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Abstract 
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The Graduated School 

Seoul National University 

 

In this dissertation, a novel micro-pattern metallization technique which 

works via jet-circulating electrodeposition is proposed. The metallization 

process consists of three steps: electron beam evaporation, jet-circulating 

electrodeposition, and chemical etching. A copper seed layer for 

electrodeposition was formed on various materials by electron beam 

evaporation. Jet-circulating electrodeposition was implemented to fabricate 

micro-metal patterns on various surfaces, such as glass, plastic and ceramic 

surfaces. By localizing the circulation of a jetted electrolyte through two 

concentric nozzles, rapid selective electrodeposition could be performed. A 

copper pattern with a width of 490 μm and a height of 18.3 μm was 

fabricated with a 290 μm electrode nozzle. 
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The conventional electrodeposition technique was applied to jet-

circulating electrodeposition to increase deposition quality. Jet 

electrodeposition technique is applied to increases deposition rate. Pulse-

reverse electrodeposition technique also increases deposition rate and 

decreases surface roughness. Furthermore diverse pulse parameter gives 

high flexibility to deposition process. The geometry of the copper pattern 

was investigated by means of scanning electron microscopy (SEM) and with 

a surface profiler. 

Finally, micro-pattern metallization using jet-circulating electrodeposition 

was performed on diverse substrate materials.  

 

Keywords: Jet-circulating electrodeposition, Metallization, Electroplating, 

Direct-writing, Micro patterning 

Student number: 2010-20667 
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1. Chapter 1. 

Introduction 

  

1.1 Research background 

The level of demands for metallization technologies have increased 

recently to address the need for metallic thin films in integrated circuits(IC) 

technologies, solar cells, and microelectronics [1-6]. The electrochemical 

processes at the core of these technologies have been the subject of 

extensive investigations. Due to the high level of interest in metallization, 

various studies have attempted to broaden the applications of metallization 

technology to diverse areas, such as MEMS devices and flexible devices [2, 

3]. 

Metallization technologies in such devices involve design and processing 

issues beyond those related to existing technology. Furthermore, 

applications such as wearable devices, flexible batteries, and curved sensors 

require non-planar surfaces and various materials, thus increasing the level 

of demand for a high degree of process flexibility. Figure 1.1 shows one 
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example of limitation of conventional metallization technology. Although 

versatile metallization technologies for micro patterning has been used over 

a wide range, each metallization technique has limitation in pattern 

geometry. These issues have clearly contributed to the relatively slow 

development of metallization technologies.  

 

 

 

Figure 1.1 Pattern geometry comparison with metallization process 
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Conventional metallization technologies require a mask for selective 

patterning. In most cases, a photolithography process for the production of 

the mask limits the material selection and the surface shape for metallization. 

As a consequence, many studies which attempted to develop low-cost and 

highly flexible alternatives to photolithography process have been reported. 

Several researchers have developed techniques for maskless metal 

patterning on non-conductive surfaces using conductive nanoparticle ink [6-

11]. Although techniques such as inkjet printing and electrohydrodynamic 

jet printing have high potential, they also have limitations in terms of cost-

efficiency and pattern geometry factors such as the scale and uniformity. 

Generally, metallization processes are based on addictive micro 

fabrication process that enables the depositing a metal solid on a substrate 

surface. Among the various metal deposition techniques, such as physical 

vapor deposition, chemical vapor deposition, and photolithography, there 

has been continuous development and an upsurge of interest in the 

electrodeposition method. This is mainly due to new technologies in 

electronics, computers, and micro-systems. Electrodeposition is a metal 

deposition process that is a very attractive alternative to the conventional 

process of fabricating ICs [12]. It is advantageous in that it is cost-effective 

and very flexible [11, 12]. Despite these attractive features, however, 
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conventional electrodeposition techniques have crucial drawbacks in terms 

of material selectivity. They are also associated with low deposition rates 

and limited usable substrate materials. To overcome these drawbacks, a 

micro-electrode and an ultrashort pulse were applied for selective 

electrodeposition [13, 14]. The jet-electrodeposition method was developed 

to increase the deposition rate. In relation to this technique, a direct-writing 

process known as electrochemical printing was suggested [11, 15]. Although 

several studies have attempted to overcome the limitations of the 

conventional electrodeposition technique, research to develop a technique 

that addresses the poor selectivity and deposition rate at the same time has 

not been conducted. Table 1.1 presents comparison of metallization 

technologies. 
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Table 1.1 Qualitative comparison of metallization technologies  

Process Adhesion Time Maskless Price Material 

Semi-conductor 

process 

(PVD & CVD) 

○ ○ ✕ △ 

Pure metal, 

Alloy, 

Ceramic 

PCB process 

(Plating) 
◎ ○ ✕ ○ 

Pure metal, 

Alloy 

Micro 

structuring 

(Plating) 

◎ ✕ ✕ ○ 
Pure metal, 

Alloy 

Screen printing ○ ◎ ✕ △ 
Polymer, 

Silver 

Ink-jet printing △ △ ○ ✕ 
Polymer, 

Silver 

Jet-circulation 

deposition 
○ ○ ○ ◎ 

Pure metal 

Alloy 

 (◎ – excellent, ○ – good, △ – poor, ✕ – bad 
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1.2 Research purpose  

The purpose of this dissertation is to develop a metallization process to 

fabricate micro pattern on a various substrate. The developed metallization 

process is based on maskless patterning process which is cost-effective and 

gives high process flexibility. To achieve this purpose, novel 

electrodeposition technique which called jet-circulating electrodeposition is 

proposed. By localizing the circulation of a jetted electrolyte through two 

concentric nozzles, selective electrodeposition is realized without other 

specific requirements, for example an insulated micro-tip, an ultra-short 

pulse, or a narrow gap between the electrode and the substrate. Jet-

circulating electrodeposition is advantageous in that it offers a high 

deposition rate and a more efficient grain refining effect due to the improved 

liquid mass transfer velocity. Furthermore, the high deposition rate 

facilitates a continual electrodeposition process. It is very advantageous in 

comparison with existing localized electrodeposition techniques which are 

based on the fabrication of pin-shaped structures, where the patterning 

processes arise from the use of a dot printing mechanism. Pulse-reverse 

current electrodeposition technique is applied to jet-circulating 

electrodeposition. This technique have the effect of replenishing the 

diffusion layer and selectively dissolves the protrusions of the deposited 
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surface to ensure a uniform deposit. The relationships between the surface 

profile of the copper pattern and the process parameters were also 

investigated. Scanning electron microscope (SEM) image and 3D surface 

profiler were used to perform this analysis. Based on parameter study, this 

dissertation will give geometric guide line on fabricating metal micro 

pattern. Finally, micro pattern metallization on different nonconductive 

surfaces, in this case glass, plastic, and a ceramic material, is conducted with 

proposed the jet-circulating electrodeposition process. 
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1.3 Dissertation overview 

The thesis is written on the subject as follows. 

In chapter 1, the main issues for dealing with previous studies for 

metallization and electrodeposition were introduced. The new technique that 

was suggested in this study was compared with previous method. In this 

chapter, the originality of the novel electrodeposition method was 

introduced. 

In chapter 2, principle of electrodeposition was explained. The theoretical 

background of electrodeposition is present. And also Tungsten was chosen 

for workpiece material. As carrying out micro hybrid machining on tungsten 

surface, the principle of newly suggested machining process with tungsten 

workpiece was verified. 

In chapter 3, the local jet-circulation and jet-circulating electrodeposition 

were introduced. To carry out local circulation, jet-circulating nozzle was 

developed. And the entire system including the jet-circulating nozzle for 

performing jet-circulation was described. Analysis on the flow characteristic 

in jet-circulation and meniscus between electrode nozzle and substrate 

surface were performed to determine contact area which electrochemical 

reaction occurs. Surface treatment was performed to control contact area. 
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Change in surface energy was confirmed by contact angle, and the result of 

jet-circulating electrodeposition was compared to confirm the effect of 

surface treatment. Furthermore localized copper deposition through the jet-

circulating electrodeposition was introduced. 

In chapter 4, the characteristics in jet-circulating electrodeposition was 

analyzed. Principle of conventional electrodeposition techniques were 

introduced and applied to jet-circulating electrodeposition. By 3D surface 

profiler, the geometry of deposited pattern was investigated. Influence of 

jetting condition and pulse-reverse current parameter was also investigated. 

In chapter 5, metallization process using jet-circulating electro-deposition 

was introduced. The various copper pattern with micrometer size were 

fabricated by metallization process. The properties and characteristics of 

fabricated copper pattern were evaluated. 

In chapter 6, Conclusion and discussion of this dissertation were 

presented. 
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2. Chapter 2 

Electrodeposition 

 

2.1 Principle of electrodeposition 

Electrodeposition, a short version of “electrolytic deposition”, is often 

also called electroplating, and the two terms are used interchangeably. As a 

matter of fact, electroplating can be considered to occur by the process of 

electrodeposition. Electrodeposition is a film growth process which consists 

in the formation of a metallic coating onto a base material occurring through 

the electrochemical reduction of metal ions from an electrolyte. [16] 

Electrodeposition changes the chemical, physical, and mechanical properties 

of the workpiece. It is primarily used for following advantages; (1) the 

thickness and morphology of the nanostructure can be precisely controlled 

by adjusting the electrochemical parameters, (2) relatively uniform and 

compact deposits can be synthesized in template-based structures, (3) higher 

deposition rates are obtained, and (4) the equipment is inexpensive due to 

the non-requirements of either a high vacuum or a high reaction temperature. 

[17, 18] The electrolyte is an ionic conductor, where chemical species 
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containing the metal of interest are dissolved into a suitable solvent or 

brought to the liquid state to form a molten salt. The electrodeposition 

process consists essentially in the immersion of the object to be coated in a 

bath containing the electrolyte and a counter electrode, followed by the 

connection of the two electrodes to an external power supply to make 

current flow possible. The substrate to be coated is connected to the 

negative terminal of the power supply, in such a way that the metal ions are 

reduced to metal atoms, which eventually form the deposit on the surface. 

[16] A general reaction of metal formation is the following: 

 (2.1) 

The dissolved ions     are reduced by the electrodeposition process in 

which z electrons are provided by an external power supply. The schematic 

of electrodeposition of copper on substrate in a copper sulfate bath is shown 

in figure 2.1. 

 

 

 

 

         
  +   →          
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Figure 2.1 Schematic of electrodeposition of copper on substrate in a 
copper sulfate bath 
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Electrodeposition of copper 

Copper is most common metal utilized in electrodeposition owing to the 

fact that it is a relatively inexpensive metal and also has the very useful 

feature that it can be deposited on top of various substrates with little 

technological difficulties. The advantage of copper deposition is as follows: 

[16] 

l Copper has the highest electrical conductivity and thermal 

conductivity besides silver 

l As a metal, it is environmentally non hazardous 

l It is an indispensable component of multilayer deposits 

l Copper deposits usually have low internal stresses 

l Copper is ductile and can be easily polished 

l Copper can be soldered 

l The deposits have good adhesion to most metals 

Copper is electrodeposited for numerous engineering and decorative 

applications requiring a wide range of mechanical and physical properties. 

Major uses of electrodeposited copper are plating on plastics, printed wiring 

boards, zinc die castings, automotive bumpers, rotogravure rolls, 

electrorefining, and electroforming.[19] 
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Three types of solutions are in common use such as acidic, alkaline and 

pyrophosphate baths. Acidic copper baths are simple in composition, stable 

and easy to control. They have high current efficiency and can tolerate high 

current density. A sulfuric acid improves solution conductivity and enhances 

throwing power. Alkaline solutions have much better throwing power than 

acidic ones. However, solution control is more difficult, and operating 

current density is lower. The main drawback of these solutions is that they 

are toxic, requiring special care during operation as well as an expensive 

and well documented waste treatment process 
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2.2 Electrochemistry of electrodeposition 

Electrochemistry is the study of chemical reactions in which ions and 

electrons cross the electrode interface between two phases of matter, 

typically a metal electrode and a conductive electrolyte (or species in 

solution) [20] The process using electrochemistry is generally called an 

electrode process which occurs at electrodes. Electrode processes produce 

inequality in the electric charges of the electrode and the electrolyte. It is 

called the interfacial potential difference, which can influence the direction 

of current flow and anodic dissolution rate. Thermodynamics and kinetics of 

electrode reactions is related to potential difference. Specifically, an external 

control of the interfacial potential difference gives a significant technique 

for treatment of working electrodes in electrochemical cell. For example, 

when the metal electrode is connected to the positive pole and the voltage is 

applied to electrode, the reaction of electrode increases exponentially with 

rising applied voltage [21]. 
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Relationship between current and potential 

When an electrode is made a part of an electrochemical cell through high 

current is glowing, its potential will differ from the equilibrium potential. If 

the equilibrium potential of the electrode (potential in the absence of current) 

is   and potential of the same electrode as a result of current flowing is 

 ( ) , then the difference   between these two potentials is called 

overpotential. 

(2.2) 

For large negative values of overpotentials (  ≥ 100 mV) the current 

density   increases exponentially as follows. 

(2.3) 

And for large positive values of overpotential (anodic processes) the 

current density   is defined by the following equation. 

(2.4) 

Where    is the exchange current density (  =   when  = 0), α the 

transfer coefficient,   the faraday constant,   the gas constant,   the 

 =  ( ) −   

 =  −   
      

 =  −   
(   )    
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absolute temperature, and constant   is defined as follow. 

(2.5) 

Since the Faraday constant  = 96,487 C mol   and the gas constant 

 = 8.3144 joule mol  degK  . These exponential relationships show 

that even small changes in   produce large changes in the current density, 

as seen from figure 2.2. Taking the logarithm of Eqs. (2.3) and (2.4) and 

solving the resulting equations for   obtains the Tafel equation. 

(2.6) 

 

 
Figure 2.2 Exponential relationship between current density and 
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overpotential for electrodeposition 

 

Influence of mass transport on electrode kinetics 

The current-potential relationship defined by Eqs. (2.3), (2.4) and (2.6) is 

valid for the case where the charge transfer, Eq. (2.1), is the slow process 

(rate-determining step). This relationship has a limit where the rate of 

deposition reaction is limited by transport of     ions. A general current-

potential relationship is shown in figure 2.3. The limiting, or the maximum, 

current density is given by following equation [22]. 

(2.7) 

Where   is diffusion coefficient of the depositing species    ,    is 

the bulk concentration of     ions in the solution,   is the diffusion layer 

thickness, n the number of electrons involved in the reaction. 

 

 

 

  =  
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Figure 2.3 Four regions in the general current-overpotential 
relationship: 1, linear; 2, exponential; 3, mixed control; 4, 
limiting current density region [19] 
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Figure 2.4 Variation of the concentration of the reactant during non-
steady-state electrolysis 
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The diffusion layer thickness   is defined by the Nernst diffusion-layer 

model illustrated in figure 2.4. This model assumes that the concentration of 

    ions has a bulk concentration    up to a distance   from the electrode 

surface and then falls off linearly to      at the electrode surface. In this 

model it is assumed that the liquid layer of thickness   is practically 

stationary (quiescent). At a distance greater than   from the surface, x >  , 

stirring is efficient. Ions     must diffuse through the diffusion layer to 

reach the electrode surface. 

At the values of the limiting (maximum) current density the species     

are reduced as soon as they reach electrode. At these conditions the 

concentration of the reactant     at the electrode is nil, and the rate of 

deposition reaction is controlled by the rate of transport of the reactant     

to the electrode. If an external current greater than the limiting current    is 

forced through the electrode, the double layer is further charged, and the 

potential of the electrode will change until some other process, other than 

reduction of    , can occur. The limiting current density is of great 

practical importance in metal deposition, since the type and quality of metal 

deposits depend on the relative values of the deposition current and the 

limiting current.  
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Faraday’s law 

Electrolysis is defined as the chemical changes accompanying faradaic 

reaction at interface between electrode and electrolyte. Electrochemical 

etching is based on the phenomenon of electrolysis which is related to 

faraday’s laws. Faraday’s two laws of electrolysis contains as follows[23]; 

(1)The amount of and conductive material dissolved is directly proportional 

to the amount of current which has flowed (2)The amounts of different 

conductive material dissolved by the same quantity of electricity are 

proportional to their chemical equivalent weights. 

For electrodeposition, the deposition rate,  , is expressed by the modified 

Faraday’s law of electrolysis[24]  

(2.8) 

where  ,   is the electrodeposition thickness and time respectively, η the 

current efficiency,   the molecular weight,   the number of electrons,   

the Faraday constant,   the (metal) density, and   the current density. 

 =
 

 
=   
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2.3 The metal-electrolyte interface 

The electrodeposition of metals or alloys occurs within a spatial region of 

finite thickness at the inter face between the growing material and the 

solution. The structure of this region, in particular the distribution of ions, 

solvent molecules and other uncharged species, and the resulting 

distribution of electric charges and potential, has an important bearing on 

the interface energy of the system, the nature and rate of charge transfer 

processes, and on the processes of nucleation and growth of metallic 

crystals. In general, charge separation occurs at this interface as a result of 

the different nature of the mobile charges in the two regions considered: 

electrons in the solid and ions in the electrolytic solution. The electronic 

charge distribution in the electrode extends into the solution farther than the 

charges generated by the ionic cores, and this excess of charges must be 

balanced by an opposite charge in the electrolyte. In the simplest 

approximation this separation of charges can be thought of as a parallel 

arrangement of opposite charges; for this reason, this region is also called 

electric double layer. 

The presence of a metal/electrolyte interface not only results in charge 

separation, but also makes it possible for the exchange of charged particles 

between the two phases to occur: electrons and metallic ions may enter the 
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solution, while ions transfer to the metal surface and may adsorb there. As a 

result of these processes an interfacial region is generated, which includes 

both charged and uncharged (dipolar or multipolar) species. The name 

electrical double layer underlines that the positively and negatively charged 

layer become spatially separated. More precisely, regions are formed having 

predominantly positive or negative charges [16]. 

Upon immersion of an electrode in an electrolyte, the electric double 

layer forms by rearrangements of surface charges. An important 

characteristic of the electric double layer is the potential drop between the 

solid and electrolyte phase.  

The overall difference in electrical potential between phase metal 

electrode and electrolyte is called the inner potential of Galvani-potential. 

The Galvani-potential φ is the sum of the so-called outer potential ψ and 

the surface potential χ: 

(2.9) 

Figure 2.5 shows graphical representation of the different potentials at the 

phase border.    is the inner potential of the electrolyte, whereas     is 

the inner potential of the metal electrode. 

 =  +    
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Figure 2.5 Graphical representation of the different potentials 
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Experimentally the presence of electric double layer is manifested as an 

electrical capacitance at the interface. In other word, the rearrangement of 

charges can be modeled as an electrical capacitance made up of oppositely 

charged conductors placed at the metallic and electrolyte sides, respectively, 

which generate a potential drop. The capacitance of electric double layer is 

usually of the order of    ≈ 0.1 Fm
  . Since maximum values of ∆φ are 

about 1 V, this corresponds to a charge density of about 0.1 C/m2. 

In order to describe current flow through the electrochemical cell, the 

complicated system of atoms, electrons, ions and molecules is replaced by a 

set of capacitors and resistors connected in a predetermined order 

(equivalent circuit), figure 2.6, which reproduces the electrical response of 

the real system. In this equivalent circuit, each element has its real 

equivalent; refinement and improvement of the model circuit can be 

achieved by comparison of the theoretical and experimental electrical 

responses at different frequencies. 
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Figure 2.6 Equivalent circuit of the electrode-electrolyte interface 

 

 

The value of capacitance     is of immediate practical importance when 

imposing currents or voltages at the interface. For example, a step-like 

variation of the voltage applied at an electrode results in an exponential 

transient of the resulting current, which achieves a new steady state value 

only after a time of the order of the time constant τ = R   , where R is the 

equivalent resistance of the interface. 
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2.4 Pulse electrodeposition 

Pulse electrodeposition, in which current is imposed in a periodic manner, 

is a powerful means for controlling the electrocrystallization process and 

producing deposits with unique structure and properties.[25] The three 

major waveforms that are used in pulse electrodeposition techniques are 

shown in figure 2.7. The shape of rectangular pulse waveform is shown in 

figure 2.7(a) where,    is magnitude of the applied current,     is the on 

period of a pulse,      is the off period, and λ  is the cycle time. The 

waveform of periodic-reverse deposition is shown in figure 2.7(b). It is seen 

that in this technique the applied current is periodically switched from 

cathodic to anodic polarization;    is the cathodic pulse period,    the 

anodic pulse period,    cathodic current density,    anodic current density, 

and λ the cycle time. A sinusoidal pulse waveform is shown in figure 2.7(c). 

This waveform is the sum of a sinusoidal alternating wave current and a 

direct cathodic current. 
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Figure 2.7 Three major wave forms used in pulse deposition (a) 
rectangular pulses, (b) periodic-reverse pulses, and (c) 
sinusoidal pulses 
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There is now increased interest in pulse electrodeposition technique 

because of recently published data on the beneficial use of pulse 

electrodeposition in the fabrication process. Pulsed electrodeposition 

technique justified its practical application mainly through its ability to 

affect the mechanisms of electrocrystallization, which in turn, controls the 

physical and mechanical properties of the electrodeposited metal. Because 

the nucleation rate of a growing electrodeposit is proportional to the applied 

current density, the use of high current density pulses can produce deposits 

with reduced porosity and, in most cases, a finer grain size. Whether a finer 

grained deposit is obtained in practice depends upon what happens during 

ton when the current is interrupted because this can allow desorption of the 

impurities and encourage renucleation with the formation of new, smaller 

crystal grains. The effects obtained in practice are also dependent on the 

specific electrochemical system to which a particular set of the current 

pulses is applied [26]. 

Another important effect in pulse electrodeposition techniques is a 

modification of the diffusion layer [27]. Under pulse electrodeposition 

conditions the Nernst diffusion-layer (figure 2.4) is split into two diffusion-

layers as is schematically shown in figure 2.8.    is pulsating diffusion 
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layer thickness,    stationary diffusion layer thickness, and    Nersnst 

diffusion layer thickness. In the pulsating diffusion-layer, which is in the 

immediate vicinity of the cathode, the metal ion concentration pulsates with 

the frequency of the pulsating current. 

 

 

 

 

Figure 2.8 Schematic concentration profile at the cathode for pulse 
plating conditions 
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The major factors governing the supply of metal ions to the cathode 

surface are hydrodynamic factors: rate of agitation, viscosity, diffusion 

coefficient, and the metal ion concentration. Although pulse plating cannot 

increase the theoretical limiting current density of a plating electrolyte it 

must be taken into account that the maximum practical current density at 

which a plating electrolyte is usually operated is only 20 to 30% of the 

theoretical limiting current density. This is because mass transport effects 

can produce burning at higher current densities areas. Obviously, there is 

room for improvement, and higher practical plating rates can sometimes be 

achieved with pulse current due to improved deposit properties. This effect 

is attributed to the influence of pulsed current on the electrocrystallization 

rather than on an enhancement of the rate of mass transport [26]. 

Table 2.1 lists conditions that differ from DC electrodeposition (at same 

average current density) and how they could influence the physical 

phenomena that govern the development of the deposit microstructure. 
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Table 2.1 Possible effects of pulse electrodeposition on deposit structure [28] 

Time 
Interval 

Condition that differ 
from DC deposition 

Phenomena 
affected 

On-time 

Double layer charging 
Overvoltage 
Concentration profile near electrode 
Adsorption (ions, additives, hydrogen) 

Nucleation rate 
Growth mechanism(e.g. dendrites) 
Electrode reaction mechanism 
Codeposition rate (H, alloy elements) 
Additive reactions 

Off-time 

Double layer discharge 
Potential relaxation 
Concentration profile relaxation 
Desorption (additives, ions, hydrogen) 

Surface diffusion 
Surface recrystallization 
Corrosion, displacement reactions 
Passivation 
Hydrogen diffusion 

Pulse reverse-time 

Anodic potential 
Sign change of double layer charge 
Concentration profile near electrode 
Desorption/adsorption (additives, ions) 

(Selective) metal dissolution 
Hydrogen reoxidation 
Additive oxidation 
Passivation 
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3. Chapter 3 

Jet-circulating electrodeposition 

 

3.1 Principle of jet-circulating electrodeposition 

For selective metallization, a novel electrodeposition technique termed 

jet-circulating electrodeposition is developed in this research. As shown in 

figure 3.1, jetting and the suction of the electrolyte are performed 

simultaneously through the electrode nozzle and suction nozzle, respectively, 

which are located concentrically. As a result, under the proper pressure 

condition, the electrolyte is locally circulated in the electrode nozzle tip, as 

shown in figure 3.1 a. When the circulating electrolyte comes into contact 

with the substrate surface, as shown in figure 3.3 b, it maintains local 

circulation with a uniform form of the meniscus between the substrate 

surface and the electrode nozzle. Thus, local circulation of the electrolyte 

limits the electrochemical reaction area, facilitating the success of the 

selective electrodeposition of materials. 
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Figure 3.1 Schematic of jet-circulating electrodeposition (a) before the 
electrolyte is in contact with the substrate surface, and (b) 
after the electrolyte is in contact with the substrate surface 
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3.2 Experimental system 

The system setup for jet-circulating electrodeposition consists of the jet-

circulating nozzle, the flow control system, the motion control system, and 

an electric power source, as shown in figure 3.2. The jet-circulating nozzle 

is where local circulation of the electrolyte occurs through simultaneous 

jetting and suction. The flow control system consists of an air pump 

(E160N39, THOMAS), and a compressor. A pressure regulator (IR1200, 

SMC) with minimum set pressure 20 kPa and a vacuum regulator (IRV10, 

SMC) with minimum set pressure 5 kPa were attached to each reservoir. 

The jet pressure and suction pressure of the electrolyte were controlled by 

the air pressure of the electrolyte reservoir and the tank. Positioning of the 

system was controlled by a three-axis stage with a 0.1 μm resolution. The 

jet-circulating nozzle was attached on the Z stage. A galvanostat 

(potentiostat /galvanostat model 263A, Princeton Applied Research) was 

used to control the current and pulse parameter during the electrodeposition 

process. Observation of process was made through oscilloscope and vision 

system (Focus 100H, SNU Precision). 
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The characteristics of the patterned surfaces were investigated with a 3D 

surface profiler (Form Talysurf Series 2, Taylor Hobson) and a scanning 

electron microscope (JSM-5600 & JSM-6360, JEOL). 

 

 

 

Figure 3.2 Schematic diagram of the jet-circulating electrodeposition 
system 
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Jet-circulating nozzle 

In jet-circulating electrodeposition process, roles of jet-circulating nozzle 

are circulation of the electrolyte and the role as counter electrode at the 

same time. Figure 3.3 shows a schematic diagram of jet-circulating nozzle. 

Electrode nozzle for jet-circulating nozzle is a platinum tube with an outer 

diameter of 290 μm and an inner diameter of 70 μm. And the electrode 

nozzle is connected to poly vinyl chloride (PVC) nozzle connector. On the 

surface of nozzle connector, copper tape is attached for electrode connector. 

The nozzle connector is fitted on the end of micro-dispensing device (MJ-

AT-01, Microfab). Inside the micro-dispensing device there is a glass tube 

with 50 μm diameter which offers smooth flow of electrolyte. Furthermore, 

micro-dispensing device has a role of mount that whole jet-circulating 

nozzle can be fixed on the Z stage and a role of connector between a supply 

tube and the nozzle connector. Electrolyte is supplied from electrolyte 

reservoir to jet-circulating nozzle through polytetrafluoroethylene (PTFE) 

supply tube. A polyethylene tube with an inner diameter of 460 μm held co-

axially for the suction nozzle on the top of nozzle connector. Outlet for 

intake fluid is located symmetrically to both sides on the suction nozzle. A 

platinum rod was inserted into the supply tube as a reference electrode 
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Figure 3.3 Schematic diagram of jet-circulating nozzle 

 

 
Figure 3.4 Image of jet-circulating nozzle 
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Positioning system 

For fabrication of micro patterns, precis movement of the jet-circulating 

nozzle is important. In this research the X-Y stage and Z stage were used for 

three dimensional positioning with 0.1 μm resolution. The X-Y stage on 

which a substrate mount was fixed was used to move jet-circulating nozzle 

horizontally. The Z stage on which jet-circulating nozzle was mounted was 

used for vertical movement of electrodes. Both of stages were controlled by 

stepping motors (ZETA57-83, Parker Automation) and linear encoders for 

the precise positioning, and a programmable multi-axis controller was used. 

The specification of the positioning system are shown in Table. 3.1 

 

Table 3.1 Specification of positioning stage system 

Motor ZETA 57-83 stepping motor 

Travel 150 mm respectively 

Resolution 0.1 μm/count 

Positional repeatability 3 μm 

Limit, home switch Optical sensor type 
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Galvanostat 

In this research to fabricate micro pattern in various situation, effect of 

diverse power source and condition for electrodeposition was investigated. 

Among the versatile power sources, galvanostat was suitable for such 

experiment. A galvanostat is a control and measuring device capable of 

keeping the current through an electrolytic cell in coulometric titrations 

constant, disregarding changes in the load itself. A galvanostat differs from 

common constant power sources by its ability to supply and measure a wide 

range of currents of both polarities. The specification of the galvanostat is 

shown in Table. 3.2 

Table 3.2 Specification of galvanostat 

Voltage compliance > ± 20 V 

Rise Time < 1 μs 

Positive feedback range 20 MΩ to 2 Ω 

Current interrupt 12 bit DAC potential error correction 

Current measurement range 7 decades, 100 mA to 100 nA 

Minimum time base 30 μσ 

Minimum potential step 250 μV 
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Materials preparation and chemical solution 

Soda lime glass, polyethylene (PE), and acrylonitrile butadiene styrene 

copolymer (ABS) were prepared as substrates by polishing and ultrasonic 

cleaning in deionized water. An e-gun evaporator (ZZS550-2/D, Maestech) 

was used to deposit copper as a seed layer on the substrate.  

The electrolyte for jet-circulating deposition was an aqueous solution 

consisting of 0.5 M copper sulfate pentahydrate and 0.5 M sulfuric acid. 

Thiourea (0.04 g/L) was used as an organic additive to enhance the 

deposition density. 

The etchant for removing the copper seed layer and for cleaning was a 

mixture of 0.5 M ferric chloride, 1 M sulfuric acid and 1 M ammonium 

persulfate. 
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3.3 Contact area in jet-circulation 

In jet-circulating system, jetting and the suction of the electrolyte are 

performed simultaneously through the electrode nozzle and suction nozzle, 

respectively, which are located concentrically. As a result, under the proper 

pressure condition, the electrolyte is locally circulated in the electrode 

nozzle tip, as shown in figure 3.5. In developed jet-circulating system with 

80 kPa maximum suction pressure, maximum jet pressure which enable to 

maintain local circulation was 80 kPa. When the jet pressure exceeds 

maximum pressure, electrolyte is unable to maintain local circulation at the 

electrode tip. And thus it sprayed out of the electrode nozzle. The local 

circulation is maintained even when the electrolyte contacts with the 

substrate surface as shown in figure 3.6 a. Furthermore, circulation was also 

maintained while the stage was moving 

 
Figure 3.5 Image of electrolyte circulation in the air 
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Figure 3.6 Image of electrolyte circulation (a) in contact state, and (b) 
while stage is moving in 50 μm/s 
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When jet-circulating electrolyte contacts with substrate, unique meniscus 

is formed (figure 3.7 a). Owing to the meniscus shape between the 

electrolyte and the substrate surface, the contact area is greater than the 

diameter of electrode nozzle. And the contact area can be influenced by 

diverse jetting parameter, in this case, jet pressure, as shown in figure 3.6 a. 

Since the contact area determines the electrochemical reaction area in jet-

circulating electrodeposition, investigation of jetting parameter to contact 

area in order to maximize the effect of localization, is performed. As shown 

in figure 3.4 b, the contact area in electrolyte jet-circulation is determined by 

the volume between electrode nozzle and substrate surface (V). And this 

volume V is influenced by jet pressure (Pj), suction pressure (Ps), and jet 

distance (h). 
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Figure 3.7 Meniscus by jet-circulation (a) optical image, (b) schematic 
of meniscus shape 
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Prior to the contact area analysis, the experiment for flow analysis was 

performed to figure out the influence of jet pressure. As shown in figure 3.8, 

the flow rate of the electrolyte which jetted through electrode nozzle was 

calculated by the high-speed camera. In figure 3.5, the effect of jet pressure 

was indicated in respect of the flow rate. As shown in graph, the flow rate 

was increased as the jet pressure increased. Minimum and maximum flow 

rate was 0.5 mm3/s and 1.75 mm3/s respectively. In each case, Reynold’s 

number was 7.87 and 27.44 respectively, which showed fully laminar flow. 

Upper limit of jet pressure was set to 80 kPa which can maintain jet-

circulation as shown in figure 3.5. 

 

Figure 3.8 High-speed camera image of jetted electrolyte through the 
electrode nozzle in 80 kPa jet pressure 
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Table 3.3 Flow rate and Reynold’s number according to jet pressure 

Jet pressure [kPa] 10 20 40 80 

Flow rate [mm3/s] 0.50 0.93 1.61 1.75 

Reynolds’s number 7.87 14.55 25.19 27.44 

 

 

 

To investigate influence of jetting parameter on the contact area, set of 

experiment was performed. In Figure 3.9 the effect of jet and suction 

pressure in jet distance 50 μm was showed in the respect of the volume and 

contact area diameter. Comparing the two graph figure 3.9 a and figure 3.9 b, 

it can be seen that there is a similar tendency between volume and contact 

area diameter. Volume and contact area diameter was increased as jet 

pressure increases. Additionally, volume and contact area was influenced by 

suction pressure. However, over 20 kPa suction pressure, it does not 

influences volume and contact area diameter. Thus, for minimum contact 

area and smooth jet-circulation, suction pressure was chosen as 80 kPa.  
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Figure 3.9 The volume and contact area diameter according to jet and 
suction pressure in jet distance 50 μm 
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Figure 3.10 Contact area diameter according to jet pressure and jet 
distance 

 

 

Figure 3.10 shows the influence of the diameter of contact area according 

to jet pressure and jet distance. The width of contact area was increased as 

the jet distance and jet pressure increases. Minimum contact area diameter 

can be obtained through 30 mm jet distance and 10 kPa jet pressure. The 

increase in jet pressure is connected to the increase of the flow rate which 

previously mentioned (Table 3.3). An increase in the flow rate will lead to 

an increase in volume which influenced to broaden the contact area. 
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3.4 Contact area control 

In addition to the jet distance and pressures which previously analyzed, 

there are more factors that influenced to contact area as shown in figure 3.11. 

The contact angle is the angle, conventionally measured through the liquid, 

where a liquid/vapor interface meets a solid surface. A given system of solid, 

liquid, and vapor has a unique equilibrium contact angle. It quantifies the 

wettability of a solid surface by a liquid. The contact angle is different from 

general wetting state during jet-circulation, but wettability characteristic 

affect to contact area as shown in figure 3.12. In case of hydrophobic 

surface (figure 3.12 b), volume is decreased due to large contact angle. As a 

result, contact area is decreased which lead to increase of resolution of 

overall process. 

 

Figure 3.11 Schematic of factors which affect to contact area 
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Figure 3.12 Meniscus of jet-circulating electrolyte according to contact 
angle: (a) θE < 90°, (b) θE′ > 90° 

 

 

 

Figure 3.13 Schematic diagram of an ideal, single-crystalline SAM of 
alkanethiolates supported on a gold surface with a (111) 
texture [29]. 
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Three types of surface treatment methods were used in this study to make 

hydrophobic surface. Self-assembled monolayer (SAM) by Trichloro(1H, 

1H, 2H-perfluoro-octyl) silane, Hexamethyldisilazane (HMDS) spin coating 

and Neverwet® spray coating are the three types of surface treatment. Self-

assembled monolayer of organic molecules are molecular assemblies 

formed spontaneously on surfaces by adsorption and are organized into 

more or less large ordered domains. SAMs are an inexpensive and versatile 

surface coating for applications [29, 30]. A schematic diagram of ideal SAM 

is depicted in figure 3.13. Trichloro silane monolayer reduces surface energy 

by simple process known as molecular vapor deposition. HMDS can be 

used to silylate glassware and make it hydrophobic. Thus in 

photolithography, HMDS is often used as an adhesion promoter for 

photoresist. Neverwet® is commercial product for super hydrophobic 

coating that completely repels water and heavy oils. Table 3. 4 shows the 

images, contact angle and result of electrodeposition. 
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Table 3.4 Effect of surface treatment and result of jet-circulating electrodeposition on treated surface 

Method Untreated HMDS Silane Neverwet® 

Contact angle 

 
91° 

 
92° 

 
113° 

 
110° 

Jet-circulation 
contact 

    

SEM image 

   

✕ 

Line width 490 mm 460 mm 330 mm ✕ 
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By HMDS coating contact angle has increased to 92° and as a result 6% 

reduction in deposit pattern width was accomplished. HMDS coating has 

seen a slight change, but SAMs showed a dramatic change. By SAMs 

contact angle has increased to 113° and deposit pattern width showed 33% 

reduction. On the contrary, Neverwet® was not suitable method for jet-

circulating electrodeposition. Because of the thicker coating, coated surface 

showed hydrophobic surface with 110° contact angle, but it lost conductivity. 

Thus, electrodeposition could not be performed at all. 

Surface treatment may reduce the deposit pattern width, but it has 

limitation. Reduction in pattern width can be accomplished due to decrease 

in chemical reactivity on the substrate surface. This characteristic effects to 

entire chemical reactions. Therefore, as shown in figure 3.14, some surface 

treatment method could not perform post chemical treatment for further 

process.  
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Figure 3.14 Image of before and after chemical etching of deposit 
patterns: (a) HMDS treated and (b) SAM treated 
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3.5 Localized electrodeposition 

A copper line pattern created by jet-circulating electrodeposition using an 

electrode nozzle with a diameter of 290 μm was performed as shown in 

figure 3.15. Table 3.5 shows the detailed conditions used during the jet-

circulating electrodeposition process. As intended, electrochemical reaction 

area is limited by local electrolyte circulation. At a feed rate of 50 μm/s, the 

average height of the electrodeposited pattern was 18.3 μm, a thickness 

similar to half-ounce (17.5 μm) copper printed circuit boards (PCBs). The 

average width of the copper line pattern was 490 μm. While the electrode 

nozzle was moving along the path, local circulation of the electrolyte jet was 

successfully maintained. Consequently, copper electrodeposition was 

performed in a limited area, as shown in figure 3.15 a. 
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Table 3.5 Conditions of the jet-circulating electrodeposition process 

Jetting parameter 

Jet pressure 80 kPa 

Suction pressure 80 kPa 

Jet distance 50 μm 

Pulse parameter 

Average current 3.15 mA 

Anodic current 6.5 mA 

Cathodic current 0.2 mA 

Pulse frequency 125 Hz 

Duty ratio of the pulse 50 

Writing parameter 

Feed rate 50 μm/s 

Number of cycle 1 
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Figure 3.15 SEM image of a copper line fabricated by jet-circulating 
electrodeposition: (a) SEM image and (b) surface profile 
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Localized electrodeposition techniques 

The most common way of electrodeposition technique in industrial field 

is forming a uniform coherent metal coating on a substrate. In this respect, it 

is desirable that during electrodeposition the layer growth should take place 

uniformly over the whole substrate and thus most research was focused on 

avoiding arbitrary layer growth. However, there has been continuous 

development and an upsurge of interest in the localized electrodeposition 

method owing to new technologies in electronics, computers, and micro-

systems [12]. Several studies have been made on localized electro-

deposition technique. The most widely used method is conjunction with a 

photo-mask based on the photolithography process. As shown in figure 3.16, 

the photolithography process generally needs a mask, photo-resist, and 

various devices of all steps to accomplish pattern transfer from a mask. 

Therefore, the photolithography process is a high cost technology due to 

expensive equipment including a clean room, exposure tool, and aligner. 

Also, photolithography techniques cannot be easily employed for a non-flat 

surface. [21]  
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Figure 3.16  Comparision of additive process (a) deposition with 
photolighography process (b) deposition with direct 
patterning 

 

To avoid optical mask sets employed in photolithography, tip-directed 

localized deposition technique has developed [31]. This method is mostly 

used to make micro structure as shown in figure 3.17 [13]. In tip-directed 

localized deposition, a faradaic current flows through the solution between a 

tip and a metal substrate electrode all immersed in an ionically conducting 

electrolyte when a bias voltage is applied between these two electrodes. If 

reducible metal ions are present in the electrolyte and the substrate electrode 

potential is negative with respect to the tip electrode, then the passage of the 

faradaic current results in the deposition of metal on the substrate and an 

oxidation process at the tip. The magnitude of the faradaic current is kept 
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constant by means of a conventional feedback control that monitors the 

current and adjusts the inter-electrode spacing accordingly. By moving the 

tip electrode vertically, columns of metal of approximately the tip diameter 

are produced. Alternatively, by scanning the tip in a lateral direction across 

the surface of a substrate metal lines can be deposited [32]. 

Insulated micro tip is used in tip-directed localized deposition. After 

insulating the micro tip with wax or glass, tip end is exposed by mechanical 

polishing. However, the repeatability of insulation stat is poor and the 

exposed tip shape is not uniform. The insulation film is frequently peeled off 

by the interruption between micro tip and deposited material. In addition, 

there is limitation of exposed size [13]. 

 
Figure 3.17 Local electrodeposition using micro electrode (a) Schematic 

diagram of electrochemical reaction (b) micro copper 
column fabricated by localized electrodeposition[32] 
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In order to determine the effect on localization of reaction area by the jet-

circulating electrodeposition, set of experiment was carried out for 

comparison with other electrodeposition techniques. Electrodeposition was 

performed by conventional electrodeposition technique (figure 3.18 a), jet 

electrodeposition technique (figure 3.18 b), and jet-circulating 

electrodeposition technique (figure 3.18 c). Other deposition conditions 

were the same based on the conditions shown in Table 3.3. Figure 3.18 is 

result of electrodeposition experiment using diameter of 290 μm platinum 

electrode and travel length was 35 mm. 

In conventional electrodeposition technique in electrochemical cell, 

localization of electrochemical reaction area was not performed at all. As 

previous mentioned, during electrodeposition in electrochemical cell, the 

layer growth take place uniformly over the whole substrate. So as shown in 

figure 3.18 b, deposits are widely spread. Figure 3.18 d is result of jet 

electrodeposition. The deposition rate is different due to a difference in 

electric resistance between direct impingement region (right below electrode) 

and outside of impingement region. Thus, under the electrode path, the 

deposition was made relatively higher compare to other region. By jet 

electrodeposition, selective electrodeposition was made out, but fully 

localized electrodeposition was not made out. In jet-circulating 
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electrodeposition, electro-chemical reaction area is limited to the contact 

area of the electrolyte. As shown in figure 3.18 f, electrodeposition was 

made only in the electrolyte contact area along the electrode path. 

Table 3.6 show the general comparison with other selective deposition 

methods. As shown in the table, width of the fabricated pattern was similar 

to hundreds of micrometers. But jet-circulating electrodeposition has better 

aspect in continuity and feed rate. Therefore, jet-circulating 

electrodeposition has better performance in fabricating micro metal pattern 

relative to other deposition methods.  
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Figure 3.18 Schematic of electrodeposition techniques and SEM image 
of electrodeposition result: (a, b) conventional 
electrodeposition technique in electrochemical cell, (c, d) jet 
electrodeposition technique, and (e, f) jet-circulating 
electrodeposition technique 
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Table 3.6 Comparison with other selective deposition methods 

Method Jet-circulating electrodeposition Jet electrodeposition [33] Electrochemical printing [34] 

Figure 

   

Nozzle diameter 290 μm 137 μm 100 μm 

Pattern width 330 – 490 μm 360 – 400 μm 200 μm 

Feed rate > 50 μm/s < 33.3 μm/s ✕ 

Continuity (stability) ○ △ ✕ 

Height > 5 μm > 300 μm 0.07 – 4 μm 

(○ – good, △ – poor, ✕ – impossible)
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4. Chapter 4 

Characteristics in jet-circulating 

electrodeposition 

 

4.1 Conventional electrodeposition techniques 

As mentioned above, despite attractive features conventional 

electrodeposition process has crucial drawbacks in terms of low deposition 

rate and material selectivity. To overcome these drawbacks, a lot of 

techniques were developed through the process analysis. Some techniques 

have been developed with a focus on increase in deposition rate in terms of 

diffusion. On the other hand, some techniques have been developed with a 

focus on reducing size of crystalline in terms of overpotential. In this section, 

an analysis of the conventional electrodeposition techniques that can 

maximize the deposition rate and increase uniformity of deposits was 

performed. 
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Jet electrodeposition 

Jet electrodeposition was developed by NASA in 1974, uses a free 

standing jet of electrolyte impinging onto the cathode substrate as shown in 

figure 4.1. A current is passed from an anode which is placed upstream from 

the nozzle. Owing to the continual supply of fresh electrolyte and the 

hydrodynamic conditions created the thickness of the diffusion layer   is 

smaller and hence the mass transport of metal ions to the surface of the 

cathode can be made substantially higher than in the case of traditional 

electrodeposition. Consequently, higher current densities and thus higher 

deposition rates can be achieved than is conventionally possible. 

 

Figure 4.1 Schematic of the jet electrodeposition process 
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However, at the very high current densities in jet electrodeposition 

process, the time allowed for surface diffusion is much lower. Thus, as 

shown in figure 4.2, deposits can be rough, porous, harden and contain 

higher internal stresses. Also, since the diffusion layer is much thinner any 

small elevation in the cathode surface will protrude into a region of higher 

metal ion concentration. This produces a locally enhanced current density 

and the protrusion is magnified. By this effect, the maximum current density 

that produces a good deposit is set well below the maximum current density 

as described before. 

 

Figure 4.2 SEM image of a fabricated feature by jet electrodeposition 
[33] 
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Pulse-reverse current electrodeposition 

Pulse-reverse current electrodeposition is the bipolar electrodeposition 

process where DC current is continuously changing its polarity as shown in 

figure 4.3. In the pulse-reverse electrodeposition, the electricity flowing 

through the electrodes during the cathode period,   , must be greater than 

the amount of electricity, flowing during the time of the anode period ta. 

Consequently, by this method of deposition, the whole quantity of electricity 

is not consumed in the formation of the deposit. A significantly smaller 

portion is expended for the anodic polarization of the deposited products. 

During each total period of electro-deposition with reverse current, a layer 

of metal of a determined thickness is built up on the surface of the products, 

and during anodic polarization (  ), part of the deposited layer is dissolved. 

Despite the fact that pulse-reverse electrodeposition occurs with the 

incomplete use of the whole quantity of electricity applied on the electrodes, 

this method of metal deposition often permits acceleration of the deposition 

rates, Faster deposition can be accomplished by using a higher working 

current densities than compared with a DC current. Initially, this is caused 

by the prevention of depletion of metal ions in the cathode double layer, to 

which the anodic dissolution of the deposit contributes. The upper limit of 
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the working current densities during the metal deposition is a function of the 

parameters of the reverse current ta and    and also of the length of the total 

period λ. The limiting cathodic current density usually increases with an 

increase of the ratio   /   and with a decrease in total time. 

 

 

 

 

Figure 4.3 Schematic diagram of pulse-reverse current signal 
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The higher working current density during the pulse-reverse 

electrodeposition as compared with DC electrodeposition is a result of the 

periodic depolarization of the electrodes. Such an effect of the reverse 

current on the electrode processes, as well as the electropolishing action of 

the anodic current on the deposit, permits ensuing electrocrystallization on 

the cathode surface in the preferred direction under a higher working current 

density. During the cathodic period this leads to grain refinement usually 

associated with unipolar, pulse current pulse plating, which is now further 

supported by the disturbance of growth steps by the periodic inversion of 

the current. 

During the electrodeposition of certain metals from solutions of their 

simple salts, the upper limit of the working current density can be, under 

certain conditions, held close in magnitude to the theoretical limiting current. 

However, in actual plating conditions, the working current density of the 

cathode is limited to the admissible upper limit of the anodic current density. 

Exceeding this limit can cause anode passivation when the electroplating 

bath is operating in a DC mode. Current reversal can prevent passivation of 

the anodes during the period of high cathodic current and sometimes 

contributes to a significant increase of the upper limit of the anode working 
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current density thus, increases the maximum working cathode current 

density. [26] 

In summary, advantage of pulse and pulse-reverse technique as follows: 

[35-38] (1) While pulse electrodeposition significantly raises the limiting 

current density by replenishing metal ions in the diffusion layer only during 

off period, pulse-reverse electrodeposition does it continuously. (2) In pulse 

electrodeposition, by modifying pulse parameters, deposits with desired 

composition, structure, porosity and hydrogen content could be obtained. (3) 

Pulse electrodeposition reduces the additive requirement by 50–60%. Pulse-

reverse electrodeposition enhances the bath stability and efficiency with 

negligible additive consumption. (4) Pulse-reverse electrodeposition 

eliminates thickness build up at high current density areas during current 

reversal and improves step coverage without pores reaching down to the 

substrate.  
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4.2 Influence of jetting condition 

A change of the electrolyte jet condition affects the profile of the copper 

deposited pattern. Figure 4.4 shows the height and surface roughness 

changes according to the electrolyte jet pressure. The height of the copper 

deposited pattern increases as the jet pressure of the electrolyte increases. 

On the other hand, the surface roughness decreases as the jet pressure is 

increased. Given that the electrolyte circulates between the electrode nozzle 

and the suction nozzle, the jet speed is proportion to the jet pressure as 

shown in figure 4.5. An increase in the jet speed leads to a high deposition 

rate because it promotes an increase in the liquid mass transfer velocity, a 

decrease in the thickness of the diffused layer, and an increase in the 

limiting current density [15]. A higher overpotential of the cathodic 

substrate can simultaneously be used with a much higher current density in 

the jet electrodeposition process [39]. Accordingly, a useful grain size 

refining effect can be achieved, which is directly related to the surface 

roughness. Regarding the jet pressure to maintain the local circulation, an 

increase in the jet pressure causes an increase in the height of the copper 

pattern and a decrease of the surface roughness. 
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Figure 4.4 Height and surface roughness according to the electrolyte jet 
pressure 

 

 

Figure 4.5 Flow velocity according to jet pressure 
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The details on the effect of jet pressure can be explained in the terms of 

diffusion and convection. The concentration of electroactive ions    which 

determines the overall kinetics of the electrodeposition process differs in 

general from the bulk ion concentration. This is a consequence of the 

location of ion discharge, different from the bulk solution potential. 

Additionally, at high overpotentials, the rate of discharge is very fast and ion 

reduction is limited by the rate of transport to the electrode surface [16]. 

The rate of transport of charged species is the sum of three contributions: 

diffusion, migration and convection. The molar flux (i.e. the mass transport 

of copper ions in the electrodeposition process) of the generic species   is 

(4.1) 

where    is the diffusion coefficient,    is the concentration,   

potential,    is the charge of species, and   stands for the flow velocity. 

Other symbols have their conventional meaning. The total current density 

due to the flux of charged species is therefore 

(4.2) 

  =  −  ∇  − 
   

  
    ∇ +     

 =        
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Generally, to derive more general expression for the current density, the 

convention term (   ) is ignored due to the electroneutrality. And the overall 

rate of the electrodeposition process is governed simultaneously by the rate 

of electron transfer at the electrode surface and of mass transfer in the 

solution. The charge transfer process determines the overall kinetics when 

the potential shift from equilibrium is small; under these conditions, ion 

depletion in the near-electrode layer is minor, and the overpotential is purely 

of an electrochemical nature. On the contrary, at high overpotentials, the 

overall process is dominated by the diffusion kinetics; in this region the 

approach to the limiting current is accompanied by a sharp increase of the 

diffusion overpotential. At intermediate overpotentials both contributions 

are comparable. But in jet-circulating electrodeposition, as well as 

concentration and migration, convection term is also important, and it gives 

significant effect on the total current density. 

By consumption of ions on the electrode surface a concentration gradient 

of the ions which take part in the reaction is generated in the electrolyte 

layer near the vicinity of the electrode. Ions diffuse to the electrode because 

of this concentration gradient. The ion current is determined by Fick’s first 

law: 
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(4.3) 

where   is the number of ions which reach the electrode in a unit of time. 

  /   represents the concentration gradient across the diffusion layer    

and   is the diffusion coefficient, which contains the ionic radii of the 

participating reactants. The diffusion is the cause of the diffusion 

overpotential      . A thorough treatment of this matter leads to the 

following formula for the diffusion overpotential: 

(4.4) 

with R = universal gas constant (8.31451 JK-1mol-1) 

F = Faraday constant (9.648456 ∙ 104 C mol-1) 

   = Nernst diffusion layer thickness 

   = concentration of the ions in the bulk of the electrolyte 

 

The diffusion layer can be reduced by forced convection. In case of jet-

circulation, jet pressure is corresponds to the forced convection. The 

stronger the convection in the electrolyte, the smaller is the diffusion layer 

 = −  ∙  
   
  
 

     = 
RT

 F
 ∙  ln(1 + 

   
   F 

) 
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thickness and the steeper the concentration gradient, which therefore leads 

to higher ion currents. The maximum possible current density of metal 

deposition is achieved, if the concentration of ions on the electrode is 

  = 0. This assumes that the reaction kinetics at the electrode is not the rate 

determining step and therefore all ions going through the diffusion layer. In 

figure 4.5 the relation is graphically represented. 

The effect of the jet distance on the copper pattern profile was analyzed 

as well. Figure 4.7 shows the change in the height according to the jet 

distance. Other experimental conditions were fixed, as shown in Table 3.5 

the height of the copper pattern was increased from 12.4 to 20.0 μm as the 

gap distance was increased from 25 to 50 μm. During the jet-circulating 

deposition process, an electrochemical reaction occurs in a limited area 

between the nozzle and the substrate. That is, due to the jet distance, the 

amount of liquid mass transfer and the space for electrodeposition are 

limited. However, deposition at a jet distance of more than 50 μm produces 

a lower and broader copper pattern. This behavior is a direct consequence of 

the ohmic limitations of the jet-circulating electrodeposition process. As the 

jet distance increases, the lateral resistance for current flow under the 

electrode nozzle decreases, causing the pattern to spread [11]. 
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Figure 4.6 The formation of the Nernst diffusion layer[40] 

 

 
Figure 4.7 Height of the copper pattern according to the electrolyte jet 

distance 
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4.3 Effect of deposition mode 

To obtain a uniform deposits when the electrode nozzle moves, a high 

deposition rate of the jet-circulating electrodeposition process is essential. 

As a rule of thumb, pulse current and pulse-reverse current electrodeposition 

can be efficient means of increasing the deposition rate [15, 41]. Thus, an 

experiment to assess the effects of combining jet-circulating 

electrodeposition and an existing pulse and pulse-reverse current 

electrodeposition technique was carried out in an effort to increase the 

deposition rate. The average current density for the deposition mode 

experiment was 0.8 Adm-2. For the pulse electrodeposition mode, the peak 

pulse current density was 1.6 Adm-2. In the pulse-reverse electrodeposition 

mode, the peak pulse current density and peak reverse current density were 

1.65 Adm-2 and 0.05 Adm-2, respectively. The frequency and duty ratio of 

both the pulse and pulse-reverse electrodeposition modes were 125 Hz and 

50, respectively. Other conditions for the electrolyte jet was set equally, as 

shown in Table 3.5 
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Figure 4.8 Surface profile of a copper line fabricated by (a) 
galvanostatic electrodeposition, (b) pulse current 
electrodeposition, and (c) pulse-reverse current 
electrodeposition, and (d) height and surface roughness 
levels of the electrodeposited copper line 
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Figure 4.8 shows the surface profile of a copper pattern fabricated with 

different electrodeposition modes. The height of the copper pattern created 

by pulse-reverse current electrodeposition was higher (18.3 μm) compared 

to those of the other deposition modes. The surface roughness was also 

lower than it was with galvanostatic electrodeposition. In this case, the 

height of the copper pattern is dependent on the deposition rate because the 

electrode nozzle moves at a constant feed rate. When voltage is applied 

between the electrode nozzle and a substrate immersed in an electrolyte, a 

negatively charged layer is formed around the substrate as the process 

continues [13]. When using galvanostatic electrodeposition, this layer 

charges to a defined thickness and obstructs ions from reaching this part 

[35]. In the pulse electrodeposition mode described in figure 4.8 b, the 

output is periodically turned off to cause this layer to discharge somewhat. 

This allows easier passage of the ions through the layer and onto the 

substrate, which eventually increases the deposition rate. Pulse-reverse 

electrodeposition as shown in figure 4.8 c has the same effect of 

replenishing the diffusion layer, similar to pulse electrodeposition. It also 

selectively dissolves protrusions on the metal surface to ensure a uniform 

deposition [35]. 
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Experimental on effect of jet pressure in pulse-reverse current deposition 

was also performed as shown in figure 4.9. At low average current (1.5 mA) 

regardless of deposition mode, supplied ions through the electrode nozzle is 

sufficient, so increase in jet pressure does not affect to deposition rate. But 

due to increase in contact area by increased jet pressure, height of deposited 

pattern is decreased. On the other hand, in 3 mA average current, height of 

deposited pattern is increased as jet pressure increase. At high average 

current, the overall process is dominated by the diffusion kinetics. Thus, 

height increase as jet pressure increases. However, this tendency appears 

differently depending on the deposition mode. Increase of overpotential by 

pulse or reverse-pulse mode has more positive effect on the increase of 

deposition rate due to the jet pressure increase. 
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Figure 4.9 The height of deposited pattern according to jet pressure, 

average current, and deposition mode 

 

 

Figure 4.10 Surface roughness (Ra) according to deposition 

mode and jet pressure 
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Advantage of pulse-reverse current electrodeposition in jet-circulating 

electrodeposition can be highlighted in terms of surface roughness as shown 

in figure 4.10. Unlike other deposition mode, as the jet pressure is increased, 

surface roughness is decreased consistently in pulse-reverse current 

electrodeposition. This characteristic is important in that it provides an 

controllable factor in fabrication process. 

4.4 Effect of pulse-reverse current parameter 

The pulse-reverse current parameter such as the cathodic period and pulse 

current should be properly determined in jet-circulating electrodeposition. 

Since deposition rate influenced by both pulse current and reverse current, 

the deposition height depends on pulse-reverse current parameters. 

The electrochemical reaction rate is determined by the charging potential 

of the double layer. The double layer at the interface of an electrolyte and an 

electrode can be considered as an equivalent circuit which consists of 

resistors and capacitors. As a pulse with amplitude, Φ  is applied, the 

charging potential (Φ ) of double layer during cathodic period is : 
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(4.5) 

The time constant ( ) is the product of the inter-electrode 

gap (d), the electrolyte resistivity (ρ) and the double layer 

capacitance (C ). 

(4.6) 

During the electrochemical reaction, the reaction current 

caused by the potential (Φ ) flows. The current-potential 

relationship is expressed from Butler-Volmer equation [42]. 

In electrochemical reaction, the reaction current is: 

(4.7) 

where,    is the exchange current density,   is the transfer 

coefficient,   is  / T ,   is Faraday constant,   is the gas 

constant and T is the temperature. 

Φ( ) =
Φ 
2
 1 −   

 
    [ ] 

τ =
R R R 
R + 2R 

 

 =          [mA] 
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In the electrochemical reaction like Cu2+ + 2e- → Cu or H2O 

→ 2H+ + 2e- + 
 

 
O2- , the electron flow causes faradic current. 

Since the total charge is consumed as much as deposited ions, 

there is a direct proportion between the reaction charge 

( )and the deposited amount ( ) 

(4.8) 

where   is the stoichiometric number. Then the deposition 

rate (V) can be derived from the reaction current ( ). 

(4.9) 

During cathodic period (pulse on-time), the dissolved 

amount ( ) can be estimated by integrating the dissolution 

rate over cathodic period (  ) 

 =
 

  
  [mol] 

V =
  

  
=
1

  

  

  
=
 

  
  [mol/s] 

n =     
  

 

  [mol over cathodic period] 
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(4.10) 

Considering pulse period (       ), the deposition rate (Γ) is 

again: 

(4.11) 

From equation 4.11, the deposition rate is theoretically 

affected by pulse current, cathodic period. Thus, in equation 

4.11, the deposition rate can be controlled by the applied 

pulse current and pulse duration. 

  

Γ =
 

       
=
∫    
  

 

       
  [mol/s] 
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Figure 4.11 The height and surface roughness according to pulse 

frequency 

 

Figure 4.11 shows the height and surface roughness according to pulse 

frequency. Generally, at low frequencies (below 500 Hz), the time duration 

of the imposed current in cathodic period is so long that the depletion of the 

electrolyte adjacent to the cathodic surface occurs [43]. Besides, by the 

extensive anodic period, massive dissolution of deposited metal occurs. On 

the other hands, at high frequencies, the double layer does not have time to 

charge fully during the   . However, for the equipment used in this study, 

available frequency was below 125 Hz. As with previous studies showed, 

the effects caused by low frequencies in that range. Height was decreased as 
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decrease in frequency. On the other hands, surface roughness was increased 

as decrease in frequency. So 125 Hz was selected as the suitable frequency. 

To investigate the effect of the duty ratio, the height and surface 

roughness was measured according to duty ratio and frequency was fixed at 

50 Hz (20 ms). All experiments were performed at pulse current of 6.5 mA, 

reverse pulse current of 0.2 mA, and feed rate of 50 μm/s. The height and 

surface roughness of deposited copper was proportional to the duty ratio as 

shown in figure 4.12. Especially as shown in figure 4.12 and figure 4.13, it 

showed high surface roughness. When the duty ratio was more than 60 %, 

protrusions which formed during cathodic period were not dissolve 

sufficiently. 
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Figure 4.12 The height and surface roughness according to duty ratio. 

 

 

Figure 4.13 Surface profile according to duty ratio: (a) 20%, (b) 40%, (c) 
60%, and (d) 80% 
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The pulse-reverse electrodeposition mode enables greater control over the 

properties of the electrodeposited materials and improves them by 

modifying their microstructures [44]. As shown in figure 4.14, it is possible 

to control the height of the copper pattern from 11.3 to 26.4 μm by 

regulating the average and reverse pulse current. Jetting parameter, and 

other pulse-reverse parameters such as frequency and duty ratio were set 

equally, as shown in Table 3.5. Under 3 mA average current, the height has 

decreased as increase in reverse pulse current. In this range, owing to the 

increase in reverse pulse current, dissolution rate was increased and this 

leads to the decrease in height. On the contrary, over 4 mA average current, 

the height has increased as increase in reverse pulse current. In jet-

circulating electrodeposition, jet distance between substrate and electrode 

limits the growth of metal deposition. Thus due to excessive metal 

deposition at low reverse pulse current, short was occurred. By observing 

the oscilloscope waveform shown in figure 4.15 this phenomenon can be 

confirmed. 
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Figure 4.14 Height according to average current and reverse pulse 
current 

 

 

 

Figure 4.15 Waveform measured by oscilloscope (a) normal 
electrodeposition state (b) short state 
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Figure 4.16 The height and surface roughness in 6.5 mA pulse current 

 

Effect of reverse pulse current can be clearly explained by figure 4.13. 

Pulse current was fixed to 6.5 mA and other parameter was maintained as in 

Table 3.4. During experiment, there was no short caused by excessive metal 

deposition. In 6.5 mA pulse current, positive effect which lead to increase in 

deposition rate was maximized until 0.2 mA reverse pulse current. In case of 

over 0.2 mA reverse current, dissolution rate was increased and thus height 

was lower compared with height in 0.2 mA reverse pulse current. The 

tendency of surface roughness showed opposite for the same reason. 
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4.5 Deposition on tilted surface 

As the application fields of the electronics device diverse to wearable 

device and flexible device, the demands for metal patterning techniques that 

can perform in non-planar surface are increasing. Thus, the ability to 

fabricate a metal pattern in the non-planar surface is a major factor to 

increase the application of the developed process. A set of experiment was 

performed on tilted surface in order to examine the possibility of fabricating 

metal pattern on non-planar surface. As shown in figure 4.17, even when the 

surface was tilted to 30 degrees, copper can be deposited on the surface. The 

surface profile of deposited pattern was tilted along the surface, since the 

same effect as the jet distance is changed along the surface profile; height of 

the deposited pattern near the electrode was higher. If the feeding of 

electrode is adjusted along the surface profile, uniform thickness pattern can 

be fabricated as in the flat surface. And the feed control of developed jet-

circulating system can easily controlled by three axis motion control stage. 
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Figure 4.17 Surface profile in tilted surface: (a) flat surface, (b) 
10°tilted, and (c) 30°tilted 
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5. Chapter 5 

Copper pattern metallization 

 

5.1 Procedure of metallization process 

The metallization process consists of the following three steps: (1) 

electron beam evaporation, (2) jet-circulating electrodeposition, and (3) 

chemical etching. Figure 5.1 shows whole procedure of metallization 

process. Electron beam evaporation is a form of physical vapor deposition 

which can be used to deposit a uniform thickness layer on a range of 

materials. Through E-gun evaporator (ZZS550-2/D, MAESTECH), a copper 

layer with a thickness of 100 nm was formed for use as a seed layer during 

the metallization process (figure 5.1 a). On top of the copper seed layer, jet-

circulating electrodeposition was used to fabricate micro-patterns (figure 5.1 

b). And then, chemical etching serves to remove the seed layer and to clean 

the substrate (figure 5.1 c). The actual image of metallization process is 

shown in figure 5.2. 
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Figure 5.1 Schematic of the sequential metallization process: (a) 
electron beam evaporation, (b) jet-circulating 
electrodeposition, (c) chemical etching, and (d) cleaning 
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Figure 5.2 Metallization process procedure 
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Figure 5.3 . (a) Optical image of a copper metallization pattern, and (b) 
surface profile of a copper metallization pattern 

 

As shown in figure 5.3 a, after removing the seed layer, only the copper 

pattern created by the jet-circulating electrodeposition process remained on 

the substrate surface. Figure 5.3 b shows the change of the surface profile by 

chemical etching. The overall height was decreased by approximately 5 μm.  

Figure 5.4 shows the results of copper pattern metallization on various 

substrates. 

 

Figure 5.4 Copper pattern metallization on (a) polyethylene (PE), (b) 
acrylonitrile butadiene styrene copolymer (ABS), and (c) 
soda lime glass 
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Process condition flow chart is shown at figure 5.5. Width, height, surface 

roughness (Ra) is three main geometry design parameter for fabricating 

electric circuit trace. In metallization process using jet-circulating 

electrodeposition, geometry of electric circuit trace can be easily controlled 

by adjusting process parameter conditions. And detail relationship between 

design parameter and process parameter is also shown in figure 5.5 

Electrode diameter and suction/jet pressure are main parameter which affect 

to width of the trace. Jet distance and average current affect to height and 

pulse frequency and reverse pulse current affect to surface roughness. 
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Figure 5.5 Process condition flow chart for fabricating electric circuit trace 
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5.2 Characteristic of fabricated pattern 

4 mm length copper line pattern was fabricated by metallization using jet-

circulating electrodeposition to measure electric resistance. Conditions for 

fabricating copper patterns were set according to Table 3.5. Cross section 

area of fabricated pattern was 7.12 × 10   mm and electric resistance was 

0.00103 Ω. As in previous chapter, cross section area was measured by 3D 

surface profiler and electric resistance was measured by semiconductor 

parameter analyzer (4145B, Agilent Technologies). Specific resistance was 

1.84 μΩcm basis on the measured cross section area and electric resistance. 

Compare with other specific resistance values as shown in Table 5.1 [19, 45, 

46], fabricated copper pattern showed similar or better electric 

property. 

Table 5.1 Electrical/Mechanical property of fabricated copper pattern 

 
Specific resistance 

[μΩcm] 

Bulk copper 1.67 

Sputtering 1.9 

Inkjet printing 17.2 
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Plating 
1.7 (Electro) 

2.0 (Electroless) 
Jet-circulating 

electrodeposition 
1.84 

Since, pattern was fabricated thicker than 15 μm, specific 

resistance was not affected by surface roughness and 

oxidation. However, hardness measurement showed different 

results. Hardness is one of the important mechanical 

properties giving a great effect on the durability and adhesion 

of the fabricated patterns. Nanoindentation was used to measure the 

hardness of fabricated pattern. Nanoindentation is a robust technique for 

determination of thin film properties for which conventional testing are not 

feasible. Berkovich diamond tip was used for indenter and maximum load 

was set to 3 mN. One of the load depth curves result is shown in figure 5.6, 

and hardness according to fabrication conditions are shown in Table 5.2  
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Figure 5.6 Load depth curves of fabricated copper pattern by 
nanoindentation test  
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Table 5.2 Copper pattern characteristics fabricated by jet-circulating electrodeposition 

Jet pressure [kPa] 80 40 40 

Pulse frequency [Hz] 125 125 31.25 

Surface Image 
(SEM) 

  
 

Height [μm] 20.0 16.1 11.8 

Ra [μm] 2.0 3.2 7.3 

Hardness [MPa] 905 740 560 
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Depending on the jet pressure and the pulse frequency, as shown in Table 

5.2, the height of the pattern as well as the surface roughness is also 

changed. As shown in SEM image, the surface becomes more rough and 

porous as the jet pressure and the pulse frequency becomes lower. Such 

change in surface geometry influences to the hardness. The thin and rough 

copper pattern showed lower hardness. Hardness of fabricated copper 

pattern was 905 MPa, when 80 kPa jet pressure and 125 Hz pulse frequency. 

Generally, hardness of nanocrystalline copper measured by nanoindentation 

test showed 500 ~ 900 MPa [47]. As a result, the copper pattern fabricated 

by metallization using jet-circulating electrodeposition showed similar 

property of nanocrystalline copper. 

Considering the electrical and mechanical properties, copper pattern 

which fabricated by metallization process using jet-circulating 

electrodeposition can be applied to electric circuit trace. Overall evaluation 

of developed process is shown at Table 5.3. The developed jet-circulating 

electrodeposition is promising technology for fabricating metal pattern. It 

has high potential to be applied to various fields such as mobile devices, 

wearable devices, and flexible devices. 
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Table 5.3 Comparison with other process 

Process  Thickness Resolution* Curved surface Patterning material 

Semi-conductor process (PVD & CVD) 1 nm ~ 10 μm - Impossible 
Pure metal, Alloy, 

Ceramic 

PCB process (Plating) 1 μm ~ 30 μm - Impossible 
Pure metal(Cu, Au), 

Alloy 

Electrochemical printing (Plating) < 10 μm > 0.1 μm Impossible 
Pure metal(Cu, Au), 

Alloy 

Screen printing 10 μm ~ 30 μm - Impossible Polymer, Silver 

Ink-jet printing < 1 μm > 100 μm Possible Polymer, Silver 

Jet-circulating electrodeposition 
(current state) 

0.1 μm ~ 50 μm > 300 μm Possible 
Pure metal(Cu, Au), 

Alloy 

Jet-circulating electrodeposition 
(Future work) 

10 nm ~ 100 μm 50 μm ~ 1 mm Possible 
Pure metal(Cu, Au), 

Alloy 
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6. Chapter 6 

Conclusion 

 

A new micro-pattern metallization process using jet-circulating 

electrodeposition is proposed in this dissertation. Through the localized 

circulation of solution which limits electrochemical reaction area, selective 

micro electrodeposition can be performed without specific mask. Local 

circulation of solution takes place at the end of the jet-circulating nozzle. 

Jetting and suction of the solution take place simultaneously in jet–

circulating nozzle which consists of two concentric nozzles. Micro copper 

pattern with 18.3 μm in height, 490 μm in width was fabricated by jet-

circulating electrodeposition. 

The electrochemical reaction area which determines the resolution on 

overall process was limited to the contact area which formed between the 

jet-circulating nozzle and the substrate surface. And this contact area is 

influenced by jetting parameter such as jet pressure and jet distance. High 

suction pressure was required for small contact area, and contact area has 



 

111 

 

 

increased as the jet pressure and jet distance increases. In addition to the 

jetting parameter, contact area can be controlled through surface treatment. 

Hydrophobic surface was obtained by self-assembled monolayer treatment 

using trichloro silane, and as a result, reaction area was reduced in 41 %. So 

the surface treatment can be considered according to the entire fabrication 

process. 

Changes in the geometry of deposited pattern according to the jet 

parameters were also assessed by 3D surface profiler and SEM image. An 

increase in the jet pressure resulted in an increase in the height of the copper 

pattern owing to the principle of diffusion and convection effect in 

electrodeposition. And surface roughness was also increased because of 

increase in crystalline nucleus formation probability. Applying the pulse-

reverse current electrodeposition technique, the deposition rate of the jet-

circulating electrodeposition process was increased, thus the height of the 

copper pattern was increased. Moreover, the pulse-reverse current 

electrodeposition showed the lowest and consistent surface roughness. High 

pulse frequency was used for finer grain size and uniform deposition. 40~60% 

pulse duty ratio was suitable because of balance between deposition and 

dissolution rate. Thus, in jet-circulating electrodeposition, the height and 
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surface roughness of the pattern can be easily adjustable by controlling the 

jetting condition and pulse-reverse current parameters. And even if the 

surface was tilted, deposition was carried out successfully. This result show 

the possibility for non-planer surface. 

Based on jet-circulating electrodeposition, micro pattern metallization 

process was developed. Metallization process consist of electron beam 

evaporation, jet-circulating electrodeposition and chemical etching process. 

After etching, height of the pattern was reduced approximately 5 μm, but 

pattern maintained its original shape. Using developed metallization process, 

micro copper pattern was fabricated on the glass and plastic surface. 

Specific resistance of fabricated copper pattern was 1.84 μΩcm and 

hardness was 905 MPa, which is suitable electrical and mechanical 

properties for electric circuit trace. 
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국문 초록 

본 논 에 는 트  해증착  이용한 미   속  공  

개 하 다. 속  공  부도체 면 에 속  하는 써 

산업 에 걸쳐 다양한 용  지닌 공 이다. 본 논  통해 해

액  국부  시킴 써 고속  택  해증착  행할  

있는 트  해증착  새롭게 안하 고, 이를 한 시스  

구축 작업  행하 다. 

고속 카 라를 이용하여 트  과   동과 용액 면  

상에 한  행하 고, 이를 통해  폭  결 하게 는 용

액   면  변 를 분 하 다.  나아가 다양한 면 처리를 통

하여 각  향상시킴 써  면  이는 연구를 행하 다. 

또한 해증착 시, 해액  분사압 , 흡입압 , 분사 간격에 라 증착

 구리  높이  면조도를 3차원 상 분 를 이용하여 분 하

다. 펄스-리버스 를 이용하여 해증착속도  면조도를 모  향

상  인하 며, 나아가 펄스-리버스  변 에 한 증착 면

변 를 분 함 써, 트  해증착 공  이용한 구리  

에 한 지침  시하 다. 

속  공  자  증착, 트  해증착, 그리고 학 에칭 단
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계를 통해 행하 다. 자  증착  통해 부도체 면에 해증착에 

필요한 시드  하고, 이 에 트  해증착  미  

 한다. 구리 에칭 용액  이용하여 시드  거  척  함

써 원하는 미  만 남 게 다. 이 공  이용하여 리, 플라스

틱과 같이 부도체 면 에 미  구리 상  공  작하 다. 

 

주요어: 트  해증착, 속  , 도 , 구리도 , 택  

해증착, 미  닝 

학번: 2010-20667 
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