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Abstract 

The Electrochemical nano-Fabrication using Chemistry and Engineering (EnFACE) technology has been 

demonstrated as a successful method to transfer centimetre and micrometric copper patterns onto flat pieces 

of several centimetres in wide (A7 size plate) in a narrow electrode-gap configuration. A non-acidic copper 

(II) bath with a low content of additives has been used. The copper transfer from the photolithographed 

anode to the flat polished cathode with high efficiency has been possible maintaining very narrow 

separation between the two electrodes (300 µm) and controlled ultrasonic stirring (US) (sono-

electrodeposition transfer) during galvanostatic process. By using the designed tank and electrode 

configuration, both centimetre squares and micrometric lines features of micrometric thickness has been 

transferred in different points of the centimetre cathode, with better definition using low ultrasound power 

(enough forced convection flow to attain the needed transport to and from the electrode surface) in different 

zones of A7 plate. Excessive mass transport enhancement promoted a poor definition due to the current 

spreading during the deposition. In order to obtain micrometric features, a previous immersion in surfactant 

solution before plating favours the wettability of the electrodes and the uniformity of the lines after the 

transference. 



The proposed approach for plating of micrometric features to obtain patterned substrates is a good 

alternative to the classical electrodeposition process in photolithographed substrates. Similar definition is 

obtained in the both procedures, but the sono-electrodeposition provides the possibility to re-use the 

electrochemical tool up to fifth times, by maintaining the efficiency and uniformity of the transfer, which 

shows a significant gain in the efficiency of the microfabrication process in contrast with conventional 

techniques where each anode or cathode substrates have to be patterned individually with a photoresist 

mask for once. The presence of chloride in the solution inhibits the anode passivation, even in a non-acidic 

medium. Therefore, the improvements to use a low ultrasonic power and a non-acidic bath with additives 

in comparison with high ultrasonic power and acidic bath are the lower surface roughness, less current 

spreading and prolonged life of anode tool.  

1. Introduction 

Copper electrodeposition has been a burgeoning topic and an important key for a long time due to its interest 

in the fabrication of many micro and nanodevices as a consequence of its wide range of applications, 

highlighting the massive use in the electronic [1-2], optoelectronic [3], microfluidics [4] and 

microelectromechanical systems (MEMS) [5-6] industries. 

Electrochemical methods permit an easy control of growth processes, chemical composition, and crystalline 

structure when micro and nanostructured materials are prepared [7-8]. In recent years, many strategies using 

soft-templates like microemulsions [9-10], assembly of micelles [11], self-assembled monolayers [12], 

amongst others, have been proposed as required complement for the electrochemical nanofabrication of 

nanowires, nanorods, nanoparticle or other nanostructures, avoiding the use of the classical hard templating 

[13-15]. However, scalable and forthcoming micro and nanofabrication technologies, including the 

classical electrochemical procedures, require methods of patterning substrates, especially hard-templating 

strategies, in order to define the desired micro or nanostructure [16-17].  In this way, photolithography has 

been an essential step for microfabrication [18-19], but it requires physical master masks and mainly 

inflexible substrates, limiting the use of non-rigid substrates, multiple alignment, and 3D fabrication, 

amongst others [20-23]. Therefore, the development of alternative technologies, avoiding the substrates 

patterning with a physical mask, is suitable for these applications in order to improve the efficiency, develop 

environmentally friendly processes and reduce costs. 



Nowadays, Electrochemical nano Fabrication using Chemistry and Engineering (EnFACE) technology (c.f. 

Figure 1) explore the possibility to do an electrochemical selective and localized deposition or etching on 

an unmasked substrate, using a pattern masked counter-electrode, as an electrochemical tool [24-27]. The 

main advantage of this technique, which does not avoid the use of a physical mask, is that a single patterned 

cathode or anode could be used to etch or electrodeposit, respectively, many times, showing an interesting 

gain in the efficiency of the microfabrication process in contrast with conventional techniques where each 

anode or cathode substrates have to be patterned individually with a photoresist mask for once [24-27]. 

However, this technology requires control the reactor design, especially the required inter-electrode gap of 

less than 500 µm, the flow conditions in order to improve mass transport, and the electrochemistry of the 

system to achieve a good microstructure definition. Therefore, the mass transport and the bubble retention 

within the narrow electrode gap during the process, especially in the case of deposition, could be a limiting 

drawback, which disable the potentiality of this proposal. Ultrasonic (US) stirring is also known as a good 

strategy to improve the stirring in the electrochemical systems [28-29]. Moreover, accordingly with 

previous studies, the US agitation improves significantly the mass transfer within a narrow electrode gap 

during the cooper deposition [26-27]. However, high US powers could improve the mass transport, but 

limiting the life time of the patterned electrochemical tool.  Furthermore, the chemistry of the selected 

system could affect drastically the definition of the shape and the size of the transferred pattern, especially 

by the passivation dynamics of the electrochemical tool [24] when non-acid bath was used and the cooper 

was oxidized to copper oxides.  

 

 

 

 

 

Figure 1: Schematic diagram of EnFACE patterning process versus conventional methodology. Todd 

version.  

Recently, it was demonstrated that the electrodeposition of patterned cooper onto A7 cooper plates (width: 

74 mm and height: 105mm) using EnFACE technology at high ultrasonic power is possible [SS], exhibiting 

the viability to scale this procedure. However, high ultrasonic powers reducing the life of electrode tool, as 



a consequence of the anode damaging, and lead to poor definition (high current spreading) and excessive 

rougher surfaces. Herein, we propose the electrodeposition of patterned cooper onto A7 cooper plates at 

low ultrasonic power, in order to analyse the effect on the pattern definition and the life time of the 

electrochemical tool. A non-acidic bath with a low content of additives is used, in order to analyse the 

decrease of the solution conductivity, poor wetting, the passivation effect of the electrochemical tool and 

the effects of additives in the microstructure, especially in terms of surface roughness, and shape and size 

of the transferred pattern.   

2. Experimental 

2.1. Bath composition: 

Non-acidic bath with commercial additives, which are normally used to plate printed circuits boards 

(Copper Gleam HS 200 – Dow Electronic Materials), was selected in order to improve the electro-transfer 

parameters. Therefore, the electrolyte solution was a free-acid cooper bath of 0.1 M CuSO4·5H2O + 5 mL·L-

1 of Gleam HS-200B (carrier/suppressor) + 2.5 mL·L-1 of Gleam HS-200A (brightener/accelerator) + 35 

µL·L-1 of HCl. The electrolyte solution was prepared with deionized water with a resistivity of 13.7 

M·cm. It is important to note that the recommended additives concentrations are 10 mL·L-1 of Gleam HS-

200B, + 0.5 mL·L-1 of Gleam HS-200A and 163 µL·L-1 of HCl, and besides, normally this process contains 

sulphuric acid. However, the selected conditions are justified in order to reduce surface roughness and to 

promote the electro-transfer.   

2.2. Experimental set-up: 

Electrochemical experiments were carried out in an 18 L ultrasonic tank reactor connected to three 

ultrasonic generators (Hilsonic) with a PVC electrode holder (Figure 2). Calorimetric method were used 

for measuring and calibrating the ultrasonic power using water [30-31]. Cathode and anode were A7 cooper 

plates (width: 74 mm; height: 105 mm; and thickness: 1.1 mm). The gap distance between the electrodes 

and the electrode preparation vary depending on the experiment: 

 Limiting current experiments: Inter-electrode gap of 1.5 mm. Anode: Each copper square (10 mm 

x 10 mm) was manually polished with #1200, #2000 and #4000 grit SiC paper, washed with Decon 

90 solution, rinsed with deionised water and dried thoroughly using nitrogen. Then, they were pushed 

into the Perspex sheet (Figure 1S). Each limiting current experiment was repeated three times and 



carried out individually in different positions (the other squares were masked with spray resist and 

blockaded with a polymeric layer on the back in order to assure the non-electrical connection. 

Cathode:  A7 copper plates polished and cleaned in the same way.   

 Pattern electrodeposition experiments: Inter-electrode gap of 0.3 mm. Electrodes: Each A7 copper 

plates were manually polished, washed, rinsed and dried in the same way. Anode: Square (10 mm x 

10 mm) and linear (width: 210 µm; height: 78 µm; photoresist spacing between the lines: 1000 µm) 

pattern features were deposited using spray resist tool fabrication (Figure 2S) and dry photoresist tool 

(Figure 3S), respectively. As can be seen in Figure 2Sb the spray resist tool preparation consisted in 

the following steps: (i) mask areas with 1 x 1 cm squares of copper tape; (ii) spray photoresist over 

the entire surface, and dry using an air dryer during 10 minutes; (iii) remove copper squares from the 

plate; (iv) back in oven at 50 ºC for 20 minutes; and lastly, rinse with deionized water and dry 

thoroughly with a nitrogen gun.  Figure 3S shows the dry photoresist tool Photoresist preparation 

procedure ? Tood, could you complete this part? 

 

 

 

 

All the electrochemical experiments were carried out using a power supply (Thurlby Thandar PL320) under 

DC conditions.  

 

 

 

 

 

Figure 2: Side view of the experimental 18 L ultrasonic tank.  

2.3. Surface characterization: 



Confocal microscope was used to achieve a precise control of the definition along the large area of an A7 

copper plate.  A 3D Optical surface metrology system Leica DCM 3D was used to determine the thickness 

and roughness of the transferred patterns. 

3. Results and discussion  

3.1. Limiting current experiments: 

It has been known that high ultrasonic irradiation on electrodeposition leads to both chemical and physical 

effects (mass transport enhancement, surface cleaning, amongst others) [32-33]. Herein, the sono-

electrodeposition at low power in a free-acid cooper bath was investigated in order to establish the 

ultrasound effects on the mass transport, by limiting current measurements, in a parallel plate electrodes 

configuration with a narrow electrode-gap. The experimental configuration requires the evaluation of mass 

transport in different zones (I and II, schematically illustrated in Figure 1S). Typically, limiting current 

densities (jlim) were obtained directly from the plateau region in applied current densities (j) versus potential 

(E) curves. The limiting current experiments were carried out by applying current densities (j) between 10 

to 120 mA·cm-2 for 30 seconds and measuring the cell potential (V) as a consequence of the experimental 

set-up. The limiting current region could be affected by several factors such as the secondary reaction 

(hydrogen evolution), variations in area during the metal deposition, current and potential distributions, 

amongst others. Recently, significant distortions in the polarisation data have been observed at narrow 

electrode-gap distance in parallel electrode plate configuration [34]. As can be seen in Figure 3 the 

significant slope in the limiting current region could affect the measurements. However, the direct 

determination from the pseudo-plateau region was coherent according to the limitations of the experimental 

configuration. Table 1 shows the limiting current densities at different low power, showing an enhancement 

in the limiting current density by increasing the ultrasound power as can be expected according to the 

literature [34-36]. Furthermore, the diffusion layer thickness () that could be calculated using limiting 

current from eq. (1) is frequently used in order to characterize the mass transport conditions (Table 1). 

𝛿 =
𝑧 · 𝐹 · 𝐷 · 𝑐𝑏

𝑗𝑙𝑖𝑚
        𝐸𝑞. (1) 

Where z is the charge on the reacting species, F is the Faraday constant (96485 C·mol-1), D is the diffusion 

coefficient of the electroactive species, assuming the calculated value of 7.07·10-6 cm2·s-1 [36], and cb is 

the concentration of the reactant ions in the bulk solution.  



As can be seen in Table 1 the ultrasonic power lead to increase the limiting current and decrease the 

diffusion layer thickness, which can be attributed to the cavitation and/or micro and macro-streaming 

effects. Non-significant differences could be observed in the different zones (I and II) of the electrode. 

Therefore, low ultrasound power could be feasible as a forced convection flow to attain the needed transport 

to and from the electrode surface, even in the centre part (part II) of an A7 plate in a narrow electrode-gap 

configuration. Furthermore, the limiting current experiments were a fundamental step in order to choose 

the current for the pattern transfer deposition. Moreover, it is important to note that the limiting current 

experiments were carried out using an inter-gap distance of 1.5 mm instead 0.3 mm that we use to transfer 

the patterns. Therefore, 20 and 30 mA·cm-2 must be feasible to do the sono-electrodeposition transfer 

because limiting current at 0.3 mm must be lower than at 1.5 mm, and it is important that the limiting 

current does not exceeded because the deposits will become dendritic and roughness will increase 

drastically.  

 

 

 

Figure 3: Limiting current experiments under direct current (DC) conditions at different ultrasonic powers 

at the (a) corner (position I) and (b) the centre (position II) of the A7 plate.  

Power / 

W·L-1 

Limiting Current / 

mA·cm-2 

Diffusion Layer / 

µm 

I II I II 

5 40 45 34 30 

10 50 50 27 27 

30 70 70 20 20 

Table 1: Limiting current, diffusion layer thickness and mass transport coefficients values at different 

ultrasonic powers at the corner (position I) and the centre (position II) of the A7 plate.  

3.2. Sono-electrodeposition transfer of centimetre and micrometre features. 

The sono-electrodeposition of micrometre lines and centimetre squares were carried out under DC 

conditions in order to analyse the viability of EnFACE methodology to scale the transfer process. Moreover, 

the ultrasound power and non-acidic bath with low additive contents effects on the electrochemical tool 



and transferred features (electro-transfer efficiency – shape definition and thickness -  and surface 

roughness) was analysed. Therefore, a detailed analysis of the surface roughness of A7 substrates (after 

manual polishing) was also important. As can be seen in Figure 4 the copper substrates showing highly 

granular structure with an average surface roughness amplitudes of 160 nm (Ra) and of 216 nm (Sa), which 

Sa corresponds to a 3D amplitude parameter equivalent to the Ra of a 2D profile [ZZ], with 25 µm and 50 

µm Gaussian robust filters, respectively.  

 

 

 

 

Figure 4:  Representative (a) 3D and (b) 2D profiles of manually polished copper substrates. 

3.2.1. Sono-electrodeposition transfer of square pattern features: 

Various low ultrasonic powers and fixed current density of 20 mA·cm-2 (deposition times: 600 s) under DC 

conditions were used to transfer centimetre square pattern, with squares of 10 mm x 10 mm, located in the 

corners and in the middle parts of the A7 plates (schematically illustrated in Figure 3S), using a spray resist 

tool. Accordingly, the mass transport enhancement effect on the profile definition and microstructure could 

be analysed. Figure 5a and 4S show the A7 plates with the electrodeposited square features at different 

low powers. As can be seen in Figure 4S better features definition has been attained at low power, compared 

with a poor definition in the case of 30 W·L-1. Moreover, the electro-transfer efficiency of the pattern 

transfer in the sono-electrodeposition process (Table 2) shows that the efficiency (ε) increases inversely 

proportionally to the increase of US power. Therefore, the mass transport enhancement attributed to the 

increase of US power promoted a poor definition due to the current spreading during the deposition and the 

corresponding decreasing in the effective current density as a consequence of the increase of effective area. 

Therefore, better definition and large patter electro-transfer efficiency were attained by applying low power. 

Moreover, Figure 4S (optical micrographs) also shows that all the ultrasound power led to a closely-packed 

copper grain structure.   

Figure 5b show that the average thicknesses of the deposits were approximately 2.6 - 4.4 µm (Table 2), 

resulting electro-transfer efficiencies of 54 to 90 %.  It is important to note that we could define two different 



efficiency parameters: current (ε) and electro-transfer (ε’) efficiencies, which combines both transfer and 

the electrochemical efficiencies. Current efficiency assume the real dimensions of the pattern area (Af) and 

electro-transfer efficiencies assume that the dimensions (Aa) of the feature are the same as the tool (i.e. that 

there is no current spreading). 

𝜀 =  
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
=   

(𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) · 𝑛 · 𝐹 · 𝜌 · 𝐴𝑓

𝐼 · 𝑡 · 𝑀
 

𝜀’ =  
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
=   

(𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) · 𝑛 · 𝐹 · 𝜌 · 𝐴𝑎

𝐼 · 𝑡 · 𝑀
 

Where n is the total number of electrons, F is the Faraday constant, ρ is the copper density, Af is the real 

dimension of the pattern area, Aa is the dimension of the area in the tool,  I the current, t the electro-transfer 

time and M is the molecular weight of copper.  

 Table 2 also shows that the deposited squares at the edges were thicker, in any US power, than those 

transferred in the middle due to the different current distribution across the plate. However, it is difficult to 

analyse these differences in thickness individually due to the large variation in thickness. As can be seen 

this sense was observed at all the various different ultrasound power that we tested, showing that the 

different current distribution was the main effect in the thickness definition.  

As can be seen in Figure 5c the average surface roughness (Ra) showing slightly rougher deposits at the 

corners, at any US power, as could be predicted accordingly to the thickness measures, possibly as a 

consequence of the higher current densities near the edges of the plate (Table 2). In addition, average surface 

roughness at different US power (Table 2) decrease when the US power increases.  A previous study with 

no additives bath and higher powers showing that roughness decreasing with increases ultrasonic power 

[SS]. It is difficult assume that this trend could be explained as a consequence of the current spreading 

during the deposition, which resulting with a lower current density and higher effective area, because in all 

the cases the limiting current does not exceed. A more likely explanation is that there is more current 

spreading at higher US powers so that features are shorter but wider. At higher powers you might also be 

physically eroding deposited copper from surface or damaging mask. 

Lastly, it seems that the chloride inhibits the anode passivation during the sono-electrodeposition providing 

the possibility to re-use the electrochemical tool several times even in a non-acidic bath. Therefore, non-

acidic bath with low content of additives leads to the possibility to do a sono-electrodeposition transfer, 



better at low power, of centimetre features with an acceptable thickness homogeneity and good uniformity 

in the average surface roughness across the plate, even in the central zone.   

Power 

W·L-1 

Average deposit thickness / µm Average Roughness / nm ε / % ε’ / % 

Corners Middle All areas Corners Middle All areas   

5 4.6 4.2 4.4 220 140 180 94 90 

10 3.8 3.2 3.5 200 190 195 87 72 

30 2.8 2.4 2.6 140 120 130 85 54 

Table 2: Thickness, roughness and electro-transfer efficiencies of copper electro-transferred centimetre 

square features at different locations on an A7 plate substrate using various US powers.  

  

 

Figure 5: (a) Optical micrograph of an example of square pattern electro-transfer. (b) Average thickness 

and (c) average surface roughness amplitude (Ra) of copper electro-transfer of square features at various 

locations on an A7 copper plate prepared at 20 mA·cm-2 with a total current on-time of 600 seconds, under 

DC conditions, at various ultrasound power.  

3.2.2. Sono-electrodeposition transfer of linear pattern features: 

Micrometre linear features were also electro-transferred onto A7 copper plates using a dry photoresist tool 

under DC conditions at both 20 and 30 mA·cm-2 and 5 W·L-1. All the electrochemical tools were immersed 

in a 0.5 wt. % SDS solution before every plate in order to improve the wettability. The SDS was to improve 

wettability – i.e.  allow solution to penetrate fine photoresist features on the tool.  US power was selected 

at 5 W·L-1 according to the centimetre square electro-transfer, which as seen previously presents a good 

shape definition and higher electro-transfer efficiency. Moreover, in order to demonstrate the growth rate 

effect in thickness and roughness two different current densities were used. The analysis of the 

electrochemical tool after several uses as a cathode were also analysed in order to determine the possibility 

to use one tool several times (the main advantage of this methodology). Lastly, direct electrodeposition 

(classical methodology) using the photolithographed template was carried out in order to demonstrate that 

EnFACE methodology could be a forthcoming strategy to fabricating micrometre patterns, even using 



larges and non-perfectly flatten substrates, with comparable results in terms of shape definition and average 

surface roughness.  

Figure 6 show examples of the linear pattern that were electro-transferred (Figure 6a and 6b) and 

electrodeposited (Figure 6c).  The electro-transferred lines at 20 and 30 mA·cm-2 (Figure 6a and 6b, 

respectively) showing that the lines are well-defined, which line widths of 230-280 µm (the resist-free lines 

on the tool are between 200 to 240 µm), and have been electro-transferred over the entire area of the A7 

substrate with a good uniformity of pattern definition. The electrodeposited lines using the classical 

methodology (Figure 6c) also showing well-defined lines, which lines width of 205-240 µm (similar to the 

observed free-resist lines on the tool), along the total area, as could be expected. Therefore, both classical 

and EnFACE methodologies permits the fabrication of micrometre features with a well-defined shapes. It 

is important to note the significant improvement of our results at low power and when a non-acidic bath 

with additives were used to transfer patterns [SS]. However, thickness and roughness analysis were 

mandatory for a further analysis in order to demonstrate the viability of this methodology, in comparison 

with classical ones. Thickness of the lines (Table 3) were measured over two lines at the same locations 

where the squares features were electro-transferred (Figure 7, 5S, 6S, 8S) showing: (a) reasonable good 

uniformity definition, as could be seen previously in optical micrographs, and (b) well-defined shapes, 

especially at the middle of the substrate; providing average thickness of 2.2 µm at 20 mA·cm-2 (electro-

transfer time: 720 s) and 2.0 µm at 30 mA·cm-2 (electro-transfer time: 480 s), which correspond to electro-

transfer efficiencies of 42 % and 39 % and current efficiencies of 60 % and 55 %, respectively.   Moreover, 

the thickness profiles (Figure 7c and Figure 8S, 9S) of lines electrodeposited using classical methodology 

also exhibits good uniformity and very well shape definition, providing an average thickness of 2.8 µm at 

20 mA·cm-2 (electro-transfer time: 400 s), which corresponds to a current efficiency of 87 %. As can be 

seen the uniformity of the pattern lines using EnFACE methodology is acceptable and comparable with the 

obtained lines using the classical process as a consequence of the different current density distribution along 

the entire area. However, the efficiencies showing that this effect was remarkable in EnFACE mode, as a 

consequence of the current spreading, which affects the real effective area and real effective current density. 

Therefore, we thought that it could be attributed to the differences in the electrode gap variation along the 

substrate, as a consequence of the electrodes, which were not perfectly flatten.  However, it is important 

highlight the similar results with both strategies (Figure 7d), which shows that EnFACE technology could 

be a forthcoming fabrication process.  



The average surface roughness amplitude (Sa) potted in Figure 8 and 8S showed marginally differences in 

each location (Table 3), which resulting with a reasonable good uniformity in the deposit roughness across 

the middle lines with EnFACE methodology. As could be expected the average roughness of the electro-

transferred at 30 mA·cm-2 was slightly rougher than at 20 mA·cm-2. Moreover, it seems that EnFACE 

methodology permits obtain finer linear patterns at the same current density. 

Lastly, Figure 9 shows optical micrographs of the electrochemical tool after several times that was used as 

an anode in US conditions. As can be seen at zero uses the electrochemical tool showing the resist and the 

exposed copper area. After one usage the copper is etched and resist is intact. After five uses copper is 

etched more and the resist is undercut (black lines). After six and seven uses the resist is delaminating and 

even more undercut. It is important to see that the electrochemical tool could be used several times. 

However, up to five times the transfer definition rapidly decay. Lastly, after nine the resist pattern is crazed 

and delaminating. The main reason for the tool to be unusable is that the resist is delaminating. Figure 9b, 

9c show the optical micrographs and profiles of the transferred lines using the electrochemical tool for first 

and seventh times, respectively. Therefore, it is possible re-use the tool several times, however, up to fifth 

times the uniformity of the transfer was very poor as a consequence of both ultrasonic power and crazing 

and delaminating of resist pattern.  

Current density / 

mA·cm-2 

Average deposit thickness / µm Average Roughness (Sa) / nm 

Corners Middle All areas Corners Middle All areas 

EnFACE  methodology 

20 2.1 2.3 2.2 420 214 315 

30 1.8 2.3 2.0 521 355 438 

Classical methodology 

20 3.2 2.4 2.8 630 249 440 

Table 3: Thickness, roughness and electro-transfer efficiencies of copper electro-transferred centimetre 

square features at different locations on an A7 plate substrate using various US powers.  

 

 

 



Figure 6: Optical micrographs of linear patters onto A7 plates using US power of 5 W·L-1 at (a) 20 mA·cm-

2 and (b) 30 mA·cm-2 by EnFACE methodology and (c) 20 mA·cm-2 using classical methodology. Bar 

scale: 200 µm. 

 

Figure 7: 3D thickness profiles of linear electro-transferred patterns at (a) 20 mA·cm-2 and (b) 30 mA·cm-

2 and linear electrodeposited patterns at (c) 20 mA·cm-2 under DC conditions at US power of 5 W·L-1. (d) 

Maximum and average thickness of linear patterns at various locations. 

 

Figure 8: 3D Roughness profiles of linear electro-transferred patterns at (a) 20 mA·cm-2 and (b) 30 mA·cm-

2 and linear electrodeposited patterns at (c) 20 mA·cm-2 under DC conditions at US power of 5 W·L-1. (d) 

Average surface roughness amplitude (Sa) of linear patterns at various locations. 

 

Figure 9: (a) Electrochemical tool at different times used as an anode under US power of 5 W·L-1. Optical 

micrographs of pattern transfer at various locations at 20 mA·cm-2 fabricated by EnFACE methodology 

using a (b) non-used and (b) seventh times used electrochemical tool.  

4. Conclusions 

Copper pattern transfer experiments of centimetre square and micrometre lines were performed in 18 L 

Ultrasonic tank onto large areas (A7 copper plates) using EnFACE technology, which permits testing the 

scalability viability of  EnFACE technology, under DC conditions.  Both non-acidic bath (with low content 

of additives) and low ultrasound power (5 W·L-1) were established as a very feasible conditions to electro-

transfer various copper patterns, obtaining comparable results with the classical direct electrodeposition 

using a mask. Electrochemical tool could be used several times as a consequence of both low ultrasound 

power (at higher power it could be damaged faster) and inhibition of anode passivation due to the chloride.  

Centimetre square pattern electro-transfer was performed at various ultrasound powers at fixed current 

density, showing that the better shape definition and electro-transfer efficiencies were attained at 5 W·L-1 

(average thickness of 4.4 µm and electro-efficiency of 90 % ) due to the lower current spreading during the 

deposition.  At 10 and 30 W·L-1 average thickness of 3.5 and 2.6 µm and efficiencies of 72 and 54 %, 

respectively, were achieved. The roughness of the transferred features was 180, 195 and 130 nm at 5, 10 



and 30 W·L-1, respectively, showing that the main effect was the real current density in each case. 

Therefore, EnFACE technology permits the scalability of the electro-transfer of centimetre patterns onto 

large areas.  

Linear micrometric pattern electro-transfer were performed at various current densities (20 and 30 mA·cm-

2) and 5 W·L-1, which showing excellent shape definition and acceptable electro-transfer efficiencies (42 

and 39 % at 20 and 30 mA·cm-2, respectively). This approach was also compared with the classical 

electrodeposition process in photolithographed substrates, providing comparable results in terms of shape 

definition and efficiency (59 %). Roughness analysis show that smoother deposits were obtained at low 

current density, as expected. Surprisingly, EnFACE patterns exhibited smother surface than the classical 

ones. Therefore, in this conditions EnFACE technology makes it’s a promising microfabrication technology 

as a consequence of the gain in efficiency by the possibility to re-use the electrochemical tool and competent 

obtained deposits.    
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