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ABSTRACT: A nano vacuum tube which consists of a vacuum transistor and a
nano vacuum chamber was demonstrated. For the device, a vacuum region is an
electron transport channel, and a vacuum is a tunneling barrier. Tilted angle
evaporation was studied for the formation of the nano level vacuum chamber
structure. This vacuum tube was ultraminiaturized with several tens of 107" L
scale volume and 107 Torr of pressure. The device structure made it possible to
achieve a high integration density and to sustain the vacuum state in various real
operations. In particular, the vacuum transistor performed stably in extreme
external environments because the tunneling mechanism showed a wide range of
working stability. The vacuum was sustained well by the sealing layer and provided
a defect-free tunneling junction. In tests, the high vacuum level was maintained for
more than 15 months with high reliability. The Al sealing layer and tube structure
can effectively block exposed light such as visible light and UV, enabling the stable
operation of the tunneling transistor. In addition, it is estimated that the structure blocks approximately 5 keV of X-ray. The
device showed stable operating characteristics in a wide temperature range of 100—390 K. Therefore, the vacuum tube can be
used in a wide range of applications involving integrated circuits while resolving the disadvantages of a large volume in old
vacuum tubes. Additionally, it can be an important solution for next-generation devices in various fields such as aerospace,
artificial intelligence, and THz applications.
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ith advances in existing electronic devices and the
appearance of innovative devices, extreme perform-
ance is required. The importance of developing
devices that have high integration and miniaturization, high
performance, high efficiency, and high operating speed has
thus increased.'™ In addition, with the electrification of
conventional machinery such as electric vehicles and the
change of working environments, reliable operation is
necessary for highly challenging environments, especially
including the harsh environmental conditions of space such
as extreme temperatures, ultraviolet (uv) exposure, X-ray, and
radiation.*~¢
Device operating mechanisms and designs should be
considered to withstand these extreme conditions. Quantum
mechanical tunneling is a good candidate solution.”® A
tunneling device has an ultrathin potential barrier so that
electrons can penetrate the potential barrier. Thus, it can show
high operating speed, a sub—60 mV/decade subthreshold
swing, low operating voltage, and high current efficiency.”” "
Usually, an oxide material or a semiconductor is used as the
tunneling barrier."*~"” However, in this case, some issues still
remain, such as electron trap and scattering due to the defects
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in the barrier. This easily degrades the electrical properties of
the device.

Old vacuum tube technology can point toward a direction to
resolve these issues.”'® A vacuum is one of the ideal tunneling
barriers, and it is almost free from defects. Due to the absence
of trap sites and electron interference in the ideal vacuum, the
vacuum device exhibits ballistic transport properties.””"’
Therefore, the vacuum device can have high-speed switching
with high stability.””>" Additionally, a vacuum tunneling device
can be more robust in harsh environmental conditions such as
a wide driving temperature or radiation conditions due to the
empty channel.””>*® In the past, vacuum tubes were
dominantly used as a key component of electronic
circuits.>*™*¢ However, despite these advantages, the old
vacuum tubes have some limitations. They are difficult to
use in large-scale integrated circuits due to the large sealing
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Figure 1. (a) Theoretical electron mean free path according to the pressure. (b) Schematic of tilted angle evaporation. (c) Schematics of
vacuum tunneling transistor without a vacuum tube (left) and with a vacuum tube (right). (d) Fabrication process of vacuum tunneling

transistor with nano vacuum chamber.

volume and poor durability of glass sealing and consequently
were replaced by semiconductor devices and integrated circuit
(IC) design. To use vacuum technology with recent advanced
technology, miniaturized sealing technology should be
developed.

The operation of recent vacuum devices follows the field
emission by Fowler—Nordheim (FN) tunneling.'>*’~** The
high electric field is applied at the electrode; the electrons can
be emitted into the vacuum region, and they are attracted to
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the opposite electrode due to the applied bias. Especially, in
the transistor structure, the potential barrier becomes sharper
due to the applied gate field.>*?%333% Therefore, the electrons
easily penetrated and were emitted into the vacuum. Some
research groups studied various vacuum sealing methods to
operate vacuum devices under general conditions. These
techniques are based on a microelectronic mechanical systems
(MEMS) structure.”~*' However, this fabrication process is
complicated and requires many fabrication steps. Moreover,
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Figure 2. Tilted angle simulation using Python according to the tilted angle and aspect ratio: (a) aspect ratio 1; (b) aspect ratio 1.5; (c)
aspect ratios 0.5, 2, 1 and tilted angles 45°, 45°, 20°, respectively. (d) Relationship among aspect ratio, tilted angle, and height. (e) Height

value according to the tilted angle at each aspect ratio.

the sealing size level is still at the micrometer level or even a
millimeter scale. Recently, emerging materials were used for
vacuum enclosure such as graphene which has high trans-
parency and ultrathin thickness.*”~** Therefore, it is possible
to pass the electric field and electrons. So, it works as an
electrode (grid) and as vacuum encapsulation. However, this
method is difficult to use in compatibility with complementary
metal oxide semiconductor (CMOS) fabrication. As an
alternative solution, other researchers fabricated a vacuum
device with an ultranarrow gap that was less than the electron
mean free path (MFP) in air.”**?¢ Therefore, if the tunneling
gap size is less than the MFP, vacuum tunneling can be
possible in air conditions. Although this is theoretically
possible, a reliability issue is anticipated to impede realization
and commercialization. Therefore, many groups have focused
on improving the performance of tunneling devices using a
large size test vacuum system, instead of finding nanometer
level vacuum sealing methods for realization.'”*~**

Here, we suggested and studied a nano vacuum tunneling
tube structure. The vacuum chamber structure is the key
component to maintain the vacuum and to stably operate the
vacuum transistor in air. To minimize the electron trap and
scattering issues, the vacuum sealing of the nano vacuum tube
was carried out in a high vacuum state. To produce a high
vacuum state with a nanometer level sealing structure, we
should use a micro- or nanofabrication process. To this end,
we studied tilted low angle evaporation to seal the nano
cylinder chamber with a high vacuum state. Compared with
old glass tube vacuum sealing technology, the evaporation
sealing process is quite compatible with the fabrication process
of a tunneling transistor and guarantees high integration
density. The suggested vacuum transistor consists of a metal—
vacuum—metal junction with a bottom gate electrode.
Therefore, we can develop an ultraminiaturized volume

vacuum tube and the transistor can operate in atmospheric
pressure without any vacuum measurement system. It also has
a long lifetime and can endure various harsh environments
without significant errors or degradation.

Nano Vacuum Chamber Using Tilted Angle Evapo-
ration. The nano vacuum tunneling tube fabricated by a
specific sealing process based on the nano and micro
fabrication process was studied to operate as a vacuum
tunneling device and enhance its performance without any
other vacuum pumping systems. The electron mean free path
can be calculated by eq 1%

Tu 1

1= 2L -

8 u oP (1)

where p is the coeflicient of viscosity of air, u is the numerical
factor, P is the pressure, and p is the density of air. According
to the equation, in ideal conditions, the electron MFP is less
than ~67 nm at atmospheric pressure of 760 Torr at 300 K.
We can calculate the electron MFP according to the pressure,
and it increases dramatically (10-fold or more) approaching a
high vacuum (Figure la). In high-vacuum conditions
(~107Torr), the MFP is dramatically increased by over 1
m. Therefore, a higher vacuum state can guarantee the
reliability and stability of the vacuum tunneling barrier, which
is one of the most important structures of tunneling devices.
The vacuum chamber allows us to operate the tunneling
transistor in atmospheric pressure regardless of the tunneling
gap. To realize a nano level vacuum chamber structure, we
fabricated the vacuum chamber by a process based on tilted
angle evaporation. Sometimes, this tilted angle evaporation has
been applied to form various structures. One example is the
Spindt-type device, one of the key device structures for vacuum
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Figure 3. SEM images of the nano vacuum chamber at each step: (a) top view and (b) cross-sectional images of single and array vacaum
cylinder before vacuum sealing with 300 nm hole diameter. (c) Cross-sectional image of vacuum chamber fabricated without rotation with
300 nm hole diameter and 45° tilted angle. (d) Cross-sectional images of vacuum chamber with 30° tilted angle according to the hole
diameter. (e) Cross-sectional images with aspect ratio of 1 according to the tilted angle. (f) Measured top sealing layer thickness by the tilted
evaporation angle. (g,h) Results of actual height (from bottom to deposition starting point) according to the hole diameter and tilted angle.

(i) Calculated volumes of vacuum chamber by the hole diameter.

S0=53 The device uses this method to form a

tip electrode for electron emission into a
vacuum.***™>° The tilted evaporation is used to form a very
thin sacrificial layer for the lift-off process. The tilted angle
evaporation has generally a poor step coverage and shadow
effect, and we tried to use these in reverse for the nano vacuum
sealing process. The tilted angle is between the intersection of
the vertical line of the sample surface and the vertical line of
the deposition source (Figure 1b). After the formation of the
tunneling device, a nano cylinder structure was fabricated by a
general semiconductor process, deposition, lithography, and
etching. The substrate was then loaded into an evaporation
system. During evaporation, a high vacuum level (~107° Torr)
was sustained in the process chamber by various vacuum
pumping systems. Therefore, if we can cap the nano cylinder
structure in the evaporation system, we can obtain a good nano
vacuum chamber. The vacuum tunneling transistor was
fabricated with a bottom gate structure to control the electric
field in the vacuum barrier, and the nano vacuum chamber was
placed between the source and drain (Figure 1c). The details
can be seen in the schematic of the fabrication process of the
nano vacuum tunneling tube (Figure 1d).

Before the vacuum sealing process, a simulation was carried
out to estimate the paths of the evaporation particles and the
deposition form. Pygame, a library for multimedia expressions
that can be written in Python, was used as a simulation tool.
The simulation function was based on a Gaussian distribution.
In order to fabricate devices without other issues such as
electrical short, cutoff, or damage, the top sealing layer should
not be deposited on the bottom of the chamber where the
tunneling transistor is formed. From Pythagoras’ theorem, if
the aspect ratio of the cylinder is 1, the tilted angle of
evaporation should be at least 45° in order to avoid deposition
at the bottom. At this time, the limit of the tilted angle can
change depending on the aspect ratio, and the minimum aspect
ratio also changes according to the tilted angle. Therefore, the
aspect ratio and tilt angle were set as the simulation variables.

field emission.
vertical shar
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The aspect ratios were selected as 1 and 1.5, and the tilted
angles were 30°, 40°, and 45°. The deposition angle without
tilting is 90°, and thus a smaller angle means there is more tilt.
Therefore, it is also called low angle deposition. In all cases, the
particles were deposited at the top surface and the side wall of
the chamber together, and the deposition form was a cone
shape following a specific slope and path. The slope follows the
tangent equation, y = 2 tan Ox + a. The heights, which are the
dimensions from the bottom to the deposition starting point of
the side wall (H value in the inset of Figure 2d), were
compared according to the tilt angles and aspect ratios. For the
same aspect ratio, a lower tilted angle yields less deposition of
the evaporation material inside the chamber wall (Figure 2a,b).
When the same tilted angle is selected, a higher aspect ratio
can give a larger process margin. If the aspect ratio is less than
1, for example, a 0.5 aspect ratio, a very low angle below 45° is
required without any deposition on the bottom device
structure (Figure 2c). In the same simulation cycles at an
aspect ratio of 1, the horizontally deposited thicknesses from
the side walls (S value in the inset of Figure 2d) were
approximately 150, 120, and 105 nm at 30°, 40° and 45°,
respectively. This shows that the smaller angles resulted in
large covering of the hole by thicker lateral deposition.
Therefore, a smaller angle can be recommended for vacuum
sealing. The calculated height from the simulation is depicted
in the graph (Figure 2d,e). The maximum height is nearly 200
nm at an aspect ratio of 1.5 and a tilt angle of 30°. Because a
higher aspect ratio can induce a larger chamber volume,
although it can provide a better process margin, the proper
aspect ratio and angle should be considered to fabricate the
vacuum chamber. Based on the simulation results, the vacuum
chamber was fabricated and compared experimentally.
Cylinders with aspect ratios of 1, 1.2, and 1.5—where the
hole diameters were designed to be 300, 250, and 200 nm,
respectively—were fabricated and the height was fixed at 300
nm. The tilted angles were selected as 30°, 40°, and 45°
(Figure 3a). An array structure was fabricated to evaluate the
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Figure 4. Results of the top sealing layer of the vacuum chamber: (a) atomic force microscope (AFM) image and (b) SEM image of tilted
angle 30° according to the hole diameter. (c) AFM and (d) SEM images of hole diameter of 300 nm according to the tilted angle. In (b) and
(d), the yellow broken line means the initial hole diameters before tilted angle evaporation. (e) Roughness characteristics by the hole
diameter. (f) SEM and EDS results of the interior of vacaum chamber structure.

uniformity (Figure 3b). The cylinder array showed good
uniformity in the process. During SiO, dry etching for cylinder
fabrication, the bottom SiO, oxide such as substrate oxide or
gate oxide of the transistor may be etched or damaged. It can
be solved through sophisticated process control by using such
an end point detector which makes it possible to control the
etch end point carefully, and it can have ~1 nm margin. In
addition, the problem can be solved by using different oxides
for the under layer such as Al,O; and HfO, or fabricating the
cylinder using polymers such as polyimide (PI) and SU-8.
Rotation of the substrate during the evaporation process is
recommended for uniform vacuum sealing. Otherwise, the
material will be deposited on one side of the wall, which
impedes the sealing of the cylinder structure (Figure 3c). The
deposition conditions such as the deposition thickness, amount
of evaporation source, rotation speed, and deposition rate were
the same for all conditions. The chamber shapes resemble a
water drop in all cases, which was predicted by the simulation.
For the tilted angle of 30°, the cylinders were sealed well at all
aspect ratios (Figure 3d). However, as predicted from the
results of Figure 2, with a smaller angle and thus faster vacuum
sealing, it was confirmed that the cylinders were not
completely blocked at 40° and 45° and were only sealed at
30°, when the aspect ratio was 1 (Figure 3e). Since the sealing
layer was deposited with different angles, the thickness of the
final sealing layers was different. There is a thickness difference
in the top sealing layer between the target thickness controlled
using a quartz crystal monitor and the actual thickness on the
sample (Figure 3f). The top sealing layer thickness was
increased as the tilt angle was decreased. When the target
thickness of the sealing layer was set as 400 nm monitored by
the thickness monitor, but at all angles, the thicknesses were
less than this, and the largest difference was about 38% less
than the target thickness. Therefore, to achieve perfect sealing
of the vacuum and to obtain a uniform top sealing layer, it is

necessary to adjust the actual deposition considering the tilt
angle for evaporation. In order to check the chamber volume,
the actual height was extracted from a scanning electron
microscope (SEM) analysis (Figure 3g;h). From the definition
of the trigonometric functions, the height can be expressed by
the following equation: height = cylinder thickness —
diameter/tan (90 — ). Deposition starts at the high starting
point with an increasing aspect ratio and a decreasing tilted
angle. The deposition slope becomes more gradual by the
slope of 2 tan @ as the tilted angle is decreased, as mentioned
previously. The highest height is over 200 nm under the
conditions of an aspect ratio of 1.5 and an angle of 30°, and the
height also is close to 200 nm at aspect ratios of 1.2 and 1 at
30°. The errors at other points for each condition are very
small (i.e., less than 5 nm). The volumes of the vacuum
chamber have several 107'8L levels, the attoliter [aL] scale
(Figure 3i). As a result, we can fabricate an ultrasmall size
vacuum chamber with a ~nm” level of area with ~aL level of
volume.

The sealing layer was deposited in a high vacuum state
(~107® Torr). If collapse does not occur and there are no
nondeposited areas of the top sealing layer, the inside of the
nano chamber pressure will be almost the same with the
evaporation process pressure. The surface topology was
assessed to confirm whether the vacuum sealing film was
well sealed at each condition without any nondeposited areas
and endured without breaking due to the different pressures
with air. The results for all conditions are presented in a table
in Figure S1. The top sealing layer was perfectly covered at 30°
for all hole diameter conditions (Figure 4a,b). For other cases
of 40° and 45° with an aspect ratio of 1, the holes were not
covered well (Figure 4c,d). In the 40° case, the holes were
more covered than those at 45°, but the hole structure still
exists. However, this does not necessarily mean that the
structure is not sealed in a vacuum state because the lower
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Figure 5. SEM images of vacuum tunneling transistor with vacuum chamber. (a) Appearance of the entire transistor and magnified images
inside the vacuum chamber. (Right) Cross-section SEM image of nano vacuum tube after FIB. S, D, and G mean source, drain, and gate,
respectively. (b) Step-by-step fabrication results: Tunneling transistor (left), after the formation of nano cylinder (center), and after sealing
(right). (c) Electrical characteristics of vacuum tunneling diode (left and middle) without (w/0) vacuum chamber measured under
atmospheric pressure and a high vacuum, respectively (right), with (w/) vacaum chamber measured in atmospheric pressure. (d) Properties
of FN tunneling mechanism under (left) same conditions with middle of (c) and (right) same conditions with right of (c). (e) Electrical
performance of the vacuum tunneling diode according to the use of different metals (inset) and work functions of the metals. (f) Vy, and (g)
EN tunneling characteristics of each metal.

region of the hole can be covered first due to the slope
equation, even if the upper region is not covered perfectly.
Therefore, when the thickness of the top sealing layer is
increased, the whole area can be well-covered and uniform.
After the sealing process by tilted evaporation, the sealing film

19701

is quite uniform. The roughness is less than 8 nm (Figure 4e).
This top sealing layer can be used for any material that can be
tilted angle evaporation, even the insulator layer. However, it
can cause critical issues for device operation such as electrical
short or cutoft if it is deposited at the bottom of the vacuum
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chamber where the main device is located. In the present case,
a conductive aluminum (Al) was chosen as a sealing material.
Therefore, it is important to deposit the sealing layer only at
the side of the vacuum chamber to prevent an electrical short.
So, the vacuum chamber was analyzed using an energy-
dispersive spectrometer (EDS) to assess whether the sealing
material was deposited at the chamber bottom (Figure 4f). Al
appeared only at the top of the cylinder. As a result, there is no
critical issue in combining the vacuum chamber with vacuum
devices. Additionally, it is important to optimize the chamber
structure, such as tilted angle and aspect ratio. To measure the
electrical characteristics of vacuum tunneling devices with the
reliable sealing process, we chose a nano chambered structure
with an aspect ratio of 1 and a tilted angle of 30° for ideal
vacuum sealing.

Nano Vacuum Tube. The electrical characteristics of nano
vacuum tunneling devices were studied. Here, the current units
were expressed as mA/m to current normalization at the
electrode edge of the sharp tip structure. Recently, the
dimensional part of the transistor has become one of the
important factors to compare the transistor with conventional
transistors. It defined current normalization in conventional
transistors such as metal-oxide-semiconductor field effect
transistors (MOSFET) and thin film transistors
(TFT).>**"~% Because the current flows follow the electric
field (or potential) in the channel. It is affected by the length
or distance of the source, drain, and gate electrode. Even in
vacuum devices, it depends on the electrode’s sharpness.
Therefore, according to the electrode sharpness, the localized
electric field is changed.él_63 However, there is no big
difference in the single electrode apex. So, the units were
used to normalize the current flow according to the width and
curvature of the sharp tip electrode. In addition, it is easy to
increase the overall understanding of vacuum transistors. First,
the SEM images of a nano vacuum transistor with the sealing
structure are presented (Figure Sa). The inside of the nano
vacuum tube was confirmed after focused ion beam (FIB)
etching (Figure Sa, right). It maintains well the vacuum
chamber structure studied in the previous section, and it shows
the existence of a vacuum tunneling transistor inside of the
vacuum chamber. The SEM images of each fabrication step of
nano vacuum tubes are shown in Figure Sb. The cylinder nano
hole was well aligned to the vacuum device structure. After the
sealing process by tilted evaporation, the cylinder structure was
well sealed by the Al sealing material without collapse. First,
the diode function was studied. The anode and cathode were
fabricated as a sharp tip structure to maximize the electrical
field by a structural effect.”>******%° The sharp tip structure
can enhance the electrical field approximately by more than 2-
fold at the point of the tip relative to a flat electrode
structure.' > Before vacuum sealing, the tunneling diode was
measured in air and vacuum state using a vacuum test chamber
(Figure Sc, left and middle, respectively). Without the sealing
process, there was quite a low current flow below 50 V, even
though the anode and cathode gap was approximately 100 nm,
which was slightly larger than the MFP. However, it can be
operated at atmospheric pressure when applied high anode
voltage up to 180 V (Figure S2). In recent trends, the low turn-
on voltage is essential for low power consumption. However,
the diode’s turn-on voltage is too high. It causes the metal
meting which has a low melting point, and the electrodes can
be damaged or broken down permanently.”> Therefore, it is
difficult to realize the tunneling device without a vacuum

system, although in theory, a quite small gap between
electrodes can induce the tunneling effect under air conditions.
In the vacuum test chamber, the diode was operated well. After
the nano sealing process, the sealing vacuum diode was
measured in air as well (Figure Sc, right). It showed similar
operation results even without the vacuum pumping system as
well as in atmosphere conditions. Additionally, the operating
mechanism of the nano vacuum sealing diodes follows the FN
tunneling mechanism well (Figure Sd). The nano vacuum
sealing structure effectively maintained the high vacuum state.
Below 2—3 V/m of the electric field, FN tunneling does not
occur. Therefore, the operating mechanism was studied over
the 20 V region. We can extract the slope values of the FN plot
(bgy), and from this value, the field enhancement factor (/)
can be extracted.”® The f is defined as the ratio of the
maximum electric field at the electron emitter and the applied
electric field. The factor is related to the electrode’s geometric

parameters such as radius and length. It is calculated from eq
5,27,43,66

0.95B2>'>

by = ————
p (2)

Here, B = 6.87 X 107 and @ is the work function of metal. The
B is affected in electron tunneling, and a higher value means
more electron emission. It is increased as a decrease the
electrode gap and increase the electrode curvature because it is

related to tip radius (r) and electrode gap (d), f =~ %, and

1 . L .
P~ - respectively. The vacuum tunneling diode was studied

according to the electrode gap, and B was calculated and
plotted.”® The electron emission can be increased by
decreasing the tunneling distance by reducing the electrode
gap (Figure S3).°” From this equation, electron emission is
also affected by the work function of materials and the device
structure such as the electrode gap or sharpness.”® Various
metal materials, specifically, tungsten (W), niobium (Nb), and
gold (Au), were studied for vacuum tunneling with a diode
structure. As tungsten has a small work function, more electron
tunneling occurs at the same voltage, and a small threshold
voltage (V) is induced (Figure Se,f).%? Tunneling diodes
using the three different metals were also operated following
the FN tunneling mechanism (Figure Sg). In addition, the bgy
values can be compared with V;, by following eq 3.°°

ben | _ |0.95B2%>
kFN kFN
n()] |pm(t) ©
Here, kpy ~ 2.5 X 10% I, is on current. From this equation, it
can be seen that Vy, is directly proportional to bgy, Vi, & bpy.
Therefore, as bgy increases, Vy, also increases. Additionally,
from the equation, by is inversely proportional to S and
linearly proportion to @%2°° Therefore, when the work
function of the electrode material is lowered, Vy is also
lowered (Figure S4a). In a diode structure, the current can
include the leakage current especially the surface leakage at low
voltage region.'” Recently, the analysis of direct tunnelin%
which appeared in the low voltage region has been studied.”
However, it is still difficult to separate surface leakage present
in current characteristics. The device operation was confirmed
more detail from the behavior change point at electrical
characteristics as a semilog scale whether the point is FN

Va ®
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Figure 6. (a) Schematic images of vacuum tunneling mechanism and energy band bending. (b) Visualized electric field simulation of the
nano vacuum tube to show the V, effect at fixed V; of 20 V and (right) the numerical electric field values according to the V; and V. (c,d)
Electrical characteristic of vacuum tunneling transistor measured in a test vacuum chamber before vacuum sealing. (Inset) Vy, result at each
Ve (e) FN tunneling operating mechanism of the vacuum tunneling transistor. (f) I characteristic of the vacuum tunneling transistor.
Geometrical effect of vacuum tunneling transistor: (g) I; according to the different source and drain electrode gap and (h) field
enhancement factor by the effect of the curvature of the tips at each electrode gap. (Inset) SEM images of the electrode tip at different

curvatures, and the values are bgy.

tunneling or leakage like current flow (Figure SS). The voltage
value in the change point is 19 V, and the FN tunneling
appeared over 0.054 V™! of 1/V which is nearly 18.52 V. These
two points are almost the same. As a result, it can be also
confirmed that the vacuum tunneling diode was operated
following the FN mechanism over the 20 V region.

For the operation of the vacuum transistor, the potential
barrier can be controlled and more energetic electrons at the
source can be emitted to the vacuum and travel to the drain
when the gate bias is applied (Figure 6a).” The electrical field
distribution was simulated with the multiphysics simulation
program (Figure 6b). The localized electric field at the source
edge was enhanced by increasing the gate voltage (Vg). The
thickness of the tunneling energy barrier can be reduced due to

19703

the increased channel potential. In addition, once the electrons
are released, they are attracted to the drain by the drain voltage
(V). Field emission characteristics of the vacuum transistor
without sealing were measured in a test vacuum chamber
system (Figure 6c). With more positive V, applied, Vi
decreased during the V, sweep. At the same V, more current
flows by increasing the V, (Figure 6d). The operation of this
vacuum transistor also follows the FN mechanism (Figure 6e).
In addition, they have small gate leakage current (Igs) of nano
vacuum tunneling transistors measured in a test vacuum
chamber. The I levels were approximately 1074-107" A
(Figures 6f and S6a). The I level can be neglected, and it does
not greatly affect device operation since it is too small
compared with the drain current (I;). The I is dependent on
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the position of the gate relative to the source and drain
terminal which means it was affected by the overlap dimension
of the source, drain, and gate.zo’56 The increased Iy, causes
device performance degradation and increases power con-
sumption. To reduce the L, the vacuum tunneling transistor
was fabricated with a small overlap dimension and the gate
electrode was positioned in the center of the source and drain
electrode with a symmetrical structure. The overlap dimension
of the source and gate is very small, approximately 3 X 107'*
m” The alignment mismatch was minimized to increase the
dimensional accuracy. Therefore, the devices can have small I ;.
Moreover, the electrical properties can be improved by
optimization of the device structure, such as the electrode

19704

gap and tip sharpness. When the source and drain electrode
gap are decreased the Vy, voltage is also decreased (Figure 6g).
Therefore, the device can be turned on at a low voltage. Two
types of tunneling devices with different tip sharpnesses were
fabricated. The curvature (k) is the reciprocal of the radius,
and then a large « value means a sharper tip structure.”” The /3
value was enhanced approximately 4-fold when x is ~0.02 at
the same gap condition (Figure 6h). Larger curvature of the
electrode results in a large f. Therefore, if the electrode
becomes sharper, the electrical properties can be enhanced,
consistent with the results observed for the tunneling
diode.”>*>%* All results of vacuum transistors also follow the
tendency of the relation to Vi, and bgy. Therefore,  increases
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through increasing tip sharpness and decreasing electrode gap,
bpy decreases, and the Vy, decreases (Figure S4b—d). In
addition, the operation of the vacuum tunneling transistor can
be affected by the vacuum channel pressure. The transistor was
measured in various pressures of a test vacuum chamber from
air to high vacuum (107 Torr) (Figure S7). At each Vg and V4
condition, I;, was increased as the pressure decreased, and the
Vi, was decreased as an increase vacuum quality of the test
vacuum chamber. Because as the vacuum level increases, the
probability of scattering and collision of emitted electrons was
decreased due to the small number of gas molecules. Although
a vacuum region was used as the electron transport medium,
the device is not completely free of scattering or trapping. To
support and confirm more about the effect of the trap site, the
hysteresis of the device operation was measured when the
voltage was applied from 0 to 40 V and returned to 0 V (Figure
S8). Hysteresis is the dependence of the state of a system on its
history. If there are any trap sites in the vacuum channel, the
electron is trapped, and large hysteresis may appear. There is
almost no hysteresis. Therefore, it is confirmed that there is
almost no electron trapping in our vacuum transistor.
Stability and Reliability Test under Various External
Environments. After the nano sealing process, the electrical
characteristics of the transistor were measured in atmospheric
conditions. As mentioned previously, the nano vacuum
chamber was fabricated by a tilted evaporation process. Since
the nano vacuum chamber effectively sustained the high
vacuum state of the transistor structure, all characteristics were
almost similar to those of the previous transistor tested in the
test vacuum chamber system (Figure 7a,b). But the current
flow of the nano vacuum tube was slightly increased because
the top metal sealing layer was operated as a floating electrode.
From the electric field simulation result, the localized electrical
field at the top of the source edge of the source electrode was
increased nearly 4-fold (Figure S9). As a result, the probability
of electron emission was increased, and the current flow was
slightly increased. In addition, the nano vacuum tube has a
small I, value approximately 107'* A level (Figure S6b). The
nano vacuum tunneling tube has a structure that can protect
the vacuum channel from the outside, and it can withstand
various external environments. Therefore, device character-
istics were studied in various extreme environments such as
high-energy light-exposure conditions and wide working
temperatures. Due to photovoltaic and photoelectric effects,
semiconductor devices suffer from abnormal behavior when
light is exposed. Even the semiconductor device can be
damaged by high energy light. Therefore, additional
passivation or packaging is essential. For the vacuum tunneling
structure, it can be robust to the photovoltaic effect since the
main materials of the device are metals with a vacuum barrier.
However, a photoelectric effect by high energy light was a
problem in old vacuum tubes based on glass sealing.
Fortunately, because of the Al sealing layer, our system can
maintain the reliable performance of the tunneling transistor
under harsh light exposure conditions. Various light sources,
specifically visible light (white source) and UV of 254 and 365
nm wavelength, were exposed during transistor operation, and
the change of electrical performance including that in a dark
(without light) state was compared. The electrical performance
of the tunneling device is almost identical under different drain
bias conditions (Figure 7c,d). To confirm their operating
mechanism, the result was confirmed by FN plot analysis
(Figure 7e). There is no big change in the operation of the

transistor for various light sources. However, in the range of
less than 0.2 V7! of 1/ V4 they have a slight difference. The
results were strictly fitted and distinct by separating the Vj
range. They have two operating mechanisms of Schottky
(Thermionic) emission (SE) and FN tunneling emission
(Figure S10). The Schottky emission is dominant from S to 13
V of V4, and over this voltage range, the FN tunneling emission
is dominant because some electrons can be emitted into the
vacuum by overcoming the potential barrier not penetrating
due to the applied high voltage. Additionally, the penetration
depth of electron and proton versus X-ray energy can be
calculated from the energy loss as in eq 4.”°

5/3
E,
$/3_1/3 10/3
/1g><5><2 na e "NZ (4)

penetration depth =

Here, ﬂg is constant at 0.182, a is the effective screened radius
of the atom, and N = N, p/A; N, is the Avogadro number of
6.023 X 105, and A is atomic weight. Additionally, E, is the
beam energy, and Z is the atomic number. The penetration
depth of electrons, protons, photons, and other ions depends
on their energy. The depth is determined by their stopping
power which is related to atomic mass and target solid
materials. The stopping power is decreased with increasing the
atomic number. Therefore, we can estimate the mean
penetration depth versus the radiation energy in the top Al
sealing layer (Figure S11). As a result, it is estimated that the
structure blocks approximately 5 keV of X-ray.”' Recently, a
wide working temperature is also important because of various
applications of electrical devices such as electric vehicles or
high speed calculation with big data. Si-based transistors have
shown some limits under severe temperature conditions. The
vacuum tunneling transistor was measured under a wide
working temperature. The change in characteristics was
confirmed by measuring from 100 K (=173 °C) up to 390
K, which is higher than the value of 353 K (80 °C) which is
generally referred to as a high temperature in device operation.
All results confirmed that the sealing of the vacuum transistor
did not have any significant issue in the wide temperature
range of 100 to 390 K (Figure 7f). Nonetheless, given that 100
K is the lowest stable state in our liquid nitrogen cooling
system and it is the limit of measurement in this experiment,
we expect that the device can work well at much lower
temperature conditions considering the structure and working
principle. Finally, the reliability of the vacuum chamber and the
stability of the tunneling transistor were confirmed. Reliability
is determined by how long the vacuum chamber can be
maintained for device operation. The stability is evaluated by
determining how many times the tunneling transistor could be
turned on and off repeatedly. The transistor was measured
again 15 months later and the test was still continuing (Figure
7g). The electrical characteristics were almost the same. To
measure the stability, an acceleration test was conducted with
the transistor (Figure 7h). The V, and V; were fixed at 50 and
15 V, respectively, and the current level was around S mA/m.
Turn on and off was repeated at 1 s intervals, and the current
level was well sustained. As a result, it is expected that the nano
tunneling vacuum tube can be operated stably.

CONCLUSION

We proposed a nano vacuum tunneling tube employing a nano
vacuum chamber using tilted angle evaporation to operate
vacuum devices in atmospheric pressure. Using Python, the
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movement path and deposition form of particles during tilted
angle evaporation for vacuum sealing were visualized. The
nano vacuum tube was fabricated by general silicon processing
similar to MOSFET. It is highly compatible with existing
CMOS fabrication processes, and there are few process
restrictions. Therefore, it can be embedded easily in other
integrated circuit components based on Si. Additionally, the
fabrication process of the nano vacuum chamber is very simple,
and it has high uniformity in an array structure. The vacuum
chamber has an ultrasmall chamber volume of several tens of
107'® L, and a high vacuum can be maintained without the
collapse of the vacuum sealing layer. Therefore, it is suitable for
the trend of device miniaturization. The vacuum tunneling
diode and transistor combined with the nano vacuum chamber
were operated according to the FN tunneling mechanism in
atmospheric pressure without a vacuum measurement system.
Furthermore, it has high reliability and stability, despite the
fact that the fabrication process of vacuum sealing is very
simple and easy. It is possible to maintain a stable vacuum, and
the devices could be operated for a very long time of more
than 15 months. The transistor could withstand an extreme
external environment with UV exposure and a wide temper-
ature range. Therefore, it can be used as a next-generation
device operating in harsh environments, such as those
encountered in aerospace applications.

METHODS

Fabrication of Nano Gap Vacuum Tunneling Transistor. The
vacuum tunneling transistor was fabricated on a silicon substrate with
thermally grown SiO,. The gate electrode was patterned by electron
beam lithography (EBL). For the electron beam resist (ER) a 950 K
PMMA A4 was used. A charge dissipating agent was co-coated to
minimize the electron beam charging effect for the nano gap. Gate
materials of Cr and Au were deposited using a thermal evaporation
system and lift off. SiO, was used as a gate oxide, and it was deposited
using plasma enhanced chemical vapor deposition (PECVD). Source
and drain electrodes were also patterned using EBL to obtain a gap
that was several tens of nanometers in size. For the electrode material,
W was deposited by a magnetron sputtering system and lift off. All
contact pads of the electrode were fabricated by photo lithography
and deposited using the same materials and methods.

Fabrication of Nano Vacuum Chamber. The nano vacuum
chamber was fabricated on the vacuum transistor. The nano chamber
was designed with a cylindrical structure. The wall of the vacuum
chamber was SiO, deposited by PECVD. The nano scale hole was
patterned for the vacuum cylinder using EBL. Also, the ER was 950 K
PMMA A4. Al was etched using a cluster etching system, and SiO,
was dry etched using a reactive ion etcher (RIE). SiO, etching was
controlled elaborately by using the end point detector. The vacuum
chamber was sealed by tilted angle evaporation using a thermal
evaporation system. Al was used as a vacuum sealing material with
400 nm thickness. During evaporation, the holder was rotated to
obtain a uniform thin film.

Simulation and Measurement of Electrical Characteristics.
The particle path and deposition form during tilted evaporation were
simulated by using Pygame, which is written in Python. The electric
field simulation was performed by using COMSOL multiphysics. The
electrical characteristics of the vacuum devices were measured by
using an I—V measurement system (Keithley 4200-SCS) with a
vacuum chamber probe station.
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