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                                                                                                                          Abstract 

 
Thins films are deposited on bulk materials to attain properties which are superior to the parent 

substrates. In this project Cu thin films have been synthesized on graphite substrate using the 

electrodeposition technique. Deposition occurs by a process of nucleation and growth. The 

mechanisms related to the initial stages of the nucleation and growth of Cu thin films on the 

rough face side of graphite have been studied as a function of temperature, Cu concentration and 

acid concentration. The analysis of the corresponding potentiostatic j/t transients suggests that 

the deposition takes place according to instantaneous nucleation 3D diffusion controlled growth, 

giving account for the formation of hemispherical nuclei. The extent of nucleation was found to 

be increased with decreasing temperatures and increasing metal ion and acid concentration, with 

spherical copper deposition. Ex situ SEM images and XRD analysis of the surface seem to 

support these assumptions. 
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                                                                                                              CHAPTER –I 
                                                      Introduction 
 

1. Introduction  

1.1. Background  

Thin films are materials with a very high surface to volume ratio, and a thickness equal to less 

than 1 m. Thin films behave differently from bulk materials of the same chemical composition. 

These differences arise because of various factors like smaller size of the crystallites and many 

crystallographic defects such as dislocations, vacancies, stacking faults, grain boundaries and 

twins which are present in different degrees and orders. It has been found that most of the thin 

film properties (mechanical, electrical, optical and magnetic) are far more superior to the bulk 

properties and can replace it when the latter fail to meet an application requirement [1]. But 

inspite of their upgrade properties, their reliability is affected by the growth of the films during 

the service and operation of the device. Grain growth of the films can cause a decrease in 

resistivity, hardness and the strength of the material. So in order to obtain thin films with desired 

structure and stoichiometry, it is very important to study their deposition structure, growth and 

properties in a detailed manner and then be able to predict the optimal conditions for a particular 

deposition technique [2].  

There are different synthesis routes to develop these thin films such as physical vapour 

deposition (PVD), chemical vapour deposition (CVD), molecular beam epitaxy (MBE), spin 

coating and electrodeposition. In our project we have followed the electrochemistry route. 

Electrodeposition technique offers various advantages like low processing temperatures, control 

of film thickness, easy deposition onto complex shapes, low capital investment and the 



2 | P a g e  
 

production of non-equilibrium materials which cannot be accessed by other traditional processes. 

We have deposited copper thin films by the electrodeposition process. The deposited film 

depends on various parameters like temperature, concentration of electrolyte etc. An attempt has 

been made to study the effect of these parameters on the nucleation and growth behaviour, by 

electrochemical techniques like cyclic voltammetry and chronoamperometry. Microstructural 

analysis was done using SEM and structural and phase analysis was carries out using XRD. The 

results obtained show that nucleation is favoured as temperature is decreased. 

1.2. Objectives 

The objectives to be achieved in the project are: 

 To study the effects of varying temperature and electrolyte concentration on morphology 

of copper deposits while restricting the study to the nucleation and growth stages only. 

 To carry out the in process analysis of the copper deposition followed by mathematical 

modeling. 

 To conduct post synthesis analysis of the copper deposits by SEM and XRD. 

1.3. Structure of the thesis 

This thesis has been divided into 5 chapters. 

In chapter 2 a brief idea about thin films and their synthesis has been given with special 

emphasis on the electrodeposition route of synthesis. The various electrochemical techniques and 

mathematical models found in literature which we have used in our project have been discussed 

here. In chapter 3 the experimental details have been described: electrochemical cell 

arrangement, X Ray Diffraction and Scanning Electron Microscopy. Chapter 4 includes the 

results of cyclic voltammetry, chronoamperometry and structural analysis techniques to study the 

effect of the three parameters namely temperature, acid concentration and Copper concentration. 
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Chapter 5 summarizes the results obtained from experimentation and finally a list of references 

which have been referred for the project has been given at the end of the thesis. 
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                                                                                                                    CHAPTER –II 
                                               Literature review                                                                                                              

 

2. Literature Review 

2.1.  Thin films 

A material is classified into a thin film when it has a thickness ranging from fractions of a 

nanometer to less than one micrometer. Materials with a thickness greater than a micrometer are 

classified as coatings.   Coatings are mostly used for structural applications such as protective 

covering on cutting tools to improve their wear resistance and hardness. Thin films, however, 

have both structural and functional applications. They not just improve the endurance of the 

surface but the overall life of the component. Because of their upgraded optical, electrical, 

magnetic, chemical and mechanical properties they find use in reflective and anti-reflective 

coatings [3], compact discs, sensors, semiconductor devices etc [4].  

Mechanical properties of thin films often differ from those of their bulk counterparts. This is 

because of the very small size of thin films (in the nano range) and the fact that these films are 

attached to a substrate. Thin films can support very high residual stresses. This residual stress 

can be relieved later during processing or in the actual device operation through plastic 

deformation, thin film fracture, or interfacial delamination [5]. The level of the intrinsic stress is 

comparable with the yield strength of many bulk materials and thus influences the physical and 

mechanical stability and the properties of the films. The presence of large number of defects and 

free surfaces hinder the generation and movement of dislocations in a film. This results in the 

enhancement of the tensile strength of films up to 200 times the value in the corresponding bulk 
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material. Flow stresses of thin metal films deposited on rigid substrates are also found to be 

significantly higher than those observed in the corresponding bulk materials. 

2.2. Synthesis of thin films 

Thin Film synthesis techniques used in the laboratory are based on physical or chemical vapor 

deposition. In both cases, the techniques are based on the formation of vapor of the material to be 

deposited, so that the vapor is condensed on the substrate surface as a thin film. Usually the 

process must be performed in vacuum or in controlled atmosphere, to avoid interaction between 

vapor and air. 

2.2.1.Physical deposition  

Physical deposition makes use of a mechanical or thermodynamic means to produce a thin film 

of solid.  Formation of frost is a good example. Since most engineering materials are held 

together by relatively high energies, and chemical reactions are not used to store these energies, 

commercial physical deposition systems tend to require a low-pressure vapor environment to 

function properly; most can be classified as Physical vapor deposition or PVD [6].  

The material which has to be deposited is kept in an energetic, entropic environment, so that they 

can escape easily from the surface. As these particles arrive, a cooler surface which is placed in 

front of the source draws energy from them, allowing the formation of a solid layer over itself. In 

order to allow the particles to travel freely (increase mean free path), the system is kept in a very 

low pressure or vacuum deposition chamber. Films deposited by physical vapour deposition 

method are commonly directional, rather than conformal, as particles tend to follow a straight 

line.  
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Physical deposition includes:  

 A thermal evaporator makes use of an electric resistance heater to melt the material and 

increase its vapor pressure to a useful range. This is carried out in high vacuum, so that the 

vapor can reach the substrate without interacting with or scattering against other gaseous 

atoms present in the chamber, and reduce the inclusion of impurities from the residual gas in 

the vacuum chamber. Obviously, only materials with a much higher vapor pressure than the 

heating element can be deposited without contamination of the film. Molecular beam epitaxy 

is a particular form of thermal evaporation. 

 An electron beam evaporator fires a high-energy beam from an electron gun to boil a small 

spot of material; since the heating is not uniform, materials having lower vapor pressure can 

be deposited. The beam is generally bent through an angle of 270° so as to ensure that the 

gun filament is not directly exposed to the evaporant flux. Typical deposition rates for 

electron beam evaporation lie between 1 to 10 nanometers per second.  

 Sputtering relies on a plasma (usually a noble gas, such as Argon) to knock out material 

from a "target" a few atoms at a time. The target can be kept at a comparatively low 

temperature, since the process does not involve evaporation. This makes sputtering one of the 

most flexible techniques for deposition. It is specifically useful for compounds or mixtures, 

where have components that evaporate at different rates. Sputtering step coverage is more or 

less conformal.  

 Pulsed laser deposition systems work on the basis of an ablation process. Pulses of focused 

laser light are used to vaporize the surface of the target material and convert it to plasma. 

This plasma reverts to a gas before it reaches the substrate.  
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 Cathodic Arc Deposition or Arc-PVD is a kind of ion beam deposition where an electrical 

arc that is created blasts ions from the cathode. The arc has an extremely high power density 

resulting in a high level of ionization (30-100%), multiply charged ions, neutral particles, 

clusters and macro-particles (droplets). If a reactive gas is introduced during the evaporation 

process, dissociation, ionization and excitation can occur during interaction with the ion flux 

and a compound film will be deposited.  

2.2.2. Chemical deposition 

In this process, a fluid precursor undergoes a chemical reaction at a solid surface, forming a solid 

layer. A perfect example would be the formation of soot on the surface of a cool object when it is 

placed inside a flame. Since the fluid surrounds the solid object, deposition happens uniformly 

on every surface, rather than any particular direction. Thin films formed by chemical deposition 

techniques tend to be conformal, rather than directional. 

Chemical deposition can be further categorized on the basis of phase of the precursor:  

 Plating relies on liquid precursors, which are often a solution of water containing a salt of 

the metal which has to be deposited. Some plating processes are driven by reagents in the 

solution (usually for noble metals), but by far the most commercially important process is 

electroplating. It was not commonly used in semiconductor processing for many years, but 

has seen resurgence with more widespread use of Chemical-mechanical polishing techniques.  

 Chemical Solution Deposition (CSD) uses a liquid precursor, usually a solution containing 

organometallic powders dissolved in an organic solvent. This process is inexpensive and 

simple and can produce stoichiometrically accurate crystalline phases.  
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 Chemical vapor deposition (CVD) commonly uses a gas-phase precursor, like a halide or 

hydride of the element which is to be deposited. An organometallic gas is used in the case of 

MOCVD. Commercial techniques generally use very low pressures of precursor gas.  

 Plasma enhanced CVD makes use of an ionized vapor, or plasma, as the precursor. PECVD 

relies on electromagnetic means (electric current, microwave excitation), rather than a 

chemical reaction, for the production of a plasma.  

2.2.3. Other deposition processes 

There are some methods which rely on a mixture of both chemical and physical means:  

 Molecular beam epitaxy (MBE), slow streams of an element is directed at the substrate, 

so that deposition occurs one atomic layer at a time. Compounds (like Gallium Arsenide) are 

usually deposited by repeated application of a layer of one element (i.e., Ga), then a layer of the 

other (i.e., As), making the process both chemical, as well as physical. The beam of material can 

be generated by either physical means (that is, by a furnace) or by a chemical reaction (chemical 

beam epitaxy).  

 Spin coating is a process of application of uniform thin films to flat substrates. Excess 

amount of a solution is kept on top of a substrate, which is then rotated at high speed so that the 

fluid spreads by centrifugal force. The machine used for spin coating is called a spin coater, or 

spinner. Rotation is continued until the film has achieved desired thickness. The applied solvent 

being volatile evaporates simultaneously during the process. The higher the angular speed of 

spinning, the thinner the film. Concentration of the solution and the solvent also affect the 

thickness of the film. Spin coating is extensively used in micro fabrication, where it can be used 

to create thin films with thicknesses below 10 nm. It is used intensively in photolithography, to 
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deposit layers of photoresist about 1 micrometer thick. Photoresist is typically spun at 20 to 80 

Hz for 30 to 60 seconds [7]. 

2.3. Electrodeposition 

Electrochemical deposition involves the synthesis of solid films from dissolved species by 

changing their oxidation states using electricity. Pure metals as well as compounds like oxides 

and phosphides can be easily fabricated by electrochemical deposition. Some of the important 

applications familiar in the electronics industry are the electrodeposition of copper interconnects 

in integrated circuits and the deposition of thin film magnetic materials, e.g. CoNiFe alloys [8].  

It has also been applied in nanotechnology since it can be used to fill three-dimensional features 

at room temperature with good control of thickness and morphology. Electrodeposition has 

various advantages over other processing techniques. 

It is a cost-effective method for preparation of materials (metals, alloys, compositionally 

modulated alloys and composites) in the form coatings or as freestanding objects even in 

complex shapes (foils, wires, electroforms). Very low processing temperatures can be attained 

easily. Low temperature minimizes interdiffusion or chemical reaction. Deposition can be carried 

out in a selected specific area and thickness of the deposit can be controlled accurately by 

monitoring the consumed charge. Deposition rates are in the order of several tens of microns per 

hour [9, 10]. Electrodeposition is a very convenient technique for producing thin multilayered 

materials. Coherence and uniformity in layer thickness obtained in coatings by electrodeposition 

can match those of composition-modulated alloys produced by vacuum evaporation or sputter 

deposition.               

All the electrochemical reactions take place at the interface between the electrode and the 

electrolyte and the driving force of these reactions is the electrical and chemical potentials 
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developed in the electrolyte. Electrodeposition occurs in a very thin region in front of the 

electrode. The ions have to pass through an electrical double layer present on the cathode 

surface. This double layer acts like a parallel plate condenser with one plate being the metal 

surface with excess charge and the other plate is formed by the solvated ions. Most anions 

however give away part of that solvation shell when entering the double layer to form a chemical 

bond with the electrode surface.                   

2.4.  Nucleation and growth mechanism 

 Nucleation and growth are one of the two major mechanisms for the formation of thin films 

during electrodeposition.  

 

Fig.1. Initial stages of nucleation at the region near the interface. 

Metal ions are present in a hydrated state in the bulk electrolyte. When a potential is applied they 

move towards the cathode due to the potential gradient. Then these ions pass through a diffusion 

layer and an electrical double layer and the process they get stripped off from the hydrated 

complex and become bare metal ions. The bare metal ions then get discharged by combining 
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with electrons on the surface of the cathode and become neutral atoms. These atoms then start 

migrating over the substrate until they get adsorbed at active sites. Kinks and steps present on the 

surface act as active sites for adsorption (Fig.1.). Successive adsorption of atoms at such sites 

results in continuous spreading of the mono atomic layer over the substrate surface [11, 12].  

The adsorbed species are not in thermal equilibrium with the substrate initially and move over 

the substrate surface. And in this process they interact with themselves forming bigger clusters. 

The clusters are thermodynamically unstable and get desorbed with time. But if the cluster 

collides with other such adsorbed species before getting desorbed, it starts growing in size. After 

a certain critical size is reached, the cluster overcomes the nucleation barrier and becomes 

thermodynamically stable. The critical nuclei grow in number as well as in size until a saturation 

nucleation density is reached. Next stage is coalescence in which the small nuclei clusters 

coalesce with each other in order to reduce the surface. This tendency of forming bigger clusters 

is known as agglomeration and it is enhanced by increasing surface mobility of the adsorbed 

species. When larger islands grow they leave certain portions of uncovered substrate in the form 

of channels and holes which are then later on filled up forming a continuous film. 

Nucleation is the process in which a new phase is generated from an old phase when its free 

energy becomes higher than that of the emerging new phase. The transformation from old phase 

to new phase occurs only when the nuclei overcome a free energy barrier. This can be 

understood by considering the free energy changes associated with the formation of a nucleus 

(Fig.2.).  
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                     Fig.2. Changes in surface and volume free energies with size nuclei. 

Molecules present at the surface of the nuclei are less well bound to their neighbours than those 

molecules which are present at the interior. So, their contribution to the free energy of the new 

phase is greater. The difference between the energies of the surface molecules and those that are 

present in the bulk is termed as surface free energy. When size of the nucleus is small there is 

more number of molecules at the surface and the nucleus is unstable. So addition of more 

molecules increases the energy of the system, and the nucleus dissolves. But once the nucleus 

size is large enough, the drop in the free energy of the system due to the formation of the bulk 

phase is much larger than the surface free energy resulting in an overall decrease in the free 

energy of the system. This intermediate size at which the free energy of the system is decreased 

whether the nucleus grows or dissolves is known as the critical size. The probability of 

nucleation thus is affected by the size of the critical nucleus which a function of the interfacial 

energy. The smaller the interfacial energy, the smaller is the critical size required for nucleation 

and thus formation of new phase is easier. The probability of nucleation can hence be 
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manipulated by varying the solution composition or supersaturation [13]. The figure below 

shows the change in the overall free energy change associated with the formation of the new 

phase. 

Growth is defined as the increase in size of the particle beyond the critical size. The relative rates 

of nucleation and growth decide the size of the grain. Large number of grains is obtained if 

nucleation rate is high. High nucleation rate combined with a low growth rate results in fine 

grained structure [14, 15]. 

                                 

Fig.3. Nucleation rate I and the growth rate U as a function of temperature. 

Furthermore nucleation and growth mechanism has also been classified into interfacial (or 

charge) controlled and diffusion controlled. In charge control the growth rate is limited by the 

rapidity with which the ions are incorporated into the new phase while in diffusion control the 

growth is limited by the rate at which the material is transported through the solution to the 

electrode surface. The former is favored by high concentrations and low deposition 

overpotentials and the latter is favored by low concentrations and high overpotentials [30]. 
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2.5. Factors affecting nucleation and growth of thin films during electrodeposition    

There are various factors which affect the nucleation and growth of deposits bath temperature, 

composition, agitation of the electrolyte etc. These have been summarized in the figure below 

(Fig.4.).                                                

     

Fig.4. Variables affecting electrochemical phase formation 

2.5.1. Effect of temperature 

The velocity or diffusion of metal ions in the electrolyte increases with increase in temperature 

(퐷 = 퐷  푒   ). An increase in temperature causes an increase in the ion supply towards the 

cathode thereby decreasing the cathodic overpotentials. This increases the energy of nucleation. 

An increased energy for nucleation implies decreased rate of nuclei formation and preferred 

growth of existing nuclei resulting in the formation of large grains [16 - 19]. 
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2.5.2. Effect of acid concentration. 

Results obtained by studying the variation in the surface morphology with acid concentration 

reveal that the formation of smooth bright deposits is favored at lower concentrations. However 

medium concentration values tend to enhance the rate of nucleation. Hardness value also tends to 

decline when the concentration is increased [20]. As the acid concentration is increased the 

electrode potential shifts towards more positive values within the cathodic range and more 

negative within the anodic range. The cathodic efficiency decreases with the increasing alkalinity 

of the solution beyond the 8.5 value [21]. Open circuit potential of the metal does not change 

with time; its value is dependent on the solution concentration value, i.e. concentration of H+ 

ion, and becomes more negative as the concentration increases in an acidic solution. Decreasing 

concentration of acid in the electrolyte led to the increase of hydrogen evolution reaction and 

hydrogen bubbles which cling to the surface and decrease the effective surface area of the metal 

reduction reaction. The crystallinity and grain size in the deposits decreased with the decrease of 

bulk concentration due to a high polarization [22]. 

2.5.3. Effect of Copper concentration 

As the concentration of Copper increases in the bath the rate of nucleation and growth is found to 

be higher and the formation of thin films becomes easier. With higher current density the 

deposits which are formed are coarse in nature (spongy and dark). Studies also suggest that the 

increased concentration of copper in the electrolyte bath favors the formation of fresh nuclei. 

Certain experiments, however, indicate that the rate of formation of nuclei is actually decreased 

by increasing concentration, but the improvement in the deposit is due to an increase in the rate 

of growth of crystals over the cathode surface [23]. The electrodeposition is mostly used to 

obtain metallic films of adequate thickness, structure and adhesion [24]. The nature of metal 
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surface influences the nature of thin deposit [25], and the properties of thicker deposits are 

mainly influenced by the bath condition [26]. 

2.6. Nucleation and growth analysis 

    The nucleation and growth analysis was carried out using electrochemical techniques like cyclic 

voltammetry and chronoamperometry and then modeling was done using various mathematical 

models. 

2.6.1. Cyclic Voltammetry 

Cyclic voltammetry is a very versatile electrochemical technique which allows probing the 

mechanics of redox and transport properties of a system in solution. A three electrode 

arrangement is used in which the potential relative to some reference electrode is scanned at a 

working electrode while the resulting current flowing through a counter (or auxiliary) electrode 

is monitored in a quiescent solution. The technique makes a quick search of redox couples 

present in a system and once located; a couple may be characterized by more careful analysis of 

the cyclic voltammogram. Usually the potential is scanned back and forth linearly with time 

between two extreme values – the switching potentials using triangular potential waveform (see 

Fig.5.). The scan shown in the figure starts at a slightly negative potential, (A) up to some 

positive switching value, (D) at which the scan is reversed back to the starting potential. The 

current is first observed to peak at Epa (with value ipa) indicating that an oxidation is taking 

place and then drops due to depletion of the reducing species from the diffusion layer. During the 

return scan the processes are reversed (reduction is now occurring) and a peak current is 

observed at Epc (corresponding value, ipc) [2].  
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Fig.5. (a) A cyclic voltammetry potential wave from with switching potentials and   (b) The   
expected response of a reversible redox couple during a single potential cycle 

 

The magnitude of the observed faradic current can provide information on the overall rate of the 

many processes occurring at the working electrode surface. As is the case for any multi–step 

process, the overall rate is determined by the slowest step. In general, the electrode reaction rate 

is governed by the rates of processes such as: 

1) Mass transfer (e.g., of О from the bulk solution to the electrode surface). 

2) Electron transfer at the electrode surface. 

3) Chemical reactions preceding or following the electron transfer. These might be homogeneous 

processes (e.g., protonation or dimerization) or heterogeneous ones (e.g., catalytic 

decomposition) on the electrode surface. 

4) Other surface reactions, such as adsorption, desorption, or crystallization (electrodeposition) 

 

 

 

 

(a) (b) 
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2.6.2. Chronoamperometry 

Potentiostatic transients or chronoamperograms are used for the evaluation of induction times, 

nucleation rate constants, nuclear number densities and the mode of nuclei appearance. A typical 

current-time transient for nucleation with overlapping is shown in the figure below (Fig.6.). 

                             

Fig.6. A typical Chronoamperogram showing double layer charging 

 The current transient shows a falling current section, a rising section and again a falling section 

corresponding to double layer charging, nuclei appearance on the substrate and the subsequent 

growth of electro active area as established nuclei grow. Fleischmann and Thirsk, and Pangarov 

worked on ‘constant overvoltage’ for studying the nucleation and growth of electrodeposited 

materials [27, 28]. The current-time transients they recorded showed maxima [29], which were 

followed, by approximately exponential decay. This suggested that the nuclei were formed 

according to the equation: 

                                                                   = 퐴푁표 푒( )         (2.1) 
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Where, t is the time since the potential was applied; N is the number of nuclei, N0 is the 

saturation nucleus density (number of active sites) A is the nucleation rate constant (a potential 

dependent constant with units of nuclei s−1). This nucleation rate law is of great significance and 

it is assumed as a basis for an entire family of more sophisticated models developed for the 

analysis of the process. 
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                                                                  CHAPTER –III 
                                         Experimental details                                                                                                              

 

3. Experimental details 

3.1.  Chemicals and substrates 

Copper sulfate (Cu2SO4. 5H2O) and sulfuric acid (H2SO4) of analytical grade were obtained and 

used as received without further purification. Aqueous solution was prepared from doubly 

distilled water. Graphite sheets (working electrode) were from Asbury Ltd. USA. All other 

chemical were used as received. 

3.2.  Substrate preparation 

Graphite samples were cut from a sheet of graphite (10 cm X 10 cm) using a hacksaw. The 

samples were cleaned in an ultrasonic cleaner for 20 minutes using acetone and water. The 

samples were then taken out, polished and dried. An area of 0.25 cm2 was marked on the 

graphite samples by carefully covering the rest part with non-conducting tape 

3.3. Electrolytic bath preparation 

For experiments involving temperature variation, Copper sulphate solution with a constant 

concentration was prepared using CuSO4.5H2O (10g/l) and H2SO4 (60 g/l). This concentration 

was obtained by adding 39.37g of CuSO4.5H2O to about 700ml of distilled water. Then to this 

31.7 ml of concentrated H2SO4 added and the distilled water was added again to make the 

solution up to 1 litre. The solution prepared attained a slightly high temperature due to the 

exothermic nature of the reaction. So the beaker containing the solution was kept in a freezer till 

the desired temperature was reached. Temperature was varied from 25°C to 5°C with an interval 

of 5°C. Acid concentration was varied from 20gl–1 to 40gl–1 and Copper concentration was varied 
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as 10gl–1 to 20gl–1 with an interval of 5 gl–1. Electrolyte preparation for varying acid and copper 

concentration involved exactly similar steps but a calculated amount of CuSO4.5H2O and H2SO4 

was added. The parameters have been shown in Table 1. 

Table 1.  Electrolytic bath composition 

Electrolyte composition for variation of Temperature 

Temperature (°C) Copper Sulphate (CuSO4.5H2O) (g) Sulphuric Acid (H2SO4) (ml) 

5 39.37 31.7 

10 39.37 31.7 

15 39.37 31.7 

20 39.37 31.7 

25 39.37 31.7 

Electrolyte composition for variation of Copper concentration 
 
Temperature (°C) Copper Sulphate (CuSO4.5H2O) (g) Sulphuric Acid (H2SO4) (ml) 

 25                  39.37 31.7 

25                  59.05 31.7 

25                  78.74 31.7 

Electrolyte composition for variation of Acid concentration 
 
Temperature (°C) Copper Sulphate (CuSO4.5H2O) (g) Sulphuric Acid (H2SO4) (ml) 

 25 39.37 10.58 

25 39.37 15.87 

25 39.37 21.16 
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3.4. Electrochemical cell and instrumentation 

The experiments were done with ECOCHEMIE Autolab PGSTAT 12 potentiostat system and 

three electrode electrochemical cell. An Ag/AgCl and a Pt electrode were used as the counter and 

reference electrodes respectively. The graphite substrate was used as the working electrode. The 

operating parameters were variation in bath temperature, varying copper ion concentration and 

varying sulphuric acid concentration. The figure below shows a schematic diagram of the 

experimental setup. 

                                 

 

Fig.7. Schematic diagram of the Electrochemical cell used 
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3.5. Cyclic voltammetry 

In this technique, the input potential signal is a potential of a stationary working electrode is 

scanned linearly by means of potentiostat and the resulting current is monitored. The potential 

was scanned between – 0.6 V and 1.0 V at the rate of 10mV/s and a cyclic voltammogram was 

obtained for different temperatures.  

3.6. Chronoamperometry  

Chronoamperometry was performed next for each of the parameters mentioned above at 

potentials of – 0.15 V, – 0.20 V, – 0.25 V, – 0.30 V, – 0.35 V, – 0.40 V and – 0.45 V. after 

application of these step potentials current (i) was measured as a function of time. The current 

(i.e., electrons) flows to the working electrode (WE) in order to bring its potential to some 

desired value. A potentiostat with a 3-electrode cell provides the current via the auxiliary 

electrode (AE) to the WE while the potential is measured with respect to a reference electrode 

(RE). 

3.7. Characterization techniques 

A scanning electron microscope (SEM JEOL 6480 LV) equipped with an energy dispersive X-

ray detector of Oxford data reference system were used for the morphological analysis of the 

copper deposited at different experimental conditions. X-ray diffraction was carried out, in the 

range of scanning angel 40-100° at a scanning rate 2° per minute, with CuKα radiation 

(λ=1.5406A0) using Philips X' PERT System X-Ray Diffractometer. The crystallite size is 

determined by measuring the Bragg peak width at half the maximum intensity and putting its 

value in Scherer’s formula. 

                                                                                                     (3.1)  





cos
2

L
KB 
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The constant of proportionality, K (the Scherrer constant) depends on the how the width is 

determined, the shape of the crystal, and the size distribution. 

 K=0.94 for FWHM of spherical crystals with cubic symmetry. (K actually varies from 0.62 to 

2.08). Average crystallite sizes of copper deposit were determined by the Williamson-Hall 

formula (As Scherrer equation is valid only for powders or loosely bound deposits but not for 

hard and adherent deposits) which is given by: 

                                                                                                                        (3.2) 
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                                                                  CHAPTER –IV 
                                 Results and discussion  

 

4. Results and discussion 

4.1. Voltammetric study 

Cyclic voltammetry was first employed to analyze the reaction kinetics of the deposition process 

at each of the temperatures mentioned. Fig.8. shows typical voltammograms obtained in solution 

at different temperatures. The parameters obtained from the cyclic voltammograms have been 

shown in the Table 2.  

Table 2  Parameters obtained from the cyclic voltammograms of the graphite electrode in 
CuSO4    solution at different temperatures  (a) 5°C (b) 10°C (c) 15°C (d) 20°C and (e) 25°C. 
 

 

In each voltammogram two peaks were obtained. Peak (Ic) is associated with Cu (II) reduction 

process (deposition) whereas peak (Ia) represents the Cu dissolution process from the graphite 

Temp
(°C) 

IC (A) 
(10-1) 

EC (V) IA (A) 
(10-1) 

EA 

(V) 
Q+ (C) Q– (C) 1st 

crossover 
potential 
(V) 

2nd 
crossover 
potential 
(V) 

Ep – Ep/2 

5 -0.070 -0.434 0.078  0.199 1.280 -6.013 -0.368 -0.144 -0.002 

10 -0.079 -0.453 0.073 0.237 1.544 -6.189 -0.367  -0.163 -0.042 

15 -0.040 -0.432 0.133 0.293 2.792 -3.046 -0.353 -0.021 -0.037 

20 -0.055 -0.391 0.242 0.330 4.893 -5.297 -0.249 0.013 -0.036 

25 -0.049 -0.391 0.281 0.320 4.752 -4.989 -0.249 0.079 -0.028 
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electrode.  The voltammograms were swept starting from 0 V to more negative direction up to –

0.6 V and then reversed at the same scan rate up to an anodic potential of 1.0 V. 

                        

Fig.8. A set of cyclic voltammograms for the graphite electrode in CuSO4 bath (10gl–1 Cu2+ 
and 60gl–1 H2SO4) at a scan rate of 10 mV s-1 for different temperatures indicated 

 
 The cathodic current increases and reaches a maximum value at potential Ec (with value Ic) 

indicating that a reduction (deposition) is taking place and then drops due to depletion of the 

Cu(II) ions from the surrounding electrolyte. During the reverse scan oxidation occurs and a 

peak current is observed at Ea (corresponding to a value, Ia).  It is found that with increase in 

temperature the reduction (cathodic) potential decreases i.e. the peak values are shifted towards 

the positive axis. This may mean that with increase in temperature the deposition is feasible at 

lower potentials. The cathodic peak current (Ic) is directly proportional to the temperature. The 

main striking feature of the voltammograms is that the plot during the anodic part of the cycle 

crosses over the plot of the cathodic cycle. This point on the CV where the cathodic and anodic 

currents intersect is referred to as the crossover voltage. The presence of crossovers indicates the 
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presence of a 3D nucleation. It is also observed from Fig.8. that the current of the reversed scan 

was always larger than that of the forward scan. This may be because most of the reduced copper 

was available for dissolution into Cu (II) ions. 

For more detailed characterization of the nucleation processes, Chronoamperometric analysis 

was done.  

4.2.Chronoamperometric study 

Chronoamperometric studies were performed with the same constant concentration as used for 

Voltammetric study. Different shapes of potentiostatic current transient curves were observed for 

different temperatures and potentials. Comparison is done by plotting the current transients at 

different potentials at a constant temperature and also vice versa i.e. by plotting them for 

different temperatures at a particular potential (Fig.9.). 

  

Fig.9. Current transients obtained for (a) a particular temperature 15°C at different potentials 
and (b) at different temperatures for a particular potential – 0.40 V 

 
The current increases and reaches a maximum, and then decreases when the diffusion fields 

overlap. With increase in potential at a constant temperature we see that the current maxima 

(a) (b) 
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increases (in negative axes) indicating an increase in number of active sites of nucleation as well 

as the number of nuclei. Again with increase in temperature the current maxima are found to 

increase. This might indicate that the process is diffusion controlled as diffusion is temperature 

dependent. 

 
 

 
Fig.10. Current transients obtained for (a) a particular copper concentration 15gl-1 at 

different potentials (b) at – 0.45 V for copper concentrations of 10 gl-1, 15 gl-1, and 20 gl-1 

 

The current transients for deposition in varying copper concentrations have been shown in 

Fig.10. The maximum in the Cu ion reduction current, Imax (plotted in the figure as negative) 

increases in magnitude as the Cu concentration is stepped to increasing values. 

.  

(a) (b) 
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Fig.11. Current transients obtained for (a) a particular acid concentration of 40gl-1 at 

different potentials (b) – 0.40 V at acid concentrations of 20gl-1,   30 gl-1, and 40 gl-1and 50 gl-1 

 

The varying acid concentration effect is shown in Fig.11. It can be clearly seen that the shape of 

the current transients changes as the acid concentration is stepped to increasingly more 

concentration values. With increase in acid concentration the magnitude of current increases. 

4.3. Mathematical modeling 

The theoretical formulations utilized for the description of the phase formation onto a substrate 

usually consider two extreme cases of nucleation: instantaneous and progressive. In 

instantaneous nucleation all nuclei form at the same time and grow comparatively slowly. In 

progressive nucleation new nuclei form during the course of deposition process and grow 

relatively faster [31]. In this paper we use theoretical non-dimensional curves of these extreme 

cases of nucleation for 2D or 3D growth. It helps us to define the dominant mechanism of the 

nucleation and growth for each of the studied temperature. The current transients obtained above 

are represented in dimensionless form and compared with theoretical transients. 

 

(a) (b) 
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4.3.1. 2D Model  

The current transients were analyzed by the theoretical model proposed by Bewick et al. [32]. 

This model describes the kinetics of the electrolytic phase formation at the early stages of 2D 

growth. It takes into account two kinds of nucleation processes, instantaneous and progressive, 

which can be described by equations (4.1.) and (4.2) respectively. 

=   exp ( ( ))          (4.1) 

=  exp ( ( ))         (4.2) 

 

Where j is the current density, t is the time, ins and pro are referred to maximum in the transient 

to instantaneous and progressive nucleation respectively; m is referred to the maximum in the 

transient. 

No fit was observed for any of the five temperatures. The current decays more slowly as 

compared to the theoretical curves. Fig.12. compares the experimental curve with the 

instantaneous and progressive curves calculated using equations (4.1) and (4.2). Clearly the 

growth of copper does not follow the 2D characteristics. 
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Fig.12. Dimensionless plots according to the equations (4.1) and (4.2) for two dimensional 
growth of copper deposits at (a) 5°C (b) 10°C (c) 15°C (d) 20°C (e) 25°C for a potential of  – 

0.45 V 
 

The current transients for varying copper concentrations when compared with theoretical curves 

of Bewick model (Fig.13.) show that the experimental curve is nowhere close to either of the two 

curves, i.e., instantaneous or progressive. So, copper deposition does not follow 2D growth 

characteristics. 

(c) (d

(a) (b

(e
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Fig.13. Dimensionless plots according to equations (4.1) and (4.2) for two dimensional growth 
of copper deposits at Copper concentrations of (a) 10gpl (b) 15 gpl and (c) 20gpl at a potential 

of –0.35 V 
 
No fit was observed for any of the plot at three different acid concentrations. The current decays 

more slowly as compared to the theoretical curves. Fig.14. compares the experimental curve with 

the instantaneous and progressive curves calculated using equations (1) and (2). Clearly the 

growth of copper does not follow the 2D characteristics. 

 

 

(a) (b) 

(c) 
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Fig.14. Dimensionless plots according to the equations (4.2) and (4.3) for two dimensional 
growth of copper deposits at varying acid concentrations of (a) 20gpl (b) 30 gpl and (c) 40 gpl 

at a potential of –0.25 V 
 
 
4.3.2. 3D Model 

The models proposed by Scharifkar and Hills [33] describe phase formation at early stages when 

diffusion of the electro active species from the bulk to interface is the slowest step of the whole 

process. According to the model the instantaneous and progressive type nucleation are described 

by equations (4.3) and (4.4) 

 

(푖푛푠푡푎푛푡푎푛푒표푢푠) =  .  {1− exp [−1.2564( )]}2    (4.3)     

(a) (b) 

(c) 
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(푝푟표푔푟푒푠푠푖푣푒) =  .  {1 − exp [−2.3367 ]}2      (4.4) 

The values (i/im)2 were plotted against t/tm.  Fig.15. compares the experimental results with the 

two limiting cases of theoretical three dimensional nucleation growth models at a constant 

potential of – 0.45 V for different temperatures. 

 

Fig.15. Dimensionless plots according to the equations (4.3) and (4.4) for three dimensional 
growth of copper deposits at (a) 5°C (b) 10°C (c) 15°C (d) 20°C (e) 25°C 

 

(a) (b) 

(c) (d) 

(e) 
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The results suggest that the nucleation increasingly becomes closer to instantaneous at higher 

temperatures 

 

Fig.16. Dimensionless plots according to the equations (4.3) and (4.4) for three dimensional 
growth of copper deposits at 20 °C for increasing potentials of (a)– 0.20 V, (b)– 0.25 V, (c)– 

0.30 V,(d) – 0.35 V, (e)– 0.40 V and (f)– 0.45 V 
 

(a) (b) 

(e) 

(c) (d) 

(f) 
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Similarly, Fig.16 compares the experimental curves at a constant temperature (20°C) for 

different applied potentials. No fit was observed for lower potentials. However, the curves follow 

the three dimensional instantaneous growth model at higher potentials for the same temperature. 

The Fig.17 shows the current transients, obtained from variation of copper concentration, fitted 

into the 3D SH model. It is seen that at lower concentrations (10 gl–1) of copper the experimental 

curve completely coincides with the theoretical curve for instantaneous nucleation. However 

when copper concentration is increased the experimental curve deviates from the theoretical 

curves. So we can conclude that copper deposition undergoes instantaneous nucleation at lower 

concentrations. 

 
 

Fig.17. Dimensionless plots according to the equations (4.3) and (4.4) for three dimensional 
growth of copper deposits at varying copper concentrations of (a)10 gl-1 (b)15 gl-1 (c) 20 gl-1 

 

(a) (b) 

(c) 
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Fig.18. compares experimental results of acid concentration variation with the theoretical curves 

proposed by SH model. It is seen that the nucleation part of the curve completely overlaps with 

the theoretical curve obtained for instantaneous nucleation while the growth behaviour does not 

match. So we can say that copper deposition follows instantaneous nucleation. The deposition 

might follow a mixed (both 2D and 3D) growth mode. 

 

 
Fig.18. Dimensionless plots according to the equations (4.3) and (4.4) for three dimensional 

growth of copper deposits at varying acid concentrations of (a)20 gl-1 (b)30 gl-1 (c) 40 gl-1 

 

4.4. Phase and structural analysis 

Fig.19. shows the SEM analysis of the samples at various temperatures at – 0.35 V 

The figure shows the topographies of the graphite electrodes modified at different temperatures. 

From a fixed solution a clear change in the morphology, density of Cu nuclei and surface 

(a) (b) 

(c) 
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transition of dendritic structures to non-dendritic and spherical grain morphology with reduction 

in bath temperature. 

  

  

 
 

Fig.19. SEM images of copper deposits at (a)5°C, (b)10°C, (c)15°C, (d)20°C and (e)25°C 
 

This morphological transition can be an indication of changeover of a muddled system to a more 

stable one. Indeed, an increase in both the number of nuclei and surface coverage is observed 

upon shifting the temperature from 25 °C to 5 °C. For the former, the Cu deposit covers about 

30% of the surface and for low temperature depositions the coverage has increased remarkably. 

(a) 

(d) (c) 

(b) 

(e) 
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The increase in nuclei population density at low synthesizing temperatures allows an early 

overlapping of spherical diffusion zones. The eventual overlap will inhibit the total amount of 

material available for further growth of the supercritical nuclei. This in turn might have resulted 

fine copper spheroids in deposits electroplated at reducing bath temperatures. 

On varying the copper concentration at constant acid concentration and temperature it was 

observed that the surface coverage of the deposits increases as the copper concentrate in the 

bath is increased (Fig.20.). There is formation of non-dendritic and spherical grain morphology  

 with change in copper concentration. 

     

 

Fig.20. SEM images of copper deposits at varying copper concentrations of (a)10 gl-1, (b) 
15gl-1 (c) 20 gl-1 

 

The Fig.21 below shows the SEM analysis of the samples at varying acid concentrations. It was 

found that acid concentration strongly affects the density of Cu nuclei, their size and the surface 

(a) 

(c) 

(b) 



40 | P a g e  
 

coverage. With the increase in acid concentration there is vigorous evolution of hydrogen 

resulting in a porous structure at higher acid concentrations. Also there is tendency for 

agglomeration at higher acid concentrations. 

 

            

  

Fig.21. SEM images of copper deposits at varying acid concentrations(a) 20 gl-1, (b) 30gl-1, 
(c) 40 gl-1 and (d) 50 gl-1 

 

Fig.22. represents the XRD pattern of copper deposits at various bath (a) temperatures, (b) 

copper concentration and (c) acid concentration. The diffraction peaks at 2θ = 43.317 can be 

indexed as the [111] plane of copper. The peaks show high crystallinity of copper with some 

carbon peaks because of the substrate. It was however found that the copper was deposited only 

on the [111] plane indicating a highly textured deposit.  

 

 

(a) (b) 

(c) (d) 



41 | P a g e  
 

 

 

 

 

Fig.22. XRD patterns for the Cu films deposited at varying (a) temperatures (b) copper 
concentrations and (c) Acid concentrations 

 

With decreasing temperature, broadening increases where as intensity decreases and with 

increasing acid and copper concentration intensity is found to increase. The broadening of peaks 

can be attributed to small particle size and strain of crystalline materials. Table 3 shows the 

crystallite size and lattice strain obtained by varying different parameters. 

 

(a) (b) 

(c) 
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Table 3. Crystallite size and lattice strain obtained by varying different parameters 

With variation in temperature 

Potential (V) Temperature (°C) Crystallite size (nm) Lattice strain (%) 

– 0.35 V 5 37.5 25.2 

– 0.35 V 10 41.3 23.0 

– 0.35 V 15 46.0 20.5 

– 0.35 V 20 51.0 15.6 

– 0.35 V 25 147.4 6.6 

With variation in copper concentration 

Potential (V) Copper concentration ( gl–1) Crystallite size (nm) Lattice strain (%) 

– 0.45 V 15 39.2 24.2 

– 0.45 V 20 66.8 14.3 

With variation in acid concentration 

Potential (V) Acid concentration (gl–1) Crystallite size (nm) Lattice strain (%)  

– 0.45 V 20 46.7 17.6 

– 0.45 V 30 45.5 20.8 

– 0.45 V 40 39.2 24.2 
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                                                                    CHAPTER –V 
                                                       Conclusion                                                                                                              

 

5. Conclusion.  

Copper films were deposited on a graphite substrate from a simple aqueous solution containing 

CuSO4.5H2O and H2SO4 with varying electrolyte temperature, metal ion concentration and the 

acid concentration. The results obtained from the above studies have been summarized here. 

While studying the reaction and nucleation mechanism of copper, it was found that copper 

nucleates according to 3D instantaneous nucleation mechanisms for all the parameters. The 

extent of nucleation was found to increase at low temperatures. There was also increase in 

surface coverage and nuclei density. On increasing metal ion concentration a tendency toward 

agglomeration and coarser grain formation was observed. Finer grains were produced on 

increasing acid ion concentration. This was further confirmed by XRD analysis. 

Thin film has already revolutionized material development and their applications in a wide and 

critical field. Hence, the present research may direct further emphasis on investigation and 

production of ultra fine grained (in nano range) thin films.  
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