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The paper presents the results of changes in the strength characteristics of thin-film coatings based on
compounds of copper-bismuth, copper-magnesium, copper-nickel. The dependences of the influence
of the phase composition on the strength characteristics, such as the coefficient of friction, bending
strength and impact coefficient, are established. The effect of irradiation with helium ions with a high
radiation dose of 10 15 -10 17 ion/cm 2 on the strength characteristics is evaluated. It is shown that an
increase in the radiation dose leads to a decrease in strength properties due to the appearance of a large
concentration of defects in the structure.
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Introduction

One of the most promising applications of thin-film coatings is their use as local

protection of the most important components of microelectronic devices from the

destabilizing effect of ionizing radiation [1-5]. The main principle of applying
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local protection is the use of thin films of complex phase composition and crystal

structure to reduce the energy of incident particles due to the difference in energy

losses in the crystal structure of coatings of different phase composition [6, 7].

In this case, the presence of two or more types of atoms in the structure of the

crystal lattice of different types, properties, and sizes can have a significant effect

on the change in the energy of the incident particles and the maximum mean

free path, which directly affects the absorption coefficient of protective coatings

[8, 9]. However, the phase composition, coating thickness and number of layers,

as well as their structure, plays a double role in the efficiency of shielding of

ionizing radiation. On the one hand, an increase in the number of layers and their

thickness leads to a significant increase in the absorption efficiency and a decrease

in the risk of destabilization of the operation of microelectronic devices. On the

other hand, a large number of layers and their thickness can significantly increase

the mass-dimensional parameters and weight the microcircuit design [10-15].

In this connection, research in the field of selection of optimal conditions for

thickness, number of layers, and also the study of the effect of phase composition

is one of the most promising studies in the field of creating local protection from

exposure to ionizing radiation [16, 17]. Moreover, today in most microelectronic

circuits, massive protection is used based on ceramic dielectric materials with high

radiation resistance [18-23]. However, the use of dielectric matrices significantly

increases the mass of microelectronic devices due to the creation of additional

massive cases made of dielectric ceramics. In turn, the use of local protective

coatings can significantly reduce the weight and size parameters, while not

decreasing the radiation resistance [24, 25].

Earlier, our research team established the dependences of the influence of

synthesis conditions on the phase composition and corrosion properties of syn-

thesized thin film coatings based on CuX (X=Bi, Mg, Ni) obtained using the

electrochemical deposition method [26, 27]. As the substrates for the preparation,

polymer films were used that have good surface adhesion properties, which

makes it possible to obtain thin-film coatings on them that are isotropic in thick-

ness and composition. Interest in two-component thin-film coatings based on

selected metals is due to their structural properties and the potential for use as

protective coatings [27-30]. The choice of elements of bismuth, magnesium and

nickel in combination with copper is due to the possibility of obtaining structures

with different phases, which can have a significant effect on resistance to external

influences.

Experimental part

Synthesis of thin film coatings

To obtain thin-film coatings of different phase composition, the following

electrolyte solutions were selected: 1) the composition of the electrolyte solution

to obtain copper-bismuth films: CuSO 4 · 5H 2 O (238 g/l), Bi 2 (SO 4 ) 3 (10 g/l),

H 2 SO 4 (21 g/l); 2) the composition of the electrolyte solution to obtain copper-

magnesium films: CuSO 4 · 5H 2 O (238 g/l), Mg (NO 3 ) 2 (15 g/l), H 2 SO 4 (21
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g/l); 3) the composition of the electrolyte solution to obtain copper-nickel films:

CuSO 4 · 5H 2 O (238 g/l), Ni(CH 3 COO) 2 (15 g/l), H 2 SO 4 (21 g/l). The range

of applied potentials was 1.5-2.0 V, with a step of 0.25 V [26]. The choice of the

difference in applied potentials is due to the possibility of obtaining coatings of

different phase composition. The thickness of the obtained films was 1 µm. To

obtain films of a given thickness at different potential differences, which affects

the film formation rate, the deposition time was varied. The thickness of the

obtained films was controlled by the method of evaluating lateral cleavages using

scanning electron microscopy. A detailed study of structural changes, phase and

elemental composition is presented in [26].

Determination of strength characteristics

Wear resistance tests were carried out by rolling with 10% slip at a load of 100

N. Test duration are 20 000 cycles.

Study of radiation resistance

Thin-film coatings based on Cu, Cu-Bi, Cu-Mg, Cu-Ni obtained at a potential

difference of 1.5-2.0 V, in increments of 0.25 V were selected as objects of study.

Changing the potential difference during the synthesis leads to the formation of

structures of different phase composition with the formation of both complex

oxide phases and phases of the substitutional solid solution. As incident particles,

low-energy He 2+ ions with an energy of 40 keV and a fluence of 10 15 -10 17

ion/cm 2 were chosen. The choice of ions and energies is due to the ability to

simulate radiation exposure comparable to that of cosmic radiation, as well as

the products of nuclear reactions in nuclear energy.

Results and discussion

Determination of strength characteristics of nanostructured thin-film coatings

The wear resistance of the synthesized coatings was studied by determining

the tribological characteristics, such as dry friction coefficient, bending strength,

and impact coefficient. As is known, one of the important parameters affecting

the strength characteristics is the presence of various phases in the structure of

the coatings and the concentration of dislocation defects. Table 1 presents data

on the dependence of changes in the parameters of the flexural strength and

toughness depending on the synthesis conditions.

According to the data obtained, in the case of coatings based on Cu-Bi, the

appearance of the CuBi 2 O 4 phase in the crystal structure leads to an increase

in strength characteristics, which indicates an increase in the wear resistance

and strength of the coatings to external influences. Moreover, the increase in

strength is due to a decrease in dislocation defects and disordered regions in

the structure, and hence an increase in the degree of crystallinity of the coatings.

In the case of coatings based on Cu-Mg, the presence of the substitutional solid

solution phase Cu 0.9687 Mg 0.0313 with a low magnesium content in the lattice for

samples obtained at a difference in applied potentials of 1.75-2.0 V leads to a

decrease in strength characteristics, which is due to the presence of distortions

and deformations in the structure crystalline structure, leading to the formation
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of microcracks and disordered areas under external influences. For coatings

based on Cu-Ni, the formation of the cubic phase of the CuNi substitutional solid

solution does not significantly affect the change in strength parameters. Figure 1

presents data on changes in the value of the coefficient of dry friction depending

on the number of test cycles. Wear resistance tests were carried out by rolling

with 10% slip at a load of 100N, the number of test cycles was 20.000.

Table 1.

Parameters of strength characteristics.

Parameter Potential difference, V Type of coating

Cu-Bi Cu-Mg Cu-Ni

Bending Strength

(MPa)

1.5 144±5 137±6 142±3

1.75 178±6 132±5 140±5

2.0 214±4 114±5 137±4

Coefficient of

impact strength

(kJ/mm2)

1.5 1.11±0.15 1.21±0.13 1.19±0.14

1.75 1.45±0.11 1.17±0.11 1.15±0.11

2.0 1.94±0.22 1.09±0.10 1.13±0.12

Figure 1. Graphs of the dependence of the change in the coefficient of friction on the number of test cycles.

As can be seen from the data presented, for coatings based on Cu-Bi obtained

with a potential difference of 1.5-1.75 V, a slight increase in the coefficient of dry

friction with an increase in the number of cycles of more than 10.000 is observed.
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This is due to the partial destruction of the surface layer and subsequent peeling

and cracking of the surface in places of accumulation defects. In this case,

the formation of the oxide phase of CuBi 2 O 4 leads to an increase in strength

properties and a smaller change in the value of the dry friction coefficient. Unlike

coatings based on Cu-Bi, an increase in the difference in the applied potentials

when producing coatings based on Cu-Mg, which leads to the formation of

a non-stoichiometric phase of the Cu 0.9687 Mg 0.0313 solid solution, leads to an

increase in the coefficient of dry friction due to the formation of microcracks in

the structure of coatings and degradation surfaces with an increase in the number

of test cycles. In turn, for systems based on Cu-Ni, the change in the friction

coefficient depending on the number of test cycles is minimal, which indicates

the resistance of the coatings to external influences.

Thus, we can conclude that the change in the strength properties directly

depends on the influence of synthesis conditions and the concentration in the

structure of amorphous and impurity inclusions that occur at high potential

differences. In this case, the transition of the crystalline structure from cubic to

hexagonal leads to a significant increase in strength characteristics.

Investigation of the effect of phase composition on the radiation resistance of thin-film

coatings

Thin protective coatings with a thickness of 1 µm were chosen to study the

effect of the phase composition on the efficiency of absorption and changes in

structural characteristics under the influence of low-energy ions with a high

radiation dose characteristic of defects accumulation in the structure. Figure 2

shows the dependence of the change in the dislocation density in the coating

structure on the irradiation fluence.

Figure 2. Graph of changes in the dislocation density in the structure of coatings from irradiation fluence.
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As can be seen from the data presented, the appearance of an oxide phase in

the structure of coatings in the Cu-Bi system leads to a decrease in the dislocation

density compared to coatings based on Cu-Mg and Cu-Ni, which indicates less

radiation damage in the Cu-Bi coatings as a result exposure to ionizing radiation.

The presence of an oxide phase in the crystal structure leads to the formation

of additional scattering centers, which leads to greater energy absorption and a

significant decrease in the dislocation density. For coatings based on Cu-Mg, the

appearance of the nonstoichiometric phase of a substitutional solid solution leads

to an increase in the dislocation density with an increase in the irradiation fluence.

Moreover, the dislocation density for coatings based on Cu-Mg is comparable to

the dislocation density of coatings based on Cu-Bi, while for coatings based on

Cu-Ni, the dislocation density is lower. The decrease in the dislocation density

for the Cu-Ni system, with an increase in the irradiation fluence compared with

other systems, is due to the stability of the Cu-Ni system to external influences

and high strength characteristics to wear. An increase in the dislocation density

in the structure of coatings can lead to the appearance of additional disordered

regions containing a high concentration of defects, which can lead to partial

amorphization and the formation of microcracks in the structure, which will

significantly affect the strength characteristics and wear resistance of protective

coatings. In turn, an increase in the dislocation density can also be due to the

partial accumulation and agglomeration of poorly soluble helium ions that can

lead to the formation of helium inclusions with subsequent degradation of the

surface layers. Also, the high mobility of helium ions can lead to its migration

deep into the coating to a depth significantly exceeding the maximum mean free

path of ions in the material. The penetration of helium ions deep into the surface

can lead to the formation of additional defects that can have a significant effect

on the structural parameters of coatings and their radiation resistance.

Conclusion

During the research it was found that the change in the strength properties

and hardness of the coatings directly depends on the influence of the synthesis

conditions and the concentration in the structure of amorphous and impurity

inclusions that occur at high potential differences. In this case, the transition of

the crystalline structure from cubic to hexagonal leads to a significant increase in

strength characteristics, and a small porosity (less than 1%) leads to a significant

increase in the hardness of the coatings. During the radiation resistance tests

of thin-film coatings, it was found that the appearance of an oxide phase in the

structure of coatings in the Cu-Bi system leads to a decrease in the dislocation

density compared to coatings based on Cu-Mg and Cu-Ni, which indicates

less radiation damage to the coatings Cu-Bi as a result of exposure to ionizing

radiation. The presence of an oxide phase in the crystal structure leads to

the formation of additional scattering centers, which leads to greater energy

absorption and a significant decrease in the dislocation density. For coatings based

on Cu-Mg, the appearance of the nonstoichiometric phase of a substitutional
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solid solution leads to an increase in the dislocation density with an increase

in the irradiation fluence. Moreover, the dislocation density for coatings based

on Cu-Mg is comparable to the dislocation density for coatings based on Cu-Bi,

while for coatings based on Cu-Ni, the dislocation density is lower.

References

[1] Kumar, Mukesh et al., Nanotechnology 19.17 (2008) 175606.

[2] A. Kozlovskiy et al., Vacuum 164 (2019) 224-232.

[3] Kumar, Ravi et al., Journal of applied physics 100.11 (2006) 113708.

[4] Chou, Wen-Jun et al., Surface and Coatings Technology 149.1 (2002) 7-13.

[5] M. Kaikanov et al., Applied Physics A 125.8 (2019) 555.

[6] M. Kaikanov et al., Journal of Materials Science: Materials in Electronics 30.16

(2019) 15724-15733.

[7] V.Yu. Fominskii et al., Technical Physics 57.4 (2012) 516-523.

[8] M. Kumar et al., Journal of Physics D: Applied Physics 38.4 (2005) 637.

[9] W.C. Oliver et al., Thin Solid Films 153.1-3 (1987) 185-196.

[10] A.L. Kozlovskiy et al., High Energy Chemistry 53.4 (2019) 321-325.

[11] A.L. Kozlovskiy et al., Ceramics International 46.6 (2020) 7970-7976.

[12] R. Sathyamoorthy et al., Solar energy materials and solar cells 90.15 (2006)

2297-2304.

[13] Rani, Sanju et al., Nuclear Instruments and Methods in Physics Research

Section B: Beam Interactions with Materials and Atoms 266.9 (2008) 1987-1992.

[14] Kluth Patrick et al., Physical review letters 101.17 (2008) 175503.

[15] Bolse Wolfgang, Surface and Coatings Technology 158 (2002) 1-7.

[16] V.V. Ison et al., Nuclear Instruments and Methods in Physics Research

Section B: Beam Interactions with Materials and Atoms 262.2 (2007) 209-214.

[17] P. Mallick et al., Nuclear Instruments and Methods in Physics Research

Section B: Beam Interactions with Materials and Atoms 268.10 (2010) 1613-1617.

[18] Bolse et al., Nuclear Instruments and Methods in Physics Research Section B:

Beam Interactions with Materials and Atoms 190.1-4 (2002) 173-176.

[19] Patel Shiv P. et al., Solid State Communications 150.25-26 (2010) 1158-1161.

[20] Thomas Senoy et al., Journal of Applied Physics 105.3 (2009) 033910.

[21] W. Bolse et al., Applied Physics A 77.1 (2003) 11-15.

[22] A. Kozlovskiy et al., Vacuum 155 (2018) 412-422.

[23] V.V. Ison et al., Journal of Applied Physics 106.2 (2009) 023508.

[24] R.P. Yadav et al., Chaos: An Interdisciplinary Journal of Nonlinear Science

25.8 (2015) 083115.

[25] S. Chandramohan et al., Nuclear Instruments and Methods in Physics

Research Section B: Beam Interactions with Materials and Atoms 254.2 (2007)

236-242.

[26] A.L. Kozlovskiy, M.V. Zdorovets, Journal of Materials Science: Materials in

Electronics 30.12 (2019) 11819-11832.

[27] Bolse, Thunu et al., Nuclear Instruments and Methods in Physics Research

Section B: Beam Interactions with Materials and Atoms 244.1 (2006) 115-119.



Eurasian Journal of Physics and Functional Materials, Vol.4(3). 241

[28] H. Rath et al., Journal of Applied Physics 105.7 (2009) 074311.

[29] K. Dukenbayev et al., Materials Research Express 6(4) (2019) 046309.

[30] Kumar et al., Applied surface science 255.18 (2009) 8014-8018.


