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Abstract—Nitrogen-doped carbon coatings up to 100 nm thick are obtained on single-crystal silicon wafers
with the use of the pulsed vacuum-arc technique with nitrogen gas puffing into a vacuum chamber. The
dependence that the specific conductivity has on the nitrogen pressure is investigated. The nitrogen content
of the coating and plasmon energy are obtained by the spectroscopy of electron-energy characteristic losses
(EECLs). The coating morphology is investigated with scanning probe microscopy (SPM) and transmission
electron microscopy (TEM). The dependences that the specific conductivity has on nitrogen pressure and
thickness show nonlinear behavior; correlations between the coating morphology, specific conductivity, and
plasmon energy are revealed. An explanation for the results is proposed.

INTRODUCTION

As was found previously [1], nanometer-sized car-
bon coatings produced on silicon wafers with pulsed
vacuume-arc deposition improve such silicon-surface
strength characteristics as microhardness and crack
resistance. The nitrogen doping of the carbon coatings
makes it possible to modify their energy-gap width;
therefore, their application in nanotechnology and
microelectronics has considerable promise. The car-
bon diamondlike coating properties depend on the
method by which they are produced and the condi-
tions of their formation, being defined by the relation-
ships among phases with the sp3-, sp’>-, and sp-hybrid-
ization of valence electrons. A considerable portion of
the chemical bonds of valence electrons with sp’-
hybridization, ranging up to 80%, is specific to dia-
mondlike coatings with an energy-gap width of up to
5.5 eVand high density of up to 3 g/cm? [2]. The coat-
ings are of an amorphous structure, so describing them
is very complicated. Electron-energy characteristic
loss (EECL) spectroscopy makes it possible to find the
percentage of the phases in a coating. The plasmon
energy relates to the sp*-hybridization of valence elec-
trons. The larger the fraction of the phase with the sp>-
hybridization of valence electrons is, the higher the
plasmon energy is [3]. The growth in a fraction of the
phase with the sp’>-hybridization of valence electrons
results in the formation of coatings with a lower den-
sity and narrower energy-gap width. As is known, elec-
trical conduction is sensitive to the structure of the
coating; this is of the utmost significance for hydro-

gen-free superhard diamondlike coatings, because,
with a decrease in electrical conduction, the totality of
their properties comes close to these of a natural dia-
mond. Data on the correlation between the content of
the phase with the sp3-hybridization of valence elec-
trons and the morphology of carbon coatings are pub-
lished in a series of papers [4—6].

In this paper, the action of the nitrogen doping level
on the specific conductance and morphology of
nanometer-sized carbon coatings deposited on a sili-
con wafer is investigated.

EXPERIMENTAL

Nitrogen-doped carbon coatings up to 100 nm
thick were produced on (100)-oriented KEF-4.5 sin-
gle-crystal silicon substrates with the pulsed arc-vac-
uum technique [7]. The electrical conduction of the
doped carbon coatings was measured with the four-
point probe method. The determination of the thick-
ness and an investigation into the doped carbon coat-
ings with the use of a scanning probe microscope
(SPM) operating in the mode of spreading-resistance
imaging were conducted with the use of a Ntegra
probe laboratory manufactured by NT-MDT. The
plasmon energy and nitrogen content of the coatings
were determined by EECL spectroscopy with the use
of a Tecnai G2 F20 S-TWIN high-resolution trans-
mission electron microscope (TEM) fitted with a
Gatan 860 GIF 2001 postcolumn sector-type filter. To
obtain TEM images of nanometer-sized carbon coat-
ings, they were evaporated on a fresh cleavage of NaCl
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Fig. 1. Specific conductivity G vs. nitrogen pressure PN for
nitrogen-doped carbon coatings deposited on a silicon
wafer; the thickness of the coatings was 100 nm.

salt and subsequently separated with the use of the
conventional procedure.

RESULTS AND DISCUSSION

The dependence that the specific conductivity o has
on the nitrogen pressure PN was found in the nitrogen-
doped carbon coatings and presented in Fig. 1.

It is evident from the experimental dependence
that, in the case of nitrogen-doped carbon coatings
deposited on a wafer, electrical conduction increases
with the nitrogen pressure up to 0.1 Pa. This phenom-
enon, which occurs upon an increase in pressure, is
due to the growth in a fraction of the phase with the
sp?-hybridization of valence electrons as compared to
that with the sp?-hybridization [3].

A decline in electrical conduction in the range
between 0.1 and 0.15 Pa is attributable to the gain in
the content of a nonconducting phase; this assump-
tion is supported by the results given in [8], where the
authors state that the carbon nitride phase may come
into existence as the nitrogen pressure increases.
Moreover, so-called fullerene-like carbon nitride may
occur as well; the results of investigations into its prop-
erties are published in [9]. The proposal for this struc-
tural formation is confirmed by the following:

(1) While colliding with gas, the effect of carbon
plasma slowing is enhanced and the carbon ion energy
decreases.

(2) The plasmon energy grows, as is revealed by the
TEM patterns taken from a carbon coating obtained
upon a rise in the nitrogen pressure to 0.4 Pa; these
patterns are given below.

The spectroscopy of EECL AF made it possible to
find the plasmon energy; in the case of a carbon coat-
ing, it was found to be equal to 29.1 eV; when the coat-
ing was produced with the use of the technique of puff-

Intensity, arb. units

1 1 1 1 4
20 40 60 80 100 120 140 160 180 200
AE, eV

Fig. 2. Spectrograms of EECL AFE for amorphous carbon
(a-C) and nitrogen-doped carbon (C:N) coatings.

ing nitrogen gas into a vacuum chamber with a pres-
sure of up to 0.1 Pa, this value was equal to 24.6 eV.
The corresponding EECL spectra are presented in
Fig. 2.

Under the nitrogen doping of a carbon coating, a
decrease in the plasmon energy is related to an increase
in the fraction of the phase with the sp?-hybridization of
valence electrons as compared to that with the sp’-
hybridization and to the lower density of the coating [3].

Thus, taking into account the investigation results
on the electrical conduction and plasmon energy of
the carbon coatings, one can reason that there is a cor-
relation between these values.

The thickness dependence of the specific conduc-
tivity of a nitrogen-doped carbon coating is given in
Fig. 3.
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Fig. 3. Specific conductivity ¢ vs. thickness d for nitrogen-
doped carbon coatings. The nitrogen pressure was 0.1 Pa.






The temperature dependence of the specific con-
ductivity for a nitrogen-doped carbon coating is pre-
sented in Fig. 6.

Analyzing the obtained dependence, we can state
that the doped carbon coating deposited on a silicon
wafer shows semiconductor properties as its electrical
conduction grows with temperature. In this case, the
energy-gap width is 0.19 eV. For coating-free silicon,
this characteristic is equal to 1.12 eV.

Thus, by varying the doping level of a nitrogen-
doped carbon coating, we can modify the energy-gap
width in the range from 1.12 eV (which corresponds to
silicon) to 0.19 eV.

CONCLUSIONS

(1) The dependences that the specific conductivity
has on the parameters of the formation process were
found for nitrogen-doped carbon coatings. It was
established that the specific conductivity of the carbon
condensates peaks at a nitrogen pressure of 0.1 Pa,
being a nonlinear function of a coating thickness; such
behavior of the specific conductivity is common to
nanometer-sized objects.

(2) The plasmon energy found with the EECLS
technique appears to be equal to 29.1 eV for a carbon
coating and 24.6 eV for a nitrogen-doped carbon coat-
ing with the greatest electrical conduction.

(3) In the case of a carbon coating produced in a
vacuum chamber under an elevated nitrogen pressure
of up to 0.4 Pa, a fullerene-like structure was revealed
by high-resolution TEM. In doing so, it was found that
the electrical conduction of the coating drops steeply
and the plasmon energy rises to 25 eV.

(4) The obtained temperature dependence of the
specific conductivity for the doped carbon coatings is
common to semiconductor materials. It was found
that the deposition of nitrogen-doped carbon coatings
on a wafer makes it possible to modify its energy-gap
width in the range from 1.12 to 0.19 eV.
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