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The structural and electronic properties of fcc-TaN/SiN, nanocomposite thin films deposited by reactive magne-
tron sputtering have been investigated as function of the N and Si contents. Our studies have been mainly focused
on three different types of nanocomposite Ta,SiyN, films based on: nitrogen deficient fcc-TaNo gs, nearly stoichio-
metric fcc-TaN, and over-stoichiometric fcc-TaN; , with the Si contents in the range from 0 to about 15 at.%.
The optical properties were investigated by ellipsometric measurements, while the DC. electrical resistivity
was measured using the van der Pauw configuration at 300 K. The optical measurements were interpreted
using the standard Drude-Lorentz model. The results showed that the electronic properties are closely correlated
with both the compositional and the structural modifications of the Ta,SiyN, films induced by the addition of Si
atoms, and also depending on the stoichiometry of the starting fcc-TaN system. Thus, depending on both the
nitrogen and the silicon contents, the fcc-Ta,SiyN, films can exhibit room temperature resistivity values ranging
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from 10 pQ cm to about 6 x 10* pQ cm.
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1. Introduction

The impressive number of outstanding physical, chemical and
mechanical properties of transition metal nitrides MeN (Me stands for
transition metal) makes then very attractive materials for many indus-
trial applications as protective and decorative coatings [1,2]. As thin
films MeN can be easily integrated in microelectronic devices as
superconducting nanostructured thin films for single photon detectors
[3,4], diffusion barriers in microelectronic devices [5-10], and also as
materials for biomedical applications [11,12]. Among these systems,
the Nb-N and Ta-N systems are interesting as they exhibit many
different stable and metastable phases [13,14]. For example, TaNy
nitrides show different oxidation states, leading to phases such as:
TasN (orthorhombic), TagN2 57 (hexagonal), TapN (hcp hexagonal),
TaNpg (hexagonal), e-TaN (hexagonal WC type), 6-TaN (fcc NaCl-
type), TasNg (hexagonal), TayNs (tetragonal), and TasNs (orthorhom-
bic)[14]. Each one of these phases presents different electronic
properties, exhibiting a wide range of electrical resistivity values from
about 10% to 10* uQ cm [6,7,15].
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The unusual combination of ionic, metallic and semiconductor-like
bonding makes the conductivity of the TaNx materials very attractive for
high temperature electrical contacts. However, their relatively weak ther-
mal stability and resistance against oxidation limit the use of these nitrides
to temperatures lower than 900 K. To further improve the performance
and efficiency of microelectronic devices, nanocrystalline or quasi-
amorphous ternary Me-Si-N systems have been considered. Thus, TiSiN,
TaSiN, and WSIN films have been largely investigated as diffusion barrier
in Cu interconnections. Depending on the deposition techniques (Physical
Vapor Deposition or Chemical Vapor Deposition), the process parameters,
and the chemical composition, Ta,SiyN, films exhibit good chemical and
thermal stability up to 1300 K as well as electrical resistivity values ranging
from 3 x 10? uQ cm to 8 x 10* pQ cm [5,16-25]. Nevertheless, less
information is available about the optical properties; the optical functions
of the Ta,SiyN, thin films have not been reported in the literature. Earlier
studies on the TaSiN films reported in the literature have focused on
their functional properties and very little on their fundamental properties.

Most of the fcc-NaCl type MeN crystals are interstitial compounds.
While keeping their fcc crystal structure, they can accommodate high
concentrations of nitrogen vacancies in the non-metal sublattice; only
few nitrides such as ZrN,, HfN, and TaN, have been reported as cation
deficient and/or compounds with antisite substitutions [3,26-28].

In the previous paper [29], we presented the study of the optical and
electrical properties of Ta,SiyN, thin films, finding that the evolution of
the Ta-Si-N system from a solid solution to a nanocomposite material
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due to the silicon inclusion could be followed by the changes in the
opto-electronic properties. In that study, the electronic and optical
properties were modeled by the Grain Boundary Scattering Model and
the Drude-Lorentz model, respectively and the analysis of the electron
density and optical estimated conductivity clearly showed the transi-
tion from a solid solution to a nanocomposite for the stoichiometry
and over-stoichiometric films.

In the present paper, more details about the growth conditions are
included and it is also shown that the direct measured optical or elec-
tronic properties, i. e. refractive index and resistivity presented different
trend as a function of the Si content that gives insight into the structure
of the Ta,SiyN, films.

Due to the phase diversity of the Ta-N system, the choice of a single
phase is essential in order to better understand the physical properties
of two phases TaN,/a-SiN nanocomposites as their physical and func-
tional properties are intimately related. For these studies, the fcc NaCl-
type TaN phase was selected and special attention was paid to the
chemical composition of the fcc TaNy phase. Thus, three different series
of Ta,SiyN, films were prepared based on sub-stoichiometric TaNy
(with x < 1), nearly stoichiometric TaNy (x ~ 1), and over-
stoichiometric TaNy (x > 1) compounds. From the fundamental point
of view, it is well known that the physical properties are influenced by
the structural disorder (vacancies, substitutional, antisites, and intersti-
tial atoms), phase composition, and film morphology. The knowledge of
the relations between the microstructure and the physical properties of
disordered single- or two-phase nanocomposite films leads to a better
understanding and improving of their functional properties.

2. Experimental

Three different series of TaSiyN, films were deposited using two
different reactor chambers. Each magnetron sputtering system is
equipped with two confocal planar magnetron sources positioned with
their axes at a 25° or 30° angles off the vertical, the substrate-target dis-
tances were fixed at 100 mm. The substrates are mounted on a rotary
sample holder manipulator to insure film homogeneity. The deposition
chamber is connected to a turbo molecular pump through an adaptive
pressure controller valve, which allows fixing the final total pressure in
the sputtering chamber. Mass flow regulators are fitted for controlling
independently the sputtering Ar and the reactive N, gases. All the
TaSiN films have been deposited using individual Si (99.999 at.%) and
Ta (99.95 at.%) targets. The targets diameters were 5 cm.

For the first series namely series A, a high DC power of 400 W was
applied to the Ta target while a variable RF power ranging from 60 to
340 W was applied to the Si target in order to change the Si content
(Csi) in the Ta,SiyN, films. Before the deposition of the films the residual
pressure in the sputtering chamber was typically lower than 10~ Pa.
The substrate temperature was kept constant at 653 K, the total working
pressure, Pr = (P4 + Pn2), Was fixed at 0.4 Pa. The Ny/Ar flow ratio was
initially varied, until the conditions to obtain the fcc-NaCl phase were
obtained (N,/Ar = 6/14). Under these conditions, Ta,SiyN, samples
with 0.42 < z < 0.44 (referred in the paper as Ta,SiyNg 44 nitrogen defi-
cient films) were obtained.

For the second and third film series (namely series B and C) the
power applied to the Ta target was about 100 W, while the DC power
on the Si target was varied between 0 and 60 W. The residual pressure
in the reactor chamber was typically less than 10~ Pa. The films were
deposited in a mixed (Ar + N,) atmosphere. During the deposition,
the total pressure Pr and the substrate temperature T were kept con-
stant at 0.5 Pa and 753 K, respectively. The series B and C have been
deposited using N,/Ar flow ratios of 2/13 and N,/Ar = 7/13, respective-
ly, leading to Ta,SiyN, films with 0.49 <z < 0.51 (referred as nearly
stoichiometric Ta,SiyNo s films or series B) and over-stoichiometric
films with 0.54 <z < 0.57 (denoted as Ta,Si,Ng s films or series C).

The film thickness measured by profilometry (Tencor PH50) was
typically 0.8-1.2 um for the series B and C and about 1.2 um for the series

A (Dektak 150). The chemical composition of the Ta,SiyN, films was
obtained by electron probe microanalyses (EPMA) and X-ray Photoelec-
tron Spectroscopy, XPS measurements. The XPS measurements were
performed using a commercial VG Microtech Multilab ESCA 2000. The
contaminant element was found to be oxygen (<5 at.%). The crystal-
lographic phase was determined by X-ray diffraction using mono-
chromatized Cu Kot radiation. The crystallite or grain sizes of the films
were estimated from Bragg Brentano (BB-XRD) configuration measure-
ments. The surface morphology of the films was investigated by using
two different STM systems, a Jeol JSPM-4210 working in air (for series
A) and an UHV VT-SPM Omicron (for series B and C).

The optical properties of the films of series A were investigated by
ellipsometric measurements in the photon energy range of 1.5-5.0 eV
using an Uvisel Jobin-Yvon DH10 ellipsometer and the data analysis
was performed using the DeltaPsi2 software. The series B and C were
characterized using an Alpha-SE-Woollam ellipsometer (1.3-3.3 eV).
All the investigated Ta,SiyN, films were optically opaque, thus
ellipsometric measurements provide directly the complex dielectric
function &(E) = &(E) + iey(E) of the films as well as the refractive
index n(E) and the extinction coefficient k(E). The small effects due to
the surface roughness and surface oxidation were not considered in
the evaluation of the dielectric function.

For the resistivity measurements, the films were deposited onto
highly resistive (>800 € cm) Si or on oxidized Si wafers and the mea-
surements were performed using the van der Pauw method in the
temperature range between 20 K and 300 K.

3. Results
3.1. Film deposition

Due to the complexity of the Ta-N phase diagram [13,14] for each
deposition system a preliminary study of the Ta-N system was per-
formed to optimize parameters leading to the deposition of single fcc
5-TaN phase.

3.1.1. Series A

Fig. 1 shows the XRD patterns of TaNy films for various N»/Ar flow ra-
tios. As the N,/Ar flow ratio increased from O to 0.64, the TaN, films
exhibited different single or mixed phases. At low N, flows, the films
presented primarily the 3-phase. However at N,/Ar = 0.43, the TaNy
films crystallized in the hexagonal e-TaN phase while the 6-TaN phase
(NaCl-type) was obtained at a slightly higher N,/Ar flow ratio around
0.5. For the deposition of series A films, the N,/Ar flow ratio was fixed
at 0.43 and the RF power of the Si target was varied from 0 to 340 W.
Using this flow ratio, the results indicated that the addition of even
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Fig. 1. Diffractograms for the TaNy films of series A as a function of the N,/Ar flow ratio.



106 G. Ramirez et al. / Thin Solid Films 558 (2014) 104-111

small quantities of Si (few at.%) promoted the crystallization of the fcc 6-
TaN phase in contrast to the pure -TaN obtained without the Si addi-
tion. Fig. 2 shows the Si, Ta and N atomic concentrations of the Ta,SiyN,
films as a function of the power applied to the Si target. The Si (Ta) con-
tent increased (decreased) progressively as the Si target power was
increased, reaching a maximum Si content of 11.7 at.%. The oxygen con-
tent in the films was about 5 at.% without any correlation with the Si
content. Regarding the N content, it decreased from 44.6 to 42.0 at.%.
Thus, under the aforementioned deposition conditions, the Ta,SiyN,
are nitrogen deficient films with 0.42 < z < 0.446. These films are
referred in the paper as Ta,SiyNo 44 samples or sub-stoichiometric films.

3.1.2. Series B and C

In order to produce stoichiometric and over-stoichiometric films, a
careful analysis of the discharge parameters as a function of the No/Ar
flow ratio was done. The TaNy films were deposited in constant current
mode fixed at 300 mA, at a substrate temperature of 753 K and total
pressure (Ar + N,) of 0.5 Pa. The reactive sputtering process of the
TaNy films was characterized by the variation of the target voltage Vrq
as a function of the N,/Ar flow ratio, as well as the drop of the chamber
pressure AP upon ignition of the discharge. Fig. 3a shows the variation of
Vrq and AP as a function of Ny/Ar. The Vr, increased abruptly first, and
then progressively decreased when N,/Ar was increased from 0 to 1.6.
The AP vs N,/Ar curve exhibits a peak at about N,/Ar = 0.125 and a pla-
teau between N,/Ar = 0.2 and 1.2. Similar trends were observed in ear-
lier studies of TaNy films deposited by reactive sputtering [28]. The
variations of Vr, and AP were respectively explained in terms of surface
target nitridation and nitrogen consumption by the fresh Ta layers
deposited at the substrate and the walls of the sputtering chamber
[30,31]. In the present study, the maximum of the N, consumption
was observed near the formation of stoichiometric TaN layers; No/Ar
about 0.15. Meanwhile, for N,/Ar ratios between 0.2 and 1.2, the N,
consumption remained more or less constant. The increase of Vy, was
mainly due to a decrease in the target secondary-electron emission
coefficient 'y due to the progressive nitridation of the Ta target. In cold
cathode discharges, Vr, = Eo / (gy) where Ej is the energy required to
create one ion-electron pair (typically Eo =~ 30 eV for Ar magnetron
discharge) and 0 < g < 1 is a geometric factor determined by the system
[28,30,31]. Fig. 3b shows an estimation of vy as a function of Ny/Ar
considering Eo = 30 eV and g = 0.5. It is observed that y decreased
from about 0.215 to 0.17 exhibiting three different linear regimes: a)
vy decreased quickly from 0.215 to 0.19 for No/Ar between 0 and 0.2,
b) between N,/Ar = 0.2 and 0.6, y decreased moderately, and c)
above N,/Ar = 0.6, y decreased gradually. In addition, the N/Ta atomic
ratio curve indicates that TaN, films with x =~ 1 are achieved at about
N,/Ar = 0.154, then x increased progressively up to 1.45 when the
flow ratio is increased up to 1.6.

50
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Silicon target Power (W)

Fig. 2. Total atomic percentages of Ta, N, Si and O of Ta,Si,N, films of series A estimated by
XPS.
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Fig. 3. a) Variation of the Ta target voltage Vt, and of the pressure drop AP, upon igniting
the discharge as a function of the N,/Ar flow ratio during the reactive magnetron
sputtering of TaNy films of series B and C. b) Emission coefficient g and N/Ta atomic com-
position ratio vs. the No/Ar flow ratio. The selected N,/Ar flow ratio values for the deposi-
tion of near- and over-stoichiometric TaNy films are indicated.

XRD data revealed (no shown) that in the N,/Ar flow ratio range be-
tween 0 and 0.15, a series of lower nitrides are formed (Ta4N, Ta;N and
6-TaN), the hexagonal Ta,N is formed at a flow ratio of N,/Ar = 0.077.
In the flow ratio range of 0.154-0.54, the films were crystallized in the
single phase fcc & — TaNy with 1.0 < x < 1.25. Finally, for N»/Ar > 0.6
the TaNy films were composed of a mixture of 6 — TaN and hexagonal
TaN phases. It is worth noting that the N,/Ar flow ratio ranges associat-
ed with the formation of these nitrides are strongly correlated with the
nitridation state of the Ta Target as suggested by the variations of .
Consequently, for the deposition of Ta,SiyN, films of series B and C,
the N,/Ar flow ratio was fixed at 0.154 and 0.54, respectively, and the
DC power of the Si target was changed from 0 to 60 W. Fig. 4 illustrates
the chemical composition of the obtained Ta,SiyN, films. In both series B
and C, the Si (Ta) content increased (decreased) progressively as the DC
power applied to the Si target was increased from 0 to 60 W. The nitro-
gen content changed within a limited range of 0.49 <z < 0.51 for series
B and of 0.54 < z < 0.57 for series C. Thus, in the present paper these
films are denoted as nearly stoichiometric Ta,SiyNg s films (series B)
and over-stoichiometric Ta,SiyNg 56 films (series C).

3.2. Morphology of TaSiN films
Under the deposition conditions aforementioned, pure TaNy films

and Ta,SiyN, films containing low Si atomic concentration were crystal-
lized in the fcc-NaCl type of structure and exhibit a marked columnar-
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Fig. 4. Total atomic percentages of Ta, N and Si of Ta,SiyN, of a) series B and b) series C es-
timated by EPMA measurements.

like morphology with crystallites elongated in the growth direction. The
progressive addition of the Si atoms lead to important structural modi-
fications. For instance, Fig. 5 illustrates the surface morphology of the
nearly-stoichiometric TaN; o, and Ta,SiyNo s samples investigated by
STM measurements. At the early stages of the deposition of the
TaN, o film, small crystallites nucleated near the substrate interface.
The surface of a 50 nm thick film was characterized by the presence of
dense clusters composed of small grains (size of 10-20 nm); the irregu-
lar shape of the grains suggests the presence of randomly oriented crys-
tallites (Fig. 5a). As the thickness of the TaN; o film increased, the film
developed a columnar structure, as shown in Fig. 5b for a 1200 nm

thick film, which is characterized by the presence of large compact
domains (size of 200 nm); each domain is composed of grains of 10-
20 nm in size. The presence of both square shaped domains and squared
shaped grains suggests the occurrence of (100) orientated TaN crystal-
lites perpendicular to the substrate plane. In contrast to that, the surface
morphology of the 1100 nm thick TaSiyNg 5 film with the Si content
y = 0.11 presents a fine-grained dense structure with small grains
10 nm in size as illustrated in Fig. 5c.

XRD patterns measured at grazing incident of Ta,SiyNo 5 films (series
B) are illustrated in Fig. 6a. The observed peaks are attributed to the
cubic 6-TaN phase. GI-XRD measurements revealed the presence of
small crystallites randomly oriented. In addition, the XRD patterns
recorded in the Bragg-Brentano configuration (BB-XRD) revealed that
the films exhibit (100) preferential texture (see Fig. 6b). As the Si con-
tent in the films increased, the average crystallite size decreased and
the marked (100) orientation was strongly reduced. Similar trends
have also been observed in Ta,SiyNg 56 films or series C (no shown).
Fig. 7 shows the average crystallite size calculated from the BB-XRD
measurements for series B and C. The average crystallite size was esti-
mated by the Scherrer's formula using the integral bread. The method
does not take into account the contribution of the strain in the width
estimation of the XRD peak; nevertheless it gives a good estimation of
the crystallite size in particular for small crystallites.

In the case of series A films, the (100) preferential texture was not
obstructed even at the highest Si content of 11 at.% investigated in the
present work, as illustrated in Fig. 8a. These films exhibited crystallites
with average sizes of the order of 4-12 nm without correlation with
the Si content as displayed in Fig. 8b. Nevertheless, the addition of Si im-
proves the density of the films, as observed by STM images. Fig. 9 shows
the STM images of the under-stoichiometric films as a function of the Si
content. The surface of the Ta,SiyNg 44 films with low Si content (Fig. 9a)
exhibited large compact domains at about 0.5-1.0 um in size with a root
mean square roughness of rms = 36 nm typical of columnar structure
containing voids. As the Si content increased (from 2.2 to 11.7 at.%),
the rms roughness decreased to 5.2 nm and the surface was character-
ized by a more dense morphology.

3.3. Optical properties

As mentioned above, the Ta,SiyN, films were optically opaque;
therefore it was possible to obtain the energy dependence of the com-
plex refractive index directly from the ellipsometric measurements. In
the previous paper, the dispersion relations were shown for the three
series. However, here we show that by choosing a single wavelength,
it is possible to observe different trends as a function of the Si content
for each series.

The values of the refractive index ngsg and extinction coefficient kg3o
at a fixed wavelength of 630 nm as a function of the Si content are
reported in Fig. 10 for the three series; 630 nm was chosen arbitrarily

Fig. 5. Scanning tunneling microscopy (STM) images (600 x 600 nm?) of: a) 50 nm thick TaN; ¢, film, b) 1200 nm thick TaN; ¢, film, and c) 1100 nm thick Ta,SiyNo 5 with Si contenty =

0.11.



108 G. Ramirez et al. / Thin Solid Films 558 (2014) 104-111

a)
g g Ta,SiyNg 5 : GI-XRD
~ I = = :
2 Siat% & s
S 0.0
s f -
& 0.84
2
a [ 1.6 T
c
K
£ A
13.0 o
30 40 50 60 70 80
Angle 2 theta (°)
b)
10° TaXSino_50 : BB-XRD
Si at. %
0.0
o 0.84
% 102 1.6 F
£ P S 5.1 por™saned
10'

30 40 50 60
Angle 2 theta (°)
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(GI-XRD at 4°) and b) Bragg-Brentano scans (BB-XRD).

since it is close to the standard fixed wavelength ellipsometers. In
Fig 10a, it can be seen that for the sub-stoichiometric series A films,
the refractive index varied in an oscillatory-like way between 2.7 and
about 3.7. Meantime, the extinction coefficient changed very little
(ke30 = 3 +£ 0.3). The irregular changes of ng3g as function of the Si
content seem to be correlated to the changes in the grain size observed
in these films. By comparing Figs. 9 and 10a, the changes of ng3p as a
function of the Si content suggest that Ta,SiyNo 44 films with large crys-
tallite sizes (8-12 nm) exhibit more metallic behavior (low n values)
than those with small crystallite sizes (4-6 nm), which exhibit less
metallic behavior (large n values). In the case of series B, (Fig. 10b),
the extinction coefficient kg3¢ decreased progressively from about 3 to
1.7, meanwhile the refractive index changed little (3.0 4 0.4) when
the Si content increased. Finally, for Series C (10c); ke30 also decreased
from 2.5 to 0.6 but the refractive index increased from 1.8 to 2.9.

3.4. Electrical properties

The room temperature (RT) DC resistivity (pgr) as a function of the Si
content for all the investigated films is plotted in semi-log scale in
Fig. 11. The electrical resistivity of the series A changed very little as a
function of the Si content, pgr varied in the range of 130 to 260 puQ cm
without correlation with the Si content. In the case of the films of series
B, prr increased progressively from 230 up to 965 pQ cm as the Si
content in the films increased from 0 to 15 at.%. The highest resistivity
values were observed for series C. In this case, two regimes were
clearly observed; below 5 at.%, pgr exhibited values in the range of
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Fig. 7. Average grain size of a) Ta,SiyNo 5 films and b) Ta,SiyNg s¢ films obtained from BB-
XRD measurements.

(0.9-1.5) x 10° Q) cm. Meanwhile, for silicon contents between 6 at.%
and 13 at%, the resistivity increased abruptly up to about 5 x 10% uQ cm.

4. Discussion

The observed trends in the refractive index, extinction coefficient
and electrical and optical resistivity of Ta,Si,N, films are closely related
to the compositional and microstructural modifications of the Ta,SiyN,
films due to the stoichiometric composition of the fcc 8-TaN and the
addition of Si atoms. In general, sputter-deposited Me-N systems are
polycrystalline and exhibit elongated grains in the growth direction.
The addition of even small quantities of Si, can lead to significant mod-
ifications in the chemical bonding and the film morphology. Whether a
single-phase or composite multi-phased system is formed, depends on
the chemical reactivity of the involved atoms and on the deposition
parameters. The incorporation of Si atoms into the MeN lattice repre-
sents the introduction of additional structural defects, which perturb
the subsequent grain formation. Further increase of the Si content can
lead to the progressive reduction of the lateral and vertical sizes of the
growing crystallites due to the segregation of Si atoms towards the
grain boundaries resulting in nanocomposite thin films [32-38].

The Ta-N system has been investigated in details by Shin et al. [3,28].
In good agreement with Shin's results, our study confirms that sputter
deposited TaNy thin films can crystallize in the fcc -TaN phase over a
wide chemical composition range of 0.9 < x < 1.3. The fcc TaNy has
been reported as a cation deficient and/or a compound with antisite
substitutions [3,28]. In polycrystalline materials, the scattering sites
are mainly grain boundary regions and lattice defects (N and Ta


image of Fig.�6

G. Ramirez et al. / Thin Solid Films 558 (2014) 104-111 109

TaN-6 (111) TaN-3 (200)
10 :
9] /\ 1.2% at. Si
8 S 2.2% at. Si
5 7] - 4.0% at. Si
S 6] / 5.4% at. Si
> T
£ 51 JL 6.8% at. Si
g, 4 AN 7.7% at. Si
£ 3 N 9.2% at. Si
21 D 10.4% at. Si
] T 17%at.Si
0 = ; -
35 40 45
20(°)
b)
12 _
TaxS|yN0_44
10
E
£ s}
-4
N
% 6}
B
O 4f
2 L
o \ \ . \ \
0 2 4 6 8 10 12

Si content (at. %)

Fig. 8. XRD patterns of a) Ta,SiyNo 44 films as a function of the Si content and b) grain size.

vacancies, N and Ta antisites, and interstitial atoms in the case of fcc
6-TaN). According to the disorder scattering model proposed by
Nordheim [39], the electron scattering rate is proportional to both the
density of states at the Fermi level N(Er) and to the concentration of
defects. The variation of N(Ef) with the concentration of defects (or
chemical composition) depends on details of the band structure. Yu el
at [40] have investigated the electronic structure of N-rich fcc-TaNy
compounds and the formation energies of point defects. The calcula-
tions indicate that Ta vacancies have the lowest formation energy and
that such defects induce larger modifications in the band structure of
the N-rich TaN, compared to that of stoichiometric TaN. With increas-
ing the density of Ta vacancies, the DOS at the Fermi level monotonically
decreases, thus Ta vacancies can act as acceptors-sites and electron
localization at the Ta-vacancies is responsible for the metal to non-
metal transition observed in fcc 6-TaNy nitrides. By comparing the

b)

* W37.23nm
Yvia

optical and electrical properties of near stoichiometric TaN; g, and N-
rich TaNy films, the presence of high density of Ta vacancies and N
atoms in antisite positions may explain the higher resistivity values
observed in these films. Our results are consistent with the theoretical
predictions reported by Yu et al. [40].

Concerning the Ta-Si-N system, our results indicate that the forma-
tion and nature of TaN/SiNy nanocomposite film depends on the N
content in films. In Ta,SiyNg 5 and Ta,SiyNg s films, the n and k, as well
as pgy, are strongly influenced by the changes in the chemical composi-
tion exhibiting a continuous loss of their metallic character (k decreased
and pgr increased). The strong increase in pgr values from about
230 uQ cm up to 965 pQ cm in Ta,SiyNg s and from about 10° pHQ cm
to 5 x 10% uQ cm in Ta,SiyNo 56 films with increasing the Si content sug-
gests the formation of nanocomposite films constituted by small
metallic-like TaN grains embedded in a dielectric SiNy matrix [34,36].
Theoretical modeling of the dielectric function of these films by using
the Drude-Lorentz model revealed that the diminution in crystallite
size was accompanied by an important diminution in the density of
free carriers; the lattice defects and grain boundary regions determine
the main free path of electrons [29]. The decrease in the conductivity
is tentatively attributed to the changes in the density of point defects
(Ta and N vacancies, Ta and N antisites) due to the strong affinity of N
atoms to combine with Si atoms to form SiNy near the surface of the
crystallites and at the grain boundary regions. A progressive decrease
of the density of N antisites, increases the density of Ta vacancies,
which acts as acceptors increasing the localization of the electrons.
Further insight on the transport properties of these films was obtained
from temperature dependence resistivity measurements [29], where
the application of the grain boundary scattering model indicated that
at the Si contents higher than about 4.6 at.%, the electron scattering at
the grain boundaries becomes important. Thus, if the Ny/Ar flow
ratio is adequate for the deposition of near stoichiometric fcc -TaN or
N-rich 6-TaNy thin films, the addition of Si atoms leads to the formation
of nc-TaN/a-SiNy nanocomposite-like films composed of nano-
crystallites (nc) of TaN surrounded by an amorphous SiNy layer. The
SiNy layer behaves like an electrically insulating layer.

In contrast to that, in the case of N-deficient fcc 6-TaNy films, the
addition of Si atoms lead to the formation of solid solution TaN-SiNy
films with different film structure and physical properties. The crystal-
lite size and the columnar growth with (100) texture were not efficient-
ly hindered by the addition of Si. The low chemical composition
dependence of n, k and electrical resistivity observed in TaxSiyNg.44
films clearly indicate that the Si segregation in N-deficient TaNy films
does not lead to the formation of an efficient electrically insulating
SiNy thin layer. Due to the lower N content in the films, besides the
SiN, insulating phase, there is a possibility of the formation of con-
ducting Ta,Six [22] thin layers at the grain boundary regions too. There-
fore, the weak dependency of the resistivity on the Si content for these
coatings can be attributed to the frequent percolation of the conducting
TaNy crystallites and TaSiNy crystallites surrounded by conducting
Ta,Six thin layers. Similar results have been reported by Jedrzeovski

0.00 nm

Fig. 9. STM images en Ta,SiyNo44 as a function of the silicon content. a) 2.2% at., b) 6.9% at., ¢) 11.7% at.
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Fig. 10. Values of refractive index n and extinction coefficient k at a wavelength of 630 nm
vs Si content in a) Ta,SiyNo 44, b) Ta,SiyNo s and c) TaySiyNg 56 films.

et al. [37] for nanocomposite TiN/SiNy films and, more recently for ZrN/
SiN, thin films deposited using bias voltages of — 150 V and at substrate
temperatures of 510 K and 720 K [38].

5. Summary and conclusions

The structural, electrical and optical properties of Ta,SiyN, thin films
deposited by reactive magnetron sputtering were investigated as a
function of both the nitrogen and silicon contents. The deposition pa-
rameters were optimized to obtain fcc-TaN (NaCl-type) as the main
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Fig. 11. RT DC. electrical resistivity obtained from van de Pauw configuration measure-
ments vs Si content of Ta,SiyNo 44, Ta,SiyNo s and Ta,SiyNo se films.

nitride phase. Pure fcc-TaNy thin films can accommodate large
concentration of N and Ta vacancies and antisite substitutions
(0.9 <x < 1.3). Based on these results, three different series of Ta,SiyN,
films were prepared, namely a) sub-stoichiometric Ta,SiyNg 44 films, b)
near stoichiometric TaSiyNo 5 films and c) nitrogen-rich Ta,SiyNg ss5
with the Si contents in the range of 0 to 15 at.%.

In the case of sub-stoichiometric Ta,SiyNo 44 films, the (100) prefer-
ential texture was not obstructed even at the highest Si content of
11 at.%. Nevertheless, the addition of Si improves the density of the
films. These films exhibited metallic behavior with room temperature
electrical resistivity values in the range of 130 to 260 pQ) cm without
correlation with the Si content. The refractive index ngs3g changes
from 2.3 up to 3.4, the extinction coefficient changes very little
(ke3o = 3 £ 0.3). Therefore, Si segregation in N-deficient TaNy films
does not lead to the formation of a homogeneous electrically insulating
SiNy thin layer between the metallic TaN crystallites.

In the case of near-stoichiometric TasSiyNos and nitrogen-rich
Ta,SiyNo 56 films, the average crystallite size decreases and the marked
(100) orientation was strongly reduced as the Si content in the films in-
creased. The strong increase in pgr values from about 230 puQ) cm up to
970 uQ cm in Ta,SiyNg s and from about 10° puQ cm to 5 x 10* pQ cm in
TaxSiyNo 56 films with increasing the Si content suggested the formation
of nanocomposite films constituted by small metallic TaN grains embed-
ded in a dielectric SiN, matrix. In agreement with the observed decrease
in the extinction coefficient kg30 from about 3 to 1.7 in Ta,SiyNo 5 and from
2.5 to 0.6 in Ta,Si,No 56, when the Si content was increased.

In conclusion, these studies shed light on the structural and electrical
properties of Ta,SiyN, nanocomposite thin films based on fcc-TaN
(NaCl-type of structure). Highly conductive or insulating Ta,SiyN,
films are considered as promising materials for applications as
electrically diffusion barriers. The electrical properties of Ta,SiyN,
thin films can be fine-tuned by judicious adjustment of the N and Si
contents.
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