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The physical and chemical properties of multifunctional materials have been extensively studied
in the last few years especially the mechanical and tribological applications and less attention has
taken the electrical and optical properties. Therefore, in this work presents the growth of (Al, Ti, Si)N
films deposited on common glass substrates with a maximum thickness of 1024 nm, via reactive DC
magnetron sputtering, to analyze the influence of the silicon content on their crystallographic structure,
optic and electric behavior. The microstructure of the films was characterized by X-ray diffraction
(XRD). The films morphology was evaluated through scanning electronic microscopy (SEM). The
optical measurements were carried out by means UV-vis spectroscopy, and the electrical properties were
analyzed using a four-point probe. XRD analysis indicated that the films changed from a crystalline
phase to an amorphous phase, and the electrical and optical response indicated that the films with
higher Si content have 1223.6 Q.cm of resistivity with an energy gap of approximately 1.0 eV and an
optical energy gap of 1.5 eV. This electrical property has not been previously reported in these films.

Keywords: Multifunctional, films, sputtering, optical and electrical properties.

1. Introduction

Ceramic films of transition metal nitrides grown via
Physical Vapor Deposition (PVD) have been widely used in
various engineering applications. Specifically, (Ti,Al,S1)N
nanostructured coatings have been attracted a lot of attention
given their metallic nature associated with an fcc-TiN,
along with their dielectric behavior of AIN in the wurtzite
crystal structure, and amorphous silicon nitride-0-Si,N,'.
Additionally, these materials have been used for several
industrial applications as protective coatings for tooling and
cutting operations*”, in diffusion barrier coatings in energy
devices®, and in spectrally selective solar absorbers, where
TiN and (Ti,AI)N are chemically inert and have spectral and
protective selectivity against corrosion®!3.

The composites with TiN that have a resistivity under of
10 Q-m are part of the conductive ceramics that are used for
electrical discharge equipment!*. The electrical resistivity in
these composites depend primarily on the content of the TiN
phase and on the microstructure formed during its production'.
For example, the electrical conductivity of Si,N,-TiN presents
a percolation behavior, which is characterized by a decrease
in resistivity for low content of TiN'®. The concentration of
TiN that enables the formation of a conductive network is
called percolation threshold'”. This behavior may be regarded
as a second-order phase transformation. Lux describes
the models for the evaluation of the percolate behavior,
in mixtures with a high insulating matrix and dispersed
conductive phase'®. Apart from the electrical conductivity,

*e-mail: jealfonsoo@unal.edu.co

many of the properties of the materials show a large range
of values at or near the percolation threshold"’.

On the other hand, in recent work the addition of a third
element, in small quantities, to the crystallographic lattice
of metal nitrides has modified its crystallographic structure,
determining changes in the chemical-physical properties of
these nitrides. A chemical element that has been widely used
is silicon (Si)**?. The addition of this element to the nitride
atomic lattice has shown that it affects the morphology,
microstructure and functional properties of the coating due
to the formation of a nanocomposite structure, which consists
of two phases, a nanocrystalline and another amorphous®.
These materials have been shown to have a combination of
excellent mechanical properties (high hardness and fracture
toughness), high thermal stability, high oxidation resistance,
high corrosion resistance and good tribological properties
(friction coefficients between 0.5 to 0.7) compared to
transition metal nitrides®>2°. However, there are few works
that study the optical and electrical behavior of films (Ti,
Al, N) Si. Therefore, in this work, (Al Ti,Si)N films were
grown via reactive DC magnetron sputtering, and their
electrical and optical properties were evaluated as a function
of their Si content.

2. Experimental Method

The films were grown via reactive DC sputtering
technique from a TiAl (Ti50%-A150%), Plasmaterial.INC
target. In this target were placed one and two quadrangular
Si 0f 0.508 cm?. The deposition conditions of the films
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were: initial pressure of 5 x 10® mbar and the final pressure of
3.46 x 10* mbar (Ar+N2 pressures), the power applied to the
target was fixed at 200 W (current density of 9.34 mA.cm™).
The distance between the target and the glass substrate (1cm x
1.5 cm) was kept constant in 5 cm, the substrate temperature
was 150°C (measured with K-type thermocouple), and time
deposition was of one hour. In Table 1 is summarize this
deposit conditions.

The morphological characterization was performed with
a FEI Quanta 200 scanning electron microscope equipped
with an energy dispersive X-ray (EDX) probe. The X-ray
diffraction (XRD) patterns were registered with Phillips
X-Pert Pro Panalytical equipment, working in Bragg-Brentano
(0-20) configuration and Cu Ko radiation (A=1.540998 A).
XRD patterns were taken for a 20 range between 10 and 90°
in steps of A26=0.02, and a Cary Varian 5000 UV-VIS-NIR
spectrophotometer was used to study the optical properties
of the films. The transmittance measurements were made
from 200 to 2.500 nm wavelength range and the electrical
measurements were made using four-point equipment, varying
DC voltage between -20 to 20V. The measure the thickness
of the film was carried out with a Bruker Contour GT-K 3D
optical microscope.

3. Results and Discussion

Figure 1 shows scanning electronic microscopy (SEM)
micrographs of (ALTi,Si)N film surfaces and their transversal
sections. The morphology of the surfaces of films deposited
without Si and with one Si piece is smooth and no evident
droplets or porosities. This morphology is typical of the
films deposited with sputtering technique. On the surface
of the films, that grew with two Si pieces have droplets
with different radius. Moreover, the transversal sections that
show in figures b and d indicate that the growth mechanism
is columnar, while the film growth with more Si presents a
coalescence mechanism growth.

Representative EDX spectrum of the (Al, Ti, Si)N films
is shown in Figure 2. In this spectrum is evident the presence
of lines Ka of X-ray of N (392.40 ev), Al (1.48 keV), Si
(1.73) and Ti (4.51 Kev). Additionally, appear X-ray lines
of the glass substrate. Table 2 shows the composition of
(ALTi,Si)N films that were deposited on glass substrates
and analyzed by means EDX. The analysis shows that the

Table 1. Deposition conditions of the (Ti, Al, N) Si films.

Deposit Parameters.

Initial pressure (mbar) 5x10°
Final pressure (mbar) 3.46x10*
Power (W) 200
Current density (mA/cm?) 9.34
Substrate Temperature (°C) 150
Deposition Time (h) 1
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atomic percentage of Si increases and that of Al decreases in
the films. The difference in composition could be attributed
to the different sputtering yields (0.33 for Al, 0.18 for Si and
0.15 for Ti, values calculate for ions energies of 200 eV).
The contents of Ti and N maintain a relative stable value of
11+£1 at. % and 49+1 at.%, respectively. The values of the
atomic percentage of Nitrogen make it possible to establish
that the chemical composition of the films is formed by mixed
TiN, AIN, and SiN phases. A considerable amount of residual
oxygen (= 4.0 at. %) were detected in all coatings, which may
be due to the surface contamination of the targets when the
deposition chamber was brought to air for sample transfer.

Figure 3, shows the XRD patterns from (Al Ti,Si)N films
deposited on a common glass substrates at 150°C. The peak
observed at 20 = 33.7° was index with a w-AIN phase with
the space group P6 mc (ICDD-00-046-1200). The dotted
line in the XRD patterns indicates the position of (1010 )
reflections for AIN with a formation energy of -1.595 eV?’.
However, the slightly shifted peak position could be attributed
to a substitution from Ti to Al and residual stresses in the
films. In lower formation energies, it is possible to obtain an
arrangement of atoms in a larger metal sub-lattice (the so-called
“special quasi-random structure” or SQS); this structure has
been found in TiAIN films®. When Al contents exceed the
solubility limit (for molar fraction AIN > 0.70), resulting in
a dual phase structure of ¢/w-Ti, Al N*. The XRD patterns
for films with one piece of Si (at.% 3.49) have two peaks:
the w-AIN phase (peak at 20 =33.06°), and the (A1, Ti,Si)N,
rock-salt B1 structure with the space group FM3m in solid
solution (peak at 20 =36.6° (ICDD-37-1140)). The difference
in the orientation of the peaks can result from the addition of
silicon and the formation of amorphous Si,N,. The silicon
in the (ALTi)N film refined the grains and consequently
increased the strain energy. When the number of atoms
in a grain is reduced, an excess of surface free energy is
generated®. This grain can reduce this excess free energy
by changing its preferential orientation to one that has less
surface free energy’'. The diminution of the crystallite size
or defects caused by strain between substrate and film can
lead to peak broadening®.

In XRD patterns, no peaks corresponding to Si,N, or Ti-Si
compounds, suggesting that Si can be incorporated to either
Ti/Al in the ¢/w-TiSiAIN nano-crystallites or in amorphous
Si-N accumulated at the (Ti,AI)N nano-crystallites. These
results are in accordance with those found by Chen et al.?, who
reported a solid solution of Si substitution for Al; in w-AIN
and the nanocomposite, structure of nc-TiAIN/a-Si,N, has
been widely accepted®?. Finally, the films growing with two
Si pieces have a broad and low-intensity hump, ranging from
20 ~ 20 to 30°, which indicates an amorphous phase (see
Figure 3). These results are agreement with Yu et al. work®3,
who found that with the increasing of Si content, segregation
of TiAIN nanocrystals in an amorphous Si,N, matrix led

Table 2. Compositions of the (ALTi,Si) N films (at.%) analyzed by EDX.

Ti (at.%) Al (at.%) Si (at.%) N (at.%) 0 (at.%)
TiAIN 10.9 352 0.8(substratc) 48.8 43
TiAIN+1Si 132 318 34 48.4 32
TiAIN+2Si 10.4 28.9 6.0 50.2 45
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Figure 1. SEM micrograph of the (Al, Ti,Si)N film surface and transverse sections deposited on common glass (a) and (b) Without Si,

(c) and (d) with one Si piece, and (e) and (f) with two Si pieces.
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Figure 2. EDX spectrum of (ALTi,Si)N films deposited on glass
substrate.

to the formation of a composition of a mixture of the solid
solution Ti(AISi)N and Ti(AISi)N/o-Si,N,. Additionally,
determined that coatings deposited with 7.95 Si At %, loss the
crystallinity and coatings with 22 at.% of Si be amorphized.
Figure 4 shows an example that how was measured of the
cross section using an optical microscopy image of (T1,Al,Si)
N coating and Table 3 summarizes the mean thickness of
the films. The thickness of the films increases from 639 to
1024 nm. When the film grows from two-silicon pieces, the
thickness drops to 953 nm, possibly due to the development
of amorphous morphology features®. Growth rates of
deposition were also calculated by using deposition time.
-V characteristics curves of the (Al,Ti,Si)N films grown
on common glass are shown in Figures 5a and 5b. These
figures show ohmic behavior of the films, while Figure 5¢
shows that films deposited with a higher Si content have the
electrical behavior of a semiconductor. The electrical resistivity
of (AL, Ti)N was 12.551 Q.cm (see Figure 5a). By adding one
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Table 3. Thickness of (AlITiSi) N films with different contents of
Silicon.

Thickness (nm) Growth rate

(nm/min)
TiAIN 639 10.6
TiAIN-1Si 1024 17.1
TiAIN-2Si 953 15.1
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Figure 3. XRD patterns of (ALTi,Si)N films with varying silicon
contents.

Figure 4. Example of 3D profilometer image of coating (Ti,Al,Si)N
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silicon piece into (AL Ti)N, the electrical resistivity of films
drops to about 223.6 Q.cm (see Figure 4b). It is reasonable
to consider that the electrical resistivity of (Al,Ti)N films
somewhat increased upon adding AIN to TiN, because
AIN is a well-known insulating material with a very high
electrical resistivity (10'5 Q cm)?*. Another reason for this
electrical behavior is possibly the microstructural variations
in (AL Ti)N and (ALTi)N+1Si films. Electrical resistivity
could depend on the connectivity of the c-(Al,Ti,Si)N phase
mixtures throughout the composite and the concentration
of w-(ALSi)N and possibly 0-Si,N, (isolate material), so
the so-called percolate behavior described by Lux'® occurs.

The energy gap of 1.0 eV determined the semiconductor
behavior of the film, with more Si content (see Figure 5c¢),
which can be related to conduction jumps among the
different potential barriers produced by the crystallites of
c-(Ti, Al, Si) N and the intrinsic defects of the films that
separate these metallic domains. These defects cause strong
changes in the electronic structure and metal-semiconductor
transitions, resulting in a hopping process in the transport
of electrical charge®.

Figure 6a shows the transmittance behavior of the
(ALTi,Si)N film as a function of the wavelength and as a
study parameter, the Si amount. The figure shows that the
films begins to have transmittance at about 300 nm and
reaches 70% at 2,500 nm in films that were grown without Si,
whereas the transmittance percentage drops to approximately
10% in films that were grown with two pieces of Si, at the
same wavelength. These results show that the addition of Si
to (Al, Ti)N films produces opacity in them?®, which may
occur because the films observed in SEM micrographs have
homogeneity, suggesting high optical density. The transmittance
behavior of the films deposited without Si corresponds with
the results of other studies™''*!. However, introducing Si into
the (Al, Ti) N matrix could produce optic absorption across the
entire electromagnetic spectrum. In a defect-free crystalline
semiconductor, the absorption spectrum edge terminates at
the energy gap. In contrast, in an amorphous semiconductor,
a tail encroaches in the absorption spectrum into the gap
region. This tail arises because the crystallographic disorder
of amorphous semiconductors makes the absorption edge
of these semiconductors difficult to define experimentally?®.
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Figure 5. Current vs voltage of the (ALTi,Si)N films deposited on common glass (a) without Si, (b) 1 piece of Si and c- 2 Si.
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Figure 6. (a) Transmittance as a function of wavelength and (b) (ahv)'? Vs photon energy of the (A1, Ti,Si)N films deposited on common

glass, taking as study parameter the Si content.

The Tauc model is the most used to calculate the optical gap of
an amorphous semiconductor. Assuming that conduction and
valence bands obey a square root-distributions, an extrapolation
of (ahv)"? to the horizontal axis defines the energy gap (Eg
indirect gap), observed in amorphous semiconductors®’.
Figure 6b shows a determination of this Tauc gap; a dotted
line represents these extrapolations, reaching a value of 1.5 eV.
This result is in agreement with the physical process, because

the optical gap energy must be higher than the electrical gap
energy. The Tauc model suggests that the mean energy gap
should be used as a measure of the optical gap associated
with an amorphous semiconductor, and that it is directly
related to a parameter that characterizes physically reasonable
distributions of electronic states®’.

The results discussed evidence shows that the silicon
incorporated in the crystallographic lattice of TiAIN films
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determined drastically the physical properties of them, since
the their structure crystalline change to amorphous and the
electrical behavior shows changes the ceramic material to
semiconductor material.

4. Conclusions

This paper presents a study on the effects of Si addition
on structural, electrical, and optical properties of c/w-(Al,Ti)
N films, where Si plays a role both as a substitutional solid
solution and as in the formation of amorphous coatings.
These structural changes modified the electrical and optical
properties of the films since these change their electrical
properties of ceramics to semiconductors. Additionally, the
results show that the transmittance decreases when the Si
content increases.

The electrical behavior make it possible to think of
using these films as potential solar cells, since their energy
gap is low.
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