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        Electrodeposition method is used to deposit diamond-like carbon (DLC) 

films on copper substrates via anodic oxidation at low temperature.  These films 

are characterized using Raman spectroscopy, Fourier transform infrared 

spectroscopy and scanning electron microscopy.  Homogeneity of these films is 

studied using Raman spectroscopy and scanning electron microscopy.  Scotch 

tape peel tests indicate adherent film on copper substrate.  Carbon phase 

transformation is studied using thermal annealing experiments in conjunction with 

Raman spectroscopy and scanning electron microscopy.   

        A cathodic electrochemical method is also studied to deposit DLC films on 

copper substrates.  However, films deposited by the cathodic route have poor 

adhesion and quality compared to anodically deposited films.  It is also possible 

to grow diamond phase on copper substrates using acetylene in liquid ammonia 

via electrodeposition route.  An electrochemical method is proposed for boron 

doping into DLC films. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 
 

1.1 Introduction 

        Carbon is a unique element, as it can exist in many different forms.  

Diamond (four-fold tetrahedral bonding) and graphite (three-fold tetrahedral 

bonding) are two pure crystalline forms of carbon that have been known and 

used by mankind for centuries.1  Diamond and graphite are chemically identical 

as both contain carbon, but physically they are very different.  Minerals that have 

the same chemistry but different crystal structures are called polymorphs.   

        Diamond consists of sp3 configuration and its properties are derived from its 

strong directional sigma bonds (Figure 1.1. (a)).  It has a wide band gap of 5.5 

eV.  It has properties such as high thermal conductivity, high molar density, high 

hardness, high Young’s modulus, high electrical resistivity, wide optical 

transparency, chemical inertness, high breakdown strength, and high electron 

hole mobility2 combined with these important properties, it has very low thermal 

expansion and high electrical resistance.  Because of its hardness, it is far more 

effective and efficient than other competing materials for abrasive, cutting, 

shaping or finishing tools.  It is an excellent candidate to be used for high power 

electronic devices as it has high electrical resistance and high breakdown 

voltage.  High thermal conductivity and high electrical resistance make diamond 

of great interest to the electronic industry.  Graphite consists of sp2 configuration 

(Figure 1.1. (b)) and it has strong intralayer sigma bonding and weak Van der 
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Waals bonding between its layers.3  As it has weak Van der Waals bonding 

between its layers it is used as a lubricant. 

 

 

(a) (b)  

Figure 1.1. (a) Diamond, (b) Graphite crystal structures4

(Reproduced by permission of The Electrochemical Society, Inc., ) 

 

        Diamond-like carbon (DLC) film is synthetic carbon, which consists of a 

mixture of tetragonal (sp3), trigonal (sp2) and sp carbon-carbon bonds of 

amorphous nature.5  DLC films substantially amorphous, but some micro or 

nano-crystalline inclusions of all carbon forms can be found in the amorphous 

matrix.1   

        DLC films are of two types: Hydrogenated DLC (a: C-H) and hydrogen free 

DLC (ta-C).  Hydrogenated DLC consists of 40 – 70 % of sp3 content and 30 – 50 

% of hydrogen content.  Depending on the properties, they can be further divided 
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in a: C-H hard and a: C-H soft.  Hydrogen free DLC contains 80 – 90 % sp3 

content with a tetrahedral configuration denoted as ta-C and it’s hydrogenated 

analog denoted as ta-C: H.6  High sp3 content DLC films have properties similar 

to diamond, such as its mechanical hardness, chemical and electrochemical 

inertness, and a wide band gap.3  The properties of DLC mainly depend on the 

ratio of sp3 to sp2 bonds and hydrogen content. 

        Synthesis of diamond and DLC coatings received considerable interest 

owing to their superior mechanical, electrical, chemical and optical properties. 

        DLC was first synthesized by Aisenberg et al. in 1969 using an ion-beam 

deposition technique at room temperature.7  These films have properties such as 

high mechanical hardness, elastic modulus, high chemical inertness, wear 

resistivity, high electrical resistance, low friction coefficient, high refractive index, 

high thermal conductivity and negative electron affinity (field emission 

properties).5, 8  As DLCs have similar properties to diamond, researchers are 

interested in synthesizing and studying DLCs for the last three decades.  Also, 

diamond synthesis is costly compared to DLC.           

1.2 Applications 

        DLC films can be used for protective coatings for optical windows, magnetic 

storage disks, and micro-electronic mechanical devices.3  These films on metals 

and plastics attracted much attention as they have a combination of physical and 

chemical properties and can be used as protective coatings for hard disks and 

articulated implants in human body.9, 10  The most challenging type of human 
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implants is total hip replacement and the main cause of the failure of metal 

implants is corrosion.  Natural diamond and DLCs can be used as coatings on 

human implants, as they do not cause any tissue reactions  also corrosion of 

implants can be decreased significantly.10  DLC can also be used as coating for 

AFM tip as it has high hardness.  In analyzing hard materials using AFM tip, 

standard tips (Si and Si3N4) wear out as they scanned across the surface.  In 

such cases these tips coated with hard materials are very useful.11  This material 

can be used as a protective layer for delicate IR windows as it can act as a 

chemical and abrasion resistant coating.  It also provides anti-reflection layer.  

Thin films of this material can be used as corrosion resistant coating, anti-

reflection and scratchproof coating on germanium and silicon optics.  Because of 

their low sliding friction on metals they can be used as coatings for bearings.  

These coatings attracted much interest by the glass industry to improve the 

performance of high precision glass forming tools for different products such as 

high precision glass tubes for laboratory equipment and in the fabrication of wine 

glasses.  As DLCs have field emission properties these can also be used in flat-

panel display technology.8

1.3 Electrodeposition 

        Gas phase synthesis methods such as physical vapor deposition (PVD), 

chemical vapor deposition (CVD) are well known methods for deposition of DLC 

and diamond.  These methods are limited to some extent because of complexity 

of experimental setup and high substrate temperatures.  Using these methods it 
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is still difficult to produce well adherent, high quality films on many technologically 

important substrates such as metals, ceramics, alloys and semi-conductors.  As 

diamond has a low intrinsic nucleation tendency, it is difficult to produce highly 

ordered crystalline films.  Also use of above mentioned synthesis methods are 

still questionable for their scalability and cost effectiveness.  These methods are 

limited to only certain substrates, which can withstand heat.   

        Liquid phase synthesis methods introduced by Namba12 attracted much 

attention because of low temperature, simple experimental setup and ease of 

operation.  Also a variety of substrates that are conductive can be used for 

electrochemical deposition.  Recently several researchers,6, 8, 12-30 deposited DLC 

by using liquid phase synthesis methods below 100 0C.  These methods extend 

the range of substrates (e.g. polymers), which cannot withstand heat.13, 14  Most 

of this work was carried out using DC power supply and pulse modulated 

sources at high potential ranging from 10 V- 3000 V using organic sources such 

as ethylene glycol, methanol, ethanol, N, N-dimethyl formamide, nitromethane, 

nitroethane, acetonitrile, acetic acid in water.  There are only few reports of 

electrochemical deposition of DLC using both low potential and low 

temperature.6, 26-30  But the quality of films produced by liquid phase synthesis 

methods is not as good as gas phase synthesis methods. 
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1.4 Substrates 

        DLC coatings on metals have technological interest as these coatings have 

properties such as wear resistance and corrosion resistance.31  

        There are three classes of substrates:  1) those that form carbide layers (Si, 

Mo, Cr, Ti, Ni, Fe, W etc.).  Carbide formation enhances nucleation density and 

improves adhesion of diamond films 2) those that do not form carbide but 

dissolve carbon (Pt, Pb, Rh, etc.)  3) those that neither form carbide nor dissolve 

carbon (Cu, Ag, Au, etc.).  The second and third classes of substrates are good 

for diamond growth but results in poor adhesion because of high shearing stress 

at the interface caused by the different thermal expansion coefficients.32, 33  Cu, 

Pt, Ni, c-BN are ideal candidates for heteroepitaxial growth of diamond since they 

have almost similar lattice parameters.34, 35  Diamond, tungsten carbide (WC) and 

SiC are also better substrates for diamond nucleation as they have similar 

bonding characteristics.  Pretreatment methods can induce diamond nucleation 

and adhesion onto substrates.  Pretreatment methods such as polishing can 

provide polishing residues, which are effective in providing nucleation sites for 

diamond phase.36  The Zns (Zinc sulphide) is a widely used material for optical 

windows as it has high transmittance at IR wavelengths.  Since, it is a soft 

material and often degrades when subjected to a particle-impacting environment, 

DLCs can be used as protective coatings for Zns IR transmitting windows.37  By 

using electrodeposition route, DLC films were also deposited on conductive ITO 

(indium tin oxide) coated glass substrates. 
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1.5 Carbon Sources 

        In gas phase synthesis methods, widely used carbon sources are 

hydrocarbon gases such as methane, ethane, acetylene gases and sometimes 

these gases are mixed with hydrogen and inert gases.  Recently vaporized liquid 

phase carbon sources such as acetone, methanol, ethylene glycol, and tertiary 

butyl alcohol were used for deposition of diamond and DLCs in these methods.38 

Carbon films can also be prepared from evaporation of solid-state materials such 

as C60, graphite39, camphor40 etc.  C60 is a good carbon source as it is a 

hydrogen free material and DLCs prepared from hydrogen free materials have 

higher thermal stability compared to those with hydrogen.39   As camphor has 

both sp2 and sp3 carbons, it is unique for formation of DLC films.40  In laser 

deposition method chlorine containing hydrocarbon was used as carbon source.  

As the C-Cl bond is weaker than C-H bond, the decomposition of chlorinated 

hydrocarbon is energetically more favorable compared to the decomposition of 

halogen free hydrocarbon.  This also enables lower substrate temperature even 

in conventional gas phase synthetic methods.41  

        In liquid phase synthesis methods organic sources such as ethylene glycol, 

methanol, ethanol, N, N-dimethyl formamide, nitromethane, nitroethane, 

acetonitrile, acetic acid in water and acetylene dissolved in liquid ammonia were 

used. 
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1.6 Characterization Techniques 

        The most frequently used characterization techniques of DLC films include 

Raman spectroscopy, Auger electron spectroscopy (AES), Fourier transform 

infrared spectroscopy (FTIR), low energy electron loss spectroscopy (EELS), 

neutron scattering studies, atomic force microscopy (AFM), spectroscopic 

ellipsometry (SE), scanning electron microscopy, and nanoindentation.1, 42, 43 

Raman spectroscopy is a most commonly used technique for determining the 

carbon phases in these films.  Atomic force microscopy (AFM) can be used to 

determine the morphology and roughness.  Spectroscopic ellipsometry (SE) used 

for quantitative measure of the sp3 C fractions and thereby optical properties can 

be obtained.  This technique is non-destructive and noncontact characterization 

method.  The EELS can also be used to determine sp3 C fractions in these films.  

Electron neutron scattering studies can be used to determine the C-C distances, 

coordination numbers and bond angles.  Nanoindentation can be used to study 

mechanical properties such as stress and hardness of these films.  X-ray 

photoelectron spectroscopy (XPS) can be used for core level binding energies of 

constituent carbon atoms.  In this study Raman spectroscopy, FTIR, and SEM 

were used to characterize deposited films. 

1.6.1 Raman Spectroscopy 

        Raman spectroscopy is a widely used nondestructive technique to 

characterize the diamond, DLC films and other carbonaceous films.  

Interpretation of Raman spectra is little difficult as resonance effects results in 
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frequency shifts in amorphous carbonaceous films.  Raman spectrum of 

carbonaceous films has broad asymmetric overlapping bands that are difficult to 

interpret.44   

        Diamond crystal structure is face centered cubic (FCC) with space group 

Fd3m.  It has a single triply degenerate first order phonon with symmetry T2g as it 

contains two carbon atoms in the unit cell.  This T2g mode is only Raman active 

from the selection rules of factor group Oh, and diamond has no first order 

infrared absorption.  Diamond appears as single Raman active mode at  

1332 cm-1 (sharp peak) due to zone center mode of T2g symmetry.45  Natural 

diamond peaks appear as sharp peak around 1332 cm-1 with FWHM of 2 - 2.5 

cm-1.46, 47  The quality of diamond films deposited by different methods can be 

determined by measuring FWHM of the Raman peak at 1332 cm-1.48  Depending 

on deposition conditions and methods this peak shifts considerably.   

        Graphite contains poly aromatic rings with sp2 carbon atoms.  These 

hexagonal aromatic planar rings are stacked together by the pi-pi interaction of 

an electronic two-dimensional network.  The first order phonons of graphite can 

be classified in factor group D6h of space group P63/mmc.  Single crystal graphite 

appears as sharp intense band Raman active mode at 1580 cm-1 due to zone 

center mode of E2g symmetry (C-C stretching mode).45  

         DLC films contain two broad Raman peaks, one at 1520 cm-1 –1620 cm-1 

(G-peak) due to E2g symmetry and other one at ~1320 to 1440 cm-1 (D-peak) due 

to A1g symmetry.  G-mode does not only mean graphite, as it is the consequence 
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of stretching vibration of any pair of sp2 sites in olefinic chains or aromatic rings.  

D-mode is due to bond-angle disorder in the sp2 graphite micro domains induced 

by linking with sp3-C atoms or breathing mode of sp2 sites only in rings not in 

chains.6

        Broad asymmetric peaks in region of 1000 -1800 cm-1 are typically 

characteristic of amorphous carbon films.49  The peak at 1140 cm-1 is attributed to 

microcrystalline or nanocrystalline diamond by some researchers44 while others 

researchers explained this peak as disordered sp3 carbon phases.30  Peaks from 

~1100 to 1160 cm-1 could be due to sp3 hybridized atoms in aliphatic and 

amorphous structures.50   Peak around ~1470 cm-1 could be due to a tetrahedrally 

bonded diamond precursor phase.44, 51  Peak at 1230 cm-1 indicates four fold 

coordinated bonds of diamond phase.  Peaks ~980 – 1060 cm-1 attributed to 

amorphous carbon phases.52  In Raman spectra of trans (CH) x materials, the 

band at 1060 cm-1 band has been observed and assigned to the C-C vibrational 

model.19

        Intensity of Raman signal depends on Raman scattering cross section and  

setup specific parameters.  These parameters include geometry of beam, 

excitation power, and detection efficiency.  Comparisons can only be made under 

identical measurement conditions using the same experimental setup for all 

measurements.47   

        Peak fitting program is used when broad overlapping peaks appear in the 

Raman spectrum.  Usually DLC films will have broad overlapping bands in order 
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to find exact position of peak, to calculate full width half maximum (FWHM) and 

to calculate ID/IG ratio curve fitting program can be used.  Linear baseline and 

Gaussian/Lorentzian deconvolution53 method was used to fit the spectrum in this 

study. 

1.6.2 Fourier Transform Infrared Spectroscopy  

        FTIR is one of the techniques for characterizing the DLC films.  By using 

FTIR one can determine the type of C-H, C-C, C-O bonding in DLC films.   

        DLC films sometimes contain deformation peaks of sp3  

C-CH3, that occurs around 1370 (symmetric) and 1450 cm-1 (asymmetric).37 

Aromatic sp2 C-C vibrations can also occur at 1400-1430 cm-1 and 1570-1600 

cm-1; carbonyl vibrations occur at 1720 cm-1; O-H, C-O vibrations can occur in 

the region 1170- 1200 and 1070- 1090 cm-1.41  Some others assigned peaks 

occur at 1456 cm-1 as sp2 C═C stretching mode and 1377 cm-1 as out-of-plane 

aromatic C-H bending modes.16  

        FTIR is a widely used technique for determining hydrogen content in DLC 

films.  Different kinds of C-H bonding are listed in Table 1.1.  The absorption 

between 500 to 950 cm-1 attributed as out-of-plane bending modes for graphite-

like sp2 domains.54 
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Bond type Wave number (cm-1) 

sp3-CH2 symmetric ~2850 cm-1

sp3-CH3 symmetric ~2870 cm-1

sp3-CH2 asymmetric 2920 - 2925 cm-1

sp3-CH3 asymmetric  2960 – 2970 cm-1

sp3-CH olefinic ~3000 cm-1

sp2-CH aromatic ~3050 cm-1

sp2-CH2 olefinic ~2945 cm-1

 

Table 1.1. C-H absorption bands in DLC films.55, 56, 57 

       

        The D and G-bands in amorphous carbon are Raman active but IR 

forbidden.58  For symmetric graphite ring also these bands are IR forbidden but 

Raman active.59  In pure natural diamond, only two phonon absorption processes 

(the broad band around 2000 cm-1) are infrared active.60  Diamond with defects 

and/or impurities such as nitrogen often shows additional absorption in the 

symmetry forbidden one-phonon region between 1333 cm-1 and in the C-H 

stretch region.60, 61

1.6.3 Scanning Electron Microscopy (SEM) 

        SEM is the most useful technique for studying morphology and topography 

of the solid-state materials, which is in understanding the behavior of solid-state 
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materials.  SEM is widely used method for determining morphology and 

nucleation of film growth of DLC and diamond films.   

1.7 Solvent-Electrolyte System 

        Liquid ammonia is an amphiprotic solvent with very weak acidic properties.  

It is slightly ionized solvent in which solvated electrons are stable.62  It is also a 

famous solvent in electrochemistry as it has excellent solvent power, medium 

dielectric constant (23.7 at –36 0C), and low viscosity.63  It was used as solvent in 

variety of chemical syntheses.62  It was used as solvent in reduction of CO at 

various working electrodes such as Pt, Ni, C, Hg,64 reduction of benzophenone, 

nitrobenzene at Pt working electrode.65  Not only for reductions but it has also 

been used as solvent for oxidation reactions at different working electrodes.   

        In electrochemical syntheses two properties of solvent are important: 

Thermodynamic stability and conductivity.  Liquid ammonia can be electrolytically 

decompose into nitrogen at the anode and hydrogen at the cathode, with very 

low theoretical decomposition voltage (0.076 V at –34 0C) i.e thermodynamic 

stability is very narrow and little potentiality for oxidations and reductions should 

be expected between the two limiting reactions. 

6 NH2
- N2 + 4 NH3 +6 e-                       Anode 

 2 NH4
+  H2 + 2 NH3 –2e-                       Cathode 

But an overvoltage associated with these processes is so high that on smooth 

platinum electrodes the decomposition voltage is of the order of 3 V at –34 0C.  
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Hence outside the field of thermodynamic stability, there are still possibilities for 

chemical and electrochemical oxidations and reductions.63

        In this study acetylene dissolved in liquid ammonia was used.  The 

conductance of liquid ammonia is 7.3×10-5 Ω-1 and when liquid ammonia is 

saturated with acetylene it is 4.9×10-5 Ω-1.6 

1.8 Thermal Annealing 

        Thermal annealing can be performed in order to demonstrate thermal 

stability of DLC films.  Thermal annealing can change the electrical properties66, 

reduce intrinsic compressive stress66, 67, 68 and increase graphitisation.66  DLC 

films annealing permits relief of internal stress via relaxation of chemical bonds.67  

Thermal annealing of DLC films results in hydrogen release, which occurs by 

breaking of C-H bonds in these films.69 Structural modification of DLC films due 

to thermal annealing can be studied using Raman spectroscopy.68, 14, 70  The 

peak width and ID/IG intensity ratio both vary depending on the structure of the 

DLC films.  Heat treatment of amorphous carbon films leads to structural change 

due to evolution of hydrogen.  Hydrogen evolution from DLC takes place at 

temperatures ranging from 400 0C to 600 0C.  Still sometimes these films contain 

hydrogen but not in the form of C-H bonds.  Thermal annealing also induces C-C 

bond changes.69  Tetrahedral (sp3) carbon changes into trigonal (sp2) structure 

upon heat treatment.14  Thermal annealing of DLC films results in increased 

graphitisation with increasing temperature and also G-peak in Raman spectra 

shifts to higher wave numbers with increasing temperature, which indicates 

 14



higher graphitisation.  Thus the rate of graphitisation depends on annealing 

temperature.  Changes in FWHM of D-peak and G-peak are also observed with 

temperature changes.70, 71

1.9 Doping 

        Diamond is a good insulator and boron doping gives diamond semimetal 

electronic properties making it useful for electrochemical applications.  In order to 

decrease the resistivity of DLC films they can be doped either by group III or V 

elements.  Boron doping gives DLC p-type semi-conducting properties by 

decreasing the Fermi level due to increased number of charge carriers.  sp2 

hybridized carbon materials doped with boron will have more oxidation resistant 

properties.   

        These films have applications in the electrochemical field; can be used as 

electrochemical sensors in corrosive solutions and electrode material for use in 

electroanalysis.  Usually boron doping can be carried out using microwave 

plasma assisted chemical vapor deposition method.  

        The electrochemical activity of boron-doped polycrystalline diamond 

electrodes can be studied using cyclic voltammetry, chroamperometry, and ac 

impedance without external illumination or surface pretreatment.  Swain M.Greg, 

Ramesham and Rose studied boron-doped diamond by using cyclic voltammetry.  

Boron doped diamond is stable over wide potential range but the substrate is not 

stable.72, 73
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CHAPTER 2 

ELECTROCHEMICAL DEPOSITION METHODS AND CHARACTERIZATION 

TECHNIQUES 

2.1 Electrochemical Depositions 

        Electrochemical depositions attract much interest due to economy and 

convenience.  These techniques are used to deposit metals for fabrication of 

integrated circuits, depositions for magnetic storage devices (heads, disks), 

deposition of multilayer structures and ceramic coatings on metals.  In this 

chapter, electrochemical processes and characterization techniques used in this 

research will be discussed. 

2.2 Features of Electrochemical Reactions1

        Electrochemical systems are not homogeneous as the electrode can only 

interact with its immediate environment, which is different from most of the 

solution.  At the electrode surface electrochemical reactants are converted to 

products during the electrochemical reaction.  Electrochemical systems contain 

three distinct regions, double layer region, diffusion region, and bulk 

concentration region.  Most electrochemical reactions take place in the double 

layer region, which is electrode-electrolyte interface (Figure 2.1.).  This double 

layer region is very small with a thickness between 1 – 10 Å.  The diffusion layer 

is the region that affects the concentration of reactants or products that are 

formed by the reaction-taking place at the electrode surface.  The bulk 
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concentration region is the region where the homogeneous reactions occur.  But 

it is far away from the electrode and thus does not offer homogeneous 

composition towards the electrode reaction. 

 

Metal 

Solvated molecule

Solvated cation 

Specifically adsorbed anion 

Diffusion layer 

IHP  OHP

Figure 2.1. Proposed model of the electrode-solution, double-layer region2 

(Reprinted by permission of John Wiley & Sons, Inc.) 

 

        An overall electrode reaction comprises a series of processes such as mass 

transfer, electron transfer, chemical reactions before or after electron transfer, 
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surface reactions such as absorption, and desorption or electrodeposition (Figure 

2.2.).  Electron transfer at the electrode surface is the rate-determining step in 

most electrochemical reactions where the rate is proportional to the current 

density. 

nFA
i

=ν  

ν  is rate, F is Faraday constant (96,485), n is electrons per molecule involved, A 

is electrode area. 
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2.3 Three-Electrode System1, 2

        Three-electrode systems consist of a working electrode, counter electrode 

and reference electrode.  The block diagram of a three-electrode system is 

shown in Figure 2.3.  

        Most of the time, conductive substrates such as metals and semi-conductive 

materials are used for the working electrode.  In electrochemical experiments 

reactions of interest takes place at the surface of the working electrode.  

        In a three-electrode system current is passed between the working 

electrode and counter electrode.  The counter can be any electrode desired, as 

it’s electrochemical properties do not affect the behavior of working electrode.  

This electrode completes the cell circuit and should not produce any substances 

by electrolysis, which could cause interfering reactions at the working electrode 

surface.   

        A quasi-reference electrode is employed when it is difficult to find suitable 

reference electrodes such as for non-aqueous solvents.  This electrode helps the 

stabilization of electrochemical measurement in non-aqueous solutions.  This is 

usually an inert metal wire made of Ag or Pt.   It should be positioned near the 

working electrode to monitor the potential of working electrode.  It measures 

potential difference between the working electrode and reference electrode.  It 

should have high input impedance, which makes the current drawn through it 

negligible.  The reference potential will remain constant and will be equal to its 
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open circuit value.   
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Counter electrode 
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Figure 2.3. Block diagram of three-electrode system2

(Reprinted by permission of John Wiley & Sons, Inc.) 

 

2.4 Electrochemical Deposition Modes1, 3, 4

        There are three kinds of deposition modes: Galvanostatic deposition mode, 

Potentiostatic deposition mode, and Pulse period deposition mode. 

2.4.1 Galvanostatic Mode 

        Galvanostat mode can contain a three-electrode or two-electrode system.  

The block diagram of a three-electrode system was shown in Figure 2.4.  In this 

 
 
 
 
 



deposition mode, a galvanostat is used to hold the current between the working  

and counter electrodes constant and the potential difference between the 

working and reference electrodes is measured as a function of time. 

        In galvanostatic deposition, the reaction rate is constant and the resultant 

deposit will have homogeneous morphology on the surface with good adhesion.  

But the cell potential can drift causing multiple products on the surface of the 

working electrode. 
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 Working electrode 

Figure 2.4. Block diagram of galvanostat3

(Reprinted by permission of John Wiley & Sons, Inc.) 

 

2.4.2 Potentiostatic Mode 

        Potentiostat mode contains a three-electrode system (Figure 2.5.).  In this 

deposition mode, a potentiostat is used to control the potential difference 

 
 
 
 
 



between the working electrode and reference electrode.  Potential of the working 

electrode is held constant and current is measured as a function of time.  The 

reference electrode functions as a standard electrode and it cannot be omitted. 

        In potentiostatic deposition, the cell current usually decreases rapidly as the 

reaction proceeds.  This is due to low rates of diffusion of the reactant molecules 

from bulk to the electrode surface and also to decrease in activity of the reactant.  

This process produces homogeneous and single-phase coatings.  However, 

deposition rate varies, which affects the adhesion of the film onto the substrate. 
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Figure 2.5. Block diagram of potentiostat3

(Reprinted by permission of John Wiley & Sons, Inc.) 

 

 
 
 
 
 



2.5 Electrochemical Deposition Types2

        Electrochemical deposition can be done by two routes: anodic 

electrochemical deposition and cathodic electrochemical deposition.  In cathodic 

deposition, the reactant accepts electrons and this reduction process converts 

the reactant to the desired product at the working electrode.  In anodic 

deposition, electrons of reactant species in solution will be transferred away to 

counter species, and this oxidation process converts reactant to desired product 

at the working electrode.  Majority of cathodic deposition reactions produce 

metallic films, while the anodic deposition reactions tend to produce oxide films. 

2.6 Raman Spectroscopy5, 6, 7

 
        Raman spectroscopy is a crucial method for determining the molecular 

structure, for identifying various functional groups and for the quantitative 

analysis of complex mixtures.   

        The Raman effect arises as a beam of intense monochromatic radiation 

passes through the molecules in the sample, and the vibration of the molecules 

causes change in polarizability.  When monochromatic radiation is scattered by 

the molecules, a small fraction of the scattered radiation is observed by the 

sample.  The emitted radiation has energy different from that of the incident 

radiation by amount equal to the vibrational energy (inelastic scattering).  

Vibrations that are active in Raman may be inactive in infrared and vice versa.  

For a vibration to be active in Raman, the polarizibilty of the molecule must 
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change during the course of the vibration.  In Raman scattering, each line has a 

characteristic polarization, and polarization data provides additional information 

about the structure of the molecule.  A Raman spectrum is the plot of detected 

number of photons versus Raman shift from the incident laser energy. 

        In modern Raman spectrometers, lasers are used as photon sources due to 

their high monochromatic nature.  A microscope is used to focus the laser beam 

to a small spot on the sample.  Light from the sample passes back through the 

microscope optics into the spectrometer, and detected by charged coupled 

device (CCD) detector.          

2.7 Fourier Transform Infrared Spectroscopy (FTIR)5, 6, 8

 
        FTIR is one of the most useful techniques for identifying organic and 

inorganic compounds.  This spectroscopy examines bending, twisting, rotating, 

and stretching vibrational motions of atoms in molecules.   

        The infrared region includes wavenumbers between 14,000 and 20 cm-1.  

This region is further divided into far infrared (667 cm-1 to 10 cm-1), mid-infrared 

(4000 cm-1 to 650 cm-1), and near infrared (12,000 cm-1 to 4000 cm-1).  Mid 

infrared is further divided into “group frequency” region, 4000 to 1300 cm-1, and 

the “finger print” region, 1300 to 650 cm-1.  Most of the useful information can be 

obtained from mid-infrared region. 

        For a vibration mode to be active in the infrared region, permanent dipole 

moment of the molecule must change during the course of the vibration.  Hence 
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homonuclear diatomic molecules like O2, N2, and Cl2 fail to interact in IR region.  

However, polar molecules like HCl will have dipole moment and hence a 

vibrational spectrum that lies in the infrared region. 

        FTIR basic components are shown in Figure 2.6.  The radiation emerging 

from the source passes through the interferometer and reaches sample before 

reaching a detector.  After amplification of the signal, high frequency 

contributions are eliminated by a filter and data are converted to digital form by 

an analog-to-digital converter.  This data is then transformed to a computer for 

Fourier transform. 

   

 
Sample 
 

DetectorInterfero
meter 

Amplifier A/D 
Detector 

Computer Source 

 

Figure 2.6. The components of an FTIR spectrometer8  

(Reproduced with permission) 

 

        There are two commonly used detectors in FTIR spectrometer.  For routine 

work, a pyroelectric device incorporating deuterium tryglycine sulphate (DTGS) in 

a temperature-resistant alkali halide window can be used.  For sensitive work, 

mercury cadmium telluride (MCT) cooled in liquid nitrogen can be used. 

        The advantage of FTIR over dispersive instrument is improvement of signal-

to-noise (SNR) per unit time.  In addition, this instrument does not require the use 
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of a slit or other devices particularly at low resolution.  The total source output is 

continuously passed through the sample. 

        The smart SEGA (Smart Apertured Grazing Angle) was used for 

characterizing films in this research.  Grazing angle reflectance mode is surface 

sensitive and it is mostly used for analyzing thin coatings because the high angle 

of incidence increases path length of the infrared beam through the material of 

interest, significantly enhancing the sensitivity. 

2.8 Scanning Electron Microscopy (SEM)9

        SEM is a widely used technique to examine and analyze micro structural 

characteristics of solid-state materials.  The sample is irradiated with a high-

energy finely focused beam.  This instrument is composed of an electron column, 

sample chamber, detector and a viewing system.  The electron column 

generates a beam of electrons and at the sample chamber and electron beam 

interacts with the sample.  Detector monitors a variety of signals resulting from 

the beam sample interaction and a viewing system generates an image from the 

signal. 

        A filament at the top of the column works as cathode and generates the 

electron beam.  There are several types of filaments available, W (Tungsten), 

LaB6 (lanthanum hexaboride) and field emission.  

        The electron column accelerates and focuses a beam of electrons onto the 

sample surface and the interaction between sample and the beam of electrons 
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cause a variety of signal emissions.  Reconstruction of virtual image takes place 

with signal detection and the image is displayed on a cathode ray tube (CRT). 

2.9 Energy Dispersive Spectroscopy (EDS)9

        EDS is a bulk sensitive technique.  It is a standard procedure for identifying 

and quantifying the elemental composition of the sample.  Characteristic x-rays 

result, when an inner shell electron is removed as a result of ionization of the 

atom by high-energy radiation.  X-ray photon is produced when a higher energy 

outer shell electron of the same atom fills the vacancy.  Since the energy 

difference between shells is well defined and specific for each element, the 

energy of the x-ray is characteristic of the atom.  These characteristic x-rays are 

collected by x-ray spectrometer.  On the basis of energy, the spectrometer 

counts and sorts the x-rays.  EDS spectrum is a plot between number of x-rays 

on vertical axis verses energy on the horizontal axis.  Each specific element in 

the sample gives a specific peak at a particular energy.  Elemental concentration 

can be obtained from the number of counts in the peak. 

2.10 X-Ray Diffraction (XRD)10, 11, 12, 13

        XRD is an effective technique to study structural properties of crystalline 

solids, identifying unknown materials, orientation of crystal samples, preferred 

orientation of polycrystalline samples, and stress.  This technique is widely used 

in thin film analysis and powdered samples.   

        This technique uses x-rays with wavelengths 0.5 Å –2.5 Å that lie between 
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gamma and ultraviolet rays in the electromagnetic spectrum.  The x-ray tube 

consists of a W cathode (filament) and a metal anode in a vacuum chamber.  

The electrons are produced by heating the filament and are then accelerated 

towards the anode.  When electrons strike the anode at high velocity, X-rays are 

produced and radiate in all directions.  Only 1% of the electron beam converts 

into x-rays. 

        When a monochromatic x-ray beam is incident on the sample, diffraction 

takes place in a specific direction.  This direction depends on wavelength of x-

rays, incident angle, and spacing between planes within the crystal.  Bragg’s law 

describes the relationship between incident angle, wavelength of x-rays, and 

spacing between planes.  According to Bragg’s law if two waves are in-phase, 

their path length differs either by zero or whole number of wavelengths. 

θλ sin2dn =  

Where λ is the wavelength of the incident radiation, n is the order of reflection, d 

is interplanar distance between lattice planes, and θ is the diffraction angle. 

XRD pattern is unique for each compound, so one can characterize the crystal 

structure of the particular compound.  X-ray diffractometer consists of three major 

components which include, x-ray source, specimen and detector.  Angle between 

the specimen and x-ray source is called Braggs angle and the angle between 

projection of x-rays and detector is 2-theta.  XRD instruments can be setup in two 

different configurations such as θ-θ, and θ-2θ.  The most commonly used 
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configuration is θ-2θ (Bragg-Brentano) as it is mechanically simple.  In this 

configuration, the goniometer rotates the sample about the same axis as the 

detector, but at half the rotational speed, in a θ-2θ motion.   

       A typical XRD spectrum is a plot between intensity verses 2θ.  This pattern 

consists of a series of reflections, each reflection representing the diffraction of a 

set of planes in the crystal structure.  As XRD is unique for each compound, one 

can look for match as to the pattern in the database.   
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CHAPTER 3 

IMPROVEMENT OF HOMOGENEITY AND ADHESION OF DIAMOND-LIKE 

CARBON FILMS ON COPPER SUBSTRATES  

 
3.1 Introduction 

        Diamond-like carbon (DLC) is a semiconductor having properties such as 

high mechanical hardness, high thermal conductivity, chemical inertness, optical 

transparency, wear resistivity, chemical inertness and high electrical resistance.1, 

2 These films have similar properties to diamond but are amorphous not 

crystalline.  DLC is a mixture of tetragonal (sp3) and trigonal (sp2) carbon.  The 

ratio of sp3 / sp2 and hydrogen content will determine the microstructure and 

thereby the physical properties of DLC.3

        Low-pressure microwave plasma CVD of methane and hydrogen is the 

most favored method for deposition of DLC, but by using this method one cannot 

handle the experiment easily and also this route is costly.  Researchers are trying 

to find low cost and easy handling methods for deposition of DLCs.4

        Namba was the first to attempt preparation of DLC films using electro 

deposition in liquid phase at low temperature.5  Afterwards several researchers 

used electrosynthesis techniques for deposition of DLC.3, 4, 6-23

        V.P. Novikov and V.P. Dymont synthesized DLC films on Ni, Co, Fe 

substrates at both low temperate and low potential by using acetylene dissolved 

in liquid ammonia.  However, their reports left many things unexplored such as 

depositions on different substrates and effects of different parameters on 
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deposition of these films.9, 10, 11, 12  In our research group, Chen, A.M. and  

Pingsuthiwong, C. deposited DLCs on Nickel, Copper, Brass, Stainless steel, 

Cobalt and Molybdenum by using the same solvent-electrolyte system.22, 23 

        Substrates are of three types: 1) materials, which form carbides 

 2) materials do not form carbide but dissolve carbon  3) those that neither form 

carbide nor dissolve carbon.  Copper belongs to third category.  Growth of DLC 

films on copper substrates is very interesting and unexpected, since copper 

cannot form a carbide layer on the surface as it has a low nucleation density 

towards diamond.  Under normal conditions, carbon neither reacts with nor is 

miscible with copper, but the copper lattice parameter (3.608 Å) is closely 

matched to that of diamond (3.567 Å).  To enhance the nucleation density and 

improve adhesion several surface pretreatment methods can be used.  

Pretreatment methods like polishing, mechanical abrasion, ultrasonic treatment 

and negative d.c substrate biasing can induce adhesion.  Polishing with diamond 

powder and alumina powders can induce diamond deposition on copper.24  In 

order to obtain adherent diamond coatings on copper substrates, carbide forming 

materials such as Ni, Cr, W, Ti can be used as interlayers.  This provides 

adequate adhesion to both the substrate and the diamond film.25

        DLC films on copper substrates were previously deposited by using 

chemical vapor deposition (CVD)26 with methane as the carbon source and also 

by ion implantation27 with acetylene as the carbon source.  Jiang et al. deposited 
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CVD diamond on copper substrates by using microwave plasma assisted 

chemical vapor deposition.28   

        These films on copper substrates have interesting properties such as 

electrical insulation to remove heat from the chips.  Copper is a technologically 

important substrate; it can be used in microelectronic mechanical devices.  DLC 

films on copper give electrical insulation without any drop in thermal conductivity 

and there is no danger of interchip shorts (shorts to ground).29  Diamond grown 

on copper substrates is used as a heat sink.  And also diamond deposited on 

metals can be used for heat transfer from hybrids and for printed circuit boards.30  

        Preliminary study of DLC deposition on copper substrates have been 

studied by Chen, A.M, and Pingsuthiwong, C. using acetylene in liquid ammonia.  

These films showed typical D and G peaks in Raman spectra, but they show 

poor adhesion.  However, further experiments must be carried out to improve film 

homogeneity and adhesion. 

        In this research, DLC films are deposited on copper substrates by using 

electrochemical deposition method and acetylene dissolved in liquid ammonia 

system at low temperatures (-50 0C to –65 0C).  These films were characterized 

by Raman spectroscopy, scanning electron microscopy (SEM), and Fourier 

transform infrared spectroscopy (FTIR). 

 

 

 

 39



3.2 Experimental 

        Copper (ASTM-B36 (99.9%), half hard (HO2)) substrate was cut into 

1×1cm2 (for anodic deposition), 0.5×0.5cm2 (for cathodic deposition) pieces.  

Electrical contact was made by attaching a copper wire to the back of the 

substrate with silver epoxy conductive paste.  After curing, the electrode was 

mounted with nonconducting epoxy polymer.  Before deposition the substrates 

were polished with a sequence of SiC sand papers, diamond suspensions and 

alumina.  After each polishing step, substrates were ultrasonically cleaned in DI 

water.  The polished mirror-like electrode was used as the working electrode; a 

Pt-wire was used as quasi reference electrode, Ni-Cr coil, with diameter 2.6 cm 

was used as counter electrode.  This three-electrode system was sealed into a 

round bottom flask, and then this cell was evacuated for 15 minutes.  This setup 

was then placed into a dry ice-acetone bath that had a temperature between –60 

0C to –65 0C.  Experimental setup used for these depositions is shown in Figure 

3.1.  Ammonia gas (electrolyte) was condensed into the cell as liquid ammonia.  

Liquid ammonia was filled the cell until the working electrode was covered.  

Acetylene gas was used as the carbon source, which was bubbled into 

electrolyte.  EG&G Princeton Applied Research Potentiostat/Galvanostat model 

263A was used to carry out these depositions.  Both potentiostat and galvanostat 

modes were used to carry out these depositions (anodically) for 3 to 5 hrs.  

Galvanostat mode was used to deposit films via cathodic route for 6 to 7 hrs. 
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        The morphology of DLC films was characterized by using a JSM-T 300 

scanning electron microscope.  Two different Raman instruments were used in 

this study; Raman spectroscopy mode Dilor XY 800 (Ar+ laser (514.5 nm) / CCD 

detector), Jobin Yyon LabRam HR 800 (He-Ne laser (632.8 nm) / CCD detector).  

In order to determine hydrogen and carbon content in these films, Smart 

Apertured Grazing Angle (SAGA) mode was used to collect FTIR spectra, using 

a Nicolet Nexus 470 FTIR (Thermo Nicolet Corporation) spectrometer.   

 

Acetylene 

Liquid ammonia 

Pt wire 
Working electrode 

Ni – Cr wire  

 

 

 

 

 

 

Figure 3.1. Experimental setup. 
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3.3 Anodic Deposition 

3.3.1 Results         

3.3.1.1 Raman Spectroscopy 
 
        Raman scattering was carried out for evaluating carbon network structure.   

Films deposited using an anodic route contain D-peak, G-peak, a peak between 

1110 cm-1 to 1169 cm-1, a peak between 1850-1950 cm-1 and a  

peak around ~ 2200 cm-1.  The peak position and intensity of Raman bands and 

thereby intensity ratio (ID/IG) was calculated by deconvolution of Raman pattern 

through Gaussian/Lorentzian curve fitting procedure using linear background 

from 800 to 2500 cm-1.  In electrodeposited films the G-band (graphite-like sp2 

bonded carbon) usually occurs at ~1558 cm-1.  The G-band is due to the 

stretching vibration of any pairs of sp2 sites in olefinic chains and aromatic rings.  

G-peak can occur from 1480-1580 cm-1.23  D-band (disordered graphite) is due to 

the bond-angle disorder in sp2 graphite-like micro domains accelerated by linking 

with sp3-C atoms or breathing mode of the sp2 sites only in rings.22  The D-band 

occurs in between 1320 – 1440 cm-1.23  Peaks around ~1100 cm-1 to ~1160 cm-1 

correspond to sp3 hybridized carbon atoms in aliphatic and amorphous structures 

or nanocrystalline/microcrystalline diamond.31, 32  Allene (>C=C=C<) can be 

observed above 1900 cm-1.23, 33  Carbon chains are observed in Raman between 

1800 to 1860 cm-1.34, 35  The positions of D-peak and the intensity ratio of D-peak 

to G-peak correlate with the ratio of sp3/sp2 carbon and the hardness of the DLC 
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films.  Small intensity ratio of D to G peak, indicates high sp3/sp2 ratio and high 

hardness.36

        Sample 1, was deposited using potentiostat mode at 6 V for 5 hrs.  Raman 

spectrum (Figure 3.2. (a)) of this sample contains the G-band at 1562 cm-1, the 

D-band at 1407 cm-1 , 1169 cm-1 band (full width half maximum (FWHM)  

248 cm-1), 1906 cm-1 (>C=C=C<) 23, 33 and 2304 cm-1 ((C≡C)33.  FWHM of D-

band is associated with disorder in the film.  As the band becomes broader it 

means high disorder present in the film.37  FWHM of G-peak is associated with 

hardness of the film.  As FWHM of G-peak decreases hardness decreases37 (i.e. 

as peak become narrow more graphitic phase is present in the film) and also 

FWHM of this peak increases linearly with increasing stress.32  FWHM of G-band 

is 130 cm-1, D-band is 222 cm-1 and ID/IG is 0.59.  This condition gave a relatively 

homogeneous (Figure 3.2. (b)) and adherent film.  For practical purposes, 

homogeneity and adhesion are very important factors. 

        For Sample 2, potentiostat mode was used to deposit this film; first potential 

was kept at 9 V for 15 minutes as potential overload occurred then potential was 

changed to 8 V for 2 hrs 45 minutes.  Hence resulting films contain multiple 

phases of carbon that can be seen from Figure 3.3. (b).  Raman spectrum of this 

film contain G-band at 1568 cm-1, D-band at 1376 cm-1, 1112 cm-1 (FWHM 252 

cm-1), 1910 cm-1 (>C=C=C<)33 and 2269 cm-1 (C≡N)33  (Figure 3.3. (a)).  FWHM 

of G-band is 160 cm-1, D-peak is 297 cm-1 and ID/IG is 0.97.  As discussed in 

chapter 1, thermodynamic stability of ammonia is very narrow.  Usage of higher 
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potentials may result in dissociation of ammonia at the anode.  This can be seen 

in Raman spectrum as a nitrile peak at 2269 cm-1. 

        Sample 3, deposited using galvanostat mode using -0.5 mA for 5 hrs15 

minutes.  Raman spectrum (Figure 3.4. (a)) of this film contain G-band at 1567 

cm-1, D-band at 1421 cm-1, 1147 cm-1 (FWHM 226 cm-1), 1893 cm-1(>C=C=C<)23 , 

33, and 2272 cm-1 (C≡C)33  band.  FWHM of G-peak is 114 cm-1, FWHM of D-

peak is 308 cm-1 and ID/IG is 0.75.  This condition gave a homogeneous and 

adherent film; homogeneity of the film can be seen from Raman spectrum 

(Figure 3.4. (b)).   

       For Sample 4, potentiostat mode was used for deposition.  Potential was 

kept at 9 V potential for 30 minutes, as potential overload occurred changed to 8 

V for 3 hrs 30 minutes.  This resulted in multiple carbon phases in the film (Figure 

3.5. (b)).  Raman spectrum of this film contains G-band at 1560 cm-1, D-band at 

1383 cm-1, 1172 cm-1 (FWHM 219 cm-1), and 1953 cm-1 (>C=C=C<)33 (Figure 3.5. 

(a)).  FWHM of G-peak is 132 cm-1, FWHM of D-peak is 238 cm-1 and ID/IG is 

0.63.  

        Sample 5, deposited using galvanostat mode.  First, current was kept at -0.5 

mA for 3 hrs.  As potential overload occurred, current was changed to –0.4 mA (2 

hrs), resulting film contain multiple phases of carbon deposition (Figure 3.6. (b)).  

Raman spectrum of this film contains G-band at 1553 cm-1, D-band at 1367 cm-1, 

1163 cm-1 (FWHM 186 cm-1), 1874 cm-1 (carbon chain)34, 35, and 2245 cm-1 
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(C≡N)33  (Figure 3.6. (a)).  FWHM of G-peak is 163 cm-1, FWHM of D-peak is 220 

cm-1 and ID/IG is 0.44.  

        For deposition of DLCs on copper substrates the best condition is 

potentiostat mode (6 V) and for galvanostat mode -0.5 mA is the best condition.  

The ID/IG for potentiostatically deposited film was 0.59 and galvanostatically 

deposited film was 0.76.  A lower ID/IG ratio indicates high sp3/sp2 ratio, which 

means film has high hardness.36  The FWHM of the D-peaks were always larger 

than that of G-peaks indicating that the films were rich in sp3 bonded carbon with 

large bond angle disorder.38  The FWHM of nano-crystalline or microcrystalline 

peak was varied from186 to 252 cm-1.  If FWHM of this peak is broad (~200 cm-1) 

indicates the high compressive stress present in these films.32 

3.3.1.2 Fourier Transform Infrared spectroscopy  

       The Sample 1 FTIR spectrum (Figure 3.2. (d)) did not show much IR 

absorption.  It shows only a band at 807 cm-1, which is attributed to out-of-plane 

C-H bending modes for graphite-like sp2 domains. 33  High quality diamond and 

CVD diamond also have relatively low IR absorption.23  As FTIR did not show 

much IR absorption indicates good quality DLC film. 

        Sample 2 FTIR spectrum (Figure 3.3. (d)) show bands at 2482 cm-1, 1578 

cm-1, 1492 cm-1, 1306 cm-1, 765 cm-1, 616 cm-1.33  The band at 2482 cm-1 is 

attributed to aliphatic C≡N stretching mode.39  The bands at 1578 cm-1 and 1492 

cm-1 are attributed to aromatic C═C stretching modes.  The bands at 1306 cm-1 
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attributed to C-H bending mode.  The peaks at 765 cm-1 and 616 cm-1 attributed 

to out-of-plane C-H bending modes for graphite-like sp2 domains.33   

        Sample 4 FTIR spectrum (Figure 3.5.(d)) shows weak bands at 1592 cm-1, 

1370 cm-1, 918 cm-1.  Band at 1592 cm-1 is attributed to C═C stretching mode, 

1370 cm-1 attributed to C-CH3 deformation band, 918 cm-1 attributed to out-of-

plane C-H bending modes for graphite-like sp2 domains.33    

         Sample 5 FTIR spectrum (Figure 3.6. (d)) shows absorptions at 909 cm-1, 

1043 cm-1, 1439 cm-1, 2145 cm-1.  Because of the high force constants of the 

bonds, triple bond stretching absorptions occur in the 2500-2000 cm-1 region.  

These groups are distinguished since C≡C stretching is normally very weak as 

dipole moment during absorption is very small, unless a polar group is attached, 

while C≡N stretching is of medium intensity, it has a large dipole and hence large 

change as the bond length is varied.39  Hence in Figure 3.6. (d). as per above 

explanation the absorption at 2145 cm-1 is attributed to nitrile group.  The 

absorption at 1439 cm-1 could be due to aromatic C═C; Absorption at 1043 cm-1 

is attributed to C-O bonding.  Absorption at 909 cm-1 is attributed to out-of-plane 

C-H bending modes for graphite-like sp2 domains.33

        FTIR spectra of all of the above-mentioned samples are different as 

different deposition conditions are used.  For the deposition of DLCs on copper 

substrates the best condition is potentiostat mode (6 V), as it did not show D and 

G-bands (IR forbidden), and C≡N bonding in FTIR spectrum.  Raman and SEM 

analysis also indicate the homogeneous nature of the film.  
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3.3.1.3 Scanning Electron Microscopy  

        SEM images of anodically deposited DLC films on Cu substrates can be 

seen in Figure 3.2. (c). through Figure 3.6. (c).  SEM show homogeneous sheet-

like film throughout the substrate.  From SEM images it can be concluded that 

film formation was observed though out the substrate, which is also supported by 

Raman results.  In galvanostatically deposited film Figure 3.4. (c) layer-by-layer 

formation of DLC film can be observed. 

3.3.1.4 Scotch Tape Peel Test 

        Deposited DLC films were subjected to scotch tape peel test in order to 

qualitatively determine film/substrate adhesion.  These films passed the scotch 

tape test, in that no carbon was visible on the tape surface after the peeling 

experiment, while the film on the copper substrate appeared unchanged to the 

eye. 
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Figure 3.2. DLC film deposited on Cu using potentiostat mode, sample1 (a) 

Raman spectrum (514.5 nm) (b) Raman spectrum of DLC film at 4 different areas 

(c) SEM image, X1000, length as 10 µm (d) FTIR spectrum. 
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Figure 3.3. DLC film deposited on Cu using potentiostat mode, sample 2 (a) 

Raman spectrum (514.5 nm) (b) Raman spectrum of DLC film at 5 different areas 

(c) SEM image, X2000, length as 10 µm (d) FTIR spectrum. 
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Figure 3.4. DLC film deposited on Cu using galvanostat mode, sample 3 (a) 

Raman spectrum (514.5 nm) (b) Raman spectrum of DLC film at 5 different areas 

(c) SEM image, X2000, length as 10 µm. 
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Figure 3.5. DLC film deposited on Cu using potentiostat mode, sample 4 (a) 

Raman spectrum (514.5 nm) (b) Raman spectrum of DLC film at 5 different areas 

(c) SEM image, X1500, length as 10 µm (d) FTIR spectrum. 
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 Figure 3.6. DLC film deposited on Cu using galvanostat mode, sample 5 (a) 

Raman spectrum (514.5 nm) (b) Raman spectrum of DLC film at 5 different areas 

(c) SEM image, X1500, length as 10 µm (d) FTIR spectrum.     

 

3.3.1.5 Effect of Different Parameters 

        Two different parameters were changed in these experiments compared to 

previous experiments in our lab: 1) The substrate 2) The counter electrode. 
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3.3.1.5.1 Effect of Substrate 

Two different copper substrates were used in this study: Alfa Aesar 

(99.9985%) and ASTM-B36 (99.9%), half-hard (HO2).  The X-ray diffraction 

(XRD) patterns of substrates used in this study are shown in Figure 3.7. (a) & (b). 

The film on substrate from Alfa Aesar also showed D and G-peaks, but did not 

produced smooth (powdery) and homogeneous films.  These films also showed 

very weak adhesion to substrate.  Usage of the copper substrate from a different 

manufacturing company ASTM-B36 (99.9%), half hard (HO2) produced thick, 

smooth, relatively homogeneous and relatively adhered films throughout the 

substrate.  The XRD pattern of this substrate is shown in Figure 3.7. (b), in which 

preferred orientation of (200) peak can be seen.  

For diamond growth, graphite has been used as substrate and registry 

between the (111) planes of diamond and the (0002) planes of graphite has also 

been reported.  Hence orientation of planes also an important factor in growth of 

diamond.40  In this study also preferred orientation of (200) containing substrate 

gave better results compared to preferred orientation of (220) containg substrate. 
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Figure 3.7. XRD pattern of copper substrate from (a) Alfa Aesar  

(99.9985%) (b) ASTM-B36 (99.9%), half hard (HO2). 

    

3.3.1.5.2 Effect of Counter Electrode 

        Three different counter electrodes were used in these experiments: 1) Pt 2) 

Pt mesh (2x2 cm2) 3) Ni-Cr coil (2.6 cm diameter).  Energy dispersive 

spectroscopy (EDS) elemental composition and dot mapping confirmed that Ni-

Cr coil is stable and does not have any reactivity with substrate.  Counter 

electrode plays no role in producing relatively homogeneous and adherent films.  

EDS spectrum with dot mapping of sample 1, can be seen in Figure 3.8. & 3.9.  

This spectrum shows peaks related to Copper, Iron, Carbon, and Oxygen.  Bare 

copper substrate also has some iron and oxygen content in it.  Hence, iron and 

oxygen are from substrate.  As copper can oxidize in air, it will have very little 

amount of copper in the form of copper oxides. 
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Figure 3.8 EDS spectrum of sample 1 
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Figure 3.9.  Dot-mapping images of sample 1 

 

3.3.1.6 Thermal Annealing 
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        Carbon film was synthesized on copper substrate (potentiostat mode, at 

potential 8 V, deposition time 3 hrs) and then thermal annealing experiment was 

carried out under nitrogen purging environment for 1 hr at 200 0C.  Resulting film 

Raman spectrum is shown in Figure 3.10.  
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Figure 3.10. Raman spectrum of thermally annealed carbon film 

deposited on Cu, sample 6  (632.8 nm). 

 

        Raman spectrum of annealed film contains G-peak at 1576 cm-1, D-peak at 

1369 cm-1, 1150 cm-1 (which is due to sp3 hybridized carbon atoms in aliphatic 

and amorphous structures or microcrystalline/nanocrystalline diamond).  Extra 

peaks at 980 cm-1, 1272 cm-1, 1464 cm-1, 1853 cm-1 and 2177 cm-1 are observed 

in Raman spectrum.  Peak at ~980 attributed to amorphous carbon phase.41  

Peak at 1272 cm-1 indicates four fold coordinated bonds of diamond phase 

(amorphous diamond).42  Peak at 1464 cm-1 attributed to a tetrahedrally bonded 

diamond precursor phase.43  Peak at 1853 cm-1 is attributed to carbon chain.34, 35  

The peak at 2177 cm-1 is attributed to acetylene peak.33  D-peak FWHM 179 cm-1 
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decreased compared to that of as deposited films.  Decrease in FWHM of D-

peak indicates that sp3 content decreased compared to that of as deposited films.  

D-band FWHM associated with disorder in the film.  As the band becomes 

broader it means high disorder is present in the film.37  FWHM decreased which 

means it has less disorder in the film.  G-peak FWHM (116 cm-1) did not change 

much from as deposited films.  But G-peak position shifted to higher wave 

numbers indicating increase in graphitisation.  

 

                                   

a 
b 

Figure 3.11.  SEM image of (a) graphite sheet, X3500, length as 10 µm23 

(Reproduced with permission) (b) thermally annealed carbon film deposited on 

Cu, X3000, length as 10 µm, sample 6. 

 

        SEM image of graphite sheet is shown in Figure 3.11. (a).  SEM image of 

thermally annealed film show the sheet-like formation in some areas, which is 

similar to graphite sheet (Figure 3.11. (b)).  That means upon heat treatment 

graphitisation is taking place.  From Figure 3.11. (b), it can be observed smaller 
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grain size compared to that of DLC films.  Raman spectrum of thermally 

annealed film also indicates the graphitisation of the film. 

3.3.2 Discussion 

        Diamond films deposited on copper using gas phase synthesis methods 

usually have weak adhesion, as usage of high temperature during deposition 

followed by cooling results in cracking of diamond film due to high shearing 

stress at the interface.  In electrodeposition as low temperature used during the 

deposition it do not have this problem; this could be one of the reasons to get the 

adherent films on copper substrates.  Mechanism of film formation also different 

in both methods.  Both mechanism and temperature may be main factor to get 

adherent films on copper substrates.  These films when thermally annealed at 

600 0C under nitrogen purging environment film disappeared, which indicates 

temperature effect on the film.      

3.4 Cathodic Deposition 

        Ammonia is better solvent system for cathodic electrodepositions.44  Liquid 

ammonia is an amphiprotic solvent with very weak acidic properties.  It is slightly 

ionized solvent in which solvated electrons are stable.45  It also has excellent 

solvent power with relatively high dielectric constant and low viscosity.46  This 

solvent is good for electrochemical reductions.47, 48  The conductance of liquid  

ammonia is 7.3×10-5 Ω-1 and when liquid ammonia saturated with acetylene 

4.9×10-5 Ω-1.22   
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        Electroreduction of acetylinic compounds can take place in aqueous acid or 

alkaline solutions and they involve hydrogen production at low over voltage 

cathodes (Pt, Ni or Co).  Catalytic reduction takes place followed by diffusion of 

hydrogen into substrate.  Cathodic hydrogenations usually result in mixture of 

both alkenes and alkanes.  Pt, Ag, Cu cathodes are the metals of choice for 

selective reduction to alkenes.49  
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Figure 3.12. DLC film deposited on Cu using galvanostat mode, sample 7  

(a) Raman spectrum  (632.8 nm) (b) SEM image, X1000, length as 10 µm. 
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Figure 3.13. DLC film deposited on Cu using galvanostat mode, sample 8  

(a) Raman spectrum (632.8 nm) (b) SEM image, X1500, length as 10 µm. 

 

3.4.1 Results 
 

3.4.1.1 Raman Spectroscopy 
 
        Raman spectrum of sample 7 was shown in Figure 3.12. (a).  It is deposited 

using galvanostat mode at current 0.3 to 0.2 mA for 6 hrs.  Resulting film Raman 

spectrum contains G-peak 1581 cm-1, 1364 cm-1, and 1813 cm-1.  The peak at 

1813 cm-1 attributed to carbon chain.34, 35  FWHM of G-peak 129 cm-1 and D-

peak is 320 cm-1 and ID/IG is 1.42.  

        Raman spectrum of sample 8 was shown in Figure 3.13. (a).  It is deposited 

using galvanostat mode at current 0.15 to 0.125 mA for 7 hrs.  Resulting film 

Raman spectra contain G-peak at 1566 cm-1, D-peak at 1387 cm-1, and 1889 cm-

1.  The peak at 1889 cm-1 attributed to carbon chain.34, 35  FWHM of G-peak is 

132 cm-1 and D-peak is 428 cm-1 and ID/IG is 1.82.  
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        The ID/IG is high which indicates high sp2 content in these films.  

Cathodically deposited films have more ID/IG ratio compared to anodically 

deposited films.  The quality of anodically deposited films is better than 

cathodically deposited films. 

3.4.1.2 Scanning Electron Microscopy 
 
        SEM shown in Figure 3.12. (b) and Figure 3.13. (b).  SEM micrographs of 

cathodically deposited films show sheet-like thin uneven film on substrate.  

These films also show weak adhesion compared to that of anodically deposited 

films. 

3.5 Conclusion 

        Raman and SEM analysis confirm homogeneity of DLC films on copper 

substrates deposited using anodic deposition route.  Scotch tape peel tests 

indicate adherent DLC film on copper substrate.  Potentiostatically (optimum 

potential 6 V) deposited film shows homogeneous, adherent film with low IR 

absorption, indicating good quality of the film.  This low temperature 

electrodeposition route is good for producing adherent films on copper 

substrates.  Substrate also has effect on improving homogeneity and adhesion of 

the film.  The substrate from ASTM-B36 (99.9%), half hard (HO2) gave good 

quality films, which contain preferred orientation of (200) reflection.  From this 

result one can try this kind of substrate to deposit diamond to get adherent films 

on copper substrate.  EDS spectrum does not show any counter electrode 

participation.   
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        Cathodically also it is possible to deposit DLC films.  But quality of 

anodically deposited films was better compared to that of cathodically deposited 

films.  

        Carbide forming metals can also be deposited as interlayer to enhance 

adhesion of diamond film onto copper substrate.  It is interesting to deposit Ni 

interlayer using electrochemical method followed by deposition of DLC onto this 

substrate.  This route may produce even better quality films. 

        As DLCs on copper substrate were successfully deposited using 

electrochemical method, it is interesting to try boron doping.  J.B. Zang et al. 

introduced new boron doping method using electrochemical route.  They used 

graphite slice as anode, stainless steel as cathode and saturated boric acid 

solution as electrolyte at constant electric current 0.5 mA and reaction time 5 –15 

hrs.  Resulting intercalating graphite slices were heated to 600 0C in vacuum.50 

Based on their idea it is interesting to try electrochemical doping using DLCs on 

copper substrate as anode and saturated boric acid as electrolyte.  This method 

may work as B(OH) 4
-, ion will have attraction towards the anode.  
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CHAPTER 4 

RAMAN SPECTROSCOPY ANALYSIS OF MULTICOMPONENT CARBON 

FILMS 

 
4.1 Introduction 

        Diamond films on thin copper substrate attracted much interest owing to 

electronic and thermal applications.  As diamond has a unique thermal 

conductivity, it possesses potential applications as a heat sink.  Combination of 

diamond film and some metals (Cu, Au, Ag, and Al) with high thermal 

conductivity can also be used as heat sink.  Among these metals Cu is the most 

suitable candidate as it is inexpensive.1  Copper is highly immiscible with carbon 

but technologically important substrate for growing diamond and related 

materials, as it is extensively used in microelectronic devices.2  

        Under normal conditions carbon neither reacts with nor miscible with 

copper, but copper lattice parameter (3.608 Å) is more closely matched to that of 

diamond (3.567 Å) 3, it has lattice mismatch of only 1.3% with that of diamond.4  

It does not produce any carbide layers and also it does not have any reaction 

such as absorption or dissolution with carbon because of these reasons these 

diamond films on copper have poor adhesion.5  One other reason is surface free 

energy of diamond is large compared to non-diamond substrates and the sticking 

probability of precursor for diamond nucleation is comparably small.6  Compared 

to surface energy of diamond surface energy of copper is very small (γCu (100) = 
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2.08 J/ m2; γdiamond(100) = 9.2 J/ m2).  To induce surface energy of copper graphite 

layers have been deposited.  Graphite film on the copper substrate induces the 

diamond crystallite nucleation significantly.7, 8  To improve nucleation density and 

adhesion several other pretreatments methods were also used.  For practical 

applications adhesion of diamond film onto a given substrate is very important.9

        Gas phase synthesis methods are not very good for deposition of diamond 

onto copper substrates as they use high temperature during deposition.  Usage 

of high temperature, and post cooling of deposited film crakes due to the large 

mismatch of thermal expansion coefficients of both materials (at room 

temperature αdiamond = 1.0 x 10-6 K-1, αCu = 17.6 x 10-6 K-1).3  Electrochemical 

deposition method is better for deposition of diamond and diamond-like carbon 

(DLC) on copper as it does not have this problem as low temperature or room 

temperature can be used during deposition.  

4.2 Experimental 

        Experimental setup described in chapter 2 used to deposit these carbon 

films (Anodic deposition route), but the copper substrates from Alfa Aesar 

(99.9985%) were used.  Pt mesh with 2x2 cm2 was used as counter electrode 

and temperature between 57±  2 0C.  Jobin Yyon LabRam HR 800 (He-Ne laser 

(632.8 nm) / CCD detector) Raman instrument used to determine the type of 

carbon content in these films.  The morphology of DLC films was studied using a 

JSM-T 300 scanning electron microscope (SEM).  In order to determine 

hydrogen content and carbon content in these films, Smart Apertured Grazing 
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Angle (SAGA) mode was used to collect Fourier transform infrared spectroscopy 

(FTIR) spectra, using a Nicolet Nexus 470 FTIR (Thermo Nicolet Corporation) 

spectrometer.   

4.3 Raman Spectroscopy  

        Raman results of sample 9 (Figure 4.1. (a)) showed peaks ~1021 cm-1, 

1155 cm-1, 1280 cm-1, 1339 cm-1 (diamond peak with full width half maximum 

(FWHM) 17 cm-1), 1482 cm-1, 1580 cm-1 (G-peak), 1852 cm-1, 2127 cm-1 

(acetylene peak)10, and 2404 cm-1 (unknown).  Peak around 1021 cm-1 is 

attributed to amorphous carbon11, peak at 1155 cm-1 is attributed to disordered 

sp3 carbon phases or nano-crystalline/micro-crystalline diamond 12, peak at 1280 

cm-1 is attributed to four fold coordinated bonds of diamond phase (amorphous 

diamond).13  The peak ~1482 cm-1 is attributed to tetrahedrally bonded diamond 

precursor.14  The peak at 1580 cm-1 is attributed to G-peak, which is due to 

stretching vibration of sp2 sites in aromatic rings or olefinic chains.  The peak at 

1852 cm-1 is attributed to carbon chain.15, 16  The peak at ~2420 cm-1 is also 

observed  by Chapelle et al.17 in Raman spectrum of single walled carbon 

nanotubes.  They were also uncertain about this peak.   As they observed in 

carbon nanotubes, this is definitely due to some carbon species. 

        Raman results of sample 10 (Figure 4.2. (a)) showed peaks ~1022 cm-1, 

1160 cm-1,1275 cm-1, 1339 cm-1 (diamond peak with FWHM 19 cm-1), 1475 cm-1, 

1581 cm-1 (G-peak), 1885 cm-1, 2153 cm-1 (acetylene)10, and unknown peak at 

2391 cm-1.  Peak at 1022 cm-1 is attributed to amorphous carbon11; peak at 1160 
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cm-1 is attributed to disordered sp3 carbon phases or nano-crystalline/micro-

crystalline diamond.12  Peak around 1275 cm-1 is attributed to four fold 

coordinated bonds of diamond phase (amorphous diamond).13  The peak at 1475 

cm-1 is attributed to tetrahedrally bonded diamond precursor.14  The G-peak 

observed at 1581 cm-1.  The peak at 1885 cm-1 is attributed to carbon chain.15, 16

        As already discussed in chapter 1, diamond peak will appear as sharp peak 

around 1332 cm-1, and FWHM of this peak determines the quality of diamond.  

Small value of FWHM indicates better quality diamond.  In these films we 

observed a sharp peak at 1339 cm-1 with FWHM ~17cm-1 to 19 cm-1.  Jin-Ting Jiu 

et al.18 also observed peak at 1337 cm-1 with broader line width (estimated 

FWHM 80 cm-1) in electrodeposited DLC films from DMF.  They indicated this 

peak as disordered diamond phase (sp3 carbon).  But here, Raman spectra of 

these samples contain a sharp peak at 1339 cm-1 with FWHM ~17 and 19 cm-1.  

TheCVD diamond Raman spectra using the same instrument, showed peak at 

1332 cm-1 with FWHM of 10 cm-1.  There were some reports where diamond 

peak shifted up to 1341 cm-1 (estimated FWHM of 20 – 30 cm-1).19, 20  The degree 

of the shift of the diamond peak is in proportion to the magnitude of biaxial stress 

in the film.  The stress relaxation in the diamond films can be due to several 

factors such as a change in crystal structure or film growth procedure can also 

result in the variation of the elastic properties along the depth of the film.21 

Variation of the temperature of the solid also cause significant shifts of the first-

order lattice phonon frequency.22
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        Usually in region 2265 to 2020 cm-1 C≡C and C≡N will occur in Raman.10  

As FTIR does not show any C-N absorption, the peak at 2127 cm-1 in sample 9 

and peak at 2153 cm-1 in sample 10 are assigned as acetylenic peaks.   
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Figure 4.1. Carbon film (sample 9) deposited on Cu using potentiostat mode 

 (a) Raman spectrum (632.8 nm) (b) FTIR spectrum (c) SEM image, X2000, 

length as 10 µm. 
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Figure 4.2. Carbon film (sample 10) deposited on Cu using potentiostat mode  

(a) Raman spectrum (632.8 nm) (b) FTIR spectrum (c) SEM image, X2300, 

length as 10 µm. 

 

4.4 Fourier Transform Infrared Spectroscopy  

        FTIR spectrum of sample 9 (Figure 4.1. (b)) showed peak at 1080 cm-1 

,which is attributed to C-O bonding.  Sometimes C-O and O-H bonding will 

appear as impurity in carbon films.  FTIR spectrum of sample 10 (Figure 4.2. (b)) 

showed peaks at peaks at 961, 1374 cm-1.  The 1374 cm-1 peak is due to 

deformation peaks of sp3 C-CH3 (symmetric) mode.  The peak at 961 cm-1 is 

attributed to out-of-plane C-H bending mode for graphite-like sp2 domains.10, 23   
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4.5 Scanning Electron Microscopy 
 

        SEM images of these carbon films were uneven.  From Figure 4.1. (c) & 

Figure 4.2. (c) nucleation of film on the surface of copper substrate can be seen.  

From SEM micrographs it can seen that these films are not smooth.  But three 

dimensional crystal growth can be seen in SEM micrographs, this could be 

diamond. 

4.6 Conclusion 
 
        Electrochemical deposition method is used to deposit multicomponent 

carbon films at low temperature.  Raman characterization confirmed multiple 

forms of carbon, and also diamond peak observed at 1339 cm-1.  Raman 

analysis confirmed the presence of four fold-coordinated bonds of diamond 

phase and tetrahedrally bonded diamond precursor.  From these results, it can 

be concluded that by controlling the parameters there is possibility of growth of 

homogeneous diamond film by using this solvent-electrolyte system acetylene 

and ammonia.   
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CHAPTER 5 

BORON DOPED DIAMOND-LIKE CARBON FILMS 

        Pure diamond is a good electrical insulator.  Introducing small amounts of 

boron as a dopant gives diamond semi-conducting properties by decreasing 

resistivity.  Conductive diamond films can be used as advanced electrode 

material as they have unique properties such as low background current, stability 

in corrosive electrolytes and wide potential window.  These films also inhibit the 

activity for the hydrogen evolution reaction, which allows conductive diamond 

electrodes to be selective for certain types of cathodic reactions, such as the 

reduction of nitrite and nitrate ions to ammonia.  These films also have 

photochemical behavior.1, 2  Boron atoms can be doped by various CVD 

technologies or ion-implantation to diamond films to use as p-type semi-

conducting material. 

        Recently electrodeposition methods introduced by Namba3 using organic 

sources attracted much attention.  In electrochemical route electrolyte properties 

such as dielectric constant and dipole moment of electrolyte will effect the 

deposition of diamond-like carbon (DLC) films.  The strength of allowable electric 

field to be applied between the electrodes is limited by the dielectric constant.  

The basic ionic nature of the electrolyte will depend on the diploe moment.4  

Commonly used organic sources and their dipole moments and dielectric 

constants are shown in Table 5.1.   
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Carbon source Dielectric constant (ε) Dipole moment (10-18 
esu) 

Methanol 32.7 1.70 
Ethanol 24.55 1.69 

Formamide 84 3.73 
Acetonitrile 38.8 3.92 

DMF 36.71 3.86 
 

Table 5.1.  Values of dielectric constant and dipole moment of some common 

organic liquids used for electrodeposition of DLC. 

 

        Hao Wang et al.5 deposited DLC films by using electrolysis of methanol. 

They deposited DLC films on silicon substrate at temperatures of less than 60 0C 

.  Selection of solvent is very important factor for electrodeposition.  They choose 

methanol because of its polarizability and conductivity is higher than ethanol, and 

structure of methanol is closer to diamond.  Electrochemical deposition of DLC 

depends on properties of electrolyte such as dielectric constant (ε) and dipole 

moment (σ).  Methanol dielectric constant is 32.7, dipole moment 1.70x10-18 

esu.4  If the chosen solvent has higher dipole moment and dielectric constant the 

deposited film has more sp3-C and more diamond-like character.6  DLCs also 

deposited on ITO coated glass substrates using methanol as electrolyte.7

         Boric acid dissolved in analytically pure methanol used as electrolyte (5% 

boric acid dissolved in methanol).  A 1x1 cm2 size Ni piece was used as substrate 

(working electrode).  Before deposition the substrate is polished to get mirror 

finish.  Chromel wire is used as counter electrode and platinum wire is used as 
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quasi reference electrode.  EG&G Princeton Applied Research 

Potentiostat/Galvanostat model 263A is used for depositions.  Potentiostat mode 

(constant potential 8 V) was used to carry out these depositions and deposition 

time varied from 12 to 15 hrs. 

        Even though peaks related to DLC are observed in Raman spectrum 

(Figure 5.1. (a) & (b)), the mixture of boric acid with methanol resulted in 

degradation of Ni substrate.  Scanning electron microscopy (SEM) image of 

sample 11 (Figure 5.2. (a)) shows the sheet-like formation at one corner of the 

substrate.  From SEM image of sample 12 (Figure 5.2. (b)), substrate corrosion 

can be seen.  Because boric acid and methanol are both weak acids, applying 

potential resulted in the degradation of substrate.  The combination of methanol 

with boric acid is not a good choice for boron doping, as metallic substrate 

degrades.  However, it is better to try ITO coated glass substrates as the working 

electrode using boric acid in methanol as electrolyte. 

        Two-step method proposed to dope boron into DLC films.    

1. Deposition of DLC film using anodic electrodeposition onto metallic 

substrate using acetylene and liquid ammonia as electrolyte as discussed 

in chapter 3. 

2. Saturated H3BO3 can be used as the boron source.8  

B(OH)3 +H2O     B(OH)4
-+H+

Anodic electrodeposition route followed by annealing can be used.  Annealing 

may induce diffusion of boron atoms into amorphous carbon matrix.         
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Figure 5.1. (a) Raman spectrum of sample 11 (514.5 nm) (b) Raman spectrum of 

sample 12 (514.5 nm).  

 

a b 

 
  Figure 5.2. (a) SEM image (sample 11), X2000, length as 10 µm (b) SEM image 

(sample 12), X1500, length as 10 µm. 
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6.  APPENDIX 



 
 

 

Sample         Substrate Mode Counter Potential Current Time Temperature Columbs

1  Cu
(1x1cm2) 
ASTM 

Potentiostat 
(Anodic) 

Ni-Cr 6 volts -0.600 to –1.356 mA 5hrs -59 to -63 -18.15 C 

2  Cu
(1x1cm2) 
ASTM 

Potentiostat 
(Anodic) 

Ni-Cr 9 to 8 volts -1.038 to –1.730 mA 3hrs -58 to -64 -13.93 C 
 

3  Cu
(1x1cm2) 
ASTM 

Galvanostat 
(Anodic) 

Ni-Cr 1.6 to 3.348 
volts  

-0.5 mA 5hr15min -58 to -63 -9.566 C 
 

4  Cu
(1x1cm2) 
ASTM 

Potentiostat 
(Anodic) 

Ni-Cr 9 to 8 volts -0.56 to -7.11 mA 4hrs -60 to -63 -49.48 C 

5  Cu
(1x1cm2) 
ASTM 

Galvanostat 
(Anodic) 

Ni-Cr 2.937 to 9.405 
volts 

-0.5 mA to -0.4 mA 5hrs -60 to -64 -7.884 C 

6  Cu
(1x1cm2) 
ASTM 

Potentiostat 
(Anodic) 

Ni-Cr 8 volts -0.429 to –2.08 mA 3hrs -53 to -56 -10.67 C 
 

7  Cu
(1x1cm2) 
ASTM 

Galvanostat 
(cathodic) 

Ni-Cr -6.075 to –
9.692 volts 

0.3 to 0.2 mA 6hrs -55 to -59 4.504 C 

8  Cu
(1x1cm2) 
ASTM 

Galvanostat 
(cathodic) 

Ni-Cr -7.352 to –
9.206 volts 

0.15 to 0.125 mA 7hrs -53 to -58 3.692 C 

9  Cu
(1x1cm2) 
ALFA 
AESAR 

Potentiostat 
(Anodic) 

Pt mesh 8 volts -0.74 to –3.14 mA 5hr30min -56 to -59 -34.20 C  

10  Cu
(1x1cm2) 
ALFA 
AESAR 

Potentiostat 
(Anodic) 

Pt mesh 6 to 8 volts -0.479 to –2.42 mA 5hrs -55 to -60 -32.25 C 

Table 6.1.  Experimental parameters for different samples, discussed in chapter 3 and chapter 4. 
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Sample D-peak G-peak FWHM G FWHM D ID/IG

1  1407 cm-1 1562 cm-1 130 cm-1 222 cm-1 0.59 

2  1376 cm-1 1568 cm-1 160 cm-1 297 cm-1 0.97 

3  1421 cm-1 1567 cm-1 114 cm-1 308 cm-1 0.75 

4  1383 cm-1 1560 cm-1 132 cm-1 238 cm-1 0.63 

5  1367 cm-1 1553 cm-1 163 cm-1 220 cm-1 0.44 

6  1369 cm-1 1576 cm-1 116 cm-1 172 cm-1 0.43 

7  1364 cm-1 1581 cm-1 129 cm-1 320 cm-1 1.42 

8  1387 cm-1 1566 cm-1 132 cm-1 428 cm-1 1.82 

 
 

Table 6.2.  Raman spectra D-peak, G-peak and their FWHM of different samples explained in chapter 3. 
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