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Preface

Recent progress in the science and technology behind thin films is unprecedented.
While thin film materials possess widespread applications, such as in high-tech
electronic devices or wear-resistant coatings, the availability of modern character-
ization and modeling tools for academic researchers enables a drastic improvement
of our fundamental understanding of the physics and chemistry of these materials.
Importantly, it is possible to target the end-user-oriented properties of various thin
film systems by fine-tuning and controlling the synthesis process.

This book discusses several interesting aspects of this highly dynamic field of
research from the personal perspectives of the participants of a special focus section
on “Thin Films and Coatings” organized during the 2018 International Conference
“Nanomaterials: Applications and Properties 2018”, which took place September
9–14, 2018, in Zatoka, Ukraine. The book starts with a research article by I. I. Beilis
and R. L. Boxman from Tel Aviv University, both of whom are experts in
vacuum-arc evaporation and its various technological applications. Next, a series of
papers by Pogrebnjak et al. from Sumy State University are presented; these explore
the application of vacuum-arc evaporation to a fabrication of multilayer and mul-
ticomponent nitride-based protective coatings with enhanced physical–mechanical
and tribological properties (including high hardness, resistance to corrosion and
wear, and resistance to oxidation under the influence of high temperatures).
Peculiarities of the fabrication process for the porous structures of oxide and
metallic materials, using electrochemical deposition, are also discussed in detail in
several research papers that deal with electrochemically grown thin films. Films and
coatings involved in the polymerization of materials, as well as the deposition of
thick coatings using high-speed plasma fluxes, are studied in the following articles.
Several more papers, devoted to the electro-spark treatment of metallic materials
with further nanostructuring, can also be found in the present publication.
Considered examples of biomedical applications include ZnO-doped nanoparticles,
and thermally treated biocompatible compounds, based on Ti-Ta-Nb or
Ti-Ta-Nb-Zr alloys. Finally, the practical aspects of ion implantation to form
nanoclusters in semiconducting materials are considered.

v



We believe that this series of papers could be useful for graduate students and
various professionals interested in the synthesis-processing-structure-properties
relationship between a variety of thin film systems and in understanding recent
advances in the chemical and physical methods used for thin film deposition,
including technologically relevant ion- and plasma-assisted processes.

Sumy, Ukraine Alexander D. Pogrebnjak
Lemont, USA/Sumy, Ukraine Valentine Novosad
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Abstract

This book highlights the most recent advances in the chemical and physical
methods used for thin film deposition and surface engineering, including ion- and
plasma-assisted processes. This publication focuses on understanding the synthesis-
processing-structure-properties relationship between a variety of thin film systems.
The topics of interest include progress in thin film synthesis, new materials in thin
film form (such as nitrides, oxides, intermetallic compounds, ultra-hard, wear-,
oxidation-resistant, and multifunctional coatings; superconducting, magnetic,
semiconducting, and dielectric films; electrochemical and electroless depositions)
thin film characterization and instrumentation, and industrial applications.
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Thin Film Deposition by Plasma Beam
of a Vacuum Arc with Refractory Anodes

I. I. Beilis and R. L. Boxman

Abstract Thin film deposition using hot anode vacuum arcs developed in the last
decade is described. Two configurations were used: (i) with an open gap—the hot
refractory anode vacuum arc (HRAVA) and (ii) with a closed gap—the vacuum arc
with black body assembly (VABBA). In both configurations, the anodewas heated by
the arc with current I � 145–340 A, and a relatively dense plasma plume of cathode
material (Cu, Ti, Cr, Al, Sn, Mo, Nb), was formed by re-evaporation of cathode
material from the hot (2000–2500 K) anode, which was fabricated from graphite,
Mo, Ta, or W. A steady state mode was reached when the anode was sufficiently hot
and a plasma plume expanded, either radially (HRAVA) or directly from the front
hot anode surface. As an example, the deposition rate measured in 300 A HRAVAs
at distances of 80 mm from the arc axis, to be 3.6; 1.4 and 1.8 μm/min for Cu, Cr
and Ti cathodes respectively. Interconnector trenches (100 nm wide ×300 nm deep)
on microelectronic wafers were filled using a Cu HRAVA at a rate of 0.5 μm/min.

Keywords Thin film · Vacuum arc · Refractory anode · Interconnector trenches ·
Deposition rate

1 Introduction

Clean metallic plasma, i.e., without macroparticles (MPs), is required for several
applications [1, 2], including metallic film deposition [3, 4], ion implantation, and
filling high-aspect ratio trenches with metal on VSLI wafers [5–9]. Clean plasma
has been produced in conventional cathodic vacuum arcs by using magnetic filters
to separate the plasma jet from the MPs, and in hot-anodic vacuum arcs by anode
evaporation [5, 10], however, the equipment is cumbersome, and the process is inef-
ficient.

I. I. Beilis (B) · R. L. Boxman
Tel Aviv University, POB 39040, Tel Aviv 69978, Israel
e-mail: beilis@eng.tau.ac.il

© Springer Nature Singapore Pte Ltd. 2019
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2 I. I. Beilis and R. L. Boxman

MPs were separated from the arc plasma using a hot refractory anode vacuum arc
(HRAVA). This is a discharge mode that uses a nonconsumable anode and consum-
able cathode [11]. In the HRAVA, metallic plasma is produced by re-evaporation of
the cathode material from a hot cylindrical anode. The radially expanding HRAVA
plasma is sufficiently hot and dense to be used for filmdeposition on a substrate placed
at some distance from the arc axis around the electrode gap, and the films have much
less MP content than obtained from the conventional cathodic arc deposition.

Significantly reducedMPs plasmawas generated in a vacuum arc, which enclosed
the interelectrodeplasma in amostly closedhot chamber comprisedof a hot refractory
anode, cathode, and an insulator [12]. This configuration is named a vacuum arc
with a black body assembly (VABBA). Plasma flux exited the hot chamber through
small holes in the anode. In this paper are reviewed the main important results
obtained using the relatively new plasma source based on mentioned vacuum arcs
with refractory hot anodes.

2 Conventional Vacuum Arc

2.1 Cathode Spot, Jet, the Effective Voltage

In first, let us introduce the usual conventional arc with ring anode (Fig. 1). The arc
current I is supported by cathode spots where the electron emission, cathode heating,
and intense local evaporation occurs. The dense plasma and MPs were generated.
There also formed a supersonic, fully ionized, high kinetic energy (20–150 eV)
plasma jet used for vacuum arc deposition by separating the MPs. The energy Q
dissipated in cathode was characterized by effective voltage Ucef � Q/I. The mea-
surements show Ucef � 8 V [13, 14], 6.2 [15].

Fig. 1 Conventional arc
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Fig. 2 Schematic presentation of main regions in the cathode plasma and physical phenomena
supporting the cathodic arc [16]

2.2 Model of Cathode Spot and Plasma Jet Generation [16]

A model was formulated which represents cathode spot phenomena appearing in
different physical zones that are limited byboundaries (Fig. 2). The coordinate system
origin was placed at the spot center, and the x-direction coincided with the direction
of the jet flow axis. The first boundary is the cathode surface, which passes through
the coordinate origin. The cathode is heated and emits electrons and neutral atoms
due to vaporization and also macroparticles (MP’s). The second zone is the space
charge layer (sheath ballistic zone). The next zone is at a distance of the Knudsen
layer length for the heavy particles (where a returned flux of heavy particle toward
the cathode is formed and as result a net of cathode erosion mass is produced) and
plasma electrons from the cathode surface. The last zone represents a self-spot region
and is located at a distance equal to the emitted electron beam relaxation length from
the cathode surface (Fig. 2). In this region the plasma is heated and begins to be
accelerated, producing a cathode plasma jet in the expansion region.

3 Plasma Cleaning. Macroparticle Separation

Let us consider the main deposition techniques used at present: magnetron sputter-
ing, chemical vapor deposition (CVD), electrolysis and PACVD-plasma assistance.
Table 1 presents the rate of deposition, See details and references in [11].

Vacuum arc deposition is represented by magnetic filtering of plasma jet ejected
from the cathodic vacuum arc through a ring anode (Fig. 3). The plasma flux was
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Table 1 Deposition rate for
different techniques

Method Material Rate, μm/min

PVD-magnetron
sputtering
IPVD-ionized
PVD

Ti
Al on SiO2

0.017
0.01

CVD Cu on TiN
Cu on Si wafer

0.05–0.2
0.05–0.1

PACVD- Plasma
assisted

Cu on SiO2, Al 0.004–0.02

SSMD (Self
Sputtering)

Cu on Si wafer 0.02–0.4

Electrolysis Cu on Si wafer 0.1–0.16

Magnetic filtered
vacuum arc
deposition

Cu on glass 0.1

Fig. 3 System of magnetic
filtered vacuum arc
deposition

Deposition
chamber

Torus

Pumping
system

Helmholtz
coils

Torus coils

Y coil

X-coil

Cathode
Anode

Substrate
holder

filtered from the generated MP’s by a magnetic field in a quarter-torus duct. Its rate
of deposition is also indicated in Table 1.

3.1 Disadvantages

• Usually low efficiency of material utilization (see Table 1)
• Complex

In two mentioned methods of plasma generating (HRAVA and VABBA) the MP’s
were not separated but rather converted into the metallic plasma. The MPs are con-
verted using avacuumarcwith a hot refractory anode.This vacuumarcwas developed
in Tel Aviv University in last two decades [11, 12].
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Fig. 4 HRAVA mechanism and principle of working

3.2 Hot Refractory Anode Vacuum Arc (HRAVA)

Figure 4 shows the initial HRAVA stage (left) at which the jet plasma is condensed
on the cold anode. During the anode heating by the arc the deposit re-evaporates
from a hot non-consumable anode and a plasma plume is developed (middle). The
radially expanding plasma formed at the hot anode stage is shown on the right side
of Fig. 4. The plasma is sufficiently dense which used to deposit films on substrates
placed at some distance from the arc axis around the electrode gap. These films had
by three orders less MP content in comparison to that in conventional cathodic arc
content deposition.

3.3 Vacuum Arc Black Body Assambly (VABBA)

In the VABBA, the cathode material is emitted into a closed chamber formed by
the end surface of a water-cooled cylindrical cathode and a cup-shaped refractory
anode that is heated by the arc (Fig. 5). The material is eroded from the cathode
spots as plasma and MPs. They impinge on the hot anode and are re-evaporated
from it, forming a dense high-pressure plasma within the chamber. The VABBA
electrode assembly acts toward the plasma and MPs somewhat analogously to how
a blackbody cavity acts toward photons, i.e., not permitting their escape, except
through small holes. In the case of the VABBA, all of the MPs are trapped, while
some of the impinging plasma escapes from one or more holes, and can then be used
for applications.

Beloware presented the results including the anode and cathode effective voltages,
the anode temperature, the plasma electron temperature, and density as well as the
deposition rates obtained by the vacuum arc with refractory hot anodes.
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Fig. 5 VABBA plasma plumes using shower and one-hole anodes

3.4 Experimental Methodology and Conditions

The methodology includes calorimetric test, optical microscopy and SEM obser-
vations, plasma parameters measuring by electrical probe and profilometry of the
deposit films. The electrode materials, geometry, gap distance, and other arc param-
eters are summarized in Table 2.

3.5 Setup and Measurements

1. The experimental system includes a vacuum chamber, electrode and diagnostic
units that can be seen in Fig. 6.

2. The water cooled cathode, thermocouple, and ion probe measurements schemat-
ically are presented in Fig. 7. The metallic film deposition at hot anode arc stage
was provided in a system using a shutter schematically presented Fig. 8.
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Fig. 6 Experimental system

Fig. 7 Calorimetric and ion
current measurements
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shutter
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Table 2 Experimental conditions

Cathode materials
Geometry

Gr, Cu, Cr, Ti, W
Length: 40 mm; Diameter: D � 30 mm

VABBA-anode Length: 22 mm; D � 50 mm, W-250 holes (D
� 1 mm) Ta-1 hole, D � 4 mm

HRAVA anode
A-C distance
Anode thickness

W, Mo
h � 5–10 mm
5, 10, 20, 30 mm

Arc current, I 150, 175, 200, 225, 250 A

Arc time, t ~180 s

W-Thermocouple
T-Thermocouple

K-type (chromel-alumel)
W/5%Re-W/26%Re

Water flow rate, F 0.193, 0.29 L/s

Ion probe W rod 1.5 mm diameter

4 Results

4.1 Effective Voltages

4.1.1 HRAVA: Cathode (Cu) and Graphite Anode [17]

Figure 9 presented measurements of the anode effective voltage dependence on arc
time. It can be seen that in the arc beginning this voltage is relatively large, 11–12 V,
while with arc time it was reduced to a steady state of 6 V.

Fig. 9 Effective anode
voltages
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Fig. 10 Increasing of the
cathode voltage

I=200 A, Shower anode W-1mm, F=0.29 L/s
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4.1.2 VABBA Effective Cathode Voltage [18]

Figure 10 presented measurements of the cathode effective voltage dependence on
arc time. It can be seen that in the arc beginning this voltage is relatively low, 6 V,
while with arc time it was increased to a steady state of 11–12 V.

In VABBA the total effective voltage is 11–12 V consists of:

(1) Ucef � 6.5 V (conventional from the spot) and
(2) Part of returned plasma jet energy Uj (12 V) that has not expanded into the

surroundings and remains within in the VABBA.

4.1.3 Plasma Density Inside of VABBA

The time dependent ion current density ji and plasma density n were measured in a
VABBAwith one-hole Ta anode. The probe was mounted inside the 4 mm diam hole
in the anode and positioned near the flat anode surface, facing the plasma inside of
the closed cavity, to estimate the plasma density therein. The probe was connected
to ground through a Rion=1 � shunt resistor and a DC power supply (GW INSTEK
SPS-606) producing a probe bias ofVbias=−10Vwith respect to the grounded anode.

After ignition of an I=200 A arc, and with the end of the probe inserted to a depth
of 4 mm beyond the inside surface of the anode, the ion current was about 50 mA for
a period of ~40 s. Then it started to increase rapidly and reached a maximal value of
~500 mA before the arc was turned off at 60 s as shown in Fig. 11. This corresponds
to an ion current density ji which increased from 2.8 to about 28.3 A/cm2. The
estimated plasma density can be estimated from n~ji/0.4eνi (e-electron charge, νi �
(2Te/mi)1/2,Te is the electron temperature of ~1 eV) increased from2.5×1014 to 2.5×
1015 cm−3. The probe was heated by the incident plasma, so that thermionic electron
emission could have in principle influenced the measurements. The probe surface
temperature was estimated using the one-dimensional heat conduction equation to
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Fig. 11 Ion current time vs
time inside one-hole Ta
anode of VABBA

0

200

400

600

800

0 10 20 30 40 50 60 70 80
Io

n 
cu

rr
en

t j
i, 

m
A

Time, t, s

Fig. 12 Anode surface
temperature at I � 175A, gap
� 10 mm

reach about 1600 K. In this case, the thermionic electron emission was estimated as
~10−6A/cm2 and therefore its influence can be neglected.

4.2 HRAVA Parameters. Film Deposition

1. Time-dependentWanode surface temperatureTversus timewith anode thickness
d as a parameter is shown in Fig. 12. The larger anode temperature reaches at d
� 5 mm, and it is weakly decreased with d. The arc time for steady state T is
lower at shorter anode thickness.

2. Ion current fraction (HRAVA) [19].

Figure 13 shows that the ion current fraction at steady state and the initial stage
(8%, conventional arc). This fraction increases with gap distance and reaches a high
value of 11% at HRAVA stage.

3. Plasma parameters, HRAVA.
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Fig. 13 Ion current fraction
as function on gap distance
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Fig. 14 Ion energy, plasma density and electron temperature

Average ion energy increase with distance from the arc axis, plasma density and
electron temperature as a function on arc current are shown in Fig. 14. The electron
density and temperature linearly increases with arc current.

4. Metallic film deposition.

Figure 15 demonstrate the quality and Fig. 16 the rate of thin film deposition as
dependence on arc time and arc current. The steady-state deposition rate reaches
about 80 s of arcing. Figure 17 demonstrates Cu film is filling in the trenches of
interconnections in microelectronic wafers [20].

5. VABBA deposition.

The Nb (cathode) deposition rate as a function of arc current is presented in
Fig. 18 for different anodes: a single-hole Ta anode, a shower-head W anode, and
a shower-head Nb anode in the VABBA configuration. The Nb deposition rate with
a cylinder W anode by HRAVA is also indicated. It can be seen that the deposition
rate significantly depends on the anode configuration, material and arc mode.
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Fig. 15 Comparison of Cu film with conventional and by HRAVA deposition

Dependence on current, ATemporal evolution (HRAVA)

Fig. 16 Rate of film deposition as function on time and steady state on arc current

Fig. 17 Wafer
interconnection filling

WABBA with W film deposition rate is shown in Fig. 19 using tungsten hot
shower (0.85 mm holes) anode for L� 60 mm, 100 s arcing (closed shutter) and 60 s
exposition.

6. VABBA Image of Cu deposition on glass [21].
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Fig. 18 Thin film deposition
of Nb

Fig. 19 Tungsten film
deposition by VABBA

XRD pattern was analyzed for a Cu thin film deposited with shower Ta anode, I
� 200 A, Ls � 100 mm, and with an exposure time of 20 s beginning 60 s after arc
initiation. Polycrystalline Cu was detected, and the grain size was 30 nm.

SEM was used to analyze the Cu thin film, Ta (0.6 mm holes) anode, I � 200 A.
The shutter was closed for 60 s and deposition time was 20 s (shutter was opened)
at distance of Ls � 100 mm from the anode front surface. An SEM image nanosize
grain was presented in Fig. 20. It was also observed that for Cu film a low number
of nanoparticles were deposited for times about 30 s, while at more than 60 s after
arc ignition, no MPs were detected on the substrate area (25 × 75 mm2).
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Fig. 20 SEM image, Cu
deposit, nanosize grain

5 Conclusions

The refractory anode arc produced a plasma plume that expanded radially from arcs
with an open electrode configuration (HRAVA) or direct flux in closed electrode
configuration (VABBA). Plasma in both cases consisted of the cathode material.

In theHRAVA, the effective anode voltagewas about 11–12V at the arc beginning
and about 6 V during steady state arc operation.

The effective cathode voltage Ucef in the VABBA increased to ~6.5 V for cold
anodes (like in the conventional cathodic arc) and then increased to a steady state of
~11–12 V during the hot anode arc stage.

The ion flux fraction (11%) in arcs with refractory anodes (HRAVA) was larger
than in conventional arc (8%).

The plasma temperature was Te ~ 1.3–1.8 eV, the density was >1014 cm−3, and
the plasma was accelerated up to ~15 eV during its expansion (HRAVA).

The arc is a simple metallic plasma source for coatings. The high efficiency is
attributed to converting MPs into plasma. The steady-state HRAVA deposition rate
reached 3.6 (Cu), 1.8 (Ti) and 1.4 μm/min (Cr) for I � 300 A, while PVD, CVD,
FVAD reach about 0.1 μm/min.
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Multilayer Design of CrN/MoN
Superhard Protective Coatings and Their
Characterisation

B. O. Postolnyi, O. V. Bondar, K. Zaleski, E. Coy, S. Jurga, L. Rebouta
and J. P. Araujo

Abstract Multilayer CrN/MoN transitionmetal nitride coatings were studied in this
research. Filmswere deposited by vacuumarc deposition (Arc-PVD) fromCr andMo
cathodes in nitrogen atmosphere pN � 0.4 Pa. Three series of samples with different
values of negative bias voltage (−20, −150, and −300 V) applied to the surface
were fabricated. Each series has samples with 11, 22, 44, 88, 180 and 354 layers
while total thickness was maintained with the same value. Samples were studied by
scanning electronmicroscopy (SEM) on cross-sections and coatings surface, energy-
dispersive X-ray spectroscopy (EDS), electron backscatter diffraction (EBSD), high-
resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD),
micro-indentation. Two main cubic phases of γ-Mo2N and cubic CrN were detected.
It was observed that the crystal growth orientation changes while the negative bias
voltage of the substrate decreases. The maximum values of hardness (38–42 GPa)
among the studied samples were obtained for coatings with a minimal individual
layer thickness of 20 nm deposited at Ub � −20 V.
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1 Introduction

Improvement of properties of materials involved in engineering and industry is one
of the main tasks of material science. In the production of machines, working parts
of mechanisms, drilling tools, etc. it is crucial to increase the wear resistance of used
materials and, thus, extend their lifetime. Among others approaches, the methods of
surface modification are the most promising and economically effective [1–7]. The
authors are convinced that for mechanical properties enhancement the best fits the
deposition of superhard protective coatings on the surface of working parts [8–24].
This method is quite used and well known, but the diversity of deposition techniques,
structures and materials give plenty of opportunities to design new coatings with
superior properties [25–42].

Considering new European and world policy regarding critical raw materials and
recycling strategies it is expected to observe a new wave of interest and focus on
protective coatings such as proposed in this paper [43–46]. When the coating is
already destroyed on the used tool, the surface can be easily cleaned, and new films
are deposited to put the machine in service for a new working period.

As a solution in the presented work, it is proposed to employ mainly two
approaches and get the benefit of this combination: Hall-Petch strengthening, which
is based on the effect of gaining size control, multilayer design of coatings [47]. The
first assumes the increase of hardness values when the grain size reduces up to around
10 nm. The second approach, multilayer architecture of coatings, improve protective
properties of themultilayer films by reduction of cracks propagation towards the sub-
strate by the deflection of cracks on the interlayer interfaces. Additionally, by control
of individual layers thickness in coatings it’s possible to grain size in coatings: the
thinner layers, the smaller grains may be obtained.

Multilayer design of the coatings also allows benefiting from the combination of
outstanding properties of different materials used deposited in individual layers of
the films [48–64].

Chromium nitride has better thermal stability (up to 600 °C) [65–68] in com-
parison to Titanium nitride, the most widely used transition metal nitride protective
coating since the 1960s [69–71]. While the hardness of CrN is on the same level
as TiN, it demonstrates higher corrosion and wear resistance, and extremely strong
adhesion to metal surface.

Molybdenum nitride is the hardest superconductive metal nitride (28–34 GPa)
but still has been less studied. The diversity of possible phases with a wide range
of stoichiometry and lattice structures (cubic γ-Mo2N1±x, tetragonal β-Mo2N1±x,
hexagonal δ-MoN and metastable MoNx phase of NaCl-B1-type cubic structure)
makes it interesting for the current research [72].
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2 Deposition of Coatings

Multilayer CrN/MoN coatings were deposited by vacuum arc deposition (Arc-PVD)
using special vacuum unit Bulat-6 in a reactive atmosphere of nitrogen from two
cathodes of Cr (Iarc � 100 A) and Mo (Iarc � 120 A). Polished discs of stainless steel
12X18H9T were used as the substrates. The cathodes were placed on the opposite
sides of the chamber, and the rotatable sample holder in the middle exposed the
substrates alternately to the chromium and molybdenum. While the substrate holder
was in motion, the cathodes were turned off. By decreasing twice the deposition time
of individual layer for each next sample, but maintaining the same total deposition
time, it was possible to get samples with similar total thickness but different indi-
vidual layer thickness. The samples with 11, 22, 44, 88, 180 and 354 layers have
been deposited. The used negative bias voltage applied to the substrates during the
deposition was −20, −150 and −300 V. Working pressure of reactive nitrogen gas
was 0.4 Pa.

3 Experimental Details

Morphology of surface and cross-sections of coatings were studied by scanning elec-
tron microscopy (SEM) using Quanta 200 3D microscope and FEI Quanta 400 FEG
environmental scanning electron microscope. Elemental composition was estimated
by energy-dispersive X-ray spectroscopy (EDS) usingmentionedmicroscopes. Elec-
tron beam energy used in elemental composition analysis by EDSwas 10 keV. Cross-
section samples for SEM were prepared by cutting with further grinding, polishing
and finishing with colloidal silica polishing suspension.

Microstructure, grains size, and growth were studied by electron backscatter
diffraction (EBSD) analysis using the unit of EDAX EBSD forward scatter detector
system and high-resolution DigiView III camera attached to the FEI Quanta 400 FEG
ESEM. The processing of the obtained data, reconstruction of grains and the eval-
uation of their size were performed using specialized software “OIM (Orientation
Imaging Microscopy) Analysis” of EDAX (AMETEK, Inc.). The grain tolerance
angle of 5° was used for grains determination. Grains at edges of scans were not
included in statistics.

For the more precise study of the multilayer structure, the analysis by high-
resolution transmission electron microscopy (HRTEM) was performed using JEOL-
ARM 200F equipped with an EDS detector. Accelerating voltage was 200 kV. Thin
sections to be studied by HRTEM were prepared using a focused ion beam (FIB)
using JEOL JIB-4000 with Ga+ ions and were coated by thin carbon film before
etching to prevent damages of the samples.
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The structural studies and phase evaluation were performed by X-ray diffraction
(XRD) analysis using high-resolution diffractometerRigakuSmartLabwith the 9 kW
rotating anode (voltage of 45 kV and current of 200mA) inCu-Kα radiation. Formost
of the scans, the continuous mode of the acquisition was used with the diffraction
angular range from 20° to 120° with a step of 0.01° and scan speed of 0.3°/min. For
low-angle XRDmethods, the incident angleωwas 0.4°, 0.6°, 0.8°, and 1.2° while the
scan speed was 0.5°/min, the angular range was 32–84° and step was 0.024°. Phase
identification was done using ICDD Powder Diffraction Files No. 00-006-0694 for
Cr (bcc), No. 00-042-1120 forMo (bcc), No. 00-011-0065 for CrN (fcc), No. 00-035-
0803 for β-Cr2N (hexagonal), No. 00-025-1366 for γ–Mo2N (fcc) and No. 00-025-
1368 for β-Mo2N (tetragonal). The phase identification and other data processing
were performed using Crystal Impact’s software “Match!”. The average crystallite
size was calculated fromXRD data using the Scherrer equation. Instrumental effects,
microstrain, solid solution inhomogeneity or any other possible contributions to the
width of a diffraction peak were ignored during crystallite size calculations.

Micro-indentation of samples was performed using NanoTest instrument from
Micro Materials company to evaluate hardness and Young’s modulus (elastic mod-
ulus) of coatings. The maximum load has reached the values of 600 mN. Up to 10
indentations oriented in line with intervals of 50 μm were performed by Berkovich
indenter with controlled maximum penetration depth in the range 0.6–1.3 μm, but
no more than 10% of total thickness of the coating.

4 Results and Discussion

The morphology of the sample with an individual layer thickness of 1.1 μm and the
top layer of chromium nitride is shown in Fig. 1. Presented rocky, rough and highly
structured surface is typical for CrN thick films. Despite the special filtration system
installed in the deposition unit Bulat-6, non-significant droplet incorporations are
observed on the surface of the coating, which is a feature of the Arc-PVD method.

Figure 2 shows the cross-section image of the same sample presented in Fig. 1
and deposited at a negative bias voltage of −20 V with an individual layer thickness
of 1.1 μm. It demonstrates good quality of the deposited films and a sharp interface
between layers. Dark layers correspond to the CrN films and brighter zones—MoN
layers. One may notice that MoN layers are slightly thinner then CrN, which is
caused by a small difference in Cr and MoN cathodes evaporation speed and nitrides
deposition rates.

Additional information about microstructure and crystal growth was obtained
by EBSD analysis. Registered Kikuchi patterns (see Fig. 3), which are diffraction
patterns produced by Bragg reflections of inelastically scattered (thermal diffuse
scattering) electrons in a specimen, were analyzed by specialized software to study
crystal orientation in each control point of the sample. The resulting unique color
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Fig. 1 Scanning electron microscopy image of CrN/MoN surface, top layer is CrN with individual
layer thickness of 1.1 μm

grain map is for CrN layer of sample deposited at a negative bias voltage of −20 V
with an individual layer thickness of 1.1 μm is shown in Fig. 4.

Results of XRD analysis for multilayer CrN/MoN coatings deposited at a negative
bias voltage of −20, −150 and −300 V for Series 1, 2 and 3 respectively are shown
in Fig. 5. It was observed mainly two phases in the studied CrN/MoN coatings:
cubic (NaCl type) high-temperature phase of γ-Mo2N and cubic CrN phase. With
increasing of the absolute value of negative bias voltage from −20 to −150 V and to
−300 V the change of preferential crystal growth from (311) to (111) and to (200)
respectively was observed.

HRTEM analysis demonstrated good planarity of multi-layered coatings with a
sharp interface between layers. The results of XRD study about the presence of cubic
γ-Mo2N and CrN phases were confirmed. Smaller values of calculated lattice con-
stants a, in comparison to stress-free values for CrN (4.149 Å) and γ–Mo2N (4.163
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Fig. 2 SEM-image of CrN/MoN cross-section, Ub � −20 V

Å), have shown the presence of compressive stress in the deposited coatings. Elemen-
tal composition study by HRTEM-EDS gives an almost equal atomic concentration
of Cr and Mo up to 41–42 at.%.

Study of mechanical properties by hardness measurements using micro-
indentation has shown the highest values for samples deposited at Ub � −20 V
(Series 1). The growth of the hardness values from 22 to 39 GPa with decreasing of
individual layer thickness from 1.1 μm to 20 nm was observed.
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Fig. 3 Kikuchi pattern obtained by EBSD analysis from CrN layer on cross-section sample of
CrN/MoN coating

Fig. 4 Unique colour grain map for CrN layer obtained by EBSD analysis on cross-section sample
of CrN/MoN coating
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Fig. 5 X-ray diffraction patterns in range θ/2θ � 33–49° for multilayer CrN/MoN coatings
deposited at Ub � −20 V (Series 1), −150 V (Series 2) and −300 V (Series 3)

5 Conclusions

Multilayer CrN/MoN transition metal nitride coatings have been deposited by Arc-
PVD, and their microstructure, elemental, phase composition and mechanical prop-
erties have been studied. Coatings have typical morphology for Arc-PVD metal
nitride coatings; they are characterized by good quality, the high planarity of layers
and sharp interlayer interface. Two main cubic phases of γ-Mo2N and CrN were
detected. When the negative bias voltage decreases from −20 to –150 V and –300 V
the change of preferential crystal growth from (311) to (111) and to (200) appears.
Grains size decrease was observed with individual layer thickness reduction. With
the reduction of grains size the hardness values increases. The best mechanical prop-
erties were demonstrated by samples deposited at Ub � −20 V, where the highest
hardness of 38–42 GPa was registered for the sample with an individual layer thick-
ness of 20 nm. Achieved properties demonstrate that CrN/MoN coatings are very
promising in various protective applications and belong to the superhard class of
materials.
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Structure and Properties of Combined
Multilayer Coatings Based on Alternative
Triple Nitride and Binary Metallic
Layers

O. V. Bondar, Alexander D. Pogrebnjak, Y. Takeda, B. Postolnyi,
P. Zukowski, R. Sakenova, V. Beresnev and V. Stolbovoy

Abstract Combined multilayered coatings based on alternative triple nitride and
binary metallic layers were deposited using vacuum-arc evaporation of a cathode.
(TiMo)N/TiMo, (CrMo)N/CrMo, (CrZr)N/CrZr, (TiCr)N/TiCr and (MoZr)N/MoZr
multilayer coatings were fabricated under the same deposition conditions, while
bias potential was−200 V. Total thickness of the coatings was around 54 μm, while
bilayer thickness was around 900 nm and we had 60 bilayers in each coating. Thick-
nesses of triple nitride and binary metallic layers were 750 and 150 nm respectively.
Various methods of analysis were used for coatings characterization, including, but
not limited to, XRD, SEM, EDS, TEM, HR-TEM, SIMS, as well as indentation tests.
Forming of two-phase state with (111) and (200) preferable orientation was found in
the coatings. Vickers hardness HV0.1, HV0.5 and HV1 of the coatings varied from
2347 to 2912, 2077 to 2584 and from 1369 to 2327 respectively, which makes them
perspective for application as hard protective coatings.
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1 Introduction

The fabrication of protective coatings by different depositionmethods, such as chem-
ical processes, physical vapour deposition, ion-assisted deposition, allows to solve
a large variety of problems in machine-building industry, as well as in nuclear and
rocket-building industries and medicine to improve wear and corrosion resistance,
reduce friction, increase fatigue strength of cutting tools and mechanical products
[1–8]. Among this variety of strengthening technologies, a specific attention is paid
to vacuum-arc deposition usually named also as cathodic arc physical vapour depo-
sition (Arc-PVD) [9], which makes it possible to fabricate coatings with improved
physical-mechanical and tribological properties, resistance to the influence of irra-
diation and high temperatures [10–14], aggressive environment etc. [15–17].

The nitride coatings based on transition metals are widely used in modern mate-
rials science because of their exceptional physical and tribological properties, such
as high hardness, high melting temperatures, good chemical and physical stability,
etc. The most typical areas of application of such materials are wear protection, as
well as corrosion and abrasive protection. The most extensively studied single-layer
coatings are TiN, CrN, MoN and ZrN, but their properties are not good enough for
modern demands in materials science. It has already been proved that the multilayer
coatings demonstrate better properties, including magnetic and electrical [18, 19],
in comparison with the single-layer ones [14, 20–26]. The combination of alterna-
tive layers made of binary or even triple nitrides of different refractory metals can
provide superior performance and productivity of various tool components [27–30],
their enhanced resistance to wear and oxidation under the influence of high tempera-
tures [31–39], as well as good biocompatibility [40], which makes them perspective
to use in biomedical applications.

The substitutional defects may occur along the interfaces between adjacent lay-
ers in multilayer films, when some of the elements of one layer enter the crystal
lattice of the adjacent one, thus replacing its atoms. This process usually leads to
the generation of strain energy proportional to the shear modulus of the material.
The layers with different shear modulus prevent the movement of dislocations, thus
preventing the destruction of the coating material. Firstly such type of model to
describe hardness enhancement was proposed by Koehler [41] and then approved
and followed by many experimental and theoretical works, as well as by review
articles [42–54]. Additionally, deviations or redistribution of dislocations and cracks
at the grain boundaries help to increase the coatings resistance to stress, wear, and
destruction. The multilayer structure significantly reduces the influence of inter-
layer cracking and allows it’s employing under large dynamic loads. The alternation
of nanoscale layers with dissimilar physical-mechanical characteristics allows to
change significantly the properties of multilayer coatings, such as the concentration
of internal stresses, crack propagation [55–57] and, hence, to increase the fracture
toughness of such materials [58, 59]. However, some works have been published
recently where the enhancement of hardness and toughness in multilayer thin films
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is consideredmainly due to the grain rotation for the nanocrystals and grain boundary
sliding for larger grains [58, 60].

This present paper deals with fabrication and investigation of a novel nanocom-
posite combined multilayered coatings based on alternative triple nitride and binary
metallic layers were deposited using vacuum-arc evaporation of a cathode, such as
(TiMo)N/TiMo, (CrMo)N/CrMo, (CrZr)N/CrZr, (TiCr)N/TiCr and (MoZr)N/MoZr,
which were fabricated by Arc-PVD. First studies of structure, elemental and
phase composition, as well as physical-mechanical properties of such coatings, are
described and discussed.

2 Experimental Details

Polished substrates of A 570 Grade 36 stainless steel with a surface roughness Ra
up to 0.09 μm were used for the deposition. The multilayer coatings were deposited
by vacuum-arc evaporation of cathodes in a vacuum-arc device Bulat-6 with two
evaporators, which allows deposition of nanostructuredmultilayer coatings. Figure 1
shows a principal scheme of the deposition system. The vacuum chamber (1) (base
pressure in the chamber was 0.001 Pa) was equipped with a system of automatic
nitrogen pressure control (2) and two evaporators consisting of appropriate metals
for each coating (purity of metallic target was 99.8%). The substrate holder (5) was
mounted on a rotating stainless steel plate (300 × 300 mm) on which the substrates
(6) were placed. BULAT-6 was also equipped with DC voltage source (7), the value
of which can be varied between 5 and 1000 V, and high-voltage impulse generator
(8) with adjustable voltage pulse amplitude of 0.5–2 kV and repetition frequency of
5–7 kHz.

The substrate cleaning process was carried out before coatings deposition while
applying a 1 kV substrate potential. Further, nitrogen was injected into the chamber
to fabricate nitrides of appropriate refractory or transition metals. Rotation of the
substrate holder allowed deposition of alternating layers,while injection and stopping
the injection of nitrogen into the deposition chamber allowed deposition of nitride
and pure metallic layers.

Main deposition parameters for multilayer coatings are presented in a Table 1. All
coatings were deposited for 6 h in a continuous rotation of substrates mode. Distance
from cathodes to substrates was 200 mm for each sample.

The structure-phase state of the deposited coatings was analyzed using X-Ray
diffraction (XRD) in terms of θ-2θ scans in Bregg-Bertrano geometry. Scanning
electron microscopy with Energy-dispersive spectra (SEM with EDX) was used for
studies of coatings surface and elemental composition, as well as coatings cross-
sections. Also, a laser digital scanning was used to study surface roughness of the
coatings. Time of flight secondary ion mass spectrometry (ToF SIMS) was used for
studies of the distribution of elements along the depth. The hardness of the deposited
coatings was studied by the micro-Vickers method. At least ten indentations were
made for each sample and each loading.
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Fig. 1 A principal scheme of the Bulat-6 deposition system

Table 1 Composition and main deposition parameters of studied coatings

No Composition Iarc_Me1/Iarc_Me2, A Ub, V Dep. time for each
layer and PN (Pa)

877 (TiMo)N/(TiMo) 100/130 −200 5 min, 4 × 10−3,
1 min, 2 × 10−5

878 (CrMo)N/(CrMo) 100/130 −200 5 min, 4 × 10−3,
1 min, 2 × 10−5

891 (CrZr)N/(CrZr) 100/100 −200 5 min, 4 × 10−3,
1 min, 2 × 10−5

893 (TiCr)N/(TiCr) 100/100 −200 5 min, 4 × 10−3,
1 min, 2 × 10−5

894 (MoZr)N/(MoZr) 125/100 −200 5 min, 4 × 10−3,
1 min, 2 × 10−5

3 Results and Discussion

Studies of the surface morphology of the as-deposited samples were carried out
using Digital Microscopy unit Keyence VK-X100 Series. Images of the surface
of the samples 877 and 893 are presented in Fig. 2. One can see quite a smooth
surface with some droplet fractions, which is typical for coatings deposited using the
vacuum-arc method. Average roughness (mean height) of the samples did not exceed
the value of 0.3 μm, thus pointing at the fact of quite good quality of the surfaces of
the studied coatings.
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Fig. 2 Surface morphology of the samples 877 (a) and 893 (b)

TypicalXRDspectra of the studied coatings are presented in Fig. 3.Corresponding
planes are indicated below the curves. A spectrum for each sample has its correspond-
ing color. As we can see from the Fig. 3, the most intensive peaks correspond to (111)
and (200) planes, but we can also observe weaker reflections from (311) and (220)
planes.

Two-phase state (nitride andmetallic phases) was formed in the coatings, and each
phase corresponds to a certain layer. For sample No 877 and 893 we can observe
overlapping of peaks from Ti and Mo (sample 877) and Ti and Cr (sample 893).
Broadening of the peaks from (222) plane is also observed indicating at the high
disorder of polycrystallites, probably from molybdenum phase. Shape and intensity
of diffraction peaks from nitride layers can point on the pretty good crystalline
structure of the nitride layers. In according to the results of the EDS studies, top
layers of the coatings are metallic ones, the ratio between metallic components is in
the range 0.9–0.92.

Cross-sectional view under magnification at×800 (total view) and×5500 (mag-
nified nitride and pure metallic layers) of the sample No 891 are presented in Fig. 4a,
b accordingly. The presented cross-sectional view is typical for all samples. We can
observe good planarity of layers; they do not intersect and have clear visible borders.
The total thickness of the coating is around 54 μm, while alternative layers have the
thickness of around 750 nm (nitride layers) and 150 nm (for pure metallic layers).
The obtained data is in a good agreement with the deposition parameters, where one
can see 5 and 1 min deposition times for nitride and pure metallic layers.

The hardness of the coatings in the as-deposited state was studied byMicro- Vick-
ers method using Shimadzu HMV-G Micro Vickers hardness tester. Mean HV0.1
hardness of the coatings was 2700, while HV0.5 and HV1 equaled 2250 and 1700
accordingly, which makes them perspective for application as hard protective coat-
ings.
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Fig. 3 XRD spectra of the samples No 877, 878, 891, 893 and 894. Corresponding planes are
indicated in the figure

4 Conclusions

Multilayered coatings, based on a combination of nitrides of refractory metals and
pure metallic layers were deposited using vacuum-arc evaporation of a cathode
method. Two-phase state (nitride and metallic phases) was formed in the coatings,
and each phase corresponds to a certain layer. All deposited coatings demonstrated
good adhesion to the substrate. Mean Vickers hardness of the coatings was above
2000, which makes them perspective for application as hard protective coatings.
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Fig. 4 SEM images of the cross-section of the sample 891: total view (a) and layers under higher
magnifications ×5500 (b) and ×10000 (c)
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DSC Investigations of the Effect
of Annealing Temperature on the Phase
Transformation Behaviour
in (Zr–Ti–Nb)N Coatings Deposited
by CA-PVD

O. V. Maksakova, M. K. Kylyshkanov and S. Simoẽs

Abstract Changes in thermal transformation properties due to annealing and con-
sequent cooling within the temperature ranged from 30 to 1400 °C were studied for
(Zr–Ti–Nb)N coatings by differential scanning calorimetry (DSC) measurements in
an argon atmosphere. Temperature and phase transformations in investigated coat-
ings occurred in two stages: at intermediate temperature region (>670 °C) and high-
temperature region (>1100 °C). There were also noticeable changes in values of heat
capacity depending on nitrogen pressure applied during a deposition process.

Keywords Nitrides · PVD · Heat capacity · Enthalpy

1 Introduction

Transitionmetal nitride (TMN) coatings belong to the group of perspective functional
materials, frequently also termed as “refractory metal nitrides” [1–12]. Depending
on the application, the purpose of the coating is to provide increased surface hard-
ness, abrasion/wear resistance, and corrosion resistance, lower friction, as well as
resistant to high temperatures and oxidizing ambients. Among simple TMN com-
binations, TiN, ZrN and NbN are by far the most studied and characterized materi-
als [13–16]. Industrial interest and significant research in modern materials science
caused the development of complex ternary nitride coatings. Ternary nitride coatings
are achieved by addition of a third material such as Vanadium (V), Aluminium (Al),
Molybdenum (Mo), Silicon (Si), Zirconium (Zr) or other to a binary nitride com-
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pound (e.g. TiN, MoN, VN, ZrN, CrN, SiN, etc.). The presence of a small quantity
of the third material has a better impact on the morphology, structure, and bonding
of the film and substrate material [17–23]. Thus, very probably, one can suppose
that properties and performance of thin coatings consisting of three compounds of
transitionmetals from IV andV groups and nitride can be superior to commonly used
ternary systems. It is already reported about quaternary thin nitride films as: TiZrSiN
[24], TiAlYN [25], TiAlTaN [26], TiZrAlN [27], TiAlSiN [28] etc. Such coatings
comply with the most challenging requirements (high hardness and elastic recov-
ery, thermal stability, wear–corrosion–oxidation resistance, low friction coefficient),
demanded in a wide variety industry-specific application [29–31].

The choice of components for quaternary (Zr–Ti–Nb)N coatings was based on
exceptionally advantageous properties that demonstrate each metal element or its
combination with nitride. In our previous investigations, we had already explored
the mechanical and tribological properties of the coatings above [32, 33].

This paper reports on the study of heat capacity, thermal effects (enthalpy of phase
transition), temperatures of phase transitions of (Zr–Ti–Nb)N coatings obtained by
the cathodic arc physical vapor deposition (CA-PVD).

2 Experimental Details

Experimental samples were deposited onto AISI321 stainless steel substrates in a
vacuum-arc device Bulat-6. The atomic percentages of constituent elements of a
cathode were 30 at. % of Ti and 35 at.% each of Zr and Nb. Prior to coatings’ pro-
duction substrates were polished and cleaned to provide excellent adhesion between
thin films and steel substrates.

Parameters that were specifying in deposition process were: (1) the current of
the arc on the cathode (IA); (2) the negative electric bias potential applied to the
substrate (US); (3) the substrate temperature (TS); (4) target to substrate distance
(dT−S); (5) the nitrogen pressure in a chamber (PN ). Values of deposition parameters
are presented in Table 1.

Microstructure and chemical composition of the coatingswere characterized using
scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) in
a FEI Quanta 400 FEG ESEM/EDAX Genesis X4M. The coatings were observed in
surface and cross-section views.

The phase identification, crystal structure, and substructural parameters were also
studied byX-ray diffraction (XRD) in a Panalytical X’Pert ProMPD.CuKα radiation

Table 1 Deposition
conditions of the production
of (Zr–Ti–Nb)N coatings

Sample
series

TS, °C dT-S, mm IA, A US, V PN, Pa

a 450 250 95 −100 0.04

b 0.53
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was used to collect patterns from 10 to 80° (2θ) in θ-2θ Bragg-Brentano mode.
The identification of phases was determined using the Joint Committee on Powder
Diffraction and Standards (JCPDS) database.

The thermal characteristics extraction in thin coatings was conducted by dif-
ferential scanning calorimeter (DSC) using TG-DTA/DSC equipment. The applied
temperature regime for each of specimens was the following: heating from +30 to
+1400 °C and then cooling to approximately +30 °C at constant heating/cooling
rates of 10 °C/min. The average weight of samples was 55 mg. The thermal flow of
the samples consisted of (Zr–Ti–Nb)N coating, and steel substrate was investigated.
One heating/cooling cycle was applied to all samples. To avoid disturbance from
oxidation on the phase transformations, the DSC measurements are performed in a
protective atmosphere. Here an argon flow (99.9% purity) was typically used. Calori-
metric and phase diagrams were used for the study of phase transformation courses,
the determination of the critical transformation temperatures and the measurement
of the transformation energies. The start and finish temperatures of each phase trans-
formation were determined by the intersections of a baseline and the tangents to a
thermal peak in Infinity Pro Thermal Analysis software.

3 Results and Discussions

The surfaces of experimental coatings had different structure due to increasing con-
centration of reactive nitrogen ion in the chamber. The surfacemorphology of sample
a deposited at PN � 0.04 Pa showed an irregular structure and a rather rough appear-
ance due to a large number of macro- and microdroplets. While the structure of
sample b deposited at PN � 0.53 Pa was compact but with a number of the particles
of larger dimensions. The thickness of the coatings ranged from 7 to 10 μm. The
investigation of the elemental composition of the deposited coatings showed follow-
ing atomic percent of components: 14–16 at.% Ti, 13–14 at.% Zr, 13–14 at.% Nb
and 55–59 at.% N.

X-ray spectra analysis showed that defining phase was a phase with face-centered
cubic crystal lattice that meansNaCl-structure of the coatings. The stronger preferred
orientation along (111) plane of NbN phase was observed in all multilayers (see
Fig. 1). The intensity of the indexed (111) peak for the NbN phase was several
times higher than that indexed (222) peak. The low-intensity peak observed at 2θ of
37.84° told about the slight inclusion of bcc lattice, which was typical for the droplet
phase at vacuum-arc deposition method. Increasing the pressure of reaction gas did
not increase the peaks from the family of planes {111} but decreases the intensity
of other peaks (200), (220), (311) which was defined by a significant decrease of
droplet phase contents in the coatings and correlates with the results of surface
characterization.

The results of the calorimetric tests after annealing at a temperature exceeding
1400 °C are submitted in Fig. 2. Extreme growth of DSC curves from 30 to 100 °C
was evidenced by the exothermic effect onDSCcurves. It was attributed to nitridation
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Fig. 1 XRD spectra of
(Zr-Ti-Nb)N coatings

of coatings and a sharp increase in the mass of samples. The evaporation of water
and sorbed gases at approximately 100 °C was evidenced by the small endothermic
effect, according to DSC curves, after that a slight decrease in the mass of samples
was registered.

It follows from the curves that the heating phase and structural transformations in
the coatingswere in two-stages: (1) at intermediate temperature region (>670 °C); (2)
at high-temperature region (>1100 °C). Phase diagram of NbN showed that transfor-
mation of cubic δ-NbN or hexagonal ε-NbN phases into tetragonal γ-Nb4N3 occurred
approximately at 1500 °C [34]. Thus, none of DSC peaks could be connected with
niobium nitride. According to the phase diagrams of Cr–N [35] and Zr–N [36] sys-
tems, the first peak on curves was related with CrN and Cr2N transformations. These
exothermic peaks (low intense and broad) also corresponded to a cold crystallization
effect, when the transition from amorphous to the crystalline state occurred in the
coating upon heating. The enthalpy of this effect varied from −4.5 to −5.0 J/g. With
the increase in the heat treatment temperature, the second stage of transformation
caused distinct endothermic peaks that related to the process of formation of crystal
lattice defects in investigated films. Some satellites of the endothermic peaks could
be noticeable pointing at a trace amount of β-Cr2N+gas transformation with the
enthalpy value ranged from 0.03 to 0.064 J/g. Intensive oxidation and nitridation of
coatings started at this stage as intensive and broad peaks observed on DSC curves
[37, 38].

By using Infinity Pro Thermal Analysis software, the transformation temperatures
and heats were assessed and summarized in Table 2. Moreover, heat capacity Cp of
investigated samples was calculated according to formula reported in [39].
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Fig. 2 DSC heating curves
of (Zr–Ti–Nb)N coatings
annealed from +30 to +
1400 °C
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Table 2 Heat capacity, thermal effects (enthalpy of phase transition), temperature phase transition
of (Zr–Ti–Nb)N coatings after heating

Sample
series

Peak, °C Onset
point, °C

Enthalpy, J/g Effect Heat
capacity,
J/g °C

a (line 1) P1: 700 695 −5 ↑
Exothermic

6.74

P2: 1163 1162 0.064 ↓
Endothermic

8.46

b (line 2) P1: 705 690 −4.5 ↑
Exothermic

4.9

P2: 1171 1169 0.03 ↓
Endothermic

5.87

Fig. 3 DSC cooling curves
of (Zr–Ti–Nb)N coatings
annealed from +1400 to +
30° C

Heat capacity is the fundamental thermodynamic characteristic of the material,
which can be used for evaluating the changes in the structure. For example, if the
molecules in a material can make only small oscillations near the equilibrium posi-
tion, as in a crystal, then the value of Cp is low. If the molecules can rotate and move,
then Cp rises. By a jump-like change in the heat capacity, one can judge the phase
transition in the material. Depending on the nitrogen pressure applied during the
deposition process, there was some difference in the heat capacity values of inves-
tigated coatings. Sample a deposited at PN � 0.04 Pa demonstrated higher Cp �
8.46 J/g°C and consequently had better thermal properties compared to sample b.

It is apparent from the curves that during cooling only one sample a demonstrated
the exothermic effect at 940 °C (see Fig. 3). Cooling peak was shifted to the lower
temperature region compared with a heating cycle of this sample. The shape of the
peak entailed minor changes in phase transformation and structure.
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4 Conclusions

The results described in this work determined the heat and temperature of the phase
transition by measuring the heat flow and heat capacity of (Zr–Ti–Nb)N coatings.
It was established that no abnormal changes were observed on DSC curves. There
were small changes in themass of studied samples during heating and cooling cycles.
Consequently, the change in the heat capacities and different thermal events on DSC
curves can be attributed to changes in the structure and phase state of the samples.
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Microstructure and Mechanical
Properties of Multilayered α-AlN/α-BCN
Coatings Depending on Flux Density
During Target B4C Sputtering

V. I. Ivashchenko, V. M. Rogoz, T. N. Koltunowicz and A. I. Kupchishin

Abstract Multilayered AlN/BCN coatings with nanoscale layers were fabricated
by magnetron sputtering of Al and B4C targets on Si substrate. Deposited amor-
phousAlN/BCNcoatings have demonstrated increased nano- andKnoop hardnesses,
Young’s modulus in compare with AlN and BCN coatings, which explained by strain
modulation in amorphous layers of AlN and BCN. The application of flux density
IB4C (100 mA) has led to significant increasing of hardness from 18 to 27 GPa due to
the formation of α-BCN phase according to Fourier spectra. Nanolayered coatings
have been thermally stable up to 600 °C due to the slow diffusion processes in amor-
phous sublayer, which indicates higher oxidation resistance then nanocrystalline.

Keywords Multilayers · Coatings · Mechanical properties · XRD investigation

1 Introduction

It is well known that multilayer nanoscaled coatings based on nitrides of transition
metals have good physic-mechanical and tribological properties due to the formation
of at least two phases and a large number of interphase boundaries [1–7].

Aluminum nitride (AlN) is a material with remarkable properties with high hard-
ness and good thermal conductivity [8–19]. The deposition of AlN films with con-
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trolled morphology and high crystalline quality [20–34] is one of the key issues to
be addressed to fabricate high-performance AlN based devices.

Boron carbon nitride (BCN) compounds have been expected to combine the excel-
lent properties of boron carbide (B4C), boron nitride (BN) and carbon nitride (C3N4),
with their properties adjustable, depending on composition and structure [35–43].
Excellent mechanical properties such as adhesion, high hardness, and good wear
resistance have been reported in the case of sputtered BCN thin films [44–51].

Such internal structure impedes the movement of dislocations and leads to an
increase of the hardness of the material [52–54]. At the same time, according to
other works [54, 55], nanocomposite coatings should have nanocrystalline grains
(nanometer-sized) of one phase, which are embedded into another phase—amor-
phous interlayer (α), which favorably affected by the high-temperature stability [53,
56–62]. In addition, the amorphous interlayer also prevents the movement of dis-
locations, which makes this coatings more ductile and reduces the propensity to
fracture [63–67]. In this paper, two types of layers of AlN and BCN are used which
tend amorphization at low deposition temperatures, which makes them as potential
candidates for obtaining protective coatings, which are capable of operating under
severe conditions.

Therefore, this work aimed to obtain multilayer nanoscale coatings in which at
least one layer (of two) consists of an amorphous phase, and also to investigate the
microstructure and properties of obtained coatings.

2 Experimental Methods

Multilayer AlN/BCN nanoscale coatings (116 layers) were obtained by alternating
magnetron sputtering of Al and B4C targets in argon-nitrogen atmosphere onto a
polished Si (100) substrate. The pressure in the chamber was maintained within
1.4 mTorr, the bias potential U was -50 V, the flow rate of argon and nitrogen was
47 and 12 cm3/min, respectively. During the deposition of the coatings, current
(IB4C) was changed from 30 to 100 mA. The deposition parameters of AlN/BCN
coatings (samples of the ABC series) are presented in Table 1. Obtained coatings
were annealed in vacuum at temperatures Ta � 600, 900, and 1000 °C.

The coating structurewas studied usingX-ray diffraction (XRD,Dron 3Mdiffrac-
tometer, CuKα radiation). PowderCell 2.4 software was used for profiles separation
in the case of overlaying of the complex profiles. The substructure characteristics
(crystallite size andmicrostrain) were determined by an approximationmethod using
the Cauchi function as the approximating function.

Nanoindentation of the films was carried out in the continuous stiffness measure-
ment (CSM)mode using the NanoIndenter-G200 system (Agilent Technologies). All
nanoindentation measurements were performed using a Berkovich diamond tip with
a nominal radius of 340 nm. The load and displacement were continuously recorded
up to a maximum displacement of 200 nm at a constant indentation rate of 0.05 s−1,
the amplitude of the oscillations was 2 nm. Knoop hardness (HK) was determined
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Table 1 Deposition parameters: TS is the temperature of the substrate, U is the potential bias, I is
the current at the target, and t is the deposition time of one layer

Series
ABC

TS (°C) UB4C
(V)

IB4C
(mA)

tB4C
(min)

UAl (V) IAl (mA) tAl (min)

1 350 460 100 1 300 200 2

2 350 460 80 1 300 200 2

3 350 400 50 1 300 200 2

4 350 420 30 1 300 200 2

5 350 – – – 250 200 60

6 350 400 100 60 – – –

using the MICROMET2103 microhardness instrument (BUEHLER, USA) at a load
of 100mN. The hardness value for each sample was averaged over 10measurements.

3 Results and Discussion

As a result of the X-ray diffraction analysis (Fig. 1) it was found that the BCN coating
has a completely amorphous structure. In the coatings based on nitride aluminum,
microcrystallites w-AlN (type ZnS, #186, P63mc) are formed with parameters of a
crystal lattice a � 0.331 nm ta c � 0.511 nm. The size of crystallites with preferred
orientation (110) less than L � 3 nm. The average value of the microstress is <ε> �
0.98 × 10−2.
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Fig. 1 X-ray spectra multilayered coatings BCN/AlN (series 1) and monolayered coatings Al-N
(series 5) and BCN (series 6)
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Fig. 2 a Nanohardness (H);
b Young’s modulus (E) from
the penetration depth of the
nanoindenter for monolayer
α-BCN (1), α-AlN (2) and
multilayer α-AlN/α-BCN (3)
films, which are deposited at
IB4C � 100 mA

Fig. 3 Dependence of Knoop hardness (HK): a on the current IB4C; b on the annealing temperature
Ta

As a result of the formationmultilayers coating, the size of crystallites increase up
to 10%, most likely due to the formation of solid solutions at the interface between
the layers of AlN and BCN.

The results of nanohardness (H), Young’s modulus (E) and Knoop hardness mea-
surement are shown in Figs. 2 and 3 (a, b). With the increase of IB4C, the hardness of
multilayer coatings increases (Fig. 3a) with a maximum value of 27 GPa for coating,
which is deposited at IB4C � 100 mA.

The growth of IB4C leads to an increase in the α-BCN interlayer. Thus, the differ-
ence in the α-AlN and α-BCN amorphous layers enhances the stress modulation in
the coating. It should be noted that the compressive stresses develop in the α-AlN
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layer, whereas in α-BCN layer there are tension stresses. The hardness of single-layer
coatings of α-AlN and α-BCN is 12.2 and 12.8 GPa, respectively. Therefore, we are
still inclined to the idea that, despite the amorphous structure of multilayer coatings,
there is an alternation of stresses, which is responsible for increasing the hardness.
This issue requires further study.

Figure 3b shows that annealing of coatings after 600 °C leads to a significant
decrease in hardness. It can be assumed that the AlN/BCN coatings are thermally
stable up to 600 °C. With a further increase of annealing temperature, it is obvious
that the layers are mixed, which leads to a reduction in stress and hardness. Another
explanation may be that the increase of the fraction of the more softer aluminum
and boron oxides with increasing annealing temperature Ta leads to the decrease in
hardness. Based on our results and previously published data [54, 63, 68–71], it can
be argued that the oxidation of amorphous nanolayer coatings is prevented by the low
rate of oxygen diffusion in the amorphous matrix as compared with nanocrystalline.
Thus, amorphous coatings more effectively prevent oxidation than nanocrystalline
ones [72–76].

4 Conclusions

The deposited ofmultilayer amorphousAlN/BCN coatings demonstrated an increase
in nanohardness, Young’smodulus andKnoop hardness as comparedwithmonolayer
AlN and BCN coatings, which is explained by the presence of modulation of stresses
associated with amorphous AlN and BCN layers.

During the deposition of multi-layer AlN/ BCN coatings a nanocomposite struc-
ture in the form of microcrystallites w-AlN, less than 3 nm was formed inside an
amorphous matrix.

With the increasing of IB4C current density to 100 mA, a significant increase in the
hardness of nanolayer coatings from 18 to 27 GPa is observed. Such an effect can be
explained due to the increase on the amorphous BCN interlayer, which is confirmed
by the obtained Fourier spectra.

Multilayer coatings are thermally stable up to 600 °C due to the slowing of diffu-
sion in an amorphous interlayer. Thus, the amorphous multilayer coatings are more
stable to oxidation than nanocrystalline coatings.
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Mass Transfer Model of Sputtering
from Rod-Like Targets for Synthesis
of Multielement Nanocoatings

Yu. O. Kosminska and V. I. Perekrestov

Abstract This work develops the mathematical model that allows calculating ele-
ment concentration depending on substrate location at low working gas pressures
for coatings deposited by new magnetron sputtering device on the basis of hollow
cathode and rod-like target. In this work, a target composed of two semicylindrical
constituents is considered. As the rod-like target can be made of multiple materials
in any geometry, the model can be adjusted for any particular case. The calculations
explain the general trend of experimental data behavior.

Keywords Sputtering · Mathematical model · Mass transfer · Composite target ·
Rod target · Element concentration · Multielement coatings

1 Introduction

Modern material science and nanotechnology highly depend on the development
of technological approaches to the synthesis of new functional coatings, thin films,
and nanostructures. Therefore, researchers pay much attention to both creation of
new synthesis methods and improvement of existing techniques, including plasma-
based sputtering approach. Thus, magnetron sputtering has proved to be efficient
for multiple tasks, and a number of its new variants have recently appeared. Along
with classical variants of dc and rf magnetron sputtering, reactive and non-reactive
sputtering, such new trends as unbalancedmagnetron sputtering, high power impulse
magnetron sputtering, etc., can be mentioned which are widely investigated [1–6].

Authors of the present work developed an alternative approach to dc magnetron
sputtering and created a patented series of sputtering devices featuring hollow cath-
odes [7–14]. The sputterers work in highly pure inert ambient under working gas
pressure of a fewPa. The operational principle of these devices is based on a combina-
tion of themagnetron and hollow cathode effects. As typical for these sputterers, they
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have axial symmetry, and their magnet system is separated from a cathode assembly.
The cathode can be made in the form of a half-closed cylinder or a truncated cone
of various dimensions. Hence, the area of intersected electric and magnetic fields
changes its form depending on specific device geometry. Correspondingly, the sput-
tering target can be placed in different locations and made in different forms. Among
all possible configurations, the present article deals with the device that features half-
closed cylindrical cathode and sputtered target in the form of a composite cylindrical
rod placed at the central axis [10–12]. Plasma of the magnetron discharge is concen-
trated around the rod and inside the hollow cathode which provides sputtering of the
upper and central part of the rod. Sputtered atoms move towards external substrate
holders located concentrically to the hollow cathode. Depending on the geometry
of the rod components one can expect the formation of coatings of various com-
position, for example, multicomponent high-entropy alloy coatings. Therefore, it is
necessary to adjust all the technological parameters of deposition and geometrical
characteristics of the sputterers to fabricate coatings with predictable properties.

The present work is aimed to develop a mathematical model to estimate the
quantitative elemental composition of growing layers for the above sputtering device
in an approximation of low working gas pressures.

2 Mass Transfer Model

In this section, the mathematical model is developed and tested on existing experi-
mental results on the concentration distribution of two-component coatings depend-
ingon the locationof substrates. Typical designof the sputtererwith the rod-like target
is shown in Fig. 1a. Main parts of the sputterer are cylindrical hollow cathode with
the composite rod-like target along the central axis of the device. In this particular
case, the rod consists of two semi-cylinders of Cu and Ni. The magnet system is sep-
arated from the cathode and located inside the anode assembly. Figure 1b shows the
principle of substrate locations on the inner surface of the cylinder substrate holder.
The mathematical model considers locations marked with capital letters. Locations
filled with color correspond to those experimentally studied.

Uniform sputtering of each part of the rod is assumed. To simplify, rectilinear
motion of sputtered atoms in the target-substrate region is considered. This can take
place for low working gas pressures with high enough mean free path of atoms. This
is due to the small diameters of the device (4–10 cm). The formulation of the model
starts with an angular distribution of sputtered atoms which is chosen below.

It is well-known that in case of evaporation the angular distribution of evaporated
atom flux can be satisfactorily described as a cosine distribution as for the ideal
Knudsen cell [15]. In the case of sputtering the cosine distribution is predicted by
the collision cascade theory for normally incident bombarding particles and at the
same time, it is distorted in experiments and simulations. First of all, the real picture
of the angular distribution depends on the incident energy of bombarding particles
[16]. As the incident energy increases, the distribution changes from heart-shaped
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Fig. 1 Schematic representation of the sputtering device: a axial cross-section of the main compo-
nents: 1—the cathode, 2—the rod-like target, 3—the anode, 4—the water-cooled magnet system
with the magnetic conductor, 5—plasma area, 6—cylindrical substrate holder; b diametrical cross-
section that shows possible location of substrates relatively to the target (here the rod-like target is
composed of two identical semi-cylinders each of which is made of Cu or Ni, γ x is the polar angle
that determines location of each substrate relatively to the fixed x-axis, each location is marked
with a letter, filled locations correspond to experimentally used, a stroke at a letter means that the
location is repeated symmetrically from geometrical point of view but is asymmetrical relatively to
the sputtered target components)

and under-cosine to over-cosine type. Also, the angular distribution depends on the
surface structure. For different surfaces and incident energies, a number of fitting
expressions is proposed [16]. In this work, we assume cosine distribution since it is
quite sufficient for the case of a finely dispersed polycrystalline target and a surface
without preferable orientation [17].

Thus, the number of atoms d2N sp sputtered to form a target surface element dSt
per a time unit within the solid angle dω (see Fig. 2) can be written as

Fig. 2 To determination of
relation between the target
and the substrate surface
elements through the solid
angle dω in (1). Here nt is
the normal to the target
surface element dSt and ns is
the normal to the element of
the substrate surface dSs.
r denotes the direction of the
flux that is sputtered from
dSt and incident to dSs. The
angle ϕ is the ejection angle
and the angle θ is the
incident angle of sputtered
flux
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d2Nsp � N0 cosϕ
dω

π
dSt , (1)

where ϕ is the ejection angle, N0 is the sputtering rate of the given material (in
m−2s−1). In calculations we assume N0 to be equal to the sputtering coefficient
of the target material with accuracy to a certain relative scaling factor. Thus, (1)
represents the angular distribution of sputtered atoms.

To determine the arrival rate of atoms, let us find a relation between the target and
the substrate surface elements dSt and dSs considering their position and the solid
angle dω as shown in Fig. 2. Their mutual position is determined by the distance r
between the source dSt and the receiver dSs, as well as by the incident angle θ .

From Fig. 2 it follows that

dω � dSs
cos θ

r2
. (2)

Substituting (2) into (1), we get

d2Nsp � N0

πr2
cosϕ cos θdSsdSt . (3)

Let us consider an arbitrary point S on a cylindrical substrate holder (Fig. 3) and
define its angular position by the angle γ x counted from the immovable x-axis. Let the
x-axis be attached to the line (surface) separating two components of the sputtering
target (see Figs. 1 and 3). Our final task is to calculate the concentration of atoms of
the two target materials at S-points depending on their position γ x. So, the sputtered
substance can arrive at the point S from any ejecting point T within the viewing field.
The mutual position of the points S and T can be described by the angle γ T counted
from movable x′-axis (see Fig. 3).

Let us take into account the axial symmetry of the system. Then we can use a
cylindrical coordinate system with the polar angle γ x and z-axis placed along the
symmetry axis of the sputterer. The element dSt can be found as a product of the
height element dz and the arc length that rests upon γ T:

dSt � dz · RtdγT , (4)

where Rt is the target radius (Fig. 3). Substituting (4) into (3), we get a general
expression for the number of atoms arriving at a substrate surface unit (the point S)
from all the points T within the viewing field and length dz per a time unit:

dN (γx )

dSsdz
�

∫

St

N0

πr2
cosϕ cos θdSt �

∫

γT

N0Rt

πr2
cosϕ cos θdγT . (5)
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Fig. 3 Simplified cross-section plane of the system shown in Fig. 1b and main geometrical param-
eters used for determination of the number of atoms arriving at a substrate point S. The arrival point
S corresponds to any location of the substrates in Fig. 1b and is determined by the polar angle γ x .
r is the direction of mass transfer from the floating ejection point T to the point S. x′ is the movable
coordinate axis that is connected with the position of the point S

One can see that integration over the target surface is replaced by integration over
γ T, i.e., the viewing field. To take the integral, r, cosϕ and cosθ should be expressed
through γ T.

First, r can be easily found from the triangle STO (Fig. 3) by cosine theorem as

r2 � R2
s + R2

t − 2Rs Rt cos γT , (6)

where Rs is the substrate holder radius (Fig. 3). To make further calculations depen-
dent only on relative sizes, let us introduce the ratio of the radii Rs and Rt as ρ �
Rt/Rs ∈ (0, 1).

Then the distance r can be represented as

r � Rs

√
1 + ρ2 − 2ρ cos γT . (7)

From the same triangle STO it follows by sine theorem that

sin(π − ϕ)

Rs
� sin γT

r
⇒ sin ϕ � sin γT√

1 + ρ2 − 2ρ cos γT
, (8)

cosϕ �
√
1 − sin2 γT

1 + ρ2 − 2ρ cos γT
. (9)

Sum of the angles in STO is π � θ + γ T + π − ϕ. Hence
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cos θ � cos(ϕ − γT ) � cosϕ cos γT + sin ϕ sin γT . (10)

Finally, substituting (7)–(10) into (5), we get the final dependence of the number
of arriving atoms in this form:

dN (γx )

dSsdz
′ �

γm∫

−γm

N0ρ

π

B(ρ, γT ) cos γT +
√
B(ρ, γT ) sin2 γT(

B(ρ, γT ) + sin2 γT
)2 dγT , (11)

where B(ρ, γ T) � 1 + ρ2 − 2ρ cos γ T − sin2 γ T; z′ is z normalized to Rs; ±γm

are the integration limits defined by the viewing field (Fig. 4). N0 characterizes the
sputtered material.

Possible locations of arrival point S on the arc K′M′ are not equivalent even if
symmetrical relatively to x-axis because of the structure of the rod-like target. KK′
and MM′ are shaded from material at the opposite side. Thus, for KK′ and MM′ the
integral in (11) should be taken over γm ∈ [−arccos ρ; arccos ρ] for materials 1
and 2 correspondingly. For the arc KM, the integral in (11) turns into a sum of two
integrals over both materials (see Fig. 4).

Figures 5 and 6 show calculated relative concentration of Cu and Ni depending on
substrate location for different ratios ρ. Additionally, Fig. 5 features comparisonwith
experimental measurements from [18]. One can see that the distribution of deposited
substance is not symmetrical, and the amount of Cu exceeds that of Ni. The central
E-position is characterized with a constant fraction of elements independent from

Fig. 4 Simplified cross-section plane of the system shown in Fig. 3 explaining determination of
the limits of integration γm in (5), (11). The regions 1, 2 belong to the material I and the regions 3, 4
belong to the material II (see Fig. 3). For the given location of the arrival point S integration in (5),
(11) should be represented as a sum of separate integrals over circular arcs 2 and 3. “Blind” arcs
1 and 4 are invisible to the point S because of cosine-type angular distribution of sputtered atoms.
Correspondingly, the arcs KK′ and MM′ appear to be shaded from a material on the opposite side.
So, if the arrival point S shifts to the arcs KK′ and MM′, integration in (5), (11) should be done
over the closest material only (material I for KK′ and II for MM′)
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Fig. 5 Relative
concentration of Cu in
deposited layers versus
substrate location for
different values of ρ: black
circle ρ � 0.5; black square
ρ � 0.25; black up-pointing
triangle ρ � 0.1; black
diamond suit ρ � 0.05;
white circle corresponds to
experimental values obtained
in [18]

Fig. 6 Relative
concentration of Ni in
deposited layers versus
substrate location for
different values of ρ: black
circle ρ � 0.5; black square
ρ � 0.25; black up-pointing
triangle ρ � 0.1; black
diamond suit ρ � 0.05

ratio ρ: ~61% for Cu and 39% for Ni. This depends on the correlation between the
sputtering rates of Cu and Ni. Indeed, sputtering coefficients for Cu and Ni are 1.1,
and 0.7 and their sputtering threshold energies are 17 and 21 eV for Ar ions, so, Cu
atom flux is more intense. For lower ratio ρ, that is for the higher distance between
the target surface and the substrate holder, distribution of components changes more
gradually.

From a comparison of calculated and experimental data in Fig. 5 it follows that
the model predicts general behavior well but gives lower values of Cu concentration
than measured. This can be attributed to increased values of working gas pressure.
Thus, the experiment on the deposition of Cu and Ni was performed at 6.4 Pa [18].
This corresponds to the mean free path of sputtered particles in working ambient
of ~3–5 cm, while the distance between target surface and substrate holder can be
1.5–5 cm. This indicates the necessity to include a scattering of sputtered atoms on
ambient particles into account.

Experimentally, maximal mixing of the components near region D′ corresponded
to the formation of amorphous phase relatively stable to recrystallization in absence
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of component segregation. The developed model also indicates that maximal mixing
can be expected within the region ED′.

3 Conclusion

The proposed sputtering device can be used to deposit functional multicomponent
nanocoatings onto the inner surface of low diameter pipes. To predict the properties
of the coatings and to optimize the technological process, it is important to develop
a mathematical model to calculate the distribution of the components on substrates.
In this work, such model is proposed on the basis of cosine angular distribution
of sputtered atoms and different sputtering rates of the components. It is assumed
that the model will be developed further to take into account scattering of sputtered
atoms on the working ambient particles depending on the pressure, the influence of
sputtering relief, possible deposition on the target surface, rotation and translation
of the substrate holder, etc. In its present form, the model allows predicting general
behavior of sputtered fluxes and determines substrate location for maximal mixing
of the two-component system.
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Self-organized Growth by Sputtering
and Other PVD Techniques

Yu. O. Kosminska and V. I. Perekrestov

Abstract This paper presents a brief review on known self-organized growth by
deposition and reports on a new approach of self-organized growth of micro- and
nanostructures that can be realized by modified magnetron sputtering. Since self-
organization phenomena are multidisciplinary, general ideas on self-organization
and related concepts are considered first. Then, known methods of porous structure
fabrication in contrast to solid layers and established self-organized growth types are
discussed with an emphasis on using PVD techniques. Finally, new steps in plasma-
assisted self-organized growth under quasi-equilibrium conditions are presented.

Keywords Self-organization · Sputtering · Quasi-equilibrium conditions ·
Growth mechanism · PVD

1 Introduction

Modern progress in nanotechnology is based on the problem of formation of various
micro- and nanostructures with novel structural and functional characteristics. At
present a concept of the following two synthesis approaches is developed, such as
“top-down” (e.g. etching) and “bottom-up” (e.g. molecular beam epitaxy) which dif-
fer from each other considerably by structure formation mechanisms and technologi-
cal solutions. Among them the former is still dominant in practical applications, often
being combined with the latter in form of lithography. However, the most progres-
sive new results, such as the growth of fullerenes, nanotubes, layered heterosystems,
ordered arrays of quantum dots, etc., are achieved using the “bottom-up” techniques.
Therefore, it is an atom-by-atom bottom-up assembly that serves as an attractive
way to discover new knowledge in this field. It can be appropriate here to address
the famous Feynman’s lecture [1] and emphasize his ideas about manipulation by
atoms, they’re arranging the way we want and atom-by-atom assembling by physics
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instead of traditional chemical routes. Here two different ways are possible, such as
the deterministic placing of atoms like by atomic force microscopy and growth of
structures based on self-organization. Importance of self-organization follows from
the fact that self-organized processes in nature provide with the optimal functional
effectiveness of both artificial systems and living organisms.

Today one can observe increasing attention paid by researches to study and search
of self-organized physical, chemical, biological and technological processes that
ensure the formation of micro- and nanosystems. But for the present very limited
number of possible variants of self-organized structure growth is known for depo-
sition of metals, semiconductors, and carbon by PVD techniques. Besides, self-
organization processes at condensation of weakly volatile substances under quasi-
equilibrium conditions have not almost been investigated. At the same time, the
interaction of self-organized processes of dissipative and conservative character that
occur away from thermodynamical equilibrium and close to it correspondingly can
lead to the appearance of complex hierarchical structures with novel properties [2].
When implementing these ideas byPVDmethods, one can expect both new formation
mechanisms and new structural forms and characteristics ofmicro- and nanosystems.

Thus, this paper briefly discusses types and mechanisms of self-organized growth
commonly known for the present, as well as presents new results on self-organization
obtained by the authors’ group for quasi-equilibrium condensation bymodifiedmag-
netron sputtering.

2 General Notions of “Self”-Processes and Selectivity

2.1 Self-organization and Self-assembly

Processes of orderingor pattern formation are oftenobservedduring synthesis of solid
state or molecular structures which can be described regarding self-organization and
self-assembly. Both terms assume the appearance of collective ordering based on
the dynamical interactions of complex system components. However, there is still
a certain indistinct understanding and loose utilization of these terms due to their
multidisciplinary character. Self-assembly is more often understood as molecular
self-assembly and self-organization—as ordered formation of dissipative structures
away fromequilibrium [3].At the same time, there are lots of examples fromscientific
literature that considerably extend areas of utilization of “self”-terms.

At present three general concepts of self-organization are proposed, namely dissi-
pative, conservative and continual. conservative self-organization and self-assembly
possess a lot of common features. Continual self-organization relates to evolution of
individual biosystems and is not considered here.

Being a founder of synergetics, H. Haken defined self-organization as gaining by
a system a spatial, temporal, combined spatial and temporal or functional structure
through internal processes without specific interference from outside [4]. Specific
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interference can be understood as direct controlling, e.g., using templates. Basic con-
ditions for self-organization are remoteness from equilibrium, the complexity of the
system, nonlinearly interacting constituent parts and positive and negative feedback.
Haken’s idea has been developed further by I. Prigogine and followers as dissipa-
tive self-organization in open systems which is a nonequilibrium phase transition of
“order-disorder” type. It should be noted that the meaning of the “template” becomes
more blurred and includes the indirect influence of ambient conditions [3].

Conservative self-organization appears in the form of spontaneous ordering in
closed systems that are near or at thermodynamical equilibrium [5]. This term is
introduced by J.-M. Lehn for spontaneous formation of supramolecular assemblies
from separate components. This definition is also suited for such physical processes
as crystallization, recrystallization during sintering, martensite transformations, the
formation of ferromagnetic and ferroelectric structures [5]. Self-assembly was firstly
formulated as a more general concept that covers wider spectrum of interactions on
molecular and higher levels. However, both conservative self-organization and self-
assembly occur near equilibrium, are driven by minimization of Gibbs free energy,
do not change their constituent parts and result in structures with new qualities.
Therefore, they can be interchangeable to a certain extent.

In addition, there are processes for which one can hardly differentiate conservative
and dissipative self-organization, orwhich are characterized by the interaction of both
“self”-processes. Thus, the formation of magnetic domains and crystallization have
earlier been considered as classical self-organization. However, the resulted struc-
tures remain ordered in the vicinity to equilibrium as well [6], while classical dissi-
pative structures break down. Self-assembly can be accompanied by nonequilibrium
conditions, that is constant heat fluxes and chemical reactions [2]. And finally, one
can come across the ideas that both equilibrium and non-equilibrium processes can
interact that increases hierarchy and complexity of a system and, as a result, provide
formation of very complex hierarchical structures. Typically, this is demonstrated by
self-assembly of metal nanoparticles in a polystyrene matrix or other examples from
molecular biology and polymer systems [2]. Anyway, scientists agree on extreme
perspectivity of self-organized “bottom-up” technologies for material science and
nanotechnologies [5, 7].

2.2 General Types of Selectivity

Since supramolecular chemistry can be considered as a source of ideas concerning
self-assembly or conservative self-organization, it is necessary to consider selectivity
as onemore central notion. Selectivitymeans the ability of themolecules to recognize
one another. There are thermodynamic and kinetic selectivities [8]. The first variant is
realized throughmolecule binding by the complementarity principle and the strongest
possible chemical bonds. For example, it is thermodynamical selectivity that is used
to bind complementary DNA parts in DNA biosensors. The second variant is realized
without strong preorganization and results in a structure with the highest formation
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rate. Making an analogy with PVD, one can expect both types of selectivity. For
instance, the effect of different growth rates of crystallographic planes forming crystal
habitus or role of active nucleation centers on a growth surface is well-known. At the
same time, growth selectivity in thin films based on the maximally strong chemical
bonds of adatoms with the growth surface remains practically unstudied.

3 Types of Self-organized Growth by Deposition

3.1 Stranski–Krastanov Growth

A typical variant of self-organized growth is observed during deposition in Stran-
ski–Krastanov mode in semiconductor heteroepitaxial and “metal–semiconduc-
tor” systems with lattice mismatch, such as Ge/Si, SixGe1-x/Si, InAs/GaAs, (In,
Ga)N/GaN, etc. Molecular beam epitaxy and metal-organic vapor phase epitaxy are
commonly used in this case. Elastic stress relaxation in a stressed wetting layer ends
in three-dimensional islands formation if mismatch parameter is higher 2%, instead
of introducing misfit dislocations. The resulting shape of the islands is determined
by a balance between elastic stress relaxation and free surface energy minimization.

3.2 Surface Directed Self-organized Growth

Another variant of self-organized growth of nanostructures presupposes using sub-
strate surface as a template if the surface is structurally anisotropic and has atomic
inhomogeneities of different origin [9]. For example, such inhomogeneities as
monosteps and kinks are active sites for adsorption, nucleation, and growth of nan-
odots or nanowires. If these active cites create regular energetic relief and nucleation
is suppressed on another surface cites, then one can expect self-organized growth of
nanostructures [10].

Among directed growth there are:

1. growth on vicinal high index surfaces [e.g. Ge on Si(113), Si(331), Si(1 1 10);
Ag and Cu on Au(7 8 8), Au(23 23 21)];

2. growth on reconstructed surfaces [e.g., metals on Si(111)-7 × 7, Au(111)-22 ×√
3];

3. growth at interaction with ordered adsorbate phases [e.g., Au/N/Cu(001)];
4. growth on mechanically stressed surfaces due to embedded nanostructures or

subsurface hidden dislocation network [e.g., Co on Ag(001)/MgO(001), Ni on
CoO(001)/Ag(001)];

5. growth on externally deformed substrates [e.g., the Volmer–Weber growth of
PbTe and Sn on (111) BaF2, (0001) GaSe].



Self-organized Growth by Sputtering and Other PVD Techniques 75

Thus, mainly surface atomic structure, andmechanical stress fields are considered
as directing forces for self-organized growth. Atoms should fix only on selected
(active) nucleation cites and, thus, growth should be thermodynamically selective.

Finally, in [10] all processes of atom-by-atom structure evolution during depo-
sition are claimed to be of self-organized character. But it is not connected to self-
organized technological solutions, and the importance of direct control over atomic
processes by technological parameters has been noted.

3.3 Low-Temperature Plasma-Assisted Growth

“Plasma-condensate” systems with plasma action onto growth surface have already
proved their importance for nanotechnology as they allow fabricating objects
considered as self-organized, among which there are semiconducting quantum
dots, nanoparticle and nanowire arrays, carbon nanotubes with controlled chirality,
graphene and its derivatives, nanodiamond, hybrid materials, hierarchical metamate-
rials, etc. This means that structure formation under plasma action is accompanied by
the selective formation of condensate architecture and chemical bonds. According to
[11], suchvariant of self-organization is determinedby rates of dynamical restructura-
tion of material fluxes in bulk and on a surface and comes when this restructuration
occurs without specific external actions. As a result, self-organization is governed
by surface diffusion of adatoms as a kinetic factor. Under the plasma action, the dif-
fusion activation barrier decreases owing to heating, charge transfer and polarization
in the presence of an electric field. So, adhesion energy of adatoms to the growth
surface decreases. Besides, the electrical field over the substrate is also known to
influence structure formation.

Plasma action onto the growth surface positively affects the ordering of metal
nanoparticle arrays with a tendency to similar form and shape. In case of deposition
through templates, plasma optimizes substance passing through pores, while in case
of random nucleation plasma induces an electric charge of growing islands which
redistributes diffusive fluxes over substrates and favors semi-spherical shaping and
narrowing of size distribution [12]. In the case of post-deposition treatment by plasma
self-organization can result from Ostwald ripening [13].

4 Known Approaches to Selective Fabrication of Porous
Metal Layers

4.1 Porosity According to Existing Structure Zone Models

The know majority of experimentally obtained structures of PVD metallic deposits
according to structure zone models (SZM) comes to thin solid films at prolonged
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condensation [14]. There is only one region in themodernSZMs that features porosity
and relates to condensation under low substrate temperatures (below one-third of the
homologous temperature) and near-thermal energy of deposited atoms. Such porous
deposits consist of tapered crystallites separated by voids, are amorphous, stressed
and structurally nonequilibrium. Such porosity character results from low mean free
diffusion path that is very limited adatommobility over growth surface. However, one
can hardly find reports on porosity formation due to diffusion limitation by the time
of adatoms being absorbed along with the realization of maximally strong chemical
bonds between atoms and the growth surface. The latter approach can be realized
under condensation in quasi-equilibrium conditions.

4.2 Porous Metal Layers by Traditional Techniques

Among known technologies of porous metals fabrications, dealloying and template
methods are the most spread and studied. The former methods are based on the
chemical or electrochemical etching of a single or several components from the
alloy. The resulted porous morphology is controlled by changing the initial ratio of
metals in the alloy and the etching temperature. As for using templates, first, one has
to create a template with necessary pore structure, then to fill the empty spaces with
metal and after that to remove the template material. Thus, the most wide-spread
techniques for porous structure formation are complex and multistage processes.
In this connection, it is quite attractive to replace the above techniques with the
self-organized atom-by-atom assembly of porous systems within the “bottom-up”
approach during condensation under quasi-equilibrium conditions.

5 Plasma-Assisted Self-organized Growth Under
Quasi-Equilibrium Conditions

In this section, we present a new approach to the self-organized growth of micro- and
nanostructures under plasma action onto the growth surface directly during sputter
deposition. It is based on a modified magnetron sputtering combined with hollow
cathode which operates under increased working gas pressure in high pure inert
ambient. Self-organization, in this case, is complex [15, 16] and consists in dissipative
self-organization of deposition conditions, namely low relative supersaturation of
deposited substance, and conservative self-organization of structures on substrates.
Due to the interdependent nature of these two constituents, it represents a system of
full self-organization.

Self-organization of technological conditions results from the existence of accu-
mulation area of a sputtered substance above the growth surface, provided by circular
mass transfer and hollow cathode effect. The relative supersaturation, growth surface
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temperature and condensing flux are nonlinearly mutually dependent and together
maintain quasi-equilibrium stead-state conditions. A macroscopic criterion of the
process stationarity is time-independent stable values of the supersaturation. Fur-
thermore, it is proposed to take into account plasma action onto the growth surface
by not only decrease of diffusion barrier, but adatom desorption energy to an effective
value as well.

To describe selectivity of structure growth, a concept of critical energy in the spec-
trum of binding energies of adatoms with growth surface has been introduced [15].
The critical energy separates higher binding energies that correspond to allowed cites
of adatom fixing on the surface from lower binding energies of “forbidden” cites.
The critical energy value can be shifted depending on technological conditions and
supersaturation: the lower is the supersaturation, the higher is the critical energy.
Thus, structural selectivity is gained when adatoms condense with the strongest
chemical bonds with the growth surface. In section IIB this was mentioned as ther-
modynamical selectivity. Besides, the time-stable value of the critical energy serves
as a microscopic criterion of stationarity.

Under the described conditions we have found formation of nanoparticle arrays
during initial growth stages with a tendency to form similar shape, size and averaging
distance in between due to Ostwald ripening in Volmer-Weber mode [17]. After
prolonged condensation we have found the formation of highly porous metal layers
for fcc, bcc and hcp lattices within the range of homologous temperatures ~0.5–0.9
(Ni, Al, Cu, Zn, Cr, Ti) [18–23]. To place the obtained structures among others in

Fig. 1 Seven zones in gas pressure—discharge power coordinates which correspond to typical
architectures of Al condensates obtained under quasi-equilibrium conditions under plasma action
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modern SZMs, there should be used one more axis of supersaturation, that is why for
nowwe have offered a simplified classification of our structures as shown in Fig. 1 on
the example of aluminum. In the case of the strong electric field above the surface, we
have observed structures resulting from focusing of weak ion fluxes onto prominent
parts of the growth surface and called it as field selectivity [24]. Depending on gas
pressure and applied power, structure formation occurs under the different ratio of
structural and field selectivities. Among mechanisms that influence self-organized
growth, in this case, the Gibbs–Thomson effect at the presence of negative surface
curvature should be mentioned [24]. Thus, the structure is a competition of multiple
mechanisms.

We state that proposed mechanisms of full self-organization can be more general
and can be applied to describe the formation of other micro- and nanosystems, such
as, for instance, multiwall carbon nanotubes by anodic arc synthesis [25], or to create
new self-organized technological systems based on different physical and chemical
processes.

6 Conclusion

We have briefly reviewed general notions of self-organization and underlying mech-
anisms of self-organized structure formation of the deposits by PVD techniques.
We have shown that low-temperature plasma is a powerful active ambient to reveal
self-organization of both technological deposition conditions and structure formation
mechanisms.
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On the Possibility of Training
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Magnetoresistance Effect in Higher
School
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and Yu. O. Shkurdoda

Abstract The method and technique of training demonstration of the giant magne-
toresistance effect on the example of film samples (single layer Co film and three-
layer film Co/Cu/Co) in CIP-geometry with the help of simple experimental equip-
ment are presented.

Keywords Nanosize multilayer films · Anisotropic magnetoresistance · Giant
magnetoresistance

1 Introduction

In the middle of the twentieth century, a new scientific and technical direction began
to form in the most developed countries of the world. By the 1970s it became known
as the thin films physics (FTP). The complete notion of the physics and technology
of thin films of this time is given in the encyclopedic edition [1, 2]. At the end of
the twentieth century, the FTP became a strong scientific basis for both applied tech-
nical directions that provide the further development of traditional microelectronics
(nanoelectronics) and new material science directions in solid state physics called
nanotechnology (ion-plasma technologies for creating and modifying surfaces, etc.
[3–10]. And then a rather strange situation arose, when despite the determining influ-
ence of the FTP on the development of themajority ofmodern science-intensive tech-
nologies, in the FTP itself did not found the attainment that pretended for universal
scientific recognition. And only in 2007, A. Fert and P. Grünberg for the discovery
of the giant magnetoresistance effect in the FTP was awarded the Nobel Prize in
Physics [11–13].
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The giant magnetoresistance effect (GMR) is the galvanomagnetic quantum
mechanical effect observed in specially created multilayer film objects, which con-
sist of a system of magnetic and non-magnetic conducting alternating layers. The
thickness of such layers is usually about units and tens of nanometers. The effect
is manifested in the fact that the electrical resistance of such objects when they are
introduced into a magnetic field (magnetoresistance MR) significantly changes. The
relative change in the electric resistance value δ � �R/R0, where �R � R − R0 (R
is the electrical resistance of the conductor in the magnetic field, R0 is the electrical
resistance of the conductor in the absence of a magnetic field) is one units, tens and
even hundreds of percent depending on the material of the layers, number of layers
and temperature. Since this is several orders of magnitude larger than the magnetore-
sistance of massive natural conductors, hence the name is giant magnetoresistance.

Over the past 20 years, research topics in the field of GMR have not lost their
relevance and continue to be of interest to researchers [14–24]. Somepractical aspects
of using the GMR effect are presented in [25–28].

2 Experimental Details

In the simplest case, the GMR effect is realized in CIP geometry in three-layer film
objects (FO) of type FM/NM/FM, where FM is a layer of ferromagnetic metal (Co),
NM is a layer of non-magnetic metal (Cu) [14, 16]. Depending on the thickness of
the layers and the heat treatment, the magnitude of the effect is δ � 1–4%. Such
three-layer Co/Cu/Co films with GMR are offered by us for demonstration and study
of the GMR effect in higher education institutions in the field of physics, electronics
or magneto-electronics. We received a certificate from theMinistry of Education and
Science of Ukraine on the recognition of compliance with pedagogical requirements
No 06/029 dated June 24, 2014, for a product “Film objects for demonstration and
study of the giant magnetoresistance effect”.

FO is obtained by methods of layer vacuum spraying of metals (Cr, Cu, Co) on
glass substrates. The FO consists of (Fig. 1) from the film resistor (3) (active part
of the FO) and contact pads (2) for fixing the measuring conductors. Film resistors
in the substrate plane have dimensions of 2 × 10 mm and are obtained by vacuum
spraying Co, Cu. The substrates are polished glass plates (1) 25 × 25 mm in size.
On each plate two identical film resistors (working and backup) are sprayed.

The contact pads are made using the vacuum layer spraying Cr and Cu. The layer
of chrome thickness up to 50 nm is applied to the glass first and provides adhesion to
the surface of the glass of the next copper contact layer thickness up to 150 nm. The
contact pads after spraying are incubated in a vacuum to a temperature of 400 °C to
provide their mechanical strength. The conductors for connecting the instrument to
measure the electrical resistivity of the film resistor can be connected to such contact
pads or soldering or purely mechanically using spring clamps.

During the demonstration and study of the GMR phenomenon, the change in the
electrical resistance R of the film resistor in an external magnetic field by induction
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1 2

3

Fig. 1 Schematic image FO for demonstration and study of the giant magnetoresistance phe-
nomenon: 1—glass substrate; 2—contact pads; 3—film resistor

B during its change is experimentally investigated, i.e. the dependence R � R(B) is
experimentally determined.

To do this it needed two FO—one with a film single-layer resistor with Co (thick-
ness 40–60 nm), the second with a film three-layer Co/Cu/Co resistor. The film
three-layer resistor is manufactured using a special technology by the method of
layer vacuum spraying Co (up to 30 nm thick), an intermediate layer of Cu (thick-
ness up to 1 nm) and again Co (up to 30 nm thick) in a magnetic field of a special
spatial configuration. The film single layer resistor ismanufactured by vacuum spray-
ing of only Co thicknesses of about 60 nm. The resulting resistor FO is also annealing
in a vacuum at a temperature of 400 °C to ensure the stability of their parameters
and mechanical strength.

Using a single-layer resistor, a typical anisotropic (normal) magnetoresistance
(AMR) is demonstrated and studied, and a gigantic (unusual) magnetoresistance
(GMR) is demonstrated and studied using a three-layer resistor. The demonstration
and study of the GMR effect with such FO is possible both at room temperature (a
simple research option) and at low (cryogenic) temperatures (a more complex study
option).

For demonstration and study of the GMR effect at room temperature, standard
equipment of the educational laboratory of electricity and magnetism can be used:
a digital ohmmeter and a magnetic system creating a homogeneous magnetic field
with induction, which varies within B � 0÷100 mT (Helmholtz rings, solenoid or
an electromagnet with an air gap) and the corresponding power supply (PS) of the
magnetic system. The most convenient is the Helmholtz rings magnetic system. One
of the possible variants of the simplest installation with Helmholtz rings is shown in
Fig. 2.

Themagnetic system should have a calibration curve (the graph of the dependence
of the magnitude of the magnetic field induction created by it, on the magnitude of
the electric current flowing through its coils).

FO with the sprayed contact pads and the film resistor under investigation is
fixed in the holder, which provides the possibility of location of FO in the field of a
homogeneous magnetic field of a magnetic system in the same plane in two mutu-
ally perpendicular directions in relation to the direction of the magnetic induction
vector of the system (for measuring the longitudinal magnetoresistance (R‖) and for
measuring the transverse magnetic resistivity (R )), as shown in Fig. 3.
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1
2 3

4

Fig. 2 Appearance of the simplest installation for the demonstration and study of the GMR phe-
nomenon: 1—Helmholtz rings; 2—digital ohmmeter; 3—power supply of the Helmholtz rings;
4—holder with film object

Fig. 3 The location of the
film object in the magnetic
field: a when measuring the
longitudinal
magnetoresistance (R‖);
b when measuring the
transverse magnetic resistor
(R )

B
B

(a) (b)

3 Method and Technology of Demonstration

3.1 Longitudinal Magnetoresistance (Dependence R‖ �
R‖(B))

Before starting measurements, it is necessary to fix the FO on the holder so that the
direction of the magnetic field induction vector and the direction of current through
the film resistor coincide (Fig. 4a), and connect the measuring conductors of the
ohmmeter to the contact pads of the FO. To get the full loop of the magnetoresistance
effect (full dependence RPP � RPP(

−→
B )), you must do the following.

1. Magnetizing the film under study (film resistor) as much as possible, passing
through the coils of the magnetic system the maximum electric current from the
power supply. The current strength should provide creation in the location of the
film object of a homogeneous magnetic field by induction not less than 100 mT.

2. Smoothly reduce the current through the coils of the magnetic system to zero
and turn off the power of the magnetic system. After turning off the power of the
magnetic system, record the digital ohmmeter (measure the electrical resistance
of the film resistor) R0 in the absence of a magnetic field.

3. Change the polarity of the power supply of the magnetic system (change to the
opposite direction of the magnetic field induction vector).
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Fig. 4 The dependence of the magnetic resistance of film resistors on the induction of an external
magnetic field: a resistor is single layer Co film (typical AMR); b resistor is three-layer film
Co/Cu/Co (typical GMR)

4. Get the dependence of the value of the electrical resistance of the film resistor on
the magnitude of the induction of the magnetic field RPP � RPP(

−→
B ). To do this,

turn on the power supply of the magnetic system and, step by step, increasing the
current (increasing the magnetic field induction) with a small increment, record
the ohmmeter at each step.

5. Lock the ohmmeter indications after reaching the magnetic field induction value
B � 100 mT and start with a small incremental step to reduce the current (to
reduce the magnetic field induction) through the coils of the magnetic system to
zero, again capturing at each step the ohmmeter indications.

6. Turn off the power supply of the magnetic system. Change the direction of induc-
tion of the magnetic field in the magnetic system to the opposite (change the
polarity of the power supply) and again repeat the measurement of the electri-
cal resistance of the sample in accordance with paragraphs 4 and 5 (Get the
dependence RPP � RPP(−−→

B )).
7. According to the results of the measurements, construct a complete loop of the

magnetoresistive effect for the longitudinal magnetoresistance RPP, that is to
construct the two branches of the dependence RPP � RPP(

−→
B ) as for the current

flowing through the film resistor in the direction of the vector �B (RPP � RPP(
−→
B ))

and for the current flowing through the film resistor in the direction opposite the
vector �B (RPP � RPP(−−→

B )).
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3.2 Transverse Magnitude (Dependence R � R (B))

Tomeasure the transverse magnitude resistance R , place the FO so that the direction
of induction of the magnetic field of the magnetic system is perpendicular to the
direction of flow of the electric current through the film resistor (Fig. 4b). Repeat the
measurement for this position of the film object in accordance with p. 1–6 and, based
on the results of measurements, construct a complete loop of the magnetoresistive
effect for the transverse magnetoresistance R (construct a complete graph of the
dependence R⊥ � R⊥(

−→
B ) similar to item 7).

Measurement carry out of the magnetic resistor for both PO with a single layer
film resistor from Co and PO with a three-layer film resistor from Co/Cu/Co.

4 Results and Discussion

The obtained results of measurements of the MR must be expressed in percent using
the formulas:

Longitudinal MR:

δ‖ � �R‖
R0

� R‖ − R0

R0
, (1)

where RPP is the electrical resistance of the resistor for longitudinal geometry of
measurements (Fig. 3a); R0 is the electrical resistance of the film resistor in the
absence of a magnetic field;

Transverse MO:

δ⊥ � �R⊥
R0

� R⊥ − R0

R0
, (2)

where R is the electrical resistance of the film resistor for transverse measurement
geometry (Fig. 3b).

According to the results of the measurements, construct a complete magnetic
resistor loop (p. 7) (dependency graphs �R‖/R0 � �R‖/R0( �B) and �R⊥/R0 �
�R⊥/R0( �B) for resistors from single layer Co film and three layer film Co/Cu/Co).

In Fig. 4 illustrates typical full-magneto-resistive loops for such films.
For film single-layer resistors from Co (Fig. 4a), there is a positive longitudinal

PP (electrical resistance is increasing) and a negative transverse (electrical resis-
tance decreases) magnetoresistance, which is a demonstration of AMR inherent in
homogeneous ferromagnetic metals, both in massive and film conditions.

For a three-layer film resistor Co/Cu/Co (Fig. 4b), only a significant decrease in
the electrical resistance (the ratio d�DR/R0 is less than zero) is observed regardless
of the direction of the appliedmagnetic field, current and sample orientation (absence
of anisotropy of the magnetoresistance). This is a characteristic feature of the GMR
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and allows a simultaneous change in the orientation of the magnetic moments of the
film resistor elements (layers separated by a thin nonmagnetic layer Cu).

Compare the obtained dependencies in the case of AMR and GMR. Set the dif-
ferences and determine the maximum GMR percentage.

5 Conclusions

The set of film objects of CIP-geometry created by us enables us to demonstrate and
study in the courses of general physics, electronics, or magnetoelectronics, using the
available simple equipment, as an ordinary anisotropic magnetoresistance (single
layer film sample Co, Fig. 4a) andGMR (three-layer film sample Co/Cu/Co, Fig. 4b),
which allows students to get acquainted with the physical effect of GMR.

Each sample (film object) has its own passport, which specifies its characteristics
(composition electrical resistance, GMR amplitude, saturation field, coercive force,
etc.) and a detailed instruction for demonstrating and studying the GMR effect.

In conclusion, the following should be noted. The GMR effect is experimentally
discovered at the end of the twentieth century and the authors of the discovery in
2007 were awarded the highest scientific award—the Nobel Prize in Physics—is
a fundamentally new physical phenomenon for artificially created macrosystems
which structural elements have nanoscales and spin conduction electrons in which
plays a main role.

Its practical use is one of the components of nanotechnology and spintronics, and
the proposed set of film objects and the above-described method of their research,
in our opinion, allow them to acquaint with them students of physical and technical
specialties of universities.
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Multifractal Analysis of the Surfaces
of Protective (TiAlSiY)N, Me1−xN/CrN
and Me1−xN/ZrN Coatings

Ya. Kravchenko, B. Natalich, M. Opielak and V. Borysiuk

Abstract In the present paper, a technique for the preparation of protective (TiAl-
SiY)N, MexN/CrN and Mex/ZrN coatings is shown. The algorithm of multifractal
fluctuation analysis is described, and the results of the numerical investigation of
microroughness of surfaces of investigated samples are presented. As follows from
the calculated numerical parameters, the surface of (TiAlSiY)N/CrN coating is the
smoothest and the surface of (TiAlSiY)N is the most non-uniform.

Keywords Surface morphology · Multifractal analysis · Self-similarity · Vacuum
deposition

1 Introduction

Numerical methods for digital image analysis can be a useful technique in materi-
als science when studying of the microstructure of sample’s surface by its electron
microscopic images. As it is known, most of the practicable surfaces can have a
self-similar structure, which makes to be possible the application of fractal analy-
sis technique to study their structures. Nowadays several techniques and computer
algorithms to calculate the quantitative characteristics of self-similar structures have
been developed. Generalized Hurst exponent is one of the most used parameters of
self-similarity of the surface, which allows describing surface structure quantitatively
[1–6]. Thus, the application of fractal analysis in materials science makes it possible
to calculate numerical parameters for describing the surface structure of material
using mathematical algorithms.
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In this paper, the surfaces protective nitride coatings have been investigated by
methods of numerical studies of digital images, in particular, in the context of mul-
tifractal fluctuation analysis (MFFA).

Much attention is paid to the development of functional nitride coatings for tri-
botechnical purposes [7–10]. The modification of the material surface by vacuum
condensates deposition makes it possible to increase the period of service, in the case
of cutting tools and rendering new properties such as corrosion and oxidation resis-
tance, thermal stability, etc. The surface condition (the degree of roughness, the size
of the droplet fraction and the presence of microcracks) has a significant influence
on the properties of the condensable coating.

The improvement of nitride coatings, often binary ones, can occur by adding
doping additives and producing multicomponent coatings, as well as by fabrication
complex layered systems by combining of multicomponent and binary layers in a
repeated bilayer period.

The as-deposited multicomponent (TiAlSiY)N coating and a series of layered
coatings with a variable composition of bilayer MexN/CrN and Mex/ZrN were
obtained by vacuum arc deposition technique.

2 Models and Methods

A two-dimensional method of multifractal fluctuation analysis (MFFA) was used
to estimate the scaling characteristics of the surface. It allows obtaining a complete
description of the structure of the investigated surface in the context of described
below numerical procedure [11–16].

According to Refs. [17–19], the surface is presented by a two-dimensional array
X(i, j), where i, j are arguments that take the value i = 1, 2…M and j = 1, 2…N . Then
the surface is divided intoMs × Ns square sections, which do not intersect with each
other and have the size of s × s. The numbers Ms = [M/s] and Ns = [N/s] represent
the integer parts obtained after dividing the intervals of changing the arguments i, j
into segments. The values of the investigated functions in each segment is designated
by the indices υ, ω and represent them by the sequence: Xυ,ω (i, j) = X(l1 + i, l2 +
j). Arguments 1 ≤ i, j ≤ s, are changed in the segment that determined by l1 = (υ −
1)s and l2 � (ω − 1)s.

The cumulative sum for each segment calculated from the following:

uυω(i, j) �
i∑

k1�1

j∑

k2�1

Xυω(k1, k2) (1)

The dependence uυω(i, j) determines the fractal surface geometrically.
As in the case of time series, the irregular dependence of Uυ,ω(i, j) should be

calculated from the smooth surface Ũv,w(i, j). It takes into account the trend in the
variation of the initial function Uυ,ω(i, j) and is called the trend.
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ũυω(i, j) � ai + bj + c (2)

where the coefficients a and b are determined by the method of least squares. During
calculation of intermediate values, the functions with much higher accuracy can be
used, but this will noticeably increase the time of computations [17–22]. The residual
matrix is calculated from the formula:

ευω(i, j) � uυω(i, j) − ũυω(i, j) (3)

Its use gives the segment-specific variances

F2(υ, ω, s) � 1

s2

s∑

i�1

s∑

j�1

ε2υω(i, j) (4)

The averaging over all segments leads to complete dispersion

Fq (s) �
{

1

MsNs

Ms∑

υ�1

Ns∑

ω�1

[F(υ, ω, s)]q
}1/q

(5)

which is deformed by the parameter q. On that basis, negative values of q increase
the contribution of segments corresponding to small fluctuations, and positive ones
allocate large values of F2(υ, ω, s). For q = 0, the above formula should be replaced
by the expression:

F0(s) � exp

{
1

MsNs

Ms∑

υ�1

Ns∑

ω�1

ln[F(υ, ω, s)]

}
(6)

The value of s varied from smin ≈ 6 to smax ≈ min(M, N)/4. For self-similar sets,
this leads to a scaling relation between the variance Fq(s) and the scale s:

Fq (s)∼sh(q) (7)

where h(q) is the generalized Hurst exponent. In a log-log plot, the latter dependence
represents a straight line, the slope of which gives the exponent h(q) at different
values of q parameter.

The production of the coatings TiAlSiY-series wasmade by the vacuum-arc depo-
sition technique in a Bulat-6 [23]. The coatings were deposited onto 12 × 18H9T
steel substrates (analog of SUS321 and 321S51 steels) with a sample size of 18× 20
× 2 mm3. The constant rotation speed of the substrate holder was 8 rpm, the distance
from the evaporator to the substrate was fixed at 250 mm.
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Fig. 1 SEM images of the surface of multilayered coatings: (TiAlSiY)N (a), (TiAlSiY)N/ZrN (b)

The deposition of the coatings was performed from two metal sources with an
atomic ratio of the composite cathode material as follows: 58 at.% Ti, 38 at. % Al,
3 at.% Si, 1 at.% Y and Cr and Zr cathodes with a material purity of 99.8% (in
the case of layered condensates). Sintering of the composite cathode (TiAlSiY) was
performed in a SPS 25-10.

Figure 1a, b shows surface SEM micrographs of multielement (TiAlSiY)N and
multilayered (TiAlSiY)N/ZrN coatings.

LayeredMexN/CrN andMex/ZrN condensates were obtained under the following
deposition conditions: arc current of 100/90 A, coil focus of 0.5/0.4 A, negative
potential applied to the substrate was −110 V, the substrate temperature was 250 °C.
For multielement (TiAlSiY)N coating deposition conditions were changes as arc
current and coil focus were 100 and 0.5 A, respectively, negative potential applied
to the substrate was increased to −150 V, the substrate temperature was 300 °C. The
pressure of the working atmosphere for all coatings was fixed at PN � 4× 10−3 Torr.

The surface morphology was analyzed using a scanning electron microscope
JEM-7001TTLS (JEOL) with an Oxford X-Max detector. The sample holder in the
microscope chamberwasmodified,which had led to a significant increase in the slope
of the sample and obtain amore detailed picture of the surfacemicrorelief. Numerical
models based on the corresponding electron microscopic images were constructed
for all surfaces investigated in this work. Thus, each surface was represented as a
two-dimensional array of data, whose element indices were set to the pixel indices
of the corresponding images, and the elements themselves were set as the brightness
values of these pixels. Graphical views of 3D models obtained in this way are shown
in Fig. 2.
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Fig. 2 3D models of the
selected coverage areas:
(TiAlSiY)N (a),
(TiAlSiY)N/ZrN (b),
(TiAlSiY)N/SrN (c)

(a)

(b)

(c)

3 Results and Discussion

Vacuum arc deposition method is characterized by the presence of high-ionized
plasma flows of the evaporated material. Meanwhile, the presence of droplets from
the evaporated target in the plasma flows is an important feature of this method. The
microdroplets with the size 0.1… 20μmwere observed on the surface of all samples
except Zr-containing sample. The formation of multiple craters was registered for
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Mex/ZrN coating, which was probably caused by an increase of the negative bias
potential −Us.

The presence of a macro-droplet components affects the uniformity of the surface
structure of the condensates, introducing additional distortions, boundaries, and pores
into it, which leads to an increase in the coefficient of friction, a decrease in wear
resistance and corrosion resistance of the coatings from tribotechnical designation.

MFFA-analysis allows making a quantitative assessment of the degree of fluctua-
tion of the digital surface height map from a smooth surface, according to which it is
possible to conclude the roughness of the material surface, which makes this method
a promising technique in analyzing the structure of the investigated nitride coatings
[24–28].

The results of the carried fluctuation analysis are shown in Fig. 3.
Figure 3 demonstrates the calculated dependences of the fluctuation function (5)

on the scale s, constructed in a two-dimensional graph of numerical data that uses
logarithmic scales on both the horizontal and vertical axes. As the figure shows, the
dependencies obtained for investigated samples have a pronounced linear character
of the form, especially when q > 0. This type of dependence is typical for self-similar
objects, and therefore the Hurst exponent h(q) can be calculated for all samples by
linear regression of the obtained dependences.

Fig. 3 Log-log dependencies of the calculated fluctuation functions Eq for TiAlSiY-series Curves
shifted vertically for clearance
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Figure 3 shows the dependencies of the generalized Hurst exponent calculated for
all studied samples. As can be seen from the presented dependences, (TiAlSiY)N
coating surface is characterized by the largest range of variation of h(q) values, after
which follows (TiAlSiY)N/ZrN and further (TiAlSiY)N/CrN. Mathematically this
means that for the surface image of (TiAlSiY)N sample, the altitude fluctuations (4)
relatively to the smooth surface (2) have the highest values in comparison with the
other samples. This may mean that the surface of this coating has a large value of
the relative surface roughness.

It should also be noted that the results of carried fluctuation analysis of SEM
images and microstructure of surfaces as well as calculated numerical parameters
can be used to parameterization the roughness of the surfaces of the investigated
protective coatings [29–31].
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Multilayer Nickel–Copper Metal
Hydroxide Coating as Cathode Material
for Hydrogen Evolution Reaction

A. Maizelis and B. Bairachniy

Abstract The comparison of the electrochemical behavior of electrodeswithNi–Cu
alloy coating and multilayer coating consisting of alternating layers of alloy and
metal hydroxide layers in alkaline water electrolysis is presented. The coatings were
electrodeposited in polyligand pyrophosphate-ammonia electrolyte. It is shown that
the electrode with multilayer coating is more corrosion resistant, has higher activity
in the hydrogen evolution reaction due to both more developed surface and higher
intrinsic catalytic activity. The value of the exchange current of hydrogen evolution
reaction on the multilayer coating is comparable to the value of the exchange current
on the Ni–Cu–Mo ternary alloy and nickel-containing electrodes with the highly
developed 3D nanostructured surface.

Keywords Alkaline water electrolysis · Multilayer coating · Nickel · Copper ·
Electrode · Hydrogen evolution reaction · Overvoltage · Catalytic activity ·
Exchange current

1 Introduction

Hydrogen is a viable alternative to fossil fuel, and alkaline water electrolysis is a
promising method of hydrogen production. The most important task of electrolysis
is the correct choice of the electrode material. The ideal properties of an electrode
used for water electrolysis are a large surface area, good electrical conductivity, good
stability, low overpotential, low cost and ease of fabrication [1].

Among the non-noble metals, Ni is a promising candidate for low-cost HER
catalysts. However, the hydrogen evolution reaction (HER) rate on Ni is hindered by
the hydrogen desorption step, due to the large value of hydrogen binding energy on
that metal [2].
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Solmaz et al. [3] found that the electrodeposited NiCu coating has a higher elec-
trocatalytic activity for theHER in the alkalinemedium than the Cu andNi electrodes
due to the porosity as well as the synergistic interaction of the Ni and Cu.

It was shown that the NiCu coating containing 14.6% Ni has a compact and het-
erogeneous structure with good time stability over electrolysis [4]. The combination
of Ni with Cu leads to a decrease of the hydrogen binding energy and, consequently,
to an enhanced HER activity of the Ni–Cu alloy when compared to Ni [2].

It was found that Ni–10Cu alloy exhibited considerably higher intrinsic activity
than Ni plate and other Ni–Cu bimetallic alloys with Cu content of 5, 10, 20, 30 and
50 wt.% prepared by powder metallurgy and polished [5]. Among the Ni–Cu alloys
containing 6–81 mol.% Ni electrodeposited on a Cu substrate electrodes having
low Ni content gave high electrocatalytic activities [6]. According to [7] among the
electrodeposited NiCu alloys, containing from 16 to 59% Ni the Ni51Cu49 catalyst
achieved the highest current density for HER based on the geometrical area.

Nanostructured alloys have recently attracted great attention for hydrogen evo-
lution due to their unique electron structure and large surface area as, for example,
three-dimensional (3D) CoNiCu nano-network structures [8] and Cu/Ni–Co 3D hier-
archical nanostructures [9].

Nickel–copper alloy is deposited with subsequent etching for obtaining the
nanoporous nickel [10]. In [2] 3D nickel–copper nanostructured foams were pre-
pared by galvanostatic electrodeposition. Cu–Ni MMFs consisting of Ni-rich and
Cu-rich phases have been successfully synthesized by the hydrogen bubble template
electrodeposition method [11]. A way to fabricate the NiCu/Al2O3/nano-carbon net-
work (NCN) composite electrode by NiCu particles coelectrodeposition, using a
novel conductive alumina/NCN composite material as the support was presented in
[12].

A hierarchical porous Ni(OH)2/NiCu electrode was fabricated by cyclic voltam-
metry (CV) treatment, electrochemical dealloying after brush plating or replacing
reaction. It was shown thatmodifyingNiCu electrode byNi(OH)2 leads to the highest
HER activity due to the synergy between the Ni(OH)2 and NiCu surfaces [1, 13].

Therefore, the nickel–copper nanostructured materials are promising for use in
alkaline water electrolysis, and their properties depend on the production conditions.

The authors have shown in previousworks that nanostructuredmultilayer coatings
deposited from polyligand electrolytes have enhanced catalytic activity, improved
mechanical and anticorrosive properties [14–16].As the known from literature nanos-
tructured nickel–copper coatings are deposited from sulfate and citrate electrolytes
only, the study of other methods for their electrodeposition and from other elec-
trolytes is of interest.

This study aims to compare the behavior of nanostructured nickel–copper metal
hydroxide multilayer coating and a nickel–copper alloy coating deposited from a
polyligand pyrophosphate-ammonia electrolyte as a cathode material in the alkaline
water electrolysis.
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2 Materials and Methods

Electrochemical studies were carried out using potentiostat P-45X. Nickel–copper
alloy coatings and multilayer coatings consisting of alternating layers of a nickel—
copper alloy and amixture ofmetalswith their hydroxideswere deposited on a copper
wire of 0.5 mm diameter and 10 mm height using a combined nickel–copper anode.
A polyligand pyrophosphate-ammonia electrolyte was used for the deposition. Such
electrolyte allows electrodeposition of well-adhered coatings on an electronegative
substrate [17, 18]. Electrolyte composition is: 0.055 mol L−1 CuSO4, 0.55 mol L−1

NiSO4, 1.0 mol L−1 K4P2O7, 2.4 mol L−1 NH3(NH+
4).

The obtained multilayer coatings were tested in the hydrogen evolution reaction
(HER) in the electrolyte containing 5 mol L−1 NaOH without of inert gas purging.
The counter electrode in this study was made of platinum. A saturated silver/silver
chloride electrode was used as the reference electrode. The potential value was cor-
rectedwith the ohmic drop by the electrolyte resistance calculated of 100mV impulse
for 20 ms.

3 Results and Discussion

Cyclic volt-ampere dependencies (CVA) obtained on platinum in a pyrophosphate-
ammonia solution reveal areas of potential corresponding to deposition of various
types of films (Fig. 1). The CVA were obtained by (i) scanning the potential from
the open-circuit value in the cathode direction, (ii) holding the value of working
electrode potential at the chosen value for accumulating the electrolysis products,
and (iii) scanning potentials in the anode direction until the electrolysis products
were dissolved. At the same time, anodic peaks can give information about the phase
composition of thin films obtained at the potentials of the cathode branch of the CVA
[19, 20].

After the accumulation of electrolysis products at the potential of −0.4 V an
anode peak appears at the anode branch of the CVA at approximately −0.2 V (curve
1). This is the peak of the dissolution of copper deposited at the initial stage of
cathode branch of CVA. The NiCu alloy begins to deposit actively at potential of −
0.9 V. Two peaks are observed at the anode branch of the CVA after the potential
delay at −1.175 V (curve 2). The potential region of the first peak (from −0.35 to
−0.1 V) corresponds to the copper and the copper-enriched phase dissolution. At
the potentials of the second peak (from 0.2 to 0.5 V) nickel and/or nickel-enriched
phase dissolves. During potential delay at the current density that slightly excesses
the limiting current (−1.2 V, curve 4), the current increases (unlike curve 2), which
indicates the formation of larger crystals and developed surface.

The copper content in the film virtually does not change since the area of the first
anodic peak remains virtually unchanged. The second anode peak shifts towards
larger values of the potential and expands due to the appearance of the shoulder on
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Fig. 1 CVA on Pt in
pyrophosphate-ammonia
electrolyte containing
0.055 mol L−1 CuSO4,
0.55 mol L−1 NiSO4,
1.0 mol L−1 K4P2O7,
2.4 mol L−1 NH3(NH+

4). The
potential scan rate is 50
mVs−1. The potential delay
at −0.4 V (1), −1.175 V (2),
−1.2 V (4), −1.3 V (3) was
for 5 s

the downward branch. This indicates both the increase in the nickel content in the film
and the qualitative changes associated with inclusion of metal hydroxides in the film.
With further cathodic polarization, when the potential is delayed at −1.3 V (curve
3), the current has time to increase even more. Moreover, on the developed surface
of the electrode, the cathodic part of backward branch proceeds at more positive
potentials. The amount of deposit that dissolves in the anode peaks increases, but the
ratio of the peak area is practically unchanged, which indicates a small change in the
composition of films obtained on the upward brunch after limiting cathodic current.

Two types of coatings were formed in the pyrophosphate-ammonia electrolyte: (i)
Ni–Cu alloy, which was deposited at−1.175 V, and (ii) multilayer coating consisting
of alternating layers of alloy and metal hydroxide layers. The alloy layers of the
multilayer coating were deposited at −1.175 V, the metal hydroxide layers were
obtained at−1.35 V. The characteristics of the obtained coatings are given in Table 1.
In contrast to the short-time delay of the potential under conditions of CVA, with
a longer potentiostatic electrodeposition of alloy layer (see curve 2 in Fig. 2), the
current increases that lead to increasing in the development of film surface. The
surface develops faster during multilayer coating formation due to the higher values
of deposition currents of metal hydroxide layers deposition (curve 1).

The coatings electrodeposition was stopped when the current of the alloy depo-
sition was 24 mA in both cases, i.e., when the electrochemically accessible for
deposition surface areas of both coatings were equal. The geometric surface area of
the electrodes with coating increased to 0.322 cm2 in the case of the alloy coating
and to 0.204 cm2 in the case of a multilayer coating, which is proportional to the
amount of electricity Q spent for coating deposition (see Table 1).
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Table 1 Parameters of the
coatings

Parameters Coating
alloy

Multilayer

Number of layers 1 9 + 8

Amount of electricity (C) 16.27 10.85

Geometrical surface area (cm2) 0.322 0.204

Real surface area (cm2) 0.95 1.61

Fig. 2 Chronoamperograms
of Ni–Cu alloy deposition at
−1.175 V (2) and multilayer
coating deposition at
periodical potential change
from −1.175 V to −1.35 V
(1)

The surface properties of the obtained coatings were stabilized by cyclic voltam-
metry in a 5M solution ofNaOH in the range of potentials fromopen-circuit potential
to −1.4 V (Fig. 3). The hydroxy compounds of the coatings are reduced at the initial
part of the curves, mainly in the first cycle. It is more significant on the surface of
the multilayer coating (Fig. 3a). With an increase in the number of cycles, the rate
of hydrogen evolution decreases due to an increase in the degree of screening of the
surface by bubbles.

The change in current value also decreases. By the 50th cycle, surface properties
are stabilized. The current at the boundary of the cycling at −1.4 V in the case of
multilayer coating (Fig. 3b) is approximately twice higher as compared to the case
of alloy coating (Fig. 3a), despite the fact that its geometric area of sample with alloy
coating is less by 1.6 times (see Table 1). Additionally, as a result of cycling the
current is reduced by 40.3 and 34.8% on the surface alloy and multilayer coating,
respectively.
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Fig. 3 The 1st, 2nd, 10th, 20th, 30th, 40th and 50th cycles of CVA in 5 M solution of NaOH on
electrodes with alloy (a) and multilayer (b) coatings. The potential scan rate is 50 mV s−1

The electrocatalytic performance of the electrodes was determined using a 5 M
NaOH solution based on their steady-state cathodic polarization curves (Fig. 4), nor-
malized to the geometric area of the electrodes. The overvoltage value of hydrogen
evolution reaction at a fixed current density and current density for fixed overvoltage
value are the important characteristics of the electrode. Figure 4 illustrates the higher
rate of HER on the surface of the multilayer coating as compared to the surface of
the alloy. At the same time, the current density of HER at overvoltage of 200 mV on
the multilayer coating is 23.8 mA cm−2 (Table 2), which is slightly higher than for
metallurgical alloys (from 9.1mA cm−2 to 20.6mV cm−2 in 6MKOH, depending on
the alloy composition [5]), as well as in oxygen-free 1 M KOH solution on coatings
obtained in sulfate-citrate electrolytes by galvanostatic deposition (21.87 mA cm−2

[3]) and on alloys obtained by brush plating (12.66–19.13 mA cm−2 [13]). The over-
voltage of HER at 100 mA cm−2 on the alloy (301.3 mV, Table 2) corresponds to the
value of HER overvoltage, for example, on a CuNiCo ternary alloy electrodeposited
in a citrate electrolyte (from 288 mV to 317 mV depending on the alloy composition
[21]), but on a multilayer coating it is significantly lower (233 mV, Table 2).

Improved characteristics of electrodes can be caused by their chemical composi-
tion and structure, the degree of increase in the real surface area during electrode-
position. To obtain comparable kinetic parameters of HER, the polarization curves
of Fig. 4 were normalized to the real surface area and shown in semilogarithmic
coordinates (Fig. 5). The real surface area was determined by comparing the value
of the double layer capacitance calculated from cyclic voltammetry obtained on the
studied electrodes with the capacity of the double layer on a smooth metal surface
[22, 23]. The values of the real surface area of the electrodes (Table 1) indicate a
higher degree of development of the multilayer coating surface, which explains the
higher currents on the cyclic curves in Fig. 3, and higher current densities on the
polarization curves in Fig. 4.
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Fig. 4 Polarization curves
in 5 M NaOH solution on
electrodes with multilayer
(1) and alloy (2) coating. The
potential scan rate is
1 mV s−1. Cathodic currents
are normalized to the
geometric area

Table 2 Parameters of HER
on electrodes

Parameters Coating alloy Multilayer

Current density of HER at
overvoltage of 200 mV
(mA cm−2)

4.2 23.8

Overvoltage of HER at
100 mA cm−2 (mV)

301.3 230.6

Tafel coefficient b (mV) 72.8 67.6

Tafel coefficient a (mV) 497 370

j0 (int) (mA cm−2) 0.147 × 10−3 3.34 × 10−3

j0 (apper) (mA cm−2) 0.46 × 10−3 16.37 × 10−3

Kinetic parameters of HER on the studied electrodes are given in Table 2. The
obtained values of Tafel coefficient b are close to those given in [5] for sintered
copper-nickel alloys.

The intrinsic exchange current density j0(int) for the electrode with multilayer
coating is 3.34 × 10−3 mA cm−2, which is 22.7 times higher as compared to the
electrode with Ni–Cu alloy coating (see Table 2). This indicates that the activity of
the multilayer coating in HER is higher than that of the alloy coating, not only due
to a larger real surface area but also due to a higher intrinsic catalytic activity. It is
comparable to the sintered NiCuMo alloys (j0(int) from 2.49 × 10−3 to 4.03 × 10−3

mA cm−2 depending on the alloy composition [22]).
The activity of cathode j0 (apper) with multilayer coating is about 16.37 × 10−3

mA cm−2, which is 35.6 times higher than that for an electrode with Ni–Cu alloy
coating (see Table 2). This is lower than for 3D hierarchical Cu/(Ni–Co) coating
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Fig. 5 Semilogarithmic
polarization curves in 5 M
NaOH solution on electrodes
with alloy (1) and multilayer
(2) coatings. Cathodic
currents are normalized to
the real area

(25–46 mA cm−2 [9]), but this is higher than those of 3D hierarchical Cu/Ni coating
(14 mA cm−2 [9]) and Ni–Cu composite electrode with a hierarchical structure
(1.47–2.69 mA cm−2 [1]).

Since the electrodes corrode and lose their activity and lifetime during shutdown
electrolysis, the determination of their corrosion behavior is important for their prac-
tical applications. The corrosion potential of the unoxidizedmultilayer coating (curve
2 in Fig. 6) is approximately 50 mV more positive than the corrosion potential of
the unoxidized alloy surface (curve 1 in Fig. 6). The increase in the contribution of
the cathodic component to the corrosion process is compensated by a decrease in the
activity of the anodic component of coating dissolution.

When the current is turned off, the potential of the studied cathodes in the alkaline
non-deaerated electrolyte is slowly shifted to the positive side (the inset to Fig. 6).
Its value stabilizes within half an hour in the potential region of the copper from
alloy oxidation (see an anodic branch of curve 1). The corrosion potential of the
oxidized surface of the multilayer coating (curve 2′) is by 65 mV more positive than
the corrosion potential of the oxidized alloy surface curve 1′), and the corrosion
current is almost an order of magnitude lower. This indicates the higher corrosion
resistance of the multilayer coating in an alkaline solution as compared to the alloy
coating.
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Fig. 6 Corrosion diagrams
of electrodes with alloy (1,
1′) and multilayer (2, 2′)
coatings in 5 M NaOH
solution after current
switching off (1, 2) and after
staying in electrolyte without
current for 40 min (1′, 2′).
Insert—changing of
open-current potential of
electrode with alloy coating
after current switching off

4 Conclusions

An electrode with a multilayer coating consisting of alternating layers of Ni–Cu
alloy and metal hydroxide layers with a smaller geometrical surface area has a
more developed real area as compared to the Ni–Cu alloy coating. Polarization
studies have shown that this electrode also has higher corrosion resistance in an
alkaline medium, higher catalytic activity in the hydrogen evolution reaction. Com-
parison of the characteristics of the multilayer coating obtained in the polyligand
pyrophosphate-ammonia electrolyte with other nickel-containing coatings (includ-
ing 3Dstructures) shown the perspectivity of use of electrodeswithmultilayer coating
as a cathode in the alkaline water electrolysis.
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Effect of Nano-Structured Factors
on the Properties of the Coatings
Produced by Detonation Spraying
Method

L. Markashova, Yu. Tyurin, O. Berdnikova, O. Kolisnichenko, I. Polovetskyi
and Ye. Titkov

Abstract Surface treatment by detonation spraying of composite coatings signifi-
cantly increases the service life of structures. The demanded direction of application
of this method is spraying of powders of various systems. The purpose of this paper is
to study the structure (phase composition, microhardness, grain and subgrain struc-
ture, dislocation density, dispersed micro- and nano-particles, their composition, and
distribution), and the properties of metal-ceramic coatings: Al2O3–Ti; Al2O3–Al;
ZrSiO4 sprayed on various substrates materials (aluminum, titanium). The inves-
tigations of structural-phase state of coatings were carried out at all the structural
levels using comprehensive methodological approach including optical metallog-
raphy, analytical scanning electron microscopy, X-ray structural phase analysis, as
well as transmission micro diffraction electron microscopy. As a result of the carried
out work the experimental data on the full complex of structural and phase parame-
ters of coatings, sprayed at different modes of cumulative-detonation spraying, were
obtained. The obtained results showed the prospects of using multi-chamber deto-
nation spraying, which ensures the necessary complex of mechanical properties of
coatings by forming the most favorable structure. The surface treatment of metals
by the detonation spraying of coatings makes it possible to obtain composite surface
layers with high operational properties. The matrix of such coatings is characterized
by a significant dispersion of the substructure, the formation of strengthening phases
of nanoscale dimensions and a uniform distribution of dislocation density.

Keywords Coatings · Detonation spraying · Structure · Phase composition ·
Nano-particles · Dislocation density · Hardening · Local internal stresses · Crack
resistance
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1 Introduction

Surface treatment bydetonation sprayingof composite coating significantly increases
the service life of structures, especially, due to itswear, heat and corrosion resistances.
This makes them indispensable in the manufacture of structures of responsible use in
heavymachine building, shipbuilding, transport, the chemical and aviation industries.
The demanded direction of application of the method is spraying of powders of
various systems. At the E.O. Paton ElectricWelding Institute of the NAS of Ukraine,
the technology and equipment for detonation sprayingwere developedbywhichhigh-
quality coatings are formed with high materials utilization factor and productivity
[1, 2].

Multi-chamber detonation device is designed for the formation of high-quality
powder materials on the part surface (Fig. 1a). This device realizes a mode of deto-
nation burning of the gas mixture in specially profiled chambers. Accumulation of
burning energy from chambers forms an area of compression of combustion products
at the input in a nozzle—cylindrical shank. Expansion and outflow of combustion
products through the nozzle is carried out in the form of a high-speed jet, which is
used for acceleration and heating of powder material (Fig. 1b, c). Modeling of com-
bustion processes in double-chamber structure of the device showed that velocity of
combustion products from the open part of the nozzle reaches 1.8 km/s as a result of
the accumulation of energy of detonation burning from two chambers. This allows
accelerating ceramic powder material to 1.2–1.5 km/s rate [3].

The peculiarity of multi-chamber detonation device is a continuous feed of com-
ponents of combustion mixture and powder by transporting gas, and gas-dynamic
dosing of powder, and synchronizing the feed of powder dose in combustion products
jet. Standard powders, used in geothermal technologies, as well as powder mixtures,
can be feed into the device. Gas-dynamic systems for dosing and powder feed provide
high accuracy and synchronizing ofMulti-chamber detonation devicework and pow-
der feeder. This guarantees material use ratio for metals up to 90%, metal-ceramic
to 80%, ceramics to 70%. The investigation show [4] that a cumulative-detonation
technology provides formation of dense coating materials having the next porosity
for metals <0.3%, metal-ceramic <0.5%, ceramic <0.1%. The efficiency of coating
formation for metal up to 3 kg/h, metal-ceramic to 2 kg/h, ceramics to 1 kg/h.

2 General Information

2.1 Objectives

The purpose of this paper is to study the structure (phase composition,microhardness,
grain and subgrain structure, dislocation density, dispersedmicro- and nano-particles,
their composition, and distribution), and the properties of metal-ceramic coatings:
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Fig. 1 Multi-chamber
detonation device (a).
Outflow of the supersonic
pulse jet from the nozzle of
the detonation device:
without powder (b); with
powder (c)

40
0 

m
m

(a) (b) (c)

Al2O3–Ti; Al2O3–Al; ZrSiO4 sprayed on various substrates materials (aluminum,
titanium).

2.2 Materials and Conditions for Obtaining the Coatings

The coatings were sprayed using powders of ZrSiO4 (No. 1; 2) with fractional com-
position 7–60 μm with Co–Cr–Al–Y (No. 2) underlayer 7–60 μm and mechanical
mixture of initial Al2O3 (No. 4; 5; 6) powder (H.C. Starck Company: AMPERIT®

740.0), fraction composition 5–22 μm with additives (5%) of pure powders of Al or
Ti (5–22 μm).

Detonation spraying mode: detonation frequency 20 Hz; distance to the sam-
ple 55 mm; travel speed 1500 mm/min with the same number of passes; the
length/diameter ratio of the gun barrel is 500/16 mm and the combustible gas to
the oxidizer 5.0; 5.4 (ZrSiO4) and 5.0; 5.8 (Al2O3). The sample size is 15× 103 mm.
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2.3 Techniques and Equipment

The investigations of structural-phase state of coatings (micro-hardness, volume frac-
tion of pores, phase composition, distribution of dispersed phases, character of grain,
sub-grain and dislocation structures, etc.) were carried out at all the structural lev-
els using comprehensive methodological approach including optical metallography
(Versamet-2, Japan; Leco-M400, USA), analytical scanning electron microscopy
(Philips SEM-515, Holland and JEOL JAMP 9500F with energy dispersion spec-
trometer Oxford EDS INCA Energy 350, Japan), X-ray structural phase analysis
(DRON-UM1), as well as transmission micro diffraction electron microscopy (JEM-
200CX, company <<JEOL>>with accelerating voltage of 200 kV, Japan). As a result
of the carried out work the experimental data on the full complex of structural and
phase parameters of coatings, sprayed at different modes of cumulative-detonation
spraying, were obtained.

3 Results and Discussion

3.1 Microstructure of Coatings

Six groups of coatingswere producedwith the thickness (δ) of up to 250μm(Table 1).
The investigations using the method of optical metallography showed that the poros-
ity of such coatings is at the level of 0.7–2.9%. The minimum porosity and the
maximum integrated microhardness (HV0.3) are characteristic for coatings No. 3, 4
produced using the powders Amperit 740.0 with the additives of 3–5% Ti.

3.2 Phase Analysis of Coatings

Using X-ray diffraction phase analysis of the produced coatings No. 1, 2 it was
revealed the formation of coatings of identical phase composition (ZrO2, SiO2, and
residual ZrSiO4) at approximately equal in the content of the forming phase compo-
nents (61–64, 33, and 3–6%).

Analogous diffraction phase analysis for coatings No. 3 and 4, it was revealed that
the use of powders Amperit 740.0 + 3% Ti (No. 3) and Amperit 740.0 + 5% Ti (No.
4) promotes the formation of coatings of identical phase composition (γ-Al2O3; α-
Al2O3; AlTi3) at approximately equivalent content of the forming phase components.
However, in the coatings Amperit 740.0 + 5% Ti (No. 4) integrated microhardness
(HV0.3) is by 17% increased (from 8900–10,990 to 9660–13,770 MPa) as compared
to coating Amperit 740.0 + 3% Ti (No. 3), Table 1.

The spraying of powders Amperit 740.0 + 3%Al (No. 5) and Amperit 740.0 + 5%
Al (No. 6) promotes the formation of coatings also of similar phase composition (γ-
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Table 1 Results of investigations of coating structure

No. Powder substrate δ (μm) HV0.3
(MPa)

Phase composition

1 ZrSiO4
titanium

300 5270
7360

53.44% ZrO(T)
2

10.12% ZrO(M)
2

33.0% SiO(A)
2

3.35% ZrSiO(T)
4

2 ZrSiO4
(Co–Cr–Al–Y*)
aluminium

160
120*

7100
8560
5760∗
6180

49.3% ZrO(T)
2

11.7% ZrO(M)
2

33.0% SiO(A)
2

5.8% ZrSiO(T)
4

3 Al2O3 + 3% Ti
titanium

200 8900
10,990

69.1% Al2.66O
(K)
4

17.8% α-Al2O
(R)
3

13.0% AlTi(H)3

4 Al2O3 + 5% Ti
titanium

230 9660
13,770

67.0% Al2.66O
(K)
4

18.0% α-Al2O
(R)
3

15.0% AlTi(H)3

5 Al2O3 + 3% Al
aluminium

250 8900
10,250

69.0% Al2.66O
(K)
4

15.2% α-Al2O
(R)
3

15.8% Al(K)

6 Al2O3 + 5% Al
aluminium

225 7900
10,520

69.0% Al2.66O
(K)
4

15.2% α-Al2O
(R)
3

15.8% Al(K)

*—underlayer; (K)—cubic lattice; (R)—rhombohedral lattice; (H)—hexagonal lattice
(T)—tetragonal lattice; (M)—monoclinic lattice; (A)—amorphous-nanocrystalline

Al2O3;α-Al2O3;Al) at approximately the samecontent of formingphase components
and levels of integrated microhardness, Table 1.

3.3 Fine Structure of Coatings

Results of transition electron microscopic examinations provided the opportunity to
study features of fine structure of coatings and its parameters: changes in density and
character of dislocation density (ρ) in different structural components (in the inner
volumes and along the structural boundaries); character of the forming substructure,
its parameters; size of subgrain (dS); diameter of particles (dP) of phase precipitations;
effective distances between the forming phases (λ), etc. (Table 2).

In the case of using ZrSiO4 powder, the particle size of nanosized phase pre-
cipitates (10–60 nm) in the surface layers of coatings No. 2 (Fig. 2b) decreases
by a factor of 1.3 compared to No. 1 (Fig. 2a), and in the underlayer mate-
rial it is the same (20–100 nm) (Fig. 2c). The distance between the forming
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Table 2 Parameters of fine structure of coatings

Structural parameters Coatings

No. 1 No. 2 No. 4 No. 6

ds (μm) 0.2/0.5 0.3/0.5 0.1/0.4 0.1/0.6

dp (nm) 20/100 10/60 20/100 10/80

λ (nm) 10/50 10/50 10/30 10/50

ρ (s m−2) (5–9) × 109

coating
6 × 109–1010

coating
(3–5) × 109

coating
(2–3) × 109

coating

(2–4) × 1010

substrate
(4–6) × 109

substrate
(6–7) × 1010

substrate
(5–6) × 109

substrate

dispersed phases (ZrO2, SiO2) is almost the same (10–50 nm), which char-
acterizes the uniform distribution of the phases formed in the coating matrix.
The density of dislocations on the outer surface of the coatings: (5–9) × 109

cm−2 (No. 1) and 6 × 109–1010 cm−2 (No. 2). While at the boundary of the
base material (2–4) × 1010 cm−2 (No. 1) and ρ � (4–6) × 109 cm−2 (No.
2).

For the coatings Al2O3 with themost favorable structural and phase changes (high
microhardness, minimum porosity, etc.), namely—Amperit 740.0 + 5% Ti (No. 4,
Fig. 2d) and for comparison—Amperit 740.0 + 5% Al (No. 6, Fig. 2e) the following
regularities were revealed.

In the case of using Amperit 740.0 + 5% Ti powder (No. 4), the particle size
of the phase precipitates (10–100 nm) in the surface layers of coatings decreases
by a factor of 2 compared to the coatings Amperit 740.0 + 5% Al (No. 6). Also,
the distance between the emerging dispersed phases (up to 10–30 nm) decreases
in 2.0–2.3 times, which characterizes the increase in the volume fraction in the
matrix of the phases formed. There is a refinement (by 1.4 times) of the substructure
(0.1–0.4μm)with increasing dislocation density on the outer surface of the coatings:
from (2–3) × 109 cm−2 (No. 6) to (3–5) × 109 cm−2 (No. 4). While the dislocation
densities in the coatings at the contact zone are (5–6) × 109 and (6–7) × 1010 cm−2,
respectively.

4 Analytical Evaluations of Coating Operational Properties

The executed complex of experimental investigations at all the structural levels
allowed to carry out analytical evaluations of the (differentiated) contribution of dif-
ferent structural and phase factors and parameters, formed in the coatings, in change
of strength characteristics and to determine the structural factors influencing the on
character and distribution of local inner stresses, which are the potential sources of
incipience of cracks [5–7].



Effect of Nano-Structured Factors on the Properties … 115

(a) (b)

(c)

(d) (e)

Fig. 2 Fine structure: coatingNo. 1 (a); coatingNo. 2 (b, c—underlayer); coatingNo. 4 (d); coating
No. 6 (e). Arrows denote particles of nanoscale phases
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At that, the following were taken into account: the resistance of metal lattice to the
movement of free dislocations (friction stress of lattice or Peierls-Nabarro stress);
the hardening of solid solution by alloying elements and impurities (solid solution
hardening); the hardening due to changes in grain and sub-grain size (dependences
of Hall-Petch, grain boundary and substructure hardening); dislocation hardening,
caused by interaction between dislocations; the hardening, caused by dispersed par-
ticles according to Orowan (dispersion hardening) [8–17].

In the case of Amperit 740.0 + 5% Ti (No. 4) and Amperit 740.0 + 5% Al (No. 6)
powders, the maximum contribution (up to 56%) to hardening is made by hardening
of the matrix by dispersed nano-particles of phase precipitates (dispersion hardening
by Orovan): 1334 MPa (No. 4) and 1070 MPa (No. 6). In the case of ZrSiO4 powder,
the maximum contribution to the total value of hardening of phase separations by
dispersed particles is up to 44%.

Calculating-analytical methods for determining the level of local internal stresses
have made it possible to estimate the crack resistance of coatings. The dislocation
structure was taken into account in studies of the fine structure. From the analysis of
various approaches to the determination of the mechanisms of crack initiation and
destruction of materials, an estimate was made for the level of local internal stresses
on the basis of the dislocation theory of crystalline solids, which relates the formation
of internal stresses to the nucleation and rearrangement of a dislocation structure [5,
6, 18].

In the investigated options of detonation spraying, a low level of local internal
stresses is observed. The maximum internal stresses are formed in the area of the
coating-substrate interface in coating No. 1. However, their level does not exceed
960 MPa (or 0.22 of the theoretical shear strength of the material). This ensures the
production of high-quality coatings with high crack resistance.

Carried complex of experimental examinations at all structural levels (grain, sub-
grain, dislocation, dispersed nano-particles of phase precipitates) of metal-ceramic
coatings (ZrSiO4, Al2O3–Ti/Al) obtained by multi-chamber detonation spraying,
shown that the greatest influence on their strength and crack resistance is provided by
uniform distribution of the emerging strengthening dispersed phases, the formation
of a subgrain structure, the absence of extended and dense dislocation clusters—-
concentrators of local internal stresses

5 Summary

Based on experimental data obtained at various structural levels, analytical assess-
ments of the influence of specific structural parameters (phase composition, grain,
subgrain, and dislocation structures) on the mechanical properties and crack resis-
tance of the coatings under investigation were made.

Structural factors influencing the character and distribution of local internal
stresses, which are potential sources of crack initiation in structural microregions,
are determined.
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Analytical estimates show that the most significant contribution to the operational
properties (strength, crack resistance) of the coatings under investigation is made
by: uniform distribution of the forming strengthening dispersed phases, refinement
of grain and subgrain structures in the absence of extended and dense dislocation
accumulation-concentrators of local internal stress.

The obtained results showed the prospects of using multi-chamber detonation
spraying, which ensures the necessary complex of mechanical properties of coatings
by forming the most favorable structure.
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Nanostructures in Welded Joints
and Their Interconnection
with Operation Properties

Liudmyla Markashova, Olena Berdnikova, Tetiana Alekseienko,
Artemii Bernatskyi and Volodymyr Sydorets

Abstract The role of structural factors in ensuring optimal properties of materials
and their operational reliability has been shown. Studying the phase composition
and nanostructures in the welded joints (heat-affected zone, weld metal) of high-
strength structural steel produced by advanced high-speed technologies hybrid laser-
arc welding. Structural parameters (dimension of grains and subgrains, dislocation
density, nanoparticles) and phase changes in the welded joints were studied by using
of analytical scanning electron microscopy, optical metallography, and for fine study
the transmission electronmicroscopywas used aswell. Themost influential structural
factors are the dispersing of martensite structure and bainite substructure, equable
distribution of particles of structural phases and the absence of extended dislocation
clusters—zones of crack incipience and propagation. Such substructure of welding
joints of high-strength structural steel produced by laser-arc welding provides the
high complex of strength properties and crack resistance.

Keywords Hybrid laser-arc welding · High-strength structural steel · Welded
joint · Microstructure · Nanoparticles · Dislocation density · Mechanical
properties · Local inner stresses

1 Introduction

Progressive modern technologies of laser [1–5] and hybrid laser-arc welding [6–10]
are used today in current engineering for production of materials with specific ser-
vice properties. Such technologies provide joints with minimum size of welds and
heat affected zone in welding of dissimilar materials [11–13] as well as high-strength
steels [4, 10, 14–19]. First experimental works on hybrid technologies, in which TIG
weldingwas carried out with additional influence of laser beam, (Great Britain, USA,
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Germany, including together with Ukrainian scientists etc.) appeared in the 80th of
the XX century. Today, specialists from Germany (Fraunhofer Institute, Chemnitz,
Institute of applied beam technologies), Finland (TechnologicalUniversity, Lappeen-
ranta), USA, China as well as Ukrainian scientists (E.O. Paton Electric Welding
Institute) carry works on hybrid technologies and research of these processes as well
as issue series of patents in the different countries [3, 6–10, 18].

To optimize the parameters of welding process most of technological experiments
on hybrid welding is dedicated to interaction between arc and laser radiation [3, 7,
20–22], process of spatial stabilization of welding arc and localization of its effect by
laser radiation [3, 7, 20], determination of effect of shielding gas [3, 20], arc power
[3, 7, 20–22], welding speed and welding current on change of penetration depth
[3, 7, 14–18, 20–22]. Investigation of peculiarities of hybrid process, their effect on
weld formation, getting the advantages and eliminating the disadvantages of laser
and arc constituents is now the main problem of technologists and researches. In
comparisons with laser welding, which characterizes by high thermal locality of
metal effect and high cooling rates, hybrid laser-arc welding allows reducing cooing
rate and, respectively, effect the process of solidification in order to form inweldmetal
and heat affected zone the structures providing strength as well as crack resistance
of welded joints [3, 7, 10, 20–22].

2 General Information

2.1 Objectives

The aim of the present work is determination of technological mechanisms of nanos-
tructure formation in welded joints and detection of their interaction with a set of
mechanical characteristics, i.e. ductility, strength and crack resistance, which define
the service properties ofwelded joint. Peculiarities of structural changes inweldmetal
of high-strength steel joints produced by hybrid laser-arcweldingwere investigated at
all structural level (from grain to dislocation) that allowed obtaining comprehensive
and reliable result.

2.2 Welded Joints Materials and Their Fabrication
Conditions

The investigations were carried out at butt-welded joints of high-strength structural
steel with plate thickness up to 10 mm. Chemical elements composition of the struc-
tural high-strength steel: 0.183%C, 0.98%Mn, 2.07%Ni, 1.19%Cr, 0.08%V, 0.22%
Mo, 0.33% Si.
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Welded jointsweremanufactured at various speedsVw�20; 25; 30mm/s of laser-
arcwelding. Powerful CO2-laser (wavelength of laser radiation is 10.6μm, focal spot
diameter of laser beam is 0.4 mm) was a technological tool. No filler materials were
use. In all modes, the laser radiation power was 4.4 kW. Shielding gas flow rate of the
mixture 18%CO2 + 82%Arwas 14 l/min. Suchmodes allow providing heat-affected
zone (HAZ) metal cooling in 600–500 °C temperature interval with W6/5 � 58; 61;
63 °C/s rate, respectively.

2.3 Techniques and Equipment for Research

Chemical elements composition and structural-phase state in the weld metal and in
the heat-affected zone were studied optical metallography (OM), analytical scanning
electron microscopy (SEM), and transmission micro diffraction electron microscopy
(TEM) as well. Microscopes: JEM-200CX (T�M, Japan, company JEOL); SEM-
515 (Netherlands, company Philips); Versamet-2 (OM, USA, company Unitron).

3 Results and Discussion

3.1 Results of Mechanical Tests

Based on the results of mechanical tests it was determined that the highest indices
of yield limit (σy) and tensile strength (σt) has the welds produced at VW � 25 mm/s
(σ0.2 � 1138–1156 MPa; σt � 1319–1326 MPa). However, in this case there is
a significant (1.6 times) reduction of ductility indices (ψ � 35.6–40.8%) of weld
metal and impact toughness (KCV−40 � 50.4–65.7 J/cm2) in HAZ metal zone in
comparison with c VW � 20 mm/s (KCV−40 � 79.9–93.5 J/cm2) and VW � 30 mm/s
(KCV−40 � 66.5–96.7 J/cm2), Table 1.

3.2 Mircostructures of Welded Metal and HAZ

As a result of the study of the structural-phase components (martensite M, upper
bainite BU, lower bainite BL, grain size, microhardness) formed in the weld metal
and the HAZ the following is revealed (Table 2).

It is determined that increase of welding speed fromVW � 20 to 25mm/s changes
phase composition of weld metal and HAZ of welded joints from bainite-martensite
to martensite as well as varies relationship of structural constituents in HAZmetal of
welded joints, namely volume fraction of BL decreases (2–3 times) at rise (3 times)
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of M portion, that as a result provides the maximum indices of strength, however,
leads to significant reduction (1.6 times) of ductility (ψ) in weld.

BU (60–70%) structures are mainly formed in the case of increase of welding
rate to VW � 30 mm/s. Such structural changes can result in non-uniform level of
mechanical properties in welding zone and decrease of welded joint crack resistance.

3.3 Fine Structure of Welded Metal and HAZ

ComprehensiveTEMstudies of the fine structure (the dislocation density in structural
components, substructures in internal volumes of grains, etc.) have given such results.
When welding speed is VW � 20 mm/s, in the weld metal and the overheating area
of HAZ the width of laths of the B-structures is 0.5–1.2 μm (in the weld, Fig. 1a,

Table 1 Mechanical properties of welded joints

VW (mm/s) σ0.2 (MPa) σt
(MPa)

δ5 (%) � (%) KCV, J/cm2 at t (°C)

Weld Weld HAZ

+20 °C −40 °C −40 °C

20 851.8 1068.3 12.7 59.6 61.4 35.7 93.5

963.6 1189.8 9.3 63.7 90.0 40.9 79.9

25 1138.1 1326.6 10.0 40.8 64.5 59.1 50.4

1156.3 1319.7 35.6 58.6 45.2 61.7

30 991.5 1078.1 9.7 59.6 58.7 41.9 90.1

982.1 1088.9 14.0 81.2 29.7 66.5

Table 2 Structure
parameters (DG—grain size;
HV—microhardness;
Vfr—volume fraction of
phase components) of the
welded joints

Zone DG (μm) HV (MPa) Vfr (%)

BL BU M

VW � 20 mm/s

Weld 30/120 ×
170/350

3800–4010 60 20 20

HAZ 30/60 3540–3900 80 5 15

VW � 25 mm/s

Weld 30/80 ×
150/300

3800–4010 20 15 65

HAZ 25/50 3540–3900 30 20 50

VW � 30 mm/s

Weld 20/80 ×
150/250

3360–3940 10 60 30

HAZ 20/40 3360–4010 20 70 50
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(a) (b)

(c) (d)

Fig. 1 The microstructure of lower bainite (a, b, ×30,000), martensite (c, ×30,000) and upper
bainite (d, ×20,000) at welding speeds: a–c—20 mm/s; d—30 mm/s

b) and 0.4–0.9 μm (in the HAZ), respectively. Width of laths of the M-structures of
metal in weld zone is 0.7–1.7 μm, Fig. 1c.

Formation of inner substructure of dS � 0.1–0.3μmsizewith uniform distribution
of dislocation volume density up to ρ � (4–6)× 1010 cm−2 (Fig. 1a, b) is observed in
weld metal at VW � 20 mm/s in BL lathes. In M structure dislocation density makes
ρ � (8 × 1010–1 × 1011) cm−2. BL fragmentation is typical for joint HAZ metal,
refinement of lath structure of BL and M is observed (10–20%).

Investigation of nanostructures in the welding zone at laser-arc welding show that
we have nanoparticles of carbide phases Fe3C with a size from 30 up to 100 nm in
the substructure of the laths of tempered martensite and lower bainite (Fig. 1a–c).
The distance between the forming dispersed phases is λP � 40–100 nm.
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Increase of integral dislocation density in weld metal and HAZ is typical for fine
structure of welding zone metal in the case of VW � 30 mm/s, mainly BU structure
is formed (Fig. 1d). Extended dislocation accumulations up to ρ � (1–1.5) × 1011

cm−2 is mainly formed along BU boundaries in weld metal along grain boundaries.
This creates a gradient of dislocation density in such element of structures and,
respectively, gradient of inner stresses.

If we consider this from the point of view of uniform refinement of structural
parameters, absence of gradients along the grain structure and microhardness, the
most favorable structure of the studied welded joints is obtained at welding speed
of 20 mm/s. Such speed provides and guarantees the uniform level of mechanical
properties and crack resistance of welded joints [4].

The study of the fine structure determined the quantitative parameters of the
nanostructures: upper and lower bainite, as well as tempered martensite. The differ-
ence in these parameters at different welding speeds is associated with mechanical
properties.

This is proved by evaluation of input of BL andM structures in total strengthening.
Nanoparticles of carbide phases Fe3C make significant input in dispersion strength-
ening. Besides, their uniform distribution in BL structure (in contrast to BU) provides
uniform distribution of dislocation density according to Orowan mechanism [23].
There are no extended dislocation accumulations, which can develop concentrators
of internal stresses, in BL structure.

3.4 The Experimental-Analytical Technique of Estimation
of Strengthening

The executed complex of experimental investigations at all the structural levels
allowed carrying out analytical evaluations of the specific contribution of different
structural and phase factors and parameters, formed in the investigated weld beads,
in change of strength characteristics σT and determining the structural factors cardi-
nal influencing on the character and distribution of local inner stresses (τL/IS), which
are the potential sources of incipience and propagation of cracks in the investigated
structural microregions [23–27].

In the application of technique the experimental data were used that obtained by
optical microscopy, SEM and TEM: grain size; the width of the laths of B struc-
tures; effective spacing between carbide phases, that is with taking into account the
parameters of the fine structure—the dislocation density.

The following was determined as a result of carried evaluations of change inte-
gral hardening along the welding zone. Under conditions of VW � 20 mm/s a
calculation value of yield limit ��σT in weld metal and HAZ makes 917 and
1077 MPa, respectively, and maximum input in this value is made by substructure
(�σSg � 318–356 MPa), dispersion (�σD.H. � 253–295 MPa) and dislocation (�σD

� 157–180 MPa) hardening. Input of BL is maximum one (Fig. 2).
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Fig. 2 The contribution of various components �σ of structural hardening to the calculated value
of hardening �σT of the metal of welded joints (a) and the fine structure of the main structural
components: b, c—lower bainite at a welding speed of 20 mm/s, ×30,000 (�σG—grain harden-
ing;�σD.H.—dispersion hardening;�σSg—subgrain hardening;�σS.S.— solid solution hardening;
�σD—dislocation hardening)

It have been revealed that if the speed of hybrid laser-arc welding increases the
strengthening effect of the structures increases. This is due to an increase in the
contribution of the substructure hardening, dispersion hardening and grain hardening
(Fig. 2) what was shown by comparison of the strengthening effect of the formed
structures in the metal of the welded joints of structural steel.

Calculation estimations of local internal stresses (τL/IS, [27]) given on diagrams of
Fig. 3 show the following. The lowest values are observed at comparatively uniform
their distribution and make τL/IS � 1470–1890MPa or 0.22 from the theoretical level
of material shear strength (VW � 20 mm/s), that is assisted by formation of fine grain
structures of BL in uniform distribution of dislocation density. Such a result is first
of all achieved in formation of joint weld metal of nanoparticles of carbide phases,
which is uniformly distributed on internal volumes of substructure of lower bainite
and tempered martensite.

4 Conclusions

The use of high-speed welding technologies allows obtaining phase composition and
nanostructural components that provide high operational properties of welded joints.
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Fig. 3 Local internal stress
distribution (τL/IS) in the
weld metal in structural
zones in the lower bainite
(BL) at the welding speed of
20 mm/s

As a result of the action of a high-speed thermal-deformation cycle of hybrid laser-
arc welding on the weld metal and the heat affected zone of high-strength steel, a
homogeneous dispersed fine-grained lower bainite structure and temperedmartensite
is formed with a uniform distribution of carbide-type nano-phases in them.

The most favorable structure (formation of fine grain lower bainite structures,
absence of extended dislocation accumulations, uniform dislocation distribution) in
the investigated joints is formed at welding speed 20 mm/s.
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Development of a Controlled In Situ
Thin-Film Technology for Porous Anodic
Alumina-Based Nanostructures

T. Lebyedyeva, I. Frolov, M. Skoryk and P. Shpylovyy

Abstract This work is aimed at development of the technology of thin-film porous
anodic alumina/aluminum (PAA/Al) structures for optical sensors based on metal-
clad waveguides and Al nanomesh films for transparent conductive layers. The
method of optical control directly in the process of the structures formation which
consists in monitoring of the angular dependence of monochromatic light reflection
was used both for the formation of the PAA/Al structures by anodic oxidation, for
the widening of pores by wet etching, as well to control the etching of the PAA and
monitoring the remaining Al nanomesh.

Keywords Aluminum thin films · Magnetron sputtering · Anodic oxidation ·
Porous anodic alumina · Al nanomesh · In-situ monitoring · Reflective curves

1 Introduction

To the date, there are several directions, in which the works on creation of porous
anodic alumina (PAA) films and PAA based nanostructures are being carried out [1].
An advantage of PAA for practical application is the simplicity and the cheapness of
its production and the possibility of forming arrays of homogeneous pore diameters
ranging from a few to hundreds of nanometers.

Ordered nanostructures on substrates of various materials, including semiconduc-
tors, metals, dielectrics, and polymers can be produced in the pores of the nanopat-
terns from anodic alumina. Current works on the formation of arrays of various
kinds of nanoelements—nanodots, nanowires, nanorings, etc. are quite successful.
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A two-stage anodizing [2] or pre-texturing of the surface of the aluminum [3–5] is
commonly used for well-ordered arrays.

Porous anodic alumina thin films in themselves are the subject of development
for use as sensory layers. A wide range of impedance, capacitive, acoustic, optical
and other sensors and biosensors are being developed [6]. The devices on the surface
plasmon resonance (SPR) and waveguide sensors, including sensors on a metal clad
waveguide (MCWG) with PAA/Al thin films structure, where the remaining unan-
odized Al (thickness of 20–10 nm) acted as the metal layer to excite the plasmon for
waveguide coupling, are among the most sensitive optical sensors [7–9].

Aluminum nanomesh thin films (nano-sized networks non-anodized Al on a sub-
strate) made by electrochemical anodizing and wet etching of porous anodic alumina
have special importance as oneof the promising candidates for transparent conductive
layers (TCLs) which possess both high conductivity and high optical transparency
[10, 11].

The researches on the formation of porous anodic alumina (PAA) films for the use
of their nanoscale properties can be divided into two main areas: growing oxide on
a bulk aluminum, foils, plates, and on films deposited on the substrate. The develop-
ment of technological processes of PAAcreation on bulk aluminumusually presumes
the improvement of methods of ordered structures creation with the implementation
of a two-stage process of anodizing. This is where significant success has already
been achieved [1]. Nanostructured PAA films growth on thin Al layers deposited
on hard and flexible substrates, which are already widely used in microelectronics,
seems to bring more promising results. This allows us to combine microelectronic
processes with the process of growing of nanostructured PAA layer. However, the
method of growing of ordered PAA on deposited thin aluminum films is yet to be
discovered [12, 13]. The structural difference in PAA films, grown on the bulk alu-
minum (plates or folds) and the deposited films of aluminum is usually attributed
to the fact that on the contrary to the annealed and subjected to the electrochemi-
cal polishing surface of bulk aluminum, the surface of the deposited film has high
surface roughness, and films themselves may be disordered small-grain structure
with a considerable difference in grain sizes and a large number of randomly dis-
tributed inter-grain boundaries. Aluminum films produced under various conditions
also differ from each other—according to structural parameters, the density of grains
packing and average values of surface roughness [14].

This work was aimed at the development of the technology of thin-film PAA/Al
structures for optical sensors based on metal-clad waveguides (MCWG) and Al
nanomesh films for transparent conductive layers. The method of optical control
directly in the process of the formation of PAA/Al structures, which consists in the
monitoring of the angular dependence of reflection onmonochromatic light, was used
by us earlier for MCWG PAA/Al production [9]. It was used both for the formation
of the PAA/Al structures by anodic oxidation and for the widening of pores by
wet etching. Since the angular dependences of the reflection curves of the PAA/Al
structures vary both with a change in the dielectric layer andwith the slightest change
in the thickness of Al, the method can be applied to control the etching of the PAA,
as well as to control the remaining Al nanomesh.
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2 Experiment

The plates of optically polished glass with nD � 1.609, 20 × 25 mm in size, 1 mm
thick were used as substrates. The substrates were previously cleaned in chromic
acid solution for 6 h. After washing in deionized water, they were treated in the high-
frequency oxygen plasma. Immediately before the deposition, the final cleaning of
the substrate was carried out in the vacuum chamber by bombarding their surface
with argon ions with an energy of 400 eV for 10 min. The adhesive layer of niobium
2–5 nm thick and aluminumfilmswere deposited in a vacuumchamber equippedwith
a turbomolecular pump by magnetron sputtering at a constant current. Optimization
of the deposition regime of aluminum films was carried out by us earlier [13].

The parameters related to the deposition of aluminum films are:

Target aluminum (99.999% purity)

Gas argon (99.95% purity)

Base pressure 1×10−6 Torr

Argon pressure 1.8×10−3 Torr

Substrate-to-target distance 45 mm

Deposition rate 1.1 nm/s

Anodic oxidation of aluminum films was carried out in a two-electrode cell.
Anodization modes and control of chronometric dependencies were provided by
means of a self-made computerized device. A vacuum deposited gold film on a
glass substrate served as the cathode. The formation of PAA was carried out in the
potentiostatic mode under 40 V, but in the beginning, the oxide was grown in a
constant current regime. The area for the formation of PAA was limited by a mask
of photoresist. To avoid etching of the aluminum surface in a photoresist developer,
the mask was stamped. 0.3 M solution of oxalic acid was used as the electrolyte. The
electrolyte was stirred with a magnetic stirrer; its temperature was 17 °C. Widening
of PAA pores by etching was carried out in a 5% aqueous solution of H3PO4 at room
temperature. An angular reflection curves at a wavelength of 670 nm was monitored
using the “Plazmontest” device [9].

To form Al nanomesh selective etching of PAA in an etchant composition of 10%
H3PO4 + 2% CrO3 at a temperature of 18 °C was carried out. The change in the
reflection curves during etching of PAA at a wavelength of 635 nm was monitored
with a self-made instrument providing a large range of light angles incidence.

Samples of aluminum films, PAA and Al nanomesh have been studied by SEM
Tescan Mira 3 LMU. Before the SEM investigations, the Au layer thickness of
10 nm was thermally evaporated in a vacuum on the surface of the specimens to
form a conducting film to avoid the charging problem.
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3 Results

Fabrication of nanostructured PAA/Al coatings for MCWG sensors and transparent
conductive Al nanomesh films consist of such main steps as deposition of Al film,
anodic oxidation, and chemical etching. As the characteristics of devices based on
those structures change drastically at nanometer scale varying of PAA and Al layers
thickness, in situ method of their control should be applied. The sensitive method
is the method of control of reflection curves. Since the angular dependences of the
reflection curves of the PAA/Al structures vary both with a change in the dielectric
layer and with the slightest change in the thickness of Al, the method can be applied
to control the etching of the PAOA, as well as to control the remaining Al nanomesh.

This method was chosen for in situ control of anodic oxidation and pore widen-
ing at manufacturing of MCWG and elimination of PAA at manufacturing of Al
nanomesh films.

The chronometric dependences I(t) obtained during single-stage anodic oxidation
of aluminumfilmswith a thickness of 230 and 340 nmwithNb adhesive layer 1–2 nm
in 0.3 M oxalic acid solution at a voltage of 40 V are shown in Fig. 1.

When the structure PAA/Al for MCWGwas formed, the anodization was stopped
at the reflection curve of the desired shapewas obtained [9]. It corresponds to the onset
of the current drop on chronoampermetric curve (Fig. 1, curve A). At Al nanomesh
formation (Fig. 1, curve B), approaching of the anodization front to substrate always
accompanies by a smooth current drop (section 1 on the insert in Fig. 1) with a subse-
quent sharp current jump down (section 2) and a further gradual decrease (section 3).
We believe that this jump is because the anodization front has reached an adhesive
layer. This adhesive layer is probably a mixture of niobium and aluminum atoms
due to metal interdiffusion [15], and it also may be partially oxidized prior to the
deposition of aluminum because of the getter properties of niobium. The jump on the
curve I(t) we consider as a signal that continuous aluminum has been converted to
the nanoscale. We stopped the anodizing, as soon as section 2 appeared on curve I(t).

Fig. 1 Chronoampermetric
curves obtained during
anodic oxidation of the Al
film. a Al thickness of
230 nm, PAA/Al MCWG
formation, b Al thickness of
340 nm, Al nanomesh
formation
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Fig. 2 Scheme of reflective curves measurement

The decrease in current as the anodization front approaches the substrate occurs very
rapidly, and it is difficult to control the time of anodization stoppage reproducibly.
To ensure the steady state growth of the PAA and to ensure the reproducibility of the
stopping time, it seems that the anodizing temperature must be lowered.

After thorough washing and drying of the samples, we carried out the etching of
PAA in an aqueous solution of 10% H3PO4 + 2% CrO3 at room temperature (18 °C).
The control of PAA etching was made by a self-made computerized device with a
p-polarized light source of 635 nm wavelength. The range of light incidence angles
of 40–68° was provided by a stepping motor. Figure 2 shows the scheme of reflective
curves measurement.

Figure 3 shows the sequence of reflective curves obtained at PAA etching. The
time interval between the curves was 20 min. The initial reflective curve 1 in Fig. 3,
B is a first-order waveguide mode of a thin film structure of PAA/Al. In the etching
process, the porous oxide layer is gradually etched and converted to a combination
of a thin alumina barrier layer and/or PAA residues lying on the surface of the Al
nanomesh. The waveguide minimum shifts to the left (curves 2, 3, 4) and gradually
disappears, and in the viewing angle region, the left part of the SPRminimum comes
visible (curve 5). When etching proceeds curve 6 is formed from curve 5. Curve 6
corresponds to surface plasmon resonance on a nanoscale Al film. Due to the limited
range of the device angles, we can see only the left side of the SPR curve. The
invariance of the SPR curve with further etching (curve 7 coincides with curve 6)
indicates that PAA is completely etched away. There remained only Al nanomesh,
which remained unchanged under this etching regime.

The SEM images are shown in Fig. 4a, b correspond to the reflection curves 1 and
7 in Fig. 3, respectively. Figure 4a is the SEM of the PAA surface after the anodic
oxidation. The inset in Fig. 4a shows the surface of the initial aluminum. Figure 4b,
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Fig. 3 The reflection curves
obtained during the etching
of PAA/Al structure

c are the Al nanomesh after etching of the PAA. Most of the cells have a hexagonal
shape, but there are also cells with 5 and 4 vertices. Size of the cells ranges from
90 to 120 nm. The nanostructure is heterogeneous, the discontinuities of Al lines
are visible in some places. Figure 4c shows a relatively homogeneous area of the Al
nanomesh. The width of the aluminum lines is generally about 20 nm. A bright spot
measuring 20–25 nm is at the center of almost every cell, apparently a gold-coated
bump from an anodic niobium oxide (or a mixture of niobium and aluminum oxides
[16]).

From the SEM data, we can see that the Al nanomesh reflects a certain extent the
structure of the aluminumfilm fromwhich it was formed.AFManalysis of theAl film
relief showed that the roughness of substrate surface (RMS) is 3–4 nm, a difference
of the film thickness on areas between protruding crystallites is 10–15 nm, the height
of big crystallites is 50–150 nm [13]. The difference in the thickness of the Al film
leads to the fact that different sections of the anodization front reach the substrate not
simultaneously. At first, at thinner places, the formation of nanoscale from aluminum
begins earlier. The longer formation time of the nanoscale after touching the bottom
of the pore of the cover leads to a thinning of the aluminum lines in places with a
lower thickness of the aluminum film. In these places, the breaks in the aluminum
linesmay appear until the anodization stops. Second, it is likely that the local increase
in temperature caused by the current flow in places where the Al nanoset is thinner
can further accelerate the oxidation. Third, the question of the relationship between
the purity of aluminum into grains and on grain boundaries remains open, and the
purity affects the formation of PAA and, consequently, Al nanoset.

In our opinion, to increase the homogeneity of the Al nanomesh, it is necessary
to ensure the uniformity of the thickness of Al films, possibly by precision electro-
chemical polishing. For the reproducibility of the moment when the formation of the
PAA stops, work should be carried out to optimize the composition of the electrolyte
and to decrease of the anodic oxidation temperature.
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Fig. 4 SEM of the PAA:
a surface after anodic
oxidation, b, c Al nanomesh
after etching of the PAA
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4 Conclusions

An in situ controlled technology for the formation of metal-clad waveguides sensors
PAA/Al and the formation of transparent Al nanomesh from thin aluminumfilmswas
developed. It includes deposition of Al film by a direct current magnetron on glass
substrates with an adhesive layer of niobium, anodic oxidation for PAA/Al structure
formation and chemical etching for PAA pores widening or PAA elimination. It
was shown that the method of monitoring of the angular reflection curves could be
successfully applied in situ both for monitoring of the anodic oxidation process in
the formation of the structure of PAA/Al nanomesh and for controlling the etching of
PAA. The application of this method makes it possible to obtain reproducible results
in the formation of nanostructures with layers of nanometer thickness.
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The Structure and Tribological
Properties of Ni/MoS2 Composite Layers
Formed on Aluminum and Its Alloys

B. Kucharska, J. Mizera, M. Szumiata, A. Zagórski and J. R. Sobiecki

Abstract This work investigates the influence of process parameters on microstruc-
ture, adhesion of layers to the substrate and wear resistance of Ni/MoS2 micro- and
nanocrystalline composite layers. Pure nickel coatingswere also fabricated and tested
for comparison. The layers were deposited by electrochemical reduction on pure A2
aluminum and on PA6 alloy. The layerswere produced at a current density of 3A/dm2

and a mixing speed of 400 rpm. The bath composition was also modified by the addi-
tion of saccharin and the disperse phase of molybdenum disulfide in the bath (2.5
and 5 g/l). Materials prepared in this way underwent structural investigations (using
scanning electronmicroscopy and optical microscopy), a scratch test and tribological
tests (using a ball-on-disc method). The results of the tests allowed to determine the
dependence of the structure and properties of the produced coatings on the produc-
tion parameters. The composition of the electrolyte affects the size of crystallites as
well as the morphology and topography of the surface. The scratch test confirmed
the good adhesion of the nickel and composite layers to the substrate. The best lubri-
cating properties were shown by nanocrystalline coatings. The too high content of
molybdenum disulfide in the bath caused an undesirable increase in the coefficient
of friction.

Keywords Ni-MoS2 composite layers · An electrochemical method ·
Molybdenum disulfide · Aluminum · Tribology

1 Introduction

An extremely important area in the dynamic development of industry is surface engi-
neering, which gives great opportunities in obtaining favorable properties of mate-
rials. By using its techniques, it is possible to obtain materials with better technical
parameters, such as a lower coefficient of friction, greater resistance to abrasion and
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wear, or good corrosion resistance [1]. Appropriate coatings protect the part against
the aggressive environment and difficult weather and operational conditions. Nowa-
days, aesthetic values are also important, and here also surface engineering has a
huge scope—the coatings not only protect but also can improve the appearance of
the object and give it aesthetic qualities. A very common method of applying coat-
ings is the electrochemical method, the advantages of which include low process
temperature, simple equipment as well as relatively low costs [2]. The method has
been used in this work due to the advantages above, as well as due to the possi-
bility of obtaining composite coatings. The production of such composite layers is
not technologically difficult, and the process is very similar to traditional electro-
chemical nickel plating. The main difference is the bath composition, to which the
required additional ingredient is added (usually in the form of a powder). In the case
of the tests presented in work, these were particles of molybdenum disulfide, which
due to their specific chemical structure are characterized by excellent mechanical
properties. Their presence reduces the coefficient of friction and acts as a lubricant,
which may result in good tribological properties of coatings with embedded MoS2
particles [3, 4].

Aluminum is a very reactive metal—it is instantly oxidized in air and in water.
On its surface, a thin Al2O3 layer is formed, which protects it against corrosion, but
at the same time reduces the adhesion of the applied layers, and may even prevent
their coating [5, 6]. Therefore, special surface preparation is required for the planned
coatings, which includemechanical surface preparation (removal of impurities, other
corrosionproducts) anddegreasing, but also additional galvanizingor contact tinning.
After preliminary mechanical removal of impurities from the surface, it is degreased
and activated (in alkaline or acidic solution) to remove the oxide layer. Then it is
galvanized twice, using lightning in nitric acid between the two processes. Other
acids may also be used. However, nitric acid has optimal properties when applied
to aluminum alloys. Iron, nickel or copper salts are sometimes added to the zinc
bath, as well as complexing compounds to improve the quality of the zinc layer [6].
Between all the above processes, the surface is rinsed to remove any residue from the
operation. After completing these steps, one can proceed to the proper application
of the metallic coating.

2 Experimental Method

The coatingswere produced onpureA2aluminumandonPA6alloy.Microcrystalline
andnanocrystalline layerswere producedwith twodifferent thicknesses: 30 and4µm
at a current density (3 A/dm2) and mixing speed (400 rpm). Bath composition was
controlled: the content of molybdenum disulphide in the bath (2.5 and 5 g/l) and
the addition of saccharin. Materials prepared in this way have been subjected to
microstructure tests, scratch test and tribological tests. In the case of aluminum and
its alloys, it is very important to properly prepare their surface to obtain a coating
with adequate adhesion and high purity. In the case of aluminum and PA6 alloy,
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the substrate was of good quality, therefore its surface was not polished, but it was
galvanized to remove the oxide layer and to protect the surface from further oxidation.
Oxides are formed as a result of the immediate oxidation of aluminum in the air and
make it difficult to apply a protective coating, as well as reduce its adhesion to
the substrate. The galvanizing process took place in several stages. The first step
was to degrease the surface, which aims to get rid of all impurities and ensure better
adhesion of the coating.Galvanizingwas performed in a bath containingZnO,NaOH,
FeCl3 · 6H2O, NiSO4 · 6H2O, NaKC4H4O6 · 4H2O and C6H5Na3O7. Galvanizing
was performed at a temperature of 32 °C. The composite coating was produced by
electrochemical nickel plating. The main components of the electrolyte (in this case
the so-calledWatts bath) are nickel salts (nickel (II) sulphate (VI), nickel (II) chloride)
and boric acid. Microcrystalline Ni/MoS2 composite coatings were prepared in a
Watts base bath modified with the addition of molybdenum disulphide. Baths with
two different MoS2 content were used: 5 and 2.5 g/l. In the case of nanocrystalline
coatings, saccharin was added to the electrolyte to obtain a more fine crystallite
structure and a higher gloss. In order to compare, pure nickel coatings were also
produced with the same producing parameters.

The morphology of nickel and composite Ni/MoS2 coatings was examined by
scanning electronmicroscopyusing aHITACHISU-70microscope, equippedwith an
EDSadapter, allowing analysis of the chemical composition of the produced coatings.
The microstructure of Ni/MoS2 nickel and composite coatings was examined using
the NIKONEclipse LU150N optical microscope. Equipped with a diamond indenter
fromRockwell Scratch testerCMS Instruments, itwas used to determine the adhesion
and mark friction coefficients of nickel and composite layers by scratch technique.
The test was carried out under a load of 10 N, and the scratch length was 3 mm.
Tribological tests were carried out on a T-21 ball-on-disc tribotester (ITEE Radom).
It was used to test the wear resistance and coefficient of friction in the association of
disc—ball working in slidingmotion. The ball made of GBGCr15 Bearing Steel was
pressed with 1 N force to rotate at 143 rpm. Shield. The T-21 device was equipped
with a control andmeasurement system that allowsmeasuring the friction force, total
linear wear of friction junction elements, temperature, rotational speed, and friction
path.

3 Results

Figure 1 shows the particle size distribution of molybdenum disulfide. 60% of the
volume ofMoS2 powder used are particles with dimensions of 5–17µm, and 40% of
particles with a diameter of 18–70µm, and themorphology ofmolybdenum disulfide
is shown in Fig. 2.

In the first stage of the process (Fig. 3) in the case of coatings deposited in theWatts
base bath with higher MoS2 content (5 g/l) nickel crystallites are visible, whereas
the MoS2 is low and the layer is compact. At the later stage of the process (Fig. 4),
the matrix is not visible; nickel builds mainly on the MoS2 particles, which results in
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the formation of porous structures. The structure is not very compact, porous, which
is visible in the images of metallographic lateral defects (Fig. 5).

For both microcrystalline layers (Fig. 6) and nanocrystals (Fig. 7), nickel is
deposited in the further stage on the MoS2 particles, which occur in the form of
agglomerates, which results from their poor dispersion. In the case of nanocrystalline
layers, nickel is deposited in the form of spherical structures, whereas in the case of
microcrystalline coatings in the form of rice grains. It is also visible the graining of
the nickel matrix grains deposited in a bath modified with the addition of saccharin

Fig. 1 The particle size distribution of molybdenum disulphide

Fig. 2 Morphology of molybdenum disulphide particles
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Fig. 3 Microstructure of microcrystalline Ni/MoS2 coatings after 6 min deposited in a bath con-
taining 5 g/l MoS2 (coating thickness 4-µm)

Fig. 4 Morphology of microcrystalline Ni/MoS2 coatings after 30 min deposited in a bath con-
taining 5 g/l of MoS2 (coating thickness 30 µm)

Fig. 5 Microstructure in cross-section of microcrystalline Ni/MoS2 coatings deposited in a bath
containing 5 g/l of MoS2 (4 µm (a) and 30 µm (b) coatings)
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Fig. 6 Microstructure of microcrystalline Ni/MoS2 coatings deposited in a bath containing 2.5 g/l
MoS2 (30-µm coating)

Fig. 7 Microstructure of nanocrystalline Ni/MoS2 coatings deposited in a bath containing 2.5 g/l
MoS2 (30-µm coating)

Fig. 8 Microstructure in cross-section of microcrystalline (a) and nanocrystalline (b) Ni/MoS2
composite coatings deposited in a bath containing 2.5 g/l MoS2 (30-µm coating)

in relation to those deposited in the Watts base bath. Composite microcrystalline
coatings are characterized by higher porosity in relation to nanocrystalline coatings
and higher content of embedded MoS2 particles, which is visible in cross sections
(Fig. 8).

During the scratch test ofmicrocrystalline nickel and compositeNi/2.5MoS2 coat-
ings, surface behavior can be observed when interacting with the Rockwell diamond
indenter on the sample surface. In the case of a pure nickel coating, there are visi-
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ble cracks after a short test (with a load of 10 N), while composite coatings show a
greater scratch resistance—no delamination and decohesion of the layer are observed
on their surfaces.

In the assessment of mechanical properties in both the microcrystalline and
nanocrystalline layers, the coefficient of friction remains relatively constant (Fig. 9).
There are fluctuations which, together with the increase in pressure, stabilize and the
graph is smoother. The nanometric layer shows better lubricating properties because
it has a lower coefficient of friction at the beginning, and also the variations are not
as large as in the micrometer layer.

The coefficient of friction (determined during the ball-on-disc test) of a pure
microcrystalline nickel coating is kept at a relatively constant level of just over 1
(Fig. 10). The addition of molybdenum disulfide to the bath in the amount of 2.5 g/l
significantly reduces the coefficient of friction (at the beginning up to six times) up
to a certain working time of the sample (about 280 s), and later (about 670 s) reaches
the value of 1.1, which corresponds to the coefficient of friction of the nickel coating
without the addition of MoS2. It is different in the case of a composite coating with
a higher concentration of molybdenum disulfide (5 g/l): instead of a decrease in the
coefficient of friction, its very large increase is observed—more than twice after the
time of 1000 s. This is most likely due to the fact that the coating largely consists of
a soft MoS2 and a small amount of nickel matrix. Then the ball breaks the coating
very quickly and easily (consisting of too much of the dispersive phase) and reaches
the aluminum substrate.

Similar observations can bemadewith nanometric nickel and composite coatings:
the coefficient of friction of a pure coating remains at a similar (constant) level of
around 1.3. In turn, the addition of molybdenum disulfide to the Watts bath in the
amount of 2.5 g/l causes a decrease in the coefficient of friction by about half.

Fig. 9 Scratch test of composite coatings: micrometric and nanometric
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Fig. 10 Graph of the coefficient of friction as a function of time of microcrystalline and nanocrys-
talline nickel and composite coatings Ni/2.5MoS2 and Ni/5MoS2

4 Conclusions

1. Pure nickel coating consists of smooth, fine, spherical nickel crystallites in the
case of nanocrystalline layers (nickel is deposited in the form of spherical struc-
tures), whereas in the case of microcrystalline coatings—in the form of rice
grains.

2. Composite microcrystalline coatings are characterized by higher porosity com-
pared to nanocrystalline coatings andhigher content of embeddedMoS2 particles.

3. Composite coatings show greater scratch resistance compared to pure nickel
coating.

4. All tested layers show good adhesion to the substrate.
5. The best tribological properties are shown by the nanocrystalline layer with the

addition of molybdenum disulphide in the amount of 2.5 g/l for Watts bath (the
lowest coefficient of friction).
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The Effect of Organic Additives
on the Microstructure, Microhardness
and Friction Coefficient of Ni/WS2
Composite Coatings

B. Kucharska, M. Ptaszek, J. R. Sobiecki, A. Zagórski and Ja. Mizera

Abstract Composite electroplating enables the production of a wide range of coat-
ings with improved tribological properties. One of the most perspective composite
coatings due to its lubricating properties are the Ni/WS2 coatings. The aim of this
studywas to investigate the effect of organic additives toWatts bath on themicrostruc-
ture and mechanical properties of Ni/WS2 composite coatings produced by the elec-
trochemical method. The study included the composite coatings deposited in aWatts
bath modified by saccharine, polyethylene glycol (PEG), sodium dodecyl sulfate
(SDS) and 2-butyne-1,4-diol with disperse phase of WS2 in the form of triturated
powder. The particular component was used to obtain a good-quality coating and
to enable the proper wettability of tungsten disulfide. The coatings were deposited
with direct current. The proper stability of the suspension was ensured by applica-
tion of the mechanical stirring (400 rpm). The use of the properly selected organic
additive in the electrodeposition process results in a significant improvement of the
coatings homogeneity, smoothness and the higher microhardness in comparison with
composite coatings deposited without additives. The coatings are characterized by
increased adhesion to the substrate (low acoustic emission) as well as the lower value
of the friction coefficient.

Keywords Electrochemical method · Composite coating Ni/WS2 ·WS2 ·
Microhardness · Friction coefficient

1 Introduction

To improve the mechanical properties of light aluminum alloys, nickel composite
layers with embedded solid lubricants (MoS2, WS2, graphite) can be produced on
their surface [1, 2]. It allows widening the spectrum of application of these materi-
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als, in particular in places where the maximum weight reduction is important with
good corrosion resistance and abrasive wear. These composites can be produced by
various methods, e.g., chemically and electrochemically [3–6], by thermal spraying
[7] and by PVD methods (physical vapor deposition) or by sintering [8, 9]. How-
ever, these latter techniques often require high temperatures, high pressures, and
expensive equipment as opposed to a relatively cheaper and simple electrochemical
method. Transition metal disulfides are among the most commonly used solid lubri-
cants. Tungsten disulfide (WS2) has a very low friction coefficient of 0.03, which
makes it possible to obtain very good lubricity even in dry conditions. Correctly
formed electrochemical nickel coatings with embedded WS2 are characterized by a
low coefficient of friction and good abrasion resistance [5]. They can be used inmany
industries, e.g. in the aerospace, automotive and space industries, especially due to
the high stability of WS2 in a wide temperature range and in a vacuum [10]. The
incorporation of heavy metal disulfide particles (WS2, MoS2) into a nickel matrix in
an electrochemical process depends on many interrelated factors such as hydrody-
namic conditions prevailing in the galvanic bath, current density, content, and type
of powder in the bath or bath composition [11]. In this work, the influence of various
organic additives on the quality, microstructure and mechanical properties of coat-
ings was investigated. The main reason for the use of organic additives is to reduce
the internal stresses, increase the gloss and adhesion of the coatings to the substrate.
In the case of surface-active compounds (SACs) their key role is to give the particles
of dispersive phase of the appropriate charge, which enables their incorporation into
the nickel matrix. In addition, the task of SACs is to improve the even dispersion of
particles in the entire volume of the bath. It is especially important for tungsten disul-
fide particles due to their poor wettability and difficulty in obtaining homogeneous
composites [12]. The main goal of the research was to control the composition of the
bath to obtain homogeneous and compact Ni/WS2 coatings characterized by a rel-
atively low surface development. It was found that using SACs (PEG-polyethylene
glycol, SDS—sodium dodecyl sulphate) one can control the content and the way of
incorporation ofWS2 in the coating, which greatly influences the development of the
surface of the layers. It was observed that only baths containing an appropriate set
of organic compounds allow to obtain functional coatings. Composite coatings pro-
duced with this additive mixture were characterized by a much higher microhardness
compared to nickel coatings produced in the same bath without WS2 particles.

2 Experimental Details

2.1 Production of Coatings

Ni/WS2 layers were produced by electrochemical reduction on aluminum and alu-
minum alloy AA 2017. Ensuring good adhesion of the deposited layers to the alu-
minum substrate required proper preparation of its surface, which included pre-
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Fig. 1 Morphology of WS2 powder

Table 1 Bath composition
and process parameters for
coatings deposition

Component Concentration (g/dm−3)

Bath composition

NiSO4·6 H2O 300

NiCl2·6 H2O 40

H3BO3 35

WS2 1

PEG 0.2

SDS 0.04

Saccharin 2.5

2-butyn-1,4-diol 0.1

Process parameters

pH 4.0 ± 0.2

Temperature 45 °C

Current density 3 A/dm2

degreasing, alkaline degreasing, etching and galvanizing. Ni/WS2 composite coat-
ings were produced in a Watts bath (KW) modified with organic additives and
WS2 powder (Fig. 1) with the composition and manufacturing parameters shown
in Table 1. To facilitate the transport of particles of the dispersive phase to areas
close to the cathode, the bath was subjected to mechanical stirring at 400 rpm. Pure
nickel coatings were also produced and tested for comparison.
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2.2 Examination of Coatings

The examination of the microstructure of WS2 powder, as well as nickel and com-
posite Ni/WS2 layers, were carried out with the aid of the HITACHI SU-70 scanning
electron microscope, equipped with EDS microanalysis X-ray system by Noran and
optical microscope NIKON ECLIPSE LV150 N. Based on the analysis of images of
cross-sections of Ni/WS2 layers, the WS2 particle distribution was determined in the
nickel matrix and the thickness of the coatings. The microhardness of the produced
layers was examined using microhardness tester HMV-G from Shimadzu with the
Vickersmethodwith a load of 98.07mN (HV0.01). Adhesion tests of layers to an alu-
minum substrate were carried out using a CSM Instruments Scratch tester, equipped
with a Rockwell diamond indenter. A pressure of 1–20 Nwas applied over a distance
of 5 mm. The adhesion of the layers was evaluated on the basis of measurements of
acoustic emission and images created during scratch tests. Tribological tests were
carried out using the ball-on-disc method using the T-21 tribotester produced by
ITE (Institute for Sustainable Technologies) in Radom. It was used to test the wear
resistance in the ball-disc combination (point contact of the friction pair) working
in sliding motion. The measurements were carried out under dry friction conditions
without using an external lubricant. The steel ball (100Cr6), after a thermal improve-
ment of ø 10 mm in diameter and a hardness of 62 HRC, was pressed with a force of
1 N to rotate at 143 rpm. to samples with nickel and composite Ni/WS2, respectively.

3 Results and Discussion

3.1 Visual Assessment of Coatings

TheNi/WS2 coating deposited in a pureWatts bath is characterized by high roughness
and is devoid of gloss. The addition of PEG to the bath causes that the layers produced
in such an electrolyte are shiny and smoothed, however, local cracks are observed on
their surface, which is caused by high internall stress of the coatings. To counteract
these effects, a set of organic bath additives (saccharin, SDS, PEG, 2-butyn-1,4-diol)
was used. Coatings produced in such a bath were free from cracks, mostly shiny.
However, there was a tendency to the heterogeneity of the microstructure between
the edges and the rest of the sample. For all composite coatings, the appearance of
the coatings varied on each side depending on how the sample was placed in the
electrolytic cell.
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3.2 Microstructure of Coatings

The structure of nickel coatings (Fig. 2a) and Ni/WS2 (Fig. 2b–d) in cross-section
is shown in Fig. 2. The Ni/WS2 coating produced without surfactants (Fig. 2b) was
characterized by a much smaller thickness compared to all other coatings due to the
occurrence of edge effects (the coating was grown excessively on the edges). The
addition of PEG caused that the coating thickness was evened out over the entire
analyzed surface (Fig. 2c), no edge effects were observed in this case. The use of a
set of additives (PEG + saccharin + SDS + 2-butyn-1,4-diol) smoothed the coating
and, as in the case of PEG alone, offset the edge effects. Based on the analysis of the
morphology and topography images of the nickel and composite layers, it was found
that all composite layers (Fig. 3b–d) are characterized by a much larger surface
development in relation to the nanocrystalline nickel (Fig. 3a). In the case of the
coating produced inWatts’s bath, local surfaces of cracking are observed. The use of
a set of organic additives smoothed the nickel matrix. However, the introduced WS2
particles cause a high surface roughness.

Fig. 2 Coating microstructure in cross-section: a Ni, WB, b Ni/WS2, WB c Ni/WS2, WB + PEG,
d Ni/WS2, WB + PEG + saccharin + SDS + 2-butyne-1,4-diol
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Fig. 3 Morphology and topography of coatings surface: a Ni, WB, bNi/WS2, WB c Ni/WS2, WB
+ PEG, d Ni/WS2, WB + PEG + saccharin + SDS + 2-butyne-1,4-diol

3.3 Microhardness of Coatings

Both the composition of the bath (affecting the crystallite size of the matrix) as well
as the tungsten disulfide phase embedded in the nickel matrix have an effect on the
hardness of the layer material, as shown in Fig. 4. The highest microhardness is
characterized by a Ni/WS2 layer produced in a bath with a set of organic additives
(751)—which is a several times higher than in the aluminum substrate and slightly
higher than pure nanocrystalline nickel (697). Ni/WS2 coatings produced in a Watts
bath without a set of additives have about twice the hardness compared to those
coatings (nickel and composite) made in a bath with a set of additives.

3.4 Coefficients of Friction of Coatings

(1) Scratch test

The friction coefficients of the Ni/WS2 coatings produced in the PEG-modified
bath (Fig. 5a) and the organic additive set (Fig. 5b) in thefirst test stage of the scratches
are characterized by lowvalues (less than 0.2),with the first coating already at approx.
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Fig. 4 Microhardness of HV0.01 coatings tested on cross-section

3 N comes to its rapid growth. In the case of a coating produced in the presence of
a set of organic additives, a rapid increase in the coefficient of friction is observed
at a force of approx. 7 N. In this case it is caused by delamination of the layer (as
indicated by the damage of scratches and acoustic emission peaks).

(2) Ball-on-disc test

Based on the results of the ball-on-disc test (Fig. 6), the addition ofWS2 improved
the lubricating properties of composite coatings against pure nickel (in both cases
the coating was produced in the presence of a set of organic additives). The friction
coefficient of Ni/WS2 layers is very low and does not exceed 0.2 throughout the
test period. In the case of nickel coating, the coefficient of friction does not stabilize
during the test, and its value is high and ranges from 0.6 to 1.4.

4 Conclusions

Obtaining a good quality Ni/WS2 composite coating requires the use of appropriate
electrolytes and process parameters. Coatings deposited only in Watts bath or a bath
modified only with SACs (PEG) are characterized by too poor mechanical properties
in relation to the expected. Selection of appropriate organic additives, including
surface-active compounds or compounds that reduce the internal stresses allow to
obtain compact, non-porous and relatively homogeneous coatings. These coatings
are characterized by twice higher microhardness compared to the corresponding
composites made in Watts bath and modified by PEG.
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Fig. 5 Scratch test of nickel and Ni/WS2 composite coatings deposited in Watts bath modified by
series of organic compounds
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Fig. 6 Graph of the friction coefficient of Ni/WS2 composite coatings deposited in Watts bath
modified by a PEG and b series of organic compounds

If an appropriate set of organic additives is used, the incorporation of the WS2
dispersive phase also allows to obtain much lower coefficients of friction recorded
during the test of the ball-on-disc in relation to pure nickel coatings.
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Effect of Temperature on the Growth
of Pores in Binary Bi/Sn Films

S. I. Petrushenko, S. V. Dukarov, Z. V. Bloshenko, I. G. Churilov
and V. N. Sukhov

Abstract The work is devoted to the study of through pores that arise in binary
Bi/Sn films when they are annealed near the melting point. It is shown, that the study
of the temperature dependence of the average pores size can be used to measure the
activation energy of diffusion processes that ensure the de-wetting of the samples
under study.Concentration dependence of the activation energy of diffusion in bilayer
Bi/Snfilms is obtained. It is shown, that the diffusion activation energyhas aminimum
in the homogeneous region and is practically constant at a component concentration
corresponding to the two-phase section of the phase diagram.

Keywords Thin films · Binary systems · Diffusion · Through pores

1 Introduction

Thermal stability of thin-film systems largely determines the scope and the possi-
bility of their application. In particular, the limited thermal stability of films used as
conductive, buffer or protective layers limits further miniaturization of various elec-
tronic devices. Thus, the processes of pore formation, which are caused by diffusion
and actively occur in films near their melting point [1], can lead to disruption of the
continuity of the functional layers and the failure of the entire device. Also, processes
of mutual solubility of components and diffusion homogenization of the sample can
contribute to degradation [2, 3]. These processes are of a diffusive nature. With a
reduction in the characteristic size of the element, the distance that a substance must
overcome to violate its operational properties decreases. This leads to a significant
acceleration of degradation. An even more important factor in the intensification of
the thermal de-wetting of films with a decrease in their thickness is the size effect
of diffusion [4, 5]. Thus, the study of the through porosity that occurs in continuous
films during their annealing has both applied and general scientific significance. Such
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studies make it possible to obtain important information about the characteristics of
the diffusion processes taking place in these systems. Note that the use and study of
low-dimensional systems are greatly complicated by their high sensitivity to impu-
rities and the conditions of obtaining. It is possible to significantly reduce the impact
of uncontrolled factors if you use vacuum methods of preparation. Such methods
make it possible to obtain samples under conditions where the impurity concentra-
tion can bemade negligible. It is also very advantageous to combine vacuummethods
with techniques that allow one to create a series of samples in one experiment that
differ by parameter being studied. One method of practical implementation of this
approach is the method of samples of variable composition and variable state. In
this method, due to a special arrangement of the evaporators, the substrate, moving
and fixed shields, it is possible to obtain a series of samples with smoothly or dis-
cretely varying thickness or concentration of components. Samples corresponding
to different states within the framework of this technique are obtained by creating a
certain temperature gradient along the substrate. As a result, different sections of the
film, which are deposited under completely identical conditions, undergo heating to
different temperatures.

This approach has particular importance for studying the effect of concentration
on the behavior of multicomponent systems. To carry out such studies the prepara-
tion of a series of samples is required. Such samples are usually obtained in different
experimental cycles. This is inevitably accompanied by some change in the uncon-
trolled parameters of their preparation.At the same time, using themethod of samples
of variable composition and variable state (at least in the case of binary systems), it is
possible to obtain a set of samples corresponding to any given concentration interval
within a single vacuum cycle.

The use of variousmodifications of themethod of samples of variable composition
and variable state made it possible to obtain a number of results that are interesting
both from the point of view of fundamental science and applied developments. Thus,
in [6], due to obtaining in the same experiment films of different thicknesses and expe-
riencing different thermal effects, results concerning the initial stage of the growth
of film systems were obtained. Also, an approach based on the method of samples
of variable composition and the variable state can be used to determine supercooling
values in disperse systems. In this case, the crystallization temperature of the super-
cooling liquid phase is assumed to be equal to the temperature of the change from
the condensation mechanism of vapor-crystal to the condensation mechanism of the
vapor-liquid. It is registered ex situ [7]. In contrast to in situ methods [8–10], using
this method, it is easy to obtain a whole series of samples differing in the desired
parameter. This is convenient for studying the effect of wetting, composition or size
on the supercooling.

The use of the method of samples of variable composition and variable state to
study the thermal stability of vacuum condensates and the diffusion processes occur-
ring in them is performed in [1, 11, 12]. In [11], for copper films, a size dependence
of the dispersion temperature was obtained, and it was shown in [1] that the study
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of the temperature dependence of the mean pore size that appears in films near their
melting point could be used to determine the activation energy of diffusion in these
systems.

Note that the study of the processes of pore formation occurring in film systems
not only makes it possible to establish the features of the diffusion processes taking
place in them but also has an important application value. However, most of the
works aimed at covering such issues relate to the study of one-component films. At
the same time, the solution of many applied problems requires the study of more
complex systems, for example, binary ones. This paper is devoted to the study of
pore formation and diffusion processes occurring in Bi/Sn films. The choice of the
object of investigation is determined both bymethodological considerations, namely,
by low melting points and a simple phase diagram, and by the applied value of this
contact pair, which along with other fusible eutectics [13] is actively study [14] and
is considered a promising replacement for toxic solder based on lead.

2 Experimental

Two-layer Bi/Sn films with a total thickness of approximately 300 nm, obtained by
using amethod of samples of variable composition and variable state, were chosen for
this study. Samples were formed by layer-by-layer condensation of components from
separate sources in a vacuum of 10−7 Torr at the extended steel substrate measuring
170 × 60 × 4 mm. Molybdenum (Bi) and tantalum (Sn) boats heated by electric
current were used as evaporators. Immediately before the deposition of the compo-
nents, an amorphous carbon layer was deposited on the substrate, which isolated the
system under study from the substrate material. Practically complete non-wetting of
the carbon by melts of selected metals somewhat allows us to treat the films under
study as free films. The mutual arrangement of evaporators, shields and a substrate
ensured the preparation of films, which made the concentration of the components in
the given limits continuously vary along the width of the substrate. The thicknesses
of the films and, consequently, the concentration of the components were measured
on the basis of geometric considerations from the data of two quartz resonators
located on opposite sides of the substrate. Due to the appropriate arrangement of the
equipment elements, the quartz sensors measured the mass thickness of each of the
deposited metals separately.

After completion of the condensation, a temperature gradient was created along
a steel substrate by means of a heating block mounted on one end of the substrate
and forced cooling of the other. The temperature gradient was perpendicular to the
concentration gradient andwasmonitored from the data of severalK-type thermocou-
ples welded to the rear of the substrate. Samples, after being set a steady temperature
distribution, were held in this state for an hour.

After the heating and the appropriate thermal annealing, the substrate with the
film was cooled in vacuum to room temperature, removed from the vacuum cham-
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ber and examined by scanning electron microscopy in the JEOL JSM-840 electron
microscope.

3 Results and Discussion

Electron-microscopic studies ofBi/Sn films showed that in the region of the substrate,
the temperature of which ensures complete melting of the sample, the film consists of
spherical particles (Fig. 1a). Suchmorphology indicates themelting of this part of the
sample [15]. At temperatures below the liquids and above solidus, the films continue
to be islands. However, in this temperature region, irregularly shaped formations are
observed along with spherical islands. This indicates the coexistence of liquid and
crystalline phases in this region (Fig. 1b). The relative amount of the liquid phase
decreases with decreasing temperature, and it disappears after reaching the solidus
line.

Below the solidus line, the films remain solid polycrystalline. At the same time, in
the immediate vicinity of the melting start temperature, through pores are detected
in the films. Their size for the same duration of thermal exposure is determined
by the temperature to which this region was heated and the concentration of the
components of the binary film (Fig. 2). It should be noted that the morphology of the
films somewhat differs in parts corresponding to bismuth concentrations above and
below its maximum solubility in tin (i.e., in the two-phase and homogeneous regions
of the phase diagram of this contact pair, respectively). In a homogeneous region,
large inclusions of bismuth are observed on the surface of the film after cooling. In
a two-phase region, these inclusions have a substantially smaller size and form a
generally homogeneous structure (Fig. 2).

Fig. 1 SEM images of samples corresponding to parts of the film whose temperature exceeds the
liquidus temperature (a) and is between the solidus and liquidus temperatures (b)
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Fig. 2 SEM images of Bi/Sn films corresponding to different component concentrations and
annealing temperatures

Fig. 3 Arrhenius graphs
corresponding to different
concentrations of the Bi-Sn
contact pair components

The temperature dependence of the average pore size (r), for films with different
component concentrations, in ln R − 1/T coordinates (Fig. 3) is well described by a
linear dependence. This can be used to estimate the activation energy of diffusion,
which provides porosity in the binary films under study [1, 11].

Then the activation energy of surface diffusion can be determined from the expres-
sion [1]:
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Fig. 4 Dependence of the
diffusion activation energy
on the concentration of
bismuth in Bi/Sn films

Ea � αk

where α is the slope of the Arrhenius graph (Fig. 4), and k is the Boltzmann constant.
According to the studies carried out, the activation energy of diffusion in Bi/Sn

films depends significantly on the concentration of the components of the contact pair
(Fig. 4). Thus, initially, with an increase of the bismuth concentration, the activation
energy decreases rapidly to a minimum of 0.6–0.7 eV at a concentration approx-
imately corresponding to the boundary solubility of bismuth in tin. After that, it
rapidly increases, reaching a value of 1.6 eV at a concentration of 25–30 wt%, and
then practically does not change. This means that the activation energy of surface
diffusion in a two-phase region is independent of the concentration of the compo-
nents.

The presence of a minimum on the concentration dependence of the diffusion
activation energy was observed by authors of [16] for Mn–Bi alloys. The minimum
value of the activation energy is observed at 55 at.% Mn. However, a small number
of concentrations studied by the authors make it difficult to compare their results
with the phase diagram of the contact pair, which has a rather complex form [17].
Nevertheless, the concentration corresponding to the minimum value of activation
energy of diffusion which was found in [16] is close to the concentration boundary
for the existence of an alpha solid solution based on manganese [17].

The intensification of diffusion processes in a homogeneous concentration region
is also evidenced by results of [18, 19], in which the kinetics of the formation of
intermetallides was studied upon contact of the eutectic [18] and homogeneous [19]
Bi–Sn alloys with copper. The nonmonotonic character of the dependence of acti-
vation energy on concentration for the processes providing mass transfer was also
found in [20], in which the processes of liquid-phase mass transfer are theoretically
researched. The authors showed that the mixing activation energy in binary Pb–Li
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melts has aminimumobserved at the concentration of the components corresponding
to the beginning of the eutectic part of the phase diagram.

The concentration dependence of the parameters corresponding to the transport
phenomena was also studied in [21]. The authors of [21] showed that the temperature
coefficient of electric resistivity of Cu–Sn alloys has a minimum at a concentration
of components corresponding to the boundary solubility of tin in copper. Moreover,
when studies the viscosity of melts, it was established in [21] that it has a maximum
value at the same concentration of components. The authors associated this with
the formation of clusters in the melt, the ratio of the elements in which corresponds
to the concentration providing the minimum value of the temperature coefficient of
resistance.

Thus, the results of many studies [16–22] indicate that the concentration corre-
sponding to the boundary of the existence of a solid solution on the basis of one
of the components corresponds to the region where the concentration dependence
of the transfer parameters is monotonic. At the same time, the considerations in the
literature regarding the nature of this phenomenon are insufficient.

So it is worth paying attention to the phenomenon studied in [12] in which it is
shown that the activation energy of diffusion in copper films can sharply decrease
in the presence of liquid lead. In our binary film systems, with a concentration of
bismuth below its limiting solubility in solid tin, due to contact melting [23–26],
one can expect not only the formation of a solid solution but also a liquid phase
of a eutectic composition. Based on the results of [12], it can be expected that the
liquid phase can simplify the diffusion processes in the samples. In this regard, the
decrease in the activation energy with increasing bismuth concentration seems to be
natural, since the concentration of the liquid phase should increase with increasing
bismuth content. The decrease in the intensity of the diffusion processes in the two-
phase region and the corresponding increase in the activation energy can be due to
the presence of two dissimilar phases. It is reasonable to assume that the interphase
boundaries, unlike, for example, grain boundaries, are diffusion stoppers, which
naturally complicate the diffusion decay of the films.

The intensification of diffusion processes, which according to our results and
works [18, 19] takes place in homogeneous samples, explains the fact that larger
pores are observed in this concentration region than in the two-phase part (Fig. 2).

4 Conclusions

When studying the through porosity formed in binary Bi/Sn films, it is shown that the
kinetics of diffusion processes is determined by the concentration of the components.
At first, with an increase in the bismuth content, a decrease in the activation energy
of mutual diffusion, which reaches a minimum at the concentration boundary of the
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existence of a homogeneous region, is observed. After that, the activation energy
rapidly increases and remains almost constant starting from a bismuth concentration
of 25–30 wt%.
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Method for Identification of Optical
Resonances of Metal Films

M. Yu. Barabash, G. G. Vlaykov, A. A. Kolesnichenko and L. V. Ryabov

Abstract In this paper, the properties of thin (10–100 nm, R > 7 �) copper films
deposited on glass substrates at T � 300 K are considered. The thin films were pro-
duced by thermal evaporation in a vacuumwith residual gas pressure (10−2–10−3 Pa).
The substrates had luminescence under exciting by Raman light (Raman scattering)
of 30 mW power, with a wavelength of 785 nm. The resonances were identified by
comparing the absorption and Raman spectra at excitation wavelengths of 633 and
785 nm. Among films with a close absorption level, films with the largest amplitude
of the Raman signal had a structure with the maximum value of optical resonances.
Under the influence of exciting light of 30 mW, the Raman spectrum and the color of
these films changed. Copper films deposited on glass substrates at a temperature of
300 °Cwith an electrical resistivity R< 0.5�/square did not have pronouncedRaman
peaks, their Raman spectrum and color did not change under 300mWexcitation light
with a wavelength λ of 785 nm.

Keywords Optical resonance · Thin films · Raman scattering · Clusters

1 Introduction

Investigation of the plasmon nanostructures optics has led to the development of
studies in photonics [1], plasmonics [2], sensors [3–7], biomedicine [8], in research
of Raman scattering amplification (SERS) [9]. In the overwhelmingmajority of plas-
mon resonant devices, metal structures in the form of nanoparticles or layers are used.
These films, consisting of small particles, have anomalously high nonlinear optical
characteristics, the unifying features of which are the effects of π-delocalization of
electrons. As a rule, their characteristics are investigated by optical spectroscopy [10,
11]. The spectra give information about the size, aggregation degree, the thickness

M. Yu. Barabash (B) · G. G. Vlaykov · A. A. Kolesnichenko · L. V. Ryabov
Technical Centre of National Academy of Science of Ukraine, 13, Pokrovskaya Str.,
Kiev 04070, Ukraine
e-mail: mbarabash@nasu.kiev.ua

© Springer Nature Singapore Pte Ltd. 2019
A. D. Pogrebnjak and V. Novosad (eds.), Advances in Thin Films, Nanostructured
Materials, and Coatings, Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-13-6133-3_17

169

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6133-3_17&domain=pdf
mailto:mbarabash@nasu.kiev.ua
https://doi.org/10.1007/978-981-13-6133-3_17


170 M. Y. Barabash et al.

of nanoparticles, and the change of electronic structure due to the transition from
macroobjects to nanoobjects. The absorption spectra of these films are characterized
by the presence of an intense absorption band that is absent inmacro-samples and lies
in the UV or visible spectral range [11, 12]. The appearance of this band is associated
with the manifestation of local surface plasmon resonance as a result of the collective
motion of electrons in the field of the electromagnetic wave, under the influence of
the particle surface. However, in many cases, the absorption spectra are formed by
very wide unstructured bands. This significantly reduces the amount of information
obtained about the structure of the films. For this reason, for probing specific objects
spontaneous Raman scattering is used. The Raman process involves the exchange
of energy between a scattered photon and a scattering molecule, accompanied by a
background luminescence. The spectral components of the nonresonant Raman scat-
tering are shifted relative to the frequency of incident radiation by an amount equal
to the intervals between the energy levels of the scattering atoms or molecules, which
does not depend on the wavelength the incident radiation. The intensity of the Raman
band is proportional to the number of molecules in the initial state, the transitions
from which generate the given band. The luminescence appears as background; it is
a spontaneous emission of a photon by atoms or molecules after their transition to
an excited state upon absorption of incident radiation with a frequency lying within
the absorption band. If excited atoms and molecules experience collisions leading
to redistribution over other excited levels as a result of nonradiative transitions, then
broadband luminescence is observed that has an almost continuous spectrum. When
investigating the luminescence emitted by an ensemble of particles, it is necessary to
distinguish between Raman scattering and luminescence. For this purpose, various
closely interrelated properties of both secondary luminescence and the system itself
are used, which allow to determine whether the acts of annihilation and birth of pho-
tons occur immediately one by one, or other processes intervene between them. This
is not a trivial task. In the case of stimulated Raman scattering, a frequency criterion
is used, according to which if the lines in the secondary emission spectrum follow the
exciting line, then the luminescence is referred to the Raman process. Otherwise, it
is believed that the incident radiation is converted into luminescence [13]. In silicate
glasses, the Raman signal is formed by impurities, and it can be forced and accompa-
nied by luminescence [14]. As a rule, it is caused by the intrinsic luminescence of the
glass matrix as a result of the recombination of charged particles that were formed
under the action of exciting Raman light [15]. Usually, the luminescence from glass
substrates plays the role of a parasitic background. In the present work, it performed
the role of test radiation for analyzing the properties of copper films.

Thin copper filmswith a thickness of the order of several and hundreds nanometers
were obtained by the method of vacuum deposition. This method ensures the pro-
duction of films of a specified composition with a controlled structure with minimal
impurities. The structure of a thin metallic film on the surface of a dielectric substrate
starts to form with the appearance of individual clusters (nuclei). Then these clusters
grow and aggregate, and Ostwald ripening, and the formation of a continuous film
occur. In many cases, the clusters in the process of growth form a system of interact-
ing nanoparticles with fractal properties. These ensembles of particles possess the
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property of scale self-similarity in a certain region of their dimensions and location,
and special nonlinear optical properties [16]. The formation of the film structure
occurs in layered, island or intermediate growth regimes, depending on the depo-
sition parameters, on the substrate material and on the type of its surface [17, 18].
Given the complexity of these phenomena, for obtaining films of a given composition
and structure, it is necessary to select empirically the parameters of their deposition.
At a certain thickness, the film becomes electrically continuous with ohmic conduc-
tivity. The electrical conductivity at which the transition from a nonconducting state
of condensate on a dielectric substrate to an electrically continuous layer is observed
is the percolation threshold. This value also depends on many parameters: deposi-
tion mode, the substrate temperature during condensation, film deposition rate, etc.
It is related to the kinetics of film formation and serves as a parameter of the film
structure.

The purpose of this work is to study the effects of optical resonances in thin copper
films on a dielectric substrate using absorption and Raman spectra.

2 Methods and Materials

The substrates were silicate glass (cat. no. 7102, CHINA) plates of 10−3 m thickness
and dimensions of (2.544)× 10−2 m, with a refractive index n0 � 1.51, transparent in
the spectral range of 300–100 nm. During cleaning they were treated in boiling soapy
water, followed by washing in distilled water, 30% hydrogen peroxide and drying.
Copper contacts (R � 1 �) with a width of 5 × 10−3 m were preliminarily deposited
by thermal spraying on the substrates preheated to 300 °C. Theywere used tomeasure
the electrical conductivity of layers during their deposition. The deposition was
carried out at a modernized vacuum universal station VUP-5M. The pressure of
residual gases in the chamber did not exceed 10−2–10−3 Pa. The samples in the form
of thin layers (10–100 nm) of copper on a glass substrate were obtained at room
temperature by electron evaporation in a vacuum in electric field E � 60–80 V/cm2.
This method has peculiar efficiency and good controllability. The deposited films
had a resistance of 7–3.5 × 106 �. The distance from the evaporator anode to the
substrate was 7 × 10–2 m, that provided a uniform deposition of thin films. The
process of copper film deposition was controlled by a developed software with data
output (thickness, temperature, absorption, electrical conductivity) to the frequency
meter and to the monitor of a personal computer (PC) using a 4-channel ADC with
interface board. The thickness of the films was estimated by the shift of resonance
frequency (fres � 8 MHz) of a quartz sensor. Particular attention was paid during
the deposition process to the electrical conductivity of the film. After deposition, the
copper films were held in a vacuum for 30min. The samples were analyzed bymeans
of optical spectra. The absorption spectra of the glass substrate and copper films on
the substrate were obtained on a ShimadzuUV-2401PC spectrometer. Raman spectra
of the samples were taken with a Renishaw InVia spectrometer, with two excitation
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Fig. 1 Glass (cat. no. 7102,
China); a absorption
spectrum; b Raman
spectrum. Laser radiation
powers (633, 785 nm) are
100 and 300 mW
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wavelengths of 633 and 785 nmwith an analysis of the frequency scattering criterion.
The absorption spectra of copper films on glass substrates are shown in Fig. 1.

3 Results and Discussion

Figure 1 shows the absorption spectrum in the visible range and the Raman spectrum
of the glass substrate at two wavelengths of exciting light (633 and 785 nm).

The absorption spectrum (Fig. 1a) showed that the glass cat. no. 7102 has a band
with an absorption maximum of the order of 5 eV. The spectral dependence of the
absorption coefficient in the low-energy section of this band is described by the
exponential dependence on the energy of quanta (Urbach’s rule). This feature of the
fundamental absorption edge is valid for amorphous substances and is due to static
variations of the lengths and angles of the bonds, and fluctuations in the potential of
the field of the glass matrix. The edge of the absorption band lies near 350 nm, which
corresponds to a forbidden band of 3.5 eV. The registration ofRaman spectra (Fig. 1b)
occurs in two modes: with exciting light (Iexc � 5.0 kW/cm2) with a wavelength of
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633 nm (1.96 eV), and exciting light (Iexc � 7.5 kW/cm2) with a wavelength of
785 nm (1.6 eV). The spectra have several features, different shapes, and depend on
the wavelength of exciting light. The spectrum (Iexc, λ � 785 nm) is a set of wide
contours with implicitly expressed maxima. It does not have narrow peaks, which,
as a rule, correspond to microimpurities in the glass matrix. The amplitude of the
scattering signal with excitation light with a wavelength of 633 nm is lower than
with λ � 785 nm. The spectrum reveals a monotonic increase in the signal in the
low-energy region, which is confirmed by the presence of deep defect levels. If the
intensity of exciting light is increased by a factor of 10, the magnitude of the signal
increases by a factor of 2. This dependence of the scattering signal is not typical for
spontaneous and stimulated Raman scattering, and can indicate to the recombination
luminescence of the glass under exciting Raman light. In this case, certain centers
are ionized in the excited glass, and during this process two independent particles
with different charges appear. The radiation occurs when these particles recombine,
and it is characterized by a significant Stokes shift [15].

Figure 2a shows the absorption spectra of copper filmswith a resistance of 7–3.5×
106 �, which were deposited on the glass substrate at T � 300 K. Films with higher
resistance have less absorption. In the spectra, one can distinguish the absorption
bands characteristic for copper films (the minimum value at λ � 560 nm) [18],
which disappear with increasing film resistance (with a decrease in the thickness of
the films). Films with a resistance of 7–10 � have a maximum of absorption curve
near 700 nm, which can be related to the plasmon absorption. Thinner films do not
have this maximum. An estimation of the long-wavelength absorption threshold of
the spectral curves (λ � 560–570 nm) shows that the optical band gap of the film
material is Eg � 2.17–2.221 eV. This corresponds to the data for copper oxide (Eg

� 2.18 eV) [19]. The smoothing of the spectral absorption curves of films with
a decrease in their thickness can be explained by an increase in the proportion of
copper oxide in thin films under atmospheric conditions since copper oxide in the
long-wavelength region (λ � 900 nm) does not absorb light [18], whereas copper
absorbs. This is complemented by observing a 20% increase in resistance of copper
films when air is blown into the evaporation chamber. Figure 2b shows the Raman
spectra of a copper film with a resistance of 1 � deposited on a glass substrate with
a temperature of 300 °C at various intensities of the exciting light. At this deposition
mode, copper atoms are introduced into the glass matrix, attach to bridging oxygen,
and are resistant to mechanical influences. The Raman spectra contain copper band
(615 nm) [20] and a band (1340 nm) typical for the glass substrate. Figure 3a, b
shows the Raman spectra of thin films of copper with a resistance of 7, 8, and 10 �

deposited on glass substrates at different intensities (E � 80, 74, and 70 V/cm) of
the field of the electronic evaporator of vacuum unit.

The Raman spectra of films have different forms when excited by light with a
wavelength of 630 and 785 nm, because of the different structure of the films and
the spectral composition of the glass radiation. The film with the resistance of 8 �

absorbs more strongly than a film with the resistance of 7 �, and weaker than the
film with the resistance of 10 � (Fig. 2a). Nevertheless, it has the highest intensity
of Raman scattering (1600 and 1850 cm−1 bands), which indicates the presence
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Fig. 2 Copper films on glass
(cat. no. 7102) substrate: a
absorption spectrum,
b Raman scattering of a
copper film deposited on a
substrate heated to 300 °C
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of nonlinear optical properties that are associated with the fractal structure of the
film aggregates. It is known that the fractal structure of aggregates leads to the
appearance of significant optical nonlinearities at the surface plasmon frequency.
Due to the local anisotropy of the neighborhood of each particle, inherent to the
fractal aggregates, no mutual compensation of the local fields occurs. Therefore,
optical radiation induces electrodynamic interactions of fractal particles, and near
the particles composing of local fractal fields appear tens of times higher than the
average field that excites plasmon oscillations [16]. This is accompanied by the
appearance of electromagnetic field resonances inside the metal particles of the film,
and the transfer of electrons from the metal particles to the glass matrix, which lead
to an increase in the radiation intensity. Similar effects were observed in substrates
with copper layers with a resistance of a few k�/cm2, although the intensity of the
Raman spectrum was lower.

Figure 4 shows the result of a single action of the exciting Raman light on the
surface of a copper film, which was deposited in different modes onto a glass sub-
strate. In the first case (Fig. 4a), the film changed its size, color, and structure to a
greater extent than the size of the aperture of the Raman light spot. Under the influ-
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Fig. 3 Raman spectra of
copper films on glass
substrate: a single exposure,
b double exposure
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ence of external factors, various processes can occur inside the films: for example,
the reduction of copper film as a result of exposure to light. This is because the
substrate-film system is in a nonequilibrium state, as a consequence of the stresses
in the film and substrate. Under external influences, these stresses relax. This leads
to loss of film continuity and to activation of recrystallization processes [21]. In the
second case (Fig. 4b), the surface of copper film under the influence of exciting light
does not change the size, color, and structure. The film has a lower resistance (greater
thickness) after deposition on heated glass above the glass-transition temperature.
The thin film is in equilibrium with the substrate, has good adhesion and is resistant
to external impacts.
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10 μm 10 μm

(a) (b)

Fig. 4 The surface of copper film on glass substrate after exposure to the exciting light: a film
with resistance of 8 �, (Pexp-30 mW), b—film with resistance of 0.5 �/square (Pexp-300 mW)
deposited on glass substrate heated to 300 ºS

4 Conclusions

A thin copper film deposited on a luminescent glass substrate at room temperature
has optical resonances. The resonances can be identified by comparing the absorption
and Raman spectra at different wavelengths of exciting light. Among films with a
close absorption level, films with the largest amplitude of the Raman signal have an
optimal structure; they have the maximum values of optical resonances. The Raman
spectrum and the color of these films change under the impact of exciting light.

Acknowledgements The work was carried out within the framework of Fundamental problems
of new nanomaterials and nanotechnologies (2015–2019) of The National Academy of Science of
Ukraine.

References

1. Joannopoulos JD, Johnson SG, Winn JN et al (2008) Photonic crystals. Molding the flow of
light. Princeton University Press

2. Klimov VV (2009) Nanoplasmonica. Fizmatlit, Moscow
3. Toropov A, Shubina T (2015) Plasmonic effects. In: Metal-semiconductor nanostructures.

Oxford Science Publications, Press Oxford University. https://doi.org/10.1093/acprof:oso/
9780199699315.001.0001

4. Komisarenko FE, Zhukov MV, Muhin IS et al. (2017) Formirovanie metallicheskih nanoost-
ovkov pri elektronnom obluchenii tonkoy plenki zolota na stekle. J Tech Phys 87(2):306–309
(in Russian). https://doi.org/10.21883/JTF.2017.02.44143.1784

5. Samsonov VM, Kuznezova YV, D’yakova EV (2016) O fractal’nih svoystvah agregatov metal-
licheskih nanoclasterov na tverdoy poverhnosti. J Tech Phys 86(2):306–309 (in Russian)

https://doi.org/10.1093/acprof:oso/9780199699315.001.0001
https://doi.org/10.21883/JTF.2017.02.44143.1784


Method for Identification of Optical Resonances … 177

6. Korolenko PV, Rizhikova YV (2015) Konstructivnie fractali v modelyah nanoclusterov. In:
Proceedings of the conference “M.V. Lomonosov readings, physics section”. Moscow State
University, Moscow, p 5 (in Russian)

7. Gryn’ko DO, Barabash MY, Borshagivskiy EG et al (2008) Template as a tool of nanotechnol-
ogy group. Nanosyst Nanomater Nanotech 6(N1):91–103

8. Hlebzov NG (2008) Optica i biofotonica nanochastiz s plasmonnim rezonansom. Quantum
Electron 38(N6):504–529 (in Russian)

9. Kim YK, Ok G, Choi SW et al (2017) The interfacing structural effect of Ag/grapheme oxide
nanohybrid films on surface enhanced Raman scattering. Nanoscale 9:5872. https://doi.org/10.
1039/c7nr00308k

10. Petrov YuI (1986) Klasteri i malie chastizi. Nauka, Moscow (in Russian)
11. Kreibig U, Vollmer M (1995) Optical properties of metal clusters. Springer, Berlin
12. KarpovSV, SlabkoVV(2003)Optichiskie I fotofizicheskie svoystva fractal’no strukturirovanih

zoley metallov. SO RAN, Novosibirsk (in Russian)
13. Bobovich YS (1972) Lazernaya spektroskopiya spontannogo kombinatsionnogo rasseyaniya

slabo vzaimodeystvuyuschih molekul i ee prilozheniya. UFN 108:401 (in Russian). https://doi.
org/10.3367/UFNr.0108.197211a.0401

14. Arbuzov VI (2008) Osnovi radiazionnogo opticheskogo materialovedeniya. SPbGUITMO,
SPb (in Russian)

15. Trofimov VI, Osadisenko VL (1993) Rost i morfologiya tonkih plenok. Energoatomizdat,
Moscow (in Russian)

16. Lewis B, Anderson JC (1978) Nuclation and growth of thin films. Academic Press, New York
17. Lazarev VB, Sobolev VV, Shapligin IS (1983) Himicheskiev i fizicheskie svoystva prostih

oksidov metallov. Nauka, Moscow (in Russian)
18. Byub P (1962) Fotoprovodimost’ tverdih tel. Foreign. liter-ra, Moscow (in Russian)
19. Colomban P, Henry D (2005) Raman signature modification induced by copper nanoparticles

in silicate glass. J Raman Spectrosc 36(9):884–890
20. Kukushkin SA, Osipov AV (1998) Prozessi kondensazii tonkih plenok. UFN 168:1083–1116

(in Russian). https://doi.org/10.3367/UFNr.0168.199810b.1083
21. Morozov NF, Paukshto MV, Tovstik PE (1997) Proceedings of international conference and

exhibition: “Micro-Mat 97”, Berlin, p 218

https://doi.org/10.1039/c7nr00308k
https://doi.org/10.3367/UFNr.0108.197211a.0401
https://doi.org/10.3367/UFNr.0168.199810b.1083


Complex Method of the Composite
Nanocoatings Formation

A. E. Stetsko and Ya. T. Stetsko

Abstract The Complexmethod of chemical treatment and diffusive chrome-plating
is offered for the strengthening details of machines, diffusive layers restored method
the given are investigated.

Keywords Complex method · Chemical heat treatment · Hardened diffusion
layer ·Microhardness

1 Introduction

Technologicalmethods are themost effective for increasing the resource details. They
allow to improve the accuracy of parts manufacturing and assemblies of machine
nodes, as well as to provide the optimal (for the given operating conditions) state of
the surface layer.

The most efficient method of influencing the conjugated surfaces of machine
parts is chemical heat treatment. Chemical heat treatment is one of the most effective
methods of influencing the conjugated surfaces of machine parts [1–4]. There are
diffusion layers of high quality. After implementation of this layers at operational
surfaces they at pass to the core material, which is positive in terms of strength and
stability. Technology, engineering and service company with trained professionals
and experience of existing equipment are also methods of chemical and thermal
processing.
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2 Materials and Methods

Diffusion carbide coating is an extremely effective method at presents protecting
metals and alloys corrosive environments from corrosion. Promising is the use of
Complex carbide coatingswhen combining the positive properties of one-component
coatings. Chemical processing must have higher protective properties.

Nevertheless, chemical and thermal processing restricts the use of physical and
mechanical properties of the material.

Consequently, there is a problem of worked surfaces restoration of machine parts
by methods that are technologically simple, using universal equipment and existing
qualifications of employers, studying the types of recovered layers to establish their
application specifically to the working conditions of machine parts.

The purpose of this work is the formation of surface diffusion layers on the
parts of machines made by a Complex method of chemical processing and diffusive
chromium.

For the restoration of machine parts, an offered Complex method of chemical
processing and diffusion chromium is proposed [5–13]. It consists in depositing on
the prepared surface of a part of a Ni–Co–P chemical coating in aqueous solution of
certain formulations and diffusion chromium.As a result of strengthening, a diffusion
hardened layer on the surface of the parts is formed. Its structure, depending on the
applied modes of the method, consists of several zones, the working of which is
an outer composite zone, which reaches 250 μm. In the process of recover, by the
Complex method universal equipment is used.

3 Discussion

Chemical treatment consists in applying to the surface of the part that has undergone
a preliminary mechanical treatment, refined, degreased, decaffeinated and washed,
of chemical precipitation in aqueous solution of a certain formulation. Ni–Co–P
chemical coating of amorphous type with thickness 8–12 μm was obtained.

Chemical–thermal treatment (chromium diffusion) was carried out at a tempera-
ture of 1050 °C.The part is placed in a retortwith a powdermixture of ferrochromium,
aluminum oxide and ammonium chloride and sealed with a fused shutter. To form the
diffusion layer of the desired structure, an isothermal exposure of 700 °C or 800 °C
for a duration of 1 or 1.5 h is used.

Traditional diffusion chromium, which produces thickened layers of 15–30 μm
thick, which consist of Cr23C6 and Cr7C3 chromium carbides. The Complex method
of chemical treatment and diffusion chromium forming a diffusion layer, which has
four diffusion zones on carbon steels: the outer composite zone 1, that consists of
columnar chromium carbides in the matrix of solid solution Cr in α–Fe thickness of
100–250μmand the integral microhardness of 11–15GPa; Zone 2 of a solid solution
of chromium in α-iron in the thickness of 10–50 μm and microhardness of 4.5 GPa;
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Fig. 1 The microstructure
of hardened diffusion layer
of chemically Ni–Co–P
coating and for the diffusion
Cr modes: isothermal
holding 1 h at 700 °C,
diffusive saturation Cr 5 h at
a temperature of 1050 °C;
magnification 600×

eutectoid zone 10–30 μm and microhardness of 4 GPa; a degraded zone with a
thickness of 100–180 μm and a microhardness of 1.4–1.6 GPa (ferrite component)
and a core of the part. The composite structure of the zone allows to significantly
increase the work life due to the relaxation of internal micro-stresses in the soft
phase—a solid solution of chromium in α-iron during the course of work, while
the main load will be the solid phase—columnar grains of high hardness chromium
carbide (up to 18 GPa).

After realization of the modes of the Complex chemical treatment and diffusion
chromium saturation with 5 h diffusion chromium at 1050 °C and the hourly isother-
mal shutter at 700 °C, we obtained a steel (0.45%C) reinforced layer consisting of 4
main zones is (Fig. 1). The outer composite zone 1 (thickness up to 100μm) consists
of groups of transcrystale micrograins of chromium carbides. At the same time, there
is an incident of carbide grains, which are mainly located near the physical surface
(closer to the source of chromium).

The integral microhardness of composite zone 1 of these samples reaches 11 GPa.
Here you can observe solid colonies of carbide micrograins. The formation of
colonies of carbide micrograin in grains of the source material is observed.
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Table 1 Phase analysis # Parameters of phase

2� d Phase

1 56.75 2.41 Unidentified

2 65.3 2.12 Cr7C3

3 66.8 2.08 Unidentified

4 68.8 2.027 α-Fe (110)

5 88.9 1.625 Unidentified

6 105.8 1.43 α-Fe (002)

7 110.9 1.391 Unidentified

8 151.9 1.181 Cr7C3

9 155.8 1.171 α-Fe (112)

10 159.8 1.163 Cr7C3

The phase analysis (Table 1) performed on these samples showed the presence of
Cr7C3 chromium carbides and α-iron.

The distribution pattern of diffusion elements indicates the presence of a large
amount of Ni and Co in zone 2 of a solid chromium solution in α-iron (Fig. 2),
which indicates active diffusion processes. The peak of chromium and, consequently,
the sharp drop in the concentration of other elements in these places indicates the
presence of formed carbide colonies in the composite zone.

After comprehensive restoration of steel parts (0.45%C) with chemical coating
got morphology developed a diffusion layer composite zone structure (Fig. 3) mor-
phology of developed diffusion layer composite zone’s structure has been obtained.
The composite layer 1, a thickness of 250 μm, typical developed network stretched
to the physical surface of carbide grains, which are placed in a matrix of a solid
solution of chromium in α-Fe. On the border of zone 2, these grains fused into a
continuous strand of carbides.

The carbides grain does not get the physical surface to 30–50 μm. The integrated
composite microhardness zone has 12 GPa.

Schedule distribution diffusion elements (Fig. 4) confirm that the surface area of a
solid solution of chromium in α-Fe, in which the diffusion elements of concentration
are stable. The concentration of chromium peak (above 50%) of the concentrations of
chromium is reached (under falling concentration in these areas of other elements) by
depth location carbide grains. Zone 2 of homogeneous solid solution of chromium in
α-Fe content is characterized by high values of Ni (10%) and Co (up 3%). Thickness
of Zone 2 consist of average 25–40 μm. Definitely, the nickel and other elements
pushes carbon from the subsurface zone, and observes the formation of elongated
carbide grains, which are located on the border zones 1 and 2 toward physical surface.
The use of the Complexmethod of chemical treatment and isothermal holding allows
reinforcing development at a fairly great depth. Composite Zone 1 with this layer, in
parts friction pairs reaches 250 μm. It is providing an increased service life. Phase
analysis (Table 2) was performed on this sample twice through a large unidentified
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Fig. 2 Diffusion concentration distribution of elements diffusion layer of hardened diffusion layer
of chemically Ni–Co–P coating and for the diffusion Cr modes, steel (0.45%C)

Table 2 Phase analysis # Parameters of phase

2� d Phase

1 44.4 2.56 Unidentified

2 55.1 2.09 Unidentified

3 74.2 1.606 Unidentified

4 89.1 1.381 Unidentified

5 145.3 1.051 α-Fe (002)

peaks, indicated Complex state of stress hardened layer. But it is possible to say
about the availability of a large number of Cr7C3 and α-Fe.

Diffusion layer on steel (1.0%C) (Fig. 5), obtained after implementation of
regimes of the Complex recovery method: 7 h. diffusion chromium (at 1050 °C)
with a pre-hourly isothermal endurance (at 800 °C) with chemical treatment, is char-
acterized by high volumetric content of chromiumcarbide grains in composition zone
1. These grains have an elongated shape, and on the boundary of Zone 2 form a solid
carbide colonywith carbide chromium seeds, which havemerged among themselves.
This visually observes the difference between these types of grains. The extracted
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Fig. 3 The microstructure
of hardened diffusion layer
of chemically Ni–Co–P
coating and for the diffusion
Cr modes: isothermal
holding 1 h at 800 °C,
diffusive saturation Cr 7 h at
a temperature of 1050 °C;
magnification 600×

Fig. 4 Diffusion concentration distribution of elements diffusion layer of hardened diffusion layer
of chemically Ni–Co–P coating and for the diffusion Cr modes steel (0.45%C)
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Fig. 5 The microstructure
of steel (1.0%C) of hardened
diffusion layer of chemically
Ni–Co–P coating and for the
diffusion Cr modes:
isothermal holding 1 h at
800 °C, diffusive saturation
Cr 7 h at a temperature of
1050 °C; magnification
600×

carbide grains are Cr23C6, and the carbide colony is Cr7C3. Integral microhardness
of composite zone 1 reaches 15 GPa.

Part of the distribution diagram of the diffusion elements (Fig. 6), which reflects
the zone 1 in depth, shows a fairly even content of diffusion elements with small
fluctuations, and only at the end of the zone, at the location of the solid carbide
colony, growth of chromium content (up to 50%) is observed, and, correspondingly,
a drop in the concentration of other elements. The content of diffusion elements in
zone 1 is sufficiently high and stable in the thickness of the zone (except for the
location of solid carbides near the boundary with zone 2). The homogeneous zone
2 of the Cr solid solution in α-Fe is characterized by an unstable thickness, and in
places the zone 1 comes close to zone 3. This sample has a maximum Ni and Co
content in zone 2 (about 18% Ni and over 3% Co).

After strengthening with a Complex method of chemical processing and diffusion
chromium on steel (1.0% C) at us, similarly as on steel (0.45% C), all characteristic
zones, including eutectoid zone 3, are observed. Phase analysis (Table 3), conducted
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Fig. 6 Diffusion concentration distribution of elements diffusion layer of hardened diffusion layer
of chemically Ni–Co–P coating and for the diffusion Cr modes steel (0.45%C)

Table 3 Phase analysis # Parameters of phase

2� d Phase

1 65.5 2.12 Cr7C3

2 67 2.075 γ-Fe

3 68.8 2.027 α-Fe(110)

4 79.1 1.8 γ-Fe

5 85.1 1.69 Unidentified

6 91.2 1.603 Unidentified

7 105 1.44 α-Fe

8 125.7 1.29 Unidentified

9 128.8 1.27 γ-Fe

10 148 1.19 Unidentified

11 154 1.17 α-Fe(112)

twice showing that in this layer there are chromium carbides of Cr7C3, Cr23C6, as
well as α- and γ-iron.

Distribution graphs of diffusion elements (Ni, Co, P) show (Figs. 2, 4 and 6)
that their higher concentration is placed between the chromium carbide grains. For
example, for Ni, which, despite the increase in strength, simultaneously increases
and the plasticity of the material is observed its increase in 10%. Thus, the carbide
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grains seem to be coveredwith plasticmaterial, which can relieve the internal stresses
that arise during the work of the part, which increases the lifetime of the workpiece,
restored by a Complex chemical treatment and diffusion chromium.

4 Conclusions

The implementation of a Complex method of chemical processing and diffusion
chromium plating for the restoration of machine parts allows to obtain diffusion
layers of different structure, thickness and hardness.

The optimums for chemical treatment are the parts of machines made of structural
medium carbon steel. It is obtained on the reconstructed parts that are made of
steel (0.45%C), diffusion layers, the thickness of the outer composite zone reaches
250 μm, and the integral microhardness of 12 GPa. The phase composition of the
composite zone consists of chromium carbides Cr23C6, Cr7C3 and α-Fe (002).

The Complex method of chemical processing and diffusion chromium can
strengthen the parts made of high-carbon steels. The diffusion layer obtained on
them has a composite zone of high integral microhardness (about 15 GPa) and a
thickness up to 200 μmwith densely located carbide grains. The phase composition
of the composite zone consists of chromium carbides Cr23C6, Cr7C3 and α-Fe (002).

The parts made of medium carbon steel and working under dynamic loads should
be strengthened under the regimes that provide 5 h diffusion chromium with an
hourly isothermal shutter at 700 °C. This allows obtaining diffused restored layers,
the outer composite zone of which consists of fine-dispersed, filamentous chromium
carbides in a Cr crystalline matrix in α-iron with a thickness of about 100 μm and
an integral microhardness of up to 11 GPa. The phase composition of these layers is
chromium carbide Cr7C3, α-Fe (110) and α-Fe (002).
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The Role of a Thin Aluminum Film
in the Reconstruction of Silicon’s
Near-Surface Layers

R. Lys, B. Pavlyk, D. Slobodzyan, J. Cebulski and M. Kushlyk

Abstract The effect of a thin film of aluminum on morphology and change in the
characteristics of p-type silicon crystals was investigated in the work. It is established
that a sprayed metallic film receives the nanosized complexes from the inner part of
the crystal to the surface. These defects are effective centers of dislocation-related
electroluminescence of structures based on p-Si. Additional elastic deformation (for
several hours) of silicon leads to an increase in their concentration. This can be used
to increase the efficiency of the luminescence of silicon monocrystals in the infrared
region.

Keywords p-type silicon · Dislocation electroluminescence · Deformation ·
Near-surface layer

1 Introduction

Modern optoelectronics puts forward significant demands to materials used as radi-
ation sources and receivers. Mono- and polycrystalline silicon is used effectively in
integrated electronics, but the radiation recombination in it is by several orders lower
than in straight-band semiconductors. Therefore, it is necessary to refuse from using
such silicon as the basis in a closed loop receiver-transmitter of radiation or modify
its properties.
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One of the promising ways of solving this problem is the production of light-
emitting structures (LES) with the so-called dislocation electroluminescence (DEL),
which was detected in the silicon with a high density of dislocations [1–3].

The idea of using DEL to increase the radiation recombination is promising, since
the dislocation centers of luminescence have high-temperature stability [4, 5], and the
radiation energy of the centers responsible for the long-wave region of luminescence
(1.2–1.6 μ) coincides with the area of the greatest transparency of fiber optics and
locates in the region of silicon transparency.

However, the presence of dislocations in near-surface layers of the semiconductor
causes an increase in the diffusion of defects from the inner part of silicon and their
interaction in the presence of additional external or internal mechanical and thermal
fields. In particular, such mechanical stresses in the silicon substrate may be induced
by building up of a metal or dielectric film. Consequently, the characteristic feature
of dislocations in silicon crystals is the presence of regions around them with a high
concentration of point defects (Cottrell’s clouds).

For the study of DEL in p-Si crystals, the authors [5] proposed amethod according
towhich LESweremade by applying a thinAl film onto a silicon substrate. However,
the mechanical stresses in the joints between the film and the substrate, which arise
due to the irregularity of the parameters to their lattices, were not taken into account
[6]. For example, the irregularity of the parameters of the crystal lattices of silicon
and aluminum is about 25%.

The purpose of the work is to investigate the effect of the deformation fields,
which have been formed due to the spraying of a metal film on the electro physical
characteristics of a uniformly elastically deformed crystals of silicon of the p-type.

2 Methodology

The analyzed samples were cutout of a single-crystal plate of p-type silicon (ρ �
10 � cm). After the standard procedure of cutting, mechanical and chemical polish-
ing, the aluminum contacts in the form of films (thickness ~100 nm) were applied
on both sides with the orientation (111) in a vacuum chamber VUP-5M at a pressure
of 10−5 Pa and a temperature of 650 K, in such a way that the edges of the surface
were under the film, and the central part was free.

Computer modulation was performed to determine the energy of the deformed
layer of silicon.

The measurement of the electrical conductivity was carried out in a vacuum cryo-
stat at a pressure of residual gases of about 10−3 Pa in the process of applying
one-piece compression to the ends (in the direction [112]) with a force 15–40 MPa
and at a deformation rate of 8 or 32 μm/min.

After the measurement of the mechanistic-stimulated change in electrical con-
ductivity, aluminum etching, selective etching and structural investigation of the
specimen surface (111) were performed using an optical microscope.
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3 Results

The changes of mechanically stimulated electrical conductivity, along the direction
of deformation of p-type conductivity silicon samples under the action of an elas-
tic one-axis load (σ), were investigated in the work. The process of deformation
(compression-release) was repeated several times during the experiment. During
the deformation, the resistance of the experimental samples gradually increases and
reaches saturation after four compression-release cycles (Fig. 1). A further load does
not lead to a significant increase in the resistance of the samples. The change in the
deformation rate practically did not affect the general view of the dependences ρ(σ).

A gradual and prolonged increase in the resistance of the samples (Fig. 1) is
observed between the individual identical deformation cycles and in the case of
compression suspension (within 1/2 h). This indicates the diffusion processes in
the crystal-line lattice. The processes involve point defect or small accumulation of
defects. It is known that the annealing of such defects, especially at room temper-
ature is a long process [7, 8] (we have established [9, 10] that the resistance value
returns to its original value seven days after the action of elastic deformation). These
defective diffusions capture the main charge carriers, which leads to a decrease in the
conductivity of the experimental samples. Also, due to the receiving of the defects by
the surface from the inner part of the semiconductor (especially under the deposited
metal contacts), their number in the near-surface layer of silicon increases. This,
accordingly, also leads to a decrease in the mobility of the main charge carriers (due
to increased scattering), and, consequently, to resistance increase.

At the initial stages of the deformation of the samples, their micro plastic defor-
mation occurs due to the displacement of the growth dislocations (the mechanism of
dislocations depletion). Above some critical tension, the micro creeping is controlled
by the emergence of new dislocations from heterogeneous sources (the mechanism
of propagation) [11].

Fig. 1 The relative value of
the specific resistance of p-Si
samples, measured
successively in
compression-release
deformation cycles at a
constant value of the
mechanical load of 25 MPa
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In the paper [11], it was established that under the action of low-temperature
deformation at small and medium stresses (400 MPa) the dislocation in silicon orig-
inates only in thin subsurface layers and in contrast to the growth dislocations, it
appears in the form of small pits of etching. Under these conditions, the main type
of structural defects that are created during a short-term (several minute) deforma-
tion are vacancies and vacancy-admixture clusters. In the long trials (several hours,
days), the dislocations also occur in the near-surface layers of crystals. The deforma-
tion dislocations are of heterogeneous origin and arise on inhomogeneities that are
periodically located in the “growth lanes.” The growth dislocations do not manifest
themselves as sources of new dislocations.

In the process of contraction, the resistance of experimental samples continues to
grow [12]. This can be explained by a slight increase in the interatomic distance for
Si, which causes the acceleration of diffusion of defects to the surface. In addition to
the motion of dislocations, there is also a deflection of fixed at the ends dislocations
in silicon under the action of a load. The return of such half loops of deflection to
the initial position (release) also leads to the capture of the charge that takes part in
the current transfer.

Consequently, the change of the defective background in the crystal under the
action of the load affects the concentration and mobility of charge carriers with
which the electrical conductivity of the semiconductor is related.

During the modeling, it was taken into account that the film applied on the surface
of the silicon leads to the appearance of several transition layers, which expand
towards the inner part of the crystal [13]. Thus, the Al-p-Si system is a heterogeneous
structure. It consists of disordered silicon and regions of dislocation grids. In addition,
the thickness of each transition layer is also affected by the presence of structural
defects on the surface of the original silicon. An increase in the density of structural
defects leads to an increase in the number of channels of accelerated diffusion when
the metal is applied, which leads to an increase in the mechanical stress at the metal-
pad boundary.

From Fig. 2 it is seen that the energy curves of the deformed layer and dislocations
intersect at the point Xm—the maximum depth of capture of defects by a surface
layer of edge dislocations, whose position depends on the magnitude of the external
deformation and the initial parameters in the precipitation of a metallic film [6]. As
the thickness of the deformed layer increases, which corresponds to the change in
the conditions of the film spraying (substrate temperature, spray velocity, spray time
after spraying, etc.), the displacement of the Xm point toward the depth of the crystal
takes place.

The confirmation of this is the study of the surface morphology after the selective
etching. Figure 3 shows microscopic photos of the surface of silicon after removing
the aluminumfilm. It can be seen that the increased concentration of defects is formed
under the deposited film after the compression and deformation processes. Based on
the analysis of selectively etched surface made using AFM (Fig. 4), it is evident that
these are groups of superficial structural defects, which differ from the dislocation
pits of etching by the depth and shape of the edges. According to the article [6], the
authors consider these defects to be an accumulation of point defects.
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Fig. 2 Graph of the
dependence of interaction
energy of the defects with
the silicon layer de-formed
by aluminum film (curve 1)
and the dislocation (curve 2)
from the coordinate

Fig. 3 Microphotography of the surface (111) of silicon coated with Al-film made with an optical
microscope at X70 enhancements

In contrast to these crystals, on the samples surfaces on which the Al-film was
only deposited (without any external deformation or temperature treatment), such an
increase in the concentration is not observed. This allows us to assert precisely that
these defects were received in the near-surface layer of the crystal from the inner
part of the crystal due to the external deformation and the presence of Al-film.

So, such a technique allows us to obtain a high concentration of dislocations in Si
crystals without the risk to destroy the samples. In turn, such values of dislocation
concentrations on sample surface allow to obtain a high intensity of dislocation-
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Fig. 4 Microphotography of the surface (111) of silicon coated with Al-film, made with AFM

Fig. 5 Value of changing of
LES external energy
efficiency, depending on
values of pressure on a
crystal (elastic deformation)

related electroluminescence (DEL). An additional advantage is the ability to observe
a high-performance DEL at room temperature.

In paper [14] method to obtain external energy efficiency from the integral inten-
sity of DEL emission are represented. These calculations show that such manufac-
turing method of emitting structures in combination with the elastic deformation can
increase the value of η up to 2.4% (Fig. 5).

Changes of external energy efficiencydislocation-related electroluminescence can
be explained by several mechanisms. Firstly, as it was shown in papers [6, 9] in sub-
surface layers of Si concentration of impurities, dopants and defects could increase
under the influence of elastic deformation. This process takes place because of the
presence of deformational potential caused by deposited Al film on silicon substrate.
It needs to be admitted, that such deformation potential appears as a result of fast
forming a heterogeneous structure with bordering of Al and Si layers (lattice mis-
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match �a ~23%) [6]. In areas of subsurface layers with such deformation potential
and near dislocation cores Cottrell atmosphere and agglomerations of point defects
can generate. Also presents in such layers of semiconductor additional deformation
potential accompany with the restructuring of corresponding structural defects. As
a result, concentration of radiation centers connected with dislocation increase in
crystals subsurface layer. Also, these experimental results are in well correspond
with simulation, that was represented in the paper [6].

The second mechanism can be explained by the restructuring of band structure
under the influence of elastic deformation. Energy levels of recombination centers,
in the band gap, split up to several energy sublevels. This process leads to an increase
of the FWHM value of some DEL bands in emission spectra. However, in the band
gap of Si relative shift of the energy levels maximum and minimum are presented.
Such shift affects to the possibility of radiative recombination that, in turn, leads to
increasing or decreasing of DEL intensity.

4 Conclusions

It is established that the surface of silicon, which is located under the aluminum
contacts has the property of receiving defects from the inner part of the crystal.

An additional elastic monovalent deformation of p-Si crystals causes an increase
in the surface resistance of the samples. This indicates additional diffusion processes
in the crystalline lattice,which involve point defects or small accumulation of defects.

It has been experimentally established that the long-term elastic deformation of
p-Si crystals leads to the dislocations grows in near-surface layers of crystals. This
fact was successfully used to increase the efficiency of the dislocation-related elec-
troluminescence of silicon-based light emitting structures.

Acknowledgement Slobodzyan D. acknowledge the support of this work provided by the Inter-
national Visegrad Fund (scholarship no. 51810525).
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Structure and Optical Properties
of CNx–Ni and CNx–EuCl3 Core/Shell
Nanostructured Films

A. Prudnikov, Yu. Pashkevich, K. Lamonova, P. Maksimchuk, O. Viagin,
Yu. Malyukin and M. Pas’ko

Abstract The structural and optical properties of carbon nitride films doped with
nickel or europium have been investigated. All films have been manufactured by the
original reactive dc magnetron sputtering method with high pressure of the buffer
gas and low energy plasma. It was shown that the formation or disintegration of
the core (metal)-shell (carbon) structures in the Ni-C-N films can be achieved under
some growth conditions. It was found that luminescent properties of the C-N-Eu
films are strongly affected by the basic morphology of C-N films. Particularly the
fullerene-like CNx: EuCl3 film demonstrates high luminescence efficiency at 620 nm
band and Eu3+ concentration 4.5 at.%.

Keywords Core/shell structures · Magnetron sputtering · Carbon nitride ·
Nanostructures · Scanning probe techniques · Luminescent properties

1 Introduction

Hybrid nanomaterials with themetal encapsulated in a carbon cover (Me@C) attracts
attention of researchers in recent years [1]. The carbon cover covering ferromagnetic
nanowires, provides their protection against mechanical damages and also protects
fromoxidation. It is a reason,why the area of potential application of suchmaterials is
broadening [2]. There are two categories of areas of using a material of Me@C type:
(1) Me@C structures can be applied as a separate functional element nano dimen-
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sional sources of electrons for electron microscopy and electron beam lithography,
electrochemical gauges, and functional scanningprobes [3]; (2)Me@Cstructures can
be applied as a volume material manufacturing micro- and nanoelectromechanical
devices [4], magnetic recorders, medical diagnostics and “transportation” of medical
products into a human body [5], nanocontainers to storage of metal materials [6],
etc.

There are many methods of obtaining the metal materials covered with a car-
bon cover. Among them: laser ablation, an arc method, chemical vapor deposition
(CVD), physical vapor deposition (PVD), plasma enhanced chemical vapor deposi-
tion (PECVD) [7–9]. In these methods, the metal particles or clusters which are the
nucleation centers of obtained structures, are entered into the formed carbon phase.

The listed methods of obtaining the Me@C structures require high temperatures.
In present work, the method of obtaining similar materials without the high temper-
atures is proposed a method of magnetron deposition. Rather the high pressure of
buffer gas also is the positive factor of the used method that leads to the formation
of nanoclusters [10]. Use of a composite target allows obtaining the nanoclusters of
“core-shell” type. Thismetal is a core, and carbon is a shell. Formation of nanocolum-
nar and fullerene-like structures on a substrate is possible using this method. Physi-
cal and chemical properties of these nanoclusters strongly depend on core and shell
structure. The specified method allows controlling a chemical composition and the
relative size of a core and a shell [11, 12].

The hybrid luminescent nanodiamond materials with phosphors formed in them
exhibit unique physical properties and have been intensively studied recently also
[13]. Due to the introduction of various impurities, it is possible to obtain luminescent
micro- and nanocrystals of diamonds, which are promising for application in various
fields of quantum photonics, computer science, optical microscopy, and sensors.

Of particular interest are nanometer diamonds, in which one or two luminescent
centers are introduced. Such objects are promising as single-photon light sources
necessary for the creation of quantum optical computers and cryptography. Unique
and attractive from thepoint of viewof the applicationof the properties of luminescent
diamond microresonators (spherical UDD particles) are the photostability of optical
parameters at room temperature, the unique mechanical properties and chemical
resistance of the diamond matrix, which has optical transparency from ultraviolet to
the infra-red areas and high refractive index, controlled brightness and large quantum
luminescence yield (approaching unity), as well as short lifetimes of luminescence.

At the same time, it is necessary to notice, that the structural and phase state of
nanoobjects with the structure of “metal core-carbon shell” is studied insufficiently.

The purpose of the present work is to obtain the hybrid Ni-C-N and Eu-C-N-films
protected by a carbon cover, and to investigate their structure, optical properties, and
modification at heating in the growing process.



Structure and Optical Properties of CNx–Ni and CNx–EuCl3 … 199

2 Experimental Details and Films Preparation

Nanostructure hybrid Ni-C-N and Eu-C-N-films were grown by a method of mag-
netron sputtering of composite graphite-nickel and graphite-europium target onto
cover and quartz glass substrates in an atmosphere of argon and nitrogen. A dou-
ble disk structure was used as a target in which the nickel disk with apertures was
imposed onto solid graphite disk (99.9% purity). Planar magnetron with the flat cath-
ode and the ring anode created a plasma. Magnetron discharge power did not exceed
20 W. In a growth chamber, gas pressure was 26 Pa (150 mTorr). Series of films
of C-N-Ni systems have been grown at a variation of the carbon concentration in
a range of 10–50 at.% and substrate temperature TS in a range of 30–300 °C. The
quantitative analysis also has shown the presence of oxygen and nitrogen in films
in the measure of 1–2 at.%. The growth time of films also varied over a wide range
from 10 s (research of nanoclusters deposition process onto a substrate surface) up
to one hour.

Substrates previously exposed to two-stage cleaning in chemically pure ethyl,
isopropyl spirits, and isopropyl spirit vapors. Final cleaning of a substrate surface
has been carried out directly ahead of deposition process by argon plasma of glow
discharge.

We have already noticed that our method have a low temperature of plasma and
rather high pressure of the buffer gas at obtaining of Ni@CNx-nanoclusters.

The surface morphology of the films was analyzed by a JEOL ISM-6490 LV
scanning electron microscope and also was studied by probe nanolaboratory Ntegra
Aura atomic force microscope. The relative content of atoms in the samples was
determined by energy dispersive X-ray (EDX) spectroscopy using an INCA Penta
FETx3 (Oxford Instruments) attachment. The structure of samples was studied by
X-ray diffraction (XRD) on a DRON-3 instrument using CoKα radiation.

Optical absorption spectra in the 190–1100 nm range were measured using the
SPECORD200 spectrophotometer (Analytik Jena,Germany). Luminescence spectra
were obtained using the computer-controlled setup based on the grating monochro-
mator. The samples were excited by the fourth harmonic (266 nm) of the YAG: Nd3+

pulsed laser (NL202 model, EKSPLA, Lithuania).
The laser beam was focused onto the sample by a quartz lens. The laser radiation

was directed on the sample at an angle to the light axis of the monochromator, to
minimize the light-exposing of the registration system. Luminescence of the sample
was focused on the entrance slit of the MDR-23 monochromator using the capacitor,
a spectral separation in the measured range reached 15 cm−1. The beam inside the
monochromator spread in a spectrum and fed onto the exit slit. Spectrum scanning
on the output slit was carried out automatically during rotation of the spectral device
dispersing element using a special mechanism and stepping motor.

The photomultiplier Hamamatsu R9110 operated in photon counting mode was
used as a photodetector. The spectral resolution in the measured range was 15 cm−1.
An electrical signal from the PMT has been transmitted through the CAMAC system
to a personal computer. Stepper motor control and luminescence spectra recording
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were carried out using the own development software Spectral measurement v.17. A
resulting number of pulses on each wavelength were averaged by several measure-
ments to minimize random errors.

3 Formation of Nanostructural Hybrid Ni@CNx-Films
on Growth Substrate Surface

Dense nanostructural hybrid Ni-C-N films on cover glass substrates at a temperature
from 30 to 320 °C at constant growth time of 10 min (thickness ~100 nm) are grown
up by a method of low-temperature magnetron deposition of Ni@CNx-nanoclusters
with the average size of a core in a range from 8 to 12 nm.

Figure 1 shows the dependence of the crystallites size D from substrate tem-
perature for various samples. The first, which attracts attention, is the increase in
crystallites size with increase in substrate temperature. The fact, that after heat treat-
ment in growth process the size of grain D increases in comparison with an initial
state of nanoclusters, obviously testifies that this growth occurs as a result of diffusion
processes during temperature treatment of a substrate.

Figure 2 shows X-ray diffraction of nanostructural hybrid Ni-C-N-films obtained
at various temperatures of a substrate and with various concentration of carbon in
deposited nanoclusters. The concentration of carbon is determined in the synthesized
films on cold substrates.

Analysis of the X-ray diffraction spectra of the investigated films has shown, that
there is a set of lines which are close to the lines (111), (200), (220), and (113) of
the nickel FCC-lattice. The difference consists only in some broadening and shift of
lines towards smaller angles. Shift of Bragg’s reflexes (Table 1) directly evidences
about an increase in parameters of the FCC-lattice of nickel. It confirms a conclusion

Fig. 1 Dependences of Ni
crystallites size D from
substrate temperature.
Carbon concentration in
deposited
Ni@CNx-nanoclusters, %:
filled square—32, filled
triangle—40, filled
circle—61
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Fig. 2 X-ray diffraction of
nanostructural hybrid Ni-C
films, obtained at various
substrate temperature.
Carbon concentration in
deposited nanoclusters is
30%

Table 1 Shift of Bragg’s
reflexes of nanostructural
hybrid Ni-C-N-films

2θ,
Ni(111)
(°)

51.97 52.01 52.11 52.21 52.20 52.20

T (°C) 30 60 95 150 200 300

about the presence of a solid solution of carbon in the nickel matrix. Whereas the
broadening of reflexes evidences about rather small size of crystallites from which
films are constructed. In X-ray diffraction spectra the lines which are distinct from
lines of nickel crystallite are not observed. The big shift of a X-ray lines observed in
some samples, specifies in the big concentration of carbon in Ni@CNx-nanoclusters,
in the assumption of a solid solution of carbon in nickel.

So, in spite of the fact that in system Ni-C-N on the equilibrium phase diagram
there is no appreciable solubility of carbon in amassive state (themaximum solubility
of carbon in nickel does not exceed 2.7 at.%), in nanoclusters the solid solution
Ni(C) with wide area of homogeneity is formed. Introduction of carbon atoms into a
crystal lattice of nickel increases its parameter and, respectively, weakens exchange
interactions.

Formation of supersaturated metastable solid solution Ni(C) and its subsequent
disintegration, possibly, is controlled by kinetic parameters (diffusion) and thermo-
dynamic factors (temperature and the nanoparticles size).

Figure 3 shows SEM-images of nanostructural hybrid Ni-C-N-films which have
been grown up at various substrate temperatures. First of all occurrence of pores
at temperature 270 °C. We assume that pores are formed at intensive evaporation
of carbon into the atmosphere in the process of film growth. With the reduction of
carbon concentration in films, considerable change of their structure is observed. At
low substrate temperature (60 °C), the structure of films is amorphous. Nanoparticles
which have the spherical form and have not the crystallographic facet are observed
on a surface.
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Fig. 3 SEM images of nanostructural hybridNi-C-N-films, grown at various substrate temperature:
°C: a 60, b 270

They have a characteristic globular structure with the average size of elements
~10–25 nm with the association of single globules into aggregates up to 250 nm in
size.

Thus, it is possible to conclude, that depending on growth parameters (concen-
tration of carbon in nanoclusters, substrate temperature, flow clusterization, etc.)
clusters provide processes of self-organization of substance on a substrate: there
can be the centers of nucleation of nanocolumns, growing normally to the substrate
surfaces, or to provide the globular character of films growth.

Nucleation processes study on a substrate surface shows that cluster character of
films growth of Ni-C-N system takes place at magnetron sputtering. Clusters of the
sputtered material of nanometer in size, which are already formed in plasma, are
deposited on a substrate surface.

By the method of X-ray analysis, it is established, that Ni@C nanoclusters con-
tain except nickel in a metal core (with the introduced nitrogen) in the form of a
metastable supersaturated solid solution of Ni(C) with carbon covering. Ni(C) solid
solution can break up by both the process of nanoclusters synthesis and by the sub-
sequent temperature growth of nanostructures on a substrate. Composite of Ni-C
nanostructures consist of Ni nanoparticles with a carbon cover. The carbon covering
can be in an amorphous state or have a graphite-like structure.

The metastable solution of Ni(C) disintegrates under the fast increase in temper-
ature. This process is accompanied by carbon diffusion, as the most mobile atom,
from nickel crystallites into a particle surface, as well by the removal of carbon from
the sample. Disintegration degree of the supersaturated solid solution depends on
temperature and time at which solid solution is unstable.
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4 Structural and Optical Properties of the Carbon Nitride
Fullerene-Like Films Doped with EuCl3

A series of samples of nanostructured nitride-carbon CNx films and films supple-
mented with rare-earth Eu3+ with concentrations of dopant 4–5 at.%was synthesized
by the method of reactive magnetron sputtering of graphite and graphite-europium
target in a pure nitrogen atmosphere and a mixture of the argon-nitrogen atmosphere.

In Fig. 4 shows the luminescence spectra of fullerene-like films of carbon nitride
with europium CNx: EuCl3 with concentrations of dopant: 4.5 at.% (#516). For
comparison also shows the luminescence spectrum of compounds EuCl3, the target
of which was carried out of spraying europium.

It can be seen that the spectra of the samples have obvious differences in the
splitting and intensity of the spectral lines compared to EuCl3. This indicates that
europium in films does not remain in the form of the EuCl3 crystalline, but occupies
a position with disturbed neighboring ordering, for example, on the surface or inside
the nanostructures of carbon nitride (Fig. 5).

Comparison of the experimental electronic levels of energy of the ion Eu3+ of
nanostructured carbon nitride films doped with europium CNx: EuCl3 (#516) with
the luminescence spectrum from the EuCl3 sample shows that the symmetry of the
environment of the europium ion in the film is lower than the symmetry of the
environment in a crystal of EuCl3. In the crystal field of the EuCl3 compound, the
symmetry of the free Eu3+ ion decreases, thus degenerate terms split, forming singlet
and doublet states [14].

The transitions between the terms 5D0 → 7F0 and 5D0 → 7F1 are observed in the
region 16,800–17,300 cm−1. Meanwhile, the transitions between the terms 5D0 →
7F0 are forbidden, or have low intensity. The transitions between the levels 5D0 →
7F3 obtained in the region 15,390–15,410 cm−1 are generally not observed in EuCl3,

Fig. 4 aThe luminescence spectra of fullerene-likefilm#516of carbonnitride containing europium
and EuCl3 was synthesized at a substrate temperature of 60 °C; b SEM image of fullerene film #516
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but they appear weakly in films of carbon nitride activated by europium. It can be
argued that in the EuCl3 group this transition group has practically zero intensity.
The transitions between the levels 5D0 → 7F4 are observed in the energy region
14,200–14,500 cm−1. We note that intensive luminescence is observed in the energy
range 15,680–16,330 cm−1, which corresponds to the transitions 5D0 → 7F2.

Radical changes in the luminescence spectra occur in the study of diamond-
like films of carbon nitride doped with europium, CNx: EuCl3 (#549) (Fig. 6). In
the luminescence spectrum, broad lines are observed instead of narrow lines. The
luminescence spectrum of an amorphous diamond film of carbon monoxide doped
with europium, CNx: EuCl3 (#549), and annealed at 225 °C during the growth pro-
cess, contains broad, nonstructural bands in the wavelength regions of 580–630 and
680–720 nm (Fig. 6).

It is known that the intensity of radiation of a luminophore increases with an
increase in the degree of crystallinity. Consequently, for a nanoparticle, the degree of
a long-range order of a crystalline structure is not themain reason for increasing of the
luminescence intensity. Another reason for changing of the luminescence intensity
with the change in the sizes of nanostructured phosphors may be the change in the
short-range order in the environment of europium cations. Quantitative short-range
estimates can be determined by measuring the width at half-height (FWHM) of the
most intense Stark luminescence line at 620 nm. The intensity of the emission band
I620 is determined by the dipole-electric transition 5D0 → 7F2, hypersensitive to the
closest environment of the Eu3+ ion. The emission band 595 nm is determined by
the dipole-magnetic transition 5D0 → 7F0, insensitive to the nearest environment
[15]. The ratio of the amplitude intensity of the emission bands I620/I595 is used to
explain the effect of the size of the CN-like luminescent particles: Eu3+ [16] on the

Fig. 5 aThe luminescence spectra of fullerene-likefilm#527of carbonnitride containing europium
and EuCl3 was synthesized at a substrate temperature of 250 °C; b SEM image of fullerene film
#527
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emission spectra. Our study reveals an increase in FWHM (samples with 4.5 at.%),
indicating that there is an increase in the number of areas with broken long-range
order around Eu3+ ions in the crystallites. In this case such samples show a lower
intensity of luminescence. Increasing of the size of crystallites leads to an increase
in the luminescence intensity of I620. The competition of these effects determines the
value of the integral efficiency of the luminescence.

5 Conclusions

A series of samples of nanostructured carbon nitride-CNx films and films supple-
mented with Ni or rare-earth Eu3+ was synthesized by the method of reactive mag-
netron sputtering of graphite, graphite-nickel and graphite-europium target in a pure
nitrogen atmosphere and a mixture of argon-nitrogen atmosphere. Methods of scan-
ning electron microscopy and optical spectroscopy revealed that depending on the
substrate temperature and the concentration of nitrogen different types of nanos-
tructures are forming in the carbon nitride films CNx. The mechanism of formation
and disintegration of the core-shell structures in Ni-C-N films has been discussed.
Investigation of the luminescence spectra of europium doped and undoped samples
showed that films with europium on a glass substrate with a concentration of 4.5 at.%
(#516) exhibited a luminescence with a spectrum characteristic for EuCl3, but with
frequency shift. The values of the frequency shifts and the modification of the spectra
are determined by comparison with the luminescence spectrum of the initial com-
pound EuCl3. The morphological features of the films are clearly reflected in the
luminescence spectra. So a thin structure of the Eu3+ spectrum is absent in films with

Fig. 6 a The luminescence spectra of diamond film #549 of carbon nitride containing europium
and EuCl3; b SEM image of diamond film #549
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amorphous diamond-like phase. Whereas the fine structure of spectrum is preserved
in the samples with fullerene-like phases. It is found that the phosphor films of CNx:
EuCl3 in fullerene-like phase possesses abnormally high luminescence efficiency at
620 nm band and at Eu3+ concentration 4.5 at.%. The nature of an increase in the
intensity of luminescence is associated with the structural rearrangement of nano-
sized crystallites enriched with the activator Eu3+. We conclude that it is caused by
the formation of a hybrid (EuCl3@CNx) luminescent nanostructured material.

Acknowledgement This work was carried out within the framework of the project No. 53/18-
N of the NAS of Ukraine Program “Fundamental issues of creation of new nanomaterials and
nanotechnologies.”
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Acoustic Activation of Radiation Defect
Migration in Nanocrystalline Material
Under Neutron or Ion Bombardment

A. I. Kalinichenko and V. E. Strel’nitskij

Abstract In the model of the nonlocal thermoelastic peak of low-energy ion, the
acoustic action of low-energy (1/10 keV) ions or recoils on point defects in nanocrys-
talline material was investigated. The amplitude of the thermoacoustic pulse gener-
ated due to energy transfer from an incident ion to the target material is found using
a spherical approximation of the thermoelastic peak. The spatial dependence of the
amplitude of generated pulse adjusted for sound absorption follows a power law
rather than the exponential one. Due to such long-range action, the acoustic pulses
from the ions of Ti+ bombarding the nanocrystalline TiN target can activatemigration
of interstitial defects at distances up to 15 nm and considerably reduce the activation
energy of migration process at distances up to 50 nm.

Keywords Nanocrystalline material · Ion bombardment · Thermoacoustic wave ·
Radiation defect migration

1 Introduction

The progress in the nuclear industry, nuclear power engineering, and space technol-
ogy required the development of radiation-resistant materials and electronic equip-
ment capable of operating under the influence of ionizing radiation. So, structural
materials of nuclear reactor play an important role in ensuring the safety of nuclear
power plants. The question of ensuring the stability of the structure of fuel elements,
whose shells are exposed to the influence of high temperatures by the corrosive
effect of the decay products of nuclear fuel and coolant, and also irradiation with
neutrons, fission fragments, and γ radiation, is especially urgent. Possibilities of
the traditional materials used in this field—austenitic stainless steels and zirconium
compounds—have almost been exhausted, and the further development of nuclear
power requires the development of new radiation-resistant materials. Such promising
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materials for nuclear reactors, in particular for fuel rod coatings, are nitrides of tita-
nium, chromium, aluminum or their composites that have a nanocrystalline structure
[1–3].

The results of the experiments show that the nanostructured nature of the material
ensures its increased radiation resistance [4]. There are several explanations for this.
First, the nanostructured material has a large integral area of grain boundaries and
creates a large number of sinks for point defects induced by irradiation. Along with
this, there is a reason to suppose that the energetic recoil ions produced by the inter-
action of neutrons with matter can accelerate the migration of defects. Experiments
show that low-energy ions, which irradiate solid, or recoil ions that arise during neu-
tron irradiation, affect the structure and properties at depths≥ 10 nm,which aremuch
larger than the ion range. One example of such a long-range action is the so-called
radiation-stimulated diffusion of implanted ions during irradiation. The penetration
depth of impurities for all the investigated cases was much higher than the projected
mean free path of ions of given energy [5]. Another example of the long-range action
of incident ions on the target structure is an increase in the transparency of carbon
films when they are treated with Ar+ ions with an energy of E ~ 1.2 keV. The film
thickness exceeded the ion mean free path in tens of times [6].

Earlier, it was already noted the possibility of generation by single neutrons of
powerful thermoacoustic pulses associated with pulsed heating of small volumes of
matter in neutron scattering [7]. However, the reasonable estimate of the magnitude
of the emerging mechanical effects is impossible without analysis of the space-time
characteristics of the region where energy transferred from neutron is localized.

Such an analysis can be carried out on the basis of the model of the nonlocal
thermoelastic peak (NTP) of low-energy ion describing thermodynamics of “fast”
processes in the interaction of the ionwith solid andwhichmade it possible to explain
a number of effects observed during ion bombardment of solids, in particular, in the
ion deposition of coatings [6, 8].

Indeed, the recoil, being essentially a heavy low-energy ion, is the cause of the
emergence of the NTP—the overheated and overpressured region of the nanometer
size. The spatiotemporal and thermodynamic characteristics of such a region are
determined within the framework of the NTP model, which in turn allows one to
investigate the thermo-mechanical and kinetic effects arising near the ion path.

We confine ourselves to the investigation of the acoustic action of neutrons of
small and intermediate energies En ≤ 100 keV Such neutrons form a significant part
of all reactor neutrons in PWRs. Elastic scattering of neutrons on nuclei prevails in
this range of energies and for atomic weights A≤ 60. The maximum energy of recoil
nuclei (ions) is given by the expression:

Em � 4AEn

(A + 1)2

In the case of neutron scattering by Ti or Cr atoms, neutrons with energies of En
≤ 100 keV generate recoil nuclei (i.e., Ti+ and Cr+ ions) with energy E≤ 6 keV. Ions
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with such energies create the overheated regions in the TiN or CrN targets that can
be considered in the NTP model.

The goal of this paper is the theoretical study of the radiation-acoustic mecha-
nism for accelerating the migration of radiation defects in nanocrystalline TiN (CrN)
coating when irradiated with low-energy (1–10 keV) Ti+ (Cr+) recoils or ions.

2 Mathematical Model

The thermodynamic conditions in the nanometer-sized region around the ion trajec-
tory in differentmaterials, where the ion energy loss is thermalized, were investigated
[8, 9]. It was shown that substantial heating (more than 1000K) and stress (more than
10 GPa) occurs in this region, which will be referred as the nonlocal thermoelastic
peak (NTP) of the low-energy ion. According to SRIM2000 [10] simulation results,
NTP of the low-energy ion can be approximated by a spherical region containing
energy η(E)E with its center in the middle of the projective range l(E) and initial
radius R(E) � l(E)/2 + RT . Here η(E) is the fraction of phonon loss of the ion, RT

is the radius of the “ sphere of smearing” of the point thermal source at the ion-ion
relaxation time τ .

Radius R(E) and the fraction of the ion energy η(E) in the NTP of the ion Ti+ in
TiN coating and ion Cr+ in CrN coating are shown in Fig. 1.

At the normal incidence of the ion, the volume of the near-surface NTP is deter-
mined by the expression:

V � 4π

3
R3 − π

3

[
R − l

2

]2[
2R +

l

2

]

Fig. 1 Radius R of the
NTPs and the fraction of
phonon loss η of Ti+ ion in
TiN (solid curves) and Cr+

ion in CrN (dashed curves)
depending on ion energy E
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Fig. 2 Overheated
temperatures in the NTPs of
Ti+ ion in TiN (solid curve)
and Cr+ ion in CrN (dashed
curve) depending on ion
energy
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In case of the NTP in the boundless material we have V � 4πR3
/
3.

The calculated functions V (E) and η(E) allow determining the average temper-
ature increase in the NTP:

T (E) � η(E)E

ρCV (E)

where ρ and C are the density and the specific heat of the coating, respectively. We
note that at temperatures above room temperature, the temperature dependence of
the heat capacity C can be neglected, making it equal to its high-temperature limit
[11].

Figure 2 displays overheated temperature in the NTPs of Ti+ ion in TiN (solid
curve) and Cr+ in CrN (dashed curve) depending on ion energy.

As can be seen from Fig. 2, Ti+ (Cr+) ions with energy 1 KeV < E < 3 KeV
create thermal peaks in the TiN (CrN) coatings with overheated temperature T ~
1100–1200 K (T ~ 900–1000 K).

Pulsed heating of the NTP material leads to rapid thermal expansion and for-
mation of variable thermoelastic stresses of ~10 GPa, which can affect the defect
migration in the peak and its environs. The amplitude of thermoacoustic displace-
ment �u(r, t), which is a purely longitudinal wave, can be represented in the form
�u(�r , t) � ∂Ψ (�r , t)/∂�r where the potential of acoustic displacements is found as a
solution of the thermoacoustic equation [6–8]:

∂2Ψ (�r , t)
∂t2

− s2	Ψ (�r , t) � −αK

ρ
T (�r , t) (1)

Here s is the longitudinal velocity of sound, α is the volume coefficient of thermal
expansion, and K is the bulk modulus of the material.
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Estimates show that the heat transfer process is slow compared with the formation

of the thermoacoustic pulse in the peak. This allows us to set T
(

⇀

r , t
)

� ε
(

⇀

r , t
)
/ρC

in Eq. (1), where ε(�r , t) is the density of thermal energy in the NTP.
Using the well-known Kirchhoff’s formula with zero initial conditions, we obtain

a solution of Eq. (1) in the form:

Ψ (�r0, t) � − Γ

4πρs2

˚
ε
(�r , t − |�r0 − �r |/ s

)
|�r0 − �r | dxdydz (2)

where �r0 is the radius vector from the center of the thermal field to the observation
point, and Γ � αK

/
(ρC) is the Grüneisen parameter? The integral is taken over

the range of integration |�r0 − �r | ≤ st .
As an analytical approximation of the density of the absorbed energy, we choose

the following spherically symmetric function:

ε(r, t) � Eη(E)(√
πRef

)3 e−(r
/
Ref )

2(
1 − e−(t

/
Tef )

2)
(3)

Constants of Ref and Tef are related, respectively, to the radius R and the time τ of
energy thermalization of the NTP. The analysis shows that we can put Re ≈ 0.72R,
Te ≈ 0.6 τ .

We express the arising acoustic stresses σ through the potential of acoustic dis-
placements Ψ (r0, t). Taking into account the spherical symmetry of the problem,
we find the stress tensor component σ ≡ −σrr as a function of the dimensionless
variables a � r0

/
Ref , b � st

/
Ref , and f � (

sT
/
R
)2
:

σ(a, b, f ) � ρs2

R2

(
−∂2Ψ (a, b, f )

∂b2
+ d

1

a

∂Ψ (a, b, f )

∂a

)

where d � 2(1 − 2ν)
/

(1 − ν), and ν is the Poisson ratio. The analytic expression
for Ψ (a, b, f ) obtained from Eqs. (2), (3), is given in [8].

3 Calculation Results and Discussion

The calculation of thermoacoustic stresses was carried out at the values of the param-
eters E � 2 keV, η � 0.57 (0.60), R � 2.34 nm (2.2 nm), τ � 0.0775 ps (0.11 ps), s
� 1.01 × 103 m/s (0.868 × 103 m/s), corresponding to the case of the thermoelastic
peak of the Ti+ (Cr+) ion with energy of 2 keV in material TiN (CrN).

In Fig. 3 the spatial distribution of the thermoacoustic stresses generated by NTP
of Ti+ ion in infinite target TiN at different time moments are shown. The stress
field is the superposition of the spherical bipolar acoustic wave diverging from NTP
volume and the quasistatic stress remaining in NTP after leaving of the wave.
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Fig. 3 The spatial
distribution of
thermoacoustic stresses
generated by Ti+ ion with
energy E � 2 keV in TiN
coating at successive times t
� 0.085, 0.34, 0.68, 1.36,
and 2.04 ps (dashed curves 1,
2, 3, 4, and 5, respectively).
The solid curve corresponds
to static stress distribution
remaining in NTP
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Fig. 4 Spatial distribution
of the maximum values of
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The thermoacoustic stresses excited by the NTP of Cr+ ion in CrN are much
weaker than the analogous stresses in TiN. This is due to the small value of the
Grüneisen parameter for CrN, in comparison with TiN. Figure 4 displays the spatial
distribution of themaximum values of compressive and tensile stresses in a diverging
acoustic wave near the peak of the Ti+ ion in TiN (Cr+ ion in CrN). As can be seen
from Fig. 4, the stresses excited in the target CrN by Cr+ ions are ~5 times lower
than those excited in TiN by Ti+ ions.

The thermoacoustic stress generated by the NTP is the spherically symmetric
bipolar pulse with spatial extent λ ~ 2R(E) diverging from the NTP with the velocity



Acoustic Activation of Radiation Defect Migration … 213

of longitudinal sound s and decreasing in the wave zone r 	 R according to the
law ∼ r−1. Such an attenuation law is valid only for distances r < rat where sound
absorption for the boundary frequency ~s/R in the spectrum of the acoustic pulse can
be neglected. If the absorption coefficient has the form β(ω) � βω2, then for the
effective absorption length we obtain the estimate rat ∼ R2

/(
βs2

)
. Assuming β �

2 m−1 GHz−2 (typical value for solids like sapphire) we get rat � 15 nm in the case
of Ti+ ion with energy 2 keV in TiN.

The analysis shows that in the region r > rat one can use the following expression
[3], [8]:

σat (�r) ≈ Γ Eη(E)√
2πeβs2r2

In the vicinity of theNTP,where the amplitude of the acoustic stressσat (�r) exceeds
the threshold value of σis � u

/
Ω ~ 0.5 GPa, it becomes possible to disrupt the

interstitial defects. Here u ~ (0.1− 0.5) eV is the activation energy of the interstitials
migration,Ω ~ 0.05 nm3 is the defect volume. The boundary of the zone of activation
of defects �ris can be found from the equation σat (�ris) � σis . Thus, Ti+ ion with the
energy of 2 keV creates favorable conditions for “sweeping out” interstitial defects
in the spherical zone around the NTP with radius |�ris | ∼ 15 nm. If TiN material of
coating has a nanocrystalline structurewith crystallite sized < 2ris , then the effective
“sweeping” of interstitial defects from the interior of crystallite to its boundary is
possible.

In materials with relatively low coefficients of thermal expansion, as in the case
of the CrN coating, the mechanism of thermoacoustic activation of defect migration
is suppressed.

Acceleration of kinetic processes at large distances r > ris is also possible due
to the decrease in the effective activation energy Uef (r) � U − σ(r)Ω . Estimates
show that low-energy ions of Ti+ can significantly accelerate the diffusion of defects
and structural rearrangement in the target of TiN at depths of up to 50 nm.

4 Conclusions

1. Rapid heating of matter in the NTP of the heavy low-energy ion during ion-
ion relaxation leads to the generation of the powerful thermoelastic pulse of
subpicosecond duration, which has as static and waves components.

2. The acoustic pulse amplitude obeys the power law σ(r) ∼ r−1 at distances
2R < r < rat , and the power law σ(r) ∼ r−2 at distances rat < r , so the
acoustic pulse retains a significant value of ~1 GPa at distances exceeding the
path length of the ion by tens of times. In the case of the NTP generated by Ti+

ion with the energy of 2 keV in the TiN coating we obtain rat ∼ 15 nm.
3. The acoustic pulses fromTi+ ionwith energy 2 keVbombarding a nanocrystalline

target of TiN can activate and “sweep out” interstitial defects at distances up to
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15 nm, and accelerate their migration at distances up to 50 nm. Acoustic pulses
from 2 keV Ti+ ion bombarding the nanocrystalline TiN target can “sweep”
interstitial defects from nanocrystallites of size d ≤ 30 nm and accelerate their
migration in larger nanocrystallites d ≤ 100 nm.

4. In materials with low coefficients of thermal expansion, as in the case of the
CrN coating, the mechanism of thermoacoustic activation of defect migration is
ineffective.

5. The contribution to the acoustic activation effect of the impact component of the
stress pulse associated with the transfer of momentum from the ion to the target
material can be significant formaterials consisting of heavy elements with atomic
numberA~100, and also for ions or recoilswith lowenergyE~100 eV.However,
this aspect of the acoustic activation problem requires additional analysis.
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Conductive Polymer Nanocomposites
for Novel Heating Elements

R. Kolisnyk, M. Korab, M. Iurzhenko, O. Masiuchok, A. Shadrin,
Ye. Mamunya, S. Pruvost and V. Demchenko

Abstract Electrical and thermal properties of composites based on high-density
polyethylene filled with nanofillers, namely carbon black (CB), carbon fiber (CF)
and theirmixture,were investigatedunder alternating current. The composite samples
were prepared by thermal pressing from themechanically mixed blend. High-density
polyethylene (HDPE) was used as matrix. The nanofiller content was chosen to be
8 vol% for CF and 8, 12, 16, 30 vol% for CB. This content is higher loading than the
percolation threshold and guarantees sufficient heating. The electrical resistivity of
the abovementioned composites decreased significantly from 1012 �/cm to ~101–102

�/cmwith increasing of theCF/CBcontent.When a certain voltagewas applied to the
composites, the equilibrium temperature of the surface of the composite was reached
within less than 100 s. The maximum surface temperature as the equilibrium state
of the composite samples can be easily controlled by adjusting the composites filler
ratio.

Keywords Heating element · Welding · Polymer nanocomposites

1 Introduction

In recent years, polymer nanocomposites reinforced with carbon-based nanofillers
have drawn increasing interest from scientific and industrial points of view [1,
2]. These carbon-based nanofillers (carbon nanofiber and carbon black) have been
applied to increase the mechanical properties and electrical conductivity of polymer
composites. In particular, the carbon-based nanofillers are significantly effective for
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increasing the performance in the electrical conduction of nonconductive polymer
matrix. It is expected that polymer nanocomposites with improved electrical con-
ductivity can be also used for electric heating materials or devices, such as electrical
resistors that convert electrical energy into thermal energy as heat. On the other
hand, it is considered that polymer nanocomposites containing carbon nanofillers
have other advantages such as lightweight, corrosion resistance, easy processing and
lower manufacturing costs for electric heating applications.

The aim of the study is the creation of segregated polymer nanocomposites with
defined electrical and thermal characteristics, needed mechanical parameters and
required technological properties suitable for application in flexible energy-saving
and low-energy devices (heating elements for climate clothes and heating elements
for plastics welding). The present work involves the study of electrical and ther-
mal process in polymer nanocomposites, depending on the nature of polymer/filler
components; the hybrid nanocomposites with needed flexibility and strength can be
formed.

2 Experimental Section

2.1 Materials

The samples were prepared usingHDPE (ρ � 0.95 g/cm3, Tm � 120 °C) as a polymer
matrix to reach easy processability and carbon black P803 (ρ� 1.8 g/cm3) and carbon
fiber as a nanofiller, to have high electrical conductivity. The HDPE/CB, HDPE/CF,
and HDPE/CF +CB blends ratio is chosen to be 8 vol% for CF and 8, 12, 16, 30 vol%
for CB by volume, which is much higher than the percolation threshold. Mixture of
HDPE and carbon black was blended under mechanical stirring, heated to 145 °C
and moulded under 5 MPa pressure with simultaneously cooling. The thickness of
the samples is 1.2–1.4 mm and 30 mm in diameter.

2.2 Electrical Measurement

To improve the quality of electrical measurements, two electrodes placed inside the
samples before molding.

Heating properties were studied using an AC source and changes of electric cur-
rent (I) with applied voltage for the composite samples were measured by employing
multimeter. Electric heating behavior of the composite samples under a variety of
applied voltages of 1–20 V was characterized with an infrared camera, and temper-
ature changes were measured by placing thermocouple on the surface of the sample.
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3 Results and Discussion

To investigate the influences of carbon black nanofiller on electrical properties of the
nanocomposites, the resistivity of the HDPE + CB nanocomposites were measured
and presented as a function of the CB content as shown in Fig. 1. Also, it is shown
the model of structure evolution with increasing of CB content [3]. If the nanofiller
covers the polymer particles surface with a uniform layer without aggregation, it can
be achieved conductive nanocomposite with a low level of percolation threshold [4].
Figure 2 shows a TEM picture of carbon black nanoparticles [5].

Electric heating performance of the nanocomposite heating elementswith a differ-
ent nanofiller ratio ofCF,CBand the nanocomposites ofCF andCBwere investigated
bymonitoring temperature changes as a function of time at different applied voltages
of 1–20 V, as it is shown in Figs. 3, 4 and 5.

However, the temperature of the nanocomposite samples increased rapidly in time
when the voltages above 10 V were applied. Maximum temperatures of the samples
were then attained within around 100 s and remained unchanged over time.When the
applied voltage was turned off after 900 s of heating, the temperature of the samples
decreased to the room temperature within a minute.

It can be seen that the maximum temperature attained at a given applied voltage
increases with rising of filler concentration and is higher for the HDPE +CB 12 vol%
nanocomposite sample with higher content of carbon black comparing to HDPE +
CB 8 vol%.

The temperature versus time curves in Figs. 3, 4 and 5 can be divided into three
zones: the heating zone (0–200 s), the maximum temperature zone (200–800 s) and,

Fig. 1 Resistivity of the HDPE + CB nanocomposites as a function of the CB content
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Fig. 2 TEM picture of carbon black showing the high level of aggregation [5]

Fig. 3 Dependence of temperature changing on applied voltage for HDPE + CF 8 vol%
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Fig. 4 Dependence of temperature changing on applied voltage for HDPE + CB 8 vol%

Fig. 5 Dependence of temperature changing on applied voltage for HDPE + HDPE + CB 4 vol%
+ CF 4 vol%
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Fig. 6 Dependence of resistance changing on temperature for HDPE + CF 8 vol%

in some cases when the current still flows through the sample, the cooling zone
(800–900 s) connected with positive temperature coefficient (PTC) effect owing to
different thermal expansion coefficients of polymer and nanofiller. Therefore, during
the electric heating, the distance between the nanofiller particles increased, thus
increasing the nanocomposite resistivity because of decreasing tunneling of charge
carriers.

The curves of PTC effect for CF, CB and the nanocomposites of CF and CB are
shown in Figs. 6, 7 and 8, respectively.

However, samples filled with CF demonstrated good results of heating at low
voltages (less than 5 V), further increasing leads to PTC effect (Fig. 6), that makes
difficult to use it as a heating element for welding of the plastics, where it is necessary
to obtain high temperature for polymer melting.

So we attempted to combine both nanofillers (CB + CF), which should lead to
increasing of conductivity. However, this type of nanocomposites needsmore voltage
to achieve the same temperature comparing to nanocomposites with CB. The more
voltage is applied, the more PTC effect is observed (Fig. 8).

The studies of heating properties showed that the best results have nanocomposites
filled with CB as it has the most stable heating despite the PTC effect comparing
to nanocomposites filled with CF and both CF and CB. It was decided to choose
nanocomposites filled with CB for further researches.

Increasing the concentration of CB we tried to achieve sample melting point with
minimum level of applied voltage. Thus, CB ratio was increased to 12 and 16 vol%,
relatively. Temperature change as a function of time is shown in Figs. 9 and 10.
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Fig. 7 Dependence of resistance changing on temperature for HDPE + CB 8 vol%

Fig. 8 Dependence of resistance changing on temperature for HDPE + CB 4 vol% + CF 4 vol%
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Fig. 9 Dependence of temperature changing on applied voltage + CB 12 vol%

Fig. 10 Dependence of temperature changing on applied voltage of HDPE + CB 16 vol%

To estimate the heating efficiency of the developed heating elements, welding of T-
joint of pure HDPE using heating element was carried out. Temperature distribution
was characterized with an Infrared camera. Due to a big welding area of specimens,
low heat generation could not provide high quality welded joint. The face of the
adjusted HDPE specimen was heated only to the temperature approximately 75 °C,
whereas to obtain the welded joint, the material should be heated to the temperature
of 150 °C.
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Fig. 11 Lap-welded joint after mechanical test

Fig. 12 Butt-welded joint after mechanical test

As nanocomposite with 16 vol%. did not show good results at welding, it was
decided to increase CB ratio up to 30 vol% and to study the possibility of welding
and to investigate effects on mechanical properties of the welded joint.

Lap-welded joint showed excellent results, as it was destroyed by basic mate-
rial (Fig. 11). However, butt-welded joint ruptured in the heat-affected zone (HAZ)
(Fig. 12), its mechanical strength was 15.9 MPa, while the strength of pure HDPE is
approx. 18 MPa that says about the satisfactory quality of the welded joint. Regard-
less the fact that the maximum temperature, according to the infrared camera, along
the fusion line was 120 °C, the temperature inside the welded joint was much higher
than the melting point of HDPE, so that allowed to create a high quality welded joint.

Since the HAZ of the butt welded joint is less comparing to the same of the lap
welded joint (Fig. 12), it was possible to observe that temperature on the edges of
the heating element rose up to 250 °C, that is more than enough for melting of the
surrounding material and for the welded joint formation.

The results allow to conclude that developed heating elements based on conductive
polymer nanocomposites can be successfully used for welding of polymer materials.

The developed conductive polymer nanocomposites can be used not only for
welding but also for production of filament for 3D printing. 3D printing is one of
the additive technologies that allows to form 3D objects by adding layer-by-layer
of material, in contrast to the conventional methods of products formation. There
is some methods of creating of real objects from 3D models using additive tech-
nologies. One of the most common is FDM (Fused Deposition Modeling) or FFF
(Fused Filament Fabrication) 3D plastic printing due to availability and usability.
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FDM (FFF) modeling involves the creation of three-dimensional objects by apply-
ing successive melt-layers of thermoplastic materials, which are extruded from a
temperature-controlled nozzle, according to a digital model. Thermoplastic materi-
als for printing, such as ABS, PLA, HDPE, etc., are supplied in the form of coils of
filaments.

One of the trends of the additive technologies is creation of functional materials
and obtaining filament based on them for 3D printing. These materials, such as
electrically active polymers allow not only prototyping but also manufacturing of
the functional products.

In the present work, the same polymer nanocomposites (HDPE and carbon black
P803) were used for producing conductive filament for FDM 3D printing with the
necessary set of operational and electrical properties. As the result filament with the
required diameter−1.75mmbased on the nanocomposite was formed using pressing
and extrusion molding technique.
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The Investigation of the Welding Process
of Different-Type Polyethylenes

M. Kovalchuk, M. Iurzhenko, V. Demchenko and I. Senchenkov

Abstract The article presents the results of complex thermal and structural studies
of two technical types of polyethylene (PE-80 and PE-100) and their welded joint. It
was established by mathematical calculations as well as experimental investigations
that during conventional heated tool buttwelding recrystallization of polymers occurs
resulting in the formation of crystalline areas with improved mechanical and thermal
properties, due to the increased degree of their ordering.

Keywords Polyethylene · PE-80 · PE-100 · Modeling · Heated tool butt welding

1 Introduction

As it is known, polyethylene (PE) is one of themost widespreadmaterials in themod-
ern world, and polyethylene products occupy a great share at industrial and commer-
cial markets [1]. For example, welding of such types of technical polyethylenes as
PE-63, PE-80, and PE-100 is widely used in construction, particularly in installation
and reparation of pipeline systems. The question of the possibility of old pipelines
reparation using pipes made with polyethylene of modern types induces a great inter-
est. The main technology that is used for the pipelines reparation is butt welding with
the heated tool.

The technological process of the heated tool butt welding of polyethylene pipes
(Fig. 1) includes five main stages: preliminary melting of pipes edges, their heating
during the specified time, technological pause for removing the heated tool, upset-
ting under working pressure and following cooling of the formed joint. The main
parameters of the technological process include temperature of the heated tool; melt-
ing time; heating time; duration of the technological pause and upsetting; pressure
during melting, heating, and upsetting.
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Fig. 1 Scheme of the heated tool butt welding of pipes of various types of polyethylene

Difficulties of reparation of plastic pipelinesmadewith different types of technical
polyethylene are their different structure, thermal, thermomechanical and rheological
properties that follow in problems at welding process and further appearance of
internal defects in their welded joints, which take a significant role in the duration
of the pipeline lifetime.

2 Experimental Part

Polyethylene pipes produced from two types of high-density technical polyethylenes
(HDPE) with different minimum required strength (MRS)—PE-80 (MWbimodal

300,000 g/mol, density 0.953 g/cm3, MRS � 8 MPa), and PE-100 (MWbimodal

300,000 g/mol and density 0.960 g/cm3, MRS � 10 MPa) as well as their welded
joint were used for welding experiments, structure analysis and investigations of
mechanical and thermal properties.

The welding experiments have been carried out with PE-80 and PE-100 pipes
of 63 mm diameter and 6 mm wall thickness using conventional heated plate butt
welding at SAT-1 welding device produced by Experimental Welding Equipment
Factory of E.O. Paton Electric Welding Institute of the NAS of Ukraine under the
following conditions: 220 °C welding temperature, 0.2 MPa welding pressure, and
60 s upset time. Technological pause was 3 s. The cooling time under pressure was
6 min.

Structure of PE (types PE-80 and PE-100) as well as of PE-80/PE-100 welded
joint has been studied by means of wide-angle X-ray scattering (WAXS) using X-
ray diffractometer DRON-4.07 (Burevestnik, Saint-Petersburg, Russia) with X-ray-
optical scheme according to the Debye-Scherer method, using CuKα-emission (λ
� 0.154 nm), monochromated by Ni-filter. X-ray tube BSV27Cu working at U �
30 kV and I � 30 mA has been used like a source of characteristic X-ray radiation.
X-ray measurements have been carried out by step-by-step scanning with scattering
angles (2θ ) from 2.6° to 40°, with exposure time 5 s at temperature T � 20 ± 2 °C.

Thermal properties of the initial specimens and of the welded joint have been
explored by means of differential scanning calorimetry (DSC) at DSC Q2000 device
from TA Instruments (New Castle, DE, USA) in the dried air atmosphere in the
temperature range from 40 to 200 °C with linear heating rate 20 °C/min. Specimen
weight was between of 6 and 10 mg of each. Temperature measurement precision
was ±0.01 °C, heat flow precision ±0.01 J/g.
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Thermomechanical behavior and deformational characteristics (TMA) of the ini-
tial specimens and of the welded joint have been investigated at TMA Q400 EM
device from TA Instruments (New Castle, DE, USA), in the dried air atmosphere
with linear heating rate 10 °C/min in the temperature range from 30 to 250 °C.
Measurements have been carried out in thermal expansion mode with use of quartz
indenter of 2.8 ± 0.01 mm in diameter. Applied pressure to the specimen was per-
manent and equal to 10−1 MPa. Temperature measurement precision was ±0.01 °C,
deformation control precision was ±0.01 μm. All the devices from TA Instruments
have been certified according to the international standard ISO 9001:2000.

Mechanical properties (strength and elongation at break) of initial and welded
specimens have been evaluated by means of the tensile axial test (according to DBN
B.2.5-41 standard)with 50mm/min tension rate at room temperature at FP-10 tension
machine (Germany).

3 Research Results

Basing on the results of thermomechanical studies (Fig. 2) it is observed that the rel-
ative deformation curve of the PE-80/PE-100 welded joint material at temperatures
above 140 °C is located between curves of the technical polyethylenes PE-80 and
PE-100 [1]. However, as one can see in the insert of Fig. 2, in the temperature range
25–130 °C, the PE-80/PE-100 welded joint material has the maximum value of ther-
mal expansion in comparison to individual polyethylenes PE-80 and PE-100. Such
a situation can be explained by the fact that some internal stresses in the amorphous
phase of polyethylenes arise during the welding process. Subsequently, heating leads
to the increased molecular mobility and volume of the polymer in the welded joint
due to the relaxation of these stressed areas.

For more detailed studying of the processes, which occur during welding and
relaxation of polyethylene in thewelded jointmathematicalmodelingwas performed.
The scheme of finite element grid of the simulated field of welding at edges of
polyethylene pipes with an external diameter of 63mm, thewall thickness of 5.8mm,
and heated tool, whose thickness is conventionally reduced to zero, is presented in
Fig. 3.

It is noticeably that elements density of the grid increases according to logarithmic
law with the distance from the conditional plane of the heated tool. The calculation
results of the distribution of the temperature field at the key moments of the butt
welding process at edges of polyethylene pipes are shown in Fig. 4. At the end of the
heating stage, edges of the pipes have a maximum temperature for whole welding
cycle, they are diverted from the working surfaces of the heated tool and remain in
the air during the time interval of the technological pause. During this short period of
time (in our case 3 s) an intense cooling of the heated edges of the pipes occurs until
they become in contact with each other at the beginning of the upsetting process. The
calculated temperature field in bulk of the walls of the pipe at the initial and final
moments of the technological pause are shown in Figs. 4 and 5. A similar calculation
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Fig. 2 Resulting plot of thermomechanical investigations of the technical polyethylenes PE-80,
PE-100 and their welded joint PE-80/PE-100 [1]

Fig. 3 The scheme of finite element grid of the simulated field of welding at edges of the polyethy-
lene pipes

for the final moment of the welding process at the end of the cooling stage of the
welded joint is shown in Fig. 6.

The alignment of temperature in the middle side of the pipe (r1 + r2)/2, namely
the welding line, is shown in the temperature distribution graph (Fig. 7). It is also
clearly seen that because of the difference in thermal conductivity of the materials
PE-80 and PE-100, in bulk of the PE-100 pipe temperature is higher. Such difference
in thermal properties of PE-80 and PE-100 definitely affects on thermomechanical
and physical properties of the PE-80/PE-100 welded joint material.

Thus, since conventional tests of the welded joints of polyethylene pipes do not
allow to evaluate adequately peculiarities of structure of the welded joint material
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at macro and micro levels, complex structural investigations of the welded joint
material were carried out using methods of the differential scanning calorimetry and
the wide-angle X-ray scattering [1].

Proceeding data of the differential scanning calorimetry (Fig. 8) of all three sam-
ples, two minimums of the corresponding melting processes of the crystalline phase
inside polyethylenes and their welded joint can be observed on curves [1]. More-
over, these two melting processes indicate polycrystallinity in all samples. The first
minimum indicates the melting process of a crystalline fraction with the melting
temperature from 117 to 125 °C. The second minimum corresponds to the melting
of more ordered (better packed) crystallites with higher thermal stability and with
the melting temperature from 133 fo 138 °C.

The increased melting temperatures of the welded joint material in comparison
with the corresponding melting temperatures of both technical types of polyethylene
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Fig. 7 Distribution of temperature along the welding line

may be explained by the fact that zoneswith higher thermal stability and, accordingly,
crystallites with a higher degree of ordering have been formed in the welded joint.

Analysis of the diffraction curves of individual polyethylenes PE-80 and PE-
100 and their welded joint PE-80/PE-100 (Fig. 9) showed that during welding of
different-type polyethylenes structure of their welded joint becomes different from
the structure of individual polyethylenes [1, 2]. That can be explained by melting
of the crystalline phase with further recrystallization and simultaneous orientation
of the crystallites in the welded joint under the action of the force field, which is
applied during the welding process. This is evidenced from the increased intensity
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Fig. 8 Thermograms of the PE-80/PE-100 welded joint material and technical polyethylenes PE-
80, PE-100 [1]

of diffraction maximum at the angular position 2θmax � 23.6° and the decreased
intensity of the diffraction maximum at the angular position 2θmax � 21.2°.

The estimation of effective size of crystallites (L) of polyethylenes carried out by
the Scherrer method:

L � Kλ(β cos θmax)
−1 (1)

whereK—is constant, connected with the form of crystallites (if their form unknown
K � 0.9), and β is the half-width (width at half height) of the diffraction maximum,
showed that the mean value L ≈ 7.2 nm for both PE-80 and PE-100, and L ≈
7.6 nm for PE-80/PE-100welded jointmaterial (for calculations the diffraction peaks
at 2θmax � 21.2° and 23.6° were used). The values of the crystallites size were
calculated from individual diffraction peaks for each sample (Table 1) [1].
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vidual polyethylenes PE-80, PE-100 [1]

Table 1 Structural and mechanical characteristics of polyethylenes and of their welded joint

Sample Degree
of crys-
tallinity
(DSC),
%

Degree
of crys-
tallinity
(WAXS),
%

Crystallites
size L1
(2θ �
23.6°)
nm

Crystallites
size L2
(2θ �
23.6°)
nm

Tensile
strength,
MPa

Relative
tensile
strenght,
%

PE-80 42 56 7.2 7.2 19.6 100

PE-100 51 57 7.2 7.2 23.1 100

PE80/PE100 weld 53 66 7.2 8.0 Destroyed
on the
basic
material

>100

4 Conclusions

It is established that during the process of formation of the welded joints of different-
type polyethylenes a number of physical and chemical transformations of polymers,
especially their crystalline phase, occurs. The main of them are recrystallization and
orientation as a result of which the formation of a new structure of polyethylene with
improved mechanical characteristics can be assumed.
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Functional Selective Nanostructured
Coatings Synthesized
by Low-Temperature Ion-Plasma
Method on Polymeric Substrates

Z. Tsybrii, F. Sizov, M. Vuichyk, K. Svezhentsova, E. Rudenko, I. Korotash
and D. Polotskiy

Abstract The technology of low-temperature ion-plasma formation of the nanos-
tructured films from the aluminum nitride on the various substrates, including the
Mylar and Teflon flexible polymeric films was developed. The study of the structural
and optical characteristics of such nanostructured coatings has shown the possibil-
ity to use them as the functional films with the selective transmissions and barriers
in the infrared (IR) spectral region. Due to high thermal conductivity and specific
optical properties (the Restrahlen band broadened from the wavelengths 10.3 μm up
to almost 20 μm) and good transparency in visible and sub-THz spectral regions),
the AlN thin polycrystalline films on polymeric substrates can be attractive for mak-
ing the infrared radiation blocking filters from the background at 300 K. They can
improve the performance of the sub-THz low-temperature detectors in the ground-
based telescopes.

Keywords AN nanostructured coatings · IR selective filters · Polymeric substrates

1 Introduction

Recently, the study of the thin films process, particularly, in a number of group III
metal nitrides (AlN, InN and GaN, etc.), have been attracting considerable attention
of researchers as objects for the fundamental investigation and as the base materials
for optoelectronics [1–3] too. The combination of materials properties has made
it possible to process thin films for a variety of applications with the predefined
parameters [4–6]. The aluminum nitride thin films have been the topic of research in
the micro-electro-mechanical systems (MEMS) and in the semiconductor industry
because of their good compatibility with a silicon substrate. AlN is typically used as a
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gate dielectric for ultra large integrated devices or inGHz-band surface acousticwave
devices due to its strong piezoelectricity. It is used as an insulating layer responsible
for the elimination of parasitic currents. It is mechanically strong, and have high
thermal conductivity (up to 320 W/m K at 25 °C for single crystals [7]) that can
be used for heat extraction. The AlN is thermally and chemically stable material,
especially in an inert environment. The oxidation starts in it in the air at a temperature
above 800 °C [8].

The decrease of the IR radiation influence is one of the needs in optical blocking
for different applications. One of the examples of the IR optical blocking important
applications due to AlN wide band-gap semiconductor can be the transparency in
the microwave and THz spectral ranges in systems with cooled high sensitive detec-
tors, e.g., for improving their performance in ground-based radio telescopes. These
systems should provide completeness and quality of the processing of the received
signals and suppression of increasing interference with other sources of noises [9].
Solving this problem also requires the creation of special protection systems against
external parasitic thermal radiation, heat shocks and own thermal radiation of the
antenna system and elements of the transmission path, which are at the ambient
temperature (“warm part”). Achieve the necessary technical characteristics of the
cryo-photoelectronic receiving system, while ensuring high reliability and resistance
to extreme external factors, is possible by functional filtering devices, which should
provide a high level of transmission with low losses of the informative signal in
the microwave and sub-THz channels, and blocking elements from harmful infrared
radiation. Realization of an upper limit system performance and improving the sys-
tem noise imply the need of application of detector arrays or thermal protecting filters
[10].

The IR signature suppression applications can be widened using thin flexible
polymeric films (such asTeflon orMylar) that areweakly transparent in defined bands
of IR region. This is possible by developing technology for functional filmcoatings on
flexible dielectric substrates that would provide the required spectral characteristics
of selective radiation transmission and its suppression in desired spectral ranges.

Thin films of AlN (pure and oxidized) can be prepared by several techniques:
chemical vapor deposition (CVD),molecular beamepitaxy (MBE), ion beamassisted
deposition or direct current (DC) reactive magnetron sputtering [3]. Deposition of
the AlN films at low temperature is necessary since a high-substrate temperature
during film growth is not compatible with the processing steps of device fabrication
or can destroy a substrate. Here we consider the technological method to realize the
low-temperature ion-plasma synthesis of film coatings [11, 12]. This method has the
advantages over other deposition methods due to the low growth temperatures on the
substrate (30–300) °C, the ions flow formation of working gas of a helicon source
with the high density in the substrate area of 5–10 mA/cm2 and their high energies
up to 100–150 eV. This method is also applicable to the polymeric substrates such as
the Teflon or Mylar with a high degree of adhesion of the AlN films to the substrates.
Utilizing theAlNoptical properties (theRestrahlen band is atλ~11–16μm[13, 14]),
its high thermal conductivity (γ ≈ 134–180 W/m K for polycrystalline films [15])
the composite structures AlN/polymeric substrate (Teflon, Mylar) can be applied
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for creation the large-area filters that blocks the IR radiation in the atmosphere
transparency region λ ~ 10–20 μm.

The aim of this investigation was the study of the morphological and optical char-
acteristics of the AlN/(Teflon, Mylar) structures, which are formed by the hybrid
helicon-arc ion-plasma deposition technique. It was supposed to ascertain the pos-
sibility of their using as the functional film coatings that can reduce the influence
of IR background radiation (or radiation from a room temperature input window for
high sensitive cooled detectors) in the spectral region λ ~ 5–25 μm.

2 Technology of the Thin Films Growth

2.1 The Hybrid Helicon-Arc Ion-Plasma Deposition
Technique

To obtain the thin film coatings, the ion-plasma deposition technology with magnetic
filtration of plasma flow was used. The vacuum processing equipment consists of
a helicon source of plasma, in which the helicon discharge was excited by a high
frequency (HF) generator with a working frequency of 13.56 MHz, and the plasma-
arc accelerators, integrated in one technological chamber, see Fig. 1 [11, 12]. The
helicon source of plasma is electrodeless HF induction source with a magnetic field,
that is capable to generate a low-temperature (T e � 2–10 eV) dense (n � 1011–1013

cm−3) plasma in a wide range of operating gas pressures (p � 0.07–13.3 Pa) and
the range of magnetic fields (B � 0.001–0.2 T). The principal feature of the helicon
source is the presence in the discharge volume of the external magnetic field. In this
case, it is possible to excite helicon waves in the plasma volume. The application
of the magnetic field provides several advantages for practical purposes. First, it
is possible to significantly increase, at the same input HF power, the density of the
plasma and control its spatial distribution. Secondly, themagnetic field allows control
effectively the intensity and energy of the ion flow that enters the treated surface.
Finally, the stability of the discharge increases due to the growth of the resistance
of the plasma load. A magnetic filtration allows to achieve a high content of the
high-energy ionic component in the plasma flow directed to a substrate, as well as
to separate the micro-droplet component. We have identified modes of operation of
a helicon source (Fig. 2), where an additional magnetic field with high-efficiency
helicon discharge occurs in the entire volume of the reactor chamber.

2.2 Samples Preparation

The specified configuration of a discharge plasma chamber, which functionally com-
bines two sources of plasma—a helicon discharge and a plasma-arc accelerator, was
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Fig. 1 The schematic of the hybrid helicon-arc ion-plasma reactor

Fig. 2 High-performance
helicon ion-plasma discharge
(the mode “Plasma column”)
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developed. It is possible to realize the new quality of the technological process of
forming special film coatings on the dielectric flexible polymeric substrates. The
formation of such coatings requires constant monitoring of the substrate surface at
all stages of the process. Only in this case the reproducibility of results, the stability
of the technological process and the high level of products can be provided. When
applying the standard high vacuum equipment, the surface of the substrate always
contains several adsorbedmonolayers of the residual atmosphere componentwith the
thickness of several nanometers. The helicon source of plasma provides at all stages
of the technological process a constant effect on the substrate of argon ion flow. In
this case, the density and ion flow energy are of a size, sufficient for effective removal
from the substrate surface adsorbed light components of the residual medium. Due
to the mechanism of selective spraying the basic technological operations are not
blocked.

However, in the case of the plasma-arcmethod application for thin films depositing
on polymeric substrates the important is the question of controlling and limiting the
level of thermal heating of the substrate due to the plasma surface treatment. As it was
established, the significant thermal stresses on the substrate, both at the processing
stage in the plasma of the helicon source and during plasma-arc deposition, can
lead to the destruction of the substrate or its significant damage. Therefore, various
technological techniques for reducing the thermal load were used. Namely:

1. The breakdown deposition cycles, when the deposition was carried out in time
interval t1, and in the next interval t2 the cooling of the substrate occurred.

2. The deposition on a substrate that rotated during plasma processing.
3. The deposition on a substrate that was rotating during plasma processing with

the simultaneous scanning of the flux of precipitated particles by controlling
the direction of deviation of the plasma flow by changing the magnetic field
configuration in the drift chamber.

The application of the above-mentioned technological techniques allowed to
reduce the level of thermal stresses on the substrate and to realize the deposition
of films on polymeric substrates.

A single crystal silicon n-Si (100) and (111), as well as polymeric films of the
Mylar and Teflon, were used as the substrates for the AlN films deposition. Combin-
ing the basic technological parameters, such as working gas pressure in the range of
0.4–4 Pa, the substrate temperature in the range of 20–400 °C, the current of cathode
arc discharge, etc., the optimal growth regimes of AlN nanostructures thin films were
selected.

The influence of the technological conditions of the formation of the AlN film
structures on their quality was considered by using the atomic force microscopy
(AFM). The surface morphology of the films on different substrates was investigated
using the scanning probe microscope Nano Scope IIIa Dimension 3000 TM in the
mode with the periodic contact. The measurements were carried out at the central
area of samples by means of the serial silicon probes with the nominal tip radius of
10 nm.
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Fig. 3 The AFM images of the topology of AlN/Si (a), AlN/Mylar (b) and AlN/Teflon (c) films
surfaces, synthesized at the simultaneous application of the helicon and arc plasma sources

The comparison of Fig. 3a–c shows that the samples of the AlN grown on silicon
and polymeric substrates are characterized by different surface roughness and dif-
ferent grain sizes in spite of the same technological conditions of their deposition.
The surface relief of the sample AlN/Si (Fig. 3a), where the roughness of the sample
reached values of Ra � 6.8 nm in the area (3 × 3 μm), with the average grain size
reaching 20–25 nm, was the most smooth. In the case of samples, AlN/Mylar and
especially AlN/Teflon the developed relief is characterized by the presence of both
shallow grains of nanometer size, and sufficiently large grains with dimensions of
~1 μm (Fig. 3b, c). This shape of the AlN films relief may be explained by the fact
that before its growth, the flexible (in contrast to silicon) polymer substrates were
subjected to ion cleaning. As a result, the initial relief of Mylar and Teflon substrates
was modified, and the AlN film’s morphology repeats the relief of the substrates.

3 The Optical and Structure Characterization

The sensitive radio receivers require the use of the cryogenic detectors [16]. The
infrared filters are necessary to avoid the heat loading on the cold stages. The filters
should be effective in blocking the 300Kblackbody radiationwhile remaining highly
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transparent at the radio frequencies of interest or must be transparent in the visible
spectral region.

The background spectral radiant exitance (the flux power density at the given
wavelength λ) taken here as the black-body radiation, is determined by Plank’s
formula (from the semi-sphere):

W (λ, T ) · dλ � 2π · h · c2
λ5

· 1

exp(ch/kB · λ · TBB) − 1
(1)

where c is the light speed, h is the Plank constant, kB is the Boltzmann constant, TBB

is the black-body temperature, and W(λ,T) is the total power density fallen down at
the input window from the hemi-sphere. For a black body at 300 K, the peak of the
spectral radiant exitance determined by the Planck distribution (1) occurs at 9.66μm
(~18 THz). Because of the long tail at high radiation frequencies, a most part of a
radiated energy lies above the maximum, squarely in the “mid-IR” range [17].

Teflon or its modification Zitex (the refractive index n ≈ 1.435, T � 300 K) and
Mylar (refractive index at T � 300 K, n � 1.64–1.67) are often used as effective IR
filters (see Fig. 4) due to the low transmission in the λ ~ 7.5–9.0 and 12.5–21 μm
wavelength bands. But these polymeric films have a low thermal conductivity: down
to γ ≈ 0.26 W/m K at 50 °C, slightly dependent on temperature for Teflon and γ ≈
0.8 W/m K at T � 300 K (relatively strongly dependent on temperature) for Mylar.
These low values of γ substantially suppress the heat transfer to heat sink from filters
that are heated by radiation from the environment or the cryostat input window being
at T � 300 K [17]. To reduce the influence of the radiation flows in the region of λ

~ 5–25 μm, in the filters that are based on the Teflon or Mylar films, there should be
used coatings based on dielectric materials or wide-band semiconductors. The wide-
band semiconductors have a low free-carrier absorption coefficient in the microwave
region and low refractive indexes. They are composed of light atoms, which allows
getting the Restrahlen band within the IR regions of interest. Among these coating
films defined by the Restrahlen band, one can consider [17]:

1. MgO (Restrahlen band λ ≈ 14–26 μm)
2. Si/SiO2 (Restrahlen band λ ≈ 7–9.5 μm)
3. GaN (Restrahlen band λ ≈ 15.88–17.57 μm)
4. Sapphire (Restrahlen band λ ≈ 13.65–18.62 μm)
5. BeO (Restrahlen band λ ≈ 9.0–14.5 μm)
6. AlN (Restrahlen band λ � 11–16 μm in amorphous films).

AlN was chosen as a coating material because of its high value of thermal con-
ductivity, relatively wide Restrahlen band, non-toxicity (as, for example, in contrast
to BeO).

The IR transmission spectra were measured at the radiation normal incidence at
T � 300 K (see Fig. 4) using the Fourier Spectrometer “Spectrum BX-II.” From
their analysis, it is seen that the composite structures AlN/polymeric substrate are
substantially blocking the IR radiation within the spectral range λ ≈ 5–25 μm.
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Fig. 4 The IR transmission
spectra of polymeric
substrates (Mylar with the
thickness d � 40 μm (1) and
Teflon with the thickness
d ≈ 220 μm (3)) and the
AlN nanostructured layers
(d ~ 15 μm) deposited on
these substrates (2, 4)
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Taking into account the high AlN thermal conductivity, the composite structures
of AlN on polymeric substrates can effectively withdraw the heat from the filters
surfaces to their periphery (heat sink) if even absorb the radiation.

The high crystallinity AlN films within the Restrahlen band should reflect ~100%
of radiation (Fig. 5). The IR reflectance spectra of the AlN/Si and AlN/Mylar films
at 15° angles of incident radiation were studied and are presented in Fig. 6. From the
analysis of the black-body spectral radiant exitance at T � 300 K (curve bb on Fig. 6)
one can conclude, that for blocking the IR radiation influence, the spectral region
from 5 to 25 μm can be mainly considered, where about of 82% of the black-body
power density, as compared to in the whole spectrum, is concentrated.

Despite the AlN polycrystalline structure, the FTIR spectra of the AlN thin films
exhibit the characteristic Reststrahlen band (between the longitudinal and transverse
optical phonon frequencies) of the AlN layers (curves 3, 4 on Fig. 6). It concerns to
the relatively thick AlN films, where the broadband of strong absorption related with
the Restrahlen band is observed. For AlN/Si the short-wave edge of the Restrahlen
band at λ ~ 10.3 μm in reflection spectra was observed (Fig. 6).
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Fig. 6 The IR reflection spectra of the Mylar substrate (curve 1), Mylar films with AlN polycrys-
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range at T � 300 K. The b.b. curve corresponds to the black-body spectral radiant exitance at T �
300 K (right scale)

As can be seen from Fig. 6, the long-wave edge of the Restrahlen band is shifted
to the longer-wave region due to the influence of two factors: the polycrystalline
structure of theAlNfilms, aswell as the effect of substrates on the reflection spectrum.
This band reflection spectrum is not so pronounced as in thick AlN crystalline films
(see [13]), which is expected due to disordered tens-nanometer nano-size grains in
these films with low crystallinity. As compare with the AlN/Mylar structures, from
the Fig. 6 it is clearly seen the presence of the Restrahlen band (λ ≈ 10.6–20 μm) on
the AlN/Mylar structure with relatively thick (~8μm) AlN film, while on the thinner
structures the Restrahlen band is weakly observed. As it was pointed in [19], in the
AlN/Si polycrystalline layers, the Restrahlen band is extended up to λ ~ 18.2 μm,
whichmakes these layers (in the case of poor crystalline quality) attractive formaking
the IR radiation blockingfilters from the background at T≤ 300K.Another important
advantage of the Restrahlen band broadening in the nanostructured polycrystalline
AlN films is the possibility of blocking infrared radiation in the range λ ≈ 10–20μm
by using one coating material, rather than two different (see Fig. 5).

The XRD pattern of one of the polycrystalline AlN film deposited onto n-Si (111)
at T � 300 K is shown on Fig. 7. Because of relatively large background noise, it was
difficult to precisely conclude that reflexes observed for AlN films (002), (101) and
(100) are typical for hexagonal structure since they areweak.However, the noticeable
signal at 38.03° can be related with the reflex of AlN (101) hexagonal structure. The
reflex at 35° probably is caused by the availability of Al2O3 that could be formed
because of oxygen presence on the walls of vacuum chamber, in the working gas and
in the SiOx surface layer.Oxygen impurity levels are an important factor in the growth
of AlN films by any method [20]. Elemental aluminum reacts more favorably with
oxygen than nitrogen: it is more possible to form Al2O3 by gaseous phase reaction
of Al + (3/2)O2 than AlN of Al + (1/2)N since �G(Al2O3) � −1480 kJ/mol and
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Fig. 7 XRD pattern of the
AlN film deposited onto n-Si
(111), T � 300 K. CuKα1
radiation, λ � 0.15406 nm
(grazing incidence).
Deposition temperature T �
300 K
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�G(AlN) � −253 kJ/mol, therefore, the existence of Al2O3 or even spinel AlNO
phases in samples cannot be discarded [3]. The reflex at 38.5° is related with the
availability in the AlN film crystallites with a cubic lattice, which is usually difficult
for synthesizing.

The investigation of the composite structures AlN/polymeric substrate trans-
parency in the sub-THz spectral regions by using quasi-optics attains T ≈ 79–95%,
and losses measured in the channels within the microwave region from 2 to 36 GHz
are <0.06 dB. The results obtained argues that the composite structures “AlN film
on the polymeric substrates” could have characteristics of a barrier filter in the mid-
IR spectra and be transparent in the 2 to 270 GHz microwave region. They also
are transparent in the visible region (τ ~ 50–80% in dependence of the AlN films
thickness).

4 The IR Blocking Properties

The obtained composite nanostructured AlN coatings on the Teflon and Mylar sub-
strates can be efficiently used for decreasing the visibility of objects having the
temperature T ~ 300 K and emitting in the IR range (blocking filters). Figure 8
shows the thermovision image obtained with using of the AlN/Mylar filter. From
Fig. 8 it can be seen the part of woman’s face masked behind the filter (Fig. 8a), as
well as the transparency of this filter in visible spectral range (Fig. 8c). Figure 8b
demonstrates the temperature distribution across the imaging (line 1 in Fig. 8a).
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Fig. 8 The image of a woman obtained by thermovision camera (Mikron M7800) with the reso-
lution of 60 mK in 8–14 μm IR spectral region: a the face is masked behind Mylar/AlN structure
(dMylar � 40 μm, dAlN ~ 8 μm); b the heat distribution along the line 1; c photo in the visible range

5 Conclusions

The technology of the low-temperature ion-plasma deposition of the AlN nanos-
tructured thin films on different substrates, particularly on the Teflon and Mylar
polymeric films, was developed. The essential difference of this method is the com-
bined use of the helicon sources of low-temperature plasma and special elaborated
the vacuum-arc sources, high deposition rate, and increased layer adhesion com-
pared to other technologies, which allowed the formation of robust multicomponent
functional nanostructures.

The morphological and optical characteristics of the AlN thin films on different
substrates were studied. It was found that because of the Restrahlen band broadening
in the nanostructured polycrystalline AlN films it is possible to sufficiently block the
infrared radiation in the range λ ≈ 10–20 μm by using single coating material. The
“AlN film on Teflon or Mylar substrates” filters provide the radiation transmission
(≈85–95%) inwidemicrowave region 2–36GHz andwithin 60–280GHz.Therefore,
diminishing the thermal noise in low-temperature microwave or sub-THz detector
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systems will increase their operational parameters. These functional films can be
applied in cryogenic receiving systems for modern navigation networks, positioning
and telecommunications (for protection of the cryoelements of detecting systems
from harmful thermal IR radiation and thermal shock). The important feature of
the AlN/Mylar structures is that they also are transparent in the visible region (τ ~
50–80% in dependence of the AlN films thickness).
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Estimating Qualitative Parameters
of Aluminized Coating Obtained
by Electric Spark Alloying Method
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Ie. Konoplianchenko, M. Dovzhyk, A. Belous and O. Vasilenko

Abstract There are considered the features of the structural and phase state of the
aluminized coatings obtained by the method of electric spark alloying (ESA) on
the specimens made of 20 steel and 4 steel grades. It has been found out that with
increasing discharge energy, there is increased the thickness and microhardness of
the white and diffusion layers, as well as the surface roughness, and also there are
changed the chemical and phase compositions. At low discharge energies, there is
formed a layer predominantly consisting of α-Fe and aluminum oxides. It has been
stated that increasing discharge energy results in obtaining the layer consisting of
iron and aluminum intermetallics and free aluminum as well. In comparison with 20
steel, at electric spark alloying of 40 steel, there is increased the depth of the zone of
increased hardness and microhardness thereof. In order to reduce the roughness and
increase the continuity of the coatings obtained, it is recommended to conduct the
electric spark alloying process applying the same electrode (aluminum), but at low
discharge energies (Wp � 0.52 J). The comparative studies of the heat resistance
of the aluminized coatings, which had been obtained with the use of the classic
technology, that is, in aluminum melt, and by the ESA method with the use of an
aluminum electrode, showed that electric spark coatings were characterized by a
higher heat resistance. The results of the study make it possible to recommend the
ESA technology with the use of an aluminum electrode in order to increase steel
resistance to oxidation at elevated temperatures.
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1 Introduction

Recently, to improve the environmental safety of machine-building enterprises, there
have been developed and implemented a lot of environmentally friendly and resource-
saving technological processes that allow increasing the resource and reliability,
ensuring the operability of parts and apparatus under harsh operating conditions.
In many events, changing physical and chemical properties of the surface layers of
structuralmaterials andproducts is a sufficient and cost-effectiveway to improve their
performance properties, since theweakest element in the systemof ‘material-working
medium’ is the surface of the material. From this it follows that the development of
the methods and technologies for applying protective coatings onto the surface of
materials remains one of the most important technical problems to be solved. The
need in the coatings for the parts operating at elevated temperatures can be justified
by the fact that in some cases, it is impossible to provide the required increase in
physical and chemical properties of parts and assembly units even when using new
materials having an improved complex of chemical, physical, mechanical and other
properties.

2 Analysis of Main Achievements and Publications

The authors of work [1] propose to divide the methods for controlling surface prop-
erties into the main groups as follows: applying coatings [2–6], alloying surfaces
[7–10] and modifying structures of surface layers [11, 12]. The choice of the surface
treatment is always based on providing a complete set of requirements for the surface
of the product operating in the intended operating conditions [13–15].

The perspectivemethods for strengthening andmodifying surfaces are considered
themethods based on processing surfaces by concentrated flows of energy andmatter
(CPE). The method of electric spark alloying (ESA) relates to the number of such
modern CPE methods for processing metallic surfaces, which make it possible to
obtain surface structures having unique physical, mechanical and tribological prop-
erties. The ESA advantages are characterized by ecological safety of the process,
high strength of bond between an alloyed layer and base material, the possibility of
applying any conductive material onto the surface being processed, low energy con-
sumption for processing procedures, and the simplicity of performing technological
operations [5, 6, 16]. While possessing a wide range of possibilities to form certain
structures, phase and chemical compositions in the surfaces being processed, the
electric spark alloying process allows improving their operational properties.

The work is aimed at the following: to analyze the peculiarities of the process for
forming the structures of the surface layers of carbon steels after aluminizing them
by the method of electric spark alloying (ESA); to study the influence of the energy
parameters of aluminizing process by the ESA method on the qualitative parame-
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ters of the layers obtained; to evaluate the heat resistance feature of the aluminized
coatings obtained by the ESA method.

3 Methodology of Research

The studies were carried out on the specimens made of the high quality structural
steels of 20 and 40 grades having dimensions of 15 mm× 15 mm× 8 mm. The ESA
method was carried out using the unit of �litpon-52A (Elitron-52A) equipped
with the hand held vibrator; the rod of CvA99 (GOCT 7871–75) (SvA99 (GOST
7871-75) aluminum wire with a diameter of 4 mm and a length of 45 mm (Table 1)
was used as an alloying electrode. The ESA modes are presented in Table 1.

Table 1 ESA modes Mode number Energy of
discharge, Wp, J

Productivity,
cm2/min

1 0.52 1.0–1.3

2 1.30 1.3–1.5

3 2.60 1.5–2.0

4 4.60 2.0–2.5

5 6.80 2.5–3.0

To conduct the metallographic analysis of the coatings, there was used the optical
microscope ofMIM-7 (MIM-7) type, the electron microscope of JSM 7100f (JEOL
Ltd., Japan) type, and the PMT-3 (PMT-3) apparatus for durametric studies.

X-ray studies were carried out in Cu-Kα radiation using the instrument of Diffrac-
tometer PROTO AXRD type. To carry out the local X-ray-micro-spectral analysis
of the coatings obtained, there was used the electron microscope equipped with the
X-ray spectral micro-analyzer of ISIS 300 (Oxford Instruments, Great Britain) type.
The surface roughness after the ESA process was studied by reading and processing
the profilograms on the profilograph-profilometer of model 201.

4 The Study Results

Themicrostructure of the aluminumcoating on 20 steel, as depended on the discharge
energy values, is shown in Fig. 1. Metallographic analysis of the coatings obtained
showed that the microstructure consists of 3 zones, namely:

(1) The white layer that cannot be etched with the use of ordinary reagents;
(2) The diffusion zone;
(3) The base metal having a ferrite-pearlite structure.
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Fig. 1 Cross section microstructure of the specimens made of 20 steel with aluminum coating
obtained by the ESA method: a Wp � 0.52 J, b Wp � 1.30 J, c Wp � 2.6 J
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Table 2 Qualitative parameters of aluminized coatings obtained by the ESA method

Wp, J Thickness,
μm

Microhardness,
Hμ, MPa

Roughness,
μm

Continuity of white layer, %

White
layer

Transition
zone

White
layer

Transition
zone

Ra Rz Rmax

20 Steel

0.52 10–12 20–30 2000 ± 70 1900 ± 50 1.3 2.3 9.3 60

1.30 30–50 30–40 2050 ± 70 1850 ± 80 1.9 6.2 21.6 80

2.60 40–50 30–50 2700 ± 70 2000 ± 200 3.3 9.3 23.2 85

4.60 50–70 40–60 5010 ± 90 2250 ± 200 6.2 16.3 40.6 95

6.80 Up to 70 110–130 7270 ± 50 2370 ± 70 9.0 18.1 58.3 100

40 Steel

0.52 10–15 10–20 2350 ± 50 2000 ± 50 1.6 3.0 8.1 50

2.60 30–70 30–70 3500 ± 50 4500 ± 50 1.9 4.1 11.6 70

6.80 60–130 130–150 7400 ± 70 2390 ± 70 8.1 17.3 49.0 100

In Table 2, there are shown the parameters of the microstructure zones being
formed as functions of the discharge energy values.

In the course of the ESA process, according to mode 1 (Table 1), there is formed
a thin layer of a transition zone having a thickness of 20–30 μm and continuity
that tends to 100%. There are met separate sections of white layers (up to 60%) of
10–12 mm thick. With increasing discharge energy, there are increased the values of
thickness of the white layer and the transition zone. At Wp � 1.30 J, the thicknesses
of the white layer and the transition zone are 30–50 and 30–40 μm, and at Wp �
4.60 J, they are 50–70 and 40–60 μm, respectively (Table 2). With increasing Wp,
the continuity of the surface layer increases. Thus, at Wp � 2.60 J (mode 3), the
continuity of the diffusion layer tends to 100%, and the white layer tends to 85%.

In Fig. 2, there are shown the results of the durametric analysis of the coating
microhardness distribution as deepening from the surface. From the figure, it can
be seen that the maximum hardness is achieved in the very surface portion of the
specimen layer, and then it has smoothly been decreasing to the microhardness of
the substrate, that is, to 1600–1700 MPa. The microhardness values of the coating
zones are determined using the energy parameters of the ESA process: the greater the
energy of the discharge, the higher the hardness of the white layer and, accordingly,
the transition zone. Such a change in the microhardness is apparently due to the
diffusion of aluminum into the substrate, and it is also caused by a change in the
phase composition of the layer.

According to the Fe–Al [17] state diagram, in the aluminized layer obtained by
the ESA method, there is a possibility of forming intermetallic compounds (this fact
is confirmed by the high level of the coating hardness). Also, the fact of formation
of nitrides and oxides could not be excluded [18], since the coating had been applied
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Fig. 2 Dependences of the
microhardness (Hμ) values
for the specimens made of 20
steel on the values for the
layer (h) depth (height):
1—Wp � 0.52 J, 2—Wp �
1.30 J, 3—Wp � 2.6 J,
4—Wp � 4.6 J, 5—Wp �
6.8 J

in the air atmosphere. There is also very likely the availability of small amounts of
pure electrode materials.

The phase compositions of the coatings formed after ESA process were deter-
mined by X-ray diffraction analysis. Diffractograms (Fig. 3) were taken from the
surfaces of the specimens at applying the aluminum coating being obtained under
mode 1 (Table 1). They indicate the presence of the diffraction maxima of two solid
solutions based on the bcc phase structure—α-Fe and α-Fe′ (space group 229) and
aluminum oxide γ-Al2,67O4 (space group 227). As shown in [19], the α-Fe and α-Fe′
phases differ only in the lattice period, which fact, apparently, is a consequence of
the macrostresses arising as a result of accelerated cooling after the ESA process.

With increasing the discharge energy values, there are appeared the new phase
components. If under mode 1 (Tables 1 and 3), there is only a solid solution of
aluminum in iron and a small amount of aluminum oxide, since ESA was carried out
in the air atmosphere, then under mode 2, there are provided conditions for creating a
phase with the monoclinic structure of Fe4Al13 (space group 12) and pure aluminum

Fig. 3 Diffractograms for the surfaces of 20 steel after aluminizing thereof by the ESA method:
a Wp � 0.52 J, b Wp � 1.30 J
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Table 3 Parameters of
crystal lattices for phases and
quantitative phase analysis
after aluminizing

Phase
number

Phase Parameters
of crystal
lattices, nm

Phase
contents, %
(wt.)

1 α-Fe a � 0.2887 36

α-Fe′ a � 0.2907 47

γ-Al2,67O4 a � 0.7980 17

2 Al a � 0.4056 19

Fe4Al13 a � 1.5403,
b � 0.8134,
c � 1.2473

81

(space group 225). Apparently, the presence of intermetallic phases contributes to
increasing the coating hardness and discharge energy values (Fig. 2).

As the authors of works [20, 21], using the pairs of Mo–Fe and Cu–Fe, we have
demonstrated that increasing the discharge energy values under the condition, when
aluminum interacts with iron (steel) in the air atmosphere, results in increasing the
thickness of the coating and the diffusion zone being formed. In accordance with the
samples obtained in modes 1 and 2, the thickness of the diffusion zone of aluminum
in iron makes up 34 and 50μm, respectively (Fig. 4). We herein note that the amount
of aluminum in iron also increases: at Wp � 1.30 J, on the surface of the specimen,
there is formed a thin layer (up to 4 μm) containing ~1.5–2 times more aluminum.
The presence of free aluminum in the layer is confirmed by X-ray diffraction data
(Table 3).

Investigating the roughness of the surface layer of 20 steel after aluminizing by
the ESA method showed that the roughness of the surface increased with increasing
the discharge energy values (Table 2): Ra � 1.3 μm at Wp � 0.52 J and Ra �
3.3 μm at Wp � 2, 60 J. The further increase in the discharge energy up to 6.8 J is
accompanied by a significant increase in the surface roughness: Rmax� 58.305μm,
Ra � 9.039 μm and Rz � 18.142 μm (Fig. 5).

The metallographic analysis of the aluminized coatings on 40 steel showed that
there was observed a formation of 3 zones just like on 20 steel (Fig. 6). It should
be noted that under the same conditions of the ESA process, the thickness values of
the white layer and the diffusion zone are greater on 40 steel, (Table 2). In addition,
those have the higher microhardness values (Fig. 7). Thus, in the course of ESA
processing 40 steel in accordancewithmode 3, the thickness of thewhite layermakes
up 30–70 μm, Hμ � 3500 ± 50 MPa; and the same for 20 steel are 40–50 μm, Hμ

� 2700 ± 70 MPa, correspondingly. With increasing the discharge energy values,
there is increased the continuity of the white layer, and the transition layer tends to
100% (Table 2).

With increasing the discharge energy values at the ESA process, the depth of
the transition zone increases. At Wp � 0.52 J, it is not clearly expressed, whereas
at Wp � 2.60, J it is about 30–40 μm and characterized by an increased hardness
(~4500 MPa).
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Fig. 4 Concentration curves for distributing iron and aluminum in the coating obtained by the ESA
method: a Wp � 0.52 J, bWp � 1.30 J

Increasing the hardness of the transition zone can be caused by phase transforma-
tions occurring, when the steel is heated above critical temperatures, and by accel-
erated cooling in the air atmosphere. In the microstructure, there is clearly traced a
region of incomplete re-crystallization: in the course of the ESA process, the pre-
eutectoid 40 steel is heated up at the intercritical temperature range (interval) of
A1–A3 (730–755 °C), and after cooling, a large grain of ferrite is retained in this
section, with the pearlite component being crushed. The procedure of accelerated
cooling after the ESA process results in some strengthening the surface layer of the
steel and increasing hardness thereof. Just like on 20 steel, the formations of the
intermetallic compounds, nitrides and oxides were possible in the surface layer of
40 steel since the ESA process had been carried out in the air atmosphere, which fact
also could cause increasing the microhardness of the coating and the transition zone.

On analyzing the roughness of the surface layer of the specimens made of 40 steel
after aluminizing them by the ESA method, it has been found out that the surface
roughness increased with increasing the discharge energy values. At Wp � 0.52 J,



Estimating Qualitative Parameters of Aluminized Coating … 257

Fig. 5 Profilograms of surface roughness for the specimens made of 20 steel after aluminizing
them by the ESA method: a Wp � 0.52 J, bWp � 2.6 J, c Wp � 6.8 J
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Fig. 6 The microstructure of the cross section of the specimens made of 40 steel after aluminizing
them by the ESA process: a Wp � 0.52 J, bWp � 2.6 J, c Wp � 6.8 J
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Fig. 7 Dependences of the
microhardness (Hμ) values
for the specimens made of 40
steel on the values for the
layer (h) depth: 1—Wp �
0.52 J, 2—Wp � 2.6 J,
3—Wp � 6.8 J

the maximum surface roughness is Rmax � 11.555 μm, and the surface roughness
mean values were respectively Ra � 1.853 μm and Rz � 4.144 μm (Fig. 8).

Thus, at ESA processing the steels of 20 and 40 grades with the use of an alu-
minum electrode, with increasing discharge energy, there are increased such quali-
tative parameters of the surface layer as roughness, thickness, microhardness of the
white layer and the transition zone (Table 2). The white layer continuity at Wp �
0.52 J is low and makes 50–60%, and further, with a subsequent increase in the
discharge energy to Wp � 6.8 J, it increases to 100%.

To reduce the surface roughness after ESA processing with an aluminum elec-
trode, we herein propose to carry out subsequent processing with the same electrode
(aluminum), but at lower discharge energies. In this event, the electric discharge
flows between the roughness protrusion tip and the aluminum electrode, as a result
of which fact the tip of the protrusion collapses, and the roughness of the surface
decreases. Previous studies have shown (Patent RU No. 2468899, Patent UA No.
101715) that such an ESA technology is rather effective.

In Fig. 9, there are shown the results of measuring the roughness of the surface of
the specimen made of 20 steel, which was aluminized by the ESA method first with
the discharge energy of Wp � 2.6 J and the productivity of 1.8 cm2/min, and then
with Wp � 1.3 J and the productivity of 0.8 cm2/min. From the data obtained, it is
clearly seen that the surface roughness has really decreased: Rmax � 9.297 μm, Ra
� 1.263 μm and Rz � 2.337 μm.

5 Estimating Heat Resistance Characteristic of Aluminized
Surface Layers Obtained by the ESA Method

It is known that the aluminized coatings provide for iron-carbon alloys with the
increased heat resistance values. In this connection, the actual technical problem is
to study the heat resistance of the aluminized coatings obtained by the ESA method.
20 Steel was used as a substrate, the ESA layers were produced in two passes, first
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Fig. 8 Profilograms of the surface roughness values of the specimens made of 40 steel after alu-
minizing them by the ESA method: a Wp � 0.52 J, bWp � 2.6 J, c Wp � 6.8 J
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Fig. 9 Profilogram of the surface roughness of the specimenmade of 20 steel that was successively
aluminized by the ESA method with the aluminum electrode at the discharge energy values first of
Wp � 2.6 and then of Wp � 1.3 J

Fig. 10 Heat resistance of
aluminized coatings on 20
steel (the tests in the air
atmosphere at 980 °C, for
50 h): 1—uncoated,
2—aluminized by the ESA
method; 3—aluminized in
aluminum melt

at the discharge energy of Wp � 2.6 J and the productivity of 1.8 cm2/min, and then,
at Wp � 1.3 J and the productivity of 0.8 cm2/min. The studies have shown that
after such a treatment, there are formed the high-quality coatings (100% continuity)
having low roughness (Table 2, Fig. 9).

To obtain a comparative evaluation of the heat resistance (�g-weight loss per
unit of the surface area of the test specimens, mg/cm2), there were investigated
the uncoated specimens made of 20 steel and treated having applied the classic
aluminizing technology (aluminizing in aluminum melt, described in detail in Ref.
[22]). The results of the tests, which had been carried out in the air atmosphere at the
temperature of 980 °C for 50 h, showed that ESA coatings were characterized by the
high heat resistance values being even slightly higher than after the classical melt
aluminizing technology, which fact would make it possible to recommend the ESA
technology with an aluminum electrode for the purpose of increasing the resistance
of the steels to oxidation at elevated temperatures (Fig. 10).
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There were carried out metallographic studies of specimen oxidation nature
after heat-resistance test. The oxide inclusions were observed on all the specimens.
The specimens without protective coatings were especially intensively oxidized
(Fig. 11a). After processing by the method of liquid aluminizing, in the surface
layer, there was located a zone of aluminum remained after terminating the alu-
minizing process (Fig. 11b, c). After the heat-resistance test (Fig. 11b), there were
observed the results of the process of oxidation of the metal under the coating, as
evidenced by the presence of an oxidized layer that separates the surface layer from
the base metal. Obviously, this type of destruction of the coating and, consequently,
oxidation of the base metal would result in decreasing the mass of the specimens in
the course of high-temperature tests (Fig. 10) [23–26].

There is observed decreasing the thickness of the white layer for the specimens
with the aluminized coating obtained by the ESA method (Fig. 11d), because at the
high-temperature tests, the surface layer breaks down, and in this event, the loss of
mass is associated with physical and chemical processes occurring predominantly in
the surface layer, and not in the base metal [27–30]. In addition, despite the oxidation
process, the surface layer retains an increased hardness (Fig. 12).

Thus, the aluminized coatings obtained in aluminummelt and donewith the use of
the ESA method retain increased hardness, protect the base metal against oxidation,
as evidenced by the results of the tests for heat resistance (Fig. 10), as well as a
smaller amount of oxides in the near-surface layer of the base metal (Fig. 11).

6 Conclusions

There are described the peculiarities of the structure formation at aluminizing 20 steel
and40 steel under variousESAmodes. It is shown that the structure of a layer obtained
consists of three sections, namely, a white layer, diffusion zone, and base metal. With
increasing discharge energy, there are increased such qualitative parameters of the
surface layer as thickness, microhardness of white layer and transition zone, as well
as roughness. At Wp � 0.52 J, the continuity of the white layer is low making up
50–60%, and with increasing the discharge energy to Wp � 6.8 J, the continuity
increases to 100%. In the course of the ESA process, increasing the discharge energy
results in changing the chemical and phase composition of the layer. Thus, at low
discharge energies, there is formed a layer predominantly consisting of α-Fe and
aluminum oxides. According to the data of the local X-ray-micro-spectral analysis,
it was stated that increasing discharge energy results in obtaining the layer consisting
of iron and aluminum intermetallics, as well as of free aluminum.

The comparative analysis of the influence of the substrate on the qualitative param-
eters of the surface layer during the process of aluminizing by the ESA method
showed that, when 20 steel having been replaced by 40 steel, there was increased
the thickness of the white layer and the transition zone, namely, the depth of the
strengthened zone, as well as its microhardness. The roughness of the surface prac-
tically remained unchanged.
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Fig. 11 Microstructures of aluminized coatings on 20 steel after the heat resistance test (as tested
in the air atmosphere at 980 °C, for 50 h): a uncoated (non-etched) thin section; b aluminized in
aluminum melt (non-etched) thin section); c aluminized in aluminum melt (after etching in 3–5%
HNO3 solution); c aluminized by the ESA method (after etching in 3–5% HNO3 solution)
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Fig. 12 Microhardness of
aluminized coatings on 20
steel after the heat resistance
test (as tested in the air
atmosphere at 980 °C, for
50 h): 1—aluminized by the
ESA method; 2—aluminized
in aluminum melt

For practical use, it is possible to recommend aluminizing by the ESA method
under modes 4 and 5 (Wp � 4.6–6.8 J and productivity 2.0–3.0 cm2/min), which
would ensure the formation of a white layer with the thickness of 70–130 μm, Hμ

� 5000–7500 MPa, Ra � 6–9 μm and a continuity of 95–100%.
In order to reduce the roughness of the surface layer and obtain continuous coat-

ings, it is recommended to conduct the ESA process by the same electrode (alu-
minum), but with a lower discharge energy (Patents UA No. 119316, No. 119707).

The comparative studies of the heat resistance of the aluminized coatings obtained
by the classic technology (in aluminum melt) and the ESA method by an aluminum
electrode showed that the electric spark coatings are characterized by high heat
resistance. The metallographic analysis of the oxidation state of the specimens after
the heat resistance test indicates that after the test the base metal is oxidized, as
evidenced by the presence of oxides in the surface layer. There is especially intensive
oxidation of the specimenswithout a protective coating.Aluminumcoatings obtained
in aluminum melt and with the use of the ESA method retain increased hardness,
protect the base metal against oxidation, as evidenced by the results of the tests for
heat resistance, as well as a lower content of oxides in the near-surface layer of the
base metal and also the sufficient hardness of the coating. The results of the study
make it possible to recommend the ESA technology with an aluminum electrode to
increase the resistance of the steels to oxidation at elevated temperatures.
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Thin ZnO:Al and CdS Films’ Optical
Properties

I. P. Koziarskyi, E. V. Maistruk and D. P. Koziarskyi

Abstract Optical properties of thin ZnO:Al and CdS films produced by RF mag-
netron sputtering are studied. Transmission and reflection coefficients are studied.
The optical band-gap width depending on substrate temperature is estimated.

Keywords ZnO:Al · CdS · Thin films · Band-gap · Sputtering · Evaporation

1 Introduction

X-ray and gamma detectors are an important element today in a number of astro-
nomical telescopes and other areas of life and medicine. CdTe and CdZnTe (CZT)
cathodes are conductive materials for room temperature detectors for semiconduc-
tor radiation designed to meet the needs of many of these applications. Long-term
stability is very important for most of these needs. However, one critical problem
facing this technology is the instability of the detectors over time due to the lack of
optimal interconnection between the metal contacts and the semiconductor material.

To solve this problem in the application of a nuclear radiation detector, it is
proposed to use a transparent conductive oxide (TCO) to replace the commonly
used metal contacts. These transparent conductive oxides are in essence degenerate
semiconductors, where the Fermi level (Ef) lies inside and above the conduction
band (Ec), as well as for metals. These strongly doped degenerative semiconductors
have more metallic properties than semiconductor properties with respect to their
electrical resistance. In this study, we chose ZnO alloyed with aluminum (AZO) as a
promising material for contacting with CdZnTe. Air defense on the basis of alloyed
(Al) ZnO can be grown with different specific resistance. In addition, AZO offers
a number of advantages over traditional metallic contacts, which are now used for
radiation detectors. Due to the oxide nature of the contact, the interface provides
better chemical adhesion to the surface of CdZnTe and increases the stability of
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the interface electrode/CdZnTe. The coefficient of thermal expansion ZnO exactly
corresponds to the level of CdZnTe, thereby reducing the mechanical stresses on
the interface. In addition, the hardness of ZnO is 8–20 times higher than that of
conventional metals.

In addition, it was interesting to explore the properties of thin CdS films with
the prospect of creating ZnO:Al/CdS/CdZnTe hetero structures and studying their
properties.

2 Experiment

Solid solutions of Cd1−xZnxTe with zinc content x � 0.2 were grown by vertical
Bridgmanmethod at a low pressure of cadmiumvapor in an ampule (PCd ≈ 0.02 atm).
Crystals were of p-type conductivity and were characterized by a small resistance of
R ≈ 102 �.

Preparatory synthesized alloys were used to produce targets for high-frequency
magnetron dispersion. The obtained powder was pressed into the aluminum cup by
a hydraulic press.

In order to prevent cup material dispersion, the inner diameter of the cup was
much bigger than the magnetron’s erosion zone (disperse zone) diameter.

UVN-70 unit was used for high-frequency magnetron dispersion method of thin
layers production [1–4]. The unitwas equippedwith themagnetron. Turbo-molecular
pump TMP-500 was used instead of the original high vacuum pump.

In order to keep the temperature of lining in the range from room temperature to
600 °C a stainless steel oven with 100 mm diameter was constructed (Fig. 1). Low
resistance is a special feature of this oven, as it is made of 0.8–0.9 mm diameter
nichrome wire. This feature is necessary to avoid electric break down in the oven’s

Fig. 1 Sputtering process
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power circuits. Power for the oven is provided by mean of laboratory stabilized
switched-mode power supplies BVP 900–1500 W with high currents (10 s A).

The temperature was controlled with chromel-alumel thermocouple.

3 Results and Discussion

To research optical properties of thin layers ZnO:Al and CdS those thin layers were
sputtered on glass lining by high-frequency magnetron dispersion method. Glass of
standard size was used as a lining. In order to obtain high-quality thin layers, the
sputtering was performed multiple times in different modes (different magnetron
power P, W; time of sputtering t, min; lining temperature T, °C) researching their
properties in different modes. To calculate optical coefficient was used method based
on an independent reading of reflectivity and transmittance [5–8].

At a normal incidence of the beam dependence of incidence coefficient (R) on
refraction (n) and absorption (k) indices is described by the following relation:

R � (n − 1)2 + k2

(n + 1)2 − k2
(1)

In semiconductor crystals the domain of energies of incident electromagnetic
radiation, in which absorption can be neglected, is in most cases small; however
the condition n2 � k2 is satisfied on much larger domain, thus refraction index was
being determined on the basis of the value of reflection coefficient of non-polarized
radiation (at the incidence angle tending to a normal one) by the formula (2):

R � (n − 1)2

(n + 1)2
(2)

that gave a rather reliable value of refraction index (n) on a wide interval of photons
energies (at least for èω < Eg).

If the condition n2 � k2 is satisfied, transmission ratio for each of the investigated
samples with the corresponding thickness d (at the absence of interference) can be
represented by formula (3):

t � (1 − R)2[1 + (λα/4πn)2]

eαd − R2e−αd
(3)

As n2 � k2, (αλ/4πn) < 1, then in the domain of change of transmission from (1
− R)/(1 + R) to 10% the absorption coefficient can be calculated by means of the
formula:

t � (1 − R)2e−αd

1 − R2e−2αd
(4)
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Fig. 2 The transmission spectra of thin films ZnO:Al: 1—P � 180 W, t � 60 min, TS � 300 °C;
2—P � 150 W, t � 30 min, TS � 300 °C

At that

α � 1

d
ln

⎡
⎣ (1 − R)2

2t
+

√
(1 − R)4

4t2
+ R2

⎤
⎦ (5)

When transmission T < 10% (at n2 � k2), for calculating absorption coefficient
(α) the following expression is obtained from formula (4):

α � 1

d
ln

(1 − R)2

t
(6)

Thus, the value of the absorption coefficient (α) was obtained for each crystal on
the basis of independent measurements of reflection and transmission coefficients.

Errors in absorption coefficient calculations in many articles were analyzed, from
which main error is calculating α is made while reading t and R and while measur-
ing sample thickness. Considering these errors brings total value error calculating
absorption coefficient to 15%.

Optical coefficients were researches with spectrophotometer SF-2000 in range
from 0.2 to 1.1 μm. Figures 2 and 3 illustrate transmission spectra of thin layers
ZnO:Al and CdS accordingly obtained in different modes. As we can see from
the figure the longer the time of sputtering the further is a shift of the edge of its
own absorption into the long wavelength range, which points out on the decrease
of the optical band gap. Transmittance absolute value is decreasing, which means
thin layers’ transmittance is getting worse. This can be explained by increased layer
thickness that comes from a decrease of interference on Fig. 2.
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Fig. 3 The transmission spectra of thin films CdS: 1—P � 190 W, t � 80 min, TS � 330 °C; 2—P
� 190 W, t � 30 min, TS � 330 °C

Fig. 4 Dependance R from wave length for CdS thin layer at different incident angles of electro-
magnetic wave

For R reading Pike console was used in the wavelength range λ � 0.4–1.1 μm.
The angle of incidence at Pike console can be changed in the range 30°–80°. Spec-
tral function of the coefficient of reflectivity was measured at a different angle of
incidence for thin layer CdS and is shown in Fig. 4.

Researches on the dependence of R from the angle of incidence (Fig. 5) has shown
that R in the range of angle of incidence from 30° to 45° barely change so that we
can say R � R(0°) � R(30°).
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Fig. 5 Dependence R from incident angle for thin layers CdS at different wave lengths

Fig. 6 Dependance α2 from the energy of incident electromagnetic radiation at T � 300 K for thin
layers ZnO:Al: 1—P � 180 W, t � 60 min, TS � 300 °C; 2—P � 150 W, t � 30 min, TS � 300 °C

Obtained dependencies α � f(hν) were calculated in dependencies α2 � f(hν).
According dependencies were made for thin layers ZnO:Al, CdS (Figs. 6 and 7).

Dependencies α2 � f(hν) (Figs. 6 and 7) illustrate some straight sections, which
points on existence in researched crystals direct permissible interband optical tran-
sitions. By extrapolation of these straight sections, α2 � f(hν) to α2 � 0 value of
optical band gap (Eop

g ) for each thin layer was calculated (Table 1).
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Fig. 7 Dependance α2 from the energy of incident electromagnetic radiation at T � 300 K for thin
layers CdS: 1—P � 190 W, t � 30 min, TS � 330 °C; 2—P � 190 W, t � 80 min, TS � 330 °C

Table 1 Optical band gap
(Eop

g ) for each thin film
Film Mode Eg, eV

ZnO:Al P � 180 W, t � 60 min, TS � 300 °C 4.2

P � 150 W, t � 30 min, TS � 300 °C 4.6

CdS P � 190 W, t � 80 min, TS � 330 °C 2.43

P � 190 W, t � 30 min, TS � 330 °C 2.47

4 Volt-Amps Diagram (CVD) of Heterostructure
ZnO:Al/CdS/Cd1−XZnxTe

Solid solutions containing zinc x� 0.2were produced by vertical Bridgman’smethod
[9–13] in ampule with low pressure cadmium steam (PCd ≈ 0.02 Atm).Those p-type
conductivity crystals were low resistance with R ≈ 102 �.

Cd1−xZnxTe surface, which was a lining for the thin layer CdS, was polished with
a gradual decrease of powder size from 28 to 5μm. After that samples were polished
on silk and batting with diamond paste and rinsed with alcohol. CdS thin layer were
produced by magnetron sputtering of target CdS in UVN-70 unit with magnetron
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Fig. 8 Anisotropic heterostructure’s ZnO:Al/CdS/Cd1−xZnxTe volt-amps diagram at room tem-
perature

power 190W in argon gas atmosphere. The prepared lining of Cd1−xZnxTe (diameter
1 cm) was placed above the magnetron. A thermocouple in vacuum camera provided
lining’s temperature control at 330 °C. CdS sputtering lasted 30 min.

Next, transparent conductive “window” ZnO:Al (98:2) was applied on
CdS/Cd1−xZnxTe structure by reactivemagnetron sputteringmethodwithmagnetron
power 150W in the atmosphere of argon and oxygenmixture. CdS/Cd1−xZnxTe tem-
perature was locked at 300 °C. Sputtering lasted 30 min.

Anisotropic heterostructure’s ZnO:Al/CdS/Cd1−xZnxTe volt-amps diagram was
investigated by measuring unit Agilent 34410A (digital multimeter)/Keysight
B2985A (picoammeter). Based on a received volt-amps diagram by extrapolation
of linear part/straight section of it (Fig. 8) height of the potential barrier ϕ � 0.8 was
received and straightening factor k � 12 was calculated at U+.=|U−.| � 2.5 V (k �
I+./I−.) at room temperature.

Using formula RS � �U/�I in the range of straight section part volt-amp diagram
RS � 8.38 k� was calculated.

5 Conclusions

1. Thin Layers of ZnO:Al, CdS were obtained by magnetron sputtering method
at different sputtering modes, and optical properties of these thin layers were
researched.

2. Researched best sputtering modes to obtain thin layers with high transparency
and high optical band gap for ZnO:Al (P � 150 W, t � 30 min, TS � 300 °C) Eg

� 4.6 eV; CdS (P � 190 W, t � 30 min, TS � 330 °C) Eg � 2.47 eV.
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3. Volt-amp diagram of anisotropic heterostructure n-ZnO:Al/n-CdS/p-
Cd1−xZnxTe shows its promising use in solar power: ϕ � 0.8 V, k � 12
(U � 2.5 V), RS � 8.38 k�.
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Excitation of Vortex-Antivortex Pairs
in Thin Superconducting Films
and Superlattices

P. Mikheenko

Abstract Direct imaging of the accumulation of magnetic flux and antiflux resulted
from the excitation of vortex-antivortex pairs inside thin superconducting films is
reported. Thin-film superconductors, like YBa2Cu3O7/PrBa2Cu3O7 superlattices or
NbN films grown by pulsed laser deposition, were used in experiments. The super-
lattices provide enhanced pinning for vortices, facilitating imaging of accumulated
flux, and feature nanoscale fractures ideal for excitation of vortex-antivortex pairs.
The idea of the experiment is to record images using a specificmagneto-optical mode
that allows distinguishing between positive and negative magnetic field in the sam-
ple. Two types of flux-antiflux patterns are observed. In one type, flux and antiflux
are entering on permanent defects, like nano-fractures formed in the process of film
deposition. In another type, flux and antiflux patterns are formed by application of
a strong localized magnetic field and not are linked to permanent defects. In the
first type, the amount of flux and antiflux entering superconductor from the defect is
strongly affected by an external magnetic field. In the second type, the permanently
frozen pattern is hardly influenced by the field. An unusual and dramatic effect of
the excitation of flux-antiflux dendritic avalanches is also reported.

Keywords Superconductivity · Thin films · Vortex-antivortex pairs

1 Introduction

Superconducting thin films have wide range of applications in electronics. They
are used, for example, in thin-film SQUD-on-tip microscope [1], and thin films
of topological superconductors can solve existing problems in quantum computing
[2]. Based on thin-film technology, pulse laser-deposited superconducting tapes of
second generation are already in trial use in cable and magnets applications [3].
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Advanced preparation of thin films is based on nano-techniques designed to improve
their critical current density, especially in strong magnetic fields [4]. Still, physics of
magnetic behavior of superconducting films is not fully understood and continues to
surprise by unusual effects. One of these effects is the generation of vortex-antivortex
pairs inside superconducting films.

One can expect that applying a magnetic field of the certain direction perpendic-
ular to superconducting film would introduce magnetic flux of the same direction
entering from a sample edge. Such entrance is well described theoretically for most
of important sample’s geometries, starting with simplest disc geometry [5], and con-
firmed in multiple experiments. However, presence of defects or areas of suppressed
superconductivity would lead to somewhat unexpected effect of the excitation of
magnetic field loops with equal amount of quantized flux and antiflux in the plane
of the sample. The current flowing in the film would increase size of these loops
moving vortices and antivortices in opposite direction. If pinning is strong, vortices
will be trapped on pinning centers creating localized areas with equal, and opposite
in direction, amount of magnetic flux. If pinning is weak and the dissipation of the
energy during the flux motion is high, it could lead to thermomagnetic instability.

The mechanism of excitation of vortex-antivortex pairs was described as early as
in 1983 in [6] explaining formation of localized resistive domains on artificial areas
of suppressed superconductivity inside the film. A modern demonstration of this
effect with low-temperature scanning tunneling microscope can be found in [7]. This
technique, however, is not ideal for samples with large in-plane dimensions. Another
technique, namely magneto-optical imaging (MOI) [8–10] is more suitable for this.
MOI was already used to image accumulation of large amount of flux and antiflux
on artificially produced slits [11]. The application of this technique to samples with
naturally formed nano-fractures and point-like defects is described in the following
sections.

2 Experimental

The main sample used in experiments was a YBa2Cu3O7/PrBa2Cu3O7

(YBCO/PrBCO) superlattice prepared by pulsed laser deposition on a SrTiO3 sub-
strate. In this superlattice, 48 layers of YBa2Cu3O7 (YBCO) of the thickness of
about 60 nm were separated by incomplete, less than one-unit-cell thick, layers of
PrBa2Cu3O7 (PrBCO) used to nucleate defects for increasing pinning in YBCO [4,
12]. The details of the film growth and its behavior in magnetic field are described
in [13]. The specific feature of the film is formation of nano-fractures leading to
channeled magnetic flux flow [13].

In MOI technique, a Bi-substituted iron garnet indicator film was placed on top
of the film, and together they were attached to cold finger of an optical cryostat.
Measurements of YBCO/PrBCO superlattice were performed using liquid nitrogen
or liquid helium as coolant. Another sample was a NbN filmwith critical temperature
of about 16 K. MOI images were recorded using a field-cooled procedure or slightly



Excitation of Vortex-Antivortex Pairs … 279

uncrossed polarizer and analyzer to distinguish between positive and negative mag-
netic fields.

3 Results and Discussion

An example of magnetic flux entering YBCO/PrBCO superlattice on internal defects
as described above is shown in Fig. 1. There are several nano-fractures in the super-
lattice. When the external field is increased, the superconductor is filled with positive
(white) and negative (dark) magnetic field. It is important to note that fractures them-
selves are so narrow (less than onemicron) that they are not resolved in imaging.What
is seen is magnetic flux in superconductor close to the fractures. With generation of
vortex-antivortex pairs, amount of positive magnetic flux trapped in superconductor
is equal to amount of negative flux. This is qualitatively demonstrated byFig. 2,which
contains three-dimensional images of the areas selected by red frames in Fig. 1. In
these plots, the intensity of the light is plotted along the z-axis.

Magneto-optical image in Fig. 1 was recorded at polarizer and analyzer uncrossed
by 5°, which is suitable to distinguish between positive (white) and negative (dark)
magnetic fields. The temperature of the record was 3.7 K, and the applied magnetic
field was 4.3 mT.

The areas of positive and negative flux in the figure have specific dumb-bell shapes
directed along a line. However, in some cases, positive and negative parts are at 90°,
as it is marked by a red arrow in the figure or just one part could be present if another
is erased by a closely-spaced singularity as in a feature to the bottom-left from the
upper red frame. To the right of the same frame, another configuration is seen as the
central dark area surrounded by the two bright islands.

Such wealth of configurations reflects length and positions of nano-fractures in
the sample and also the flow of supercurrent circulating in the film in the presence

Fig. 1 Magnetic flux pattern
in superlattice composed of
48 YBCO layers. The
temperature of the sample at
the record was 3.7 K. A
magnetic field of 4.3 mT was
applied after zero-field
cooling. The polarizer and
analyzer are uncrossed by 5°
to distinguish between
positive (white) and negative
(dark) magnetic fields
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of magnetic field. If current flows perpendicular to a nano-fracture, it starts bending
around it and drags excited vortices and antivortices in different parts, first along the
fracture, and further perpendicular to it into a superconductor, where they become
trapped on pinning centers.

If two perpendicular fractures are connected in a point, the distribution of flux will
be at the right angle, like it is pointed to by the red arrow in Fig. 1. For an isolated
linear nano-fracture with the perpendicular current flow, the largest current density
is close to the edges, and the lowest is in the middle. Therefore, no separated flux in
a superconductor is seen in the middle, and its amount gradually increases towards
the edges. The distribution of flux around nano-fractures is strongly affected by the
applied field. At higher than in Fig. 1 field, patterns of trapped flux start merging
with the corresponding annihilation of flux and antiflux, and they are overlapped by
magnetic flux advancing from the edges.

Completely different pattern could appear when superconducting film is exposed
to localized magnetic field, strong enough to suppress the superconductivity. One
of the examples of such a pattern is shown in Fig. 3. It is a stripy line with peri-
odical repetition of the fragments of positive and negative magnetic flux, seen on
a background of weak horizontal and vertical lines. These lines also appear along
with a network of nano-fractures. The sample in this figure is another YBCO/PrBCO
superlattice with four, much thicker than those in the superlattice in Figs. 1 and 2,
layers of YBCO of 750 nm.

The stripy line in Fig. 3 reminds a track left in a superconductor by a particle.
In fact, it was first treated like the track of high-energy particle. If such particle
enters superlattice, it starts destroying superconductivity inside the film. In a very
short time, superconductivity recovers trapping positive and negative magnetic flux
formedduring the suppression of superconductivity. This process periodically repeats
along the track while the particle moves inside the film, resulting in a stripy pattern
that can be seen by magneto-optical imaging. Period of this pattern is defined by

Fig. 2 Color-coded 3D images of magnetic flux pattern in superlattice in the areas outlined by red
rectangular frames in Fig. 1. Along the z-axis of the images, the intensity of the light is plotted
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Fig. 3 A stripy pattern (marked with red arrow) with periodical repetition of the fragments of
positive and negative magnetic flux, on the background of weak horizontal and vertical lines, which
belong to a network of nano-fractures in a superlattice with four layers of YBCO of a thickness of
750 nm. The image was recorded at 68 K after application and removal of a very small magnetic
field below 1 mT

the speed of the particle and by relaxation time of superconductor. Knowing the
volume of the film with suppressed superconductivity allows the calculating amount
of energy deposited into the material. The calculation gives realistic agreement with
a recovery time of superconductor (about 2 ns) and reveals a very high amount of
energy deposited into a superconductor, of about 160 GeV, which, judging by track
appearance, is likely to correspond to a dark-matter particle. The idea was abandoned
when it was found that the position of the track exactly coincides with the position
of the edge of MOI indicator film that previously has been positioned there before
being shifted to a different place during the orientation of the sample.

Similar to the accumulations of positive and negative flux in Figs. 1 and 2, there is
a balance between flux and antiflux along the track in Fig. 3, but the flux here behaves
differently from the patterns in the first two figures, in that it virtually insensitive to
the external magnetic field. For example, Fig. 4 shows the same part of the sample
as in Fig. 3, but in a higher magnetic field of 6.8 mT. The background is completely
changed, while stripy pattern remains seemingly the same in the places, where it is
not erased by magnetic flux advancing from the nano-fractures.

Such insensitivity to a magnetic field could be explained by the fact that after
removal of the edge of MOI film, superconductivity fully recovers below the stripy
pattern and keeps the frozen flux, whose density is too low to significantly affect the
local critical current density. In nano-fractures, however, local critical current density
is always zero.
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Fig. 4 MOI image of the same sample as in Fig. 3. The image is recorded at 68 K with application
of magnetic field of 6.8 mT

At high field, or even at zero field after the application of the high field, the exci-
tation of vortex-antivortex pairs seems to have little influence on global distribution
of magnetic flux or energy stored in the superconductor. An example of one of the
distributions of trapped magnetic flux in main superlattice composed of 48 layers of
YBCO at liquid nitrogen temperature of 77.3 K is shown in Fig. 5. The places of
generation of vortices and antivortices provide just a weak modulation of the density
of a large amount of flux trapped in the film.

Still, in some cases, centers of the generation of vortices and antivortices can play
an important role in the dynamics of flux flow in superconductors. This possibility
is linked to formation of thermomagnetic instabilities [8–10]. In fact, mechanism of
the excitation of vortices and antivortices was suggested following observation of
thermomagnetic instabilities leading to formation of resistive domains in supercon-
ducting films with large transport current [6]. In that case, flux and antiflux formed
on artificial point-like defects inside the filmwere accelerating in opposite directions
due to the Lorentz force from the transport current.

Thermomagnetic instabilities are also frequent in thin films in external magnetic
field [8–10], but in this case, one could expect instabilities leading to abrupt penetra-
tion of magnetic flux of the same direction as an applied magnetic field. Typically,
it happens like this, but not always. Figure 6 shows unusual cases when pairs of
dendritic flux avalanches with magnetic flux of opposite directions are coming from
the same points in the sample (marked by blue arrows), which are the points of the
excitation of vortex-antivortex pairs. The dendrites are of different color (dark and
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Fig. 5 MOI image of the
whole sample, top-left part
of which is shown in Fig. 1.
The image was recorded at
77.3 K after the application
and removal of magnetic
field of 85 mT

white), and the imaging was, again, done with a slightly uncrossed polarizer and
analyzer to distinguish between positive and negative magnetic field.

Fig. 6 Dendritic flux
avalanches with magnetic
flux of opposite direction
that are coming from the
same points marked by blue
arrows. Red arrows point to
avalanches with positive and
the black arrows point to
avalanches with negative
magnetic flux
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The images in Fig. 6 are related to a study of ray-optics effects in magnetic flux
flow in superconductors [14]. The fragments of normal stripes affecting flux flow are
seen in the upper parts of the plots. The thermomagnetic avalanches coming from the
centers of the excitation of vortex-antivortex pairs may disturb flux flow under the
investigation, and could be harmful for any electronic devices that may be patterned
in vicinity of these centers.

4 Conclusions

Direct imaging of positive and negative trapped magnetic flux, as well as dendritic
avalanches associated with excitation of vortex-antivortex pairs on internal defects
in superconducting films, is reported. The local suppression of superconductivity by
strongmagnetic field leading to stripy features of trappedmagnetic fluxwith balanced
amount of flux and antiflux was imaged. The difference in sensitivity of different
flux patterns formed by excitation of vortex-antivortex pairs to the external magnetic
field is revealed. The importance of magneto-optical study allowing monitoring of
local distribution of magnetic flux in superconductors is emphasized.
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Channeling of Magnetic Flux
in YBa2Cu3O7−δ Superlattices

H. J. Mollatt, T. Qureishy, A. Crisan, V. S. Dang and P. Mikheenko

Abstract We report an unusual effect of channeled magnetic flux motion in
YBa2Cu3O7−δ/PrBa2Cu3O7−δ superlattices grown by pulsed laser deposition.
Magneto-optical imaging reveals that flux moves along a set of parallel and per-
pendicular lines, while optical microscopy does not show any features on the surface
that may cause this effect. In contrast, scanning electron microscopy registers sub-
micron fractures in the superlattices, corresponding to the flux lines, but themagnetic
flux channels are much wider than the width of these fractures. To further clarify the
origin of flux channels, electrical transport measurements on the superlattices have
been performed. Their current-voltage characteristics reveal the presence of distinc-
tive branches related to the fluxmotion along the selective channels, following which
magnetic flux can cross the sample in a shortest and least resistive way. The applica-
tion of very large current overheated the superlattice along these channels evaporating
superconducting material and exposing wider than in the superconductor fractures in
the substrate. It is concluded that motion of flux in the channels is controlled not only
by the presence of nano-fractures in YBa2Cu3O7−δ/PrBa2Cu3O7−δ, but also stresses
developed in the superconducting material appearing due to the fracturing of the
substrate.
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1 Introduction

For practical applications of high-temperature superconductors [1], one of them is
YBa2Cu3O7−δ (YBCO), highest possible in-plane critical current density in high
magnetic fields should be achieved [2]. This requires the introduction of dense nano-
arrays of pinning centers in the material. Related modern techniques for creating
these arrays are described in [3]. An efficient way of forming nano-columns that are
strong pinning centers for vortices in superconducting films, is to start with depo-
sition of the array of nanoparticles of suitable material on the substrate before the
deposition of the superconducting film. In particular, gold or silver nanoparticles
appeared to be very effective for the growth of the nanocolumns of YBCO [4].
Experiments with other, more complicated nanoparticles, proved to be successful
as well. In particular, nanoparticles of non-superconducting PrBa2Cu3O7−δ (PBCO)
with crystal-lattice parameters that are very close to those in YBa2Cu3O7−δ, were
found to improve critical current density in the latter material [5]. This effect, how-
ever, becomes weaker with larger thickness of YBCO. To overcome this problem,
the idea of growing YBa2Cu3O7−δ/PrBa2Cu3O7−δ (YBCO/PBCO) superlattices was
suggested with typical thickness of YBCO from tens to hundreds of nanometers and
sub-nanometer or nanometer size of PBCO nanoparticles. Such approach allows to
grow thick films with good superconducting properties [5, 6].

Some YBCO/PBCO superlattices, however, showed low global critical current
density, as determined by magnetization measurements. To clarify what is specific
about these films, magneto-optical imaging (MOI) was performed on several of
them complemented by transport measurements. The results of this investigation are
described in this paper.

2 Experimental

The YBCO/PBCO superlattices were grown epitaxially by pulsed laser deposition
(PLD) on SrTiO3 (STO) substrates. An excimer KrF 248 nm laser with pulse duration
of 30 ns was used for the growth. The repetition rate of the laser was 4 Hz, and the
distance between the target and substrate, which was kept at 780 °C, was 5.5 cm. The
thickness ofYBCOandPBCO layerswas defined, after the calibration, by the number
of laser pulses. Typically 1000 laser pulses results in a thickness of about 250 nm.
The following superlattices have been prepared with general formula (PrBCOn-
YBCOm) × l, where n and m are numbers of pulses on PBCO and YBCO targets,
respectively, and l is number of repetitions of these sequences. Sample A: (PrBCO3-
YBCO250)× 32; B: (PrBCO3-YBCO250)× 48 and C: (PrBCO15-YBCO3000)×
4. The superlattices A and B were of about 2 μm and C of about 3 μm thick. In
spite of different total thickness, different number of layers and different thickness
of individual layers, the superlattices show a common property—well expressed
channeling of magnetic flux seen by MOI.
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MOI is a technique allowing to visualize distribution of magnetic field in a sample
using Faraday rotation [7, 8]. As indicator, Bi-substituted iron garnet films have been
used [8, 9].

Electrical measurements were carried out by a four-contact technique on a rig
with power supply, two digital voltmeters and a temperature sensor, all controlled
by a MATLAB program. The samples have been cooled by liquid nitrogen or liquid
helium. Scanning electron microscopy (SEM) was performed on FEI Quanta 200
FEG-ESEM.

3 Results and Discussion

Figures 1, 2 and 3 show MOI images of superlattices A to C, respectively. The
common feature of the figures is channeled penetration of magnetic flux into the
interior of the samples. All three figures contain network of the lines perpendicular
to each other. The lines are not directed along the edges of the substrate. The thickness
of the lines is similar in all three images, but their density anddistribution are different.
There are areas in all samples that are free from the lines.

Magnetic flux channeling is quite unusual effect. It cannot be predicted or sug-
gested from magnetization or electrical transport measurements that reflect integral
properties of the sample. It emphasizes importance of magneto-optical imaging that
gives detailed local information about the sample. The origin of flux lines is not
clear, especially taking into account that optical microscopy shows no any line fea-
tures matching those in Figs. 1, 2 and 3.

Fig. 1 Magnetic flux pattern
in superlattice A composed
of 32 YBCO layers. The
temperature of the sample is
3.7 K. A magnetic field of
60 mT was applied after
cooling sample in zero
magnetic field
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Fig. 2 Magnetic flux pattern
in superlattice B composed
of 48 YBCO layers. The
temperature of the sample at
the record is 3.7 K. A
magnetic field of 60 mT was
applied after cooling sample
in zero magnetic field

Fig. 3 Magnetic flux penetration into superlattice C composed of 4 layers of YBCO. The temper-
ature of the record is 20 K. A magnetic field of 34 mT was applied after cooling sample in zero
magnetic field



Channeling of Magnetic Flux in YBa2Cu3O7−δ Superlattices 291

To clarify nature of lines, SEM was performed on a rectangular area outlined by
red line in Fig. 3. The result, together with overlapped MOI image (dark green),
is shown in Fig. 4. One can clearly see that in the middle of flux-flow lines, there
are sub-micron fractures in YBCO/PBCO, and the magnetic flux penetrates along
these fractures. The width of the brightest part of the lines, fromwhich magnetic flux
further penetrates into rectangular areas in critical-state fashion [10] is, however,
much bigger than width of fractures.

At the increase of magnetic field, magnetic flux starts moving in the sample
along the fractures that are closest to the edges of the film, gradually filling bigger
areas of superlattice. Some areas, however, remain flux-free. Electrical field and
corresponding voltage appears during the change of magnetic configuration in the
sample, but when the distribution of magnetic flux is static, as in Figs. 1, 2, 3 and 4,
voltage is absent.

The situation is different when transport current is flowing through the sample
in over-critical state. It induces permanent flux flow across the sample. Figure 5
shows connection of current (red) and potential (green) leads to sample C used to
record its current-voltage characteristics.When current is passed through the sample,
magnetic flux moves along bright lines of easy flow revealed by MOI in Fig. 5. It
is important to note that all bright horizontal lines block vertical flux flow, as it
cannot cross dark areas of strong superconductivity in-between. The ‘bottleneck’ in
the current sample is the line close to four red arrows in Fig. 5. Only four vertical
segments marked by these arrows are available for flux flow. Correspondingly, one

Fig. 4 Scanning electronmicroscopy imageof the rectangular area outlinedby red line inFig. 3with
overlapped MOI image (green). Sub-micron fractures are seen along the lines of the accumulation
of magnetic flux
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Fig. 5 Position of current (red) and potential (green) leads at the record of current-voltage charac-
teristics of the superlattice C

Fig. 6 Current-voltage
characteristic of the
superlattice C with current
and potential leads as in
Fig. 5. Four branches of
characteristic corresponding
to vertical segments marked
by red arrows in Fig. 5 are
seen in the plot. Red lines
show how transitions
between different states take
place
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could expect four independent branches on current-voltage characteristics. These
branches indeed are registered and shown in Fig. 6. Red lines show how transitions
between these branches take place.

During flux flow, dissipation of energy takes place mainly along few vertical lines
linked to four vertical segments shown by arrows in Fig. 5. At the application of high
current, dissipation can be so high that it can evaporate superconducting material.
This is exactly what happened with superlattice C.



Channeling of Magnetic Flux in YBa2Cu3O7−δ Superlattices 293

Figure 7 shows MOI image of the part of the sample after application of high
current that burned the superlattice. This image was obtained by cooling sample in
magnetic field of 17 mT to 20 K and then reducing magnetic field to 13.5 mT. Dark
lines in the image correspond to areas of evaporated superconducting material. At
least three marked vertical segments to the right in Fig. 5 are fully burned during
application of high current.

Figure 8 shows with a higher than in Fig. 7 resolution conventional optical
image of a burned channel of superlattice C. It is clearly seen that below evapo-
rated YBCO/PBCO, there is fracture in substrate marked by red arrow in the plot.

All segments of burned lines show presence of fractures in the substrate. It means
that these are fractures in the substrate, developed during the deposition, that induce
channeling of magnetic flux in the superlattices. The fractures in cubic STO substrate
developed along crystallographic directions. The different from 0° to 90° slope of
lines in Figs. 1 and 2 with respect to the edges simply reflects the fact that substrate
were cut not exactly along these directions.

In its turn, fractures in substrate induce nano-fractures in PBCO/YBCO and cre-
ate stresses that weaken superconductivity in rather wide channels that are revealed

Fig. 7 MOI image of the
part of the superlattice C
after application of high
current that burned the
sample. This image is
obtained by cooling sample
in magnetic field of 17 mT to
20 K and then reducing
magnetic field to 13.5 mT.
Dark lines correspond to
areas of evaporated
superconducting material
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Fig. 8 Conventional optical
image of a burned channel of
the superlattice C

by MOI. The rectangular array of flux channels is not only a remarkable phe-
nomenon. Being properly controlled, it can find use in practical applications combin-
ing strong superconductivity in rectangular ‘windows’ andweak, possibly Josephson-
like behaviour in nano-fractures in-between.

4 Conclusions

Channeling of magnetic flux along a network of mutually perpendicular lines in
YBa2Cu3O7−δ/PrBa2Cu3O7−δ superlattices is reported. A range of experiments have
been performed to clarify the nature of this effect. It is found that channels appear
due to fracturing of substrate in the process of pulsed laser deposition and the corre-
sponding stress and nano-fracturing induced in the superconductor. A combination
of magneto-optical imaging and electrical transport measurements allows to follow
details of flux motion along the network of weak superconducting channels.
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Effect of Temperature on Phase
Formation in Thin Bilayer Ni/GaAs Films

S. V. Dukarov, S. I. Petrushenko, V. V. Miroshnychenko, O. O. Nevgasimov
and V. N. Sukhov

Abstract The results of a study of the effect of sample condensation conditions
and annealing temperature on the phase composition of bilayer Ni/GaAs films are
presented. A layer of GaAs was deposited at room temperature and a layer of nickel
at different substrate temperatures. The temperature intervals for the existence of a
low-temperature amorphous phase and an intermediate phase of the ternary Ni3GaAs
system were established by means of electron diffraction studies. The Ni3GaAs
phase decomposes into the phases of the binary systems NiAs and γ-Ni3Ga2 with
increasing temperature. Annealing of the films or an increase in the temperature of
the substrate during their condensation causes a decrease in the crystallization and
phase decomposition temperatures.

Keywords Thin films · Metal-semiconductor interface · Gallium arsenide

1 Introduction

The processes occurring at the metal-semiconductor boundary attract the constant
attention of researchers in connectionwith thewide and diverse use of such interfaces
inmodern electronics. Knowing the specifics of the interaction of components during
the creation of contacts and in the process of their working under conditions of
temperature influences is necessary to ensure the stability of the operation of the end
devices. By now, the interaction of metals with traditional semiconductors, silicon,
and germanium, has been studied in sufficient detail. Much fewer works are devoted
to the reactions between metals and semiconductor compounds. At the same time,
such structures are also very promising. In particular, thin-film systems of nickel
and gallium arsenide form structures with a Schottky barrier diode and can be the
basis of highly efficient photoconverters of visible and ultraviolet radiation [1, 2].
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In addition, hybrid structures based on a ferromagnetic metal and a semiconductor
material have unique magnetic properties and can be promising as elements of spin
electronics [3, 4].

In [5] lead wetting of thin nickel films of different thickness, deposited on single
crystals of gallium arsenide, was studied. It was found that the contact angle (θ) in
this system varies within the values corresponding to wetting a clean GaAs substrate
(θ ≈ 120° at nickel film thickness t → 0) and wetting nickel in bulk (θ ≈ 20° at t
> 18 nm). In contrast to previously studied analogous contact systems [6], a plateau
(θ ≈ 75°) is observed for the θ(t) dependence in the thickness range 6 < t < 14 nm.
This region corresponds to the wetting of the intermediate phase, which is formed
due to the chemical interaction of nickel with gallium arsenide.

Electron-diffraction studies of the interaction between Ni and GaAs films as a
function of the ratio of the thicknesses of the layers [5] have shown that in the given
system at a temperature of 400 °C several phases, known for the corresponding binary
Ni-Ga and Ni-As systems, are possible. The complexity of the interpretation of the
results is due to the fact that Ni-Ga and Ni-As binary systems are characterized by
a large number of phases of different symmetry, namely: cubic: NiGa4, Ni3Ga4, α′-
Ni3Ga4, GaAs; hexagonal: NiAs, Ni5As2, β′–Ni2Ga3,γ-Ni3Ga2, γ′-Ni3Ga2; tetrago-
nal: Ni11As5 and rhombic α′-NiAs2. A significant part of these phases has very close
values of the interplanar spacing and cannot always be reliably identified from the
data of diffraction studies. In the literature, there is practically no data on the structure
of the phases of the ternary system Ni-Ga-As. In addition, the interaction of com-
ponents in the film state can differ from the bulk due to the size effects of diffusion
[7] and solubility [8]. To clarify the mechanism of formation of compounds on the
boundary of nickelwith gallium arsenide, it seems expedient to trace the change in the
phase composition of Ni/GaAs films as a function of their condensation temperature
and subsequent annealing.

2 Experimental Approach

Samples for electron diffraction and electron microscopy studies were prepared by
evaporating and condensing Ni and GaAs in a vacuum of 10−6 Torr. A method of
variable composition and variable state was used to obtain a set of samples [6]. In this
method, gradients of independent variables—temperature, concentration or thickness
of the component layers—are created on the substrate in mutually perpendicular
directions (or in the simplest case in one direction). This makes it possible to obtain
in one experiment and under identical conditions a series of samples differing only
in these parameters.

Moreover, the temperature gradient on the substrate can be created both before
and after the condensation of the films. The first case is convenient for studies of
metastable states, for example, supercooling during crystallization [9], or regulari-
ties of a condensed films formation [10]. In the second case, the film degradation
processes [11, 12] and the size effects associated with melting are studied [13]. An
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extended polished stainless steel plate was used as the substrate, and a thin layer of
NaCl was deposited immediately before condensing GaAs. To obtain GaAs films,
the flash evaporation method was used [14], that is, gallium arsenide was supplied
to the incandescent evaporator in the form of separate powder particles. This made it
possible to obtain films that did not differ in composition from the starting material.
Next, a nickel film of the required thickness was deposited on the substrate with-
out breaking the vacuum by thermal evaporation from a tungsten helix. The films
mass thicknesses were controlled during the condensation by a quartz resonator and
amounted to 20–50 nm.

Four series of samples were obtained under different conditions of films prepara-
tion. The ratio of the components concentrations in films XNi: XGa: XAs was 3: 2: 2
(42.8, 28.6, 28.6 at.%, series A) and 1: 1: 1 (33.3, 33.3, 33.3 at.%, series B, C, D).
Condensation of NaCl and GaAs was carried out in all cases at room temperature
of the substrate. The gallium arsenide films condensed under such conditions are
amorphous. In series A and B, before the deposition of nickel along the substrate, a
temperature gradient was created within the limits of 80 < T < 450 °C. The substrate
was cooled immediately after the completion of the Ni condensation. In series C and
D, the nickel film was deposited at room temperature. Then a temperature gradient
was established along the substrate, after what the C-series samples were cooled
immediately, and the D-series samples were additionally annealed within one hour.
After being cooled under vacuum to the room temperature, the samples were taken
from the vacuum chamber, separated from the substrate by dissolving the NaCl layer
in distilled water, and examined in an SELMI EMV-100BR transmission electron
microscope to determine themicrostructure and phase composition. Electron diffrac-
tion patterns from Ni/GaAs films were obtained in the general diffraction mode. The
interpretation of the electron diffraction patterns was made by comparing experi-
mental values of the interplanar distances with the values calculated for the known
phases of the Ni-Ga and Ni-As binary systems [15–17]. It was taken into account
that phases formed in the ternary system can have different parameters of the crystal
lattice and give reflections that are forbidden for the corresponding phases of binary
systems.

3 Results and Discussion

As a result of the studies carried out, it has been established that for all series of
samples in the researched temperature range four temperature intervals are distin-
guishable. They differ significantly both in the patterns of electron diffraction and
the microstructure of the samples. Figure 1 shows electron microscopic images and
their corresponding electron diffraction patterns, characteristic for different temper-
ature intervals. Data on the interplanar distances for the phases formed during the
interaction are given in Tables 1, 2, 3 and 4. The results of the phase composition
interpretation for all series of samples are illustrated by the diagrams in Fig. 2.
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Fig. 1 TEM images and electron diffraction patterns of bilayer Ni/GaAs films (series C). Temper-
atures to which the films were heated are: a 80 °C, b 150 °C, c 220 °C, c 300 °C and d 350 °C

In the first temperature range (T < 100 °C), the haloes from amorphous gallium
arsenide and fuzzy lines belonging to the fcc lattice with a period of 3.51 Å are
observed on electron diffraction patterns (for a nickel the lattice parameter is a �
3.516 Å).

As it can be seen from the electron microscopic images, Ni/GaAs films in this and
the following temperature range are fairly homogeneous and do not contain large
crystallites. The presence on the electron diffraction patterns of reflexes only from the
initial substances gives ground to conclude that at low temperatures the amorphous
phase of GaAs practically does not interact with the polycrystalline layer of nickel.
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Table 1 The results of the interpretation of the electron diffraction patterns of the Ni/GaAs film
system (series A)

80–115 °C 120–210 °C 220–330 °C NiAs
(hkl)

340–450 °C γ-
Ni3Ga2
(hkl)

GaAs
dtabl

3.45 (100)

halo halo 3.2 + halo 3.22 3.26 3.26

2.80 (101) 2.82

2.76 2.66 (101) 2.67 2.66

2.50 (002) 2.51 (002)

2.02 2.02 (102) 1.999

1.97 halo 1.99 1.96 (102) 1.96 1.96 (110)

1.90 1.81 (110) 1.81 1.81

1.75 1.69 1.70 (200) 1.70

1.56 (201)

1.48 1.48 (103) 1.48 1.48

1.42 1.41 (202) 1.41

1.37 1.33 (202) 1.33 1.33

1.28 1.29 1.29

1.24 1.24 1.25 (004) 1.25 1.25 (121)

1.17 1.16 (104) 1.16 1.154

1.17 1.45 (203) 1.14 1.145 (122)

1.12 1.07 (122) 1.07 1.07 (114) 1.088

1.06 1.04 1.03 (114) 1.03 1.03

With increasing temperature, the nickel lines gradually disappear and in the second
temperature range (100 < T < 200 °C) the result of the interaction in the system is
an amorphous phase characterized by a strong halo (with d ≈ 2 Å), whose position
on the electron diffraction patterns coincides with the position of the most intense
lines of nickel and a number of compounds of the Ni-Ga and Ni-As systems (NiAs,
γ-Ni3Ga2, NiGa4, Ni5As2).

Crystallization of the amorphous phase takes place at a temperature of 205–220 °C
or T ≈ 175 °C for samples subjected to hourly annealing. In the third temperature
range (200 < T < 300 °C) the pattern of electron diffraction does not qualitatively
change. Along with the crystalline phases, a halo of the amorphous phase (GaAs) is
also observed.

For all series of samples, as can be seen from Tables 1, 2, 3 and 4, the interplanar
distances of some lines remain practically constant (2.50, 1.48, 1.25, 1.16, 1.04 Å),
while for other lines they vary significantly with temperature. The same groups of
lines can be separated in clarity: lines with constant value d turn out to be clear,
and lines with varying interplanar distances are blurred with increasing temperature.
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Table 2 The results of the interpretation of the electron diffraction patterns of the Ni/GaAs film
system (series B)

80–100 °C 110–195 °C 205–300 °C NiAs
(hkl)

310–420 °C γ-
Ni3Ga2
(hkl)

GaAs
dtabl

halo halo 3.2 halo 3.2 3.25 (100) 3.26

3.2 3.25 (100) 3.21

2.74 2.66 (101) 2.65 2.62

2.49 (002)

1.99 halo 1.99 1.96 (102) 1.97 2.00 (110)

1.89 1.79 (110) 1.79 1.79

1.76 1.70 (200) 1.70

1.56 (201) 1.54

1.48 1.47 (103) 1.48 1.47

1.42 1.41 (203) 1.41

1.37 1.32 (202) 1.32 1.32

1.25 1.24 1.24 (004) 1.24 1.25 (121)

1.16 1.15 (104) 1.15 1.15 1.154

(203) 1.14 (122)

1.11 1.06 (122) 1.06 1.06 (114)

1.06 1.04 1.03 (114) 1.025 1.025

At the same time, if we follow the variation with the temperature of the interplanar
distances for all the lines, we can find that they fit into a system which corresponds
to a hexagonal lattice of the NiAs type with a variable parameter a. The calculation
results of the parameter a by the method of ordinary least squares over all lines
with interplanar distances d > 1 Å are shown in Fig. 2. The parameter c remains
approximately constant (c ≈ 4.98 Å). The ratio of axes c/a varies from 1.31 to 1.39
(the tabulated values for the phases of γ-Ni3Ga2 and NiAs possessing lattices of the
NiAs type are 1.245 and 1.390, respectively).

The existence of NiAs type phases with a different ratio of components and with
different mass ratios of the starting materials is explained by the peculiarities of this
structure. Analysis of various compoundswith a nickel-arsenide structure [18] shows
that a lattice of this type is conserved not only in AB compounds but also in the form
of A2B (filling internodes) and AB2 (the presence of vacant sites). Suppose that in
a lattice of the NiAs type the positions in the basal planes are occupied by nickel
atoms and in layers at half-height—by Ga or As atoms. Then, taking into account the
parameters a of the phases of γ-Ni3Ga2 andNiAs (3.99 and 3.62Å, respectively), and
also the covalent radii of Ga and As (rGa � 1.39 Å, rAs � 1.21 Å), we can state that
the replacement of arsenic by gallium in the structure of NiAs leads to an increase
in the lattice period. From this point of view, the phase of the NiAs type, formed
at the beginning of the third temperature interval with the parameter a � 3.82 Å,
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Table 3 The results of the interpretation of the electron diffraction patterns of the Ni/GaAs film
system (series C)

90–100 °C 110–215 °C 220–310 °C NiAs
(hkl)

320–450 °C γ-
Ni3Ga2
(hkl)

GaAs
dtabl

3.42 3.45 (100)

halo halo 3.2 + halo 3.20 3.23 3.26

3.2 3.28 3.18 (100)

2.80 (101) 2.82

2.73 2.67 (101) 2.65 2.66

2.50 2.49 (002) 2.59 (002)

2.03 halo 1.98 1.96 (102) 1.97 1.99 (110)

1.90 1.81 (110) 1.80 1.80

1.80 1.68 1.68 1.69 (200) 1.70

1.62 (200) 1.62 1.63

1.56 1.51 (201)

1.48 1.47 (103) 1.47 1.48

1.41 1.41 (202) 1.41

1.37 1.33 (202) 1.34 1.33

1.29 1.29 (120) 1.29

1.26 1.25 1.25 (004) 1.25 1.26 (121)

1.20 1.21

1.16 1.16 (104) 1.17

1.14 1.145 (122) 1.154

1.11 1.095 (122) 1.08 1.07 1.088

1.095 1.08 (300) 1.06 1.065 (114)

1.06 1.04 1.03 (114) 1.03 1.03

occupying an intermediate position between the values of a for NiAs and γ-Ni3Ga2,
is the phase of the ternary system. In this phase, as follows from the dependences
a(T ), as the temperature increases, the proportion of gallium decreases due to the
release of the phase of γ-Ni3Ga2. It is also possible to form the NiGa4 phase, the
most intense lines of which coincide with the reflexes from NiAs. Assuming that the
parameter a of the ternary phase varies linearly with the concentration of Ga and
As in the range from a � 3.62 Å (phase NiAs, XAs � 50 at.%, XGa � 0%) to a �
3.99 Å (phase γ-Ni3Ga2, XAs � 0%, XGa � 36 at.% [15–17]), the composition of the
formed intermediate compounds can be estimated. Figure 3 shows the temperature
dependences of gallium and arsenic concentrations calculated within the framework
of this assumption for the B series. It can be seen that in the case when nickel
condensation was carried out on a substrate with a temperature gradient (series A
and B), a Ni3GaAs phase was initially formed with approximately equal gallium
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Table 4 The results of the interpretation of the electron diffraction patterns of the Ni/GaAs film
system (series D)

130–170 °C 175–250 °C NiAs
(hkl)

260 °C GaAs
dtabl.

270–410 °C γ-
Ni3Ga2
(hkl)

3.42 3.47 (100)

halo 3.2 + halo 3.26 3.26 3.26 3.25

3.25 3.18 (100) 3.17 3.13 3.10

2.82 2.80 2.80

2.73 2.68 (101) 2.67 2.67 2.65

2.50 2.49 (002) 2.50

1.98 1.999 1.99 2.00 (102)

halo 1.99 1.96 (102) 1.96 1.95 1.95 110

1.90 1.84 (110) 1.82 1.82 1.80

1.68 1.70 1.69 1.69 (200)

1.61 (200) 1.60 1.633 1.62 1.63

1.56 (103)

1.56 1.52 (201) 1.51 1.50 1.49

1.48 1.47 (103) 1.47 1.47 1.48

1.41 1.41 1.40 1.41 (202)

1.37 1.35 (202) 1.34 1.33 1.33

1.29 1.29 1.29 1.30

1.25 1.25 (004) 1.25 1.25 1.26 (121)

1.19 1.16 (121) 1.16 1.154 1.16 1.16

1.16 (104) 1.14 1.145 1.15

1.11 1.08 (122) 1.08 1.088 1.08 1.085

1.08 (300) 1.065 1.07 (114)

1.04 1.03 (114) 1.03 1.03 1.03

and arsenic content (XAs ≈ XGa ≈ 21 at.%). As the temperature was raised, a rapid
decrease in the gallium concentration and the appearance of a phase of γ-Ni3Ga2
containing up to 10 at.% As were observed. Note that series A and B are almost
identical in composition and temperature of phase formation.

When nickel is condensed on a cold substrate, followed by heating (series C)
and annealing (series D), a phase enriched in arsenic appears, and the concentration
changes more smoothly. As can be seen from the comparison of Fig. 2c, d, annealing
of the films leads to a shift in the temperature dependence of the lattice parameter of
the triple phase to lower temperatures. This indicates that the phase composition of
the unannealed films is not in equilibrium. The blurring of certain lines of the triple
phase, which is more pronounced for the A, B and C series, is a consequence of the
incompleteness of the phase decay.
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Fig. 2 Phase composition of bilayer Ni/GaAs films (A-D series) and the temperature variation of
the parameter a of Ni3GaAs (empty circle) and γ-Ni3Ga2 (empty triangle) phases

Fig. 3 Estimation of the
concentration temperature
dependence of Ga (empty
circle, empty triangle) and
As (filled circle, filled
triangle) in Ni3GaAs (empty
circle, filled circle) and
γ-Ni3Ga2 (empty triangle,
filled triangle) phases for
Ni/GaAs films condensed on
a substrate with a
temperature gradient (series
B)
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This conclusion is directly confirmed by the following. The lines whose inter-
planar distances are determined mainly by the variable parameter a ((100), (110),
(201), (121)) are blurred. At the same time, the lines whose position is determined
mainly by the constant parameter c ((002), (103), (004), (104), (114)) remain clear
throughout the temperature range. We note that similar results were obtained when
studying the solid-state reaction of a thin Ni filmwith a single-crystal GaAs substrate
using electron microscopy and in situ X-ray diffraction [19, 20]. The formation of
the crystalline Ni3GaAs phase at 200 °C was observed, as well as its decay with
increasing temperature under conditions of excess GaAs.

With increasing temperature, that is, in the fourth temperature range, the unreacted
gallium arsenide crystallizes almost simultaneously with the appearance of the γ-
Ni3Ga2 phase. In this case, the annealing of the films substantially decreases the
temperature of crystallization of GaAs. On electron diffraction patterns from pure
gallium arsenide films prepared under conditions corresponding to the D series,
GaAs lines are detected at higher temperatures (≥350 °C). This indicates that for
gallium arsenide, just as for germanium [21, 22], metal-induced crystallization takes
place. Consequently, nickel is the initiator of the crystallization of amorphous gallium
arsenide.

4 Conclusions

Thephase composition of two-layerNi/GaAsfilms prepared at different temperatures
was studied by electron diffraction. It was established that the interaction in the
system begins with the formation of an amorphous phase at a temperature T ≈
100 °C. Crystallization of the amorphous phase takes place at a temperature T ≈
200 °C with the formation of a ternary phase of Ni3GaAs, which has a hexagonal
structure of the NiAs type. As the temperature is raised, the Ni3GaAs phase decays
into NiAs and the γ-Ni3Ga2 phase, containing up to 10 at.% As. It is also shown that
the films annealing for one hour leads to a 50–70 K decrease in the temperatures of
phases formation and decay, as well as the crystallization temperature of amorphous
gallium arsenide.

Acknowledgements This study was supported by the Ministry of Education and Science of
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Detection of Unreliable Superluminescent
Diode Chips Using Gamma-Irradiation

P. B. Lagov and V. M. Maslovsky

Abstract The influence of 60Co-irradiation accompanied by low-temperature treat-
ment on AlGaAs/GaAs chips of 835 ± 25 nm superluminescent diodes (SLD) is
addressed. It is shown that irradiation of potentially unreliable chips with latent
defects in active 20-nm layer increases optical power degradation rate during the
subsequent burn-in test. The possible cause of enhanced degradation of potentially
unreliable chips during a long-term operation or gamma-ray irradiation is the pres-
ence of local defects, which can be rearranged into larger clusters commensurate
with the active layer. The decrease in the degradation rate during the burn-in test for
irradiated reliable chips probably caused by the mechanical stresses relaxation and
its homogenization. Amethod for rejecting unreliable chips using gamma irradiation
processing is proposed.

Keywords Irradiation · Chip · Heterostructures · Superluminescent diode ·
Optical power · Degradation · Burn-in test

1 Introduction

SLD can be used as a light source for different applications, such as in gyroscopes,
imaging of organics, low-coherence interferometry, optical reflectometry, etc. These
techniques can be applied in medicine, telecommunication and navigation systems.
On the one hand, it is possible to obtain SLDs with a broad emission spectrum
comparable with that for light-emitting diodes (LED). On the other hand, SLDs have
high output optical power and spatial brightness of emitted light comparable with
those for laser diodes. This makes SLDs attractive for the application in fiber-optic
communication lines because of the higher efficiency of the light input into fiber
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compared to that for LED. Defect formation in LEDs now is actively investigated
[1–4] using electron irradiation equipment [5, 6]. To detect unreliable chips during
manufacturing, gamma irradiation should be used. In this case, the displacement of
atoms is minimal, in contrast to lifetime killing techniques based on an electron or
proton irradiation [6, 7]. That is why gamma-irradiation processing eliminates the
damage of good chips without hidden defects in the active layer.

Reliability is one of the most important requirements specified for SLDs. For
instance, SLDs intended for the application in sensors of fiber-optic gyroscopes
are required to have the lifetime not less than ten years. To evaluate the quality
of fabricated SLDs the manufacturer (or customer) provides an acceptance testing,
the first step of which is a qualification of SLDs by measuring their characteris-
tics (current-voltage characteristics, light output versus current, light output spectra,
etc.) in accordance with the device specification. Then for all the devices, which
successfully passed the qualification, the burn-in test is performed during 168 h at
a specified temperature and forward current. During this testing, the light output is
measured every 24 h, and typical criteria for the rejection of potentially unreliable
devices are following: the decrease in the light output of more than 0.15% for the
last 24 h, more than 0.3% for the last 48 h and more than 0.6% for the last 72 h. The
devices, which show the fall in light output of more than 10% after 168-h burn-in
test are also rejected.

For the devices passed the burn-in test the accelerated life testing is performed
(typically 5000 h). This testing is carried out for a limited sample size at a fixed
temperature and forward current. Typically, the criterion of failure for such a test is
the fall in light output of more than 50% in comparison with the initial value. The
life testing is time-consuming, and it may be quite expensive. The purpose of this
paper is to investigate the impact of preliminary irradiation by gamma rays on the
degradation of SLDs during a burn-in testing and to show that such approach can be
used for the accelerated rejection of unreliable SLDs containing latent defects.

2 Experiment and Results

2.1 Samples, Testing and Irradiation Conditions

SLDs were fabricated by MOCVD on a GaAs substrate. The peak emission wave-
length 810–860 nm, the average light output 10 mW. Figure 1 schematically shows
the SLD-structure, and Table 1 presents the characteristics of layers.

Eight samples SLDs was investigated and irradiated by 60Co with the dose of 24
Mrad (GaAs). Before the irradiation, the burn-in test during 240 h at a 25 °C and
forward current of 140 mA was carried out. After the irradiation, the burn-in testing
was continued for all studied devices during 2148 h under the same conditions.
Figure 2 shows the change in light output of studied devices during the preliminary
burn-in testing. This testing does not reveal any device from the studied sample that
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Fig. 1 Schematic cross-section of SLD AlGaAs/GaAs heterostruture

Table 1 Characteristics of the AlGaAs/GaAs SLD

Layer Heterostructure characteristics

Material Doping (cm−3) Thickness (nm) Bandgap (eV)

p+-contact GaAs:Zn 2·1019 400 –

p-emitter Al0.52Ga0.48As:Zn 7 × 1017 1400 2.07

Waveguide Al0.41Ga0.59As – 120 1.94

Active layer GaAs – 20 1.42

Waveguide Al0.41Ga0.59As – 120 1.94

n-emitter Al0.52Ga0.48As:Si 8 × 1017 1500 2.07

n+-buffer GaAs:Si 1 × 1018 500 –

n+substrate GaAs:Si 3 × 1018 350 –

showed an anomalously high degradation rate and thus could be considered as a
potentially unreliable. The maximum degradation rate did not exceed the value of
8.8% per 1000 h.

2.2 Irradiation and Burn-In Test Experiments

The irradiation by gamma rays did not lead to any marked change in basic spectral
characteristics of studied SLDs, such as the peak emission wavelength, spectral
radiation half bandwidth, and spectral modulation coefficient. However, it led to
the change in the light output degradation rate during the burn-in testing after the
irradiation and Fig. 3 illustrates it.

While the light output degradation rate for most of the tested devices decreased by
approximately 1.5–3 times compared with the initial value, for two devices (number
1 and 6), which were classified as potentially unreliable, this rate increased after the
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Fig. 2 Change in SLD light
output during usual burn-in
test (25 °C, 140 mA)

Fig. 3 Change in SLDs light
output during the burn-in
testing (25 °C, 140 mA) after
the gamma irradiation 24
Mrad(GaAs)

gamma irradiation by more than five times. Table 2 presents the comparison of light
output degradation rate for studied SLDs before and after the gamma irradiation.

Table 3 sums up the changes in the light output during the whole experiment. This
table presents the values of light output for each tested device, which were measured
before the gamma irradiation (F0), immediately after the gamma irradiation (Fγ ),
and during the post-irradiation burn-in test in 5 min after the beginning (F5) and at
the end of the test (F2148). The decrease in the light output during the 2148-h burn-in
testing �F2148 was calculated by the equation

�Φ2148 � (Φ2148/Φ5 − 1)100% (1)
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Table 2 Light output
degradation rate for studied
SLD before and after the
gamma irradiation 24
Mrad(GaAs)

Sample # Light output degradation rate (%/103 h)

Before the irradiation After the irradiation

1 5.5 18.8

2 8.8 2.4

3 2.7 1.3

4 8.4 2.8

5 6.3 1.9

6 1.2 22.9

7 8.2 6.3

8 4.1 2.8

Table 3 Change in the light
output of studied SLD

Sample # Light output (mW)

F0 Fγ F5 F2148 �F2148

1 4.39 3.86 4.37 4.07 – 7.02

2 4.30 3.91 4.30 4.14 – 3.84

3 5.08 4.70 4.98 4.98 – 0.16

4 4.19 3.82 4.22 4.05 – 4.11

5 4.76 4.27 4.75 4.63 – 2.67

6 3.80 3.42 3.82 3.45 – 9.63

7 5.06 4.63 5.05 4.93 – 2.34

8 4.92 4.46 4.90 4.77 – 2.61

2.3 Active Region Investigation

To investigate physical processes, which cause the degradation of SLDs during the
burn-in testing and gamma irradiation, profiles of effective density of charged defect
centers in the active region of tested structures were studied, and scanning electron
microscopy (SEM) images of active regions of tested structures were obtained. This
investigation was carried out with the additional four samples (SLD numbers from 9
to 12). The burn-in testing was performed for all these chips, and two of them (#10
and #12) were preliminary gamma irradiated. Figure 4 presents the results of this
testing.

The profiles of the effective density of charged defect centers (CDC)were obtained
with the method of dynamic barrier capacity. Figure 5 presents the results obtained
for the SLDs number 9–11. For device #12, the profile was not measured because of
the high leakage. The figure shows that the CDC density in the active region of the
preliminary irradiated reliable SLD #10 is less than that for the unirradiated reliable
device #9, while for the potentially unreliable device #11, which was rejected during
the burn-in testi, the density of CDC in the active region is substantially higher than
that for reliable structures (both preliminary irradiated and unirradiated).
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Fig. 4 Change in light
output during the burn-in
testing (25 °C, 140 mA) for
SLDs additional samples:
9—unirradiated reliable
SLD; 10—irradiated reliable
SLD; 11—unirradiated SLD
rejected during burn-in
testing; 12—irradiated SLD
rejected during burn-in
testing

Fig. 5 Profiles of effective
density of charged defect
centers in the SLD
heterostructure: I—active
layer (GaAs);
II—waveguides
(Al0.41Ga0.59As)

Fig. 6 Unreliable SLDs SEM images of the active region: #11 (a), #12 (b)

For the chips, which showed the highest light output degradation rate during the
burn-in test (#11 and #12), the SEM images of active region were obtained using a
Hitachi SCM-800 electron microscope. Figure 6 presents these results.

Figure 6 demonstrates that unreliable devices, which were rejected by burn-in
testing either before or after the gamma irradiation, contain a considerable number
of defects in their active regions. In SEM images presented in Fig. 6, these defects
look like black spots of various sizes. The variety of defect sizes suggests that local
defects in the active region can rearrange into the clusters of defects of various
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size, and such a process can take place either during a burn-in testing or during the
irradiation by gamma rays. For reliable (defect-free) chips the active layer looks like
the region marked by the white rectangle in Fig. 6b.

3 Discussion

It is known that the borders of layers in heteroepitaxial structures have their own
relief and contain the major part of defects created during growing the structure.
These defects cause the creation of mechanical stress. The gamma irradiation of
heterostructures produces point defects, which can take part in different processes
leading to the evolution of already existing technological defects or their compensa-
tion (annihilation). Existing experimental data show that AIIIBV semiconductors are
characterized by higher relaxation of mechanical stress during the irradiation com-
pared to Si andGe [8] that can be caused by the substantial ionicity of chemical bonds
in compound semiconductors. Therefore, for such materials, the radiation-induced
defect migration will be more visible than that for simple semiconductors.

According to this and taking into account the results presented in Figs. 5 and
6 it is possible to suggest that the cause of enhanced degradation of potentially
unreliable structures is the presence of local defects, which can be rearranged into
clusters of the size comparable with the thickness of active region during long-term
operation or gamma-ray irradiation. The decrease in the degradation rate during burn-
in test for reliable gamma irradiated structures can be attributed to the relaxation
of mechanical stresses and improving the homogeneity of layers in heteroepitaxial
structures which is in a good agreement with the existing data on the radiation-
induced defect formation in semiconductor structures [8–12].

The fact that gamma irradiation leads to the increase in the light output degradation
rate for unreliable SLDs and the decrease in that for reliable (defect-free) SLDs
suggest that preliminary gamma irradiation can be used for rejection of potentially
unreliable structures. Such a method may consist in the irradiation of all the lot of
SLDs by gamma rays followed by the standard burn-in testing. Since the gamma
irradiation causes the increase in the density of defects in the active region of SLD
and rearranging them to the clusters of defects, the implementation of the preliminary
gamma irradiation to the acceptance testing will raise the probability of rejection of
potentially unreliable devices at the stage of burn-in testing.

4 Conclusions

The results presented in the paper show that the preliminary gamma irradiation can
be successfully applied for the rejection of potentially unreliable superluminescent
diodes. This irradiation does not cause any considerable change in basic spectral
characteristics of SLDs, such as the peak emission wavelength, spectral radiation
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half bandwidth, and spectral modulation coefficient. However, it leads to the increase
by more than five times in the light output degradation rate of potentially unreliable
structures during the consecutive burn-in testing. On the other hand, in the case
of reliable structures, gamma irradiation reduces such degradation by about 1.5–3
times. It suggests that the implementation of preliminary gamma irradiation to the
acceptance test procedure will raise the probability of revealing and rejection of
potentially unreliable devices at the stage of burn-in testing.

The possible cause of enhanced degradation of potentially unreliable structures
is the presence of local defects, which can be rearranged into clusters of the size
comparable with the thickness of active region during long-term operation (burn-in
testing) or gamma-ray irradiation. The decrease in the degradation rate during burn-
in test for reliable structures preliminary irradiated by gamma rays can be attributed
to the relaxation of mechanical stress and the increase of homogeneity of layers in
heteroepitaxial structures.

It should be noted that successful implementation of gamma irradiation to the
acceptance test procedure requires the preliminary determination the optimal condi-
tions for the irradiation (the value of total dose, electrical and temperature conditions
during the irradiation) and for the consecutive burn-in testing (temperature, forward
current, duration, criteria for the rejection of potentially unreliable devices). Such
optimal conditions should be found for each type of studied SLDs, and it may require
additional experiments.
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Structural Features and Properties
of Biocompatible Ti-Based Alloys
with β-Stabilizing Elements

K. V. Smyrnova, Alexander D. Pogrebnjak and L. G. Kassenova

Abstract Nowadays titanium-based alloys are widely used in various spheres, such
as metallurgy, aerospace, aircraft industries, and medicine. Recent research has
demonstrated that proper heat treatment and the addition of elements, stabilizing
β phase, the properties of commercially pure (CP) Ti can be successfully modified
application as an implant material. The paper discusses the titanium-based alloys
containing Ta, Nb, and Zr, their preparation techniques, and the influence of these
elements on theirmicrostructure, biocompatibility, mechanical properties, and corro-
sion resistance. Furthermore, this article examines current information about recent
achievements in designing β-type titanium alloys.

Keywords Biocompatibility · Titanium alloys · Mechanical properties ·
Superelasticity

1 Introduction

Lately, materials engineering related to the design of new biomaterials have become
increasingly popular. This type of materials are widely used in medical practice,
for instance, they can be utilized to replace the damaged tissues of the human body
in orthopedics—staples, stomatology—orthodontic implants, traumatology—artifi-
cial joints and bones [1]. Biomaterials have to meet high requirements to be suc-
cessfully applied: they must contain non-toxic constituents, possess superelasticity,
shape memory effect, long fatigue life, high biocompatibility, strength, plasticity,
wear and corrosion resistance in combination with a low modulus of elasticity [2].
Stainless steel, cobalt-based alloys, ceramics, polymers, commercially pure (CP)
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titanium and its alloys are among the most ubiquitous materials. All of these types
of materials have advantages and disadvantages, but the most popular are titanium-
based alloys. They demonstrate chemical inertness in the internal environment of the
human body—high biocompatibility and allow to obtain values of Young’s modulus
close to the modulus of elasticity of the human bone tissue (4–30 GPa) to avoid bone
resorption and, as a result, loosening of the implant [3].

Recent research has explored the occurrence of several different phases in bio-
compatible titanium-based alloys. The following phases can be found in within
this alloys: α—hexagonal close-packed structure (hcp), α′—hexagonal structure,
α′′—base-centered orthorhombic structure, β—body-centered cubic structure (bcc),
andω—hexagonal structure. In addition, every phase has different Young’s modulus,
for example, the β-phase has the lowest and ω-phase has the highest [4]. Thus, the β

crystalline structure is the most desirable to be formed in the biocompatible Ti-based
alloys. Mostly, titanium alloys depending on the structure are classified into α, α +
β, β alloys.

Over the last decades, CP Ti the Ti–6Al–4V alloy has been widely used for
biomedical applications [5]. Despite its popularity, this material releases Al and V
ions that after the accumulation of a certain concentration can cause different aller-
gic reactions and neurological problems. Furthermore, the elastic modulus of the
Ti–6Al–4V alloy is approximately 110 GPa that results in stress-shielding effec-
t—decline in bone density caused by the removal of the normal load to the bone,
which occurs when metal implants are used to restore dysfunctional tissue [6, 7].
Therefore, the new low modulus titanium alloys with a composition containing only
non-toxic elements have to be designed to enable the highperformance. Prior research
has shown that characteristics of titanium can be significantly improved by its alloy-
ing with Ta, Nb, and Zr. First, these elements do not induce an adverse reaction in the
humanbody. Second, they foster the formation ofβ-phase in titaniumalloys that helps
to enhance mechanically and wear properties [8, 9]. Finally, they exhibit excellent
biocompatibility. Niobium has been found to reduce Young’s modulus and improve
the corrosion resistance of titanium; tantalum is well-known for its high mechanical
properties [10]. Besides these two elements, there is another one that is frequently
added to the alloys for biomedical applications—zirconium [11]. Together with Sn,
it belongs to the group of neutral elements, which do not influence the phase trans-
formations of titanium but form solid solutions [12]. Zirconium excludes the process
of corrosion in α-Ti and eliminates the formation of unwanted athermal ω phase
[13, 14]. However, although Zn is not among the list of β-stabilizers, it demonstrates
a similar impact in Ti–Nb–Zr alloys [15]. Thus, titanium alloys containing these
elements must demonstrate appropriate for biomedical applications characteristics.

The paper presents an overview of the preparation techniques of biomedical tita-
nium alloys with β-stabilizing elements, such as tantalum, niobium and zirconium,
their microstructure, mechanical properties, biocompatibility, the shortcomings and
prospects for further development are undertaken.
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2 Preparation Techniques and Structural Features

The choice of a particular preparation method significantly affects the properties of
the produced material. Regarding titanium alloys, such as Ti–Ta, Ti–Ta–Nb, Ti–N-
b–Zr, Ti–Ta–Nb–Zr, the most commonly used technique for their manufacturing
is an arc-melting [16–18]. Plasma arc melting is one of the most used methods
for preparing alloys from refractory metals due to the intense controllable energy
source—electric arc discharge [19–24]. The properties of CP Ti, Nb, Ta, and Zr are
given in Table 1. For instance, Cremasco et al. [25] investigated (CP) Ti, Ti–35Nb,
Ti–35Nb–7.5Ta, and Ti–25Nb–15Zr alloys, which were prepared via arc-melting
method under Ar atmosphere, then homogenized at 1000 °C, subjected to plas-
tic deformation, quenched by water, and milled to the final dimension. The X-ray
diffraction analysis revealed that CP Ti consisted of only martensite hexagonal α′-
phase, Ti–35Nb alloy had an orthorhombic α′′ crystalline structure in a β matrix,
but Ti–35Nb–7.5Ta and Ti–25Nb–15Zr alloys exhibited a pure β-phase. It is known
that titanium has several allotropic forms: at the temperature above 883 °C only bcc
structure can be found, however, when the temperature decreases, it transforms the
hcp lattice (α phase). Hence, in order to prepare near-β or β titanium alloys, we
need to modify them with proper elements that reduce the temperature of β → α

transformation and stabilize bcc crystalline structure.
When only bcc phase has to be formed in the alloys the reaction time should be

taken into consideration [26]. To eliminate the β → α allotropic transformations,
the cooling rate after the melting process must be fast enough. In Ref. [27] in order
to prepare fully recrystallized β–Ti–25Ta–25Nb (mass%) alloy with no inclusions
of α, α′, α′′ or ω phases, the melting process was followed by annealing at 950 °C,
water quenching, then 80% cold rolling, solution treating at 850 °C, and again water
quenching. The resulting structure of Ti–25Ta–25Nb alloy compared to the CP Ti
is shown in X-ray diffraction patterns in Fig. 1. The preparation procedure allowed
Bertrand et al. [27] to obtain the Ti–25Ta–25N alloy with bcc structure and lattice
parameter a � 0.3294 nm, which was close to that of pure Ti, Ta, and Nb.

Hagihara and Nakano in the paper [28] proposed a “single-crystal” quater-
nary alloys—Ti–25Nb–10Ta–5Zr, Ti–29Nb–13Ta–4.6Zr, and Ti–35Nb–10Ta–5Zr
(mass%). These alloys were prepared by the same melting technique, which was
mentioned above, however, after that single crystal were grown by the floating-zone
method inAr atmosphere, then theywere cooled, solution treated at 690 °C, andwater

Table 1 Properties of Ti and
some refractory metals

Element Properties

Melting point (°C) Density (kg/m3)

Titanium 1668 4500

Niobium 2477 8570

Tantalum 3017 16650

Zirconium 1855 6570
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Fig. 1 X-ray diffraction patterns of a Ti–25Ta–25Nb alloy and b CP Ti [27]

Fig. 2 TEM images of microstructure (a, c, e) and selected-area electron diffraction patterns (b, d,
f) along [113] for Ti–25Nb–10Ta–5Zr, Ti–29Nb–13Ta–4.6Zr, and Ti-35Nb–10Ta–5Zr alloys [28]

quenched to obtain a single bcc structure. Figure 2 demonstrates TEM and SAED
images for these alloys. It can be seen that the certain proportion of β-stabilizing
elements makes it possible to prepare samples with bcc lattice.

Titanium alloys are studied not only experimentally but also theoretically. Karre
et al. [29] employed the first principles calculations to discover the minimum content
of Nb and Zr in binary (Ti–Nb) and ternary (Ti–Nb–Zr) alloys, which is sufficient to
stabilize the bcc structure. It has been found that stable β phase in Ti–Nb alloy can
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Fig. 3 Scheme of the pore formation process in Nb–Ti–Ta alloy via sponge impregnation method
[31]

be obtained when the critical concentration of Nb is approximately 22% that is in a
good agreement with experimental studies (~25%) and addition of 6.25 at.% of Zr
enhances the stability of bcc structure. Therefore, the usage of theoretical calculations
makes a process of designing new alloys more effective; it is possible to identify the
most suitable ration of the content of constituent elements.

However, as was pointed out by Liu et al. [30, 31], the titanium alloys with
porous structure can demonstrate high-performance characteristics. In Ref. [30]
Nb–25Ti–xTa (x � 10, 15, 20, 25, 35 at.%) alloys were prepared from the powders,
then they were blended, compacted under uniaxial pressure to form a green compact
by a hydraulic press, sintered at vacuum furnace at 1600–1800 °C, and finally cooled
to room temperature. This process allowed to obtain β-type alloys with a porous
structure. As it is known, the size of pores and the level of porosity can effectively
influence the properties of metallic alloys as pores are suitable for the growth of new
bone tissue. Porous materials can also be successfully produced by freeze casting
method [32] and Selective laser melting with rapid prototyping [33]. In Ref. [31]
Liu et al. employed a commercial polyurethane sponge, where mixed metal powders
with polyvinyl alcohol aqueous solution as a binder were placed with the following
sintering to fabricate the porous Nb–Ti–Ta alloy. In Fig. 3 the process of produc-
ing porous structure by sponge impregnation technique is schematically depicted.
Titanium-based alloys with pores demonstrate bcc structure with high properties.

Taking into account the examples mentioned above it follows that titanium alloys
with two or more non-toxic biocompatible refractory metals have been widely pro-
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duced and investigated. There are some successful studies where methods providing
formation of the titanium alloys with porous structure were employed. However, the
most commonly used technique is still the melting. Nevertheless, every scientific
group obtains Ti-based alloys with different structure and properties. The reason
is a following heat treatment procedures applied to the alloys, which define their
characteristics; for example, after the melting process they can be solution treated,
water quenched from β-field temperature, aged at lowor high temperature. Therefore,
alloying and processing fully define properties of titanium-based alloys.

3 Properties

Titanium is highly amenable to change its properties because of the alloying ele-
ments [34–36]. Thus, a wide range of different Ti-based alloys can be produced
and depending on their microstructure; the different properties can be realized. To
be successfully applied the implant material has to show not only good biological
compatibility without a release of toxic ions, but at the same time it must demon-
strate proper mechanical, corrosion, and wear behavior for long-term performance
in an aggressive internal environment of a human body. The essential properties that
materials for biomedical applications must possess are high strength, corrosion and
wear resistance, biocompatibility, superelasticity, and low Young’s modulus.

There are several ways to modify the properties of titanium alloys [12, 37, 38].
The first, alloying of Ti with proper elements, such as α-stabilizers (Al, O, etc.),
β-stabilizers (Nb, V, Fe, Cr, etc.), and neutral ones (Zr and Sn). Using this method, it
is possible to determine a structure and physical-mechanical properties, for instance,
corrosion resistance, elastic modulus, strength. Another way to change the character-
istics of the alloy is its processing, which makes it possible to control the microstruc-
ture, for example, hardening, solid solution treatment, aging, rapid solidification,
etc.

3.1 Mechanical Behavior

Implant material has to demonstrate mechanical properties that are close to those
of the human bone. One of the main reasons of an implant loosening is a mismatch
in elastic modulus between bone and implant material that may result in the stress
shielding effect. Titanium alloys initially showmuch higherYoung’smodulus, so that
is why somemodifications have to be done. Combining proper alloy composition and
heat treatment, physical-mechanical properties of CP titanium can be significantly
improved. Some achievements in designing Ti-based alloys with β-phase structure
and low Young’s modulus are shown in Table 2, where elastic modulus of different
human bones are given for comparison. As it can be seen, alloying of CP titanium
reduces Young’s modulus to values that are closed to that of different bone tissues.
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Table 2 Young’s modulus of some Ti-based alloys and human bones

Sample Young’s modulus (GPa) References

Femur (human bone) 16.7 [39]

Tibia (human bone) 23.8 [40]

Cortical human bone 17.0 [41]

CP Ti 105.0 [40]

Zr–20Nb–11Ti 29.3 [6]

Zr–12Nb–8Ti 23.1 [6]

Ti–25Ta–25Nb (as-cast) 40.1 [42]

Ti–24.2Nb–2.0Ta–5.1Zr 48.0 [43]

Nb–25Ti–10Ta 71.0 [30]

Nb–25Ti–10Ta (50% porosity) 2.08 [31]

Ti–15Mo–2.8Zr–3Al 82.0 [44]

The tensile mechanical properties of Ti–25Ta–25Nb biomedical alloy were stud-
ied by Bertrand et al. [27]. This β-type titanium alloy showed clearly a non-linear
elastic behavior, and its stress-strain curves exhibited a stress plateau—an indica-
tion of a superelasticity that can be caused by strain induced martensite formation
or stress. Furthermore, it also demonstrated a relatively low Young’s modulus of
about 55 GPa; this value is close to that of human cortical bone. Tensile properties
of Ti–35.3Nb–5.7Ta–7.3Zr alloys can be enhanced by the addition of oxygen: the
yield stress reached 1000 MPa, however, its elastic modulus experienced a rise from
65 to 80 GPa [45]. In order to investigate mechanical properties, compression tests
are also used. For example, among Zr–12Nb–xTi (x � 0, 2, 4, 8, 16 at.%) alloys,
studied in Ref. [6], the Zr–12Nb–8Ti exhibited an excellent combination of strength
and plasticity: compressive strength was about 1940 MPa, yield strength reached
774 MPa, elastic modulus was 23.12 GPa, and the plastic strain was approximately
46%. These results indicate its high mechanical properties. Therefore, as He et al.
have pointed out [46] the low Young’s modulus and the high strength can be reached
when titanium is alloyed with the elements stabilizing bcc phase and is properly
processed.

3.2 Biocompatibility

Ti, Ta, Nb, and Zr belong to the loose connective vital group and demonstrate great
biocompatibility and osteogenesis as that is extremely important in the case of
biomedical applications [30, 47]. Thus, many studies connected with these alloys
demonstrate promising results. To investigate biological compatibility, an apatite
formation ability in stimulated body fluid (SBF), cell adhesion, and proliferation
are evaluated. Metal biomaterials can bond with a bone using a formation of the



326 K. V. Smyrnova et al.

apatite coating on the surface of the alloy within the human body fluid. To mea-
sure the toxicity of alloys, they are incubated with cultured human osteoblast-like
cells. For further investigations, the animal experiments are performed to understand
all processes occurred when implant material is placed into the body. Before being
commercially used, alloys for biomedical applications must be thoroughly tested, as
there can be numerous of reactions, such as fibrosis, activation of the clotting cas-
cade, tumor formation, antibody production, etc. [48]. For instance, Ti–Ta–Nb–Zr
alloy was used as an implant for rats in Ref. [49], it was placed in the contralateral
tibial metaphysis, and results showed no sign of cytotoxicity and adverse tissue reac-
tions, as well as low inflammatory response. Testing of other Nb–Ti–Ta porous alloy
scaffolds [31] exhibited a good/excellent adhesion and proliferation ability. More-
over, this alloy was implanted on the rabbit model and results demonstrated a new
bone tissue generation. Extensive research shows that titanium-based alloys with
β-stabilizing elements are highly promising candidates for implant materials due to
good osseointegration (the ability of implant material to connect with an adjacent
bone) and biocompatibility.

3.3 Corrosion Behavior

Corrosion is one of themajor reasons of an implant loosening due to the accumulation
of debris in human tissues that can cause inflammation and cell damage. That is why
materials for biomedical applications have to demonstrate high corrosion resistance
in various environments as a human body has a wide range of pH level [50].

Titanium on its own is chemically reactive metal, and in the very oxidizing envi-
ronment, an impact of the TiO2 thin film on its surface diminishes. Hence, corrosion
resistance is significantly reduced. The stability of an oxide film can be enhanced by
means of adding elements [51–53]. Since alloys containing hcp phase tend to fracture
and crack in an aggressive environment and bcc phase is more stable, titanium-based
alloys with β-stabilizers should be considered as the best candidates for implant
materials that work in the human body fluids.

In Ref. [27] a corrosion resistance of Ti–25Ta–25Nb biomedical alloy was deter-
mined by cyclic potentiodynamic and linear polarization measurements in neutral
Ringer’s solution. The results showed lower corrosion and ion release rate compared
to theCPTi. Hence, the addition of β-stabilizing elements to Ti–25Ta–25Nb alloy has
a positive influence on its corrosion behavior. An extensive corrosion tests carried out
for Ti–5%Ta–1.8%Nb alloys indicated the superior corrosion resistance i\n highly
oxidizing solutions [54]. Hence, Ti alloys with Ta, Nb, Zr exhibit good corrosion
behavior in aggressive environments and can perform long-term use as an implant
material.
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4 Conclusions

Ti-based alloys are successfully applied in medicine as implant materials due to their
unique properties that can be easily changedwith element alloying or heat processing
(solid solution treatment, hardening, aging, etc.). Themost interesting characteristics
are observed in alloys consisted of β phase (bcc structure) as they exhibit lowYoung’s
modulus, high strength, biocompatibility, corrosion and wear resistance. Among the
β-stabilizing elements that are non-toxic, tantalum and niobium demonstrate a pos-
itive impact on the titanium properties. However, not only these elements can lower
the temperature of the β-phase field, but zirconium (element of the neutral group
that must not influence the phase transformation of Ti) also can stabilize bcc struc-
ture. The literature reveals that authors have successfully prepared Ti-based alloys
with high strength and Young’s modulus that is close to that of human bone tissue
(4–30 GPa). However, for mass production implant materials apart from outstanding
properties must not be expansive. Concerning alloys with Ta, Nb, and Zr, the cost of
their preparation is high, so further improvements must be implemented.
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Stain Effect on the Properties of Polar
Dielectric Thin Films
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Abstract Low cost scalable processing and substrates are critical for optimized
polar dielectric performance of functional oxide thin films if they are to achieve
commercialization. Here, we present a comprehensive investigation of the role low-
cost MgO, Al2O3, SrTiO3 and Si substrates on the structural and electrical properties
of sol-gel derived SrTiO3 (ST) and K0.5Na0.5NbO3 (KNN) thin films. The substrate
is found to have a strong effect on the stress/stain state and, consequently, on the
dielectric and ferroelectric response of the films. A tensile stress induced in-plane by
the thermal expansionmismatch between the substrates and the films observed for ST
and KNN films deposited on platinized Al2O3 and Si substrates, respectively, lowers
the relative permittivity and remanent polarization values in the parallel plate capaci-
tor geometry. In contrast, a compressive stress/strain observed for ST films deposited
on MgO/Pt and KNN films on SrTiO3/Pt substrates result in superior polarization
and dielectric permittivity, corresponding to enhanced out-of-plane displacement of
Ti4+ ions in ST films and Nb5+ ions in KNN films. It is thus demonstrated that for
polycrystalline polar dielectric thin films the relative permittivity and polarization
may be optimized through an induced compressive stress state.

Keywords Thin films · Sol-gel · Thermal expansion · Stress/strain · Ferroelectric
hysteresis · Dielectric properties

1 Introduction

Strontium titanate (SrTiO3, ST) as a member of the perovskite structure family of
materials has been extensively studied over the years. Undoped ST is a quantum
paraelectric, where zero-point fluctuations preclude the condensation of the polar
lattice soft mode, saturating the relative dielectric permittivity (εr) at low tempera-
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tures T < 4 K [1]. Hence, no ferroelectric but only an improper ferroelastic phase
transition from cubic (Pm3m) to a centrosymmetric tetragonal (I4/mcm) phase with
a doubled primitive unit cell, associated with tilts of the O-octahedra in antiphase
around [001] direction, occurs at cooling below the transition temperature T a ~ 110K
[2–4]. Therefore, high and electric-field tunable εr can be obtained in ST together
with very low dielectric losses. Hence ST based thin films are excellent candidates
for tunable device applications, in which low losses are required [5, 6].

The electrical properties of thin films are known to be highly dependent on the
preparationmethod, fabrication conditions (temperature, atmosphere, heating cycles)
and substrate or underneath layers. Reports prove that dielectric properties of ST
films can be engineered by the mechanical misfit strain between the film and the
substrate [6–9]. Thus, ST films deposited by reactive molecular-beam epitaxy on
(110) DyScO3 substrates reveal a ferroelectric anomaly accompanied by soft mode
condensation near to room temperature (RT) due to in-plane stresses from the sub-
strates [10, 11] and according to the lattice mismatch theoretical predictions [8]. As
a result, high εr (nearly 7000 at 10 GHz) and its sharp dependence on the electric
field E (with relative tunability nr � [εr(0)−εr(E)]/εr(0) of 82%) observed in these
films at RT using interdigitated electrodes are promising for device applications,
despite of the elevated losses (reflected in a dissipation factor tanδ � 0.2). However,
film deposition by molecular-beam epitaxy is much more expansive than by sol-gel
processing that, being a chemical solution deposition method, lowers the processing
temperature, facilitates compositional control, provides good homogeneity within
the films and may be used for the fabrication of large area devices at low cost. Then
instead of DyScO3 substrates, which are too costly and rare to be used in commercial
applications, more common substrates such as Si, MgO, Al2O3, and SrTiO3 single
crystals should be considered. Finally, in contrast to interdigitated electrodes a more
scalable parallel plate capacitor geometry should be used.

On the other hand, driven by the need to substitute lead based electroceramics,
alkali niobates are considered as one of the most promising family of lead-free
compounds [12]. Particularly, potassium sodium niobate (K0.5Na0.5NbO3, KNN)
has become one of the most extensively investigated piezoelectrics due to its high
Currie temperature (TC) up to 420 °C and owing to its high longitudinal piezoelectric
coefficient (d33) reported by Saito et al. in 2004 [13]. Since that time most of the
literature has been focused on KNN-based bulk materials [12, 14, 15] as one of
the promising alternatives in various applications, such as sensors, actuators, energy
harvesting and microelectromechanical systems [16], while KNN based films have
received some attention more recently.

Some KNN-based thin films with high remanent polarization (Pr) and d33 coeffi-
cient were synthesized by sol-gel methods [17–26] that being industrially appealing
is promising for homogeneous thin film production. During the KNN thermal pro-
cessing an additional problem of alkali volatilization appears that tends to induce
point defects and non-stoichiometry in the resulting films, hence decreasing sig-
nificantly both ferroelectric and piezoelectric performance [26]. Therefore, a rapid
thermal annealing (RTA) should be used, while a solution containing 5% excess of
potassium is found to be optimum for the volatilization compensation during KNN
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film fabrication at 750 °C for 5 min [21]. Resulting 250 nm thick KNN films pre-
sented a room-temperaturePr of ~8μC/cm2 and coercive field (Ec) of 80 kV/cm at an
applied field of 700 kV/cm together with εr of 614 and tanδ of 0.015, at 1 kHz [21]. In
spite of the numerous studies mainly focused on the preparation conditions of sol-gel
derived KNN thin films, including alkali excess varying from 0 [19] to 40% [26] and
annealing conditions varying between insertion into furnace [18, 26] and RTA [17,
19, 21], to the best of our knowledge, only platinized Si was reported as substrate
for undoped sol-gel derived KNN film [17–21, 24–26]. Few works report also doped
KNN films deposited on conductive niobium-doped SrTiO3 [22, 23]. However, sol-
gel derived KNN films deposited on platinized SrTiO3 have not yet been studied.
A comparative study of KNN thin films identically deposited on platinized Si and
SrTiO3 substrates to clearly identify the role of the substrate on their dielectric and
ferroelectric properties is also missing.

As shown in Table 1, the sequence of the thermal expansion coefficients (TEC,
α) is αMgO > αST > αAl2O3 > αKNN > αSi. Therefore, different strains on cooling from
annealing to room temperature are anticipated, thus predicting different dielectric
and ferroelectric properties for ST films on platinized Al2O3 and MgO substrates
and KNN films on platinized Si and SrTiO3 substrates. In this work and within this
context, dense, highly crystalline and crack free ST films are deposited on Al2O3/Pt
and MgO/Pt substrates and conventionally furnace annealed at 900 °C for 60 min.
KNN films are also prepared by chemical solution deposition but from solution
with 5% of potassium excess on Si/SiO2/TiO2/Pt and SrTiO3/Pt substrates, being
then annealed using RTA at 750 °C for 5 min. Using dielectric and ferroelectric
characterization in combination with X-ray diffraction (XRD) analysis, a correlation
between the electrical properties in the parallel plate capacitor geometry and the
in-plane stress induced by thermal expansion mismatch in ST films deposited on
MgO/Pt and KNN films deposited on SrTiO3/Pt is found.

Table 1 Thermal expansion
coefficients for materials of
the films and substrates and
annealing temperatures of
750 and 900 °C

Material α (×10−6 K−1)

For Tann � 750 °C For Tann � 900 °C

Si 2.3a –

K0.5Na0.5NbO3 4.72b –

Al2O3 – 7.7c

SrTiO3 9a 10.3c

MgO – 14.3c

aFrom supplier information
bFrom Ref. [27]
cFrom our dilatometry measurements [28]
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2 Experimental Details

2.1 Preparation of ST Films

SrTiO3 solution was prepared using strontium acetate (98%, ABCR), tetra-n-butyl
orthotitanate (98%, Merck) as starting precursors. Acetic acid (99.8%, Merck), 1,2-
propanediol (99.5%, Riedel-de Haën) and absolute ethanol (99.8%, Merck) were
used as solvents. Strontium acetate was initially dissolved into heated acetic acid
under constant stirring to form a transparent solution. After cooling to RT the former
solutionwas dilutedwith 1,2-propanediol and then titanium isopropoxidewas added.
The resultant clear solution was continuously stirred during 12 h in a closed flask
and ethanol was added as a final step to keep the concentration at 0.2 M. Using
this solution, layers of ST were deposited on Al2O3/Pt and MgO/Pt substrates by
spin-coating (Chemat Technology spin-coater KW-4A) at 4000 rpm for 30 s. Al2O3

and MgO substrates were purchased from Crystal GmbH, Germany with subsequent
platinization in Inostek Inc., Korea, and cleaned in boiling ethanol before the film
deposition. Each layer of the films was heated on a hot plate at 300 °C for 1 min to
ensure complete removal of volatile species between the layers. After a multicycle
deposition of 10 layers, ST thin films were conventionally furnace annealed at T ann

� 900 °C for 60 min to obtain high crystallinity [28, 29].

2.2 Preparation of KNN Films

For the synthesis of KNN films, a precursor solution was prepared using potassium
acetate (≥99%, ChemPur, GmbH), sodium acetate (99%, Alfa Aeasar) niobium pen-
taethoxide (99%, Stark) and 2-methoxyethanol (99%, Sigma Aldrich). Initially, 2-
methoxyethanol was placed in a closed flask and left for 30 min in nitrogen (N2)
under constant stirring. Using a glove box with argon (Ar) atmosphere, potassium
acetate, sodium acetate and niobium pentaethoxide were weighted according to the
requested ratio and dissolved in 2-methoxyethanol. 5% excess of potassiumwas used
in this study to compensate alkali volatilization during the heat treatment [21]. After
mixing the reagents and stirring in N2 during ~30 min, the solution was refluxed at
temperature of ~106 °C for 4 h and distilled at 124 °C. After cooling down, the KNN
precursor solutionwas transferred to a flask and 2-methoxyethanol was added to keep
the concentration at 0.2 M. Prepared KNN solution passed through a 0.2 μm filter
was spin-coated on Si/SiO2/TiO2/Pt and SrTiO3/Pt substrates at 3000 rpm for 30 s,
forming layered films. Si/SiO2/TiO2/Pt substrates were supplied from Inostek Inc.
SrTiO3 substrates were purchased from Crystal GmbH, Germany with subsequent
platinization in Inostek Inc. Pyrolysis of each as-deposited layers was performed at
350 °C for 2 min on a hot-plate in air. After a multicycle deposition of 10 layers,
KNN films were annealed in air at 750 °C for 5 min with a heating/cooling rate of
30 °C/s, using a RTA system (Qualiflow, Jipelec, JetFirst 200) [30].
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2.3 Characterization of the Films

Analysis of the thin films crystal phase evolution was performed by XRD with a
Philips X’Pert MPD X-ray diffractometer, equipped with a mobile arm and X’Pert
Data Collector controller software, using Cu-Kα radiation. The strain/stress analy-
sis consisted of sequential θ/2θ measurements with a 0.02° step width and 4 s of
counting time per step in 29.5–33° range for KNN and 55–62° for ST films, for
ψ values ranging from −70 to 70°, in a Philips X’Pert MRD equipment. The sur-
face and cross-sectional morphologies as well as the thickness of KNN thin films
were analyzed by scanning electron microscopy (SEM, Hitachi, SU-70 and S4100)
and scanning force microscopy (SFM, Multimode Digital Instrument, Nanoscope
IIIa). Dielectric and ferroelectric measurements were performed using Au, sputtered
through a mask onto the films, as top electrode and the substrate Pt layer as the
bottom one. The dielectric permittivity was obtained by impedance spectroscopy
measurements under an oscillation level of the applied voltage of 50 mV and various
biases at frequency of 10 kHz, using a precision LCR-meter (Agilent E4980A and
HP 4284A). The electric field dependence of the polarization was evaluated using
the ferroelectric analyzer (aixACCT, TF Analyzer 1000 and TF Analyzer 2000).
Low-temperature measurements of ST film were performed in a He closed cycle
cryogenic system (Displex ADP-Cryostat HC-2), controlled by a digital temperature
controller (Scientific Instrument Model 9650) with silicon diode thermometers.

3 Results

3.1 Structure and Microstructure

From the cross-section SEM micrographs (not shown), the average thickness of ST
films was found to be of ~425 nm and that of KNN films of ~335 nm as listed in
Table 2. From top-view SEM and SFM images [28, 30], both kinds of the films
reveal a dense and crack free microstructure with a smooth surface and ~200 nm
grain size for ST films and ~100 nm grain size for KNN films as also shown in
Table 2. Thus, the microstructure of the films does not significantly depend on the
substrates, confirming the high reproducibility of the films synthesized by the sol-gel
method in this work.

XRD analysis of ST and KNN thin films have revealed that all the films have
well crystallized perovskite phase, according to the diffraction peaks of the standard
powder samples of SrTiO3 (JCPDS#35-0734) and Na0.5K0.5NbO3 (JCPDS #01-079-
7690), respectively, and no other phases were detected. Strain measurements were
conducted by the XRD sin2ψ method, in which the lattice spacings d of a specific
(hkl) plane were measured at different tilt angles ψ (inclined exposure), resulting
in dψ values normalized to the spacing at zero angle d0. The variation of the corre-
sponding strains induced in ST films and by the Al2O3/Pt andMgO/Pt substrates and
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Table 2 Microstructural, structural and electrical parameters of ST films on Al2O3/Pt andMgO/Pt
substrates and KNN films on Si/SiO2/TiO2/Pt and SrTiO3/Pt substrates

Properties of films on platinized substrates ST films KNN films

Al2O3/Pt MgO/Pt Si//Pt SrTiO3/Pt

Average film thickness (nm) 400 450 340 330

Average grain size (μm) 175 244 99 106

Residual stress (MPa) 529 −531 234 −450

Theoretical thermal stress (MPa) 911 −1093 252 −445

Remanent polarization (μC/cm2) 0.32d 0.47d 2.65 4.56

Relative dielectric permittivity 345d 613d 161 184

dAt 30 K

KNN films by the Si/SiO2/TiO2/Pt and SrTiO3/Pt substrates are presented in Fig. 1a
and b, respectively. From the slope, ST films deposited on MgO/Pt and KNN films
on SrTiO3/Pt have a compressive strain, while the strain of ST films deposited on
Al2O3/Pt and KNN films on Si/SiO2/TiO2/Pt is tensile. Using the normalized values
of the obtained strain, the in-plane stress values can be calculated as:

σ � m × Y/(1 + ν), (1)

where Y and ν corresponds to the Young’s modulus and Poisson’s ratio of the film,
respectively, andm is the gradient of the (dψ −d0)/d0 versus sin2ψ dependence. For
ST, Y � 265 GPa and ν � 0.236 [31]. Then a positive (tensile) residual stress value
of 529 MPa for ST films deposited on Al2O3/Pt and a negative (compressive) one
of −531 MPa for the films on MgO/Pt are obtained, as summarized in Table 2. The
values of KNN Young’s modulus of 104 GPa and Poisson’s ratio of 0.27 were used
[32, 33], resulting in a tensile stress value of 234 MPa for KNN films deposited on
Si/SiO2/TiO2/Pt and a compressive one of −450 MPa for the films on SrTiO3/Pt, as
also listed in Table 2.

Thermal stress that originates between the film and substrate during cooling from
the annealing to room temperature due to the differences in their TECs have been
shown theoretically to be the main component of the residual stress in non-epitaxial
films [34]. It can be calculated using the following equation

σth �
Tann.∫

RT

Y

1 − ν
× (α f (T ) − αsub(T ))dT (2)

where αf (T ) and αsub (T ) are the temperature dependence of the film TECs and
corresponding substrate.

The calculated values of the thermal stress that should occur at RT in ST films
deposited at 900 °C are shown in Table 2. The tensile stress of ~911 MPa was found
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Fig. 1 Strain (dψ − d0)/d0
as a function of sin2ψ for ST
films on Al2O3/Pt and
MgO/Pt substrates (a) and
for KNN films on
Si/SiO2/TiO2/Pt and
SrTiO3/Pt substrates (b) at
RT together with linear fits
used for stress calculations

(a)

(b)

for ST films deposited on Al2O3 substrates with smaller TEC and the compressive
stress of ~−1093 MPa was determined for ST films deposited on MgO substrates
with higher TEC in agreement with the measured residual stress values. According
to the Table 1, TEC of KNN [27] is higher than that of Si substrates but lower than
that of SrTiO3. Therefore, a tensile thermal stress of 252 MPa is expected to occur at
RT in KNN films deposited on Si substrates at 750 °C, while a compressive thermal
stress of −445 MPa should be induced on SrTiO3 substrates. These values are also
shown in Table 2, revealing a complete agreement with the measured residual stress
values. Thus, thermal stress is indeed the main component of the residual stress of
the films obtained in this work.

3.2 Electrical Properties

Variation of the polarization under the ac electric field measured at 100 Hz and
30 K on ST films deposited on Al2O3/Pt and MgO/Pt is shown in Fig. 2a. At this
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Fig. 2 Polarization
P—electric field E loops for
ST films on Al2O3/Pt and
MgO/Pt substrates at 30 K
(a) and for KNN films on
Si/SiO2/TiO2/Pt and
SrTiO3/Pt substrates at RT
(b)

(a)

(b)

temperature, both ST films show an S-shape hysteretic P-E dependence with quite
similar Ec of 12–15 kV cm−1. However, there is a stronger variation of the Pr from
~0.32 μC cm−2 for Al2O3/Pt to ~0.47 μC cm−2 for MgO/Pt substrate (see Table 2).
Moreover, the nonlinearity for ST films on MgO/Pt is higher than that of the films
on Al2O3/Pt substrates.

Comparing to the Pr of ~8 μC/cm2 reported in literature for KNN films deposited
on platinized Si [18, 21], Pr obtained of our KNN films deposited on SrTiO3/Pt looks
twice smaller. However, one should take into account that our maximum applied
electric field is 3 to 10 times lower than that used in [18, 21].

Electric field dependence of the relative dielectric permittivity of ST films on all
the substrates measured at 10 kHz and 30 K is presented in Fig. 3a. ST films on
MgO/Pt reveal higher εr values and stronger dependence of εr on dc electric field
comparing with those for the films on Al2O3/Pt substrates. As shown in Fig. 3b,
the relative permittivity of KNN films is higher in the whole field range for those
deposited on SrTiO3/Pt, revealing zero-field εr of 184 at 10 kHz in comparison to εr
of 161 at the same frequency for KNN films on Si/SiO2/TiO2/Pt, as summarized in
Table 2 as well.
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Fig. 3 Electric field
dependence of the relative
dielectric permittivity εr for
ST films on Al2O3/Pt and
MgO/Pt substrates at 30 K
(a) and for KNN films on
Si/SiO2/TiO2/Pt and
SrTiO3/Pt substrates at RT
(b)

(a)

(b)

4 Discussion

Summarizing the results presented above, ST films grown on Al2O3/Pt substrates are
found to show less defined S-shape P-E hysteresis loops (with lower value of Pr),
inferior value of εr, and lower dependency of εr on dc electric field comparing to
those for ST films deposited onMgO/Pt. Lower Pr and εr values are also obtained for
KNN films deposited on Si/SiO2/TiO2/Pt substrates in comparison to those grown
on SrTiO3/Pt. Impurities, difference in oxygen vacancy concentration, grain size
distribution, crystallographic texture, etc. could have an influence on the observed
variation of polarization and permittivity. However, for the equally deposited and
processed films, all these factors should be rather the same.

The residual stress/strain is another factor that can affect the ferroelectric and
dielectric properties of the sol-gel derived polar dielectric films deposited on differ-
ent substrates, since these properties are closely related to the ionic motions in the
film crystal structures. As predicted from thermodynamic theory and demonstrated
experimentally, ferroelectricity can be induced by lattice mismatch strain in epitaxial
ST thin films deposited on the substrates with very different lattice parameters [8, 10,



340 A. Tkach et al.

11]. Thus, their behavior is drastically different from that of quantum paraelectric
bulk ST. However, the lattice mismatch strain is not so strong, being also similar for
the sol-gel derived films of this work, since they all are polycrystalline and grown on
top of the Pt electrode layer. The differential TEC between substrate and film plays
the major role due to the fact that ~1 mm thicknesses of the substrates is much larger
than that of 150 nm for Pt layer deposited on them. Thus, a tetragonal distortion,
allowing displacements of Ti ions dominantly out-of-plane, is induced in the lattice
of ST films on MgO/Pt compressed in-plane on cooling from annealing tempera-
ture by the thermal expansion mismatch (αMgO > αST). As a result, the polarization,
permittivity and tunability of these films are enhanced in the parallel plate capacitor
geometry comparing to the films on Al2O3/Pt.

For KNN films, the lattice of the films on Si/SiO2/TiO2/Pt is under tensile stress
induced on cooling from the annealing temperature due to the thermal expansionmis-
match (αSi <αKNN), thus favoring the in-plane displacement ofNb5+ ions, responsible
for ferroelectric properties [35], and lowering the out-of-plane permittivity and polar-
ization, similarly to SrTiO3 films on Al2O3 substrates. For KNN films on SrTiO3/Pt,
the lattice of the films is compressed in plane (αSrTiO3 > αKNN). Therefore, a lattice
distortion allowing the Nb ionic displacements dominantly out-of-plane is induced.
As a result, the permittivity and polarization of these films are enhanced in the par-
allel plate capacitor geometry, similarly to ST films on MgO substrates. Thus, we
have demonstrated that TEC of the substrate can contribute to the final electrical
properties of the ST and KNN polar dielectric thin films.

5 Conclusions

Sol-gel derived ~425 nm thick ST thin filmswere deposited onAl2O3/Pt andMgO/Pt
substrates under identical processing conditions. A compressive stress/strain induced
by the difference in TEC between the MgO substrate and ST film provokes a larger
out-of-plane displacement of Ti4+ ions and hence STO films prepared on MgO/Pt
showmaximum values of polarization, higher values of εr with stronger dependency
on dc electric field in comparison with ST films under tensile strain on Al2O3/Pt
substrates.

The influence of stress/strain built during KNNfilms processing on their electrical
properties is studied on dense and crack free ~335 nm thick KNN films produced
from precursor solutions with 5% of potassium excess by RTA on platinised Si and
SrTiO3 substrates. As a result of the thermal expansion mismatch induced lattice dis-
tortions, determining the Nb ionic displacements, the room-temperature ferroelectric
and dielectric measurements in the parallel plate capacitor geometry have also indi-
cated that KNN films with lower remanent polarization and dielectric permittivity
values are the films under tensile strain deposited on Si/SiO2/TiO2/Pt, whereas supe-
rior εr and Pr values were obtained for the films under compressive strain deposited
on SrTiO3/Pt substrates.
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Thus, it is shown that variation of the electrical properties can be achieved by
controlling the stain/stress level on the films via the choice of the substrate. Substrates
inducing compressive strain/stress in polycrystalline thin films improve the dielectric
permittivity and polarization in the parallel plate capacitor geometry. The importance
of these results lies in the demonstration of the possibility to design the electrical
performance of polar dielectric films for applications such as tunable devices and
actuators, via the use of a simple cost effective process as sol-gel and commercially
available substrates, without resorting to complex and expensive techniques and
substrates.
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Determination of the Percolation
Threshold for (FeCoZr)x(SiO2)(100−x)
Nanocomposite

V. Bondariev

Abstract This work presents an explanation of the effect of metallic phase content x
on AC electrical properties of nanocomposites (FeCoZr)x(SiO2)(100−x) and determi-
nation of the percolation threshold for series of nanocomposite samples withmetallic
phase content x � 48.3–82.8 at.%. Frequency and temperature dependencies of con-
ductivity σ(f , T ) and phase shift angle θ(f , T ) for series of nanocomposite produced
by ion-beam sputtering in pure argon atmosphere were determined. Samples with
metallic phase content x < 79.8 at.% exhibit dielectric type of conductivity dσ/dT > 0.
Increase in concentration of metallic phase x ≥ 79.8 at.% causes a change of conduc-
tivity character from dielectric to metallic dσ/dT < 0. Comparison of the conductivity
at T p � 20 K and conductivity at room temperature allowed to determine the per-
colation threshold for a series of samples of nanocomposite (FeCoZr)x(SiO2)(100−x).
Metallic phase particles form the “endless cluster” that crosses though sample from
the electrode to electrode in nanocomposites with x ≥ 80 at.%.

Keywords Nanocomposites · Conductivity · Percolation · Metallic phase

1 Introduction

Heterogeneous systems (HS) including compositematerials arewidely used in differ-
ent industries [1–8]. Unique properties of nanocomposites have found applications in
mechanical engineering [9, 10], optics [11, 12], electronics [13, 14]. One of the most
important factors determining the properties of nanocomposites is their structure and
composition. For example, the shape, and size of metallic phase particles, and dis-
perse phase distribution. Also, when metallic phase particles with a size in the range
nano- are separated by insulating material, the quantum-mechanical phenomena [15]
can occur in the nanocomposite [16–20].
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To understand the nature of the origin of the unique electrical properties of
nanocomposites, it is worth examining themechanismof transferring electric charges
in it [21]. The effective electrical conductivity σ is the main characteristic describing
charge transfer in a randomly inhomogeneous heterogeneous system. For example,
for binary metal-dielectric nanocomposites the effective electrical conductivity σ is
primarily determined by the electrical conductivity of the σi components and their
volume content V . A binary system is considered highly inhomogeneous if the elec-
trical conductivity of the dispersion (dielectric matrix) phase σd is very different
(much less or much greater) of the electrical conductivity of the dispersed (metal)
phase σm. Effective electrical conductivity σ of metal-dielectric nanocomposite can
change from dielectric σd to metallic σm depending on the ratio of phases contents,
and this change can reach up to 10 orders of magnitude. The greatest increase in
σ is observed at a certain metallic phase concentration x ≈ xc, determined by the
percolation theory as the percolation threshold [22, 23]. Metallic phase particles
form the “endless cluster” that crosses though sample from the electrode to electrode
in nanocomposites. In real heterogeneous systems, phase layers are always present
between the phase particles, which are characterized by their local conductivity val-
ues, and therefore σ(r) can vary continuously over a wide range. And the transfer
of charge between nanoparticles isolated between them is carried out by hopping
mechanism of charge transfer [24, 25].

The use of impedance spectroscopy of heterogeneous systems (for example
nanocomposites) based on the measurement and analysis of the dependence of
the impedance on the frequency of alternating current makes it possible to deter-
mine the structural features, microscopic parameters and other characteristics of the
HS [26–30]. The frequency dependencies of the impedance of the metal-dielectric
nanocomposites are determined by many physical causes, some of which appear at
the same frequencies.

1. Electronic relaxation processes at the interface boundaries.
2. Dispersion of electrical characteristics (specific conductance and permittivity)

of the phases entering into the nanocomposite.
3. Relaxation processes at the interface boundaries, associated with ion transport

and electrochemical reactions.
4. The presence of structural (having a certain geometry) elements with reactive

impedance.

All these physical causes are those factors that determine the unique properties
of nanocomposites and the phenomena that occur in them.

Most often the original properties of nanocomposites are shown when the con-
centration of the metal phase x is about the percolation threshold xc. Determination
of percolation threshold is an important task in the study of nanocomposites and their
properties.

In previous works, the percolation threshold for nanocomposite
(FeCoZr)x(CaF2)(100−x) samples sputtered in the pure argon [31] and mixed
(argon and oxygen) [32] atmosphere was determined. The percolation threshold
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xc for the series of oxygen samples, compared to argon samples (xc ≈ (65.8 ±
2.0) at.%) is shifted to the value (82 ± 2.0) at.%.

Annealing of the nanocomposite (FeCoZr)x(CaF2)(100−x) sample with metallic
phase content x � 62.7 at.% (x near xc) in the temperature of 398 K and higher inten-
sifies the coilless-like inductance phenomenon, which results in frequency change
causing an increase of the phase angle to above ±90 [33].

This work aims to the explain the effect of metallic phase content x on AC elec-
trical properties of nanocomposites (FeCoZr)x(SiO2)(100−x) and determination of the
percolation threshold for series of nanocomposite samples with metallic phase con-
tent x � 48.3–82.8 at.%.

2 Experimental Details

Nanocomposite (FeCoZr)x(SiO2)(100−x) has been produced by ion-beam sputtering
in a pure argon atmosphere. As a result, a series of samples with a variable content
of metallic phase concentration x � 48.3–82.8 at.% were obtained. Determination of
their chemical composition was performed by X-ray microanalysis in the scanning
electron microscope. Immediately after obtaining the nanocomposite samples, their
AC electrical properties were tested by using the test station for frequency-domain
dielectric spectroscopy of nanocomposites and semiconductors [34]. The station
allows measuring a wider measurement temperature range Tp � 20–373 K and in
the frequency range from 50 Hz to 5MHz. Frequency and temperature dependencies
on conductivity σ(f , T ) and phase shift angle θ(f , T ) for series of nanocomposite
were determined.

3 Results and Discussion

Figure 1 shows the frequency-temperature dependence of conductivity for the
nanocomposite (FeCoZr)x(SiO2)(100−x) with metallic phase content x � 58.15 at.%
for some selected measurement temperatures. As can be seen from Fig. 1, in the
low frequencies area conductivity hardly depends on the frequency. In the high-
frequency area (started from ~2000 Hz) the conductivity value is almost constant.
The conductivity increased by almost one order of magnitude with increasing mea-
surement temperature T p from 34 to 347 K. This means that a dielectric conductivity
type occurs in the material, for which the derivative of conductivity after temperature
dσ/dT p takes positive values.

The frequency-temperature dependencies of phase angle θ for the same nanocom-
posite sample is shown on Fig. 2. From the figure, it can be seen that the frequency
dependence of the phase shift angle behaves according to the model of impedance in
nanocomposites with a hopping mechanism of charge transfer. Namely, in the area
of low frequencies the phase shift angle has a value close to zero. As the frequency
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Fig. 1 Frequency
dependences of conductivity
σ for nanocomposite
(CoFeZr)x(SiO2)(100−x) with
the metallic-phase content of
x � 58.15 at.%

Fig. 2 Frequency
dependences of phase-shift
angle θ for nanocomposite
(CoFeZr)x(SiO2)(100−x) with
the metallic-phase content of
x � 58.15 at.%

increases, it assumes ever greater negative values until aminimum is reached. Further
increase in frequency causes the phase shift angle to approach zero and then go into
the area of positive values. That is, in the area of low frequencies conductivity is of
the resistive type. In the intermediate frequency range conductivity of the capacitive
type is dominant. In yet higher frequencies the inductive type conductivity prevails.
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In samples of a nanocomposite from the same series but with a higher concentra-
tion of the metal phase, a different type of conductivity was observed. For example,
for a sample with a metallic phase content of x � 79.77 at.% with the rise of the
measurement temperature T p, the conductivity decreases (Fig. 3), which indicates a
metallic type of conduction dσ/dT < 0. In addition, conductivity in almost the entire
range does not depend on the frequency, only at 0.4 MHz a slight increase in the
conductivity is visible.

And for the sample with x � 82.81 at.% concentration no temperature and fre-
quency dependencies were detected (Fig. 4). On the frequency dependence of the
phase shift angle for the same sample (Fig. 5) just aweak decrease of θ to ~−5° can be
observed. Therefore, the following method was chosen to determine the percolation
threshold.

To determine the percolation threshold for series of samples
(FeCoZr)x(SiO2)(100−x) sputtering in the pure argon atmosphere the dependence of
the conductivity on metallic phase content for measurement temperature T p � 20 K
and room temperature T p � 298 K for frequency 100 Hz was determinate (Fig. 6).
Both of these waveforms have been approximated, and the intersection point of the
approximating lines was determined. As can be seen from Fig. 6 conductivity in the
range of metallic phase content from 48.3 to 82.8 at.% increases by almost six orders
of magnitude. The value at which the approximation line intersects must be accepted
as a percolation threshold xc of series of nanocomposite (FeCoZr)x(SiO2)(100−x)

samples, and this value located at the metallic phase content about (79.8 ± 2) at.%.

Fig. 3 Frequency
dependences of conductivity
σ for nanocomposite
(CoFeZr)x(SiO2)(100−x) with
the metallic-phase content of
x � 79.77 at.%
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Fig. 4 Frequency
dependences of conductivity
σ for nanocomposite
(CoFeZr)x(SiO2)(100−x) with
the metallic-phase content of
x � 82.81 at.%

Fig. 5 Frequency
dependences of phase-shift
angle θ for nanocomposite
(CoFeZr)x(SiO2)(100−x) with
the metallic-phase content of
x � 82.81 at.%
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Fig. 6 Dependence of the
conductivity of
nanocomposite
(FeCoZr)x(SiO2)(100−x) on
metallic phase content for
measurement temperatures
Tp 20 and 298 K for
frequency 100 Hz

4 Conclusions

This study examined the frequency and temperature dependences of the AC param-
eters of (FeCoZr)x(SiO2)(100−x) nanocomposites with the metal phase content within
the scope of 48.3 at.% < x < 82.8 at.%, produced by sputtering a beam of pure
argon. Frequency and temperature dependences of conductivity σ(f , T ) show that
for the content of the metallic phase under ~79.8 at.% temperature dependences of
the dielectric type occur, i.e., the conductivity increases with increasing tempera-
ture. From the frequency dependences of phase shift angle θ(f , T ) can be seen that
in nanocomposite the transfer of charge between nanoparticles is carried out by hop-
ping mechanism of charge transfer. Increase in concentration of metallic phase x ≥
79.8 at.% causes a change of conductivity character from dielectric to metallic.

Based on the analysis of the conductivity dependence on the content of the metal-
lic phase, the percolation threshold was determined for the (FeCoZr)x(SiO2)(100−x)

nanocomposite, obtained by ion sputtering of a pure argon beam, the value of which
is xc ≈ (79.8 ± 2) at.%.
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Mechanisms of Surface State Formation
at Si/SiO2 Interface in the Nanosized
MOS Transistors

A. N. Volkov, D. V. Andreev and V. M. Maslovsky

Abstract The paper demonstrates themain physicalmechanisms of the surface state
generation at the interface Si/SiO2, which are typical for nanosized MOS transistors.
We demonstrate the most common model of the surface state generation. One ana-
lyzes graphs showing a dependence of lifetime on substrate current (Isub), which are
obtained from the literature. We demonstrate a method to determine charge carrier
energy participating in the process of surface state generation and a method to ascer-
tain the mechanism of surface state generation in nanosized MOS transistors. We
ascertain main parameters of MOS transistors affecting the process of surface state
generation.

Keywords Surface states · Si/SiO2 interface · MOSFET · Si–H bonds · MOS
transistors lifetime

1 Introduction

The interface between bulk silicon and its dioxide (Si/SiO2) has a large concentration
of the Si–H bonds formed after the formation of thin films of silicon dioxide during
annealing in a hydrogen-containing atmosphere. The breakdown of Si–H bonds can
lead to the process of formation of surface states at Si/SiO2 interface of the nano-
sized metal-oxide-semiconductor-field-effect-transistors (MOSFETs). This process
can proceed according to several mechanisms [1, 2], depending on the energy of
the charge carriers initiating the dissociation reaction of the Si–H bond. The surface
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states can significantly affect the lifetime of the MOSFETs and devices based on
them.

2 Generation of Surface States in Nanosized MOS
Transistors

2.1 Physical Mechanisms of Surface State Generation

A well-known fact is that one of the main processes of surface state generation in
MOS transistors is the dissociative reaction of Si–H bonds at the Si/SiO2 interface.
The mechanism, caused by the influence of charge carriers with energies sufficient
to initialize the dissociative reaction of Si–H bonds, is the catalyst of this reaction for
the MOS transistors having the long channel. This mechanics is well described by a
concept named “lucky electron model” (LEM) [1]. In accordance with this concept,
the charge carriers obtain sufficient for Si–H bond cutting energy by the influence
of lateral electric field in the MOS transistor channel caused by the relatively high
supply voltage. Thus, for nanosized MOS transistors with the relatively low strength
of the lateral electric field in the channel, by LEM, the generation of surface states
should come to a minimum. However, as practice shows, the generation of surface
states in nanosized MOS transistors as before is one of the main reasons of failure
of electric devices based on them.

By papers [1, 2], mechanisms, which are responsible for the dissociative process
of Si–H bonds, and, as a consequence, responsible for the surface state generation,
do not depend on the amount of the lateral electric field in the channel. The basis of
these mechanisms is physical aspect of the distribution of charge carriers by energies
featured for every mechanism. Papers [1, 2] describe three main mechanisms of the
surface state generation as a result of Si–H bond cutting at the Si/SiO2 interface,
depending on charge carrier energy, featured for MOS transistors:

1. The first one is a mechanism of single excitation (SE)—bond cutting by one
electron having enough energy (energy of electrons ~3.7 eV);

2. The second one is electron-electron scattering (EES)—bond cutting by an elec-
tron that has received sufficient energy due to scattering (energy of electrons
~3.6 < E < 2.5 eV);

3. The third one is a mechanism of multi-vibrational excitation (MVE)—bond cut-
ting due to the influence of electrons group having lowenergy (energy of electrons
~E < 2.5 eV).

Independently on mechanism of surface state generation, increasing of their con-
centration at Si/SiO2 interface leads to the degradation of electrical characteristics
of MOS transistors (drain current, slope, threshold voltage, etc.), what in its turn
leads to parametric failure of devices based on nanosized MOS transistors, and, as a
consequence, to reduction of their lifetime [3–5].
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2.2 Empirical Model of Surface State Formation

To model processes of surface state generation, and, as a consequence, to predict
the lifetime of nanosized MOS transistors, there is a significant amount of empirical
models [1, 6]. One of the most known models is the model of the dependence of
MOS transistors lifetime on substrate current (Isub) [6]:

tL � A · (Isub)−m, (1)

where A and m are empirical coefficients.
By paper [1], m � ϕit/ϕi, where ϕit—the energy of charge carriers taking part in

the process of surface state generation; ϕi—1.3–1.4 eV—threshold (critical) energy
to create the impact ionization.

The basis of this model is an assumption that the charge carriers, taking part in the
process of creation of surface states by Si–H bond cutting, drain into the substrate
creating substrate current due to the impact ionization. Observing the amount of the
substrate current and the level of degradation of the electrical parameter of MOS
transistor (drain current, slope, etc.) allow concluding about the intensity of the
process of creation of surface states in MOS transistor.

Plotting of graphs, showing dependence of lifetime (tL) on substrate current (Isub)
using results of accelerated tests, at which the operating conditions are selected, char-
acterized by maximal amount of the substrate current, allows to clearly demonstrate
an influence of the process of surface state generation on the degradation of MOS
transistor characteristics.

These graphs give an estimate not only about the influence of the process of
surface state generation on the lifetime but also can allow to determine:

1. The energy of the charge carriers taking part in the process of surface state
generation.

2. Physicalmechanism featured for the given process of generation of surface states.
3. Parameters ofMOS transistors influencing the process of surface state generation.

To verify these assumptions, we analyzed the graphs of the dependence of lifetime
(tL) on substrate current (Isub) borrowed from the papers [7–9].

3 Description of Samples

We analyzed the following graphs:

1. Graph of the dependence of the lifetime (tL) on substrate current (Isub) of n-
channelMOS transistorsmade by 0.35μmCMOS technologywith lightly doped
drain (LDD) and large angle tilt implanted drain (LATID) architectures. Samples
had different length of the channel Lm � 0.4−1 μm (channel mask length),
channel width W � 40 μm, thickness of oxide film Tox � 8 nm, and length of
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Fig. 1 Dependence of lifetime on the substrate current for samples made by CMOS 0.35 μm
technology with different architectures (LDD, LATID)

spacer Ls � 0.12 μm. The only difference between LATID and conventional
LDD devices consisted in performing the LDD implant at θ � 42° angle implant
for LATID compared to the usual θ � 7° LDD angle implant [7]. As a criterion
of loss of operating capacity, one chose the degradation of the maximum value
of slope �Gm � 10% (Fig. 1).

2. Graph of the dependence of the lifetime (tL) on substrate current (Isub) of n-
channel MOS transistors made by 0.18 μm CMOS technology with different
length of the channel Lm � 0.5, 0.25, and 0.18 μm, and channel width W �
10μm [8]. As a criterion of loss of operating capacity, one chose the degradation
of the maximum value of slope �Gm � 10% (Fig. 2).

3. Graph dependence of the lifetime (tL) on reduced substrate current (Isub/W ) of n-
and p-channel MOS transistors made by 40 nm CMOS technology with different
length of the channel Lm � 35, 50, 60 nm and 0.14 and 0.16 μm for n-channel
MOS transistors and Lm � 0.14 and 0.16μm for p-channel MOS transistors, and
channel width W � 10 μm [9]. As a criterion of loss of operating capacity, one
chose the degradation of drain current �Ids � 10% (Fig. 3).
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Fig. 2 Dependence of the lifetime on substrate current for the samples made by CMOS 0.18 μm
with different channel length

Fig. 3 Dependence of the
lifetime (tL) on reduced
substrate current (Isub/W ) of
n- and p-channel MOS
transistors with different
lengths of channel and
different thicknesses of
oxide film

4 Analysis Results

Figure 1 shows graphs of the dependence of the lifetime (tL) on substrate current (Isub)
for the samples with different channel length and architecture (LDD and LATID).
Figure 1 demonstrates that the inclinations of lines, representing given dependencies,
are almost the same. Proceeding from the expression (1), the empirical coefficient m,
causing the line inclinations, is the ratio of the energy of charge carriers, taking part
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in the process of generation of surface states (ϕit), to the threshold (critical) energy
of creation of the impact ionization (ϕi � 1.3 eV in accordance with the paper [1]).
By determining from the graphs the dependencies of a lifetime (tL) on the substrate
current, we can calculate the energy of charge carriers taking part in the process of
generation of surface states (ϕit) by using the following expression:

ϕit � m · ϕi. (2)

Thus, using the expression (2) and values of the m coefficient derived from the
graphs of Fig. 1, we obtain values of the energies of charge carriers, taking part in
the process of surface state generation, for the samples presented in Fig. 1 (4.42 eV
for sample 1; 4.68 eV for samples 2, 3, and 4; 4.94 eV for sample 5; 5.98 eV for
sample 6). Here and below, one calculates the energies of charge carriers, taking part
in the process of generation of surface states (ϕit), at ϕi � 1.3 eV.

Figure 1 demonstrates that the energy of charge carriers for all the samples is
higher than 3.7 eV. This can mean that for the case SE mechanism of surface state
generation takes place.

It is important to notice that for this experiment with increasing of the length of the
channel the empirical coefficient “A” increases, and, correspondingly, the lifetime of
samples at the same values of the substrate current raises. This demonstrates that the
decreasing of channel length leads to raising the intensity of the process of surface
state generation and lowering of the lifetime. Besides, comparing the samples with
the same length of the channel but different architecture (LDD and LATID), one can
observe insignificant increasing of the “A” coefficient in case of LATID samples.
This indirectly points at the change of intensity of process of surface state generation
at altering of the implantation angle.

Figure 2 shows the graph of the dependence of lifetime (tL) on substrate current
(Isub) for the samples with different channel length made by CMOS 0.18 μm tech-
nology. Figure 2 demonstrates that the experimental data for all the samples lay in
frames of one line in contrast to the experiment presented in Fig. 1 including the par-
ticipation of samples with different channel length. Proceeding from (2), the energy
of charge carriers, taking part in the process of surface state generation (ϕit), is equal
to 2.47 eV for this experiment. This can signify that the MVE process of surface
state generation takes place for this case (ϕit < 2.5 eV).

Figure 3 shows the graphs of the dependence of the lifetime (tL) on reduced
substrate current (Isub/W ) of n- and p-channel MOS transistors made by 40 nm
CMOS technology with different lengths of the channel and different thicknesses of
the oxide film.

Figure 3 demonstrates that n- and p-channel samples have the different implanta-
tion angle. However, as it is for the second experiment, for this case the experimental
data of the samples with different channel length and thickness of oxide lay in frames
of one line. Thus, we can assume that for this case the length of channel and thickness
of oxide do not influence the intensity of the process of surface state generation.
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In accordance with (2), the energy of charge carriers, taking part in the process
of surface state generation (ϕit), is equal to 3.51 eV for the n-channel samples and
3.9 eV for the p-channel samples for this experiment. Proceeding from this, one
can assume that for the n-channel samples the EES mechanism (2.5 < ϕit < 3.6 eV)
of surface state generation takes place whereas for the p-channel samples the SE
mechanism (ϕit > 3.6 eV) of surface state generation takes place. Thus, using the
expression (2) and analyzing the graphs obtained from the experimental data of the
accelerated tests, one can determine the energy of charge carriers, taking part in the
process of the surface state generation, and the process itself (SE, EES, MVE).

Analysis of the presented above experiments shows that the influence of geo-
metrical sizes of the samples (length of the channel) on the process of surface state
generation takes place only in the case of samples made by CMOS 0.35 μm technol-
ogy. For the samples made by CMOS 0.18 μm and 40 nm technologies (which are
more considered as nanosized MOS transistors) this dependence is not observed.

One should notice that all the experiments were realized in modes corresponding
to the maximal substrate current. Evidently, for the different technologies, these
modes will mean different electrical stresses. Thus, one can conclude that the main
influence on the intensity of the process of surface state generation will be affected
by the mode of accelerated tests (electrical parameters of the mode). At the same
time, to accelerate each of the three mechanisms of surface state generation (ES,
EES, and MVE) one needs to choose a certain mode of tests. The papers [1, 10–13]
suggest the following to choose electrical parameters to accelerate ES, EES, and
MVE mechanisms:

1. Use a low value of the drain current and low value of the voltage at the gate (ES
mechanism).

2. Use the mean value of the drain current; mean value of the voltage at the drain
and voltage at the gate (EES mechanism).

3. Use the high value of the drain current and low value of the voltage at the gate
(MVE mechanism).

5 Conclusions

Modern nanosized MOS transistors and devices based on them, despite the LEM,
are subjected by the influence of the process of surface state generation caused by
Si–H bond cutting. The basis of this process for nanosized MOS transistors is the
three physical mechanisms, such as ES, EES, and MVE. These mechanisms are
characterized by the energy of charge carriers taking part in the process of surface
state generation. A simple analysis of the graphs of the dependence of the lifetime
(tL) on reduced substrate current (Isub/W ), obtained from results of the accelerated
tests, allows to approximately determine the energy of charge carriers taking part in
the process of surface state generation. Besides, this analysis allows to assume the
mechanism of the process. In addition, the analysis provides the parameters of MOS
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transistors influencing on the process of surface state generation. We ascertained that
the length of the channel, the angle of the implantation, and modes of the accelerated
tests could make an impact on the process of surface state generation.
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ZnO Doped Nanosized Composite
Material Based on Hydroxyapatite
and Sodium Alginate Matrix

Alexander D. Pogrebnjak, L. F. Sukhodub, L. Sukhodub, O. V. Bondar
and A. Turlybekuly

Abstract The presented work shows new results of a nanostructured compos-
ite material investigation. The fabricated and studied material was in the form of
beads based on hydroxyapatite (HA), sodium alginate (Alg) and ZnO particles.
The HA was produced under the influence of microwave radiation. The beads of
HA–ZnO–Alg were fabricated by dropping slurry into the calcium chloride solu-
tion. The main purpose of the research was to study the physical and chemical
properties of HA–ZnO–Alg composite and approve its biocompatibility in vitro and
in vivo. The morphology and elemental composition investigations were conducted
by transmission electron microscopy with diffraction (TEM) and scanning electron
microscopywith energy-dispersive analysis (SEMwith EDX)methods. It was shown
that synthesized HA consists of crystallites with a size of 40 nm. The ZnO inclusion
appeared in the form of nanosized crystallites 25 nm in size. The average Ca/P ratio
was 2.15, which is close to stoichiometric one.

Keywords Bioapatite · Biocomposite materials with nanoscale architecture ·
Hydroxyapatite · Sodium alginate · Zinc oxide

1 Introduction

The human bone tissue is a natural biocomposite material and demonstrates quite
complicated properties. The bone composition (in general) consists of collagen fib-
rils, hydroxyapatite, and metallic microparticles. It is known that biological apatite
includes doping elements’ ions, such as Ca2+, Mg2+, Sr2+, Ba2+, Pb2+, Zn2+, Cu2+,
Na+, K+, Fe3+. Understanding the own role of every consisting element and their
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influence on properties of the biological apatite has priority in the field of the devel-
opment of synthetic composite materials for orthopedic application [1–15].

Nowadays, titanium-based materials are also widely used for biomedical applica-
tions, in particular—for prostheses construction, due to its extremely high biocom-
patibility with natural tissues [16–29].

Zinc ions stimulate the osteoinduction process. As a result, the density of bone tis-
sue and the adhesion of proteins increase, the bone mass becomes constant [30–33]
and surges the antibacterial activity [32]. Today, the problem of microorganisms’
resistance to antibiotics becomesmore andmore notable, and as a result, the develop-
ment of newmaterials with antibacterial properties is extremely actual. Antibacterial
properties of HA doped by ions Zn, Cu, Au were studied in [33–41]. Thus, in [35] it
was demonstrated that zinc sulfide with sodium alginate (ZnS + Alginate) has high
antibacterial properties concerning some Gram-positive and Gram-negative bacte-
ria. Sodium alginate is known to be biocompatible, non-toxic natural polysaccharide
consisting of monomers of β-d-mannuronic and α-l-guluronic acids. It can bind and
remove radionuclides from the body, decrease cholesterol in the blood and do not
cause allergies. It is also known that materials based on ZnO are characterized by
pronounced bioactivity, high tensile strength, ability to withstand extreme operating
conditions.

This work is a pioneer in the proposed series of works, dedicated to the fabrica-
tion and further complex studies of a composite material, which will demonstrate
properties quite close to natural bone tissue and consist of the hydroxyapatite, nanos-
tructured ZnO particles, and sodium alginate. The studied material is promising in
terms of use for various biomedical applications.

2 Experimental Details

The analytically pure bulk materials: calcium nitrate tetrahydrate Ca(NO3)2·4H2O,
ammonium hydrophosphate (NH4)2HPO4, 25% hydrous ammonia NH4OH, zinc
nitrate hexahydrate Zn (NO3)2 6H2O, calcium chloride CaCl2 were obtained from
“Merck” firm; sodium alginate (Alg) (E401) with a molecular mass of 15 kDa (man-
ufactured by Shanghai Chemical Company Ltd, China).

To fabricate theHA–ZnO–Alg beads, a 2wt%aqueous solution of sodiumalginate
was added to the HA–ZnO slurry in a 1:1 weight ratio. The mixture was sonicated
in a USD device (power of 75 W, 12 min duration) until a homogeneous mass was
formed. By dropping the resulting slurry into 0.125 M calcium chloride solution,
beads of the HA–ZnO–Alg composite material were obtained (further HA–ZnO–Alg
sample). The exposure time in the CaCl2 crosslinking solution was 25 min and 18 h
accordingly. The resulting materials were filtered, washed with distilled water and
dried. The preparation methods were described in [42, 43].

The synthesized composite material based on HA–Alg–ZnO was analyzed by
scanning electron microscopy (SEM) using the JSM-6390LV microscope with the
energy dispersive microanalysis system INCA Energy Penta FET X3, transmission
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electron microscopy (TEM) on JEM-2100 electron microscope. All these analytical
investigations were conducted at university laboratories of East Kazakhstan State
Technical University named after D. Serikbayev.

3 Results and Discussion

Investigation of the microstructure of the synthesized material showed that the com-
posite material has a porous structure, Fig. 1. Microcrystals of ZnO, consisting of
individual microcrystallites, are localized in the pores, Fig. 2. Localization of micro-
crystallites in porous can result in the material antibacterial properties increasing,
due to the availability of active substances. Also, the addition of zinc oxide increases
the swelling properties, as the osmotic pressure increases, which contribute to the
absorption of the material.

The chemical composition of the synthesized material is shown in Table 1. From
the spectra data, obtained from different sites, it can be concluded that the HA is
distributed in the Alg matrix since the sodium concentration is almost unchanged. In
general, we can conclude that the ratio of Ca/P is close to stoichiometric and equal
to 2.02.

Figure 3 shows a TEM image of a HA–Zn sample, where represented crystallites
of a needle-shape form, which is typical for bone apatite.

For a more detailed determination of the elements’ distribution, we carried out the
mapping on TEM, Fig. 4. As can be seen, the distribution of zinc is clearly limited
by the region of the ZnO microparticle, while a small amount of phosphorus and
calcium are present in the region of the ZnO microparticle. This fact may indicate
that the HA molecules enter into the ZnO microparticle.

The swelling properties were measured at different pH values 4.5, 7.3 taking into
account the natural conditions of a living organism where start the formation of new

Fig. 1 SEM image of the
synthesized composite
material HA–Alg–ZnO
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Fig. 2 SEM image of ZnO
microcrystalline

Table 1 Composition of the synthesized compozied material HA–Alg–ZnO (in wt%)

Spectrum O Na Mg Al Si P Cl Ca Zn Sum

Spec. 1 40.7 4.69 0.85 0.49 9.98 5.95 1.91 11.8 23.7 100.0

Spec. 2 38.8 3.99 0.72 0.40 10.7 6.61 1.83 12.7 24.3 100.0

Spec. 3 48.4 4.09 0.87 0.55 11.1 8.01 2.52 17.4 7.1 100.0

Average 42.6 4.25 0.81 0.48 10.6 6.86 2.09 14.0 18.3 100.0

Stand. deviation 5.08 0.38 0.08 0.08 0.56 1.05 0.38 3.0 9.8

Max 48.4 4.69 0.87 0.55 11.1 8.01 2.52 17.4 24.3

Min 38.8 3.99 0.72 0.40 9.98 5.95 1.83 11.8 7.1

Fig. 3 TEM image of
composite material
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Fig. 4 TEM image (map) of composite material
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Fig. 5 The swelling
diagram of HA–Alg–ZnO at
different pH
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bone tissue caused by osteoblasts and osteoclasts within the indicated pH values.
Samples are slightly less susceptible to swelling in a neutral medium at pH � 7.3
than in acidic pH 4.5 (Fig. 5).

4 Conclusion

SynthesizedZnOdoped compositematerialwas studied. The samples have nanoscale
architecture. The swelling properties decrease with pH level growing. The Ca/P ratio
corresponds to the generally accepted parameters. In the study, it was found that HA
molecules are embedded in the crystal structure of ZnO and form a chemical bond
with the Ca atom substitution.
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AC Dependence of Electrical Properties
of SiOx/ZrO2 Multilayer Nanocomposites
with Si Nanocrystals

T. N. Koltunowicz, K. Czarnacka and A. K. Fedotov

Abstract The following paper presents the method of obtaining silicon nanocrys-
tals in a matrix of zirconium dioxide and the results of measurements of electrical
properties. The testedmaterial was produced by alternating vacuum evaporation with
SiOx and ZrO2 and then annealed to obtain silicon nanocrystals. The measurement
parameters in the function of temperature and frequency were: capacitance, resis-
tance, the angle of phase shift and tangent of dielectric losses. On this basis, and
referring to the dimensions of the sample, conductivity was determined as a function
of temperature and frequency. Thanks to this, the mechanism of charge transfer and
the nature of the material have been proposed.

Keywords Nanocomposites · Nanocrystals · Conductivity · Electrical properties

1 Introduction

The variety of properties of nanocomposites depends to a large extent on the method
of their production. The process of nanocomposites producing is quite complicated
and depends on many parameters. The main parameters that influence the formation
process of nanostructures are the crystalline orientation of the substrate and the
quality of its preparation, the temperature of the substrate, the time of deposition
of the thin layer or the environment in which the layer is formed [1–4]. We can
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distinguish thin-layer nanocomposites, the structure of which may be layered [5, 6]
or granular [7–9].

Existing technologies of producing thin nanostructure layers can be divided into
physical and chemical ones, namely: laser evaporation [10], ion-beam sputtering
[11], ion sputtering [12, 13], magnetron sputtering [14, 15], reactive vapor deposition
[16], deposition from the gas phase [17], sol-gel [18], or atomic layers deposition
ALD [19]. One of the tried and tested methods for controlling the size of silicon
nanoparticles is the deposition of a silicondioxide layer enrichedwith siliconbetween
SiO2 layers to form a multilayer system. During annealing, the silica layer acts as a
diffusion barrier, thus limiting the growth of crystals [20, 21].

The purpose of the following work was an investigation of AC electrical param-
eters of multilayered SiOx/ZrO2 nanomaterials with Si nanocrystals, which were
subjected to annealing to obtain silicon nanocrystals in the oxide matrix. On this
basis, dielectric properties were determined, and AC charge transfer mechanism was
proposed in this type of systems.

Impedance spectroscopy is awidely usedmethod for testing nanocompositemate-
rials [22]. The AC method gives the possibility to determine the basic electrical
parameters as a function of frequency, which in turn, when measuring properties in
a wide frequency range, gives the possibility to obtain information on the charge
transfer mechanism in the material [23–25]. In addition, nanostructured materials
can exhibit a number of optical properties, which is why extensive luminescence
tests are carried out [26, 27].

2 Experimental Details

The SiOx/ZrO2 layered nanocomposite was deposited on a silicon substrate of ori-
entation (100) by alternating vacuum evaporation of the suitable materials from two
separate sources. In this way, 22 layers of alternately arranged SiOx and ZrO2 were
deposited. Thicknesses of individual layers were obtained at the level of approx.
2 nm for ZrO2 and approx. 8 nm for SiOx. Then the obtained material was subjected
to two-hour annealing at 1110 °C under a nitrogen atmosphere. As a result, struc-
tures with silicon nanoparticles were obtained. Silver contacts were applied to the
surface of the samples to minimize the influence of point contact during electrical
measurements.

Studies of AC electrical properties of manufactured and annealed layers were
carried out using measurement stand described in the paper [28]. The measurement
was carried out in the range of measuring temperatures T p from 20 to 375 K. The
measured parameters were resistance Rp, capacity Cp, phase shift angle θ and the
tangent of the dielectric loss angle tgδ using alternating current in the frequency
range 50 Hz–1 MHz. On this basis, the frequency dependence of the conductivity σ

was determined.
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3 Results and Discussion

Figure 1 shows the frequency-temperature dependence of capacity Cp of the mate-
rial SiOx/ZrO2 for several selected measuring temperatures. It can be noticed that the
capacity increases slightly as the measurement temperature increases, and decreases
significantly with increasing frequency—by more than an order of magnitude.
Figure 2 shows the frequency and temperature dependence of the phase shift angle.
In the entire measuring temperature and frequency range, the angle is negative and
does not exceed −90°. This shows the capacitive nature of the structure under study.

Figure 3 shows the frequency-temperature dependence of the tangent of the dielec-
tric loss angle tgδ, and Fig. 4 presents the frequency and temperature dependence
of conductivity σ of the material a-SiOx/ZrO2 for several selected measuring tem-
peratures. The analysis of the graphs suggests that the material exhibits a dielectric
conductivity. The conductivity value increases with the increase of the measurement
frequency in the full temperature range.We can determine that in the studiedmaterial
there is tunneling or hopping of electrons between silicon nanoparticles through the
dielectric ZrO2 barrier, so the ACmodel of the hopping conductivity proposed in the
works [29, 30] can be used.

Figure 5 shows Arrhenius’s dependence of conductivity determined at 105 Hz. It
is possible to distinguish three change intervals with temperature. For low temper-
atures, conductivity practically does not depend on it. The conductivity activation
energy is very low and amounts to �E1 ≈ 2.3 × 10−4 eV. It is only in the higher
temperature range; the conductivity starts to grow by almost an order of magnitude.
And at this moment we have two sections of activation energy of the conductivity:
at temperatures from approx. 100 to 200 K, where energy is �E2 ≈ 5.8 × 10−3

Fig. 1 Frequency-
temperature dependence on
capacity Cp of the
nanocomposite a-SiOx /ZrO2
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Fig. 2 Frequency-
temperature dependence on
the phase shift angle θ of the
nanocomposite a-SiOx /ZrO2

Fig. 3 Frequency-
temperature dependence of
the tangent of dielectric
losses tgδ of the
nanocomposite a-SiOx /ZrO2

eV and in the range from 200 K to 375 K, where �E3 ≈ 9.2 × 10−2 eV. These
three values of activation energy indicate that there is a minimum of three types of
potential wells in the structure of the tested material, depending on the size of silicon
nanogranules, or dielectric ZrO2 layer thicknesses.
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Fig. 4 Frequency-
temperature dependence of
conductivity σ of the
nanocomposite a-SiOx /ZrO2

Fig. 5 Graph of Arrhenius
conductivity at the
measuring frequency 105 Hz
of the nanocomposite
a-SiOx /ZrO2
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4 Conclusions

The following conclusions can be drawn on the basis of the electrical measurements
which were carried out:

1. Annealing of alternating layers of amorphous silicon oxide and zinc dioxide
makes it possible to obtain nanocomposites with silicon nanogranules;

2. Capacity and phase shift angle measurements determine the capacitive nature of
the material;

3. By analyzing the frequency and temperature dependence of conductivity, the
dielectric conduction mechanism can be confirmed.
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Effect of Implantation Temperature
and Annealing on Synthesis of ZnSe
Nanocrystals in Silica by Ion
Implantation

M. A. Makhavikou, F. F. Komarov, O. V. Milchanin, L. A. Vlasukova,
I. N. Parkhomenko, E. Wendler and J. Żuk

Abstract ZnSe nanocrystals have been synthesized in the silicon dioxide matrix by
ion implantation of Zn+ and Se+ ions at 25 and 550 °C with subsequent rapid thermal
annealing at 1000 °C for 3 min. Structural and optical properties of implanted films
were analyzed using Rutherford backscattering spectrometry, transmission electron
microscopy, Raman spectroscopy, and photoluminescence. It was shown that the
temperature of implantation, as well as thermal treatment, affects the structural and
optical properties of implanted films. In the case of high-temperature implantation,
ZnSe nanocrystals have been formed already during the implantation process. In the
case of room-temperature implanted samples, ZnSe nanocrystals have been synthe-
sized only after subsequent rapid thermal annealing. It was found that implanted
silica layers exhibit photoluminescence in wide visible spectral range. The origin of
photoluminescence of the as-implanted and annealed silica samples is discussed.

Keywords Silica layer · Ion implantation · Zinc selenide nanocrystals ·
Structure · Photoluminescence

1 Introduction

Up to now, there is still a problem of absent effective light source built-in silicon-
based microelectronic chip. Creation of direct-band gap nanocrystals (NCs) in the
Si-based matrix is one of the promising approaches to the solution of this problem.
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The ideal matrix to synthesize such light-emitting quantum dots is the amorphous
silicon dioxide. SiO2 is the most important dielectric in the current planar silicon
technology and the main material in the optical fiber. ZnSe is attracting much interest
owing to its unique optical and electronic properties. Thin films of silicon dioxide
with ZnSe inclusions can be used in the creation of long-lived light-emitting devices
[1], solar cells [2], sensors [3] and optical recording materials [4]. Following the
demonstration of possible applications of zinc selenide in photoelectronic devices,
there has been increasing scientific attention to ZnSe as an alternative to the more
toxic Cd-based materials.

Various synthesis methods for ZnSe nanocrystals, such as thermochemical pro-
cesses [5], molecular precursor decomposition [6], reverse micelle synthesis [7],
sol-gel [8] and other wet chemical processes [9] were reported. For practical appli-
cations, however, ion beam technique is becoming increasingly important due to its
compatibility with the common Si technology. Indeed, the ion beam implantation is
a widely applied technique not only to modify the electronic and optical properties of
semiconducting and insulatingmaterials.Moreover, the ion implantation is a suitable
technique for the synthesis of nanostructured films and NCs embedded in different
dielectric and semiconductor matrixes.

In this work, we demonstrate the creation of ZnSe NCs in silica by this technique.
In our previous work [10], we studied the effect of implanted species order on struc-
tural properties of synthesized ZnSe NCs. It was shown that Zn+ implantation at first
results in a perfect crystalline quality of the synthesized nanocrystals. The present
study is focused on the effect of implantation temperature and post-implantation
treatment on the formation of ZnSe clusters.

2 Experimental Details

The samples of SiO2 (600 nm)/Si were sequentially implanted with Zn and Se ions at
25 and 550 °C. Based on the TRIM simulation, the implantation energies (150 keV
for Zn+ ions and 170 keV for Se+ ions) were chosen to obtain overlapping concentra-
tion profiles of Zn and Se species. Both types of ions were implanted with the same
fluence of 4 × 1016 ions/cm2. For a part of the implanted samples, rapid thermal
annealing (RTA) at 1000 °C for 3 min in Ar atmosphere was carried out. Ruther-
ford backscattering spectrometry (RBS) using 2.5 meV He+ ions was employed to
study the elemental composition of the implanted silicon oxide films. The structural
composition was investigated by the cross-section as well as plan-view techniques
of transmission electron microscopy (TEM) with a Hitachi H-800 electron micro-
scope operating at 200 keV. Phase composition of the samples was investigated using
Raman scattering (RS). RS measurements were performed in backscattering geom-
etry with a Nanofinder High-End micro-Raman spectrometer (LOTIS TII) using a
532-nm laser beam as the excitation source. Photoluminescence was studied using
the He-Cd laser beam at the wavelength λ � 325 nm as the excitation source at room
temperature.
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3 Results and Discussion

The depth profiles of the impurity concentration of the as-implanted and annealed
SiO2 films calculated from the experimental RBS spectra are shown in Fig. 1. The
maximum of the concentration profiles for Zn and Se ions calculated with the com-
puter simulation (TRIM) is located at a depth of ~113 nm. In the case of room tem-
perature implantation, the concentration profile of Se atoms almost coincides with
a simulated one. However, in the case of Zn profile, concentration in maximum is
lower (4.9%), and profile is broader in comparison with the simulated Zn profile. The
implantation at high-temperature results in the broadening of concentration profiles
for both species and shift of theirmaximumpositions to the surface (~59 and95nmfor
Zn and Se atoms, respectively). It is caused by non-equilibrium radiation-enhanced
diffusion during high-temperature implantation. The post-implantation RTA results
in further impurity redistribution. Namely, the profiles become slightly narrower, and
diffusion tails stretched up to the SiO2/Si interface appear after treatment.

Figure 2 shows the cross-section and plan-view TEM images of the as-implanted
samples. In the case of the sample implanted at room temperature, the small clusters

Fig. 1 Depth distributions of impurities in SiO2 films after room temperature implantation (a,
c) and “hot” implantation (b, d) for the as-implanted (a, b) and annealed (c, d) samples
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Fig. 2 Cross-section (a, b) and plan-view (c, d) TEM images of the as-implanted at 25 °C (a,
c) and 550 °C (b, d) samples of SiO2 films. Insert shows electron diffraction pattern

with the sizes less than 4–5 nmare observed at the layer located from the surface to the
depth of 190 nm. Similar cluster distribution is also registered for the film implanted
at 550 °C. However, in this case, the sizes of the cluster are bigger (2–10 nm).
Besides, electron diffraction pattern shows that synthesized during implantation at
high-temperature clusters are the nanocrystalline ZnSe with cubic sphalerite lattice.

Figure 3 presents the cross-section and plan-view TEM images of the implanted
samples after RTA at 1000 °C. As can be seen, annealing results in the depth cluster
redistribution and an increase of their sizes. The three spatial separated layers can be
designed in the implanted at 25 °C film after RTA. The first layer contained clusters
with sizes from 4 to 20 nm is located at the depth 0–120 nm from the surface.

It should be noted that the size of clusters in this layer increases with the depth.
The second layer located at the depth 120–240 nm contains big clusters with sizes
of 55–60 nm. The third layer located at the depth from 240 nm to the interface
SiO2/Si contains rare clusters with the average size of 15 nm. In contrast to the
samples implanted at room temperature, the sample implanted at high temperature
characterized with a lower concentration and bigger sizes (50–60 nm) of synthesized
precipitates. Besides, the clusters have regular faceted shape, and secondary defects
(twin boundaries) are registered inside them. These defects can be formed inside
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Fig. 3 Cross-section (a, b) and plan-view (c, d) TEM images of annealed samples of SiO2 films
implanted at 25 °C (a, c) and 550 °C (b, d). Inserts show electron diffraction patterns

clusters during their growth and via stress relaxation in crystal structure at thermal
annealing.

It should be noted that the layerwith big clusters is located at the depth of 60–70nm
from the surface what is in agreement with a maximum of depth concentration impu-
rity profiles. The rare small clusters are registered in more deep layers. The electron
diffraction pattern shows that silica films implanted at 25 °C as well as at 550 °C
and undergone RTA at 1000 °C contain ZnSe nanocrystals with sphalerite structure.
It should be noted that many voids are registered at the interfaces “cluster/SiO2” in
plan-view images of the annealed samples (shown by arrows) for both implantation
temperatures.

Figure 4 shows the Raman spectra of the as-implanted and annealed samples. The
second order 2TA (transverse acoustical) phonon mode of Si substrate is exhibited at
~302 cm−1 in all spectra. In contrast to the sample implanted at room temperature, the
Raman spectrum of the as-“hot” implanted samples are characterized with the band
at ~252 cm−1 assigned to LO (longitudinal optical) phonon of crystalline ZnSe [5,
6, 11]. Thus, it can be concluded that ZnSe nanocrystals are already formed in SiO2

layers during the high-temperature implantation. In the case of room-temperature
implantation, there is no any signal from crystalline ZnSe in the spectrum of the as-
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Fig. 4 Raman spectra of the as-implanted (curves 1) and annealed (curves 2) samples implanted
at 25 °C (a) and 550 °C (b)

implanted sample. However, annealing results in an appearance of the band assigned
to crystalline ZnSe phase in RS spectrum of the room-temperature implanted silica.
These results are in agreement with the results of electron diffraction. So, the selected
annealing conditions (1000 °C for 3 min) are suitable for the formation of ZnSe NCs
after implantation at 25 °C. In the case of the high-temperature implanted samples,
the RTA at corresponding conditions results in insignificant intensity decrease of
ZnSe band. It should be noted that the intensity of the ZnSe band for the sample
implanted at 550 °C is comparable with that one for the sample implanted at 25 °C
and annealed at 1000 °C for 3 min.

Let us consider light-emitting properties of the ZnSe nanostructures. It is known
that the room temperature PL spectrumofZnSe nanostructures is typically dominated
by two characteristic emission peaks. They are a near band edge (NBE) emission
peak in the blue spectral range (for bulk ZnSe Eg � 2.788–2.82 eV) and a broad,
deep defect (DD) emission band in the spectral range of 1.8–2.48 eV [12, 13]. The
NBE emission is generally assigned to the excitons bound to neutral and charged
acceptors and donors of different chemical nature and donor-acceptor pair recombi-
nation. The lines of acceptor-bound excitons (I1) and donor-bound (I2) in bulk ZnSe
crystals are observed at low temperature in the energy range of (2.78–2.794 eV) and
(2.794–2.802 eV), respectively [14–16]. In the case of pure ‘not-intentionally’ doped
ZnSe, Zn interstitials and Se vacancies can play the role of donors, and Zn vacancies
can play the role of acceptors [14].

On the other hand, the deep level emission is generally known to be mainly due to
the intrinsic point defects such as vacancies, interstitials, stacking faults, and antisites
[12]. Also, the greenish emission bandwas ascribed to deep radiative levels generated
by strained crystal lattices or imperfections such as dislocations and vacancies [17,
18]. Additionally, the DD emission band can be assigned to the donor-acceptor pair
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recombination mechanism involving Zn vacancies as the acceptor species and Zn
interstitials as the donor species with a large separation between them and surface
emission [13, 19].

The SiO2 samples implanted with Zn and Se ions also exhibit these bands with
some peculiarities. Figure 5 shows room-temperature PL spectra of the as-implanted
and annealed samples. The PL spectra of the samples implanted at 25 and 550 °C are
composed of a strong blue band and less intensive green band. The intensity of PL
spectra of the sample implanted at room temperature is significantly higher than for
that one implanted at high-temperature. One can see a slight blue shift in the positions
of blue and green PL bands for the sample implanted at 550 °C (2.85 and 2.32 eV)
in comparison with ones for the sample implanted at 25 °C (2.75 and 2.23 eV.)
Taking into account that ZnSe nanocrystals were synthesized during implantation
process only in the sample implanted at 550 °C, the origin of the blue and green
band in PL spectra of as-implanted samples could not be attributed to emission from
ZnSe NCs. We supposed that the PL of as-implanted samples could be explained
by radiative recombination via radiation defects in silica matrix generated during
implantation (for example, Zn- or Se- related oxygen deficient centers) [20]. It is
obviously that concentration of such defects is higher for the sample implanted at
a lower temperature. Our assumption is supported by the fact of a more intensive
luminescence which we observed for the sample implanted at room temperature than
for the sample implanted at high temperature.

Fig. 5 Room-temperature
PL spectra of SiO2
(600 nm)/Si implanted by Zn
and Se at 25 °C (1 and 1a)
and 550 °C (2 and 2a):
as-implanted (1 and 2) and
after RTA (1a and 2a)
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Annealing results in the change of intensity and spectral redistribution of PL
spectra. PL intensity significantly decreases for room temperature implanted sample
and slightly increases for the “hot” implanted one. It should be noted complicating of
spectral shape in blue range for both types of the samples, and red shift of wide bands
in spectral range (1.8–2.5 eV) after annealing. Since the ZnSe NCs were formed in
both annealed samples, we supposed that in this case, the origin of luminescence
could be attributed to emission from ZnSe NCs. Taking into account this assumption
the complicated shape of the blue band can be explained by the different mechanism
of NBE emission (mainly, excitons bound to neutral and charged acceptor and donor
of different chemical nature, and donor-acceptor pair recombination). The bands
in red spectral range can be attributed to deep defect emission from ZnSe NCs. It
should also be noted that the PL intensity of the annealed sample implanted at room
temperature is higher than for the sample implanted at high temperature. It can be
explained by the larger concentration of small clusters with higher crystal quality in
the annealed samples implanted at 25 °C.

4 Conclusions

ZnSe nanocrystals have been synthesized in the silicon dioxidematrix by ion implan-
tation ofZn+ andSe+ ions at 25 and at 550 °Cwith subsequent rapid thermal annealing
at 1000 °C for 3 min. The RBS data analysis shows that, in the case of room tempera-
ture implantation, a diffusion of Zn atoms in silica is more significant in comparison
with Se atoms. In the case of “hot” implantation, the broadening of concentration
profiles and their maximum shift towards the surface are observed for both implanted
impurities due to non-equilibrium radiation-enhanced diffusion. Post-implantation
rapid thermal annealing results in narrowing of concentration profiles with the simul-
taneous appearance of diffusion tails stretched up to the SiO2/Si interface.

TEM images show the formation of a cluster at a depth of (0–190 nm) during
implantation at 25 °C as well as at 550 °C. However, in the case of the sample
implanted at high temperature, the sizes of clusters are bigger (2–10 nm) in compar-
ison of the ones in the samples implanted at room temperature (less than 4–5 nm).
Thermal annealing results in decreasing concentration of small clusters (especially
for the sample implanted at 550 °C) and formation of large precipitates with the sizes
up to 60 nm.

Based on RS and electron diffraction data, the ZnSe nanocrystals are created in
silica matrix during the implantation process only at elevated implantation temper-
ature (550 °C). In the case of the sample implanted at room temperature, ZnSe NCs
are synthesized only after rapid thermal annealing at 1000 °C.

The blue and green bands dominate in PL spectra of both as-implanted samples.
The PL intensity of these bands is higher for the sample implanted at room tem-
perature. The origin of emission from as-implanted samples has been attributed to
radiative recombination via defects in the silica matrix. Annealing results in spectral
redistribution and intensity change of PL spectra for the samples implanted at the
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room temperature as well as for the ones implanted at the elevated temperature. In
the case of annealed samples, one can conclude that the measured luminescence is
due to emission from ZnSe NCs.
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