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Abstract

:

Metallic copper (Cu) and copper oxide (Cu2O) dual phase composite films were fabricated via a cathodic reduction process in an acidic aqueous solution dissolving polyethylene glycol (PEG) to investigate the structure and micro-Vickers hardness. By dissolving PEG in an aqueous electrolyte, the cathode potential was depolarized to the noble region during the electrodeposition, and the average crystallite size of electrodeposited Cu/Cu2O composite films was decreased down to around 40 nm. The metallic copper films electrodeposited from the solution without PEG was preferentially orientated in (220), while that containing PEG was composed of Cu and Cu2O dual phase composite films with random crystal orientation. The micro-Vickers hardness of the Cu/Cu2O composite films that were electrodeposited from the solution containing PEG was achieved up to 2.53 GPa. This improvement in mechanical performance can be explained by the grain refinement effect and the electrochemical phase transformation effect from a copper metallic state to the oxide.
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1. Introduction


Metal oxide semiconductors such as In2O3, SnO2, Ga2O3, ZnO, Cu2O and their compounds have been investigated so far [1,2]. For example, Kimizuka et al. succeeded in synthesizing the InGaZnO4 (IGZO) crystals in 1985 [3], and Hosono et al. developed IGZO thin-film transistors as a backplane material in a flat-panel display [4,5]. Recently, Cu2O has been of interest because of its diverse properties in regard to microstructure, electron transportation and optical absorption [6,7,8]. Cu2O is widely used mainly in photovoltaic cells [9], sensor devices [10,11] and electronic devices [12]. Thin copper oxide films can be prepared by electrochemical deposition, thermal oxidation [13,14], chemical deposition [15] and sputtering [16]. Among them, the electrochemical cathodic reduction process is an attractive technique for preparing thin films and multilayers of metallic [17,18] and oxide semiconductors [19,20] on conductive substrates. This technology has several advantages in cost-effective operating conditions such as room temperature, atmospheric pressure and film growth rate. In addition, electrochemical deposition is highly dependent on electrodeposition conditions such as current density, pH [21], electrolyte composition, temperature [22,23], deposition time [24] and substrate characteristics [25]. Therefore, varying the electrolytic conditions can facilitate the development of Cu2O morphology, structural properties and high-performance devices tailored to specific functional materials by controlling surface structure and mechanical properties. For example, adding an additive such as PEG to the plating solution will refine the electrodeposited crystal grains, smoothing the surface and increasing micro-Vickers hardness [26]. In addition, the use of PEG as an additive is expected to produce Cu and Cu2O dual phase composite films. Researchers have investigated the effects of the electrolytic deposition of copper oxide. In 1998, Zhou et al. studied the effect of pH on the electrolytic deposition of copper oxide [27]. They found that the electrochemical reactions during the cathodic reduction of copper (II) lactate solution and metallic Cu can be produced in the pH range less than 7. In 2007, Wang et al. studied the effect of pH on the crystallographic plane orientation [28]. They revealed that the (111) plane was preferentially oriented when the solution pH increased up to 12 from 9. PEG adsorption on the cathode will inhibit the diffusion of Cu atoms on the cathode. This PEG effect will inhibit the crystal growth of electrodeposited Cu and will induce the grain refinement of electrodeposits. Thus, the hardness of Cu and Cu2O dual phase composite films which are electrodeposited from the solution dissolving PEG will be improved by the grain refinement effect and the oxide particles dispersion effect. Many researchers have reported on the fundamental properties, such as electron transportation and optical absorption of Cu2O films [6,7,8,9,10,11,12]. On the contrary, mechanical properties such as hardness and tensile strength of Cu2O films have not been clarified yet. If some mechanical stresses are introduced in Cu2O films, some micro-cracks will easily occur in the film structures and will cause some harmful effects on the physical properties. Therefore, in the present study, Cu and Cu2O dual phase composite films were prepared by a cathodic reduction process in an aqueous solution dissolving PEG, and their crystal texture and mechanical properties were also investigated.




2. Materials and Methods


An aqueous solution containing CuSO4·5H2O (1 M), H3BO3 (0.4 M) and PEG (Mw = 3000) (0.01–0.05 g/L) was synthesized as an electrolytic bath. Here, H3BO3 was added as a pH buffer to inhibit the pH rising in the vicinity of the cathode during the electrodeposition. The solution pH was around 3.5 by dissolving the above chemicals into an ultra-pure water solution. Hence, the solution pH was adjusted to 3.0 by adding an acidic aqueous solution containing H2SO4 (0.1 M). The solution temperature was kept to 40 °C. During the electrodeposition, the aqueous solutions were stirred at a speed of 300 rpm. A dumbbell-shaped metallic titanium, a metallic copper and a silver/silver chloride single junction electrode were utilized as a template cathode, a soluble anode and a standard reference electrode, respectively. Cu and Cu2O dual phase composite films were electrodeposited by a galvanostatic mode at a current density of 900 A/m2 for 10,532 s (around 3 h). The film thickness was controlled to be the range from 200 µm to 250 µm. For comparison, pure copper film was also electrochemically synthesized in an aqueous solution without dissolving PEG. After the electrodeposition, the dual phase composite films were exfoliated from the metallic titanium cathode to avoid the effect of substrate when we determined the structure and physical properties of the electrodeposited films. The film thickness was measured by a digital micrometer, MDC-25MJ (Mitutoyo, Kanagawa, Japan). The morphology of the dual phase composite films was examined using a scanning electron microscope (SEM), JCM-5700 (JEOL Ltd., Tokyo, Japan). The roughness of the samples Ra was determined by utilizing a stylus-type surface roughness tester, SURFTEST, SJ-210 (Mitutoyo, Japan). The crystal structure of the dual phase composite films was determined using an X-ray diffractometer, XRD, Miniflex600-DX (Rigaku Corp., Tokyo, Japan). Furthermore, their hardness was examined using a micro-Vickers hardness testing machine, HM-211 (Mitutoyo, Japan). During the measurement, the applied load was adjusted to 100 gf (0.98 N) and the dwell time was fixed to 10 s. It is well known that the hardness value of a casted and rolled copper sheet is about 1.08 GPa. In the above measurement condition, the indentation depth and the diagonal length are estimated to be around 5.9 μm and 41 μm, respectively. To avoid the effect of substrate, the sample thickness should be more than 10 times the indentation depth. Hence, in the above measurement condition, the sample thickness should be more than 59 μm. In the present study, to obtain the reliable hardness value, the film thickness was controlled to be the range from 200 µm to 250 µm.




3. Results and Discussion


3.1. Cathodic Polarization Behavior during Cu and Cu2O Dual Phase Composite Electrodeposition


Prior to the electrodeposition of Cu and Cu2O dual phase composite films, the cathodic polarization curves for the solutions without PEG (PEG-free) and containing PEG (PEG-addition) were plotted to determine the optimal electrolysis conditions, as shown in Figure 1. The cathode potential was swept from +0.20 V to −1.50 V vs. Ag/AgCl at a scan rate of 100 mVs−1. The cathodic polarization curve that was obtained from the solution containing PEG was slightly depolarized to the noble direction than that without PEG. According to Nernst’s equation, the equilibrium potential of Cu/Cu2+ (    E   c u   e q    ) can be estimated as 0.140 V vs. Ag/AgCl based on the bath temperature and Cu2+ ion concentration (40 °C, [Cu2+] = 1 M). Here, the standard electrode potential of Cu/Cu2+ (    E   c u   0       : C u   2 +   + 2   e   − 2   ⇆ C u )   = 0.140 V vs. Ag/AgCl, the gas constant R = 8.3 J K−1 mol−1, the solution temperature T = 313 K, the valence number of Cu2+ ions n = 2, the Faraday constant F = 96,485 C mol−1 and [Cu2+]/[Cu0] = 1. As shown in the cathodic polarization curve that was obtained from the solution without PEG, the cathode current density sharply increased at the cathode potential of ca. 0.14 V vs. Ag/AgCl [29,30]. Considering the equilibrium potential of Cu/Cu2+, the increase in the current density at ca. 0.14 V seems to be caused by the reduction of the Cu2+ ions. On the other hand, in the case of the polarization curve that was obtained from the solution containing PEG, the cathode current density began to increase at the cathode potential of ca. 0.11 V vs. Ag/AgCl. Based on the potential-pH diagram of the Cu2+-H2O system [31,32], the Cu2+ ions can form cuprous oxide (Cu2O) at a cathode potential region nobler than the equilibrium potential of Cu/Cu2+. This reaction can be expressed by using the following Equation (1). The cuprous oxide can be electrochemically reduced to metallic copper when pH of the electrolytic solution is less than 7 (pH < 7), as expressed by the following Equation (2) [27,33].


  2   C u   2 +   + 2   e   − 1   +   H   2   O ⇆   C u   2   O + 2   H   +    



(1)






    C u   2   O + 2   e   − 1   + 2   H   +   ⇆ 2 C u +   H   2   O  



(2)







Generally, pH in the vicinity of the cathode rises due to the hydrogen evolution as a side reaction of electrodeposition. Boric acid added to the electrolytic solution can suppress the increase in pH on the cathode (i.e., the pH buffering effect). Some polymers and surfactants (e.g., polyethylene glycol, gelatin) can adsorb to the electrode surface to form a layer and suppress the electrodeposition of metals [34,35]. As we will discuss later, the films that electrodeposited from the solution containing PEG had a Cu and Cu2O dual phase composite structure. If the electrochemical reactions as described in the above Equations (1) and (2) proceed at a high current density condition, pH in the vicinity of cathode will rise due to the hydrogen evolution as a side reaction of electrodeposition. In the present study, pH in the bulk solution is 3.0 as described in the experimental section. Hence, at a high current density condition, pH in the vicinity of cathode will rise up to 6.5 and more. Cu4(OH)6SO4 will be formed in the pH range more than 4 according to the potential-pH diagram of the CuSO4-H2O system [36]. In the same way, Cu2O will also be precipitated in the pH range more than 4 on the basis of the potential-pH diagram of the Cu-H2O system [37]. Therefore, it seems that the hydroxide (i.e., Cu(OH)2) or cuprous oxide (i.e., Cu2O) could be included into the electrodeposited Cu films because the oxygen bridge in the PEG molecule can adsorb on the surface of the Cu cathode as well as Cu2O crystallites [38]. Zhang et al. reported that the PEG network on the surface of the Cu cathode reduces the nucleation points on the cathode and isolates the initial crystallites from aggregating. Hence, the dispersity of Cu2O crystallites on the cathode will be greatly improved [38]. These PEG effects will accelerate the electrochemical reactions as described in the above Equations (1) and (2). Therefore, in the present study, PEG seems to act as a depolarizer, as shown in Figure 1.



By the way, as shown in Figure 1, the slope of the cathodic polarization curve decreased by shifting the potential to a region that is in a range from −0.4 V to −1.4 V vs. Ag/AgCl due to the decrease in Cu2+ ion concentrations in the vicinity of the cathode. In the potential range, the cathode current density is more than ca. 1000 A/m2 and the rate-limiting process will be the mass transfer such as the migration of Cu2+ ions. In contrast, in the potential region that is in a range from +0.1 V to −0.4 V vs. Ag/AgCl, the rate-limiting process will be the charge transfer of Cu2+ ions. Hence, in this study, the cathode current density for electrodeposition was set to 900 A/m2 to improve both the productivity and surface smoothness of metallic copper or Cu/Cu2O dual phase composite films.




3.2. Structure of Electrodeposited Cu and Cu2O Dual Phase Composite Films


Figure 2 shows the effect of PEG concentration ((a): 0 gL−1, (b): 0.01 gL−1, (c): 0.02 gL−1, (d): 0.03 gL−1, (e): 0.04 gL−1, (f): 0.05 gL−1) on the XRD profiles of electrodeposited Cu and Cu2O dual phase composite films. The diffraction peaks derived from fcc-Cu (111) and (220) were observed in all samples. In addition to these peaks that derived from a metallic copper phase, the peaks derived from a copper oxide phase were also observed in the samples which were obtained from the solution containing PEG (Figure 2(b)–(f)). In the metallic copper thick film that was electrodeposited from the solution without PEG (Figure 2(a)), the preferential crystal orientation in fcc-Cu (220) was observed, as shown in Figure 2. This tendency corresponds well to the results reported by Rasmussen et al. [39]. By contrast, in the Cu and Cu2O dual phase composite films that were electrodeposited from the solutions containing PEG (Figure 2(b)–(f)), the preferential crystal orientation in fcc-Cu (220) was diminished, while that in fcc-Cu (111) was enhanced and the random crystallographic orientation was observed. This drastic change in crystal orientation seems to be caused by the PEG adsorption effect on the cathode where the electrochemical reduction process and the crystal growth process for the electrodeposited metallic copper are suppressed. This reduction in the copper growth rate induces the preferential crystal orientation in fcc-Cu (111), which corresponds to the closest packed plane in fcc. This tendency corresponds well to the results that were investigated on the transformation of crystal orientation to the (111) plane with increasing the solution pH reported by Wang et al. [28]. Furthermore, in the samples which were electrodeposited from the solutions containing PEG (Figure 2(b)–(f)), the preferential crystal orientation in Cu2O (200) was also observed. Zhou et al. reported that the preferential crystal orientation in electrodeposited Cu2O films was strongly affected by electrolysis conditions such as the solution pH and cathode potential [27]. They revealed that the preferential crystal orientation in Cu2O (200) emerged in the samples which were obtained in the solution pH range less than 10 and in the cathode potential range that was nobler than −0.4 V vs. SCE. On the contrary, they also founded that the diffraction peak which derived from Cu2O (111) was also detected and the preferential crystal orientation was altered to a random state in the samples which were obtained in the solution pH range more than 10 and in the cathode potential range that was less noble than −0.4 V vs. SCE. In the present study, with increasing the PEG concentration up to 0.05 g/L, the diffraction peak which derived from Cu2O (111) was also detected, as shown in Figure 2(f). Hence, PEG seems to improve the dispersity of Cu2O crystallites and make a random crystal orientation.



Figure 3 shows the effect of PEG concentration ((a): 0 gL−1, (b): 0.01 gL−1, (c): 0.02 gL−1, (d): 0.03 gL−1, (e): 0.04 gL−1, (f): 0.05 gL−1) on the surface appearance (optical microscope images) of electrodeposited Cu and Cu2O dual phase composite films. As shown in Figure 3a, the surface appearance (optical microscope images) of copper film electrodeposited from the solution without PEG showed a red-orange color with a metallic luster characteristic of a typical metallic copper. By contrast, the addition of PEG caused the surface to turn black due to precipitating the copper oxide phase (Figure 3b–f). This tendency corresponds well to the results reported by Rahman et al. [40]. The above phenomenon may be attributed to the inhibition of pH buffering effect of H3BO3 by adsorption of PEG on the cathode, which results in a rapid increase in pH near the cathode. According to the potential-pH diagram of the Cu2+-H2O system [41], copper oxide can be deposited via copper hydroxide which will be formed on the cathode when the pH increases in the vicinity of the cathode. Therefore, it was estimated that Cu and Cu2O dual phase composite films could be prepared by adding PEG.



Figure 4 shows the effect of PEG concentration ((a): 0 gL−1, (b): 0.01 gL−1, (c): 0.02 gL−1, (d): 0.03 gL−1, (e): 0.04 gL−1, (f): 0.05 gL−1) on the SEM images of electrodeposited Cu and Cu2O dual phase composite films. As shown in Figure 4a, the morphology of the composite film, which was electrodeposited from the solution without PEG, exhibited a coarse structure with large crystal grains. By contrast, in the solution containing PEG, the surface morphology was transformed to exhibit a smooth appearance with fine crystal grains (Figure 4b–f). This improvement in the surface appearance seems to have been caused by PEG adsorption on the cathode to suppress the heterogeneous nucleation of electrochemically reduced metallic copper atoms.



Figure 5 shows the effect of PEG concentration on the surface roughness Ra of electrodeposited Cu and Cu2O dual phase composite films. The surface roughness was approximately 6 µm in the sample that was electrodeposited from an aqueous solution without PEG. By contrast, the addition of PEG significantly reduced the surface roughness to less than 4 µm. This result is consistent with the tendency of surface appearance of electrodeposited Cu and Cu2O dual phase composite films, as shown in Figure 3. Therefore, the effect of PEG addition on the morphology of the composite films seems to be quite sensitive even at very small amounts.



Figure 6 shows the effect of PEG concentration on the crystallite size of electrodeposited Cu and Cu2O dual phase composite films. The average crystallite size d of the electrodeposited Cu and Cu2O dual phase composite films was determined using the following Equation (3) (Scherrer’s formula) [42]:


  d =   K λ   β   c o s θ    



(3)




where K, λ and β correspond to the Scherrer’s constant (0.94), X-ray wavelength (Cu − Kα = 0.15418 nm) and half width of diffraction peaks, respectively. As shown in Figure 6, the average crystallite size of metallic copper thick film that was electrodeposited from the solution without PEG was approximately 105 nm. By contrast, the average crystallite size of Cu and Cu2O dual phase composite films that were electrodeposited from the solutions containing PEG was decreased to about 40 nm. This tendency corresponds well to the results that were found on the effect of thiourea as an additive reported by Kumar et al. [43]. This decrease in crystallite size also seems to be induced by the PEG adsorption effect on the cathode that suppresses the crystal growth process of electrodeposited metallic copper, as shown in Figure 4. As shown in Figure 6, in the PEG concentration range above 0.01 g/L, there was not a significant decrease in crystallite size. Therefore, the PEG adsorption effect on the cathode seems to be effective even in a quite small PEG concentration range (only 0.01 g/L).




3.3. Micro-Vickers Hardness of Electrodeposited Cu and Cu2O Dual Phase Composite Films


Figure 7a shows the effect of PEG concentration on the micro-Vickers hardness of electrodeposited Cu and Cu2O dual phase composite films. The hardness was approximately 1.21 GPa in the sample that was electrodeposited from the solution without PEG. By contrast, the hardness increased up to 2.53 GPa in the samples that were electrodeposited from the solutions containing PEG. This hardness value is almost twice that of a casted and rolled copper sheet (about 1.08 GPa). Ibanez et al. reported that the microhardness reached up to around 2.2 GPa for the copper film which was electrodeposited at the current density of 1200 A/m2 [44]. They conducted the hardness measurement by utilizing an applied load of 1 N that is almost identical to the experimental condition (0.98 N) in the present study.



Figure 7b shows the effect of crystallite size on the micro-Vickers hardness of electrodeposited Cu and Cu2O dual phase composite films. It is well known that the relationship between yield stress and grain size can be expressed by the following Hall-Petch equation (Equation (4)) [45]:


  σ =   σ  0  + k   d   − 1 / 2    



(4)




where σ, σ0, k and d correspond to the yield stress, internal stress, sliding constant and crystal grain size, respectively. The micro-Vickers hardness increased with decreasing the crystallite size, as shown in Figure 7b. This tendency follows the above Hall-Petch equation (Equation (4)). The increase in the hardness can be explained by the crystal grain refinement effect, which enhances the grain boundary area and suppresses the movement of dislocations [46]. Hakamada et al. reported the effect of gelatin addition on the micro-Vickers hardness of electrodeposited Cu films [47]. They founded that the hardness was approximately 0.98 GPa) in the sample that was obtained from the solution without gelatin. On the contrary, the hardness increased up to 2.15 GPa in the sample that was obtained from the solution containing 0.05 g/L gelatin. They also revealed that the relationship between the hardness and average crystal grain size followed the above Hall-Petch equation (Equation (4)). Hence, the effect of PEG addition seems to be similar to that of gelatin.



In the present study, the molecular weight of PEG was fixed to 3000 and the concentration was varied up to 0.05 g/L. It is well known that the adsorption ability of PEG, which is dissolved in an aqueous solution, depends on the molecular weight [48,49,50]. Hence, if we optimize the molecular weight of PEG as well as the concentration in the aqueous solution, the micro-Vickers hardness of electrodeposited Cu and Cu2O dual phase composite films will be improved further.





4. Conclusions


Polyethylene glycol (PEG) acted as a depolarizer that shifted the cathode potential to the noble direction and decreased the average crystallite size during the electrodeposition of Cu and Cu2O dual phase composite films. The metallic copper films electrodeposited from the solution without PEG were preferentially orientated in the (220) crystal plane. On the contrary, from the solution containing PEG, Cu and Cu2O dual phase composite films with random crystal orientation were obtained. The micro-Vickers hardness of the dual phase composite films that were electrodeposited from the solution containing PEG was achieved up to 2.53 GPa. This improvement in mechanical performance can be explained by the grain refinement effect and the electrochemical phase transformation effect from a copper metallic state to the oxide.
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Figure 1. Effect of PEG addition on the cathodic polarization curves during the electrodeposition of Cu and Cu2O dual phase composite films. 
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Figure 2. Effect of PEG concentration ((a): 0 gL−1, (b): 0.01 gL−1, (c): 0.02 gL−1, (d): 0.03 gL−1, (e): 0.04 gL−1, (f): 0.05 gL−1) on the XRD profiles of electrodeposited Cu and Cu2O dual phase composite films. 
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Figure 3. Effect of PEG concentration ((a): 0 gL−1, (b): 0.01 gL−1, (c): 0.02 gL−1, (d): 0.03 gL−1, (e): 0.04 gL−1, (f): 0.05 gL−1) on the surface appearance (optical microscope images) of electrodeposited Cu and Cu2O dual phase composite films. 
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Figure 4. Effect of PEG concentration ((a): 0 gL−1, (b): 0.01 gL−1, (c): 0.02 gL−1, (d): 0.03 gL−1, (e): 0.04 gL−1, (f): 0.05 gL−1) on the SEM images of electrodeposited Cu and Cu2O dual phase composite films. 






Figure 4. Effect of PEG concentration ((a): 0 gL−1, (b): 0.01 gL−1, (c): 0.02 gL−1, (d): 0.03 gL−1, (e): 0.04 gL−1, (f): 0.05 gL−1) on the SEM images of electrodeposited Cu and Cu2O dual phase composite films.
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Figure 5. Effect of PEG concentration on the surface roughness of electrodeposited Cu and Cu2O dual phase composite films. 
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Figure 6. Effect of PEG concentration on the crystallite size of electrodeposited Cu and Cu2O dual phase composite films. 
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Figure 7. (a) Effect of PEG concentration on the micro-Vickers hardness of electrodeposited Cu and Cu2O dual phase composite films. (b) Effect of crystallite size on the micro-Vickers hardness of Cu and Cu2O dual phase composite films. 
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