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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 Ti, V, Cr, Zr, Mo, Nb, Ta,..)
makes then very attractive materials for many industrial applications as protective and dec-
orative coatings [1,2], superconducting nanostructured thin films for single photon detectors
[3,4], diffusion barriers in microelectronic devices [5,6], catalytic films [7,8], and also as ma-
terials for biomedical applications [9,10]. Depending on the oxidation states of the transition
metal, the Me-N system can exhibit a rich variety of stable or metastable crystallographic
phases. Thus, the tetragonal Me,N and the cubic fcc structures are preferred for IVB-VA
compounds (TiN, VN, ZrN) while for VB and VIB-VA compounds the stable phase is the
hexagonal one (NbN, MoN, TaN and WN). In particular, as thin films MeN can be easily
integrated in microelectronic devices and commonly used as diffusion barriers in magneto-
resistive random access memory, resistors, excellent barrier diffusion against Cu, or as pre-
ferred barrier absorber material for EUV mask [4-8].

To further improve the performances and efficiency of MeN functional properties, nano-
crystalline or amorphous ternary systems, such as Me-Al-N, Me-Si-N, and other Me-X-N
forming highly stable compounds have been also investigated [11-30]. By addition of Al or
Si to binary MeN, hardness, thermal stability and chemical inertness of the films can be im-
proved [11-16]. In particular TiSiN, TaSiN, NbSiN and WSIN thin films have been mainly
investigated as diffusion barriers and electrodes for phase change random access memory
(PRAM) devices. [21-30]. The addition of Si leads to the formation of a nanocomposite
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(nanocrystallites of MeN + amourphous SiN,) or a solid solution single phase Me; Si,N ma-
terial [13-16]. In nanocomposite thin films (nc-MeN/a-SiN,), crystallite sizes are of the order
of few nanometers. The density of point defects (vacancies, interstitials, antisites), the grain
size, the grain surfaces, and boundary regions play an increased role on physical properties.
The arrangement and the chemical composition of the so-called “amorphous” minority
phase (SiN,) are crucial for electrical and mechanical properties [17-20]. The location, com-
position and the thickness of the amorphous phase must therefore be known precisely.

Usually these films are deposited by CVD [12, 15] or PVD [11, 14, 16] techniques; among the
PVD techniques, magnetron reactive sputtering is often used as a low-temperature film
growth technique. The macroscopic properties of these films such as mechanical, optical or
electrical strongly depend on chemical composition and nanostructure of the resulting films
which are influenced by the deposition parameters such as the substrate temperature, the
flux and kinetic energy of impinging atomic and ionic species on the surface of the growing
film, and the condensation rate.

The aim of this paper is to give a general overview on the relationship between the electri-
cal and structural properties of binary MeN and nanocomposite nc-MeN/a-SiN, thin films
deposited by reactive magnetron sputtering. In particular we will focus on the possibility
to use electrical measurements and electron scattering models to obtain pertinent informa-
tion concerning the chemical composition, thickness and continuity of the insulating layer
covering conducting nanocrystallites in nanocomposite films. It is not the purpose of this
paper to develop further the models describing film nanostructure. This has already been
extensively covered in much of the cited literature. The limitations of characterization tech-
niques, such as HRTEM, XRD and XPS, in revealing such composite nanostructures, as
described by various physical models, motivate us to employ unconventional investiga-
tion techniques such as electrical measurements in order to evidence, for example, the con-
tinuity of the insulating SiN,-layer on conducting MeN-crystallites. The case of a special
type of nanocomposite materials: nanocrystallites of Phasel surrounded by a very thin
interfacial layer of Phase2, obtained as a result of self-segregation is one of the most diffi-
cult to investigate. Instead, the goal of this paper is to discuss the ability of electrical meas-
urements to support such models.

2. Film morphology and nanostructure

Depending on the deposition conditions binary transition metal nitride MeN thin films
deposited by reactive magnetron sputtering usually crystallize with strong (111) or (200)
preferential orientation and exhibit elongated crystallites in the grow direction [16-20,31] as
one can notice from XRD or SEM measurements (Fig. 1). In MeXN (X=5i,Ge,B,Cu..), the
addition of X leads to important modification of the films morphology. Thus, as a func-
tion of increasing X content (C y), the average crystallite size, d, in many systems such as Ti-
Si-N, Ti-Ge-N, Ti-Sn-N, Nb-Si-N, Zr-Si-N, Ta-Si-N, decreases from tens on nm to about 2
nm [16-20, 32-35]. Whether a ternary single-phase or composite multiphased system is formed
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depends on the chemical reactivity of the involved atoms and on the deposition condi-
tions. In many case X atoms can substitute metal atoms in the fcc MeN lattice up to a critical
concentration (limit of solubility, a x). The segregation of X atoms on the MeN crystallite
surface is mainly responsible for the limitation of their growth. It results in the formation
of a nanocomposite material composed of a thin amorphous phase on the MeN crystallite
surfaces. Frequently a relationshipd o<1 /Cy is observed in MeXN films (see Fig. 2) suggest-
ing that in this regime the increase in the X content determines a simultaneous increase in
the surface-to-volume ratio of the MeN crystallites, which is realized by a subsequent de-
crease in the average crystallite sizes.

|

Figure 1. TEM images showing the evolution of the Zr-Si-N films morphology with increasing Si content.

3. Model for the Me-X-N film formation

The sketch given in Fig. 3 illustrates the growth model for the formation of Me-X-N ternary
system. As a function of the X content, three X concentration regions can be identified. In the
case of PVD deposition techniques such as magnetron sputtering, the film growth is frequent-
ly made out of thermodynamical equilibrium. Consequently the addition of X atoms in small
quantities into the MeN lattice presents the introduction of structural points defects (substi-
tutions, interstitials, vacancies), which might perturb the crystallite growth. This region 1 is
called Region 1 or the region of pseudo-solubility of X atoms in MeN. The limit of the pseudo-
solubility a y of X depends on deposition conditions (substrate temperature and bias). Once
the X content exceeds a x the additional X atoms increasingly segregate and accumulate at the
grain boundary regions. This concentration region is denoted as Region 2, in this region the
surface of each X crystallite is progressively coated by a growing XN, tissue layer up to a
certain limit, referred to as the so-called X coverage level, X .,. When X ,, =1 (full coverage),
further increase of the X content leads to the formation of ultrathin XN, layer surrounding
completely the surface of the MeN crystallite and hindering the crystallite growth. Thus, in
the Region 3 the, microstructure is strongly altered as a consequence of X segregation.
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Figure 2. (a)Grain size vs. Si content in Zr-Si-N films. (b) Grain size vs. Si content in Cr-Si-N and Nb-Si-N thin films.

The degree of X surface-coverage of a crystallite of a typical size d can be determined in
terms of C x and C ,,, concentrations considering a simple model. In a cubic shaped crystal-
lite of volume V =d °. For a fcc-NaCl-type structure each unit cell of volume a * contain 4
atoms, then the density of Me atoms in V . is given by N ,,,v. = (4/a ®)d * while its surface
density is N yis.,r = (2/a ?)(6d ?) (a is the lattice constant). The relation between the number of
Me surface atoms and that of the volume is N y1/5,,/N yeve = (3 @/d). Under the assumption
that the segregated X atoms occupy the surface Me sites, the degree of the X coverage (X )
in terms of C y and C ,,, atomic per cent is then given by
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X _( NX/Surf )_ NX/Surf _ (CX —ar )
cov \ N - - 1
Melsuf =N Me/Vc(3%) (Crre+ oy )(3%) .

In equation (1) the quantity «; is the limit X solubility and takes into account of the amount

of X atoms that are incorporated in the MeN:Si crystal lattice. As state above, in Me-X-N sys-
tem the films generally exhibit a pronounced needle-like, columnar structure, with elongat-
ed crystallites where the length to width ratio higher than L/d=10 is observed. For such a
situation, the relation (1) can be easily modified by introducing the vertical grain extension L
as an integer multiple of the in plane crystallite dimension L=nd, note that in case of cubic-
shaped crystallites n=1. Therefore the Si coverage for elongated crystallite is

X =
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Figure 3. (a) Physical model describing the evolution of nanostructure with increasing X element content. (b) Correla-
tion between secondary phase segregation at the grain boundaries and nanostructure in Zr-Si-N films deposited at
various temperatures.
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Interestingly, the relation (1,2) predicts that if X ,, remains constant, the average crystallite
1
size d and the X content follow a linear relationshipCy =cte x T which is observed in many

Cy—a 3
Me-X-N systems. Fig. 3b for example illustrates that the dependence of Z(CX—L)F on 7&
Me

+0¢L

for the ZrSiN films is linear and that X ., can be evaluated from the slope of the curve.

4. Electrical properties

The electrical resistivity is strongly dependent on the film nanostructure. Not only the type
of polycrystalline major phase and grain boundary phase (metal-like conductor, semicon-
ductor or insulator), but also the grain size of crystalline phase, the thickness of grain boun-
dary phase and the global film density are the main parameters that influence the resistivity
of nanocomposite thin films. The thicknesses of the minority grain boundary phase (such as
SiN,, a-C, BN, or TiGe,) can be calculated using the model for the film formation described
in the section 3. Due to the fact that the charge carrier scattering is very sensitive to grain
size and nature of the grain boundary regions, it should more convenient to plot the d.c.
electrical resistivity values as a function of the grain size rather than to consider the atomic
concentration C y of the minority phase.

In the results presented in this section, the reported grain size values were obtained from
XRD measurements, most of which were acquired in grazing incidence configuration. This
value represents the mean value of the crystallite size in an oblique direction at about
15°-30° with respect to the film normal, the grain size values obtained from grazing inci-
dence XRD are much closer to the lateral size of the crystallites. So, to a first approximation,
these values could be considered as more suitable for calculating electrical parameters, due
to the fact that the electrical resistivity is measured in the plane of the film. Obviously, some
adjustment could be made in order to take into account the real lateral size of the crystalli-
tes, which can be obtained from TEM in cross-section.

4.1. Nanostructure and RT d.c. electrical resistivity

Depending on the atomic concentration of the minority phase and on the chemical composi-
tion of the main crystalline phase, the room temperature (RT) resistivity of MeXN nanocom-
posites can change over two or more orders of magnitude. It is worth noting that rather to
plot the RT resistivity as a function of the atomic concentration of the minority phase it is
more instructive to represent the RT resistivity as a function of the grain size in order to ex-
tricate the contribution of the structural film modification on the carriers transport proper-
ties. In this section, we will consider the nature of composites, how they can be classified
from their dc electrical resistivity behavior, how these reflect the electrical properties of the
constituent materials, and, in the next section, to what extent they can be modelled. Depend-
ing on the electrical nature of the polycrystalline mayor phase (metal-like conductor or semi-
conductor) and grain boundary tissue phase (conductor or isolator) three types of
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nanocomposites will be discussed: metal-like conductor/insulator (M-I), metal-like conduc-
tor/conductor (M-M), and semiconductor/insulator (S-I).

4.1.1. Metal-like conductor/Insulator (M-I) interfaces

The room temperature electrical resistivity of Zr-Si-N films, deposited at various tempera-
tures and bias voltages are shown in Fig. 4a [19]. The influence of the crystallite size on the
resistivity is clearly observed in the case of films deposited without bias at 510, 710 and 910
K. These films present a nanocomposite structure nc-ZrN/a-SiN,. The formation of an amor-
phous SiN, insulating (a-SiN,) layer on the ZrN nanocrystallite (nc-ZN) surface is responsi-
ble for significant increases in resistivity only for the films with silicon coverage Si ,, greater
than 0.5 ML. It should be mentioned that 0.5 ML coverage layer corresponds to 1 ML of SiN,
between two adjacent ZrN crystallites. Wherever such SiN| layers (thicker than 1.0 ML) are
formed, it is observed a significant gap between the resistivity values at the same crystallite
size value but at different values for SiN, thickness. The effect of grain boundary scattering
on film resistivity is enhanced as grain size is decreased. This corresponds to the increase of
the gap between the resistivity values of films deposited at 510 K, 710 K and 910 K with
crystallite size reduction. Thus, the grain boundary scattering is enhanced in the case of the
films showing higher SiN, surface coverage. The increase in resistivity with increasing Si
content related to the formation of nanocomposite material showing an insulating and con-
tinuum layer between conducting nanocrystallites, has been reported in Zr-Si-N (nc-
ZrN/SiN,) [14], Nb-Si-N (nc-NbN/SiN,) [18], Ta-Si-N (nc-TaSiN/SiN,) [36] and Ti-B-N films
(nc-TiB/BN) [37].

4.1.2. Conductor/Conductor (M-M) interfaces

In the case of M-M nanocomposites, the presence of a different conducting phase at the
grain boundaries of conducting crystallites, does not strongly affect the resistivity behav-
ior. Small changes in the densification, chemical composition of the films and high densi-
ty of point defects at the grain boundary regions could induce the observed variations. In
nitrogen-deficient or nitrogen-rich binary MeN,., thin films, the resistivity can strongly
depend on the chemical composition. Thus, in ZrN,,, and TaN,,, large variations of the
resistivity (one to two orders of magnitude) as a function of the N content are observed.
The N-deficiency also affects the electrical properties of Me-Si-N nanocomposites. For ex-
ample, in the case of N-deficient (ZrSi),N, (with x<0.5) films deposited at RT without bias,
or at 300 K and 510 K with -150 V bias, it is observed that the resistivity does not change
significantly with decreasing grain size (increasing Si content) as shown in Fig. 4a. The Si
compositional independent behavior of the resistivity is supposed to be originated from
direct percolation of the conducting ZrN, crystallites and/or ZrN,, crystallites separated
by low degree of nitridation of the SiN, grain boundary phase. In fact, the Si ,, surface
coverage was found to be too small (about 0.3 ML) to completely encapsulate the ZrN
crystallites. We have also obtained similar results on N-deficient (TaSi),N, nanocompo-
site films [36]. Resistivity Si compositional independent behavior was also reported for
nanocomposite TiN/SiN, films by Jedrzeovski [38].
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Figure 4. a) Resistivity vs. grain size for Zr-Si-N films deposited at various temperatures and biases. (b) Resistivity vs.
grain size for various films.

Furthermore, by comparing the evolution of the resistivity with decreasing grain size for Ti-
Ge-N and W-Ge-N composite films, a different behavior is observed (Fig. 4b). This differ-
ence gives us information about the electrical nature of the grain boundary phase:
conducting TiGe, phase in the case of Ti-Ge-N films [32] and insulating GeN, phase in the
case of W-Ge-N films [33], which is similar to the insulating SiN, phase in Nb-Si-N films. In
the case of the WC,-C films, changes in the phase composition from nc-W,C/nc-WC to nc-
WC/a-C are responsible for resistivity variation correlated to the variation of the crystallite
size and the presence of high density of point defects [34]. The situation is similar for TiBC
films though the presence of three phases, nc-TiB, nc-TiC and a-C, and the large solubility of
B in TiC make it difficult the interpretation of results [35]. In WC-C and TiBC nanocompo-
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sites, the grain boundary regions composed of a-C do not play a significant role. The main

free path of the electrons is mainly limited by the high density of point defects in the amor-

phous samples whilst lattice defects and grain size predominate in presence of nanocrystal-
line binary or ternary phases [34,35].

4.1.3. Semiconductor/Insulator (S-I) interfaces

Some MeN such as ScN and CrN are semiconductors. As far as we know, the electrical properties
of ScN/SiN, composites have not been published. In the case of CrN/a-SiN, system, varia-
tion of resistivity with the grain size was also observed [39]. But in the case of a semiconduc-
tor material, small variation in the chemical composition of CrN, crystallites strongly influences
the electrical resistivity of the film as shown in Fig. 4b. This could explain the dispersion of
the points for the same value of the grain size. This case is the most difficult to model
unambiguously. The temperature dependence of the intrinsic resistivity in semiconductor
materials masks the temperature dependence of the grain boundary scattering.

4.2. Temperature dependence of d.c. resistivity.

Measuring the electrical resistivity as a function of the temperature gives further informa-
tion on the main mechanisms responsible of the charge carriers scattering linked to structur-
al changes due to the addition of the second constituent. Fig. 5 shows the temperature
dependent d.c. electrical resistivity p(T') curves of NbSiN films deposited at 510 K as a func-
tion of the Si content [18]. The p(T) curves progressively change from metallic-like to non-
metallic-like behavior as the Si content in the films increases. These characteristic trends are
often observed in (M-I) type of nanocomposites as a function of the concentration of the in-
sulating minority phase. Fig. 6 a and 6b shows few p(T) curves of selected nanocomposite
films such as ZrSiN, TiGeN, WC-C, and TiBC for specific grain size. In Fig. 6¢ are presented
p(T) curves of Cr,4,SiyosN; o, and CrN, for 0.93<y<1.15. Detailed results concerning tempera-
ture dependent electrical resistivity can be found in [18] for NbSiN, in [34, 35] for WC-C and
TiBC, and in [19] for ZrSiN.

In the case of (M-I) nanocomposites (Fig. 6a), the temperature dependence of resistivity can
easily be correlated with film nanostructure (grain size and thickness of the insulating
phase). The effect of the electron scattering at grain boundaries is enhanced by the presence
of a thin insulating barrier. Thus, the resistivity p(T') of Zr-Si-N films with large grain size
exhibits metallic behavior (see [19]) while those having small grains exhibit a negative tem-

perature coefficient of resistivity (TCR =0 %). Similar behavior was reported by Piloud in

the case of TiBN films [40]. In all these works the authors correlates the negative TCR with
the diminution of the crystallite size and the presence of an insulating phase between con-
ducting crystallites.

491



492

Nanocomposites - New Trends and Developments

10 C ¥ T Y T T T]

Reslstivity {p& cm)

1D 'l Fi Il
0 100 200 300
Temperature (K)

Figure 5. Resistivity vs. Temperature variation for Nb-Si-N films with various Si content.

In the case of (C-C) nanocomposite (TiGeN, WC-C and TiBC), the temperature dependence
of resistivity is flat, so the TCR values are low (see Fig. 6b). The resistivity variations for 3
types of films having grain size of about 3nm are similar. The resistivity variation behavior
cannot be correlated with the thickness of the phase present at grain boundaries, probably
because of a high transmission probability G of charge carriers at the grain boundaries. The
absence of the energy gap at GB should be responsible for this.

In the case of (S-I) nanocomposites (CrSiN) the temperature dependence of resistivity (Fig.
6c) cannot easily be correlated with film grain size and scattering probability, because the
dependence of polycrystalline semiconducting materials on temperature masks the nano-
structure related effects. The change in the N content in CrN, crystallites significantly influ-
ences the resistivity behavior. The resistivity behavior of CrN, changes from metallic to
semiconducting with increasing N content. The formation of a nanocomposite CrN/SiN film
with an insulating SiN, phase between semiconducting CrN crystallites could explain the
further increase in resistivity.
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Figure 6. a) Resistivity vs. Temperature variation for Zr-Si-N films with a grain size of 6 nm. (b) Resistivity vs. Tempera-
ture variation for various films with a grain size of 3 nm. (c) Resistivity vs. Temperature variation for CrN films with

various N/Cr atomic ratios.
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5. Grain boundary scattering model

It is frequently observed that the electrical conductivity of thin polycrystalline films strongly
deviates from that of the corresponding bulk single-crystalline material. The conductivity is
reduced, which commonly is explained by a reduction of the mean free path of electrons
(mfp), and often a negative coefficient of resistivity TCR is observed. In the case of quasi-
amorphous or heavily distorted materials negative TCR values have been explained by the
hopping mechanism or by a week localization of a two-dimensional electron system. How-
ever, these models cannot explain all negative TCR values. Based on many experimental re-
sults G. Reiss, H. Hoffman et al. [41] proposed the grain boundary scattering model for the
d.c. resistivity of polycrystalline thin film materials. The authors state that all electrons re-
tlected by the grain boundaries along one mfp do not contribute to the resulting current and
the reduction of the conductivity depends exponentially on the number of grain boundaries

per mfp. In this model, an effective mean free path L ;=L G * /P)is introduced to describe
the electron scattering at the grain boundaries including the grain size effect; the d.c. electri-
cal conductivity is given by 0 =0,G (* /Diwhere ogis the bulk conductivity, G is the probabili-

ty for an electron to pass a single grain boundary and D is the mean grain size. Under the
condition L/D<<1 the conductivity is reduced to the Drude conductivity without grain boun-
dary effect. The model also predicts a change of the sign of TCR from positive to negative
values when L and G fulfil the condition (L/D)In(1/G)>2.

Thus, the dc electrical resistivity is then given by

NEAS (1) L /D)_(K) <L /D)
pg_( ) 7 /G =\z7)G 3)

where m, is the effective masse of the charge carriers, v;is the Fermi velocity, N is the density

of the charge carriers, D is the grain size parameter, L is the inner-crystalline mean free path
and Gis the mean probability for electrons to pass a single grain boundary. The inner-crys-
talline mean free pathL , describing the volume scattering of electrons, is limited by a tem-
perature invariant elastic scattering at lattice defects and acoustic phonons, namely!,, and by

the temperature dependent inelastic scattering,l, ,L ~'=1""+I . The inelastic mean free

in /

path is approximated by [;, ~aT "7 where a and p are material specific constants.

In nanocomposite materials composed of a main polycrystalline phase (TiN, ZrN, NbN,
TaN, CrN, WC, etc) and amorphous minority or tissue phase (SiN,, GeN, TiB, a-C, etc.) the
grain size of the main material, and the thickness and nature of the grain boundary regions
can be easily tailored by the volume concentration of the minority phase. The equation (3)
gives the possibility, by a simple fitting procedure of p(T )curves, to obtain pertinent infor-
mation on the main scattering parameters such as G, D and [ ,. For the theoretical modeling
via the relation (3), at the first approximation grain sizes obtained from XRD or HRTEM
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Figure 7. Mean probability G vs. grain size for ZrSiN films deposited at 510, 710 910 K and under bias (lines are added
to aid the eye).

The transport mechanisms in nc-NbN/a-SiN, nc-ZrN/a-SiN, and nc-TaN/a-SiN, have been
satisfactory described by the grain boundary scattering model. In the case of the Zr-Si-N sys-
tem, the electrical properties of Zr,Si;N, films deposited various temperatures, namely, at
300 K (without substrate heating), 510 K, 710 K and 910 K have been investigated in details.
It is important to point out that by increasing the substrate temperature the solubility limit
of Si, a; , in the ZrN lattice decreases whereas the Si coverage, Si ,,, increases. Thus, the val-
ues of the pairs (a; ,51 ,,) are (5 at. %, 0.2), (4 at. %, 0.5), (2 at. %, 0.8) and (1 at. %, 1.8) for the
Zr,Si N, films deposited at 300 K, 510 K, 710 K and 910 K, respectively. The main probability
for electrons to pass the grain boundary G is related to the formation of the SiN, coverage
layer as shown in Fig. 7. In films deposited at 710 K and 910 K, pure ZrN and Zr,Si N, films
with low Si content (<0.5 at. %) exhibit high G values, G=0.25-0.35. But, for Si content > 1 at%,
where the solubility limit is low and the Si coverage important, G deeply decreases down to
small values in good correlation with the high thickness values of the SiN, grain boundary
layer (1.6 ML and 3.6 ML, respectively) in these films. For films deposited at 510 K, G de-
creases slowly and at higher Si content (> 3 at. %) in good agreement with the higher Si solu-
bility and lower thicknesses of the SiN, layer observed in these films. The electron
transmission probability coefficient, G gives us information concerning the continuity and
thickness of the insulating phase between conducting grains. In the case of nanocomposites
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with SiN, covering layers thinner than 1.0 ML (300 K ZrSiN and 510K ZrSiN with -150 V
bias), G is larger than 0.05. So, a small scattering probability at grain boundaries implies a
small barrier at grain boundaries or the percolation of ZrN crystallites. The effect of the ni-
trogen content on the electrical nature of the SiN, grain boundary layer has been investigat-
ed in ZrSiN (deposited at 510 K and 710 K with -150 V bias) and in TaSiN films (deposited at
653 K). For N-deficient (ZrSi),N, and (TaSi),N, nanocomposites, the transmission probabili-
ty G remains in the range of 0.1-0.2 over the full investigated Si compositional range(0 — 12
at. %). These results clearly indicate that Si segregation in N-deficient MeSiN films does not
lead to the formation of an effective electrically insulating SiN, layer.

6. SiN, thickness and resistivity

6.1. Tunneling effect

When two metallic electrodes are separated by an insulating layer (M-I-M structure) the ac-
tion of the insulating layer is to introduce a potential barrier ® between the electrodes inhib-
iting the flow of electrons. However, if the insulating layer is sufficiently thin the current can
flow through the insulating region by tunnel effect [42,43]. In the case of electron tunnelling
experiments the tunnelling probability is found to be exponentially dependent on the poten-

-2.4d

tial barrier width, the tunnelling current is [ oc e VP e 24314 the tunnelling conductance

can change by about one order of magnitude for the change Ad~=0.1 nm. Fig. 8 was con-
structed by considering the thickness of the SiN, covering layer, as calculated by using the 3-
step model for the film formation in the case of ZrSiN films, and the measured resistivity
values taken in the region where we have a nanocomposite ZrN/SiN, structure, as far for the
grain size of 4, 6, 8 and 10 nm. The resistivity tends to increases exponentially with the thick-
ness of the SiN, layer in the range 1.0-3.6 ML (corresponding to a separation distance of
0.2-0.8 nm between metallic crystallites) suggesting that the transport of the electrons across
the thin barrier layer seems to occur by tunnelling.

For a M-I-M structure with an insulating layer of thickness d, the tunnelling probability T ,

for a with a rectangular barrier with an effective barrier height e¢ ; is given by:

2 * 1/2
Tp=exp(—2{ m;;%} d)zexp(—aT@d) (4)

If the effective masse in the insulator isn, ~m,, the ¢ ; en volts and d in A then a,=1. The

tunnelling conductivity o ; is given by
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2
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. . . . e P
where 7 1 is the tunneling relaxation time 7 =—

and [ , the effective main free path. The

tunneling conductivity decreases exponetially with increasing the thickness of the insulating
layer. Fig. 9 shows the relationship of the tunneling resistivity and the thickness of the insu-
lating layer with the tunneling probability as calculated from Eq’s (4) and (5) for the ZrSiN
system. T , and o ; have been calculated for two different electron densities N= (1.8-3.6) 10%
cm? for the ZrN, v = 10°® cm s, [ =(5-10) nm and for two different effective barrier height
values, ¢ ; =0.6 V and ¢ ;=1 V. Considering that 1 ML of SiN, corresponds to about 0.22
nm, the tunneling model predicts that for ¢ ;=1 V the tunneling probability decreases from
10" to 10* and the resistivity increases from about 10> pQ2 cm up to 10° uQ cm when the
thickness of the SiN, layer change from 1 ML to 4 ML. For lower ¢ ; values, equivalents in-
sulating layers lead to low resistivity values. In Fig. 7 it is shown the transmission probabili-
ty G, obtained by fitting the p(T) experimental curves using the grain boundary scattering
model, as a function of the crystallite size (deduced from XRD) for the ZrSiN films deposit-
ed at various temperatures. It is worth noting that for films exhibiting comparable crystallite
sizes, for instace 12 nm, but with different Si coverages, G values are in the rage of 107, 102
and 107 corresponding to SiN, thicknesses of IML, 1,6 ML and 3.6 ML, respectively. Though
the tunneling conductivity in nanopolycrystallite materials is undoubtedly complexe, the
correlation between T ; and G is remarkable. These trends suggest that tunneling conduction
should be envolved as one of the the conduction mechanisms responsible for electrons to
cross de grain boundary layer between two adjacent crystallites; in particular in the case of
elongated crystallites where the length to width ratio higher than 10 have been reported
from HRTEM investigations for MeN/SiNx nanocomposites [31,32].

107 ¢ T T T
b % grah ske 4 nm
[ B g2 skze & nm
10° L @ grmnszesnm
g F| 4 g2k ske 10nm
§- 10°F
> 10° @
= g -
— Ly &
'IE; 10 — @
.E F
¢
o 107 E
1[]2 1 1 1 1 1 1 1
0.0 0.4 0.8 1.2 1.6 2.0

SiN thickness (ML)

Figure 8. Resistivity vs. thickness of SiN, interfacial layer: ZrSiN films with 4, 6, 8, and 10 nm crystallite size at 510 K (0.5
ML), 710 K (0.85 ML) and 910 K (1.8 ML). (lines are added to aid the eye).
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Figure 9. Tunneling resistivity and interfacial insulating thickness vs. tunneling coefficient.

It will be useful to estimate the barrier height e¢ ; in such M-I-M structures. Knowing this
value, the transmission probability across metallic-insulating-metallic structures can be cal-
culated as a function of SiN, thickness. By determining G from fitting the resistivity depend-
ence on temperature, we can extract the SiN, thickness from electrical measurements. We
will not speculate that the calculated G values are sufficiently precise to then extract the en-
ergy gap at the grain boundaries. Rather, we would just like to highlight the good correla-
tion between structural and electrical properties.

6.2. I-V characterisation

To investigate if the observed conductivity in SiN, thin film results from tunnelling of elec-
trons through the SiN, thin film current-voltage (I-V) measurements should be performed
on Me-SiNx-Me structures. For this purpose, SiN, films sandwiched between ZrN or TaN
have been prepared by magnetron sputtering. These structures have been deposited at 740
K and with bias voltage of -150 V in order to obtain smooth surfaces leading to relatively
sharp interfaces. The I-V characteristics for ZrN/SiN,/ZrN structures with different SiN,
thicknesses are show in Fig. 10. The effect of the SiN, thickness is clearly noticed by compar-
ing the I-V curves with that of the structure without SiN, layer. For SiN, thicknesses small
than 5 nm (namely the ultrathin regime) the I-V curves show ohmic behaviour, while for
thicknesses higher or equal to 5 nm the I-V curves exhibit a symmetric non-linear behaviour.
Similar curves have been also observed in the case of TaN/SiNx/TaN structures. The linear
behaviour observed in the ultrathin regime can be interpreted in terms of electron tunneling
process. A Poole-Frenkel type resistance describes the S-shaped curves, often observed in
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thin films. In the case of ideal symmetric M-I-M structure the tunnelling current for V< ¢  is
given by [42]

I-V curves Zi/SiN Z N multilayers
1x10* —~r—r——

5x10°

Current {A)

5x10°

Ax10*

Applied Voltage (V)

Figure 10. I-V curves in ZrN/SiN/ZrN multilayer films with various insulating SiN layer thicknesses.

I=1[(¢5=V [2)exp(- AY( @5V [2))~ (¢ + V | 2)exp(- A(py + V [2))] (6)

and for low V range

(2mepy) '
2h %d

2meQy }

= 7)

I= Vexp{ -2d

Earlier studies of the current transport mechanisms in silicon nitride thin films, performed
on structures such as Au/Si;N,/Mo and Au/Si;N,/Si, have shown that the current transport is
essentially independent of the substrate material, the film thickness and the polarity of the
electrodes [44]. In these studies the Si;N, thickness was in the range of 30 to 300 nm. De-
pending on the ambient temperature and the electric field three different conduction mecha-
nisms have been identified: Ohmic-type, Poole-Frenkel emission and Fowler-Nordheim
tunneling. The Poole-Frenkel mechanism is mainly due to field-assisted excitation from
traps and is often observed on defective materials while the Fowler-Nordhein conduction
depends on free carriers tunnelling through high quality Si;N, at high electric fields. Ohmic
conduction was attributed to the hopping of thermally excited electrons from one isolated
state to another.
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Poole—-Frenkel Ipp =Cpp Vexp(—edg +aV 2 [kT) (8)
Fowler—Nordhein Iy =Cpy V %exp(-b [V) )
Ohmic-type Low=ConVexp(—epq [kT) (10)

Tao et al [45] have been investigated the effect of N vacancies (5i-Si bonds) and O substitu-
tions (5i-O bonds) on the current-transport properties of SiN, o, SiN,;; and SiO, N, thin
films. The thickness of the Si nitride and of the Si oxynitride layers in Al/SiNO/Si/In struc-
tures was typically 15 nm. The results of these studies have been well correlated with the
nature of the insulating layer. Thus, all the films exhibit an Ohmic regimen at low electrical
fields. The ohmic resistivity depends on the nature of the film; Si-rich films exhibit lower re-
sistivity values while oxynitrides films show the highest values, as the carriers are generated
by thermal excitation from traps it was concluded that the density of traps is higher in Si-
rich films than in oxynitrides. At intermediate and high electrical fields, Poole-Frenkel emis-
sion is the dominant conduction mechanism in Si-rich SiN, films whereas Fowler-Nordhein
tunnelling is mainly involved in oxynitrides films but absent in Si-rich films. Both Poole-
Frenkel (at intermediate electrical fields) and Fowler-Nordhein (at high fields) mechanisms
are present in nearly stoichiometric Si;N, films.

Based on all these studies we can conclude that the tunnelling current-transport in ultrathin
SiN, layers is very sensitive to N vacancies and to the presence of oxygen atoms. Therefore,
Nc-MeN/a-SiN, nanocomposite thin films containing silicon nitride layers with similar thick-
nesses but with different chemical composition (sub-stoichiometric or nearly stoichiometric
Si;N,, oxynitride) can exhibit different electrical properties. Thus, the effects of N-deficiency
on the electrical properties of ZrN/SiN, and TaN/SiN, nanocomposites as discussed in the
section 4 can be interpreted in terms of the presence of high density of free carriers at the grain
boundaries thereby leading to high tunnel currents. In addition, the difficulty with real inter-
facesin thin filmsis thatevenif the chemical composition were well controlled surfaceroughness
would increase the local electrical field rising up unexpectedly the tunnel currents.

7. Conclusion

Nanocomposite materials present a high degree of complexity due to small grain size, high
curvature radius of nanocrystallites and, in general, a very thin minority phase layer situat-
ed at the grain boundaries. Correlating electrical resistivity measurements with film nano-
structure provides information concerning the thickness and continuity of the interfacial
layer covering conducting nanocrystallites in conducting-insulating nanocomposite films.
Aside from some constraints, the possibility to measure experimentally, albeit indirectly,
such small interfacial layer thicknesses constitutes an important breakthrough in precise
characterization of such nanostructures.
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