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Copper electrodeposition under a weak magnetic field: effect on the texturing and properties of the deposits

Introduction

A significant number of publications have been devoted to studying the effect of a magnetic field on the electrodeposition and structure formation of copper films [START_REF] Noninski | Magnetic field effect on copper electrodeposition in the Tafel potential region[END_REF][START_REF] Fattahi | Investigating the effect of magnetic field on pulse electrodeposition of magnetic and non-magnetic nanostructured metals[END_REF][START_REF] König | Analysis of the electrolyte convection inside the concentration boundary layer during structured electrodeposition of copper in high magnetic gradient fields[END_REF][START_REF] Bund | Magnetic field effects in electrochemical reactions[END_REF][START_REF] Yang | The start-up of natural convection during copper electrolysis in the presence of an opposing Lorentz force[END_REF][START_REF] Tschulik | Effects of well-defined magnetic field gradients on the electrodeposition of copper and bismuth[END_REF][START_REF] Sugiyama | Application of vertical micro-disk MHD electrode to the analysis of heterogeneous magneto-convection[END_REF][START_REF] Matsushima | Magnetic field effects on the initial stages of electrodeposition processes[END_REF][START_REF] Matsushima | Copper electrodeposition in a magnetic field[END_REF][START_REF] Fernandez | Inhomogeneous electrodeposition of copper in a magnetic field[END_REF][START_REF] Labchir | Magneto-electrodeposition of granular Co-Cu nanowire arrays[END_REF][START_REF] Huang | Mass transfer and electrolyte flow during electrodeposition on a conically shaped electrode under the influence of a magnetic field[END_REF][START_REF] Murdoch | Effect of applied magnetic field on microstructure of electrodeposited copper[END_REF]. This is due to the fact that copper deposits, electrodeposited under the influence of a magnetic field, exhibit enhanced characteristics of their properties.

According to the data reported in [START_REF] Noninski | Magnetic field effect on copper electrodeposition in the Tafel potential region[END_REF], the use of a magnetic field of 1.2 T during copper electroreduction leads to a decrease in overpotential and an increase in the deposition rate of copper. According to the data obtained by Fattahi and Bahrolloom [START_REF] Fattahi | Investigating the effect of magnetic field on pulse electrodeposition of magnetic and non-magnetic nanostructured metals[END_REF], by using a pulse plating process combined with a magnetic field of 0.12-0.24 T, copper deposits with a finer grain can be obtained.

A number of publications [START_REF] König | Analysis of the electrolyte convection inside the concentration boundary layer during structured electrodeposition of copper in high magnetic gradient fields[END_REF][START_REF] Bund | Magnetic field effects in electrochemical reactions[END_REF][START_REF] Yang | The start-up of natural convection during copper electrolysis in the presence of an opposing Lorentz force[END_REF][START_REF] Tschulik | Effects of well-defined magnetic field gradients on the electrodeposition of copper and bismuth[END_REF] attribute the improvement in the quality of copper deposits to the influence of a strong magnetic field (induction of 0.25 to 1 T). However, as noted in Ref. [START_REF] Sugiyama | Application of vertical micro-disk MHD electrode to the analysis of heterogeneous magneto-convection[END_REF], the influence of a magnetic field on the deposition rate of copper becomes noticeable only when using a magnetic field with induction above 4 T.

In addition, some authors question the influence of a magnetic field both up to 10 T [START_REF] Matsushima | Magnetic field effects on the initial stages of electrodeposition processes[END_REF] and less than 0.5 T [START_REF] Matsushima | Copper electrodeposition in a magnetic field[END_REF] on the process of copper (II) electroreduction. There is also an ambiguous opinion about the influence of a magnetic field on the rate of the process of copper electrodeposition [START_REF] Fernandez | Inhomogeneous electrodeposition of copper in a magnetic field[END_REF].

It should be noted that in all the above papers, the induction of the magnetic field has values higher than 60 mT. Information about the effect of weak magnetic field (less than 1 mT) on the processes of electrocrystallization of metals, and in particular of copper, is completely absent in the literature. We obtained the first data on the effect of a weak magnetic field on the electrodeposition of metals (tin), these findings are reported in [START_REF] Kovalyov | Properties of tin films electrodeposited under a weak magnetic field[END_REF].

In connection with the above, the main goal of this work was to identify the influence of weak magnetic fields (0.5 to 0.7 mT) on electroreduction, texturing and properties of copper deposits. Given the negative environmental impact of strong magnetic fields and surfactants introduced into the electrolytes, this work seems to be relevant.

Experimental details

Copper was electrodeposited in an electrolyte of composition, СuSO 4 5H 2 O 0.8 M and H 2 SO 4 0.4 M at a temperature of 252С. The applied cathodic current density was either 10 or 40 or 70 mA/cm 2 . These current densities were chosen in order to obtain smooth deposits with a current efficiency of about 100%. Compressed air was used in some experiments in order to stir the electrolyte.

The electrochemical cell was placed, according to the method described in [START_REF] Kovalyov | Patent 199771 Ukraine. Method for the electrochemical production of deposit in a magnetic field[END_REF], in a constant magnetic field of either 0.5 or 0.6 or 0.7 mT (Fig. 1). A silver chloride electrode (Ag/AgCl) filled with a saturated KCl solution was used as the reference electrode. Copper or platinum plates were used as the material of the working electrode (WE), the counter electrode was copper sheet or platinum grid. X-ray texture analysis of the electrodeposited copper samples was performed according to the method described in [START_REF] Girin | Patent 1629828 Ros. Federation. The method of x-ray diffractometric analysis of textured materials[END_REF] using an automated and modernized X-ray diffractometer DRON-2. The texture of the electrodeposits was determined by the combination of straight pole figures [START_REF] Girin | Nonconventional X-ray diffraction techniques for coating characterization[END_REF]. The degree of texturing of the electrodeposits was quantified using the average angle of scattering of the axial component of the texture (α values were determined in degrees) and the proportion of grains with a disordered orientation (ε values were determined in relative units, taking the completely disordered component as a unit).

The morphology of the copper coating surface was studied by scanning electron microscopy (SEM-106I) using the secondary electron imaging mode. The limiting residual pressure in the microscope column (in the gun region) did not exceed 6.710 -4 Pa, the gun current was 80 mA.

The parameters of microhardness and reflectivity were chosen as the physic-mechanical characteristics of the copper deposits. The microhardness of the samples was measured with a PMT-3 microhardness meter. The reflectivity of the deposits was evaluated using a photoelectric gloss meter FB-2; the standard was black-violet glass, the reflectivity of which was taken as 65%.

An analysis of the physic-mechanical properties of the deposits was performed using the full-factor experiment 2 2 ("so called" the 2 2 factorial designs) [START_REF] Montgomery | Design and Analysis of Experiments[END_REF]. Microhardness and reflectivity of the deposits formed under a cathodic current density of 10, 40 and 70 mA/cm 2 and inductance of the magnetic field of 0.5, 0.6 and 0.7 mT served as data for analysis. The adequacy of the obtained mathematical models was verified by Fisher criterion.

Results and discussion

In order to prove the influence of a weak magnetic field (0.5-0.7mT) on the process of electrodeposition of copper, the study was conducted using various methods such as cyclic voltammetry, chronoamperometry and chronopotentiometry.

The experimental data of copper electrodeposition process, which were obtained by chronopotentiometry at a current density of -10 mA/cm 2 with varying induction of the magnetic field, are presented in Fig. 2. At this current density, no significant differences were observed on the electrode potential (the difference between them did not exceed 20 mV). Only a slightly higher potential was observed when the magnetic field of 0.5 mT was applied. However, the shape of the curve obtained by stirring the electrolyte indicates a slight decrease in potential during beginning of the electrodeposition process (see curve 3 in Fig. 2). As known in reaction (1), 2 electrons take part in the process of copper reduction. Thus, using Faraday's law, for a current density of 10 mA/cm 2 applied during 120 minutes, the thickness of the copper deposit could be estimated to 26 m (with a current efficiency of 100% and d Cu = 8.96 g/cm 3 ).

Cu 2+ + 2 e - Cu (1) 
Chronopotentiograms obtained for applied current density of -70 mA/cm 2 showed that overpotential copper reduction increases under the impact of a magnetic field (Fig. 3). The highest value of the overpotential was observed for a magnetic induction of 0.5 mT. It exceeded by more than 100 mV the value observed during the copper electroreduction in the absence of a magnetic field. The electrode overpotential was lower under a magnetic field of 0.7 mT than under 0.5 mT, though it was by 30 mV higher compared to the electrode potential during the deposition without applied magnetic field.

A weak magnetic field probably does not cause electrolyte stirring, as indicated by an increase in the overvoltage of copper electrodeposition (this follows from a comparison of curves 2 and 4 in Fig. 3). As expected, chronoamperograms reported in Fig. 4 show an increase in the copper electroreduction rate with decreasing the applied potential. However, when a magnetic field was applied, the rate of the process decreased at all the potentials tested. The most significant decrease in the copper reduction rate was observed when a magnetic field of 0.5 mT was applied (for all the potentials used).

Thus, chronoamperograms confirmed the data obtained by chronopotentiometry and provided additional evidence of a decrease in the rate of copper electroreduction under the conditions of exposure to a weak magnetic field.

The cyclic voltammograms shown in Fig. 5 were obtained on platinum electrode at various potential scan rates (5 to 50 mV/s). For all the scan rates when a magnetic field was applied, a decrease in current density was observed. For a magnetic field induction of 0.5 mT, the current density was the smallest (although there was not much difference between the curves obtained with a magnetic field of 0.5 and 0.7mT).

On the cyclic voltammograms, as well as on the chronopotentio-and chronoamperograms, a decrease in the rate of the process was observed when a magnetic field was applied. At the same time, the difference in the process rate for different values of the magnetic field induction is much less than for electrodeposition performed without a magnetic field. The copper deposition rate was the lowest under a magnetic field of 0.5 mT. A quantitative analysis of the degree of texturing of the copper deposits showed that the most perfect axial texture is formed in the deposits obtained with induction of 0.5 mT. Indeed, the average angle of scattering of the axial orientation with the [110] axis was 11.0°, and the proportion of grains with a random component of the texture was 0.62 rel. units. In other words, 38% of the grains were oriented {110} by the crystallographic plane almost parallel to the surface of the deposit (with an average angle of deviation of grains from the normal to the {110} plane, equal to 11.0°). With an increase of the magnetic field to 0.7mT, a slight scattering of the texture was observed.

A similar feature in changing the degree of texture was also revealed in the preferential orientation of the crystal lattices of copper deposit grains in the [111] direction. Here, the smallest values of the axial orientation characteristics with the [111] axis were established for the deposits obtained with an induction of 0.5 mT (the angle α was 16.1° and the fraction ε was 0.69 relative units). With an increase in magnetic field induction up to 0.7 mT, the values of the above texture characteristics sharply increased, which indicated scattering of the axial texture with the [111] axis.

It should be noted that in the face centered cubic (FCC) structure, which copper deposits exhibit, the {111} plane is the most close-packed. Therefore, the formation of an axial texture with the [111] axis in copper deposits should lead to a significant increase in their microhardness, corrosion resistance, wear resistance and other physicmechanical characteristics.

Since the properties of the deposits are influenced not only by the texture, but also by the morphology of the surface, scanning electron microscopy observations of the surface of the copper deposits were conducted. The micrographs presented in Fig. 8 do evidence that when a magnetic field is applied, the morphology of the deposits changed drastically. Thus, copper deposits obtained without exposure to a magnetic field (Fig. 8e and8f) featured larger surface formations of grains that had both a facet (Fig. 8e) and a spherical shape (Fig. 8f). The deposits obtained under a magnetic field were about one-fifth of grain aggregate sizes, which testified to the refinement of the structure. The detected feature is particularly evident when comparing SEM micrographs of electrodeposits obtained at a current density of -10 mA/cm 2 under the influence of a magnetic field of 0.5 mT (Fig. 8a) or 0.7 mT (Fig. 8c) with a SEM micrograph of the deposit obtained in the same mode, but in the absence of a magnetic field (Fig. 8e).

Naturally, it should be expected that such a refinement of the structure of the surface layers of copper deposits affect their reflectivity. Indeed, the smaller the surface aggregates of the grains, the lower the attenuation or absorption of the reflected light rays and the higher the surface reflectivity should be.

Based on the analysis of microhardness measurements of copper deposits obtained at current densities of -10, -40 and -70 mA/cm 2 and magnetic field induction of 0. 

H i B iB          ( 2 
)
where H is the microhardness of the deposit, in MPa, i is current density, in mA/cm 2 , B is magnetic field induction, in mT.

Equation [START_REF] Fattahi | Investigating the effect of magnetic field on pulse electrodeposition of magnetic and non-magnetic nanostructured metals[END_REF] and the response surface constructed on the basis of this data (Fig. 9a) show that an increase in the current density and magnetic induction leads to a slight increase in the microhardness of the deposit, whereas a decrease in the magnetic induction and a combined increase in the current density, on the contrary, greatly increase its microhardness. given in [START_REF] Dstu Gost | Unified system of protection against corrosion and aging. Metallic and non-metallic inorganic deposits[END_REF]. It should be noted that the microhardness of the copper substrate on which the deposits were formed was 750 MPa.

Therefore, the assumption of an increase in the microhardness of copper deposits due to the formation of an axial texture with the [111] axis was fully confirmed. Obviously, the refinement of grain surface formations made a certain contribution to the increase in the microhardness of the copper deposits.

Also, the assumption of the relationship between the surface morphology and reflectivity of copper deposits was validated. Indeed, after processing the experimental data of reflectivity of the copper deposits obtained at current densities of -10, -40 and -70 mA/cm 2 and magnetic field induction of 0.5, 0.6 and 0.7 mT, the following regression equation was obtained:

59.86 0.3271 48.13

R i B      ( 3 
)
where R is the reflectivity of the deposit in %, i is the current density in mA/cm 2 and B the magnetic field induction in mT.

Analysis of the regression equation (3) and graphic data (Fig. 9b) indicate that the reflectivity of the deposit tends to increase with a decrease of the magnetic field induction and increase applied current density. The highest reflectivity was obtained at a current density of -70 mA/cm 2 and a magnetic field induction of 0.5 mT, i.e. in a mode of obtaining deposits, which provided the most fine-grained and smoothed surface morphology. In this case, the value of the Fisher criterion was 1.03, which is lower than the tabular one of 3.11 at a significance level of 0.1.

Thus, the interrelation of the texture and morphology of the copper electrodeposits with their microhardness and reflectivity have been revealed, and the conditions for obtaining copper electrodeposits with increased microhardness and reflectivity have been determined.

Conclusions

1. It has been established that a weak magnetic field of 0.5 to 0.7mT created inside an electrochemical cell affects the electrodeposition process, texture, morphology and properties of copper deposits.

2. The effects of reducing the rate of copper electrodeposition, enhancing texture formation and refinement of grain aggregates of the surface of copper deposits under the influence of a weak magnetic field of 0.5 to 0.7 mT have been found.

3. The interrelation of the texture and morphology of the surface of copper electrodeposits with their microhardness and reflectivity has been revealed.

4. The conditions for obtaining copper electrodeposits with increased microhardness (about 3000 MPa) and reflectivity (about 50%) have been determined: magnetic field induction of 0.5 mT and current density of -70 mA/cm 2 .

5. It has been proposed to use galvanomagnetic finish of materials and products in a weak magnetic field (0.5 to 0.7 mT), which will improve the properties of the electrodeposits and exclude the use of strong magnetic fields and surfactant additives from the electrochemical process.

Fig. 1 .

 1 Fig. 1. Cell for electrodeposition of copper under a magnetic field: 1 -anode; 2 -cathode (WE); 3reference electrode; 4 -the source of the magnetic field; 5 -glass cell; 6 -measuring equipment. The diagram shows the direction vectors of the magnetic induction (B), current (I) and Lorentz force (F L ) (to the observer).

Fig. 2 .

 2 Fig.2.Chronopotentiograms obtained at a copper electrode at a current density of -10 mA/cm 2 in a magnetic field of (1) 0.5 mT and (4) 0.7 mT; (2) without magnetic field; (3) without magnetic field and with the electrolyte being stirred.

Fig. 3 .Fig. 4 .

 34 Fig.3.Chronopotentiograms obtained at a copper electrode at a current density of -70 mA/cm 2 in a magnetic field with an induction of (1) 0.5 mT; (2) 0.7 mT; (3) without magnetic field; (4) without magnetic field and with the electrolyte being stirred.

Fig. 5 .

 5 Fig.5. CV responses in СuSO 4 5H 2 O 0.8 M and H 2 SO 4 0.4 M solution at platinum electrode at various scan rates: (a) 5mV/s;(b) 10 mV/s; (c) 25 mV/s; (d) 50 mV/s and magnetic induction: (1) 0; (2) 0.5 mT; (3) 0.7 mT.

Fig. 7 .

 7 Fig. 7. Direct pole figures (111) of copper, electrodeposited at a current density of (a) -10 mA/cm 2 and (b)-70 mA/cm 2 under the influence of a magnetic field of 0.5 mT: 3-8 -levels of the same intensity of X-ray diffraction.

Fig.

  Fig.6bindicates that the formation of a copper deposit at an increased current density (-70 mA/cm 2 ) with the same magnetic induction (0.5 mT) was accompanied by the appearance of a texture, which was described by an axial component with the [111] axis perpendicular to the surface of the deposits and a random component.Component[111] was identified on the basis of the presence of a textural maximum of axial orientation with axis [111] at an angle of 0° on the pole figure (111) of the electrodeposited copper (Fig. 7b). The presence of the textural maximum of the axial orientation with the [111] axis at an angle of 35.3 degrees on the pole figure (220) confirmed the conclusion made.

Fig. 8 .

 8 Fig.8. SEM micrographs of the copper films, electrodeposited under the conditions: (a) -10 mA/cm 2 and 0.5 mT; (b) -70 mA/cm 2 and 0.5 mT; (c) -10 mA/cm 2 and 0.7 mT; (d) -70 mA/cm 2 and 0.7 mT; (e) -10 mA/cm 2 and 0 mT; (f) -70 mA/cm 2 and 0 mT.

Fig. 9 .

 9 Fig. 9. Graphs of response surfaces constructed using (a) equation (2)and (b) equation (3).

According to the results of X-ray texture analysis, the copper electrodeposits without a magnetic field are characterized by the absence of any preferential grain orientation, i.e. the grains are randomly oriented. This result is in contradiction with the data reported in Ref. [START_REF] Girin | Texture of electrodeposited copper coatings, granular structure and surface morphology[END_REF], in which, based on a comprehensive analysis of the texture, substructure and surface morphology of copper electrodeposits formed in a copper sulfate solution, they revealed the main preferential orientation of the grains -the axial texture with the [110] axis, as well as additional orientations of grains with axes [100] and [211] + [310], depending on the Cu(II) reduction conditions.

The electrochemical reduction of copper in the presence of a magnetic field was accompanied by the appearance of an axial texture, the axis of which depended on the current density. Thus, the texture of copper deposits obtained at a current density of -10 mA/cm 2 under a magnetic field of 0.5 mT was characterized by an axial component with an [110] axis perpendicular to the surface of the deposits, and a disordered component (Fig. 6a).