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Abstract

High quality nanoscale vacuum channel transistors (NVCTs) enable carriers to transport
ballistically through the vacuum nanogap, achieving high speed and frequency characteristic
which are essential for on-chip vacuum electronic devices. However, the studies to date have
been largely confined to explore the common electrical performance, while the fast response
characteristic of NVCTs remains a challenge. We report the fabrication of metal-based NVCT,
with sub-100 nm vacuum channel and specific designed in-plane collection structure which can
enhance the emission or collection efficiency of the electrons simultaneously. Importantly, the
demonstration of a rise/fall time of less than 100 ns is achieved, which is compatible with those
high-quality solid-state transistors based on low-dimensional materials. Moreover, the device can
also retain excellent electrical performance, exhibiting a high drive current (>10 pA), low work
voltage (<10 V) and high on/off current ratio (>10%). The verification of fast temporal response

of NVCT makes a significant step towards on-chip vacuum electronics with high speed and

integration.
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1. Introduction

Vacuum electronics initiated and promoted the early devel-
opment of electronics, e.g. signal amplification or modulation,
was mostly based on traditional vacuum tubes [1]. Numerous
studies have focused on the development of vacuum elec-
tronics such as thermionic [2-4] or cold [5-7] field emission
devices, which plays an important role in the fields of aero-
space, communications and medication [8]. In order to match
the current integrated electronic device usage environment,
however, there is an essential need to develop vacuum
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devices down to nanoscale level. As vacuum is intrinsically
superior to semiconductor owing to the transport medium,
carries are able to transmit more easily through a vacuum
channel while suffering collisions inside the crystal lattice of
solid-state device. The velocity of electrons can accelerate far
beyond over 5 x 10" cms ™' in silicon, achieving high-speed
eventually. In this case, with a vacuum channel less than
100nm or even the mean-free-path of electrons, ballistic
transport may occur in the nanoscale vacuum that enables
significantly high switching speed, low operating voltage and
power consumption.

As a result, researchers have proposed the nanoscale
vacuum channel transistor (NVCT) [9-11] or vacuum field
effect transistor (FET) [12—-14] as an alternative method to
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realize the concept of vacuum-on-chip devices [15, 16].
Composed of vacuum nanogap as carriers transport channel
and low-function materials as cold cathode, NVCT facilitates
electrons to transport ballistically inside the vacuum channel
that expected to acquire outstanding electrical properties
[17-19]. Despite NVCTs have made fast progress in recent
years, there are still some practical issues to be solved. On the
one hand, both of the capacity of emitting electrons and
collection efficiency are restricted by the conventional tip-to-
tip structure. For instance, the output current of present
NVCTs is merely in the order of nanoamps for metal [20] and
graphene-based devices [10], which may be a limiting factor
for practical applications such as x-ray tubes [21], electron
sources [22] or high-power microwave devices [23]. On the
other hand, the studies to date have been largely confined to
explore the common electrical performance, while the fast
response characteristic of NVCTs remains as a challenge [24].
Previous theoretical and simulated results have both found
that the transit time of electrons may achieve the magnitude of
nanosecond in a sub-100 nm vacuum channel, which sig-
nificantly reveal the intrinsic superiority of NVCT [25, 26].
However, the experimental efforts of the temporal response
for NVCT still stays in the microsecond level, that may be the
hinder for future practical applications.

To this end, a metal-based NVCT is demonstrated with
specific designed in-plane collection structure in order to
achieve high output current and fast temporal response.
Compared to the conventional tip-to-tip structure, our in-
plane collection structure can dramatically enhance the
capacity and efficiency of emitting/collecting electrons. The
states of our device can be modulated by applying a back-gate
voltage, showing remarkable performance of high drive cur-
rent (>10 pA), low work voltage (<10 V) and high on/off
current ratio (>10%). Importantly, we further present the
demonstration of a turn-on/off time less than 100ns for a
sub-100 nm vacuum channel, which is compatible with
reported FETs based on graphene or other low-dimensional
materials. The designed in-plane collection structure can
achieve fast temporal response, high output current and more
importantly the feasibility of high integration, indicating the
potential in the concept of vacuum-on-chip devices for
NVCTs.

2. Experimental

The influence factors of high output current may attribute to
two main reasons: (I) capacity of emitting electrons, which is
related to the electric field intensity and (I) the efficiency of
collecting electrons. It is noted that previous reports show
current limitations (<1 pA) of metal-based NVCT, which is
not applicable in practical devices [20, 27]. In order to
improve the output current by enhancing the emission/col-
lection efficiency, simulations are carried out to investigate
the influence of collector structure on the electron transport
trajectory and electrical field distribution, as is shown in the
supplementary information, available online at stacks.iop.
org/NANO/31/065202 /mmedia. Figure 1(a) exhibits the

electric field distribution of different structure and the peak
field intensity normalized by the value of the single-terminal
as collector is shown in figure 1(b). The maximum local field
was extracted from the simulation results for comparisons,
that a local field enhancement of 38% can be acquired by the
three-terminals structure. On the other hand, the emission
current is in direct ratio with the number of electrons
reaching the collector. In terms of geometry, the collection
efficiency of three-terminals structure shows a 17% growth
of the collected electrons, as is shown in figure S1. Both
simulation results of the field distribution and electron tra-
jectory suggest that the three-terminals structure can lead to
effective current increase. Importantly, the proposed device
structure can be readily fabricated by conventional semi-
conductor process that may be viewed as an alternative
approach for NVCT.

As a result, the three-terminal NVCT is fabricated
according to the simulation results. Figure 1(c) shows the
schematic diagram of the proposed metal-based NVCT. The
vacuum nano-channel was fabricated with combination of
electron beam lithography (EBL), thin film deposition and
lift-off process. Firstly, silicon dioxide (SiO,) was thermally
grown on highly n-doped silicon, with a thickness of 300 nm.
After spin-coating PMMA (poly (methyl methacrylate)) on
the precleaned substrate, the nanogap was defined by standard
EBL (Vistec, EBPG 5000plus ES). Then, a 60 nm Au layer
was deposited by electron beam evaporation with 5 nm Cr as
adhesion layer. With a subsequent lift-off process, the
vacuum nanoscale channel was formed, as is shown in
figure 1(d). Also, the structure was processed via 1 h of
annealing at 400 °C in the quartz tube with the flow of
hydrogen (70 sccm) and argon (40 sccm), strengthening the
gold nanoribbons in order to avoid melt down of high current.
A zoomed-in view of the vacuum nano-channel is depicted in
figure 1(e).

3. Results and discussion

3.1. Electrical performance

After the preparation of the three-terminals structure, the
current—voltage (I-V) characteristics are measured in a
vacuum chamber (~10-2 Pa). Figure S2 exhibits the digital
photography of the prepared device after bonding. The output
(I~V, curves) and transfer characteristics of the metal-based
NVCT are shown in figures 2(a) and (b), respectively. Similar
to the typical FETs, the metal-based NVCT could be switched
in off- or on-state by the gate voltage. As is shown in
figure 2(a), it can be seen that no obvious emission current I,
was measured when V is less than the threshold voltage (off-
state). As the V, increases, the NVCT switches to the on-state
that /. exhibit an exponentially growth with collector voltage
V.. We note that the NVCT exhibits a drive current as high as
the order of 10 A, which is about two orders of magnitude
higher than previous metal-based devices. The high drive cur-
rent of the NVCT is attributed to the three-terminal collectors,
that dramatically improve the efficiency of emitting/collecting
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Figure 1. (a) Electric field distribution of different vacuum nanogap structures. (b) Peak field intensity normalized by the value of single-
terminal as collector. (c) Schematic diagram of the proposed metal-based NVCT. (d) Top view of SEM image of the NVCT. (e) Zoomed-in

view of the vacuum nanoscale channel.
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Figure 2. (a) Output characteristic (I.—V, curves) corresponding to gate voltage increases from —2 to 6 V at 2 V intervals. The inset shows the
I~V curves in semilog scale. (b) Transfer characteristic (I.—V, curves) plotted in exponential scale. (c) Transfer characteristic of the NVCT
when V., = 2V, showing an on/off current ratio up to 10*. (d) Leakage current (I,—V, curve) of the NVCT.

electrons. Moreover, the inset shows the IV, curves in semi-
log scale. We observe that our device also demonstrates a
current rectifying behavior that can be understood by the
simulations, as is shown in figure S3. It is noted that the

emitting electrons present crossed trajectories under a reverse
bias, thus showing a conventional diode-like behavior.
Figure 2(b) illustrates the transfer characteristics in exponential
scale with different V. The -V, plots indicate that /. increases
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Figure 3. (a) Temporal response of the emission current turned on/off with the frequency of 500 KHz. A single normalized cycle for
estimating the detailed (b) rise and (c) fall time, respectively. The rise/fall time was defined as increased/decreased from 10%/90% to

90%/10% of the stable current.

exponentially with V, with an on/off current ratio as high as
10* obtained.

Figure 2(c) illustrates the transfer characteristic with
V. = 2 V in liner (black line) and exponential (red line) scale,
respectively. The electrons could be draw from the emitter
with a positive gate voltage. The curves plotted in exponential
scale exhibit an on/off current ratio exceeding 10* due to the
small off-state current (<0.1 nA), and the subthreshold slope
is 0.72 V/dec. The high on/off current ratio and low sub-
threshold slope shows that our device possess excellent
modulation capability that strongly related with the gate
structure. For the three-terminals NVCT, the emission current
is modulated by the back-gate structure, in which the insulator
plays a crucial role in the device. We further detect the
leakage current during the measurement, as is shown in
figure 2(d). The gate leakage current is less than 5 nA, which
is 10* times smaller than the emission current. However, the
back-gate structures usually show an inevitable compromise
between the gate controllability and the insulator thickness. A
thin insulating layer could enhance the modulation ability of
back-gate while the insulator should be thick enough to
acquire negligible leakage current. The performance of
NVCT is declined by this trade-off effect. We suggest that
high-k materials could be utilized, e.g. Al,O3 or HfO,, to
avoid breakdown with thinner insulators while enhancing
modulation ability simultaneously.

3.2. Temporal response measurement

Response speed is also a critical parameter of an electron
device, which signifies the capability to follow a rapidly
signal. Meanwhile, it still lacks of the experimental efforts of
the temporal response for NVCT, which cannot reveal the
intrinsic superiority of the nanoscale vacuum channel. Thus,
we also study the temporal response of the proposed three-
terminals NVCT. The response speed of the metal-based
NVCT in this study is evaluated by an oscilloscope and the
input voltage is generated by a signal generator. Figure 3(a)
shows the output signal of the NVCT corresponding to a
square wave signal. We note that our device exhibits excellent
switching characteristic with a fast response frequency of
500 KHz and good reproducibility.

Furthermore, a single normalized cycle for estimating the
detailed rise and fall time are illustrated in figures 3(b) and
(c), respectively. Here the rise/fall time is determined as the
time it takes for the output voltage increase from 10%(90%)
to 90%(10%) upon a change of input voltage. Notably, it can
be seen that the rise and fall time is 65 and 54 ns, illustrating
the demonstration of NVCT with temporal response in sub-
100 ns time scale. For comparison, the experimental efforts on
the thermionic NVCT as electron source still stays in the
microsecond level as the emission current is driven by the
thermal effect. This result can further verify the advantage of
ultra-fast initiation for field emission applications, compared
with traditional bulky thermionic emitters. On the other hand,
the sub-100 ns temporal response exhibits the essential qual-
ity of NVCT, showing its great potentials in high-speed
applications.

In addition, the fast response measurement under pulse
with the frequency of 500 KHz, 1 MHz, 5 MHz and 10 MHz
are carried out (figure S4), and the values of rise/fall time
with error bar is illustrated in figure 4, respectively. Under the
square wave signal, our device could demonstrate switching
performance with fast response and good reproducibility for
frequencies of 500 KHz, 1 MHz and 5 MHz, that the on/off
current ratios still remain consistent with the increasing fre-
quency. With the frequency reaching up to 10 MHz, however,
the output of NVCT cannot achieve the maximum when the
input is off, as is shown in figure S4. The upper limit of
response time may be ascribed mainly to the modulation
capacity of the gate, that further optimizing the overlap
between gate contacts and emitter/collector could accelerate
the response speed. Nonetheless, it is worth noting that the
response time of our device is not inferior to the reported
FETs or NVCTs based on low-dimensional materials,
including carbon nanotubes (CNTs), graphene or TMDCs
(table 1).

3.3. Comparison of solid-state transistors and NVCTs

To compare the performance of our device with those typical
solid-state transistors and NVCTs, the aspects of operating
voltage, on/off ratio, subthreshold swing and response time
are listed in table 1. For these reported solid-state transistors,
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Figure 4. (a) The rise time and (b) fall time under square wave signal with the input frequency of 500 KHz, 1 MHz, 5 MHz and 10 MHz,

respectively.
Table 1. Comparison of solid-state transistors and NVCTs.

Device Operating voltage (V)  On/off ratio  Subthreshold swing (mV/dec) Response time (ns) References
CNT TFT <3V ~10° — 1200 [28]
SWCNT/ZTO TFT <5V 2.6 x 107 — 140 [29]
Gr-based FET <5V ~10° 210 — [30]
MoS, transistor <5V ~107 — 0.58 [31]
Si-based NVCT <15V 10° 4200 — [15]
Gr-based NVCT <15V ~10° 120 <1000 [10]
Metal-based NVCT <5V ~10° — — [20]
This paper <10V 1.5 x 10° 720 68

the carriers transport from the source to the drain through the
low-dimensional material channel, following the drift and
diffusion mechanism. We can find that all the high-quality
solid-state transistors can demonstrate low operating voltages
(<5 V), high on/off ratio (>10°) and low subthreshold swing
(<500 mV /dec), whereas the response time vary from each
other. Printed thin film transistor (TFT) based on CNTs were
demonstrated to exhibit excellent switching characteristics
with on/off ratio of 10° with supply voltage below 3 V, while
the response time still remains in the order of microsecond
[28]. In addition to bare CNT TFTs, Kim et al selected zinc
tin oxide (ZTO) as the active semiconductor due to its high
mobility, that the hybrid TFTs could perform an ultra-high
on/off ratio of 2.6 x 107 with response time of 140 ns [29].
FETs based on sub-10 nm wide graphene nanoribbons
reported the best electrical performances among all intrinsic
graphene-based solid-state transistors with an on/off current
ratio up to 10° and a subthreshold swing of 210 mV /dec [30].
Transition metal dichalcogenides (TMDCs) can also be uti-
lized in high-speed transistors. Duan and co-workers reported
the state-of-art MoS, transistor, achieving a response time less
than 1ns [31]. By comparing the electrical properties, it is
worth noting that the performance of our NVCT is not far
behind from those high-quality solid-state transistors based on
low-dimensional materials, showing the potential of NVCT in
high-speed and low cost applications.

Similarly, for NVCTs composed of other materials and
structure, electrons tunnel from the emitters and travel

ballistically in the vacuum channel when the gate voltage is
beyond the threshold. Many efforts have already been made
to downscale the width of vacuum channel and realize the on-
chip vacuum transistors. To our knowledge, the first
demonstration of NVCT was by Meyyappan et al in 2012
with standard silicon semiconductor processing [15]. The
back-gate NVCT based on silicon were reported have an on/
off ratio up to 10°, whereas with a high operating voltage of
15V and a large subthreshold slope of 4200 mV /dec. Nir-
antar et al presented the all-metal NVCT with channel less
than mean-free-path in air (68 nm), which could enable
devices to function with low operating voltage (<5 V) in air
medium, but only a low on/off ratio of 10* was experimen-
tally demonstrated [20]. On the other hand, low-dimensional
materials such as graphene could also be utilized as the field
emitters. Wei et al exhibit the graphene-based NVCT with
on/off current ratio up to 10° and a subthreshold slope of
120 mV/dec [10]. These results demonstrate that NVCT
could combine the advantages of both solid-state and vacuum
electronics with low power consumption and high integration.
Meanwhile, the experimental efforts of the temporal response
for NVCT are rather deficient, compared to the solid-state
transistors. Apart from the comparable values of operating
voltages (<10V), on/off ratio (>10°) and subthreshold
swing (~720 mV /dec), our devices present the demonstration
of the response time less than 100 ns, which may overturn the
stereotype that vacuum devices are inferior to the solid-state
devices.
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In general, the high speed response performance may
mainly attribute to the essential feature of the vacuum chan-
nel, that the velocity of electrons may be accelerated with
minimal collision or scattering, traveling ballistically from
emitters to collectors. Moreover, the conspicuous advantage
of vacuum devices is their capacity of functioning under
extreme environment with less degradation than the solid-
state devices [19]. Meyyappan et al have fabricated a sur-
round-gate NVCT and the device was proved to operate
normally under the ionizing radiation (proton and Gamma
ray) or high temperature conditions (200 °C) [9]. Nonetheless,
a straight comparison between solid-state and vacuum
nanoelectronics of their electrical performance and reliability
is scarce. We hope that it could be presented in a future
publication, demonstrating that vacuum-on-chip devices are
vital and superior to CMOS in specific areas. However, an
obvious shortage of all the NVCTs is the large supply voltage
and a subsequent high electrical field that motivates the field
emission. Due to the intense electrical field at the emitters, the
accumulated Joule heating may limit the speed of NVCTs. In
addition, the power efficiency is also a concerned problem as
the high working voltage up to tens of volts. Further
improvement may be derived from emitters with low work
function materials or structure optimization such as device
downscaling and geometry engineering [7, 32-37]. Besides,
the substrate may be the main limiting factor for the trans-
portation for lateral-type NVCTs. Generally, the NVCTs
consists of two categories, lateral- and vertical-type. For
vertical-type NVCTs, the emitters are perpendicularly fabri-
cated on the substrate, e.g. CNTs or SiC, that electrons can
freely travel through the vacuum channel without scattering
or collisions from the substrate. In lateral-type devices, on the
other hand, the emitters and collectors are usually fabricated
in the same plane of the substrate surface. The noticeable
advantage for lateral devices lies in the design freedom, that
the structure parameters such as gap-spacings or electrode
shapes can be simply achieved by layout variation. However,
with current flowing horizontally, the electrons would inevi-
tably suffer backscattering or collisions from the substrate.
Han er al suggested that a surround-gate structure can be
utilized in the lateral NVCTs, rather than back- or bottom-
gate, providing the best electrostatic control of transport in the
vacuum channel [38]. It may be an alternative approach to
solve the limiting factors of the substrate.

3.4. Theoretical discussion

Different from the drift-diffusion mechanism of solid-state
transistors, the carrier transport in the vacuum nano-channel is
dominated by the tunneling process. Figure 5(a) shows the
band diagram of NVCT switches from off-state to on-state with
increasing gate voltage. When the gate voltage is less than the
threshold voltage, only a few electrons could overcome the
broad barrier due to the thermal energy. Meanwhile, the width
of the barrier can be compressed with the increasing gate
voltage. As the gate voltage increases beyond the threshold
voltage, the electrons could overcome the narrowed barrier via
F-N tunneling, leading to the on-state of the NVCT.

In order to further explain these experimental results, we
resort to basic tunneling model and semiconductor theory. It
is crucial to determine the tunneling mechanism that NVCT
follows, so that the I-V curves need to be examined and
redraw to fit the established models. The classic Fowler—
Nordheim (F-N) tunneling theory [39, 40] can be expressed
by the following equation

Iy = A(B*Ve2/®d?) exp (—B®3d / BVe), (1)

where A =1.56 x 107® (A V2eV) and B = 6.83 x 10°
W% eV 32y m 1) are constants, / is the emission current, 3 is
the field enhancement factor related to the materials and
emitter geometry, ¢ is the work function (eV), d is the dis-
tance between the emitter and collector, and V is the applied
voltage. By taking the logarithm of both sides, equation (1)
turns into

In(lpy /Ve?) = In(a) — b(1/Ve) 2

in which the linearity tendency of In(I/V?) versus 1/V testifies
that F-N tunneling mechanism is dominated for carriers
transportation.

Hence, the F-N plots for I.-V, curve with V, =2V in
figure 5(b) illustrates that our device agrees with the F-N
theory, and the field enhancement (3 of 4193.7 is acquired by
calculation according to equation (1). Meanwhile, an up-
bending trend is noted at low supply voltage regime.
Meyyappan et al suggested that this phenomenon may attri-
bute to the protrusion of the emitter that creating more pos-
sible emitting spots [9, 41]. However, the variation of the
slope indicates that the emission efficiency becomes poor
along with the decreasing electric field. According to the band
diagram, we suppose that the current emission at low oper-
ating voltage is related with Schottky emission by thermal
effect. With an applied bias, the energy barrier is lowered by
the image force, which is called the Schottky effect. As the
barrier width is too broad to tunneling, that only few electrons
may overcome the energy barrier at the metal-vacuum inter-
face, due to the thermal energy. The Schottky emission can be
expressed as [42]

ISchottky = AT2 exp (q) - BVCI/Z/kT)’ (3)

where A is the effective Richardson constant, 7 is the temp-
erature, (3 is the dielectric constant, k is the Boltzman’s con-
stant. By taking the logarithm of both sides, the plots of In/,
versus V.!/2 will appear as a straight line at a constant 7. As a
result, we extract the I-V plots at low bias and redraw it in the
form of Inl. versus V.!/2, as is shown in figure 5(c).
Obviously, the linearity conforms the Schottky emission in
our device with low supply voltage. Besides, the low current
emission may also attribute to the tunneling electrons in SiO,
layer which conforms to the Frenkel-Poole (F—P) transport.
Di Bartolomeo et al suggested that the electrons may be
injected in the trapping states of the oxide for F—P model [43].
In this case, the tunneling electrons can move in a sequence of
trapping states, leading to the reduction of the barrier. As a
result, combining the above analysis, it is assumed that only a
few of high-energy electrons may ‘climb’ over the broad
vacuum barrier or tunneling through the oxide layer in low
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Figure 5. (a) Band diagram of the metal-based NVCT in off and on-state. (b) Fowler-Nordheim plots for I.-V, curve with Vy =2V,
(c) Schottky emission characteristic for I.—V, curve in low working voltage regime.

working voltage regime. As the electric field further increases,
F-N theory becomes the dominating factor that a dramatically
increasing emission current can be detected.

4. Conclusions

In summary, a metal-based NVCT is successfully fabricated
by standard CMOS process. With the specially designed
three-terminals structure, emission/collection efficiency are
improved to obtain high emission current. Importantly, we
further present a turn-on/off time less than 100ns for the
NVCT, which is far superior to proposed thermionic or cold
field emission NVCTs. By modulating the back-gate voltage,
the NVCT could be switched from off-state to on-state,
exhibiting an on/off current ratio up to 10* with high drive
current (>10 pA) and low working voltages (<10 V). Fur-
thermore, basic tunneling model is utilized to explain the
experimental results. We note that F-N tunneling is dominant
at high electric field, while the current emission at low
operating voltage is related with Schottky emission by ther-
mal effect. The fast temporal response and capacity of high
integration indicate the potential of NVCT in high speed and
low cost applications.
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