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Abstract Amorphous boron carbonitride (a-BCN) thin
films were deposited by reactive radiofrequency (RF)
sputtering onto silicon and glass substrates, from a boron
carbide target in an atmosphere composed of a mixture of
argon and nitrogen. The a-BCN films were highly trans-
parent (almost 85%) in the visible and near-infrared
regions. The optical band gap and the refractive index in
the near-infrared region of the a-BCN films were found to
be, respectively, in the range of 3.6 and 1.68 eV. The
electrical characterization of the a-BCN films for applica-
tion as an intermetal dielectric was investigated by mea-
suring the current—voltage characteristic in Al/a-BCN/n-Si/
Al structure. The electrical resistivity at room tempera-
ture, determined in the low voltage region where the
Ohmic conduction mechanism is dominant, is around
2 x 10" Q cm. The electrical conduction results, in the
high-applied fields, were interpreted in terms of a Schottky
mechanism. The dielectric constant is about 2.83 and is
consistent with the optical results.

Introduction

In the past few years, there has been a growing interest in the
production of boron carbonitride (BCN) films with high
hardness for eventual use in mechanical applications.
Although, the synthesis of a crystalline phase remains an
open challenge and it requires of severe conditions to be
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grown. BCN material exhibits remarkable thermal stability,
chemical inertness, high mechanical strength [1], large band
gap [2], and excellent transmittance [3]. Therefore, such
films can be used as protective coatings of optical compo-
nents, in systems with high friction, and as insulators in
electronic devices [4, 5]. This ternary material has been
successfully synthesized by different techniques [6-9]. The
electrical, mechanical, and optical properties of this system
can be controlled by varying the C/B/N ratio. Depending on
their composition and structure, BCN films are thought to be
semiconductors or semi-metals [10]. Unlike the case of the
study of mechanical properties of this material, the potential
for optical and electronic application remains largely
unexplored. Sputtering is one of the techniques commonly
used to produce homogeneous thin films of high quality.
Reactive radiofrequency (RF) sputtering is being explored
to obtain new BCN films, stable in humid atmosphere and
with excellent adherence to the substrates. A precise control
of the experimental parameters can lead to obtain BCN films
with a well-defined appropriate composition and structure,
thus resulting in films with a high chemical stability and
excellent properties. In this study, we report some optical
and electrical properties of amorphous a-BCN thin films
obtained by reactive RF sputtering from boron carbide
(B4C) target in an atmosphere composed of nitrogen and
argon. A special attention is devoted to the electrical con-
duction mechanisms in a-BCN films deposited on silicon
substrates. A correlation between the electrical and optical
characteristics is presented also.

Experimental details

Amorphous boron carbonitride (a-BCN) thin films used in
this study were deposited by reactive RF sputtering in an
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ALCATEL SCM 451 deposition system equipped with an
ALCATEL ARF 601 RF generator operating at
13.56 MHz. The a-BCN films were obtained from B,C
target with a purity of 99.5% in an atmosphere consisted of
a mixture of high purity argon and nitrogen gas. The
nitrogen partial pressure and the total pressure of the gas
mixture were maintained, respectively, at 0.5 and 1 Pa. The
RF power was fixed at 350 W. The samples were deposited
during 4 h, at room temperature (i.e., without an intentional
heating of the substrates), on silicon and glass substrates.
The substrates were placed parallel to the target surface at a
distance of 75 mm. The chemical study of these a-BCN
films was reported in a previous study [11].

The optical transmittance, in the ultraviolet—visible—
near-infrared wavelength range (between 200 and
2500 nm), was measured at room temperature and normal
incidence using a double beam spectrophotometer
(Shimadzu UV-3101 PC). The refractive index (n), the
absorption coefficient («), and the thickness of the a-BCN
films were determined from the transmission spectra.
Details concerning the determination of these parameters
from the transmission spectrum, using the interferences
fringes, have been reported by Swanepoel [12]. The Al/a-
BCN/n-Si/Al structure was realized ex-situ after the
exposure of the a-BCN/Si in the atmosphere. The back
contact to n-type crystalline silicon (n-Si) substrate was
made using Al, and the top contact was formed by thermal
evaporation of Al dots with diameter of about 2 mm. The
evaporation process of aluminum was carried out in a
vacuum coating unit at about 10> Pa. The electrical cur-
rent—voltage (/-V) characteristic, in the dark, was measured
using a Kiethly 410 programmable picoamperemeter and a
610C programmable microvoltmeter. The electrical mea-
surements were performed at room temperature.

Results and discussion
Optical properties

Figure 1 displays the optical transmittance spectrum of
a-BCN thin film deposited on a glass substrate. This
spectrum presents a high optical transmittance, in the vis-
ible and near-infrared regions, with an average value of
85%. This value is in the same order of that reported for
nanocrystalline BCN films synthesized by plasma-assisted
chemical vapor deposition [13]. The transmittance shows
two distinct regions: one is the absorption edge and the
other is beyond the absorption edge where the interference
fringes appear. From this spectrum, which presents inter-
ferences fringes due to multiple reflections in film, we can
deduce the film thickness, the variations of both the
refractive index, and the absorption coefficient with
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wavelength. The thickness of this film as deduced from the
transmittance spectrum is around 930 nm.

The inset of Fig. 1 represents the variation of the index
of refraction of the a-BCN thin film, extracted from the
optical transmittance spectrum, as a function of the
wavelength. As can be seen, the refractive index decreases
with increasing wavelength, and then remains constant for
wavelength values higher than 1200 nm. The calculated
values of the refractive index varies according with the
dispersion Cauchy law of n = A + % where A and B are

constants, and /4 is the wavelength. The extrapolated
refractive index in the near-infrared region (ng) of a-BCN
film is in the order of 1.68. This low value is in accordance
with the excellent transmittance of the a-BCN film shown
previously.

It is well known that in an amorphous material charac-
terized by indirect allowed transitions, the absorption
coefficient (o) varies with the photons energy (hv)
according to Tauc’s relation [14]:

v/ (0¢hv) = B(hv — Eg)

where B is constant, 4 is the Planck’s constant, v is the
frequency of incident photons, and Eg is the optical band
gap. The variation of (ochv)”2 as a function of hv, for
a-BCN films, shows a linear behavior near the band gap
(Fig. 2) as expected for amorphous materials. The Eg is
given by the intercept of the straight line with the energy
axis and is about 3.6 eV. Amorphous boron carbide,
deposited in similar conditions with argon as sputtering
gas, not presented in this figure, is characterized by an
optical band gap of about 1.4 eV. This result indicates that
the incorporation of nitrogen in the amorphous boron car-
bide networks increases the optical band gap. The Eg value
is relatively higher than that reported by Lei et al. [15] for
BCN material prepared by RF magnetron co-sputtering, but
it is in the same range of the results found by Yang et al.
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Fig. 1 Optical transmittance spectrum of a 930 nm thick a-BCN film
deposited on glass substrate. The inset represents the refractive index
for the same a-BCN film versus wavelength as deduced from the
transmittance spectrum
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[16] for BCN films prepared by laser ablation deposition in
nitrogen atmosphere. Values of optical band gap between
4.4 and 3.7 eV were reported by Sulyaeva et al. [17] for
BCN films prepared by plasma-enhanced chemical vapor
deposition and they were dependent on the deposition
temperature.

Electrical characterization

Figure 3 shows the /-V characteristic measured at room
temperature for the Al/a-BCN/n-Si/Al structure in which
the a-BCN film was deposited at the RF power of 350 W. It
can be observed that the rectifying character for voltage
was higher than 1.8 V. The inset represents the logarithmic
plot of the forward I-V characteristic as obtained from the
experimental data represented in Fig. 3. This characteristic
suggests the existence of the Ohmic conduction mechanism
(I =< V) in the low-voltage region. In this region, we cal-
culated the electrical resistivity at room temperature to be
around 2 x 10'® Q cm. This value indicates the insulator
character of the a-BCN films and it is in the same order of
that reported for polycrystalline BCN films synthesized by
plasma-assisted chemical vapor deposition [18]. Electrical
resistivity values of about 3-33 Q cm were reported by
Yao et al. [19] for BCN materials prepared by heat treat-
ment under high pressure of amorphous BCN powders.
These authors suggest that the behavior of the material is a
semiconductor with a very small band gap. For higher
voltages, we observe that the current exhibits a voltage
dependence of the form I o< V", where n changes and is
found to be greater than unit. Consequently, this suggests
that there are different types of conduction mechanisms:
space charge limited current conduction mechanism and
Schottky effect or Poole-Frenkel mechanism.

In order to determine the type of conduction mechanism
we present in Fig. 4, the In(/) versus (E 2y in the forward
direction, where E is the applied electric field. A straight-
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Fig. 2 The variation of (xhv)"'“ as a function of hv for a-BCN films
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Fig. 3 Current—voltage characteristic at room temperature of the Al/
a-BCN/n-Si/Al system. The inset shows the log(/) versus logV

line portion is observed at high-applied electric field, which
can suggest that the conduction mechanism in the a-BCN
film can be considered to be due to Schottky emission. The
I-V characteristic of Schottky emission is of the form:

£\ 12
[=ATSexp|— | (— -
Sexp [kT < <4n80£,) ¢> ]

where T is the absolute temperature, k is the Boltzmann
constant, e is the charge of electron, ¢ is the barrier height,
¢, is dielectric constant of the insulator, ¢, is the permit-
tivity of free space, A the Richardson constant, and
S the area of contact. From the experimental slope
0.88 x 107 V/m™"2 of the straight-line portion in Fig. 4,
we estimated the value of the dielectric constant &, of the
a-BCN film to be 2.83 at 25 °C. This value is in the same
order of that found by Yuki et al. [18]. We can also observe
that the ¢, value is in agreement with the result of the
refractive index n obtained in the previous section,
according to &, = n? relation.
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Fig. 4 Plot of In(J) versus E'? of the Al/a-BCN/n-Si/Al system in the
forward direction at room temperature
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