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This paper presents the results of investigation multilayer TiN / MoN coatings. Coatings were fabricat-
ed using Arc-PVD method. Period thickness of nanoscale layers in coatings was A =8, 25, 50 and 100 nm.
The total thickness of coatings was up to 8.4 um. Samples were studied using SEM, TEM, EDS, RBS, XRD,
SIMS and nanoindentation. The actual thickness of the layers has a few larger values than expected (in
most cases per 25 %). The formation of two phases was found: stoichiometric TiN (fcc) and cubic y-MosN
(fecc). Maximum values of hardness and elasticity modulus were obtained for coating with A =8 nm:
H =47 GPa, E = 470 GPa. Plasticity index and its dependence on the thickness of layer period (1) were cal-
culated. The most plastic coating was the sample with H/ E =0.1.
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1. INTRODUCTION

One of the most promising applications of nano-
materials is the creation of protective coatings for
products and tools with different functional purposes.
Such material characteristics as hardness, elasticity,
adhesive and cohesive strength, durability, thermal
and chemical stability and others are particularly im-
portant in this regard [1-15].

Results of scientific researches show the tendency of
active use of nitrides and borides of transition metals
and their combination in the development of protective
materials. While nitrides of single elements are studied
well enough, their multilayer modifications need more
detailed study. Therefore the study of features of struc-
ture, elemental and phase composition of multilayer
coatings depending on the deposition conditions is an
important task in solid state physics and materials
science.

2. EXPERIMENTAL DETAILS

Multilayer nanostructured TiN / MoN coatings were
fabricated using vacuum arc evaporation of two cath-
odes at atmosphere of molecular nitrogen. For this
procedure we used unit "Bulat-6", which allows obtain-
ing coatings both for scientific purposes and for indus-
try. Rotatable at predetermined speed substrate holder
allows alternating deposition of titanium and molyb-
denum nitrides layers from two diametrically arranged
evaporators [16]. Thus, it is possible to obtain coatings
with different elemental and structural-phase composi-
tions by adjusting the current and voltage of the sub-
strate and cathodes, nitrogen pressure in the chamber
and other parameters. The deposition parameters are
located in Table 1.
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Table 1 - Parameters of multilayer TiN/MoN deposition

Sample Period 4, nm tiayer, | ldep, | Ivias, | Ubias, | f, | PN,
p Expected | Measured s A A \ kH Pa
#1 4 8 —40
2 0.8
#2 4 8 —-230
#3 20 25 95 — 40
m 10 + 0.9 7 105
4 20 25 100 —-230
#5 40 50 20 0.9 | —40
#6 80 100 40 1.0 | —40
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Studies of the microstructure and the elemental
composition of the coatings were carried out using a
scanning electron microscope JEOL-7001F, also
equipped with EDS microanalysis. SAED analysis was
performed using transmission electron microscope
JEOL 2200-FS equipped with a field-emission gun and
omega energy filter. For full information about
elemental composition of coatings Rutherford
backscattering device (RBS) was used (on He* ions with
an energy of 1.5 MeV, scattering angle 6=170° at
normal angle of ion incidence, detector energy
resolution was 16 keV, He" dose was 5 us). SIMS
measurements were performed using SAJW-05
instrument with 500 nA, 1.72 keV Ar* primary ion
beam at 45° incidence angle. Analyzer was equipped
with Physical Electronics 06-350E ion gun and QMA-
410 Balzers quadropole mass analyzer with 16 mm
diameter rods. Structural-phase composition was
studied using XRD analysis (Bruker Advanced 8 and
DRON-4b) in Cu-Kq radiation. Measurements of
hardness and Young's modulus were carried out on the
equipment CSM Instruments.
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3. RESULTS AND DISCUSSION

As a result of deposition of samples the multi-layer
coatings with various thicknesses of the individual
layers from 8 to 100 nm were prepared. The total
coating thickness was reached 8.4 microns.

The Fig. 1 shows a micrograph of a cross section of
the sample # 6. Separate layers and coatings in general
are clearly distinguished at selected magnification.
Results of EDS analysis and coating composition
(sample # 4) are shown in Fig. 2.
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Fig.1-SEM images of multilayer TiN/MoN coating
(sample # 6): a) the general view. The coating thickness is
8.4 um, x 7 500 zoom; b) the cross-section fragment, x 50 000
zoom. Period 4 =100 nm

Energy spectra of Rutherford backscattering (RBS)
give us more information about the structure and
composition of the TiN/MoN coating.

The elemental composition of the samples was
determined by RBS as well as EDS on cross-sectional
images. RBS spectrum for TiN/MoN coatings with
A =100 nm (sample # 3) is presented on the Fig. 3. The
peaks in this spectrum correspond to all constituent
elements of multilayer material. We can see kinematic
factors for Ti and Mo at subsurface region of TiN/MoN
coating. If we know it we can estimate the thickness of
individual layer. Choosing number of channels and
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knowing the losses of ions on each of them, we can
evaluate an average thickness of the layer on the cross-
section of the analyzing beam. Using RBS spectrum data
it is possible to estimate the thickness of the first four
layers from the surface. According to the analysis, the
thickness of MoN layer is ~ 10 nm. Regarding the TiN
layer it was more than twice as large — approx. 19 nm.

Unfortunately, features of RBS analysis don’t give
us the opportunity to obtain information about the
elemental composition of coating throughout its depth.
Ion beam sputtering techniques are most often used for
this [12, 17-20].

Mo

TiN/MoN

Fig. 2 — The energy-dispersive spectrum of coating (sample # 4)
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Fig. 3 — RBS spectrum for sample # 3

We used secondary ion mass spectroscopy (SIMS)
for depth profile analysis in our work. Method based on
sputtering of specimen using focused primary Ar* ion
beam and gathering information about ejected
secondary ions. It’'s should be noted that SIMS is
destructive method of material investigation. During
the depth profile analysis we sputtered the crater of
2.5 x 2.5 mm.

Prior to depth profile analysis we registered mass
spectrum — see Fig. 4.

Preliminary results of depth profiling were
registered for a set of m/z values: m/z=14 (NY),
16 (O*), 28 (N2*), 48 (Ti*), 62 (TiN*), 98 (Mo*) and
110 (TieN*). Results are shown in Fig. 5.
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Fig. 4 — SIMS mass spectrum of positive secondary ions. Mass
range 0-130 a.m.u
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Fig. 5 — SIMS depth profile analysis of positive secondary
ions: m/z=14 (N¥), 16 (0%, 28 (N2*), 48 (Ti*), 62 (TiN%),
98 (Mo*) and 110 (Ti2N*). Time of analysis is 4.5 hours

Secondary ion currents of three masses
m/z=14 (N*), 48 (Ti*) and 98 (Mo*) were considered in
more detail (see Fig. 6). Relative ion currents can be
extracted in two forms.
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Fig. 6 — SIMS depth profile analysis of positive secondary
ions: m/z =14 (N*), 48 (Ti*) and 98 (Mo*)

After smoothing the raw data and background
subtraction we can present the data as a ratio of
normalized ion currents to the sum of three normalized
currents.
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The obtained data were normalized using simple
procedure, where the raw ion currents of each
component (I;) were multiplied by sensitivity factors (f),
Iy x f = I.. The ratio of the I; and the sum of all currents
I/ Y I. may be treated as a rough indication of atomic
concentration if we neglect the so called “matrix effect”
[5, 6].

If we consider that the layer consists of the three el-
ements and we assume TiN (1 : 1) and MoN (1 : 1) stoi-
chiometry we obtain the data as presented below —
Fig. 7. The layered structure of coatings is visible in
both graphs (left and right).
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Fig. 7 - SIMS depth profile analysis of normalized secondary
ion currents: m/z = 14 (N*), 48 (Ti*) and 98 (Mo*). Logarithmic
scale is on the left and linear scale — on the right

If we consider the presence of only two elements:
Mo and Ti, we get the data shown in Fig. 8. The alter-
nation of TiN and MoN layers is traced quite well in
this graph. Unfortunately, surface roughness and relief
layers of coating make it difficult to separate the layers
more clearly by SIMS analysis.
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Fig. 8 — SIMS depth profile analysis of normalized secondary
ion currents: m/z = 48 (Ti*) and 98 (Mo*)

Used parameters of depth profile analysis for
sample # 4 lead to sputtering rate of 2.0 nm/min for
Si02. Due to the roughness we didn’t measure the
crater depth with stylus profilometer.

In order to estimate the sputtering rate of TiN/MoN
we carried out SRIM simulations (see Table 2). Most
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likely that the sputtering rate of TiN and MoN was
lower than for SiO2 (lower than 2.0 nm/min). Having
compared results of SRIM simulation with data
obtained from RBS spectra and SEM-images of the
cross-section of multilayer samples, we made the
assumption that the average sputtering rate was about
1.1-1.3 nm/min (or ~0.02 nm/s).

Table 2 — Parameters of SIMS analysis and SRIM simulations

500 nA, 1.72 keV Ar* primary ion beam at
45° incidence angle
Material SiO2 TiN MoN
S* (atoms/ion) 3.46 3.27 4.37
*
Ton range 4.4 3.3 2.7
(nm)

Sputtering 20

rate (nm/min) ’ ’ i

* Values obtained from SRIM simulation

The depth profile analysis was carried out for five
hours. The crater of 2.5 x 2.5 mm was sputtered during
this time. Taking as a basis sputtering rate 0.02 nm/s,
it is possible to determine that crater depth was
360-400 nm. The Fig. 9 shows a modernized previous
graph with the calculated thicknesses of the first few
layers from the surface of TiN/MoN coating.

Sputtering rate V=0.02 nm/s
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Fig. 9 - Determination of the coating layers based on SIMS
analysis

XRD patterns of TiN/MoN multilayer coatings with
double layer thickness of A=25, 50 and 100 nm are
shown in Fig. 10. Main peaks are located around
20 = 36.5° and 26 = 42.5°. A more detailed study of the
spectral lines gave it possible to detect the asymmetric
shape of the peaks.

Peaks found at 20 =42.5° can be divided into two
components, which correspond to (200) fcc TiN and
(200) cubic »-Mo2N planes (see Fig. 11). The peak at
260 = 36.5° 1is attributed to (111)-oriented TiN and
7-MosN grains. The volume fractions of TiN and y-MozN
phases were extracted from the XRD line fitting
procedure of (200) and (111) peaks wusing the
“New_profile” software.

All of the identified peaks are marked in the
Fig. 10. These results show that TiN/MoN coatings
consist of highly-textured (200) cubic layers.

J. NANO- ELECTRON. PHYS. 6, 04016 (2014)

B § 3588 eog
g S =8B s8g
16000 T T T T 1T
| vMoN 3 g 8
14000 4= 7 T T
] = s s =
12000 z g g =
@ T T T
2 ]
5 10000 g
e : :
® 8000 | .
2 ] 1
3 !
§ 6000 £ .
= 1 IR 1
4000 ‘i 1™ /N
| ]
4
2000 } }. N
i AN e
0 T T k T T T

Diffraction angle 20, deg.

Fig. 10 — The diffraction patterns (XRD), obtained for coatings
with different layer thickness 4 =25, 50 and 100 nm
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Fig. 11 - The separation of diffraction spectra into
components peaks from the two phases: curve 1 — TiN (200);
curve 2 — »Mo2N (200). Sample # 5 — left, other — sample # 6

X-ray analysis shows the formation of only one
phase with the fcc cubic lattice (structural type NaCl)
in coating with 4=8 nm when substrate voltage is
- 40 V. The formation of two-phase system of TiN with
NaCl-type fcc lattice and high temperature -Mo2N is
observed when substrate voltage is increasing to
- 230 V. The volumetric ratio of TiN/-Moz2N phases is
90/10 respectively.

The presence of only one phase at Upias = - 40 V can
be explained by the alleged epitaxial growth of thin
layers, which growth period is determined by stronger
bonds in TiN layer. Increasing of substrate potential to
- 230 V leads to the appearance of two-phase as a result
of intensification of ion bombardment, which
contributes to the grain refinement and the beginning
of interfaces formation. Formation of separate layers
Mo2N with a cubic lattice and the appearance of
interphase boundaries leads to growth of stress in the
TiN phase and an increase lattice period in unstressed
section. The structure of these coatings is columnar.

The formation of two-phase structural state with
cubic phases TiN and »Mo2N with volume fraction
60 vol. % and 40 vol. % respectively is observed in
coatings with 1 =25 nm. These XRD analysis data are
well combined with EDS analysis data for values of Ti
and Mo concentrations 62.3 at.% 36.8 at.% respectively
(see Fig. 2 with EDS). Also more homogeneous surface
morphology of the coating is typical for this series of
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samples. Coatings which were obtained at less
substrate potential (Ubias =- 40 V) have more smaller
fractions than that obtained at Upias = - 230 V.

For samples with thicker layers of titanium and
molybdenum nitrides phase volume fraction accurately
corresponds to the EDS analysis — 70 at.% TiN and
30 at.% Mo2N. With increasing TiN/MoN layer
thickness up to 4 =100 nm the growth of Mo2N volume
fraction up to 40 at. % is observed.

Fig. 12 shows TEM dark field image (sample # 5)
which demonstrates columnar growth in multilayer
nitride. It starts from interface between textured (111)
steel substrate and TiN/MoN layers. Coating has a
100 nm thin internlayer which visible on TEM image
and EDS mapping (Fig. 13). According to the data it
consists of Ti, Mo, C and traces of N.

Fig. 12 — Cross-section TEM bright field image for sample # 5
with 4 =50 nm

Measurements of hardness and elasticity modulus
of most samples were conducted to determine their
mechanical properties and ability to durability. A more
detailed study of hardness and elasticity are given for
samples # 5 and # 6 in Fig. 14. They show typical regu-
larities of H(L) and E(L). In measurements the indent-
er has reached a depth of coverage almost 3 um. Pene-
tration of the indenter was almost linear on the whole
stage of load application.

Results of hardness and elasticity modulus meas-
urements for coatings with different layer thicknesses
are shown in Table 3. As seen, the hardness of the
samples tends to decrease with growth of period A in
the coating. The maximum value of hardness was
achieved at the minimum of the resulting coatings
period 1=8nm — H=47 GPa. Modulus of elasticity
changed with changing the thickness of the double
layer. The maximum value of E =470 GPa was ob-
tained at the same period A = 8 nm.
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Fig. 13 - TEM-EDS chemical mapping for sample # 5
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Fig. 14 — Physical and mechanical properties of coatings:
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on the load (b) and Young modulus on the load (c)
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Table 3 — Hardness and elasticity modulus measurements

A, nm H, GPa E, GPa H/E
8 47 470 0.1
25 31.8 456 0.07
50 26.5 418 0.063
100 25.4 392.6 0.065
However, knowing the values of hardness or

elasticity of the material is not sufficient to predict its
protective capacity [21-26]. The graph is shown in
Fig. 15 which area is divided into sections: 1 — section
with H/ E < 0.1 which has no good plasticity of the
material, 2 — section with good plasticity of the
material. As can be seen, the sample # 2 with =8 nm
is flagged exactly on the line of plasticity.

50
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H/E > 0.1

45
o}
o
Q40
g,
g
g 3 HIE < 0.1
I
30 25 nm
25
390 410 430 450 470

Young Modulus, GPa

Fig. 15 — Characteristics of coatings plasticity

The general trend of graph testifies to expediency of
the study multilayer TIN/MoN coatings at 4 <8 nm
and at other thicknesses of layers.

These data indicate a good chance of producing
TiN/MoN coatings with high plasticity and, hence, the
wear resistance [18].

4. CONCLUSIONS

We have obtained multilayer nanostructured
TiN/MoN coating which were not studied well by any-
one else earlier. The elemental, structural and phase
composition of coatings were studied. The thicknesses
of the layers in the coating were measured in different
ways and were slightly larger than the expected val-
ues. Total thickness values of coatings were reached
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8.4 um. Thicknesses of TiN/MoN period double layer
were 8, 25, 50 and 100 nm. TiN layer thickness pre-
vails over thickness of MoN in all obtained multilayer
samples.

It was revealed that two-phase system coating with
stoichiometric TiN (fcc) and cubic ~Mo2N (fcc) is form-
ing during deposition. An interlayer of Mo, Ti, C and N
was detected between substrate and multilayer
TiN/MoN coatings.

Multi-layer coatings can be seen clearly in the SEM
images of samples cross-sections, their TEM images,
chemical mapping and other analysis methods. In addi-
tion, more detailed information about the subsurface
layers of coatings we have obtained using SIMS depth
profile analysis and RBS. Nanoindentation has allowed
us to analyze the dependence of physical and mechani-
cal properties of the coatings on their structural and
phase composition and thickness of the layers, and,
hence, to find the best conditions for obtaining protec-
tive coatings.

Also calculations for estimating plasticity and wear
resistance of coatings were carried out. Best protective
properties from the obtained materials possessed sam-
ple #2 with 1 =8 nm. It has high values of hardness
H =47 GPa, modulus of elasticity E =470 GPa, and
plasticity index H/E = 0.1.

This indicates that the coating has good durability
and resistance to wear. And multilayer coatings
TiN/MoN have a prospect of further study, particularly
at small thicknesses of layers in coating (1 < 25 nm and
other).
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ero 3aBHCHUMOCTB OT Imepuoja cyioés (4). Hanbosee rracTHuHBIM HOKPBITHEM OKasaJics odopaserr ¢ H/E =0.1.
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Ilsa craTTsa mpegcrasiisie pe3yJIbTATH OOCTimxeHHsa OaraTomapoBux mokputTiB TiN/MoN. ITokpurrs 6y-
JIM OTPHMAaHI IIUISXOM BaKyyMHO-IyTOBOI0 HaHeceHHs. TOBIINHA IIepiofy HAHOPO3MIPHUX IIapiB y IOKPUTTL
cknagana A =8, 25, 50 1 100 am. 3arasbHa TOBIIMHA IIOKPUTTIB CKIagasia 10 8.4 MKM. 3pasKy JOC/IIKYBa-
nuca 3a pomomoroo PEM, ITEM, EJIC, P3P, PCA, MCBI ta nanoingentyBaunasa. OaxkTudHi 3HAYEHHA TOB-
IIWHA 3pas3KiB BUABUJINCH JEII0 OLIBIMUME 3a odikyBaHi (y OlibImocTi BHOagkis Ha 25 %). Byso BuasieHo
dopmyBanus geodasuoi cucremu: crexiomerpuasoro TiN (I'TK) 1 ky6iunoro »-MozN (I'LIK). MakcumasnsHi
3HAYEeHHs TBEPIOCTI ¥ MOIyJsi MpysKHOCTI Oyiau orpuMani Ais mokpurtss 3 A=8 um: H=47TITla,
E=470TTla. Byau pospaxoBasi iHAEKC IJIACTUYHOCTI Ta MOro 3ajIesKHICTL Bif mepiomy mapis (A). Haii-
O1JIBIII IJIACTUYHUM IIOKPUTTAM BUABUBCA 3pas3ok 3 H/ E=0.1.

Kmiouosi cnosa: Hirpumu, Hamocrpykrypri moxpurrs, Barartomaposmii, 3Hococriiikicts, TBepmicTs,

Mopgyse npy:xHocti, [HIeke mractuaHOCTI.
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