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A comprehensive study of the composition and field emission properties of field emission cathodes based on
CNT@TIO, core-shell nanocomposites is presented. Coatings with arrays of vertical carbon nanotubes (CNTs)
were produced by the plasma-chemical method on silicon substrates with a Ni catalyst, and thin layers of TiO,
were produced by subsequent atomic layer deposition. It was found that the work function of the coating material
with the initial CNT array was 4.98 eV; for the case of CNT@TiO,, it took values of 4.29 and 3.82eV for oxide
thicknesses of 3 and 6 nm, respectively. The developed technique for comparing emission characteristics showed
that a decrease in the work function of structures with CNT@TiO, was accompanied by a decrease in local electric
fields at the tips. A cathode with CNT@TiO, arrays (6nm) required the lowest electric field in the group of
samples to ensure an emission current density of 1 mA/cm? about 5-10° V/m. This is 1.6times less than for a
similar sample with an array of ,pure“CNTs. The average values of the effective field enhancement coefficient
tended to decrease when going from CNTs to CNTs@TiO,, probably due to an increase in the radius of curvature
of tubular nanoparticles upon deposition of an additional layer. Modification with an oxide coating led to an

increase in the effective emission area of the cathode.
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Introduction

Owing to a unique complex of their physical and
electrophysical properties, carbon nanotubes (CNTs) are a
promising material for design of various devices operated
on a field emission effect.  Prototypes of a vacuum
switch [1], a discharge arrestor [2], X-ray emitters [3-6], a
full-color display [7,8], lighting systems [9,10], a disinfectant
ultraviolet lamp [11], touch and pressure sensors [12,13]
etc. on their basis were considered. But there are
restrictions preventing wide use of field cathodes based on
CNT. Besides, they often mention a relatively high threshold
field, moderate parameters of emission homogeneity in the
cathode surface area, stability of its emission and long-
term strength of its operation. According to data from
a series of specialized papers, improvement of the noted
CNT parameters may be achieved by different methods
for surface processing, for example, plasma, laser and
ionic exposure [14-18]. Besides, ample opportunities are
provided by application of additional coatings, first of all
from metal oxides.

Usually coatings are used from materials with low work
function. However, analysis of thin coatings based on
wide-band materials is of interest as well without any
doubt. Cathodes from CNT with thin layers of oxides show
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reduction in the value of emission threshold field, increased
homogeneity of emission and operation stability. This was
observed on the examples of ZnO [19,20], MgO [21],
FeOx [22], RuO; [23,24], CuO [25], NiO [26], IrO; [27,28],
HfO, [29]. In particular, autoemission properties are im-
proved significantly after application of a coating from TiO,
by sol-gel method [30]. CNT-based layers had threshold
field of Ey 1.257 V/um, and with CNT/TiO, structures
it decreased down to 0.657 V/um. Morphology variation
analysis made it possible to conclude on the reduction of
mutual screening from points of a nanocomposite CNT/TiO,
cathode. Besides, the outer layer of TiO, demonstrated
resistance to oxygen ions produced in the measurement
chamber due to residual atmosphere. The found high
stability of the sample electronic emission is also related
to this fact. Increased stability for CNT/TiO, structures is
also shown in [31], where the compound was deposited
otherwise — by chemical gas phase method. A smaller
switching field was required for them as well. Increased
electron emission correlated with increased field gain factor,
which the authors related to the special structure of TiO,
nanoparticles on the CNT surface. Research results [32]
demonstrated that a CNT/TiO2:N composite may be a more
promising candidate for field emission devices. Combined
geometric structure and effects of low affinity to TiO,
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electron alloyed with nitrogen in the TiO,/CNT composite
resulted in a low electric field 1.0 V/um at emission current
density 10uA/cm?, high gain factor of the field 3.0 - 103
and field emission stability.

Great importance is attached to the field radiating cathode
material work function as a key factor influencing the
field emission efficiency. The lower the work function,
the lower the potential barrier at the boundary between
the material and vacuum, the smaller electric field is
necessary to tunnel the electrons into vacuum. The
wide spread of work function values observed in practice
for each specific material is caused by the fact that the
parameter is very sensitive to some factors inherent in real
systems. Such factors as surface roughness [33,34], open
crystal face [35], and coating with adsorbates [36] impact
the dipole component of the surface, while the chemical
potential of electrons is affected by the chemical identity of
the material, availability of admixtures and stoichiometry
of the material [37]. Metal oxides demonstrate alloying
asymmetry [38]. It means that some oxides tend to form
one type of defects vs the other one. Due to their own
defects many oxides may have a nature of either n-, or p-
type. Impact of vacancies at an electron structure MoO;
was visually demonstrated by the authors of paper [37],
which tracked impact of oxygen deficit in the structure of
film MoO;_y at its work function and composition of the
valence band. Reduction of work function was shown as
the vacancies increased in the film structure. In [39] it was
also demonstrated that due to availability of many defects
in the form of oxygen vacancies in a NiO structure, the
work function may reduce down to 4.26 eV. Therefore, to
study the laws of field emission in nanocomposite cathodes
being CNTs coated with nanometer films of metal oxides,
it is relevant to control chemical and electron structure, in
particular work function, cathode structures.

Thus, multiple papers noted positive effect of metal
oxide coatings, in particular, TiO,, on field emission of
CNTs causing reduction of the emission threshold field and
emission current stabilization. Most data available in the
literature on this type of nanocomposites is concentrated
on searching for a new oxide coating to combine with
a CNT or to expand of already known structures into
more complicated systems. However, detailed research of
structural and electronic features of metal oxides, as well
as identification of the nature of their correlation with the
improved field emission characteristics of CNT/metal oxide
nanocomposites are yet underrepresented.

This paper shows a complex research of structural and
emission characteristics of nanocomposite field radiating
cathodes based on the structures ordered in a vertical array
of ,,core—shell“ type — CNT@TiO,. For their development,
a combination of methods to make a composite is suggested,
which has not been considered previosly for this application:
atomic layer deposition (ALD) of catalyst (NiO) for CNT
growth, catalytic plasmachemical deposition of arrays of
vertical CNTs and subsequent ALD of ultrathin layers of
TiO,.
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1. Materials and methods

1.1. Manufacturing of structures of CNT/TiO,
nanocomposite cathodes

Samples of S/CNT@TiO, nanocomposite cathodes were
made by serial formation of a catalyst layer from nickel, its
growth using CNT arrays and their subsequent decoration
with a layer of TiO,. To manufacture cathode structures,
silicon substrates KDB-10 (100) were used. A nickel
catalyst was made via application of a solid thin layer of
NiO by ALD method, its chemical and thermal processing
to recover nickel and form an island metal film.

1.1.1. Application of NiO

ALD was carried out on ,,Picosun R-150“ unit (Finland)
in a system of reagents bis(cyclopendienyl)nickel (IT)—

ozone.  Nitrogen (of high purity grade) was used
as a carrier gas and a blowdown gas. One cy-
cle of the process may be presented as: sup-

ply NiCp, /blowdown /supply O3 /blowdown with duration
of stages 1.0/10.0/6.0/10.0s. Deposition temperature was
maintained at the level of 250°C, NiCp, sublimation
temperature — at 110°C. As it was shown before [40], the
thickness of the produced film of catalyst NiO, required for
intensive CNT growth, is in the range from 3.5 to 3.9 nm.
This paper selected the NiO thickness of 3.8 nm.

1.1.2. Recovery of Ni from NiO

Directly prior to CNT deposition in a reactor for their
synthesis the NiO coating was exposed to thermal treatment
in atmosphere on the basis of ammonia at subsequent
heating to temperature of 680°C and soaking for 5min.
This caused formation of a layer of individual nanoparticles
of metal nickel. The recovery atmosphere was created in
a working mix of NH; (10 ml/min.) and Ar (50 ml/min.)
at total pressure of 300 Pa by catalytic decomposition of
ammonia on the surface of the nickel oxide layer and
recovered nickel.

1.1.3. Growth of CNT arrays

Immediately after the procedure of Ni recovery the
nanotubes were deposited. CNT arrays were grown with
the help of plasmochemical deposition from a gas phase
using a DC discharge. Substrates were placed on a heated
cathode made of graphite, the anode was a disc of stainless
steel. Both electrodes had @ 45mm, a gap between them
was 40mm. Deposition lasted for 4min, the substrate
temperature was 680°C, the total pressure of the working
medium was 300Pa. The atmosphere was created from
ammonia (135ml/min) and acetylene (55ml/min). The
discharge is characterized by current S5SmA and voltage
480 V. Additional details of the CNT synthesis method may
be found in [40,41].
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1.1.4. Application of TiO, coating on CNT

Thin layers of TiO, were grown on substraes with CNT
on the already specified ALD unit in a system of reagents
of titanium tetroisopropylate (TIPT) — water. One cycle
may be presented as: supply of TIPT/blowdown/supply
of H,O/blowdown, with stage duration of 4/16/1/12s.
Deposition temperature was maintained at the level of
250°C, first reagent evaporation temperature — at 100°C,
second one — at 25°C. The formal growth per cycle was
around 04A. To study the effect of TiO, on the field
emission efficiency, samples were created with CNT arrays
without an oxide coating (B1) and with different thickness
of TiO, (B2 and B3), which formed CNT@TiO,. The
number of ALD cycles for application of TiO,onto CNT
was 93 and 186 for B2 samples (thickness of the created
oxide is around 3nm) and B3 (thickness of around 6 nm)
accordingly.

1.2. Investigation techniques

To analyze the results of CNT array growth, scan-
ning electron microscopy (SEM) was used, a microscope
»SUPRA 55VP“ (,Carl Zeiss“, Germany). Thin analysis
of morphology of individual array elements was conducted
with the help of transmission electron microscopy (TEM),
microscope ,,CarlZeissAuriga® (,,Carl Zeiss“, Germany). X-
ray photoelectron spectroscopy (XPS) was used to study
the chemical composition and chemical state of the surface
elements in CNT/TiO, nanocomposites. A photoelectron
spectrometer ,,Thermo Fisher Scientific Escalab 250Xi“
(,,Waltham®“, Massachusetts, USA) was used, equipped with
a source of monochromatic emission AlK, (photon energy
of 1486.6eV). The spectrometer was calibrated along the
line Au4f;,, (binding energy 84.0eV). To neutralize the
sample charge in all dimensions, a combined ion-electron
system of charge compensation was used. In this paper the
spectra were recorded in the mode of continuous transmit-
tance energy at 50 eV with spot size of 650 yum. Panoramic
spectra were recorded with a pitch of 0.50eV at number
of passages equal to 5. High resolution spectra for lines
Cls, Ols, Ni2p, Ti2, were recorded with pitch of 0.10eV
at number of passages equal to 25. Studies were conducted
at room temperature in ultrahigh vacuum (pressure of not
more than 1079 mbar). They were calibrated by position
of C1s = 284.7 eV. To process spectra, CASAXPS software
was used. XPS was also used to measure spectra of valence
band and work function of the CNT@TiO, nanocomposite
surface by cut-off of secondary electrons [42]. Spectra were
recorded in the mode of constant transmittance energy at
10 eV, with spot size 650 um, with pitch 0.10eV.

For autoemission tests, samples of structures were
prepared with surface areas close to 1cm? The stud-
ied nanocomposite cathodes were placed into a vacuum
chamber of a specialized unit to measure CVC with a
diode system of electrodes. Vacuum of not worse than
5- 1077 Torr was used. Field emission CVC measurements
were carried out with an AC source at frequency of

50 Hz, with electrode-to-electrode gap of 370 um. Detailed
description of the unit and measurement method is provided
in paper [43].

2. Results and discussions

2.1. Characterization of CNT/TiO, nanocomposite
structures

Fig. 1,a—c shows SEM images of the surface of three
prepared samples, where in general similar morphology is
observed for the layer surface from thread-like particles.
Control of samples along the cross section demonstrated
availability of the array of vertical CNTs with length of
around 7 um (insert in Fig. 1,¢).

Nanotubes demonstrate loss of preferential orientation
only at the very tops. Ultrathin layer of TiO, did not
impact the nature of thread-like structure arrays based on
SEM images. Use of high resolution TEM makes it possible
to assess the difference of structures at a thin level. The
example of a separate thread-like object of sample Bl
(Fig. 1,d) shows a nanotube from carbon with a part of
catalyst on the top. The average diameter of CNT in
the array was 15nm, the average number of walls from
graphene layers was around 20. The tubes of samples B2
and B3 on the surface show an additional layer (Fig. 1,e¢,f).
Thinner film of TiO; in sample B2 in Fig. 1,e has a clearly
granular morphology and average thickness of around 3 nm.
As the number of ALD cycles increases, a homogeneous
coating has already been formed, which you can see in
sample B3 with layer thickness of around 6 nm (Fig. 1,f).

To study the composition of CNT@TiO, nanocomposites,
studies of the chemical composition by XPS method were
conducted. Spectra of Fig. 2 demonstrate the presence of C,
O, Ni and traces of N in all samples. Nickel was used as a
catalyst of CNT growth. It is encapsulated as nanoparticles
in nanotubes (Fig. 1,d e), and is also distributed on the
boundary of the silicon plate (its part that was not used in
the catalysis). Samples B2, B3 also include titanium. The
share of Ti and O is growing as expected when changing
from B2 to B3. Table 1 contains the positions of the main
peaks of elements, their half-width (FWHM) and surface
area, as well as percentage content of elements.

Sections of spectra for Cls in samples B2 and B3
(Fig. 3,a,d) demonstrated the chemical shifts specified
for CNTs [44]. These are energy positions for carbon
sp*-hybridization at 284.44eV and sp’-hybridization at
285.13 eV. Besides, components are also observed at 286.37
and 288.96¢V, positions of which match the data in
paper [45], where they are associated with compounds
containing groups C—O—C and O=C-O, accordingly. The
peak available at 291.89 eV is caused by losses of energy
by photoelectrons for excitation of s-plasmons [46]. The
section of spectrum for Ols shows that the oxygen is
primarily bound by titanium. This is the peak at 530.37 eV.
Availability of a small signal of oxygen in groups of
C—0O—-C and O=C-O type manifests itself at 531.78 and
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Figure 2. XPS for B1, B2 and B3 samples.

532.56 eV accordingly (Fig. 3,b,¢). There is a correlation
with similar components of the spectrum C1s. Sections of
the spectrum for Ti2p of samples B2 and B3 (Fig. 3,¢f)
have a typical appearance for TiO, [47]. Signals defining
the chemical bonds of titanium and oxygen are located at
471.66 and 464.64eV and relate to Ti2p;,, and Ti2p;,»
accordingly. There is a satellite peak of Ti2p for binding
energy 458.94¢eV. Processing of spectra for quantitative
analysis confirmed that the composition of TiO, samples
was close to stoichiometric one.

Technical Physics, 2024, Vol. 69, No. 6

2.2. Valence band and work function of sample
material

Monitoring of valence band structure and work function
of the sample surface demonstrated the following. Spectrum
of the valence band of sample B1 (Fig. 4,a) is inherent in
CNT [48]. Spectra of valence band for samples B2 and B3
are noticeably different from the first case and are very close
to each other. The level of the valence band top (VBT)
relative to Fermi edge was 3.11 and 3.13eV accordingly.
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Table 1. Chemical composition of sample surface

Peak Energy FWHM, | Surface area | Content,
ca of binding, eV eV of peak, cps-eV | at. %
Bl
Cls 284.52 147 32848 91.04
Nls 400.89 2.78 1437 249
Ols 532.14 277 6057 647
B2
Cls 284.60 1.63 12978 50.22
Ti2p 45898 1.44 23692 15.20
Ols 530.44 1.62 22098 3293
Fls 689.03 195 1453 1.65
B3
Cls 284.69 1.89 12221 33.66
Ols 530.39 1.59 40868 4334
Ti2p 45894 141 44823 20.47
Fls 689.08 2.88 3134 2.53

Values are specific for type of own conductance of TiO,, as
well as the dependence type itself [49].

To measure the work function of ¢-samples, XPS spectra
were used, received in the vicinities of secondary electrons
cut-off (Fig. 4,b). For Bl the numerical value of work
function was 4.98 eV and is in the range specific for CNT
4.32-5.32¢eV [50]. Samples B2 and B3 demonstrated
lower work function — 4.29 and 3.82 eV accordingly. The
difference of values in this pair may be caused by impact
of thickness of the oxide film (3 and 6 nm accordingly) on
the electronic structure of sample surface. The reduction of
the work function as such upon application of TiO, on CNT
appeared, though to a lower extent (reduction from 4.41 eV
for CNT to 4.23eV upon application of 20nm TiO,), in
the early study [51]. Data on work function of ALD
layers from TiO, on smooth substrates demonstrate values
4.0-4.27eV [51,52). Therefore, transition to structures
of CNT@TiO, type caused expected reduction of electron
work function at the expense of the oxide.

2.3. Field emission study

At the initial stage of autoemission measurements the
samples were exposed to high voltage training (more details
about the method in [43]). The nature of dependences
(Fig. 5,a—c), and also the means for process visualization
(see below) show that at this stage the emission centers of
the flat cathode were activated and stabilized. Besides, the
loss of unstable centers by soft and explosive nature was
observed. At each stage the quick CVC was read (the time
to record one CVC is equal to 10 ms) with its top for the
current at every stage (Fig. 5,d—f).

After training, the main complex of measurements was
performed. The resulting CVCs of samples had the appear-
ance of Fig. 6,a and the following threshold values of field

intensity Eth for the density of emission current 1 mA/cm?:
3.11 V/um for B1, 3.51 V/um for B2 and 3.16 V/um for B3.
CVC in coordinates of Fowler—Nordheim (FN) equation
are given in Fig. 6,b. For approximation, Murphy-Good
equation was used with Schrednik approximation [53]:

a
I :Aeﬂv%(pflag 2exp(1.03n)

1
x exp [ —0.95bpngp*/? ) , 1

p ( Ay (1)

Veft = aeﬁdsep, (2)

where n = beng/?/Fr = bencdp ™12,
Fr=¢@?cg? — electric field of barrier removal,
cs = 1.439965 - 10~° eV2-m/V — Schottky
constant, Qer  [l/m] —  inverse  characteristic
length, apny = 1.541433 . 10°° [A-eV/V?] and
by = 6.830890 - 10°  [eV™¥2.V/m] — first and
second Fowler—Nordheim constants, ¢ — emitter work

function [eV], yexr — effective field gain factor at emitter’s
tip, Ay — effective surface area of emission, U — applied
voltage. Processing of these dependences makes it possible
to assess effective parameters of CNT y.r and A.y emission.
Using CVC of emission in logarithmic coordinates of
Fowler—Nordheim, angular coefficient K and cut-off S are
extracted on the axis of ordinates. Using them, the effective
inverse characteristic length a.g, emission surface area A
and field gain factor p.r on points are recalculated. To
process the result of emission tests, values of the work
function ¢ are used, which were obtained previously for
each sample by cut-off of secondary electrons with XPS
method. Le. for B1, B2 and B3 the values 4.98, 4.29 and
3.82¢V are accepted accordingly.

The calculated values of the effective gain factor of the
field in the row of B1, B2, B3 tend to reduce, which
is probably due to change in the geometry of points (for
example, increased radius of tube curvature by application
of TiO;). For a sample with ,,pure“ CNTs it is close to
2.53-10%, for CNT@TiO, (6nm) it is reduced down to
1.56-10°. Tt should be noted that reduction of Veft 1S
accompanied with growth of A.y. When changing from
B1 sample, the emission surface area increases noticeably.
Average values At — 3.12 - 10° nm? for B1, 8.33 - 10° nm?
for B2 and 1.31-10*nm? for B3. Fig. 6, ¢ shows the
dependence of the emission current on F — microscopic
electric field on the surface of points. For B3 sample with
the lowest work function for achievement of the specified
threshold of the emission current (1 mA/cm?), the lowest
electric field was required. Intensity of this field is defined as
F = yU/dsep, where y — field gain factor, dsep — electrode
to electrode distance. It reduces in the row of B1, B2, B3:
7.89-10° V/m, 5.99 - 10° V/m, 4.97 - 10° V/m accordingly.

The most important noted parameters of sample emission
are summarized in Table 2. It also contains data on the
average surface area of the emission center (Agjte). Values
are obtained via the number of centers Ngjte, Which were

Technical Physics, 2024, Vol. 69, No. 6
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Figure 3. XPS sections with peaks Cls, Ols and Ti2p and their deconvolution; for samplesB2 (a—c) and B3 (d—f).

Table 2. Emission characteristics of samples

No Sample Eth, V/,um Umax, kV | max ,UA Aeff, mil Yeft P, eV ACffa nm2 <A5| te>, nm2

Bl CNT 3.11 1.18 1.53 6.85-10° | 2.53-10° 498 3.12-10° 490

B2 | CNT@TiO; 3.51 1.34 1.46 4.61-10° | 1.70-10° 429 8.33.10° 14.02
(3nm)

B3 | CNT@TiO; 3.16 121 1.46 423.10° | 1.56-10° 3.82 1.31-10* 27.40
(6 nm)
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Figure 7. Photographs of luminescent screen during emission testing of samples B1 ([a), B2 (b)

dimensions around 1 x 1cm).

measured by ITO (Indium Tin Oxide) glass coated with
phosphor. It visualized the areas of intense bombardment
of the anode with electrons (Fig. 7). At the fixed level
of current density (1.5mA/cm~2) the luminescence map in
general looks the same for all samples. B1 sample had the
higher density of emission centers — 636 cm~2, for B2 it
was 594, for B3 — 478 cm™2. A separate glowing spot on
the phosphor screen was accepted as such at the selected
moment of time. The estimate of the average surface area

Technical Physics, 2024, Vol. 69, No. 6

of the center (Asite) may be presented as ratio of the sample
emission surface area to the number of centers:

<Asite> = Aeff/Nsite~ (3>

For B1 it was 490nm?, for B2 — 14.02nm?, for B3 —
2740nm?.  Therefore, application of TiO, caused the
increase of both the effective emission surface area of
cathode structures and the surface area per single visualized
emission center.
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Figure 8. Dispersion of gain factor of field y.x and emission area A.r for samples Bl (a, b), B2 (¢, d) and B3 (e, f).

Further the statistic distributions of fluctuating effective
characteristics of field emission y.¢ and A for the studied
emitters were obtained. The procedure to obtain statistic
distributions looked as follows.  For nanocomposites,
emission CVCs were accumulated, which are recorded with
frequency of 20ms and fluctuate for a certain period of
time at the corresponding stages during cathode training.
Processing of the data array using equation (1) with
account of the measured values of work function made it
possible to form histograms of effective parameters. As
you can see from Fig. 7, both values for all samples
are described with normal distribution. Root-mean-square
distribution ¢ does not have an evident correlation with the
conditions of composite modification (see values ¢ in fields
of Fig. 8). Note its obviously low value for A of sample B3.
Therefore, the selected criterion of assessment shows that
the coating from oxide with thickness of 6 nm substantially
stabilizes the surface area of emission in CNT arrays.

Conclusion

A complex research of the structure, composition, elec-
tronic structure of the surface and field emission properties
of nanocomposite field radiating cathodes based on CNT
arrays coated with an ultrathin layer of TiO, is presented.
According to the method of secondary electrons cut-off
implemented by XPS, the work function was 4.98eV
for pure CNTs, for CNT@TiO, nanocomposites with the
thickness of oxide layer 3 and 6nm it took on the values
of 429 and 3.82eV accordingly. Reduction of the electron
work function is probably mainly related to lower work

function of TiO, films vs CNT. The developed method of
emission characteristics measurement demonstrated that the
reduction of work function for the CNT@TiO, nanocom-
posites is accompanied by reduction of local electric field on
their points: for the structure with the lowest work function
(CNT@TiO; (6nm)), to ensure the density of the emission
current 1 mA/cm? the lowest electric field was required,
which made 4.97 - 10° V/m. For comparison, in cathodes
with ,,pure“ CNTs and CNT@TiO, (3nm) the necessary
field was 7.89-10° and 5.99 - 10° V/m accordingly. Ef-
fective field gain factor p.x for a series of samples tends
to reduce when changing from pure CNTs to CNT@TiO,
composites, which, probably, to a large extent depends
on change in the geometry of points (increased curvature
radius). For ,pure® CNTs per is equal to 2.53 - 10°, and
for a sample with the thickest oxide coating it is reduced
down to 1.56-10°. Tt should be noted that drop of per
is accompanied by increase of A.y. When changing from
a sample with ,pure“ CNTs the emission surface area,
average value of Ay = 3.12 - 103 nm?2, increases noticeably:
8.33 - 10° nm? for CNT/TiO; (3nm) and 1.31 - 10* nm? for
CNT/TiO, (6nm). Besides, application of TiO, resulted in
increase of the average area of emission centers. For ,,pure®
CNTs the average surface area per single center of emission
was 490nm?, for CNT@TiO, (3nm) — 14.02nm?, for
CNT@TiO; (6nm) — 27.40nm?. The conducted research
demonstrated that application of thin layers of TiO, is
promising for increased effectiveness of autoemission cath-
odes based on CNTs in vacuum nanoelectronics, making it
possible to tune the work function of autoemission cathodes.
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