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We have explored the potential of nanoscale vacuum channel transistors that utilize the edges of tran-

sition-metal dichalcogenides (TMDCs) as field emitters for high-frequency applications. The angstrom-

scale thickness of monolayer TMDCs in a two-dimensional structure induces a strong field enhancement

effect at the edge, facilitating cold emission. Additionally, their semiconducting nature enables control of

the emission current by adjusting the tunneling barrier height through Fermi level control via the gate

structure. We analyzed the field emission properties of monolayer TMDCs (MoS2, MoSe2, and WS2), exam-

ining their current–voltage characteristics based on Fowler–Nordheim theory within a three-terminal

vacuum channel transistor system. In this configuration, the emitter is aligned towards the drain electrode,

parallel to the substrate, and the carrier dynamics were investigated in detail within the TMDC channels.

We further calculated the screening effect induced by gate bias modulation, taking into account the

extent of the monolayer TMDC edge protrusion into the vacuum channel. Additionally, we studied the

distinctive modulation of the field enhancement factor, which can be adjusted through gate bias control.

Finally, under a source–drain bias of 100 V, the transistors demonstrated both cutoff and maximum oscil-

lation frequencies in the sub-terahertz to terahertz range, confirming their high-frequency operational

potential.

1 Introduction

Due to the field emission enhancement stemming from their
angstrom-scale thickness, two-dimensional materials such as
graphene and transition metal dichalcogenides (TMDCs) have
attracted significant interest as field-emission cathodes, with
extensive research conducted on these materials owing to their
unique structural and electronic properties.1–17 In particular,
TMDCs such as MoS2, MoSe2, and WS2 exhibit strong emission
characteristics along with a wide range of band gap energies,
making them highly promising for various vacuum appli-
cations. Several studies have shown the field emission charac-
teristics of TMDCs. For example, MoS2 nanostructures—such
as single to multi-layer flakes,18–22 vertically aligned sheets,23

and nanoflowers24,25—demonstrate field emission properties
comparable to those of carbon-based materials like diamond
and graphene. Similarly, MoSe2-based emitters show strong
potential for field emission due to their high electron mobility,
adaptable energy gap, and favourable optoelectronic
characteristics.26–28 Meanwhile, WS2 in 2D nanosheet forms,29

rolled sheet arrays,30 and heterostructures31 exhibits stable

field emission due to its low band gap energy, minimal dan-
gling bonds, and mechanical stability. Various TMDCs display
a range of field emission behaviours, yet all demonstrate
stable electron emission, indicating robust potential for indus-
trial applications.

Although graphene, as a structurally similar 2D material,
offers outstanding carrier mobility, the high-frequency per-
formance of nanoscale vacuum transistors depends on more
than just emitter mobility. In such devices, structural factors—
particularly the advantages of the vacuum channel—play a
critical role. These include low parasitic capacitance and inher-
ently high output resistance, which can be fully exploited
when the vacuum channel is properly engineered. TMDC-
based emitters, therefore, present a compelling alternative.
Unlike gapless graphene, TMDCs possess a finite band gap,
which helps suppress off-state leakage current and enhances
switching characteristics. Moreover, their superior thermal
and chemical stability32 enables sustained and reliable elec-
tron emission, making them well-suited for advanced vacuum
electronic applications.

Due to their semiconducting nature, TMDCs’ work function
can be controlled, as their Fermi levels are a function of
dopants and surface electric field. This allows the modulation
of field emission currents through a metal–oxide-semi-
conductor (MOS) structure by altering the Fermi level at the

Department of Electrical Engineering, Pohang University of Science and Technology

(POSTECH), Pohang 37673, Korea. E-mail: bdkong@postech.ac.kr

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 18593–18604 | 18593

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 2
:1

1:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0002-6305-1302
http://orcid.org/0000-0003-4733-7033
http://orcid.org/0009-0006-7031-3901
http://orcid.org/0009-0007-5648-9182
http://orcid.org/0000-0003-4072-4399
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nr00656b&domain=pdf&date_stamp=2025-08-08
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr00656b
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017032


emission tip via a gate-induced surface field. This approach
differs from traditional field emission devices, where the gate
potential indirectly affects the electric field at the TMDC emis-
sion tip. Due to the screening of the mobile carriers, the effect
of this perpendicular electric field on the TMDC surface
diminishes within Debye’s screening length. As such, with the
TMDC edge placed within the screening length from the gate,
the work function at the field emission edge can be directly
modulated by the gate-induced surface field.

Herein, we explored the control of field emission at the
edges of monolayer TMDC emitters (MoS2, MoSe2, and WS2)
through a gate structure placed on top of the TMDCs. Using
the developed simulator which can collectively handle the
field emission from the TMDC edges and the carrier transport
in TMDC channel, we calculated the operational character-
istics of vacuum channel transistors employing TMDC emitters
under various structural and bias conditions. Specifically,
their intriguing current–voltage characteristics, frequency
response, and screening effects under various conditions were
analysed to reveal a distinctive dynamic modulation of the
field enhancement factor in semiconductor-based emitters.

2 Vacuum device modelling
2.1 Theoretical background

Fig. 1(a) shows the schematic diagram of the vacuum channel
transistor using a TMDC emitter with the direct work function
modulation scheme. The device structure consists of a mono-
layer TMDC layer laid parallel to the surface of the substrate.
One side of the layer is connected to the source electrode.
Furthermore, as the configuration, scale, and functionality are
similar to those of typical field effect transistors (FETs), the
same naming conventions are used in the following. A gate
electrode that modulates the emission current is vertically sep-
arated by an insulating dielectric from the TMDC surface.
Toward the drain electrode beyond the gate, the TMDC pro-
trudes into the vacuum channel, revealing its edge. This pro-
truded TMDC edge (PTE), with a length LPTE, functions as the
field emitter (cathode) for the vacuum channel in the device
structure. The Fermi energy level (εF) and carrier density
beneath the gate are modulated by the gate bias. Provided that
the PTE is placed within the screening length, the εF at the
PTE also changes under the gate bias modulation. Because the
work function, defined as the energy difference between εF
and the vacuum level (εvac), governs the field emission tunnel-
ing barrier height, adjusting the gate bias enables effective
control of electron emission at the PTE.

The distinctive 2D geometry of TMDCs is the key enabling
factor for nanoscale field emission devices based on TMDC
edges. As illustrated in Fig. 1(b), the field enhancement effect
in the atomically thin edges induces bending of the vacuum
energy levels near the edges, which significantly reduces the
width of the potential barrier for quantum tunneling from
TMDCs to vacuum. One can expect exponentially increased
tunneling probabilities according to the Fowler–Nordheim

(FN) theory due to the field enhancement effect. The emitted
electrons are accelerated by the applied electric field from the
drain, ultimately reaching it. As such, the operational principle
proposed in this study involves using a gate positioned on the
TMDC channel to modulate the Fermi level at the TMDC edge,
thereby indirectly controlling the emission current, a mecha-
nism that differs from that of conventional solid-channel
FETs. In a typical MOSFET, carriers flow through a solid
channel composed of semiconductor material from a source to
a drain.

One of the advantages of this device scheme is that it
allows all the necessary components to be confined within the
nanometer scale. In a typical vacuum channel transistor, the
gate is positioned between the anode and the cathode. In such
a cathode−gate−anode structure, enhancing field emission
requires reducing the length of the vacuum channel, which
inevitably necessitates a reduction in the length of the gate as
well.33 This can consequently lead to several issues, such as
increased resistance and a more complex fabrication process.
In contrast, the device structure utilizing the direct work func-
tion modulation completely excludes the gate from the path of
traveling electrons in the vacuum channel, thereby strongly

Fig. 1 (a) Schematic of the studied vacuum channel FET with TMDC
edge emitters. (b) Illustration of device operation. Variation in gate
potential across the metal–insulator–TMDC structure modulates the
Fermi level near the TMDC edge, enabling control of field emission
characteristics. Dimensions and parameters are summarized in Table 1.
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suppressing the electromagnetic influence on the behavior of
emitted electrons. In particular, in conventional vacuum
channel transistors, emitted electrons are naturally attracted to
the gate, leading to gate leakage. However, in the proposed
devices, this leakage issue is fundamentally prevented.

To simulate the operation of the device with a hetero-
geneous carrier channel comprising a TMDC layer and a
vacuum, multiple governing equations specific to each region
of the device were coupled with the Poisson equation to model
the potential distribution across the simulation domain. These
nonlinearly coupled equations were solved numerically using
an iterative approach, dynamically calculating current den-
sities in each region alongside all parameters necessary to
compute emission via tunneling. The simulation relied on two
key assumptions. First, the current density, J, accounts for
emission from all surfaces of the TMDC emitter exposed to the
vacuum channel, including the PTE. Second, due to the nano-
scale dimensions of the vacuum channel and the parallel elec-
tric field distribution formed near the drain electrode, elec-
tron–electron Coulomb repulsion among emitted electrons
was neglected. Additionally, the proximity of the gate and
drain electrodes introduces the possibility of tunneling from
the gate electrode under very high electric fields. However, this
contribution was found to be negligible compared to the
overall tunneling current across tens of nanometers in the
vacuum channel. The details of the simulation schemes are
further elaborated in the following sections.

2.2 Transport in TMDCs

The carrier dynamics in the TMDC layers were described by
numerically solving the current-density, continuity, and
Poisson equations, while incorporating the unique features of
2D crystals, such as the density of states (DOS) specific to two-
dimensional semiconductors.4 The DOS of TMDCs can be
determined by considering the spin degeneracy and valley
degeneracy in each band. Generally, the conduction band of
TMDCs has a spin degeneracy of two due to the relatively weak
spin–orbit coupling, and a valley degeneracy of two resulting
from the two valleys (K and K′) in the first Brillouin zone. The
valence band also has the same valley degeneracy. However,
due to the strong spin–orbit coupling in the valence bands,
the spin degeneracy is reduced to one.34–36 As such, the DOS
of both bands are expressed as:

ge ¼ 2m*
e

πℏ2 ð1� 1Þ

gh ¼ m*
h

πℏ2 ; ð1� 2Þ

where m*
e and m*

h are the effective masses of electrons and
holes, and ħ is the reduced Planck’s constant.

The electron concentration (n) and hole concentration (p)
can be found using:

n ¼
ð1
εC

gef ðεÞdε ¼ NeF 0ðηFÞ ð2� 1Þ

p ¼
ðεV
�1

gh 1� f ðεÞ½ �dε ¼ NhF 0ð�ηFÞ; ð2� 2Þ

where f (ε) is the Fermi–Dirac distribution. Ne and Nh are the
effective sheet densities of electrons and holes, which are
given by

Ne ¼ 2m*
ekBT
πℏ2 ð3� 1Þ

Nh ¼ m*
hkBT
πℏ2 ð3� 2Þ

F 0ð+ηFÞ is the zeroth order complete Fermi–Dirac integral,
which is given by

F 0ð+ηFÞ ¼
1

Γð1Þ
ð1
0

u0

1þ e+ηFeu
du ¼ ln ð1þ e+ηFÞ; ð4Þ

where Γ is the gamma function. ηF is the normalized energy
referenced to εF, which is given by

ηF ¼ εF � ε

kBT
ε ¼ εC for n
ε ¼ εV for p

�
; ð5Þ

where εC and εV represent conduction band minimum and
valence band maximum respectively. Here, kB is the
Boltzmann constant and T is the temperature in absolute
units.

The quasi-Fermi levels were not assumed separately for
electrons and holes, as the high radiative recombination rate
in TMDCs (10−9–10−10 cm3 s−1), attributed to strong coulomb
interactions, direct bandgap transitions, and short carrier life-
times, ensures that electron and hole populations remain
closely coupled.4,37,38 This rapid recombination prevents sig-
nificant quasi-Fermi level splitting, allowing the system to be
described effectively using a single Fermi level.

In a typical calculation, the Fermi–Dirac distribution can be
approximated by the Maxwell–Boltzmann distribution pro-
vided that εF is within an appropriate energy level range
(approximately between εV + 3kBT and εC − 3kBT ) and at low
carrier densities. However, in our TMDC emitter calculations,
the expected range of εF exceeds the εC value (especially at the
PTE) or involves high carrier densities, where such an approxi-
mation becomes inadequate. Thus, the Fermi–Dirac distri-
bution function was used for all calculations.

2.3 Field emission and vacuum region

The charge transport through the vacuum channel was
modeled using FN tunneling theory (and the direct tunneling
model of the Simmons tunneling model),39–41 which was then
coupled with the current flowing through the TMDC layer
using the charge and the continuity relations. In the FN tun-
neling equation, J is given by

J ¼ ηa
ðβEÞ2
ϕ

exp �b
ϕ

3
2

βE

 !
ð6Þ

Here, a and b are constants (a = 1.54143 × 10−6 A eV V−2, b =
6.83089 × 103 V eV−3/2 μm−1), but the geometric efficiency
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factor (η), field enhancement factor (β), electric field (E), and
the work function (ϕ) of the PTE are dynamic factors, which
can only be approximated as constants in a macroscopic paral-
lel plate configuration. However, this may lead to inaccurate
results, as evidenced by the wide variation in β at the edges of
TMDCs from the literature. The values of β range from a few to
several thousand, with such inconsistencies attributable to
many dynamic factors, including electrode configurations and
bias conditions.25,30,42–44

Consequently, in our simulations, β and η were numerically
evaluated during the iterative procedures until they converged.
More specifically, β was estimated by evaluating the derivatives
of the electric potentials at each node, and η was taken into
account by considering the emission current from each node
through the relations among the neighboring meshes sur-
rounding the PTE, while setting η = 1. Furthermore, since the
current-density, continuity, and Poisson equations were
solved, E and ϕ were naturally treated dynamically.

3 Results
3.1 Emission current modulation and electronic properties

The details of the simulated device structure and parameters
are summarized in Table 1. The dimensions listed in Table 1
reflect a layout optimized for frequency response within the
bounds of available resources. Specifically, vacuum channel
length (Lvac) primarily influences both output resistance and
gate–drain capacitance, while the length of PTE (LPTE),
together with Lvac, governs changes in the edge-state profile
induced by gate bias, thus strongly affecting transconductance.
Parameters such as oxide thickness (TOX), oxide length (LOX),
and physical length between source and gate (LSG) define the
capacitance induced by the gate structure and the channel re-
sistance. The relative permittivity of the dielectric materials
was carefully considered, as the 2D Debye screening length
scales linearly with the average dielectric constant (εeff ) of the
surrounding media.45 A higher εeff allows more gate bias to
drop across the TMDC channel, enhancing Fermi-level modu-
lation at the emitter edge and thereby improving the emission
on/off ratio. However, excessively high εeff values can saturate
the benefit of Debye length extension and increase parasitic
capacitance, which may degrade radio frequency (RF) perform-

ance; thus, materials were selected to balance electrostatic
efficiency with selective etching compatibility during fabrica-
tion. The proposed device is compatible with standard fabrica-
tion. A vacuum trench (at least 91 nm for 100 V) which pre-
vents a breakdown can be etched in silicon nitride (Si3N4),

46

and TMDC edges can be exposed without mechanical defor-
mation using vapor-phase HF47 or a critical point dryer.48

The substrate and gate dielectric were Si3N4 and hafnium
oxide (HfO2), respectively, with LOX and TOX set to 30 nm and
10 nm. TMDC materials including MoS2, MoSe2, and WS2 were
used as emitter layers, with their electrical properties—such as
band gap and mobility—taken from the literature.37,49–51 One
end of each TMDC formed a Schottky contact with the source
electrode, while the opposite edge defined the emission inter-
face (LPTE = 5–35 nm). Hafnium (work function ϕHf = ∼3.9
eV)52 was selected for the source, drain, and gate electrodes to
facilitate efficient carrier injection. Achieving true ohmic
contact with TMDCs is intrinsically challenging due to their
high electron affinities and the Fermi level pinning. In this
work, instead of pursuing ideal ohmic behavior, a sharply
tapered Schottky barrier was engineered at the TMDC–metal
interface. As shown in Fig. 2, this approach—commonly
adopted for 2D semiconductors—effectively mimics ohmic
contact behavior by reducing the barrier width.53 When a 10 V
bias is applied across the contact, the simulated contact resist-
ances under idealized conditions (no intentional doping and
defect-free monolayers) are 1.03 × 102 Ω µm for MoS2, 1.99 Ω
µm for MoSe2, and 3.83 × 102 Ω µm for WS2, corresponding to
voltage drops of 6.5 nV, 14 nV, and 0.43 nV, respectively. On
the other hand, the work function of the drain electrode has
minimal impact on the I–V characteristics in the present
vacuum channel transistor configuration, as electron collec-
tion is dominated by the high electric field across the vacuum
gap rather than interfacial energetics. Once emitted, electrons
possess sufficient kinetic energy to be absorbed by the drain

Table 1 Device parameters and dimensions used in this paper, unless
otherwise noted

Parameter (unit) Value

LSG (nm) 50
LOX (nm) 30
LPTE (nm) 5
Lvac (nm) 100
TOX (nm) 20
εvac (F m−1) 8.85 × 10−12

εSi3N4

49 7
εHfO2

49 25
ϕHf

52 (eV) 3.9

Fig. 2 Linear I–V characteristics of monolayer MoS2, MoSe2, and WS2
channels contacted with Hf electrodes (ϕHf = 3.9 eV) at 300 K. Device
geometry: channel length = 100 nm. No external gate bias or intentional
doping is applied, and the channel remains in its intrinsic state without
electrostatic doping.
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regardless of its work function. While a lower work function
could marginally reduce collection efficiency due to secondary
emission or back-scattering, these effects are considered negli-
gible under the bias conditions assumed in the simulation. All
simulations assumed room-temperature operation (300 K).

From Fig. 3, the potential distribution of the device with
MoS2, MoSe2, and WS2 emitters shows that the externally
applied electric field induces densely accumulated negative
charges at the PTE, causing a sharp potential change in the
nearby vacuum region and exponentially increasing the prob-
ability of electron quantum tunneling. However, the effect of
gate bias on the PTE through the vacuum channel is minimal,
indicating that the emission current of the TMDC emitter is
primarily controlled by the direct modulation of εF and electric
potential in the TMDC layer by the gate bias. This directly
influences the work function of the PTE, with only minor con-
tributions from potential changes in the vacuum channel.
Thus, emission current modulation is predominantly due to
changes in the work function of the PTE, induced by gate bias,
rather than by direct electric field effects in the vacuum.

The IDS−VDS curves in Fig. 4 clearly demonstrate that the
field emission current can be modulated by controlling the
work function through the gate structure in the semiconduct-
ing TMDC edge emitters. As VGS increased, an increased tun-

Fig. 3 The electric potential distribution (a) for MoS2, (b) for MoSe2,
and (c) for WS2. To aid in reader comprehension, the structure has been
somewhat exaggerated compared to the actual device design. The
impact of gate bias is visualized through the variation in electric poten-
tial, with the vertical scale enhanced for clarity. The electric potential
varies parallel to the drain electrode surface, indicating that emitted
electrons are unlikely to leak toward the gate electrode.

Fig. 4 IDS–VDS characteristics as a function of gate bias (VGS = 0–5 V in
1 V steps). (a) Results for MoS2, (b) results for MoSe2, and (c) results for
WS2. The emission current demonstrates an exponential increase with
rising source–drain bias (VDS), while modulation of the emission current
is observed with variations in gate bias.
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neling current was observed across all three TMDCs. These
emission currents, generated by the TMDC emitters, exhibit
exponential growth with increasing VDS, displaying the typical
FN tunneling behavior. The current–voltage characteristics
show a large on/off ratio. For instance, in MoS2, an on/off ratio
of the order of 1010 was observed for ΔVGS = 5 V at VDS = 50 V,
implying strong potential as an amplifier. A gradual shift in
the threshold voltage (Vth), defined as the minimum VDS at
which a significant tunneling current begins to flow, was
observed as VGS increased from 0 V to 5 V. For MoS2, Vth
shifted from 49 to 40 V as VGS changed from 0 to 5 V; for
MoSe2, it shifted from 38 to 34 V; and for WS2, it shifted from
42 to 32 V for the same change of VGS. These Vth shifts are
driven by gate-induced modulation of the Fermi level at the
PTE, influenced by the DOS of TMDCs and the screening
effect from charges in the channel.

Fig. 5 depicts the band diagrams of TMDC emitters under
two different gate bias conditions. The charge density in the
emitter is associated with the εF, depending on the material’s
electrical properties. The εF and the work function at the PTE
are affected by both the drain and the gate bias. Due to the
electric field induced by the positive drain bias, an emitter is
capacitively charged with electrons, and εF−εC gradually
increases along the emitter channel toward the drain. εF
reaches its peak value at the PTE, which leads to a significant
work function reduction, reducing the potential barrier’s
effective thickness and dramatically increasing the probability
of electron emission into the vacuum.

As the gate bias varies, the εF, εC, and εV beneath and
around the gate region are significantly influenced, modulat-
ing the work function for the field emission. The surface field
applied through the gate oxide layer causes a substantial
increase in the carrier concentration beneath the gate oxide,
where the gate bias directly controls the Fermi level of the
TMDC channel. The effect of the gate bias extends to the PTE,
although it decreases along the TMDC channel due to a
screening effect. In Fig. 5, the VGS increases from 0 V to 5 V
with VDS = 100 V, and distinct shifts in εF−εC and εvac−εF are
distinctively noticeable in all three TMDCs. As a result, the
work function at the PTE shifts from 3.98 eV to 3.92 eV; from
3.61 eV to 3.56 eV; and from 3.44 eV to 3.34 eV for MoS2,
MoSe2, and WS2, respectively. Because the emission prob-
ability depends exponentially on the work-function value, even
a slight shift can cause a large change in the emission current.

Another intriguing feature of the semiconductor emitter is
the varying β depending on the field conditions, unlike metal
emitters in which the field should be zero and the boundary to
the vacuum always forms an equipotential surface. As such,
the emission characteristics also become a function of both
the emitter geometry and the barrier width through which
electrons must tunnel at the εF. Fig. 6 illustrates the variation
of β under different voltage conditions. As VGS increases from
0 V to 5 V with three different VDS values of 80, 90, and 100 V, β
increases significantly for all three emitters. Specifically, for
MoS2, β rose from 1.79, 1.91, and 2. 03 to 2.38, 2.50, and 2.60,
for MoSe2, from 1.86, 1.99, and 2.11 to 2.49, 2.60, and 2.71,

Fig. 5 Band diagram along the TMDC channels from the source–
TMDC contact to the PTE under VDS = 100 V, with VGS = 0 V (black) and
VGS = 5 V (red), respectively. (a) Results for MoS2, (b) results for MoSe2,
and (c) results for WS2. The solid line indicates the energy level of the
conduction band minimum, εC, in each TMDC channel, while the
dashed line represents the Fermi level, εF. Gate-voltage modulation
electrostatically dopes the region adjacent to the PTE—the site of elec-
tron emission—thereby allowing precise control of the PTE’s Fermi level.
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and for WS2, from 1.90, 2.03, and 2.16 to 2.57, 2.68, and 2.79.
WS2 exhibited the largest modulation in β. Although the emis-
sion current depends on the magnitude of β rather than Δβ by
ΔVGS, a greater Δβ generally correlates with better frequency
response, which will be discussed in the following sections.
This trend in β modulation remains consistent even under
high VDS conditions.

3.2 Work function controllability and screening length

The LPTE is a crucial factor in device performance, as it
impacts both the work function modulation and the field
enhancement effect. A shorter LPTE allows for greater sensi-
tivity of the work function to gate bias (ΔϕPTE/VGS) by suppres-
sing the screening effect caused by mobile charges in the
TMDC channel, enabling broader Fermi level modulation at
the emitter. However, a shorter LPTE also reduces the electrical
distance between the PTE and surrounding media (substrate,
dielectrics), which can weaken the field enhancement effect.
Therefore, optimizing LPTE requires balancing of these trade-
offs.

Fig. 7 demonstrates the impact of LPTE on work function
modulation (ΔϕPTE) under VGS modulation from 0 V to 5 V for
three 2D crystal emitters (MoS2, MoSe2, and WS2). With VDS =
100 V, as LPTE increases from 5 nm to 35 nm, ΔϕPTE decreases
significantly: MoS2: 0.061 eV → 0.00156 eV, MoSe2: 0.0537 eV →
0.00138 eV, and WS2: 0.0947 eV → 0.00244 eV. Similarly, at VDS
= 1 V, the decrease in ΔϕPTE over the same range is more pro-
nounced: MoS2: 0.116 eV → 0.0198 eV, MoSe2: 0.123 eV → 0.022
eV, and WS2: 0.147 eV → 0.0222 eV. The dependence of ΔϕPTE

and VDS is primarily driven by two factors. One is the screening
effect caused by the accumulation of mobile charges within the
TMDC channel, which modulates the electrostatic potential
across the emitter and suppresses Fermi level shifts at high VDS.
The other is the constant DOS of TMDCs, which results in a
linear increase in carrier concentration as the Fermi level moves
away from εC. The constant DOS stabilizes electron supply by
minimizing fluctuations in gate-induced Fermi level shifts,
leading to a more stable carrier distribution near the PTE edge.

At higher VDS, substantial current flows through the TMDC
channel, intensifying negative charging at the PTE. This
reduces the responsiveness of the work function to gate bias,
as additional shifts in εF yield diminishing changes in carrier
density. However, despite this reduced responsiveness, the sig-
nificantly smaller work function at high VDS values leads to an
exponential increase in the emission current. This occurs
because the reduced work function minimizes both the height
and the thickness of the potential barrier, dramatically enhan-
cing tunneling probability into the vacuum channel.
Furthermore, the intensified negative charging at the PTE
amplifies the field enhancement effect, increasing the β value
and boosting the emission current. This dynamic behavior is a
unique characteristic of semiconducting material-based cath-
odes, as opposed to metal-based cathodes, and is also
observed in other 2D material cathodes, such as graphene.

Ultimately, the choice of LPTE must balance the trade-off
between suppressing the screening effect (which favors shorter

Fig. 6 Dynamic modulation of the field enhancement factor β for the
three TMDC emitters—(a) MoS2, (b) MoSe2, and (c) WS2—under varying
gate bias and fixed source–drain biases (VDS = 80 V, 90 V, and 100 V). β
increases with VGS across all VDS conditions, illustrating the impact of
gate-induced Fermi level shifts on the potential barrier for electron
emission. Among the materials, WS2 exhibits the largest range of modu-
lation in β, which is advantageous for high-frequency operation. This
modulation of β through external voltage conditions underscores the
unique operational advantage of the structure, where surface field
manipulation via gate bias enables effective control of emission charac-
teristics, setting it apart from conventional vacuum transistors.
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LPTE) and maximizing field enhancement (which favors longer
LPTE). Additionally, other device parameters, such as Lvac and
TOX, and dielectric constants, must be carefully considered.
Achieving optimal emitter performance requires a holistic
approach that balances work function controllability, field
enhancement, and emission current characteristics under the
given electrical conditions.

3.3 Transconductance

Fig. 8 illustrates the transconductance (gm) behavior of
vacuum channel transistors employing MoS2, MoSe2, and WS2
emitters, highlighting the influence of material properties and
electrical conditions on device performance. The gm values
were calculated using ΔIDS/ΔVGS for an Lvac of 25 nm and an
LPTE of 1 nm. At VDS = 100 V, gm demonstrates a non-linear
trend as VGS increases from 0 to 7 V. Initially, gm decreases
rapidly at low gate voltages, followed by a gradual increase at
higher VGS.

At low gate voltages, transconductance is high due to a rela-
tively weak screening effect within the channel. In this regime,
electrostatic doping from the gate is insufficient, allowing the
gate voltage to strongly modulate the PTE. As a result, the
influence of the gate voltage on the PTE is more pronounced,
leading to higher transconductance. As the gate voltage
increases, transconductance decreases sharply due to
enhanced channel doping, which strengthens the screening
effect and reduces the influence of the surface field on the
PTE. At higher gate voltages, however, transconductance
begins to rise again. This is because the increase in the emis-
sion current, driven by the reduced work function, outweighs
the diminishing influence of the gate voltage modulation.
Furthermore, the screening length increases at higher gate vol-
tages, extending the region influenced by the gate voltage and

Fig. 7 Change in the work function (ΔϕPTE) at the TMDC edge as a
function of TMDC edge length (LPTE). (a) Results for MoS2, (b) results for
MoSe2, and (c) results for WS2. The screening effect reduces ΔϕPTE as
LPTE increases, significantly impacting device operation. While the
modulation of emission current is primarily influenced by LPTE, control
over the work function also depends on the quantum capacitance of the
TMDC channel, which varies with external bias conditions.

Fig. 8 Comparison of transconductance (gm) for vacuum channel tran-
sistors with MoS2, MoSe2, and WS2 emitters as VGS increases from 0 V to
7 V at VDS = 100 V. A rapid decrease in gm is observed at low gate vol-
tages, followed by a gradual increase. WS2 shows the highest gm values,
ranging from 214.4 µS µm−1 to 681.4 µS µm−1, attributed to its distinct
electrical properties. The structure minimizes screening effects with the
short PTE protrusion but slightly reduces field enhancement.
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partially restoring the surface field effect on the PTE. This
leads to a recovery of transconductance.

Simulations revealed non-linear gm behavior across the
studied materials. For MoS2, gm ranged from 19 μS μm−1 to
42.1 μS μm−1, while for MoSe2, it increased from 38.5 μS μm−1

to 153.5 μS μm−1. WS2 exhibited the highest gm, ranging from
214.4 μS μm−1 to 681.4 μS μm−1, within a VGS range of 0–7 V.
The superior transconductance of WS2 is attributed to its
unique electrical properties, including enhanced field effects,
favorable work function, high electron affinity, and superior
carrier mobility, which are significantly influenced by its 2D
structure and interaction with external electric fields.

While the short LPTE of 1 nm effectively suppressed the
screening effect caused by mobile charges, it also weakened the
field enhancement effect, which could impact overall device per-
formance. This trade-off highlights the importance of optimiz-
ing LPTE to balance the suppression of screening effects and the
enhancement of field effects for improved device performance.

3.4 RF performances

The device’s frequency response was analyzed using a small-
signal equivalent circuit model, as shown in Fig. 9(a), to deter-
mine the cutoff frequency ( fT) and the maximum oscillation
frequency ( fmax). The cutoff frequency is given by

fT ¼ gm
2πðCT þ CGDÞ ; ð7Þ

where CT is the total gate capacitance, incorporating both the
gate oxide capacitance (COX) and the quantum capacitance
(CQ) of the TMDC channel. In 2D TMDCs, CQ significantly
influences CT, unlike in traditional semiconductors. The
relationship is defined as:54,55

1
COX

þ 1
CQ

¼ 1
CT

ð8Þ

CQ ¼ @Qnet=@εF ¼ Cq Ne
e
εF�εC
kBT

1þ e
εF�εC
kBT

� Np
e
εV�εF
kBT

1þ e
εV�εF
kBT

0
@

1
A ð9Þ

where

Cq ¼ q2

kBT

As shown in Fig. 9(a), fT is primarily influenced by gm and
external voltages (VGS and VDS). For VDS = 100 V, fT ranges from
6.86 GHz to 15.1 GHz for MoS2, from 14.2 GHz to 65.3 GHz for
MoSe2, and from 78.3 GHz to 278 GHz for WS2. These results
indicate a strong dependence of fT on material properties and
external voltages.

The maximum oscillation frequency, fmax, which represents
the frequency at which unilateral power gain equals one, is
defined as

fmax ¼ gm
2πCT

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RG

RDS
þ gmRG

CGD

CT

r ð10Þ

In the model, the gate resistance (RG) was set to 1.76 × 10−4

Ω mm−1, based on the gate electrode’s material properties and
dimensions, while the source–drain resistance (RDS) ranged
from tens to thousands of ohms per millimeter depending on
the bias conditions. Fig. 9(b) shows that under the same bias
conditions as for fT, fmax spans 13.2–18.3 THz for MoS2,
17.8–62 THz for MoSe2, and 44–123.7 THz for WS2. These
results place WS2 as the highest-performing material among
the three TMDCs studied.

The nanoscale design of the Lvac plays a pivotal role in
determining device parameters such as CGD, RDS, and gm, all of
which significantly influence the frequency response. In the
vacuum channel, where most scattering is suppressed except
for electron–electron interactions, high-speed carrier transport
ensures a rapid frequency response. The RDS value in the equi-

Fig. 9 Frequency response of vacuum channel transistors with MoS2,
MoSe2, and WS2 emitters, based on a small-signal equivalent circuit
model. (a) Cutoff frequency fT and (b) maximum oscillation frequency
fmax as VGS increases from 0 V to 7 V at VDS = 100 V. It is expected that
all three materials could operate effectively at high frequencies with
some additional structural modifications. The superior performance of
the WS2 emitter under high-frequency conditions is mainly attributed to
differences in carrier mobility and effective mass between WS2 and
other TMDCs.
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valent circuit is particularly large due to the probabilistic
nature of FN tunneling, which governs electron hopping near
the emitter edge. Additionally, gm is influenced by the TMDC’s
band structure, density of states, and geometric configuration
of the emitter edge. Indirectly, the gate structure, oxide pro-
perties, and screening effects caused by mobile charges in the
TMDC channel also play important roles in modulating gm
and the overall device performance.

WS2 exhibits superior performance compared to MoS2 and
MoSe2 due to its lower effective mass and higher carrier mobi-
lity, which lead to favorable impacts on CGD, gm, and RDS.
These characteristics, combined with WS2’s unique 2D struc-
ture and interaction with external electric fields, enable it to
achieve higher fT and fmax. The findings underscore the impor-
tance of optimizing structural parameters and intrinsic
material properties for reliable operation under high-frequency
conditions.

As summarized in Table 2, the proposed device exhibits
competitive transconductance and promising frequency
characteristics compared to both vacuum and solid-state RF
transistors. These advantages arise from its low parasitic
capacitance and strong gate control. Although the cutoff fre-
quency does not yet surpass that of the most advanced solid-
state counterparts, the inherent ballistic transport in vacuum
and simplified fabrication process make the device a strong
candidate for scalable high-frequency applications.

To further boost operating frequencies beyond the structure
assumed in this study, design optimizations such as tuning
LPTE and Lvac, improving gate structure, and selecting advanced
materials will be essential. These results demonstrate that the
proposed device structure has strong potential for applications
in terahertz-frequency electronics, provided that further refine-
ments are implemented to maximize performance.

4. Summary and conclusions

In this study, we present a novel microscale vacuum channel
transistor that leverages a monolayer TMDC emitter (MoS2,
MoSe2, WS2) as a cold cathode for field emission, introducing
a transformative approach to high-speed transistor design. The
device’s operation was characterized using coupled equations
that describe FN emission from the protruded TMDC edge and
charge transport within the TMDC channel. Our findings
reveal that the innovative gate structure enables precise modu-

lation of the Fermi level and electric potential at the TMDC
emitter edge, allowing exceptional control over the emission
current.

Through careful nanoscale design—particularly of the
vacuum channel between the emitter edge and the drain—the
proposed transistor demonstrates a significant performance
advantage over conventional solid-state devices. The estimated
fT and fmax both reach the terahertz range, highlighting the
device’s strong potential for next-generation high-speed RF
applications. Furthermore, the study examined work function
modulation across three TMDC materials with varying degrees
of edge protrusion. The results showed that the extent of
modulation is closely linked to intrinsic material properties,
such as band structure and carrier dynamics, as well as exter-
nal factors like the screening effect and field enhancement.

To achieve optimal emission current modulation, the pro-
truding TMDC edge length must remain within the screening
length, which is strongly influenced by gate and drain biases.
Among the materials studied, WS2 emerged as the most prom-
ising due to its lower effective mass and higher carrier mobi-
lity. The reduced effective mass decreases the DOS, enabling
faster Fermi level modulation, while the high mobility
enhances carrier transport. In the proposed device architec-
ture, these properties contribute to more efficient operation,
making WS2 particularly well-suited for this novel design.

This work underscores the transformative potential of
monolayer TMDC-based vacuum channel transistors, offering
a new paradigm for high-frequency, high-performance devices.
The demonstrated terahertz-range operation and tunable emis-
sion characteristics establish this design as a strong contender
for future RF applications, paving the way for nanoscale, high-
speed electronics.
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Table 2 Comparison of gm and fT of the proposed WS2 vacuum transis-
tor with previously reported vacuum and solid-state RF devices

Device fT (GHz) gm (S mm−1)

WS2 (this work) 78–278 0.214–0.681
Cliff-graded AlGaN/GaN HEMT 56 253 —
AlN/GaN/AlN HEMT 57 124 0.68
SiGe HBT 58 385 —
Few-layer MoS2 RF FET 59 13.5 <0.1
Top-gated MoS2 RF FET 60 6 —
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