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Abstract: Vacuum triodes have been scaled down to the microscale on a chip by microfabrication
technologies to be vacuum transistors. Most of the reported devices are based on field electron
emission, which suffer from the problems of unstable electron emission, poor uniformity, and high
requirement for operating vacuum. Here, to overcome these problems, a vacuum transistor based
on field-assisted thermionic emission from individual carbon nanotubes is proposed and fabricated
using microfabrication technologies. The carbon nanotube vacuum transistor exhibits an ON/OFF
current ratio as high as 10* and a subthreshold slope of ~4 V-dec~!. The gate controllability is found
to be strongly dependent on the distance between the collector electrodes and electron emitter, and
a device with the distance of 1.5 um shows a better gate controllability than that with the distance
of 0.5 pm. Benefiting from field-assisted thermionic emission mechanism, electric field required in
our devices is about one order of magnitude smaller than that in the devices based on field electron
emission, and the surface of the emitters shows much less gas molecule absorption than cold field
emitters. These are expected to be helpful for improving the stability and uniformity of the devices.
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1. Introduction

Vacuum tubes emerged in the early 20th century and were the central of the original
electronic devices [1]. However, solid-state devices took over their roles in most areas in
the past 60 years because of the advantages of integrability, miniaturization, lower power
consumption, reduced costs, etc. Recently, vacuum transistors, miniature vacuum triodes
fabricated on a chip by microfabrication technologies, have rekindled many researchers’
interest because of the advantages associated with vacuum devices. Vacuum as a medium
for electron transport is more immune to radiation damage than conventional semicon-
ductors. Thus, vacuum devices are stable under harsh environment [2]. Furthermore,
the velocity of electrons transporting in a vacuum is higher than that in semiconductors,
because electrons in a vacuum are free of scattering with a theoretical velocity approaching
3 x 108 m-s~1. Meanwhile, vacuum devices are more reliable and efficient than solid-state
devices for high-power and high-frequency devices [3]. Up to now, the functionality of
vacuum devices has been demonstrated in a wide range of applications, such as deep
space communications [2], premier sound system [4], high-frequency and high-power
devices [5], terahertz laser [6] and military defense. Combining vacuum triodes and micro-
fabrication technologies leads to the creation of a new area called “vacuum transistors”,
which is expected to possess the advantages of both conventional vacuum devices and
solid-state devices, such as high carrier velocity, reliable performances in high temperature
and extreme environment, miniaturization and easy integration [7].

In recent years, as many researchers have put their efforts into this field, various vacuum
transistors fabricated by microfabrication technologies have been reported [7-17]. Miniatur-
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ization of vacuum triodes can lead to higher integration, lower working voltages and lower
power consumption. For instance, Shruti Nirantar et al. proposed a semiconductor-free field
emission nanoscale channel transistor, where the gap between field emission electrodes is
about 35 nm [8]. As the gap is less than the mean free path of electrons in the air pressure (~60
nm), electrons encounter fewer collisions with air molecules even in air pressure [9]. Jin-Woo
Han et al. fabricated a surround gate nanoscale vacuum channel transistor by using ion
implantation and ion etching, achieving a low operating voltage (<5 V) and good immunity to
various types of radiation [10]. In addition, Jin-Woo Han et al. reported vertical surround-gate
nanoscale vacuum transistors that can be fabricated on silicon carbide wafers with stable
electron emission and long-term stability of emitters [7]. The extended gate structure enhances
the gate-to-emitter controllability and reduces the leakage current. A fully integrated, on-chip
vacuum transistor based on field emission from carbon nanotubes via silicon micromachining
processes was proposed by C. Bower et al. [11], achieving high frequency (10 GHz) and low
control voltage (50-100 V) operation but still suffering from complex fabrication processes and
inadequate emission stability and reliability of the carbon nanotubes emitters.

Intense research over the past decades has mainly focused on field emission vacuum
transistors. Nevertheless, an intense local electric field with a typical magnitude of several
volts per nanometer is required to induce field emission, which makes sharp tips preferred
for field emitters with a large field enhancement factor and field emission quite sensitive to
the microstructures of emitters. In addition, the electrons can ionize ambient gases such
as oxygen and nitrogen with an enough high kinetic energy. Being accelerated along the
electric field due to the cathode voltage, the positive ions will collide with the emitters
and cause mechanical degradation of emitters leading to an unstable electron emission [8].
Moreover, field emission is quite sensitive to the absorption of ambient molecules onto
emitters, which can change the work function of the emitters [18]. Therefore, an ultrahigh
vacuum is required for stable field emission. As a result, field emission vacuum tran-
sistors still encounter the problems of unstable electron emission, poor uniformity and
repeatability, and complex processing. Compared to field emission, thermionic electron
emission is much less sensitive to the microstructures of the emitter and molecule absorp-
tion, indicating much more controllable and stable electron emission. A few years ago, a
graphene-based vacuum transistor (GVT) was demonstrated by employing an electrically
biased graphene as the thermionic electron emitter [19]. The GVT exhibits promising
performances in several aspects, such as high ON/OFF ratio, small subthreshold slope,
and low operating voltages. Importantly, this device provides a feasible way to achieving
vacuum channel transistors based on thermionic electron emission. However, the GVT
shows disadvantages of large leakage current and a high-power consumption.

In this paper, we report the scaling down of vacuum triodes to the microscale on a chip
by employing a single Joule-heated multiwalled carbon nanotube (CNT) as the filament for
thermionic electron emission. The CNT-based vacuum transistor (CVT) can be switched by
tuning the bias voltage applied to the heavily doped silicon substrate (bottom gate) with
an ON/OFF current ratio up to 10%, and a subthreshold slope of ~4 V-dec™!. We also study
the dependence of gate controllability on the distance between collector electrodes and
emitter. The simulation of the electric field at the surface of CNTs indicates that the electric
field in our devices is about one order of magnitude smaller than that in the devices based
on field electron emission.

2. Materials and Methods

The schematic structure of a CVT is shown in Figure 1a, where a multiwalled CNT,
acting as a filament, is freely suspended above a heavily doped Si substrate and pressed
between Au/Cr electrodes. To excite thermionic electron emission from the CNT, a bias
voltage (Vpriven) is applied to the suspended CNT, thus an electrical current (Ip) will pass
through and heat it by self-Joule heating. A pair of Au/Cr electrodes with a collecting
voltage (V) of 50 V are beside the CNT acting as the collector electrodes. As demonstrated
in pervious works, thermionic electrons emit from a Joule-heated carbon nanotube while
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a bias voltage applied to it is larger than a threshold value, and the emission current
increases exponentially with the bias voltage [20-22]. To switch emission current collected
by the collector electrodes (Ic), the heavily doped Si substrate underneath the suspended
CNT works as the gate electrode with a bias voltage (V) of —10-40 V. Figure 1b shows
a scanning electron microscope (SEM) image of a CVT, and the magnified SEM image of
the center area of the CVT is shown in Figure 1c, in which the distance between collector
electrodes and electron emitter is approximately 1.5 pm.

Driven Electrodes

(ﬁ)llector
W

Collector

Figure 1. (a) A schematic illustration and working principles of a CNT-based vacuum transistor;
(b) an SEM image of a global CVT; (c) an SEM image of the framed area in image (b).

CNT-based vacuum transistors are fabricated on SiO, /Si wafer substrates by microfab-
rication technologies, where the SiO; layer thickness is 300 nm. The metallic multiwalled
carbon nanotubes fabricated by arc discharge with a smooth surface and a perfect structure
are dispersed on the substrate in alcohol solution. A proper carbon nanotube is selected first
for device fabrication via SEM observation. The average diameter of selected carbon nan-
otubes is about 10 nm. Next, a pair of Au/Cr (80 nm/10 nm) driven electrodes and collector
electrodes are fabricated by electron-beam lithography (EBL), electron-beam evaporator
deposition, and a standard lift-off process, successively. To enhance the electron emission
from a Joule-heated CNT [23,24], the SiO, layer underneath CNT must be removed by
chemical etching to make the multiwalled CNT suspended over the Si substrate. A layer of
polymethyl methacrylate (PMMA) is first used as a mask and the area for etching is defined
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by EBL. Second, the sample is plunged into buffered hydrofluoric acid for 330 s to remove
the S5iO; layer. After washing off the PMMA mask in acetone and drying the sample in hot
isopropanol, a CNT-based vacuum transistor as shown in Figure 1 is finally obtained.

3. Results and Discussion
3.1. Thermionic Emission from a Multiwalled Carbon Nanotube

The performances of CVTs are measured on a probe station at room temperature
with the vacuum level of about 1 x 102 Pa utilizing a Keithley 4200 semiconductor
characterization system. The emission current of a multiwalled CNT electron emitter is
measured repeatedly with collector electrodes applied with 50 V and gate electrode vacant.
The device exhibits repeatable electron emission for five different measurements, as shown
in Figure 2a. There is no emission current collected by collector electrode until Vpyiven
is larger than ~3.6 V, and the maximum emission current can reach up to 10 nA when
VDriven is ~4.4 V. It can be seen from Figure 2a that I increases exponentially with Vpyiven,
in good agreement with previous observation of thermionic emission from a suspended
CNT [20-22]. As the collecting voltage is fixed at 50 V and thus electric field at the surface of
the CNT is almost unchanged during the measurements, electron emission is not governed
by electric field. The electron emission from a Joule-heated CNT is attributed to thermionic
emission mechanism with non-thermal equilibrium electron distribution [20,21].
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Figure 2. The performances of CVTs with distance between collector electrode and CNT emitter of
1.5 um measured at room temperature and ~1 x 1072 Pa. (a) The emission performance of a CNT
emitter is measured repeatedly for five times when V¢ is fixed at 50 V; (b) output characteristic
(Ic—VDriven curves) and (c) transfer characteristic (Ic—Vg curves) of a CVT at various gate voltages
and driven voltages. The dashed lines and solid lines in (b) are in exponential and linear scale,
respectively; (d) transfer characteristic of the same device in (¢) when V¢ is 50 V and Vpyjyen is 4.2 V,
which indicates an ON/OFF current ratio up to 10*. The black line shows the relationship between
IG and VG.
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3.2. Output Characteristic and Transfer Characteristic of a CNT-Based Vacuum Transistor

Figure 2b shows the output characteristic (Ic — Vpriven curves) of a CVT at different gate
voltages of 5V, 10 V, 30 V, respectively. It can be seen from the curves plotted in exponential
scale that the emission current increases exponentially with Vpyiyen and gate voltage also
has a significant influence on emission current, implying a gate controllability. The transfer
characteristic (Ic—Vq curves) of a CVT with distance between collector electrode and
emitter (D) of 1.5 um under different driven voltages (Vpyiven) applied to the multiwalled
CNT is shown in Figure 2c when the collecting voltage is fixed at 50 V. It can be seen from
the group curves that, when the gate voltage (V) is lower than a threshold voltage of ~0
V, the emission current is at a noise level and the CVT is in the OFF state. When V¢ is
larger than the threshold value, there is an obvious electron emission from the CNT emitter,
indicating the CVT is switched to the ON state. The Ic—V g curves plotted in exponential
scale demonstrate that the Ic increases exponentially with Vg above the threshold voltage.
As is shown in the transfer characteristic curves, the threshold voltage decreases to a slight
extent with the increase of Vpyiven.

The bottom gate about 300 nm underneath the suspended CNT with a bias voltage
enhances the strength of electric field around the CNT, thus lowering the surface barrier
of the CNT, which enhances thermionic electron emission from the CNT. Comparing to
pure thermionic emission, field-assisted thermionic emission can be well controlled by
tuning electric field [25]. Therefore, we can control the states of a CVT through tuning the
gate voltage. It can be seen obviously from Figure 2d that, the emission current increases
fast with gate voltage at the low voltage regime (space charge regime), and then increases
slowly with the gate voltage at high voltage regime (accelerating field regime). The gate
controllability of CVTs is therefore attributed to the space charge effect and Schottky effect.

A single transfer characteristic curve together with a simultaneously measured gate
current versus gate voltage curve is shown in Figure 2d. An ON/OFF current ratio as
high as 10* and a subthreshold slope of ~4 V-dec™! are observed. The subthreshold
slope of the carbon nanotube vacuum transistors is not very satisfactory at present. The
distance between the CNT emitter and gate electrode is ~300 nm. To maintain the same
level of electric field, the shorter the distance, the lower the voltage required. In addition,
the nanoscale curvature radius of CNTs surface induces a substantially larger local field
enhancement. The field enhancement factor of a CNT will increase inversely with average
diameter, and the field enhancement factor of a single-walled carbon nanotube can reach
up to ~1404 [26]. On the other hand, the larger the coverage area of gate electrode to
electron emitter, the stronger the gate controllability. The subthreshold slope of CVTs is
not very satisfactory at present. In the future, limiting the distance between the electron
emitter and gate electrode, using surround gate structure and decreasing the diameter of
individual carbon nanotubes will be tried to improve the performance of the devices. It
can be seen that the maximum leakage current collected by bottom gate is ~40 pA. This is
approximately seven orders of magnitude smaller than that (~0.7 mA) of graphene-based
vacuum transistor [16]. Importantly, the gate leakage current is much smaller than the
collector current, which is important for a vacuum transistor.

3.3. Gate Controllability and Electric Field Strength Distribution

In order to optimize gate controllability, the dependence of gate controllability on the
distance between collector electrodes and electron emitter is explored. Experimental data
reveal that the distance (D) has an important influence on the bottom gate controllability.
Figure 3a shows the transfer characteristic curves of CVTs with different distances of
D = 0.5 pm and D = 1.5 pm, respectively, at V¢ = 50 V and Vpyiyen = 4.0 V. When the
distance is 1.5 um, the emission current of the CVT increases rapidly with V¢ in ON state
and the ON/OFF current ratio is ~103. When the distance is 0.5 um, however, the OFF
current is so large that the slope of the Ic—Vg curve is smaller than that of the former with
a ON/OFF current ratio of ~10. Namely, the device with D of 0.5 pm is hard to be switched
OFF. In addition, the emission current decreases slightly with the increase of Vg larger than
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30 V, which is attributed to gate electrode-capturing electrons. Consequently, the longer the
distance of collectors is, the higher performance in bottom gate controllability.
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Figure 3. (a) Transfer characteristic of two CVTs with different distances between collector electrodes
and CNT emitter: 0.5 pm and 1.5 pm. Inset: a scanning electron microscope image of a CVT with
D = 0.5 um; (b) simultaneously measured Ic—Vg curve and Ig—Vg curve of a CVT with the heavily
doped Si substrate as the collector and side electrodes as the side-gate.

The transfer characteristic is also measured when the bottom Si substrate is set as the
collector electrode (designated as bottom collector) and the side electrodes are set as the
gate electrode (designated as side gate). Figure 3b shows the curve of bottom-collector
current (Icpottom) Versus side-gate voltage (Vg.gige) curve and that of side-gate current
(Ig-sige) Versus side-gate voltage (Vg gide) Of @ CVT. It can be clearly seen that the leakage
current collected by side gate (Ig_side) increases rapidly with the side-gate voltage. However,
the emission current collected by the bottom collector (Icpottom) Maintains stable roughly
with the side-gate voltage, indicating a weak gate controllability. The device configuration
with the side electrodes as the collector and the bottom electrode as the gate therefore show
much better gate controllability than the device configuration with the side electrodes as
the gate and the bottom electrode as the collector.

To get further insights into the gate controllability of the devices, electric field ina CVT
is calculated by COMSOL. The simulated CVT uses the same parameters as those of the CVT
in experiments, including the thickness (90 nm) of metal electrodes, the thickness (300 nm)
of SiO; layer, and the diameter (10 nm) and length (1 pm) of a CNT. To simulate the devices
with different distance between the collector electrodes and CNT emitter, we calculated
the electric field in the devices with D = 0.5 um, 1 pm, and 1.5 pm, respectively. Figure 4a
shows the distribution of electric field strength of a simulated device with D = 1.5 um when
Vg is fixed at 40 V. The distribution of electric field strength along the axis of a CNT emitter
is shown in Figure 4b, where the strength of electric field at each axial position is obtained
by averaging electric field strength along the circumference of the CNT. The distribution of
electric field strength along the CNT axis can be well fitted by a curve of Gauss function.
The maximum value of the fitting curve is regarded as the maximum electric field strength
(I Epgx 1) in the CNT surface.
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Figure 4. Electric field distribution simulations of a CNT-based vacuum transistor. (a) Electric field
strength distribution in a simulation model with Vpyiyen = 4.0V, Vc =50V, Vg =40 V; (b) the
distribution of electric field strength around the CNT surface along the axis of the carbon nanotube
when D is 0.5 um, Vpyiven =40V, Ve =50V, Vg =0V; (¢) | Ejax | —Vg curves for the devices with
the side electrodes as the collector and D of 0.5 um, 1 pum, 1.5 um; (d) | Eyax | —V g curves for the
devices (D = 1.5 um) with the bottom gate and side gate, respectively.

Figure 4c shows the dependence of | E;;;ux | on V¢ for the devices with different D. It
can be seen that | E,,, | increases from 1.63 x 107 V-m~! t0 5.60 x 108 V-.m~! by more
than 30 times with the increase of Vg from 0 V to 40 V when D is 1.5 um. In contrast,

| Emax | only increases by 2.99 and 17.26 times with the same increase of Vg from 0 V to
40 V corresponding to a D of 0.5 um and 1.0 um. The CVT with D of 1.5 um therefore has
a stronger gate controllability of | E;ux | by Vg than that of other CVTs with shorter D,
which is in good agreement with the experimental results in Figure 3a. The poorer gate-to-
emitter controllability for shorter collector-to-emitter distance can well be understood, by
considering the fact that the electric field at the surface of CNT emitter is mainly governed
by the collector but not the gate in the case of short collector-to-emitter distance.

We also calculate | E;;0x | — Vg curves for different device configurations (the device
with the side gate and bottom collector, and the device with the bottom gate and side
collector). It can be seen from Figure 4d that, when the distance between CNT and side
electrode is 1.5 um and the distance between CNT and bottom electrode is 300 nm, the
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device with the side gate and bottom collector shows much less controllability of | E;x |
by Vg than the device with the bottom gate and side collector, in agreement with the
experimental results in Figure 3b. The stronger gate controllability for device with the
bottom gate is attributed to the dominance of electric field at CNT surface by the bottom
electrode that is closer to the CNT emitter than the side electrodes.

Considering a gate voltage of 10 V for switching on a CVT, as shown in Figure 2c, an
electric field with the maximum magnitude of as small as ~1 x 108 V-m~! is needed to
switch on a CVT according to Figure 4c. This is about one order of magnitude smaller than
that needed for the vacuum transistors based on field emission, which requires a typical
local threshold electric field of more than 1 x 10° V-m~!. Compared with field emission that
is quite sensitive to the microstructures of the emitter, field-assisted thermionic emission
shows much less sensitivity to the microstructures of the emitter due to the much smaller
threshold electric field [18]. Moreover, according to our previous works, the temperature of
CNT emitter in a CVT can reach up to more than 2000 K [22]. The absorption of ambient
molecules, which is thought to be the main reason for the instability of field emission, can
be effectively prevented in such a hot electron emitter. The higher the temperature, the
shorter the desorption time of the residual gas molecules. Our CVTs based on field-assisted
thermionic emission are therefore expected to show better stability and uniformity than the
vacuum transistors based on field emission.

4. Conclusions

In conclusion, we report a new structure of vacuum transistor based on field-assisted
thermionic emission with individual CNTs as the filaments, fabricated by microfabrication
technologies. The emission current can be controlled by tuning the bias voltage applied to
the heavily doped Si substrate with an ON/OFF current ratio up to 10* and a subthreshold
slope of ~4 V-dec™!. Furthermore, we explore the influence of distance between collector
electrodes and electron emitter on gate controllability and find that the longer the distance
is, the stronger the gate controllability to electron emission is. Benefiting from field-
assisted thermionic emission, the emission current of CVTs is much less sensitive to the
microstructures of emitter and absorption of ambient molecules. The CVTs are therefore
expected to show better stability and uniformity than the vacuum transistors based on
field emission.
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