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CARBON NANOWALLS IN FIELD EMISSION CATHODES

The carbon nanowall (CNW ) layers were grown from a gas mixture of hydrogen and methane, activated
by a DC glow discharge, on Si substrates (Si/CNW layered structure). The second layer of CNW was
grown either on the first layer (Si/CNW /CNW structure) or on Ni or NiO films deposited on the
first CNW layer (Si/CNW /Ni/CNW and Si/CNW /NiO/CNW structures). The composition and
structure of the resulting layered structures were studied using scanning electron microscopy, Raman
spectroscopy, and X-ray diffractometry. It was found that annealing of Si/CNW structure in vacuum,
growing of the second CNW layer on Si/CNW, as well as deposition of Ni or NiO films prior to the
growing of the second CNW layer improve functional properties of field emission cathodes based on the
electron-emitting CNW layers.
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cathodes.

Carbon materials, including various crystalline
(diamond, graphite) and noncrystalline (fullerene,
nanotubes, graphene, etc.) ordered substances
with unique physicochemical properties are of
practical interest. Some carbon materials due to
the autoemission property are promising for use
as an emitting layer of field emission cathodes
(autocathodes). The presence of field emission
means a decrease in the electric field strength to
1—10 V /pm, which is required for the onset of
field emission of electrons. Autocathodes are used
in the development of X-ray tubes, microwave
devices, electron guns for exciting lasers,
cathodoluminescent lighting devices, flat displays
and other devices [1—35]. The most promising for
the creation of autocathodes with a low electron
emission barrier are the so-called carbon nanowalls
(CNW) — layers of a plate-like carbon material
with a predominant orientation of the plates per-
pendicular to the substrate [1—3].

The layers of carbon materials formed by plasma
methods, including CNW, are as a rule multiphase
layers [6—8]. The structure and concentration of
crystalline and X-ray amorphous phases depend on
the conditions for carbon materials formation and
affect their emission properties. The problems of
using CNW in autocathodes are associated with
the instability of emission parameters (magnitude
and density of the cathode current, as well as the
degree of electrical current uniformity over the

cathode area) due to changes in composition and
structure during testing and operation [4, 6, 8].

Before being placed into electrovacuum
devices and soldered, autocathodes are always
preliminaryly tested in a vacuum chamber for
compatibility with the parametres of the device.
In some cases, preliminary tests are carried out to
achieve such required parameters as autoemission
current and its stability in time. Stability tests can
be performed both in the voltage stabilization mode
[4] and in the current stabilization mode. In the
first case we consider cathode current dependence
(decrease) on time at a fixed stabilized voltage, in
the second case — voltage dependence (growth)
on time at a fixed stabilized current. In both cases,
the graphs of the dependencies (hereinafter aging
curves) objectively characterize the degradation
(aging) of the autocathode, regardless of what
causes it.

Storing the tested autocathodes with CNW
layers on open air also leads to a deterioration of
their emission properties. This is caused by the
fact that during vacuum testing on the surface of
CNW plates, the layer of adsorbed hydrocarbons
is destroyed. This layer normally prevents
adsorption of the components of the air mixture
(water and nitrogen molecules, etc.) that impair
the emission characteristics of the autocathodes
[4, 15]. To recover the emission properties of
autocathodes that had passed preliminary tests,
they are annealing in vacuum or in an inert gas
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atmosphere at a temperature of about 720 K [6].
Autocathodes that had not passed preliminary tests
(even without vacuum breakdown), as a rule are
not further used.

We can assume that autocathodes with a second
CNW layer should have better emission properties
than autocathodes with only the first CNW layer
annealed. Moreover, for autocathodes that had not
been preliminaryly tested, growing of the second
CNW layer on top of the first one should increase
the yield ratio for vacuum electronics.

This study researches how vacuum annealing
and growing of a second CNW layer affects the
emission properties of layered autocathodes based
on carbon nanostructures.

Samples used in the research

The CNW samples were grown on Si substrates
from a gas mixture of hydrogen (H,) and methane
(CH,) activated by a DC glow discharge [3, 6].
Before growing CNW, priming carbon centers were
created on the substrate. For this purpose, at a
temperature of 1020 K, the surface of the substrate
was bombarded with H* and C .H, * ions (high
frequency discharge, 13.56 MHz, 40 W, 20 min),
formed in the microwave plasma mixture of hy-
drogen and methane (8—10 volume % CH,) at
pressure of 6,6-103 Pa. Silicon substrates with seed
particles were treated in H, plasma, after which a
CNW layer was grown at a substrate temperature
of 800 —1300 K and a deposition rate of 6 um /h.
Emission characteristics of the obtained Si /CNW
layered structures were tested for 0.5 hour.

Si/CNW structures that were tested and /or
stored in the open air for a long time (1 to
3 years) were either annealed in vacuum, or a sec-
ond CNW layer was grown on their surface under
the same conditions as the first layer. In a vacuum
(103 —107> Pa), the samples were annealed for
1.5 hours at 720 K (Si/CNW(ann) structure).
When the second layer was grown, the crystal-
lites of the first layer acted as seed centers of the
second layer. The second layer of CNW was also
grown on the surface of the first layer of CNW
coated with Ni or NiO.

Ni films were obtained by magnetron sputter-
ing from a Ni target with a direct current in an
argon atmosphere (Si/CNW /Ni structure). The
conditions for obtaining Ni films are as follows:
Ar pressure 1.2—1.5 Pa; discharge power 900 W;
substrate temperature 420 — 570 K; deposition rate
1.5 pm /h. The thickness % of the resulting Ni
films was 10, 40, 80, and 160 nm (Si/CNW /Ni”
structures).

NiO films were formed in two stages. At the
first stage, a 0.25% solution of Ni(NO;), was ap-
plied to the CNW layer in a 50% hydroalcoholic

(H,0 + C,H,OH) mixture at room tempera-
ture, followed by heat treatment at 420 K. The
heat treatment caused the crystalline hydrate
Ni(NO,),-6H,0 formed during heat treatment
to decompose to NiO form at a temperature of
370—410 K.

Ni(NO,), was deposited at atmospheric pressure
either by immersing the substrate with a CNW
layer in a solution, followed by heat treatment
(the result was the Si/CNW /NiO structure) or
by aerosol precipitation (5— 10 cycles of 1 minute
with heat treatment after each cycle, the result
was the Si/CNW /NiO" structure). To generate
the aerosol, the Albedo IN-8 (Anb6eno MMH-8) ha-
logenator was used with an average mass median
aerodynamic diameter of the aerosol particles of
3.94 pm.

Research technique

The CNW composition and the layered
structures were studied using a Carl Zeiss Supra
40-30-87 scanning electron microscope (SEM), a
Rigaku D /MAX-2500,/PC X-ray diffractometer
(Cuk radiation) and a LabRAM HR800 (HORIBA
Jobin-Yvon) laser Raman scattering spectrometer
(632.8 nm line of He-Ne laser, beam spot diameter
4 pym?2, depth of the analyzed layer 3 pm).

Current-voltage (I-V) characteristics and
aging curves that determine the dependence of
voltage on time during long-term emission tests
at a given current in the regime of constant
current stabilization were obtained using a
Pw2500_v2 3kV_1a source of stabilized pulsed
current produced by SINP MSU and a Spellmann
S130 source of stabilized direct current. The
measurements were carried out in diode cells at a
pressure of 5-107 Pa.

To correctly compare the structures with the
second layer of CNW, each sample with the first
CNW layer was divided into two parts (A4, B)
equal in area which were used to co-grow a second
layer of CNW in one charge. Part A was used as
control, and part B was covered with a Ni or NiO
layer, then the A:Si/CNW /CNW and B:Si/
CNW /Ni/CNW (or B:Si/CNW /NiO/CNW)
structures were compared. In the tests with
annealing, the second CNW layer was not
grown onto part B, while the first CNW layer
was annealed, then the A:Si/CNW /CNW and
B:Si/CNW (ann) structures were compared.

The I-V characteristic and the autoemission
parameters of the samples were recorded in the
pulsed mode of electric current measurement. The
aging curves and their parameters were measured
in the constant stabilized current mode.

Field emission tests were carried out on samples
with a surface having intrinsic conductivity.
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During measuring the I-V characteristic in the
pulsed mode, a glass plate with a conductive layer
of mixed indium-tin oxide (ITO, chemical formula:
(In,04), o-(SnO,), ;) was used as an anode. The
plate was covered with a luminophore layer. This
anode completely covered the emitting surface of
the sample. When measuring the aging curves in
the constant stabilized current mode (10 mA), a
water-cooled thick-walled (5 mm) copper anode
was used with a polished working surface in the
form of a 5x2x2 mm strip located above the 4x2 mm
rectangular area of the autocathode.

The gap (A) between the surface of the
autocathode and the anode was 250 pm when
measured in pulsed mode and 125 pm — in direct
current mode. The I-V characteristics were plotted
in the coordinates (E, J), where E = U /A is the
electric field strength in the gap between the
anode and the autocathode, J =1 /S is the current
density, U is the potential difference between the
electrodes; I is the current of the autocathode, .S is
the working area of the autocathode. According
to the I-V characteristics, Fowler —Nordheim
diagrams were plotted in (E~!, In(J/E?))
coordinates.

Composition and structure of CNW

Carbon nanowalls are a porous material formed
by curved lamellar (scaly) clusters of X-ray
amorphous and crystalline phases of carbon (Fig. 1).

a)

Fig. 1. SEM image of the Si/CNW layer structure:
a — CNW growth surface; b — Si/CNW cleavage

The CNW plates were 3— 10 nm thick [3]. Apart
from bent carbon plates, the structure of CNW
samples also contain rods (plates folded into
tubes), nanotubes and equiaxed particles with an
average size of 40 —50 nm (Fig. 1, b).

X-ray diffractometry shows that CNW contains
mainly graphite (P6,/mmc spatial group) and
carbyne (hexagonal syngony), as well as phases
of diamond (Fd3m), chaotite (P6,/mmm spatial
group) and graphite modifications (R3 and P3
spatial groups) [6, 8]. The thickness of the CNW
plates corresponds to the size of the crystallites
(X-ray coherent scattering regions, L¢z) equal to
8.5—9.5 nm and calculated from the broadening
on X-rays of diffraction peaks of 0002 graphite.

In the Raman spectra of the Si /CNW layer struc-
ture, which explicitly reflect the composition and
structure of CNW [9, 10], we can observe intense D, G
and 2D bands, located at the Raman shift Av, equal
to 1330 — 1343, 1577 — 1591 and 2660 — 2673 cm™!,
respectively. At the same time, weak bands are
fixed at Av equal to 233—243, 863 —879 and
1081 —1167 cm™! (x band); 1612 —1627 (D' band);
2449 — 2482 (x+D band); 2909 — 2934 (D+G band)
and 3221—3248 cm™! (2D’ band). (In this study
we denote CNW Raman spectral bands as D, G,
x, D', x+D, 2D, D+G u 2D' [11—13].)

Fig. 2 (curve 7) shows the Raman spectrum of
one of the Si/CNW samples. The values of the
intensity ratio of the main CNW Raman spectral
bands depending on their formation conditions
have a considerable spread: I,,/I; = 0.32—2.03;
I,/1,, = 0.98—1.23; 1,/1,., = 14.1—17.6;
I,/I,, =13.0—16.1 [6, 8].

The CNW Raman spectra were compared with
similar spectra of highly oriented pyrolytic UPV-1T
(YIIB-1T) graphite (Fig. 2, curve 2). The 2D
graphite band consists of two components: 2D,
and 2D, (Fig. 2, curves 3, 4) with an intensity
proportional to the one of the G band. In contrast
to the 2D graphite band, the 2D CNW band is
symmetrical, which is characteristic of graphene
[9, 13]. The differences in the 2D band in the
CNW and graphite Raman spectra are caused by
a significant curvature of individual regions of
the graphite atomic layers {0001}, which disrupts
atomic bonds inside and between the layers.

Depending on the degree of the CNW plates
curvature (curvature radius 590 —770 nm), the
2D band changes shape, which reflects changes
in the electronic bands corresponding to the posi-
tions of atoms in the lattice. The layers in such a
crystallite (CNW plates) form a hexagonal lattice
(two-layer stacking of carbon atoms) [1, 6, 14].
If we consider the CNW crystallites as graphite
plates, then their size (plate thickness) calculated
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Fig. 2. Raman spectra of Si/CNW (7) and graphite (2) layered structures.
Inset graph shows a fragment of the spectra in the Av range of 2550 — 2800 cm™!
(3 and 4 are Lorentz distribution functions, which in sum approximate curve 2)

10 pm

from the intensitiy ratio of the D and G (I,/I)
Raman spectral bands would be L = 3.3—9.9 nm.
The obtained size is close to the values calculated
from the X-rays. Taking into account that the
interplanar distance of graphite (0001 plane)
is 0.335 nm, one can state that there are about
10—30 layers of graphene in a CNW plate.

The maximum height of the first CNW layer
starting from the substrate is 2—4 pm, the to-
tal height of the first and second layers is ap-
proximately 8.5 pum (Fig. 3, a, b). After the
heat treatment of the Si /CNW layered structure
covered with Ni(NO,), 6H,O crystal hydrate, NiO
crystallites less than 2 pum in size were formed on
the surface of the CNW (Fig. 3, ¢). The deposi-
tion of a 10 nm thick Ni film on the CNW layer
(Si/CNW /Ni!0 structure) by magnetron sputter-
ing resulted in the formation of an islet structure
with a cluster size less than 10 nm (Fig. 3, d).
A continuous Ni” film (thickness # > 40 nm) was
formed mainly on the CNW edges located at a 90°

Fig. 3. SEM images of the samples:
a — Si/CNW (cleavage); b — Si/CNW /NiO* /CNW (cleavage); ¢ — Si/CNW /NiO*; d — Si/CNW /Ni'?;
e — Si/CNW /Ni%

2790

2670 2730

Av, cm™!

3400 2500 2610

angle to the Ni particles flux during magnetron sput-
tering (Fig. 3, d). On all other CNW surfaces, the
Ni film thickness was by orders of magnitude smaller.

Fig. 4, a, b shows the globular structure of the
CNW layers with a globule diameter of 1.5—2 pm.
The second layer of CNW, deposited on a NiO
film, has a more dense packing of globules and a
larger thickness of the plates (Fig. 4, d). Samples
A:Si/CNW /CNW and B:Si/CNW /Ni!'? / CNW
(Fig. 4, a, b) contain a large number of nanotubes
with a diameter of 10 —40 nm, while in samples
with Ni or NiO films their number does not exceed
1—2 per globule.

The structure of the second CNW layer is
characterized by the presence of carbon plates
on the crystallites (plates) of the first layer, in-
cluding multiwall nanotubes (Fig. 4, ¢). In the
Si/CNW /Ni'60 /CNW and Si /CNW /NiO* /CNW
samples, thickened crystallites of carbon plates
with rounded edges (not typical) were found
(Fig. 4, d, e). It was discovered that on average
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Fig. 5. CNW Raman spectra before and after growing
the second CNW layer:
1 — A:Si/CNW; 2 — A:Si/CNW /CNW;
3 — B:Si/CNW /NiO* /CNW

Fig. 4. SEM images of surfaces of layered structures:
a — A,;:Si/CNW/CNW; b — B,:Si/CNW /Ni!0 /CNW;
¢ — B,:Si/CNW Nil0/CNW; d — Si/CNW /Ni!60/CNW; e — Si/CNW /NiO* /CNW
(right-hand images in @ and b are scaled-up fragments of the surface of the second CNW layer)

the maximum height of the second CNW layer was
2.4 times greater than that of the first; the globular
structure of the second CNW layer became more
dense and homogeneous; the number of multiwall
nanotubes decreased; on the Raman spectrum of
the second CNW layer with a globular structure, a
band appeared at Av = 2285 cm™! (Fig. 5, Table 1).

The Raman spectra shown in Fig. 5 are normal-
ized to the intensity of the 2D (I,;) band. On
the Raman spectra of the Si /CNW /NiO" /CNW
structure, the band intensity at Av = 2285 cm™!
increased almost 4-fold. The wide band at
Av = 2262—2286 cm~ ! (broadening of the
Avy ,, = 120—160 cm™" band) was manifested in
the Raman spectra of CNW after annealing at
temperatures above 870 K [7]. A similar band
was also observed on the Raman spectra of poly-
cluster diamond films produced by the microwave
discharge method [3].

The crystallite size (Lqg), the number of
graphene layers (N), and the I,, /I, parameter

Table 1
Structural parameters of the upper layer of CNW layered structures
Av, o,

Layered structure " 13" Iy | Ag | Ip | Loy (Ip/Ig| Lesg | N [ I/ | Top/Ip (Top/ T | Tpgs
Si/CNW 19.4 |228.3|388.8 | 113.4 ] 202 | 0.6 7.5 |22 0.3 0.9 0.5 0
Si/CNW /CNW 17.7 | 340.6| 338.1 | 130.5 | 202 | 1.0 4.4 13| 04 0.6 0.6 337
Si/CNW /NiO" /CNW | 19.9 |442.4| 356.9 | 176.5 | 202 | 1.2 3.6 |10 0.5 0.5 0.6 130.2
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of the samples A:Si/CNW; A:Si/CNW /CNW
and B:Si/CNW /NiO* /CNW (in this order)
decreased, while the 1. /1, I,,/I; parameters
and I,,.- band intensity increased (Table 1).

Emission properties of CNW-based
autocathodes

Simultaneously with the I-V measurement, a
sequence of images was registered on an lumino-
phore anode screen. Obviously, in this sequence,
you should select an image with the worst visual
uniformity, which is located in the middle part
of the sequence, while at its beginning and at its
end there are images that are visually evaluated
as homogeneous: almost black ones, obtained at
small electric fields, at the beginning, and lighted
ones, obtained at large electric fields, at the end
(Fig. 6).

To assess the uniformity of images, subjective
(visual) criteria are often used. Of the many objec-
tive homogeneity criteria based on digital image
processing, we chose the simplest criterion based
on variation coefficient. We used the intensity
(brightness) of a pixel in a gray raster image as
the random variable. Uniformity of the image (in
percent) was calculated from a sample consisting
of all pixels of the image, according to the formula

H =100V - 33,
where V is variation coefficient, V =c/ X ; cand

X are the mean square deviation and average
linear deviation in the sample, respectively.

In statistical data processing, the sample is
considered homogeneous if V < 0.33 (H < 0%).
For the sequence of images obtained from the
luminophore anode screen, maximum of H (the
worst homogeneity) was taken as homogeneity HA.
As can be seen from Fig. 6, the visual estimation
of homogeneity coincides with the maximum at
H?0=—-16.8%. The H” parameter can be regarded
as an estimate of the homogeneity of the cathode
current distribution in the working region of the
authocathode at the A gap.

It is known [4, 15] that the electric field
around a pointed conductor is amplified and can
be represented as BE,, where B is the field gain

Fig. 6. Sequence of 2x2 mm emission images with different homogeneity H2
(the values in % are given in the images)

near a single emitter and approximately equals to
the aspect ratio (height /transverse dimension)
of the conductor; E, is the ideal electric field
strength equal to U /A. Assuming that all emis-
sion centers have regular geometry (the same sizes
and relative position), the dependencies on the
Fowler —Nordheim (FN) diagrams are described
by the equation of the straight line y = Bx + C,
where x = 1/E, y = In(J/E?). The slope ratio
of the straight line B is a value proportional to
B, while the density of the emissive centers D is
proportional to the exp(C) value (C is the segment
cut off by the straight line on the ordinate axis).

For the given films, a linear region can be dis-
tinguished on the curves of the FN diagrams [17].
For a relative comparison of the values character-
izing emission properties of the autocathodes, it is
sufficient to assume that in this linear region only
emission centers with regular geometry generate
the electrical current, while the contribution of the
others to the resulting current is negligible [4, 15].
As emission characteristics of the autocathodes, we
considered the following: the autoemission thresh-
old, E, is the minimum value of E at which the
emission current is registered; the estimation of the
aspect number of a single emitter in the regular
geometry B; the estimation of density of emission
centers in the regular geometry D,; homogeneity
H? in a sequence of emission images.

The aging curves (AC) for the structures with
the second CNW layer were obtained as the voltage
U on time T dependence at a constant current of
10 mA, measured in the current stabilization mode.
The 10 mA value of current was chosen due to the
capabilities of the equipment available, as well as
to current density limitations (/ =0.12 mA /cm?),
at which undesirable vacuum breakdowns are un-
likely in the test cell. The aging curves allowed
determining the aging rate for 6 hours (V,),
for 3 hours (V) and for the last hour (V;) of
tests. A comparison of the aging curves of A and
B parts of samples with a second CNW layer was
carried out using the Q,, parameter that takes
into account the relative position of these curves

a el l
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along the ordinate (U) and the ratio of the areas
bounded by these curves and the abscissa axis:

QAB = (SA/(SA+SB)) - 0.5,
where S, is the area under the ACy for B:Si/CNW /
Ni” /CNW, B:Si/CNW /NiO/CNW,
B:Si/CNW (ann);
S, isthe area under the AC, of the correspond-
ing B control structures A:Si/CNW /CNW
(or A:Si/CNW in the case of annealing).

If the ACy is located above the AC,, then
—0.5 < Q,p < 0 (part B has a higher voltage);
if ACj is located below AC,, then 0.5> Q,;,>0
(part B is less high-voltage). The smaller |Q 4,
the closer are the AC, and ACj areas. At the same
time, the |Q,5 < 0.5 inequality is valid.

Fig. 7 presents the I-V characteristic curves
and the FN lines described above for the parts
of a single sample of layered structure, and their
parameters are given in Table 2. As can be seen
from the presented data, the parts without the
second CNW layer (A:Si/CNW u B:Si/CNW)
are characterized by a high autoemission thresh-
old (E; 2 5.6 V/um), a large aspect ratio B
(which confirms the presence of a large number

60 -
. ® \\
g @r
Y 40
E 4 @\ %)
’\” 2
1
O T T T T
2 4 6 8 E,V/um

Fig. 7. Example of the I-V characteristics and their
linear representations in the FN coordinates (see inset)
obtained for the following layered structures:

1 — A:Si/CNW; 2 — B:Si/CNW /NiO" /CNW;
3 — B:Si/CNW; 4 — A:Si/CNW /CNW

of multiwall nanotubes on the first CNW layer),
a low density of emission centers D, and a low
homogeneity of field emission images (H>° > 0).

Parts with a second CNW layer (structures B:Si /
CNW /NiO* /CNW and A:Si/CNW /CNW)
are characterized by a lower autoemission threshold
(E;<3.6 V/um), a smaller value of B, a higher
D/ density, as well as a better images uniformity
(H*Y<0). For a given sample, the part with the
A:Si/CNW /CNW structure is characterized by
better values of the parameters E, B, H>?, V,,
V,;, than the B:Si/CNW /NiO* /CNW structure,
and the values of the D parameter for them are
virtually identical.

Examples of the arrangement of the I-V char-
acteristics and the aging curves of the samples
with the Si /CNW /NiO* /CNW (sample 1) and
Si/CNW (ann) (sample 2) structures are shown
in Fig. 8, 9.

As can be seen from Fig. 8, for sample 1, the I-V
characteristic of the B,:Si/CNW /NiO"/CNW

8 E,V,/um

Fig. 8. 1-V characteristics of layered structures of two
samples:
Sample 1 (solid lines): 2 — B,:Si/CNW /NiO* /CNW;
3 —A;Si/CNW /CNW; 6 — A,:Si/CNW; 7 — B;:Si/CNW;
Sample 2 (dashed lines): 1 — A,:Si/CNW /CNW;
4 — B,:Si/CNW(ann); 5 — A,:Si/CNW

Table 2
Example of emission characteristics of autocathode parts on layered structures
Measuring mode
Structure Pulse Continuous

E, V/um B | In(Dp) | H>, % | Vi, V/h | Vy, V/h| Vi, V/h | Oup

A:Si/CNW 6.1 42.7 1.9 39.07 — — — —
B:Si/CNW /NiO"/CNW 3.6 32.9 6.0 | —10.52 50 33 10 0.18

B:Si/CNW 5.6 47.0 3.0 29.36 — — — —

A:Si/CNW /CNW 2.4 211 5.9 -7.18 10 0 0 —
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Fig. 9. Aging curves of layered structures of sample 1
for 6 hour tests:

1 — B:Si/CNW /NiO* /CNW; 2 — A,:Si/CNW /CNW

structure (curve 2) is shifted to the left by
4 V /um relative to the I-V characteristics of the
A,:Si/CNW and B,:Si/CNW structures (curves
6, 7) and by 1.5 V/um relative to the I-V char-
acteristic for the 4,:Si/CNW /CNW (curve 3).
For sample 2, the I-V characteristic of the
B,:Si/CNW(ann) structure (curve 4) is shifted to
the left by 0.8 V /um relative to the I-V character-
istic of the A,:Si,/CNW (curve 5) and to the right
by 1.8 V /um relative to the I-V characteristic of
the A4,:Si/CNW /CNW (curve 7). This indicates
that the emission properties of the autocathode

with a second CNW layer deposited on the NiO*
oxide layer have improved in comparison with the
autocathode with the second CNW layer without
the oxide, as well as that the emission properties
of the autocathode with the second CNW layer
have improved in comparison with an autocathode
that had only undergone a restorative annealing
of the first CNW layer.

According to the data from Table 2 and Fig. 9, for
B,:Si/CNW /NiO" /CNW and A4,:Si/CNW /CNW
structures, the Q,, parameter is 0.1 for 6 hours of
testing, 0.18 for 3 hours and 0.08 for the last hour.
In this case, the AC for B,:Si/CNW /NiO" /CNW
turns out to be less high-voltage than the AC,
for A;:Si/CNW /CNW, but it loses to the AC,
in the aging rate. The behavior of the AC, and
ACp during 6 hour tests (Q,; = 0.1) shows their
asymptotic convergence at positive values of Q,,
which can be explained by the fact that the second
CNW layer on the A, and B, parts was grown
simultaneously during the same charge.

A summary data of the averaged characteristics
of the investigated autocathodes is presented in
Table 3. The averaging was carried out according
to the groups (samples) of the parts of the layered
structures indicated in the table. The sample sizes
corresponded to the number of parts in each of
the groups.

The analysis of the data from Table 3 shows
the following. Regardless of which film is used

Table 3

Mean values (M) and standard deviations (S) of the emission characteristics of parts of autocathodes on
layered structures

Measurement mode
Structure Sample Pulse Continuous
S1ze
E; V/um In(D) | H?, % | V4, V/h| V,,, V/h | Oup

, o M 45 606 | 7.2 11.8 _ _ _

A:Si/CNW; BiSi/CNW | 26 [ 3 TEREEY 99 — — —
M 2.3 375 | 9.2 -2.5 20.0 10.8 —

A:Si 1
Si/CNW/CNW 3T 11 205 | 3.0 17.7 21.3 13,2 _

. M 3.1 533 | 102 | —14.2 1.1 13.3 | —0.01

B:Si/CNW (ann) 315 0.1 9.1 1.4 10.8 10.2 15.3 0.41
M 3.5 582 | 13.0 | -6.0 5.0 15.0 0.44
B:Si i
Si/CNW/NIO/CNW |2 g 0.3 43 | 09 3.6 21.2 21.2 0.06
M 26 336 | 85 2.1 16.7 10.0 0.32
B:Si/C 0" /C
i/ CNW/NIO™/CNW | 2 g 1.3 1.0 1.7 17.8 23.6 0 0.19
M 1.9 341 | 10.0 | —16.4 14,4 3.3 0.14
B:Si /CNW /Nil0 /CNW ’

i/ /NiB/ 3 15 0.3 14 | 17 2.8 5.1 5.8 0.32
B:Si/CNW /Ni"0 /CNW | 1 |M 2.2 365 | 68 | -2.9 26.7 0 —0.48
B:Si/CNW /Ni® /CNW | 1 |M 2.9 35.4 | 7.4 ~73 20.0 10.0 |-0.50
B:Si/ CNW /Ni'® /CNW | 1 |M 3.2 534 | 131 | -3.8 13.3 0 —0.12
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(Ni or NiO), the presence of the second CNW
layer reduces the average value of the E. emission
threshold to about 2.3 V/um as compared to the
average value of 4.5V /um for the first CNW layer.
The average E values for the second CNW layer
structures with or without Ni, NiO film differ by
approximately 0.1%. On average, the best results
for the E parameter (1.9 V/um) were shown by
the Si/CNW /Nil0 /CNW structures, for which
the aging rate is also minimal (V,; = 3.3 V/h)
with a positive Q,, value of 0.14. The best
V, results had the Si/CNW /Ni* /CNW and
Si/CNW /Ni'® /CNW structures (V;, = 0) at
low E. values, however for these structures the
Q,p parameter turned out to be negative.

Because of the large number of multiwall
nanotubes [16], the autocathodes without both the
second CNW layer and restorative annealing of the
first CNW layer showed the best results for the
B parameter (60.5 on average) with a low density
of emission centers (D, = 103, In(D) = 7.2).
Then the B parameter was decreasing in struc-
tures with a second layer in the following order:
Si/CNW /NiO,/CNW and Si/CNW /Ni!60 /CNW.
These same structures with the minimum number
of multiwall nanotubes showed the best result for
the Dy parameter (D = 105, In(D) = 13).

As to the homogeneity of the emission images,
the best results on the average were shown by the
Si/CNW /Nil0 /CNW structures (H%0=—-16.4%).
Then the H?° parameter was getting worse
(increasing) in structures in the following or-
der: Si/CNW(ann), Si/CNW /Ni8 /CNW,
Si/CNWNiO /CNW, Si/CNW /Ni'6 /CNW,
Si/CNW /Ni% /CNW, Si/CNW /NiO"/CNW,
and finally the worst were Si/CNW structures.

Conclusion

Thus, the analysis of the I-V characteris-
tics and aging curves of autocathodes based on
Si/CNW, Si/CNW /CNW, Si/CNW /Ni/CNW
and Si/CNW /NiO/CNW layered structures,
as well as the assessment of homogeneity of the
images obtained on the luminiferous anode screen
allowed establishing the following. On average,
the emission properties of autocathodes with a
second CNW layer and the presence (optional)
of a Ni or NiO film between the CNW layers are
better than those of autocathodes that undergo
restorative vacuum annealing of the first layer
at 720 K. Of all the tested autocathodes with
a second layer, the best results on the emission
characteristics were shown by the autocathodes
with 10 nm thick islet Ni films, which indicates
the possibility to use similar cathodes in vacuum
electronics. However, for better statistical valid-
ity, it is necessary to collect a larger amount of
experimental data.
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BYTJIELIEBI HAHOCTIHKU B ABTOEMICIMTHUX KATO/JAX

Byzneueei mamepianu, wo exmouaromo pisui kpucmaniuni (aimas, zpagim) i nexpucmariuni (pyaiepen, na-
Hompy6xu, epagen ma in.) eNOPAOKOBANT PEUOBUHU 3 YHIKAAGHUMU (DIZUKO-XIMIUHUMU 8ACTUBOCTRAMU, NPeO-
cmaeasioms npakmuynull inmepec. /leaxi eyeneuesi mamepiaiu 3a60aKu 61ACMUBOCE ABMOEMICCIL € Nepcnex-
mueHuMU O GUKOPUCTNAHHS K eMIMYIou020 wapy asmoemicitinux xamodie (asmoxamodos). Haiibirvw nep-
CNEKMUBHUMU 011 CMEOPEHHS A8MOKAMO0I8 3 HUZLKUM Oap'€poM eMicii eleKMPOHI8 66AKAIOMBCI MAK 36AHI
syeneyesi nanocminki (C,) — wapu naacmunuacmozo 6yzeue6020 MAMepPiary 3 nepesaxHum OpieHmyeanum
nAACmMUn NeprReHOUKYAIPHO NioKaadui. Pobomy npucesueno 0ocaidxennio 6niugy 6i0nary 6 eaxyymi i Hapoue-
H020 Opyeozo wapy C,; Ha eMiCUiHI 61ACMUSOCE WAPYEAMUX AETMOKAMO0I6 HA OCHOBT BY2/1eUEEUX HAHOCTNIHOK.

Hlapu Cyy drs docridxkenv supowysaru 3 2asosoi cymiwi H, i CH , akmueosanoi maiouum po3psaoom nocmiinozo
cmpymy, na niokaadxax 3 Si. Ileped napowyeannamn Cy na niokaadxax cmeoprosaiucs syzeuesi 3ampagoui
uenmpu wasxom 06pobxu nosepxni ionamu H* ma C _H,*. EMiCiini Xapaxmepucmuxu ompumanux wapyeamux
cmpyxmyp Si,/C KoHmpos0eaiu niezo0urnHuUMU eunpoéllyeaummu. ITiooani sunpobyeanusm ma,/abo mpueaio-
My 36epizannio na eioxpumomy nosimpi wapyseami cmpyxmypu Si/C,, abo eionanrweanru ¢ eaxyymi (1,5 zo0u-
nu npu 720 K), abo na ix nogepxni napowyeanu opyeuti wap Cy (Si/C,/Cy) 3a mux xe ymos, wo i nepuiuil.
Apyeuii wap Cp; napowysaiu maxox na nosepxui nepuozo wapy Cp, expumozo niiexow Ni a6o NiO (cmpyx-
mypu Si/C,/Ni/CH ma Si/Cy/NiO/Cy). ILrisku Ni ompumyearu memooom mMazHempoHHozo pOINULEHHS,
a naiexu NiO — mepmiunoto 0opo6xoio 6 posuuni Ni(NO;),. Maxcumanvna eucoma nepuwozo wapy C, w000
niokaadxku cmanosuid 2—4 mxm, cymapna sucoma nepuozo i 0pyzozo wapie — 8,5 mxm. Ckaad i 6ydosy wa-
pysamux cmpyxmyp 00CAI0KYSANU 3 BUKOPUCTNAHHAM PACMPOBOL eACKMPOHHOL MIKPOCKONIL, PeHmezeHiecbKoi
duppaxmomempii i cnexkmpomempii KOMOIHAUTUNO20 PO3CIIOBANHS C8IMA.

Enmiciini eracmusocmi npedcmasieno y 6uzis0i CMamucmuunux ouiHoK nopozy asmoemicii, xoegiyicumy no-
CUNLEHHSL eNeKMPUUHOZ0 NOAA NOOAU3Y OOUHOUHOZ0 AEMOEMIMeEPA i WIALHOCE eMICIUHUX UeHMPIE 6 PezyAapHill
zeomempil, 00HOPIOHOCIT eMICTUHUX 300PAKeHb, d MAKOK WEUOKOCIT CMAPIHHA A8MOEeMICIHUX Kamodieé 3d
mpusaiux eunpobyeans Ha nocmiunomy cmabinizogamomy cmpymi. Pozpobiena memoduxa sunpobyeans 0o-
360JULA NPOBOOUMU KOPEKMHE NOPIBHAHHA eMICTUNUX XAPAKMEPUCTIUK a8MoeMicilinux kamodie do i nicis 6u-
pouwysanns Opyzozo wapy C,, a makox nicaa eionany e eaxyymi. Bemanoeneno, wo 6 cepeOnvomy eMmiciini
saacmugocmi asmoxamooie 3 opyeum wapom C, i naiexoro Ni abo NiO mix wapamu Cp € Kpawumu, Hix
Y asmoxkamoois, sKi NPoUwIU 6I0HO8NIOEANIVHUU GIONANL Y 8AKYYMI hepwozo wapy 3a memnepamypu 720 K.
Bidsuaueno, wo 3 ycix docaidxenux aemoxamooie 3 opyeum wapom C, Haikpawi pesyivmamu 3a eMicitinumu
xapaxmepucmuxamu 6 cepeoHvoMy NOKA3AAU A6moKamoou 3 ocmpiexosumu niiexamu Ni moswunoio 10 um.
IIposedeni docaioxenns nidmeepoxKyomy MOKIUGICIb 3ACMOCYBAHHS WAPYEAMUX ABTNOKAMOJIE HA OCHOBT 8Y-
2/1eYeBUX HAHOCMIHOK 68 NPUCPOSX AKYYMHOL eJIeKMPOHIKIU.

Kniouosi croea: eyzneueei HAHOCMIHKU, WApyeami CMpPYyKmypu, eleKmpoHHAd MIKPOCKONis, CREeKmMpPOCKONis
KOMOTHAUTUH020 PO3CIANHS COIMIA, ABMOEMICTUNT KaAMOOU.
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YTJIEPO/IHBIE HAHOCTEHKUN B ABTOOMUCCNOHHDBIX KATO/IAX

Caou yezaepoonvix nanocmenox (C,) 6vipauusanu u3 2a3osou cmecu 6000podd u Memand, aAKMUBUPOSAHHOU
maeuuM paspsoom nOCMOAHHO20 MoKd, na nodaoxkax uz Si (caoucmas cmpyxmypa Si/C,). Bmopoii cioi
Cy 6vipawueanu na nepeom caoe (cmpymnypa S.Z/CH/C.H) uau na naenxax Ni uau NiO, ocaxoennvix Ha nep-
som caoe Cy (cmpyxmypor Si/Ch/Ni/CH u Si/Cy/NiO/C,). Memodamu pacmpoeoii s1eKkmpoHnotl MuKpo-
CKONUU, CNEKMPOCKONUU KOMOUHAUUOHHOZO PACCESHUSL CBEMA U PeHM2eHOBCKOl Juppaxmomempuu ucciedosd-
HbL COCIMAG U CIMPOCHUE NOLYUCHHBIX CAOUCBLY CMPYKMYP. Y CMAHOCIEHO, UMO OMKUZ 6 6AKYYME CIMPYKMYpPoL
Si/Cy, napawueanue na Si/Cy emopozo cros Cy, a maxixe nanecenue naenok Ni unu NiO neped napawu-
sanuem 6mopozo cios Cy npueoosm K yYyayuuleHu1o PyHKUUOHALLHBIX CEOTUCME AGMOIMUCCUOHHBIX KAMOO08 Ha
ocnoge ca0e6 Cy, IMUMUDYIOUUX NeKMPOHDL.

Karwuesvie caosa: yzxzepoaﬂbte HAHOCMENHKU, CAoUCMble CMPYKMYpovl, IACKMPOHHASL MUKPOCKONUS, CNEKMPOCKO-
nus KOMéuH[lLﬂ/tOHHOZO paccesanus ceema, d6MOIMUCCUORNKbBLE Kamoowl.
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