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Abstract: This study examines the electrical properties and layer quality of field emission microtriodes
that have planar electrode geometry and are based on tungsten (W) and silicon dioxide (SiO2). Two
types of microtriodes were analyzed: one with a multi-tip cathode fabricated using photolithography
(PL) and the other with a single-tip cathode fabricated using a focused ion beam (FIB). Atomic
force microscopy (AFM) analysis revealed surface roughness of the W layer in the order of several
nanometers (Ra = 3.8 ± 0.5 nm). The work function values of the Si substrate, SiO2 layer, and W
layer were estimated using low-energy ultraviolet photoelectron emission (PE) spectroscopy and
were 4.71 eV, 4.85 eV, and 4.67 eV, respectively. The homogeneity of the W layer and the absence of
oxygen and silicon impurities were confirmed via X-ray photoelectron spectroscopy (XPS). The PL
microtriode and the FIB microtriode exhibited turn-on voltages of 110 V and 50 V, respectively, both
demonstrating a field emission current of 0.4 nA. The FIB microtriode showed significantly improved
field emission efficiency compared to the PL microtriode, attributed to a higher local electric field
near the cathode.

Keywords: planar field emission microtriode; tungsten; silicon dioxide; field emission; field emission
cathode; electrical properties

1. Introduction

Advances in micro- and nanotechnology have led to a renewed interest in vacuum
electronics [1–5]. Vacuum electronic devices have several advantages over semiconductor
devices, making them the preferred choice for some applications. For example, vacuum
devices are widely used in wireless communications and high-speed data transmission
systems due to their ability to operate at high power levels and high frequencies [6–9].
Vacuum devices also have a high radiation tolerance, making them suitable for use in
aerospace technology and other environments with high radiation activity levels, such as
particle accelerators or radiation sources and detectors [10–14].

Microtriodes with field emission cathodes are one of the key components of vacuum
electronic circuits and are used to amplify and control electrical signals. It is generally
known that field emission cathodes have several advantages over thermionic cathodes,
including longer life, reduced size and weight, higher power efficiency, and faster response
time. However, they are more complex to manufacture because they require a very precise
and controlled manufacturing process to achieve high tip sharpness. Field emitters for
microelectronics are usually fabricated as vertically standing structures, such as sharp
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cones, tips, nanotubes, etc. [15–20]. To fabricate these structures, planar semiconductor
technologies are often complemented by nanotechnologies. This complicates the design of
field emission devices and increases their production costs. To reduce the costs, the planar
geometry of the cathodes can be utilized.

This study compares the current and field emission characteristics of two types of
microtriodes with the planar geometry of their electrodes. The first microtriode, referred
to as a photolithography microtriode (PL), has a multi-tip cathode and is fabricated using
planar semiconductor technologies and photolithography. The second microtriode, referred
to as a focused ion beam microtriode (FIB), has a single-tip cathode and is fabricated using
a focused ion beam. The choice of these two microtriodes allows us to study the influence
of cathode design on the electrical characteristics of the microtriodes.

The choice of cathode type for the user will depend on the specific requirements of
the application. Multi-tip cathodes have potentially higher-emission current density, lower
threshold voltage, and greater resistance to damage. Multi-tip cathodes are generally more
reliable than single-tip cathodes because there is a probability of electron emission from at
least one of the tips, even if some of the tips are damaged or contaminated. On the other
hand, the single-tip configuration allows for a more compact microtriode structure, which
is an advantage in applications where size constraints are critical. Single-tip cathodes may
also be preferred in applications where a high degree of special resolution is required,
which is provided by the small size and sharpness of the emitting tip.

Furthermore, we evaluate the quality of the layers of the fabricated microtriodes by
analyzing their surface roughness, elemental composition, and work function. The thermal
properties and infrared spectroscopic analysis of the microtriode layers have been described
in other works [21,22].

2. Materials and Methods

A schematic of the PL microtriode layers is shown in Figure 1a. To obtain the n+ gate
layer, the surface of a p-type Si wafer was doped with phosphorus. Next, the oxidation
process was performed at a temperature of 1130 ◦C to obtain a 0.6 µm thick thermal SiO2
layer. A 0.2 µm thick tungsten (W) layer was then deposited on the thick thermal SiO2
using DC magnetron sputtering. The deposition parameters included an argon atmosphere,
a current of 150 mA, a pressure of 5 × 10−3 mBar, a temperature of 250 ◦C, and a deposition
time of 3 min. The resulting resistance of the W layer was 3.8 ohm/square. The W layer
was then etched to form the cathode and anode electrodes. Next, the thick oxide layer was
etched to a thickness of 0.2 µm to obtain the gate oxide. Finally, windows were opened to
make contact with the gate, and the aluminum (Al) wiring was formed.

The cathode of the PL microtriode has multiple tips oriented horizontally toward the
anode, as shown in Figure 1b. The anode has a rectangular shape. The cathode tip angle is
22.6◦, and the distance between the tips is 2.4 µm. There are 120 tips in total. The distance
between the cathode and anode is 2 µm. Optical microscopy images of the fabricated PL
microtriode are shown in Figure 2.

Materials 2023, 16, x FOR PEER REVIEW 2 of 11 
 

 

for microelectronics are usually fabricated as vertically standing structures, such as sharp 
cones, tips, nanotubes, etc. [15–20]. To fabricate these structures, planar semiconductor 
technologies are often complemented by nanotechnologies. This complicates the design 
of field emission devices and increases their production costs. To reduce the costs, the 
planar geometry of the cathodes can be utilized. 

This study compares the current and field emission characteristics of two types of 
microtriodes with the planar geometry of their electrodes. The first microtriode, referred 
to as a photolithography microtriode (PL), has a multi-tip cathode and is fabricated using 
planar semiconductor technologies and photolithography. The second microtriode, re-
ferred to as a focused ion beam microtriode (FIB), has a single-tip cathode and is fabricated 
using a focused ion beam. The choice of these two microtriodes allows us to study the 
influence of cathode design on the electrical characteristics of the microtriodes. 

The choice of cathode type for the user will depend on the specific requirements of 
the application. Multi-tip cathodes have potentially higher-emission current density, 
lower threshold voltage, and greater resistance to damage. Multi-tip cathodes are gener-
ally more reliable than single-tip cathodes because there is a probability of electron emis-
sion from at least one of the tips, even if some of the tips are damaged or contaminated. 
On the other hand, the single-tip configuration allows for a more compact microtriode 
structure, which is an advantage in applications where size constraints are critical. Single-
tip cathodes may also be preferred in applications where a high degree of special resolu-
tion is required, which is provided by the small size and sharpness of the emitting tip. 

Furthermore, we evaluate the quality of the layers of the fabricated microtriodes by 
analyzing their surface roughness, elemental composition, and work function. The ther-
mal properties and infrared spectroscopic analysis of the microtriode layers have been 
described in other works [21,22]. 

2. Materials and Methods 
A schematic of the PL microtriode layers is shown in Figure 1a. To obtain the n+ gate 

layer, the surface of a p-type Si wafer was doped with phosphorus. Next, the oxidation 
process was performed at a temperature of 1130 °С to obtain a 0.6 µm thick thermal SiO2 
layer. A 0.2 µm thick tungsten (W) layer was then deposited on the thick thermal SiO2 
using DC magnetron sputtering. The deposition parameters included an argon atmos-
phere, a current of 150 mA, a pressure of 5 × 10−3 mBar, a temperature of 250 °C, and a 
deposition time of 3 min. The resulting resistance of the W layer was 3.8 ohm/square. The 
W layer was then etched to form the cathode and anode electrodes. Next, the thick oxide 
layer was etched to a thickness of 0.2 µm to obtain the gate oxide. Finally, windows were 
opened to make contact with the gate, and the aluminum (Al) wiring was formed. 

The cathode of the PL microtriode has multiple tips oriented horizontally toward the 
anode, as shown in Figure 1b. The anode has a rectangular shape. The cathode tip angle 
is 22.6°, and the distance between the tips is 2.4 µm. There are 120 tips in total. The distance 
between the cathode and anode is 2 µm. Optical microscopy images of the fabricated PL 
microtriode are shown in Figure 2. 

 
Figure 1. Schematic diagram of the PL microtriode: (a) microtriode layers; (b) mutual arrangement 
of the multi-tip cathode and rectangular anode, view from the top. 

Figure 1. Schematic diagram of the PL microtriode: (a) microtriode layers; (b) mutual arrangement
of the multi-tip cathode and rectangular anode, view from the top.
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Figure 2. Optical microscope images of the PL microtriode: (a) image of the entire chip surface;
(b) magnified view of the microtriode electrodes. Annotations in (b) correspond to the following
layers: (1) Al connections to the gate; (2) thermal SiO2; (3) anode; (4) Al connection to the anode;
(5) shutter SiO2; (6) cathode; (7) Al connection to the cathode.

Figure 3 shows scanning electron microscope (SEM) images of the second type of
microtriode fabricated using a two-step FIB etching technique. The microtriode has a
double-gate configuration with a cathode–anode distance of 100 nm, a gate-to-gate distance
of 90 nm, and a cathode-to-gates distance of 15 nm. The gates, cathode, and anode electrodes
have a taper angle of 30◦. The radius of curvature of the anode electrode is 20 nm. A
schematic diagram and the dimensions of the FIB microtriode are shown in Figure S1.
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Figure 3. SEM images of the microtriode fabricated using FIB at different magnifications: (a) large-
scale image; (b) close-up of the microtriode central area. Annotations: anode (A), cathode (C), two
gate (G) electrodes.

To fabricate the microtriode, a cross-shaped blank was first prepared using planar
semiconductor technologies to form W bridges that connect the cathode, anode, and gate
electrodes. FIB was then used to cut these bridges and create a gap between the electrodes.
To prepare the blank, a 1.5 µm thick SiO2 layer was first grown on a p-type Si wafer through
thermal oxidation at 1130 ◦C. A 0.2 µm thick layer of W was then deposited on the grown
oxide using DC magnetron sputtering, using the same parameters as for the fabrication of
the PL microtriode. To create the gap between the microtriode electrodes, a two-step FIB
etching process was performed. In the first step, coarse structure etching was performed
on a 10 × 10 µm area using a 30 kV and 1.2 nA ion beam, which reduced the connection
area of the W layer. This etched region is shown in Figure 3a. Subsequently, a fine structure
etching was performed on a 1.2 × 1.2 µm area using a 30 kV and 26 pA ion beam. The



Materials 2023, 16, 5781 4 of 11

region etched in a second step is shown in Figure 3b. The fabrication of the microtriode
was carried out using a Helios 5 UX dual-beam microscope (Thermo Scientific, Waltham,
MA, USA).

To control the quality of the microtriode layers (W and SiO2), reference samples were
prepared simultaneously with the fabrication of the microtriodes. These reference samples
consisted of similar layers deposited on p-type Si wafers. The quality of the layers was
analyzed in terms of their elemental composition, surface roughness, and work function.

The elemental composition of the W layer was characterized using X-ray photoelectron
emission spectroscopy (XPS). The measurements were performed with a ESCALAB Xi+
spectrometer (Thermo Scientific, Brno, Czech Republic). The base pressure in the analytical
chamber was less than 2 × 10−7 Pa. Monoatomic Ar+ ions with an energy of 3000 eV were
used to etch the surface for depth profiling. The raster size was 1 × 1 mm. The atomic
concentrations of W4f, O1s, and Si2p were measured after every 10 s of etching, with an
estimated etching rate of 13.77 nm/s (Ta2O5 equivalent).

The surface roughness of the W layer was characterized using atomic force microscopy
(AFM). An Solver P-47 PRO microscope (NT-MDT, Zelenograd, Moscow, Russia) and
NSG10/Pt AFM probes (TipsNano, Tallinn, Estonia) with a tip radius of 35 nm were
used. AFM images were acquired with a scan size of 10 × 10 µm and processed using the
Gwyddion software (version 2.63). Prior to the surface roughness analysis, the images were
leveled using the mean plane subtraction method; then, the polynomial background was
removed, and the minimum data value was shifted to zero.

The photoelectric work function of the fabricated layers was estimated using ultravi-
olet (UV) photoelectron emission (PE) spectroscopy. The measurements were performed
in a vacuum of 10−3 Pa using a custom-made PE spectrometer. The PE was excited by a
30 W deuterium source (LOT-Oriel Europe, Darmstadt, Germany) emitting photons in an
energy range of 4.13–6.20 eV (wavelengths from 295 to 200 nm). PE current was measured
as a function of photon energy, and an MDR-2 UV monochromator (Lomophotonica, Saint
Petersburg, Russia) with automatic scanning was used to select the wavelengths. The emit-
ted photoelectrons were detected using an SEM-6M secondary electron multiplier (VTC
Baspik, Vladikavkaz, North Ossetia-Alania, Russia), which was connected to a custom-
made preamplifier, a Robotron 20046 radiometer (VEB Robotron-Meßelektronik, Dresden,
Germany), and an M8784 counting board (Hamamatsu Photonics K.K., Shizuoka, Japan).
The uncertainty in the photon energy measurement was within ±0.03 eV. To determine the
work function, the low-energy region of the PE spectrum was analyzed by extrapolating
the measured PE current to zero.

The electrical parameters of the fabricated microtriodes were measured in a custom-
made vacuum chamber at a pressure of 5 × 10−5 Pa. A schematic diagram of the exper-
imental setup for testing the electrical parameters is shown in Figure 4. The potentials
were applied to the microtriode electrodes using a B5-50 DC power supply (JSC “Nizhny
Novgorod plant RIAP”, Nizhny Novgorod, Russia) and a C4840-02 high voltage power
supply (Hamamatsu Photonics K.K., Shizuoka, Japan). The current flowing between the
cathode and anode was measured using a Keithley 6485 picoammeter (Tektronix, Beaverton,
OR, USA).

The field emission current passing through the vacuum gap between the cathode and
anode was also detected using the electron counting method. In this case, the current was
detected using an SEM-6M secondary electron multiplier (VTC Baspik, Vladikavkaz, North
Ossetia-Alania, Russia), positioned above the microtriode in the vacuum chamber. The
electron multiplier was connected to a custom-made preamplifier and a Robotron 20046
radiometer (VEB Robotron-Meßelektronik, Dresden, Germany). The accelerating potentials
were applied to the electron multiplier using a T2DP-44 high voltage power supply (FAST
ComTec Communication Technology GmbH, Oberhaching, Germany). The measurements
were performed according to the setup shown in Figure 5.
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anode vacuum gap using the electron counting method.

3. Results

The W layer had an average surface roughness (Ra) and root-mean-square roughness
(RMS) of 3.8 ± 0.5 nm and 0.8 ± 0.1 nm, respectively, as measured using AFM. The low
roughness of the emitting layer in the order of a few nanometers indicates a good fabrication
quality, since the roughness of this layer should not exceed the size of the electron-emitting
part of the cathode. In addition, the low roughness of the W layer reduces the occurrence
of surface defects, thereby improving the electron emission properties and reducing the
possibility of electron scattering [23,24].

The photoelectric work function was measured to be 4.71 ± 0.08 eV for the p-type Si
substrate, 4.85 ± 0.11 eV for the SiO2 layer, and 4.67 ± 0.06 eV for the W layer. The work
function of the emitting layer must be lower compared to the materials of the other layers
surrounding the cathode.

Figure 6 presents the XPS survey spectrum of the W layer. Prior to the measurements,
the surface of the W layer was pre-etched with Ar+ ions for 10 s inside the XPS spectrometer
chamber to remove possible surface carbon contamination. The XPS database from the
reference [25] was used to identify the observed spectral features. The spectrum showed
the presence of only W peaks, indicating the absence of O and Si contamination in the W
layer. The binding energies where O1s and Si2p signals would be expected are also marked
in Figure 6 for reference.
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levels of tungsten and the absence of oxygen and silicon signals are marked.

The XPS depth profiling results of the W layer for the presence of tungsten, oxygen,
and silicon are shown in Figure S2. The increase in Si2p and O1s signals in the depth
profiles indicated that the W layer was removed after about 1000 s of etching, and the
underlying SiO2 layer was reached. The presented depth profiling results demonstrated the
absence of O and Si traces on both the surface and the bulk of the tungsten layer, indicating
its homogeneity.

The high-resolution W4f spectrum is presented in Figure S3. To eliminate any proba-
ble impact from surface oxides, the spectrum was obtained after the W layer was etched
for 400 s. The positions of the detected peaks were analyzed using databases from refer-
ences [26,27]. The peak at 31.2 eV corresponds to W 4f7/2, the peak at 33.4 eV corresponds
to W 4f5/2, and the peak at 36.7 eV corresponds to W 5p3/2. The binding energies of the
peaks confirm the presence of metallic tungsten.

This section further presents the theoretical background and experimental results used
to evaluate the electrical characteristics of the fabricated microtriodes.

When an external voltage is applied to a metal cathode at an electric field strength
of 105 V/cm, the potential barrier height at the metal–vacuum interface decreases due
to the Schottky effect [28]. If the field strength is further increased to 107–108 V/cm, the
potential barrier height and width decrease so much that quantum mechanical tunneling
becomes the dominant mechanism [29]. This leads to the emission of electrons into the
vacuum, which is known as field electron emission. The relationship between the emission
current density (J) and the electric field strength (E) between the electrodes in field electron
emission is described by the Fowler–Nordheim equation [30]:

J =
e3·E2

8·π·h·ϕ·t2(E, ϕ)
· exp

[
−8·π·(2m)1/2·ϕ3/2·Θ(E, ϕ)

3·h·e·E

]
(1)

where:

e—the charge of an electron,
φ—the work function of the cathode material,
m—the mass of an electron,
h—Planck’s constant.
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The functions t(E,φ) and Θ(E,φ) are special functions that account for the influence of
mirror image forces on the reduction in the triangular potential barrier, which affects the
current value in field electron emission.

For practical purposes, the value of the function t(E,φ) can be assumed to be equal to
1. The values of both t(E,φ) and Θ(E,φ) have been tabulated in previous research [31].

Based on the experimental observation of field electron emission from metals, it is
assumed that the electric field strength near the cathode surface is equal to or greater than
107 V/cm [28]. To achieve this, cathodes with non-uniform fields are commonly used, often
employing tips with an extremely small radius of curvature. The electric field strength (E)
at the apex of the tip is directly proportional to the applied voltage (U):

E = β·U, (2)

where β is the field enhancement factor [32]. The field enhancement factor is determined
by solving the corresponding electrostatic problem and depends only on the geometry and
dimensions of the cathode–anode system [33].

In an actual experimental setup, direct measurements of the current density (J) or the
area of the electron-emitting surface (S) are not possible. Instead, the total current (I) is
measured, which is the product of the current density and the electron-emitting surface
area:

I = J·S, (3)

By utilizing Equations (2) and (3), substituting the values of the physical constants,
and taking the logarithm of Equation (1), one can rewrite this equation in a form convenient
for processing experimental data:

lg
(

I
U2

)
= 10.188 + lg

(
S·β2

ϕ·t2(E, ϕ)

)
− 0.297·ϕ3/2·Θ(E, ϕ)

β
· 1
U

(4)

where:

I—the field electron emission current in A,
U—the applied voltage in V,
E—the electric field strength in V/Å,
φ—the work function in eV,
β—the field enhancement factor in 1/Å,
S—the emitting surface area in cm2.

The value of β can be determined by analyzing the slope of the linear part of the
lg(I/U2) dependence on 1/U. Also, the intersection point of this straight line with the
lg(I/U2) axis gives the area of the electron-emitting surface (S).

Equation (4) shows that the field enhancement factor is inversely proportional to the
slope:

β =
0.297·ϕ3/2·Θ(E, ϕ)

slope
(5)

Figure 7a shows the relationship between the anode–cathode current and the voltage
across the anode and cathode. The current dependence on the applied voltage exhibits
exponential behavior. The same relationship is represented in Figure 7b using Fowler–
Nordheim coordinates. The turn-on voltage for the field emission was found to be 110 V,
with a current of 0.4 nA. Beyond this voltage threshold, the dependence exhibits a linear
pattern, indicating the onset of field emission current.
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Figure 7. Anode–cathode current (IA-C) characteristics for the PL microtriode: (a) IA-C dependence on
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Figure 8 shows the relationship between the cathode current (IC) and the potential
of the gate electrode (UG) at various anode potentials (UA). As observed in the figure,
increasing the anode potential leads to a corresponding increase in the cathode emission
current. This can be attributed to the enhanced electric field strength in the anode–cathode
gap.
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To validate the occurrence of field emission current across the vacuum gap between the
cathode and anode in the PL microtriode, electron current measurements were conducted
using the electron counting method. The measurements were carried out following the
setup shown in Figure 5. A voltage of 180 V was applied between the anode and cathode,
and the current of 1000 electrons per second was recorded.

The electrical measurements were carried out on the FIB microtriodes according to
the same procedure as for the PL microtriodes (schematics in Figure 4). The relationship
between the anode–cathode current and the voltage across the anode and cathode is shown
in Figure 9a, and the corresponding Fowler–Nordheim plot is shown in Figure 9b. The
turn-on voltage for the FIB microtriode was found to be 50 V, with a current of 0.4 nA.

Figure 10 shows the relationship between the cathode current (IC) and the potential
of the gate electrode (UG) at various anode potentials (UA) for the FIB microtriode. When
comparing Figures 8 and 10, it can be observed that the anode potential has a more
pronounced effect on the dependence of IC(UG) for the FIB microtriode.
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The local electric field strength near the cathode can be estimated using Equation (2),
where the electric field strength is the product of the applied voltage and the field enhance-
ment factor. The latter is inversely proportional to the slope according to Equation (5). The
Fowler–Nordheim plots in Figures 7b and 9b show that the slope for the PL microtriode
and the FIB microtriode was 300.2 and 26.3, respectively. Hence, it is inferred that the local
electric field near the cathode of the FIB microtriode is one order of magnitude higher
than that of the PL microtriode. This result can be attributed to the significantly reduced
anode–cathode distance in the FIB microtriode, which is an order of magnitude smaller
than that of the PL microtriode.

4. Conclusions

Two types of planar vacuum microtriodes and the fabrication quality of their layers
were investigated. The PL microtriode had a multi-tip cathode and was fabricated using
planar semiconductor technologies and photolithography. The FIB microtriode had a single
cathode and was fabricated by FIB. Surface roughness analysis showed that the W layer of
the microtriodes exhibited roughness values in the range of several nanometers, indicating
good fabrication quality with reduced probability of surface defects. The photoelectric work
function values of the Si substrate, SiO2 layer, and W layer were estimated. XPS analysis
of the W layer confirmed the absence of oxygen and silicon impurities, highlighting the
homogeneity of the W layer.

Using the secondary electron multiplier and electron counting method, it was demon-
strated that the current passes through the vacuum gap between the anode and cathode,
confirming the occurrence of field electron emission. The Fowler–Nordheim equation was
used to describe the relationship between the emission current density and the electric
field strength. The analysis also showed that in the case of the FIB microtriodes, the local
electric field near the cathode significantly exceeds that of the PL microtriodes, which was
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attributed to the smaller anode–cathode distance. This resulted in a significantly improved
field electron emission efficiency for the FIB microtriodes. Also, the effect of the anode
potential on the dependence of the cathode current on the gate electrode potential was
more pronounced in the FIB microtriodes. The obtained results highlight the improved
efficiency and performance of the FIB microtriodes in terms of field electron emission.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16175781/s1, Figure S1: Configuration of the cathode (C),
anode (A), and two gate electrodes (G) in a microtriode fabricated using FIB. Dimensions are in
nanometers, not to scale; Figure S2: XPS depth profiling of a 200 nm thick W layer deposited on a
Si/SiO2 substrate, depth profiling spectra for tungsten, oxygen, and silicon are shown; Figure S3: W
4f5/2, W 4f7/2, and W 5p3/2 high-resolution XPS spectrum for tungsten metal.

Author Contributions: Methodology, Y.D. and A.Z.; Investigation, L.A., L.B., A.E.G., A.M., H.S. and
A.V.; Resources, Y.D., G.K., K.S. and A.Z.; Writing—original draft, M.R. and A.V.; Writing—review &
editing, Y.D. and M.R.; Supervision, Y.D.; Project administration, Y.D.; Funding acquisition, Y.D. and
A.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the European Regional Development Fund, Project No.
1.1.1.1/20/A/109 “Planar field emission microtriode structure”. The Institute of Solid State Physics,
University of Latvia, as a Center of Excellence, has received funding from the European Union’s
Horizon 2020 Framework Program H2020-WIDESPREAD-01-2016-2017-TeamingPhase2 under Grant
Agreement No. 739508, Project CAMART2.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Armstrong, C.M. The vitality of vacuum electronics. In Proceedings of the 2013 IEEE 14th International Vacuum Electronics

Conference (IVEC), Paris, France, 21–23 May 2013.
2. She, J.; Huang, Z.; Huang, Y.; Huang, Z.; Chen, J.; Deng, S.; Xu, N. Introduction to the micro/nano-fabrication of modern vacuum

electronic devices. In Proceedings of the 2017 30th International Vacuum Nanoelectronics Conference (IVNC), Regensburg,
Germany, 10–14 July 2017.

3. Levush, B.; Abe, D.; Calame, J.; Danly, B.; Nguyen, K.; Dutkowski, E.J.; Abrams, R.; Parker, R. Vacuum Electronics: Status and
Trends. IEEE Aerosp. Electron. Syst. Mag. 2007, 22, 28–34. [CrossRef]

4. Forati, E.; Dill, T.J.; Tao, A.R.; Sievenpiper, D. Photoemission-based microelectronic devices. Nat. Commun. 2016, 7, 13399.
[CrossRef] [PubMed]

5. Han, P.; Li, X.; Cai, J.; Feng, J. Vertical Nanoscale Vacuum Channel Triodes Based on the Material System of Vacuum Electronics.
Micromachines 2023, 14, 346. [CrossRef] [PubMed]

6. Srivastava, V. Vacuum microelectronic devices for THz communication systems. In Proceedings of the 2015 Annual IEEE India
Conference (INDICON), New Delhi, India, 17–20 December 2015.

7. Rosker, M.J.; Wallace, H.B. Vacuum electronics and the world above 100 GHz. In Proceedings of the 2008 IEEE International
Vacuum Electronics Conference, Monterey, CA, USA, 22–24 April 2008.

8. Hsu, S.-H.; Kang, W.P.; Raina, S.; Howell, M.; Huang, J.-H. Nanodiamond vacuum field emission microtriode. J. Vac. Sci. Technol.
B Nanotechnol. Microelectron. Mater. Process. Meas. Phenom. 2017, 35, 032201. [CrossRef]

9. Han, S.-T.; Jeon, S.-G.; Shin, Y.-M.; Jang, K.-H.; So, J.-K.; Kim, J.-H.; Chang, S.-S.; Park, G.-S. Experimental investigations on
miniaturized high-frequency vacuum electron devices. IEEE Trans. Plasma Sci. 2005, 33, 679–684.

10. Liu, X.; Li, Y.; Xiao, J.; Zhao, J.; Li, C.; Li, Z. Enhanced field emission stability of vertically aligned carbon nanotubes through
anchoring for X-ray imaging applications. J. Mater. Chem. C 2023, 11, 2505–2513. [CrossRef]

11. Huang, W.; Huang, Y.; Liu, R.; Zhu, W.; Kang, S.; Qian, W.; Dong, C. A dual-functional micro-focus X-ray source based on carbon
nanotube field emission. Diamond Relat. Mater. 2022, 125, 108970. [CrossRef]

12. Barysheva, M.M.; Zuev, S.Y.; Lopatin, A.Y.; Luchin, V.I.; Pestov, A.E.; Salashchenko, N.N.; Tsybin, N.N.; Chkhalo, N.I. Prospects
for the use of X-ray tubes with a field-emission cathode and a through-type anode in the range of soft X-ray radiation. Tech. Phys.
2020, 65, 1726–1735. [CrossRef]

https://www.mdpi.com/article/10.3390/ma16175781/s1
https://www.mdpi.com/article/10.3390/ma16175781/s1
https://doi.org/10.1109/MAES.2007.4350256
https://doi.org/10.1038/ncomms13399
https://www.ncbi.nlm.nih.gov/pubmed/27811946
https://doi.org/10.3390/mi14020346
https://www.ncbi.nlm.nih.gov/pubmed/36838046
https://doi.org/10.1116/1.4981018
https://doi.org/10.1039/D2TC04363G
https://doi.org/10.1016/j.diamond.2022.108970
https://doi.org/10.1134/S1063784220110043


Materials 2023, 16, 5781 11 of 11

13. Harris, J.R.; Jensen, K.L.; Shiffler, D.A. Modelling field emitter arrays using line charge distributions. J. Phys. D Appl. Phys. 2015,
48, 385203. [CrossRef]

14. Kireeff Covo, M.; Albright, R.A.; Ninemire, B.F.; Johnson, M.B.; Hodgkinson, A.; Loew, T.; Benitez, J.Y.; Todd, D.S.; Xie, D.Z.;
Perry, T.; et al. The 88-inch cyclotron: A one-stop facility for electronics radiation and detector testing. Measurement 2018, 127,
580–587. [CrossRef]

15. Kikukawa, R.; Ohkawa, Y.; Yamagiwa, Y. Effect of Xe plasma processing on characteristics of carbon nanotube-based field
emission cathodes. Diamond Relat. Mater. 2022, 122, 108805. [CrossRef]

16. Schwoebel, P.R.; Spindt, C.A.; Holland, C.E. High current, high current density field emitter array cathodes. J. Vac. Sci. Technol. B
Microelectron. Nanometer Struct. 2005, 23, 691–693. [CrossRef]

17. Laszczyk, K.U. Field emission cathodes to form an electron beam prepared from carbon nanotube suspensions. Micromachines
2020, 11, 260. [CrossRef] [PubMed]

18. Giubileo, F.; Grillo, A.; Passacantando, M.; Urban, F.; Iemmo, L.; Luongo, G.; Pelella, A.; Loveridge, M.; Lozzi, L.; Di Bartolomeo,
A. Field Emission Characterization of MoS2 Nanoflowers. Nanomaterials 2019, 9, 717. [CrossRef]

19. Zhang, Y.; Liu, X.; Zhao, L.; Li, Y.; Li, Z. Simulation and Optimization of CNTs Cold Cathode Emission Grid Structure.
Nanomaterials 2023, 13, 50. [CrossRef]

20. Yu, Y.Y.; Rodiansyah, A.; Sawant, J.; Park, K.C. Patterning of Silicon Substrate with Self-Assembled Monolayers Using Vertically
Aligned Carbon Nanotube Electron Sources. Nanomaterials 2022, 12, 4420. [CrossRef]

21. Goldmane, A.E.; Avotina, L.; Vanags, E.; Trimdale-Deksne, A.; Zaslavskis, A.; Kizane, G.; Dekhtyar, Y. Thermal oxidation of
tungsten coatings for detection by infrared spectrometry method. J. Phys. Conf. Ser. 2023, 2423, 012022. [CrossRef]

22. Avotina, L.; Bumbure, L.; Goldmane, A.E.; Vanags, E.; Romanova, M.; Sorokins, H.; Zaslavskis, A.; Kizane, G.; Dekhtyar, Y.
Thermal behavior of magnetron sputtered tungsten and tungsten-boride thin films. In Proceedings of the 2022 International
Conference on Applied Electronics (A.E.), Pilsen, Czech Republic, 6–7 September 2022.

23. Kaser, A.; Gerlach, E. Scattering of conduction electrons by surface roughness in thin metal films. Z. Phys. B Con. Mat. 1995, 97,
139–146. [CrossRef]

24. Koch, J.F.; Murray, T.E. Electron scattering at a rough surface. Phys. Rev. 1969, 186, 722–727. [CrossRef]
25. Moulder, J.F.; Stichle, W.F.; Sobol, P.E.; Bomben, K.D. Tungsten. In Handbook of X-ray Photoelectron Spectroscopy; Chastain, J., Ed.;

Perkin-Elmer Corporation, Physical Electronics Division: Eden Prairie, MN, USA, 1992; pp. 172–173.
26. NIST X-ray Photoelectron Spectroscopy Database, NIST Standard Reference Database 20, Version 4.1. Available online: https:

//srdata.nist.gov/xps/ (accessed on 14 August 2023).
27. X-ray Photoelectron Spectroscopy (XPS) Reference Pages, Tungsten. Available online: http://www.xpsfitting.com/search/label/

Tungsten (accessed on 14 August 2023).
28. Farrall, G.A. Electrical breakdown in vacuum. In Gas Discharge Closing Switches; Schaefer, G., Kristiansen, M., Guenther, A., Eds.;

Springer Science+Business Media: New York, NY, USA, 1990; pp. 196–197.
29. Gilmour, A.S. Cold cathodes. In Microwave and Millimeter-Wave Vacuum Electron Devices: Inductive Output Tubes, Klystrons,

Traveling-Wave Tubes, Magnetrons, Crossed-Field Amplifiers, and Gyrotrons; Artech House: Norwood, MA, USA, 2020; pp. 120–121.
30. Fursey, G.N. Deviations from the Fowler–Nordheim theory and peculiarities of field electron emission from small-scale objects. J.

Vac. Sci. Technol. B Microelectron. Nanometer Struct. 1998, 16, 910–915. [CrossRef]
31. Burgess, R.E.; Kroemer, H.; Houston, J.M. Corrected values of Fowler-Nordheim field emission functions v(y) and s(y). Phys. Rev.

1953, 90, 515. [CrossRef]
32. Lewis, P.A.; Alphenaar, B.W.; Ahmed, H. Measurements of geometric enhancement factors for silicon nanopillar cathodes using a

scanning tunneling microscope. Appl. Phys. Lett. 2001, 79, 1348–1350. [CrossRef]
33. Bilici, M.A.; Haase, J.R.; Boyle, C.R.; Go, D.B.; Sankaran, R.M. The smooth transition from field emission to a self-sustained

plasma in microscale electrode gaps at atmospheric pressure. J. Appl. Phys. 2016, 119, 223301. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1088/0022-3727/48/38/385203
https://doi.org/10.1016/j.measurement.2017.10.018
https://doi.org/10.1016/j.diamond.2021.108805
https://doi.org/10.1116/1.1849189
https://doi.org/10.3390/mi11030260
https://www.ncbi.nlm.nih.gov/pubmed/32121329
https://doi.org/10.3390/nano9050717
https://doi.org/10.3390/nano13010050
https://doi.org/10.3390/nano12244420
https://doi.org/10.1088/1742-6596/2423/1/012022
https://doi.org/10.1007/BF01317598
https://doi.org/10.1103/PhysRev.186.722
https://srdata.nist.gov/xps/
https://srdata.nist.gov/xps/
http://www.xpsfitting.com/search/label/Tungsten
http://www.xpsfitting.com/search/label/Tungsten
https://doi.org/10.1116/1.589929
https://doi.org/10.1103/PhysRev.90.515
https://doi.org/10.1063/1.1396821
https://doi.org/10.1063/1.4953648

	Introduction 
	Materials and Methods 
	Results 
	Conclusions 
	References

