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A bstract 

MuItilayered Cu/Ni thin films were grown epitaxialiy on copper substrate using 

electrodeposition method. The multilayers possess coherent interfaces with weîidefined 

satektes surrounding the main Bragg peaks in the X-Ray diffiactograms. Hardness values 

greater than those o f  the constituent materials, by a factor of two or better, were found. 

Also, a Hall-Petch type relationship between hardness and superlattice periodicity, that is, 

hardness is in proportion to the inverse of the square r w t  of the superlattice periodicity, is 

determined for superlattice periodicity in the range of about 40 to 80 angstroms. When 

nickel thickness is fixed at about 50 angstrorns, hardness is independent of copper 

thickness for the range of fiom 16 to 32 angstroms. On the other hand, hardness drops 

when nickel thickness increases fiom about 17 to 4 1 angstroms wMe copper thickness is 

fixed at about 10 angstroms,. 
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Chapter 1 

Introduction 

The search for materials with unusual hardnesses has long been of considerable 

interest to human beings. Materials with high hardness have found many applications in 

industry and other sectors of human Me. Many technological applications such as cutting, 

abrading, polishing and coating put a demand on materials with unusually high hardnesses. 

Some materials corne naturally wit h super hardnesses, diamond[ 1 1, for example. They 

have already been put into use extensively. However, their reserve in nature is limited and 

their prices are prohibitive. Furthemore, these naturaliy-occuning hard materials have 

often exhibited properties unfavorable to conditions in certain applications. For instance, 

diamond bums in air at 700°C to fom carbon dioxide[2], mling it out for applications at 

high temperatures. Naturally, humans have sought to synthesize materials wit h appreciable 

hardnesses as an alternative. 

There have been theoreticai predictions[3] that a hypotheticd crystal - the 

"hexagonal B forrn" of carbon nitride (C~NJ) - would produce a bulk modulus (and hence 

presumably a hardness) sirnilar or greater than that of diamond. However, many attempts 

to synthesize this material have failed[2]. 

On the other hand, superlattices, which are made up of alternating layers of 

different matenals, have been successfùliy produced to yield hardnesses ranging fiom 30 

Gpa to 50 Gpa[2]. As a cornparison, diamond, the hardest matenal found in nature, has a 

hardness of about 80 to 100 Gpa. An improvement of hardness by a factor of 2.5 than 



would be expected fiom the simple ailoy of constituent materials is typical of a range of 

superlattice materialsr 1 1. 

It was first suggested by James Koehler[4] in 1970 that high strength could be 

obtained fiom a composite matenal with aiternating Iayers of different constituent 

materials of sirnilar structures but signrficantly different elastic constants. Since then, 

interest has been growing in producing multilayered materials in which mechanical 

properties distinct from their bulk materials can be expected. A number of research 

workers have reported success in this regard[5]-[l l]. 

William D. Sproul[6] and Dong Li[ 1 1 ] produced polycrystalline nitride (TiN/VN, 

TiN/NbN) superlattice coatings using magnetron sputtdng system. The films possessed 

hardnesses exceeding 50 Gpa; B. J. Danielsf81 and others sputter-deposited epitaxial 

Fe(O0 1 )/Pt(00 1 ) multilayers on MgO(00 1 ), which exhibited hardnesses over t hat expected 

fkom a simple mle of mixture by a factor of 2.5; CdNi multilayers, the most extensively 

studied superlattice system reported, have been produced using dual ion beam sputtering 

and electrodeposition respectively. They also displayed enhanced hardness over that of 

nickel and copper[5][12]. 

A few projects have been devoted to the study of hardness dependence on 

superlattice structure - mostly the super lattice periodicity, that is, the repeat length A, of 

the bilayers - as shown in Figure 1.1. 



Figure 1.1 : Schematic structure of a superlattice systern with two altemating layers A and 
B. The repeat length A is called the superlattice periodicity or wavelength. 

It is an established fact that superlattice hardness is a fùnction of its periodicity, 

among other things. One of the widely used relationships regardhg hardness dependence 

on superlattice periodicity is the Hall-Petch relation. It States rhat within a certain range of 

the periodicity values, baràness (H) varies in proportion to the inverse of the square root 

of the superlattice periodicity (A), H a A-'" . This has been confirrned in some 

expenrnents. R. C. Cammarata, et al. [7] claimed that when the superlattice periodicity is 

reduced to below 50 Angstroms, unusual elastic and plastic properties are observed and 

for dual-ion-beam-sputter-deposited Cu/Ni system a Hall-Petch type relation is found for 

periodicity values ranging fiom 20 to over 100 Angstroms; R. F. Bunshan, R. 

Nimmagadda and H. J. Doerr[l3] reported a Hall-Petch type relationship in CuMi systern 

prepared wit h elect~on bearn evaporation. 

However, there have also been reports in the fiterature that put this conclusion in 

question. B. J. Daniels, W. D. Nix and B. M. Clemens found that their sputter-deposited 

FeiPt system possesses increased hardness over a considerable range in A (20 - 100 

Angstroms) but is not a fhction of A[8]. 



It is reasonable to believe that hardness depends not only on the superlattice 

periodicity, but also on the thickness ratio of its constituent materials. Since little 

information was found in the literature on the latter topic it was included in the work of 

this thesis, among others. 

There are also several difTerent methods for measuring hardness, such as "Vickers 

hardness test" which uses a symmetnc diamond tip and 'Knoop test" using an asymmetric 

tip. These difTerent methods ofien yield quite differeut results even on the same samples, 

thus compromising the credibility of some earlier claims regarding hardness 

characteristics[l2]. The recently-developed "nano-indentation technique" which enables 

measurements to be made at very low forces is beiieved to be more suitable for thin film 

measurements and it was used in the work of this paper. 

Severd models have been established to expiain the hardness enhancement 

mechanism of superlattice stmctures[l]. James Koehler7s[4] model is by far the most 

successfùl one. He said that the interfaces between the layers would act as bamers to the 

motion of dislocations, which are the line defects that are mainly responsible for the plastic 

deformation of crystalline solids. Restricting the motion of dislocations in this way wouid 

strengthen this type of material. Xi Chu and Scott A. Barnett[l4] improved this model 

recently by incorporating the fact that the interfaces in a superlattice are not perfectly 

abrupt. They pointed out that for miscible materials such as TïN/NbN, the interfaces 

between two adjacent layers can be at least 1 nrn wide. Broader interfaces of this kind tend 

to reduce the effect of having alternate layers with difFerent shear moduii. This new model 

better explains the quantitative dependence of hardness on superlattice periodicity. 



For the enhanced hardness effect to occur, the multilayered structures must posses 

coherent interfaces. The coherency of the interfaces of the multilayers can be examined 

using X-ray difEaction[ 1 5 111 61. A finely-structured multilayer exhibits both the main 

Bragg peak and satellites to both sides of the main peak as shown in Figure 1.2. There are 

a nurnber of met hods in existence for fabricating multilayers. 

Satelf ite 1 \ 

Angle of diffraction 

Figure 1.2: Schematic X-ray difiaction diagram of a well-structured superlattice 

As mentioned earlier, most of the multilayer systems investigated for hardness 

characteristics were prepared by physical vapor deposition (PM)) methods such as 

electron beam evaporation (EBE) or dc magnetron sputtering. 

As many properties of a superlattice depends on its preparation method, many of 

the conclusions drawn in these cases may not be applied to explain the properties of 

systems prepared by other methods, such as electrodeposition which is used in the work of 

this paper. 

Each of the different methods for producing multilayers has its own advantages 

and disadvantages. The phy sical met hods produce better quaiity (cleaner) samples because 

the source materials are placed separately in the vacuum chamber. But they require an 



expensive ultrahigh vacuum system (-IO-' Torr) and deposition rate is slow[l7]. 

Etectrodeposition has been gaining more and more popularity in recent years and has 

found significant applications in making protective and decorative coatings. 

Electrodeposition[l7], which wiiI be detaiied in Chapter 3, refers to the deposition of one 

or two kinds of materials (generally metal) 6om a bath containing a solution of the ions of 

the materials by the passage of an electnc current. The nature of an electrodeposit is 

determined by many factors including the electrolyte composition, pH, temperature and 

agitation, the potentials applied between the electrodes, and the current density. It features 

Iow processing temperatures, high deposition rate, low cost and the possibility of tailoring 

the crystallographic texture and the composition of the deposit. The drawbacks of 

electrodeposition are the purity problem associated with a single-bath deposition, which 

can result in the darnage of the multilayer systems in the post-production treatment and 

c m  also affect the properties of the multilayer systems. 

The focus of the work in this paper is the hardness characteristics of CdNi 

multilayers produced using electrodeposition. It comprises a relatively systematic study of 

the possible factors that can influence the hardness of a multilayered matenal. Chapter 2 

provides theoretical background in electrochemistry, X-ray ditfiaction and hardness 

properties; chapter 3 details the experimental aspects in electrodeposition and hardness 

measurement; chapter 4 is a report of the experimental results and chapter 5 contains 

discussions. 



Chapter 2 

Theoretical background 

2.1 Superlattice structure and growth of superlattices 

2.1.1 Structural and chemical ordcrs of superlattices 

Superlattice is a type of artificially produced structure in which two different 

materials are aitematively layered upon each other in the nanometre-scale dimensions, as 

shown in Figure 1.1. 

More information is needed to describe the structure of a superlattice than a 

homogeneous fih. Superlattice can be categonzed in terms of their stmctural and 

chemical order[ 1 51. The structurai order refers to the crystailine state, i. e., single crystal, 

polycrystalline, or amorphous, of the layers that make up the superlattice. The chemicai 

order refers mainiy to the period A and amplitude A of the composition modulation. Figure 

2.1 shows two extreme cases of the composition modulation in an A B  superlattice: a 

square-wave modulation occurs when there is no mWng between the A and B layers and a 

low-amplitude sinusoidal modulation occurs when there is considerable inter-ng 

between A and B. 



Figure 2.1: Schematic depiction of composition modulations in artificiai superlattices 
showing (a) a square-wave modulation and (b) a smali-amplitude sinusoidal modulation 

The chemical order aiso refers to  variations in layer thickness, i-e., variations in the 

A value, and interfia roughness, i-e., deviations from a purely one-dimensional 

modulation as shown in Figure 2.2. 

Figure 2.2: A schematic diagram showing the possible roughness of interfaces in a 
superlattice in contrast to  the purely one-dimensional structure as shown in figure 1.1 

In practice, al1 combinations of structural and chemical order may be observed in 

superlattices. 



As the various properties of a superlattice are largely detennined by its structural 

and chemical orders, it is necessary to understand how superlattices acquire their 

structural and chemical orders, i.e., the m e c ~ s m s  of superlattice formation. 

2.1.2 Mechanisms of superiattict growth 

Three mechanisrns governing the formation of thin films in general and of 

superlattices in particular have been proposedf 181: (a) the layer-by-layer growth (Frank- 

van der Merwe or FM mechanism); (b) a three-dimensional nucleation, fonning, growth, 

and coalescence of islands (Volnier-Weber or V W  mechanism); and (c) adsorption of a 

monolayer and subsequent nucleation on top of this layer (Stranski-Krastanov or SK 

mechanism). Which mechanism actually dominates in the formation of a superlattice 

depends on the strength of interaction between the atoms of the growing film and between 

the atoms of the fïim and the substrate. 

Simple energetic arguments are often used to predict the growth mechanisms of a 

superlattice[lS]. The FM nucleation takes place if the surface energy is reduced when 

covering an A surface with B. The surface energy is defined as the reversible work done 

on  a system by the extemal forces to create a unit surface area at constant temperature. In 

tems of WA and WB, the vacuum surface energies of A and B, respectively, and Wm, the 

energy of the A-% interface, FM nucleation of B on A resuits if 



When A is subsequemly deposited on B, the condition for FM nucleation is: 

The most cornrnon case when both equation (2.1) and (2.2) are satisfied is when A 

and B have similar chernical and structural propenies so that W g  z O and WA z WB, as in 

Ag/Au superlattice. Anotber case in which both equations (2.1) and (2.2) can be satisfied 

is when A and B react strongly so that W\B is negative. 

There are many material combinations for which equations (2.1) and (2.2) are not 

satisfied simultaneously. If A has a much higher surface energy than B, that is WA >> WB, 

layer A will nucleate as three-dimensionai (3-D) islands and the VW mechanism takes 

place. Another comrnon case is when A and B are much difFerent either chernically or 

stmcturally so that Wm is large and positive. Depending on the values of Wx and WB, 

one or both layers will nucleate through the VW mechanism. 

The SK mechanism works when the stmctural and chernical dflerences between A 

and B are srnaII. In this case, an intermediate nucleation mechanism is observed where 3-D 

islands form after one or more complete layers have been deposited. 

The structurai difference between two materials A and B can be represented by the 

Iattice misfit (or mismatch) E which is defined as: 

E = 2(dA - d~)/(dA + de) 



where dA and dB are the stress-fiee layer lattice spacings of matenais A and B respectively. 

The superlattice mismatch s plays an important role in determining the characteristics of 

the interfaces. Superlattices with larger E have less planar interfaces than those with 

smaller ~ [ 1 5  1. 

In rnost cases, there is a considerabfe lattice misfit E between the two materiais A 

and B and therefore the VW mechanism takes effect. It has been found[l8] that the 

growth of superiattice layers by the VW mechanism can be divided into the foliowing 

t hree stages: 

(a) Nucleation. Atoms of the depositing materid reach the substrate and are 

attracted to the surface by forces mostly of dipole or quadruple character. They become, 

at least for a certain time, adsorbed on the surface and become adatoms. These adatoms 

are statistically distributed over the substrate and form nuclei for fiirther growth; 

(b) By surface difision. Some adatoms become attached to the surface of the 

aiready existing nuclei and form individual islands, which oflen have the shape of small 

crystals (crystallites); 

(c) Coalescence of the i s h d s  and formation of  a more or less connected network 

containing empty channels. Coalescence may happen three ways: (1) Ostwald ripening: a 

larger nucleus grows by engulting a smailer one close to it. This process is slow and it 

happens mostly in treatment after deposition (Figure 2.3 (a) ). (2) Coaiescence due to 

mobility of islands: SmaIler nuclei are more mobile than larger ones. They move and get 

absorbed by larger ones (Figure 2.3 (b) ). This process is aiso too slow to play a 

significant role in deposition. (3) Coaiescence by growth: this is the most important one. If 

two growing particles touch each other, they can - depending on the substrate temperature 

11 



and the surface energies - either agglomerate by retaining their shapes almost entirely or 

go through a liquid-like coalescence (at highei substrate temperatures or if the film is 

arnorphous) process to form a single larger one (Figure 2.3 (c) ). 

Figure 2.3: Three ways of coalescence: (a) Ostwdd ripening; (b) cluster mobility; and (c) 
coalescence by growth 

The three stages of superlattice growth are shown schematically in Figure 2.4. 

Figure 2.4: Three stages in the formation of superlattice layers 



2.1.3 Formation of the orientation o f  supcrîrttices 

Superlattices have a crystalline structure. The structure of a superlattice depends 

on its constituent materials, the deposition method, which detennines the growth pattern 

of the thin film, the substrate on which it is deposited and some other factors. 

Crystals growing on a substrate may be variously oriented. The possible 

orientations are shown in Figure 2.5. Case (a) illustrates a completely disordered 61m, in 

which the directions of axes of individual crystallites are distributed randornly. Case (b) 

describes a state in which one particular axis of ail the crystallites is oriented in 

approximately the sarne direction. This is calleci a fist-stage orientation or a single texture. 

Case (c) depicts the second-stage orientation or double texture. Finally, case (d) depicts a 

monocrystalline orientation, which is very important becaux it includes also the case of 

epitaxial films. 

Figure 2.5: Orientation of crystaliites on substrates. (a) chaotic ordering; (b) single fiber 
texture; (c) double texture; (d) monociystalline orientation (double arrows indicates 
departures from prevaiiing orientation) 

An important phenomenon in thin film growth is the epitaxïal growth of a 

superlattice, that is, the formation of monocrystalline films on monocrystalline substrates 

either of the same substance or of another substance. The resulting orientation of the thin 

film depends on the crystal stmcture and orientation of the substrate. Epitaxy can occur 



between materials of different cryst al structure and of different chernical bonding . 

Observation of film structure dunng their preparation reveals that epitaxy begins to take 

place in the nucleation stage, but the stages of growth and coalescence of islands can be 

decisive for the final structure of the film. 

The nuclei growing on a substrate may initiaily have various crystallographic 

orientations. It has been established though that when two islands which are of different 

sizes and crystallographic orientations codesce, the resultant crystaliite assumes as a mle 

the orientation of the larger one. This means that the growth conditions will determine the 

final orientation of a superlattice, that is to Say, the superlattice will eventually adopt the 

orientation of the nuclei that the growth conditions are most in favor of 

In sorne cases when the substrate has a lattice constant approaching that of the film 

(the difference between them being less than 0.2%), "pseudornorphism" occurs and the 

film assumes the structure of the substrate until a thickness of the order of 10 nrn is 

reached. If the difference is greater and the binding between the substrate and the film is 

strong, pseudomorphism occurs for only the eariiest atornic layers. S till greater differences 

are accornpanied by the formation of lattice defects (e-g., disiocations). 

An important variable definhg superlattice structure is the strain state of the 

layers. This is represented by the superlattice misfit: 

where E* is the coherency strain and &a, is the portion of the mismatch accornmodated by 

dislocations. 



During the initial stages of depositing B on A, B is strained such that its lattice 

parameter matches that of 4 i.e., the A/B interface is coherent and is at its maximum. 

Upon further deposition, the interfaciai coherency is lost by the introduction of interfacial 

misfit dislocations, which either partially or fùlly relax the lattice spacing of B to its stress- 

fiee value. When B is completely relaxed, ~d = 0- 

An estimate of the coherency strain E,& expected in a layer is given by [15]: 

In equation (2. S), 

whereG,. is the shear modulus of the film material, v is the Poisson's ratio which is 

related to the shear modulus G and elastic modulus Y by Y = 2G(1+ v )  , and 

where G, is shear modulus of the substrate. In deriving equation (2.5). it is assumed that 

the film thickness h < 2s, where s = b/(s - is the separation beâween dislocations and b 

is the Burger's vector. 



For s m d  enough 6im thickness h, equation (2.5) gives E,& > S. This is physically 

unacceptable, but rather implies that the film is strained to match the underlying materid 

without rnisfit dislocations. As h increases, E* \NiU decrease until E* < â. A fiaction (E - 
E of the mismatch will then be accornmodated by dislocations. Since c d  continues to 

decrease as h increases, the film approaches complete relaxation with continueci 

deposition. A critical thickness h, can be deteminedi 2 51 using the condition c = cc&: 

for single layer film, and 

for multilayer films. Where, y is the angle between dislocation line and its Burgers vector 

and # is the angle between the slip direction and the direction in the film plane that is 

perpendicular to the interfacdslip plane intersection. 

At thickness h,, it is energetically favorable for misfit dislocations to form. The 

dependence of h,on E is shown in Figure (2.6) [Ml. 



film 

Figure 2.6: Dependence of critical thickness h, on superlattice misfit E 

The critical thickness for multilayered films is larger than that for single layer film. 

This is because the strain is divided between the depositing layer and the underlying layers. 

2.1.4 Crystallographic structure of copper and nickel 

For the copper and nickel system studied in this work both constituent materials have the 

fcc structure as shown in figure 2.7. 

Figure 2.7: The fcc structure of Cu and Ni cryaals 

Their lattice constants d are 3.615 and 3.526 angstroms respectively with an 

interface misfit E of 2.5% for the ( 100) Cu and { 100) Ni interplanar spacings. The 



mismatch value indicates that a VM mechanism will take place in the growth of the CdNi 

superlattice, and on a copper substrate with prevailing ( 1 0 0 )  orientation, the superlattice 

will have a dominant (100) orientation. This is confirmeci in the experimental part. 

2.2.1 Fundamental cquation for an electmchemicd ceU 

Electrodeposition refers to the process of depositing a materiai (typicaily metai) 

from a solution (caiied electrolyte) on another one through an electrochernical reaction. It 

was first used to make multilayers in 192 l 2  when Blum[l9] deposited copper/nickel and 

other multilayered nIms by alternate deposition fiom two different electrolytes. This is 

called dual-bath deposition. Later, multilayers have been produced from a single 

electrolyte which contained two or more kinds of metal ions. This is called singie-bath 

deposition. By getting rid of the trouble of mechanically switching the samples between 

two baths, the single-bath method is simpler to implement and it allows multilayers with 

graded interfaces to  be made by tailoring the deposition waveform. However, it is 

restricted to certain pairs of materials or composition ranges because of the requùement 

for a compatible electrolyte and the limited range of alloy compositions that can be 

deposited tiom a given electrolyte. Also, it is impossible to deposit a pure layer of  the less 

noble metal (a less noble metal requires a more negative reduction potential) with a single- 

bath. The most successtùl single-bath multilayer deposition technique is the one developed 

by Tench & White[20] and Yahaiom & Zadak[2 1 1. The single-bath technique is preferred 

by most researchers and is the choice in this work. By controliing the compositions of the 



two materials in the electrolyte and the proper selection of deposition parameters, even the 

less noble material can achieve very high purity in the multilayers. 

An electrochernical reaction (or electrode reaction) involves not only molecules 

and ions, but also negative electrons e - arising fiom a metal or other substance by metaliic 

conduction. Such a reaction is called oxidation if it proceeds in the direction 

corresponding to the liberation of electrons; and it is called a reduction if it proceeds in the 

direction corresponding to the absorption of electrons. For example, 

Oxidation: Cu + cu2- + 2e' 

Reduction: ~ i ' -  + 2e' + Ni 

To understand how an electrochemical reaction occurs, it is helpfùl to start with 

the electrode reactions (electrode processes). 

If a metal electrode is imrnersed in a solvent (water in this work), some of the 

metal ions will be fked tiom the binding of their metal lattices due to collisions fiom the 

molecules of the solution and enter the solution. As the concentration of the metal ion in 

the solution increases, some ions will be re-absorbed and neutralized by the electrode 

surface and eventuafiy an equilibrium state will be reached between these two processes. 

At this stage, the number of ions entering the solution equals the number of ions 

reabsorbed and neutralized at the electrode. After the ions leave the surface of the 

electrode, a layer of electrons will be accumulated at the electrode surface. These 

electrons then attract a layer of ions to them, forming an electncai double layer as shown 

in Figure 2.8. 



Figure 2.8: Schematic diagram of electrical double layer 

As a result, a potential difference is established between the electrode and the 

solution. In practice, this potential is characterized by the standard electrode potential Lf'. 

The standard electrode potential is defined as the potential of a ceU in which the 

hydrogen electrode is on the lefi and al1 components of the ceil are at unit activity. The 

activity ai for reactant i in a solution is defined by 

where, mi is the molality, which equals to the arnount of electrolyte per kilogram of 

solvent, which is given by niMini, where ni is the amount of electrolyte in nl mole of 

solvent and MI is the molar mass of the solvent; m0 is the standard value of the molality (1 

mol/kg of solvent); and the activity coefficient y, is defined by: 



This potentiai is attributed entirely to the electrode reaction in the right-hand 

electrode; that is, the standard electrode potentiai of the standard hydrogen electrode H 

(a=l)  1 HZ (1 bar) 1 Pt is arbitrarily assigned the value zero so that its electrode reaction 

and standard electrode potentiai are given by: 

1 
K + e = ?Hz (g) UO = 0.0000V 

Electrochemical reactions (or electrode processes) difFer fiom chemicd reactions 

in that they involve not only chernical reagents but also an electric reagent (the negative 

electron) which acts at the interface between a metal and a solution of electrolytes. The 

difference between the actuai electrode potential E. of the metailic surface and the 

equilibrium potentiai E of the reaction is cded the overpotential q : 

If q = O, the thennodynamic equilibnum of the reaction is obtained; if r ]  > 0, the 

reaction takes place in oxidation direction; if q < 0, the reaction takes place in reduction 

direction. 

If two electrodes are immersed in a bath containing an electrolyte, an 

electrochernical reaction wül take place and the bath is called an electrochernical cd. 

2 1 



Electrochernical cells can be classifieci as galvanic celi and electrolytic cell as shown in 

Figure 2.9: 

(a) Galvanic ceil (b) Ce11 at equilibrium (c) Electrolytic ce1 

E 

e' 

Anode 
f 

Cathode 

Figure 2.9: Electrochernical celis for three different kinds of reactions: (a) reduction on the 
right (Va < E); (b) no reaction (Vb = E); and (C ) oxidation on the right (V, > E) 

oxidation 

In a galvanic cell, chemical reaction occurs spontaneously while in an electrolytic 

ce11 chemical reaction is caused by an extemaîiy applied potential. The electrode where a 

reduction reaction occurs is called the cathode and the electrode where oxidation occurs is 

calIed an anode. 

In Figure 2.9 (b), Vb, the electnc potentiai applied to the two electrodes, is equal 

to E, the equilibrium potential difference of the ceil, so no current passes the ceil. This 

potential is called the electromotive force (emf) of the cell. If the applied potential 

difference is less than the electromotive force, the ce11 discharges spontaneously and it is 

called a galvanic ce11 as shown in Figure 2.9 (a); when the applied potential is increased to 

a value beyond the electromotive force as shown in Figure 2.9 (c), it drives the ce11 

reaction in the reverse direction and the cell is referred to as an electrolytic ceU. 

\ 

reduction 



The electromotive force E can be expressed in terms of the activities of the 

reactants and products[22]: 

Equation (2.14) is called the Nernst equation in which EO is the standard 

electromotive force of the ceU, the electromotive force when the activities of dl reactants 

and products are equal to unity; R is the gas constant; T is thermodynarnic (absolute) 

temperature; n is the charge number of an electrochemical reaction (the number of 

electrons transferred per reaction); F is the Faraday constant; a; is the activity of reactant i 

and u i is the stoichiometric nurnber for reactant i. The stoichiometnc number u i is the 

number of moIecuIes participated in the reaction. It is positive for products and negative 

for reactants. 

The importance of equation (2.14) lies in the fact that it reveals the dependence of 

the electrornotive force on electrochemical reaction and the electrolyte in an 

electrochemical ceU. DifFerent electrolytes and different reactions have different 

electromotive forces. Therefore, in a solution which contains two or more types of metal 

ions, different reactions may be activated by changing the applied potentials. This is the 

underlying mechanism with which a single-bath works in the deposition of multilayer thin 

films. 



Several empirical methods have been established to determine the value of EO and 

y, for a variety of electrolytes[22][23]. The electromotive force E for a certain electrolyte 

can t hen be calculated using equation (2.2 4). 

One of the usefil tools in calculating the standard potential EO of a ce11 is the 

standard electrode potentials table[22][24], in which the standard electrode potentials of a 

variety of electrodes are listed. For any ce11 with two electrodes, the standard 

electromotive force of the ceIl E' can be calculated using 

Ea =UR -u; 

where U i  and U: are the standard electrode potentials of the right and lefi electrodes 

respectively . 

2.2.2 The electrochemical reactions in the CdNi  multilayer bath 

Frorn the standard electrode potentials tabIe[22], we know that for the reaction 

the standard electrode potential is 0.3394V; and for the reaction 

Ni2- + 2e- = Ni 

the standard electrode potential is -0.25V. 



It shouId be noted that these potentials are the standard electrode potentials as 

defined above and are not the real potentiais that should be used in the real experiments. 

However, they indicate that copper has a higher reduction potential (or less negative 

potential) than nickel, therefore we say copper is a more noble metal and nickel is a less 

noble metal. The r d  reduction potentials for each of the two metals in a certain 

electrolyte can be experimentdy determined using a voltammogram. A voltammogram is 

a diagram which shows the current dependence on the potential appiied to an 

electrochemicai cell as is shown in Figure 2.10. 

Current 

Figure 2.10: Schematic diagram showing the current dependence on potential for an 
electrolyte containing rnetal A and B with metai A having a much higher concentration 
than metal B. 

Starting at potential VB, reduction of metai B begins and a current can be detected 

at the cathode. From VB down to the potential at VA, only metal B is reduced. As the 

potential fkrther decreases ftom V* both metal B and metai A are reduced. The current 

increases sharply because metal B has a much higher concentration in the electrolyte. 



Theoretically, any potential value in the range of between VB and VA can be used to  

reduce metal 8 ody; and any value lower than VA can be used to deposit metai A with a 

certain impurity of metal B. To  alternatively deposit metal A and B, a potential waveform 

as show in Figure 2.1 1 can be applied: 

potential 

time t 

Figure 2.11: Potentid waveform for the aiternating deposition of metal A and B (not in 
scale) 

As is shown Ui Figure 2.10, at less negative over-potentials, only the more noble 

metal B can be reduced and as a result a pure layer of metal B can be obtained during the 

deposition period ti show in Figure 2.1 1. At more negative over-potential dunng 

deposition period tz, both metal A and B are reduced and as a result an alloy of the two 

metal is obtained. This is one of  the major drawbacks in the deposition of multilayers using 

a single-bath. tt's impossible to obtain a pure layer of the less noble metal. However, if the 

ratio between the concentrations of metal B and A in the electrolyte is made large enough, 

the pur@ of metd B in the alloy layer can be made as high as desired. There is, of course, 

a trade-off in the requirernent for deposition tirne. Lower concentration in metal B 

requires longer deposition time to obtain a certain thickness of metal B. The time needed 

to deposit a certain thickness of a metal can be calcutated using Faraday's Law. 



Faraday's law States that "in electrolysis, 96,500 Coulombs of electric charge 

produce chernical charge of 1 g equivalent." Let's consider a reduction reaction of metal 

M: 

M T  + n(e') + M. (2.18) 

If the desired thickness is d (in cm) and the sample has a circular shape with a radius r (in 

cm), the mass m (g) of the metal required to be deposited fiom the electrolyte is given by: 

where p is the density of material M in the unit of g/crn3. The gram equivalent mg of this 

mass is: 

where rn, is the atomic mass of material M. 

From reaction (2.18), we know that to produce 1 gram equivalent of material M, 

we need n g a m  equivalent of electrons. The total electrons nq, (in gram equivalent) 

needed to produce rn, gram equivalent of material M is therefore: 

m, = nm, = nm2dpl ma 



From Faraday's Law, the total charges Q (in Coulomb) needed to produce mg S a m  

equivalent of electrons is: 

Q = F~~m'dp l ma (2.22) 

where F = 96.500 is Faraday's constant. 

Suppose the current during the deposition of metd M is 1 and is kept constant (this 

is a reasonable assumption for most experiments), the charges passed during time t (in 

second) is: 

Q = rt 

Combining equation (2.23) with equation (2.22) gives: 

I = nFm2dp/ mal 

This is the tirne required to deposit metd M with a thickness of d and a radius of r. 

It is in inverse proportion to current 1. As 1 is in direct proportion with the concentration 

of metal M in the electrolyte, 1 is therefore in inverse proportion to the concentration. In a 

typical Cu/Ni multilayer deposition bath, the ratio of concentrations between Cu and Ni is 

about 1 : 1 00 and accordingly the deposition currents for the two metals also have a ratio of 

around 1 : 100. Therefore, to  deposit the same thickness of the two metals, the time needed 

for Cu is about IO0 times that for Ni. 



The purity of the Ni layer c m  be estimated using equation (2.24). The mass 

deposited dunng time t is obtained by rewriting equation (2.24): 

m=m2dp=hn, l /nF (2.25) 

For the Cu and Ni reductions represented by equation (2.16) and (2.17), the 

masses for Ni and Cu deposited dunng time t are given respectively by equation (2.26) 

and (2.27): 

Therefore the purity of  Ni is expressed as: 

For a bath with a current ratio of  1 : 100 between Cu and Ni, equation (2.28) gives 

a purity estimate of 98.9% for the nickel layer. In most experiments, the current ratio is 

even smaller and therefore the purity of the Ni layer is even higher than this estimate. 



2.3 X-Ray crystaliography 

As a non-destructive testing technique, x-ray diffraction is a powerfil tool for the 

analysis of crystalline structure. X-ray has wavelengths[25] comparable to the crystalline 

lattice constants, thus it can be used for the accurate measwement of crystalline 

parameters. 

Theories have been developed for x-ray diffraction in superlattices. interpretation 

of x-ray ditfiaction patterns from superiattices provides most of the important information 

about the structural characteristics of superlattices. 

2.3.1 CrystrtHinc structure 

An ideal crystal can be viewed as a spatial repetition of a basic cell which is defined 

by three fundamental vectors û, 6, ê as is shown in Figure 2.12. 

Figure 2.12: An ideal crystal structure and the three fiindamental vectors 



The repetition of the basic cell constructs a lattice in space. A base, sometime one, 

atom is attached to each of the lattice point. The atoms form groups of pardel  planes 

which define the various orientations of the crystal. The direction of a group of parallel 

planes can be denoted by the Miller index which is defined as follows: 

Suppose a plane intercepts the three axes a, 8, f at positions tâ, 46, P,ê where 

c, 4 , t  are integm (not al1 zeros). The miiier index for the set of planes parallel to the one 

selected is given by the foilowing formula: 

where Pl.= is the smailest common multiple of Pi, Pz, PI. If any one of the integers PI, Pz, 

P3 is zero, that is, the plane is parallel to some axis, the corresponding Miller index number 

is represented by O. Figure 2.13 shows several important planes with their Miller indices. 

Figure 2.13: Severai important planes and their Miller indices 



The perpendicular distance between two adjacent parailel planes is a parameter 

characterizhg the structure of a crystal. For the group of planes with Miller index (hkl) in 

a cubic lattice, it is given by[26]: 

2.3.2 Bragg's law 

I f  an x-ray beam is incident on a crystal sutface, the x-ray beam will be scattered by the 

atoms on the crystalline lattice as is shown in Figure 2.14. 

Figure 2.14: Scattering of X-ray by atoms on a crystal lattice 

I f  the inter-planar spacing dhkl and the incident angle 8 satise the following 

equation: 

2dw sin 9 = nA 



where Â is the wavelength of the X-ray beam and n is an integer, the scattered beam will 

be reinforced and a maximum of diffraction will be detected. Equation (2.31) is calied 

Bragg's law. It can be explained as follows: 

The difference in the distances traveled by ray 1 and ray 2 is 2d, sin0 as 

indicated in Figure 2.14. If this difference is an integral multiple of the X-ray wavelength, 

the two rays will interfere constnictively. 

The Bragg's law requires that h and 8 be matched by equation (2.3 1): x-rays of 

wavelength incident on a crystal at arbitrary angle wiil in general not be reflected. To 

satisQ the Bragg's law, it is necessary to scan a wide range of either the angle or the 

wavelength. Experirnentdy, it is usualiy the angle that is scanned while the wavelength is 

kept fixed. As a result, different groups of atornic planes with different Miller indices will 

be brought into position for reflection and a difiaction spectmm like the one shown in 

Figure 2.15 wiil be obtained. 

(hl kili) 

Figure 2.1 5 : A schematic x-ray difiaction diagrarn; 8 is the incident angle. 



Some data of x-ray diffraction for copper and nicke1[27] are presented in table 2.1. 

Table 2.1 X-ray dieaction constants for Cu and Ni 
O 

Radiation: Cu, Idl, = 1.5405 A 

2.3.3 X-Ray diffraction in superlattices 

Superlattices differ stmcîurally fiom their buik materials in that in one direction the 

periodicity is intempted by the interfaces between the two different layers. The X-ray 

difiaction patterns of superlattices are therefxe also different fiom that of the bulk 

rnaterials. The most prominent phenornenon in the X-ray ditfiaction diagrams fiom 

superlattices is the appearance of second or even higher order reflection peaks (calleci 

satellites) that surround the main Bragg peak. A typical X-ray diffraction diagram fiom a 

superlattice resembles the one shown in Figure 2.16. 



Intensity 

Main Bragg peak 

Satellite 

Figure 2.16: Schematic diagram showing satellites fiom x-ray deact ion  fiom superlattice 

If the lattice mismatch between the two constituent materials in their relaxed States 

is small as in the case of copper and nickel, the two Bragg peaks from the constituent 

materiais will overlap and result in a broadened main Bragg peak with its center lying in 

between the two Bragg angles of the constituent materials Interference between the two 

materials will in addition produce sateUites which shoulder the main Bragg peak. 

Application of scattering theory[28] to superlattice structure relates the positions 

of the two first-order satellites to the superlattice penodicity through equation (2.32): 

A 
A = B 8 sin - - 

2 
sin - 

2 

Equation (2.32) can be used to experirnentally determine the superlattice 

penodicity. It is dso helpfùl in interpreting the appearance of an x-ray diffiaction diagram. 

For instance, for smail A, the separation between the two satellites is large and a diagram 

resernbling figure 2-16 c m  be expected with sharp resolution of the two satellites; as A 
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increases, the separation between the two satellites narrows and at a certain value of A 

they can be so closely spaced that they d i  actuaily merge with the main Bragg peak, 

fonning a big "envelop" as shown in figure 2.17. Therefore, a sample with large A 

producing an x-ray difiaction diagram such as the one in figure 2.17 may still be a weii- 

Iayered superlattice. 

Figure 2.17: At large A, the satellites merge with the main Bragg peak and become 
irresolvable. 

2.4 Hardness characteristics of superlattices 

Hardness is a measure of a material's resistance to plastic deformation coused by 

surface indentation or abrasion. It is usually measured by pressing a diamond tip of a 

specially-designed shape into the surface of a sample. The hardness is then characterized 

by the size of the indentation. It is defmed to be the force F divided by the indent area S, 

that is, H = F/S. Hardness is typically expressed in unit of Gigapascals (1 GPa = 106 

~ / r n ~ ) .  There are a number of ways in hardness measurement, each of them using a 

different indentation tip and a different range of force applied. The interpretation of the 



indentation area is key to determining the precision of the hardness measurement. These 

topics will be discussed in the section cWardness measurement" in chapter 3. 

When a material is subject to an extemai force, its mechanical stmcture will 

undergo a series of changes depending on the magnitude of the force applied. This process 

can be illustrated by the stress-strain curve as show in Figure 2.18. 

3lastic - Plastic - 

strain 

Figure 2.18: Stress-strain curve of a material 

In Figure 2.18, the region from the origin to point p is the elastic deformation area 

in which the strain and stress are proportionai and the deformation will vanish once the 

applied force is removed. The strain E and stress0 are related to each other according to 

Hooke's Law: 

where Y is the elastic constant of the material. 
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Passing point p, the strain is no longer in proportion with the stress and the 

deforrnation becomes non-recoverable and permanent. This is the plastic deformation area. 

For most metallic materials, plastic deformation occurs at strain values around 0.005. In 

materials engineering, it is important to  know at which stress level plastic deformation 

begins, that is the stress level at which the phenornenon of yielding occurs. TheoreticalIy, 

this is the point at which the strain-stress curve begins to lose its tinearity, as indicated by 

the point p in Figure 2.18. However, the transition fiom linearity to non-hearity is 

gradua1 and it is difficuit to determine the point precisely. As a consequence, a convention 

has been established to find the yield strength of a particular material: a straight line is to 

be constructed parallel to the elastic portion of the strain-stress c u v e  at some specified 

strain offset, typically 0.002. The stress corresponding to the point at which this line 

interseas with the strain-stress curve is defïned as the yield stress O, , as indicated in 

Figure 2.18. 

The yield strength of a material is a direct indication of its hardness. For crystalline 

materials, induding superlattices, their hardness has been empirically established to be as 

about three times the yield strength[29]: 

As is pointed out earlier, hardness and yieid strength are an indication of how 

easily a material deform plastically under the influence of an extemal force. From the 

atomic perspective, plastic deforrnation is a result of the breaking and reforming of atomic 
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bonds. This is accomplished by the generation and motion of microscopie line defects 

called c'dislocations." When a force is applied ont0 the surface of a material, dislocations 

are generated and, together with the ones already in existence, they move in the material, 

causing crystal-lattice planes to slide across each other, a process called slip. This results 

in the permanent plastic deformation of the indented area. Hardness is therefore a measure 

of how readily dislocations are generated and are able to move in a material under an 

applied force. 

A dislocation is a linear or one-dimensionai structural defect in a crystalline 

material. Atoms around a dislocation are displaced fiom their normal lattice points. Figure 

2.19 shows two fùndamental types of dislocation conunon in crystalline materiais: 

(a) (b) 

Figure 2.1 9: Schematic structure of dislocations: (a) edge type; (b) screw type 

In the diagram, b is the Burgers vector which is an indication of the magnitude and 

direction of the lattice distortion around a dislocation. It is usually of the order of the 

39 



lattice spacing. For edge dislocations, if the extra half-plane of atoms is on the upper half 

of the crystal, it is represented by the sign "1 "; if it is on the bottom portion of the 

crystal, it is represented by the sign '7 ". 

Dislocations play an important role in regulating many of the mechanical properties 

of a materiai due to the strain fields that are entailed in the Mcinity of dislocations. When a 

material deforms, some of the work done by the applied force during the deformation 

process is transformeci into strain energy - the potential energy of the atoms which are 

displaced fkorn their equilibrium positions. As a result, strain energy fields or, to put it 

simple, strain fields are generated around the dislocations. Strain fields can be divided into 

three types: compressive, tensile and shear. As is shown in Figure 2.19 (a), the atoms 

above the dislocation line are squeezed together while the ones below are pulled apart. 

Therefore, the strain field above the dislocation line is compressive-type and the one below 

tende-type. The strain field around a screw dislocation is of shear-type. 

The magnitude of the energy of the strain field around a dislocation is proportional 

to the elastic constant of the material and the degree of the distortion of the lattice 

structure as is refiected in the simple harmonic type potential energy: 

The existence of strain fields is an important factor in the strengthening mechanism 

of crystailine materials as they affect the motion of dislocations due to their mutual 



interactions. Dislocations of the sarne sign repel each other while the ones with different 

signs attract each other as is illustrated in Figure 2.20. 

Figure 2.20: Interactions between dislocations: (a) same-sign dislocations repel each other; 

(b) opposite-sign dislocations attract each other 

Plastic defonnation occurs when a dislocation moves under the influence of an 

extemal force. Figure 2.2 1 shows how an edge dislocation moves in response to a shear 

stress applied in a direction perpendicular to the dislocation line which is perpendicular to 

the paper: 



Figure 1.2 1 : Motion of a dislocation: under a shear stress applied on the lefi of the crystal, 
the dislocation in (a) moves to the right in (b) and eventuaily bows out in (c) 

For a certain crystal, there are specific crystallographic pIanes and specific 

directions on these planes dong which dislocations move with the maximum degree of 

ease. These planes are called slip planes and the directions slip directions. The slip planes 

are the ones that have the most dense atomic packing and so do the slip directions. A slip 

plane and a slip direction constitutes a slip system. A slip system is charactenzed by the 

minimum lattice distortion when a dislocation moves dong it. For fcc crystais like copper 

and nickel, the slip systems are formed by the { 1,1,1) planes and the 4 1  O> directions. As 

a result, there are a total of 12 slip systems in a fcc crystal. The more slip systems a crystal 

has, the easier it deforms plastically because of the more possible choices in the paths 

dong which the dislocations can move. 



There exists a minimum shear stress to initiate the motion of a dislocation dong a 

slip system in a crystalline material. This stress is tenned the cntical resolved shear stress 

a, and it can be used to detennine the yield stress 5, and subsequently the hardness of a 

materiai. 

Suppose an extemal stress 6 is applied to the surface of a material. The stress is 

oriented in a way such that it forms an angle of a with the normal of the slip plane of an 

arbitrarily-chosen slip s y n m  and an angle o f p  with its slip direction as shown in Figure 

Slip direction 

Figure 2.22: Orientation relationships among the applied tensile stress, slip plane and slip 
direction 

In Figure 2.22, F is the applied force; ABCD is the sudace plane and EFGH is a 

slip plane. The component of the applied force dong the slip direction is: 

4 = FcosP 



The area of the slip plane is: 

S -- 
Ss - c o s a  

where S, and S are the areas of plane EFGH and ABCD, respectively. 

The stress on the slip plane dong  the slip direction is therefore given by: 

O, is called the resolved shear stress. It is the component of the extemal stress that will 

drive the dislocation to move dong this specific slip system. 

As we already know, therc are a number of slip systems in a crystaüine material. 

These slip systems have dflerent orientations with respect to the appiied stress o. There 

will aiways be a slip system which has the maximum vaiue of the resolved shear stress 

03- ,  : 

q, = ~ ( c o s  a cos a), (2.38) 

This slip system is the most favorably oriented one which wiii initiate the motion of the 

dislocations. Let this stress be qua1 to  the critical resolved shear stress a,, we obtain the 

stress required to apply to  initiate the motion of dislocations: 



this is the yield stress at which the materiai begins to deform plasticdy. 

The hardness can be found using equation (2.3 3): 

H =  30, 
(COS a cos p), 

The above conclusion is drawn for single crystals. In the case of polycrystalline 

materials, the state of affairs becomes more complex as in a polycrystalline material there 

are numerous grains with various kinds of orientations and sizes. For each grain, slip can 

occur in its most favorably oriented slip system when the applied stress satisfies equation 

(2.39). But for the materiai to deform, the extemal stress must be at least large enough so 

as to be able to initiate the motion of dislocations in grains with the largest yield stress as 

given by equation (2.39). More over, the stress should also be large enough to enable the 

dislocations to cross the grain boundaries. This is one of the main reasons why 

polycrystalline materials are harder than their single-crystal counterparts. The theory aiso 

holds true for superlattices in which not only the grain boundaries in each individuai layer 

but also the interfaces between layers play a sirnilar role as grain boundaries do in a 

polycrystalline material. 



The impediments of grain boundaries t o  the movement of dislocations can be 

attributed to two factors: 

(1) The grain boundary is an area where atomic placement is irregular and as a 

result there is an interruption in the slip system; 

(2) Two adjacent grains have dEerent crystallographic orientations and therefore 

different slip systems. A dislocation which moves fiom one grain into another has to adjust 

its direction. 

Thus it can be inferred that the more grains a material has, the more difficult for 

the disIocations to move. To put it in another way, the finer the grains are, the harder the 

material is. The yield stress of a polycrystalline material has been empirically related to the 

average grain size through the Hall-Petch equation[30]: 

1 -- 
O,. = O,, + k,d ' 

where d is the average diameter of the grains; oo and k,are constants for a particular 

material. 

Again, using equation (2.33), we obtain the hardness dependence on the average 

grain size: 

The above discussion can be extended to let d refer to the average spacing 

between any barriers to the dislocation movernent instead of grain boundaries as in a 

polycrystalline material. In the case of superlattices, if the individual layer thicknesses are 



comparable to the grain sues, d can be identified with the superlattice periodicity A and 

thus we have the HakPetch relationship for the hardness of a superlattice: 

A more generalized mode1 is to replace the % in the exponential part with a 

fiactional variable f which can be deterrnined for diEerent superlattice systerns using data 

fitting methods: 

The hardness of a superlattice is not oniy regulated by its periodicity, but is aiso 

modified by the elastic moduii difference between the two constituent materiais. Materiais 

with larger elastic moduii generally have stronger inter-atomic binding. It is more difficult 

for dislocations to form and move in these materials and therefore they exhibit greater 

hardness. 

J. S. Koehler[4] proposed that enhanced hardness could be achieved by aitemately 

layering two crystdline materials with different modulus of rigidity (shear modulus). 

Suppose the two constituent materials are represented by A and B with A having the 

smdler elastic modulus. According to Koehler's theory, to obtaùi enhanced hardness, the 

lattice parameters of A and B shouid be close enough to avoid large mismatch strains at 

the interface; their elastic moduii should differ as much as possible; the bonding between 



the atoms of A and B should be large, Le., of the same order as the bonding between two 

A atoms or two B atoms; and the thickness of each layer should be srnail (less than 100 

atornic layers) so that dislocation generation cannot occur in layer A and dislocations 

generated in layer B won? pileup in layer A. 

Using elasticity theory, Koehler derived the largest resolved shear stress a screw 

dislocation encountered fiom the nearest interface: 

RG, cos a 
a, = 

8?r 

where R = G~ - G-4 with GA and G, the shear moduli (moduli of rigidity) of materid A 
G* + G A  

and B; a is the angle between the interface normal and the glide plane. 

The increase in the yield stress as a result of this moduli modification is obtained 

by combining equation (2.45) with equation (2.39): 

a, = a, - - RG.4 
cos a cos j3 8x cos j3 

and the increase in hardness is obtained by applying equation (2.33): 

As an example, let us consider the CulNi system. Both copper and nickel are fcc- 

stmctured crystals with slip systerns consisting of the { 11 1) planes and the <1 IO> 

directions. The shear elastic moduli of copper and nickel are 4.6 x IO' Mpa and 7.6 x 10' 



Mpa[3 11, respectively, which give R = 0.246. Assume the superlattice interface is the 

( 100) plane. The angle between the normal to the (100) plane and the slip direction (1 10) 

is p = 45". as shown in Figure 2.23. 
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Figure 2.23: Orientation relationship between the interface and slip system in a CuMi 
superlattice 

Applying these values in equation (2.47) gives HG = 1.9 Gpa. Therefore, an 

increase of about 2 Gpa in the hardness of a CulNi superlattice can be expected as a resuit 

of the moduli modification. 

In combination with equation (2.44), the total hardness of a superlattice can be 

characterized by t hree parts: 



where HG is the part from the moduli modification aven  by equation (2.47); ki, is the 

part resulting fiom periodicity modification, which is q u a 1  to  k~-'; and Hm is the part 

from the rule of mixture. 

The rule of mixture value of  the hardness of a superlattice is the weighted average 

(usually on the basis of volume) of  the hardnesses of individual copper and nickel films. 

Suppose the thicknesses of layer A and B are f, and 1, respectively, the rule of mixture 

value of the hardness o f  the Ah3 superlattice is given by: 

In the case of  equd thicknesses of the two layers, Le., 1, = 1, , the rule of mixture value of 

the superlattice is simply the average of  the hardnesses of the two materials: 



Chapter 3 

Experimental 

3.1 Electrodeposition process 

The single bath used to produce the CuMi superlattices is constructed using a 

three-electrode system as shown in Figure 3.1 : 

Water at fixed r + temperature - 

To potentiostat 

/ Working e l s t r o d j  -- water 
Reference electrode I 

Auxiliary electrode (Anode) 
b 

Figure 3.1 : Schematic diagram of single bath for the CdNi system 

The auxiliary electrode is made of platinum which is both inert and highly 

conductive. This electrode serves as the anode for the cell. It is used actually as a source 

or sink of electrons for the chernical reactions taking place in the bath. It permits the 

transfer of electrons without itself being involved in the readons. 



The reference electrode is a saturated caiornel electrode (SCE) which has a 

constant and stable potentiai of +0.268V[32] with respect to the standard hydrogen 

electrode (SHE). Its structure is shown in Figure 3.2: 

Saturated KCI 

Metal wire 

Figure 3.2: Structure of the saturated calomel electrode 

The electrode is represented as HglHg2Clz(Cl-(aq) and the reaction at the electrode 

is: 

The Hg2C12 sait has low solubility, as a result, the electrode potential is stable since 

it depends mainiy on the activity of the Cl- anions in the saturated KCl solution. 



The working electrode is wtiere the reduction reaction (deposition) takes place. lt 

has a circularly-shaped cap with an opening in the center through which the substrate 

makes contact with the electrolyte solution. The diameter of the opening is 2.5cm and this 

defines the dimension of the superlattice sample that wili be deposited. When preparing a 

sample, the substrate is made into a disk slightly larger in size than the opening of the cap 

and is pressed tightly inside the cap, malong it in good contact with the eiectrode wire. 

The substrate used in this experiment is copper foi1 manufactured by Aldrich Chem. Co.. 

Its purity is 99.99% and its thickness is 0.025mm. It is polycqstalline with a (100) 

texture. The substrate is deoxidized in a 20% sulfùric acid solution for 30 seconds and 

rinsed in distilled water before use. 

For electrodeposition, it is important to accurately control the potential of the 

working electrode. Therefore, the resistance between the working electrode and the 

reference electrode should be made as small as possible. This requires close positioning of 

the two electrodes and is realized with a Luggin capillary, a piece of gIass into which the 

reference electrode is inserted and the tail of the glass is placed close to the working 

electrode as shown in Figure 3.1. 

The contents of the electrolyte solution in this bath are given in Table 3.1 : 

Table 3.1 Composition of the CuMi bath (1 -2 liter) 

1 Copper sulfate (CuSO&HA) 1 4.3g 1 
1 Nickel sulphamate ( (HzNSO&Nia4HzO )( 59% 1 
1 Boric acid (H3B03) 



The solution is composed this way such that it gives a copper concentration of 

0.9@ and a nickel concentration of 90g/l. This 1 : 100 ratio is made to keep the copper 

current sufficiently low during the short nickel deposition cycle, so the content of copper 

in the nickel layer is negligible (See section 2.2). 

The bath is powered by a PAR (Princeton Applied Research) 

Potentiostat/Galvanostat Mode1 273 which in turn is controlled by a cornputer using the 

Headstart Creative Electrochernistry Software supplied by EG & G Instruments. The 

expenmental setup is schematically shown in Figure 3.3: 

Figure 3.3 : Experimental setup of electrodeposition 

Di fferential Par 273 
electrometer Potentiostat/ 
ce11 Gaîvanostat 

To program the potentiostat to control the deposition process, it is necessary to  

know the optimum potentials for depositing copper and nickel respectively. This is 

accomplished by sweeping the potential outputted fiom the PAR273 across a certain 

range and analyzing the change of the current in the bath. Figure 3.4a and 3.4b are the 

voltammograms obtained tiom the CdNi bath as aven in Table 3.1 : 
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It can be seen fiom figure 3.4a that the current is rather smdl when the voltage 

between the reference electrode and the working electrode is below 800mv. Above 

800mv, the current increases sharply. This is because copper is more noble than nickel and 

at low voltage only copper is deposited. As copper has a low concentration in the bath, 

the current fiom copper deposition is rather small as indicated in Figure 3.4b which uses a 

reduced vertical s d e .  When the voltage is increased to a certain level, nickel starts to 

deposit and, as nickel has a much higher concentration than copper, the current increases 

markedly. Therefore, in theory at least, the over-potential for depositing nickel can take 

any value lower than -800rnv. We use - 1 190mv as the potential of the working electrode 

for nickel deposition in this experirnent, which corresponds to a current of around 200mA. 

Similady, fiom figure 2.4b we see that the copper current becomes stable after passing 

about - 1 SOmv, so we use - 170mv as the potential of the worlcing electrode for copper, 

which corresponds to a current of about 2mA. It should be noted that after the bath works 

for some time, the copper concentration may decrease a great deal and the current during 

copper deposition d l  drop accordingly, extending the time required to make a sarnple. 

Therefore, the copper content in the bath needs to be supplemented regularly. 

Once the potentiais for copper and nickel deposition have been determined, the 

PAR 273 can be programmed to generate the desired output to be applied to the bath. 

Table 3.2a and 3.2b contain two typical headstart programs for controlling the deposition 

of CdNi superlattices: 



Table 3.2a Headstart program for depositing CuNi superlattices 
(Using one memory cell for a single data curve) 

DCL 

AR 1 

AL -5 

MM 1 

MR 2 

FP O 

LP 1023 

scv 5 

//Par 273 mode 1: potentiostat 

//Starting point of data acquisition 

//Lm point of data acquisition; one memory for one layer 

TMB 10078 //Tirne base, microsecond/per data 

S P  1 

INITIAL O -680 //Starhg point for copper: potential - 1 70mv 

VERTEX 991 -680 //Last point for copper 

VERTEX 992 -4760 //Starhg point for nickel: potential - 1 190mv 

VERTEXT 1023 -4760 //Last point for nickei; mustn't exceed the LP value 

ASM 

DO 1 00PCV O; CELL 1 ;NC;TC;WCD;CELL OP 2,LOOP // 100 cycles (layers) 

DO 100;DCV 1 ; CELL 1 ;NC;TC;WCD;CELL 0;P 2;LOOP 

DO 100;DCV 2; CELL 1;NC;TC;WCD;CELL 0,P 2;LOOP 

DO 1 0O;DCV 3; CELL 1 ;NC;TC;WCD;CELL 0;P 2;LOOP 

DO 1 00;DCV 4; CELL I ;NC;TC;WCD;CELL OP 2,LOOP 

DO IO0;DCV 5; CELL 1;NC;TC;WCD;CELL OP 2,LOOP //Store a total of 6 curves 

TRANSFER DATA FROM PSTAT 

SAVE DATA & EXIT SETUP 



Table 3.2b Headstart program for depositing Cu/Ni superlattices 
(Using three memory cells for a single data curve) 

DCL 

AR 1 

.4L -5 

MM 1 

MR 2 

FP O //Starting point of data acquisition 

LP 3071 //Last point of data acquisition; three memories for one layer 

scv 3 

TMB Il086 

SfE' 1 

INITIAL O -680 

VERTEX 3067 -680 

VERTEX 3068 -4760 

VERTEXT 3071 -4760 

ASM 

DO 5OO;DCV O; CELL 1;NC;TC;WCD;CELL 0;P 2,LOOP MO0 cycles (layers); 

DO 5OO;DCV 3; CELL 1;NC;TC;WCD;CELL O;P 2;LOOP //collect 2 curves in total 

TRANSFER DATA FROM PSTAT 

SAVE DATA & EXIT SETUf 

The PAR 273 has 6 memories for data acquisition where each memory has a 

capacity of 1K bytes. The program in table 3.2a uses one memory (1K bytes) to store the 

data produced dunng the deposition of one double layer (one layer of copper and one 

Iayer of nickel). Therefore, data of a total of 6 double layers can be collected. The 



program in table 3.2b uses three memories (3K bytes) to store the data of one double layer 

and as a resuft a total of 2 data sets can be coliected. 

The data acquired by PAR 273 during the deposition of a C u N  superlattice is 

processed using software(333 developed by the author to produce a statistical diagram as 

show in Figure 3.5. 

The diagrarn shows the state of the current during the deposition of copper and 

nickel and the progress in the ~rowth of their layer thicknesses. It may be used as the 

reference for programming the next sample. 

The time base TMB is the time required for collecting one datum dunng the 

deposition process. It can be used to calculate the tirne for depositing one layer of copper 

or nickel. In the example of table 2.2% 992 data (fiom O to 991) are collected during 

copper deposition, so the tirne for depositing one layer of copper is 992 x 10078 

microseconds or 10 seconds. Sirnilarly the time for depositing one layer of nickel is 32 

(fiom 992 to 1023) x 10078 microseconds or 0.32 seconds. There is a 2-second pause 

afler depositing one double layer, as indicated by the staternent 'T 2" in the '730 lines, so 

the actual time for depositing a single double layer is (10 + 0.32 + 2) seconds or 12.32 

seconds, and the total time for preparing a sample of 600 layers is therefore 12.32 x 600 

seconds or 2 hours 4 minutes. 

The time base TMB and the £ka and last points of copper and nickel cycles 

(INITIAL and VERTEX) are the most important parameters in a program. They cm be 

deterrnined as follows: 



Copper current ( 

5 10 15 20 25 30 35 40 45 
Time (s) 

Copper thickness (Angstrom) 

5 10 15 20 25 30 35 40 4- 
Time (s) 

300 Nickle ciment (mA) t 

5 10 15 20 25 30 35 40 45 
Time (s) 

Nickle thickness (Angstrom) 

5 10 15 20 25 30 35 40 45 
Time (s) 

Cu reduction potentiai: - 170.0 mv Ni reduction potential: - 1 190.0 mv 
Cudepositiontime/layer:16.873080s Nidepositiontirne/layer:0.222600~ 
Average Cu thicknessnayer: 40.23 Angstrom Average Ni thicknessilayer: 40.52 Angstrom 

Figure 3.5: A sample Chrono-Amperometric diagram 



First, use the program in table 3.2a to prepare a reference sample; process the data 

to obtain a diagram as the one shown in figure 3.5; use the statistics to calculate the times 

needed for depositing one angstrom of copper and one angstrom of nickel, letting them 

represented by tocu and ~1x7. 

N e a ,  design the copper and nickel layer thicknesses for the new sample, letting 

them be cicu and dw. The time needed for depositing one layer of copper tc,, is thus given 

b y: 

tcu = dcu4n 

and the time for nickel tsi: 

Suppose the number of mernories used for collecting the data for one double layer 

is n, the time base is then given by: 

The number of copper points is: 



and the number of nickel points is: 

Usually n is chosen to be either 1 or 3 which correspond to the programs in table 

3.2 a and 3.2b respectiveiy. The value of n is decided in a way such that the time base, 

TMB given by equation (3.4), is no less than 4000 microseconds and the number of nickel 

points given by equation (3.6) is no less than 20 for the consideration of the sensitivity of 

the PAR 273. Once a sample is prepared, its experimental parameters can be used as the 

reference for calculating the program parameters of the next one. 

Afier the deposition is completed, the sample is rinsed and dried. For samples of 

several microns in thickness, they are capable of self-supporting and the substrate can be 

removed using the following solution: 

Table 3.3 Solution for etching copper substrate 

l Chromium tnoxide (Ca,) 1 5g I 

Water (&O) 

l Sulfùnc acid (HZSOj) I I ml I 

9mI 



To prevent the samples fiom being damaged by the solution, they are covered with 

a thin layer of aop-off lacquer (Marivac Limited). The lacquer needs to be dried before 

the samples can be put into the etching solution and it can be removed using acetone when 

the etching is done. 

3.2 X-Ray investigation of samples 

A Ricagu mode1 D/Max-1200 X-ray difiactometer is used to study the structure 

of the Cu/Ni multilayer samples. The anode (anti-cathode) is made of copper, which 

produces its characteristic x-ray radiation. The K, radiation of Cu is absorbed by a nickel 

filter and the Ka is used as the working radiation. The Ka itself is actuaily a doublet which 

consists of Km, of 1.544 angstroms and Ka, of 1.540 angstroms. The two wavelengths are 

so close to each other that the resuiting broadening of the diffraction peaks is Wiualiy 

invisible. The setup of diffiactometer is shown in Figure 3.6. 

Figure 3.6: Schematic setup of the x-ray di8iactometer 
S: X-ray source; 0: Object; C: Geiger-Muller counter 



In Figure 3.6, the sarnple, the X-ray source and the detector are oriented such that 

the reflected beam and the incident beam are symmetrical about the normal of the sample 

surface. During a diffraction experirnent, both the sample and the detector are rotating 

around a common axis so that the incident beam sweeps through a pre-chosen range of 

angles. This enables groups of planes with different orientations in the sarnple to satisfy 

the Bragg's law and be detected. To keep the previously defined geometrical orientations 

of the system, the detector rotates at an angular speed twice that of the sample, as is 

shown in Figure 3.7. 

Figure 3.7: The sample AB rotates by an angle of a, the reflected the beam rotates by an 
angle of 2a. 

3.3 Hardness test 

Earlier hardness test was conducted by scratching one material against another[ 1 1. 

A qualitative scale was devised to compare the relative hardness of some natural materials, 

thus talc has the lowest hardness of 1 and diamond the highest of 10 in the Mohs scale. 

Quantitative determination of hardness have been developed over the years and a number 

of techniques have been introduced to meet the requirements of different types of samples. 
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In generai, dl the tests are conducted by pressing an indenter into the surface of the 

sample under controlled conditions of load and rate of application. The depth or the size 

of the resulted permanent plastic deformation is measured and related to a hardness value 

by the formula: 

where F is the load of force and S = rm2 is the contact area as shown in Figure 3.8. 

Figure 3.8: Indentation made by an indenter: a, contact radius; 
h, depth of penetration; F, load 

For bulk materiais, the loads are fairly large and the dimensions of the indentation 

can be easily identifie& 

For thin films, however, the loads applied are small, usually in the range of several 

pN to several mN, in order to avoid the influence of the substrate. The contact areas are 

too smail to be easily observed. The interpretation of the dimensions of the indentations 

therefore requires special techniques. Nanoindenters, a variety of products now 

cornmercially available, provide a good method of nanoindentation characterization. 



These instruments use a ccdepth-sensing77 technique which keeps track of both the 

Ioads and the depths of the penetrations made by the diamond tip during the whole 

process of loading and unloading. The depths of  penetrations are then converted to the 

contact areas using a theory developed by Doerner and Nix[34], and Oliver and Pham13 51. 

Next the hardness is caiculated using equation (3.7). This theory uses a poiynomial 

expansion of the contact area as a h c t i o n  of  the penetration depth. The fùnction is 

usually determined by matching the contact area fùnction at a range o f  depths o f  

penetration t o  a homogenous, isotropie materials of known mechanical properties t hat are 

assumed to be constant with depths such as h s e d  quartz. 

As the impressions generated by the nanoindenters are rather srnail, it is important 

to take care in the preparation o f  the sample surface and the indentation process. A 

number of factors require special attention: 

1 . Specimen thickness: 

The samples must be thick enough so as t o  prevent the impressions fiom showing 

through. Otherwise, the substrate on which the sarnples lies would have an effect on the 

measurement. The CuNi sarnples investigated here have thicknesses of about 5 prn and 

therefore are about ten tirnes the maximum depths of penetration made by the 

nanoindenters. 

2. Relative positions of  the impressions: 

To  obtain a hardness value of a sample as precise as possible, it is necessary to 

make severd indentations to obtain an average value. However, the arrangement of the 

atoms will be distorted in the vicinity of  an impression, so indentations should be made 

with proper separations. To minimite the influence o f  the nearby impressions, an 
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indentation should be made in a location at least three times the dimension of the 

indentations. The sarne separation shouid also be aiiowed between an impression and the 

edge of the sample. 

3 .  Direction of the appiied force: 

The motion of the tip must be made perpenâicular to the surface of the sample. 

Low readings would result if the tip penetrates the sarnple not in a right angle. 

4. Rate and duration of the load: 

Application of load should be slow in order to minimize inertial effect and give the 

sample time to respond to the load. 

5 .  Flatness of the surface: 

If the surface of the sample has a convex shape, a spring effect will be manifested 

and the readings would be low as a result of the spring resistance to the applied load. 

Therefore, sarnples whose surfaces are not flat should be placed on the substrate with the 

convex side down to eliminate this spring e&t. 



Chapter 4 

Results 

4.1 X-Ray diffractograms 

Sarnples which were successfiiiiy striped off their substrates were subject to X-ray 

diffraction determination in order to verie the coherency of the interfaces and to 

determine their periodicities. The samples were scanned througb a range of 40" to 60" in 

28, which cover the (1 1 t ), (200) and (220) orientations of the multilayers. The scanning 

angle increases by 0.02" each step and the scanning rate is 2 seconds per step. Typical X- 

ray diffiactograms are presented in figures 4.1 and 4.2. 

AN the samples were grown on copper foils supplieci by Aîdrich Chem Co.. The 

foils are 99.999?& in purity and 0.025mm in thickness. Figure 4.3 is the X-ray 

difiactograrn of the copper substrate. 

Samples which produced well-defined satellites were evduated for their 

superlattice periodicities using equation (2.31). These data are presented in table 4.1, 

toget her with the prograrnmed CuMi thicknesses and the outpuned data from Par273 for 

cornparison. 



X-ray Diffractogram 

50 

2-T heta 

Figure 4.1 : X-ray diflractogram of CuMi multilayer sample 
(Cu thickness: 1 O S  angstroms; Ni thickness: 1 1 angstroms) 



X-Ray Diffractogram 

Figure 4.2: X-ray difiactogram of CulNi multilayer sample 
(Cu thickness: 40.2 angstroms; Ni thickness: 40.5 angstroms) 



X-Ray Diffractogram 

Figure 4.3: X-ray ditfiactogram of copper substrate 
(Aidrich Chem Co.. Purity: 99.999%; thickness: 0.025mm) 



Table 4.1 Cornparison of superlattice penodicities fiom 
experiment al output 60m Par273 and programmed values 

(Al1 units in Angstroms) 

I 1 Cu thickness 1 10 

Programmed Ni thickness n 
I Periodicity 20 l 

Output 6om L--L Cu thickness 10.5 

Par273 Ni thickness 1 1 

Periodicity 2 1.5 

X-Ray Periodicity 3 0.6 

4.2 Hardness results 

Samples which exhibit weii-defined satellites were subject to hardness tests. The 

CdNi mdtilayers in this work were characterized on a Hysitron TnboScope and a CSIRO 

üMiS2000 nanoindenter. Both use a Berkovich diamond tip which has a triangular 

pyramid shape, and software which processes and analyzes the load and penetration depth 

data acquired during the indentation processes. Hardness values are outputted directly by 



the software. The software also produces loading and unloading curves, and the hardness- 

depth curves as presented in figure 4.4 to 4.7 for several samples. 

About five to ten indents were made on each sarnple at loads ranging fiom a few 

pN to several mN. The hardness values at the maximum penetrations of these indents 

were averaged and used to characterize the hardness of the samples. Measurements resuits 

which are too distant in value fiom the average are lefi out by the software in the 

averagmg. 

Three groups of samples were investigated for their hardness characteristics. 

The first group of samples had equal copper and nickel thicknesses but varying 

periodicities. The average hardness values of these samples are presented in table 4.2. This 

table also contains the hardness values measured on pure copper and pure nickel thin films 

electro-deposited fiom the same bath used for the multilayer samples for cornparison. 

These hardness values are presented in figure 4.8 as hardness versus superlattice 

periodicity and in figure 4.9 as hardness versus the inverse of the square root of the 

superlattice periodicity, the Hall-Petch plot. 

Table 4.2 Measured hardness values of CdNi multilayer systems 

and pure copper and nickel films 

Sarnple 

Hardness (Gpa) 

Standard error (Gpa) 

Cu 

0.82 

0.06 

#1 

4.4 

0.5 

Ni 

2.5 

1.1 
- 

#4 

3.0 

0.4 

7 

#2 

5.6  

0 .3  
- 

#5 

2.6 

0.3 

#3 

4.4 

0 .5  

#6 
I 

0.84 

0.3 
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Figure 4.8: Hardness-superlattice periodicity plot 

Sample #l 
Sampie #2 
Sample #3 
Sample M 
Sampie #5 

Figure 4.9: Hall-Petch plot of hardness values of CuNi multilayers 



The second group of samples had copper thicknesses kept fixed at about 10 

ansstroms while the nickel thicknesses varied. Data of the sarnples and the hardness 

dependence on the nickel thickness are presented in Table 4.3 and Figure 4.10. 

Table 4.3 Sample thicknesses and hardness values 
(Al1 thicknesses in angstroms; hardness and standard error in Gpa) 

20 25 30 35 

Ni thickness (angstrom) 
-- 

Figure 4.1 O: Hardness dependence on nickel thickness (Copper tfückness = 1 O angstroms) 



The third group of samples had nickel thicknesses fixed at about 50  angstroms 

while copper thichesses change. The resufts of this group of samples are presented in 

Table 4 .4  and Figure 4.1 1 .  

Table 4.4 Sarnple thickness and hardness values 
(Ail thicknesses in angstroms; hardness and standard error in Gpa) 

20 25 

Cu thickness (angstrom) 

Sample # 

if10 

# I  1 
r 

tf12 
r 

#13 

Figure 4.1 1 : Hardness dependence on copper thickness (nickel thickness 2 50 angstroms) 

Cu thickness 

16.6 

25.9 

32.2 

22.6 

Ni t hickness 

50.9 

56.3 

5 5.8 

45.8 

Periodicity 

67.5 

82.2 

88 

68.4 

Hardness 

4.2 

4.0 

4.5 

4.2 

Error 

O. 2 

O. 5 

0.3 

0.4 



Chapter 5 

Discussions 

5.1 X-Ray diffraction 

X-ray difiaction shows that the CuNi rnultilsyer systems prepared by electro- 

deposition possess well-dehed layered structures. This is proved by the appearance of 

sateHite peaks surroundhg the main Bragg peaks as shown in figure 4.1 and 4.2, which 

exhibit different copper and nickel thicknesses and ratios. The main Bragg peaks appear at 

an angle 20 of around 51 degree which faIl in between the (200) Bragg peaks of copper 

(50.4 degree) and nickel (51.8 degree). Figure 4.3 is the dif1Ifactogram of a copper 

substrate on which the multilayer sarnples were grown. It shows a strong (200) texture, 

indicating t hat the Cu/Ni muiilayer systems grew epitaxially on the substr ate. 

Using the angular positions of the satellites, the superlattice periodicities of the 

samples were calculated with equation (1 .3  1 ). Table 4.1 shows that there are differences in 

the copper and nickel thicknesses and the superlattice periodicities among the 

programmeci values, the output values fiom the Par273 Potentiostat and the values 

obtained fiom the X-ray diffiactograms. These differences can be amibuted to the 

fluctuations in the bath compositions and the working conditions such as temperature 

instabilities. Also, the values fiom Par273 were calculated on the assumption that the 

deposition efficiency is 100 percent. Another fact is that the Par273 values were sampled 

only on a few layers during the deposition pracess which usualiy had hundreds or even 

thousands of layers grown. The superiattice periodicities obtained by X-ray diffkaction are 



more accurate and therefore are used in the analysis of the hardness variations with the 

superlattice periodicities. 

5.2 Hardness results 

As predicted by theory, hardness enhancement is found in the electro-deposited 

CuMi multilayer systems. Figure 4.8 shows that hardness varies with superlattice 

periodicity. The maximum hardness occurs at a periodicity of around 41 angstroms in this 

group of samples. The values drop when the superlattice periodicities either increase or 

decrease fiom this point. 

The maximum hardness, as measured, is 5.6 Gpa with a standard deviation of 

k OSGpa. This is more than twice the hardness of the nickel film deposited in the sarne 

bath and more than two times an increase over the rule-of-mixture hardness value Hm of 

copper and nickel alloy. As the volume ratios between Cu and Ni in the sarnples are 

approximately 1: 1: the hardness value by nile-of-mixture is therefore the average of the 

two constituent materials. From table 4.2, we have: 

The standard deviation in the mie-of-mixture value is: 



In section 2.4, equation (2.48) gives the hardness prediction for a CdNi multilayer 

system. It consists of three parts: the rule-of-mixture contribution &, the elastic moduli 

modification contribution and the superlattice periodicity contribution H.,. Using the 

result of equation (5.1 ), we have: 

The results presented in table 4.2 and figure 4.8 show that the samples with 

superlattice periodicities of 30.6, 4 1.2 and 68.5 angstroms exhibit hardness values greater 

than the combination of values fiom nile-of-mixture and elastic moduli modification. The 

other samples failed to show hardness values as large as predicted by equation (5.3). This 

may be explained as follows: 

First, the elastic moduli modification mode1 established by Koehier[4] assumes that 

the interfaces between the altemating layers of the superlattices are perfectly smooth and 

abrupt. This is not possible to achieve in the case of real multilayer systems. As a matter of 

fact, the interfaces in real multilayer systems have an intermixed region of the order of 

several angstrorns[ 11. Thus, there is actually a moduli gradient at the interfaces instead of 

an abrupt change. This lowers the hardness as predicted by equation (2.45 ). 

Second, diffusion of the two materials into each other in the vicinity of the 

interface is also responsible for drop in the hardness values in the lower range of the 

superlattice periodicity. As the two layers become so inter-difised, in cases where the 

superlattice periodicity mars 20 angstroms the superlattice effect greatly dirninishes. This 
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is also partly the reason for some difficulties in the preparation of samples with srnall 

periodicities. 

Third, the decrease of hardness in the larger range of superlattice periodicities may 

also be attributed to the motion of dislocations within individual layers[l4]. Before the 

applied stress is large enough to drive the dislocations to cross the interface barriers, the 

dislocations may already move within the individual layers if the layer thickness is large. 

This will resuit in a Iower measurement of hardness value. 

The effect of the superlattice periodicity modification c m  be illustrateci by a Hall- 

Petch type plot which gives hardness values versus the inverse of the square root of the 

superlattice periodicities as presented in figure 4.9. The plot shows that for the superlattice 

periodicity range of fiom about 40 to 80 angstroms, the hardness is roughly in linear 

relationship with the inverse of the square root of the superlattice periodicity. This is in 

agreement with theoretical prediction (section 2.4) and reports from other authorsll2J. 

It should be noted, however, that the Hall-Petch relationship was first derived for 

polycrystalline materials[32][33]. It has then been extended to account for multilayer 

systems. Although there have been attempts at experimental confirmations of this theory, 

its validity remains to be fûrther studied. 

Figure 4.10 and figure 4.1 1 show some interesting trends in the hardness 

characteristics of superlattices. 

When copper thickness is fixed at about 10 angstroms, hardness drops when nickel 

thickness increases fiom 17 angstroms to 41 angstroms. On the other hand, hardness 

basically remains constant when nickel thickness is h e d  at about 50 angstroms while 

copper thickness varies fiom 16 to  32 angstroms. 



This can be explained by the propagation of dislocations across the interfaces. 

There are two types of cross-interface motions of dislocations. One is from the lower 

elastic modulus layer of copper into the higher elastic modulus layer of nickel. The nickel 

layer has a higher strain energy and therefore dislocations in the copper side will encounter 

a repulsive force which is proportional to the moduli difference as is reflected in equation 

(2.45). When the nickel layer thickness is fixed, the number of dislocations which can 

rnove across the interfaces is rnainly determined by the elastic moduli difference and is 

independent of the copper thickness. Therefore the hardness remains basically constant. 

The other cross-interface motion of dislocations is fiom the nickel layer to the 

copper layer. As the strain energy in the copper layer is smaller than that in the nickel 

layer, the dislocations in the nickel layer can be easily driven into the copper layer. The 

number of dislocations which will propagate across the intefice is in proportion to the 

number of dislocations in the nickel layer which in tum depends on the thickness of the 

nickel layer. 

It should be noted that the hardness characteristics of superlattices are determined 

by many factors which are still not fùlly understood. A number of theoretical models have 

been proposed in an effort to explain results obtained in some experiments. A more 

accurate and complete model is yet to be developed to give a more satisfactory 

explanation to the hardness enhancement rnechanisms of superlattice systems. A h ,  a 

more accurate and standardized hardness characterization system is desired to provide 

better experimental data in the hardness studies of superlattice systems. 



Chapter 6 

Conclusions 

It has been proven once again by this work, that CdNi multiiayer systems may be 

produced using electrodeposition fiom a single bath. The samples posses well-defined 

layered structures with quite smooth interfaces as confirmed by X-Ray difiaction. By 

controlling the experimental conditions, the thicknesses of the individual copper and nickel 

layers c m  be tailored to rneet desired requirements for the investigation of certain unique 

properties of superlattice systems. 

The CuNi systerns exhibit enhanced hardness over both pure nickel or copper and 

the nile-of-mixture values of copper and nickel alloys. An increase in the maximum of 

hardness by a factor of 2 can be reaiized in the multilayer systems. Also, a Hall-Petch type 

relationship between hardness and superlattice penodicity is identified for the range of 

about 40 to 80 angstroms. 

When nickel: thickness is fixed at about 50 angstroms, hardness basically remains 

constant when copper thickness varies fiom about 16 to 32 angstroms. On the other hand, 

when copper thickness is fixed at about 10 angstroms, hardness drops when nickel 

t hickness increases fiom about 1 7 to 4 1 angstroms. 

In surnmary, electrodeposition methodology presented in this work appear to be 

efficient to produce good quality metal superlattice systems with special mechanical 

properties and thus has the potentials of being fùrther exploited for both research purposes 

and industrial applications. 
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