
  

ABSTRACT 

 

Deng, Hua, Electrochemical Deposition of Nanocrystalline Copper and Copper-Based 

Composite Films.  (Under the direction of Prof. Peter S. Fedkiw) 

 

 

Free-standing nanocrystalline copper-based composite and particle-free copper films 

were produced by direct- and pulse-current plating.  Nanosize 50-nm Al2O3 or 5-nm 

diamond particles were codeposited into a copper matrix prepared on a rotating disk 

electrode (RDE).  The electrolytes contained CuSO4
.5H2O (0.25 M), H2SO4 (0.56 M or 

1.5 M), 50-nm Al2O3 (12.5 g/L or 1.0 g/L) or 5-nm diamond (0.5 g/L) particles, and 

gelatine (0.1 g/L, 0.05 g/L, or 0.02 g/L).  The deposition was carried out at room 

temperature.  The RDE was rotated at 1800 rpm for high-alumina particle baths (12.5 

g/L) and 1000 rpm for low-alumina particle (1.0 g/L), diamond particle (0.5 g/L), and 

particle-free baths.   

The free-standing composite and copper films were characterized by x-ray diffraction 

(XRD), scanning electron microscopy (SEM), micro hardness tester, and transmission 

electron microscopy (TEM).  Grain size and crystal texture were obtained by XRD 

measurement.  SEM gave information on surface morphology and composition of films.  

The hardness of nanocrystalline materials was measured by micro hardness tester.  TEM 

was used to confirm the presence of nanocrystalline copper grains.   

The uncompensated potential became more cathodic with increasing current density 

in pulse-current plating.  The current efficiency was in the range of 0.93 – 1.09 for both 



  

direct- and pulse-current plating.  Gelatine concentration, the presence of nanosize 

dispersoids, and pH have no significant effect on electrode potential and current 

efficiency.   

Grain size decreased with increasing current density for particle-free copper and most 

of the composite films by direct- and pulse-current plating.  The microhardness of 

nanocrystalline materials was increased by decreasing grain size for most of the particle-

free copper and composite films.  The existence of high-angle grain boundaries in 

nanocrystalline films resulted in negative Hall-Petch slopes. The presence of low 

concentration of alumina or diamond particles had no effect on grain size and 

microhardness. The pH had no obvious influence on grain size, microhardness, and 

alumina content in composite films.   

Random crystal texture is observed for Cu-Al2O3 composite and particle-free copper 

films and the (111) preferred texture for Cu-diamond composite films.  The (100) 

preferred substrate orientation had no effect on deposit texture.  The current density for 

both direct- and pulse-current plating had no significant effect on material texture.  The 

presence of particles has no significant influence on nanocrystalline texture.   

Surface morphology varied for films made under different bath conditions.  High 

gelatine concentration resulted in low-particle impregnation.  Films made using 0.1 g/L 

gelatine resulted in spherical particles with grain size of 64 nm and porous surface.  Films 

made using 0.02 g/L gelatine resulted in smooth surface with smaller grains of 40 nm.  

Films with high-alumina particle embedding, for example sample 7/9-1, resulted in 

porous and dark surface.   



  

High-alumina particle concentration (12.5 g/L) with 0.02 g/L gelatine in the 

deposition baths resulted in high-alumina content (0.11 wt% - 2.76 wt%) in composite 

films.  The higher current density (297 mA/cm2) resulted in the lower alumina particle 

(0.076 wt%) embedding rate for the same bath parameter setting.  The presence of both 

Al and O was found in copper-alumina composites and C element (diamond) was 

detected in copper-diamond composite films by EDS.   
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1. INTRODUCTION 

Nanocrystalline materials are a class of solids that have a large volume fraction (up to 

50% or more of the atoms) of defect cores (a vacancy in a crystal lattice) [1] and strained 

crystal lattice regions.  Nanocrystalline materials typically have a high density of grain 

interface boundaries (1019 per cm3).  In order to achieve such a high density, a grain of 

less than about 100-nm diameter is required.   

Nanocrystalline materials, which are also known as ultrafine grained materials, 

nanophase materials, or nanometer-sized crystalline materials, can be prepared in several 

ways such as sputtering, laser ablation, inert gas condensation, oven evaporation, spray 

conversion pyrolysis, flame hydrolysis, deposition, high energy milling, sol gel 

deposition, and electrodeposition [1-5].  Each of these methods has advantages and 

disadvantages and not all methods are suitable for all types of nanocrystalline materials.  

It is becoming apparent, however, that electrodeposition is the method of choice for many 

materials.   

Electrocodeposition is a process in which metal matrix composite films are obtained 

by electroplating from a suspension of small particles that are codeposited with the plated 

metal.  The advantages of electrocodeposition over other coating methods are the 

uniformity of deposition for complex shapes, reduction of waste often encountered in 

dipping or spraying techniques, low levels of contamination, and the ability to process 

parts continuously [6-10].   

A wide range of composite films have been used for a variety of applications by 

tailoring the composition of films via electrodeposition.  For example, composite films 

have been used to protect against abrasion, oxidation, and corrosion; to provide 
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lubrication; or, to create a high hardness surface for cutting or grinding tools [6].  The 

electrocodeposition process has been used to make dispersion-strengthened alloy 

components and high surface area cathodes that have been used as electro-catalysts for 

hydrogen electrodes in industrial water electrolysis [11, 12].   

Particles of carbides, oxides, polymers, and industrial diamonds with diameters 

ranging from 2 to 100 µm have been embedded in electroplated metals [6, 7, 13].  The 

metals that have been used to form the matrix of the composite films include gold, silver, 

copper, iron, nickel, cobalt, chromium, and their alloys.   

While a significant amount of research has been conducted on electrodeposition, most 

of the work has focused on maximizing particle incorporation or improving a specific 

property of the composite film rather than understanding the process.  The improvement 

of a specific film property is related to the particular application, i.e., better 

corrosion/oxidation resistance, lower wear rates, and overall increase in the longevity of 

the coating.  Despite its narrow focus, the research to date has helped identify important 

parameters involved in the electrocodeposition mechanism [6].  These include 

hydrodynamics, current density, bath composition, particle characterics, and particle 

loading in the suspension.  The influence of a particular variable on the process is 

typically assessed by the change in the amount of particle incorporated when that variable 

is adjusted.  
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2. RESEARCH SUBJECTS 

 

2.1. Motivation for the research 

The dramatically different properties observed in nanostructured materials compared 

to those in conventional coarse-grained materials has been the driving force for much of 

the intense interest in this fields in recent years.  The great interest in the mechanical 

behavior of nanostructured materials originates from the unique mechanical properties 

first observed and/or predicted for the materials prepared by the gas-condensation method 

[14].  Among these early observation/predictions were the following:  

(1) Lower elastic moduli than for conventional grain size materials – by as much as 

30 to 50%;  

(2) High hardness and strength – hardness values for nanocrystalline pure metals (~ 

10-nm grain size) factors of 2 to 7 times harder than larger grained (> 1 µm) 

metals;  

(3) In some materials, a negative Hall-Petch slope, i.e., decreasing hardness with 

decreasing grain size in the nanoscale grain size regime;  

(4) Ductility – perhaps even superplastic behavior – at low homologous temperatures 

in brittle ceramics or intermetallics with nanoscale grain sizes presumably due to 

diffusional deformation mechanisms.  

Some of these early observations/predictions have been verified by subsequent 

studies – such as the high hardness values.  However, others such as the low elastic 

moduli, the negative Hall-Petch effects, and low-temperature ductility have not been 
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verified and are believed to have been due to high porosity in the early bulk samples or to 

other artifacts introduced by the processing procedures.  

Subsequent work on porosity-free materials has supported that the intrinsic elastic 

moduli of nanostructured materials are essentially the same as those for conventional 

grain size materials until the grain size becomes very small, e.g. < 5 nm, such that the 

number of atoms associated with the grain boundaries and triple junctions becomes very 

large.  Thus, for most nanostructured materials (grain size ≥ 10 nm) the elastic moduli are 

not unique properties. 

“Most of the mechanical property data on nanocrystalline materials are hardness data 

while some tensile test data are becoming available as well.  It is clear that as grain size is 

reduced through the nanoscale regime (< 100 nm) hardness typically increases with 

decreasing grain size and can be 2 to 7 times harder for pure nc metals (10-nm grain size) 

compared to large grained (> 1 µm) metals.  It seems likely that the negative Hall-Petch 

slopes observed are due to artifacts of the specimen preparation methods.  It is also likely 

that conventional dislocation-based deformation is not operable in nanocrystalline 

materials at the smallest grain size (about < 30 nm).  Thus, the hardness, strength, and 

deformation behavior of nanocrystalline materials is unique and not yet well understood. 

An intriguing suggestion based on early observations of ductile behavior of brittle 

nanocrystalline ceramics at low temperatures is that brittle ceramics or intermetallics 

might exhibit ductility with nanocrystalline grain structures. Therefore, there is the need 

for artifact-free samples to study the intrinsic mechanical behavior of nanocrystalline 

materials”. 

Note: “ “ is cited from “Proposal To The National Science Foundation” written by Dr. 
Carl Koch 
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2.2. Objective of the project 

The objective is to produce free-standing nanocrystalline materials of controlled and 

varied grain size with and without nanometer dispersoids/particles for the investigation of 

mechanical properties.  Electrochemical codeposition/deposition were used for 

nanocrystalline materials preparation.  Direct- and pulse-current plating were both 

applied to construct the films.  During the electrochemical codeposition/deposition, the 

influence of additive concentration, pH, current density, particle type, and particle 

concentration were investigated to pursue nanocrystalline materials with high 

microhardness.  Grain size of nanocrystalline materials was determined by X-ray 

diffraction (XRD) to develop an understanding of the parameter effects on grain size.  

Microhardness was also studied by a micro hardness tester.  The effects of nanometer 

particles were monitored to determine whether nanosize particles might have influences 

on physical properties of nanocrystalline material.  Scanning electron microscopy (SEM) 

was used to study surface morphology of nanocrystalline materials, and energy dispersive 

X-ray spectrometry (EDS) for chemical element analysis.  Selected samples were further 

examined by transmission electron microscopy (TEM) to obtain in-depth information of 

grain size and grain boundaries.   
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3. BACKGROUNDS AND LITERATURE REVIEW 

 

3.1. Brief historical review of nanocrystalline materials 

Interest in nanostructured materials has been extremely high over the past two 

decades.  Nanostructured materials have shown considerable property advantages over 

their conventional coarse-grained counterparts in laboratories; however, the shift from 

laboratory experiments to technological applications has been slow.  One hindrance has 

been materials – it is relatively easy to synthesize powders and produces small samples 

with nanoscaled structures, but it is much more difficult to obtain the same materials in 

bulk forms large enough for structural applications.  Nevertheless, a variety of processing 

methods have been devised and many have exhibited great potential for producing bulk 

nanostructured materials with a grain size less than 100 nm.   

In general, bulk nanostructured materials can be made using either one-step or two-

step methods mentioned by Koch [3].  The former employs a single processing step such 

as electro-deposition, crystallization of amorphous solids, and several plastic 

deformation, while the latter uses two processing steps, such as a nano-powder-producing 

method followed by consolidation processes.  The sample produced from the one-step 

methods normally contain porosities, especially when grain size are smaller than ~ 20 

nm.  To eliminate porosities, very high pressure has to be applied during consolidation.  

As a result, the thickness of the sample that can be made is limited by the buildup of 

residual stress within the compact.   

Electrodeposition has long been used to create coatings (electroplating) and to create 

free-standing entities (electroforming).  The main processing parameters for obtaining 
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nanocrystalline materials include the basic composition of the electrolyte, addition of 

grain nucleators, stress relievers, grain-growth inhibitors, pH value, deposition 

temperature, current density, and the type of current waveform such as continuous direct 

current plating, pulse current plating, or periodic current-reversal plating.   

Electro-deposition offers numerous advantages in making nanostructured materials:  

1) It can be used with conventional or modified electroplating baths and conditions to 

produce grain sizes anywhere from the essentially amorphous to nanoscaled materials (5 

– 40 nm) or to larger, micrometer-sized grains;  2) Large number of pure metals, alloys 

and composites can be electroplated with grain sizes in the nanocrystalline range;  3) The 

deposits can be produced with either an essentially equiaxed, randomly orientated, or 

textured microstructure;  4) It is a room temperature technology, relatively inexpensive 

and easy to scale up for large-up production.   

 

3.2. Electrodeposition 

Electrodeposition – electrochemical deposition of metals and alloys involves the 

reduction of metal ions from aqueous, organic, and fused-salt electrolytes.  In this work, 

we treat deposition from aqueous solutions only.  The reduction of metal ions Mz+ in 

aqueous solution is represented by [4] 

z+
solution latticeM  Mze+ →    (3.1) 

There are four types of fundamental issues involved in the process represented by 

Equation (0.1):  

(1) Metal – solution interface as the focus of the deposition process, 

(2) Kinetics and mechanism of the deposition process, 
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(3) Nucleation and growth processes of the metal lattice (Mlattice), 

(4) Structure and properties of the deposits. 

The basic components for deposition are water and ionic solutions, metal and metal 

surface, and metal-solution interface.  Then, discuss the potential difference across an 

interface, kinetics and mechanism of electro-deposition, nucleation and growth of thin 

films, and effects of additives in the deposition and nucleation and growth processes. 

 

3.2.1. Water and Ionic solution 

 

3.2.1.1. Formation of ions in aqueous solution 

Successful electro-deposition in the production of desired properties depends on 

understanding of each compound, specially, components of the metal-solution interface.  

One method of introducing ions into solution is by the dissolution of an ionic crystal.  

Ionic crystals are composed of separate positive and negative ions.  The overall 

dissolution process of an ionic crystal MA (M, Mz+, A, Az-) can be represented by 

reaction [4]: 

z+ z-  z+ z-
2 2 2M A ( )H O M (mH O) +A (aH O)m a+ + →    (3.2) 

A true electrolyte, such as CuSO4, in the solid state consists of two separate ions, Cu2+ 

and SO4
2-.   

 

3.2.1.2. Ion-water interaction 

The ion-dipole forces are the principle forces in the ion-water interaction.  The result 

of these forces is orientation of water molecules in the immediate vicinity of an ion 
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(Figure 3.1) [4].  On end of the water dipole is attached electro-statically to the oppositely 

charged ion.  The result of the orientation is that a certain number of water molecules in 

the immediate vicinity of the ion are preferentially oriented, forming a primary hydration 

shell of oriented water molecules.  The ion and its primary water sheath is a single entity 

that moves together in the thermal motion and under the influence of an applied electric 

field.  Next to the primary water of hydrogen is the shell of secondary orienting forces of 

the ion and the hydrogen bond forces of bulk water molecules.  Thus, water molecules in 

the shell of secondary water of hydration are partially oriented (Figure 3.2) [4, 15, 16].  

Beyond the secondary water of hydration is the bulk water.   

 

3.2.1.3. Ion-ion interaction and distribution of ions in solution 

Distribution of cations and anions in a solution is such that, on the average, in time 

there is statistical excess of ions of opposite charge around any given ion.  Each positive 

ion is surrounded by an atmosphere of negative charge, and each negative ion is 

surrounded by an atmosphere of positive charge.  Cations and anions are not uniformly 

distributed in an ionic solution.  This is a result of the forces of interaction between ions 

(ion-ion interaction).   

Ions of opposite charge are distributed in a spherical fashion around the central ion.  

The sphere around the central ion is called ionic atmosphere (Figure 3.3) [4].  This 

arrangement is dynamic; that is, there is a continuous intercharge between ions contained 

in the ionic atmosphere and ions in the solution.   

As a consequence of the thermal translation motion of ions in solution, ions of 

opposite charge may come sufficiently close so that the Coulombic attractive force can be 

strong enough to overcome the random thermal agitation that eventually tends to scatter 
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them apart.  In this case the original ions lose their independence.  Thus, in an ionic 

solution one may expect to find a few ions of opposite charge in close proximity forming 

ion pairs (Figure 3.4) [4, 16].   

 

3.2.2. Metal and metal surfaces 

A metal can be considered as a fixed lattice of positive ions permeated by a gas of 

free electrons.  Positive ions are the atomic cores, while the electrons are the valence 

electrons.  For example, copper has a configuration (electronic structure) 

1s22s22p63s23p63d104s1 (superscripts designate number of electrons in the orbit) with one 

valence electron (4s).  The free electrons form an electron gas in the metal and move 

nearly freely through the volume of the metal.  Each metal atom contributes its valence 

electrons to the electron gas in the metal.  Interactions between the free electrons and the 

metal ions make a large contribution to the metallic bond.  Since there are about 1022 

atoms in 1 cm3 of a metal, one can expect that a real lattice will contain defects 

(imperfections).   

The atomic arrangement at the surface can and does deviate from the bulk 

arrangement.  An atom in the surface has fewer nearest neighbors than does an atom in 

the bulk.  Since surface atoms have matter on one side and not on the other, the electron 

distribution around the surface atoms is unsymmetric with respect to the positive ions.  

The result of this imbalance in the binding force is a net resultant force on each surface 

atom, acting toward the bulk (Figure 3.5) [4].  The structure of real surfaces differs from 

the structure of ideal surfaces by the surface roughness.  While an ideal surface is 

atomically smooth, the real surface has defects, steps, kinks, vacancies, and clusters of 

adatoms (Figure 3.6) [4, 17].   
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If there is one surface state per one surface atom, then there are about 1015 states per 

square centimeter (the density of surface atoms is about 1015 atoms/cm2).  These surface 

states are distributed into surface bands.  Another result of introduction of a surface is a 

change in distribution of valence electron so that there is an outward spread of charge, 

which results in a positive charge inside the surface and a negative charge outside the 

surface.  The most important processes at surfaces are adsorption and surface diffusion.   

 

3.2.3. Metal-solution interphase 

 

3.2.3.1. Formation of metal-solution interphase 

When a metal M is immersed in the aqueous solution of its salt MA, there will be an 

exchange of metal ions M+ between the two phases at the metal-solution interface 

(physical boundary) (Figure 3.7 and Figure 3.8) [4].  Some M+ ions from the crystal 

lattice enter the solution, and some ions from the solution enter the crystal lattice.  If 

more M+ ions leave than enter the crystal lattice, there is an excess of electrons on the 

metal and the metal acquires negatives charge, -
Mq  (charge on the metal per unit area).  In 

response to the charging of the metal side of the interface, there is a rearrangement of 

charges on the solution side of the interface.  The negative charge on the metal attracts 

positively charged M+ ions from the solution and repels negatively charged A- ions.  The 

result of this is an excess of positive M+ ions in the solution in the vicinity of the metal 

interface.  If the number per square centimeter of ionic species i in the bulk of solution is 

b
in  and the number per square centimeter of these species in the interphase is in , then the 

excess charge of ionic species in the interphase is [4]:  
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     i  
b

i in n n∆ = −      (3.3) 

Thus, the solution side of interphase acquires opposite and equal charge, sq+  (the charge 

per unit area on the solution of the interphase).  At equilibrium the interphase region is 

neutral [4]:  

     M sq q=      (3.4) 

The presence of the excess charge on the metal surface has at least two effects: ion 

redistribution and reorientation of water dipoles in the solution.  Thus, in the vicinity of 

the charged metal the structure of water is charged because of the presence of the electric 

field in the interphase (Figure 3.9) [4].   

 

3.2.3. Deposition methods 

There are three deposition methods commonly used to produce deposits: (1) direct 

current plating, (2) pulse current plating, (3) pulse-reversed plating.  Here we are only 

exploring direct current plating and pulse current plating.   

 

3.2.3.1. Direct current (DC) plating 

Direct current (DC) plating is performed at a constant current supplied by a 

galvanostat.  The current density is expressed in coulombs per square meter per second or 

in amperes per square meter, as follows:  

    
A
iJ =       (3.15) 

where J is current density, i is current passed by power supply, A is surface area of the 

electrode.   
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The limiting current is the maximum current corresponding to the maximum 

concentration gradient.  The limiting current is calculated by Eq. (3.6) 

    
2 11

3 620.62 ( )L bi nFA D Cω υ −
=     (3.6) 

     2 fω π=      (3.7) 

where n is the number of electrons involving in electrochemical deposition, for copper, n 

= 2, F = 96487 C/equivalent, is Faraday number, A is electrode surface area, D is 

diffusion coefficient, ω is rotator speed, f is radial rotator rate, ν is viscosity of the 

electrolyte, and Cb is concentration of the ion in the bulk.   

The deposition time for a specified current density, targeted film thickness, and 

substrate surface area is calculated by Eq. (3.8) 

     t
A
iJt

M
hnF

Cu

Cu ==
ρ

    (3.8) 

where n is the number of electrons involving in electrochemical deposition, for copper, n 

= 2; F = 96487 C/equivalent, is Faraday number; ρCu = 8.92 g/cm3, density of copper; h is 

thickness of deposits; Mcu (g/mol) is average mass of copper; J is current density; i is 

current; A is cathode surface area; t is deposition time.   

Direct current plating was used to produce metal deposits from macroscale to 

nanoscale grain size [19-33].  Cerisier et al [34] reported that copper films from 

pyrophosphate solution without additives are homogeneous with a bright metallic luster 

and such films with thickness less than 100 nm are strongly adherent to silicon, but 

additives are necessary in copper sulfate bath to electroplate onto semiconductors.  White 

et al [35] found that the codeposition of alumina in the copper sulfate bath is significantly 

reduced by the presence of chloride ions in the plating bath, but significantly increased by 



 

 14 
 

the presence of thallium ions.  Manna et al [36] demonstrated the codeposition of 

nanocrystalline NbCl3 and Cu9Al4 on Cu substrate.  Foster and Kariapper [37] reported 

that codeposition occurred in nickel plating baths was due to strong adsorption of nickel 

ions on alumina particle surface, but codeposition of alumina did not occur in acidic 

copper plating baths because of low cation adsorption on the particle surface.  And 

addition of thallium and rubidium ions to the acidic copper bath promoted codeposition 

of the alumina with copper.  Talbot et al [6] reported that electro-codeposition of alumina 

particles within a copper matrix using a rotating cylinder electrode system, where the 

crystallographic phase and the method used to manufacture the powders had a significant 

effect on particle incorporation, and the size and density difference of the alumina 

powders had relatively little effect on codeposition.  Tomaszewski [38] found that 

codeposition of barium sulfate produced poorer copper-based composite coatings than 

nickel-based composites.  Susan et al [24] reported uniform Al particle distribution in Ni-

Al metal matrix/metal particle composite coatings, and the maximum Al content was 

about 20 vol.%.  Seah et al [33] found that grain size of electrodeposited copper films 

reduced with increasing deposition current density.  Roos et al [7, 8] presented the 

codeposition of γ-alumina as well as α-alumina with copper, and samller quantities of γ-

alumina were codeposited as compared with α-alumina under identical experimental 

conditions, but the relative effects of electrolysis conditions and addition agents on 

codeposition of α-alumina and γ-alumina were identical.  Podlaha et al [32] presented 

that ultrafine γ-alumina particles were incorporated into a nickel matrix in both citrate 

and chloride electrolytes, where particle deposit concentration decreased with applied 

current density for the chloride baths but increased for the citrate bath and the current 
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efficiency improved with an increase in applied current density for all electrolytes.  

Buelens et al [39] reported that the mechanism of codeposition was similar for both 

acidified copper sulfate and additive free gold cyanide solution, and the reduction of ions 

adsorbed on alumina particles was the rate determining step.   

 

3.2.3.2. Pulse current plating (PP) 

Pulse current plating (PP) is carried out at a period of time, ton with a peak current of 

ip and toff with zero current, shown in (Figure 3.10).   

The deposition time for pulse current plating can be calculated using Eq.(3.9) 

    Cu c
M

Cu

nF h iJ t t
M A

ρ
= =     (3.9) 

where JM is average current density for pulse current plating, and ic is average current for 

pulse current plating, see Figure 3.10 [40, 41].  

Pulse current plating was used to produce small grain size deposits [2, 9, 10, 20, 21, 

23, 28, 30, 42-49] by peak current close or high than limiting current.  The use of pulse 

current leads to a less uniform current distribution than direct current plating.  Choo et al 

[49] found that high negative overpotential, high adion population and low adion surface 

mobility were prerequisites for massive nucleation rates and reduced grain growth for 

nanocrystalline nickel production by pulse plating.  Natter et al [10] reported that pulsed 

electroplating was a good method to produce large nanocrystalline palladium with low 

porosity in a simple way.  Natter et al [47] also demonstrated that pulsed electro-

deposition was a versatile method for the production of nanocrystalline nickel and nickel 

alloys with desired grain size and narrow grain size distribution.  Sautter and Chen [9] 

reported that high current pulses could increase the strength, improve the hardness and 
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refine the microstructure in electro-deposited cobalt.  Fransaer and Celis [13] reported the 

codeposition of polymer lattices with copper on a rotating disk electrode and the rate at 

which particles were brought to the surface of the cathode was governed almost entirely 

by the convection instigated by the rotating disk at large distances from the disk and by 

the dispersion force close to the disk.   

 

3.2.4. Equilibrium electrode potential 

Metal/metal-ion electrode consists of a metal immersed in a solution containing ions 

of the metal.  The electrode potential of this electrode depends on the concentration of the 

metal ions Mz+ in solution.   In the general case of a metal/metal-ion electrode, a metal M 

is in an equilibrium with its ions in the solution [4] 

    MzeM z ⇔++     (3.10) 

Reaction from left to right consumes electrons and is called reduction.  Reaction from 

right to left liberates electrons and is called oxidation.  The Nernst equation [4] or the 

concentration dependence of metal / metal-ion potential yields 

    ]ln[0 ++= zM
zF
RTEE     (3.11) 

where [Mz+] is the concentration of M+ ions, and E0 is the relative standard electrode 

potential of the M / Mz+ electrode.  The quantity RT/F has the dimension of voltage and 

at 298 K (250C) has the value (RT/F) = 0.0257 V.  With these values, Eq. (3.17) [4] for 

298 K (250C), is:  

    ]ln[0257.00 ++= ZM
z

EE     (3.12) 
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The standard electrode potential for Cu / Cu2+ electrode is 0.337 V.  Electrode potential 

for Cu can be calculated by Eq. (3.12) for different Cu2+ concentration.   

 

3.2.5. Kinetics and mechanism of electrodeposition 

In the electrodeposition of metals a metal ion Mz+ is transferred from the solution to 

the ionic metal lattice.  A simplified atomistic representation [4] of this process is 

   )()( latticeMsolutionM nn ++ ⇒    (3.13) 

Where )(solutionM n+  present the structure of the initial, )(latticeM n+  represent the final 

state.  This reaction is accompanied by the transfer of n electrons from the external 

electron source (power supply) to the electron gas of the metal M.   

Since metal ions in the aqueous solution are hydrated the structure of the initial state 

in Eq. (3.13) is represented by [M(H2O)x]n+.  The structure of the final state is the M 

adion (adatom) at the kink site (Figure 3.11) [4, 15], since it is generally assumed that 

atoms (ions) are attached to the crystal via a kink site.  Thus, the final step of the overall 

reaction, Eq. (3.13), is the incorporation of Mn+ adion into the kink site.  Because of 

surface inhomogeneity the transition from the initial state [M(H2O)x]n+ (solution) to the 

final state Mn+ (kink) can proceed via either of two mechanisms: step-edge site ion-

transfer mechanism or terrace site ion-transfer mechanism. 

 

3.2.5.1. Step-edge ion-transfer mechanism 

The step-edge site ion transfer, or direct transfer mechanism, is illustrated in Figure 

3.19 [4, 15].  In this mechanism ion transfer from the solution (OHP) takes place on a 

kink site of a step edge or on any other site on the step edge.  In both cases the result of 
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the ion transfer is a M adion in the metal crystal lattice.  In the first case, a direct transfer 

to the kink site, the M adion is in the half-crystal position, where it is bonded to the 

crystal lattice with one half of the bonding energy of the bulk ion.  Thus, the M adion 

belongs to the bulk crystal.  However, it still has some water of hydration (Figure 3.12).  

In the second case, a direct transfer to the step edge site other than kink, the transferred 

metal ion diffuses along the step edge until it finds a kink site (Figure 3.12).   

 

3.2.5.2. Terrace ion-transfer mechanism 

In the terrace site transfer mechanism, a metal ion is transferred from the solution 

(OHP) to the flat face of the terrace region (Figure 3.13) [4, 15].  At this position the 

metal ion is in the adion (adsorbed-like) state having most of its water of hydration.  It is 

weakly bound to the crystal lattice.  From this position it diffuses on the surface, seeking 

a position of lower energy.  The final position is kink site.   

In view of these two mechanisms, the step edge and terrace ion transfer, the overall 

current density i is considered to be composed of two components [4, 15]: 

    tese iii +=      (3.14) 

where ise and ite are the step-edge and terrace site current density components, 

respectively.   

 

3.2.5.3.  Codeposition mechanism 

Possible mechanisms of codeposition of inert particles and their inclusion into the 

metal matrix, mentioned in Buelens et al [39], are: 
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(1) Particles can be transferred to the cathode by an electrophoretic action and 

keyed into the matrix during electrodeposition of a metal. 

(2) Particles can be thrown against the cathode by bath agitation and are 

embedded there into the electrolytically deposited metal matrix (mechanical 

entrapment). 

(3) Particles can be attached to the cathode by van der Waals type attraction 

forces.   

All mechanisms play an important role in the process of codeposition.  The 

codeposition depends on several factors, such as pH, temperature, current density, type of 

particles used, particle size and concentration, the metal being deposited, and possible 

presence of additives. 

It seems that two types of adsorption processes are involved in the mechanism of 

codeposition: (a) adsorption of metal cations onto the surface of inert particles, imposing 

a positive surface charge on them and causing formation of an ionic cloud around them, 

and (b) adsorption of such complex structures onto the electrode surface.  A schematic 

representation of these two types of adsorption is shown in Figure 3.14 [39].   
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3.2.6. Nucleation and growth of nuclei 

 

3.2.6.1. Formation of coherent deposit 

There are two basic mechanisms for formation of a coherent deposit: layer growth 

and 3D crystallite growth (or nucleation-coalescence growth).  A schematic presentation 

of these two mechanisms is shown in Figure 3.15 [4].   

In layer-growth mechanism, a crystal grows by the lateral spreading of discrete layers 

(steps), one after another across the surface.  In 3D crystallites growth mechanism, the 

structure components are 3D crystallites and built by coalescence (joining) of these 

crystallites.   

 

3.2.6.2. Development of texture 

Electro-deposition on a randomly oriented polycrystalline substrate can result in 

development of preferred orientation or texture in thicker deposits.  In a polycrystalline 

material crystallographic axes of individual grain (individual crystallites) that constitute 

the material are randomly oriented with respect to the axes of a fixed reference system.  If 

one or more crystallographic axes of grains constituting polycrystals are fixed (have the 

same orientation) with respect to the axes of the reference system, the polycrystalline 

material exhibits preferred orientation or texture.  The development of texture can occur 

during deposition or during the post-deposition processing.  More details of texture are 

discussed in Chapter 3.3.1.3. 
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3.2.6.3. Development of columnar microstructure 

Columnar microstructure, perpendicular to the substrate surface, is shown 

schematically in Figure 3.16 [50, 51].  This microstructure is composed of relatively fine 

grains near the substrate, which then changes to the columnar microstructure with much 

coarser grain at greater distances from the substrate.  Development of the columnar 

microstructure can be interpreted on the basis of growth competition between adjacent 

grains in a similar way as in the development of texture (Figure 3.16).  The low-surface-

energy grains grow faster than the high-energy ones.  The rapid growth of the low-

surface-energy grains at the expense of the high-energy grains results in an increase in 

mean grain size with increased thickness of deposit and the transition from a fine grain 

size near the substrate to a coarse, columnar grain size.    

 

3.2.7. Effect of additives 

Inorganic or organic additives used in electrodeposition of metal and alloys have 

specific functions in the deposition process.  Additives affect deposition and crystal 

building processes as adsorbates at the surface of the cathode.  There are two settings of 

factors that determine adsorption: substrate and adsorbate factors.  Substrate factors 

include electron density, d-band location, and the shape of substrate electronic orbitals.  

Adsorbate factors include electro-negativity and the shape of adsorbate orbitals.  

Additives also affect kinetic parameters of the deposition process and on the elementary 

process of crystal growth [19, 52-62].   

Tabakovic et al [62] reported that PEG (polyethylene) increases the copper film 

roughness, while DPS acted to smooth deposit surface in an acid-copper sulfate bath with 

chloride ions.  Kelly et al [63] reported that the addition of PEG and chloride ions to an 
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acid copper electrolyte had a strong inhibitive effect on the cathodic deposition reaction, 

and adding chloride ions only increased the deposition current, while adding PEG alone 

had little effect on electrode kinetics.  Forsen et al [64] reported that gelatine acted as an 

inhibitor in copper electrolysis conditions and favors the growth of existing copper 

crystals.  Johnson et al [65] reported that gelatine inhibited pyramidal crystal growth 

during copper plating at low current density by adsorbing on the apex of the pyramids.  

Elsherief et al [66] reported that the presence of gelatine improved the quality of the zinc 

deposit to be free from pores and dendrites.  Natter and Hempelmann [67] reported that a 

small grain size could be expected for the deposition from a bath with a strong complex 

former, and the free enthalpy of citric acid and DiNa-EDTA (Ethylenediaminetetracetic 

acid disodium salt) adsorption is large enough to disturb the ion exchange between the 

pulses (inhibition) but not too large to prevent desorption during the pulses (passivation).  

Portela et al [68] reported that the presence of nicotinic acid resulted very smooth and 

bright deposits due to the inhibition of the growth of crystallines perpendicular to the 

surface.  Leung et al [58] reported that benzotriazole (BTA) as the additive for 

galvanostatic deposition of copper on gold resulted very rough deposits.  BTA made less 

favorable for the cuprous ions to diffuse freely on the surface, and BTA adsorbed on the 

cathode surface of copper islands and passivated the islands.  De Maere et al [69] 

reported that thiourea and gelatine had a high influence on surface roughness because a 

lack of thiourea and gelatine resulted in very coarse grains, but the influence of gelatine 

was less than thiourea.   
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3.2.7.1. Adsorption 

One adsorption phenomenum is based on the adsorption energy: the energy of the 

adsorbate – surface interaction.  There are two basic types of adsorption: chemical and 

physical adsorption.  In chemical adsorption, the chemical attractive forces of adsorption 

are acting between the substrate and the adsorbate where electrons are shared and/or 

transferred.  In physical adsorption, the physical forces of adsorption, van der Waals, or 

pure electrostatic forces, operate between the surface and the adsorbate; there is no 

electron transfer and no electron sharing.   

Adsorption energy for chemisorbed species is greater that for physisorbed species.  

Typical values for chemical adsorption are in the range of 20 – 100 kcal/mol and for 

physical adsorption, in the range of 5 kcal/mol [4].   

Since the additive is not used up in many cases of electro-deposition in presence of an 

additive (the additive is not incorporated in the deposit), one can conclude that the 

adsorption equilibrium is dynamic.  In a dynamic adsorption equilibrium state the 

adsorbed molecules are continually desorbing at a rate equal to the rate at which 

dissolved molecules from the solution become adsorbed.  If the rates of the adsorption 

and desorption process are high and of the same order of magnitude as that of the 

cathodic deposition process, then no incorporation or entrapment of additives in the 

deposit will occur.  Otherwise, additive molecules will be entrapped in the deposit via 

propagating steps (growing crystallites).  Thus, at some current density, additives will be 

incorporated into the deposit.  This incorporation can result in poor quality of the 

resulting deposit.   
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3.2.7.2. Effect of additives on kinetics and mechanism of electro-deposition 

Adsorbed additives affect both direct mechanism and terrace site ion mechanism [19, 

52, 54-58, 61, 62, 67, 70] by changing the concentration of growth site cgs on the surface 

[ngs/cm2, (where ngs is the number of growth sites)], concentration of adions, cadi on the 

surface, diffusion coefficient Dadi, and the activation energy Eadi of surface diffusion of 

adions.   

 

3.3. Characteristics of deposits 

Properties of materials in general and deposits in particular are strongly dependent on 

the structure of the material.  All deposits of metals are made of grains whose structural-

physical nature can be divided into four types: (1) columnar, (2) fine-grained, (3) fibrous, 

(4) banded [4]. In terms of their practical macroscopic physical properties, their main 

characteristics may be summarized as follow: 

(1). Those types that are of low strength and hardness but possess high degree of 

ductility.  Examples are metals deposited under low-current-density conditions.   

(2). Those types are characterized by typical grain sizes of 10-100 nm.  The deposits 

are relatively hard and brittle, while some are rather ductile.  Examples are metals 

deposited under high-current-density conditions containing hydrated oxides as a 

consequence.   

(3). Those types that are intermediate in nature between types (1) and (2). 

(4). Those types that contain grains of extremely small dimension (less than 10 nm). 
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Typically, bright deposits (as a result of additives, for instance) such as Ni-P 

(electrodeposited) exhibit such structure.  Those deposits can be expected to be of high 

strength but poor ductility. 

Grains are individual crystallites in a polycrystalline body of materials.  Crystalline 

materials, whether single-crystal, polycrystalline, or even nanocrystalline, is made such 

that its components atoms and molecules are arranged on a three-dimensional regular, 

repetitive pattern called a lattice.  Crystalline structure exhibited as a product of electro-

deposition depends on a “competition” between rates of new crystalline formation and 

existing crystal growth.  Specifically, the effect of deposition conditions during plating on 

deposit structure is such that deposition close to the limiting current leads to dendritic 

growth, as the effect of transport is more pronounced in systems exhibiting low activation 

overvoltage.  Well below the limiting current, an increase in the activation overvoltage 

tends to favor formation of equiaxed smaller-grained deposits because nucleation is 

facilitated.   

A large number of variables in the plating process have bearing on structure.  These 

include metal-ion concentration, additives, current density, temperature, agitation and 

polarization, as shown in Figure 3.17 [4, 71].  The arrows in the figure indicate the 

tendency that an increase in the given parameter will cause in determining grain sizes.   

 

3.3.1. X-ray diffraction (XRD) examination 

X-ray diffraction [72] is due essentially to the existence of certain crystal phase 

relations between two or more waves.  The diffracted beam from a crystal is built up of 

rays scattered by all the atoms of the crystals, which lie in the path of the incident beam.  
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Furthermore, the diffraction of monochromatic x-rays takes place only at those particular 

angels of incidence that satisfy the Bragg law [72].   

 

3.3.1.1. Bragg’s law 

There are two geometrical facts: (1) the incident beam, the normal to the reflecting 

plane, and the diffracted beam are always coplanar.  (2) the angle between the diffracted 

beam and the transmitted beam is always 2θ – diffraction angle.  The Bragg law can be 

written in Eq. (3.15) [72] 

    θλ sin2d=      (3.15) 

where λ is wavelength, d is space between planes, and θ is half diffraction angle.   

 

3.3.1.2. Grain size 

The grain size of crystals can be calculated by Eq. (3.16) [72] 

    0.9
cos

B
d

λ
θ

=      (3.16) 

where B is broading of diffraction line measured at half its maximum intensity (radians), 

and d is grain size.  The chief problem in determining particle size from line breadth is to 

determine B from the measure breadth BM of the diffraction line.  Warren’s method is the 

simplest to determine B, shown in Eq. (3.17) [72] 

     222
sM BBB −=      (3.17) 

where BS is the measured breadth at half-maximum intensity of the standard.   

Therefore, grain size of nanocrystalline copper films can be achieved by Eq.(3.16) 

and Eq.(3.17).   
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3.3.1.3. Crystal orientation 

Each grain in a polycrystalline aggregate normally has a crystallographic orientation 

different from that of its neighbors.  Any aggregate characterized by the latter condition 

is said to have a preferred orientation, or texture, which can be defined simply as a 

condition in which the distribution of crystal orientation is nonrandom.  In general, the 

lattice points forming a three-dimensional space lattice should be visualized as occupying 

various sets of parallel planes.  With reference to the axes of the “unit cell”, shown in 

Figure 3.18 [74], each set of planes has a particular orientation.  Brackets such as {100} 

signify planes that are equivalent, such as cube faces.  The direction that are normal 

(perpendicular) and that are equivalent are seen to be enclosed in <> brackets.   

The texture of coatings and films deposited by different techniques do differ widely 

[75].  It appears that electrochemical parameters and not substrate properties are the main 

deciding factors in determining the texture of deposits.  This is indeed so when the 

deposit’s thickness is 1 µm or more.  Another non-electrochemical factor may be the 

codeposition of particular matter with some metal deposits.  To summarize, the texture is 

influenced mostly by deposition current density, it is itself a function of bath pH, 

potential, and other parameters.   

Texture has a rather marked influence on the properties of a given deposit.  Thus, 

rather seemingly unrelated parameters (properties) such as corrosion resistance, hardness, 

magnetic properties, porosity, contact resistance, and many others are all texture-

dependent.  Lamb et al [76] reported that (100) and (111) textures for sulfate deposits 

under certain conditions.  Ye et al [75] reported that an increasing cathodic overpotential 

leaded to a crystallographic texture change of the specimen, and (220) orientation 
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increased with the cathodic overpotential.  Addition of chloride ions lower than 40 ppm 

leaded to a higher normalized peak intensity of (220) and a smaller roughness.   

 

3.3.2. Scanning electron microscopy (SEM) examination 

Low- and high-resolution images can be taken using scanning electron microscope to 

study surface morphology of the deposits.  The scheme of the scanning electron 

microscope is shown in Figure 3.19 [77].   

Energy-dispersive X-ray Spectrometry (EDS) in SEM is used to perform chemical 

analysis using X-ray.  Energy-dispersive analysis is more qualitative or semi-quantitative 

than quantitative.  Problems with partially overlapped peaks are more common in energy 

dispersion because of the poorer resolution in the long-wavelength region.  Peak overlap 

makes it difficult to measure the area under each peak, and it is the area, rather than peak 

height, which is proportional to x-ray intensity, because the peak width W varies with 

energy.   

 

3.3.3. Microhardness 

Microhardness test is a microindentation hardness using a calibrated machine to force 

a diamond indenter of specific geometry, under a test load of 1 to 1000 gf, into the 

surface of the test material and to measure the diagonal or diagonals optically.   

Knoop hardness number (HK) is the number obtained by dividing the applied load in 

kilogram-force by the projected area of the indentation in square millimeters, computed 

from the measurement of the long diagonal of the indentation.  It is assumed that the 

indentation is an imprint of the undeformed indenter (Figure 3.20) [78].   
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The Knoop hardness number is computed from the following Eq. (3.18) [78] 

  222 229.14
07028.0 d
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P
cd

P
A
PHK

P

====    (3.18) 

where: P = load, kgf, AP = projected area of indentation, mm2, d = length of long 

diagonal, mm, and c = indenter constant relating projected area of the indentation to the 

square of the length of the long diagonal.   

Microhardness is a function of grain size for polycrystalline materials.  In an attempt 

to quantitatively relate the grain size in a metal to its mechanical properties, Petch and 

Hall proposed the expression relating grain size d with hardness H in a metal [4].  Thus 

Eq. (3.19) [4] 

    
d

KHH H
1

0 +=     (3.19) 

where H0 and KH are determined experimentally for a given specific metal and where 

their physical meaning is as follows: H0 is the value determined by dislocation blocking, 

which is, in turn, dependent on the fraction stress; and KH represents the penetrability of 

the moving dislocation boundary.   

Yang et al [79] reported that microhardness of nanocrystalline copper is about six 

times greater than that of coarse-grained copper, grain size and density affected the 

microhardness of nanocrystalline materials.  Huang et al [80] reported that the hardness 

of nano-copper was much more sensitive to the test temperature than that of the coarse-

grained one in the low temperature range, and the hardness of nano-copper was greatly 

increased with lowering the temperature.  Lamb et al [76] reported that hardness 

decreased slightly with increase in concentration of copper sulfate, hardness also slightly 
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increased with increase of current density, and hardness was increased by use of addition 

agents but only a small effect,  

 

3.3.4. Transmission electron microscope (TEM) examination 

 

3.3.4.1. Sample preparation by electrolytic polishing 

Electrolytic polishing is also called anodic polishing or electropolishing, and the 

smoothing action is caused by the anodic dissolution of the sample surface in an 

electrolytic cell [81].  Suitable electrolytes for anodic polishing are usually mixtures of 

phosphoric, sulfuric, and perchloric acids in ionizing solutions such as water, acetic acid, 

or alcohol.  Glycerol, butyl glycol and urea are added to increase the viscosity.  The 

electrolyte should always be well stirred and cooled during the polishing process for 

safety.  The polishing action for a given combination of electrolyte and sample material is 

controlled by the current (mA), voltage (mV), the distance of the sample from the 

electrode, size ratio of cathode to anode, surface condition of the anode, polishing time, 

temperature of the electrolyte, agitation of the electrolyte, and concentration of the 

electrolyte.  The original surface condition of the anode (sample) affects the polishing 

time.  Typically, the polishing time becomes shorter, the higher the cuurent density and 

the better prepared the sample surface.   

A prerequisite for electrolytic polishing is a sample material that is electrically 

conductive, for example, all metals and alloys, as well as some nonmetallic materials 

such as carbides and graphite.   

There are advantages of electrolytic polishing:  
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• No deformation and smeared surface layers 

• Short time and good reproducibility; applies only when using a suitable recipe 

• No or only little heat generation of the sample 

• Possibility for subsequent etching with the same equipment 

• Easy removal of deformation or smeared surface layer from mechanical grinding 

or polishing with a short electrolytic polish 

However, the disadvantages listed below present certain limitations of electrolytic 

polishing: 

• Edges are especially heavily attacked. Good edge retention is very difficult to 

obtain 

• Only slight surface roughness is being leveled; large, uneven areas are not well 

polished 

• Electrical contact can be lost with samples that oxidize easily 

• Coarse-grained materials are not well suited for electrolytic polishing 

• At the interface of nonmetallic inclusions the matrix metal is preferentially 

attacked, resulting in heavy relief and gap formation. 

 

3.3.4.2. Transmission electron microscope (TEM) study 

The source of the electron beam in TEM is at the top of the microscope ‘column’ 

while the recording system is at the bottom.  In TEM mode, the microscope is operated 

(a) to form images by bright field, dark field, or lattice image phase-contrast modes and 

(b) to form diffraction patterns by using selected area apertures and focusing the 
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intermediate lens on the diffraction pattern formed in the back focal plane of the objective 

lens [82].   

 

3.4. Literature Review 

 

In order to design the experiments that will successfully produce nanocrystalline 

particle-free copper and copper-based composite films, it is important to know the past 

experience with the construction of conventional composite films, the history of 

nanocrystalline deposition techniques, and with the background of various additives 

during the metal deposition process.  Therefore, relevant literature was reviewed in the 

following areas:  

(1) Composite films: To know the history and technique development about 

composite films, and particularly to understand how conditions such as plating method, 

bath composition, and current density could achieve a composite film with certain 

amount of particles (i.e. alumina).     

(2) Nanocrystalline films: To know the history and background about 

nanocrystalline materials, and particularly to realize the critical deposition conditions 

(additive and its concentration, temperature, pH, and current density) to achieve 

nanocrystalline films with controlled grain size.    

(3) Additives: To review the effects of additives on conventional metal deposition.  

The additives used for conventional metal deposition may provide insight to improve 

nanocrystalline codeposition.   
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Major references are listed in Table 3.1, Table 3.2, and Table 3.3 according to above 

three categories, and are discussed in the following sections.   

 

3.4.1. Composite films 

In the past decades, researchers used alumina particles with various sizes to produce 

composite films in carefully designed deposition baths by either direct- or pulse-current 

plating.  Hard materials such as alumina particles were successfully codeposited into 

metal matrix.  It is interesting to notice that certain soft polymer lattices were also 

included in copper codeposition development.  Extensively studies were performed on 

codeposition conditions like particle loading and ion absorption, current density, rotation 

rate, monovalent ion addition and electrolyte.  Relevant mathematical models describing 

the process were also under development.  

 

3.4.1.1. Particle loading and ion absorption 

In most studies, different alumina concentrations as well as various particle sizes 

were employed.  In general, it was recognized that high-particle concentration resulted in 

high alumina concentration in composite films [6, 7, 8, 9, 32].  Various concentrations of 

alumina particle loading such as 3.9, 19.5, 39, 120, and 158 g/L were investigated in a 

200-mL deposition cell [6].  The amount of incorporation was less than 0.2 wt% with less 

than 39 g/L particle loading, and codeposition conducted using 39, 120, and 158 g/L 

loadings, corresponded to 1.2, 3.5, and 4.6 vol% of particles suspended in the electrolyte.  

Stojak and Talbot [6] found that the size (0.02 µm to 0.3 µm) and dry packing density 

differences (3.2 g/cm3 for 0.05 µm γ-alumina and 3.4 g/cm3 for 0.3 µm α-alumina) of 

alumina powders had relatively little effect on codeposition in a rotating cylinder 



 

 34 
 

electrode (RCE).  However, the crystallographic phase had a significant effect on particle 

incorporation.  Powders that were predominately gamma-gamma and alpha-gamma 

alumina had more than three times by volume the incorporation levels compared to those 

obtained with pure alpha alumina [6].  However, in all cases the alumina loading between 

25 g/L [32] to 158 g/L [6] was too high to keep all particles well suspended in the 

deposition baths.    

When alumina powders were dispersed in solution, the shearing force of the rotating 

electrode could break the agglomerated particles into individual 0.05 µm diam particles, 

which were then incorporated into the electrodeposited film. Stojak and Talbot [6] 

confirmed that the particle size of the Buehler-Praxair 0.05 µm γ-alumina to be in the 

range of 0.03-0.06 µm with TEM observations.   

The adsorption of cations on alumina surface is the key mechanism of codeposition.  

The electrocodeposition of inert particles has two successive adsorption steps: first the 

inert particles surrounded by adsorbed ions and solvent molecules, are loosely adsorbed 

on the cathode and in equilibrium with the particles in suspensions; and secondly a strong 

electrochemical adsorption of particles on the cathode takes place.  The inert particles are 

now permanently bound to the cathode and are consequently embedded in the deposit [7].  

Foster and Kariapper [37] reported that strong adsorption of nickel ions on the alumina 

particle surface in nickel plating baths produced a surface charge for particles to be 

attracted to the cathode surface.  And the contact time was long enough for particles to be 

engulfed by the growing deposit.  However the codeposition of alumina did not occur in 

acid copper plating baths because of lack of cation adsorption on the alumina particles.  

Celis and Roos [7, 8] also found that a real contact between alumina particles and the 
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cathode happened by the breakthrough of the layer of ions adsorbed on the alumina 

particles.  Furthermore, Buelens et al [39] and Roos et al [8] reported the second step 

concerning the reduction of copper ions adsorbed on alumina particles was the rate-

determining step.   

In addition to alumina particle codeposition, soft polymer particles were also tested.  

Fransaer and Celis [13] investigated on the codeposition of polymer lattices (polystryrene 

and polymethylmethacrylate) on a rotating disk electrode.  They found that polymer 

lattice incorporation rate was almost solely governed by the convection which was 

instigated by the rotating disk and by the dispersion force close to the disk.  And they 

concluded that the increase in the codeposition with increasing temperature and the drop 

in codeposition with increasing viscosity.  But they didn’t report the polymer lattice 

concentration used in their baths.   

 

3.4.1.2. Current density and rotation rate 

The current density has shown significant effects on particle incorporation.  Quite 

different current densities were used to produce composite films by direct-current plating.  

The rate of reduction of copper ions on the alumina particles reached a maximum level at 

a current density between 10 and 20 mA/cm2, as reported by Stojak and Talbot [6] 

(Figure 3.21) and Celis and Roos [7, 8] (Figure 3.22).  Particle incorporation behavior as 

a function of increasing current density can be divided into several regions.  Stojak and 

Talbot [6] reported that particle incorporation behavior initially increased with increasing 

current density from approximately 5 to 15 mA/cm2 for all rotation rates (500, 1000, and 

1500 rpm).  The codeposition then decreased with increasing current density from 
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approximately 15 to 25 mA/cm2, followed by a plateau (at current density from 25 to 55 

mA/cm2) where the codeposition remains relatively constant.  At another decrease 

occurred as mass-transport-limited conditions were approached.   

Pulse-current plating was also applied in codeposition process to increase the material 

strength, to improve the hardness (Figure 3.24), to refine the microstructure in 

electrodeposited cobalt and Co-Al2O3, and to increase incorporation of alumina particles 

in the deposits by Chen and Sutter [9].  Chen and Sutter [9] reported that increasing pulse 

current density produced a parallel increasing trend in hardness and strength reaching 

peak values at a pulse current density of 700 mA/cm2.  The increases in hardness and 

strength of pulse current plated cobalt were contributed to the refinement in grain 

structure.  Because the use of high current pulses in plating would intensify nucleation 

and growth processes leading to a refinement in grain structure.  However, increasing the 

dispersed phase would increase the deposit defect structure.  Chen and Sutter [9] also 

showed that Co-Al2O3 deposits prepared at pulse current densities of 500, 650, and 800 

mA/cm2 had low strength because of the dendritic formation in metal matrix.  It s 

difficult to conclude whether high pulse current or increased dispersed phase plays the 

dominate role in improving the strength of pulse current plated Co-Al2O3 deposits.  

However, the incorporation of Al2O3 in pulse current plated cobalt will improve the 

strength only when the strength in these deposits has not already been optimized by the 

use of high current pulses.    

The rotation rate is one of the most important factors for particle incorporation.  

However, the effect of rotation rate depends on relative current densities.  Figure 3.21 [6] 

shows that incorporation increases with rotation rate at 5 mA/cm2, and a codeposition 
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maximum is obtained at 10 mA/cm2, which indicates that codeposition is not strictly a 

hydrodynamical phenomenon.  Stojak and Talbot [6] reported that increasing rotational 

rate increases the amount of particles that contact the electrode, however, this doesn’t 

result in a corresponding increase in codeposition.  These results support that particle 

incorporation involves the reduction of adsorbed species on the particle as discussed by 

Celis and Roos [7, 8], Foster and Kariapper [37], and Buelens et al [39].  In Figure 3.21 

[6], the decrease in the amount of particle incorporation with increasing rotation rate at 5 

mA/cm2, which indicates that the rate of reduction of the adsorbed ions on the alumina 

particles is relatively low.  Increasing the rotation rate effectively reduces the residence 

time of the particle at the electrode surface, further inhibiting incorporation.  Higher 

levels of incorporation are observed at 10 mA/cm2 than at 5 mA/cm2 for all rotation rates 

evaluated (500, 1000, and 1500 rpm) [6].  Buelens et al [39] claimed that alumina 

incorporation has three regions under condition of 0.47 M Cu2+, 20 g/L Al2O3, and 34 

A/cm2 respectively as shown in Figure 3.23: A laminar flow with constant Al2O3 particle 

embedding; a transition zone where a marked decrease in embedded alumina at the start 

of the transition following an important increase of embedded alumina with increasing 

rotation speed; and a turbulent zone where abrupt decrease of the amount of embedded 

alumina occurs.  The increase amount of codeposited alumina in the transition zone was 

due to the formation of Al2O3 agglomerates in the solution and the subsequent 

codeposition of such agglomerates [39], which was contradictive to well-dispersed 0.05 

µm alumina particles as described by Stojak and Talbot [6].   
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3.4.1.3. Monovalent ion addition 

The presence of monovalent thallium [7, 8, 35, 37] and rubidium ions [37] was found 

to promote the copper and alumina codeposition.  These monovalent cations were 

adsorbed on alumina surface and produced a large positive charge on the alumina surface 

[37].  Celis and Roos [7, 8] believed that thallium increased the rate of reduction of 

adsorbed ions on alumina and facilitated a second adsorption step.  However, it should be 

noted that both thallium and rubidium are chemical hazardous.   

The presence of chloride ions reduces the alumina adsorption rate.  The chloride ions 

in deposition baths prevent a solid-solid bond and the consequent riding of the alumina 

on the growing deposit [35].  White and Foster [35] found that the presence of chloride 

ions in the copper sulfate plating bath reduced the codeposition of alumina, and the 

chloride was adsorbed at cathode surface instead of alumina surface.    

 

3.4.1.4. Electrolyte 

The type of electrolyte is another consideration for particle incorporation.  Most of 

the composite films were produced in sulfate bath [6, 7, 8, 9, 32, 39].  However, Vidrine 

and Podlaha [32] pointed out that the citrate electrolyte was most attractive for further 

optimization of particle incorporation and of deposition time for DC electrodeposition.  

Vidrine and Podlaha [32] also found that γ-alumina particle deposit concentration 

increased with applied current density for citrate bath with a rotating cylinder electrode 

(RCE) during electrocodeposition of Ni-alumina composits.  But author did not provide 

explanation for the mechanism in citrate baths.   
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3.4.1.5. Mathematical model 

In attempt to establish relevant theories, a mathematical model was developed by 

Celis et al [85] for the electrolytic codeposition of alumina particles with copper matrix.  

The proposed mechanism of electrolytic codeposition of inert particles with metals is 

based on two fundamental postulates: 

(1) An adsorbed layer of ionic species is created around the inert particles at the time 

the particles are added to the plating solution or during the pretreatment of these 

particles in ionic solutions. 

(2) The reduction of some of these adsorbed ionic species is required for the 

incorporation of particles in the metallic matrix.   

The model describes that the inert particle has to proceed through five stages on its 

way from the bulk of the solution to the site of incorporation at the active cathode surface 

(Figure 3.25): 

(1) Adsorption of ionic species upon the particle surface; 

(2) Movement of the particle by forced convection towards the hydrodynamic 

boundary layer at the cathode; 

(3) Diffusion of the particle through the diffusion double layer; 

(4) Adsorption of the particle, still with its adsorbed ionic cloud, at the cathode 

surface; 

(5) Reduction of some adsorbed ionic species by which the particle becomes 

irreversibly incorporated in the metal matrix.   
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A model based on a statistical approach can be expressed as follows: a particle will 

only be incorporated when a certain amount of adsorbed ions is reduced, which is 

translated into the expression:   

p p

m p p

W N P
W/O particles embedded = 100

W W N P
⋅ ⋅

×
∆ + ⋅ ⋅

  (3.20) 

where Wp = weight of one particle (kg), Np = amount of particles crossing the diffusion 

layer at the working electrode per unit of time and surface are at current density i (s-1m-2), 

P = probability for the incorporation of one particle at a current density i, ∆Wm = mass of 

metal matrix deposited per unit of time and surface area at current density i (kg m-2 s-1).   

This model was found to be valid for the electrolytic codeposition of Cu-Al2O3 from 

acid sulfate baths as shown in Figure 3.26.   

 

3.4.2. Nanocrystalline films 

Recently nanocrystalline materials have drawn increasing attentions, and 

investigations upon nanocrystalline metals, metal alloys, and composite films by 

electrochemical deposition were conducted extensively.  Conditions such as electrolytes, 

current density, plating method, temperature, pH, additives are essential to properties of 

nanocrystalline films. 
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3.4.2.1. Electrolytes  

Among the published studies, various types of metals, such as, Cu, Pd, and Ni were 

produced from sulfate [10, 33, 46, 49, 62, 63, 75] and chloride [10, 49] electrolytes.  It 

was found in general higher cation concentration in deposition baths caused higher 

deposition rate [10, 33], as shown in Figure 3.27 [33].   

 

3.4.2.2. Plating method and current density 

Both direct- [33, 73] and pulse-current plating [10, 46, 47, 49] have been used for 

nanocrystalline production.  Seah et al [33] fabricated DC-plated nanocrystalline copper 

electrodeposits with average size of 100 nm at deposition current densities of 50 – 60 

A/cm2.  Ebrahimi et al [73] also produced nanocrystalline nickel (45 nm to 79 nm) by 

direct-current plating.   

In addition, pulse plating was applied in some cases.  It was noted that pulse current 

generated smaller grain size than that resulted from direct current as described above.  

Natter et al produced nanocrystalline palladium [10] with primary grain size about 20-30 

nm, copper (8 nm to 100 nm) [46], nickel and nickel-copper alloys  (13 nm to 44 nm) 

[47] by pulse electrodeposition.  Choo et al [49] also achieved nanocrystalline nickel (11 

nm) by pulse plating.  The pulse length ton and toff time had significant effect on grain size 

[10, 47].  As shown in Figure 3.28 [10], an increase in pulse current density at constant 

length ton and constant average current density with an increase in toff time cause an 

increase in grain-size, because grain size growth takes place during the toff time.  But an 

increase in pulsed current density at constant pulse charge and at constant toff implies a 

decrease in grain-size [10].  Therefore a short toff time (0 to 40 ms) prevents a further 
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grain growth in nanocrystalline palladium deposition.  Natter et al [47] found nickel grain 

size decreased from 44 nm to 25 nm with increasing toff time from 5 ms to 249 ms at ton of 

1 ms and at average current of 5 mA/cm2.   

The grain size of electroplated copper films reduced with increasing deposition 

current density [33].  Seah et al [33] claimed that the deposition rate of copper increased 

with increasing current density (Figure 3.27) and increasing cation concentrations in 

deposition bath.   

Unlike direct or pulse plating, the pulse-reverse (PR) current was utilized by Podlaha 

and Landolt [84] to produce nanocrystalline Cu-alumina films in copper-citrate solution 

bath (0.25 M CuSO4
.5H2O, 0.3 M C6H5Na3O7

.H2O, and pH 4.0) by pulse-reverse plating.  

The pulse-reverse plating method was carried out with relatively long cathodic and 

anodic pulses, in the order of many seconds to minutes as opposed to conventional pulse-

plating pulses on the order of millisecond [84].  They claimed that pulse-reverse plating 

could be used to increase the particle concentration in a metal matrix, and decreasing 

duty cycle ( c a

c

Q Q
Q
−

), where Qc and Qa are the cathodic and anodic charges, 

significantly increased the net particle concentration (Figure 3.29).  The total deposition 

charge in pulse-reverse plating is ( )t c aQ Q Q N= − , where N is the number of cycles.   

Plating method and current density also affect the surface morphology of 

nanocrystalline specimens.  Low current densities resulted in rough surface morphology 

due to the presence of pinholes as shown in Figure 3.30 [33].  Pulsed electroplating 

produced large nanocrystalline palladium samples with low porosity [10].  Natter et al 

[10] reported that short toff  (5 ms) time and a low current density (100 mA/cm2) produced 
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needle-like particles, whereas a long toff (50 ms) time and a high current density (1250 

mA/cm2) caused spherical particles.  However, the underlying mechanism was not 

discussed.  The novel material development demands a better understanding of process 

mechanism concerning the above conditions. 

 

3.4.2.3. Temperature 

It was found that increasing temperature increases grain size [46, 47].  The velocity 

(diffusion and migration) of the metal ions and inhibitor molecules are functions of the 

temperature.  The viscosity of the electrolyte decreases at high temperature, therefore, the 

diffusion rate and the velocity of copper ions and inhibitor molecules are increased.  

Natter and Hempelmann [46] claimed that a high temperature resulted in the formation of 

coarse grains (Figure 3.31).  A high temperature causes an increasing ion (Ni) supply 

toward the cathode and thus the cathodic overpotential decreases.  An increased energy 

for the nucleation process results in a decreased rate of nuclei formation and a perferred 

growth of existing nuclei.  Natter et al [47] observed an increase of the grain size from 13 

nm to 39 nm with increasing temperature from 288 K to 363 K and an increase in the 

width of the grain size distribution in nanocrystalline nickel deposition.   

 

3.4.2.4. PH value 

Besides the effect of temperature, increasing pH values also increases grain size [46, 

47, 73].  Natter and Hempelmann [46] reported the smallest nickel grain size of 8 nm at 

pH 1.5 - 2.0 and a continuous increase of the grain size up to 100 nm at pH 11.5 (Figure 

3.31).  The high pH value increases dissociation of a complex (Cu2+ and ligands) that 
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causes an increased Cu2+ concentartion to form large grains [46, 47].  Ebrahimi et al [73] 

produced nanocrystalline nickel by controlling pH in deposition baths without the use of 

additives.  The pH values of 4.5, 4.7, and 5.0 resulted in grain size of 79, 45, and 56 nm, 

respectively.  The increasing pH value from 2.8 to 5.1 enhanced the nucleation rate of 

nickel crystals, which corresponded to decreasing grain size from 343 to 35 nm.   

 

3.4.2.5. Additive for nanocrystalline deposition 

Organic additives played an important role in nanocrystalline production.  Organic 

additives such as citric acid, malonic acid, tartaric acid, and saccharin were investigated 

to understand their effects in deposition process [10, 46, 49].  Natter et al [10] reported 

that certain chelate ligands such as citric acid, tartratic acid, or other organic amines can 

form a complex with the Pd2+ ions to produce a big number of nuclei.  Natter and 

Hempelmann [46] (Figure 3.31) found that baths with the ratio of citric acid to copper 

ions of 1:1 resulted in grain size of 29 nm.  The addition of malonic acid resulted in very 

coarse grains because malonic acid activated the metal deposition by the displacement of 

adsorbed water molecules and copper ions were easily discharged.  Tartaric acid showed 

a further inhibitor effect because this carboxylic acid has four hydrophilic functional 

groups.  An increasing citric acid concentration caused decreasing copper grain size 

because of the complex formation.  Ethylenediaminetetracetic acid disodium salt (DiNa-

EDTA) is a strong inhibitor and complex former.  The small grain size of 20 nm could be 

explained with the inhibitor effect of DiNa-EDTA.  Choo et al [49] claimed saccharin 

was used to reduce surface mobility for massive nucleation rates and reduced grain 

growth.   
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Based on the review, in general low current produced rough surface morphology.  

Long toff time, high temperature, and low pH produced small grain size.   

 

3.4.3. Additives for conventional metal deposition 

Although literature review about composite films and nanocrystalline films contains 

information about additives, additives for conventional metal deposition are still 

important as those additives would provide another aspect of information about 

deposition mechanism and novel additives.  Popular organic additives such as gelatine, 

thiourea, EDTA (Ethylenediaminetetracetic acid), citric acid, and benzotriazole (BTA), 

and inorganic additives such as chloride are covered in this review.   

The influence of gelatine, thiourea, and chloride was studied by De Maere and 

Winand [53].  They found that the presence of chloride (20 to 50 mg/L) caused larger and 

longer grains.  They concluded that thiourea was a strong promoter of 3 D nucleation, 

and that increasing the gelatine and thiourea concentrations simultaneously led to finer 

grain size.  High gelatine concentration cannot compensate for a lack of thiourea.  Forsen 

et al reported gelatine acted as an inhibitor in copper electrolysis conditions, and it 

favored the growth of existing copper crystals that resulted in the formation of basis 

orientated reproduction structure [55].  The adsorption of gelatine at the surface of copper 

cathode decreased the amount of free and active sites of the cathode surface, and reduced 

electrolysis current at a constant overpotential.  Gelatine reached its maximum inhibitor 

efficiency at a concentration of slightly over one ppm.  De Maere and Winand [53] and 

Forsen [55] agreed that gelatine had a tendency to decrease the grain size of the copper 

deposit.  They also agreed that thiourea has the most important influence on grain size, 
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and the decreasing concentration of thiourea led to large crystal.  However, the 

depolarizing effect of thiourea disappeared in the presence of chloride ions.  At the 

chloride ion concentration of 30 ppm, the electrochemical behavior of the system was 

similar to that of chloride-free systems.  Elsherief and Saba [66] also reported the 

presence of gelatine improved the quality of the deposit to be free from pores and 

dendrites.  Johnson and Turner [65] reported gelatine inhibited pyramidal crystal growth 

during copper plating at low current densities by adsorbing on the apex of the pyramids.   

A complex forming reagent of citric or EDTA was also tested in codeposition.  

Ishizaki et al [57] claimed the addition of citric acid and EDTA shifted the deposition 

potentials for Cu and In toward more negative and reduced their limiting current 

densities. Because the formation of complexions consisting of Cu ions and ETDA liquid, 

decreased the Cu2+ activity between –0.25 and –0.55 V.  The codeposition potential was 

shown to shift to more negative in the solution containing EDTA than that of citric acid.  

The influence of benzotriazole (BTA) compounds was elucidated on copper 

electroplating process.  Leung et al [58] reported a polymeric Cu(I)BTA complex formed 

made cuprous ions less favorable to diffuse freely on the surface.  BTA adsorbed on the 

surface of the copper islands and passivated the islands.  In the absence of additives, the 

cuprous ions diffused even faster than the presence of additives, which resulted in the 

roughest surface morphology.  It is obvious that BTA is not a good choice of additive for 

nanocrystalline films with smooth surface.   

It is interesting to observe the influence of chloride on specimen texture, roughness, 

and ductivity.  Ye et al [75] produced specimens with majority of (220) fiber texture in 

the presence of chloride (lower than 40 ppm).  They also found that increasing chloride 



 

 47 
 

ion concentration increased the occurrence of the (111) orientation.  The (220) texture 

was the main texture up to a cathodic overpotential of 150 mV.   

 

3.4.4. Summary of literature review 

In summary, researchers have explored various electrodeposition conditions, 

including plating method, current density and pulse time, pH, temperature, and additives, 

to produce composite films or nanocrystalline films with ceratin properties.  The XRD, 

SEM, or TEM were widely used to characterize those specimens.  From this literature, it 

is clear that free-standing metal and metal-based nanocrystalline composite films are not 

developed yet.  However, the information helps to design experiments for further 

research on producing free-standing composite, and to establish method to characterize 

mechanical properties for nanocrystalline copper-alumina composits.   

Based on information relevant to composite films, alumina particle loading are 

important not only to having enough particles contact cathode surface, but also to keeping 

particles well suspended in the electrolytes.  The current densities (5 to 55 mA/cm2 for 

DC plating and 700 mA/cm2 for pulse-plating) are critical for particle incorporation.  The 

rotation rates of 500, 1000, and 1500 rpm are expected to be suitable for codeposition 

depending on the electrolyte and the size of deposition cell.  Also certain monovalent 

ions could be tested to improve particle incorporation.   

Based on experiences with deposition of nanocrystalline films, the choice of plating 

method (DC, PP, or PR) and current density corresponding to a chosen method are the 

key conditions for nanocrystal production.  Low temperature and low pH might favor 

small grains and could be employed.  
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Based on additive information as discussed above, gelatine and maybe thiourea could 

be used to produce nanocrystalline composite films in the absence of chloride ions as this 

condition may favor nancrystal formation smooth surface.   

The above summarized information will be incorporated into experimental design.   
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Table 3.1. References about composite films.   
Author Year Material Substrate Bath composition Additive T Method Comments Reference

Chen 1976 Co Brass 310 g/L CoSO4
.7H2O No additive 400C Pulse plating High current pulse increase 9

Sautter Al2O3 41 g/L CoCl2
.6H2O 0-800 mA/cm2 the strength, mechanical properties

25 g/L H3BO3 Rotating disk electrode of Co-Al2O3 improved by pulse 
pH 2.0 (RDE) current plating

 Celis 1977 Cu steel 0.47 M CuSO4 No additive RT Plate pumping process Thallium promotes codeposition 7
 Roos Al2O3 1.22 M H2SO4 as a plating cell

pH 0.3 
(1) α-Al2O3

(2) thallium
 Roos et al 1977 Cu steel 10, 40 g/L 0.05 µm γ-Al2O3 1 g/ L Tl2SO4 RT Plate pumping process Particles can be codeposited with 8

γ/α-Al2O3 40 g/L 0.3 µm α-Al2O3 1, 15 g/L Al2(SO4)3
.18H2O as a plating cell copper with and without Cl-

0.47 M CuSO4 0.1 N HCOONH4 Thallium and aluminum sulphate promote  
1.22 M H2SO4 deposition of α- and γ- alumina

0.8-64.5 ppm Cl-

pH 0.3 - 4
Buelens 1983 Cu brass 0.47 M CuSO4 No additive RT Rotating disk electrode 18 - 23 wt% Al2O3 in deposit 39

Celis Au 1.22 M H2SO4 & (RDE)
 Roos  Al2O3 pH 0.03 40

10 g/L Au Mechanism of codeposition is 
100 g/L  KH2PO4 similar for both systems

pH 4.0
Fransaer 1997 Cu Cu 0.8 M CuSO4 1% (W/V) gelatine 0-400C Rotating disk electrode Rate of particle embeding is 13

Celis PS* 0.2 M H2SO4 (RDE) governed by convection by 
PMMA** particles diameter 5, 200 rpm rotating disk

10, and 20 µm
Susan et al 1997 Ni Ni 400 g/L Ni(NH2)SO3 0.5 g/L sodium laurel sulphate 500C Direct-current plating 8-2  volume % Al in coating 24

Al 30 g/L boric acid 0.1 g/L coumarin 100 A/cm2 Microhardness decreases with 
 pH 4.0    5 g/L NiCl2 1.5 h increasing Al volume %
Al particles 1.25 µm Rotaing disk electrode

150, 225 g/L Al powder (RDE)

 
* Polystyrene  
** Polymethylmethacrylate 
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Continued Table 3.1:  
 

Author Year Material Substrate Bath composition Additive T Method Comments Reference
 Stojak 1999 Cu steel 0.1 M CuSO4 No additive RT Rotating cylinder electrode Size and density differences of 6
Talbot α-Al2O3 1.2 M H2SO4 (RCE) alumina powders have little 

39, 120, 158 g/L Al2O3 5 to 25 mA/cm2 effect on codeposition
Vidrine 2001 Ni Cu / steel NiSO4.6H2O No additive RT DC plating (RCE) 0 - 1.01 wt% γ-Al2O3 32
Podlaha γ-Al2O3 with 1µm Au 0.3 M Na3C6H5O7.2H2O 13.3 - 92.8 mA/cm2

coating 25 g/L γ-Al2O3 Pulse-reverse plating

pH 4.0 26.5 to - 26.5 mA/cm2

0.71 M (H2NSO3)Ni.H2O DC plating Nanosize alumina particles in 
0.063 M NiCl2 39.8 - 92.8 mA/cm2 nickel can be codeposited under
0.48 M H3BO3 RCE DC plating onto a rotating cylinder 
25 g/L γ-Al2O3 Pulse-reverse plating electrode (RCE)

pH 4.0 26.5 to - 26.5 mA/cm2 0.1 - 1.18 wt% γ-Al2O3

0.2 M NiCl2.6H2O efficiency 92.3 - 96.4%
0.4M H3BO3 cracked and pitted at pH=3.0
0.43 M NaCl

10 g/L γ-Al2O3

pH 3.0 or 4.5
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Table 3.2. References about nanocrystalline deposition.   
 

 

* Ethylenediaminetetracetic acid disodium salt 

Author Year Material Substrate Bath composition Additive T Method Comments
Choo et al 1995 Ni TiN 300 g/L  NiSO4

.7H2O 0, 0.5, 2.5, 5.0 and 10 g/L saccharin 600C Pulse plating Average grain size 11  +/- 1 nm
5 g/L  NiCl2.6H2O 650C ton=2.5, 5 ms
45 g/L  Boric acid toff=15 and 45

pH (2 and 4.5) 1.6 and 1.9 A/cm2

Natter et al 1996 Pd Steel / Ti 112 mmol/L PdCl2 Citric acid, tartratic acid, organic amines 400C Pulse plating Grain size varies 17 to 27 nm
378 mmol / L (NH4)2SO4 NH4OH ton = 1 and 4 ms

pH = 6-7 toff = 5 and 50 ms
112 mmol/L PdCl2 No additive 600C ic = 0.1 and 1.25 A/cm2

5 n HCl t = 5, 15, 30, and 90 min
pH = 0

112 mmol/L PdSO4  No additive 600C
0.5 mol/L H2SO4

pH = 1-2
Natter 1996 Cu Ti 0.112 M CuSO4 (1) citric acid  0.109 M 400C Double-walled plating cell  (1) Grain size 29 nm

Hempelmann 0.38 M (NH4)2SO4 (2) citric acid  0 M Pulsed electrodeposition (2) Grain size 50 nm
pH 1-2 (3) Tartaric acid  17 g/L ton = 1 ms (3) polycrystalline

(4) Malonic acid  12 g/L toff = 100 ms (4) polycrystalline
(5) DiNa-EDTA * 42 g/L I pulse = 1.25 A/cm2 (5) Grain size 20nm

Ia = 0.0125 A/cm2

Podlaha 1997 Cu Cu  0.25 M CuSO4 0.3 M C6H5Na3O7
.2H2O 250C DC plating (RCE) Pulse-reverse plating increase the 

Landolt Al2O3 H2SO4 10 mA/cm2 particle concentration in metal
12.5 g/L γ-alumina pulse-reverse plating matrix

pH 4.0 5 mA/cm2

Seah et al 1999 Cu Si(100) 0.4 M CuSO4 No additive 350C DC plating Grain size 35-45 nm at 30-60 mA/cm2

Cu seed 1.53 M H2SO4 Rotating disk electrode
TiN 0.8 M CuSO4 10 - 60 mA/cm2

0.75 M H2SO4 30 sec
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Table 3.3. References about additives. 
 

Author Year Material Substrate Bath composition Additive T Method Comments Reference
Johnson 1962 Cu Pt 1.0 M CuSO4 1.3*10-4 M thiourea and glycine RT RDE Gelatine inhibits pyramidal crystal growth 65
 Turner 1.0M H2SO4 4.2*10-5 M cystine 100, 400, 900, 

6.2*10-5 M dextrin and 1600 rpm
0.01 g/L gelatine

 Ye et al 1992 Cu steel 2.0 M CuSO4 0-25 NaCl RT RDE Chloride led to (220) texture 75
0.36 M H2SO4  4-32 mA/cm2

De Maere 1995 Cu steel 0.66 M CuSO4 20-80 g/T Cu thiourea 660C Natural convection Thiourea has most important effect 53
Winand 1.63 M H2SO4 25-100 g/T Cu gelatine electrolysis cell High gelatine led to small grain size

0.20 NiSO4 20-50 mg/L chloride 26 mA/cm2

Forsen et al 1995 Cu steel 0.36 M CuSO4 1-4 ppm gelatine 600C Natural convection Gelatine has a polarizing effect on 55
1.94 M H2SO4 2 ppm thiourea electrolysis cell deposition. Thiourea has a depolarizing 

< 30 ppm chloride ion 30 mA/cm2 effect. Chloride ions have effect on
polarizing 

Elsherief 1996 Zn aluminum 1 .0 M Zn ion 50, 100, and 2000 mg/L gelatine 400C DC plating Gelatine increases hydrogen  66
 Saba stripping 1.53 M H2SO4 60-100 A/dm2 overpotential and affect morphology
 Kelly 1998 Cu copper 0.24 M CuSO4 300 ppm PEG* (3350) RT Direct current Addition of chloride ions promotes the 63
West 1.8 M H2SO4 50 ppm chloride ion 10 mA/cm2 and 900 rpm deposition reaction. PEG affects kinetics

Iskahiro et al 1999 Cu-In Ti 0.05, 0.01 M CuSO4 1.0 M citric acid RT 5 mV/s sweep rate The presence of citric acid and EDTA 57
0.10 M In2(SO4)3 1.0 M EDTA ** Pulse current shifted potential to more negative

pH 3.0
Leung et al 2000 Cu gold/glass 0.05, 0.5 M CuSO4 100 µm benzotriazole (BTA) RT 40 and 80 mA/cm2 BTA causes rough surface morphology 58

0.05, 0.5 M H2SO4 Direct current  
 
* Polyethylene glyco 
** Ethylenediaminetetracetic acid 
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Figure 3.1. Orientation of water molecules with respect to positive and negative ions 
[4]. 
 
 

 

Figure 3.2. Ion-water interaction [4, 15, 16]. 
 

 

 

Figure 3.3. Ion-ion interaction [4]. 
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Figure 3.4. Ion pairs: (a) ion contact type; (b) shared hydration shells; (c) hydration 
shell contact type [4, 16].  

 

Figure 3.5. Schematic presentation of binding forces on an atom in the surface (a) 
and in the bulk (b) [4]. 

 
Figure 3.6. Some simple defects found on a low-index crystal face: (1) the perfect flat 
surface; (2) an emerging screw dislocation; (3) the intersection of an edge dislocation 
with the terrace; (4) an impurity adsorbed atom; (5) a monatomic step in the 
surface, a ledge; (6) a vacancy in the ledge; (7) a kink, a step in the ledge; (8) an 
adatom of the same kind as the bulk atoms; (9) a vacancy in the terrace; (10) an 
adatom on the terrace [4, 17].   
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Figure 3.7. Two phases in contact: (a) at t = 0, moment of contact; (b) at equilibrium 
[4]. 

 

Figure 3.8. Formation of metal-solution interphase; equilibrium state: 
←→

= nn  [4]. 

 

Figure 3.9. Structure of water in the interphase.  At a negatively charged electrode, 
there is an excess of water dipoles with their positive hydrogen ends oriented toward 
the metal [4].   
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Figure 3.10. Scheme of current for pulse current plating, T (ton) is current peak 
time, T’(toff) is zero current time, ip the peak current, and im is average current, 

'
p p on

m
on off

i T i t
i

T T t t
= =

+ +
. [40, 41] 

 

Figure 3.11. Initial and final states in metal deposition [4, 15].   

 
Figure 3.12. Step edge ion-transfer mechanism [4, 15].   

 



 

 57 

 
Figure 3.13. Ion transfer to the terrace site, surface diffusion, and incorporation at 
kink site [4, 15]. 

 

Figure 3.14. Schematic representation of important adsorption phenomena in 
codeposition on an inert Al2O3 particle (a) and on a cathode surface (b) [39]. 
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Figure 3.15. Schematic representation of the layer growth (a, b) and the nucleation-
coalescence mechanism [4].   
 

 

Figure 3.16. Schematic cross section (perpendicular to the substrate) of the 
columnar deposit [50, 51]. 
 

 

 

Figure 3.17. Relation of structure of electrodeposits to operating conditions of 
solutions [4, 71]. 
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Figure 3.18. Crystal planes and directions as indicated.  One plane and one direction 
in each cube are indicated [4]. 

 

 

Figure 3.19. Scheme of scanning electron microscope (SEM) [77]. 
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Figure 3.20. Scheme of Knoop indenter [78]. 
 

 
Figure 3.21. Particle incorporation vs. current density for three electrode rotation 
rates at 120 g/L particle loading [6].   
 

 
Figure 3.22. Codeposition of α-alumina and copper from a copper sulfate bath [7].   
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Figure 3.23. Wt % of embedded Al2O3 in copper against rotation speed of rotating 
Riddifort type electrode [39].   
 

 

Figure 3.24. Knoop hardness of Co-Al2O3 electrodeposited with ultrasonic agitation 
from a Watts electrolyte containing 0.02 µm Al2O3 maintained at pH 2.0 and 400C. 
(○) plated with pulse current at 500 mA/cm2. (●) plated with pulse current at 650 
mA/cm2. (◐) plated with pulse current at 800 mA/cm2 [9].   
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Figure 3.25. The five stages in the codeposition of a particle [85].   
 

 

Figure 3.26. Experimental and predicted results for Cu-Al2O3 codeposition on a 
rotating disk electrode [85].   

 
 



 

 63 

 

Figure 3.27. Deposition rate of copper as a function of current density. Bath A 
contains 0.4 M CuSO4 and 1.53 M H2SO4, Bath B contains 0.8 M CuSO4 and 0.51 M 
H2SO4 [33]. 
 

 

Figure 3.28. (A) Grain size as a function toff.  (B) Grain size as a function ton [10].    
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Figure 3.29. Pulse-reverse plating from an electrolyte containing 12.5 g/L γ-alumina 
particles, at 800 rpm, Qc = -0.6 C/cm2, and variable Qa [84].    

 
 

 

Figure 3.30. RMS (root mean square) roughness of copper as a function of current 
density. Bath A contains 0.4 M CuSO4

.5H2O and 1.53 M H2SO4; Bath B contains 0.8 
M CuSO4

.5H2O and 0.51 M H2SO4 [33].   
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   (A)     (B) 

 

 
   (C)     (D) 

 

Figure 3.31. X-ray diffraction patterns of copper deposits (A) prepared from 
electrolytes containing different kinds of complex formers; (B) (111-reflections) 
prepared from electrolytes with variable citric acid contents; (C) (111 and 200 
reflections) prepared at different temperatures; (D) prepared with different pH 
values [46].    
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4. EXPERIMETAL 

Each set of experiments contains three parts of work: preparation of bath solution and 

electrode, electrochemical deposition, and material characterization of deposited films.  

The scheme is described in Figure 4.1. 

 

4.1. Experimental Preparation 

The experimental preparation includes two parts: bath solution preparation and 

working electrode (cathode) preparation.  Bath solution was prepared by dissolution of 

the bath chemical compounds and heating.  Working electrode/cathode was prepared by 

mechanical polishing.  

 

4.1.1. Bath solution preparation 

Alumina particle bath solution, diamond particle bath solution, and particle-free 

copper bath solution were prepared before each experiment.  Basically, chemical 

dissolution was required for all the bath solution preparation.  But baths containing 

particles must be heated to ~ 1500C on a hot plate for 12 hours with reflux before the 

deposition process.  We believe that heating helps particles disperse in the bath solutions.  

There were CuSO4, H2SO4, and alumina/diamond particles heated in the bath solution. 

The pH was measured at the beginning and the end of the solution preparation, and no 

change of pH was measured.   
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4.1.1.1. Alumina particle containing baths 

The chemical composition of each solution used in the study is shown in Table 4.1.   

 

Table 4.1. Bath chemical composition for alumina particle bath solution. 
 
CuSO4

.5H2O Al2O3 H2SO4 Gelatine 
(M) (g/L) pH (M) (g/L) 

12.5 0.25, -0.18 0.56, 1.5 0.1, 0.02 0.25 1.0 0.25, -0.18 0.56, 1.5 0.1, 0.05, 0.02 
 

 

Cupric sulfate (CuSO4
.5H2O) (certified A.C.S) purchased from Fisher Scientific and 

alumina particles, average size 50-nm from PRAXAIR Surface Technologies (Lot 

B1001) were weighted on a balance (Fisher Scientific, XD-1200D) and put into a 500-

mL volumetric flask.  Then, DI water was added to the flask.  Certain amount of H2SO4 

(Certified A.C.S, Fisher Scientific) was slowly added into the same flask according to 

Table 4.1.  A total about 400 mL liquid was in the flask.  A teflon-coated magnetic stir 

bar was added to the flask, then the flask was placed on a hot plate (~150°C) and capped 

with a water-cooled reflux condenser.  The CuSO4
.5H2O solids were dissolved in the bath 

solution with the stirring of the solution.  

The bath solution in the flask was heated for 12 hours.  There was 300 mL DI water 

added in the deposition cell before pouring the heated solution in the cell.  The 

approximately 700 mL bath solution was sparged by nitrogen  (National Welders) for 

about 1 hour before gelatine (Knox) was added to the deposition bath.  Gelatine (Knox) 

was carefully weighed using a balance (Mettler AE 166), and was dissolved in DI water 

to form a 2 g/L solution under slightly heating on a hot plate ~ 450C.  A volume of 2 g/L 
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gelatine solution was added to the bath according to the required concentration for each 

deposition bath (Table 4.1).   

 

4.1.1.2. Diamond particle containing baths 

Diamond particle bath solutions were prepared in the same way as alumina particle 

bath solution, except that 5-nm diamond particles were suspended in the solution.  The 

chemical composition for diamond particle bath solution is shown in Table 4.2.  The 

diamond particles used in the bath solution were purchased from Alite Russia.   

 

Table 4.2. Bath chemical composition for diamond particle bath solution. 
 
CuSO4

.5H2O Diamond H2SO4 Gelatine 
(M) (g/L) pH (M) (g/L) 
0.25 0.5 -0.18 1.5 0.05, 0.02 

 

 

4.1.1.3. Particle-free copper baths 

Particle-free bath solution was prepared by dissolving CuSO4
.5H2O and H2SO4 in DI 

water in a 1000-mL beaker (Fisher Scientific), and the bulk solution was stirred by a 

teflon-coated magnetic bar.  Chemical composition for particle-free bath solutions is 

shown in Table 4.3.  There was 700 mL volume particle-free bath solution prepared for 

each deposition bath, which was also sparged by nitrogen (National Welders) for one 

hour before addition of gelatine (Knox).  A volume of the 2 g/L gelatine solution was 

added to the bath according to the required concentration for each deposition bath (Table 

4.3).   
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Table 4.3. Chemical composition for particle-free copper bath solution. 
 

CuSO4
.5H2O H2SO4 Gelatine  

(M) pH (M) (g/L) 
0.25 0.56 0.1 0.25 -0.18 1.5 0.05, 0.02 

 

  

4.1.2. Working electrode/cathode preparation - Mechanical polishing 

A 30.5 × 61.0 × 0.0813 cm alloy 110 copper sheet purchased from McMaster-CARR 

was punched into 2.5-cm diameter working electrode disks.  The disks were mechanically 

polished using a Polimet I, BUEHLER polishing table.  Silicon carbide paper (Struers) 

FEPA P # 400, 1200, 2400, 4000 were used to polish one side of copper disk in the order 

from coarse grinding paper (400) to fine grinding paper (4000).  Finally, a polishing cloth 

(Struers) coupled with 0.05-µm gamma alumina for metallographic polishing (Fisher 

Scientific) was used to obtain a smooth surface.  During the polishing process, water is 

required for wet grinding papers and cloths.   
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4.1. Electrochemical Deposition 

Electrochemical deposition was performed by direct-current and pulse-current 

plating.  All depositions were carried out using Potentiostat/Galvanostat (Model 173, 

EG&G, Princeton Applied Research).  All the electrochemical depositions were 

performed at room temperature.  The glass deposition cell is depicted in Figure 4.2. 

In the galvanostatic technique, the current is controlled and the potential between the 

working electrode and the reference electrode is measured as a function of time.  The 

potential is the dependent variable, which is recorded with suitable recording systems 

such as Chart (4.0.2. PowerLab/4s, AD Instruments) or oscilloscope (Model 2211, 070-

7233-00, Tektronix).   

A 99.9%, 100 × 100 × 6.35 mm thick copper plate, purchased from Alfa was cut into 

a 10-cm diameter disk, which acted as the anode in the deposition cell (Figure 4.2).  A 

12-cm length copper rod, inserted in a 10-cm length teflon tube (Figure 4.3), was 

vertically silver sealed on the back side of the anode.  The anode was chemically cleaned 

by 1 M HNO3 solution, then rinsed by DI water before deposition.  The open end of the 

copper rod extended the anode out of the solution and connected with the positive (+) 

terminal of the galvanostat.     

The cathode disk was placed in a sample holder with the protection of a teflon sleeve, 

which was attached to the sample holder by four nylon screws (Figure 4.4).  

A self-made mercury sulfate (MSE) reference electrode was used in the deposition 

cell and connected to the electrometer in the galvanostat to measure the potential 

difference between working electrode and reference electrode (Figure 4.2).  The 

fabrication of the mercury sulfate (MSE) reference electrode is described in Appendix A.   
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4.2.1. Direct current plating 

Direct-current (DC) plating was performed at a specified constant current.  The 

deposition time was calculated according to Eq. (3.13).  The deposition parameters for 

electrochemical codeposition/deposition are listed in Table 4.4 (12.5 g/L alumina), Table 

4.5 (1.0 g/L alumina), Table 4.6 (diamond), and Table 4.7 (particle-free).  Particle-free 

copper deposition (Table 4.7) was performed as the control experiment to codeposition of 

copper-based composite films (Table 4.4, table 4.5, and Table 4.6). 

 
 
 

Table 4.4. Deposition parameters for baths containing 12.5 g/L alumina particles at 
0.25 M CuSO4

.5H2O.   
 

H2SO4 Gelatine Rotation rate Current density Plating  
method pH (g/L) (rpm) (mA/cm2) 

50 
100 
150 0.25 0.1 1800 

200 
50 
100 
150 

Direct 
current 
plating 

 
 -0.18 0.02 1000 

200 
300 
400 
500 0.25 0.1 1800 

800 
148 
223 

Pulse 
current 
plating 

-0.18 0.02 1000 
297 
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Table 4.5. Deposition parameters for baths containing 1.0 g/L alumina particles at 
0.25 M CuSO4

.5H2O and rotation rate = 1000 rpm.  
 

H2SO4 Gelatine Current density Plating  
method pH (g/L) (mA/cm2) 

50 
100 
150 
200 

0.25 0.1 

300 
20 
50 -0.18 0.05 
100 
20 
50 

Direct 
current 
plating 

-0.18 0.02 
100 
300 0.25 0.1 400 
148 
223 -0.18 0.05 
297 
148 
223 

Pulse 
current 
plating 

-0.18 0.02 
297 
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Table 4.6. Deposition parameters for baths containing 0.5 g/L diamond particles at 
0.25 M CuSO4

.5H2O, pH = -0.18, and rotation rate = 1000 rpm. 
 

Gelatine Current density Plating  
method 

(g/L) (mA/cm2) 
20 
50 
100 0.05 

150 
20 
50 

Direct 
current 
plating 

0.02 
100 
148 
223 0.05 
297 
148 
223 

Pulse 
current 
plating 0.02 

297 
 
 
 

Table 4.7. Deposition parameters for particle-free baths at 0.25 M CuSO4
.5H2O and 

rotation rate = 1000 rpm. 
 

H2SO4 Gelatine Current density Plating  
method pH (g/L) (mA/cm2) 

50 
150 0.25 0.1 
200 
20 
50 -0.18 0.05 
100 
20 
50 

Direct 
current 
plating 

-0.18 0.02 
100 

0.25 0.1 300 
148 
223 -0.18 0.05 
297 
148 
223 

Pulse 
current 
plating 

-0.18 0.02 
297 
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The cathode was weighed by a balance (Mettler AE 166) before deposition.  The 

cathode was rotated in the bath by a Pine Instrument rotator (AF MSRX, serial 365).  The 

rotation was maintained for about 30 minutes to suspend the particles before the 

deposition. Nitrogen was blanketed above the deposition bath to keep out O2. 

Open-circuit potential was recorded by measuring the potential difference between 

the cathode and reference electrode at zero current.  A short time period of pulse current 

(ton = 1 ms, toff = 10 ms, ipeak = 0.02 A) was charged to the cell to measure the 

uncompensated solution resistance between the working electrode and reference 

electrode, as described in Appendix B.  During DC plating, the potential difference 

between the cathode and reference electrode was recorded both at the beginning of the 

deposition and at the end of the deposition.   

When DC deposition was finished, the cathode was carefully removed from the 

sample holder.  The cathode was then rinsed by DI water and acetone to get rid of the 

acidic bath solution residue.  The cleaned cathode was put on a Kimberly wipe to dry.  

The mass of the cathode after deposition was obtained by a balance (Mettler AE 166).  

The net mass of the deposited film was obtained by calculating the mass difference 

before and after deposition.  The net mass of copper deposits were calculated by 

subtracting the alumina mass from the deposit mass.  Deposited films were carefully 

peeled off from the cathode substrate using needle-nose pliers and carefully stored in a 

plastic box.  All films were stored in a vacuum dryer under room temperature.   
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4.2.2. Pulse current plating 

Pulse-current plating was carried out in the same bath conditions as direct current 

plating except at a higher current density.  The bath parameters and current density for 

pulse current plating with alumina particles, diamond particles, and particle-free copper 

are listed in Table 4.4, Table 4.5, Table 4.6, and Table 4.7, respectively.  Particle-free 

copper deposition (Table 4.7) by pulse-current plating was performed as the control 

experiment to codeposition of copper-based composite films (Table 4.4, table 4.5, and 

Table 4.6) by pulse-current plating. 

The cathode was placed in the same sample holder as used in direct-current plating.  

Open-circuit potentials and uncompensated solution resistances between working 

electrode and reference electrode were measured in the same way as used in direct-

current plating.  The total deposition time was calculated using Eq.(3.14).  A nitrogen gas 

blanket was maintained above the solution.  The mass of the cathode both before and 

after deposition was weighed to calculate the net deposited film mass.  When deposition 

was finished, the cathode was rinsed by DI water and acetone and dried.  Deposited films 

were also carefully peeled off from the cathode substrate using needle-nose plier and 

stored in a plastic box.  All samples were stored in a vacuum dryer under room 

temperature.   

 

4.2. Material Characterization of Films 

The deposited films were subject to four types of material characterization: X-ray 

diffraction (XRD), scanning electron microscope (SEM), microhardness test, and 

transmission electron microscope (TEM).  
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4.3.1. X-ray diffraction (XRD)  

All suitable films (details about the selection of ‘suitable’ samples will be discussed 

in the RESULTS section) were examined by X-ray diffraction (XRD, Rigaku 

diffractometer model D/MAX A series x-ray with Cu-Kα radiation λ = 0.15405 nm) 

located in room 1123 in Burlington building, NCSU.  XRD analysis was operated at 28 ~ 

30 V and 20 A. The operation procedures of the XRD are described in the following:   

• Align the equipment using a silicone crystal sample. A maximum peak above 104 

counts must be obtained at 69.130 to get a good alignment.   

• Put a sample holder with sample in the chamber.   

• A fast survey scan operated at initial angle = 400, final angle = 1000, step size = 0.1 

degree, and count rate =1 s.  This survey scan takes 10 minutes.  The initial and final 

angle was set by powder copper standard shown in Appendix C.   

• Find peak locations of (111), (200), (220), (311), (222).   

• High resolution XRD scan at parameters setting for each peak in Table 4.8.   

• Save X-ray spectrum in a floppy. 

• Change to another sample or turn off XRD.   

 

Table 4.8. Parameters setting for high resolution XRD scan.   
 

Angle  Step size  Count rate  Time  Peak (degree) (degree) (s) (minute) 
(111) 41.8 – 44.8 0.01 3 15 
(200) 48.9 – 51.9 0.01 3 15 
(220) 72.6 – 75.6 0.03 3 5 
(311) 88.4 – 91.4 0.03 3 5 
(222) 93.6 – 96.6 0.01 5 25 

 



 

 77 

4.3.2 Scanning electron microscopy (SEM)  

All suitable films were examined by scanning electron microscope (SEM) or field 

emission scanning electron microscope (FESEM) to study their surface morphology and 

element distribution.  Copper-alumina composite and particle-free copper films were 

studied by Hitachi 3200 SEM, and the copper-diamond films were studied by Hitachi 

6400 FESEM.  The parameter settings for SEM and FESEM are shown in Table 4.9.   

 

Table 4.9. Parameter settings for SEM and FESEM.   
 

Accelerating voltage  Current density Working distance Type (keV) (A/cm2) Aperture (cm) 
SEM 15 60 3 15 

FESEM 5 8 4 15 
 

 
 
 

For copper-alumina composite and particle-free copper films, low-resolution images 

and x-ray spectra by EDS were taken at 1000X. The ISIS (Link analytical systems) was 

used for image capture and element analysis.  One selected film was sent to Galbraith 

Labortary to determine the alumium content by chemical analysis (Inductive Couple 

Plasma technique), and the result (reported in RESULTS section, see Table 5.15) served 

as a standard reference.  High-resolution images were taken at magnification of 10K or 

20K.  X-ray line scanning analysis was also performed at high resolution to obtain the 

chemical element distribution in the film.  All images and x-ray spectra were saved in a 

Zip disk.   
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Copper-diamond films were examined by FESEM, and high-resolution images were 

taken at magnification of 85K.  X-ray spectra were obtained at current density of 1.0 

A/cm2 without the presence of aperture to gain enough x-ray information, because the 

spot size was very small (7 to 15 
o
A ) in FESEM to generate x-rays.   

 

4.3.3. Microhardness test 

A 2-mm diameter disk was taken from the deposited film and mounted by Epoxy 

(Citofix, Struers).  The mounted sample was mechanically polished in the same way as 

cathode preparation.   

Microhardness test was performed by a micro hardness tester (Micromet, BUEHLER 

Inc.).  A diamond Knoop indenter and a 5-gram standard weight were used at room 

temperature.  A diamond indention was obtained after the force was applied to the 

surface, which can be examined by optical microscope.  The length of the long diagonal 

was recorded, and the Knoop hardness number (HK) was calculated according to 

Eq.(3.22).  There were 10 measurements carried out for each sample.   

 

4.3.4. Transmission electron microscopy (TEM)  

One selected copper-alumina composite film, one copper-diamond composite film, 

and one particle-free copper film, as representatives of fine grain-size samples in each 

case, were prepared for transmission electron microscope (TEM, JEOL JEM-2010F) 

examination.  A 3-mm diameter disk must be carefully prepared by electrolytic polishing 

to perform TEM test.   
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Electrolytic polishing recipe used in TEM sample preparation for copper is: 500 mL 

distilled water, 100 mL ethylene glycol, and 400 mL phosphoric acid 85% [81].   

Mirror-polished, 100-µm thickness, and 3-mm diameter copper disks were punched 

from 2 cm diameter copper disk from electrochemical deposition.  There were 5 duplicate 

disks prepared from the same electroplated disk.  The disks were put in a sample holder 

and immersed into a twin-jet electropolisher (Model-110, E.A.Fischione Inst. Mfg.) to 

perform electrolytic polishing, as well as chemical etching.  It was found that the speed of 

electrolytic polishing was equal to or higher than the speed of chemical etching under 

working voltage (direct current) ≥ 5.5 V, which resulted in shiny surface in the final 

films.  It took about 5 - 6 minutes to prepare a sample until a hole was formed on the disk 

surface.  The finished sample with sample holder was carefully pulled out of the solution 

and thoroughly rinsed with DI water, followed by ethanol.  The film was then gently 

removed from holder and placed in a glass plate with ethanol solution for further 

cleaning.  The cleaned film was finally examined in optical microscope to observe the 

etched hole, which is required for TEM.   

 

4.4. Recommendations to experimental design 

Several improvemnts could be made if future experiments are planned:  

(1) Prepare the bath solution in a more accurate way. 

(2) Try different setting for oscilloscope to measure the uncompensated solution 

resistance between cathode and reference electrode. 

(3) Adjust zero current in toff time. 
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4.4.1. Bath solution preparation 

The volumetric flask was not used in current experiments to prepare electrolytes with 

accurate concentration.  The following procedure is recommended.  Bath solutions 

containing CuSO4
.5H2O and H2SO4 will be made according to Table 4.1, Table 4.2, and 

Table 4.3 in a 1000-mL volumetric flask, then 300 mL of solution will be transferred out 

of the 1000-ml volumetric flask.  Certain amount of Al2O3 or diamond will be added to 

the 1000-mL flask (containing 700 ml solution) according to Table 4.4, Table 4.5, and 

Table 4.6, and the 1000-mL flask will be heated to ~ 1500C on a hot plate and capped 

with a water-cooled reflux condenser.  After 12-hour heating, the bath solution in the 

1000-mL flask will be cooled down to room temperature.  Certain amount of gelatine will 

be added to the flask according to Table 4.4, Table 4.5, Table 4.6, and Table 4.7, and 

gelatine will dissolve in the bath solution under slightly heating on a hot plate (~ 450C).  

Therefore, the bath solution containing CuSO4
.5H2O, H2SO4, Al2O3/diamond/particle-

free, and gelatine is ready for deposition.   

 

4.4.2. Electrolyte resistance for DC plating 

The uncompensated electrolyte resistance between cathode and reference electrode 

for direct-current plating will be measured using oscilloscope (Model 2211, 070-7233-00, 

Tektronix).  There will be three ways to improve the accuracy: 

(1) Eliminate line interruption from the Galvanostat.  The line interruption is 

possibly from the ac power source with a frequency of 60 Hz.    

(2) Have a good ground connection.  Every equipment used in the experiments 

should be well-grounded to avoid any electrical noise.   
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(3) Good connection between MSE reference electrode and the electrolyte.  A 

constant small amount of H2SO4 should flow in and out the reference 

electrode during charging and recharging in deposition period.   

 

4.4.3. Zero current at toff time 

The currents ioff during toff time are reported to be in the range of 1 to 30 mA for pulse 

current plating, which does not perfectly match a targeted zero current.  A zero current 

might be achieved at toff time by carefully adding a cathodic current to balance the 

instrumental artifact anodic current from Galvanostat.   
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Figure 4.1. Scheme of experimental process. 
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Figure 4.2. Electrochemical deposition cell. 
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Figure 4.3. Scheme for copper rod inserted into a Teflon tube.   
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Figure 4.4. Scheme for cathode. 
 
 

 



 

 85 

5. RESULTS 

 

5.1. Electrochemical deposition/codeposition 

Free-standing copper-based composite and copper films were produced by 

electrochemical codeposition/deposition under room temperature.  We investigated 

deposition characterization under sets of bath parameters for both direct- and pulse-

current deposition.   

Electrochemical codeposition/deposition results for Cu-alumina composite films are 

reported in Table 5.1 to Table 5.5, Cu-diamond composite film results are reported in 

Table 5.6 to Table 5.7, and particle-free copper film results are reported in Table 5.8 to 

Table 5.10.   

In these tables, JP is the peak current density or DC current density; Eoc represents 

open-circuit potential; Jp/JL represents the ratio of current density to limiting current 

density; Em represents the measured potential ( )we re mV φ− ; Ec represents the ohmic-

compensated potential ( )we re cV φ−  calculated from Eq.(5.1) and Eq. (5.2)   

    c mE E iRΩ= −      (5.1) 

   ( ) ( )we re c we re mV V iRφ φ Ω− = − −    (5.2) 

where (Vwe- reφ ) is the potential difference between working electrode and Hg2SO4/Hg 

reference electrode; φre (0.72 V) is the potential difference between the Hg2SO4/Hg 

reference electrode and a H2 reference electrode; and RΩ  is resistance of the electrolyte.  

In these tables, ∆E is the variation of the compensated potential (Ec) for direct-current 
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plating from the beginning to the end of the deposition; and ioff is current at toff period for 

pulse-current deposition; and ηF is the faradaic efficiency, as shown in Eq. (5.3): 

  100% 100%
/

Cu Cu
deposited deposited

F Cu
ideal Cu

m m
m itM nF

η = × = ×    (5.3) 

where Cu
depositedm  is the mass of deposited copper, 2 3Al OCu

deposited deposited depositedm m m= − = total mass 

of deposit – mass of alumina deposited in the copper matrix ; Cu
idealm  is the mass of 

deposited copper at 100% efficiency; i is the current; t is deposition time; MCu is the 

atomic weight of copper (63.56 g/mol); n is the number of electrons in the 

electrochemical deposition (n = 2 for Cu2+);  and F is the Faraday (96487 C/equivalent).   

In Table 5.1 to Table 5.10, samples that were very brittle and had very porous dark 

surface are defined as failed samples, which are written in bold font.  Sample names 

written in bold and italic fond represent films that could not be peeled off the substrate. 

All free-standing samples are written in regular font.   

 

5.1.1. Electrochemical codeposition in baths containing alumina particles  

We investigated electrochemical codeposition for both high-alumina (12.5 g/L) and 

low-alumina (1.0 g/L) particle containing baths.  All high-alumina and low-alumina 

codepositions were carried out at room temperature and immediately after preparation of 

the bath solution and cathode.   
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5.1.1.1. Codeposition in baths containing high-alumina particles   

All high-alumina baths contained 0.25 M CuSO4
.5H2O and 12.5 g/L alumina 

particles.  Direct- and pulse-current plating was performed under sets of parameters as 

shown in Table 5.1 and Table 5.2.  A single experiment was run at pH 0.25, zero gelatine, 

and 100 mA/cm2 for DC plating, it resulted in a non-free-standing sample, therefore, no 

further experiments were performed in the absence of gelatine for high-alumina baths.   

The current density was 50, 100, 150, and 200 mA/cm2 for direct-current plating, and 

300 and 400 mA/cm2 for pulse-current plating.  The open-circuit potential was -0.39 ~ -

0.48 V for all high-alumina particle containing baths.  The ohmic compensated potential 

was -0.48~ -0.74 V for direct current plating and -0.540 ~ 1.54 for pulse current plating.  

The electrolyte resistance was 1.10 ~ 2.78 ohm for all baths.  The faradaic efficiency was 

0.93 ~ 1.09 for both direct- and pulse-current plating.  The relationship between 

compensated potential and current density for high-alumina particle containing baths with 

0.1 g/L and 0.02 g/L gelatine by both direct- and pulse-current plating is shown in Figure 

5.1.   

 

5.1.1.2. Codeposition in baths containing low-alumina particles   

All low-alumina baths contained 0.25 M CuSO4
.5H2O and 1.0 g/L alumina particles.  

Direct- and pulse-current plating were performed as shown in Table 5.3 (0.1 g/L 

gelatine), Table 5.4 (0.05 g/L gelatine), and Table 5.5 (0.02 g/L gelatine).  All 

depositions in Table 5.3, Table 5.4, and Table 5.5 were performed with cathode area of 

3.14 cm2 at rotation rate of 1000 rpm and limiting current density of 567 mA/cm2.  A 

single experiment was also run at pH -0.18, zero gelatine, and 100 mA/cm2 for DC 
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plating, and it resulted in a non-free-standing sample, therefore, no further experiments 

were performed in the absence of gelatine for low-alumina baths. 

In Table 5.3, direct-current deposition was carried out at pH = 0.25 and current 

density of 50, 100, 200, and 300 mA/cm2 with 0.1 g/L gelatine, which resulted in 

composite samples with dark and porous surface.  In Table 5.4, deposition was performed 

at pH = -0.18, 0.05 g/L gelatine, and current density of 20, 50, and 100 mA/cm2 for 

direct-current plating and current density of 148, 223, and 297 mA/cm2 for pulse-current 

plating.  In Table 5.5, deposition were performed at pH = -0.18, 0.02 g/L gelatine, and 

current density of 20, 50, and 100 mA/cm2 for direct-current plating and current density 

of 148, 223, and 297 mA/cm2 for pulse-current plating.   

The open-circuit potential for low-alumina particle containing baths was in the range 

of -0.36 ~ -0.45 V. The ohmic compensated potential was -0.58 ~ -0.9 V for direct-

current plating and -0.43 ~ -0.66 V for pulse-current plating.  The electrolyte resistance 

was 0.95 ~ 1.87 ohm.  The faradaic efficiency was 0.92 ~ 1.07 for both direct- and pulse-

current plating. The relationship between compensated potential and current density for 

low–alumina particle containing baths with 0.1 g/L, 0.05 g/L, and 0.02 g/L gelatine by 

both direct- and pulse-current plating is shown in Figure 5.2.  The current and 

uncompensated potential in the beginning and at the end of the deposition for sample 

6/21-4 by pulse-current plating were recorded by Chart 4 and shown in Figure 5.3.   
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Table 5.1. Bath parameters for codeposition at 62.5 g/L (0.25 M) CuSO4 .5H2O, 0.56 M (pH = 0.25) H2SO4, 12.5 g/L Al2O3, 0.1 
g/L gelatine, at rotation rate of 1800 rpm, and limiting current density of 764 mA/cm2.   
 

Sample Method Ton Toff Jp JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 6/19-2 DC 50.0 0.070 -0.42 -0.780 -28 -0.626 2.40  -
 6/11-2 50.0 0.070  -  -  -  -  - 1.04
 6/12-1 100 0.13  -  -  -  -  - 0.950
 6/12-2 150 0.20  -  -  -  -  - 0.940
 6/11-1 200 0.26  -  -  -  -  - 0.940
 6/9-1 PP 1 10 300 0.39  -  -  -  -  - 0.980

 6/10-1 1 10 400 0.52  -  -  -  -  - 1.10
 6/20-1 1 15 500 0.65 -0.48 -3.33  - -1.54 2.78  -  

 

Table 5.2. Bath parameters for codeposition at 62.5 g/L (0.25 M) CuSO4
.5H2O, 1.5 M (pH = -0.18) H2SO4, 12.5 g/L Al2O3, 0.02 

g/L gelatine, at rotation rate of 1000 rpm, and limiting current density of 567 mA/cm2.   
 

Sample Method Ton Toff JP JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 6/29-1 DC 50.0 0.090 -0.42 -0.925 -20 -0.740 1.15 0.980
 6/28-2 100 0.18 -0.42 -1.16 -22 -0.480 2.18 0.980
 6/30-2 150 0.26 -0.42 -1.24 -23 -0.580 1.41 0.980
 6/30-3 200 0.35 -0.43 -1.39 -27 -0.605 1.25  -
 7/2-1 PP 2 18 148 0.26 -0.39 -1.28 20 -0.490 1.10 1.02
 7/1-2 2 18 223 0.39 -0.39 -1.35 20 -0.590 1.13 1.07
 7/8-1 2 18 297 0.52 -0.41 -1.66 10 0.610 1.18  -
 7/9-1 2 18 297 0.52 -0.44 -1.38 10 -0.610 1.17 1.05  
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Table 5.3. Bath parameters for codeposition at 62.5 g/L (0.25 M) CuSO4
.5H2O, 0.56 M (pH = 0.25) H2SO4, 1.0 g/L Al2O3, 0.1 

g/L gelatine, at rotation rate of 1000 rpm, and limiting current density of 567 mA/cm2. 
 

Sample Method Ton Toff JP JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 6/23-1 DC 50.0 0.090 -0.40 -0.920 -22 -0.67 1.62  -
 6/21-2 100 0.18 -0.40 -1.20 -22 -0.63 1.80  -
 6/21-1 150 0.26 -0.40 -1.48 -23 -0.71 1.64  -
 6/20-2 200 0.35 -0.44 -1.64 -25 -0.73 1.45  -
 6/22-1 300 0.53 -0.36 -2.28 -28 -0.90 1.46  -
 6/21-4 PP 1 19 300 0.53  -  -  -  -  -  -
 6/22-2 1 19 400 0.71  -  -  -  -  -  -  

 

Table 5.4. Bath parameters for codeposition at 62.5 g/L (0.25 M) CuSO4
.5H2O, 1.5 M (pH = -0.18) H2SO4, 1.0 g/L Al2O3, 0.05 

g/L gelatine, at rotation rate of 1000 rpm, and limiting current density of 567 mA/cm2. 
 

Sample Method Ton Toff JP JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 6/24-3 DC 20.0 0.040 -0.44 -0.640 -18 -0.58 1.02 0.990
 6/24-2 50.0 0.090 -0.42 -0.880 -20 -0.72 1.13 0.960
 6/24-1 100 0.18 -0.40 -1.24 -24 -0.83 1.29 0.990
 7/12-2 PP 2 18 148 0.26 -0.43 -1.00 30 -0.45 1.16 1.05
 7/9-3 2 18 223 0.39 -0.45 -1.26 30 -0.55 1.02  -
 7/14-1 2 18 223 0.39 -0.42 -1.41 20 -0.63 1.11 1.08
 7/12-1 2 18 297 0.52 -0.43 -1.68 20 -0.66 1.04 1.06  
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Table 5.5. Bath parameters for codeposition at 62.5 g/L (0.25 M) CuSO4
.5H2O, 1.5 M (pH = 0.25) H2SO4, 1.0 g/L Al2O3, 0.02 

g/L gelatine, at rotation rate of 1000 rpm, and limiting current density of 567 mA/cm2. 
 

Sample Method Ton Toff JP JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 6/27-3 DC 20.0 0.040 -0.44 -0.730 -16 -0.67 1.03 0.960
 6/26-1 50.0 0.090 -0.42 -0.880 -20 -0.69 1.21  -
 6/26-2 50.0 0.090 -0.42 -0.920 -21 -0.76 1.02 0.940
 6/27-1 100 0.18 -0.42 -1.02 -22 -0.72 0.960 0.940
 7/10-2 PP 2 18 148 0.26 -0.42 -0.930 25 -0.43 1.08 1.05
 7/10-1 2 18 223 0.39 -0.43 -1.25 30 -0.55 0.953 1.03
 7/13-1 2 18 223 0.39 -0.43 -1.38 30 -0.58 1.07  -
 7/11-1 2 18 297 0.52 -0.42 -1.70 20 -0.62 1.11 1.05  

 

 
 
Note: “ - ” in Table 5.1 to Table 5.10 represents data that are not available because of lack of measurement.   

 
 
 

  



 

 92 

Current density (mA/cm2)

0 50 100 150 200 250 300 350

E c (
V)

-0.8

-0.6

-0.4

-0.2

-1.0

0.0

DC plating at 0.1 g/L gelatine and pH = 0.25
DC plating at 0.02 g/L gelatine and pH = -0.18
Pulse plating at 0.02 g/L gelatine and pH = -0.18

12.5 g/L Al2O3

 
Figure 5.1. Compensated potential vs. current density for high-alumina (12.5 g/L) 
containing baths.   
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Figure 5.2. Compensated potential vs. current density for low-alumina (1.0 g/L) 
containing baths.   
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Figure 5.3. Current and uncompensated potential for pulse-current plating (a) in the beginning (b) at the end of the 
deposition. (Sample #6/21-4).  Channel 2 represents current (A) and channel 3 represents potential (V). 
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5.1.2. Electrochemical codeposition in baths containing diamond nano-particles  

Electrochemical codeposition in diamond-particle containing baths was carried out at 

62.5 g/L (0.25 M) CuSO4
.5H2O, 0.5 g/L 5-nm diamond, pH = -0.18, rotation rate of 1000 

rpm, and limiting current density of 567 mA/cm2, as shown in Table 5.6 (0.05 g/L 

gelatine) and Table 5.7 (0.02 g/L gelatine).  No experiments were performed in the 

absence of gelatine for diamond particle baths. 

All direct-current plating was performed at a current density of 20, 50, and 100 

mA/cm2, and pulse-current plating was performed at a current density of 148, 223, and 

297 mA/cm2.   

The open-circuit potential for diamond-particle codeposition baths was in the range of 

-0.42 ~ -0.43 V.  The ohmic compensated potential was -0.50 ~ -0.65 V for direct-current 

plating and -0.50 ~ -0.76 V for pulse-current plating.  Resistance of the electrolyte was in 

the range of 0.93 ~ 1.08 ohm.  The faradaic efficiency was in the range of 0.92 ~ 1.08 for 

codeposition in diamond particle baths, which is an approximate value of the ratio of 

mass of copper deposits to mass of ideal copper deposits for the codeposition.  We 

neglected the mass of diamond in Cu-diamond composites by assuming the mass of 

copper deposits equal to the total mass of the deposits (mass of copper plus mass of 

diamond).  The relationship between compensated potential and current density for baths 

containing diamond nano-particles with 0.05 g/L and 0.02 g/L gelatine by both direct- 

and pulse-current plating is shown in Figure 5.4.   
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Table 5.6. Baths parameters for codeposition at 62.5 g/L (0.25M) CuSO4
.5H2O, 1.5 M H2SO4, 0.5 g/L diamond, 0.05 g/L 

gelatine, at rotation rate of 1000 rpm, and limiting current density of 567 mA/cm2.   
 

Sample Method Ton Toff JP JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 7/18-2 DC 20.0 0.040 -0.42 -0.700 -18 -0.64 0.980 0.980
 7/18-1 50.0 0.090 -0.43 -0.810 -21 -0.64 1.08 0.950
 7/21-1 100 0.18 -0.43 -0.910 -20 -0.59 1.01 0.960
 7/17-2 150 0.26 -0.42 -0.990 -25 -0.50 1.05 0.990
 7/15-2 PP 2 18 148 0.26 -0.43 -0.900 5.0 -0.50 0.989 0.990
 7/14-2 2 18 223 0.39 -0.43 -1.32 20 -0.60 1.01 1.09
 7/15-1 2 18 297 0.52 -0.42 -1.61 3.0 -0.64 0.979 0.980  

 

Table 5.7. Baths parameters for codeposition at 62.5 g/L (0.25M) CuSO4
.5H2O, 1.5 M H2SO4, 0.5 g/L diamond, 0.02 g/L 

gelatine, at rotation rate of 1000 rpm, and limiting current density of 567 mA/cm2.   
 

Sample Method Ton Toff JP JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 7/20-3 DC 20.0 0.040 -0.43 -0.670 -36 -0.61 1.00 0.970
 7/20-1 50.0 0.090 -0.43 -0.808 -26 -0.65 1.03 0.940
 7/20-2 100 0.18 -0.41 -0.908 -30 -0.57 1.08 0.990
 7/21-3 PP 2 18 148 0.26 -0.43 -1.010 1.0 -0.55 1.00 1.04
 7/16-2 2 18 223 0.39 -0.42 -1.310 3.0 -0.61 0.944 0.990
 7/17-1 2 18 297 0.52 -0.42 -1.67 30 -0.76 0.990 0.980  
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Figure 5.4. Compensated potential vs. current density for diamond particle 
containing baths.   

Current density (mA/cm2)

0 50 100 150 200 250 300 350

E c  
(V

)

-0.8

-0.6

-0.4

-0.2

-1.0

0.0

DC plating at 0.1 g/L gelatine and pH = 0.25
Pulse plating at 0.1 g/L gelatine and pH = 0.25
DC plating at 0.05 g/L gelatine and pH = -0.18
Pulse plating at 0.05 g/L gelatine and pH = -0.18
DC plating at 0.02 g/L gelatine and pH = -0.18
Pulse plating at 0.02 g/L gelatine and pH = -0.18

Particle free

 
Figure 5.5. Compensated potential vs. current density for particle-free baths.   
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5.1.3. Electrochemical deposition in particle-free baths 

Electrochemical deposition in particle-free baths was carried out at 62.5 g/L (0.25 M) 

CuSO4
.5H2O, rotation rate of 1000 rpm, and limiting current density of 567 mA/cm2, as 

shown in Table 5.8 (0.1 g/L gelatine), Table 5.9 (0.05 g/L gelatine), and Table 5.10 (0.02 

g/L gelatine).  A single experiment was also run at pH -0.18, zero gelatine, and 100 

mA/cm2 for DC plating, and it resulted in a non-free-standing sample, therefore, no 

further experiments were performed in the absence of gelatine for particle-free copper 

baths. 

In Table 5.8, deposition was carried out at 0.1 g/L gelatine, pH = 0.25, and current 

density of 50 and 150 mA/cm2 for direct-current plating.  In Table 5.9 (0.05 g/L gelatine) 

and Table 5.10 (0.02 g/L gelatine), deposition was performed at pH = -0.18, and current 

density of 20, 50, and 100 mA/cm2 for direct-current plating and 148, 223, and 297 

mA/cm2 for pulse-current plating.   

The open-circuit potential for all particle-free deposition baths was -0.40 ~ -0.44 V.  

The ohmic compensated potential was -0.61 ~ -0.82 V for direct-current plating and -0.47 

~ -0.75 V for pulse-current plating.  Resistance of the electrolyte was in the range of 0.94 

~ 1.6 ohm.  The faradaic efficiency was in the range of 0.95 ~ 1.04 for deposition in 

particle-free baths.  The relationship between compensated potential and current density 

for particle-free baths with 0.1 g/L, 0.05 g/L, and 0.02 g/L gelatine by both direct- and 

pulse-current plating is shown in Figure 5.5.   
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Table 5.8. Baths parameters for deposition at 62.5 g/L (0.25 M) CuSO4
.5H2O, 0.56M H2SO4, 0.1 g/L gelatine, at rotation rate of 

1000 rpm, and limiting current density 567 mA/cm2.   
Sample Method Ton Toff JP JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 6/21-3 DC 50.0 0.090 -0.40 -0.920 -21 -0.67 1.60 0.960
 6/20-3 150 0.26 -0.42 -1.40 -23 -0.74 1.40 0.960  

Table 5.9. Baths parameters for deposition at 62.5 g/L (0.25 M) CuSO4
.5H2O, 1.5 M H2SO4, 0.05 g/L gelatine, at rotation rate 

of 1000 rpm, and limiting current density 567 mA/cm2. 
Sample Method Ton Toff JP JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 6/28-3 DC 20.0 0.040 -0.42 -0.720 -16 -0.61 1.80 0.990
 6/27-2 50.0 0.090 -0.42 -0.940 -19 -0.82 0.740 0.960
 6/28-1 100 0.18 -0.43 -1.14 -21 -0.67 1.51 0.970
 7/17-3 PP 2 18 148 0.26 -0.43 -0.930 25 -0.47 1.01 1.06
 7/23-2 2 18 223 0.39 -0.43 -1.24 27 -0.58 0.940 1.02
 7/16-1 2 18 297 0.52 -0.43 -1.54 2.0 -0.69 1.13 1.01  

Table 5.10. Baths parameters for deposition at 62.5 g/L (0.25 M) CuSO4
.5H2O, 1.5 M H2SO4, 0.02 g/L gelatine, at rotation rate 

of 1000 rpm, and limiting current density 567 mA/cm2.   
Sample Method Ton Toff JP JP/JL Eoc E m ∆E ioff E c RΩ ηF

(ms) (ms) (mA/cm2) (V) (V) (mV) (mA) (V) (ohm)
 6/29-2 DC 20.0 0.040 -0.42 -0.735 -16 -0.67 1.04 0.960
 6/30-1 50.0 0.090 -0.43 -0.912 -19 -0.73 1.13 0.960
 7/9-2 100 0.18 -0.44 -0.950 -23 -0.60 1.12 1.00

 7/22-1 PP 2 18 148 0.26 -0.43 -0.990 25 -0.49 1.00 1.05
 7/23-1 2 18 223 0.39 -0.43 -1.23 20 -0.57 0.950 1.01
 7/24-1 2 18 297 0.52 -0.40 -1.85 20 -0.75 0.940 1.00  
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5.2. Materials characterization 

Grain size and crystal orientation of copper and copper-based composite films were 

measured by X-ray diffraction (XRD).  Microhardness is also reported.  Surface 

morphology and composition of composite films were investigated by scanning electron 

microscopy (SEM) and energy dispersive x-ray spectrometry (EDS).  Grain structure and 

grain-size were studied by transmission electron microscopy (TEM).   

 

5.2.1. X-ray diffraction (XRD) 

Grain size was calculated by Eq. (3.21) and Eq. (3.22) and reported in Table 5.11 

(Cu-Al2O3), Table 5.12 (Cu-diamond), and Table 5.13 (particle-free).  Crystal preferred 

orientation was calculated by Eq. (5.4) [86] and reported in Table 5.14.   

    100
)(

)()( 3 ×=

∑
i

siii

s
i

lkhI

hklIhklR     (5.4) 

where Ri(hkl) is a normallized peak intensity ratio, I(hkl)s is the normalized peak intensity 

of the (hkl) reflection related to powder copper standard, ∑
3

)(
i

siii lkhI  is the sum of the all 

normalized peak intensities [86].  The normalized peak intensity of the (hkl) reflection is 

written as ( )( )
( )

s
s

p

i hklI hkl
i hkl

= , where i(hkl)s is the normalized sample peak intensity divided 

by the (111) peak intensity for each sample, i(hkl)p is the normalized peak intensity of 

powder copper standard as shown in Appendix D.   

 



 

 100 

5.2.2. Microhardness  

All microhardness of films were calculated by Eq.(3.23).  The microhardness of the 

copper-alumina and copper-diamond composite films, and particle-free copper films are 

reported in Table 5.11, Table 5.12, and Table 5.13, respectively.  Hall-Petch plots and 

grain size vs. current density plots are shown in Figure 5.6 (12.5 g/L alumina baths), 

Figure 5.7 (1.0 g/L alumina baths), Figure 5.8 (diamond), Figure 5.9 (particle-free).   

 

Table 5.11. Grain size and microhardness for copper - alumina composite films.   
 

Grain Size (nm) SDd Hardness SDHK

Sample (111) (200) (220) (311) (222) Average (nm) (Gpa) (Gpa)
 6/9-1 53 58 42 41 46 48 7.4 2.6 0.039

 6/10-1 87 80 43 51 42 61 21 2.8 0.036
 6/11-1 141 62 64 29 39 67 44 2.4 0.025
 6/11-2 98 105 45 56 43 69 30 2.1 0.055
 6/12-1 67 55 57 59 33 54 13 2.5 0.014
 6/12-2 78 55 64 86 47 66 16 2.4 0.097
 6/24-1 43 34 39 30 36 37 4.9 2.4 0.011
 6/24-2 44 33 41 51 30 40 8.5 2.5 0.020
 6/24-3 72 55 64 36 44 54 15 2.8 0.045
 6/26-2 67 42 41 29 30 42 15 2.6 0.050
 6/27-1 59 38 49 38 40 45 9.3 2.8 0.030
 6/27-3 87 47 69 44 43 58 19 2.1 0.030
 6/28-2 59 38 35 38 40 42 9.7 2.3 0.059
 6/29-1 67 40 43 59 34 49 14 2.6 0.024
 6/30-2 59 33 47 34 35 42 11 2.3 0.042
 7/1-2 141 80 189 85 54 110 54 1.9 0.025
 7/2-1 25 31 47 56 45 41 13 1.3 0.022
 7/9-1 78 90 132 111 107 104 21 1.5 0.082

 7/10-1 53 67 92 196 57 93 60 2.0 0.018
 7/11-1 67 49 75 67 54 62 10 1.6 0.013
 7/12-1 43 34 38 32 32 36 4.7 2.6 0.020
 7/12-2 59 90 107 56 62 75 23 1.5 0.0041
 7/14-1 51 34 39 33 31 38 7.9 2.7 0.040  

 
Note: SDd is standard derivation of grain size (nm), SDHK is standard derivation of the 
microhardness (Gpa).   
 



 

101 

Table 5.12. Grain size and microhardness for copper - diamond composite films.   

Grain Size (nm) SDd Hardness SDHK

Sample (111) (200) (220) (311) (222) Average (nm) (Gpa) (Gpa)
 7/14-2 87 90 69 56 43 69 20 2.3 0.091
 7/15-1 67 80 41 47 46 56 17 2.1 0.051
 7/15-2 87 90 133 137 80 105 27 2.0 0.0078
 7/16-2 98 130 189 196 66 136 57 2.4 0.000
 7/17-1 67 43 54 47 44 51 9.7 2.7 0.071
 7/18-1 78 62 75 67 70 70 6.5 1.9 0.047
 7/18-2 56 52 49 86 62 61 15 1.9 0.012
 7/20-1 56 52 49 67 62 57 7.3 2.2 0.014
 7/20-3 87 49 54 44 66 60 17 1.8 0.0057
 7/21-1 32 32 45 47 44 40 7.6 2.0 0.042
 7/21-3 63 50 64 54 63 59 6.6 1.7 0.0024  

Table 5.13. Grain size and microhardness for particle-free copper films.   

Grain Size (nm) SDd Hardness SDHK

Sample (111) (200) (220) (311) (222) Average (nm) (Gpa) (Gpa)
 7/16-1 25 27 51 33 39 35 11 2.2 0.040
 6/20-3 31 34 25 28 16 27 6.6 2.5 0.031
 6/27-2 51 36 31 40 27 37 9.1 2.4 0.045
 6/28-1 59 38 35 38 40 42 9.7 2.4 0.049
 6/28-3 98 52 82 49 54 67 22 2.1 0.0044
 6/29-2 67 52 69 45 42 55 12 2.2 0.029
 6/30-1 63 38 47 31 50 46 12 2.7 0.071
 7/17-3 98 80 107 67 52 81 22 2.3 0.038
 7/24-1 87 55 69 59 52 64 14 1.9 0.012
 7/22-1 38 45 57 47 47 47 6.8 1.8 0.0032
 7/23-1 87 67 75 78 70 75 7.7 1.7 0.010
 7/23-2 56 47 51 54 47 51 3.8 1.8 0.0032  
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Figure 5.6. Hall-Petch plot and grain size vs. current density for copper-alumina composite films made from baths containing 
12.5 g/L alumina particles.   
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Figure 5.7. Hall-Petch plot and grain size vs. current density for copper-alumina composite films made from baths containing 
1.0 g/L alumina particles.   
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Figure 5.8. Hall-Petch plot and grain size vs. current density for copper-diamond composite films made from baths containing 
0.5 g/L diamond particles.   
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Figure 5.9. Hall-Petch plot and grain size vs. current density for particle-free copper films.   
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5.2.3. Texture 

The texture for copper-alumina, copper-diamond, and particle-free copper films is 

shown in Table 5.14, where the normalized intensities of the (111), (100), and (110) 

peaks are listed.  Texture is also shown as ternary plots in Figure 5.10, Figure 5.11, 

Figure 5.12, and Figure 5.13.   

 

Table 5.14. Texture for alumina/copper, diamond/copper, and particle-free films.   
 

High-alumina/copper composite films Low-alumina/copper composite films
Sample (111) (200) (220) Sample (111) (200) (220)
6-9-1 0.28 0.57 0.15 7-12-1 0.37 0.39 0.24
6-10-1 0.31 0.47 0.22 7-12-2 0.28 0.28 0.44
6-11-1 0.32 0.33 0.35 7-14-1 0.34 0.27 0.40
6-11-2 0.28 0.43 0.29 6-24-1 0.27 0.37 0.36
6-12-1 0.34 0.33 0.33 6-24-2 0.39 0.32 0.29
6-12-2 0.29 0.43 0.28 6-24-3 0.39 0.28 0.33
7-1-2 0.20 0.11 0.69 7-10-1 0.23 0.31 0.46
7-2-1 0.57 0.082 0.35 7-11-1 0.38 0.13 0.49
7-9-1 0.31 0.29 0.40 6-26-2 0.44 0.36 0.20
6-28-2 0.35 0.23 0.42 6-27-1 0.39 0.29 0.32
6-29-1 0.44 0.29 0.27 6-27-3 0.44 0.32 0.23
6-30-2 0.42 0.35 0.23

Diamond/copper composite films Particle-free films
Sample (111) (200) (220) Sample (111) (200) (220)
7-16-2 0.26 0.53 0.22 7-16-1 0.29 0.36 0.35
7-17-1 0.54 0.21 0.25 7-17-3 0.34 0.32 0.34
7-21-3 0.88 0.042 0.079 7-23-2 0.63 0.12 0.25
7-20-1 0.82 0.066 0.11 6-27-2 0.40 0.33 0.27
7-20-3 0.80 0.084 0.12 6-28-1 0.53 0.38 0.10
7-14-2 0.26 0.55 0.19 6-28-3 0.36 0.28 0.36
7-15-1 0.29 0.52 0.19 7-22-1 0.27 0.27 0.46
7-15-2 0.39 0.26 0.35 7-23-1 0.54 0.14 0.32
7-18-1 0.44 0.21 0.35 7-24-1 0.60 0.15 0.25
7-18-2 0.85 0.068 0.080 6-29-2 0.36 0.29 0.35
7-21-1 0.28 0.26 0.46 6-30-1 0.38 0.32 0.30  
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Figure 5.10. Texture for copper-alumina composite films made from 12.5 g/L 
alumina bath.   
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Figure 5.11. Texture for copper-alumina composite films made from 1.0 g/L 
alumina bath.   
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Figure 5.12. Texture for copper-diamond composite films made from 0.5 g/L 
diamond bath.   
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Figure 5.13. Texture for particle-free copper films.  
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5.2.4. Composition of composite films 

The presence of Al and O in copper-alumina composite films was confirmed by 

energy dispersive x-ray spectrometry (EDS).  The Al and O peaks are shown in Figure 

5.14 (Cu-Al2O3).  The presence of C (diamond) was found by field emission scanning 

electron microscopy (FESEM) and shown in Figure 5.15 (Cu-diamond).   

 

5.2.5. Al weight content in Cu-Al2O3 composite films 

The Al weight content was obtained by energy dispersive x-ray spectrometry (EDS) 

and corrected by results reported by chemical analysis from Galbraith Laboratory.  The 

Al weight contents measured by inductively coupled plasma emission spectroscopy and 

reported by Galbraith are given in Table 5.15.  The Al2O3 weight contents for Cu-Al2O3 

composite films are reported in Table 5.16, Figure 5.16 (12.5 g/L Al2O3), and Figure 5.17 

(1.0 g/L Al2O3).   

 

 

Table 5.15. Al weight content reported by Galbraith Labortary (sample 6/28-2).   
 

Sample Al (wt%) 
1 0.055 
2 0.058 
3 0.056 

 

 



 

112 

 
Figure 5.14. X-ray spectrum for a copper-alumina composite film by EDS (sample 
6/28-2). 

Figure 5.15. X-ray spectrum for a copper-diamond composite film by FESEM 
(sample 7/18-2). 
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Table 5.16. Al2O3 weight contents for copper-alumina composite films.   
 

Sample Al2O3

 (wt%)
 6/9-1 0.110
 6/10-1 0.380
 6/11-1 0.260
 6/11-2 0.425
 6/12-1 0.231
 6/12-2 0.340
 6/24-1 0.0760
 6/24-2 0.0760
 6/24-3 0.110
 6/26-2 0.0760
 6/27-1 0.190
 6/27-3 0.150
 6/28-2 0.220
 6/29-1 0.260
 6/30-2 0.0760
 7/1-2 0.220
 7/2-1 0.190
 7/9-1 2.76
 7/10-1 1.47
 7/10-2 0.0760
 7/11-1 0.0380
 7/12-1 0.0760
 7/12-2 0.490
 7/14-1 0.420  
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Figure 5.16. Al2O3 wt% in copper-alumina composite films from 12.5 g/L alumina 
particle baths.   
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Figure 5.17. Al2O3 wt% in copper-alumina composite films from 1.0 g/L alumina 
particle baths.   
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5.2.6. Surface morphology 

Surface morphology for copper-alumina composite films and particle-free copper 

films were examined by scanning electron microscopy (SEM), while copper-diamond 

composite films were examined by field emission scanning electron microscopy 

(FESEM).  All SEM and FESEM images are shown in Figure 5.18 to Figure 5.58.  

Images for copper-alumina composite films from 12.5 g/L alumina particle containing 

baths are shown in Figure 5.18 to Figure 5.25.  Images for copper-alumina composite 

films from 1.0 g/L alumina particle containing baths are shown in Figure 5.26 to Figure 

5.35.  Images for copper-diamond composite films from 0.5 g/L diamond particle 

containing baths are shown in Figure 5.36 to Figure 5.46.  Images for particle-free copper 

films are shown in Figure 5.47 to Figure 5.58.   

 

5.2.7. Grain structure and grain-size  

Grain structure and grain-size were examined by transmission electron microscopy 

(TEM).  Bright field images and dark field images are also reported in Figure 5.59 to 

Figure 5.62.  Images for a particle-free copper film are shown in Figure 5.59 (a) and (b).  

Images for a copper-alumina composite film are shown in Figure 5.60 (a) and (b).  

Images for a copper-diamond composite film are shown in Figure 5.61 (a) and (b).  High-

resolution TEM images are shown in Figure 5.62 (a) and (b) to investigate the material 

crystallization.   

 
 

 



 

 116 

 
      (a) 

 
 

 
 (b) 

 

Figure 5.18. SEM image for pulse current plating at 12.5 g/L alumina, 0.1 g/L 
gelatine, 300 mA/cm2 and pH = 0.25 (sample 6/9-1).   
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 (a) 

 
 

 
(b) 

 

Figure 5.19. SEM image for direct current plating at 12.5 g/L alumina, 0.1 g/L 
gelatine, 50 mA/cm2 and pH = 0.25 (sample 6/11-2).   
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(a) 

 
 

 
(b) 

 

Figure 5.20. SEM image for direct current plating at 12.5 g/L alumina, 0.1 g/L 
gelatine, 150 mA/cm2 and pH = 0.25 (sample 6/12-2).   
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(a) 

 
 

 
(b) 

 

Figure 5.21. SEM image for pulse current plating at 12.5 g/L alumina, 0.02 g/L 
gelatine, 148mA/cm2 and pH = -0.18 (sample 7/2-1).   
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(a) 

 
 

 
(b) 

 

Figure 5.22. SEM image for pulse current plating at 12.5 g/L alumina, 0.02 g/L 
gelatine, 223 mA/cm2 and pH = -0.18 (sample 7/1-2).   
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(a) 

 
 

 
(b) 

 

Figure 5.23. SEM image for pulse current plating at 12.5 g/L alumina, 0.02 g/L 
gelatine, 297 mA/cm2 and pH = -0.18 (sample 7/9-1). 
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(a) 

 
 

 
(b) 

 

Figure 5.24. SEM image for direct current plating at 12.5 g/L alumina, 0.02 g/L 
gelatine, 50 mA/cm2 and pH = -0.18 (sample 6/29-1).   
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(a) 

 
 

 
(b) 

 

Figure 5.25. SEM image for direct current plating at 12.5 g/L alumina, 0.02 g/L 
gelatine, 150 mA/cm2 and pH = -0.18 (sample 6/30-2).   
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(a) 

 
 

 
(b) 

 

Figure 5.26. SEM image for pulse current plating at 1.0 g/L alumina, 0.05 g/L 
gelatine, 148 mA/cm2 and pH = -0.18 (sample 7/12-2).   
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(a) 

 
 

 
(b) 

 

Figure 5.27. SEM image for pulse current plating at 1.0 g/L alumina, 0.05 g/L 
gelatine, 223 mA/cm2 and pH = -0.18 (sample 7/14-1).   
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(a) 

 
 

 
(b) 

 

Figure 5.28. SEM image for pulse current plating at 1.0 g/L alumina, 0.05 g/L 
gelatine, 297 mA/cm2 and pH = -0.18 (sample 7/12-1).   
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Figure 5.29. SEM image for direct current plating at 1.0 g/L alumina, 0.05 g/L 
gelatine, 20 mA/cm2 and pH = -0.18 (sample 6/24-3).   

 

 
 

Figure 5.30. SEM image for direct current plating at 1.0 g/L alumina, 0.05 g/L 
gelatine, 100 mA/cm2 and pH = -0.18 (sample 6/24-1).   
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(a) 

 
 

 
(b) 

 

Figure 5.31. SEM image for pulse current plating at 1.0 g/L alumina, 0.02 g/L 
gelatine, 148 mA/cm2 and pH = -0.18 (sample 7/10-2). 
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(a) 

 
 

 
(b) 

 

Figure 5.32. SEM image for pulse current plating at 1.0 g/L alumina, 0.02 g/L 
gelatine, 223 mA/cm2 and pH = -0.18 (sample 7/10-1). 
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(b) 

 

Figure 5.33. SEM image for pulse current plating at 1.0 g/L alumina, 0.02 g/L 
gelatine, 297 mA/cm2 and pH = -0.18 (sample 7/11-1). 
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Figure 5.34. SEM image for direct current plating at 1.0 g/L alumina, 0.02 g/L 
gelatine, 20 mA/cm2 and pH = -0.18 (sample 6/27-3). 
 
 

 
 

Figure 5.35. SEM image for direct current plating at 1.0 g/L alumina, 0.02 g/L 
gelatine, 100 mA/cm2 and pH = -0.18 (sample 6/27-1). 
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Figure 5.36. FESEM image for pulse current plating at 0.5 g/L diamond, 0.05 g/L 
gelatine, 148 mA/cm2 and pH = -0.18 (sample 7/21-3). 

 
 

 
 

Figure 5.37. FESEM image for pulse current plating at 0.5 g/L diamond, 0.05 g/L 
gelatine, 223 mA/cm2 and pH = -0.18 (sample 7/16-2). 
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Figure 5.38. FESEM image for pulse current plating at 0.5 g/L diamond, 0.05 g/L 
gelatine, 297 mA/cm2 and pH = -0.18 (sample 7/17-1). 

 
 

 
 

Figure 5.39. FESEM image for direct current plating at 0.5 g/L diamond, 0.05 g/L 
gelatine, 20 mA/cm2 and pH = -0.18 (sample 7/20-3). 
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Figure 5.40. FESEM image for direct current plating at 0.5 g/L diamond, 0.05 g/L 
gelatine, 50 mA/cm2 and pH = -0.18 (sample 7/20-1). 

 
 

 
 

Figure 5.41. FESEM image for pulse current plating at 0.5 g/L diamond, 0.02 g/L 
gelatine, 148 mA/cm2 and pH = -0.18 (sample 7/15-2). 
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Figure 5.42. FESEM image for pulse current plating at 0.5 g/L diamond, 0.02 g/L 
gelatine, 223 mA/cm2 and pH = -0.18 (sample 7/14-2). 

 
 

 
 

Figure 5.43. FESEM image for pulse current plating at 0.5 g/L diamond, 0.02 g/L 
gelatine, 297 mA/cm2 and pH = -0.18 (sample 7/15-1). 
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Figure 5.44. FESEM image for direct current plating at 0.5 g/L diamond, 0.02 g/L 
gelatine, 20 mA/cm2 and pH = -0.18 (sample 7/18-2). 

 
 

 
 

Figure 5.45. FESEM image for direct current plating at 0.5 g/L diamond, 0.02 g/L 
gelatine, 50 mA/cm2 and pH = -0.18 (sample 7/18-1). 
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Figure 5.46. FESEM image for direct current plating at 0.5 g/L diamond, 0.02 g/L 
gelatine, 100 mA/cm2 and pH = -0.18 (sample 7/21-1). 

 
 

 
 

Figure 5.47. SEM image for direct current plating at particle-free, 0.1 g/L gelatine, 
150 mA/cm2 and pH = 0.25 (sample 6/20-3).   

 
 

2 µm 
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   (a) 

 
 

 
(b) 

 

Figure 5.48. SEM image for pulse current plating at particle-free, 0.05 g/L gelatine, 
148 mA/cm2 and pH = -0.18 (sample 7/22-1).   

 
 

5 µm 
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(a) 

 
 

 
(b) 

 

Figure 5.49. SEM image for pulse current plating at particle-free, 0.05 g/L gelatine, 
223 mA/cm2 and pH = -0.18 (sample 7/23-1).   
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(a) 

 
 

 
(b) 

 

Figure 5.50. SEM image for pulse current plating at particle-free, 0.05 g/L gelatine, 
297 mA/cm2 and pH = -0.18 (sample 7/24-1).   
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(a) 

 
 

 
(b) 

 

Figure 5.51. SEM image for direct current plating at particle-free, 0.05 g/L gelatine, 
20 mA/cm2 and pH = -0.18 (sample 6/29-2).   
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(a) 

 
 

 
(b) 

 

Figure 5.52. SEM image for direct current plating at particle-free, 0.05 g/L gelatine, 
50 mA/cm2 and pH = -0.18 (sample 6/30-1).   
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(a) 

 
 

 
(b) 

 

Figure 5.53. SEM image for pulse current plating at particle-free, 0.02 g/L gelatine, 
148 mA/cm2 and pH = -0.18 (sample 7/17-3).   
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(b) 

 

Figure 5.54. SEM image for pulse current plating at particle-free, 0.02 g/L gelatine, 
223 mA/cm2 and pH = -0.18 (sample 7/23-2).   
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(a) 

 
 

 
(b) 

 

Figure 5.55. SEM image for pulse current plating at particle-free, 0.02 g/L gelatine, 
297 mA/cm2 and pH = -0.18 (sample 7/16-1).   

 
 

5 µm 

50 µm 



 

 146 
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(b) 

 

Figure 5.56. SEM image for direct current plating at particle-free, 0.02 g/L gelatine, 
20 mA/cm2 and pH = -0.18 (sample 6/28-3).   
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Figure 5.57. SEM image for direct current plating at particle-free, 0.02 g/L gelatine, 
50 mA/cm2 and pH = -0.18 (sample 6/27-2).   

 
 

 
 

Figure 5.58. SEM image for diect current plating at particle-free, 0.02 g/L gelatine, 
100 mA/cm2 and pH = -0.18 (sample 6/28-1).   
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(a) 

 

 
(b) 

 

Figure 5.59. TEM (a) bright field image and (b) dark field image for copper film 
(sample 7/17-3).   
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      (a) 
 

 
(b) 

 

Figure 5.60. TEM (a) bright field image and (b) dark field image for copper/alumina 
composite film (sample 7/2-1). 
 
 



 

 150 

 
(a) 

 

 
(b) 

 

Figure 5.61. TEM (a) bright field image and (b) dark field image for 
copper/diamond composite film (sample 7/14-2).   
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(a) 

 

 
(b) 

 

Figure 5.62. (a) and (b) TEM high-resolution image for copper crystallization.   
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6. DISCUSSION 

 

6.1. Potential and current density 

The relationship between compensated potential (Ec) and current density (Jp) is 

reported in Figure 5.1 (12.5 g/L alumina), Figure 5.2 (1.0 g/L alumina), Figure 5.4 (0.5 

g/L diamond), Figure 5.5 (particle-free), and Table 5.1 to Table 5.10.  The experimental 

data showed that there is no definite correlation between potential and current density in 

all cases, especially in the results from direct-current plating.  Details are discussed in the 

following sections. 

 

6.1.1. Copper-alumina composite films 

In Figure 5.1 (12.5 g/L alumina), there are positive slopes (Ec vs. Jp) for Cu-Al2O3 

composites made at 0.02 g/L gelatine by direct-current plating.  In Figure 5.2 (1.0 g/L 

alumina), there are negative slopes (Ec vs. Jp) for Cu-Al2O3 composite films made by 

direct-current plating at 0.1 g/L, 0.05 g/L, and 0.02 g/L gelatine containing baths.  In both 

Figure 5.1 and Figure 5.2, there are negative slopes for Cu-Al2O3 composite films made 

at 12.5 g/L and 1.0 g/L alumina particles by pulse-current plating.   

In Figure 5.1, compensated potentials (Ec) for both direct- and pulse-current plating 

were in the range of –0.4 to –0.8 V.  But in Figure 5.2, compensated potentials (Ec) for 

pulse-current plating were in less negative range of –0.4 to –0.7 V than for direct-current 

plating in range of –0.5 to –0.9V.  As currents become more negative, Ec becomes more 

negative as represented by negative slopes for Ec vs. Jp.  However, the positive slopes of 

Ec vs. Jp. for direct-current plating in Figure 5.1 is not expected.  The relationship 
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between overpotential and current density for direct-current plating was discussed for 

copper deposition [75].  Ye et al [75] found overpotentials increased from 87 to 250 mV 

with increasing current densities from 5 to 30 mA/cm2.  The overpotentials for 20 

mA/cm2 in this study are 30 mV (Table 5.4, 1.0 g/L alumina, Ec = -0.58 V) and 39 mV 

(Table 5.5, 1.0 g/L alumina, Ec = -0.67 V).  It is obvious that the overpotentials for 

codeposition and deposition are higher than those reported by Ye et al [75].  The presence 

of alumina particles increased the electrolyte resistance and possibly resulted in higher 

potentials.   

Compare Figure 5.1 to Figure 5.2, higher concentration of alumina particles did not 

result in higher Ec for pulse-current plating, but resulted in slightly higher Ec for direct-

current plating.  In Figure 5.4, the compensated potential vs. time shows little fluctuation 

for the peak potential between the beginning and the end of the pulse plating.  However, 

the fluctuation did not affect the potential reading based on averaged potential values.   

 

6.1.2. Copper-diamond composite films 

In Figure 5.4 (0.5 g/L diamond), there are positive slopes for Cu-diamond composite 

films made by direct-current plating with 0.05 g/L and 0.02 g/L gelatine, but negative 

slopes for films made by pulse-current plating.   

The compensated potential (Ec) was in the range of -0.45 ~ -0.75 V for both direct- 

and pulse-current plating.  For pulse-current plating, the compensated potential (Ec) went 

more negative with more negative current density.  But positive slopes for Ec vs. Jp in 

baths by direct-current plating were obtained.  The overpotentials for 20 mA/cm2 in this 

study are 34 mV (Table 5.6, 0.5 g/L diamond, Ec = -0.64 V) and 32 mV (Table 5.8, 0.5 
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g/L diamond, Ec = -0.61 V), which is higher than Ye et al [72] reported.  The presence of 

diamond particles increased the electrolyte resistance and resulted in higher potentials as 

well as alumina-particle baths.   

 

6.1.3. Particle-free copper films 

In Figure 5.5, there are negative slopes for copper films made by pulse-current plating 

with 0.05 g/L and 0.02 g/L gelatine, and copper films made by direct-current plating with 

0.1 g/l and 0.02 g/L gelatine.  But there is a positive slope for films made at 0.05 g/L 

gelatine by direct-current plating.  There is only one data point for the sample made by 

pulse-current plating with 0.05 g/L gelatine.  Also, positive slope in Figure 5.4 is not 

predictable and unexplainable.  The overpotentials for 20 mA/cm2 in this study are 31 

mV (Table 5.9, particle-free, Ec = -0.61 V) and 35 mV (Table 5.10, particle-free, Ec = -

0.67 V), which is higher than Ye et al [72] reported.  

There was no significant current efficiency difference for all electrolytes by both 

direct- and pulse-current plating.  

From Table 5.1 to Table 5.10, we see the ∆E, the increase of compensated potential 

Ec for direct-current plating, was in the range of -16 to -28 mV.  The potential between 

the beginning and the end of the deposition became more cathodic for direct-current 

plating.  The thickness of deposit was 300 µm.  We also recorded the current ioff at toff that 

was in the range of 1 ~ 30 mA (Table 5.1 to Table 5.10).  The low ioff resulted in slow 

deposition in toff time because the low current carried fewer electrons to the electrode 

during toff time.  The slow deposition also resulted in large grains that were mixed with 
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small grain size generated by high peak current in the films, which can be seen in sample 

7/1-2 with average size of 110 nm by ioff = 20 mA.   

The presence of nanosize dispersoids increases potentials with increasing particle 

concentration.  Higher pH with the same cation concentration resulted in higher 

electrolyte resistance because of the lack of protons.  However, it is impossible to 

conclude potentials increase with increasing pH values.  Gelatine concentrations 

evaluated have no significant effect on electrode potential and current efficiency.   

 

6.2. Grain size and Hall-Petch Plot 

Average grain size is reported in Table 5.11 (copper-alumina), Table 5.12 (copper-

diamond), and Table 5.13 (particle-free copper).  The relationship between grain size and 

current density, as well as Hall-Petch plot for both direct- and pulse-current plating is 

shown in Figure 5.6 to Figure 5.9.   

From Table 5.11 to Table 5.13, grain size varies among (111), (200), (220), (311) and 

(222), and different crystal orientation has different average grain size (Table 5.11 to 

Table 5.13).  Different crystal planes grow at different rates [33], which contributed to 

varied peak width and intensity in XRD examination.  Therefore, we need to average the 

grain size value for all peaks to obtain a grain size mean value for each sample.  Grain 

sizes for grains less than 100 nm are accurately calculated by XRD measurement.   

 

 

 

 



 

 156 

6.2.1. Copper-alumina composite films 

In Figure 5.6 and Figure 5.7, grain size decreases with increasing current density for 

composite films made by direct-current plating using 0.1 g/L (open square), 0.05 g/L 

(open circles), and 0.02 g/L gelatine (open triangles) and by pulse-current plating at 0.05 

g/L (filled circles) and 0.02 g/L gelatine (filled triangles) gelatine, although pH and 

alumina particle concentration is different. 

Grains for composite films made with 0.02 g/L gelatine by direct-current plating 

(open triangles) have average grain size of 45±9.3 nm.  They are smaller than those made 

by pulse-current plating (filled triangles) where the average grain size are 110±54 nm 

(12.5 g/L alumina) and 58±19 nm (1.0 g/L alumina).   

There is no significant grain size difference between films made by direct- and pulse-

current plating at 0.1 g/L gelatine (12.5 g/L alumina) with average size of 40±8.5 nm, and 

the films made at 0.05 g/L gelatine (1.0 g/L alumina) with average grain size of 60±21 

nm.  The films made using 0.05 g/L gelatine have smaller grain size than these made with 

0.02 g/L gelatine, which is opposite to published results [53, 55].  The disagreement 

could be explained by the effect of particles in codeposition mechanism.  The previous 

researchers [53, 55, 65] reported that the adsorption of gelatine at the surface of copper 

cathode decreased the amount of free and active sites of the cathode surface.  Forsen 

reported that [55] gelatine reached its maximum inhibitor efficiency at a concentration of 

slightly over one ppm.  We could expect to obtain higher gelatine concentration for its 

maximum inhibitor efficiency because we used much higher gelatine concentration (0.02, 

0.05, and 0.1 g/L) than 1ppm, and certain particles were suspending in the electrolyte.  

However, there is no conclusion on maximum inhibition of gelatine in this point.   
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In Hall-Petch plot, there are “negative” slopes for samples made by pulse-current 

plating with 0.1 g/L (12.5 g/L alumina, filled squares, Figure 5.6) and 0.02 g/L (filled 

triangles, Figure 5.6 and Figure 5.7) gelatine.  “Negative” slopes are also for deposits by 

direct-current plating with 0.05 g/L gelatine (1.0 g/L alumina, open circles, Figure 5.7) 

and 0.02 g/L gelatine (12.5 g/L alumina, open triangles, Figure 5.3).  Comparing Figure 

5.5 with Figure 5.6, DC plating with 0.1 g/L gelatine (12.5 g/L alumina, open squares) 

and 0.02 g/L gelatine (1.0 g/L alumina, open triangles) resulted in positive Hall-Petch 

slopes.  Pulse plating with 0.05 g/L gelatine (1.0 g/L alumina, filled circles) also resulted 

in a positive Hall-Petch plot.  Those positive Hall-Petch slopes were possibly caused by 

the grain defects in composite films.   

 

6.2.2. Copper-diamond composite films 

In Figure 5.8, grain-size decreases with increasing current density for all copper-

diamond composite films.  Microhardness data for Cu-diamond composite films are 

closer to each other than those for Cu-alumina composite films.  Microhardness did not 

change significantly for the Cu-diamond composite films, although grain-size varies from 

40±7.6 nm to 136±57 nm.   

From Hall-Petch plot, there are positive slopes for samples made by direct-current 

plating using 0.05 g/L gelatine (open circles) and pulse-current plating with 0.02 g/l 

(filled triangles).  However, there is almost a zero slope for films made by direct-current 

plating using 0.02 g/L gelatine (open triangle) and pulse-current plating with 0.05 g/L 

gelatine (filled circle).  It is impossible to discuss the effect of diamond in Cu-diamond 

composite films because of the lack of information on embedding diamond particles.   
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6.2.3. Particle-free copper films 

In Figure 5.9, grain size decreases with increasing current density for particle-free 

copper films made by direct-current plating with 0.05 g/L (open circles) and 0.02 g/L 

gelatine (open triangles), and by pulse-current plating with 0.05 g/L (filled circles) and 

0.02 g/L gelatine (filled triangles).   

From Hall-Petch plot, there are positive slopes for all particle-free copper films.  

Comparing Hall-Petch plots among Cu-alumina, Cu-diamond, and particle-free copper 

films, negative and zero Hall-Petch slopes were found in composite films, possibly due to 

the presence of particles that caused more defects in composite films than in particle-free 

films.  The negative and zero Hall-Petch slopes show that the grain size dependence of 

hardness in the nanocrystalline grain size regime is different than the Hall-Petch behavior 

for conventional grain size polycrystals [67].   

Based on the discussion above, grain size decreases with increasing deposition 

current density for all copper and most of composite films.  However, we can’t conclude 

that microhardness of copper and composite films increases with decreasing grain size or 

with increasing current density.   

The highest pulse current density used in this study is 297 mA/cm2, which is much 

lower than that used by Satter and Chen [9].  Satter and Chen [9] demonstrated that the 

use of high current pulses of 700 mA/cm2 and a superimposed dc of 40 mA/cm2 could 

increase the strength, improve the hardness, and refine the microstructure in 

electrodeposited cobalt.  They also found dendrite formation appeared with the use of 

current pulses above 700 mA/cm2.  However, there is no significant hardness 
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improvement for nanocrystalline copper films made by pulse current plating in this study.  

But dendrite formation or even powder deposits for example 6/20-4, were observed in 

this study by pulse current density of 297 mA/cm2 at 0.1 g/L gelatine.   

Natter et al [47] used pulse electrodeposition to produce nanocrystalline nickel and 

nickel alloys with desired average grain size, and narrow grain size distribution with a 

pulse combination of ton = 1 ms, toff = 49 ms, and Ipulse = 1.25 A/cm2.  The pulse current 

and toff time used in this study were lower and shorter than those used by Natter et al [47].  

There is no observation about narrow grain size distribution in films by pulsed 

electrodeposition (Table 5.11 to Table 5.13).  The grain size varied from 27±6.6 nm to 

81±22 nm by direct- and pulse-current plating, because of different bath conditions.   

The Hall-Petch relationship is expected to break down when the grain size becomes 

such low that there is no dislocation source available in all grain boundaries, as discussed 

by Schiotz et al [83].  The Hall-Petch effect is generally assumed to be caused by the 

grain boundaries acting as barriers to the dislocation motion, thus hardening the material.  

We saw significant high-angle grain boundaries in high-resolution TEM images (Figure 

5.61 (a) & (b)), however, it is impossible to identify alumina or diamond particles from 

high-resolution TEM images.   

Microhardness is not only simply a function of grain-size, it could be affected by 

nanoscale particle embedding and surface morphology, which are discussed in section 

6.6.  We have both positive and “negative” slopes in Hall-Petch plots for each set of films 

made at different bath parameters, which could possible be scatter points.  Gelatine 

concentration, the presence of nanosize particles, and pH had no obvious influence on 

microhardness.   
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6.3. Texture 

Material texture is reported in Table 5.14, Figure 5.10 to Figure 5.13, where (100) 

corresponds to (200) and (110) corresponds to (220).  There were relative random 

textures for copper-alumina and particle-free copper films, but relative preferred (111) 

orientation for copper-diamond composite films.   

The random texture orientation for copper and copper-alumina composite films and 

(111) preferred copper-diamond composite films showed that the (100) preferred 

substrate texture (Appendix D) had no significant effect on deposit orientation.  Forsen et 

al [55] reported gelatine acted as an inhibitor in copper electrolysis conditions, and it 

favored the growth of existing copper crystals that resulted in the formation of basis 

orientated reproduction structure.  However, it is not the case in this study.  It is possible 

that the presence of the alumina affect the grain nucleation on the cathode surface.  The 

particles suspending in the solutions had a chance to contact the cathode surface before 

the addition of current to the baths.  Even there is no copper atoms engulfing the particles 

onto the surface, the particles will be adsorbed on the surface.  The adsorbed particles 

would possibly change the crystalline patterns on the cathode.  Gelatine adsorbed on the 

cathode or maybe particles would somehow don’t lead copper atoms to the existing 

crystals.  Further study should be done to pursue the gelatine effects on texture.   

It was found that those films with preferred (110) orientation had lower hardness than 

films with (111) and (100) orientation, for example, sample 7/1-2, 7/9-1, 7/11-1, and 

7/12-2, etc (Table 5.11 to Table 5.13, Table 5.14).  The (110) preferred texture was 

generated by pulse-current deposition using 0.02 g/L gelatine and pH = -0.18 although 

the current density is different.   
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6.4. Surface morphology 

SEM images for copper and copper-alumina composite films and FESEM images for 

copper-diamond composite films are reported in Figure 5.18 to Figure 5.58.  The 

relationship between surface morphology and microhardness is discussed in this section.   

 

6.4.1. Cu-Al2O3 composite films 

In Figure 5.18, a SEM image for pulse-current plating at 12.5 g/L alumina, 0.1 g/L 

gelatine, 300 mA/cm2 and pH = 0.25 (sample 6/9-1) shows small grain of 48±7.4 nm and 

porous surface, but high hardness of 2.6±0.039 GPa.  The copper grains were tightly 

arranged in the film, which resulted in the high hardness.  Figure 5.18 (a) shows a layered 

surface because of stream pattern on the film surface.  The same stream pattern is also 

shown in Figure 5.20 (sample 6/11-2) and Figure 5.25 (sample 6/30-2).   

Figure 5.19 is a SEM image for direct-current plating at 12.5 g/L alumina, 50 

mA/cm2 and pH = 0.25 (sample 6/11-2 at 0.1 g/L gelatine).  It shows spherical copper 

clusters and very porous.  Figure 5.24 is a SEM image for direct-current plating at 12.5 

g/L alumina, 50 mA/cm2 and pH = -0.18 (6/29-1 at 0.02 g/L gelatine).  It shows uneven 

but smooth surface.  Gelatine concentration of 0.1 g/L causes porous surface and bigger 

grain size of 69±30 nm for sample 6/11-2 than sample 6/29-1 with grain size of 49±14 

nm using 0.02 g/L gelatine, even at the same deposition current density and particle 

concentration.   

In Figure 5.20 and Figure 5.25, films made by direct-current plating at 12.5 g/L 

alumina, and 150 mA/cm2 (sample 6/12-2 by 0.1 g/L gelatine and pH 0.25 and 6/30-2 by 

0.02 g/L gelatine and pH =-0.18) have copper particle size of 66±16 and 42±11 nm, 
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respectively.  There are stream patterns on both uneven film surfaces.  These phenomena 

also indicated that small copper grains were generated at high current density and low-

gelatine concentration.   

In Figure 5.21 to Figure 5.23, there are SEM images for pulse-current plating at 12.5 

g/L alumina, 0.02 g/L gelatine, and pH = -0.18 (sample 7/2-1, 7/1-2, and 7/9-1).  Sample 

7/1-1 has smaller grain size of 41±13 nm than that of sample 7/1-2 and 7/9-1.  But sample 

7/9-1 has the most porous surface, which has the highest alumina content of 2.76 wt%.   

In Figure 5.26 to Figure 5.28, there are SEM images for pulse-current plating at 1.0 

g/L alumina, 0.05 g/L gelatine, and pH = -0.18 (sample 7/12-2, 7/14-1, and 7/12-1).  

Lower current density of 148 mA/cm2 resulted in flower-shape surface corresponding to 

bigger grain size of 75±23 nm, lower hardness of 1.5±0.0041 GPa, and alumina content 

of 0.49 wt%.   

In Figure 5.29 and Figure 5.30, there are SEM images for sample 6/24-3 and 6/24-1 

made by direct-current plating at 1.0 g/L alumina, 0.05 g/L gelatine, and pH = -0.18.  

Low current density of 20 mA/cm2 resulted in bigger grain size of 54±13 nm and alumina 

content of 0.11 wt% for sample 6/24-3 than grain size of 37±4.9 nm for sample 6/24-1 

with alumina content of 0.076 wt% made at higher current density of 100 mA/cm2.  But 

both films have smooth surfaces.   

In Figure 5.31 to Figure 5.33, there are SEM images for pulse current plating at 1.0 

g/L alumina, 0.02 g/L gelatine, and pH = -0.18 (sample 7/10-2, 7/10-1, and 7/11-1).  

Grain size decreases from microscale to 62±10 nm with increasing current density from 

148 mA/cm2 to 297 mA/cm2.  Again, low alumina content of 0.0380 wt% (7/11-1) 

resulted in smooth surface.    
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In Figure 5.34 and Figure 5.35, there are SEM images for direct-current plating at 1.0 

g/L alumina, 0.02 g/L gelatine, and pH = -0.18 (sample 6/27-3 and 6/27-1).  Those two 

images are similar to each other and have close alumina content (Table 5.16).  High 

current density of 100 mA/cm2 resulted smaller grain size of 45±9.3 nm than grain size of 

58±19 nm made by 20 mA/cm2.   

Comparing Figure 5.29, Figure 5.30, Figure 5.34 and Figure 5.35, the gelatine 

concentration of 0.05 g/L generated slightly smaller grain size than that from 0.02 g/L 

gelatine at the same current density, particle concentration, and pH   

Natter [47] reported long toff time (50 ms) and high pulse current (1.25 A/cm2) caused 

spherical particles.  But in reported SEM images [Figure 5.18 to Figure 5.35, Figure 5.47 

to Figure 5.58], spherical particles were observed by direct-current plating at 50 mA/cm2, 

shown in Figure 5.18.  Surface morphology is a function of current density, nanosize 

content, and gelatine concentration.  High current density and low gelatine concentration 

generated samples with small grains and smooth surface.  High particle content in 

composite films resulted in porous and dark surface.  Samples with porous surface 

morphology have low microhardness (<2.0 Gpa).  There is no significant pH effect on 

surface morphology.   
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6.4.2. Cu-diamond composite films 

In Figure 5.36 to Figure 5.38, there are FESEM images for pulse-current plating at 

0.5 g/L diamond, 0.05 g/L gelatine, and pH = -0.18 (sample 7/21-3, 7/16-2, and 7/17-1).  

There are stream patterns on all the three film surfaces.  Sample 7/16-2 has unusual grain 

size of 136±57 nm.  High current density of 297 mA/cm2 resulted in small grain size of 

51±9.7 nm and porous surface (sample 7/17-1).  The FESEM images were taken at a high 

resolution (100 nm scale), which gave more details about surface morphology.   

In Figure 5.39 and 5.40, there are FESEM images for direct current plating at 0.5 g/L 

diamond, 0.05 g/L gelatine, and pH = -0.18 (sample 7/20-3 and 7/20-1).  Both films have 

stream patterns on the surface.  Sample 7/20-1 with grain size of 57±7.3 nm has higher 

hardness of 2.2±0.014 GPa than 7/20-3 with grain size of 60±17 nm and hardness of 

1.8±0.0057 GPa.   

In Figure 5.41 to Figure 5.43, there are FESEM images for pulse current plating at 0.5 

g/L diamond, 0.02 g/L gelatine, and pH = -0.18 (sample 7/15-2, 7/14-2, and 7/15-1).  

Sample 7/15-2 has stream pattern on the surface.  The smallest grain of 56±17 nm was 

produced at high current density of 297 mA/cm2.  All three films have similar 

microhardness even with large grain size difference (from 105±27 nm to 56±17 nm).   

In Figure 5.44 to Figure 5.46, there are FESEM images for direct current plating at 

0.5 g/L diamond, 0.02 g/L gelatine, and pH = -0.18 (sample 7/18-2, 7/18-1, and 7/21-1).  

Sample 7/18-2 and 7/18-1 have smooth surface, but 7/21-1 has stream pattern on the 

surface.  Grain size decreases from 70±6.5 nm to 40±7.6 nm with increasing of current 

density from 20 mA/cm2 to 100 mA/cm2.   
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Copper-diamond composite films were produced in 0.5 g/L diamond particle bath.  

The 5-nm diamond content in Cu-diamond composite films was unknown because of lack 

of detecting method.  Therefore, the effect of diamond particles in codeposition process 

and deposit properties is unknown.  

 

6.4.3. Particle-free copper films 

In Figure 5.47, there is a SEM image for direct-current plating at particle-free, 0.1 g/L 

gelatine, 150 mA/cm2 and pH = 0.25 (sample 6/20-3), it has the smallest grains of 27±6.6 

nm shown on the surface, corresponding to its high hardness of 2.5±0.031 GPa.    

In Figure 5.48 to Figure 5.50, there are SEM images for pulse-current plating at 

particle-free, 0.05 g/L gelatine, and pH = -0.18 (sample 7/22-1, 7/23-1, and 7/24-1).  

Uneven surface with spherical copper particles was shown in Figure 5.47.  High current 

density of 297 mA/cm2 resulted in small grain size of 64±14 nm, hardness of 1.9±0.012 

GPa and smooth surface.   

In Figure 5.51 and Figure 5.52, there are SEM images for direct current plating at 

particle-free, 0.05 g/L gelatine, and pH = -0.18 (sample 6/29-2 and 6/30-1).  The grain 

size decreases from 55±12 nm to 46±12 nm with increasing current density from 20 

mA/cm2 to 50 mA/cm2.  Low current density of 20 mA/cm2 resulted in low hardness of 

2.2±0.040 GPa compared to 2.7±0.071 GPa by high current density of 50 mA/cm2.   

In Figure 5.53 to Figure 5.55, there are SEM images for pulse-current plating at 

particle-free, 0.02 g/L gelatine, and pH = -0.18 (sample 7/17-3, 7/23-2, and 7/16-1).  

Grain size significantly decreased from 81±22 nm to 35±11 nm with increasing current 
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density from 148 mA/cm2 to 297 mA/cm2.  But there was no major hardness difference 

among those three samples.   

In Figure 5.56 to Figure 5.58, there are SEM images for direct-current plating at 

particle-free, 0.02 g/L gelatine, and pH = -0.18 (sample 6/28-3, 6/27-2, and 6/28-1).  

Sample 6/28-3 and 6/27-2 have smooth surfaces, but 6/28-1 has an uneven surface with 

particles distributed on stream pattern.  Grain size decreases from 67±22 nm to 42±9.7 

nm with increasing direct current density from 20 mA/cm2 to 100 mA/cm2.  Sample 6/28-

1 and 6/27-2 have the same hardness of 2.4±0.049 GPa, which is higher than the hardness 

(2.1±0.0044 Gpa) of 6/28-3.   

In summary, surface morphology was affected by grain size variation, gelatine 

concentration, and current density.  Surface morphology was totally different for samples 

made at different parameter settings.  We observed that most of pulsed electro-deposition 

produced low porosity films as mentioned by Natter [47] in pulsed electro-deposition of 

nanocrystalline palladium. .  Elsherief and Saba [66] also reported the presence of 

gelatine improved the quality of the deposit to be free from pores and dendrites.   

 

6.5. Grain structure and grain-size  

Grain structure and grain-size were further investigated by transmission electron 

microscopy (TEM), since we only studied average grain size that was analyzed by XRD.  

We intended to obtain the detailed grain information for both copper-based composite 

and particle-free films.   

In Figure 5.59 (a) and (b), bright and dark field images for a particle-free copper film 

(7/17-3) are reported.  From the TEM images, we observe that copper grain-size varied 
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from 30 to 100 nm.  In Figure 5.60 (a) and (b), bright and dark field images for a copper-

alumina composite film (7/2-1) are reported.  The grain size varied from 5 to 100 nm.  In 

Figure 5.60 (a) and (b), bright and dark field images for a copper-diamond composite 

film (7/14-2) are reported.  The grain size also varied from 30 to 100 nm.  In Figure 5.62 

(a) and (b), high-resolution images at 5-nm scale are reported for grain boundary study.   

There are only some grains shown in those TEM images, because only those grains 

with certain grain orientation at a specified tilt angle contributed to the TEM reflection.  

Grains with varied grain size were uniformly distributed in the sample.  From Figure 

5.62, we can see 5 nm grains in between big grains (40 to 100 nm).  We also can see 

high-angle grain boundaries (high tilt angle) and grain boundary thickness around 0.5 - 1 

nm form high-resolution images.   

From TEM images, we confirmed the existence of nanocrystals with grain size in the 

range of 30 to 100 nm.   

 

6.6. Element content in Cu-based composite films 

 

6.6.1. Cu-Al2O3 composite films 

The Al or Al2O3 content was reported in Table 5.16, Figure 5.16 and Figure 5.17. 

Satter [9] mentioned that the incorporation of alumina deposits in cobalt increased with 

use of pulse current plating.  But we don’t see the increase of alumina concentration in 

copper-alumina composite films made by pulse-current plating in comparison to films 

made by direct-current plating.  On the other hand, we can see the decrease of alumina 

content with increasing current density.   
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Alumina content decreases with increasing current density.  In sample 7/12-2, 7/12-1, 

and 7/14-1, high pulse current density of 297 mA/cm2 resulted in the lowest alumina 

content of 0.0760 wt%, as shown in Figure 5.16 and Figure 5.17.  Low-gelatine 

concentration of 0.02 g/L and high-Al2O3 (12.5 g/L) particle concentration in the 

deposition baths resulted in high Al2O3 content in the range of (0.11 to 2.76 wt%) in 

composite films.  Porous surface resulted in high alumina content as shown in sample 

7/9-1.   

The higher the Al2O3 concentration in the baths, the higher contact chance between 

Al2O3 particles and cathode, which could explain the higher Al2O3 content in composite 

films made from baths containing 12.5 g/L alumina.  We believe that gelatine was 

adsorbed to the cathode surface and guided the copper atoms to incorporated in the lattice 

site on the cathode surface [55].  Gelatine could decrease the chance for embedding 

Al2O3 particles, which resulted in low Al2O3 content at high-gelatine concentration baths.  

As a particle approaches the cathode surface, it must displace the liquid to contact the 

electrode surface in order to be embedded in the lattice.  Therefore, the presence of 

gelatine increased the viscosity of the bath solution that could decrease the particle 

content in codeposition, which was reported by Celis et al [13] in codeposition of 

polymer lattices with copper.   

High-current density could result in low particle embedding rate, but porous surface 

gave a high chance for Al2O3 adsorption on the surface.  There is the trade-off for current 

density and surface morphology.  

The Al and O peaks are also qualitatively shown in Figure 5.14, which confirmed the 

presence of Al and O in Cu-Al2O3 composite films.   
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The Al2O3 content in all composite films is low (≤ 2.76 wt%), which possibly causes 

no significant difference of material properties for composite and copper films.  Increase 

of Al2O3 particle concentration in copper matrix was reported by Podlaha [84] using 

pulse-reverse plating in copper-citrate bath.  The reduction of ions adsorbed on alumina 

particles is the rate-determining step, and the rate of codeposition is further dependent on 

the mass transport to the electrode as reported bv Buelens et al [39].  In this study, the 

low-Al2O3 content in composite films was possibly due to the low copper ion adsorption 

on Al2O3 particle surface, as discussed by Foster and Kariapper [37].  Buelens et al [39] 

and Celis et al [85] reported that the Al2O3 content initially increased with increasing 

current density, but went down with extended increase of potential (current density).  

However, the initial increase and final decrease in Al2O3 distribution in films are not 

observed here because of the limited 3 data points for each parameter setting.   

 

6.6.2. Cu-diamond composite films 

We only have a qualitative result from x-ray analysis to confirm the presence of C 

(diamond) peak, as shown in Figure 5.15.  We only used 0.5 g/L 5-nm diamond in our 

deposition baths, therefore, the C content in composite films must be very low.  It is 

impossible to compare the physical properties of composite films with low diamond 

content with those of copper films.  The mechanical properties for Cu-diamond 

composite and copper films are similar as shown in Figure 5.8 and Figure 5.9.   
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7. SUMMARY 

Free-standing nanocrystalline copper-based composite and particle-free films with 

particle size of 40 – 100 nm were successfully produced by both direct- and pulse-current 

plating in this study.  Nanoscale 50-nm Al2O3 and diamond particles were successfully 

codeposited into nanocrystalline copper matrix.  The electrolytes contained acid copper 

(0.25 M CuSO4
.5H2O) solution with 50-nm Al2O3 particles (12.5/1.0 g/L), 5-nm diamond 

particles (0.5 g/L), or particle-free were prepared and used to perform 

codeposition/deposition at pH = 0.25 or –0.18 with gelatine (0.1, 0.05, or 0.02 g/L) as 

additive.  We investigated direct-current plating at 20, 50, 100, and 150 mA/cm2 and 

pulse-current plating at 148, 223, and 297 mA/cm2 for deposition with the same bath 

parameters.  Codeposition with 12.5 g/L Al2O3 particles was carried out at rotation rate of 

1800 rpm, and other codeposition/deposition was performed at rotation rate of 1000 rpm.  

All free-standing composite and copper films were examined by x-ray diffraction 

(XRD) for grain size and crystal texture, scanning electron microscopy (SEM) for surface 

morphology, micro hardness tester for hardness, transmission electron microscopy 

(TEM) for grain structure.   

We observed average grain size for composite and copper films in the range of 27 - 

100 nm.  Grain size decreased with increasing current density for all copper and most of 

the composite films.  Nanoscale particle type or particle concentration had no significant 

effect on grain size.  The presence of gelatine also had no obvious effect on grain size.   

The Cu-Al2O3 composite and copper films have random crystal texture, but Cu-

diamond composite films have (111) preferred texture.  We also observed that the (100) 

preferred orientation of substrate had no effect on deposit texture.  The variation of 
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current density for both direct- and pulse-current plating had no significant effect on 

material texture.  Films with preferred (110) orientation had lower hardness of 

1.5±0.0041 GPa than that of films with (111) and (100) orientation (~ 2.0 Gpa).  The 

(110) preferred texture was generated by pulse-current deposition using 0.02 g/L gelatine 

and pH = -0.18 at different current densities.  The presence of particles has no significant 

influence on nanocrystalline texture.   

Surface morphology for composite and copper films varied for films produced at 

different parameter settings.  High-gelatine concentration resulted in low particle 

impregnating rate.  Films made using 0.1 g/L gelatine resulted in spherical particles and 

porous surface.  Films made using 0.02 g/L gelatine resulted in smooth surface.  Films 

with high alumina particle embedding of 2.76 wt% resulted in porous and dark surface.   

The microhardness of nanocrystalline materials was increased by decreasing grain 

size for most of the copper and composite films.  The presence of low concentration of 

alumina or diamond particles had no effect on grain size and microhardness. The pH had 

no obvious influence on grain size, microhardness, and alumina content in composite 

films.   

The TEM images confirmed the existence of nanosize (<100 nm) grains in copper 

and composite films.  High-resolution TEM images confirmed the presence of high-angle 

grain boundaries and deformation of nanocrystalline materials.   

High-alumina particle (12.5 g/L) concentration resulted in high Al2O3 content (0.11 

wt% – 2.76 wt%) in Cu-Al2O3 composite films.  Al2O3 content increased with decreasing 

gelatine concentration (0.02 g/L).  High current density of 297 mA/cm2 resulted in low 
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Al2O3 content (0.076 wt%) in the composite films, but porous surface resulted in high 

Al2O3 content.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 173 

8. RECOMMENDATIONS 

Although the results of this investigation met the research objectives, some 

recommendations can be made to improve the experimental procedure and hence the 

results. 

 

8.1. Electrolyte preparation 

Electrolyte preparation is very important in order to obtain reproducible baths.  To 

keep particles well suspended in the deposition baths is one of the most critical steps for 

the experiment reproducibility.  We suggest that disperse alumina powders in prepared 

700-mL acid copper solution to form the electrolyte, followed by a 12-hour heating at ~ 

1500C on a hot-plate with a reflux.   

Ultrasonic water bath is recommended to further disperse alumina particles and to 

help copper ions to be adsorbed on alumina particles.  The flask containing 700-mL acid 

copper solution with certain particles should be put in an ultrasonic bath, and the level of 

the water in the ultrasonic bath should be higher than the level of the solution in the flask.  

As we know that, the surface of the alumina particles is uneven and has lots of holes and 

edges.  Ultrasonic will eliminate the gas absorbed on holes in alumina particles (degas 

function), and help Cu2+ ions to be adsorbed on alumina particle surface.    

After the ultrasonic dispersion, the fresh deposition solution should be poured into 

the deposition bath with a stirrer at the bottom.  The solution should be kept continuously 

stirring.  The bath solutions should also be purged by N2 to get rid of air.   
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8.2. Electrodeposition 

 

8.2.1. Pulse-reverse plating 

Pulse-reverse plating could be used to perform the electrocodeposition.  Podlaha and 

Landolt [84 ] used pulse-reverse plating for the codeposition of nanosized, γ-alumina 

particles (12.5 g/L) in a copper matrix at baths containing 0.25 M CuSO4
.5H2O and 0.3 M 

C6H5Na3O7 at pH 4.0 by using a constant net plating charge of 10 C/cm2.  The cathodic 

current density was 5 mA/cm2 and the anodic current density was 10 mA/cm2 at rotation 

rate of 800 rpm.  The maximum of 18 vol% alumina was obtained in copper-alumina 

composite films with a low duty cycle of 0.17.  But no information about copper grain 

size was mentioned in their study.  However, the cathodic current density used in their 

study was too low comparing to the cathodic current density used in our study, which is 

from 148 to 297 mA/cm2 for pulse-current plating.  Therefore, we suggest use high 

current density to pursue nanocrystalline copper grains with high alumina particle 

embedding by pulse-reverse plating.   

 

8.2.2. Rotating disk electrode (RDE) 

We suggest that certain a teflon stirrer can be added to the rotating disk electrode to 

obtain powerful stirring for better particle suspending during the deposition.  For RDE 

with a rotating cathode, we observed large amount of alumina particles staying at the 

bottom of the deposition cell at rotation rate of 1000 rpm.  The unevenly particle 

distribution was even more evident in baths containing 12.5 g/L alumina particles than 

baths containing 1.0 g/L alumina particles.  However, the addition of the extra stirrer will 
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cause different flow patterns as compared to traditional RDE.  We suggest that a study 

should be done to investigate the effect of the stirrer addition on flow pattern, as well as 

the effect of the location of the stirrer in deposition bath.   

 

8.3. Additive type and its concentration 

Gelatine is a good additive to produce nanocrystalline copper matrix, but failed in 

particle impregnation in our study because of the low alumina content (0.0760 wt% – 

2.76 wt%) in copper-alumina composite films.  Safe monovalent ions can be added to the 

bath solution along with gelatine to improve rate of particle embedding, because they can 

press positive charge on the alumina surface, as mentioned by Roos et al [7, 8].  Certain 

studies need to be done to find the suitable monovalent ion to improve the particle 

incorporation.   

High gelatine concentration can be used in high particle electrolytes to perform the 

codeposition.  We used 0.1, 0.05, and 0.02 g/L gelatine in our study, however, gelatine 

concentration between 0.1 and 0.02 g/L can all be used to produce nanocrystalline films 

depending on particle concentration in the baths.  

 

8.4. Temperature 

All the codepositions and depositions were carried out at room temperature in our 

study.  We suggest that high temperature can be tested for further electrochemical 

codeposition/deposition, in attempt to increase the rate of codeposition.   

Choo et al [49] used 600C and 650C for pulse deposition to obtain nanocrystalline Ni 

with average size of 11 nm.  Natter et al [10] used 400C, and 600C to pulse plate 
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nanocrystalline Pd with grain size 17 nm to 27 nm.  Natter and Hempelmann [46] 

deposited copper at 400C to obtain average size between 20 nm to 50 nm.  Buelens [39] 

also produced Cu-alumina composite films at 400C to obtain 18-23 wt% alumina in 

deposits.   

 

8.5. Copper ion concentration 

We used 0.25 M Cu2+ and pH at 0.25 and –0.18 to perform the electrochemical 

plating in this study.  We suggest that a high copper ion concentration, such as 0.75 M 

CuSO4 can be used to perform the plating to limit the potential mass-transfer problems 

and to shorten the plating time for films with the same thickness.   
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Appendix A: Mercury sulfate (MSE) reference electrode fabrication 
 

The reference electrode was fabricated as following: 

 

(1) A 5.75 inch glass pipet (Fisher Scientific 13-678-7A) was cut to a length of 

approximately 4.5”. 

(2) The tip of the glass tube was melted to hold a (thin) Pt wire about 0.25” in 

length. 

(3) Glass wool was packed (moderately tight) into the end of the pipet, to a 

thickness of about 0.5”.  This wool was wetted with a small amount of 0.5 M 

H2SO4. 

(4) Several full spatulas of Hg2SO4 powder were placed in a ceramic mortar and 

several drops of Hg were added.  The Hg and powder were mixed well with a 

ceramic pestle to disperse the Hg into very fine droplets within the powder.  

(The mixing causes the powder to change from yellow to gray).  Enough 

(several drops) 0.5 M Hg2SO4 is mixed into the powder to create a wet paste.   

(5) About 0.5” of the wet paste is added on top of the wet paste in the pipet.  

Extra 0.5 M Hg2SO4 can be added in order to rinse the paste from the sides of 

the tube (some of the Hg2SO4 can be removed, if necessary, after the solution 

settles).   

(6) Several drops of Hg are added such that the Hg is visible through the paste; 

typically about 0.25” should be used.   

(7) A Pt wire (ca. 0.5”) is soldered to a copper wire. The soldered joint can be 

covered with plastic tubing (and heated to shrink around the wire) or Teflon 
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tape.  The wire is placed into the glass tube such that the Pt touches the Hg 

(not just the paste).   

(8) Enough 0.5 M H2SO4 should be added (or removed) such that there is at least 

ca. 0.2” in the glass, but it does not cover anything but the Pt wire (it could 

react with the Cu if it is able to penetrate the coating over the connection 

between the Pt and Cu wire).   

(9) The plastic tubing is put in the open end of the glass pipet, and sealed by 

mechanic force.   

 

The mercury sulfate (MSE) reference electrode made by the method described above 

was used in this study.  The potential difference between the MSE and an hydrogen 

reference electrode was 0.72 V measured by Potentiostat/Galvanostat (Model 173, 

EG&G, Princeton Applied Research).   

The MSE and a hydrogen reference electrode sitting in a bath containing 0.5 M 

H2SO4, were connected to the potentiostat as anode and cathode, respectively, then a zero 

current was applied to the cell.  A potential was read in oscilloscope as the potential 

difference between MSE and an hydrogen reference electrode.   
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Figure A.1. A Scheme for mercury sulfate (MSE) electrode.   
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Appendix B: Measurement for solution resistance  

The uncompensated solution resistances of baths with or without nano-size particles 

were measured by the method described in the following:  

 

B 1. Measurement for direct-current plating 

For baths prepared for direct-current plating, electrolyte resistance (Ω) was measured 

by applying a pulse current (ton = 1 ms, toff = 10 ms, ipeak = 20 mA) to the bath solution 

prior to the direct-current deposition.  The uncompensated potential difference between 

cathode and reference electrode was measured and recorded by an oscilloscope.  When 

pulse current dropped from its peak (20 mA) to flat end (zero), the uncompensated 

potential was also dropped from a maximum peak to a flat end (potential at zero current).  

We measured the uncompensated potential difference Eohm between the maximum and the 

potential at the beginning of the zero current (the starting point of flat end).  Then divide 

Eohm by ipeak of 20 mA to obtain the electrolyte resistance (Ω).   

 

B 2. Measurement for pulse-current plating 

 For baths prepared for pulse-current plating, electrolyte resistance (Ω) was 

measured during the pulse-current deposition.  As well as the measurement for direct-

current plating, uncompensated potential (Eohm) difference between cathode and reference 

electrode was measured and recorded by both Chart and oscilloscope.  The resistances for 

deposition baths were obtained by dividing Eohm by ipeak.     
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Figure B.1. Scheme of current and uncompensated potential for electrolyte 
resistance measurement obtained by oscilloscope.   
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Appendix C: X-ray diffraction standard for copper  

 

 

Table C.1. X-ray diffraction standard for powder copper. 
 

2 Theta (degree) Normalized intensity  hkl 
43.298 100 (111) 
50.434 46 (200) 
74.133 20 (220) 
89.934 17 (311) 
95.143 5 (222) 

 
 

X-ray diffraction analysis (XRD) were performed by Rigaku diffractometer 

model D/MAX A series x-ray with Cu-Kα1 radiation and λ = 0.15405 nm.  The x-ray 

diffraction information about copper standard is shown in Table C1.  In Table C1, the 2-

theta value for copper standard was used to define 2-theta values for copper films made 

by deposition, and the normalized intensity for copper standard was used to pursue the 

preferred crystal orientation for copper and composite films.    
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Appendix D: X-ray diffraction pattern for copper cathode substrate 

 

 
 
 

 
 

Figure D.1. X-ray diffraction for copper cathode substrate.    
 

  

In Figure D1, the preferred orientation of (100) for cathode substrate was 

confirmed by X-ray diffraction analysis.   
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Appendix E: Making size measurement by Zetasizer 

 

Particle size was measured using a Zetasizer Particle Size and Zeta Potential Analyser 

(ZETASIZER 5, Malvern Instruments) in this study.  Particle size measurement include 

the following steps: sample preparation, sample parameter and measurement set-up, 

making a measurement, and examining results.  The procedure of particle size 

measurement was built up according to manufacturer’s manuals: “Making Size 

Measurements” and “”Hardware Manual”.   

 

E 1. How to use ZETASIZER for size measurement 

How to use ZETASIZER for size measure is shown in Figure E.1, containing the 

following four steps: sample preparation, sample parameter and measurement set-up, 

making a measurement, and examining the results.   

 

E 1.1 Sample preparation 

Samples for zetasizer measurement must consist of a well-dispersed phase in a 

suspending medium.  There must be a refractive index difference between the medium 

and the dispersed phase, and the refractive index of the solvent must be known.  The 

viscosity at the selected measurement temperature must also be known.   

Alumina particles with average size of 50 nm were dispersed in DI water to form a 0.1 

g/L suspending solution.  The suspending solution was heated to ~ 1500C on a hot plate 

for 12 hours with reflux to break the agglomeration among alumina particles, then cooled 
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down to room temperature.  A 5-ml syringe was used to take about 1.5 ml suspending 

solution and inject the sample in the size cell.    

 

E 1.2. Sample parameter and measurement set-up 

The correct sample parameters must be set up before a sample is measured.  

Measurement wizard was used to set up a measurement.  The following parameter are set 

for the measurement in this study, temperature at 250C, measuring angle at 90 degrees, 

water as background, 10 times of measurements, auto size, multi model for analysis 

method, and save the measurement data on disk.   

 
E 1.3. Making a measurement 

After using measurement wizard for the set-up, just click on the “Go” button shown 

in the computer screen to start or click on “Stop” button to stop the measurement.    

 

E 1.4. Examining the results 

The properties of the sample would display on the computer screen after the 

measurement, shown in Table E1.   

The main concern in this study was particle-size, therefore, cumulant Z average is a core 

data.  But the other results are also important because they reflect the validation of Z 

average.   
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E 2. Results about alumina particles 

The 50-nm diameter alumina particles were used in acid copper solutions for 

codeposition.  Alumina particles were suspended in DI water to form a 0.01 g/L alumina 

solution.  The alumina particles used in this measurement were prepared by dispersing 

particles using an ultrasonic cone or heating for 12 hours on a hot plate.   

Before each sample measurement, 1.0 mL 50-nm polyethylene standard was injected in 

the measurement cell for adjustment (Figure E.2 and Table E.2).  The results for alumina 

particles dispersed in DI water by ultrasonic cone and heating for 12 hours are reported in 

Figure E.3 and Table E.3, Figure E.4 and Table E.4, respectively.   

However, it should be mentioned that alumina particles would precipitate during the 

measurement (in 2 min).  It is suggested that a continuous flow should be used for size 

measurement instead of stationary solution injected in the measurement cell.   

 

In summary, particle size measurement was done by the procedure described in 

Appendix E.  After each measurement, acetone and DI water mixture (1:1) was applied to 

clean the size cell, then 1.5 ml DI water was injected and kept in the size cell to 

moisturize the cell wall.   
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Table E.1. Properties of samples displayed on the screen. 
 
Cumulant Z Ave. Cumulant mean or hydrodynamic diameter of the particle 

Polydispersity The width of the distribution 
Quality Pass or fail 
Merit % Signal to background ratio for the experiment, between 5% to 90% 

In range % Over 98% is excellent, over 95% is good, over 85% is all right 
Temperature Actural measurement temperature during the experiment 

Viscosity The viscosity of the continuous phase 
Angle Scattering angle of the experiment (90 degrees) 

RI medium Refractive index of the continuous phase 
RI Particle Refractive index of the sample 

Abs Mie absorbance of the sample 
Peaks The center value of any peaks on the graph 
Width The width in nm at half peak height 

Analysis Analysis types was used 

Fit Indication of success of the measurement and analysis.  Any value 
greater than 0.01 is a poor fit 
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Figure E.1. Flow chart for ZETASIZER measurement.   
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         (A)                                                                  (B) 

Figure E.2. Results for 50-nm polyethylene standard (A) density vs. particle size;  
(B) volume vs. particle size.  

 

Table E.2. Peak analysis results for 50-nm polyethylene standard (density, volume, 
and number vs. particle size). 
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(A) (B) 

Figure E.3. Results for 50-nm alumina particles dispersed by ultrasonic cone for 6 
hours (A) density vs. particle size;  (B) volume vs. particle size. 
 

Table E.3. Peak analysis results for 50-nm alumina particles dispersed by ultrasonic 
cone for 6 hours (density, volume, and number vs. particle size).   
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    (A)                                                                   (B) 

Figure E. 4. Results for 50-nm alumina particles dispersed by heating for12 hours 
(A) density vs. particle size;  (B) volume vs. particle size. 
 

Table E. 4. Peak analysis results for 50-nm alumina particles dispersed by heating 
for 12 hours (density, volume, and number vs. particle size).   

 
 
 




