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CONDUCTIVE NANORODS IN DLC FILMS
CAUSED BY CARBON TRANSFORMATION

1. Introduction

The influence of diamond-like carbon (DLC) films deposited under various conditions on the
electron field emission (EFE) of silicon (Si) tips has been investigated. During the nitrogen-
doped DLC film deposition, the nitrogen content in a gas mizture is varied from 0% to 45%. In
this context, the effective work function is optimized, by reaching the values less than 1 eV. A
sharp increase in the emission current at high electric fields and a decrease of the threshold
voltage after the pre-breakdown conditioning of a DLC film on Si tips have been measured. At
high current densities and the resulting local heating, the diamond-like sp® phase transforms
into a conducting graphite-like sp® phase. As a result, an electrical conducting nanostructured
channel is formed in the DLC film. The diameter of the conducting nanochannel is estimated
from the reduced threshold voltage after the pre-breakdown conditioning to be in the interval 5—
25 nm. The presence of this nanochannel in the insulating matrix leads to a local enhancement
of the electric field and a reduced threshold voltage for EFE. The obtained results can be used
for the development of highly efficient field emission cathodes. To explain the experimental EFE
results based on a transformation of DLC films and the generation of conduction nanochannels,
the changes of the electron affinity (xo) for various carbon structures and impurity point defects
have been calculated. The influence of the rehybridization of bonds in various carbon crystal
structures on xo is shown. The formation of conducting channel arrays in DLC films will allow
us to significantly enhance EFE even on flat surfaces without tips.

Keywords: diamond-like carbon film, electron field emission, conductive nanorods, carbon
nanotube.

tween different forms of carbon. As a result, the op-
tical, electrical, and other properties including the

Carbon is a material with unique properties due to
a possibility to have various allotropic forms: dia-
mond, graphite, graphene, fullerene, and carbon nan-
otubes (CNTs) that have different configurations of
interatomic bonds. It is worth to note that the chem-
ical bonds can be changed during the transition be-
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work function and the electron field (cold) emission
are also changed.

The fabrication of efficient and stable field emis-
sion cathodes is still an important problem, in spite
of the progress in vacuum microelectronics during the
last decades due to the outstanding designs such as
Spindt cathodes, quantum cathodes, microsize dia-
mond, CNTs, etc. The efficiency of an electron field
emission cathode with the DLC film on Si tips should
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be compared with that of uncoated ones. According
to the Fowler-Nordheim equation, the electron field
emission efficiency is determined in terms of the work
function (®) and the electric field enhancement coef-
ficient (8). In case of Si tips coated with a thin DLC
film, a significant decrease of ® dominates in compari-
son with a small reduction of 5. The main advantages
of carbon cathodes are the low work function and the
high chemical and physical stability in comparison
with Si or molybdenum emitters [1].

The promising way to improve the emission prop-
erties of semiconductor and metal cathodes is their
coating with carbon-based layers [1-3]. Nowadays,
CNTs are good electron sources, but pose else emis-
sion stability problems.

In our previous publications, we used diamond-
like carbon (DLC) films, which contained diamond
and graphite phases and coated micro- or nanore-
lief substrates typically based on porous Si surfaces.
Those structures demonstrated the enhancement of
the field emission, but had no good reproducibility
and stability.

Below, we will describe another cathode design
based on graphite nanorods embedded in a DLC
film. The graphite nanorods are conductive channels
with large concentration of carriers, whereas the sur-
rounding matrix is a DLC layer with the low work
function on the top of graphite nanorods.

2. Experimental
2.1. Cathode formation

The Si emitter tips were fabricated by the wet chemi-
cal etching. The cathodes were formed on (100) Si n-
type wafers (Ng = 101 cm™3) by patterning a SizNy
mask. The additional tip sharpening was performed
by the oxidation of the as-etched tips at 900 °C in wet
oxygen. After the oxidation, the oxide is removed into
an HF : H5O solution. This sharpening technique al-
lows the production of tips with a radius curvature of
10-20 nm. The height of the Si tips was 4 pm. The
array size and the tip density were 8 x 8 cm? and
2.5 x 10° tips/cm?, respectively. The radii before and
after the DLC film deposition were estimated by the
scanning electron microscopy (SEM).

DLC films with various thicknesses in an inter-
val of 60-80 nm were grown on flat Si wafers and
Si tip arrays by the plasma enhanced-chemical va-
por deposition (PECVD) method from a CHy : Hy : Ny
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mixture. We excluded the effect of small film thick-
ness variations on the emission parameters. The ni-
trogen content in the gas mixture was varied from
0% to 45%. The in situ gas-phase doping allowed
us to deposit DLC films with different nitrogen con-
tents. These DLC films were deposited under three
different levels of gas pressure in the chamber: 0.2,
0.6, and 0.8 Torr. The substrates were put directly on
a water-cooled cathode (@200 mm) which was capac-
itively connected to a 13.56-MHz generator. During
the plasma deposition, the radio-frequency (rf) bias
voltage was about 1900 V. The DLC coatings were
smooth and had reproducible properties from sample
to sample under the same deposition conditions.

2.2. Measurements

The emission current was measured in the ungated
cathode-anode diode configuration in a vacuum sys-
tem at 10~ Torr. The emitter-anode spacing L was
20 pm. A Si wafer with DLC coated Si tips was
used as a cathode, and a highly doped Si wafer or
quartz plate coated with indium-tin-oxides (ITO)
was used as an anode. A 20-um-thick teflon spacer
was used to keep the two plates separated from each
other. The emission current—voltage characteristics
were obtained with a current sensitivity of 5 nA over
a voltage range up to 1500 V. A 0.56 MQ resistor
was placed in series with the cathode to provide the
short-circuit protection.

The tip array was etched on a 8 x 8 cm? wafer,
diced in 1 cm? squares and mounted in a vacuum
station. These test Si tip arrays without coating
were dipped in a 5% HF solution for 20 s to re-
move the native oxide layer immediately before the
mounting in the high-vacuum system. The investi-
gated cathode area was 5.5 x 1073 cm? and contained
1.4 x 103 tips. Flat Si wafers were used to deter-
mine the thickness/refractive index of the DLC films
and the nitrogen content with a laser ellipsometer
(A = 632.8 nm) and the Auger electron spectroscopy,
respectively.

3. Results and Discussion

3.1. Influence of technological
conditions on DLC film properties

The EFE current—voltage characteristics of the Si tip
arrays coated with undoped and nitrogen-doped DLC
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Fig. 1. Emission current—voltage characteristics in the

Fowler—Nordheim coordinates for pure Si tips (1) and Si tips
with Na-doped DLC films (2-9): C(N2) —0% (2); 5% (3); 15%
(4); 20% (5); 25% (6); 30% (7); 35% (8); 40% (9). C(N2)
is the nitrogen content in a gas mixture under the PE-CVD
deposition

Nz, %

Fig. 2. Band gap (1) and work function (2) of DLC films vs.
the nitrogen content in a gas mixture. The work function of
pure Si tips is given with “o”

films in the Fowler—Nordheim (F-N) coordinates are
presented in Fig. 1.

The curves are straight lines over a wide field
range. The F-N plots were used to determine the
threshold voltage, work function, field enhancement
coefficient, and effective emission area according to
the procedure described in Refs. [3-5]. It is not possi-
ble to determine the field enhancement coefficient (3)
and work function (®) from the F-N plot alone. The
field enhancement coefficients were calculated from
the geometry of the emitting system according to the
relation

B:h/(r"’_d)? (1)
528

where 7 is the radius of a tip estimated with SEM, h is
the height of a tip, d is the thickness of a DLC film. In
the case of Si tips without DLC coatings, the field
enhancement coefficient was determined from the F—
N plot at the work function of Si ® = 4.15 eV. A
good agreement was obtained between S calculated
from Eq. (1) with d = 0 (8 =~ 200) and determined
from the F-N plot (8 ~ 230). The work functions
for different DLC film coatings were determined from
the slope (b) of the F-N plot, by using the calculated
[ coefficient. The ratio of the work functions of the
pure Si tip and the Si tip coated with a DLC film is

D/® = (b1 1 /baf)??, (2)

where ®; is the work function, §; is the field enhance-
ment coeflicient, and b; is the slopes in the F-N plot,
with ¢ = 1 for the Si tip and i = 2 for the Si tip with a
DLC coating. The field enhancement factor is mainly
determined by the radius curvature of Si tips, which
is approximately the same for all DLC-coated Si tip
arrays. However, the threshold voltage, effective work
function, and emission area depend on the nitrogen
content in the DLC film.

The dependence of the work function on the Ny
content in the gas mixture is presented in Fig. 2
(curve 2). For comparison, the work function of the
pure Si emitter without DLC coatings is shown. A
nonmonotonous dependence is observed. There is a
growth of the work function in the initial part of the
curve. A further increase of the Ny content caused a
decrease of ®. At high Ny concentrations, ® increased
again. The lowest value of & = 0.92 eV was obtained
for a DLC film deposited at the 25-% N content
in a gas mixture. The influence of the gas pressure
on the effective work function is significant. The op-
tical band gap of the DLC films was measured, by
using the spectroscopic ellipsometry. The band gap
changed significantly with the Ny content in the DLC
film, where the smallest value of E, was 2 eV at the
25-% Ny content, and the largest value was 4 eV at
the ~40-% N3 content (Fig. 2 (curve 1)). Our exper-
imental results concerning the influence of the nitro-
gen doping on DLC film properties are in agreement
with the data obtained in [1].

For the qualitative explanation of the experimen-
tal results, we refer to the model of DLC film as
a diamond-like (sp® bonds) matrix with graphite-
like inclusions in it. According to Ref. [6], the car-
bon atoms at sp® sites tend together in aromatic
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rings, forming graphite-like islands. Nitrogen atoms
in DLC films stabilize carbon atoms at sp® sites
with the C-N bond creation. At the same time, ni-
trogen is a donor-type impurity in diamond and
DLC films. The undoped DLC film shows the p-type
conductivity. Under low levels of nitrogen doping in
DLC, the n-type donor impurity compensates the p-
type one. As a result, the conductivity of a DLC film
is decreased [1]. When the N content is less than 1.7%,
the emission current is less than that of an undoped
DLC film, probably, due to the higher resistance of
the compensated DLC film.

The continuous shift of the Fermi level toward the
conduction band occurs with a growth of the N con-
tent in the film. This causes an increase in the emis-
sion current and a decrease of the threshold volt-
age. The effective work function decreases, but a fur-
ther growth of the N content promotes an increase
of the band gap [see Fig. 2 (curve 2)| due to the
sp> bond growth. Consequently, the effective work
function is increased. As a result, the dependence of
the effective work function on the N content has a
minimum. According to the model of DLC films as a
diamond-like matrix with graphite-like inclusions in
it, these films are not homogeneous, and their thick-
ness and structural heterogeneity depend on the de-
position conditions.

The nonmonotonous dependences of E, (Fig. 2
(curve 2)) on the nitrogen content in a gas mix-
ture may be interpreted in the framework of a model
involving the effect of nitrogen on the film struc-
ture. At low concentrations, the nitrogen atoms fit
into the film at sp?-clusters boundaries, by increas-
ing the fraction of the disordered sp? phase |7,
8]. This must result, in turn, in a decrease of E,,
which is actually observed [see Fig. 2 (curve 2)]. As
the nitrogen content in the film further increases,
the excess nitrogen atoms begin to fit in between
the sp? clusters. This causes the strain relaxation
in the film and stimulates the formation of sp3-
coordinated carbon—hydrogen bonds. As this takes
place, E,; increases.

3.2. Formation of conducting nanochannels

In some cases, the peculiarities of EFE from DLC-
coated metals or semiconductors can be explained,
by assuming that there is a structure on the film sur-
face (and, hence, an external field enhancement), or
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Fig. 3. (a) Fowler-Nordheim emission characteristics from
Si tips coated with a DLC film before (1) and after (2) the
pre-breakdown conditioning. The set of subsequent measure-
ments is included (in the insert: the schematic image of formed
nanochannels). Energy band diagrams of Si tips coated with a
DLC film before (b) and after (¢) the formation of conducting
nanochannels (®1 < ®2, 81 < B2, J1 < J2)

a structure inside the film (internal field enhance-
ment), or a combination of both (hybrid field en-
hancement). Both hybrid and internal field enhance-
ments may operate at different locations on the same
film. In Ref. [9], such DLC films were determined as
partially graphite-like (PGL) films. EFE that can be
explained by the emission model based on the cluster
model of a DLC film was observed in Ref. [1]. But in
the EFE investigations, the effects of a sharp growth
of the emission current and a decrease of the thresh-
old voltage in the repeating measurements at high
electric fields were revealed after the DLC film condi-
tioning. These effects are realized after the DLC film
deposition on Si tips (Fig. 3).

The barriers caused by the sp® phase between sp?
inclusions can be broken during the EFE at high-
electric fields. At the DLC film breakdown and the
flow of a high current, the local heating is possi-
ble, and the transformation of the sp3 phase into
the sp? one can occur. As a result, the conducting
channel between the Si substrate and the DLC film
surface is created. Electrically nanostructured het-
erogeneities are formed at the pre-breakdown. The
schematic energy band diagrams of Si tips coated with
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a DLC film before and after the pre-breakdown con-
ditioning are shown in Fig. 3 (b, ¢).

The existence of conducting channels in the dielec-
tric (semiconductor) matrix with possible nanometer-
sized clusters of the sp? phase on the surface forms
the internal tip in the DLC film, and the additional
local enhancement of the electric field appears and
promotes the EFE. The detailed analysis of EFE pe-
culiarities from electrically nanostructured heteroge-
neous materials is given in Ref. [9]. In Ref. [10], the
results of experiments with DLC films deposited by
the laser ablation with the use of a conductive AFM
probe have been reported. It was shown that the field-
induced electron emission sites are associated with
small morphological features (inclusions) on the film
front surface. These sites exhibit the high conduc-
tivity between the probe and the underlying sub-
strate. In films with a high sp? content, these features
are found without any need to activate the film. For
a film with a low sp? content, the initially insulat-
ing and flat inclusions could be found only after the
film activation by a vacuum-arc discharge between
the film and the counter electrode, as described in
Ref. [1]. It was assumed that the observed increase
of the conductivity (by at least two orders of mag-
nitude) can only be explained by the formation of
conductive channels through the whole thickness of
the film down to the Si substrate. They assumed that
the surface inclusions (and the channels) have been
created by the transformation of sp® bonding to con-
ducting sp?-bonded carbon. For the films with a high
sp? content, they assumed that channels already exist
or can be formed by applying a field without the need
for the arc-based activation process. Like a freestand-
ing conductive tip in vacuum, a conductive channel
in the insulating matrix leads to a field enhancement
and the enhanced electron emission.

The defects create local energy states in the band-
gap of the sp? phase and increase its conductivity
in such a way. Referring to the mentioned processes
of sp® phase graphitization and defect creation, two
types of conducting channels between the substrate
and the DLC film surface can be considered. The first
one (type I) is a conductive graphite (graphite-like)
channel formed as a result of the transformation of
the sp3 phase into the sp? one. The second type (type
IT) of a conduction channel is based on a conduc-
tivity increase of the sp® phase due to structure de-
fects’ generation between sp? phase inclusions in the
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DLC film. For this channel type, the surface of the
film consists of a diamond-like sp? phase, which has
a significantly lower work function in comparison to
graphite. Values less than 1 eV have been reported
in [11].

From the F-N plots, we can determine the effective
work function ®* = ®/5%/3 (® is the work function
of DLC, § is the field enhancement coefficient). The
obtained effective work-function values before and af-
ter the conditioning are ®; = 1.1 x 107! eV and
®3 = 4.1 x 1072 eV, respectively. They are in agree-
ment with values reported in [1]. For the used Si tips
(r =10 nm, h = 4 ym) and DLC coating thickness
(d = 60 nm), a work function of 1.63 €V before the
pre-breakdown conditioning has been calculated. In
the case of a DLC film, ® does not denote the real
work function, but the electron affinity. The field en-
hancement coefficient was estimated from relation (1)
that includes the geometrical parameters. The ob-
tained value of 8 was 58. The conducting channel
diameter was calculated for type I and type II chan-
nels. In the first case, the work function ® =~ 5 eV for
graphite was used. Values of conducting channel di-
ameter in the interval 5-9 nm were obtained. For type
I, a lower work function of the DLC film was used
(® = 1.63 ¢V). A channel diameter of about 25 nm
was obtained. These channel diameter values for type
I and type II are in good agreement with the size of
the sp? phase inclusion in the sp® phase matrix [9, 12,
13] and with the model proposed in [9, 14]. It cannot
be excluded that the work function of a DLC film
on the surface is also changed. In this case, the chan-
nel diameter will be taken between 5 and 25 nm. The
formation of conducting channel arrays in DLC films
will allow us to get a significantly enhanced EFE even
on flat surfaces without tips.

3.3. Modeling

The calculations of the electron affinity o involving
the structural point defects, as well as some atoms of
impurities in the graphite and DLC ultrathin films,
were performed by the creation of hybride configura-
tions with regard for the energies of s and p valence
orbitals and a change of the interatomic distances [15—
17]. To calculate this parameter, the following formu-
las, which include the energy of valence bond V,,, the
energy of metallic bond V,,,, the energy of ionic bond
Vi, as well as the geometrical parameter (the size of
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a cluster), have been used [15-17]:

Ey=FE.—FE,=K[V?+ V)% x
X (L=ViP/VPP) (Lp/Li)?, (3)

where Lp is the diamond lattice constant, and L; is
the modified carbon lattice constant.

For elements with small electric negativity, where
the ionic addend can be neglected, expression (3) in
the 3D case can be rewritten as follows:

E3P = K V3P (1 - V2P JV3P) (Lp /L)%, (4)

where V,, = nh? /m*riab)® o« C/L, V,;, = —11/4(e, —
€s). The corresponding value of atomic terms e, and
mep for different structures were tabulated in [15].
Calculations of the electron affinity have been made
with the use of the semiempirical relation between x¢
and E,, which was proved for many types of crystal
structures [18] and can be written as follows:

By +x0 = 5.5 eV + AE, (L), (5)

where AFE, have value from 0 to 1, whereas L changes
from Lp to Lg (where L¢ is the graphite lattice con-
stant) [18].

For DLC mixed films, a decrease of E; has been
obtained in the case of 1 or 2 monolayers of atoms
by the substitution of an impurity up to the trans-
formation into 2D hexagonal structures (in plane) or

Table 1. Calculated values of the energy

gap (Eg), electron affinity (xo = 5.5 eV — E4(L)),
and experimental sp3/sp? ratio of DLC films

with different hydrogen (H) and vacancy (V) defects

Parameter | Diamond |[C4H; |C3Hg [CoH3 |C4 V1 |[C3Va|CaoVy

Eg4,eV 5.5 46 | 3.49| 1.98| 2.85| 2.14| 1.42
X0, €V 0 0.9 | 2.01| 3.52| 2.65| 3.36| 4.08
sp3/sp?, %| 100 83 |72 |64 |69 |64 |55

Table 2. Calculated values of the energy
gap (Eg) and electron affinity xo (in €V) for different
clusters in graphite (V)

Para- | o N | CoNa |CH [CaHa | CaSiy [CaSialCa Vi |[CaVa
meter

E4,eV|5.08] 5.26| 5.43| 3.8
Xx0,eV |0 |-0.18|-0.35| 1.28

2.09
2.99

4.15 | 3.49 | 3.44 | 1.72
0.93 | 1.59 | 1.64 | 3.36
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Fig. 4. Energy bandgap and electron affinity vs. the sp3/sp?
bond ratio in DLC

with some partial configurations of sp? and sp® (as is
illustrated in Table 1).

In the case of a 2D hexagonal structure, the substi-
tution of C atoms in plane changes (increases) xo in
the plane direction, while the substitution normal to
the plane decreases yo for graphite due to a partial
reconstruction of the plane with appearing partly the
sp> hybridization due to a worsening of the surface
plane (Fig. 4, Tabl. 2).

So, using partly the rehybridization of the bonds
in different carbon crystal structures, it is possible
to decrease xo and increase electron field emission
current.

4. Conclusions

The influence of undoped and in situ nitrogen-doped
DLC film coatings on the electron field emission from
Si tip arrays and flat Si wafers has been investigated
in detail. To change the doping level, the concentra-
tion of nitrogen in a gas mixture used for the PECVD
was changed. The emission current—voltage charac-
teristics showed a good fit to the F-N equation. The
effective work functions and field enhancement co-
efficients were determined and compared. The non-
monotonous dependences of the effective work func-
tion and the band gap on the nitrogen content in
DLC films were observed. The minimum -effective
work function was found to be 0.92 €V in the case
of 25% of Ny in a gas mixture. We have proposed
an explanation of the experimental results with re-
gard for the work function, band gap, and conduc-
tivity. Using a Si tip array coated with undoped and
in situ nitrogen-doped DLC films led to an increase
of electron emission currents in comparison with un-
coated arrays.
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An enhancement of the EFE efficiency from Si tips
after the pre-breakdown conditioning of DLC films
at high electric fields has been observed and explai-
ned. The high-conductive graphite-like nanochannels
formed at the pre-breakdown conditioning can be
applied as efficient and stable electron emitters in
vacuum. As can be estimated, the conducting nano-
channel diameter can be in the interval between 5 and
25 nm.

The theoretical calculation confirmed the influence
of the rehybridization of bonds in different carbon
crystal structures on the electron affinity.

This work was supported in part by the Na-
tional Academy of Sciences of Ukraine under Project
# 1.1.7.830-DP.
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IMTPOBIJAHI HAHOCTEP>KHI B AIIB IIJIIBKAX,
3VMOBJIEHI TPAHCO®OPMAIIEO BYIJIELIO

Peszmowme

Hocnimkerno Buams anmasononibuux Byryenesux (AIIB) mmi-
BOK, OCQ[?>KEHMX Ha KPEMHIEBI BiCTpsI IPU PI3HUX yMOBaxX Ha I10-
JBOBY eMicito esekrposis. [1ig gac ocajpKyBaHHSI CyMiln a30Ty
B rasoBiit Kamepi amirtoBasiack Big 0 10 45%. OuUiHKKY BeJIMIMHI
poboTH BUXOY IOCAraay 3HadeHb, MeHIIHX Bix 1 eB. Cnocre-
pirajock pi3ke 36i/IbIIEHHS CTPYMY €Micil IPU BEJIUKUX 3HAYe-
HHSIX €JIEKTPUYIHOIO TI0JIs 1 3MeHIIeH s 6ap’epa micys JocsarHe-
HH# nepeapobiitaux ymos s AIIB mniBok nHa kpemuieBuX Bi-
crpsx. [Ipu Besukiit rycTuni crpymMy B pe3ysbTari JIOKAJIbHOIO
HarpiBy ammazorofibua sp>-dasa MepeTBOPIOETHCS B MPOBII-
Hy sp?-dasy. Buacnigox nporo B AIIB miiBKax yTBODIOIOTHCS
MIPOBiiHI HAHOCTPYKTYpOBaHi Kanasu. liamerp npoBiHux Ha-
HOKaHaJIiB OyJI0 OLiHEHO 31 3MeHIeHHs 6ap’epa mic/s mocarHe-
HHsI IepeanpobiiiHnX yMOB 1 BiH 3MIHIOBaBCs B Jlialla30Hi Bif
5 o 25 M. HasBHiCTb TaKMX HAHOKAHAJIIB B Jli€JIEKTPUYHIN
MaTpUIll IPUBOAUTH JI0 JIOKAJIBHOI'O 3POCTAHHS €JIEKTPUYIHO-
ro TOJIs 1 3MeHIeHHsT 6ap’epa [Jisl eJIEKTPOHHOI MOJIBOBOI eMi-
cii. /s nosicHeHHs €KCIIEPUMEHTAJILHIX PE3yJILTaTiB I0JILOBOT
ewmicil, 6a3ytounch Ha TpaHchopmMallil aJIMa30IoAIOHUX IIJIIBOK
i yTBOpeHH] IPOBiAHUX HaHOKAHAJIB, OyJI0 PO3PAXOBAHO 3MiHY
€JIEKTPOHHOI cropimnenocti (xo) AJis BYIVIENEBUX CTPYKTYD 3
BKJIFOYEHHSIMU PIi3HOT KiJIbKOCTI TOukoBUX JedekTiB. [Tokazano
BILIUB peribpuausarnii 38’s3KiB y Pi3HUX BYIVIEIEBUX CTPYKTY-
pax Ha eJIEKTPOHHY CIOPiHeHIicTh (x0) 1 BiAnoBiaHO Ha poGOTY
BHUXOZy. Y TBOpeHHsI NpoBiaHux HaHokaHaiis B AIIB nuiiBkax
JI03BOJISIE 3HAYHO 301JIBIINTH IIOJIBOBY €MiCilo HaBiTh JJIsi ILJIO-
CKHX IOBEpPXOHBb 6e3 rocrpiit. OTpumani pe3yabTaTH MOXKYTb
OyTH BUKODHUCTaHI Jjisi pPO3POOKHM BHCOKOE(MhEKTUBHUX €eMiciii-
HUX KaTO/IIB.
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