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ARTICLE INFO ABSTRACT

Keywords: A variety of quarternary NbSiCN nanocomposite films, which with the different Si and Ni contents, are deposited
NbSiCN nanocomposite film on Si (100) substrates by the reactive magnetron sputtering. The X-ray diffraction, field-emission scanning
Interfaces electron microscopy, high-resolution transmission electron microscopy, X-ray photoelectron spectroscopy, na-
Microstructure

noindentation techniques, and substrate curvature methods were used to research the effects of C/Si contents
ratio on the microstructures and mechanical behaviors of the NbSiCN nanocomposite films. The fabrication of
the NbSiCN nanocomposite film can be described as a two-way doped mechanism. When the C/Si content ratio
was 1: 4 or 3:2, the films showed the best crystallinity with the pronounced preferential (111) and (200) or-
ientations, respectively. Meanwhile, the corresponding Nb,(Si4sC;N and Nb,,Si>C3N presented two equally-low
values of average crystallite sizes and obvious optimal mechanical properties. The first-principles calculation
was utilized to obtain Young's modulus of the interfacial layer, which was difficult to obtain the values by
experiments. The combined effects of the modulus-difference and alternating-stress-field strengthening me-
chanisms, and Hall-Petch relationship produce the hardness effect of the NbSiCN nanocomposite film, which is
composed of the interfacial layer of numerous compounds.

Interface coherency
Superhardness effect
Two-way doped mechanism

1. Introduction

Over the past decades, the nanocomposite films have triggered the
concerns of many researchers, because these films universally exhibit
enhanced mechanical properties in contrast to their constituent mate-
rials [1-3]. It can artificially obtain superhard thin films by such su-
perhardness effects. The nanocomposite films are composed of nano-
crystallites (<10 nm) encapsulated by interfacial layers, which can be
categorized into two categories according to the type of the interfacial
layer. The first type is the film with an interfacial layer of the com-
pound. The second one is the film with an interfacial layer of the metal.

Currently, the nanostructure and strengthening mechanism of the
first typological nanocomposite films have been extensively interpreted
by the “nc-TmN/a-Si3N,4” model proposed by Veprek et al. in 1995 [4],
in which equiaxed TmN (transition metal nitride) nanocrystallites (nc-
TmN) were encapsulated in an amorphous SizN,4 (a-SizN,) interface. But
due to the lack of the competent and immediate experimental evidence,
the “nc-TmN/a-Si3N,” model still remains controversial [5,6]. Espe-
cially, our recent research found an important phenomenon in the TiSiN
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and TiAlSiN nanocomposite films, which were strengthened with an
appropriate Si content, as follow [7]. Firstly, the SizN, interfacial phase
can be crystallized between adjacent TiN and TiAIN nanocrystallites,
which does not agree with the “nc-TmN/a-Si3N4” model. Secondly, the
columnar growth structure could coexist with the nanocomposite
structure within a Ti(AI)SiN film.

The coherent-interface-strengthening mechanism can be still ap-
plied to the second type of nanocomposite films. For example, our re-
cent research found that when TiNiN nanocomposite films were
strengthened with a proper Ni content, the Ni interfaces could co-
ordinate the misorientations between TiN nanocrystallites. At the same
time, the Ni interfaces could also grow coherently with the adjacent TiN
nanocrystallites [8]. The phenomenon suggested that the nc-TmN/a-Me
model was not suitable for the TiNiN nanocomposite films, but the
coherent interface mechanism was appropriate.

Because of the thermodynamic incompatibility, the NbSiN films are
regarded as having a typical nanocomposite structure with an inter-
facial phase of SizN,4 [9-11]. With the development of the dry and high-
speed cutting technology, more complex films, compared with ternary
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nanocomposite films, have been designed to further promote the me-
chanical properties and thermal stabilities [12], e.g., TiSiCN [13-15],
TiZrAIN [16,17], CrMoSiN [18,19], TiNbSiN [20], and AIMgBTi [21].
But regrettably, the hardness effects of those nanocomposite films were
just simply explained by the “nc-TmN/a-Si3N4” model [4], which may
not reveal the strengthening mechanisms of those nanocomposite films.
It is worth further investigations whether the coherent-interface-
strengthening mechanism can be applied to the nanocomposite film
with the interfacial layer of two and more compounds or not. For this
purpose, the quarternary NbSiCN nanocomposite films are deposited by
a reactive-magnetron synthesized technique, which with the different C
and Si contents. The influences of the different C and Si contents on the
microstructures and mechanical properties of the NbSiCN nano-
composite films would be studied. Particular attention would be used to
the interfacial morphology through the direct experimental method
when the film is strengthened with appropriate C and Si contents,
which is to elucidate the strengthening mechanism of the NbSiCN na-
nocomposite film.

2. Material and methods
2.1. Fabrication of films

The reactive-magnetron sputtering system was used to fabricate the
NbSiCN nanocomposite films, NbyoSisN and NbCN nanostructured films
on the Si(100) substrates at room temperature. The NbSiCN films,
NbSisN and NbCN films were sputtered from the NbSiC compound
target [99.99, atomic percent (at.%)], NbyoSis compound target
(99.99 at.%), and NbC compound target (99.99 at.%) with a diameter
of 75 mm, respectively. The power was maintained at 300 W by a radio-
frequency (RF) mode. The pure Nb (99.99 at.%), Si (99.99 at.%), and C
targets (99.99 at.%) were respectively cut into 25 pieces to fabricate the
NbSiC compound targets with different Si and C contents. Because of
the total amount of Si and C has an important effect on the NbSiCN
nanocomposite films, the number of Si and C was fixed at 5 in the
present research. The NbSiC compound targets with different C:Si:Nb
volume were fabricated by replacing different pieces of Si and C. The
C:Si:Nb volume was set at 0:5:20, 1:4:20, 2:3:20, 3:2:20, 4:1:20, and
5:0:20, respectively. As mentioned above, the NbC compound targets
with different C contents were also fabricated by replacing different
pieces of Nb with the same piece of C. The NbC targets with different C/
Nb volumes, including 0:25, 1:24, 2:23, 3:22, 4:21, and 5:20, were
fabricated, respectively. For the purpose of avoiding contamination, the
background pressure was pumped down to 5.0 X 10~ “ Pa before the
deposition. The high-purity N, (99.999 at.%) and Ar (99.999 at.%)
were introduced into the chamber, and the N, and Ar flow rates were
kept at 5 and 38 sccm (standard-state cubic centimeter per minute),
respectively. The total working pressure was kept at 6.0 x 107! Pa.
Before the reactive magnetron sputtering, the Si substrates were ul-
trasonically cleaned in alcohol and acetone for 10 min, respectively.
The Si substrates were then mounted on a rotating substrate holder in a
vacuum chamber. The distance between the substrate and target was
50 mm. Before the deposition of the NbSiCN nanocomposite films, the
Si substrates were subjected to further sputtering for 15 min for the
pretreatment. In order to improve the homogeneity of films, the sub-
strate rotation was set at a speed of 10 r/min. The deposition time for
each sample and the thickness of each film were summarized in Table 1.

2.2. Characterizations and measurements

The crystal structures of the films were examined by means of X-ray
diffraction (XRD) using a Bruker D8 Advance system with the Cu K,
radiation. The step time and size for XRD were set at 5 s and 0.02°,
respectively. The XRD measurements were implemented in the Bragg-
Brentano (6/26) scan mode with operating parameters of 20 mA and
30 kV. The diffraction angles (26) were scanned from 20° to 90°. In the
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Table 1
The deposition time and thickness of all the NbSiCN films.

Film Deposition time (s) Thickness (um)
NbyoSisN 7200 2.2
NboSisC;N 7200 1.9
NbySizCoN 7200 2.1
Nb,SizCsN 7200 2.0
NboSi; C4N 7200 2.2
NbyoCsN 7200 2.1

investigation of the selected reflection of the NbSiCN nanocomposite
films, the grain sizes of the films (D) were calculated, using the Scherrer
formula [22].

D = 0.891/(B-cos 6) (@)

where D is the average crystallite size perpendicular to the reflecting
planes, A is the x-ray wavelength, B is the half-width of the peak in
radians due to the finite size of the crystal, and 6 is the Bragg angle. The
chemical compositions of the NbSiCN nanocomposite films were de-
termined by energy dispersive spectroscopy (EDS) on a Philips Quanta
FEG450. The microstructures of the NbSiCN nanocomposite films were
investigated by the field-emission high-resolution transmission electron
microscopy (HRTEM), using a Philips CM200-FEG instrument. The X-
ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD) was uti-
lized to analyze the bonding structure, with an Al-K, (hv = 1486.6 eV)
radiation source operated at 150 W.

The hardness and elastic modulus of the films were measured on an
Agilent G200 nanoindenter equipped with a Berkovich diamond in-
denter, using the Oliver and Pharr method [23]. The surveys were
implemented by applying a load of 5 mN at a rate of 0.1/s. At the same
time, the indentation depth was approximately set at 100 nm, which
was less than 1,/10th of the film thickness, to minimize the effect of the
substrate on the measurements. Each value of mechanical properties
was an average of at least 16 measurements. The residual stresses of the
films were studied by the substrate curvature methods, using a SuPro
Film Stress Tester FST1000 instrument. In the investigation of the wafer
curvature of the NbSiCN nanocomposite films, the residual stresses of
the films were calculated, using the Stoney formula [24]. The re-
lationship between the average stress in the film and the variation of
the curvature of the film-substrate system is revealed by Stoney equa-
tion.

h2E, ( 1 1 )
g=———|=-—

6(1 —vhf\R, R (2)
where h is the thickness of the substrate, E; is the Young's modulus of
the Si substrate, hy is the thickness of the nanocomposite film, v is the
Poisson's ratio of the Si substrate, R; and R, are the radii of the sub-
strate before and after sputtering.

3. Model and computational details

The process for calculating the hardness increment of the NbSiCN
nanocomposite film is described as follows. Firstly, the primitive lattice
constants of a, b, ¢, atomic coordinates, type and number of the new
super-crystal cell, and distribution of the replaced atoms are given.
Subsequently, the model of the new super-crystal cell and Young's
modulus are calculated by the first-principles calculations. The shear
moduli of the new super-crystal cell are calculated according to the
Young's modulus. And then, the hardness increment is calculated ac-
cording to the modulus-difference theory [25], alternating-stress-field
theory [26], and Hall-Petch relationship [27,28], respectively. Finally,
the total theoretical hardness is obtained by the above data.

The first-principles calculation was performed, based on the density
functional theory. The crystal structure of the nanomonolayer face-
centered-cubic (fcc)-structured NbN composed of four atoms of
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niobium (Nb) and four atoms of nitrogen (N). Based on the coherent
interface growth in the Nb,,Si>,C3N nanocomposite film, the models of
the Si3N,4/C/CNy interfacial layer in Nb,,Si;C3N were built by replacing
corresponding atoms in the fce-structured NbN crystal cell with atoms
of carbon and silicon, which could be described as a CoSigNg super-
crystal cell.

In the building of the CoSigNg super-crystal cell model, the primitive
unit cell with lattice constants of a = b = ¢ = 0.3114 nm was used.
The atomic coordinates were + 4 Nb (0,0,0) and + 4 N (0.5,0.5,0.5) in
each model of the fce-structured NbN crystal cell, respectively.
Meanwhile, it replaces six atoms of niobium with six atoms of silicon,
and also replaces six atoms of niobium and three atoms of nitrogen with
nine atoms of carbon, respectively. For improving the calculation effi-
ciency and considering the effect of the cyclic-boundary condition, the
replacement of atoms is considered as a symmetric distribution of
atoms.

The first-principles calculation was performed with the framework
of the density functional theory (DFT) [29,30], using Vanderbilt-type
ultrasoft pseudopotentials [31], as implemented in the Cambridge Se-
rial Total Energy Package (CASTEP) code [32-34]. In the aspect of the
plane-wave basis set, the cut-off energy was set at 310 eV. The Mon-
khorst-Pack method [35], which with a 5 x 5 X 5 k-point mesh, was
used to carry out the k points sampling integration over the Brillouin
zone. The exchange-correlation potential of the generalized gradient
approximation (GGA) with the Perdew-Wang (PW91) [36] para-
metrization was employed. The geometry optimization adopted the
Brodyden-Fletcher-Goldfarb-Shanno (BFGS) minimization scheme [37].
As the total energy is 2.0 X 107° eV/atom, the self-consistency was
considered to be converged. The maximum value of the ionic Hellmann-
Feynman force was set as 0.05 eV/A. By setting the above parameters,
the total energy and Young's modulus calculations could be well-con-
verged in a good shape.

4. Experimental results
4.1. Microstructures

Fig. 1 shows the XRD patterns of NbSiCN nanocomposite films with
the different Si and Ni contents. It can be seen that there are diffraction
peaks of the crystalline NbN located at (111), (200), and (220) crystal
planes [38-40]. No signals from the crystalline SizN4 and C can be
observed, which implied that the content of the interface phase was low
in nanocomposite films. As the C/Si content ratio is 5:0, the film only
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Fig. 1. XRD patterns of NbSiCN nanocomposite films with the different C/Si
ratios.
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reveals an obvious diffraction peak located at the (111) orientation.
Because of the absence of the Si element, the NbCN film cannot form
the nanocomposite structure [41]. To reduce the energy in the fcc
structure, the NbCN film tends to grow along the (111) crystal plane
[42].

After the initial insertion of the Si elements, the intensity of the
(111) diffraction peak descends. The appearance shows that the crys-
tallization degree of the film decreases. This phenomenon also proves
that the NbCN-nanostructured film does not form nanocomposite
structures with coherent interfaces under the present preparation con-
dition. As the C/Si content ratio further decreases to 3:2, the intensity of
the (111) diffraction peak increases again and reaches the maximum,
suggesting that the Nb,,Si>C3N film develops the highest crystallization
degree with a (111) preferential orientation. At the same time, the
(220) peak can be observed in the Nb,,Si>C3N film.

As the C/Si ratio declines from 3:2 to 1:4, the intensity of the (111)
peak becomes gradually weak, and the intensity of the (200) diffraction
peak remarkably increases. It indicates that the film crystallinity is with
a prominent (200) preferential orientation. When the C/Si content ratio
is 0:5, the preferred orientation of the film changes from (200) to (111)
orientations, and the diffraction intensity decreases.

In order to determine the C/Si ratio before and after sputtering, EDS
is used to determine the chemical compositions of the NbSiCN nano-
composite films. The C/Si ratios of the NbSiCN nanocomposite films are
shown in Table 2. Because of the oxygen concentration is lower than
2 at.% in all films, it is disregarded in the quantification. The detection
of oxygen is likely caused by the residual organic substance in the va-
cuum chamber or contaminants on the coating surface. The C/Si ratio
after sputtering is slightly lower than that before sputtering. The de-
viation of them is increased with the C element increasing. The most
important reason for this phenomenon is likely due to the Si substrates
for every films.

Because of the maximum of the crystallization degree with a pro-
nounced preferential (111) orientation, the typical cross-sectional
HRTEM images and selected area electron diffraction (SAED) patterns
of the NbyoSi>C3N film are exhibited in Fig. 2. From the low-magnifi-
cation image of Fig. 2(a), it can be clearly seen that the Nb,,Si>C3N film
presents an obvious columnar growth structure, which is similar to the
NbN monolithic film. The columnar growths are indicated in Fig. 2(a)
by red arrows. Moreover, the medium-magnification image of the red
dashed line area in Fig. 2(b) indicates that some dark nano-sized grains
exist in an individual columnar grain.

Fig. 2(c) shows the highly-magnified morphology of the nano-
composite structure. The yellow a, b, c, d, e, and f are used to mark the
interfaces between the adjacent nanocrystallites. Meanwhile, there exist
the NbN nanocrystallites with the dark contrast marked by the red A, B,
C, D, E, F and G, which were surrounded by the interfaces. The nano-
composite structure can be clearly observed in the NbSiCN film with the
C/Si content ratios of 3:2 and with the equiaxed nanocrystallites sur-
rounded by the interfaces. In Fig. 2(d), the SAED patterns indicate that
the Nb,oSioCsN film exhibits an fec structure with the (111) preferred
orientation, which are in agreement with the XRD data in Fig. 1. When
the C/Si ratio declines to 1:4, the film shows the highest crystallization
degree with a pronounced (200) preferential orientation. Fig. 3 presents
the typical cross-sectional HRTEM images and SAED patterns of the
Nb5pSi4CiN film. The columnar growth structure still can be observed
in the NboSi4C;N film from Fig. 3(a). The columnar growths are in-
dicated in Fig. 3(a) by red arrows. As shown in the magnified image
presented in the red dashed line area from Fig. 3(b), an obvious na-
nocomposite structure is created in the NbySi,C;N film with the dark
nanocrystallites surrounded by the bright interfaces. The interface can
still be found in the crystallized state of the NbSiCN film with the C/Si
content ratio of 1:4, as illustrated in Fig. 3(c). Furthermore, the lattice
fringes of NbN nanocrystallites denoted by the red A, B, C, D, E, and F
are surrounded by crystallized interfaces with the bright contrast
marked by the yellow a, b, ¢, d, e, and f, as shown in Fig. 3(c),
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Table 2
The C/Si ratio before and after sputtering.
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Sample Amount of C chips on target ~ Amount of Si chips on target  C/Si ratio before sputtering  C (at.%) Si (at.%) C/Si ratio after sputtering  Deviation (%)
NboSisN 1] 5 0:5 0 23.9 0:23.9 /

Nb,Si4CiN 1 4 1:4 4.7 20.7 4.7:20.7 9.2
NbyoSisCoN 2 3 2:3 11.0 18.6 11.0:18.6 11.3
NbySioCsN 3 2 3:2 14.3 11.2 14.3:11.2 14.9
NbySi;C4N 4 1 41 19.1 5.9 19.1:5.9 19.1

NbyoCsN 5 0 5:0 22.7 0 22.7:0 /

suggesting that the nanocomposite film is incompatible with the “nc-
nanocrystallite/a-interface” model. Compared to Fig. 2(d), Fig. 3(d) still
indicates the legible SAED patterns, whereas the Nb5Si,C;N film ex-
hibits an fcc structure with the (200) preferred orientation. From the
images of Figs. 2 and 3, the interface coherency and nanocomposite
structures in both the Nb,,Si,C3N and Nb,(Si4C;N nanocomposite films
can be observed. Meanwhile, the Nb,;SioC3N nanocomposite film is
better than the Nb,(Si4C;N nanocomposite film in both the film crys-
tallinity and the interface coherency. The above two results are also in
accordance with the XRD data shown in Fig. 1.

The chemical bonding states in the Nb,pSi,C3N and NbySi4C;N
nanocomposite films are examined to identify the phase structures of
the nanocrystallites and interfaces. Figs. 4 and 5 demonstrate the XPS
spectra taken in the Si 2p, N 1s, and C 1s energy regions for the
Nb,pSi>C3N and Nb,oSi4C;N nanocomposite films, respectively. The

SisN,4 phase can be identified by a peak at 101.7 eV in the Si 2p spec-
trum [43]. The Ni 1s peaks are presented in the Figs. 4(b) and 5(b),
where the peaks corresponding to 399.7 eV, 397.5 eV, and 396.7 eV are
in agreement with the binding energies of CN, [44], SisN4 [45], and
NDbN [46,47], respectively. The C 1s spectra for both NbySi,C3N and
Nb20Si4C;N nanocomposite films show a main peak and a weak peak at
284.8 eV and 285.2 eV, respectively. These peaks correspond to a major
component of C—C [48] and a smaller component C—N [49].

From the results of the above-mentioned studies of XRD, HRTEM,
and XPS, it can be concluded that both Nby;Si,CsN and Nb,ySi4C;N
nanocomposite films are characterized as the nanocomposite structures.
The NbN nanocrystallites are surrounded by the interface phase, which
is constituted of SizNy, C, and trace amounts of CNy, in both Nb,Si,C3N
and Nb,,Si4C;N nanocomposite films. The collected experimental data
reflect that the effects of C and Si contents on the interface of the

A(111)

L\ S

F200)

Fig. 2. Cross-sectional HRTEM images of the Nb,,Si»C3N nanocomposite film: (a) low-magnification, (b) medium-magnification, (c) high-magnification, and (d)

selected area diffraction patterns.
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(220)
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Fig. 3. Cross-sectional HRTEM images of the Nb,,Si4C;N nanocomposite film: (a) low-magnification, (b) medium-magnification, (c) high-magnification, and (d)

selected area diffraction patterns.

NbSiCN nanocomposite film are similar to those on the interface of
TiSiCN [50]. The C and CN, dissolve into the interface, and combine
with SizN4 to form the SizN,/C/CNy interface phase.

4.2. Mechanical properties

Fig. 6 exhibits the dependence of the hardnesses and elastic moduli
of NbSiCN nanocomposite films with the change of the C/Si content
ratio. When no Si is added in the film, the maximum hardness and
elastic modulus of the NbCN nanostructured film are 26.1 GPa and
297.5 GPa, respectively. After the initial addition of the Si element, the

corresponding values for the Nb,Si; C4N nanostructured film deposited
under the same conditions first decrease to 24.7 GPa and 240.5 GPa. In
the NbySi,C3N nanocomposite film, the addition of the Si element
leads to the increase of the hardness and elastic modulus of the nano-
composite film, which reach the high values of 32.5 GPa and
344.8 GPa, respectively. But, with further increasing the Si content, the
mechanical properties rapidly decrease to the minimum values. As the
C/Si content ratio reaches 1:4, the mechanical properties of the NbSiCN
nanocomposite film improve again, and the maximum hardness and
elastic modulus are 35.0 GPa and 344.1 GPa, respectively. However, in
the NbSiN nanostructured film, the hardness and elastic modulus values
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Fig. 4. XPS spectra of the Nb,(Si»C3N nanocomposite film: (a) Si 2p, (b) N 1s, and (c¢) C 1s.
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fabrication conditions, the hardness and elastic modulus of the NbN
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a0 L 1 m and 245.1 GPa, respectively. However, with an increase in the C con-
E N [ §,_ tent, the mechanical properties of the nanostructured films gradually
O 36} 1 % improve. In the Nb,,C3sN nanostructured film, the maximum hardness
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Fig. 6. Variation of hardnesses and elastic moduli of NbSiCN nanocomposite
films with the change of the C/Si ratio.

rapidly decrease to 26.7 GPa and 301.5 GPa, respectively.

It is interesting to see a double peak graph according to the varia-
tion of the hardnesses and elastic moduli of NbSiCN nanostructured
films with the C/Si content ratio. Two hardness peaks and two elastic
modulus peaks in Fig. 7 are in agreement with XRD patterns, which
own high crystallinities with the pronounced preferential (111) and
(200) orientations, respectively.

To analyze the strengthening mechanism of NbSiCN nanocomposite
films, Fig. 7 shows the dependence of hardnesses and elastic moduli of
the NbCN nanostructured films on the C content. Under the same
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Fig. 7. Variation of hardness and elastic modulus of the NbCN nanostructured

film with the change of the C content.

5. Discussion

5.1. Microstructural evolution of NbSiCN films with the change of the C/Si
ratio

The D values for the NbSiCN nanocomposite films with different C/
Si content ratios using the Scherrer equation [22] are summarized in
Table 3. It can be seen that there are two decreases in the average
crystallite sizes of the NbSiCN nanocomposite films with different C/Si
content ratios. The D value for the Nb,oSisN nanocomposite film is
larger than those of the NbSiCN nanocomposite films. It can be seen
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Fig. 8. Variation of residual stress of NbSiCN nanocomposite films with the
change of the C/Si ratio.
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Table 3
Average crystallite size (D) of the NbSiCN nanocomposite films with different
C/Si content ratios calculated by the Scherrer Equation.

Film C/Si content ratio D (nm)
NbSisN 0:5 45.3
NbySisC;N 1:4 10.0
NbaoSizCoN 2:3 19.1
NbaoSioCsN 3:2 11.2
NbaoSi; C4N 4:1 15.1
NbyCsN 5:0 10.7

that the film crystallites are refined with the insertion of C elements.
With the initial insertion of C elements, the average crystallite size first
decreases, and the Nb,,Si4C;N nanocomposite film exhibits the
minimum crystallite size of 10.0 nm. As the C/Si content ratio increases
to 2:3, the average crystallite size rises to 19.1 nm. When the C/Si
content ratio is 3:2, the D value declines to 11.2 nm. With the C/Si
content ratio continued to increase, the D value rises and reaches the
second maximum in the Nby,Si;C4N nanocomposite film. As no Si is
inserted in the film, the D values decrease to 10.7 nm in the NbCN film.

Combined with the previous characterization and measurement,
two minimum values of average crystallite sizes both exist in the
NbSiCN nanocomposite films, which meanwhile show the highest
crystallization degree with different preferential orientations. It can
draw such a conclusion that the hardness effect of the NbSiCN nanos-
tructured film can be explained by the combined actions of the co-
herent-interface-strengthening mechanism and the Hall-Petch relation
theory.

In this investigation, XRD, SAED and XPS are the main methods of
determining the chemical composition of the phases. From Fig. 1, it can
be seen that all the films are only composed of NbN phases, while no
other phase is detected. In Fig. 2(d) and Fig. 3(d), the SAED patterns
indicate that the phases are in agreement with the XRD data in Fig. 1. In
order to make the chemical composition of the phases more clearly, the
XPS spectra are taken in the Si 2p, N 1s, and C 1s energy regions. In
Figs. 4 and 5, the C—N and C—C bonds are observed in the spectra. At
the same time, there is no C—Nb bond can be found in C 1s peaks. The
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results indicate that the C element exists as C and a small quantity of
CNy. There is no NbC or NbCN phase during the preparation. Compare
with the gas sources used in the CVD techniques, the Nb and C from the
solid NbSiC compound targets own lower activities. It is the main cause
of the absence of NbC and NbCN phases in this investigation. The N—Nb
bonds are observed in N 1s peaks, suggesting that NbN phase is created
during the deposition. This phenomenon is in agreement with the re-
sults of XRD and SAED. The Si—N bonds are observed in Si 2p and N 1s
peaks, suggesting that Si element exists as SizNy.

5.2. Strengthening mechanisms

Based on the above discussion, the rise in the mechanical properties
of the NbSiCN nanocomposite film can be explained by the combined
actions of the coherent-interface-strengthening mechanism, and the
Hall-Petch relation theory.

The fabrication of the NbSiCN nanocomposite film can be described
below, which is a two-way doped mechanism. On one hand, it is a
preparation of the Si-doped NbN film in the depositing process. On the
other hand, it can be comprehended as a C-doped NbN film during the
reactive sputtering. In the first case, the Si3N,4 can hardly dissolve into
the NbN nanocrystallites but solute into the interface. So the interface
phases are combined with C and CNy to form the Si3N,;/C/CN,. A si-
milar phenomenon has also occurred in the second case. From the data
of Fig. 7, the hardnesses of NbCN nanostructured films first increase and
then gradually decline with the increase of C elements. The effect of the
C content on properties of NbCN nanostructured films is illustrated in
Fig. 9(a). In our previous investigation on NbSiN nanocomposite films
[51], the hardness of NbSiN nanocomposite films also first increases
and then gradually declines, as presented in Fig. 9(b). When the C and
Si are mutually doped, the hardness effects from the C and Si can be
accumulated, leading to a “double peak” hardness effect, which occurs
in the NbySi»C3N and Nb,Si4C;N nanocomposite films, respectively,
as exhibited in Fig. 9(c).

The microstructural evolution of the NbSiCN nanostructured film,
which with increasing the C/Si content ratio from 0:5 to more than 3:2,
is illustrated in Fig. 10. As the C/Si ratio is 0:5, the SisN, phase can

Fig. 9. Schematic illustration of the hardnesses of NbSiCN nanocomposite films with the change of the C/Si content ratio.
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Fig. 10. Schematic illustration of microstructural evolution of NbSiCN nanocomposite films with change of the C/Si content ratio: (a) C/Si = 0:5, (b) C/Si = 1:4, (c)

C/Si = 2:3, (d) C/Si = 3:2, and (e) C/Si > 3:2.

segment the NDbN nanocrystallite due to the thermodynamic in-
compatibility between SizN, and NbN [51]. The Si3N, interface exists in
the amorphous state, which damages the coherent interface structure
between the Si3N, interface and NbN crystallites, as exhibited in
Fig. 10(a). When the C/Si ratio rises to 1:4, due to the addition of the C
element, the interface becomes more flexible. In Fig. 10(b), it can be
seen that the SizN4/C/CNy interface inclines to grow a coherent inter-
face with the adjacent NbN nanocrystallites, because of the small in-
terfacial phase thickness. The nanostructure can lower the interfacial
energy in the Nb,,Si4C;N nanocomposite film [23]. The coherent in-
terface structure between the SizN4/C/CN, interface and NbN crystal-
lites can lead to the amelioration of the film crystallinity, which is in
agreement with the XRD results in Fig. 1.

When the C/Si ratio further increases from 1:4 to 2:3, the SisN4/C/
CNy interface cannot keep the coherent interface with the adjacent NbN
nanocrystallites, as exhibited in Fig. 10(c). The disappearance of the
interface coherency leads to the decrease of the film crystallinity.
Meanwhile, without the coherent-interface structure, the hardness ef-
fect of the NbSiCN nanocomposite film vanishes away, making for the
rapid decrease of the mechanical properties of the NbSiCN nano-
composite film. As the C/Si ratio rises to 3:2, the amounts of C and CN,
exceed SizN, at interfaces. The change of the chemical composition at
the interface leads to the formation of new coherent interface structures
between the SizN4/C/CNy interfaces and NbN crystallites. Meanwhile, a
new pronounced preferential orientation of the nanocomposite film
forms. Further increasing the C/Si ratio can increase C and CNy contents
at the SizN4/C/CNy interface. Accordingly, the chemical composition
and interfacial energy change, resulting in the disappearance of co-
herency between the interface and crystallites.

Notably, the remarkable hardness effect is only observed for the
NbSi4C1N and NbSi>C3N nanocomposite films. From Fig. 1, with the
C/Si ratio raises from 1:4 to 3:2, the preferential diffraction peak of the
nanocomposite film changes from (200) to (111). The good crystallinity
indicates the formation of the interface coherency between interfaces
and adjacent nanocrystallites. Meanwhile, the NbN nanocrystallites and

interfaces have the different lattice parameters. The interface is sub-
jected to the compressive stress, because of owning the larger lattice
parameter. Meanwhile, the NbN nanocrystallite is supposed to endure
the tensile stress with the smaller lattice parameter. As a result, the
compressive and tensile stress fields are created in the nanocomposite
film. According to the alternating-stress theory suggested by Kato et al.
[26], the film can be strengthened, due to the blockage of the dis-
location motion, by the compressive and tensile stress fields. Moreover,
the NbN nanocrystallites and Si3Ny4, C, and CN, interfaces have totally
different shear moduli, which can effectively strengthen the nano-
composite film, based on the modulus-difference theory proposed by
Koehler [25].

Intense substrate ion bombardment can lead to residual stress,
which during the sputter deposition. The effect of the C/Si ratio on
NDbSiCN nanocomposite film is shown in Fig. 8. Combined with the
results of XRD, and HRTEM, it can be concluded that, the interface
coherency intensifies the alternating-stress effect, resulting in residual
stress, which may affect the hardness [52-54].

In the field of metallic materials, the Hall-Petch relation is well
known to expound the relationship between the yield stress and grain
size [55]. Since the dislocation movement is not the main deformation
mechanism in the ceramics, there is still some controversy in the va-
lidity of the Hall-Petch relation theory [56]. According to the previous
studies, the conventional Hall-Petch relationship has been also ob-
served in ceramics [27,28,57-60]. Significantly, the U.S. Naval Re-
search Laboratory revealed the changes in the relative fractions of na-
noscale structures in nanocrystalline ceramics, which were published in
2018 [61]. Based on the experimental data in Table 3, two low values of
the average crystallite sizes for the nanocomposite films appear on
corresponding superhardness films. Thus, the hardness effect of the
NbSiCN nanocomposite film could be partially explained by the Hall-
Petch relation.

Based on the above analysis, the hardness effect of the NbSiCN
nanocomposite films can be explained by the combined effects of the
alternating-stress and moduli-difference strengthening mechanisms,
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and the Hall-Petch relation theory.

5.3. Theoretical calculations from the coherent-interface-strengthening
mechanism

In our previous investigation on NbSiN nanocomposite films [51],
the coherent-interface-strengthening mechanism of the NbSiN nano-
composite film has been validated through theoretical calculations.
However, the interfacial layer of the NbSiCN nanocomposite film is a
Si3N4/C/CNy interfacial layer, rather than being made up of single
components. More importantly, under the template effect of adjacent
NbN nanocrystallites, the mixed phases of the SizN4/C/CNy interfacial
layer were forced to transform into the fcc structure. However, it is hard
to acquire the hardness and elastic modulus of the fcc SizN,/C/CNy
interfacial layer by experiments. Since the fcc-structured interfacial
layer is only present as the metastable state, which is inserted in the
nanocomposite film, the evaluation of the mechanical properties of the
Si3N,4/C/CNy interfacial layer is of great importance. For the purpose of
accurately evaluating the shear modulus of the fcc SizN4/C/CNy inter-
facial layer, the first-principle calculations based on DFT are used to
acquire the Young's modulus of the fcc interfacial layer in the
Nb,(Si>C3N nanocomposite film.

Based on the observation and analysis of the XRD patterns in Fig. 1,
the diffraction peak of the Nb,(Si»C3N nanocomposite film is located at
the (111) orientation rather than (200) orientation, which can achieve
the lowest energy in the fcc structure. In this case, there are two pos-
sibilities in the NbySi>CsN film. One is that the Nb,ySi,CsN film does
not form the nanocomposite structure. The other is that the mismatch
rate of the crystal lattices is small between the SizN,/C/CN, interfacial
layer and adjacent NbN nanocrystallite. Meanwhile, the intensity of the
(111) diffraction peak reaches the maximum value in the XRD patterns
in Fig. 1. Thus, the Nby(Si»C3N film possesses the highest crystallization
degree in the (111) orientation and forms coherent interfaces. The
followed viewpoints can be acquired through the above two phe-
nomena. At first, the Nb,;Si»C3N nanocomposite film shows the obvious
hardness effect with the coherent interface. Secondly, the mismatch
rate of the crystal lattices is very small between the SizN4/C/CNy in-
terfacial layer and adjacent NbN nanocrystallite under the present
preparation condition. In the previous studies, the lattice mismatch
between the mixed interfacial layer and adjacent nanocrystallite can be
generally assumed between 2% and 3% [51,62,63]. Based on the above
discussion, the lattice constant of the SisN,/C/CNy interfacial layer
adopts the lattice constant of the fcc-NbN, and it's value is 0.3114 nm.

Fig. 11 reveals the model of the fcc NbN crystal cell. In the present
research, the coherent-interface-hardness effect appears in the
Nb,Si>C3N nanocomposite film. Based on the model of the fcc-struc-
tured NbN crystal cell, the model of the fcc-structured SizN4/C/CNy
interfacial layer in Nb,ySi,C3N can be obtained by replacing

Fig. 11. Model of an fce-structured NbN crystal cell.
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corresponding atoms in the fce-structured NbN crystal cell with atoms
of carbon and silicon. In the above measurement and analysis, it has
been identified that the interface phase is formed of SisN,, C, and trace
amounts of CN,. Therefore, the C/Si content ratio is around 3:2, and the
Si/N content ratio is about 3:4 in the interface phase of the NbySioCsN
nanocomposite film. Moreover, in view of the existence of trace
amounts of CNy, the simplified model of the interface-crystal cell in the
Nb,pSi>C3N nanocomposite film, which can consider the elemental
content ratio, is designed as the “CoSigNg” model. For improving the
calculation efficiency and considering the effect of the cyclic-boundary
condition, it can adopt the most simplified molecular structure to de-
sign the molecular structure of the Si;N,/C/CNy interfacial layer. Then
in order to acquire the simplified fcc-structured SizN4/C/CNy interfacial
layer, it replaces 6 Nb atoms with 6 Si atoms, and replaces 6 Nb atoms
and 3 N atoms with 9C atoms, respectively. Meanwhile, the replace-
ment of atoms is considered as a symmetric distribution of atoms, as
shown in Fig. 12.

By means of the simulation calculation on the simplified “CoSigNg”
model of the fce-structured SizN4/C/CN, interfacial layer in
Nb,Si>CsN, the Young's modulus of the interfacial layer is 401.6 GPa.
Through the above simulation, the hardness increment of the
Nb,pSi>C3N nanocomposite film can be calculated in the following
methods, respectively, which results from the combined effects of the
modulus difference, alternating-stress field, and Hall-Petch relation-
ship. The shear modulus (G) of the interfacial layer in the NbySioCsN
nanocomposite film can be computed from Eq. (3).

G=E/20+v) 3)

where E is the Young's modulus, and v is the Poisson's ratio. Utilizing
the above data for the NbN and interfacial layer in NbySinC3N
(Exbny = 229 GPa, Ecosisno = 401.6 GPa) and the Poisson's ratio of
0.25, the shear moduli of the NbN and interfacial layer in NbySioC3N
can be calculated as Gypy = 91.6 GPa and Geogisno = 160.6 GPa, re-
spectively.

According to the Koehler's theory [25], the maximum hardness in-
crement of the Nb,oSi>C3N film, compared with the lower hardness of
NbN, can be expressed as follows:

3RGgsin 6
e @

where 0 is the smallest angle between the interface and the glide plane
of the low modulus layer, taking 45° for the Nb,,Si4C;N nanocomposite
film; R = (G4 — Gg)/(Gs + Gg), Gp and Gg are shear moduli of two
layers, respectively (G4 > Gg, G and Gg are thus Geosigno and Gpn,
respectively); m, the Taylor factor is 0.3 [64]. Based on the above data,
R can be calculated as R = (G4 — Gg)/(G4 + Gg) = 0.274. From these
data, the hardness increment can be acquired as 7.1 GPa, compared
with the NbN.

On the other hand, the hardness increment can be expressed as the
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Table 4
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Comparison of hardness increments from the modulus-difference theory, alternating-stress-field theory, Hall-Petch relationship, and the experimental value.

Film Value from modulus- difference  Value from alternating-stress- Value from Hall-Petch Total theoretical hardness  Experimental value of hardness
theory (GPa) field theory (GPa) relationship (GPa) (GPa) (GPa)
NbgpSi,C3N 7.1 2.5 3.2 35.4 32.5

following formula, which is according to the alternating-stress-field
theory [26].

%AEE

AH = 107 = (5)

A is the modulation-amplifying factor influenced by the modulation
period, modulation ratio, and roughness and width of interfaces. A
takes the value of 0.25 in this calculation according to the studies from
Mirkarimi et al. [65] and Shinn et al. [66]. E is the weighted average
modulus proportion of the NbSiCN film, and is calculated as 246.3 GPa
for the Nb,(Si>C3N nanocomposite film according to the red dashed line
areas in the Fig. 3(c). ¢ is the lattice mismatch between NbN and SizN4/
C/CNy interfacial phases. Since the Si3N4/C/CNy interfacial phase
transforms into a crystalline structure, it is difficult to calculate the
lattice mismatch between the NbN and SizN4/C/CN, interfacial phases.
If it is assumed that the lattice mismatch is about 1%, the hardness
enhancement is about 2.5 GPa according to Eq. (5).

According to above discussion and previous literatures [27,28], the
Hall-Petch relationship can be applied to the NbSiCN nanocomposite
films, as follows:

H, = Hy + k/VD (6)

where Hy and k are determined by the similar ceramic as 17.9 GPa and
21.2 GPanm'”? [61], respectively. Based on the above estimated data,
the hardness enhancement is about 3.2 GPa.

Combined with the hardness effects obtained from the modulus-
difference theory, alternating-stress-field theories, and Hall-Petch re-
lationship, a total hardness increment of about 12.8 GPa can be
achieved, relative to NbN (22.6 GPa). Based on the above analysis and
calculations, the hardness value of the Nb,,Si,C3N film can be calcu-
lated, which is about 35.4 GPa. The predicted hardness is consistent
with the measured value of 32.5 GPa for the Nb,;Si,CsN nanocomposite
film, as shown in Table 4. Therefore, the validity of the coherent-in-
terface-strengthening mechanism has been proved in the NbSiCN na-
nocomposite film.

6. Conclusions

In conclusion, the hardness effect is found in the NbSiCN nano-
composite films deposited by reactive-magnetron sputtering. The
hardnesses and elastic moduli of NbSiCN nanocomposite films depend
strongly on the C/Si content ratio and corresponding microstructures.
The NbSICN film is characterized as the nanocomposite structure with
the NbN nanocrystallites surrounded by the Si3N,/C/CNy interface
phase. The fabrication of the NbSiCN nanocomposite film can be de-
scribed as a two-way doped mechanism. The variation curve of hard-
nesses and elastic moduli of NbSiCN films with the different C/Si
content ratios shows a “double peak” strengthening feature.
Meanwhile, the corresponding Nb,;Si4sC;N and Nbo,Si>,C3N films also
show the best crystallinity with the pronounced preferential (200) and
(111) orientations, respectively. The interface coherency between the
NbN nanocrystallite and interface occurs in the Nb,,SisC;N and
Nb,Si>CsN films. The average crystallite size of the NbSiCN film had an
obvious low value, as the C/Si content ratio was 1:4 or 3:2, respectively.
The first-principles calculation was utilized to obtain Young's modulus
of the interfacial layer, which was difficult to obtain its value by ex-
periments. Accordingly, the combined effects of the modulus-difference
theory, alternating-stress-field theory, and Hall-Petch relationship can
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be used to illustrate the hardness effect of the NbSiCN nanocomposite
film.
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