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Cold metals have recently gained attention as a promising platform for innovative devices, such as
tunnel diodes with negative differential resistance (NDR) and field-effect transistors with subthreshold
swings below the thermionic limit. Recently discovered two-dimensional (2D) MA2Z4 (M = Ti, Zr, Hf,
Nb, Ta; A = Si, Ge; Z = N, P) compounds exhibit both cold-metallic and semiconducting behavior. In
this work, we present a computational study of lateral heterojunction tunnel diodes based on 2D NbSi2N4

and HfSi2N4 compounds. Employing density-functional theory combined with a nonequilibrium Green-
function method, we investigate the current-voltage (I -V) characteristics of lateral tunnel diodes with
varying barrier thicknesses in both zigzag and armchair orientations. We find that tunnel diodes in the
zigzag orientation exhibit significantly higher peak current densities, while those in the armchair orienta-
tion display larger peak-to-valley current ratios (PVCRs) compared to the zigzag orientation. Our findings
suggest that MA2Z4 materials are promising candidates for realizing NDR tunnel diodes with ultrahigh
PVCR values, which could have potential applications in memory, logic circuits, and other electronic
devices.
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I. INTRODUCTION

Negative-differential-resistance (NDR) tunnel diodes
offer unique functionalities and potential applications
when integrated within conventional complementary
metal oxide semiconductor (CMOS) transistors [1].
These include NDR-based multivalued logic gates, static
random-access memory (SRAM), magnetic random-
access memory, and low-power oscillators [2–4]. Exploit-
ing the NDR effect allows for logic and memory
architectures with reduced device count, higher speed, and
lower power consumption. For example, a tunnel SRAM
requires only one transistor and two NDR tunnel diodes,
instead of the six transistors in a conventional SRAM. This
results in a smaller footprint and lower power consumption
[4,5]. NDR diodes can be combined with CMOS transis-
tors to implement various logic gates, while the extension
to multivalued logic increases information density and
decreases system complexity [6–8].

The NDR effect has been demonstrated in a variety
of devices and circuits, with a focus on two-terminal
tunnel diodes, like Esaki diodes and resonant tunneling
diodes [9–12]. Esaki diodes, which operate via quantum
tunneling under forward bias, show NDR behavior. How-
ever, the application of these two-terminal NDR diodes
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faces challenges. They often have low peak-to-valley cur-
rent ratios (PVCRs), which are not suitable for memory
applications like tunnel SRAMs [11,13–15]. Additionally,
III-V semiconductors, which offer high PVCR, are diffi-
cult to integrate within current CMOS technology [16,17].
Research efforts have sought to enhance PVCR values over
100 through CMOS-compatible processes [4]. While some
NDR circuits show extremely high PVCR values, their
complex topology with multiple transistors makes them
unsuitable for memory applications [18–22].

Existing semiconductor-based NDR tunnel diodes suf-
fer from low PVCR values, which is attributed to the
band tail tunneling that originates from the strong doping
and dopant fluctuations [23–25]. To address this issue, we
recently proposed a new semiconductor-free NDR tunnel
diode concept with ultrahigh PVCR [26]. Our proposed
diode consists of two cold-metal electrodes separated by
a thin insulating tunnel barrier (see Fig. 1). The NDR
effect arises from the unique electronic band structure of
the cold-metal electrodes (see Fig. 2). A cold metal is
obtained when the metallic, i.e., partially filled, bands are
separated from all energetically higher- and lower-lying
bands by sufficiently large energy gaps. Specifically, the
width of the isolated metallic bands around the Fermi level,
as well as the energy gaps separating higher- and lower-
lying bands, determine the current-voltage (I -V) charac-
teristics and PVCR of the tunnel diode. By choosing the
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FIG. 1. (a) Schematic representation of lateral and vertical negative-differential-resistance tunnel diodes based on cold metals. CM
and I stand for cold metal and insulator, respectively. (b),(c) The I -V characteristics showing (b) conventional N-type and (c) �-type
NDR.

appropriate cold-metal electrode materials, either a con-
ventional N-type or �-type NDR effect can be achieved
as sketched in Figs. 1(b) and 1(c).

The intention of this paper is to computationally design
lateral heterojunction NDR tunnel diodes based on the
recently discovered family of two-dimensional (2D) mate-
rials known as MA2Z4 (where M = Ti, Zr, Hf, Nb, Ta;
A = Si, Ge; Z = N, P) [27]. These MA2Z4 compounds
provide an exceptional platform for realizing NDR tun-
nel diodes due to their closely matched lattice parame-
ters and composition, as well as their ability to exhibit
both cold-metallic and semiconducting properties within
the same material class [28]. This characteristic enables
the coherent growth of consecutive components within
the device, which naturally favors a lateral device geom-
etry [29]. Furthermore, we prefer a lateral heterojunction
design rather than the vertical counterpart, as a higher cur-
rent density can be expected, especially pronounced in
van der Waals 2D materials [30]. An additional benefit
of the MA2Z4 compounds is their superior strength and
mechanical stability compared to most monolayer semi-
conductors like MoS2 [28]. Additionally, the electronic

(a) (b) (c)

FIG. 2. Schematic illustration of the density of states (DOS)
depicting (a) a normal metal, (b) a semiconductor, and (c) a cold
metal. The symbols Eg , EI

g , and EE
g correspond to the band gap of

the semiconductor, as well as the internal and external band gaps
of the cold metal, respectively. The width of the metallic band for
the cold metal is designated by Wm. The Fermi level is denoted
by EF .

properties of MA2Z4 compounds are more resilient when it
comes to stacking. For example, the cold-metallic behav-
ior observed in MX2 (where M = Nb, Ta; X = S, Se, Te)
is typically limited to monolayers, disappearing after only
a few layers [31]. In contrast, MA2Z4 compounds maintain
this behavior even in their bulk phase.

II. COMPUTATIONAL METHOD

The computational design of the presented lateral het-
erojunction tunnel diodes is based on density-functional
theory (DFT) within the QuantumATK T-2022.03 pack-
age [32]. We used a linear combination of atomic
orbitals (LCAO) basis set (double-zeta-polarized) with
norm-conserving FHI (Fritz-Haber Institute) pseudopoten-
tials [33]. The exchange-correlation functional was rep-
resented by a generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE) flavor [34]. The
self-consistent DFT calculations are performed using
a 24 × 24 × 1 k-point grid with a density mesh cut-
off of 45 Hartree and the total energy converged to
at least 10−4 Hartree. To prevent interactions between
the periodically repeated images, 20 Å of vacuum were
added, and Dirichlet and Neumann boundary condi-
tions are employed. The transport calculations were per-
formed using DFT combined with a nonequilibrium
Green-function method (NEGF). We use a 24 × 1 × 184
(respectively 14 × 1 × 318) k-point grid in self-consistent
DFT-NEGF calculations of the lateral tunnel diodes along
the armchair (respectively zigzag) orientation.

The I -V characteristics were calculated within a Lan-
dauer approach [35], where I(V) = (2e/h)

∫
T(E, V)[fL

(E, V) − fR(E, V)] dE. Here V denotes the bias voltage,
T(E, V) are the transmission coefficients, and fL(E, V)

and fR(E, V) are the Fermi-Dirac distributions of the left
and right electrodes, respectively. The temperature was
kept at T = 300 K throughout all calculations. The trans-
mission coefficients T(E, V) for the lateral tunnel diodes
along the armchair (respectively zigzag) orientation are
calculated using a 255 × 1 (respectively 147 × 1) k-point
grid; convergence tests can be found in the Supplemental
Material [36].
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III. RESULTS AND DISCUSSION

In Fig. 1 we present schematically the structures of the
lateral and vertical NDR tunnel diodes and the correspond-
ing I -V characteristics. The concept of the cold-metal NDR
tunnel diode was previously introduced by us in Ref. [26],
and thus only a brief overview of the device will be given
subsequently. Our NDR tunnel diode consists of two cold-
metal electrodes, which are separated by an insulating
tunnel barrier. The schematic density of states (DOS) of
a cold metal is presented in Fig. 2 and compared with the
DOS of a conventional metal and a semiconductor. As seen
in the schematic DOS cold-metallic materials possess a
unique band structure that has an isolated metallic band
Wm around the Fermi level as well as energy gaps separat-
ing higher- and lower-lying states. The latter is referred to
as the internal gap EI

g (below the Fermi level) and external
EE

g (above the Fermi level). These three electronic struc-
ture parameters play a decisive role in determining the I -V
characteristics of the tunnel diode and the type of the NDR
effect [see Fig. 1(b)]. A conventional N-type NDR effect
is expected if these three parameters Wm, EI

g , and EE
g are

close to each other. On the other hand, the tunnel diode
will show a �-type NDR effect if Wm � EI

g ∼ EE
g .

To design lateral NDR tunnel diodes, we first performed
a material screening within the MoSi2N4 compound fam-
ily, specifically focusing on the cold-metallic and semi-
conducting compounds, which are listed in Table I. Our
selection criteria for materials included cold-metal elec-
trode materials with large internal (EI

g) and external (EE
g )

band gaps relative to their metallic band widths (Wm). For
tunnel barriers, we chose materials with large band gaps
(Eg) and work functions that matched those of the cold-
metallic compounds. In Table I, we provide the lattice
parameters, work functions, band gaps (EI

g , EE
g , Eg), and

band widths for all the selected compounds. As presented,

TABLE I. Lattice constant a0, work function �, band gap Eg ,
internal gap EI

g , external gap EE
g , and metallic bandwidth Wm of

cold-metallic and semiconducting MA2Z4 (M = Nb, Ta, Ti, Zr,
Hf; A = Si, Ge; Z = N, P) monolayers. Lattice parameters are
taken from Ref. [28]. The band gap of HfSi2N4 calculated within
the GGA + U method is given in parentheses.

Compound a0 � Eg EI
g EE

g Wm

(Å) (eV) (eV) (eV) (eV) (eV)

NbSi2N4 2.97 5.62 1.01 1.74 1.33
NbGe2N4 3.08 5.69 0.92 1.21 1.16
NbSi2P4 3.53 4.52 0.01 0.52 1.26
TaSi2N4 2.97 5.47 1.16 1.41 1.56
TaGe2N4 3.08 5.51 1.16 0.98 1.25
TaSi2P4 3.53 4.45 0.00 0.27 1.51
TiSi2N4 2.94 6.08 1.54
ZrSi2N4 3.04 5.94 1.46
HfSi2N4 3.03 5.92 1.61 (1.84)

(a) (b)

FIG. 3. Calculated PBE band structure of monolayer NbSi2N4
and PBE + U band structure of HfSi2N4 along the high-symmetry
lines in the 2D Brillouin zone. The dashed black lines denote the
Fermi level, which is set to zero. The isolated metallic band of
the NbSi2N4 is highlighted in blue.

all the cold-metal compounds under consideration, with
few exceptions, have either internal or external band gaps
smaller than their corresponding band widths, indicating
that tunnel diodes based on these materials would exhibit
the conventional N-type NDR effect.

Among the screened materials, we selected NbSi2N4 as
the cold-metal electrode and HfSi2N4 as the tunnel bar-
rier for our lateral tunnel diode simulations. The calculated
electronic band structures of these materials are presented
in Fig. 3. As all members of the 2D MoSi2N4 compound
family belong to the trigonal P6m2 (#187) space group,
the bands are shown along the high-symmetry points of the
related hexagonal Brillouin zone. The monolayer NbSi2N4
possesses internal and external band gaps of 1.01 and
1.74 eV, respectively, while its metallic band width is 1.33
eV within DFT-PBE. The tunnel barrier HfSi2N4 has a
band gap of 1.61 eV within DFT-PBE. Note that DFT-PBE
underestimates the band gap of semiconductors and insu-
lators, as well as cold metals, including cold metals such
as MX2 (M = Nb, Ta; X = S, Se, Te) compounds [37,38].
To improve the band gap of the tunnel barrier HfSi2N4, we
employed a PBE + U method with a U value of 8 eV for the
d orbitals of Hf in the transport calculations (see Table I).

In Fig. 4, we show the atomic structure of the lateral
tunnel diode, which is formed by attaching one mono-
layer of cold metal NbSi2N4 as the left and right electrodes
and one monolayer of HfSi2N4 as the tunnel barrier. We
consider both armchair and zigzag directions as the trans-
port direction for the tunnel diodes, which we will refer
to as armchair and zigzag tunnel diodes, respectively. The
device is periodic in the x direction, and we choose the
z direction as the transport direction. Since the lattice
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FIG. 4. Schematic illustration of the atomic structure of the NbSi2N4/HfSi2N4/NbSi2N4 lateral heterojunction tunnel diode device
in armchair orientation. The tunnel barrier width is 21 Å. Different atomic components are represented by distinct colors.

constants of the electrode and tunnel barrier materials are
slightly different (less than 2% mismatch, see Table I) for
both directions, the tunnel barrier adopts the in-plane (x
direction) lattice constant of the electrode material, and its
lattice constant along the transport direction (z direction)
is relaxed. The tunnel barrier thicknesses are chosen to
be about 21 and 30 Å for both armchair and zigzag tun-
nel diodes. The total length of the scattering region ranges
from 81 to 90 Å.

In Fig. 5, we present the calculated I -V curves for tun-
nel diodes with tunnel barrier widths of 21 and 30 Å, for
both armchair (black lines) and zigzag (red lines) direc-
tions. A maximum bias voltage of 1.5 V was chosen. We
report a conventional N-type NDR effect in both transport
directions with a valley voltage VV of approximately 1.25
V, which is primarily set by the metallic band width of the
cold-metal electrodes (see Table I). Besides this similar-
ity, the I -V curves of the armchair and zigzag directions
exhibit distinct behavior. In the armchair case, the peak
current IP (cf. Fig. 2 )is achieved at very low bias volt-
ages of about 0.2 V, while in the zigzag case it appears
at higher bias voltages of V > 0.7 V. These details can be
directly attributed to the overlap of contributing electronic
states of the left and right cold metal electrodes in different

areas of the Brillouin zone. The mentioned overlaps differ
for armchair- and zigzag-oriented tunnel diodes, resulting
in the I -V curves presented in Fig. 5.

In a first approximation, the spin-independent trans-
mission through an insulating barrier of width d at zero
bias is T(kz, E) = tL(kz, E) exp[−2κ(kz, E)d]tR(kz, E) [39].
Here tL(kz, E) and tR(kz, E) are the interface transmission
functions of the left and right metallic leads, respec-
tively. Assuming perfect symmetry matching of the wave
functions at the interfaces, the product tL(kz, E)tR(kz, E)

coincides with the joint density of states of left and right
electrodes. The remaining factor involves the exponential
decay length 1/κ(kz, E) of the wave function within the
insulating barrier. The latter is directly connected to the
complex band structure E(kz + iκ) of the barrier, which
will be discussed later in this paper. We introduce further
insights on the specific structure of the I -V curves maxima
via the energy- and state-resolved transmission, as well
as projected interface band structures in the Supplemental
Material [36].

From Fig. 5 we furthermore identify vanishing valley
current in a rather large bias voltage interval of 1.0 to 1.3 V
for armchair tunnel diodes at both barrier thicknesses. We
note that this is in contrast to conventional Esaki diodes,

PVCR ≈ 10³
PVCR ≈ 500

PVCR ≈ 10⁵
PVCR ≈ 500

I (
µA

/µ
m

)

Bias Voltage (V)

Å Å

ÅÅ

Bias Voltage (V)

(a)

I (
µA

/µ
m

)

(b)

FIG. 5. (a) Calculated room-temperature current-voltage characteristics for the NbSi2N4/HfSi2N4/NbSi2N4 lateral heterojunction
tunnel diode with 21-Å tunnel barrier in both armchair and zigzag orientations. (b) The same as panel (a) for a tunnel barrier length
of 30 Å.
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where a vanishing valley current is barely obtainable. For
the zigzag tunnel diodes, the transition from the NDR to
second positive differential resistance (PDR) takes place
in a very narrow voltage window. Note that for the first
PDR and NDR regions the current is formed by intraband
tunneling, i.e., from the single Nb d band in the NbSi2N4
electrodes, while in the second PDR region, the current is
due to interband tunneling.

The most striking difference is the absolute value of the
peak current density in both device geometries. The maxi-
mum current density of the armchair tunnel diode located
close to 0.25 V is noticeably smaller than the peak current
density of the zigzag tunnel diode located at V > 0.7 V.
In particular, we find a current density ratio of Izz/Iarm ≈ 4
for the shorter 21-Å device and Izz/Iarm ≈ 40 for the longer
30-Å device. This difference can be readily explained with
the help of the complex band structure E(kz + iκ), whereas
κ = Im kz. The latter is displayed for the tunnel barrier
material HfSi2N4 for both device orientations in Fig. 6.

We recall that the transmission T(kz, E) = tL(kz, E) exp
[−2κ(kz, E)d]tR(kz, E) through an insulating barrier is, to
a good approximation, dependent only on the available
state overlap of the left and right electrodes, their inter-
face symmetry matching, and the exponential decay length
1/κ(kz, E) within the insulating barrier. It is worth men-
tioning that, in the case of the orthorhombic transport
geometry of the explicit diode devices, the available states
of the electrodes as well as barrier material within the range
of the applied bias voltages consist only of A′ and A′′ sym-
metry characters of the C1h group, i.e., states symmetric or
antisymmetric with respect to reflection through the Hf/Nb
mirror plane [40,41]. As a consequence, there is almost no
state filtering at the interface and the electronic transport

can be well understood by an analysis of the complex band
structure. Obviously states with a small imaginary part κ

will have the weakest decay within the HfSi2N4 barrier and
will dominate the contribution to the transmission, i.e., the
current density.

From Fig. 6 it is seen that the fundamental band gap for
real-valued kz is bridged by loops with imaginary-valued
κ = Im kz. Comparing the complex band structures of the
zigzag- and armchair-oriented barrier materials, we imme-
diately conclude that a single loop will dictate the transport
in the zigzag geometry, while a combination of at least two
crossing loops will describe the tunneling in the case of
the armchair geometry. In all cases, imaginary loops have
to connect real-valued kz of the same symmetry character
[42]. The fact that an imaginary loop in the zigzag direction
is considerably smaller than one in the armchair direction
directly reflects the reduced size of the current densities
shown in Fig. 5. For simplicity we let E = EF and we find
minimal values of κzz ≈ 0.22 1/Å and κarm ≈ 0.32 1/Å
for the mid-gap states. Approximating the current den-
sity by I ≈ exp[−κ(kz = 0, EF)d], we will obtain ratios of
Izz/Iarm ≈ 8 for the shorter 21-Å device and Izz/Iarm ≈ 20
for the longer 30-Å device, which is in excellent qualitative
agreement with the results of our full NEGF calculations
presented in Fig. 5. Because of the evanescent nature of
the states, the ratio Izz/Iarm will naturally increase for larger
barrier widths.

While the peak current density in zigzag tunnel diodes
is notably higher, it is essential to note that these exhibit
smaller PVCR values. The PVCR values obtained for
both tunnel barrier thicknesses are approximately 500. In
contrast, for armchair tunnel diodes, the PVCR values
are significantly higher, reaching 103 and 105 for tunnel

(b)(a)

Re kz (1/Å) Im kz (1/Å) Re kz (1/Å) Im kz (1/Å)

FIG. 6. The left-hand panels show the complex band structures of the barrier material HfSi2N4 in the (a) armchair and (b) zigzag
directions. The corresponding right-hand panels show the imaginary parts κ = Im kz of the, in general complex, wave vector kz . The
color bar reflects the value of the real part of kz , i.e., purple bands indicate imaginary bands of the first kind with Re kz = 0; yellow
bands correspond to imaginary bands of the second kind with Re kz = max, and all other colors refer to complex bands with Re kz �= 0
and Im kz �= 0.
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barriers of 21 and 30 Å, respectively. These findings high-
light the trade-off between peak current density and PVCR,
and the unique characteristics of armchair and zigzag tun-
nel diodes for diverse applications. We note that these
PVCR values are order of magnitudes higher than found
in conventional Ge-based NDR diodes (PVCR ≈ 2–10),
in CaF2-based NDR diodes (PVCR ≈ 100) [1], or even in
MoS2 homojunctions with a PVCR ≈ 200–400 [30].

We want to emphasize that the choice of pseudopoten-
tials and basis sets can be crucial in the evaluation of the
complex band structure and thus of the related I -V charac-
teristics within the LCAO-NEGF formalism. One should
pay attention to the vertical complex bands appearing with
an almost constant decay length 1/κz over a wide energy
range, e.g., the imaginary band of second kind at κ =
Im kz ≈ 0.35 1/Å in the case of zigzag orientation shown
in Fig. 6(b). These spurious states, referred to as ghost
or phantom modes, are associated with virtual molecular
orbitals of the barrier area and might lead to an inaccu-
rate description of the tunneling [43]. Interestingly, the
ghost modes are an apparently unavoidable consequence of
large numerical basis sets, so an alleged increase in com-
putational accuracy might increase the number of ghost
states [43]. A separation of ghost modes and true com-
plex band structure modes is challenging. In our case, the
ghost states do have large κ , are heavily damped, and thus
contribute only negligibly to the transport. Generally, they
may exhibit very slow decay and can dominate the trans-
port, leading to fundamental qualitative and quantitative
errors. We suggest using the complex band structure and its
validity concerning the ghost states as a first test before the
computationally demanding Landauer approach is applied.

The I -V characteristics and high PVCR values reported
for the tunnel diodes are based on the assumption of
coherent tunneling transport. This means that mecha-
nisms like electron-electron scattering or electron-phonon
scattering are not included in the calculations. Electron-
phonon scattering is a well-known dissipation mecha-
nism, particularly efficient in 2D semiconductors com-
pared to three-dimensional ones [44]. It can influence
current flow in devices based on 2D materials [45].
While software packages like QuantumATK can include
electron-phonon scattering, the computational cost is sig-
nificant and often limited to very simple models [46].
Therefore, for our presented tunnel diodes, such detailed
simulations are currently not practical. Consequently, the
peak current in Fig. 5 and the PVCR obtained here rep-
resent upper limits within the coherent tunneling frame-
work. Introducing inelastic scattering mechanisms, like
electron-phonon interactions, is expected to modify the I -V
characteristics. This would likely decrease the peak cur-
rent and increase the valley current, resulting in a lower
PVCR value. It is important to note that other factors,
such as defects, interface atomic mixing, and interactions
with surrounding materials, can also influence the I -V

characteristics. However, the overall trends observed in the
I -V curves are expected to remain largely unchanged.

Finally, we discuss the anticipated I -V characteristics
of tunnel diodes based on other cold metals listed in
Table I. As mentioned, the N-type NDR effect is expected
to be common in tunnel diodes using these materials. For
example, TaSi2N4, which is isoelectronic to NbSi2N4, is
expected to exhibit qualitatively similar I -V curves. How-
ever, quantitative differences, such as peak current density,
valley voltage, and valley current, are likely due to the
larger metallic band width (Wm) and slightly smaller inter-
nal and external band gaps of TaSi2N4. Similarly, Ge-based
compounds are expected to exhibit analogous I -V char-
acteristics. On the other hand, tunnel diodes based on
P-containing compounds like NbSi2P4 may exhibit signif-
icantly smaller PVCR values, primarily due to the vanish-
ing internal band gap in these compounds. This insight into
the expected behavior of tunnel diodes based on various
cold metals offers a glimpse into the diverse possibilities
for tailoring their performance in electronic applications
and underscores the role of material properties in shaping
device behavior.

IV. CONCLUSIONS

In conclusion, our computational investigation of pro-
totype lateral heterojunction tunnel diodes unveils the
remarkable potential of cold-metallic MA2Z4 (M = Nb, Ta;
A = Si, Ge; Z = N, P) compounds for harnessing the NDR
phenomenon with very high PVCR values orders of mag-
nitude higher than in conventional NDR tunnel diodes. By
considering the exemplary cold metal NbSi2N4 as the pro-
totype electrode material and HfSi2N4 as the tunnel barrier,
our calculations consistently demonstrate the achievement
of N-type NDR behavior in both armchair- and zigzag-
oriented tunnel diodes. Moreover, our findings reveal
intriguing differences between these orientations. Zigzag-
oriented tunnel diodes exhibit significantly higher peak
current densities, indicating their potential for high-speed
electronic applications, while armchair-oriented diodes
achieve very high PVCR values. This duality in perfor-
mance highlights the versatility of MA2Z4 materials and
their promising role in enabling future electronic devices
with enhanced functionality and efficiency. Our findings
not only broaden our understanding of the NDR effect
in cold-metal-based heterojunction tunnel diodes, but also
pave the way for exciting new directions in materials
engineering for next-generation electronics.
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[26] E. Şaşıoğlu and I. Mertig, Theoretical prediction of
semiconductor-free negative differential resistance tunnel
diodes with high peak-to-valley current ratios based on two-
dimensional cold metals, ACS Appl. Nano Mater. 6, 3758
(2023).

[27] Y.-L. Hong, Z. Liu, L. Wang, T. Zhou, W. Ma, C. Xu,
S. Feng, L. Chen, M.-L. Chen, D.-M. Sun et al., Chemi-
cal vapor deposition of layered two-dimensional MoSi2N4
materials, Science 369, 670 (2020).

[28] Y. Yin, Q. Gong, M. Yi, and W. Guo, Emerging versatile
two-dimensional MoSi2N4 family, Adv. Funct. Mater. 33,
2214050 (2023).

[29] N. Ichinose, M. Maruyama, Z. L. Takato Hotta, R. Canton-
Vitoriaa, S. Okada, F. Zeng, T. T. Feng Zhang,
K. Watanabe, and R. Kitaura, Two-dimensional atomic-
scale ultrathin lateral heterostructures, arXiv:2208.
12696v2.

[30] A. V. Bruce, S. Liu, J. N. Fry, and H.-P. Cheng, Insights
into negative differential resistance in MoS2 Esaki diodes:
A first-principles perspective, Phys. Rev. B 102, 115415
(2020).

[31] N. F. Hinsche and K. S. Thygesen, Electron–phonon inter-
action and transport properties of metallic bulk and mono-
layer transition metal dichalcogenide TaS2, 2D Mater. 5,
015009 (2017).

[32] S. Smidstrup, T. Markussen, P. Vancraeyveld, J. Wellen-
dorff, J. Schneider, T. Gunst, B. Verstichel, D. Stradi,
P. A. Khomyakov, U. G. Vej-Hansen et al., Quantu-
mATK: An integrated platform of electronic and atomic-
scale modelling tools, J. Phys: Condens. Matter 32, 015901
(2020).

[33] N. Troullier and J. L. Martins, Efficient pseudopoten-
tials for plane-wave calculations, Phys. Rev. B 43, 1993
(1991).

[34] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gra-
dient Approximation Made Simple, Phys. Rev. Lett. 77,
3865 (1996).

014004-7

https://doi.org/10.1002/advs.202004216
https://doi.org/10.1109/TED.2017.2742500
https://doi.org/10.1109/5.752516
https://doi.org/10.1109/LED.2004.833845
https://doi.org/10.1103/PhysRev.109.603
https://doi.org/10.1147/rd.141.0061
https://doi.org/10.1063/1.3684834
https://doi.org/10.1103/PhysRevB.102.115415
https://doi.org/10.1063/1.3633347
https://doi.org/10.1049/el:19990728
https://doi.org/10.1021/nl2035964
https://doi.org/10.1063/1.108451
https://doi.org/10.1109/55.311133
https://doi.org/10.1063/1.1690109
https://doi.org/10.1109/TED.2009.2014194
https://doi.org/10.1049/el:20070039
https://doi.org/10.1109/LED.2003.817374
https://doi.org/10.1002/aelm.202101314
https://doi.org/10.1063/1.4994112
https://doi.org/10.1109/JEDS.2018.2834825
https://doi.org/10.1063/5.0008709
https://doi.org/10.1021/acsanm.2c05478
https://doi.org/10.1126/science.abb7023
https://doi.org/10.1002/adfm.202214050
https://arxiv.org/abs/2208.12696v2
https://doi.org/10.1103/PhysRevB.102.115415
https://doi.org/10.1088/2053-1583/aa8e6c
https://doi.org/10.1088/1361-648X/ab4007
https://doi.org/10.1103/PhysRevB.43.1993
https://doi.org/10.1103/PhysRevLett.77.3865
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