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In this study, a microtribological characteristics of Ni(25 nm)/Cu(25 nm)/
Cr(25 nm) three-layer thin films fabricated using DC magnetron sputtering
are explored using progressive scratch test. Four various types of thin films
are examined and compared: as-deposited film, film after low-energy Ar* ion
irradiation, film annealed at 450°C for 15 minutes in vacuum, and film after
ion irradiation followed by vacuum annealing. Scratch tests are supplement-
ed by structural (XRD) and chemical (AES) experimental studies. As figured
out, the sample after ion irradiation followed by annealing demonstrated the
best microtribological and wear resistance characteristics among all studied
films. The highest scratch resistance, smooth scratch shape, the lowest value
of peak tangential force as well as the absence of side cracks and film delami-
nation are revealed for the sample after irradiation followed by annealing.
The likely reasons of this behaviour are discussed.
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V¥V mamiit poboTi 3a JOIIOMOT0I0 METOIM CKJIEPOMETPii Zociim:KeHo MiKpoTpubdo-
JIOTiYHi XapaKTePUCTUKY TPUIITAPOBUX HAHOPO3MipHUX KoMnosurliit Ni(25 am)/
Cu(25 uam)/Cr(25 um), omepKaHUX METOA0I0 MarHETPOHHOTO ocam:KeHHdA. [oc-
JiIKeHO YOTHPH PisHiI TUIIM HAHOPO3MIpHUX KOMIIO3UIIili: Hiciid ocamKeHHS,
micass ompoMiHEeHHA HU3bKOEHEPTeTHUYHUMY HoHamMu Ar', micid Bigmasny y Ba-
KyyMi 3a Temmeparypu 450°C BupomoB:k 15 XBHJIMH i micasa HOHHOTO OIPOMi-
HeHHS 3 HACTYIIHMM BaKyyMHUM Bimmajgom. Pe3yabTaTé MiKpOTPHOOJIOTiUHUX
BUNPOOYBaHb MOMOBHEHO maHuMU CTPYKTypHuUXx (PCPA) ta xemiunumx (OEC)
Iocaim:KeHb. BecTaHOBIEHO, IO HAWKpAIi MiKpOTPHOOJIOTiUHI Ta 3HOCOCTiNKi
XapaKTEepPUCTUKU cepel YCiX MOCTiIKyBaHUX 3Pa3KiB BUABJIEHO [JIA BUIAAKY
MOHHOTO OIIPOMiHEHHA 3 HACTYITHUM Binmasiom. [Jia iporo 3paska 3aikcoBaHo
HaAWBUIITY 3HOCOCTiNKiCTD, UiTKY (DOPMY IIOAPANNHYN, HAMEHIIe 3SHAUYEHHS MaK-
CUMAaJIbHOI TAHTeHI[iliHOI CHJIM, a TaKOK BiJCYyTHiCTh OiYHMX TPIIUH i posIma-
pyBauHA mIiBKu. OGroBOPIOIOTHCS HMOBipHI IPUUYMHY TAKOTO eeKTy.

Karouosi croBa: Tepmiute Ta iioHHEe 00pOOJIEHHSA, TOHKOILIiBKOBI KOMITO3HUIIi],
3HOCOCTIiiKiCcTh, MiKpOTpUOOIOTiUHA CTiHKiCTh, CKIEPOMETpis.
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1. INTRODUCTION

Thin films are widely used as functional, reinforcing, reflective, con-
ductive, and dielectric materials in the manufacture of printed circuit
boards, integrated circuit elements in microelectronics, light filters,
optoelectronic elements, in novel lithographic processes, as well as for
the development of new generation contacts for solar cells based on sil-
icon, graphene, perovskite and their combination.

In particular, the modern microelectronics industry is developing
based on nanoscale devices. Of the most important components of such
systems, there are heterogeneous materials based on complex na-
noscale multilayer structures[1].

It is acknowledged that the reliability of electronic devices signifi-
cantly depends on the strength of interatomic interaction at the inter-
facial boundaries. A measure of this interaction is the adhesive
strength, which plays an important role in multilayer thin-film sys-
tems, in particular, at the film/film and film/substrate interfaces [2].
Adhesion is a key factor determining the durability of thin-film devic-
es, for example, in microelectronic integrated circuits, affecting the
probability of film delamination. In solar energy, the efficiency of pho-
toconversion in CIGS modules also largely depends on the adhesion of
the metal back contact, provided that its high conductivity is main-
tained [3]. In this regard, the measurement of the adhesion force has
become one of the most important tasks in the development of various
technological processes of microelectronics and photovoltaics [4—6].

An effective way to increase adhesion in the case of thin-film coat-
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ings is the intentional formation of transition layers by the diffusion
of one metal into another, the formation of intermetallics at their in-
terfaces, the interaction of metal with oxygen from the substrate [7].

Thin layers of various metals with high oxygen affinity are usually
applied to the substrate to enhance the adhesive strength [8]. However,
it should be considered that the adhesion depends not only on the oxy-
gen affinity of the metal, but also on other factors such as residual ox-
ygen pressure in the deposition chamber, film structure etc. The mech-
anism of intermediate layer formation in this case is mediated by the
oxygen diffusion from various sources (spray chamber, metal film, ox-
ides) to the metal/oxide interface [7]. Thus, a contradiction arises: on
the one hand, the physicochemical interaction of metal films with each
other and the substrate is desirable, and on the other hand, such inter-
action disrupts the thermal stability of metal contacts and their con-
ductivity due to oxygen diffusion during oxide decomposition on
thermal exposure. As a result, the functionality of such products can
be severely affected not only by various mechanical problems, such as
delamination and buckling, but also by changes in phase and chemical
composition. This problem is even more complicated in the case of mul-
tilayer nanoscale coatings.

Ion bombardment is considered to be one of the effective tools for ad-
hesion enhancement. One of the first works in this direction [9] showed
that the argon bombardment with a dose of 10'-10'®ions/cm? and an
energy of 80—120keV of aluminium films with a thickness of 400—
500 A allows to increase the peeling strength between the film and glass
substrate by about two orders of magnitude. According to the authors,
this effect causes the formation of an intermediate structure at the
glass-aluminium interface, which increases the strength of adhesion.
Advantages of ion implantation under high-energy irradiation have
been widely reported in the literature [10]. However, the range of low
beam energies (< 3 keV) is of high interest for modern nanotechnologies
to restrict the radiation damage of the structure. That is due to the fact
that the implantation of inert gas ions and the degradation of the opti-
cal properties of nanosize coatings occur at energies up to 5 keV[11].

Low-energy ion irradiation of substrates has proven itself well in
terms of increasing adhesion [12], including the creation of thin-film
photoconverters for solar technology [3]. Today, the methods of ion
assistance in the deposition of thin films on different substrates have
become especially widespread. It has been reported that the presence of
the ionic component directly during sputtering leads to the formation
of compressive stresses [13], reduction in grain size and suppression of
the columnar structure [14]. On the other hand, excessive stresses can
lead to the adhesion degradation and, as a consequence, to the film
cracking and peeling. The possible various effects of ion bombardment
on the adhesion of different metals related to the degree of affinity of



1278 V.YANCHUK, I. KRUHLOV, V. ZAKIEV et al.

the irradiated metal to oxygen should be taken into account. Ion bom-
bardment at low energies can cause both oxidation of the metal and re-
duction of already formed oxides [15].

This can provide additional opportunities to improve the properties
of the conductive layer after the deposition of the layered structures
[16] and before the subsequent technological operations associated
with thermal exposure.

Thus, the study of the effect of low-energy ion radiation on the ad-
hesion of thin metal films, the choice of energy and duration of pro-
cessing, substrate temperature and other parameters, is an important
technological problem.

As for experimental techniques for quantifying the adhesion of thin
films, quite a lot of them have appeared in recent decades. The most
effective methods include the following: four-point bending (4PB),
bending test, microcantilever tests, spontaneous bulging, nanoinden-
tation, and scratching [17-19].

It has been earlier reported the results of the pin-on-disk microtribo-
logical test using the Rockwell indenter which allowed to estimate the
wear resistance and adhesion strength of the nanoscale
Cr(25 nm)/Cu(25 nm)/Ni(25 nm) system [20].

However, one of the most informative analytical methods for the
characterization of adhesive properties remains the scratch test [21—
23]. It was one of the first techniques to be widely used to assess the
strength of materials [24], although for some time local indentation
almost completely replaced scratch testing in engineering practice.
However, in recent years, scratch testing has returned not only to sci-
entific laboratories, but also has become an effective method of quality
control in the high-tech industry [23].

During scratch test, indenter is pressed into the material surface
under the action of normally applied load with simultaneous sample
movement fixed on a motorized stage [25]. Depth, width, and shape of
generated scratch on the sample surface depend on the material scratch
resistance and its resistance to destruction. Moreover, modern scratch
testers are equipped with sensitive displacement sensors, allowing to
register lateral or normal indenter displacement during the test
providing new opportunities for evaluation materials behaviour under
load, fracture resistance and mechanical properties. Depending on the
combination of different factors, it is possible to study various mecha-
nisms of scratch formation (plastic deformation, cutting, dispersing,
brittle chipping, as well as their combinations) [26].

Scratch tests can be divided into static and progressive depending on
load application law. During static tests, a scratch is generated on the
sample surface by application of constant indenter load. This type of
test is generally used to evaluate the tribological properties of differ-
ent materials or to calculate hardness by scratching. Quantitative val-
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ues of hardness are determined either by the width of the scratch
(scratch hardness) or by the magnitude of the tangential force required
to form a scratch (plugging hardness) [27]. This approach has been
widely applied for studying the materials with a porous [28], multi-
phase or composite structure [29, 30].

The progressive mode assumes that during scratching the normal
load on the indenter gradually increases from zero to the predeter-
mined value over time. This test mode is widely used in studies of the
adhesive properties of various coatings [10, 31, 32] and submicron-
thick films obtained by magnetron deposition [33]. The mechanism of
coating destruction depends on the instrument features and settings
(loading speed, scratching speed, indenter type and shape), properties
of the substrate (hardness and elasticity modulus) and the coating it-
self (thickness, hardness, elasticity modulus, residual stresses, surface
roughness etc.). [34]. During progressive scratching, local defects are
formed in the studied coatings, so one of the most important character-
istics is the critical load L. that initiates coating failure [35]. Moment
of coating failure is determined from friction force analysis or micro-
scopic examination of formed scratch.

The objective of present study is to evaluate the scratch resistance
and adhesive strength of nanoscale Ni/Cu/Cr system after ion and/or
heat treatment using the progressive scratch test.

2. METHODS AND OBJECTS

Ni(25 nm)/Cu(25 nm)/Cr(25 nm) thin films were fabricated by magne-
tron deposition onto single crystal Si (001) substrates at room temper-
ature from high-purity targets of Ni (99.995 at.%), Cu (99.99 at.%),
Cr (99.95 at.%). Before deposition, the substrate was subjected to
standard ultrasonic cleaning. Additional oxidation of the silicon single
crystal surface was not used, but the already formed layer of natural
SiO; oxide of several nanometres thickness was not removed. Addi-
tional oxidation could help to improve the mechanical characteristics
of the structure due to the formation of an intermediate layer of Cr.O,
oxide [36].

Low-energy Ar" ion bombardment of films surfaces was carried out
using an OMI-0010 accelerator with an energy of 800 eV with a dura-
tion of 20 minutes and a fluence of 5-10'ion/cm?, which was pre-
calibrated using the standard Faraday cup. Because low beam energies
were applied, no noticeable heating of the samples was observed when
irradiated, heating was controlled by a K-type thermocouple mounted
on the film surface.

Heat treatment of the samples was performed in a vacuum of 1073 Pa
at a temperature of 450°C for 15 minutes at a heating rate of 2°C/s.
The combined mode provided ion treatment with an energy of 800 eV
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lasting 20 minutes and fluence of 5-10!'°ion/cm? followed by heat
treatment in a vacuum of 1073 Pa at 450°C for 15 minutes at a heating
rate of 2°C/s.

To study the scratch resistance and adhesion strength of Ni/Cu/Cr
thin films with substrate, a series of scratch tests were performed us-
ing the multifunctional indentation tester ‘Micron-gamma’ [37]. The
indentation tester is equipped with a built-in optical microscope, which
allow precisely select surface area for investigation and get images of
formed scratches immediately after test. This allows to characterize
the mechanisms of surface destruction, as the tested specimen with the
formed defects remains static on the instrument motorized stage and
does not require any movement for further analysis.

Thin films in the initial state, as well as after ion, thermal and com-
bined effects were studied by the progressive scratch testing. Scratch-
ing was performed with a Berkovich diamond indenter, with a gradual
increase of indenter load from 0 to 100 mN and its subsequent gradual
decrease from 100 to O mN, while the loading and unloading rates were
10 mN/s. Proposed loading law allows to determine not only the mo-
ment of coating failure, but also the load at which the indenter will re-
turn back on the coating surface during unloading, providing addi-
tional information about coating resistance to fracture. The use of a
sharp indenter localizes the maximum stresses closer to the surface
and minimizes the substrate deformation [38].

Surface scratching was realized by the automated movement of the
motorized sample stage of the instrument in two-dimensional plane. The
length of each scratch was 600 um. With the help of a precision system
of indenter displacements measurements, the values of the tangential
(friction) force were registered. Analysis of the tribograms (dependence
of the friction force along scratch distance) allowed us to estimate the
moment of film failure and to determine the interfaces between differ-
ent layers of layered stacks. It should be noted that the ability to register
the tangential or friction force during the scratch measurement allows
to study the surface properties of thin-film and nanoscale materials, as
well as practical adhesion between film and substrate [39].

Structural properties and phase composition of thin films after dep-
osition and post-annealing were studied by x-ray diffraction (XRD),
using synchrotron radiation and grazing-incidence wide-angle x-ray
scattering (GIWAXS) technique at BL44B2 RIKEN SPring-8 Materi-
als Science Beamline. The Debye—Scherrer camera of 286.5 mm radius
was equipped with an image plate 400x200 mm detector. The grazing
angle between the beam and the sample surface was 0.5°, while the x-
ray wavelength was adjusted to 0.8 A. Vertical and horizontal beam
sizes were 0.01 mm and 3.0 mm, respectively. Averaged crystallites
size (or coherence length) of film layers was evaluated using Scherrer’s
formula by determining the full width at half maximum (FWHM) of
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the diffraction lines.

Chemical composition of as-received and post-annealed film samples
was studied by Auger electron spectroscopy (AES) measurements at
Jamp-9500F (Jeol) device. AES chemical depth profiling was carried
out by etching the surface of the films with 1 keV Ar*ions at a 45° inci-
dence angle to the sample surface. Spectra were obtained at the prima-
ry electron beam energy of 10 keV and a current of 30 nA with a 0.6%
resolution.

3. EXPERIMENTAL RESULTS

Scratch test showed a different nature of the Ni/Cu/Cr film failure for
samples in the initial state, after ion treatment, after annealing and a
combination of ion and heat treatment, despite the similar chip for-
mation mechanisms.

The analysis of the registered tribograms and surface images
showed a significant influence of different processing types on film
layers adhesion force. Tribogram for the film in the initial state shows
a gradual destruction of each layer, accompanied by a change in the
angle of tangential force. Critical loads (L.) at which the destruction of
each layer occurs for the initial state and different treatment modes
are shown in Table 1.

Scratch test results for as-deposited specimen are shown in Fig. 1, a.
The lower part of the figure represents a tribogram, that characterizes
the resistance of the material to the indenter movement along the scan-
ning path during scratching at a constant speed with increasing indent-
er load from 0 to 100 mN and its decreasing from 100 mN to 0. Top of
the figure shows optical microscopy image of the corresponding scratch
on the sample surface. The initial stage of scratching is characterized by
a gradual increase in friction force during loading, as well as the absence
of microcracks and wear products. When the load reaches 19 mN, the
angle of the tribogram changes, which indicates the destruction of the
surface layer (Ni). As the load increases, the wear products and cracks
appear along the scratching path. The destruction of the intermediate
layer (Cu) occurs at load of 62 mN, and the Cr layer destruction takes
place at load of 96 mN, which is accompanied by changes in the angle of
tangential force. It should also be noted that the load at which the in-
denter returns to the surface of each layer during unloading is slightly
lower than the load required for the destruction of the film layers, and it
is 87 mN, 54 mN and 8 mN for each layer respectively. This trend (frac-
ture load is always higher than the load at which the indenter returns on
the surface of each layer during unloading) is observed in all samples
and can characterize the resistance of coatings to scratch fracture. Lee
and Liu reported [40] that nanoindentation causes atomic reorganiza-
tion and leads to the formation of areas of high-stress plastic defor-
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TABLE 1. Critical loads for the initial state and different treatment modes.

Specimen Loading Unloading
ThiCkneSS, Lc Nis Lc Cus Lc Crs Lc Crs Lc Cuy Lc Niy
nm mN mN mN mN mN mN
As-deposited 75 nm 19 62 96 87 54 8
Annealed 75 nm 14 60 94 70 50 6
Ionirradiated 66.8 nm - 74 90 60 54 -
Irradiated and 66.8 nm _ 76 _ _ 79 _
annealed

mation and even to the selective segregation of elements around the in-
denter imprint. It is likely that during continuous scratching, stresses
in material affect the value of the critical load at which the indenter re-
turn on each layer surface compared to the fracture load.

The scratch test results for the sample after ion irradiation with an
energy of 800 eV for 20 minutes (Fig. 1, b) has showed that despite sim-
ilar stages of deformation and destruction to those observed for the
original sample, there are some differences. The lateral microcracks
appear in the load region of 60 mN that corresponds to the transition to
the last layer of the stack. It should also be noted that after the com-
plete destruction of all layers, there is a fragile destruction of the coat-
ing and its delamination along the edges of the scratch, even during
further unloading to 70 mN, accompanied by nonmonotonic and une-
ven changes of the tangential force. It can be assumed that there is a
significant excess of fracture stress over the critical fracture tough-
ness in this region, resulting in the formation of chips and cracks [41].
At the same time, further unloading of the indenter at the range of 50—
0 mN is characterized by the complete absence of cracks and chips and
a smooth shape of the scratch similar to the initial stage of scratching.

Figure 1, ¢ shows the results of scratch test of annealed sample,
which demonstrates a completely different nature of deformation and
fracture compared to the as-deposited film. It is not possible to identi-
fy the areas of the film delimitation for this sample. During scratching
there is a monotonic increase of tangential force to a critical fracture
load, that corresponds to the destruction of the entire coating. The
critical load of 74 mN corresponds to fracture of first two coating lay-
ers. During the unloading of the indenter the process of the coating
fracture is completed at load value of 54 mN. It should also be noted
that at a load of 90 mN, fragile destruction of the all film layers is ob-
served along the scratching path. It is accompanied by a higher level of
tangential force for the annealed sample as the stress state of the sys-
tem increases. Large amount of wear products around the scratch and
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delamination of the film are seen, which means relatively low re-
sistance to fracture and low adhesion. It is likely that the heat treat-
ment causes diffusion blurring of the interfaces between the metal lay-
ers and impairs the tribological and adhesive properties of the film
compared to the initial state.

Figure 1, d shows the results of scratch test for the sample after com-
bined treatment. It should be noted that applied load does not cause fail-
ure of all the film layers and its delamination from substrate. Fracture
of first two film layers is observed at load 76 mN during loading and fin-
ished at 72 mN during unloading phase. The difference between these
values is the smallest among all studied samples. Experimental result
shows the highest scratch resistance of the irradiated and annealed film
compared to its condition after the heat treatment only. Moreover, un-
like previous cases, the scratch has a clear shape with a minimal width,
there are no signs of brittle destruction and delamination of the film, as
well as small amount of wear products. In this case, the lowest peak val-
ue of the tangential force is registered, which is more likely due to the
deformation of the film, rather than its separation from the substrate.
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irradiated and annealed thin-film samples (d).
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It is worth noting that along the entire length of the scratch, no lateral
cracks and no coating destruction were detected. In addition, the scratch
itself is smooth and without fractures and wear products. All the above
indicate that complex processing is useful to enhance the microtribolog-
ical and adhesive properties of the film.

A rough estimation of the adhesion strength ratio after treatment to
initial sample is performed using the method described elsewhere [21],
taking into account the value of critical load, scratch track radius and
coating thickness. It shows that after annealing the adhesion increases
in 1.5 times compared to the initial state, after ionic treatment in 1.4
times, while after complex treatment in 5.8 times.

4. DISCUSSION

To understand the reasons of the established difference in tribological
properties, an analysis of the structural phase transitions of all sam-
ples has been done using the XRD technique. Figure 2 shows synchro-
tron XRD scans of the thin-film samples after deposition and after dif-
ferent types of processing. The change of average crystallite size (Fig.
2, b) and lattice parameters (Fig. 2, ¢) as a function of treatment condi-
tions are also presented.

For the initial state, a set of diffraction peaks characteristic to the
f.c.c. Ni, f.c.c. Cu, and b.c.c. Cr phases is observed. The lattice parame-
ters of the Ni, Cu and Cr phases, calculated based on the XRD data, are
presented in Fig. 2, b. In the initial state, the lattice constants of these
phases are 0.351 nm, 0.359 nm, and 0.289 nm, respectively. Further ion
treatment does not change the initial phase composition, the appearance
of new peaks from oxides or other compounds is not observed, and the
lattice parameters of all phases remain unchanged. The decrease in the
integral intensity of the Ni peak is associated with its sputtering during
ion irradiation stage, and in the case of annealing also with the diffusion
of Cu to the outer surface. The shift of the angular position of the Cu
(111) peak towards the position of the Ni (111) peak after annealing in-
dicates the formation of a Cu-based solid solution. However, the de-
crease in the Cu lattice parameter is insignificant and indicates that the
Ni concentration in this solid solution does not exceed 5% . The angular
position of the Ni peak remains almost unchanged, so there is no notice-
able change in the parameter of its crystal lattice. After annealing with
additional ion pre-treatment, no significant changes were recorded
compared to the case of annealing only.

The Ni crystallite size is almost twice that of Cu in the initial state,
which is one of the factors that explains the accelerated diffusion of Ni
into Cu in contrast to the bulk material. After ion treatment, the crys-
tallite size of Ni decreases to ~6.7 nm, and after annealing at 450°C it
increases to ~ 11 nm compared to the initial state (~ 9.5 nm). After the
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combined treatment, the most significant decrease in Ni crystallite
size down to 5 nm is observed. Decrease in the grain size, respectively,
reduces the surface roughness and increases the adhesive strength,
which is in a good agreement to the experimental data [6] and the base
model [42].

The AES layer-by-layer elemental composition of as-received sample
is shown in Fig. 3, a. Clear interfaces between the layers indicate that
no diffusion intermixing is taking place after DC magnetron sputter-
ing. Accordingly, the tribograms clearly indicates separation between
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individual layers and the moment when the indenter reaches the sub-
strate with a characteristic burst of tangential force.

Heat treatment in vacuum promotes the activation of diffusion pro-
cesses. Mutual diffusion of Ni and Cu is observed on the Auger profiles
(Fig. 3, ¢). Cu atoms diffuse towards the film outer surface, their con-
centration in the Ni subsurface area reaches 15-18 at.%. The in-
creased oxygen content up to 30 at.% in this layer indicates the possi-
ble Cu oxidation. The presence of surface contaminants or oxide layers
can significantly affect the adhesive strength [43].

Ni atoms also diffuse into the Cu layer in the amount of about 10
at.% , while at the interface with Cr its presence reaches 20 at.% . After
annealing, the sputtering time of the Cr layer increases markedly dur-
ing the analysis, which might be associated with the formation of dis-
persed carbide phases near the substrate, although their presence has
not been recorded by XRD. The amount of carbon in the Cr increases to
approximately 10 at.% throughout the layer, while for the as-deposited
sample it does not exceed 2—3 at.% . However, the amount of C increas-
es at least in 3 times compared to the initial state, according to the es-
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timation of the integrated area occupied by C in the Cr layer. It should
be noted that Cr is a carbide-forming element (enthalpies of formation
of carbides CrzsCs, Cr:Cs, CrsC; are -290.0+x27.6 kd/mol,
-149.2+ 8.5 kJ/mol, —81.1 + 2.9 kJ/mol, respectively) [44]. Addition-
ally, reduction processes at the internal interfaces that could take place
during vacuum annealing, could also adversely affect the adhesion
strength of the film to the substrate. The region, corresponding to the
Ni and Cu intermixing, is also seen at the tribograms, as well as the Cr
layer and Cr/Si interface are also distinguished. The transition layer of
different tribological properties is clearly seen between Cu and Cr. It
contains Ni atoms and according to the binary phase diagram, eutectic
mixture of Ni with Cr is possible. Existence of such Ni—Cr eutectic
phase compound can be also indirectly judged by the change in the in-
clination angle of tangential force on the corresponding tribogram.

The diffusion coefficients of Ni and Cu were estimated based on the
AES concentration profiles using the centre-gradient approach pro-
posed by Hall and Morabito [45]. The method is based on the assumption
that the lattice diffusion is the dominating mechanism at the interfaces
between metal layers, while the grain boundary contribution can be ne-
glected. The degree of initial diffusion, i.e., before annealing, has also
been taken into account. In present case, the concentration profiles of
the components (given in logarithmic coordinates) after annealing (Fig.
3, ¢) and for the initial state (Fig. 3, a) were compared. The estimated
lattice diffusivities of Niin Cu and Cu in Ni after vacuum annealing at
450°C for 15 minutes are summarized in Table 2. The literature data on
the Ni and Cu diffusion coefficients in thin-film systems is given as
well as for a reference. According to the results obtained, both diffu-
sion coefficients are in the range 10'™-=107'8 cm?/s, but Cu in Ni diffu-
sivity coefficient is higher than the Ni in Cu one. In order of magni-
tude, our data are in good agreement with the data reported by Lian et
al. [46], where the Hall-Morabito method was also applied. Moreover,
the authors proved that this method has good accuracy for the case of
thin films and the influence of sputtering artefacts can be neglected.

The Auger depth profiling characterizes the average distribution in
chemical composition through the film thickness, i.e., provides integrat-
ed information on grain boundary and bulk diffusion mechanisms. XRD
data characterize bulk diffusion, when phase transformations take place
with the gradual formation of a homogeneous solid solution. Thus, the
observed intermixing between Ni and Cu, which is not accompanied by
significant changes in the parameters of the crystal lattice according to
XRD data, indicates a predominantly grain boundary diffusion mecha-
nism. This mechanism does not enhance the interatomic interaction be-
tween the film layers and does not improve adhesion.

In addition, the reduction of interfacial oxide layers, which may
form during magnetron sputtering, could take place during vacuum
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TABLE 2. Lattice diffusion coefficients of Ni in Cu and Cu in Ni.

‘ Diffusion couple | D, cm?/s | Treatment Reference
Ni(25 nm)/Cu(25 nm) 5.8.10°17 450°C Present study
CIEH”‘ Ni(25 nm)/Cu(25nm)  5.3-10-17 Pre'lzg%‘?é‘tmn’ Present study
Ni(100 nm)/Cu(100 nm) 3.8:10717 400°C [46]
Ni(25 nm)/Cu(25 nm) 9.2.10°18 450°C Present study
Néllln Ni(25 nm)/Cu(25nm)  2.1-10°17 Pre'lzg%‘llé‘“on’ Present study
Ni(100 nm)/Cu(100 nm)  6.1.108 400°C [46]

annealing [47]. The reduction of such oxides or suboxides adversely
affects adhesion. And the formation of chromium silicide, which en-
hances an adhesion, at this temperature does not occur [40]. As a re-
sult, the tribological and adhesive properties of the film after anneal-
ing compared to the initial state deteriorate, which is manifested in a
decreased critical load. Thus, the simultaneous influence of such fac-
tors as enlargement of crystallite size, increase of surface roughness,
saturation of the Cr layer with carbon, reduction of oxides at the inter-
faces adversely affects the adhesive strength of thin films.

After ion irradiation at the energy of 800 eV for 20 minutes (Fig. 3,
b), the Ni layer is sputtered with a corresponding decrease in its thick-
ness from 25 to 16 nm. However, irradiation does not induce a diffu-
sion interaction of components and there are no changes in the phase
composition. Ion treatment with the mode used helps to reduce the
amount of O and C remained in the film after deposition stage, as well
as to increase the concentration of Cu from 90% to almost 100% . The
development of reduction processes at the internal interfaces is associ-
ated with the long-range effects induced by low-energy ions, which has
been discussed in detail elsewhere [15]. Optimal ion treatment mode
(energy of 800 eV and fluence of 5.6-10'¢ ion/cm?) caused a simultane-
ous passivation of all film layers with decreased presence of oxygen
and carbon impurities. Since reduction processes yield first of all at
the Cr/Si interface, it brings light on the change in destruction behav-
iour in this area. Reducing the size of the crystallite size of the Ni layer
to ~8 nm compared to the initial state (~ 13 nm) should increase the
resistance to failure, but the thickness of the Ni layer decreases to
16 nm, which likely compensate the effect. Ion irradiation increases
the Ar content due to the ion implantation, which is a well-known ef-
fect [48]. However, ion irradiation also leads to a significant increase
in the number of point structural defects, which is likely to be the
cause of the experimentally observed degradation of adhesion and wear
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resistance of the irradiated sample. It should be emphasized that there
is rather contradictory information on the effect of ion irradiation on
surface strength properties in the literature. Positive and negative ef-
fects of irradiation on strength characteristics have been reported,
usually associated with ion-induced residual stress modification, sur-
face atom packing factor, and surface lattice density regulated by the
concentration of implanted ions [49, 50].

However, the combination of ion and thermal treatments improves
the microtribological characteristics of Ni(25nm)/Cu(25nm)/
Cr(25 nm) three-layer stack, which is in a good agreement to the previ-
ously observed effect reported for Cr(25nm)/Cu(25nm))/Ni(25nm)
films [20]. The improvement of mechanical properties is observed com-
pared both to the annealed sample and as-deposited film. Ion treatment
before annealing does not affect noticeably the elemental distribution of
the main components compared with thermal annealing (Fig. 3, d).

Grain-boundary diffusion of Cu atoms intensifies, their number in-
creases both directly on the outer surface (up to 25 at.%) and in the
near-surface region of the Ni layer. The diffusion of Ni atoms into the
Cu layer is slightly accelerated in the region near their interface,
which strengthens the interatomic bond between Ni and Cu, but in the
Cu layer, on the contrary, it slows down. The amount of Ni also de-
creases at the Cu/Cr interface, which is positive for the adhesion as the
amount of the Ni + Cr eutectic mixture decreases. The reduction in the
amount of carbon in the Cr layer compared to heat treatment (about 1.3
times) is another factor that positively affects adhesion strength.

The estimation of the diffusion coefficients using the Hall-Morabito
method was carried out for film after combined treatment (Fig. 3, d)
compared to the ion irradiated sample (Fig. 3, b), which was taken as
the initial state. The estimated lattice diffusivities of Ni in Cu and Cu
in Ni (after ion irradiated with an energy of 800 eV and with a duration
of 20 minutes) and irradiated and annealed at 450°C for 15 minutes are
also summarized in Table 2. According to these data, there is no signifi-
cant increase in the diffusion coefficient of Cu when using ion pre-
treatment, while for Ni the diffusivity increases by about 2.3 times. It
is worth emphasizing once again that these estimations concern the
Ni/Cu interface only and are not applicable to more remote regions of
low concentrations, which characterize grain boundary diffusion.

One should consider also other factors that can affect the adhesion
for the case of complex treatment. As has been shown recently [20], the
increased surface presence of Ar has been detected after the thin film
low-energy ion irradiation and thermal treatment. It has been suggest-
ed that in this case the implanted Ar atoms may be more strongly bound
to metal lattice atoms, as thin films have a less perfect crystal structure
than the corresponding bulk metals. Therefore, the relatively low tem-
perature of heat treatment is not enough for complete desorption of im-
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planted particles from the near-surface layers, not least due to the
growth of the oxide layer on the surface. In this case, the implanted Ar
atoms can interfere the movement of dislocations during heat treat-
ment (i.e., to act as Cottrell atmospheres [51]), and thus contribute to
the strengthening of the material, which explains the improvement of
microtribological characteristics of films after combined exposure. A.
Lazauskas et al. [6] even suggest that a chemical reaction between Cr
and Ar can occur during heating. Embedded Ar atoms can change their
traditional inert state and engage into a stronger chemical interaction
with the surrounding metal atoms. The ability of heavy noble gases to
participate in various chemical transformations does not contradict to
the current knowledge on the nature of chemical bonds [49].

Thus, during ion irradiation, there is a competition between the pro-
cesses of structural defects formation and Ar ions implantation, which
oppositely affect the adhesive strength. During the combined treat-
ment, thermal annealing of structural defects occurs, while particular
number of the implanted Ar atoms remains in the film. It is also charac-
teristic for such treatment mode that the Ni crystallite size and the
roughness are minimal, with reduced presence of carbon impurity atoms
in the adhesive bottom layer. The synergistic effect of these factors im-
proves the adhesive strength of the system, whereas neither heat nor ion
treatments separately allow to achieve such a positive effect.

5. CONCLUSIONS

It has been demonstrated in present study that the progressive scratch
test is an effective technique for characterization of the scratch re-
sistance and adhesion properties of thin metal films. An expedience of
applying the preliminary low-energy ion irradiation of the Ni(25 nm)/
Cu(25 nm)/Cr(25 nm) thin films prior to thermal treatment has been
revealed by means of the enhanced scratch resistance and adhesive
strength.

The positive effect of complex ion-heat treatment on the microtribo-
logical characteristics is likely associated with the synergistic effect of
several factors: reduced number of impurities (especially carbon pres-
ence at the Cr/Si interface); decreased crystalline size and surface
roughness; Ar atoms implantation at the pre-irradiation stage, which
in further become an obstacle to the movement and annealing of dislo-
cations under annealing. However, ion treatment itself does not pro-
vide such a clear positive effect, as there is a more fragile nature of the
material destruction under conditions of high loads accompanied by
the formation of lateral microcracks.

This publication is based on work supported by a grant (#G-202108-
68019) from the U.S. Civilian Research & Development Foundation
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