue dashed lines at 0 V of PDDOS plots indicate the device’s
Fermi level. Similarly, for biased cases, the blue and green dashed
lines represent the Fermi levels of the right and left electrodes,
respectively. The results for a 6.5 nm device under different biases
are shown in Fig. 5. A strong correlation is observed between the
PDDOS pattern and the previously discussed transmission spectra.
Both diagrams for the devices in equilibrium conditions (0 V bias)
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depict a wide energy range around the Fermi level with low
PDDOS values, signifying the semiconducting nature of the Janus
Ge2PAs monolayer. Under a finite bias, a non-zero DOS emerges
within the bias window. Within this window, regions with the
highest DOS contribute most significantly to the overall transmis-
sion observed in the system, facilitating the current flow through
the device. The observed correlation between the higher transmis-
sion values and the increased electrode doping concentration can
be attributed to the corresponding rise in the DOS across the
device. This enhancement in the DOS directly influences the elec-
tronic behavior of the device. Moreover, the bias level effectively

amplifies the DOS within the bias window, further increasing the
availability of electronic states for transmission.

We proceeded to examine the I–V characteristics of the
modeled devices at 300 K. For these calculations, the applied bias
voltage was swept across two electrodes within the range of �1 to
+1 V, in increments of 0.1 V. To ensure computational efficiency
and convergence, the density matrix obtained from each previous
bias step was used as the initial guess for the subsequent calcula-
tion. The resulting I–V curves are presented in Figs. 6 and S10 of
the supplementary material. The I–V curves exhibit a noticeable
symmetry in the forward and reverse currents across various
applied bias voltages, consistent with the design of symmetrical

FIG. 4. Transmission spectra of devices with 6.5 nm channel length and
4:51� 1013, 1:35� 1014, and 2:25� 1014 cm�2 under 0, 0.5, and 1 V biases.
In the first row (0 V bias), red dashed lines indicate the Fermi level of the
devices. In biased cases, the red and green dashed lines represent the Fermi
levels of the right and left electrodes, respectively.

FIG. 5. Projected device density of states (PDDOS) of devices with 6.5 nm
channel length and 4:51� 1013, 1:35� 1014, and 2:25� 1014 cm�2 under 0,
0.5, and 1 V biases. In the first row (0 V bias), blue dashed lines indicate the
Fermi level of the devices. In biased cases, the blue and green dashed lines
represent the Fermi levels of the right and left electrodes, respectively.
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electrodes in the MSM configuration. However, an apparent devia-
tion is observed for the device with 3 nm channel length, which
exhibits significantly higher current levels. To elucidate this behav-
ior, we calculated the Hartree Difference Potential (HDP) and its
spatial derivative along the transport direction at a 0 V bias for all
device configurations, as provided in Figs. S8 and S13 of the
supplementary material. In the NEGF formalism, it is crucial for
the electrostatic potential to reach equilibrium and becomes flat
before reaching the electrode boundary. However, the shortest
device configuration does not satisfy this criterion. Furthermore,
while the HDP profile improves for devices with 4.5 nm channel
length, they still exhibit high current in the low bias region, which
deviates from the expected behavior for a semiconducting channel.
Consequently, it is determined that the shortest operable device
should have a channel length of 6.5 nm, aligning with typical

behavior observed in theoretical and experimental studies of MSM
devices.64,65 Furthermore, while the observed trends suggest a tran-
sition from coherent ballistic transport to electrostatic breakdown
governed by channel length and doping concentration, defining a
quantitative threshold remains challenging within the scope of the
coherent NEGF framework.

Additionally, increasing the electrode doping concentration
leads to considerable enhancement in the current values. This
result aligns with the Landauer–Büttiker formula, which suggests
that the magnitude of the current can be accurately calculated by
integrating the area of transmission spectra within the bias window.
The observed non-linearity in the I–V curves suggests that the elec-
trical behavior at the metal–semiconductor interface is predomi-
nantly governed by the SB. To provide additional insight, we
calculated the differential conductance, G ¼ dI=dV , for the 6.5 nm

FIG. 6. Computed I–V characteristic curves of Ge2PAs devices with increasing electrode doping concentration from left to right. The first row displays the I–V curves for a
channel length of 3 nm, the second row for 4.5 nm, and the third row for 6.5 nm.
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MSM device with an electrode doping concentration of
2:25� 1014 cm�2. As shown in Fig. S14 of the supplementary
material, the resulting dI/dV curve exhibits a minimum near zero
bias, indicating suppressed carrier injection due to the SB, followed
by a monotonic increase at higher biases. This trend is consistent
with enhanced tunneling and thermionic emission as the barrier
width and height are reduced with increasing bias. Such behavior

serves as a useful proxy for characterizing bias-dependent contact
resistance under ideal ballistic conditions. Additionally, for this
configuration, the off-state (Ioff ) and on-state (Ion) currents are cal-
culated to be 3:9� 10�11 and 1:9� 10�7 A, respectively, resulting
in an on/off ratio of �4.9 � 103, also illustrated in Fig. S15 of the
supplementary material. This level of performance is regarded as
adequate for applications, including low-power switching circuits,

FIG. 7. Schottky barrier heights of devices with 6.5 nm channel length under (a)–(c) 0, (d)–( f ) 0.5, and (g)–(i) 1 V bias.
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sensing devices, and early-stage prototype designs, where a moder-
ate on/off ratio combined with pronounced SB modulation can
provide sufficient signal contrast for device functionality.66–68

Finally, to address the possible impact of p-type doping, we
performed additional calculations using the longest device configu-
ration and the highest doping concentration. The results reveal that
the transport behavior under p-type doping is nearly identical to
that observed for n-type doping (Fig. S11 in the supplementary
material). This similarity extends to trends in the current magni-
tude and overall transport characteristics, which are in line with the
intrinsic properties of the material. As demonstrated in our previ-
ous study,35 the hole mobility of the 2D Ge2PAs is comparable to
its electron mobility along the high-mobility direction. This equiva-
lence in carrier mobility explains the observed similarities in trans-
port behavior between p-type and n-type doping scenarios.

To understand the role of the Schottky mechanism in devices
with 6.5 nm channel length, we analyzed how the SB height (SBH)
varies with the applied bias and doping concentration. Projected
local density of states (PLDOS) calculations were performed at zero
and finite bias voltages for different doping levels. PLDOS offers a
comprehensive view of the device band diagram, facilitating
detailed analysis of the SB. The SBH is determined by the energy
difference between the Fermi level of the metal and the conduction
band minimum (CBM) of the semiconductor at the metal–semi-
conductor interface. Under equilibrium conditions (zero bias), this
energy difference can be equivalently expressed as the difference
between the metal’s work function and the semiconductor’s elec-
tron affinity. When a bias is applied, the SBH is estimated by the
energy difference between the CBM of the metallic electrode and
the CBM of the semiconductor region.56 The complete set of
results is presented in Fig. S9 of the supplementary material and
Fig. 7, where the latter specifically highlights the conduction band
edges for a clearer depiction of the SBH values. Different colors
represent absolute values of the DOS, with the intensity increasing
from black to red, as indicated by the color bars on the right-hand
side.

Figures 7(a)–7(c) depict the PLDOS under equilibrium (zero
bias) conditions for varying doping levels. These results demon-
strate that increasing the electrode doping concentration leads to a
shift of the Fermi level (green dashed lines) toward higher energies
within the conduction band. However, the SBH itself remains unaf-
fected at zero bias. In contrast, the SBH increases with doping
under finite bias conditions, as shown in Figs. 7(d)–7(i) for voltages
0.5 and 1 V, respectively. For devices with low doping concentra-
tion, the SBH exhibits a decrease with increasing bias voltage. This
behavior facilitates easier transport of charge carriers across the
barrier. However, this trend is not observed at medium and high
doping levels. This can be attributed to narrowing of the depletion
region with higher doping, leading to more stable barrier height.69

Additionally, we found that for each bias value, the SB width
decreases with increasing doping concentration. Since tunneling
probability increases with reduced spatial distance, the higher
doping level of the electrodes leads to enhanced tunneling current.
Given the high current observed at elevated bias levels and the con-
current increase in SBH, which inhibits thermionic emission, it can
be inferred that tunneling becomes the dominant transport mecha-
nism as the bias voltage increases. It should also be noted that SB

height and width can be modulated by external factors, such as
strain engineering, which results in significant current enhance-
ment across all bias voltages, as demonstrated in Fig. S16 of the
supplementary material.

IV. CONCLUSION

In this study, we thoroughly investigated the electronic trans-
port properties of the 2D Janus Ge2PAs monolayer, demonstrating
its potential as a channel material in MSM (metal–semiconductor-
metal) devices. Our calculations revealed the distinct electronic
characteristics of the Janus Ge2PAs monolayer, including its aniso-
tropic, quasi-direct band structure and the negligible spin–orbit
coupling (SOC) effect. By simulating a range of electrode doping
concentrations and channel lengths, we systematically explored
their impact on device performance. The results indicate that a
minimum channel length of 6.5 nm is necessary for a device to
exhibit typical MSM behavior. Furthermore, the doping concentra-
tion of the electrodes significantly influences the current values.
Higher doping levels lead to enhanced currents due to an increased
density of states (DOS) and more efficient tunneling current facili-
tated by a reduced SB width. We further examined the SB height
(SBH) under different bias conditions and doping concentrations.
While the SBH remains constant at equilibrium with increased
doping, it increases under a finite bias, influencing charge carrier
transport. The dominance of tunneling current at higher biases
underscores the critical role of electrode doping in optimizing
device performance. This comprehensive analysis provides valuable
insights into the design and optimization of 2D Janus
Ge2PAs-based MSM devices. Our findings contribute to the
broader understanding of electronic transport in 2D materials and
pave the way for future experimental and theoretical investigations
in the field of nanoelectronics.

SUPPLEMENTARY MATERIAL

See the supplementary material for the electronic band struc-
ture of a Ge2PAs monolayer with SOC; the transmission spectra
and the projected density of states of devices of 3, 4.5, and 6.5 nm
channel length under 0, 0.5, and 1 V bias voltages; the projected
local density of states of devices with 6.5 nm channel length; I–V
characteristic curves for higher doping concentrations and p-type
doping; band structures and PDOS of undoped and n-type doped
Ge2PAs monolayers; Hartree difference potential and its derivative
along the transport direction; differential conductance as a function
of bias voltage; an on/off current ratio of 6.5 nm MSM device; and
PLDOS for the 6.5 nm MSM device under 4% tensile strain and
corresponding I–V characteristics.
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