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Nanoscale vacuum channel transistors (NVCTs) are promising candidates in electronics due to their high
frequency, fast response and high reliability, and have attracted considerable attention for structural
design and optimization. However, conventional modeling for vacuum devices tends to focus on the
work function or electric field distribution for an individual structure. Therefore, it is desirable for a new
simulation method to explore the function circuits of NVCTs, e.g. high-speed logic circuits. In this study,
a complete simulation of the fabrication, structure design and circuit simulation of NVCTs is
demonstrated. First, the fabrication process was designed to be compatible with current semiconductor
technology. Then, the “fabricated” structure was directly employed to investigate the influence of the
structure parameters on the electrical performance. Furthermore, we explore the possibility of

implementing an invert circuit with a single optimal NVCT. To the best of our knowledge, this is the first
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demonstration of a vacuum-state invertor with a circuit-simulation module in which NVCT functions as
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a conventional triode or FET. These simulation results illustrate the feasibility of integrating NVCTs into

DOI: 10.1039/d0na00442a functional circuits and provide a theoretical method for future on-chip vacuum transistors applied in
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Introduction

As one of the core components in electronic technology,
vacuum electronics have greatly promoted the development of
modern society and have an irreplaceable function in a broad
range of fields, e.g. aerospace, communications and medical.'”
However, traditional vacuum devices are limited by the diffi-
culty of high integration, while human demands for electronic
devices have inevitably led to miniaturization nowadays. As
vacuum devices have an irreplaceable function in some specific
areas, there is an urgent need to develop a new generation of
nanoscale vacuum electronic devices with high integration and
efficiency.*

Recently, an alternative approach that involves combining
a nanoscale vacuum channel with current semiconductor pro-
cessing was proposed to realize novel vacuum nano-devices
with high frequency, fast response and high reliability.*” Han
et al. at NASA first proposed a planar nanoscale vacuum channel
transistor (NVCT) with a structure similar to that of the
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logic or radio-frequency (RF) devices.

conventional field effect transistor (FET), in which the carrier
transport follows the tunneling mechanism rather than the
drift-diffusion process.* In 2017, they further proposed an NVCT
with a gate-all-around (GAA) structure, performing at a low
voltage (<5 V) with a high drive current (>3 pA). More impor-
tantly, the NVCT has proven to be robust against high temper-
atures (200 °C) and ionizing radiation (1 krad proton and 100
krad vy radiation).®” Moreover, the sub-100 nm vacuum channel
can effectively reduce collisions or scattering during carrier
transport, demonstrating its intrinsic advantages of low power
consumption and fast response.>® In addition, by optimizing
electrode materials such as metal, graphene or other low-
dimensional materials, NVCTs indicate the potential for on-
chip vacuum devices with high integration.*™

The reported work*™® reflect the research enthusiasm for
NVCTs and show that vacuum nanoelectronics represent
a possible method to obtain solid-state devices beyond the
limits predicted by Moore's law. However, the conventional
modeling and simulation methods for vacuum devices may not
be suitable for new device structures such as NVCTs. For
instance, the conventional modeling methods tend to focus on
the work function, the trajectories of electrons or electric field
distribution for an individual structure.**” On the other hand,
the critical factors for modeling integrated devices depend on
the overall electrical characteristics of function circuits, and few
related simulation results have been achieved as yet. This gap
could seriously hinder the transition of NVCTs from vacuum

This journal is © The Royal Society of Chemistry 2020
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nano-structures to practical applications. Therefore, it is desir-
able to develop a novel simulation method to explore NVCTs in
terms of device structures, and more importantly, function
circuits such as those with high-speed logic applications.™®

In this study, the semiconductor design software Silvaco
TCAD was applied for establishing a physical model of NVCTs
and studying the influence of the structural parameters on the
electrical performance.** We also explore the possibility of
implementing logic circuits with a single NVCT. First, the
fabrication process for NVCTs is designed in the fabrication-
process module to be compatible with current semiconductor
technology. In addition, we directly employ the “fabricated”
structure in the device-simulation module. By applying bias and
gate voltages, the influence of the structural parameters on the
electrical performance is explored, such as the vacuum channel
length and the thickness of the insulator layer. Moreover, we
present the first demonstration of a vacuum-state inverter in the
circuit-simulation module, in which the NVCTs function as the
conventional triode or FET. The temporal response character-
istics are further investigated. The reported results include
simulation methods with a focus on the fabrication process,
structure design and function circuit, thus providing an
important theoretical basis for the future development of on-
chip vacuum devices.

Results and discussion
Fabrication process

Fig. 1 shows a schematic of the fabrication process for an NVCT
in the fabrication-process module, which can be applied
directly with current semiconductor processing technology.
First, silicon dioxide, polysilicon and aluminum are sequen-
tially deposited on the silicon substrate, acting as the insulator
layer, emitter/collector and electrode, respectively. The nano-
scale vacuum channel can be achieved via electron beam
lithography (EBL) or focus ion beam (FIB). Besides, the insu-
lator layer contact with the carrier transport channel is always
removed in conventional FETs, which not only reduces the
surface conduction current but also effectively prevents the
leakage current. Therefore, a chemical etching process is
applied on the silicon dioxide between the vacuum channel and
bottom gate. After the device structure is complete, the
designed NVCT can be directly employed in the device simula-
tion module, with subsequent electrical performance
simulations.

Physical model

An appropriate physical model is required prior to the simula-
tion of the device performance. It is well known that solid state
devices conform to the drift-diffusion mechanism, while this
principle is clearly not applicable for the carrier transport in
avacuum channel. Thus, the Fowler-Nordheim (F-N) tunneling
model was utilized in the simulation, according to the theo-
retical model and experimental data in previous ref. 21 and 22.
The F-N tunneling process is strongly dependent on the
external electric field, which may cause the tunneling of
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Fig.1 Schematic of the fabrication process for NVCT.

electrons from the Fermi level of the emitters into the
vacuum.>*** The electric field distribution and emission current
can be calculated using the theoretical formulas of the physical
model. It is a part of the solutions to the equations and exhibits
accurate properties for the NVCTs. The F-N equation is given as:

AP { 8my/2me }
p|—— =)

/= mhor?(y) X 3heF )

where J is the emission current density (A m™?), F is the electric
field of the emitters (V m™ "), e is the electron charge (C), % is the
Planck's constant (Js), ¢ is the work function of the material
(eV), m is the electron mass (kg), y is the parametric function of
Fwith ¢, and ¢(y) or v(y) is the approximate constant. Moreover,
the F-N equation can be further simplified as

Aﬂze ( B¢?/2)
= exp [ — —— 2
5 P oF (2)
where g is the field enhancement factor and A = 1.54 x 10 °

and B = 6.83 x 107 are constants. Substituting J = I/a and F = V
x d into eqn (2), eqn (2) can be deduced as

J
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=

where « is the effective emission area (m?), and d is the width of
the vacuum channel (m). Taking the logarithmic trans-
formation of eqn (3), eqn (6) is the commonly used F-N fitting
equation that determines whether the tunneling process
occurs.

b (5)

In (%) =Ilna-— % (6)

As a result, the F-N tunneling model and the corresponding
derivation formulas were introduced to enhance the accuracy of
the following simulations, e.g. emission current and electric
field distribution. On the other hand, the differences of the F-N
model and the drift-diffusion mechanism lead to the distinc-
tions between the electrical performances of NVCTs and FETs,
and these distinctions directly affect the circuit simulations of
NVCTs. Further discussions are included in the following
sections.

Structural parameters

After establishing the physical model, the simulations of the
electrical performance can be carried out with various structural
and material parameters. In general, it is essential to divide the
mesh appropriately in the vacuum channel or interface of
different materials to improve the calculation accuracy. Here,
we define the minimum grid accuracy as 0.1 nm, which meets
the accuracy requirement. As for the numerical methods, the
Newton method was chosen for the iterative calculations. To
start with, we kept the emitter material (polysilicon) and the
thickness of the insulator layer (150 nm) constant while altering
the length of the nanoscale vacuum channel. Fig. 2 shows the
electrical field intensity distribution in vacuum channels with
various lengths. It is observed that the field intensity signifi-
cantly improves as the channel length decreases from 30 nm to
10 nm, which may accordingly enhance the electrical properties
of the NVCTs, e.g. emission current or turn-on voltage.
Moreover, all the emitter-to-vacuum and vacuum-to-
collector interfaces should be divided into discrete
segments based on the mesh, and the emission current is
calculated using the F-N equations described above. The
total emission current is then the sum of the currents from
all the individual segments around the electrode boundary.
Fig. 3 shows the output characteristic and transfer charac-
teristic curves of nanoscale vacuum channels with various
lengths (from 10 nm to 30 nm). Fig. 3(a) exhibits that the
emission current increases exponentially with the increase in
the anode voltage (inset), which is consistent with the F-N
tunneling model and conventional field emission
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Fig. 2 The electric field intensity distribution of nanoscale vacuum
channels with various lengths, (a) 10 nm, (b) 20 nm and (c) 30 nm.

phenomena. We also note that the turn-on voltage of NVCTs
increases with the increase in the channel length, which
corresponds to the trend of the field intensity distributions in
Fig. 2.

Furthermore, a bias voltage was set on the bottom gate to
modulate the emission current, and the transfer characteristic
curves at a fixed anode voltage of 12 V are shown in Fig. 3(b). It is
observed that NVCTs exhibit a conventional PMOS-like
behavior, in which increasing the gate voltage in the forward
direction suppresses the output current. This phenomenon
coincides with the experimental results reported by Nirantar
et al. that metal-based NVCTs turn off with the increase in gate
voltage in a positive-bias operation.” Besides, devices with
a larger gap spacing possess better gate modulation and on/off
current ratios, while the total emission current is relatively
lower.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The (a) output characteristic and (b) transfer characteristic
curves of nanoscale vacuum channels with various lengths in the
logarithmic form. The insets show the |-V curves in the linear form.

In addition, we further altered the thickness of the insulator
layer to determine the capability of gate modulation with
a constant nanoscale vacuum channel of 10 nm. It can be seen
that the gate-control capability is remarkably enhanced as the
thickness of the insulator layer decreases from 200 nm to
110 nm, as is shown in Fig. 4(a). The total emission current of
NVCTs is almost constant and independent of the thickness
(Fig. 4(b)). Meanwhile, the leakage current increases by two or
three orders of magnitude with further reductions in the insu-
lation thickness, showing an inevitable compromise between
gate modulation and gate leakage, particularly for planar-type
NVCTs with a bottom-gate structure. The electrical perfor-
mance of NVCTs are limited by this so-called “trade-off” effect.
On the one hand, the gate controllability of NVCTs can be
effectively improved by compressing the thickness of the insu-
lator layer. Nevertheless, excessively decreasing the insulating
layer thickness leads to a large gate leakage current. As a result,
for a practical device design, a comprehensive consideration is
required to achieve a balance of the structural parameters,
thereby obtaining optimal electrical performance.

Inverter circuit simulation

So far, discussions have focused on the fabrication process and
structural design and not the simulations of the NVCT-based
functional circuit. The latter is still an important part that
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Fig. 4 The (a) transfer characteristic and (b) output characteristic
curves of nanoscale vacuum channels with various oxide thicknesses
in the linear form.

recent research lacks. Therefore, we further adapted the opti-
mized NVCT in the circuit-simulation module with a 10 nm
vacuum channel, 110 nm-thickness insulator layer and poly-Si
as an emitter/collector material. Since metal-based NVCTs
exhibit a typical PMOS-type behavior, a simplified inverter
circuit can be built based on a single transistor, as shown in
Fig. 5. According to the output characteristic curves, the supply
bias V,, and external resistance are set as 10 V and 1 GQ,
respectively. On the other hand, the input signal is a square
wave signal with a low level of 0 V and a high level of 5 V.

Fig. 6 shows the temporal response characteristics of the
NVCT-based inverter with various input square waves of 100 ps,
10 ps, 100 ps and 100 ns. It can be seen that the simulated

Vpp

Fig.5 Schematic of the inverter circuit based on the proposed NVCT.
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Fig. 6 Temporal response characteristics of an NVCT-based inverter
with various square wave input signals of (a) 100 ps, (b) 10 s, (c) 100 us
and (d) 100 ns.

inverter circuit repeatedly exhibits a good inversion function as
the input response time decreases. To our knowledge, these
represent the first simulation results for a NVCT-based inverter.
With various input signals, the rise/fall times of the inverter are
shown in Table 1. Here, the rise/fall time is determined as the
time it takes for the output voltage to increase from 10% (90%)
to 90% (10%) upon a change in the input voltage. However, it is
noted that the output invariably generates a “spike” or transient
pulse signal when the direction of the electric field of the input
signal reverses. This phenomenon becomes more distinct as the
delay time of the input signal is reduced. We suppose that it
may result from the capacitance between the bottom gate and
the cathode/anode and is understood by the classic flat capac-
itor model.*® Regarding the NVCT as a plate capacitor, the
reversal of the electric field direction would generate an
instantaneous charge and discharge, thus leading to a transient
pulse signal. When the input response time reaches 100 ns, the
charging/discharging time of the capacitor cannot keep up with
the reversal of the electric field. Therefore, the NVCT-based
inverter functions before the capacitor is completely dis-
charged, which also explains why the results in Fig. 6(d) differ
from the others. Further decreasing the input response time
would aggravate this phenomenon, affecting the operation of
the inverter function.

The temporal response characteristics of the proposed
NVCT-based inverter with various vacuum channel lengths and
oxide thicknesses are further demonstrated, as shown in
Fig. 7(a) and (b). It is noted that the rise/fall time remains
consistent with the increasing vacuum channel length. On the

Table1 The corresponding rise/fall times with various input response
times

Input signal 100 ns 1us 10 ps 100 ps
Output rise time 277.1 ns 1.4 us 11.6 ps 108.2 pus
Output fall time 266.5 ns 1.2 us 13.3 us 119.8 pus
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Fig. 7 Simulation results of the temporal response of an NVCT-based
inverter with various (a) vacuum channel lengths and (b) oxide
thicknesses.

other hand, the response time characteristics show a distinct
reduction as the thickness increases from 110 nm to 200 nm.

According to the classic flat capacitor model (C « &ye,.S/d),
the equivalent capacitance is related to the gap distance d from
the bottom gate to the cathode/anode, which is in direct
proportion to the insulator thickness. Meanwhile, the relative
area S between the bottom gate and top electrodes basically
remains unchanged in spite of the varying vacuum channel
length (at a magnitude of 10 nm). As a result, the simulation
results for the temporal response show agreement with the flat-
capacitor model, which makes the above conclusion more
convincing.

Besides, we found that the intensity of the output decay
significantly compares with the input signal. The intensity is
supposed to be related to the electrical characteristics of NVCTs.
Conventional solid-state devices realize inverse function by
voltage distribution. As the input signal rises from a low level to
a high level, the solid-state transistor operates in the saturation
region with the entire circuit remaining in a steady state. For
NVCTs, on the other hand, the emission current conforms to
the F-N tunneling mechanism, which increases exponentially
with the anode voltage without a saturation region. One alter-
native approach is to set the divided voltage of the external
resistance low enough that it cannot evidently influence the
emission current. Thus, the output can operate in the steady
state while leading to a significant reduction in the intensity of

This journal is © The Royal Society of Chemistry 2020
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output signals. The above discussions illustrate that there still
exist practical problems for the NVCT-based inverter, with the
expectations of further improvements in the circuit design and
optimization. For example, a filter circuit can be introduced to
alleviate the charging/discharging phenomenon. Nonetheless,
these simulation results explore the feasibility of integrating
NVCTs into functional circuits, thus providing a theoretical
method for future on-chip vacuum transistors applied in logic
or radio-frequency (RF) devices.

Conclusions

In summary, this study comprehensively explores the modeling,
structure design and circuit simulations of nanoscale vacuum
channel transistors. First, the structural model of NVCT is
established in the fabrication-process module. The as-prepared
devices can be directly applied in the device-simulation module
to carry out the following electrical performance investigation.
In addition, we further altered and optimized the structural
parameters, such as the length of the vacuum channel and
insulator thickness. More importantly, we successfully realized
an inverter circuit based on an optimal NVCT. To the best of our
knowledge, it is the first demonstration of a vacuum-state
inverter in the circuit-simulation module in which the NVCT
functions as a conventional triode or field-effect transistor
(FET). The simulation results in this paper are more focused on
the performance of the transistors and external circuits than the
electric field distributions or electron trajectory. Besides, the
proposed device structure can be fabricated by standard semi-
conductor processes and may be viewed as an alternative
approach for constructing NVCT-based circuits, thus providing
an important theoretical and design basis for integrated on-
chip vacuum devices.
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