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Cu/Co multilayer film was prepared on a Si substrate using a translational jet electrochemical 

deposition system. A scanning electron microscope, X-ray diffractometer, a 3D surface profilometer, a 

digital microhardness tester, and a physical property measurement system were used to characterize 

the surface topography, microtexture, roughness, microhardness, and giant magnetoresistance 

respectively. It was found that the surface morphology of the multilayer improved and the interface 

between the Cu and Co layers was well-defined. The roughness and hardness of the multilayer are 

superior to those of single metal film. The Cu/Co multilayer exhibited an excellent giant 

magnetoresistive ratio of 50.38%. The giant magnetoresistance increased with the increase in the 

multilayer cycle number and decreased when the cycle number exceeded 120. The multilayer prepared 

by this method has high sensitivity to magnetoresistive change and it is easy to control the multilayer’s 

resistance. 
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1. INTRODUCTION 

Multilayers are developed using individual single-layer films. A multilayer structure is 

obtained by alternately depositing the films in the direction of growth [1-6]. Yao prepared Cu/Ni 

multilayers using a single-groove method and double-groove method and compared the performances 

of the multilayers [7]. It was demonstrated that both methods have advantages and disadvantages and 

are complementary. Peter used a computer-controlled galvanostatic/potentiostatic (G/P) method to 

create Co-Ni-Cu/Cu multilayers [8]. Dulal used a flow tank (the plating liquid flowed into the tank), 

constant voltage, and a double pulse power supply to create Co-Ni-Cu/Cu multilayers [9]. Dhirendra 

investigated the composition modulation in Cu/Co multilayers grown by a pulse train-based deposition 

technique [10]. Highly uniform Co/Cu multilayer nano-wire arrays were electrodeposited into nano-
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channels of porous anodic aluminum oxide template [11]. Liu investigated the structure and magnetic 

properties of multilayers on different substrates using a radio frequency (RF) magnetron sputtering 

technique [12]. 

To date, many researchers have used magnetron sputtering or slot-plating methods to prepare 

multilayers. However, magnetron sputtering is expensive and the requirements are complex. Slot 

plating suffers from cross-contamination and has low processing efficiency. Our team has studied jet 

electrochemical deposition for 10 years [13-19]. Unlike slot plating, jet electrochemical deposition 

improves the current density and efficiency. Therefore, a translational jet electrochemical deposition 

system is developed to prepare Cu/Co/Cu multilayers. The system has the advantages of stability, 

reliability, use of simple equipment, no cross-contamination, and high efficiency. It has been found 

that this system produces multilayers with high giant magnetoresistance (GMR) and high sensitivity. 

In addition, the modulation wavelength of the multilayer film can be controlled by alternating the 

reciprocal deposition. 

 

2. EXPERIMENTAL PROCEDURE 

2.1 Experimental device 

Figure 1 shows the translational jet electrochemical deposition system. The system consists of a 

machine body, translation array injection unit, power supply control system, electrolyte circulation 

temperature control system, and stepper motor control system. The electrodeposition unit includes a 

Cu anode with a wash nozzle and a Co anode with a wash nozzle. They are used for depositing the 

Cu/Co and washing. The workpiece is reciprocally scanned and connected to the cathode. Cu/Co are 

alternately deposited to form a multilayer film, which must be washed to eliminate pollution during the 

alternating deposition.  

 
 

Figure 1. Multiplexed translational jet electrochemical deposition system 

 

A schematic diagram of the Cu/Co multilayer deposition is shown in Figure 2. In this 

experiment, the Cu/Co multilayers were prepared using the translational jet electrochemical deposition 

http://xueshu.baidu.com/s?wd=paperuri%3A%28b130551e752db892e5873f55672668b7%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Flink.springer.com%2F10.1007%2Fs10854-016-5879-1&ie=utf-8&sc_us=2488216915810920039
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system. For the copper deposition, the flowing electrolyte continuously transports Cu2+ to the 

substrate’s surface. Under the action of an external electric field, the electrons of Cu2+ are adsorbed 

onto the surface to form Cu. The copper was deposited first followed by the cobalt. During this 

process, the multilayer film grows steadily. 

 
 

Figure 2. Schematic of the preparation of the Cu/Co multilayers by jet electrochemical deposition 

 

2.2 Experimental parameters 

The reagents were analytically pure. The Cu solution consists of CuSO4·5H2O (250g/L) and 

H2SO4 (50g/L) and the solution temperature is 30 °C. The Co solution consists of CoSO4·6H2O 

(280g/L), CoCl2·6H2O (38g/L), and H3BO3 (40g/L) and the solution temperature is 50 °C. The 

substrate material is monocrystalline silicon (25 × 25 × 4 mm). The surface of the substrate requires 

polishing, degreasing, pickling-activation, and other pretreatments. The experimental parameters are 

shown in Table 1. 

 

Table 1. Experimental parameters 

 

Project Parameters 

Scan times 100 

Translational velocity 10mm/s 

Electrolyte flow rate 250L/h 

Machining gap 2mm 

Current density (Cu/Co) 80A/dm2 

 

2.3 Characterization of the multilayer film 

The instruments and parameters for the characterization of the multilayer film are shown in 

Table 2. 
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Table 2. Instruments and parameters 

 

Characterization Instruments(Type) 

Microscopic morphology SEM(S-3400) 

Structure analysis XRD (D/max 2500VL/PC) 

Roughness 
3D Surface 

Profilometer(MicroXAM-100) 

Microhardness 
Digital microhardness tester(HVS-

1000A) 

Giant Magneto Resistance 
Physical Property Measurement 

System(KT-20) 

 

3. RESULTS AND DISCUSSION 

3.1 Surface morphology and microtexture 

 
 

Figure 3. Surface and cross-section morphology of the film 

 

Figure 3 shows the surface and cross-section morphology of the film obtained by jet 

electrochemical deposition. Figure 3a shows the Cu film with many cellular protuberances on the 

surface. Figure 3b shows the Co film, which exhibits a sharp tetrahedral corner protuberance; the Co 

film is denser than the Cu film. Figure 3c shows the Cu/Co multilayer with a uniform cell and without 

cellular protuberances distribution on the surface. It is observed that the surface morphology of the 

Cu/Co multilayer is better than that of the single layers and this is related to the alternate deposition of 

the copper and cobalt. The monolayer thickness is at the nanoscale during the alternate deposition and 

if the grains do not grow and aggregate, the next deposition period begins, this increases the discharge 
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activation point. It is preferred to obtain films with small grains, dense texture, and good surface 

quality. 

In order to observe the Cu/Co multilayer structure and considering the resolution of the 

scanning electron microscope (SEM-S3400), the magnification was set to 10X (the theoretical 

thickness is increased about 10 times). Figure 3d shows the cross-section morphology of the Cu/Co 

multilayers and the energy dispersive spectroscopy (EDS) results. The multilayer exhibits a good 

periodic structure and the interface between the copper film and the cobalt film is distinct and straight. 

This is due to the alternate deposition of the copper and cobalt coatings that affects the changes in the 

crystal structure and the surface quality of the multilayer film. 

The X-ray diffraction (XRD) patterns of the Cu/Co multilayer is shown in Figure 4. The Cu 

and Co peaks are located close to each other. The preferred orientations of multilayer films are (111) 

and (220). The multilayer film grows in two directions. By reducing the differences in the growth at 

different points, the crystals of the film are even, thereby improving the film density. In addition, the 

Cu and Co peaks are fused to each other and form a satellite peak, which further demonstrates that the 

multilayer prepared by this method is structurally complete and has a good periodic structure [25]. 

In general, the film prepared by jet electrodeposition is island grown and the surface of the film 

shows different degrees of cellular protuberances [18, 19]. In this study, the selective scanning motion 

of the nozzle is perpendicular to the silicon substrate. The migrating ions are concentrated in the 

discharge deposition under the nozzle, which creates the conditions for the stratified growth at the 

beginning of the jet electrodeposition. As shown in Figure 4, the Cu-Co multilayer prepared on the 

silicon substrate has two preferred orientations, which illustrates the characteristics of the layered 

growth and reduces the difference in the crystal growth rate at different locations [26]. Therefore, it 

can be concluded that the multilayer film deposited by jet electrodeposition on silicon substrate are 

mainly layered. 

 
 

Figure 4. The XRD pattern of the Cu/Co multilayer  
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3.2 Roughness and microhardness 

Figure 5 shows the surface roughness and microhardness of the pure Cu, pure Co, and the 

Cu/Co multilayer. The multilayer surface roughness is low at 0.167 um. The jet electrochemical 

deposition involves partial scanning. Therefore, each deposition represents a new discharge activation 

process and this approach is conducive to the formation of a fine-grained, dense microstructure. At the 

same time, the high velocity of the jet electrochemical deposition reduces the thickness of the diffusion 

layer and ensures the transport of solutes, which reduces the concentration polarization and results in a 

high-quality film. In addition, due to the alternate deposition of the different elements, there is an 

interface effect and the crystal structure changes such as doping and infiltration are conducive to the 

reduction in the surface roughness. 

 

 
 

Figure 5. Roughness and microhardness of the film 

 

The microhardness of the Cu/Co multilayer is 542 HV and the reason for the high hardness is 

the alternate deposition of the Cu and Co layers [20, 21]. At the interface of the Cu and Co layers, 

misfit dislocations are generated due to the different lattice constants and atomic sizes of the Cu and 

Co, this causes stress between the film layers. This stress improves the hardness and improves the 

strength of the multilayer film. [22, 23]. In addition, the multilayer’s microstructure and properties, 

such as grain morphology, crystal structure, grain size, and orientation also have important influences 

on the roughness and microhardness [24]. 

 

3.3 GMR  

The reluctance change rate ΔR/R is defined as ΔR/R = (Rmax - Rmin) × 100%/Rmin where Rmax is 

the resistance when there is no magnetic field and Rmin is the resistance under the applied field [27, 

33]. 
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Figure 6 shows the exchange coupling of the magnetization direction and the 

magnetoresistance curve of the Cu/Co multilayer [28, 29]. The electrodeposition of the Cu/Co scans 

per unit period is equal, 120 times in total. The Cu/Co multilayer exhibits the largest resistance without 

a magnetic field, whereas the resistance decreases rapidly under a magnetic field. The multilayer’s 

resistance reaches a minimum value when the magnetic field strength is 600 Oe and the curve tends to 

stabilize when the magnetic field of the multilayer is in the same direction as the applied electric field 

[34-37]. Figure 6 shows that Rmax is 0.594 Ω, Rmin is 0.395 Ω, and the GMR ratio of the Cu/Co 

multilayer is 50.38%, indicating that the use of this method results in a GMR effect in the multilayer. 

In addition, we also find that the Cu/Co multilayer is saturated at a magnetic field strength of 1000 Oe, 

its resistance is reduced, and the magnetoresistive variation with high sensitivity can be controlled 

easily.  

 

 
Figure 6. Exchange coupling of the magnetization direction and magnetoresistance curve of the Cu/Co 

multilayer 

 

3.3.1 Effect of multilayer cycle number on GMR 

Figure 7 shows that the GMR of the Cu/Co multilayer increase and then decreases as the cycle 

number increases. The GMR reaches the maximum of 50.38% when the cycle number is 120. 

According to the principle of GMR, an increase in the cycle number increases the resistance in an anti-

parallel magnetization state but has little effect on the resistance in a parallel magnetization state [38]. 

When the cycle number exceeds 120, the GMR decreases as the number of cycles increases. In this 

study, the increase in the number of cycles means that the thickness of the coating increases, that is, the 

GMR is indirectly related to the thickness of the coating. Jet electrodeposition studies have shown that 

crystal defects increase with the thickening of the coating [16, 17]. In addition, the high current density 

of jet electrochemical deposition amplifies the defects, which has a large influence on the multilayer 



Int. J. Electrochem. Sci., Vol. 13, 2018 

  

9676 

structure with a single layer thickness of only a few nanometers, this may cause a magnetic short 

circuit, resulting in a decrease in the GMR [39]. 

 

 
 

Figure 7. GMR of the Cu/Co multilayer for different cycle numbers  

 

3.3.2 Effect of the number of Co scans per period on the GMR 

In order to determine the effect of the thickness of the Co layer on the multilayer GMR during 

the modulation period of the multilayer film, the following experiment was performed. Assuming that 

the Cu layer thickness is approximately equal to the thickness of the Co layer for the same number of 

scans and the number of cycles is set to 200, the number of Co scans was gradually increased to 

prepare Cu:Co multilayers at different ratios (1:1, 1:2, 1:3, 1:4, and 1:5). 

Figure 8 shows the changes in the multilayer’s GMR for the different Cu-Co scan ratios; the 

results indicate that the GMR decreases with the increase in the number of Co scans. The generation of 

the GMR is directly related to the scattering of the conductive electrons by the Co layer. However, the 

GMR is reduced as the cobalt layer is thickened. Based on the microstructure analysis of the 

multilayer, the interface of the Cu/Co multilayer has a specific form and the inverse relationship 

between the GMR and the Co thickness demonstrates the scattering of the electrons during antiparallel 

magnetization. The dominant influencing factor is the interface layer that contains copper and cobalt 

rather than the Co layer. The proportion of the interface layer decreases as the thickness of the Co layer 

increases, and the GMR decreases. In addition, the decrease in the coating quality as the plating 

thickness increases also has a certain influence on the GMR [40-41]. 
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Figure 8. Changes in the multilayer’s GMR for different Cu-Co scan ratios 

 

3.3.3 Effect of current density on the GMR of the Copper-Cobalt Multilayer 

In order to investigate the effect of different electrodeposition parameters on the GMR of the 

multilayer [42], the thickness ratio of the copper and cobalt is set to 1: 1, the scanning speed is 10 

mm/s, and the current density is changed to regulate the growth of the multilayer. Figure 9 shows the 

changes in the GMR of the Cu-Co multilayer at different current densities. It is observed that the 

maximum GMR of the multilayer film is 50.38% at a current density of 80 A/dm2 and the current 

density shows a decreasing trend with increasing amplitude. However, the GMR tends to decrease 

when the current density increases. The reason is that the current density is the key factor determining 

(Discharge growth) of the jet electrodeposition. Because of its specific fluid flow characteristics and 

strong mass transfer, the current density on the cathode surface directly affects the film’s surface 

quality. In jet electrodeposition, when the electrolyte flow rate is constant and the current density is 

low, the ions involved in the reaction on the cathode surface in the electrolyte can be replenished in 

time and the ion reaction concentration is stable; therefore, the coating surface is flat. However, when 

the current density is high, the edge discharge effect of the jet electrodeposition is aggravated, resulting 

in a lower surface smoothness of the coating [30-31]. Therefore, by selecting the appropriate current 

density, a dense coating, fine grain, and improved performance are achieved. In order to minimize the 

increase in the edge discharge, pulse electrodeposition [30], friction composite electrodeposition 

[15,32], and rotating interleaving electrodeposition [31] can be used to improve the quality and 

performance of the coating. 
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Figure 9. Effect of the current density of jet electrodeposition on GMR 

 

4. CONCLUSIONS 

（1）The Cu/Co multilayer created by multivariate translational jet electrochemical deposition 

has good surface morphology, the growth interface is clear, and the two orientation surfaces are ( 111 ) 

and ( 220 ). 

（2）The alternating deposition of copper and cobalt causes a redistribution of the discharge 

on the cathode surface, which is conducive to a fine-grained texture, dense coating, and the 

improvement of the surface roughness and hardness. 

（3）The increase in the cycle number results in an increase in the resistance in an anti-parallel 

magnetization state. The Cu/Co multilayer exhibits an excellent giant magnetoresistive ratio of 

50.38%.  

（4）The GMR of the Cu/Co multilayer decreases with the increase in the number of Co 

scans. As the Co layer thickness increases, the proportion of the interfacial layer decreases and the 

GMR decreases in inverse proportion. In an anti-parallel magnetization state, the Cu/Co interfacial 

layer plays a dominant role in electron scattering. 
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