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Abstract 

 

 

 

In this study, the surface segregation in a Ni-Cu alloy was investigated by modeling 

the segregation process theoretically and also measuring it experimentally. This was 

performed for a bulk crystal and thin films. In addition to the segregation 

measurements, the Ni/Cu multilayer thin films were also used to study the 

interdiffusion of Cu and Ni with AES depth profiling. The MRI model was used to 

quantitatively evaluate the sputtering-induced surface roughness and depth resolution 

for AES and SIMS depth profiling. 

    

Depth profiles of the Ni/Cu polycrystalline multilayer thin films were performed by 

AES and SIMS in combination with ion sputtering. The measured depth profiles data 

were quantitative analyzed with the MRI model. The sputtering-induced surface 

roughness and depth resolution were evaluate for sputtering with (i) a stationary 

sample, (ii) a rotating sample and (iii) a stationary sample with two ion beams 

simultaneously. The results show that the depth resolution is smaller when profiling 

with dual-ion beam vs. a single-ion beam. It was also found that profiling with a 

lower ion energy result in a better (smaller) depth resolution. Rotation of the sample 

during ion sputtering had the better (smaller) depth resolution. Depth profiling with 

Cs
+
 ion sputtering had the best depth resolution compared to Xe

+
 and O2

+
 ion 

sputtering.  

 

The MRI model was also used for extracting the interdiffusion coefficients for the 

AES depth profiles of a Ni/Cu multilayer. The interdiffusion parameter for Cu/Ni 

multilayer thin films was characterized for the first interface Do =6.2×10
-13

 m
2
/s and 

Q =101.4 kJ/mol, and the last Cu/Ni interface Do=6.3×10
-14

 m
2
/s and Q =79.0 kJ/mol. 

It was clearly showing that the depth-dependent interdiffusion coefficients are 

depth-dependent.  

 

 



 

IV 

The segregation of Cu and S from a ternary Ni-Cu(S) bulk alloy was measured with 

AES using linear temperature programmed heating and constant temperature heating. 

The segregation data were fitted with the modified Darken model and the segregation 

parameters were DoCu in Ni = 8.6×10
-14

 m
2
/s, QCu in Ni = 145.2 kJ/mol, DoS in Ni = 

9.2×10
-2

 m
2
/s, QS in Ni = 224.0 kJ/mol, ΔGCu = -36.0 kJ/mol, ΔGs = -136.0 kJ/mol, 

ΩCu-Ni = 7.6 kJ/mol, ΩS-Ni = 28.1 kJ/mol and ΩCu-S = -10.3 kJ/mol.  

 

The segregations of Cu from a Ni-Cu thin film alloy were measured using AES with 

linear temperature programmed heating. The segregation measured profile data were 

fitted with a modified Fick’s model and the segregation parameters obtained Do = 

2.8×10
-13

 m
2
/s and Q = 135.3 kJ/mol for the 26 nm thin film and for thicker film (52 

nm) Do = 2.9×10
-13

 m
2
/s and Q = 140.5 kJ/mol. The modified Darken model is there 

adapted to simulate segregation from thin films and also showed that the thickness of 

the thin film significantly affects the segregation. 
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Chapter 1                   

Introduction  
 

 

 

 

 

 

 

1.1 Overview  

Surface segregation is a well-known interface segregation phenomenon which has 

many academic and practical interests. Interface segregation (i.e. surface or grain 

boundary) is regarded as the redistribution of solute atoms between the interface and 

the bulk of a material resulting in a solute interface concentration, which is generally 

higher than the solute bulk concentration [1]. Interface segregation is not a new 

phenomenon, it was treated formally by Gibbs a century ago [2]. Today, interface 

segregation investigations have been applied in many aspects, for example, surface 

segregation influencing adsorption and catalytic properties of the material [3-4]; grain 

boundary segregation is directly responsible for the processes of inter-crystalline 

corrosion, hydrogen and liquid metal embrittlement, and high and low-temperature 

fracture [5-10]. Especially, S impurity segregation is a common phenomenon in many 

metals and alloys. Grain boundary segregation of S can cause embrittlement of a 

metal or alloy due to the S-induced changes in the electronic structure that can lead to 

the weakening of atomic bonds between grain boundaries [8-10]. 

 

Nowadays, nanoscale metallic alloy systems (thin films and particles) have become 

increasingly important in a wide range of technologically important applications. For 

example, nanoscale particles are used in catalysis because of their high reactivity and 

reaction specificity [11]. The catalytic properties of a material are largely determined 

by the composition and structure of its surface which in turn depend on the average 



Contents 

2 

composition. The composition, structure and property of a surface in alloy thin films 

are affected by surface segregation. Although there has been a great deal of 

experimental and theoretical work devoted to understanding the thermodynamics of 

bulk systems [12, 13], there have been relatively few studies of the thermodynamics 

of nanoscale systems [14-22]. In nanoscale systems, unlike in bulk materials, the 

surface properties also depend on the size of the system and can vary significantly 

from those of surfaces bounding a semi-infinite bulk.  

 

The Ni-Cu alloy system has been extensity investigated because of its application in 

catalysis and metallurgy [23]. It has a simple phase diagram and forms a solid solution 

in the entire range of composition. Therefore, surface segregation in Ni-Cu alloy 

system has been a subject of many investigations over more than thirty years [24-30]. In 

theory, numerous models (methods) have been/can be used for simulation of 

segregation profile in Ni-Cu alloy system, for example, the Monte Carlo method [24], 

the electronic-structure based methods [25] and the Langmuir-Mclean model [18, 21] 

to name a few. All these models predict that Cu atoms must segregate to the surface for 

the all composition of Ni-Cu alloys. This prediction has been verified experimentally 

by X-ray photoelectron spectroscopy (XPS) [27], atom probe field ion microscopy 

(AP-FIM) [28], ion-scattering-spectroscopy (ISS) [29], low-energy ion scattering 

(LEIS) [30] and Auger electron spectroscopy (AES) [17]. These models and 

experimental observation of surface segregation are all for bulk system. For a thin 

film system, the number of segregated atoms on the surface is a significant fraction of 

the total number of atoms in the system and therefore the bulk concentration of the 

thin film is modified significantly during segregation. The lack of a reservoir of 

segregating atoms in thin films may cause significant differences in surface 

segregation as compared to bulk materials. Therefore, the surface segregation from a 

Ni-Cu alloy will be studied theoretically and experimentally for both bulk and thin 

film systems. 

 

1.2 Research aims  

(a) To quantitatively study the depth resolution and sputtering-induced surface 

roughness of AES depth profiles with MRI model and how it is affected by 
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different experiment setups; 

(b) To further study the influence of the different ion source (O2
+
, Cs

+
 and Xe

+
) and 

different sputter ion energies on ToF-SIMS depth profiling of polycrystalline 

Ni/Cu multilayer thin films with MRI model; 

(c) To demonstrate how to determine the interdiffusion coefficients in Ni/Cu 

multilayer thin films by fitting the AES depth profiles by using the MRI model; 

(d) To study the surface segregations in a Ni-18.7at.%Cu alloys bulk material by 

using AES measurement in combination with both the linear temperature 

programmed heating and the constant temperature heating methods. The 

segregation measured data will be used to extract for the segregation parameters, 

namely, segregation energy, interaction energy and diffusion coefficient 

(pre-exponential and activation energy) with a modified Darken model;  

(e) To study the size effects on surface segregations in Ni-Cu alloy thin films.  

 

1.3 Outline of the thesis 

 

Chapter 2 provides the fundamental concepts of surface segregation and diffusion 

and in crystalline bulk materials and thin films. In this chapter, the surface segregation 

theories for the modified Darken model (that describe equilibrium and kinetics 

segregation) are introduced and the constraining condition t for simulating segregation 

in a thin film system will be derived. These models are used to extract the segregation 

parameters from the experimental segregation data in Chapters 8 and 9.  

 

Chapter 3 describes the preparation methods, techniques and equipment used of 

growing Ni/Cu multilayer systems and Cu-Ni thin film alloys that was used in this 

study.  

 

Chapter 4 provides a brief description of surface analysis techniques (Auger electron 

spectroscopy (AES), time-of-flight secondary ion mass spectrometry (ToF-SIMS), 

X-Ray diffraction (XRD) and atom force microscope (AFM)) used in this study.  
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Chapter 5 is a quantitatively investigates the depth resolution and sputtering-induced 

surface roughness in AES depth profiles are studied utilising the MRI model. 

Different experiment setups which include sample rotation with single ion beam 

sputtering, no sample rotation with single ion beam sputtering, no sample rotation 

with dual ion beam sputtering and no sample rotation with single ion beam sputtering 

at different ion energies are invalidated.  

 

Chapter 6 is investigates the influence of the different ion source (O2
+
, Cs

+
 and Xe

+
) 

and different sputter ion energies on the depth resolution and sputtering-induced 

surface roughness for ToF-SIMS depth profiling of polycrystalline Ni/Cu multilayer 

thin films.  

 

Chapter 7 demonstrate how to determine the interdiffusion coefficients in Ni/Cu 

multilayer thin film by fitting the AES depth profiles with the MRI model  

 

Chapter 8 is to study the surface segregations in a Ni-18.7at.%Cu alloys bulk 

material  using AES measurement in combination with the linear temperature 

programmed heating and the constant temperature heating methods. The segregation 

measured data was used to extract for the segregation parameters (segregation energy, 

interaction energy, pre-exponential and activation energy) with the modified Darken 

model.  

 

Chapter 9 is to study the surface segregations in Ni-Cu alloy thin films (two samples 

with different thickness) using AES measurement in combination with the linear 

temperature programmed heating method. The measured segregation data was used to 

extract the segregation parameters using thin film constrained condition in the 

modified Darken model to simulate the segregation.  

 

Chapter 10 concludes outlining the results obtained in this thesis. 
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Chapter 2                        

Segregation theory  
 

 

 

 

 

 

 

2.1 Introduction 

Surface segregation is regarded as the redistribution of solute atoms between the 

surface and bulk of a material resulting in a solute surface concentration which is 

generally higher than the solute bulk concentration. The driving force in the 

segregating system is the minimization of the total Gibbs energy of the crystal. [1] 

Surface segregation is not a new phenomenon, it was treated formally by Gibbs a 

century ago [2]. Today, surface segregation investigations have been applied in many 

aspects [3-7] and the theories have developed rapidly in response to the growing 

experimental measurements requiring interpretation. The equilibrium state of surface 

segregation for non-interacting segregating species is described by the well-known 

Langmuir-McLean expression that was derived by McLean [8]. Fowlers adsorption 

theory that considered the interaction energy between adjacent adsorbed atoms was 

further extended to allow for interaction between two co-segregation species in 

ternary or higher multi-component systems by Guttmann [9-10]. For kinetic 

segregation, most models follow McLean's approach in which the solute atoms are 

assumed to segregate to the surface from a semi-infinite crystal of a uniform solute 

content and diffusion in the crystal is described by Fick's laws [11-15].  

 

The Modified Darken model proposed by du Plessis and van Wyk based on the 

Darken approach, which is a unified model giving the full description of surface 

segregation from kinetics to equilibrium in combination with the regular solution 
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approximation and sub-regular solution approximation. This model has been 

successfully used in the equilibrium and kinetic surface segregation and linear heating 

measurements [4-7, 11-15]. In this chapter, we will derive the surface segregation 

theory for the modified Darken model to describe equilibrium and kinetics 

segregation, and to introduce a constrained condition that followed for a thin film 

system.  

2.2 Equilibrium surface segregation 

In this section the equilibrium condition for surface and bulk is derived from the 

thermodynamic framework. The equilibrium equation for binary and ternary system 

was obtained, are the popular Langmuir-McLean expression with no interaction and 

the Bragg-Willians expression (Fowler adsorption theory) with interaction for the 

binary alloy system, and the Guttmann expression for the multi-components 

segregation. 

2.2.1 Equilibrium condition for surface and bulk 

The basic hypotheses for the surface segregation model (layer-by-layer model) 

proposed by du Plessis et al. [16] are as follows: 

 

(a) The crystal is regards as a closed system consisting of two phases: surface and 

bulk, which are both open systems; 

(b) The surface region is finite and the bulk is infinite in size; 

(c) Atoms may be exchange between the two phases until the energy of the system is 

minimized. 

 

 

 

 

 

 

 

Figure 2.1: Division of the crystal in N+ 1 layer (one surface and N bulk layers). 
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Based on the above hypotheses, the crystal is divided into N+1 open subsystem which 

is identical in size as shown in Fig. 2.1. These subsystems may be identified as the 

atomic layers parallel to the surface plane but may also extend over several atomic 

layers. The limiting factor is the requirement that after equilibrium has been reach, 

each subsystem should have a constant composition.  

 

The first subsystem is identified as the surface layer and all parameters are indicated 

by S. The remaining N bulk subsystems are all indicated by B (see Fig. 2.1). The total 

Gibbs free energy of the crystal (closed system) before any segregation takes place is 

given by: 

 


 


N

j

m

i

B

i
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where S

in0 is the number of mole of the i-th specie in the surface layer, S

i

0 is the 

surface chemical potential of the i-th specie, jB

in
0

is the number of mole of the i-th 

specie in the j-th bulk subsystem and jB

i

0
 is the chemical potential of the i-th specie 

in the j-th bulk subsystem. The number of species is given by m. The atoms of the 

different species are now allowed to redistribute between the various subsystems and 

after the redistribution has taken place the Gibbs free energy is given by: 
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Assumption A: If the system is very large (N → ∞) the segregation will not change 

the bulk concentration and the number of mole of specie i will therefore remain 

unchanged:                

jj B

i

B

i nn
0

  

 

Assumption B: It is assumed that the chemical potential terms of the species i in bulk 

will remain constant: 
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i
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Based on the above Assumption A and B, the change in Gibbs free energy is now 

defined as： 

        00 0 0

1 1 1 1

j j

m m N m
B BS S B S S

i i i i i i i

i i j i

G G G n n n n  
   

 
       

 
       (2.3) 

 

The conservation of solute atom of species i may be described by: 
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Eq. 2.3 thus becomes: 
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The change in Gibbs free energy ΔG is now independent of the number of cell N as N 

was eliminated using the conservation of atoms in crystal (shown in Fig. 2.1). In 

combination with Eq. 2.4, the Gibbs free energy after redistribution is given by： 
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The expression in square brackets is a function of the initial bulk parameters only and 

sums over the full N+1 subsystems. It therefore gives the Gibbs free energy of the 

crystal as if no interface existed and may be denoted by BG0 . The summation term 

containing the surface parameters S

in and S

i may be viewed as the energy required 

creating an interface of a surface. This energy may be noted by s where is the 

surface tension and s is the surface area. Therefore: 

 

sGG B  0  

 

The molar Gibbs free energy is given by: 

 

 B

molmol GG 0                        (2.5) 
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where   is the molar surface area (s/n) and n is the total number of moles in the 

surface layer. It therefore follows that 

 

                              
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i
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i
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1

                   (2.6) 

 

where S

iX is the mole fraction or fractional concentration of species i in the surface. 

 

The equilibrium state will be reached when the Gibbs free energy is a minimum at 

constant temperature and pressure. The equilibrium condition from Eq. 2.5 is 

therefore: 
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This condition for a constant   becomes: 

 

 0
S

iX





                           (2.7) 

 

i.e. the interface or surface will be in equilibrium with the bulk when the surface 

tension is a minimum. The driving force behind the surface segregation of solute 

atoms is thus the change in the surface tension  [17].  

 

If the number of moles in the surface layer is fixed,  
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This expression is different from that of two bulk phase in equilibrium since the  in

are independent in that case. Substituting Eq. 2.6 and Eq. 2.8 in Eq. 2.7: 
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The last term is equal to zero because of the Gibbs-Duhem equation [18], therefore, 

 

0 B

m

S

m

B

i

S
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2.2.2 Equilibrium equation for binary system 

For a binary system (m= 2), the equilibrium condition in Eq. 2.10 becomes: 

 

                         02211  BSBS                      (2.11) 

 

According to the regular solution model, the chemical potential i of species i in 

phase v can be expanded in terms of the surface concentration S

iX and bulk 

concentration B

iX : 
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where v indicates the relevant phase S and B, the term of  0

i is the standard chemical 

potential and 12 is the interaction parameters of system. Substituting Eq. 2.12 in Eq. 

2.11, the equilibrium segregation equation for the binary system can be obtained: 
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where SBSBG 0

2

0

2

0

1

0

1    is called the segregation energy. The contribution 

to G  be normal regards as the sum of the different of the pure element’s surface 

energy and the elastic strain energy which depends on the pure solute and solvent 

atomic size [18]. The system with bigger different in surface energy or bigger 

different in atomic size will have the stronger surface segregation. The segregation 

energy G  is one of the important parameters in any segregation model.  

 

The expression of Eq. 2.13 is in accordance with the Bragg-Willians equation 

deduced from the statistical thermodynamics, which has been widely used to describe 

the equilibrium surface segregation in bulk materials. When the interaction parameter 

12  is zero, the Bragg-Williams expression of Eq. 2.13 reduces to the 

Langmuir-Mclean expression: 
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Ni-Cu alloy system is a model system for the study of surface segregation since it has 

a simple phase diagram and forms a solid solution in the entire range of composition. 

Therefore, with negligible interaction parameter Ω, the Langmuir-Mclean expression 

of Eq. 2.14 can be applied for describing the equilibrium surface segregation for 

Ni-Cu. Fig. 2.2 is a plot of the equilibrium surface segregation with 

Langmuir-McLean expression (Eq. 2.14) for a Ni-4.6at.%Cu system with different 

segregation energy for different orientation. The segregation energy parameters 

obtained from Refs. [19, 20]. 
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Figure 2.2: Equilibrium surface segregation with Langmuir-McLean expression (Eq. 

2.14) for a Ni-4.6at.%Cu system with different segregation energy for different 

orientation. The segregation energy parameters obtained from Refs. [19, 20]. 

 

2.2.3 Equilibrium equation for ternary system 

For a ternary system (m= 3), the equilibrium condition from Eq. 2.10 are given by  
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Expanding each of the chemical potential terms using the regular solution equations  

[18], the following surface concentration segregation energy equations are obtained at 

equilibrium: 
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where 
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)()(2 221113

0

11

SBBs XXXXGG             (2.18) 

)()(2 112223

0

22

SBBs XXXXGG             (2.19) 

 

where Ω'= Ω12 –Ω13− Ω23, ΔGi is the segregation energy of species i and Ωij is the 

interaction energy between species i and j. 

 

It is noted from Eq. 2.16 and Eq. 2.17 that element i will segregate to the surface if

0 iG . There are three driving forces in the segregation energy
iG . The first term 

is the difference in standard chemical potentials between the surface and the bulk  

iG , the second is the term in 
3i  which could be called the self-interaction term 

and the last term   which takes into account the interactions between the solute 

atoms. The segregation energy 
iG  will thus be positive for 

3i < 0 and   > 0. 

2.3 Kinetic surface segregation 

In this section the two best known formulas to describe the kinetics of surface 

segregation namely the semi-infinite solution of Fick’s equation and modified Darken 

model rate equations will be discussed. The surface segregation is rate limited by the 

bulk diffusion and it is therefore appropriate to apply the semi-infinite solution of 

Fick’s equation to describe the kinetics of the segregation. The modified Darken 

model assumes that the driving force in a segregating system is the minimization of 

the chemical potential instead of the concentration gradient as is assumed in the Fick 

description. 

2.3.1 Semi-infinite solution of Fick’s equation 

The Semi-infinite solution of the diffusion of Fick’s is based on the following two 

assumptions: 

 

(a) The initial condition is a uniform concentration distribution; 

(b) The surface concentration is kept at zero for all time t >0. 
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In order to keep mathematical relations in a familiar form, the concentration is 

denoted as C. According to the above assumption the boundary condition is  

 

C = 0,         x = 0, and       t > 0 

 

and the initial condition is  

 

C = CB,        x ≥ 0, and        t = 0 

 

The diffusion of atoms is controlled by Fick’s equation as: 

 

2

2

x

C
D

t

C


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


                        (2.20) 

 

The solution of Eq. 2.20 subject for the above boundary and initial conditions can be 

obtained through Laplace transform [17] as: 
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
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d
CC BS                   (2.21) 

 

where CS and CB are the surface concentration and bulk concentration, respectively, D 

is the diffusion coefficient and d is the thickness of a segregated layer. This expression 

Eq. 2.21, called t1/2
 law, is widely used to describe the time dependence of the 

segregated surface concentration at a constant temperature. 

 

Linear heating 

 

It is noted that Eq. 2.21 is applicable only for constant temperature experiments. For a 

linear heating experiment, the crystal is pre-heated at T0 and the crystal temperature (T) 

is then increased linearly with time at a constant heating rate (α). The temperature 

time relation is therefore given by [12] 

 

                            T = To + αt                           (2.22) 
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By defining a surface enrichment factor β = (CS  CB)/CB in the surface segregation 

and the well-known Arrhenius relation )/exp(o RTQDD  , where Do is the 

pre-exponential factor, Q is the activation energy and R is the universal gas constant 

with a value of 8.314 kJ/mol, Eq. 2.21 can be solved for linear heat as [12] 
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                 (2.23) 

 

Integration of Eq. 2.23 over the temperature range of the linear programmed heating, 

from To to TE, and one have  

 


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Eq. 2.23 and 2.24 is widely used to describe the kinetics of surface segregation with 

pre-exponential factor Do and activation energy Q. Fig. 2.3 illustrates the Eq. 2.23 

used to describe the kinetics of S segregation in the Cu-Ni(S) alloy surface and obtain 

the diffusion parameters Do and Q. 

 

Figure 2.3: Fick’s equation (Eq. 2.23) used for linear heating fitted to the surface 

segregation data of S to the surface of the Cu-Ni(S) alloy. 
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2.3.2 Modified Darken model 

In the modified Darken model, it is assumed that the driving force in the segregating 

system is the minimization of the chemical potential instead of the concentration 

gradient as is assumed in the Fick description. Surface segregation is the 

redistribution process of solute atoms in order to minimize the total energy. 

 

Basic assumptions 

 

The Darken model proposes that the net flux of species i through a plane at x=b is 

given by: 

 

(b) i
i i iJ M C

x


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
                       (2.25) 

 

where (b)

iC is the concentration of the species i in this plane and 
i  is the chemical 

potential of the species i, 
iM  is the mobility of the species i. It is clear that the 

spatial derivative of 
i  serves as the driving force for the movement of atoms of the 

species i.  
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Figure 2.4: Discrete concentration distribution and the various flux terms.  
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Space derivative of the chemical μi 

 

The crystal is divided into N+1 layers of the thickness d as is shown in Fig. 2.4. The 

Gibbs free energy of the two adjacent layers j and j+1 consisting of m components is 

given by 
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where )( j

in  is the number of mole of species i in the j-th layer and )( j

i is the surface  

chemical potential of species i in the j-th layer. Due to the Gibbs-Duhem equation 

[18], the variation in the Gibbs free energy can be expressed as: 
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Considering that atoms move from layer j+1 to layer j, one has )1()(  j

i

j

i nn   and 

then Eq. 2.27 becomes 
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If  )( j

in is independent, one would have 
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However, if the alloy is substitutional, the total number of moles in the layer is fixed, 

say as n, and one obtains the following relations: 
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Then the Eq. 2.28 may be rewritten as: 
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from which it follows that: 
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Since all the m-1 ( )j

in ’s are independent. There are now two results: for an 

unrestricted layer and restricted (or substitutional) layer, given by Eq. 2.29 and Eq. 

2.32 respectively. Comparing Eq. 2.29 with the discrete form of the space derivative 

in Eq. 2.25, one obtains: 
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One can identify the expression  )()1( j

i

j

i    as decrease in G with ( )j

in . The driving 

force as proposed by Darken is therefore the decrease in the Gibbs free energy as 

atoms are interchanged (or move) between two layers as opposed to the Fick’s 

description where the driving force is taken as the difference in concentration. The 

spatial derivative implies that the driving force is the decrease in energy which is 

given by  )()1( j

i

j

i    for an unrestricted layer but by  )1()()1()(   j
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for a substitutional layer. Therefore the Darken flux equation can be modified using:  
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i   for substitutional alloy. 

 

Supply concentration  b

iC  

 

The secondary modification to the flux equation is for the term of  b

iC , which is 

defined by Darken to be at a plane between the two layer j and j+1. This has no 

physical meaning in a layer-by-layer description. The  b

iC  term may be regarded as 

the supply of atoms diffusing through the plane at b. If one consider the flow of atoms 

to be in the direction of lower values of j, i.e. in the direction of the surface at j =0, 

and defines the flux term 
 1,j j

iJ


 describing flow from the j+1-st layer to the j-th 

layer, one obtains:  
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It is clear that if atoms flow from the j+1-st layer to the j-th layer the concentration of 

the j+1-st layer  1j

iC serves as the supply. If the flux is in the opposite direction, i.e. 

away from the surface, the flux equation should change to 
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But only one is relevant at a specific time. If   0,1   jj

i , the Gibbs free energy 

would decrease as atoms of species i move from the j+1-st layer to the j-th layer; the 

flux is therefore from j+1 to j and  1j

iC  serves as supply. If   0,1   jj

i , the Gibbs 

free energy would increase if atoms of species i move from the j+1-st layer to the j-th 

layer; the flux is therefore in the opposite direction (from j to j+1) and j

iC serves as 

supply. Explicitly 
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Mobility Mi 

 

The mobility given by Mi and defined by Eq. 2.30 and Eq. 2.31 may be used in the 

same way as the diffusion coefficient D to define the movement of atoms in crystal 

lattice for a given temperature etc. However, in order to compare the Darken flux 

equation with Fick’s flux equation, one has: 

 

(b) i i
i i i i

x b x b

C
M C J D

x x



 

   
      

    
 

and therefore 

(b) i
i i i

i

D M C
C





 

or 

i
i i

i

D M
InX





 

where 3dCX ii  is the fractional concentration and 
iiii XC   recalling

iiii RTInXRTInf  0 , one has: 
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For an ideal solution (fi=1) or dilute solution (fi = constant), 0 ii InXf , yielding: 

 

                            
i iD M RT                          (2.35) 

 

It should be stated that Eq. 2.32 is valid for the diffusion process in the bulk only. 
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Rate equations  

 

In this section the rate equations for the surface segregation in a multicomponent alloy 

of m components will be derived. The rate at which it the fractional concentration 

(  j
iC ) of species i in the j-th layer changes is given by: 
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If one considers the flux in the direction of the surface only, then Eq. 2.33 and Eq. 

2.34 can be rewritten as:  
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and 
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Substituting the Eq. 2.37 and Eq. 2.38 in Eq. 2.36, one obtains: 
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Writing the 3)()( dXC j

i

j

i   where )( j

iX is the fraction concentration and substituting in 

Eq. 2.39, 
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Now there are (m-1) (N+1) rate equations for the N+1 layers. The segregation system 

of surface S and bulk B is therefore described by 
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for i=1, 2,…, m-1 and j=1, 2,…, N+1. S

iX  is the surface concentration of species i, 

and 1B

iX is the first bulk concentration of species i, and D is the diffusion coefficient. 

Furthermore,
)(

2

)1(

2

)(

1

)1(

1

),1( jjjjjj   
, where )( j

i is the chemical 

potential of species i in layer j. The above equations Eq. 2.41 is a system of coupled 

rate equation, was solved simultaneously to describe the kinetic surface segregation in 

Cu-Ni(S) alloy and Cu-Ni alloy thin films in Chapter 8 and Chapter 9. 

 

It is instructive to write down the first rate equation in Eq. 2.41 in terms of ΔG and Ω 

to observe the roles played by the different parameters [12]: 
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The system of N+1 differential equations can be integrated for a given set of 

parameters (ΔG, Ω, D and X
S
). In order to minimize boundary effects, the choice of a 

suitable value of N for the model calculation depends on the values of equilibrium 

surface concentration or depletion in the bulk layers. Normally the values of N is 

choice to be more than 10 times the values of XS
equ./X

B
, in which XS

equ.is the 

equilibrium surface concentration value and XB
 is the bulk concentration. 
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2.3.3 Modified Darken model in thin film 

In the nanoscale thin films, surface segregation often plays an important role in 

determining material properties because of the changes of composition and structure. 

For a finite sized system, surface segregation can be very different as compared with 

bulk solids (i.e. effectively semi-infinite solids) (See Fig. 2.5). In nanoscale thin films, 

the number of segregated atoms on the surface is a significant fraction of the total 

number of atoms in the system so that the bulk concentration of the system is modified 

significantly. The lack of a reservoir of the segregating atoms in thin films may cause 

significant differences in surface segregation as compared with that in bulk materials.  

 

 

Figure 2.5: The sketch of the surface segregation (a) no segregation, (b) segregation in 

bulk and (c) segregation in thin films. 

 

 

For a thin film system, because of limited number of segregated atoms, the final 

equilibrium bulk concentration value XB
 is modified from the initial bulk 

concentration value X0
 as [19]: 
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where K is the ratio of the number of segregated atoms in the surface layer (N S) to the 

total number of segregated atoms in the system (N total
), i.e. K= NS/ Ntotal

. The value of 

K is inversely proportional to the film thickness, i.e. K=2/l, where l is the film 

thickness in the unit of ML, K=1 represents a two-layer thin film system and K=0 

represents a bulk system. Eq. 2.43 is a constrained condition for the surface 

segregation in thin films. Swaminarayan et al [19] studied surface segregation in thin 

films with the Langmuir-Mclean approximation, e.g. no interaction and no kinetics 

have been considered in the analysis. In this study,  equilibrium and kinetic surface 

segregation in Cu-Ni thin films will be investigated with Modified Darken Model 

considered interaction between the segregated atoms (in Chapter 9). 

 

2.4 Diffusion  

Diffusion is the transport of matter from one point to another by thermal motion of 

atoms or molecules. It is relatively fast in gases, slow in liquids, and very slow in 

solids. Diffusion in solids is fundamental in the science of materials and thus an 

important topic of solid-state physics, physical chemistry, physical metallurgy, and 

materials science. [21] A deeper knowledge about diffusion requires information on 

the position of atoms and how they move in solids. The atomic mechanisms of 

diffusion in crystalline solids are closely connected with defects. Point defects such as 

vacancies or interstitials are the simplest defects and often mediate diffusion in 

crystals. Dislocations, grain-boundaries, phase boundaries, and free surfaces are other 

types of defects. They can act as high-diffusivity paths (diffusion short circuits), 

because the mobility of atoms along such defects is usually much higher than in the 

lattice.  

2.4.1 Diffusion mechanism 

In the crystalline, it is possible to describe diffusion mechanisms in simple terms. The 

crystal lattice restricts the positions and the migration paths of atoms and allows a 

simple description of each specific atom displacements. [21] As we known, 

substitutional (vacancy) and interstitial diffusion are the dominating diffusion 

mechanisms in the metals material. These two types of diffusion mechanisms are 

briefly discussed in this section. 
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Substitutional (vacancy) diffusion: 

 

As knowledge about solids expanded, vacancies have been accepted as the most 

important form of thermally induced atomic defects in metals crystals [21]. It has also 

been recognized that the dominant mechanism for the diffusion of matrix atoms and 

of substitutional solutes in metals is the vacancy mechanism. An atom is said to 

diffuse by this mechanism, when it jumps into a neighbouring vacancy (Fig. 2.6). In 

order for this to occur, the creation of a lattice vacancy is required. The probability, P, 

for each of these processes, the creation of a vacancy and the migration of a solute 

atom into a vacancy can be obtained from [22]: 

 

                           )exp(
RT

E
P v

v                          (2.44) 

                          )exp(
RT

E
P m

m                         (2.45) 

 

where Ev is vacancy formation energy and Em migration energy, R is the universal gas 

constant and T is the temperature. Thus, the diffusion probability (PD ) is expressed as 

 

  PD = Pv × Pm                         (2.46) 

 

the diffusion coefficient can be written as 

 

D = kPD                            (2.47) 

 

where k is a constant. Taking k as pre-exponential factor and inserting Eqs. 2.44-2.46 

into Eq. 2.47, the following expression is obtained. 
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where Q = Ev + Em. 

 



Chapter 2 

30 

In Eq. 2.48 it can be seen that the diffusion coefficient of atoms depends on the 

atomic vacancy formation and atom migration energy. Hence, substitutional diffusion 

in a solid requires the presence of vacancies next to the diffusing (moving) atom. In 

Eq. 2.48, the diffusion coefficient varies with temperature. 

 

 

 

 

 

 

 

 

Figure 2.6: A schematic representation of the substitutional (vacancy) diffusion 

mechanism. 

 

Interstitial diffusion 

 

Solute atoms which are considerably smaller than the solvent atoms are incorporated 

on interstitial sites of the host lattice thus forming an interstitial solid solution. 

Interstitial sites are defined by the geometry of the host lattice. In fcc and bcc lattices, 

for example, interstitial solutes occupy octahedral and/or tetrahedral interstitial sites 

(Fig. 2.7). An interstitial solute can diffuse by jumping from one interstitial site to one 

of its neighbouring sites as shown in Fig. 2.7. Then the solute is said to diffuse by an 

interstitial mechanism. This mechanism is relevant for diffusion of small foreign 

atoms such as H, C, N, and O in metals and other materials. Small atoms fit in 

interstitial sites and in jumping do not greatly displace the solvent atoms from their 

normal lattice sites. 

 

 

 

 

 

 

 

Figure 2.7: A schematic representation of the interstitial diffusion mechanism. 
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2.4.2 Interdiffusion coefficient 

Interdiffusion is defined as the mutual diffusion of two or more different materials 

into one-another as shown in Fig. 2.8. This process is also described by Fick’s second 

law and can be solved either analytically or numerically, depending on the type of 

calculation involved. The analytical solution is a very fast solution, but it is limited to 

constant diffusion coefficients while the numerical solution is more involved but it 

allows varying diffusion coefficients and temperatures.    

 

 
 

Figure 2.8: A schematic representation of the Interdiffusion mechanism. (Adapted 

from [23]) 

 

 

The importance of the diffusion coefficient becomes apparent when observing 

diffusion in binary and higher order alloys. In such a situation, diffusion coefficient 

composed of the intrinsic diffusion coefficients of the constituent parts A and B [24, 

25], given by 

 

D = DAXB + DBXA                    (2.49) 

 

where XA and XB is the fractional concentration of component A and B, respectively; 

and DA and DB is the intrinsic diffusion coefficients of component A and B, 

respectively. Eq. 2.49 is also known as Darken’s second equation [25]. These intrinsic 

diffusion coefficients can be related to with the corresponding self-diffusion 

coefficients 


AD  and


BD , in which case Eq. 2.49 becomes 
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ABABBA XDXDD )(                         (2.50) 

 

where αAB is a thermodynamic factor which characterises how the solution deviate  

from an ideal solution and αAB is given by [25] 
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


 11                  (2.51) 

 

where fA and fB is the activity coefficient of component A and B, respectively. Eq. 2.51 

is sometimes referred to as the Darken-Hartley-Crank equation [25]. A detailed 

discussion can be found in reference [26] and Chapter 7 where the experiment result 

of the interdiffusion of Cu/Ni multilayer will be discussed.  
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Chapter 3                        

Sample preparation  

 

 

 

 

 

 

 

3.1 Introduction 

In this chapter, we will describe in detail the methods and equipment used to prepare 

the Cu/Ni multilayer thin film and Ni/Cu/Ni sandwich layer thin film. The Ni/Cu 

multilayer thin film deposited with electron beam physical vapour deposition was 

used to study the sputter depth profile with both Auger Electron Spectroscopy (AES) 

and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) technique in 

combination with the Atom Force Microscope (AFM), and the results will be 

discussed in the Chapters 5 and 6. The Ni/Cu multilayer thin film is also used to study 

the interdiffusion of Cu and Ni with AES depth profiling in combination with the MRI 

model, the results will be discussed in the Chapter 7. The Ni/Cu/Ni sandwich layer 

was grown into a Cu-Ni alloy thin film by following a heat treatment. The Cu-Ni alloy 

thin film was used to study surface segregation under a constrained condition for thin 

film system. The segregation results will be discussed in the Chapter 9. A part of this 

chapter is also described the methods and equipment system of heating treatment.  
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3.2 Sample prepared by EBPVD 

3.2.1 Electron beam physical vapour deposition 

E-beam evaporation is a physical vapour deposition (PVD) technique and the process is 

similar to thermal evaporation. A photo of the electron beam evaporation system (at the 

Department of Physics at the University of the Free State) used in this study is shown 

in Fig. 3.1. During the e-beam evaporation, a high energy e-beam is formed using a 

tungsten filament to generate the electrons, high voltages of 4 kV to accelerate the 

electrons, and a magnetic field to focus and deflect the electron beam onto the surface 

of the material (Cu and Ni) to be evaporated as shown in the Fig. 3.1(b) and Fig. 

3.1(c).  

 

 

 

 

Figure 3.1: (a) A photo of the electron beam evaporation system, (b) schematic 

representation of the key parts and (c) the three crucible compartments with Ti, Cu and 

Ni material in the evaporation system.  

 

 

 

(a) (c) 

(b) 
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The thickness of the evaporated Cu and Ni layers is measured with an Inficon Quartz 

Crystal deposition Monitor (QCM) which monitors the deposition rate and the 

thickness. There are some advantages for using e-beam evaporation to deposited thin 

films, such as, a lager range of deposition rate (1-1000 nm/min.), a good 

morphological surface finish and a uniform microstructure in films. [1-3] 

 

3.2.2 Thickness monitor and QCM calibration 

The layer thickness is measured with an Inficon Quartz Crystal deposition Monitor 

(QCM). The QCM utilize mass measure to determine the deposition rate and the final 

thickness. When mass is added to the resonating quartz crystal its resonance frequency 

is reduced. This change in frequency is very repeatable and is precisely understood for 

specific oscillating modes of quartz and can easily detect the addition of less than an 

atomic layer of foreign material added to the resonating quartz crystal [4].  

 

There is difference between the crystal sensor (in the QCM) and the substrate (sample) 

thicknesses due to the different distances from the deposition source (material in 

crucible). A tooling factor parameter is used to correlate thicknesses between the 

crystal sensor and the substrate. The calculated tooling factor is given as [4]: 

 

                      m
i

x

T
Tooling TF

T

 
  

 
(%)                       (3.1) 

 

where TFi is the initial tooling factor, Tm is the actual thickness of the deposited layer at 

the substrate, and Tx is the thickness of the deposited layer on the sensor. To calibrate 

the tooling factor in the e-beam evaporation system, the pure Cu thin film was 

deposited on a SiO2 substrate and the actual thickness was measured with SEM 

cross-section measurements as shown in the Fig. 3.2. An average tooling factor of 275% 

was determined using Eq. 3.1. 
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Figure 3.2: Cross-section SEM image of pure Cu film on the SiO2 substrate with the 

thickness values bout 660.0 nm. 

 

3.2.3 Ni/Cu multilayer prepared with EBPVD 

The Ni/Cu multilayer thin films were prepared by evaporating Cu and Ni (purity 

99.99+ %) onto passivated (SiO2) silicon. SiO2 substrates were prepared by wet 

oxidation of Si (100) at 1000 ºC for 1 hour, resulting in a SiO2 layer with a thickness 

about 1 µm. The SiO2 act as a diffusion barrier and prevents the Ni and/or Cu from 

diffusing into Si. The SiO2 substrates (cut to desired size) were cooled to room 

temperature and loaded inside the electron beam evaporation system (see in Fig. 3.3). 

The Ni/Cu multi-layered structures composed of four pairs of Ni and Cu sublayers that 

were grown by electron beam physical vapour deposition.  

 

The evaporation system was pumped to a base pressure of 6×10
-6

 Torr by a rotary 

vane and turbo molecular pump. Before the depositing the Ni/Cu, Ti was vapored for 

1 mins to clean the residual oxygen in the deposition chamber. After cleaning the 

system with Ti, the Cu film was deposited onto the SiO2 substrates with the deposition 

Thickness ≈ 660.0 nm 
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rates of about 0.4 nm/s. The Ni film was then deposited onto the Cu layer with the 

deposition rates of about 0.7 nm/s. This was done without breaking the vacuum. All 

four Cu/Ni layers were grown in the same manner.  

 

The emission current during deposition of Ni was 120 mA and for Cu it was 50 mA 

and the high voltage was 4 kV. The thickness of the individual sublayers was 

controlled using the calibrated Inficom thickness monitor during vapour deposition. 

The Ni/Cu/Ni sandwich thin film structures were prepared in the same way on a SiO2 

substrates. 

 

 

 

Figure 3.3: SiO2 substrates mounted on a sample plate. 

3.3 Sample annealing 

3.3.1 For the interdiffusion 

To investigate the interdiffusion in the Ni/Cu multilayer, the Ni/Cu multilayer 

structures composed of four pairs of Cu and Ni sublayers were annealed. This was done 

using a Lindberg vacuum furnace system with two vacuum pumps, a rotary vane and 

turbo molecular pump. The chamber in the annealing system is a custom built system 

with a carousel holder, allowing one to anneal multiple samples sequentially without 

breaking vacuum. The samples were placed on a ceramic boat and a magnetically 

coupled arm pushed the ceramic boat into and out of the furnace. A photo of the 

vacuum annealing furnace is shown in Fig. 3.4. Before loading the sample for anneal, 
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the quartz tube was cleaned by annealing it at 800 ºC (higher than the desired 

annealing temperature) for 1 hour to make sure the contamination in the tube furnace 

evaporates and is pumped to a base pressure of 5×10
-6

 Torr, this was repeated 3 times 

to ensure a clean environment during the annealing. The Ni/Cu multilayer was cut 

into 5 piece of 1×1 mm
2
 each. The samples were then annealed at the low 

temperature 325 ºC, 350 ºC and 375 ºC for 30 min, respectively, in a high vacuum 

tube furnace at the base pressure of < 5×10
-6

 Torr. After each annealing temperature, 

the sample was spontaneously cooled down to the room temperature in the same 

furnace under the same pressure. After annealing the annealed and an as-deposited 

(unannealed) sample were loaded into the AES system (PHI 600) to measure depth 

profile the results is shown in Chapter 7. 

 

 
 

Figure 3.4: The Lindberg vacuum annealing furnace used in this study. 

 

3.3.2 For the segregation 

For the surface segregation experiments a Ni-Cu alloy thin films were required. 

Hence, different thicknesses of Ni/Cu/Ni sandwich samples were prepared and 

annealed in the above-discussion Lindberg vacuum furnace high to form Ni-Cu alloy 

thin films. 
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If the diffusion is one-dimensional and isotropic, the differential equation for diffusion 

is given by Fick’s second law:  
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                       (3.2) 

 

where C is the concentration of the diffusion substance and D is the diffusion 

coefficient. The general solution of Eq. 3.2 could be obtained for a variety of initial 

and boundary condition provided that the diffusion coefficient is constant. In our case 

Ni/Cu/Ni sandwich thin film, the thickness of two Ni layer approximately equal, a Ni 

layer thickness L, where the surface is at x = 0. Assume that initially no Cu atoms are 

present in the Ni deeper layer. The meddle Cu layer has a thickness 2h. So, the frame 

of the half Cu layer thickness h and deeper Ni layer thickness L can be regards as a 

finite solid from a certain region sours and the initial and boundary conditions are as 

follows: 
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The solution of Eq. 3.2 for a finite solid from a certain region sours (under the initial 

and boundary conditions in Eq. 3.3) could be obtained as following [5]: 

 

0

2 2
erf erf  

2 2n

h nL x h nL x
C C

Dt Dt





       
     

    
           (3.4) 

                          

This solution shows the concentration of Cu atoms which diffused into the Ni layer. 

The uniformity of a Cu layer in the Ni layer is calculated with Eq. 3.4 as a function of 

annealing time at different temperature (a) for sample 10 (b) for sample 20, as shown 

in Fig. 3.5(a) and Fig. 3.5(b), respectively. And the setting parameters are also 
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indicated in Fig. 3.5. The calculation results in Fig. 3.5 shows that annealing at 425 ºC 

for 2 hours is necessary to obtain a uniformity of 99.9 % for a sample 10, and for 

sample 20 needs to anneal at 425 ºC for 9 hours, which can be chose to get Ni-Cu 

alloy and the result will be presented in Chapter 9. 

 

Figure 3.5: The uniformity of a Cu layer in the Ni layer as a function of annealing time 

at different temperature (a) for sample 10 (b) for sample 20. Do and Q values are 

obtained from the Chapter 7 results. 
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Chapter 4                  

Experimental setup  

 

 

 

 

 

 

 

4.1 Introduction 

A wide variety of surface analysis techniques were used to study depth profiles, 

diffusion and surface segregation of bulk and thin film Ni-Cu systems (or Ni/Cu 

multilayer thin films). These include Auger Electron Spectroscopy (AES), 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS), X-ray Diffraction 

(XRD), and Atom Force Microscope (AFM). AES and ToF-SIMS were used to carry 

out the depth profiles measurement of the Ni/Cu multilayer thin films prepared by 

e-beam evaporation. In addition, AES in combination with a heating unit was also 

used to measure the surface segregation in bulk and thin films Ni-Cu alloy systems. 

XRD was used to identify the crystalline structure of the Ni/Cu thin films and bulk 

Ni-Cu alloy. AFM was used to measure the surface roughness caused by ion 

bombardment. In this chapter, we will introduce the overview of some of the 

techniques used in this study and a considerable part of this chapter is focused on the 

AES system and the data quantitative analysis methods.  

4.2 XRD measurements 

XRD is a powerful non-destructive technique used to investigate structural properties 

of crystalline materials. It was used to obtain the crystalline structure for the 



Chapter 4 

46 

polycrystalline Ni/Cu multilayer thin films and the lattice constants and composition 

of solid solution alloy (Ni1-xCux) used in this study.  

 

As it is known, Bragg’s law is the basis for determination the lattice constants by 

XRD analysis. This law relates the wavelength of electromagnetic radiation to the 

diffraction angle and the lattice spacing in a crystalline sample. When a 

monochromatic X-ray beam with wavelength λ is irradiated onto a crystal sample, 

constructive diffraction (or interference) from parallel planes of atoms with 

inter-planar spacing d occur if Bragg’s law is satisfied [1] (Fig. 4.1): 

 

 nλ = 2𝑑ℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙                     (4.1) 

 

Where n is an integer that indicates the order of the reflection, θhkl is the Bragg angle 

and dhkl is the different space in polycrystalline materials. The lattice parameters are 

related with Miller indexes (hkl) of each reflection plane and inter-planar distance (dhkl). 

The Cu and Ni (NixCu1-x alloy) is a cubic structures and the lattice parameter a can be 

calculated [1]: 

 

                          a= 2𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2                    (4.2) 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: The schematic diagram of Bragg’s law. 

 

The X-ray diffractometer used in this study was a Bruker D8 Advance X-ray 

diffractometer, shown in Fig. 4.2. The crystalline nature of the as-deposited Ni/Cu 

multilayer was investigated using XRD, which uses a Cu anode and a Ni-filter to 

produce monochromatic X-rays with a wavelength of λ = 0.15406 nm. The diffraction 

θ 

θ 

θ 

d 

Plane I 

Plane II 

Plane III 

X-ray beam 
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angle (2θ) was scanned from 30° to 80° with a step size of 0.01° and the diffracted 

X-ray photons counted for 0.5 s at each angle step. The XRD spectrum obtains from 

the Ni/Cu multilayer thin film is shown in Fig. 4.3. From the XRD spectrum it is clear 

that the Cu and Ni sublayers were polycrystalline with a (111), (200) and (220) 

orientation texture. The results of the crystalline structure of the thin films and bulk 

Ni-Cu (and Ni/Cu) samples will be presented in Chapter 5 and 8, respectively.  

 

 

Figure 4.2: A photo of the Bruker D8 Advance x-ray diffractometer. 

 

Figure 4.3: XRD pattern of the as-deposited Ni/Cu multilayer crystalline structure 

with 2θ range of 30-80 degree. 
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4.3 AFM measurements 

AFM is a scanning probe microscopy (SPM) type of microscopy that uses a (very sharp) 

physical probe to image a surface by scanning the probe across the surface while 

measuring atomic force on the surface. The AFM provides a 3D profile (image) at a 

nanoscale of the forces between the sharp probe (radius less than 10 nm) and surface 

at very short distance (0.2-10 nm probe-sample separation) or a height map for a 

constant force on the probe. The probe is supported on a flexible cantilever and the 

AFM tip gently touches the surface and records the small force between the probe and 

the surface. Forces involved in the tip-sample interaction affect how the probe 

interacts with the sample. If the probe experiences repulsive forces the probe will be 

in contact mode otherwise as the probe moves further away from the surface, 

attractive forces dominate and the probe will be in non-contact mode. The advantages 

of in contact mode are: fast scanning, well for rough samples and it can be used in 

friction analysis [2, 3].  

 

AFM in this study was performed using Shimadzu SPM-9600 Atom Force Microscope 

in contact model (shown in Fig. 4.4).  The surface topography of the as-deposited 

Ni/Cu multilayer measurements and the centre of the crater bottoms after sputtering 

were performed with AFM in contact model. All the AFM images of surface 

topography measurement were collected using the same silicon tips with a scan area 

of 3×3 m
2
. The surface roughness was represented by the root mean square (RMS) 

value Rq of the as-deposited sample surface and after sputtering in the air ambient 

condition. In additional, AFM also is used to determine the thickness of the 

as-deposited Ni/Cu multilayer thin films with cross-section measurement and the scan 

area is 1×1 m
2
. The topographies measured by AFM are shown in Fig. 4.5 for the 

surface of the as-deposited sample and the corresponding root mean square (RMS) 

roughness value was determined as 1.6 nm. 

 

The root mean square of roughness (Rq) is a function that takes the square of the 

measures. The RMS roughness of a surface is similar to the roughness average, with 

the only difference being the mean squared absolute values of surface roughness 

profile. The function Rq is defined as: [2] 
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                       2

0

1
L

qR Z x dx
L

                     (4.3) 

 

where Z(x) is the height function that describes the surface profile in terms of position 

(x). L is the evaluation length over which the root mean square value of the roughness 

is calculated. The Rq is more sensitive to peaks and valleys than the average 

roughness (Ra) due to the squaring of the amplitude in the calculation. 

 

 

Figure 4.4: A photo of the Shimadzu SPM-9600 Atom Force Microscope. 

 

Figure 4.5: AFM images of the surface of the as-deposited Ni/Cu multilayer in 2D (a) 

and in 3D (b). The corresponding RMS value was determined as 1.6 nm. 

(a) (b) 

Rq = 1.6 nm 
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4.4 AES measurements 

AES is a surface-sensitive spectroscopic technique and is widely used for elemental 

analysis of surfaces of solid materials with high sensitivity (0.05% monolayer) for all 

elements except H and He. It should be noted that Li can be detected in solid material 

state but not in isolated atom. Quantitative compositional analysis of the surface 

region is relatively easy. In addition to surface analysis, it is also used for depth 

profiling with the advantage to obtain quantitative compositional information as a 

function of depth. AES was used in this study to obtain depth profile measurements of 

the Ni/Cu multilayer thin films and it was also used to measure surface segregation. 

4.4.1 AES principle 

Fig. 4.6 shows schematically the process of the emission of a KL2,3L2,3 Auger electron. 

When an atom is radiated by an external energy, such as a photon or a beam of electrons 

with energies in the range of several eV to 50 keV, a core state electron can be removed 

leaving behind a hole (in Fig. 4.6(a)). As this is an unstable state, the core hole can be 

filled by an outer shell electron, whereby the electron moving to the lower energy level 

loses an amount of energy equal to the difference in orbital energies (in Fig. 4.6(b)). 

The transition energy can be coupled to a second outer shell electron, which will be 

emitted from the atom as an Auger electron if the transferred energy is greater than the 

orbital binding energy (in Fig. 4.6(c)). Hence, the kinetic energy of a KL2,3L2,3 Auger 

electron is approximately equal to the difference between the energy of the core hole 

and the energy levels of the two outer shell electrons, EL2,3 (the term L2,3 is used in this 

case because, for light elements, L2 and L3 cannot be resolved):[4,5] 

 

                     
2,3 2,3 2,3 2,3KL L K L LE E E E                      (4.4) 

 

 

This Eq. 4.4 does not take into account the interaction energies between the core holes 

(L2,3 and L2,3) in the final atomic state nor the inter- and extra-relaxation energies 

which come about as a result of the additional core screening needed. 

 

 

https://en.wikipedia.org/wiki/Electronvolt
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Figure 4.6: The schematic diagram of the process of the emission of KL2,3L2,3 Auger 

electron. (Adapted from Ref. [5]) 

 

4.4.2 AES Apparatus 

Three different AES systems were used for the depth profiles and surface segregation 

measurements in this study. The PHI 600 SAM and PHI 700 Auger Nanoprobe were 

used for depth profile analysis, elemental mapping and SED imaging, while the PHI 

590 and PHI 600 SAM system was used for the surface segregation study. All three of 

these AES systems were manufactured by the Physical Electronics Company and 

comprises of an ultra-high vacuum system (up to 10
-10

 torr), electron beam source, 

electron energy analysis system (CMA), sputtering ion gun, heating unit (only PHI 

590 and PHI 600 SAM) and a control system. The PHI 590 and PHI 600 SAM system 

is equipped with a heat unit and a temperature control system for surface segregation 

studies. PHI 600 SAM is equipped with two ion guns that can be operated in dual 

beam mode and was used for the depth profiling measurement. The PHI 700 Auger 

Nanoprobe with a small electron beam diameter (beam size ~ 6 nm) provided by the 

field emission electron gun was used for the SEM imaging and in combination with 

Zalar rotation it was also used for depth profiles measurements with sample rotation. 

Pictures of the systems are shows in Fig. 4.7 (the PHI 590), Fig. 4.8 (the PHI 600 

SAM) and Fig. 4.9 (the PHI 700 Nanoprobe).  
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Figure 4.7: A photo of the PHI 590 system. 

 

The PHI 590 system comprised of the following components:  

1. PHI 18-085 electron gun with its control unit provides the electron beam from a 

LaB6 crystal that is used to ionize the target atoms.  

2. PHI 25-110 single pass cylindrical mirror analyser (CMA) for the energy 

analysis of the Auger electrons.  

3. PHI 20-075 electron multiplier (high voltage supply) provides high voltage to 

the electron multiplier inside the CMA.  

4. PHI 20-805 analyser control for changing the electric field in the analyser and 

the Auger signal modulation.  

5. PHI 32-010 Lock in amplifier for differentiating the Auger signal.  

6. PHI 11-065 differential Ion gun for the sputtering during the depth profiling.  

7. PHI 20-070 scanning system and secondary electron detector (SED) to obtain a 

topographic image of the sample. 

8. Ultra-High vacuum system with the Rotary, turbo molecular and ion pump 

with titanium sublimation provides the capable of pressures down to ~10
-9

 Torr.  

9. Heat unit and temperature control system produced by UFS provides the 

temperature control of the sample up to 900 ̊C.  

10. Software VisiScan for controlling the system and recording of data.
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Figure 4.8: A photo of the PHI 600 SAM system. 

 

The PHI 600 S system comprised of the following components:  

 

1. PHI 20-620A and PHI 20-610 electron gun with its control unit that provides 

the electron beam from a LaB6 crystal used to ionize the target atoms.  

2. PHI 25-120A single pass cylindrical mirror analyser (CMA) for the energy 

analysis of the Auger electrons.  

3. PHI 32-150 digital AES control and PHI 20-250 signal processor for Auger 

signal.  

4. Dual symmetry PHI 11-065 differential Ion gun for the sputtering during depth 

profiling.  

5. PHI 18-175 and PHI 18-170 scanning system and secondary electron detector 

(SED) to obtain a topographic image of the sample. 

6. Ultra-High vacuum system with the Rotary, turbo molecular and ion pump 

with a titanium sublimation provides the capable to work at pressures down to 

~10
-9

 Torr.  

7. Heat unit and temperature control system produced by UFS provides the 

temperature up to 900 ̊C.  

8. Software VisiScan 4.0.1 for controlling the system and recording of data. 
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Figure 4.9: A photo of the PHI 700 Auger Nanoprobe system. 

 

The PHI 700 Auger Nanoprobe system comprised of the following components:  

 

1. PHI 20-630 and PHI 18-197 electron guns with its control unit provides the 

electron beam from a field emission tip used to ionize the target atoms.  

2. PHI 25-140 single pass cylindrical mirror analyser (CMA) with multi-channel 

detector for the energy analysis of the Auger electrons with  

3. PHI 11-066 differential Ion gun for the sputtering during the depth profiling 

with sample Zalar rotation system  

4. Ultra-High vacuum system with the Rotary, turbo molecular and ion pump 

with titanium sublimation provides the capable of pressures down to ~10
-10

 Torr.  

5. Smartsoft AES version 4.1.3.2 software for controlling the system and 

recording of data. 
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4.4.3 AES depth profiles measurement 

AES depth profiles measurement was performed by using the PHI 700 Auger 

NanoProbe and PHI 600 SAM instrument. The PHI 700 Auger NanoProbe was used 

to carry out the depth profiles measurement with sample Zalar rotation and the 

measurement parameters setting are listed in Table 4.1. The PHI 600 SAM was used 

to measure the depth profiles without sample rotation (stationary) with single and dual 

ion beam sputtering; and the measuring parameters setting are listed in Table 4.1 and 

Table 4.2.  

 

Before the depth profile measurements was performed with PHI 600 system, the 

system was turned on and allowed to stabilise for one day (24 hours). The filament of 

electron gun and ion gun were de-gassed by slowly increasing the current flowing 

through the filaments. Once the system was fully degassed and the base pressure was 

allowed to stabilise. The distance between the sample and the CMA was adjusted until 

the correct position (using the elastic peak). The two ion beams and the electron 

beams were aligned to the same position in the centre of the analysis area using the 

Faraday cup. The energy scale of detector was also calibrated using a pure copper 

standard after which the system was ready for use. For sputtering the sample was 

tilted to 30°, the angle between the both ion guns was 60° as shown in Fig. 4.10. The 

current densities and scan areas used for during sputtering are also listed in Table 4.2. 

 

The Auger peaks of Ni, Cu, Si, C and O were used for AES depth profile with and 

without rotation by recording the peak heights as a function of sputtering time. The 

low energy peaks of Ni, Cu and Si are overlapped and they were recoded as one 

region that ranging from 40-110 eV, the C peak was recoded from 240-275 eV, the O 

peak was recoded from 480-529 eV, the Si high energy peak was recorded from 

1580-1649 eV and then the high energy peaks of Ni and Cu_ overlapped and both 

were recorded from 680-960 eV.  
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Figure 4.10: (a) The schematic diagram of the relation of angle between sample 

holder, e-beams and ion beams in the PHI 600 SAM system; (b) The relation of angle 

between both ion beams (side view). 

 

Table 4.1: The values of the setting parameter were used for the depth profiles 

measurement with the PHI 600 and PHI 700 with single ion gun. 

 

             Parameters 
PHI 600 

Single gun 

PHI 700 

Rotation 

Electron gun: Primary beam voltage 10 keV 25 keV 

Primary beam voltage 

(elastic peak) 
2 keV 1 keV 

Emission current 29 μA 280 μA 

Beam current 2.83 μA 
10 nA (AES) 

1 nA (SEM) 

Beam size 

(diameter) 
9.2 μm 

12 nm (10 nA) 

8-10 nm (1 nA) 

Ion gun:  Argon beam voltage 2 keV 2 keV 

Beam current 44.1 nA 110.0 nA * 

Raster size 2x2 mm
2
 1x1 mm

2
 

Emission current 25mA 12.5 mA 

Incident angle 50° 45° 

Ar Pressure 5 mPa 15 mPa 

Zalar rotaion  4 r/min. 

Measurement 

settings 

eV/step 1 eV 1 eV 

Time/step 200 ms/ eV 50 ms/ eV 

Photomultiplier voltage 

(measurements) 
1700 eV 2200 eV 

Photomultiplier voltage 

(elastic peak) 
1400 eV 2200 eV 

* 
Ion beam current measured for Zalar rotation in PHI 700 without raster scanning, and the others 

measured in PHI 600 with raster scanning area 2×2 mm
2
. 

(a) (b) 
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Table 4.2: The values of the setting parameter were used for the depth profiles 

measurement with the PHI 600 with dual ions gun. 

 

             Parameters 
PHI 600 

dual gun 

Electron gun: Primary beam voltage 10 keV 

Primary beam voltage 

(elastic peak) 
2 keV 

Emission current 29 μA 

Beam current 2.83 μA 

Beam size 

(diameter) 
9.2 μm 

Ion gun A:  Argon beam voltage 1, 2 keV 

Beam current 
15.4 nA (1 keV) 

31.6 nA (2 keV) 

Raster size 2x2 mm
2
 

Emission current 25mA 

Incident angle 50° 

Ar Pressure 3.5 mPa 

Ion gun B:  Argon beam voltage 1, 2 keV 

Beam current 
15.4 nA (1 keV) 

31.5 nA (2 keV) 

Raster size 2x2 mm
2
 

Emission current 25mA 

Incident angle 50° 

Ar Pressure 4.1 mPa 

 
Beam current (A+B) 

30.8 nA (1 keV) 

63.1 nA (2 keV) 

Measurement 

settings 

eV/step 1 eV 

Time/step 200 ms/ eV 

Photomultiplier voltage 

(measurements) 
1700 eV 

Photomultiplier voltage 

(elastic peak) 
1400 eV 

 

4.4.4 AES surface segregation measurement 

(1) Heater unit and temperature measurement 

 

The in-situ sample heater unit used for the segregation measurement was first 

designed by Terblans [6] for PHI 590 and modified by Barnard and Terblans [7] for 

PHI 600 SAM. For the PHI 590 system, a cupped shape sample holder with a screw 

top machined out of non-magnetic 316 stainless steel, backed by a non-magnetic 316 

stainless steel housing isolating the tungsten filament. The Type K chromel-alumel 
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thermocouple was placed on the ceramic and the back of the crystal was pressed onto 

the thermocouple junction with the stainless steel screw cap (see in Fig. 4.11(a)). The 

back temperature was calibrated in terms of the true surface temperature using a 

second thermocouple that was pressed into the surface of a dummy copper sample  

(see Ref. [6]). For the PHI 600 SAM system, the heating unit with sample holder is 

shown in Fig. 4.12(b). The heating filament with tungsten was embedded in the 

ceramic under the measured sample; the temperature was measured from the Type K 

chromel-alumel thermocouple placed on the surface of sample. The heating 

temperature settings and temperature measurement of the sample was controlled with 

a computer. The temperature can be calibrated as shown in Ref. [7]. To ensure 

accurate temperature readings from the thermocouple, a reference temperature is used. 

The reference temperature is obtained from a unit that contains a solid aluminium 

block, heated to 35 °C. The connection of the thermocouple to the sample, reference 

temperature block and control unit, is shown in Fig. 4.12. 

 

 

 

Figure 4.11: The arrangement of sample heater unit for (a) PHI 590 and (b) PHI 600 

(adapted from Ref. [7]). 
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Figure 4.12: Schematic of the thermocouple connection used to measure a samples 

temperature. 

 

(2) Measurement procedures 

 

For the Ni-Cu alloys bulk material, surface segregation measurement was performed 

by Auger electron spectroscopy with a PHI 590 Scanning Auger Microprobe at a base 

pressure of 2×10
-9

 Torr. A static primary electron beam of 5 keV and beam current of 

0.71 μA with beam size diameter of 13.4m was used for the AES measurements, 

and the modulation energy was 2.0 eV, the scan rate was 5.0 eV/s and the time 

constant was 0.1 s. The ion gun sputter (for cleaning) was performed with 2 keV Ar
+
 

ion, the argon pressure was 2.0 ×10
-3

 Pa and the ion beam was rastered over a 2×2 

mm
2
 area, which is much larger than the Auger primary electron beam diameter (13.4 

m) to avoid the influence from the lateral surface diffusion of impurities. The ion 

beams and the electron beams were aligned to the same position in the centre of the 

analysis area using a Faraday cup. The crystal was tilted with the normal of the crystal 

surface at a 30° angle with respect to the direction of the incident electron beam. The 

others measurement setting parameters for surface segregation are listed in Table 4.3. 

 

Surface segregations were measured with both linear and constant temperature 

heating methods. Before these segregation measurements, the Ni-Cu alloys crystal 

was first sputter cleaned at room temperature, then the temperature was increased to 

727 K and sputter cleaned and then cold to room temperature, the cleaning procedure 

was repeated few times to clean the surface by removing the impurity (i.e. C, O, and 

N) on the surface. The alloy crystal was then annealed at 961 K for 24 h to restore the 

initial condition of the crystal (uniform bulk concentration) and cooled to 423 K at 

Tsample 

Differential Amplifier   

Tsample 

Output 

Aluminium 

Chromel 

Alumel   Copper 

Tref. 

 

BLOCK, 35°C 
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rate of -0.05 K/s. After the reconditioning heat treatment the segregation 

measurements were performed by either linear or constant temperature heating.     

 

For linear temperature heating measurements, the Ni-Cu alloys was pre-heated at the 

initial temperature of 423 K for 1 h and sputter cleaned for exactly 30 s. Then the 

linear temperature heating was immediately carried out in the temperature range 

423-1121 K at a constant heating rate of 0.02 K/s. Auger spectrums were recorded as 

a function of temperature for the Auger peaks of Ni, Cu, S, C and O. The low energy 

peaks of Ni and Cu are overlapped and they were recorded as one region that ranging 

from 40-130 eV, the S peak was recorded from 131-239 eV, the C peak was recorded 

from 240-275 eV, the O peak was recorded from 480-529 eV and then the high 

energy peaks of Ni and Cu overlapped and both were recorded from 680-950 eV. 

After the linear temperature heating measurement running, the crystal was pre-heated 

at 961 K for 24 h again to restore the initial condition of the crystal (uniform bulk 

concentration) and then cooled to 423 K at rate of -0.05 K/s.  

 

The constant temperature measurements were carried out between 770 K and 860 K at 

30 K intervals. The ternary Ni-Cu(S) alloy crystal was heated to the desired 

temperature, and after stabilization of the temperature ternary Ni-Cu(S) alloy crystals 

was sputtered cleaned for exactly 30 s. The Auger spectrums for the Auger peaks of 

Ni, Cu, S, C and O were recorded as a function of time. The monitored Auger peak 

ranges were the same as for linear heating measurement (see previous paragraph). 

Again, after each constant temperature heating measurement running, the crystal was 

pre-heated at 961 K for 24 h and then cooled to 423 K at rate of -0.05 K/s. 

 

For the Ni-Cu alloy thin films, the segregation measurements were performed on a 

PHI 600 SAM. A static primary electron beam of 10 keV and beam current of 2.83 

μA with beam size diameter of 12.2m was used for the AES measurements. The ion 

gun used for sputter cleaning was performed with 2 keV Ar
+
 ion at the pressure of 5.0 

×10
-3

 Pa, and the beam was rastered over a 2×2 mm
2
 area. The Ni-Cu alloy thin film 

was mounted on a heater inside the ultra-high vacuum (UHV) chamber with the 

pressure about 1.0×10
−9

 Torr. And the sample was tilted with the normal of the crystal 

surface at a 30° angle with respect to the direction of the incident electron beam. The 



Chapter 4  

61 

others measurement setting parameters for surface segregation are listed in Table 4.3.  

 

Surface segregation measurements with linear program heating were carried out in the 

temperature range 403-823 K at a constant heating rate of 0.03 K/s. Before each 

segregation measurement run, the Sample 10 was in suit annealed at 698 K for 4 h (or 

Sample 20 at 698 K for 25 h) to form the uniform bulk concentration Ni-Cu alloy thin 

films. The annealing temperature and time selected was further discussed with AES 

depth profile as shown in section 9.3.1. The Ni-Cu alloy thin film was then cooled to 

403 K with constant heating rate of -0.5 K/s. After stabilization of the temperature at 

403 K, the Ni-Cu thin films was then sputter cleaned for exactly 10 s with a 2 keV 

argon ions beam. After sputtering, the measured Auger spectrum were immediately 

recorded as a function of temperature for Ni & Cu _L (40-110 eV), C (240-275 eV), O 

(480-529 eV) and Ni & Cu_H (680-960 eV).  

 

The APPH data was quantified using the method as the following Section 4.4.5.  

 

Table 4.3: The values of the setting parameters were used for the surface segregation 

measurement with the PHI 590 and PHI 600. 

 

             Parameters PHI 600 PHI 590 

Electron gun: Primary beam voltage 10 keV 5 keV 

Primary beam voltage 

(elastic peak) 
2 keV 2 keV 

Emission current 29 μA 150 μA 

Beam current 2.83 μA 0.71μA 

Beam size 

(diameter) 
12.2 μm 13.4 μm 

Ion gun:  Argon beam voltage 2 keV 2 keV 

Beam current 44.1 nA 4.4 nA  

Raster size 2x2 mm
2
 2x2 mm

2
 

Emission current 25mA 25 mA 

Ar Pressure 5 mPa 2 mPa 

Measurement 

settings 

eV/step 1 eV 1 eV 

Time/step 200 ms/ eV 200 ms/ eV 

Photomultiplier voltage 

(measurements) 
1700 eV 2350 eV 

Photomultiplier voltage 

(elastic peak) 
1400 eV 1850 eV 
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4.4.5 AES quantification 

 (1) Separation of the overlapped Cu/Ni peaks 

 

From the standard Auger spectra of pure Cu and Ni it is clear that the high energy 

peaks (see in Fig. 4.13(a)) are overlapped. The Linear Least Square (LLS) method 

was used to determine each elements (Cu and Ni) contribution to the measured signal 

[8]. In this method, the measured spectrum [b] of N channels is represented by a 

linear combination of the K standard spectra: 

 

                                   [A][x]= [b]                             (4.5) 

 

where [A] is an N×K matrix with the standard spectra as columns and [x] is a vector 

with length K channels containing the fractional concentration. In practice, N is much 

larger than K and therefore the system (Eq. 4.5) is overdetermined. If one includes a 

weight matrix function [W], which has as its diagonal elements the squares of the 

reciprocal standard deviations of the error in each channel and all the others 

off-diagonal elements as zero, the quantification becomes considerably easier. Such 

the weight function [W] (see in Fig. 4.13(b)) is introduced to Eq. 4.5 and Eq. 4.5 is 

rewritten as [9]: 

                               [W][A][x]= [W][b]                          (4.6) 

 

The solution of weight function LLS Eq. 4.6 is given by: 

 

                          [x]= ([A]
T
[W][A])

-1
([A]

T
[W][b])                  (4.7) 

 

where the superscripts T and -1 represent the transpose and inverse matrix, 

respectively. Fig. 4.14(a) shows the depth profile for the Cu 922 eV peak. After 

separating the overlapped Cu and Ni measured Auger spectrum in depth profiles were 

shown in Fig. 4.14(a) for the Cu 922 eV peak and Fig. 4.14(b) for Ni 849 eV peak. In 

Fig. 4.14(a), no overlapped Cu 922 eV peak was remained unchanged before and after 

separating with weight function LLS Eq. 4.7, meanwhile, the overlapped Ni 849 eV 

peak was successfully separated (in Fig. 4.14(b)). It is indicated that the weight 

function LLS method offers the possibility of separation the overlapped Cu and Ni 

measured Auger spectrum. 
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Figure 4.13: The standard high energy Auger spectrum of pure Cu and Ni (a) as well 

as the weight function (b) used in the LLS method. The weight function is calculated 

by [EdNE(Cu)/dEEdNE(Ni)/dE]
2
 and normalized in the range of 680-750 eV and 

750-960 eV, respectively. 

 

Figure 4.14: The depth profile with sputter depth of Cu (922 eV) in (a) and Ni (849 eV) 

in (b) before and after separating the overlapped peak by the weight function Linear 

Least Square method. 
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(2) Quantification of the AES depth profile data 

 

After separating the overlapped peak, the Auger peak of Cu (922 eV) and Ni (849 eV) 

with C (275 eV), O (510 eV) and Si (1618 eV) were used to determine the fractional 

concentration of Cu, Ni, C, O and Si. The fractional (atomic) concentrations of Cu, Ni, 

C, O and Si were calculated using the relative elemental sensitively factor method 

[10] 

                                  
0

0

j 1

X

i

i
i n

j

j

I

I

I

I





                               (4.8) 

 

where Ii is the Auger electron intensity for element i (Ii as the APPH of element i in 

the differentiated spectrum - differentiation was performed with 9 point in this study) 

and 0

iI  is the Auger electron intensity for the pure element i ( 0

iI is the relative 

sensitivity factor for element i at 10 keV from reference [10] ). Xi is the measured 

fractional concentration of element i. (For this study i = Cu, Ni, C, O and Si). The 

measured depth profile of APPH vs. sputtering time and the fractional concentration 

vs. sputtering depth profiling for the as-deposited Cu/Ni multilayer are shown in Fig. 

4.15(a) and Fig. 4.15(b), respectively (the sputtering as performed with sample 

rotation). 
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Figure 4.15: AES depth profile for the as-deposited Ni/Cu multilayer thin film 

(sputtering as performed with sample rotation and 2 keV Ar
+
ions). (a) APPH vs. 

sputtering time and (b) the calculated fractional concentration vs. sputtering time. 
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(3) Quantification of the AES monolayer surface segregation data 

 

The Auger electron current intensity of an elemental A in matrix M can be written as 

[11]: 

 
0

( ) 1 ( , ) ( ) ( ) ( )exp / ( )cos( )M M

A P A P A A A A M AI I E r E T E D E n z z E dz   


        

(4.9) 

 

Where IP is the primary electron current, σA(EP) is the ionization cross section of atom 

A by electrons with energy EP, rM
(EA, α) is the backscattering term that dependents on 

both the matrix M and the binding energies for the core level electrons involved in the 

transitions leading to an Auger electron with energy EA, T(EA) is the transmission 

efficiency of the spectrometer, D(EA) is the transmission efficiency of the electron 

detector, 𝑛𝐴
𝑀(𝑧) is the atomic density ( in atoms/m

3
) of element A at a depth z from 

the surface, λM(EA) is the elastic mean free path in the matrix M and θ is the angle of 

emission. 

 

To reach a workable formula in Eq. 4.9 the following assumption are made: (i) the 

instrument factors T(EA) and D(EA) are constant, and (ii) the concentration distribution 

𝑁𝐴(𝑧) is constant. As we have discussed in the Chapter 2, the surface segregation 

modelling and calculation simplifies if we make use of a layer model. This is also true 

for the quantification of Auger measurements during segregation. We divided the 

crystal in planes parallel to the surface, each separated by the inter-planar distance d 

and the integral in Eq. 4.9 is then approximated by discreet summation. By take the 

instrumentation factors to be constant Eq. 4.9 can write as: 

 

        
0

 ( ) ( )exp / cos( )A A P A A ADI const E R N nd nd  


               (4.10) 

 

where 𝑁𝐴(𝑛𝑑) is the atomic density (in atoms/m
3
) of element A at a depth nd from 

the surface. For pure element A Eq.4.10 can be written as: 

 

        
0

 ( ) ( )exp / cos( )A A P A A A ADI const E R N nd nd  


                  (4.11) 
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The Auger yield for the element A in the alloy (note that the expression is not 

restricted to binary alloys) is given by [11]  

 

        
1

 ( ) exp / cos( )S bulk

A A P A A A ADI const E R N X X nd  
 

   
 

        (4.12) 

 

where 𝑋𝐴
𝑆  is the surface concentration of element A and 𝑋𝐴

𝑏𝑢𝑙𝑘  is the bulk 

concentration of element A. Solving Eq. 4.10 for σA(EP) and substituting the result  

into Eq. 4.12:  

 

 
1

0

exp / cos( )

( )exp / cos( )

S bulkA A
A A A AD

A A A AD

I R N
I X X nd

R N nd nd

 

 

 


    

 
   

   




 

(4.13) 

 

A similar expression can be written for other elements. Thus, taking the ratio the 

Auger intensity of any two components A and B it follows that: 

 

 

 
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0 1

exp / cos( )exp / cos( )

exp / cos( ) exp / cos( )

S bulk
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I I R R N
nd X X nd

  

   


 

  

   
 

 
     

 
 

      
 



 

(4.14) 

Where: 

             0

0

exp / cos( )

exp / cos( )

B BD

A A B B
AB

B B A A
A AD
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I R R N

I R R N
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 



 


 

  

  
 

  


  




             (4.15) 

  
1

exp / cos( )A ADnd  


   and  
1

exp / cos( )B BDnd  


          (4.16)  

 

Therefore, Eq. 4.12 is re-written as 

 

                        
S bulk

A A A A
AB S bulk

B B B B

I X X

I X X










                     (4.17) 
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Eq. 4.17 can be expanded to m-1 expressions in for a system consisting of m 

components. For the binary system, in combination with 𝑋𝐴
𝑆 + 𝑋𝐵

𝑆 = 1, 𝑎𝑛𝑑 𝑋𝐴
𝑏𝑢𝑙𝑘 +

𝑋𝐵
𝑏𝑢𝑙𝑘 = 1 , the surface concentration of A, 𝑋𝐴

𝑆 , can be expressed as:  

 

               
+

bulk bulk
S AB AB B A A B A A
A

A B AB

X I I X
X

I I

   






(1- )-
              (4.18) 

 

And for the ternary system, in combination with  𝑋𝐴
𝑆 + 𝑋𝐵

𝑆 + 𝑋𝐶
𝑆 = 1, 𝑎𝑛𝑑 𝑋𝐴

𝑏𝑢𝑙𝑘 +

𝑋𝐵
𝑏𝑢𝑙𝑘 + 𝑋𝐶

𝑏𝑢𝑙𝑘 = 1 , the surface concentration of A and C, 𝑋𝐴
𝑆  and 𝑋𝐶

𝑆 , can be 

expressed as:  

 

       
( ) bulk

S CB A B CB B A B AB A C B B AB CB A
A

AB CB AB C B CB A B

I I I I I I X
X

I I I I

       

   

  


 
     (4.19) 

 

      
( ) bulk

S AB C B B A AB B C B AB A C B
C

AB CB AB C B CB A B

I I X I I I I
X

I I I I

     

   

  


 
           (4.20) 

 

Where the parameters of the backscattering coefficients R and the inelastic mean free 

path λ(EA) in Eqs. 4.18, 4.19 and 4.20 are described as following:   

 

1. The backscattering coefficient R was calculated from Shimizu [12]: 

 

          R = 1+ (0.462−0.777Z0.2
)Uo

−0.32
 + (1.15Z

0.2
−1.05)              (4.21) 

 

where Z is the mean atomic number of the matrix in the near surface region,Uo =Eo/Eb, 

Eo is the energy of the primary electron beam and Eb is the binding energy of the core 

level involved in the Auger transition. 

 

2. The inelastic mean free path λ(EA) was calculated from TPP-2 formula [13]: 

 

                 λ=E/{𝐸𝑃
2 [β ln(γE)−(C/E) + (D/E

2
)]}                  (4.22) 

 

where  
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E is the electron energy,  

EP= 28.8 (NV ρ/M)0.5 is the Free-electron plasmon energy (in eV), NV is the number of 

valence electrons per atom, ρ is the density (in g/cm
3
) and M is the atomic mass,  

Β= −0.10 + 0.944/(𝐸𝑃
2+𝐸𝑔

2)0.5+ 0.069ρ0.1
(Eg is the band-gap energy),  

γ= 0.191ρ−0.5,C= 1.97−0.91 NV ρ/M,  

D= 53.4−20.8 NV ρ/M.  

4.5 ToF-SIMS measurements  

Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) is a powerful and 

sensitive surface analytical technique to determine detailed elemental and molecular 

information from a surface and/or interface of a sample. It is widely used for the 

semiconductors, polymers, paint, coatings, glass, paper, metals, ceramics, biomaterials, 

pharmaceuticals and organic tissue. There are four main modes of operation of 

ToF-SIMS: large area surface analysis, surface imaging and micro area analysis, depth 

profiling analysis and trace analysis of individual substances. [14] In this study 

ToF-SIMS was used to perform depth profiles on Ni/Cu multilayer thin films under 

various bombardment conditions. 

4.5.1 ToF-SIMS principle 

In ToF-SIMS, a pulsed primary beam of Bi or Au ions is widely used to bombard a 

sample to produce the emission of secondary ions. All the secondary ions generated 

from one such pulse are then accelerated by a constant voltage U (~2 keV in this 

study) over a very short distance (1.5 mm in this sudy), thereby giving all secondary 

ions virtually the same kinetic energy, Ek, before they enter the field free flight path of 

length L. Fig. 4.16 illustrate this process. If one neglects the relatively small initial 

energy of the secondary ions, the kinetic energy of the secondary ions is given by,  

 

                       21

2
kE z U mv                            (4.23) 

 

where z is the charge of a secondary ion, m is its mass and v is its velocity. Ions of 

different mass will have different velocities and consequently a mass separation will 

occur. Accordingly, the mass separation is given by the flight time, t, from the sample 
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to the detector. This is approximately given by, 

 

                     
2

L m
t L

v zU
                             (4.24) 

 

Therefore, particles with different mass-to-charge ratios (m/q) can be detected with 

multi-channel according to the time-of-fight t:  

 

                         
2

2

2m U t

z L
                               (4.25) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: The principle of a linear time of flight mass spectrometer (for 

explanation see text).  

 

4.5.2 ToF-SIMS measurement 

ToF-SIMS depth profiling measurements were performed by using an ION-TOF 

ToF-SIMS V instrument (shown in Fig. 4.17, from the department of physics at the 

University of the Free State) equipped with a Bismuth liquid metal ion gun (LMIG) 

and an O2
+
 ions sputter ion gun. Both ions gun sources were aligned at an incidence 

angle of 45° with respect to the sample surface. The analysis chamber was maintained 

at pressure less than 5×10
−9

 torr. A 30 keV Bi
+
 analysis beam generated by LMIG was 

 
Ion mirror 

Field free flight 
path, L 

Secondary ions m, q 

Multi-channel 
detector 

Extractor 
voltage, U 

Ground potential 

Primary ions beam 
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used to analyse a area of 100×100 m
2
 with a scan resolution of 512×512 pixels in the 

central of the sputtering crater used for depth profiling. The target current of the 

analysis beam was maintained as 1.4 pA before and after sputtering. The ion source 

employed to etch through the sample was O2
+
 ion sputtered at different energies (0.5, 1 

and 2 keV) while rastering over an area of 300×300 m
2
. The target current of the O2

+
 

ions (used for sputtering) was maintained the same current before and after sputtering. 

The other experimental parameters used for the ion sputtering with the ToF-SIMS are 

given in Table 4.4 

 

A low energy electron flood gun was employed for charge neutralization. This ensured 

accurate analysis of the samples. The positive secondary ion mass spectra were 

calibrated to the following mass peaks: H
+
, CH

+
, CH2

+
, Si

+
, SiO

+
, Ni

+
, Cu

+
, Ni2

+
 and 

Cu2
+
. Peaks in the positive ion spectra at m/z=44 (SiO

+
), 58(Ni

+
) and 63(Cu

+
), were 

identified as characteristic peaks of the SiO2 substrate, Ni sublayer and Cu sublayer, 

respectively. 

 

 

Figure 4.17: A photo of the TOF.SIMS 5. 
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Table 4.4: Summarised sputtering parameters as used in the ToF-SIMS depth profiles 

with different ion species and energy. 

 

4.5.3 Compared with AES in depth profiles 

AES and TOF-SIMS are the primary research techniques used in this study and 

knowledge concerning their strengths and weaknesses are important in order to obtain 

the desired information. Some of these characteristics have already been mentioned 

earlier in this chapter. Below Table 4.5 contains a more detailed comparison of the 

two techniques.   

 

Table 4.5: The comparison of AES and ToF-SIMS techniques in the depth profiles. 

 

 AES ToF-SIMS 

Incident particles: 
Electron 

(0.5-20 keV) 

Ions 

(0.1-30 keV) 

Detected particles: 
Auger Electron 

(20-2000 eV) 

Second ions 

(0-500 amu) 

Element range: Z > 3 Z > 1 

Detection range: 0.05%  PPT  

Depth 

information: 
2 nm 1-2 monolayer 

Lateral 

resolution: 
> 5 nm > 50nm 

Chemical 

information: 
limited 

Mass spectrum 

from the surface 

layer 

Quantification: 

Semi-quantitative 

elemental standards 

required and matrix 

effects need to be 

considered. 

Difficulty: 

requires standards. 

Matrix effects are 

more complex 

 

Ion Beam 

energy(keV) 

Ion Beam 

current(nA) 

Scan area 

(m2) 

Analysed 

area(m2) 

Incidence 

angle(°) 

Sputter rate 

(nm/min.) 

2.0 (O2
+) 620.5 300×300 100×100 45 60.0 

1.0 ( O2
+) 248.8 300×300 100×100 45 15.7 

0.5 ( O2
+) 99.8 300×300 100×100 45 3.7 

1.0 (Cs+) 76.8 300×300 100×100 45 19.4 

1.0 (Xe+) 18.8 300×300 100×100 45 4.5 
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The AES and ToF-SIMS depth profiles measurement data of the Ni/Cu multilayer thin 

films will be discussed in next Chapters (Chapter 5 and Chapter 6). In addition, the 

interdiffusion of the Ni/Cu multilayer thin films with AES depth profiles will be 

discussed in next Chapter 7. The surface segregation measurement data for the bulk 

Ni-Cu alloy systems and for the Ni-Cu alloy thin films will be further discussed in 

Chapter 8 and Chapter 9, respectably.  
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Chapter 5                           

Quantitative evaluation of sputtering 

induced surface roughness and its influence 

on AES depth profiling of polycrystalline 

Ni/Cu multilayer thin films  

 

 

 

 

 

 

 

5.1 Introduction 

Auger electron spectroscopy (AES) is a powerful technique for performing 

composition-depth profiles on thin films in combination with ion beam sputtering. 

The quality of a measured depth profile can be characterized by the so-called depth 

resolution z, which is defined conventionally as the depth range over which a signal 

measured intensity change from 16% to 84% (or 84% to 16%) when profiling an 

ideally sharp interface between two media [1]. Since the ions sputtering is a 

destructive process, the depth resolution in the measured depth profiles is always 

influenced by factors such as atomic mixing [2], sputtering induced surface roughness 

[3,4], information depth, preferential sputtering, diffusion and segregation etc [5,6]. 

Recently, ion sputtering induced roughness has been given considerable attention 

[7-12], since the surface topography development during the sputter depth profiling 

plays a key role in degradation of the depth resolution. Additionally, the control of the 

atomic-scale surface roughness becomes more important in microelectronics, which 

can strongly impact basic materials properties, such as heat transfer, electron transport, 
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magnetism, and device performance in a wide range of technologies including 

spin-based electronics, giant magnetoresistance structures/devices [13-15].  

 

However, the understanding of the surface topography development due to ion beam 

sputtering is still incomplete, even though the surface roughening problem could be 

practically minimized in the experimental techniques e.g. by applying sample rotation 

[16], multidirectional ion beam sputtering [17], glancing incidence angle and low ion 

energy, and ion species of large mass [18, 19]. However, the distinct contributions of 

ion sputter erosion (that leads to surface roughness) on the depth resolution (z) still 

remains uncertain [20]. From theoretical models studied, the influence that Ion 

sputtering has on surface roughness has been qualitatively understood in the 

framework of the kinetic theory suggested by Bradley and Harper [21] and developed 

by Barabasi and co-workers [22] and Stepanova [23] and Kim [24]. These models 

allow accounting for the surface curvature through an increase of the local sputter rate 

at troughs and a decrease at crests [25]. However, these models are not capable of 

explaining some experimental results that sputtering induced surface roughness 

increase with sputtered depth. Therefore, further systematic experiments are required 

to tackle this very complicated phenomenon. 

 

In this chapter, we investigate the quantitative evaluation of sputtering-induced 

surface roughness with the MRI model on sputtered depth profiles of polycrystalline 

Ni/Cu multilayer thin films measured by AES depth–profiling. The AES depth 

profiles were obtained from both rotating and stationary with single and dual-ion gun 

sputtering. The sputtering also performed at different ion bombardment energies. The 

more advanced MRI model used for calculation of the concentration-depth profile 

accounts for the broadening of the measured depth profiles due to the effects like 

atomic mixing, surface roughness and the information depth of the Auger electrons. 

As a result, upon fitting the MRI model to the both rotating and stationary 

measurements data, the depth dependence of the ion sputtering induced roughness and 

depth resolution during depth profiling was quantitative evaluated. The fitting 

roughness values were compared with those measured by Atomic Force Microscopy 

(AFM). 
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5.2 Experimental 

5.2.1 Sample preparation and characterization 

The detailed procedures for preparation of the Ni/Cu multilayer on SiO2 substrates 

have been described in Chapter 3. The main procedure can be summarized as follows. 

The Ni/Cu multi-layered structures composed of four pairs of Ni and Cu sublayers. The 

samples used in this study were prepared by electron beam physical vapour deposition 

onto passivated silicon (SiO2) substrates. During the deposition, the base pressure in 

the deposition chamber was less than 6×10
-6

 Torr. To avoid metal oxidization, pure Ti 

was evaporated to clean the residual oxygens in the chamber for 1 minute before 

deposition of Cu (or Ni). Then, Cu and Ni were alternately deposited onto SiO2 

substrates, the deposition rate of Cu was ~0.7 nm/s and Ni was ~0.4 nm/s, respectively. 

The thickness of the individual sublayer was controlled using a calibrated Inficom XTC 

thickness monitor during vapor deposition. 

 

The crystalline structure of the as-deposited Ni/Cu multilayer was investigated using 

XRD, which uses a Cu anode and monochromatic Ni-filter producing X-rays with a 

wavelength of λ = 0.15406 nm. The diffraction angle (2θ) was scanned from 30° to 80° 

with a step size of 0.01° and the X-ray photons were counted for 0.5 s at each step. 

The XRD spectrum obtains from the multilayer thin film is shown in Fig. 5.1. From 

the XRD spectrum it is clear that the Cu and Ni sublayers were polycrystalline with a 

(111), (200) and (220) orientation texture. 

 

The cross-section and surface topography of the as-deposited Ni/Cu multilayer 

measurements were performed with Shimadzu SPM-9600 Atom Force Microscope 

(AFM) in contact model. The scan area was 1×1 m
2
 for the cross-section 

measurement and 3×3 m
2
 for surface topography measurement, respectively. The 

surface roughness was represented by the root mean square (RMS) value Rq=1.6 nm 

of the as-deposited sample surface in ambient condition, which shows the Ni/Cu 

multilayer deposited by e-beam evaporation has a smooth surface for this study. 
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Figure 5.1: XRD pattern of as-deposited Ni/Cu multilayer crystalline structure with 

2θ range of 30-80 degree. 

 

5.2.2 AES depth profiling measurement  

The detailed procedures for AES depth profiling measurements have been described in 

Chapter 4. The main points are summarized as follows: AES depth profiling with 

sample rotation was performed by using a PHI 700 Auger NanoProbe instrument 

equipped with a Schottky thermal field emission e-gun and a single pass coaxial 

cylindrical mirror analyser (CMA) operated at a base pressure below 10
-10

 Torr. A 

static primary electron beam energy of 25 keV and a beam current of 10 nA were used 

for AES measurement. The diameter of the electron beam measured by Faraday cup 

was about 20 nm. Ion sputtering was performed with 2 keV Ar
+
 ions at an incidence 

angle of 45° with respect to the sample surface normal, and sample Zalar rotation with 

speed of 4 rpm was used during the ion sputtering.  

 

AES depth profiling without sample rotation (stationary) were performed using a PHI 

600 Scanning Auger Microprobe (PHI 600 SAM). The PHI 600 instrument is 

equipped with a LaB6 emitter e-gun and a single pass coaxial CMA operated at a base 

pressure < 10
-9

 Torr. A static primary electron beam energy of 10 keV with a beam 
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current of 2.6 A and the beam diameter of 9.2 m were used for AES measurement. 

Ion sputtering with single and dual symmetrical ion gun was performed with 2 keV 

(and 1 keV) Ar
+
 ions at an incidence angle of 40° with respect to the sample surface 

normal. For the dual symmetrical ion guns, the angle between the ion guns was 60°, 

and the current density and scan area for each ion gun were set to the same values. All 

other experimental sputtering parameters as used during the AES depth profile with 

and without rotation are listed in Table 5.1. The measured Auger spectrum in AES 

depth profiling with and without rotation were recorded as a function of sputtering 

time for C (240-275 eV), O (480-529 eV), Ni & Cu (680-960 eV) and Si (1580-1649 

eV). 

5.2.3 Quantitative AES depth profile of Ni/Cu multilayer  

The aim of sputter depth profiling is to determine the in-depth distribution of the 

elemental composition of the thin films. Firstly, the measured intensity of the Auger 

Peak-to-Peak Heights (APPHs) should be converted to the elemental fractional 

concentration. Since the whole range of Ni Auger peaks overlapped with the Cu peaks 

in the high energy peak for standard Auger spectra of pure Cu and Ni. The overlapped 

Ni 849 eV and Cu 922 eV peak was successfully separated utilising the weight 

function linear least square (LLS) method. For a detailed discussion of this method see 

chapter 4. After separating the overlapped peaks, the Auger peak of Cu (922 eV), Ni 

(849 eV), C (275 eV), O (510 eV) and Si (1618 eV) were used to determine the 

fractional concentration of Cu, Ni, C, O and Si, respectively. The atomic 

concentrations of Cu, Ni, C, O and Si, respectively, was calculated using the relative 

elemental sensitively factor method [26]: 
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where Ii is the Auger electron intensity for element i (Ii as the Auger APPHs of 

element i in the differentiated spectrum – differentiation was performed with 9 point 

in this study) and 0

iI  is the Auger electron intensity for the pure element i ( 0

iI is the 
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relative sensitivity factor for element i at 10 keV from reference [26] ). Xi is the 

measured fractional concentration of element i . (For this study i = Cu, Ni, C, O and 

Si). 

 

Table 5.1: Summarised sputtering parameters as used in the AES depth profiles with 

and without sample rotation. 

* 
Ion beam current measured for Zalar rotation in PHI 700 without raster scanning, 

and the others measured in PHI 600 with raster scanning area 2×2 mm
2
. 

 

The sputter time scale of the AES depth profile data with and without rotation was 

converted into the sputter depth using a first-order approximation of a corrected 

time/depth relation for a Cu/Ni binary system. The sputter rates of the pure Cu and pure 

Ni are 𝑧𝐶̇𝑢 and 𝑧̇𝑁𝑖 , respectively, using a linear approximation the corrected sputtering 

can be written as [1]: 

 

1 1Ni
Cu Cu Ni Ni Cu Cu

Cu

z
z z X z X z X

z

  
      

                     (5.2) 

where 𝑧̇  is the total sputtering rate which determined the sputtering time/depth 

relation. The ratio of sputter rates of the pure Ni and pure Cu, 𝑧̇𝑁𝑖/𝑧𝐶̇𝑢, was determined 

as 0.79 for 2 keV Ar
+
 sputtering with an incident angle of 45°[27]. The film thickness of 

Ni/Cu multilayer was determined as 489.5 nm by AFM as shown in Fig. 5.2(a) and Fig. 

5.2(b). The sputter rate of Cu under the different sputter conditions was calculated and 

the results are listed in the last column in Table 1. It should be noted that the ion beam 

current (the third column in Table 1) measured for Zalar rotation in PHI 700 was 

without raster scanning, and the others measured in PHI 600 were with a raster 

scanning area of 2×2 mm
2
. The measured AES APPHs-sputter time and the converted 

 
Ion Beam 
energy, 
(keV) 

Ion Beam 
current,  
(nA) * 

Scan 
area, 

(mm2) 

Analysed area, 
(e-beam 

diameter, m) 

Incidence 
angle, (°) 

Cu Sputter 
rate, 

(nm/min.) 

Rotation 2 (Ar+) 110.0  1×1 0.02 45 2.6 

Single gun 2 (Ar+) 44.1  2×2 9.2 40 5.9 

Dual gun 2 (Ar+) 63.0 2×2 9.2 40 7.6 

Dual gun 1 (Ar+) 30.8 2×2 9.2 40 3.3 
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AES concentration-sputter depth profiling data for the as-deposited Cu/Ni multilayer 

with sample rotation are shown in Fig. 5.3(a) and Fig. 5.3(b), respectively. As shown 

in Figs. 5.3, C and O were not detected at the interface of Ni/Cu (or Cu/Ni) in the 

Ni/Cu multilayer thin films. C and O were only seen on surface layer that were in 

contact with air. It indicates that the as-deposited Ni/Cu multilayer thin film is a 

perfect sample for investigating sputtering induced roughness. 

 

 

Figure 5.2: AFM images of the cross-section of the as-deposited Ni/Cu multilayer 

thin films 2D in (a) and 3D in (b), respectively. The average of the thickness values of 

Ni/Cu multilayer was determined as 489.5 nm. 
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Figure 5.3: AES depth profiling measured of the as-deposited Ni/Cu multilayer thin 

films data with sample rotation 2 keV Ar
+
 for (a) APPHs vs. sputter time and (b) 

converted to fractional concentration vs. sputter depth calculated with Eqs. 5.1 and 

5.2. 
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5.3 Depth resolution and MRI model 

The depth resolution z is defined conventionally as the depth range over which the 

signal change from 16 to 84% (or 84 to 16%) when profiling an ideally sharp 

interface between two media (see Fig. 5.4) [1]. This definition has a physical meaning 

for a Gaussian shape of the depth resolution function as shown in Fig. 5.4.  

 

The measured depth profiles differ from the true concentration-depth profiles as a 

result of various interactions of the ion beam bombardment with the measured sample, 

e.g. ion implantation, cascade mixing, etc. A so-called depth resolution function (DRF) 

is used to describe the distortion of the measured depth profiles as compared to the 

true depth profiles, which causes the depth profiles degradation in the physical 

mechanism. In sputter depth profiling, the measured and normalized intensity I(z)/Io 

can be described as the convolution of the true concentration X(z') at the original 

depth z' in the sample and a DRF g(z-z') [1]: 

 

                        
0 0

( )
( ') ( ') '

I z
X z g z z dz

I



                      (5.3) 

 

where z' is the running depth parameter for which the composition is defined and z is 

the sputtered depth. With the measured and normalized intensity I(z)/Io and a known 

DRF g(z-z'), the true in-depth distribution of composition can be calculated by Eq. 5.3. 

Therefore, the exact knowledge of the DRF is the key to accurate reconstruction of 

the original depth distribution of the composition from the measured depth profile. In 

the MRI model, the DRF g(z-z') takes into account three physically meaningful effects: 

atomic mixing, escape depth of Auger electrons, surface/interface roughness and is 

described by [1, 28]: 

 

Mixing length (w):     
1

( ') exp ' /wg z z z z w w
w

                       (5.4) 

Roughness (σ):       2 21
( ') exp ( ') / 2

2
g z z z z 


                  (5.5) 

Information depth (λ):    
1

( ') exp 'g z z z z 


                       (5.6)  
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where w is atomic mixing length, σ is the surface roughness and λ is the information 

depth parameter. With the above three partial resolution function (Eqs. 5.4, 5.5 and 

5.6) depth resolution function g(z-z') can be written as: 

                  ( ') ( ') ( ') ( ')wg z z g z z g z z g z z                  (5.7) 

 

In general, quantitative results of the MRI model are obtained by numerical solution 

of the convolution integral with combining Eq. 5.3 and Eq. 5.7. 

 

Figure 5.4: Schematic definition of the depth resolution, z (84-16%), at a sharp 

interface in the broadening profile and a Gaussian resolution function (red dashed 

line). 

 

With respect to the above-discussed refinements of the DRF in terms of symmetric 

(Gaussian functions) and asymmetric (non-Gaussian functions), it is necessary to 

clarify the contribution to the depth resolution z (16-84%). According to the MRI 

model three physically meaningful effects contribute to the depth resolution function, 

the symmetric contribution to the depth resolution function originates from the 

intrinsic roughness and the surface roughening by ion sputtering, which both are 

described by a Gaussian smearing function (see Eq. 5.5), characterized by its standard 

deviation: the surface roughness parameter σ (zσ
2 

= (2σ)
2 

= (2σo)
2 
+ (2σs)

2
), where σo 

is the intrinsic roughness, σs is the sputter induced roughness. For the asymmetric 
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broadening functions, the atomic mixing is described by an exponential function (see 

Eq. 5.4) and this exponential function is characterized by the atomic mixing parameter 

w (zw = 1.668w); the information depth of the Auger electrons (for AES) is also 

described by an exponential function (see Eq. 5.6) and this exponential function is 

characterized by the information depth parameter  (z= 1.668). These three 

parameters (σ, w and ) are sufficient to characterize the total smearing, z (see Ref. 

[20]). Values for these three parameters may be obtained experimentally and/or 

calculated theoretically (see the section 5.4.1).Hence, on the basis of the MRI model 

fitting parameters, the total depth resolution can approximately be rewritten as [20]:  

 

                       
1/2

2 2 22 1.668 (1.668 )z w                   (5.8)  

with σ, w and  in nm. 

5.4 Results and discussion 

5.4.1 AES depth profiling data reconstruction with MRI model 

The Cu and Ni concentration-sputter depth profiling data of the as-deposited 

polycrystalline Ni/Cu multilayer thin films as measured by AES sputter depth 

profiling with 2 keV Ar
+
 and using sample rotation are shown in Fig. 5.5(a) and Fig. 

5.5(b), respectively, as open circles. The solid line in Fig. 5.5(a) represents the results 

of the fitting obtained with MRI model calculations by minimizing the least mean 

squares with a standard deviation of 5.6%. In the case of sample rotation the 

roughness parameter was taken as depth independence, a contribution of ion 

sputtering induced roughness is negligible [29]. The parameters was used as a 

known constants parameter in the fitting and the other two parameters w and σo were 

determined by MRI fitting the measured data. The Auger electron escape depth 

(effective attenuation length times cos(, where  is the angle of emission of the 

detected electrons) for Cu (922 eV) and Ni (849 eV) were calculated as 1.1 nm and 

1.0 nm, respectively, using the software of the NIST Database82 [30]. The fitted 

atomic mixing length of 1.6 nm agree very well the ion longitudinal range of 1.6 nm 

calculated using SRIM code [31] for an interface between the Cu and Ni sublayers  
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Figure 5.5: (a) The AES measured Cu concentration-depth profiling data (open circle) 

and (b) the measured Ni concentration-depth depth profiling data (open circle) with 

sample rotation 2 keV Ar
+
 sputtering and the best fit to the measured data by the MRI 

model (solid line). Values for the atomic mixing parameter (w), the information depth 

of Auger electrons () and the surface roughness (σo) are shown in (a) and (b). Dashed 

line represents the fitted Cu and Ni layered structure.  
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with 2 keV Ar
+
 ions sputtered at an incident angle of 45° with respect to the normal. 

The value of the fitted roughness parameter in MRI model was obtained as σo = 1.6 

nm, which was the same as the measured RMS Rq values of 1.6 nm by AFM on the 

surface of as-deposited Ni/Cu multilayer as shown in Fig. 5.6. It is noted that the Ni 

concentration-sputter depth profiling data could also be fitted well with the same MRI 

parameters w and σo by only changing the Auger electron escape depth for Ni (849 

eV) to 1.0, as shown in Fig. 5.5(b) as solid line with a standard deviation of 4.6%. The 

fitted Cu and Ni layered structure as shown as dashed line in Fig. 5.5 can be regarded 

as the grown layered structure. Therefore, the thickness values of each Ni and Cu 

sublayer were obtained and are listed in Table 5.2. 

 

 
Figure 5.6: AFM images of the surface topography of the as-deposited Ni/Cu 

multilayer. The corresponding root mean square (RMS) Rq roughness value was 

determined as 1.6 nm. 

 

The Cu concentration-sputter depth profiling data of the Ni/Cu multilayer thin films 

as measured by AES sputter depth profiling with a single ion gun 2 keV Ar
+
 without 

rotation (stationary) are shown in Fig. 5.7(a), as open circles. A close examination of 

Fig. 5.7(a) revealed that the measured maximum/minimum value of each sublayer 

decreased/increased with the sputtered depth. This effect is related to the development 

of the ion bombardment induced roughness for polycrystalline material upon 

stationary depth profiling because of the dependence of the ion sputtering yield on the 

Rq=1.6 nm 
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orientation of the crystal. Indeed, X-ray diffraction measurements, performed in this 

study, indicated that the Ni and Cu films in Ni/Cu multilayer thin films were 

polycrystalline structure with a (111), (200) and (220) orientation texture (see Fig.  

5.1). A significant effect of ion bombardment induced roughness does not occur if 

sample rotation is applied during the sputtering, as demonstrated in Figs. 5.5. The 

measured Cu depth profiling data was fitted with the MRI model (with the least mean 

squares method) and is shown as a solid line in Fig. 5.7(a). The roughness parameter 

σ is regards as a composition of initial roughness and the sputtering induced 

roughness [11, 32]. For simplicity, the sputtering induced roughness is assumed to be 

proportional to the sputtered depth for polycrystalline material upon stationary AES 

depth profile according to Seah and Lea [33]. Therefore, the total roughness could be 

descripted as σ =σo +C*z, where σo is the initial surface roughness, C is a constant and 

z is the sputtered depth. The atomic mixing length (w) and the information depth of 

Auger electrons () were kept the same as for the sample that were rotated (see Fig. 

5.5(a)) and only the linear depth dependence of the roughness (σ) was changed in the 

MRI model. The fitted standard deviation was 3.4% and the fitting parameters values 

are indicated in Fig. 5.7(a). The depth-dependent ion sputtering induced roughness (σs) 

can be calculated from the roughness values determined for the stationary (σ) and 

rotating (σo) samples with (see section 5.3):  

 

                         σ𝑠 = √σ2 − σo
2                           (5.9) 

 

In order to investigate the influence of the dual-ion gun, depth profiling of the Ni/Cu 

multilayer thin films were performed by using dual ion guns with 2 keV Ar
+
 without 

rotation (stationary).The measured Cu concentration depth profiling data (open circles) 

was shown in Fig. 5.7(b). Comparing it with the single ion gun data in Fig .5.7(a), it is 

clear that the last Cu sublayer appear broader with in single ion gun compared to the 

dual-ion gun. This means that dual-ion gun has a better depth resolution. It is noted 

that the measured maximum concentration value of the Cu in sublayer decreased with 

sputter depth see Fig. 5.7(b). The measured depth profiling data could be fitted well 

with MRI model by using a roughness parameter (σ) that increases linearly with 

sputter depth z. The fitted standard deviation was 4.4% and the fitted parameters are 

indicated in Fig. 5.7(b).  
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In order to investigate the influence of the sputtering ion energy on a depth profile, 

depth profile of Ni/Cu multilayer was performed using 1 keV Ar
+
 dual-ion gun 

without rotation (stationary). The measured Cu concentration depth profiling data are 

shown in Fig. 5.7(c) as open circles. Again, in the absence of sample rotation, the 

measured maximum value of the Cu concentration of each sublayer decreased with 

sputter depth. Therefore, the measured depth profiling data was fitted (solid line in 

Fig. 5.7(c)) by the MRI model with assuming a roughness parameter (σ) that increases 

linearly with sputter depth z. The fitted result had standard deviation of 4.8% and the 

fitted parameters are indicated in Fig. 5.7(c).  

 

The fitted Ni/Cu layered structures by the AES depth profiling with sample stationary 

(no rotation) by single ion gun (2 keV Ar+) and dual symmetrical ion gun (2 and 1 

keV Ar+) sputtering are shown as dashed lines in Figs. 5.7(a), Figs. 5.7(b) and Figs. 

5.7(c), respectively, and the corresponding thickness values of each Ni and Cu 

sublayer are listed in Table 5.2. The total film thickness values of Ni/Cu multilayer 

thin films calculated from Table 5.2 are 488.0 nm, 488.5 nm, 488.5 nm and 488.5 nm 

for sample rotation by ion gun 2 keV Ar+ sputtering, sample stationary by dual ion 

gun 2 keV Ar+ sputtering, and sample stationary by dual ion gun 1 keV Ar+ sputtering, 

respectively. These values are very close to the values of 489.5 nm measured by AFM 

cross-section of the as-deposited Ni/Cu multilayer (see Fig. 5.2). The sample rotation 

one was performed with PHI 700 system and sample stationary (no rotation)  

performed with PHI 600 system. This may be the reason why the variation of 

thickness in the different Cu or Ni sublayers exists in the rotation and stationary (no 

rotation). 
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Table 5.2： The thickness values of the Ni and Cu sublayers and total multilayer 

determined by MRI fitting and AFM measurement. 

 
 
 

 

Sublayer 
Ni_1st 

(nm) 

Cu_1st 

(nm) 

Ni_2nd 

(nm) 

Cu_2nd 

(nm) 

Ni_3rd 

(nm) 

Cu_3rd 

(nm) 

Ni_4th 

(nm) 

Cu_4th 

(nm) 

Total  

(nm) 

Rotation 2 keV 59.3 49.1 63.2 49.1 66.5 54.9 72.2 73.7 488.0 

Single gun 2 keV 59.3 49.1 63.4 48.9 67.5 54.7 72.5 73.1 488.5 

Dual gun 2 keV 59.3 49.1 63.4 48.9 67.5 54.7 72.5 73.1 488.5 

Dual gun 1 keV 59.3 49.1 63.4 48.9 67.5 54.7 72.5 73.1 488.5 

AFM        489.5 
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Figure 5.7: AES measured Cu concentration-depth profiling data (open circle) and 

the best fit to the measured data by the MRI model (solid line) for (a) sample 

stationary with single ion gun 2 keV Ar+ sputtering, (b) sample stationary with dual 

ion gun 2 keV Ar+ sputtering, and (c) sample stationary with dual ion gun 1 keV Ar+ 

sputtering. Values for the atomic mixing parameter (w), the information depth of 

Auger electrons (Cu) and the linear depth dependence of the surface roughness (σ) 

with the sputter depth z are shown in (a), (b) and (c). Dashed line represents the fitted 

Cu and Ni layered structure. 
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Table 5.3： Summarised MRI parameters for the best fit to the AES depth profiles 

with and without sample rotation. 

 

MRI parameters 
Mixing length,  

w (nm) 
Auger electron depth 
information, λ (nm) 

Surface roughness, 

σ (nm) 

Rotation  2 keV (Ar+) 1.6 
1.1 (Cu 922 eV) 

1.0 (Ni 849 eV) 
1.6 

Single gun 2 keV (Ar+) 1.6 1.1 (Cu 922 eV) 1.6+0.033×z 

Dual gun  2 keV (Ar+) 1.6 1.1 (Cu 922 eV) 1.6+0.029×z 

Dual gun  1 keV (Ar+) 1.1 1.1 (Cu 922 eV) 1.6+0.026×z 

 

5.4.2 The depth dependence of sputter-induced roughness and depth 

resolution 

The MRI fitted parameters (Mixing length, w, depth information of Auger electron, λ 

and surface roughness, σ) values for the AES depth profiles with and without sample 

rotation are summarized in Table 5.3. With the fitted parameters in Table 5.3 the depth 

resolution z can be calculated with Eq. 5.8 for a sample sputtered with a single ion 

gun (2 keV Ar
+
) without rotation (stationary). The calculated depth resolution z as a 

function of the sputter depth is shown in Fig. 5.8 as a solid line. The fitted roughness 

σ agrees very well with the Rq roughness values measured by AFM at z = 0 nm (the 

solid square denoted in Fig. 5.8) and its corresponding 2σ contribution in the depth 

resolution (see the first term of right side in Eq. 5.8)is presented in Fig. 5.8 as red 

colour dashed lines. The ion sputtering-induced roughness σs has been calculated 

using Eq. 5.9 as a function of sputter depth and its corresponding 2σs  is also 

presented in Fig. 5.8 as blue colour dash-dot-doted lines. As is shown in Fig. 5.8, 

when the sputter depth increases, the values of ion sputtering-induced roughness 2σs 

is closer to the values of depth resolution zThis result implies that the ion 

sputtering-induced roughness contribution was the dominant factor leading to the 

degradation the depth resolution with sputtered depth. It was also note that the MRI 

fitting roughness parameter σsnm at a depth of 489.5 nm was much larger than 

the two parameters w =1.6 nm and =1.1 nm. Similar result that the roughness 

increase with sputtered depth was observed for the polycrystalline Ni thin films 
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sputtered with 5 keV Ar
+
 with an incidence angle of 45° [12]. Wöhner et al. [34] have 

calculated the evolution of the surface roughness of the polycrystalline Al thin films 

with both depth distribution function and the angular distribution function in 

combination with using AFM images at different sputtered depths in AES depth 

profile with Ar
+
 sputtering.  

 

Figure 5.8: The depth resolution z and the fitted roughness parameter , 2σ and ion 

sputtering induced roughness s, 2σs as a function of the sputter depth for the 

as-deposited sample with stationary by single ion gun with 2 keV Ar
+
 sputtering. The 

closed circles and squares represent the values of the depth resolution by 84-16% 

(16-84%) method and the Rq roughness values determined by AFM (see Fig. 5.6), 

respectively. 

 

In additional, the tendency of depth resolution in MRI calculation is in accordance 

with the experimental depth resolution extracted directly from the data with the 84-16% 

(16-84%) method. The experimental depth resolutions are shown as closed circles in 

Fig. 5.8. This conforms further the capability of the MRI model with the linear 

roughness in the Ni/Cu polycrystalline multilayer structure. The calculated z/2 value 

of 15.6 nm at the last Ni/Cu interface (corresponding to a depth of 414.3 nm) for the 

as-deposited sample is less than the thickness of the last sublayer Ni/Cu under present 
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measurement conditions. 

 

The fitted roughness values (σ) and the calculated ion bombardment induced 

roughness values (σs) as a function with sputter depth are shown in the insert in Fig. 

5.9. and Fig. 5.9 respectively, as determined for AES depth profiling performed with 2 

keV Ar
+
 ions sputtering with sample rotation, without sample rotation (stationary) and 

also for, single ion beam and with dual ion beam  sputtering. The initial surface 

roughens seen in Fig. 5.9 the insert is 1.6 nm, which is comparable to the Rq 

roughness values (1.6 nm) measured by AFM (see Fig. 5.6). It can be seen in the Fig. 

5.9 that the ion sputtering induced roughness for AES depth profiling measured with 

dual ion beam less than profiling with single ion beam. This can be explained in terms 

of shadowing and redisposition effects which are diminished wen using dual beam for 

sputtering. This result is similar to the findings of Hofmann and Zalar [35] that the use 

of a dual ion beam will improve the depth resolution of AES depth profiling for Ni/Cr 

multilayer on rough substrates. 

 

The depth resolution (calculated with Eq. 5.9) of AES depth profiling also improve by 

lowering the sputtering energy, this can be seen in Fig. 5.10 where the 1 keV Ar
+
 

sputtering has a better depth resolution than the 2 keV Ar
+
. This is can be explained in 

terms of the low atomic mixing length (w = 1.1 nm) when sputtering with 1 keV Ar
+
 

compared to larger atomic mixing length (w = 1.6 nm) when sputtering 2 keV Ar
+
 

sputtering. In addition, there is a lower the ion sputter induced surface roughness for 

the profiling sputtering with 1 keV Ar
+
 compared to that profiling with 2 keV Ar

+
 (see 

Fig. 5.9). 

 

In general, AES depth profiling with sample rotation yields the best depth resolution 

(the lowest Δz values) because its ion sputtering induced roughness is the lowest. 

Profiling with dual-ion beams has a better depth resolution than sputtering with a 

single ion beam (see Fig. 5.10). The dual-ion cause less ion bombardment induced 

roughness. Profiling with less energetic has a better depth resolution (Fig. 5.10) 

because by decreasing the energy of the bombardment ions will reduce the atomic 

mixing length w (see Table 5.3).  
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Figure 5.9: The ion sputtering induced roughness parameter s as a function of the 

sputter depth for sample rotation with 2 keV Ar
+
 ions sputtering and for sample 

stationary with single ion gun 2 keV Ar
+
 sputtering and with dual ion gun 2 and 1 keV 

Ar
+
 sputtering. Inset: the fitted roughness parameter  
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Figure 5.10: The depth resolution z a as a function of the sputter depth for sample 

rotation with 2 keV Ar
+
 ions sputtering and for sample stationary with single ion gun 

2 keV Ar
+
 sputtering and with dual ion gun 2 and 1 keV Ar

+
 sputtering. Inset: The 

enlarged view of the AES measured Cu depth profiling data of the second Cu/Ni 

interface corresponding to the measurement condition. 

5.6 Summary 

The as-deposited Ni/Cu polycrystalline multilayer thin films were characterized by 

AES depth profiling with sample rotation, without sample rotation (stationary), with 

single ion beam sputtering and dual ion beam sputtering. The measured 

concentration-depth profiles data were quantitative analysed with the MRI model 

assuming that the roughness parameter is linearly increasing with the sputtered depth. 

The roughness values extracted from the depth profiling data fits agreed well with 

those measured by AFM. It was concluded that the depth resolution is smaller when 

profiling with dual-ion beam vs. a single-ion beam. It was also found that profiling 

with a lower ion energy result in a better (smaller) depth resolution. Rotation of the 

sample during ion sputtering had the best (smallest) depth resolution steps of depth 

profiling reduces the ion bombardment induced roughness and avoids a depth 

dependence of the depth resolution.  
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Chapter 6                         

Depth dependence of the ion sputtering 

induced roughness and depth resolution of 

Ni/Cu multilayer thin films by ToF-SIMS 

depth profiling  

 

 

 

 

 

 

 

6.1 Introduction 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a powerful and 

sensitive surface analytical technique to determine detailed elemental and molecular 

information from a surface and/or interface of the sample, and give a full 

three-dimensional analysis. It is particularly useful in the depth profile analysis of thin 

films as analysis of the sputtered matter (secondary ions), which is different from the 

other types of the distinguished depth profile method of the analysis of the remaining 

surface, i.e. Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy 

(XPS) depth profiling. Compared with AES and XPS surface analysis method, the 

SIMS has some advantages: (i) detect ion of parts per million for most elements and 

even parts per billion atomic for certain elements; (ii) isotopes can be distinguished; (iii) 

chemical information can be obtained from relative ion abundances [1]. However, 

SIMS is also a destructive technique with ion beams sputtering where the surface 

constituent materials must be removed. For this case, ion beam sputtering induced the 

surface deformations, such as atomic mixing, radiation-induced diffusion, surface 
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segregation and surface roughness development, leads to affect the measured depth 

profiles [2-5]. Nowadays the surface topographic development during sputter depth 

profiling has been given considerable attention because it plays a key role in 

degradation of the depth resolution [2-6]. 

 

In the previous Chapter (Chapter 5) the MRI model was used to investigate the depth 

resolution of AES depth profiles and how it is effected by different experiment setups 

(sample rotation with single ion beam sputtering, no sample rotation with single ion 

beam sputtering, no sample rotation with dual ion beam sputtering and no sample 

rotation with single ion beam sputtering at different ion energies). In this chapter, the 

influence of the different ion source (O2
+
, Cs

+
 and Xe

+
) and different sputter ion  

energies will be investigated using ToF-SIMS depth profiling of polycrystalline Ni/Cu 

multilayer thin films (the same sample as AES as in Chapter 5). The measured depth 

profiles data were quantitative analysed with the MRI model to account for atomic 

mixing and surface roughness. The surface topography of the crater bottom after 

sputtering with different ion energy and at different sputter depth was measured with 

the AFM. The roughness values obtained from MRI model fitting will be compared 

with those measured by AFM. Ion sputtering induced roughness and depth resolution 

during the ToF-SIMS depth profiling of a polycrystalline Ni/Cu multilayer were 

evaluated according to the MRI model fitting parameters. 

6.2 Experimental 

6.2.1 ToF-SIMS depth profiling measurement  

A detailed description of procedure used for the ToF-SIMS depth profiling 

measurement of the Ni/Cu multilayer thin films have been described in Chapter 4. The 

main points are summarized as follows: ToF-SIMS depth profiling measurements were 

performed by a ToF-SIMS V instrument (Munster, Germany) equipped with a Bismuth 

liquid metal ion gun and gas ion (O2
+
, Cs

+
 or Xe

+
) sputter gun. Both ion gun sources are 

at an angle of 45° with respect to the substrate surface. A 30 keV Bi
+
 analysis beam 

generated by the liquid metal ion gun (LMIG) was used for analyse of a central area in 

the sputtering crater. The size of the analyse area was 100×100 m
2
 and analyse lateral 

resolution was 512×512 pixels. The target current of the analysis beam was maintained 
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as 1.4 pA before and after sputter. The ion source employed to etch through the sample 

was O2
+
 (with 0.5, 1.0 and 2.0 keV ion beam energy), Cs

+
 (with 1.0 keV ion beam 

energy) and Xe
+
 (with 1.0 keV ion beam energy). The raster-ring area was 300×300 

m
2
, which is larger than the analyse area. The sputtering parameters as used in the 

ToF-SIMS depth profiling measurements are summarised in Table 6.1. To ensure 

accurate mass measurements of positive secondary ions the mass spectra were 

calibrated to the masses of H
+
, CH

+
, CH2

+
, Si

+
, SiO

+
, Cu

+
, Ni

+
, Cu2

+
, Ni2

+
, CuCs

+
, 

NiCs
+
, CuCs2

+
 and NiCs2

+
. The measured ToF-SIMS depth profile for Ni

+
 (sputtering 

with O2
+
 and Xe

+
) and NiCs

+
 (sputtering with Cs

+
) was used for the quantitative 

evaluation with the MRI model. 

 

Table 6.1: Summarised sputtering parameters as used in the ToF-SIMS depth profiles 

with different ion species and energy. 

6.2.2 Crater roughness measurements 

The roughness of the bottom of the sputter craters produced in Ni/Cu multilayer films 

was determined with Atom Force Microscope (AFM). Craters measuring 300×300 

m
2
 were produced in Ni/Cu multilayer films by O2

+
 ion sputtering at the different 

energies (0.5, 1.0 and 2.0 keV) and stopped at the 3
rd

 Ni surface and the SiO2 surface. 

The center area of the crater bottom and original surfaces of the as-deposited Ni/Cu 

multilayer films were analysed with using a Shimadzu SPM-9600 AFM in contact 

model. All the AFM images of surface topography measurement were collected using 

the same AFM tip with scan area of 3×3 m
2
. The surface roughness is represented by 

the root mean square (RMS) value Rq of the as-deposited sample surface and after 

Ion Beam 
energy, (keV) 

Ion Beam 
current, (nA) 

Scan area, 

(m2) 

Analysed 

area, (m2) 

Incidence 
angle, (°) 

Sputter rate, 
(nm/min.) 

2.0 (O2
+) 620.5 300×300 100×100 45 60.0 

1.0 ( O2
+) 248.8 300×300 100×100 45 15.7 

0.5 ( O2
+) 99.8 300×300 100×100 45 3.7 

1.0 (Cs+) 76.8 300×300 100×100 45 19.4 

1.0 (Xe+) 18.8 300×300 100×100 45 4.5 
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sputtering in the air ambient condition. 

6.2.3 Conversion of the SIMS intensity-sputter time profile into a 

normalized intensity-sputter depth profile 

In order to apply the MRI model, the measured SIMS intensity- sputter time profiles 

were converted into normalised intensity- sputter depth profiles. The measured SIMS 

intensities was first corrected for instrument drift and then normalised. Instrument 

drift may occur during the long measuring times. The measured intensities can be 

corrected by dividing it with the total ions counted (for a particular mass spectrum): 

 

j 1

i
i n

j

I
I

I


 


                           (6.1) 

 

where Ii is the measured the intensity, 
j 1

n

jI


 is the total measured intensity which 

include all the second ions, 
iI  is the corrected measured intensity of species i ( For 

this study i = Ni
+
 (sputtering with O2

+
 and Xe

+
 ion) and NiCs

+
 (sputtering with Cs

+
 

ion)). The corrected intensities of the Ni
+
 and NiCs

+
 were then normalized to the 

maximum corrected intensity in the profile recorded for the as-deposited Ni/Cu 

multilayer thin films. The sputter time of the ToF-SIMS measured depth profile was 

converted into the sputter depth by assuming a constant sputter rate of Cu and Ni. The 

film thickness of Ni/Cu multilayer was determined as 489.5 nm by AFM measurement 

as shown in Fig. 5.2 in Chapter 5. The average sputter rate for the different measuring 

conditions was calculated and is shown in Table 6.1 (the last column). For example, 

the intensity of CuCs
+
 (NiCs

+
, Si

+
) in ToF-SIMS measured depth profile, sputtered 

with 1.0 keV Cs
+
 ions (see in Fig. 6.1(a)) was also normalized to the maximum of the 

intensity of the as-deposited Ni/Cu multilayer thin film and the sputter time was also 

converted into the sputter depth by assuming a constant average sputter rate (Fig. 

6.1(b)). A three-dimensional (3D) secondary ion images were reconstructed from the 

ToF-SIMS measured depth profiling data for the 1.0 keV Cs
+
 sputtering (see in Fig. 

6.1). The 3D reconstruction images of the 4 Ni layers and 4 Cu layers on the SiO2 
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substrate are shown in Fig. 6.2. From the 3D images it is clear that the Cu and Ni are 

homogeneously distributed latterly in the Cu and Ni layers, respectively.  

 
Figure 6.1: The ToF-SIMS depth profiling measured data of the as-deposited Ni/Cu 

multilayer thin films with 1.0 keV Cs
+
 for (a) intensity vs. sputter time and (b) 

normalized intensity vs. sputter depth. 
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Figure 6.2: Reconstructed 3D image (300×300 m
2
) from a ToF-SIMS depth profile 

of the as-deposited Ni/Cu multilayer thin film. A 1.0 keV Cs
+
 ion beam was used for 

bombardment and depth profiling data shown in Fig. 6.1. 

 

6.3  Results and discussion 

6.3.1 SIMS depth profiles under different energies O2
+
 ions sputtering   

Fig. 6.3(a) shows the ToF-SIMS measured intensity depth profiling data of Ni
+
, Cu

+
 

and SiO
+
 positive ions obtained for the as-deposited Cu/Ni multilayer thin film with 

O2
+
 ion sputtering at the 1.0 keV without sample rotation. From the Fig. 6.3(a) it is 

clear that the maximum value of the Cu
+
 intensity of the last (deepest) Cu sublayer is 

much higher than that of the other Cu sublayers. This is caused by the matrix effect 

caused by the deepest Cu sublayer near SiO2 substrate layer (see AES depth profile 

data as shown in Fig. 5.3 in Chapter 5). This matrix effect in SIMS means a strong 

dependence of secondary ion emission on composition, in particular, the oxygen it can 

significantly influence the ionization yield of secondary metal ions sample [7]. In 

additional, the maximum of Ni
+
 intensity in the first Ni sublayer shown in Fig. 6.3(a) 

is significantly lower than that of the other sublayers. This can be discussed as follows. 

By sputtering with the O2
+
 ions, the elements (including Ni, Cu and contamination) on 

the surface react with oxygen and form oxide compounds, such as carbon oxide, 

sodium oxide, nickel oxide, copper oxide and silicon oxide and so on. The nickel and 

copper formed small nickel oxide and copper oxide islands during the O2
+
 ions 

sputtering by the reaction of nickel and copper with oxygen. This have been observed 

with XPS for the Ni/Cr multilayer thin film under the O2
+
 ion sputtering by Moon and 
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Kim in Ref.[4]. However, a constant ion yield during O2
+
 ions sputtering will only 

occur after the contamination elements from the initial surface have been sputtered 

away and a stationary state has been reached. As a result that the Ni
+
 intensity value 

for the first sublayer can be lower than that for the other sublayers. This result also 

can be found in Figs. 6.3(c) and 6.3(d) with O2
+
 ions sputtering but not in Fig. 6.1(a) 

with Cs
+
 ions sputtering. 

 

In order to examine the ion energy effect on a ToF-SIMS depth profile, depth profiles 

of Ni/Cu multilayer thin films were created using 2.0 keV, 1.0 keV and 0.5 keV O2
+
 

ions in a ToF-SIMS. The normalized Ni
+
 intensity- depth profiles data for 2.0 keV, 1.0 

keV and 0.5 keV O2
+
 sputtering are plotted as open circles in Fig. 6.3(b), Fig. 6.3(c) 

and Fig. 6.3(d), respectively. By comparison is it is clear that for a particular depth 

profile there is a broadening of the Cu\Ni interfaces with depth. It is also clear the 

broadening is more severe for higher sputtering energies. To quantify the influence of 

the different sputter energies on a ToF-SIMS depth profile, the Ni
+
 intensity of the 

depth profile were reconstructed with the MRI model. The MRI model was developed 

by Hofmann [8] and is one of the few models (the maximum entropy reconstruction 

based on the response function by Dowsett et al [9] and semi-empirical models 

considered atomic mixing and preferential sputtering by King et al [10]) describing the 

quality reconstruction of SIMS depth profiles. These models are all based on a 

so-called depth resolution function, which is used to describe the distortion of the 

measured depth profiles as compared to the true depth profiles. In the MRI model, the 

depth resolution function g(z-z') can be taken into account three physically meaningful 

effects: (i) atomic mixing, (ii) surface/interface roughness and (iii) information depth. 

The three effects in the MRI model are described by [8, 11, 12]: 

 

Mixing length (w):     
1

( ') exp ' /wg z z z z w w
w

                       (6.2) 

Roughness (σ):       2 21
( ') exp ( ') / 2

2
g z z z z 


                  (6.3) 

Information depth (λ):    
1

( ') exp 'g z z z z 


                       (6.4) 
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where z is the sputtered depth and z' is the running depth parameter, w is atomic 

mixing length, σ is the surface roughness and λ is the information depth parameter. 

With the above three partial resolution function (Eqs. 6.2, 6.3 and 6.4) depth 

resolution function g(z-z') can be written as: 

 

( ') ( ') ( ') ( ')wg z z g z z g z z g z z                  (6.5) 

 

In sputter depth profiling, the measured and normalized intensity I(z)/Io can be 

described as the convolution of the true concentration X(z') at the original depth z' in 

the sample and a depth resolution function g(z-z') (Eq. 6.5) [12]: 

 

                      
0

0

( )
( ') ( ') '

I z
X z g z z dz

I



                          (6.6) 

 

If the original in depth distribution of composition is known, like here, these three 

parameters in MRI model can be obtained by optimization of profile fitting with 

numerical solution of the convolution integral with combining Eq. 6.5 and Eq. 6.6. 

 

A close examination of Fig. 6.3(b), Fig. 6.3(c) and Fig. 6.3(d), it was found that the 

measured maximum/minimum value of the 2
nd

-4
th

 Ni sublayer decreased/increased 

with the sputtered depth. This effect is related to the development of the ion sputtering 

induced roughness (σs) for polycrystalline material upon stationary depth profiling 

due to the dependence of ion sputtering yield on the orientation of the crystal. In fact, 

the Ni/Cu multilayer thin films studied in this chapter were polycrystalline structure 

with a (111), (200) and (220) orientation texture (shown by XRD data in Fig. 5.1 in 

Chapter 5). Consequently, the roughness parameter σ is regarded as a composition of 

initial roughness and the sputtering induced roughness [13, 14]. For simplicity, the 

sputtering induced roughness was assumed to be proportional to the sputtered depth for 

polycrystalline material upon stationary depth profiling according to Seah and Lea [15]. 

Therefore, the total roughness could be written as  

 

                             𝜎 = 𝜎0 + 𝐶𝑧,                          (6.7) 
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where σo is the initial surface roughness, C is a constant and z is the sputtered depth.  

 

The information depth parameter (λ) in MRI model fitting can be set to zero for SIMS 

due to the SIMS analysis of the sputtered matter (secondary ions) [14]. The atomic 

mixing length (w) and the linear depth dependence of the roughness (σ) was used to fit 

the SIMS measured depth profile data with the MRI model. The solid line in Fig. 

6.3(b-d) represents the best fit to the measured data by the MRI model. The fitting 

values for the atomic mixing parameter (w), the information depth () and the surface 

roughness (σ) are indicated in Fig. 6.3(b-d) and is also listed in Table 6.2. The fitted 

standard deviation was about 5% as is shown in the last column of Table 6.2. 

  

Based on the above discussion, the depth-dependent ion sputtering induced roughness 

(σs) can be calculated from the fitting roughness (σ) for a stationary sample sputtering 

(no rotation) with an initial surface roughness (σo) [16]:  

 

                         σs = √σ2 − σo
2                           (6.8) 

 

The calculation results of the sputtering induced surface roughness σs are discussed 

further in the next section.  
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Figure 6.3: (a) The measured intensity-sputter time data of as-deposited Cu/Ni 

multilayer thin films obtained by ToF-SIMS depth profiling with 1.0 keV O2
+
. The 

normalized Ni
+
 intensity-sputter depth profiling data (open circle) obtained by 

ToF-SIMS depth profiling with 2.0 keV O2
+
 in (b), 1.0 keV O2

+
 in (c) and 0.5 keV O2

+
 

in (d). The solid line in Fig. 6.3(b), (c) and (d) represent the best fit to the measured 

data by the MRI model and the fitted values for the atomic mixing parameter (w), the 

information depth () and the surface roughness (σ) are indicated in Fig. 6.3(b), (c) 

and (d). 
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Table 6.2: Summarized MRI parameters for the best fit to the ToF-SIMS depth 

profiling data obtained with O2
+
 ion sputtering at different ions energies (2.0, 1.0 and 

0.5 keV).  

 

MRI parameters 
Mixing 

length, w 
(nm) 

information depth, 
λ (nm) 

Surface 
roughness, σ (nm) 

Standard deviation 
(at.%) 

2.0 (O2
+) 2.6 0 1.6+0.079×z 4.1 

1.0 (O2
+) 1.7 0 1.6+0.053×z 4.2 

0.5 (O2
+) 1.1 0 1.6+0.016×z 5.0 

AES Rotation 1.6 1.0 (Ni 849 eV) 1.6 5.4 

 

 

 

 
Figure 6.4: AFM images of the surface topography of the as-deposited Ni/Cu 

multilayer thin films. The corresponding RMS Rq roughness value was determined as 

1.6 nm. 
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It is well-known that the depth resolution in SIMS depth profile is invariably limited 

by effects such as surface roughening and atomic mixing. [2-5] In order to understand 

the influence of the surface roughness development with the different energies O2
+
 

ions bombardment for Ni/Cu multilayer, the roughness of the bottom of the sputter 

craters produced in Ni/Cu multilayer was measured with AFM. Craters measuring 

300×300 m
2
 were produced in Ni/Cu multilayer by O2

+
 ion bombardment at the 

different energies (2.0, 1.0 and 0.5 keV) and stopped at the 3
rd

 Ni surface and the SiO2 

surface. The images shown in Fig. 6.5 are AFM topographical images (3×3m
2
) 

recorded inside the sputtered crater of the as-deposited Ni/Cu multilayer thin films 

were sputtered by O2
+
 ions with energy of 0.5, 1.0 and 2.0 keV. The images on the left 

are recorded at a sputtering depth of 222 nm (the surface of 3
rd

 Ni sublayer) and the 

one on the right are 490 nm (SiO2 surface) corresponding to the depth profiles in Fig. 

6.3. On comparing no microstructures at the surface of the as-deposited sample before 

sputtering (shown in Fig. 6.4.), it was found that small particles type topographies 

begin to be formed at the sputtering depth of 222 nm (the surface of 3
rd

 Ni sublayer) 

with 0.5 keV O2
+
 ion sputtering in Fig. 6.5(a). The sizes of the particles increase with 

further sputtering depth of 490 nm (SiO2 surface) as shown in Fig. 6.5(b). In 

additional, the sizes of the particles increase with higher energies sputtering as shown 

in Fig. 6.5(c) and Fig. 6.5(e). It should be noted that the shape of the terraces is clearer 

at the deeper depth with higher energy O2
+
 ion sputtering and the sizes also increase 

with sputter depth in Fig. 6.5(d) and Fig. 6.5(f). The roughness RMS values Rq are 

also shown in Fig. 6.5 and it clear that the roughness increase with sputtered depth 

and it also increasing with sputtering energy. The AFM results are in agreement with 

the measured SIMS depth profiling data in Fig. 6.3, indicating that the roughening of 

the surface broadens the SIMS Ni
+
 layer at deeper depth and high bombardment 

energy. This clearly shows that surface roughening is a direct cause for the 

degradation in the SIMS depth profiles. The degradation in the SIMS depth profile 

may also be affected by the atomic mixing apart from the change in topography. 

Similar result that the roughness increase with sputtered depth was observed with 

AFM and SIMS depth profiles for a Si/SiGe heterostructure multilayer thin film [2].  

Fares et al. [6] have studied the evolution of the surface roughness as a function of 

sputter depth of the boron δ-doped Si thin films with using AFM and SIMS depth 

profiles sputtered with 0.5 and 1.0 keV O2
+
 at an incidence angle of 44° (54°).  
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In order to understand the influence of the atomic mixing at the different primary 

energies O2
+
 ions bombardment for Ni/Cu multilayer, SRIM simulations [17] were 

carried out with the different energies of (0.5, 1.0 and 2.0 keV) O2
+
 ion beam 

irradiation of three layers (3 nm Ni / 3 nm Cu / 3 nm Ni) at an incident angle of 45° 

with respect to the surface normal. The simulation results show that the number of 

vacancies per ion created by O2
+
 ions increases with 12.8, 26.0 and 51.1 when 

primary energy increase with 0.5, 1.0 and 2.0 keV, respectively. These numbers are 

related to both the sputter yields from the surface as well as to the transmission and 

atomic mixing at the interfaces. The calculated sputter yield of Ni for O2
+
 increases 

with 2.2, 3.4 and 4.6 at/ion. These results correspond with the average sputtering rates 

of 3.7, 15.7 and 60.0 nm/min. for sputtering energies of 0.5, 1.0 and 2.0 keV, 

respectively (see in the last column in Table 6.1). The simulation results shows the 

amount number of the Ni atomic layer mixing in Cu layer target increase with the 

sputter energy from 0.5 keV to 2.0 keV with O2
+
 ions bombardment. And the values 

of mixing length with ion longitudinal range are 1.0, 1.6 and 2.5 nm at the interface 

between the Ni and Cu sublayers with 0.5, 1.0 and 2.0 keV O2
+
 ions, respectively. 

And these results are much closed with the atomic mixing length parameters 

determined by MRI fitting as shown in Table 6.3. 

 

 

 

Table 6.3: Summarized the atomic mixing length parameters determined by MRI 

fitting and SRIM simulation at different ion primary energy 0.5, 1.0 and 2.0 keV.  

 

Ion primary energy (keV) 0.5 (O2
+) 1.0 (O2

+) 2.0 (O2
+) 

MRI fitting (nm) 1.1 1.7 2.6 

SRIM simulation (nm) 1.0 1.6 2.5 
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Figure 6.5: AFM images of the surface topography of the centre of the sputtered 

crater of the as-deposited Ni/Cu multilayer thin films with O2
+
 ions sputter at different 

energy and at different sputter depth: (a) 222 nm (3
rd

 Ni surface) with 0.5 keV O2
+
, (b) 

490 nm (SiO2 surface) with 0.5 keV O2
+
,(c) 222 nm (3

rd
 Ni surface) with 1.0 keV O2

+
, 

(d) 490 nm (SiO2 surface) with 1.0 keV O2
+
,(e) 222 nm (3

rd
 Ni surface) with 2.0 keV 

O2
+
, and (f) 490 nm (SiO2 surface) with 2.0 keV O2

+
. 

 

Rq = 3.4 nm Rq = 7.4 nm 

Rq =12.8 nm Rq =18.6 nm 

Rq =19.5 nm Rq =32.6 nm 
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With the fitted MRI model parameters in Table 6.2, the fitted roughness parameter  

as a function of the sputter depth are presented in Fig. 6.6 for ToF-SIMS depth profile 

sputtered with O2
+
 ions at different energies 0.5, 1.0 and 2.0 keV and compared to 

AES depth profile with sample rotation sputtered with 2.0 keV Ar
+
 ions. The 

roughness RMS values Rq measured with AFM in the sputtered crater at 222 nm (the 

surface of 3
rd

 Ni layer) and 490 nm (the surface of SiO2 layer) are also plotted in the 

Fig. 6.6 as solid circles. Fig. 6.6 shows the same initial surface roughens with the 

value of 1.6 nm, which is closed to the Rq roughness values measured by AFM in Fig. 

6.4. Compared with the values and trends obtained for the MRI roughness parameter 

and that obtained from the AFM roughness parameter Rq, the MRI roughness 

parameter is systematically larger than the AFM measured values. This deviation may 

be explained by: Firstly, the finite size and shape of the tip that effect limits the 

roughness values measured by AFM. [2] Secondly, the MRI fitted roughness 

parameter is not only related to surface roughness but it relates to a combination of 

roughness and mixing.  

 

The ion sputtering induced roughness parameter (s has been calculated with Eq. 6.8 

as a function of the sputtering depth for ToF-SIMS depth profiling with O2
+
 ions 

sputtering at different energies (0.5, 1.0 and 2.0 keV) and is plotted in Fig. 6.7. From 

Fig. 6.7 is clear the ion sputtering induced roughness caused by sputtering is the 

lowest for 0.5 keV O2
+
 ions sputtering and the highest for 2.0 keV O2

+
 ion sputtering. 

It is similar to the result that Rar et al [18] have observed that the roughness increased 

with an increase in ion energy. It should also be note that the MRI fitting roughness 

parameter σsnm at the depth of z =490 nm was much larger than the other two 

parameters (w=2.6 nm and =0 nm) for ToF-SIMS depth profile with 2.0 keV O2
+
 ion 

sputtering. This implies that the ion sputtering-induced roughness is the dominant 

factor that contributes to degradation the depth resolution with sputtered depth. 
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Figure 6.6: The fitted roughness parameter  as a function of the sputter depth for 

ToF-SIMS depth profile with O2
+
 ion sputtering at different energies 0.5, 1.0 and 2.0 

keV in combination with AES depth profile with sample rotation and 2.0 keV Ar
+
 ion 

sputtering. And the roughness RMS values Rq measured by AFM after sputter crater 

of the sputtered depth position of 222 nm (3
rd

 Ni surface) and the 490 nm (SiO2 

surface) with 0.5, 1.0 and 2.0 keV O2
+
. 

 

Figure 6.7: The ions sputtering induced roughness parameter s as a function of the 

sputter depth for ToF-SIMS depth profile with O2
+
 ion sputtering at different energies 

0.5, 1.0 and 2.0 keV. 
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The quality of a SIMS depth profiling experiment is characterized by the so-called 

depth resolution z, which is defined conventionally as the depth range over which a 

signal intensity (elemental concentration) change from 16% to 84% (or 84% to 16%) 

upon crossing the interface between two layers[11,12]. In the MRI model three 

physically meaningful effects are considered to contribute to the depth resolution 

function, (i) a symmetric contribution to the depth resolution function originates from 

the intrinsic roughness, (ii) the ion sputter induced surface roughening; which both are 

described by a Gaussian smearing function (Eq. 6.4 that is characterized by a standard 

deviation- the surface roughness parameter σ ((zσ)
2 

= (2σ)
2 

= (2σi)
2 

+ (2σs)
2
 where σi 

is the intrinsic roughness, σs is the sputter induced roughness) and (iii) the asymmetric 

broadening due to atomic mixing which is described by an exponential function (Eq. 

6.3 that is characterized by the atomic mixing parameter w (zw = 1.668w)),. The 

information depth for SIMS measurements can be set to zero therefore the total depth 

resolution used in the MRI model can be rewritten as [19]:  

 

                           
1/2

2 2
2 1.668z w                       (6.9) 

 

Using the MRI model and the fitted parameters listed in Table 6.2 the depth resolution 

z was calculated (as function of sputter depth) with Eq. 6.9, for SIMS depth profile 

with O2
+
 ion sputtering at different ion energies (0.5,1.0 and 2.0 keV) see Fig. 6.8. 

SIMS depth profiling with the lowest sputtering energy had the best depth resolution 

and the highest sputtering energy had the worst depth resolution (Fig. 6.8). This can 

be explained by the mixing length (w) and ion bombardment induced roughness 

which is the smallest for the lowest sputtering energy.  

 

Comparing the depth resolution (Δz values) of the SIMS depth profile with 0.5 keV 

O2
+
 ion sputtering to AES depth profiling with sample rotation and 2.0 keV Ar

+
 ion 

sputtering it is clear that SIMS depth profiling has a better depth resolution that the 

AES depth profiling when the sputtered depth is lower than 37.4 nm. This can be 

explained by (i) the smaller atomic mixing length (w) of 1.1 nm for the 0.5 keV O2
+
 

ions sputtering compared to the 1.6 nm mixing length for the 2.0 keV Ar
+
 ions 

sputtering and (ii) the information depth (λ) which is 0 nm in SIMS and 1.1 nm for the 

Cu 922 eV peak in AES. When the sputtered depth is more than 37.4 nm, the depth 
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resolution (Δz) for AES depth profiling is smaller than that of the SIMS depth 

profiling. The reason for this is the ion sputtering induced roughness in the SIMS 

depth profile (without sample rotation) increase with sputtered depth where, for the 

AES depth profiling (with rotation) the ion sputtering induced roughness is effectively 

restrained form increasing with the sputtered depth.  

  

 

Figure 6.8:The depth resolution z as a function of the sputter depth for ToF-SIMS 

depth profile with O2
+
 ion sputtering at different energy (0.5, 1.0 and 2.0 keV) in 

combination with AES depth profile with sample rotation at 2.0 keV Ar
+
 ion 

sputtering.   

 

6.3.2 SIMS depth profiles with Cs
+
 and Xe

+
 ions sputtering at 1.0 keV 

In this section, the influence that different ion species (used for depth profiling) have on 

the quality of a depth profile will be discussed. For this study the Ni/Cu multilayer were 

profiled in the ToF-SIMS with O2
+
, Cs

+
 and Xe

+
 ions, all with a sputtering energy of 1.0 

keV.  In Fig. 6.9(a) and (b) the normalized intensity (open circles) depth profiles for 

1.0 keV Cs
+
 and 1.0 keV Xe

+
 sputtering are plotted, respectively. In order to understand 

the effect of the different ion species on a depth profile, the measured (normalized) 
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depth profiles were reconstructed (fitted) with the MRI model. These MRI fits (for a 

stationary sample) are also shown in Fig. 6.9 as a solid line. Since the sample was 

stationary during sputtering it was assuming that the roughness parameter (σ) increase 

linearly with sputter depth z. The fitted MRI parameters, the atomic mixing parameter 

(w), the information depth () and the surface roughness (σ), are also summarized in 

Table 6.4. The fitted MRI parameters for the AES depth profile with sample rotation 

and sputtered with 2.0 keV Ar
+
 ion are also listed in Table 6.4 for comparison.  

 

The fitted roughness parameter  as a function of the sputter depth are presented in 

Fig. 6.10 for ToF-SIMS depth profiling with O2
+
, Cs

+
 and Xe

+
 ions (all sputtering was 

at 1.0 keV). For comparison the roughness parameter  as a function of the sputter 

depth for AES depth profiling with sample rotation and sputtering with 2.0 keV Ar
+
 

ion is also shown in Fig. 6.10. In Fig. 6.10 can be seen that all the depth profiles have 

the same initial surface roughness value of 1.6 nm, which is similar to the Rq 

roughness values measured by AFM in Fig. 6.4. The ion sputtering induced roughness 

parameter s has been calculated with Eq. 6.8 as a function of the sputter depth for 

ToF-SIMS depth profiling with O2
+
, Cs

+
 and Xe

+
 ions (all sputtering at the same 

energy 1.0 keV) and plotted in Fig. 6.11. In general, the ion sputtering induced 

roughness (sincrease as the sputter depth increase. From Fig 6.11 it is seen that the 

sputtering induced roughness s for 1.0 keV Cs
+
 ion sputtering is the lowest and that 

the 1.0 keV O2
+
 ion sputtering has the highest roughness values. This may be because 

that the atomic mixing length w = 1.1 nm for 1 keV Cs
+
 compared with atomic mixing 

length value of w = 1.6 nm in the 1 keV O2
+
 ions sputtering, which is related to the 

SRIM simulation results. Moreover, the small nickel oxide islands (or copper oxide) 

will be formed during the O2
+
 ions sputtering by the reaction of nickel (or copper) 

with oxygen [4]. This will enhance the sputtering induced roughness with the O2
+
 ion 

sputtering.  
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Based on the MRI model fitted parameters listed in Table 6.4, the depth resolution z 

was calculated (by Eq. 6.9) for ToF-SIMS depth profiling with O2
+
, Cs

+
 and Xe

+
 ion 

sputtering at 1.0 keV. The calculated resolution z is shown in Fig. 6.12 as a function 

of the sputtered depth, also shown is the resolution z for the AES depth profiling 

with sample rotation and sputtered with 2.0 keV Ar
+
 ion. The depth profiling with 1.0 

keV Cs
+
 ion sputtering had the best depth resolution followed by 1.0 keV Xe

+
 ion 

sputtering and then 1.0 keV O2
+
 with the worst depth resolution (see Fig. 6.9). This is 

explained in terms of atomic mixing length w and the ion bombardment induced 

roughness s. Comparing the SIMS depth profile (1.0 keV Cs
+
 ion sputtering) to AES 

depth profiling with sample rotation and sputtered with 2.0 keV Ar
+
 ion, it is clear that 

the depth resolution (Δz values) for the SIMS depth profile is initially better than the 

AES depth profiling. This is explained by the lower atomic mixing length w=1.1 

compared to w=1.6 nm for AES; and also the information, that is zero for SIMS 

compared to the 1.1 nm for AES.  

 

 

 

Table 6.4: Summarized MRI parameters for the best fit on the ToF-SIMS depth 

profiling data obtained with O2
+
, Cs

+
 and Xe

+
 ions sputtering at the same energy (1.0 

keV).  

 

MRI 
parameters 

Mixing 

length,  
w (nm) 

information depth, 
 λ (nm) 

Surface 

roughness,  
σ (nm) 

Standard deviation 
(%) 

1.0 ( O2
+) 1.7 0 1.6+0.053×z 4.1 

1.0 (Cs+) 1.1 0 1.6+0.004×z 6.2 

1.0 (Xe+) 1.2 0 1.6+0.013×z 6.8 

AES Rotation 1.6 1.1 (Cu 922 eV) 1.6 5.4 
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Figure 6.9: ToF-SIMS measured NiCs
+
 (or Ni

+
) normalized intensity vs. depth 

profiling data (open circles) of as-deposited sample and the best fit to the measured 

data by the MRI model for (a) 1.0 keV Cs
+
 ion sputtering and (b) 1.0 keV Xe

+
 ions 

sputtering. The fitted values for the atomic mixing parameter (w), the information 

depth () and the surface roughness (σ) are indicated in Fig. 6.9(a) and (b). 
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Figure 6.10: The fitted roughness parameter  as a function of the sputter depth for 

ToF-SIMS depth profile with O2
+
, Cs

+
 and Xe

+
 ions sputtering at the same energy of 

1.0 keV in combination with AES depth profile with sample rotation with 2.0 keV Ar
+
 

ion sputtering. 

 
Figure 6.11: The ion sputtering induced roughness parameter s as a function of the 

sputter depth for ToF-SIMS depth profile with O2
+
, Cs

+
 and Xe

+
 ions sputtering at the 

same energy of 1.0 keV. 
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Figure 6.12: The depth resolution z as a function of the sputter depth for ToF-SIMS 

depth profile with O2
+
, Cs

+
 and Xe

+
 ions sputtering at the same energy of 1.0 keV in 

combination with AES depth profile with sample rotation with 2.0 keV Ar
+
 ion 

sputtering.  

6.4 Summary 

The as-deposited Ni/Cu polycrystalline multilayer thin films were characterized by 

ToF-SIMS depth profiling with different ion species (O2
+
, Cs

+
 and Xe

+
) and with 

different sputtering energies. The measured depth profiles data were quantitatively 

analysed by the MRI model, assuming that the roughness parameter is linearly 

increasing with the sputtered depth for a stationary sample. The MRI fitted roughness 

parameters obtained for the ToF-SIMS depth profiling compared well with the 

root-mean-square roughness obtained from the AFM topography scans of crater 

bottom. Ion sputtering induced roughness and depth resolution during ToF-SIMS 

depth profiling of a polycrystalline Ni/Cu multilayer were evaluated. The results 

indicated that the depth resolution is noticeably better for depth profiling with lower 

primary ion energies, which can be credited to the lowest ion sputter induced 

roughness and the smallest atomic mixing length. Depth profiling with Cs
+
 ion 

sputtering had the best depth resolution compared to Xe
+
 and O2

+
 ion sputtering. The 
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initial depth resolution of ToF-SIMS depth profile with 1.0 keV Cs
+
 ion sputtering is 

also better that AES depth profiling with sample rotation and 2.0 keV Ar
+
 ion 

sputtering. 
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Chapter 7                   

Interdiffusion in the Ni/Cu multilayer thin 

films 

 

 

 

 

 

 

 

7.1 Introduction 

Ni/Cu multilayer has been extensively studied for their magnetic, mechanical, optical 

properties and surface segregation [1-5]. These physical properties depend critically on 

interfaces and require a good control on the evolution of composition under heat 

treatment. Understanding of how interdiffusion proceeds in these nano-multilayers 

should therefore improve these practical aspects, which differ from those of bulk 

materials and single-layer thin films [6]. For example, Ni and Cu atoms interdiffused in 

the monolayer regime within the first atomic layers when Ni was deposited on a Cu(001) 

single crystal at room temperature, where the Ni diffused beneath the first copper 

layer[7, 8]. In addition, the diffusion in polycrystalline thin films is much faster than 

that in bulk materials due to the high density of defects such as dislocations, vacancies, 

and grain boundaries, which act as a short-cut for diffusion. Therefore, the diffusion in 

polycrystalline thin films cannot be described by extrapolating diffusion parameter 

obtained for bulk materials at higher temperatures. 

 

The Auger electron spectroscopy (AES) depth profiling technique is one of the most 

commonly used methods for the study interdiffusion in multilayers due to its high 

surface sensitivity. In the past decades, several methods have been proposed to extract 
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the interdiffusion coefficient from AES depth profiles. For example: the plateau-rise 

method [9], the center-gradient method [10], and the interface-width method [11] for a 

bilayer sample and a Fourier series method for a multilayer sample [12]. In these four 

methods, only parts of the measured depth profile are used for extracting the 

interdiffusion coefficient. Recently, based on the Mixing-Roughness-Information depth 

(MRI) model [13], a new method for fitting the entire measured AES depth profile has 

been proposed [14] and is widely used to extract the interdiffusion coefficient in 

layered structures [15-18]. The MRI model considers three physical effects, atomic 

mixing, the escape depth of Auger electrons and surface roughness, which distort a 

measured depth profile and reconstruct the true depth profile. For case where the 

diffusion-induced concentration profile can be described as a Gaussian function of an 

initial concentration profile, it is possible to extract the values of interdiffusion 

coefficient from the roughness parameters obtained by fitting the measured depth 

profile with the MRI model. 

 

This chapter is to demonstrate how to determine the interdiffusion coefficients in Ni/Cu 

multilayer structures by fitting the AES depth profiles by using the MRI model and 

assuming a linear roughness with sputter depth. The fitting roughness values are 

compared with those measured by AFM. And the depth-dependent interdiffusion 

coefficients of the annealed samples and depth resolution upon depth profiling of the 

as-deposited sample are quantitatively evaluated accordingly. 

7.2 Experimental 

7.2.1 Sample preparation and heat treatment 

The detailed procedures for preparation of the Ni/Cu multilayer on SiO2 substrates 

have been described in Chapter 3. The main procedure can be summarized as follows. 

The Ni/Cu multilayer structures composed of four pairs of Cu and Ni sublayers were 

prepared by electron beam physical vapour deposition onto passivated (SiO2) silicon 

(100) substrates at a base pressure of <7×10
-6

 Torr. The deposition rates were ~0.4 

nm/s for nickel and ~0.7 nm/s for copper, respectively. The thickness of each sublayer 

was monitored by an Inficom XTC thin film monitor and the thickness of each 

sublayer is shown in the sketch Fig. 7.1. The samples were then annealed at 325 ºC, 
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350 ºC and 375 ºC for 30 min, respectively, in a high vacuum tube furnace at the base 

pressure of < 5×10
-6

 Torr. After annealing, the sample was left to cool down to room 

temperature in the furnace at the same pressure. 
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11nm 

Cu 

15 nm 

Ni 
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Ni 

14 nm 
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Figure 7.1: The sketch of the Ni/Cu multilayer structures composed of four pairs of 

Cu and Ni sublayers. 

7.2.2 Sample characterization and AES depth profile measurement 

Atomic force microscopy (AFM) images and surface roughness measurements were 

obtained from a Shimadzu SPM-9600. The topographies measured by AFM are 

shown in Fig. 7.2(a) for the surface of the as-deposited sample and in Fig. 7.2(b) for 

the crater centre for sample sputtered at a depth of 100 nm (substrate SiO2 surface), 

respectively. The corresponding root mean square (RMS) roughness values were 

determined as 0.91 nm and 5.54 nm, respectively. Hence, the roughness value 

increased with the sputtered depth upon depth profiling. 

 

The AES depth profiles of the as-deposited and annealed samples were measured 

using a PHI 600 Scanning Auger Microscope at a base pressure < 10
-9

 Torr. A static 

primary electron beam of 10 keV and beam current of 200 nA with beam size 

diameter of 9.2m was used. Ion sputtering was performed with 2 keV Ar
+
 ions at an 

incidence angle of 40°with respect to the sample surface normal, the beam current 

density was 0.127 A/m
2
 with a raster area of 2×2 mm

2
. The Auger peak-to-peak 

heights (APPH) were recorded as a function of sputtering time for Ni(718 eV), 

Cu(922 eV), C(275 eV), O(510 eV) and Si(96 eV). The average sputter rate of the 

Ni/Cu multilayer was 3 nm/min. determined by the as-deposited reference Ni/Cu 

bilayer thin films. The thicknesses value of Cu and Ni layers on the reference, shown 
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in Fig. 7.3 and Fig. 7.4, were ~28 nm and ~52 nm and the sputtering time were 550 s 

and 1050 s, respectively. 

 

 

Figure 7.2: AFM images of (a) the surface of the as-deposited sample and (b) the 

crater center for sample sputtered at the depth of 100 nm (substrate SiO2 surface). The 

corresponding root mean square (RMS) roughness values were determined as 0.91 

and 5.54 nm, respectively. 

(a) 

(b) 
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Figure 7.3: The Auger map image of the cross-section of reference Ni/Cu bilayer thin 

film. 

 
Figure 7.4: The measured AES depth profile data of reference Ni/Cu bilayer thin 

film. 

Cu sublayer thickness ≈28 nm 

Ni sublayer thickness ≈ 52 nm 

= 28 nm 

= 80 nm 
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Figure 7.5: The measured AES depth profile data of as-deposited Ni/Cu multilayer 

thin film. 

 

7.2.3 Conversion of the intensity-sputter time profile into a 

normalized APPH depth profile 

According to the standard Auger spectra of pure Cu and Ni [19], the range of Ni 

peaks overlapped with the Cu Auger peaks except for the Cu 922 eV peak. The 

measured APPH with sputter time of the as-deposited Ni/Cu multilayer thin films is 

shown in Fig. 7.5. The Cu APPH was then normalized to the maximum of the Cu 922 

eV APPH in the as-deposited sample. The time scale was converted into the depth 

scale using the obtained average sputtering rate of 3 nm/min (see section 7.2.2). The 

measured and normalised depth profiles are shown in Fig. 7.6 for the as-deposited and 

annealed samples. 
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7.3 The MRI model 

The Mixing-Roughness-Information depth (MRI) model is a theoretical description of 

the depth resolution function (DRF) taking into account atom mixing, sputter-induced 

surface roughness and information depth. The model developed by Hofmann was first 

given in reference [13]. Since then, numerous extensions were developed to enable its 

applicability for preferential sputtering [14], non-stationary mixing, information depth 

as well as for non-Gaussian roughness [15,16], and the analytical depth resolution 

function for thin delta layer [17]. Often the distortion of the measured depth profile as 

compared to the true concentration-depth profile is described by a so-called depth 

resolution function, which represents the broadening of the measured concentration 

depth profile upon depth profiling. In the sputter depth profiling, the measured 

normalised intensity I(z)/I0
 as a function of the sputter depth z is given by[13,20]: 

 

                      
0

0

( )
( ') ( ') '

I z
X z g z z dz

I



                          (7.1) 

 

where z' is the running depth parameter, X(z') is the mole fraction of the respective 

element at the original depth z' in the sample and g(z-z') is a depth resolution function.  

The depth resolution function g(z-z') in the MRI model takes into account three 

physically meaningful effects: atomic mixing, escape depth of Auger electrons, 

surface/interface roughness and is described by [13, 20]: 

 

Mixing length (w):        
1

( ) exp ' /wg z z z w w
w

                      (7.2) 

Roughness (σ):          2 21
( ) exp ( ') / 2

2
g z z z 


                  (7.3) 

Information depth (λ):       
1

( ) exp 'g z z z 


                       (7.4) 

 

where w is atomic mixing length, σ is the surface roughness and λ is the information 

depth parameter. With the above three partial resolution function (Eqs. 7.2, 7.3 and 

7.4) depth resolution function g(z-z') can be written as: 
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 ( ) ( ) ( ) ( )wg z g z g z g z                           (7.5) 

 

In general, quantitative results of the MRI model are obtained by numerical solution 

of the convolution integral with combining Eq. 7.1 and Eq. 7.5. 

In an initial stage of diffusion, the diffusion-induced concentration profile can be 

described by a Gaussian function ~exp[-z2/4Dt], where z represents the diffusion 

depth. Therefore, the square of the diffusion length can be expressed in terms of the 

interface roughness as [14]: 

 

                           2 22 T oDt                             (7.6) 

 

where t is the annealing time, σo and σΤ are the values of the roughness parameter  

before and after annealing at temperature T, respectively. Using Eq. 7.6, the 

interdiffusion coefficient D can be determined from the fitted interface roughness 

parameter by the MRI model. 

7.4 Results and discussion 

7.4.1 Depth dependence of the Interdiffusion parameters 

The measured Cu depth profiling data of the as-deposited Ni/Cu multilayer are shown 

in Fig. 7.6(a) as open circles. A close examination of Fig. 7.6(a) revealed that the 

measured maximum/minimum value of each sublayer decreased/increased with the 

sputtered depth. This effect is related to the development of the ion bombardment 

induced roughness for polycrystalline material upon stationary depth profiling 

because of the dependence of ion sputtering yield on the orientation of the crystal. 

The measured Cu depth profile data for the as-deposited sample was fitted with the 

MRI model taking three MRI parameters into account. The solid line in Fig. 7.6(a) 

presents the fit. The roughness parameter σ is regards as a composition of the initial 

roughness and sputtering induced roughness [16]. For simplicity, the sputtering 

induced roughness was assumed to be proportional to the sputtered depth for 

polycrystalline material upon stationary AES depth profiling according to Seah [21]. 
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Therefore, the total roughness could be descripted as σo =σoo +C*z, where σoo is the 

initial surface roughness, C is a constant and z is the sputtered depth. The atomic 

mixing length w was estimated as 1.0 nm by the TRIM code [22] and the Auger 

electron escape depth  (effective attenuation length times Cos(, where  is the 

angle of emission of the detected electrons) for Cu (922 eV) was calculated as 0.8 nm 

[23]. The fitted roughness parameter was obtained as σo = (0.9+0.049*z) nm, which 

agreed very well with the measured RMS Rq values of 0.91 nm and 5.54 nm. The 

measured RMS values was obtained by means of AFM at a depth of z = 0 nm and z 

=100 nm as indicated in Fig. 7.2.  

 

The as-deposited Cu layered structure is also shown as a dashed line in Fig. 7.6(a). 

For the annealed samples, the measured Cu depth profile data and the best fit to the 

measured data are shown in Figs. 7.6(b-d). The fitting parameters w and  were kept 

the same as for the as-deposited sample and only the roughness parameter was 

changed in the MRI model fitting. The determined linear depth dependence of the 

roughness parameter σ, at the three different temperatures of 325 ºC, 350 ºC and 375 

ºC, were indicated in Figs. 7.6(b-d), respectively.  

 

Using the roughness parameter values presented in Figs. 7.6(a-d), the calculated 

values of the interdiffusion coefficient according to Eq. 7.7 at the two locations, 

namely at the first and the last Cu/Ni interface, as indicated in Fig.7.6(a), are 

presented in Fig. 7.7 as open and filled circles, respectively. The corresponding values 

of the interdiffusion parameters, the pre-exponential factor Do and the activation 

energy Q, as obtained from the a linear fit on the data in Arrhenius plot, D = 

Doexp(-Q/RT), are indicated in Fig. 7.7. In Fig. 7.7 the measured interdiffusion 

parameters are also compared with the literature values listed in Table 7.1. The 

interdiffusion in the Ni/Cu multilayer at the first Cu/Ni interface was determined as 

Do= 6.2×10
-13

 m
2
/s and Q = 101.4 kJ/mol, and at the last (deepest) Cu/Ni interface as 

Do= 6.3×10
-14

 m
2
/s and Q = 79.0 kJ/mol. The dash-dotted line shown in Fig. 7.7 was 

also obtained from measured AES depth profile data for Ni/Cu multilayer (m) films 

deposited on glass substrates [24]. The dashed line shown in Fig. 7.7 was obtained for 

a Cu(~100 nm)/Ni(~500 nm) bilayer (b) films sample [25]. 
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Figure 7.6: The normalized Cu depth profiling data and the best fit to the measured 

data by the MRI model for (a) the as-deposited sample, and the annealed samples for 

30 min at (b) 325 ºC (c) 350 ºC and (d) 375 ºC. The dashed line drawn in Fig. 7.5a 

represents the as-deposited Cu sublayer structure.  

 

 

The low activation energy Q values of 101.4 kJ/mol (79.0 kJ/mol) obtained in this 

study in comparison with an Q value of 228.7 kJ/mol from a single crystalline copper 

[26], suggests that grain boundary and high defect density play a dominant role in the 

diffusion process of the investigated multilayer thin films. The obtained diffusion 

parameters, measured at the low temperature range of 325 -375 ºC, agree reasonably 

well with the ones listed in Table 7.1 for the polycrystalline bi-/multilayer films 

samples [24, 25, 26, 28], which support the grain boundary diffusion mechanism at low 

temperatures for polycrystalline Ni/Cu.  
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Figure 7.7: Arrhenius plots for the interdiffusion coefficients calculated from the 

fitted roughness parameters (see Fig. 7.6) by applying Eq. 7.6. The open and filled 

circles represent the values of the interdiffusion coefficient at the locations of the first 

and last Cu/Ni interfaces, respectively. The corresponding interdiffusion parameters 

(pre-exponential factor Do and activation energy Q) are indicated n bilayer (b) and 

multilayer (m) thin films. 

 

Table 7.1: Diffusion parameters obtained in this study and from literature. 

Source 
Pre-exponential 

factor, Do (m
2
/s) 

Activation 

energy, Q 

(kJ/mol) 

Temperature 

range, (K) 
Method/Remarks 

This study 

(first interface) 
6.2×10

-13
 101.4 

598-648 
Multilayer thin films, 

 AES depth profile  This study 

(last interface ) 
6.3×10

-14
 79.0 

Ref.[24] 1.4×10
-14

 106.2 523-673 
Multilayer thin films, 

AES depth profile 

Ref.[25] 6.5×10
-9

 130.5 523-723 
Bilayer thin films,  
AES depth profile 

Ref.[26] 6.0×10
-12

 94.1 473-773 
Bilayer thin films,   

AES depth profile 

Ref.[27] 6.9×10
-7

 90.4 476-1156 Polycrystalline, Tracer 

Ref.[28] 2.0×10
-5

 228.7 723-823 Bilayer, Moire spacing 
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A close examination of Fig. 7.7 revealed that the interdiffusion in the Ni/Cu 

multilayer is faster across the last Cu/Ni interface (near the substrate) than across the 

first Cu/Ni interface (near the surface) with a difference in activation energy value of 

22.4 kJ/mol. In order to quantitatively evaluate the depth-dependent interdiffusion 

coefficient, Fig. 7.8 shows the interdiffusion coefficient as a function of sputtered 

depth for the same annealing time of 30 min at the three different investigated 

annealing temperatures, based on Eq. 7.6 with a linear depth dependence adopted for 

σT (see Fig. 7.6). The open circle, square, triangle and filled circle represent the values 

of the interdiffusion coefficient at the locations of the first, second, third and last 

Cu/Ni interfaces, respectively. It was found that the interdiffusion coefficient 

increased with the sputtered depth at the three different annealed temperatures. This 

result is related to the reduction of the activation energy with sputtered depth for 

interdiffusion at the first, second, third and last Cu/Ni interfaces as 101.4 kJ/mol, 87.7 

kJ/mol, 81.9 kJ/mol and 79.0 kJ/mol, respectively, shown in Fig. 7.9. This reduction 

of the activation energy with sputtered depth was also observed in Cu/Ag, Au/Ag, 

Pd/Au and Pd/Cu multilayer structure with AES measured by Bukaluk [29, 30]. In 

addition, enhanced grain boundary diffusion could be involved in the multilayer 

closer to the substrate; this however needs to be investigated further. 

 

Using the extracted interdiffusion coefficient value, the interdiffusion length (2Dt)1/2
 

across the first Cu/Ni interface for the sample annealed at 325 ºC for relatively short 

annealing time 30 min was calculated as approximately 2 nm. This result indicates 

that the MRI model offers the possibility of detecting quantitatively the local 

diffusion constants with a resolution of a few nanometres for quantification of 

nanoscale thin film structures.  
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Figure 7.8: The interdiffusion coefficient as a function of the sputter depth for the 

annealed sample for 30 min at 325 ºC, 350 ºC and 375 ºC, respectively. The open 

circles, squares, triangles and filled circles represent the values of the interdiffusion 

coefficient at the locations of the first, second, third and last Cu/Ni interfaces, 

respectively.  

 
Figure 7.9: The activation energy Q with sputtered depth for interdiffusion at the first, 

second, third and last Cu/Ni interfaces, respectively.  
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7.4.2 The depth-dependence of depth resolution 

The quality of a AES depth profiling experiment can be characterized by the so-called 

depth resolution z, which is defined conventionally as the distance (depth) in which 

measured intensity of the signal change from 16-84% (or 84-16%) upon crossing an 

interface [20]. However, if saturation levels of 100% and 0% for the signal analyzed 

no longer occur, for example, in case of sputter depth profiling of a thin multilayered 

film, the determination of z defined above is no longer possible.  

 

With respect to the above-discussed refinements of the DRF in terms of symmetric 

(Gaussian functions) and asymmetric (non-Gaussian functions), it is necessary to 

clarify the contribution to the depth resolution z (16-84%). According to the MRI 

model considered three physically meaningful effects contribution to the depth 

resolution function, a symmetric contribution to the depth resolution function 

originates from the intrinsic roughness and the surface roughening by ion sputtering, 

which both are described by a Gaussian smearing function (see Eq. 7.3), characterized 

by its standard deviation: the surface roughness parameter σ (zσ
2 

= (2σ) 
2 

= (2σi)
2 

+ 

(2σs)
2
, where σi is the intrinsic roughness, σs is the sputter induced roughness.). For 

the asymmetric broadening functions, the atomic mixing is described by an 

exponential function (see Eq. 7.2) and this exponential function is characterized by 

the atomic mixing parameter w (zw= 1.668w); the information depth of the Auger 

electrons (for AES) is also described by an exponential function (see Eq. 7.4) and this 

exponential function is characterized by the information depth parameter (z =1.668). 

Thus, three parameters (σ, w and) suffice to characterize the total smearing, z (see 

Ref. [13]). Values for these three parameters may be obtained experimentally and/or 

calculated theoretically (see the section 7.4). Hence, on the basis of the MRI model 

fitting parameters, the total depth resolution can approximately be rewritten as [31]  

 

                    
    

1/2
2 2 22 1.668 (1.668 )z w    

             (7.7) 

 

with σ, w and  in nm. 
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Using the aforementioned fitted parameters in MRI model, the depth resolutionz, as 

given by Eq. 7.7, for the as-deposited sample have been calculated as a function of the 

sputter depth in Fig. 7.10 as solid line. The fitted roughness σ for the as-deposited 

sample agrees very well with the Rq roughness values measured by AFM at the depth 

of z = 0 nm and z =100 nm as filled squares denoted in Fig. 7.10 and its 

corresponding twice value 2σcontribution in depth resolution, see the first term of 

right side in Eq. 7.7 is presented in Fig. 7.10 as dashed lines.  

 

As is shown in Fig. 7.10, when the sputter depth increases, the values of depth 

resolution z approach the values of roughness 2σThis result implies that the 

roughness was the dominant factor for the degradation of the depth resolution at the 

deeper sputtering depth. We should also note that the MRI fitting roughness parameter 

σ nm at the depth z =100 nm was larger than the other two parameters (w =1.0 

nm and =0.8 nm). 

 

Figure 7.10: The depth resolution z (solid line) and the fitted roughness parameter 

and its double value 2 (dotted and dashed lines, respectively) as a function of the 

sputter depth for the as-deposited sample. The filled circles and squares represent the 

values of the depth resolution by 84-16% (16-84%) method and the Rq roughness 

values determined by AFM (see Fig. 7.2), respectively. 
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In additional, the tendency of depth resolution in MRI calculation is in accordance 

with the one in experimental data by 84-16% (16-84%) method shown as filled circles 

in Fig. 7.10. This conforms further the capability of the MRI model with the linear 

roughness in the Ni/Cu polycrystalline multilayer structure. The calculated z/2 value 

of 4.1 nm at the last (deepest) Cu/Ni interface (corresponding to a depth of 78 nm) for 

the as-deposited sample is less than the thickness of the last sublayer Cu/Ni under 

present measurement conditions. 

7.6 Summary 

The MRI model with a roughness parameter that is linearly increasing with the 

sputtered depth was used for extracting the interdiffusion coefficients in Ni/Cu 

multilayer from measured AES depth profiles. The roughness values extracted from 

the depth profiling data fits agreed well with those measured by AFM. The 

interdiffusion in the Ni/Cu multilayer at the first Cu/Ni interface was determined as 

Do= 6.2×10
-13

 m
2
/s and Q = 101.4 kJ/mol, and at the last (deepest) Cu/Ni interface as 

Do= 6.3×10
-14

 m
2
/s and Q = 79.0 kJ/mol. The depth-dependent interdiffusion 

coefficients of the annealed samples were quantitatively evaluated with relating to the 

reduction of the activation energy at deeper depth during sputtering. Extents of 

interdiffusion characterized by diffusion length as small as a nanometre could be 

measured. The depth-dependent depth resolution upon depth profiling of the 

as-deposited polycrystalline Ni/Cu multilayer were quantitatively evaluated 

accordingly. The surface roughness induced by the ion bombardment was the 

dominant factor degradation of the depth resolution upon sputtering during AES depth 

profiling of polycrystalline Ni/Cu multilayer thin film.  
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Chapter 8                           

Surface segregation in a ternary Ni-Cu (S) 

alloys system  
 

 

 

 

 

 

 

8.1 Introduction 

Surface segregation is a well-known interface segregation phenomenon which has 

many academic and practical interests. Interface segregation (i.e. surface or grain 

boundary) is regarded as the redistribution of solute atoms between the interface and 

the bulk of a material resulting in a solute interface concentration, which is generally 

higher than the solute bulk concentration [1]. Interface segregation is not a new 

phenomenon, it was treated formally by Gibbs a century ago [2]. Today, interface 

segregation investigations have been applied in many aspects, for example, surface 

segregation influences adsorption and catalytic properties of the material [3-4]; grain 

boundary segregation is directly responsible for the processes of inter-crystalline 

corrosion, hydrogen and liquid metal embrittlement, and high and low-temperature 

fracture [5-10]. Especially, S impurity segregation is a common phenomenon in many 

metals and alloys. Grain boundary segregation of S can cause embrittlement of a 

metal or alloy due to the S-induced changes in the electronic structure that can lead to 

the weakening of atomic bonds between grain boundaries [8-10]. Surface segregation 

of S have been investigated in Ni-S, [11] Cu(In, S),[12] Fe-S, [13] Cu(Bi, S)[14], 

Cu(Sn, S) [15] and Ni-Cu(S)[16,17].  
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The Ni-Cu alloy system has been extensity investigated because of its application in 

catalysis and metallurgy [18]. It has a simple phase diagram and it forms a solid 

solution across the entire range of compositions. Therefore, surface segregation in 

Ni-Cu alloy system has been a subject of many investigations over more than thirty 

years [19-26]. Numerous models (methods) have been (or can be) used for simulating 

segregation in Ni-Cu alloy system, for example: Monte Carlo [19], electronic-structure 

based methods [20] and the Langmuir-Mclean model [21]. All the above models 

predict that Cu atoms will segregate to the surface (for the entire compositions range) of  

a Ni-Cu alloy. This prediction has been verified experimentally by X-ray photoelectron 

spectroscopy (XPS) [22], atom probe field ion microscopy (AP-FIM) [23], 

ion-scattering-spectroscopy (ISS) [24], low-energy ion scattering (LEIS) [25] and 

Auger electron spectroscopy (AES) [26].  

 

A successful thermodynamic description of equilibrium segregation in ternary alloys 

was formulated by Guttmann [27] who included the interaction between the 

segregating atoms and the bulk atoms as described in a regular solution model. The 

kinetics of segregation is mainly controlled by diffusion of segregating species in the 

bulk. McLean [28] gave the first simple approach to solve this problem. The Modified 

Darken model proposed by du Plessis and van Wyk [1] based on the Darken approach, 

which is a unified model giving the full description of surface segregation from 

kinetics to equilibrium in combination with the regular solution approximation and 

sub-regular solution approximation. This model has been successfully used in the 

equilibrium and kinetic surface segregation and linear heating measurements in the 

binary and ternary system [12-14, 29-31]. In this chapter, the surface segregations of 

Cu and S from a ternary Ni-Cu(S) alloy system will be measured using AES with both 

the linear temperature programmed heating and constant temperature heating method 

in Ni-18.7at.%Cu(S) alloys. The segregation measured data was used to extracted for 

the segregation parameters, namely, segregation energy, interaction energy and 

diffusion coefficient (pre-exponential and activation energy) with a theoretical 

segregation model (modified Darken model). The result in this study will be further 

compared with experimental data values obtained from others literature.  
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8.2 Experimental 

Ni-Cu alloy crystals used in this study were order from Mat-Cn Company (China) 

with six different Cu concentrations (0, 18.7, 38.1, 58.1, 78.7 and 100 at.%, purity 

99.99+ at.%). The Ni-18.7at.%Cu alloy crystal used for the segregation study 

contained 0.0007at.% S as an impurity. Prior to analysis, the Ni-18.7at.%Cu alloy 

crystal was mechanically polished to a surface roughness of ≤ 0.05 µm using a 

diamond suspension. The Ni-18.7at.%Cu alloy crystal was then mounted on a 

resistance heater with a built-in chromel-alumel thermocouple (Type K) directly at the 

back of crystal. The back side temperature was calibrated in terms of the true surface 

temperature using a second thermocouple that was pressed into the surface of a 

dummy copper sample. Once the calibration was completed the Ni-18.7at.%Cu alloy 

crystal was placed in front of the Auger analyser.  

 

The surface segregation measurement of the Ni-18.7at.%Cu(S) ternary alloy crystal 

was performed with a PHI 590 Scanning Auger Microscope (SAM) at a base pressure 

of 2×10
-9

 Torr. The experimental detail is given in Chapter 4 but some important 

parameters are given here again. A static primary electron beam of 5 keV and beam 

current of 0.7 μA with beam size diameter of 13.4m was used for the AES 

measurements, the modulation energy was 2.0 eV, the scan rate was 5.0 eV/s and the 

time constant was set at 0.1 s. The ion gun sputter (for cleaning) was performed with 

2 keV Ar
+
 ion, the argon pressure was 2.0 ×10

-3
 Pa and the ion beam was rastered 

over a 2×2 mm
2
 area, which is much larger than the Auger primary electron beam 

diameter (13.4 m) to avoid the influence from the lateral surface diffusion of 

impurities. The ion beams and the electron beams were aligned to the same position in 

the centre of the analysis area using a Faraday cup. The crystal was tilted with the 

normal of the crystal surface at a 30° angle with respect to the direction of the 

incident electron beam. 

 

Surface segregations were measured with both linear and constant temperature 

heating methods. Before these segregation measurements, the ternary Ni-Cu(S) alloy 

crystal was first sputter cleaned at room temperature, then the temperature was 

increased to 727 K and sputter cleaned and then cold to room temperature, the 
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cleaning procedure was repeated few times to clean the surface by removing the 

impurity (i.e. C, O, and N) on the surface. The alloy crystal was then annealed at 961 

K for 24 h to restore the initial condition of the crystal (uniform bulk concentration) 

and cooled to 423 K at rate of -0.05 K/s. Fig. 8.1 shows Auger spectrums of the 

surface before and after the 24 h annealing. After the reconditioning heat treatment 

the segregation measurements were performed by either linear or constant 

temperature heating.     

 

For linear temperature heating measurements, the ternary Cu-Ni(S) alloys was 

pre-heated at the initial temperature of 423 K for 1 h and sputter cleaned for exactly 

30 s. Then the linear temperature heating was immediately carried out in the 

temperature range 423-1121 K at a constant heating rate of 0.02 K/s. Auger spectrums 

were recorded as a function of temperature for the Auger peaks of Ni, Cu, S, C and O. 

The low energy peaks of Ni and Cu are overlapped and they were recorded as one 

region that ranging from 40-130 eV, the S peak was recorded from 131-239 eV, the C 

peak was recorded from 240-275 eV, the O peak was recorded from 480-529 eV and 

then the high energy peaks of Ni and Cu overlapped and both were recorded from 

680-950 eV. After the linear temperature heating measurement running, the crystal 

was pre-heated at 961 K for 24 h again to restore the initial condition of the crystal 

(uniform bulk concentration) and then cooled to 423 K at rate of -0.05 K/s.  

 

The constant temperature measurements were carried out between 770 K and 860 K at 

30 K intervals. The ternary Cu-Ni(S) alloy crystal was heated to the desired 

temperature, and after stabilization of the temperature ternary Cu-Ni(S) alloy crystals 

was sputtered cleaned for exactly 30 s. The Auger spectrums for the Auger peaks of 

Ni, Cu, S, C and O were recorded as a function of time. The monitored Auger peak 

ranges were the same as for linear heating measurement (see previous paragraph). 

Again, after each constant temperature heating measurement running, the crystal was 

pre-heated at 961 K for 24 h and then cooled to 423 K at rate of -0.05 K/s. 

 

The surface segregation measurement data was quantified using the method discussed 

in Chapter 4. Some important points are discussed again here. In the quantification, 

the sensitivity factors of Cu, Ni and S were determined from the pure elemental 

standards under the identical measurement conditions, the backscattering factor were 
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calculated from Shimizu [32], the inelastic mean free path were calculated with the 

TPP-2M formula [33] and the segregated layer thickness d values was obtained from 

X-ray diffraction (XRD) (see the section 8.3.1). It was assumed that segregation of the 

Cu and S is restricted to a monolayer on the surface and that the concentration of Cu 

and S beneath the surface layer is equal to the bulk concentration.  

 

The crystalline structure of the Ni1-xCux alloys (x = 0, 0.187, 0.381, 0.581, 0.787 and 1) 

were characterized by XRD, which used a Cu anode and monochromatic X-rays 

(Ni-filter) with a wavelength of λ = 0.15406 nm. The diffraction angle (2θ) was 

scanned from 42° to 78° with a step size of 0.01° and the X-ray photons counted for 

0.5 s at each step. 

 

 

Figure 8.1: Auger spectrum of a Ni-Cu(S) ternary alloy annealing at 961 K for 24 h 

and after sputter cleaning with Ar
+
 ion (before the segregation measurement). 
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Figure 8.2: (a) XRD patterns of Ni1-xCux alloys crystalline structure with 2θ range of 

42-78 degree. The dashed lines with black and red colour are the pure copper and pure 

nickel reflection peaks position, respectively. (b) The values of cell parameter a with 

variation Cu atomic fractional concentration in the Ni1-xCux alloy. The solid line is a 

best fit of the cell parameters using the Vegard's law. 
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8.3 Results and discussion 

8.3.1 XRD data 

Fig. 8.2(a) shows that the XRD patterns of the Ni1-xCux alloys (x= 0, 0.187, 0.381, 

0.581, 0.787 and 1) consist of broad diffraction peaks, covering the (111), (200) and 

(220) reflections peak, which match those of the face-centred cubic (fcc) 

polycrystalline Ni-Cu alloys phase. On close inspection of Fig. 8.2(a) it was found that 

there is a progressive shift in the Ni-Cu peak positions towards larger 2θ angles with a 

decreasing Cu concentration.  

 

The cell parameter (a) are related to Miller indexes (hkl) of each reflection plane and 

inter-planar distance (dhkl). The Ni1-xCux alloy is cubic structures and the lattice 

parameter (a) can be calculated with: 

 

                        𝑎 = 2𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2                     (8.1) 

 

where inter-planar distance (dhkl) can be obtained from Bragg’s law: 

 

𝑛λ = 2𝑑ℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙                       (8.2) 

 

where n is an integer that indicates the order of the reflection, θhkl is the Bragg angle and 

dhkl is the different space in polycrystalline materials.  

 

The cell parameters are also calculated with Eqs. 8.1 and 8.2 for the reflection plane 

(111) as shown in Fig. 8.2(b) as solid black circles. The cell parameter dependence 

with alloy composition obey Vegard's law the solid line shown in Fig. 8.2(b), which is 

an indication that the Ni-Cu alloy forms a solid solution for the entire range of 

composition.  

 

In additional, the average values of d for the polycrystalline Ni0.813Cu0.187 alloys with 

(111), (200) and (220) reflections peak (see in Fig. 8. 2(a)) was obtained as 0.194 nm 

from Eq. 8.2, which is used as the thickness for segregated layer for the 

http://onlinelibrary.wiley.com/doi/10.1002/adfm.200901732/full#fig2
http://onlinelibrary.wiley.com/doi/10.1002/adfm.200901732/full#fig2
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Ni-18.7at.%Cu(S) ternary alloy. 

8.3.2 Surface segregation measurement with linear temperature  

Fig. 8.3 shows the surface segregation of Cu and S as a function of the temperature 

with a linear heating rate of 0.02 K/s for the Ni-18.7at.%Cu(S) ternary alloys. Similar 

experimental results with the linear heating method have also been found for Cu(In, S) 

[12] and Cu(Sn, Sb) ternary alloys [31].  

 

Four different regions can be distinguished in the Fig. 8.3. In region A (Fig. 8.3) the 

surface concentration of Cu and S are almost flat at these low temperatures and the 

bulk diffusion rate of Cu and S are very low in this region. In region B, the Cu surface 

concentration increases with increasing temperature and reached a maximum surface 

concentration of 41.4 at.%. This region is regarded as the Cu kinetic region and is 

used to extract the Cu diffusion coefficient with Fick’s model. It should be pointed out 

that the maximum surface concentration of Cu is determined by its segregation energy 

and the interaction energy between the Cu, S and Ni according to the surface 

segregation theory (i.e. modified Darken model). In region C, the S surface 

concentration start to increase with increasing the temperature and the Cu surface 

concentration simultaneously decreases with increasing temperature. As the S 

segregate to the surface it replaced the Cu atom from the surface. This phenomenon is 

a result of the S segregation energy that is more negative than that for Cu. This region 

is regarded as the S kinetic region and used to extract the S diffusion coefficient with 

Fick’s model. In region D, the S surface concentration reached a maximum values of 

17.1 at.% and the Cu surface concentration stabilise close to the bulk concentration 

after being displaced by S. This stable region is regarded as the equilibrium region 

and is used to extract the segregation parameters (segregation energy ΔG and 

interaction energy Ω) using the Guttmann model. The data suggest that there is a large 

difference between the segregation energies for Cu and S according to the Guttmann 

model. Swart et al. [29] have demonstrated that a repulsive interaction between two 

segregating species (Cu and S in this study) resulting in a higher equilibrium 

concentration of S and a lower equilibrium concentration of Cu. Therefore, the 

interaction between the Cu and S atoms should be repulsive. 
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Figure 8.3: Surface segregation of Cu and S as a function of the temperature with a 

linear heating rate of 0.02 K/s for the Ni-18.7at.%Cu(S) ternary alloys. Four different 

regions can be distinguished and marked as A, B, C and D region. 

 

 

Fick’s model fittings: 

 

The modified semi-infinity Fick’s model was described in detail in Chapter 2 (section 

2.3.1), and only the final result is presented here (by Eq. 8.3). Eq. 8.3 is used to fit the 

segregation data.   

  

                    dTRTQ
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)/exp(
2

2

1
2

2


                  (8.3) 

 

where β is surface enrichment factor (β=(CS
  CB

)/CB
 with the CS

 the surface 

concentration of Cu and S, CB
 the bulk concentration of Cu), α is the heating rate 

(0.02 K/s for this work), d is the thickness of the segregated layer taken as 0.194 nm 
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(see section 8.3.1), Do is the pre-exponential factor, Q is the activation energy and R is 

the universal gas constant with a value of 8.314 kJ/mol.  

 

The modified Fick semi-infinite model (Eq. 8.3) was employed to fit the kinetic 

regions in the experimental data of Cu and S (regions B and C in Fig. 8.3). The 

diffusion coefficients, pre-exponential factor Do and the activation energy Q, were 

extracted from the best fit of Eq. 8.3 for both Cu and S as shown in Fig. 8.4. The 

diffusion of Cu in the Ni-18.7at.%Cu(S) ternary alloys was determined as Do = 

5.8×10
-14

 m
2
/s and Q = 138.5 kJ/mol, and the S in the Ni-18.7at.%Cu(S) ternary alloys 

containing S concentration 0.0007 at.% as Do = 8.5×10
-3

 m
2
/s and Q = 222.0 kJ/mol. 

 

 

Figure 8.4: Surface segregation of Cu and S as a function of the temperature with a 

linear heating rate of 0.02 K/s for the ternary Ni-18.7at.%Cu(S) alloys. The solid lines 

are the best fits of the modified semi-infinity Fick’s model (Eq. 8.3) which yields the 

diffusion parameters (pre-exponential factor Do and activation energy Q) for both Cu 

and S in the ternary Ni-Cu(S) alloys. 
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Guttmann model fitting: 

 

The Guttmann model was described in detail in Chapter 2 (section 2.2.3), and only the 

main equations are presented here (Eqs. 8.4-8.7) for clarity.   
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where Ω'= ΩCuS –ΩCuNi− ΩSNi, 𝐶𝐶𝑢
𝑠  and 𝐶𝑆

𝑠 are the surface concentrations of Cu and 

S, respectively, 𝐶𝐶𝑢
𝐵  and 𝐶𝑆

𝐵  are the bulk concentrations of Cu and S, respectively, 

ΩCuS is the interaction energy of Cu and S, ΩCuNi is the interaction energy of Cu and 

Ni and ΩSNi is the interaction energy of S and Ni. ∆G𝐶𝑢 and ∆G𝑆 are the surface 

segregation energy of Cu and S, respectively. 

 

The Guttmann model (Eqs. 8.4 and 8.5) was employed to fit the Cu and S equilibrium 

regions of the experimental data (region D in Fig. 8.3) and from the best fits, the 

segregation energies ΔG and the interaction energies Ω were extracted for both Cu 

and S. The best fits on the equilibrium data are shown in Fig. 8.5. The parameters 

determent by fitting the data with the Guttmann equations (Fig. 8.5) are ∆G𝐶𝑢 = 

-37.1 kJ/mol, ∆G𝑆 = -135.0 kJ/mol and ΩCu-Ni=8.0 kJ/mol, ΩS-Ni=28.1 kJ/mol and 

ΩCu-S=-10.3 kJ/mol. 
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Figure 8.5: Surface segregation of Cu and S as a function of the temperature with a 

linear heating rate of 0.02 K/s for the Ni-18.7at.%Cu(S) ternary alloys. The solid lines 

are the best fits of the Guttmann model (Eqs. 8.4 and 8.5) which yields the 

segregation parameters, segregation energy ΔG and interaction energy Ω, for both Cu 

and S in the Ni-Cu(S) ternary alloys. 

 

 

 

The modified Darken model simulation: 

 

The modified Darken model was described in detail in Chapter 2 (section 2.3) and 

only the final result is presented here (Eq. 8.8). The modified Darken model is a 

unified model giving a full description of surface segregation from kinetics to 

equilibrium. Therefore, the segregation parameters, segregation energy ΔG, 

interaction energy Ω and diffusion coefficient (pre-exponential Do and activation 

energy Q), can be obtained with modified Darken model. It is a complete description 

(simulation) for segregation. 
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where species i is Cu and S,  j=1, 2,…, N+1.
S

iC is the surface concentration of Cu 

(or S), and 
1B

iC is the first bulk concentration of Cu (or S), D is the diffusion 

coefficient of Cu (or S), d is the thickness of the segregated layer and the temperature 

T=To+αt, To is the initial heating temperature of segregation measurement as 423 K in 

this study, t is the heating time and α is the constant heating rate of 0.02 K/s.  

 

Using the values of the parameters Do, Q, ΔG and Ω extracted from the best fits of the 

Fick and Guttmann models as the initial fitting parameters in the modified Darken 

model, the profiles that best simulate the measured segregation data were calculated 

for the heating rates of 0.02 K/s as shown in Fig. 8.6. The parameters of the modified 

Darken model calculations fitted to the segregation profiles data in Fig. 8.6 are listed 

in Table 8.1. 
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Figure 8.6: Surface segregation of Cu and S as a function of the temperature with a 

linear heating rate of 0.02 K/s for the Ni-18.7at.%Cu(S) ternary alloys. The solid lines 

are the simulation of the modified Darken model (Eq. 8.8) with surface segregation 

parameters of the Ni-Cu(S) ternary alloys listed in Table 8.1. 

 

 

Table 8.1: surface segregation parameters used in the modified Darken model (Eq. 8.8) 

simulation (shown in Fig. 8.6) and compared with others group from literatures.  

 

Segregation parameter 

Segregation species 

Ref.[18] Ref.[34] 
Cu S 

Activation energy, Q (kJ/mol) 145.2 224.0   

Pre-exponential factor, Do (m
2/s) 8.6×10-14 9.2×10-3   

Segregation energy, ΔGCu (kJ/mol) -36.1  -29.8  

Segregation energy, ΔGS (kJ/mol)  -136.0  -135.0 

Interaction energy, ΩCuNi (kJ/mol) 7.6  14.4  

Interaction energy, ΩSNi (kJ/mol)  28.1   

Interaction energy, ΩCuS (kJ/mol) -10.3   
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As listed in Table 8.1, it is clearly that the activation energy of Cu (Q = 145.2 kJ/mol) 

is much lower than that of S (Q = 224.0 kJ/mol). As a result, the Cu segregates first 

(before S) at lower temperatures in the Ni-18.7at.%Cu(S) ternary alloy. The 

maximum surface concentration of Cu of 41.4 at.% is determined by the surface 

segregation energy for Cu (ΔGCu = -36.1 kJ/mol), the attractive interaction between 

the Ni and Cu atoms (ΩNiCu = 7.6 kJ/mol) and the repulsive interaction between the 

Cu and S atoms (ΩCuS= -10.3 kJ/mol). The value of the surface segregation energy for 

Cu on Ni (ΔGCu = -36.1 kJ/mol) agrees with the experimental results reported for 

atom probe-field ion microscopy (see also Table 8.1) [18]. They observed a depletion 

of Cu in the near-surface atomic planes for a Ni-4.6 at.%Cu sample. The attractive 

interaction between the Cu and Ni atoms set a preference for unlike first-neighbour 

bonds formation between the Cu and Ni atoms and that proposes that a Cu atom 

prefers to be surrounded by Ni atoms in the Cu-Ni system. It is known from the Cu-Ni 

binary phase diagram that Cu-Ni alloys can be form a solid solution for the entire 

range of composition [18]. The value of attractive interaction between the Cu and Ni 

atoms Ni (ΩNiCu = 7.6 kJ/mol) agrees with the experimental results using atom 

probe-field ion microscopy (ΩNiCu = 14.4 kJ/mol) (see Table 8.1) [18]. Strong 

repulsion energy between the Cu and S atoms shows less or no tendency of Cu-S 

atomic bonds formation. At the segregation equilibrium (region D in Fig. 8.3), a high 

surface enrichment of S is determined by its lower surface segregation energy (more 

negative) (ΔGS = -136.0 kJ/mol), the attractive interaction between the S and Ni 

atoms (ΩNiS= 28.1 kJ/mol) and the repulsive interaction between the S and Cu atoms 

(ΩCuS= -10.3 kJ/mol). A much more negative surface segregation energy for S is the 

reason why S stay on the surface. There is a large difference in the segregation 

energies for Cu (ΔGCu = -36.1 kJ/mol) and S (ΔGS = -136.0 kJ/mol) and that explains 

the displacement of Cu in the surface layer by S (the segregation of S is more 

energetically favourable than that of Cu). Similar to the attractive interaction between 

the Cu and Ni atoms and a strong attractive interaction between the Cu and S atoms 

set a preference for unlike first-neighbour bonds formation between the Cu and S 

atoms. The value of the surface segregation energy for S segregating from Ni (ΔGS = 

-136.0 kJ/mol) agree with the experimental results obtained by AES (see also Table 

8.1) [18]. They observed a depletion of S from the near-surface atomic planes for a Ni 

(S =200 ppm at.%) sample.  
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8.3.3 Surface segregation measurement with constant temperature 

Fig. 8.7(a-d) shows the surface concentration of Cu and S that was measured as a 

function of the annealing time for the Ni-18.7at.%Cu(S) ternary alloys annealed at the 

constant temperature 770 K, 800 K, 830 K and 860, respectively. From these profiles 

in Fig. 8.7, it is clear that initially both Cu and S segregated to the surface and it is 

also clear that the segregation rate of Cu is higher than that of S. The higher 

segregation rate of Cu is due to high bulk concentration of Cu (18.7 at.%), which is 

much higher than that of S (0.0007 at.%), and the lower activation energy of Cu (Q = 

145.2 kJ/mol), which is lower than that of S (Q = 224.0 kJ/mol). The Cu segregated to 

surface until it reached a maximum concentration of about 33.0 at.% (see in Fig. 8.7), 

and at this point Cu started to desegregate with slower rate. It can be seen clearly in 

Fig. 8.7(c) and Fig. 8.7(d) that at the higher temperatures the S segregation is 

increasing and S atoms are replacing Cu atoms on the surface, which can be explained 

by surface segregation energy for S in Ni (-136.0 kJ/mol) it is much more negative 

than the segregation energy for Cu in Ni (-36.1 kJ/mol) (see Table 8.1).  

 

It is assumed that the influence of the atom interaction between Cu, Ni and S is very 

small at the initial phase of segregation when the segregated concentration is very low. 

These behaviours have also been demonstrated by Swart et al.[29]. Therefore, the 

semi-infinite solution of Fick’s equation can be used to describe the bulk-to-surface 

segregation rates of Cu and S in the ternary Ni-Cu(S) system in Fig. 8.7. To get a 

more accurate interpretation of the segregation profiles data, the modified 

semi-infinite solution of Fick’s equation (Eq. 8.9) used to fit the constant temperatures 

data. Note that Eq. 8.9 also compensate for the segregation that occur during the 

sputtering [35]. 
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where CS
 and CB

 are the surface concentration and bulk concentration, D is the 

diffusion coefficient, d is the thickness of a segregated layer, t0 is the sputtering time 

(in this study t0 =30 s), 𝐶0
𝑠 is the concentration of the atoms that segregated to the 

surface but that had not sputtered, as a fitting parameters in the fits. Parameters 𝐶0
𝑠 
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and D are used as the fitting parameters for the best fit to the experimental surface 

segregation data.  

 

 

 

Figure 8.7: Surface segregation of Cu and S in the Ni-18.7at.%Cu(S) ternary alloys at 

the constant temperature of (a) 770 K, (b) 800 K, (c) 830 K and (d) 860 K. 

 

 

The solid lines in the Fig. 8.8 are the best fits on the surface segregation data utilizing 

the modified semi-infinity Fick’s model (Eq. 8.9). The diffusion coefficients (D) for Cu 

in the Ni-Cu(S) alloy that were obtained from the fitting (shown in Fig. 8.8) are listed in 

Table 8.2. The corresponding values of the diffusion parameters, the pre-exponential 

factor Do and the activation energy Q, as obtained from a linear fit on the data in the 

Arrhenius plot, D = Doexp(-Q/RT), are indicated in Fig. 8.9. In Fig. 8.9 the measured 

diffusion parameters are also compared with the literature values listed in Table 8.3. 

The diffusion parameters of Cu in the Ni-Cu(S) ternary alloy was determined as Do = 

5.8×10
-14

 m
2
/s and Q = 160.1 kJ/mol which are in good comparison with those bulk 
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diffusion parameters from literature as shown in Fig. 8.9. It should be pointed out that 

the dash-dotted blue colour line was measured with tracer method for Ni-15at.%Cu 

polycrystalline alloy at a higher temperature range 1379 K to 1618 K [37]. The 

dash-dot-dotted pink colour line was for a Cu in a Ni polycrystalline alloy also 

measured at a higher temperature range 1080 K to 1613 K [38]. In additional, the 

diffusion parameters of Cu in the Ni-Cu(S) ternary alloy determent with the linear 

temperature heating method was Do = 8.6×10
-14

 m
2
/s and Q = 145.2 kJ/mol and is also 

shown in Fig. 8.9. The activation energy Q values of 160 kJ/mol obtained in this study 

is much higher than that value of 79.0 kJ/mol, which obtained interdiffusion 

parameters for polycrystalline Cu/Ni multilayer thin films (that was measured with 

AES depth profiling). The very low activation energy as determent for interdiffusion 

of the Cu/Ni multilayer thin films (that occurred in the temperature range of 598 - 648 

K) is associated with the grain boundary diffusion mechanism [36].  
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Figure 8.8: Cu surface segregation in the Ni-18.7at.%Cu(S) ternary alloys at the 

constant temperature of (a) 770 K, (b) 800 K, (c) 830 K and (d) 860 K. The solid lines 

are the best fits of the modified semi-infinity Fick’s model (Eq. 8.9) which yields the 

diffusion coefficients ( D ) for Cu in the Ni-Cu(S) ternary alloys. 

 

Table 8.2: The diffusion coefficients for Cu diffusion in Ni-18.7at.%Cu(S) calculated 

from the segregation profiles in Fig. 8.8, obtained for various temperatures. 

 

 

 

 

Temperature, (K) 
Diffusion coefficients, 

D (m
2
/s) 

770 9.95×10
-25

 

800 1.68×10
-24

 

830 4.72×10
-24

 

860 1.20×10
-23
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Figure 8.9: Arrhenius plots for the Cu diffusion in Ni-18.7at.%Cu(S) and the 

corresponding Cu or Ni bulk diffusion in Ni crystal listed in Table 8.3. The open 

circles represent the values of diffusion coefficients extracted from the Fig. 8.8. 

 

Table 8.3: Diffusion parameters obtained for Cu diffusion in Ni-Cu calculated from 

Fig. 8.10 and from literatures. 

Source 
Pre-exponential 

factor, Do (m
2
/s) 

Activation energy, 

Q (kJ/mol) 

Temperature 

range, (K) Method/Remarks 

This study 

(Constant) 
5.8×10

-14
 160.1 770-860 Polycrystalline, 

AES surface 

segregation  This study 

(Linear) 
8.6×10

-14
 145.2 560-896 

Interdiffusion 

Ref.[36] 
6.3×10

-14
 79.0 598-648 

Multilayer films, 

AES depth profile 

Cu in Cu-Ni 

Ref.[37] 
1.5×10

-6
 264.0 1379-1618 

Polycrystalline 

Cu-Ni alloy, Trace 

Cu in Ni 

Ref.[38] 
6.1×10

-6
 255.0 1080-1613 

Polycrystalline, 

Atomic absorption 

analysis 
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Figure 8.10: S surface segregation in the Ni-18.7at.%Cu(S) ternary alloys at the 

constant temperature of (a) 770 K, (b) 800 K, (c) 830 K and (d) 860 K. The solid lines 

are the best fits of the modified semi-infinity Fick’s model (Eq. 8.9) which yields the 

diffusion coefficients (D) for S in the Ni-Cu(S) ternary alloys. The bulk concentration 

of S in Ni-Cu alloys was 0.0007 at.%. 

 

 

 

 

Table 8.4: The diffusion coefficients for S diffusion in Ni-Cu calculated from the 

segregation profiles in Fig. 8.8, obtained for various temperatures. 

 

 

 

 

 

 

Temperature, (K) 
Diffusion coefficients, 

D (m
2
/s) 

770 9.73×10
-18

 

800 3.83×10
-17

 

830 1.38×10
-16

 

860 3.57×10
-16
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For the S surface segregation in the Ni-18.7at.%Cu(S) ternary alloy, the whole 

measured time is used as the kinetic regions to fit due to the S surface concentration 

sequentially increasing with the annealing time. The best fits the experimental data 

results are shown in Fig. 8.10 as the solid lines. The diffusion coefficients (D) for the 

S in the Ni-18.7at.%Cu(S) ternary alloy obtained from the fitting (in Fig. 8.10) are 

listed in Table 8.4. The corresponding values of the diffusion parameters (the 

pre-exponential factor Do and the activation energy Q) as obtained from a linear fit on 

the data in Arrhenius plot, D = Doexp(-Q/RT), are indicated in Fig. 8.11. In Fig. 8.11 

the measured diffusion parameters are also compared with the literature values listed 

in Table 8.5. The diffusion parameters of S in the Ni-18.7at.%Cu(S) ternary alloy was 

determined as Do = 1.2×10
-2

 m
2
/s and Q = 222.1 kJ/mol which are in good agreement 

with those obtained bulk diffusion from literatures as shown in Fig. 8.11. The 

dash-dot-dotted pink colour line was measured with tracer method for Cu matrix 

single crystalline at a higher temperature range 1073 K to 1273 K [40]. The dashed 

green colour line was for a Ni matrix single crystalline also measured at a higher 

temperature range 1078 K to 1495 K [39]. In additional, the diffusion parameters of S 

in the Ni-Cu(S) ternary alloys with linear temperature heating method obtained as Do 

= 9.2×10
-3

 m
2
/s and Q = 224.0 kJ/mol and is also shown in Fig. 8.9. Most of the 

previous results listed in Table 8.5 indicate that the activation energy Q values are 

between 206 and 224 kJ/mol for the S in the Cu or Ni matrix. The present data of the 

activation energy Q values obtained in this study is in this range and are in good 

agreement.  
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Figure 8.11: Arrhenius plots for the S diffusion in Ni-18.7at.%Cu(S) and the 

corresponding S bulk diffusion in Cu (or Ni) crystal listed in Table 8.5. The filled 

circles represent the values of diffusion coefficients extracted from the Fig. 8.10. 

 

Table 8.5: Diffusion parameters obtained for S diffusion in Ni-Cu calculated from Fig. 

8.11 and from literatures. 

 

Source 
Pre-exponential 

factor, Do (m
2
/s) 

Activation energy, 

Q (kJ/mol) 

Temperature 

range, (K) 
Method/Remarks 

This study 

(constant) 
1.2×10

-2
 222.1 770-860 

Polycrystalline, AES 

surface segregation This study 

(Linear) 
9.2×10

-3
 224.0 896-1065 

S in Cu 

Ref.[12] 
8.9×10

-3
 212.8 800-980 

Cu-In(S) , AES 

surface segregation 

S in Cu 

Ref.[15] 
8.1×10

-3
 216.0 949-1059 

Cu(S), AES surface 

segregation 

S in Ni 

Ref.[39] 
1.4×10

-3
 219.0 1379-1618 

Single crystalline, 

Trace 

S in Cu 

Ref.[40] 
2.3×10

-3
 206.6 1080-1613 

Single crystalline, 

Trace 
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8.4 Summary 

In this chapter, the surface segregations of Cu and S from a ternary Ni-Cu(S) alloy 

system was measured using AES with both linear temperatures programmed heating 

and constant temperature heating methods. A linear temperature programmed heating 

method was employed to in-situ heat the sample with the temperature range 423 K to 

1121 K at a constant rate of 0.002 K/s. It was found that the Cu initially segregated to 

the surface at temperature 560 K and reached the maximum surface coverage values 

of 41.4at.% at temperature 896 K. Once the Cu reached the maximum surface 

coverage, it started to desegregate until Cu was replaced by S. At this point S 

segregation reach the maximum surface coverage values of 17.1at.%. The segregation 

data measured with the linear temperature programmed heating method were 

re-evaluated by the modified Darken model based on these obtained segregation 

parameters fitted with both Fick’s model and Guttmann models. The parameters of 

the modified Darken model calculations fitted to the segregation data are DoCu in Ni = 

8.6×10
-14

 m
2
/s and QCu in Ni = 145.2 kJ/mol, DoS in Ni = 9.2×10

-2
 m

2
/s and QS in Ni = 

224.0 kJ/mol, ΔGCu= -36.0 kJ/mol, ΔGs= -136.0 kJ/mol and ΩCu-Ni= 7.6 kJ/mol, 

ΩS-Ni= 28.1 kJ/mol and ΩCu-S= -10.3 kJ/mol.  

 

The constant temperatures were carried out in the temperature range 770 K to 860 K 

at a 30 K interval. The results show that the initially both Cu and S segregated to the 

surface and the first segregation rate of Cu is higher than that of S. Once the Cu 

reached the maximum surface coverage, it started to desegregate until Cu was 

replaced by S. The segregation measured profile data with a constant temperature 

heating method were fitted by the modified Fick’s model extracted the bulk diffusion 

coefficient as DoCu in Ni = 5.8×10
-14

 m
2
/s and QCu in Ni = 160.1 kJ/mol, DoS in Ni = 

1.2×10
-2

 m
2
/s and QS in Ni = 222.1 kJ/mol. The segregation parameters obtained in this 

study were compared well with experimental data values obtained from others in 

literature.  
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Chapter 9                       

Surface segregation in Ni-Cu alloy thin films  

 

 

 

 

 

 

 

9.1 Introduction 

Nanoscale metallic alloy systems (thin films and particles) have become increasingly 

important in a wide range of technologically important applications. For example, 

nanoscale particles are used in catalysis because of their high reactivity and reaction 

specificity. The catalytic properties of a material are largely determined by the 

composition and structure of its surface which in turn depend on the composition [1]. 

Although there has been a great deal of experimental and theoretical work devoted to 

understanding the thermodynamics of bulk systems [2, 3], there have been relatively 

few studies of the thermodynamics of nanoscale systems [4-12]. In nanoscale systems, 

unlike in bulk materials, the surface properties also depend on the size of the system 

and can vary significantly from those of surfaces bounding a semi-infinite bulk.  

 

In the previous chapter (Chapter 8), the surface segregation in a Ni-Cu alloy bulk 

system was studied using AES in combination with a linear temperature programmed 

heating and constant temperature method. The measured surface segregation profiles 

for the Ni-Cu alloy bulk system were recorded and fitted with the modified Darken 

model. However, for a thin film system, the number of segregated atoms on the 

surface is a significant fraction of the total number of atoms in the system so that the 

bulk concentration of the system is modified significantly during segregation. The 
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lack of a reservoir of the segregating atoms in thin films may cause significant 

differences in surface segregation behavior compared with that of bulk materials.  

 

In this chapter, two various thicknesses of Ni-Cu alloy thin films (Sample 10 and 

Sample 20) were prepared by electron beam physical vapour deposition. Surface 

segregation in the Ni-Cu alloy thin films was studied by using AES. A linear 

temperature programmed heating method was employed for in-situ heat of a sample. 

The heating temperature range was 403 K to 823 K with a constant heating rate of 

0.03 K/s. To understand the size effects on surface segregations in thin films system, 

the modified Darken model under a constrained condition applied for thin film system 

are also simulated for both the kinetic and equilibrium in a Ni-Cu alloy thin films 

system.  

9.2 Experimental 

9.2.1 Sample preparation and annealing 

The detailed procedure for the preparation of the Ni/Cu/Ni thin films on SiO2 substrates 

was described in Chapter 3. The main procedure can be summarized as follows. The 

Ni/Cu/Ni sandwich layered structures (in this chapter) were prepared by electron beam 

physical vapour deposition onto passivated silicon (SiO2) substrates. The SiO2 was 

prepared by wet oxidation of Si(100) annealed at 1000 °C for 1h in a Lindberg tube 

furnace. The Si(100) wafers were exposed to oxygen gas that flowed through boiling 

water and then into the tube that was at 1000 °C.  

 

During the deposition, the base pressure in the deposition chamber was less than 

6×10
-6

 Torr. To avoid metal oxidization, pure Ti was evaporated (to clean the residual 

oxygens in the chamber) for 1 minute before deposition of Ni (or Cu). Then, Ni and 

Cu were alternately deposited onto SiO2 substrates, the deposition rate of Ni was ~0.4 

nm/s and Cu was ~0.7 nm/s, respectively. The thickness of the individual sublayer was 

controlled using a calibrated Inficom XTC thickness monitor during vapor deposition. 

Two kinds of the Ni/Cu/Ni thin films (marked Sample 10 and Sample 20) were 

prepared and each sublayer thickness is listed in Table 9.1.  
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The Ni/Cu/Ni sandwich thin films were cut into small piece (1×1 cm
2
) and then 

annealed in a high vacuum tube furnace at the base pressure about 5×10
-6

 Torr. The 

annealing chamber is a custom built system with a carousel holder, allowing one to 

multiple samples sequentially without breaking the vacuum. The samples were placed 

on a ceramic boat and a magnetically coupled arm pushed the ceramic boat into and 

out of the furnace. The simulation results in Chapter 3 were used to select the 

annealing temperatures and times for both Sample 10 and Sample 20. The selected 

annealing temperatures and times and listed in Table 9.2. After each annealing run, 

the sample was spontaneously cooled down to the room temperature in the furnace 

and the same pressure.  

 

Table 9.1: Each sublayer thickness for the Sample 10 and Sample 20. (Unit in nm)  

 

 

 

 

 

 

 

 

Table 9.2: Annealing temperatures and times for the Sample 10 and Sample 20. 

 

 

 

 

 

9.2.2 AES depth profiling measurement 

The detailed procedures for AES depth profiling measurements have been described in 

Chapter 4. The main points are summarized as follows. The AES depth profiles of the 

as-deposited and annealed Ni/Cu/Ni thin films were measured using a PHI 600 

Scanning Auger Microprobe (SAM) at a base pressure < 10
-9

 Torr. A static primary 

electron beam of 10 keV and current of 200 nA with beam size (diameter) of 7.2m 

Sublayer Sample 10 Sample 20 

The first layer (Ni) 10.4 23.7 

The second layer (Cu) 3.6 5.8 

The third layer (Ni) 12.0 22.5 

Total 26.0 52.0 

No. 1 2 3 

Sample 10 648 K, 1 h 698 K, 1 h 698 K, 4 h 

Sample 20 648 K , 1 h 698 K, 1 h 698 K, 25 h 
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was used. Ion sputtering was performed with 2 keV Ar
+
 ions at an incidence angle of 

40°with respect to the sample surface normal, the beam current density was 0.074 

A/m
2
 with a raster area 2×2 mm

2
. The Auger peak-to-peak heights (APPH) were 

recorded as a function of sputtering time for C(275 eV), O(510 eV), Ni(718 eV), 

Cu(922 eV) and Si(1618 eV). 

9.2.3 AES Surface segregation measurement 

The surface segregation measurement for the Ni-Cu alloys thin films were performed 

by Auger electron Microprobe with a PHI 600 SAM at a base pressure of 1×10
-9

 Torr. 

The experimental detail is given in Chapter 4, some the important points are given 

here again. A static primary electron beam of 10 keV and beam current of 2.83 μA 

with beam size (diameter) of 12.2m was used for the AES measurements. The ion 

gun used for sputter cleaning was performed with 2 keV Ar
+
 ions with an argon 

pressure of 5.0 ×10
-3

 Pa, the beam was rastered over a 2×2 mm
2
 area, which is much 

larger than the primary electron beam diameter (12.2 m). The crystal was tilted with 

the normal of the crystal surface at a 30° angle with respect to the direction of the 

incident electron beam. 

 

Surface segregation measurements with linear program heating were carried out in the 

temperature range 403-823 K at a constant heating rate of 0.03 K/s. Before the 

segregation measurements Sample 10 was in-suit annealed at 698 K for 4 h and 

Sample 20 at 698 K for 25 h to form a Ni-Cu alloy thin film with a uniform 

concentration. The Ni-Cu alloy thin film was then cooled to 403 K with constant 

heating rate of -0.5 K/s. After stabilization of the temperature at 403 K, the Ni-Cu thin 

films was then sputter cleaned for exactly 10 s with a 2 keV argon ions beam. After 

sputtering, the measured Auger spectrums were immediately recorded as a function of 

temperature for Ni&Cu_L (40-110 eV), C (240-275 eV), O (480-529 eV) and 

Ni&Cu_H (680-960 eV). The APPH data was quantified using the method as 

following the Chapter 8.  
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9.3 Results and discussion 

9.3.1 AES depth profile data for Ni-Cu thin films  

The AES intensity and sputter time was converted into elemental composition and 

sputtered depth. The atomic concentrations of Cu, Ni, C, O and Si, respectively, were 

calculated using the relative elemental sensitively factor method [13] 
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where Ii is the measured APPH (intensity) for element i and the 0

iI  is the APPH 

(intensity) for the pure element i. Xi is the measured fractional concentration of 

element i (For this study i = Cu, Ni, C, O and Si). The sputter time scale of the AES 

depth profile data for the as-deposited and annealed Ni/Cu/Ni sandwich thin films were 

converted into the sputter depth by assuming a constant sputter rate for the Cu/Ni 

binary system. The more detail for the sputter rate of Cu and Ni see the previous 

Chapter 5 and 7. The AES measured APPHs-sputter time and the converted 

concentration-sputter depth profiling data for the as-deposited Ni/Cu/Ni sandwich thin 

film (Sample 20) are shown in Fig. 9.1(a) and Fig. 9.1(b), respectively. 

Fig. 9.2 shows AES depth profiles of Sample 10 for the as-deposited and annealed thin 

films. The Ni-Cu thin films alloy was completely formed when annealing at 698 K for 

4h as shown in Fig. 9.2(d), this was also supported by the simulation done with Fick’s 

equation in Chapter 3. From the annealed depth profiles of Sample 10, shown in Fig. 

9.2(b-d), it is clear that the Cu segregated to the surface. 

Fig. 9.3 shows AES depth profiles of Sample 20 for the as-deposited and annealed thin 

films. The Ni-Cu thin films alloy was completely formed by annealing at 698 K for 

25h as is shown in Fig. 9.3(d). Again, it is clear that the Cu segregated to the surface 

of the annealed samples as is shown in Fig. 9.3(b-d). 
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Figure 9.1: AES depth profiling measured of the as-deposited Sample 20 for (a) 

APPHs vs. sputter time and (b) fractional concentration vs. sputter depth. 

 

 

 

 
Figure 9.2: AES depth profiles for the Sample 10 (a) as-deposited, (b) annealing at 

648 K @1 h, (c) annealing at 698 K @1 h and (d) annealing at 698 K @4 h.  
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Figure 9.3: AES depth profiles for the Sample 20 (a) as-deposited, (b) annealing at 

648 K @1 h, (c) annealing at 698 K @1 h and (d) annealing at 698 K @25 h.  

9.3.2 Surface segregation data for Ni-Cu thin films 

Fig. 9.4 shows the full Auger spectrum before and after the surface segregation 

measurement for the Ni-Cu alloy thin film (Sample 10). It was found that the C and O 

impurity were detected on the surface before and after segregation measurement 

running and both were monitored during the segregation measurement. Fortunately, 

no S impurity was detected in the Ni-Cu alloy thin films. 

 

Fig. 9.5 shows the surface concentration of Cu, C and O as a function of the 

temperature with a linear heating rate of 0.03 K/s for the Ni-Cu alloy thin films with 

both Sample 10 and Sample 20. For the thinner film (Sample 10, 26 nm), as is shown 

in Fig. 9.5(a), the C segregation occur at a lower temperature range (403-545 K) the 

segregation of C is slow and it reach a maximum surface concentration of 8.0 at.%. 

The surface concentration of Cu is almost constant at these low temperatures because 

the bulk diffusion rate of Cu is very low in this temperature region. In the higher 
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temperature region (545-730 K), the Cu surface concentration increases and reached a 

maximum surface concentration of 26.0 at.%. The C surface concentration decrease as 

the Cu segregate to the surface and it replaced the C atom from the surface. This 

temperature region is regarded as the Cu kinetic region and is used to extract the Cu 

diffusion coefficient with Fick’s model. It should be pointed out that the maximum 

surface concentration of Cu is determined by its segregation energy and the 

interaction energy between the Cu, C and Ni according to the surface segregation 

theory (i.e. modified Darken model). In the equilibrium region (730-823K), the Cu 

surface concentration reached a maximum values of 26.0 at.% and the C surface 

concentration stabilise close to 5.5 at.%.  

 

For a thicker Sample 20 (52 nm) as shown in Fig. 9.5(b), the Cu start to segregation at 

570 K, which is high than thinner layer (Sample 10). This indicates that the thicker 

layer (Sample 20) has higher activation energy. It should be pointed out the oxygen 

signal remains the constant level (5-6 at.%) during the surface segregation 

measurement for the both films (Sample 10 and Sample 20).  

 

Figure 9.4: Auger spectrum of a Sample 10 Ni-Cu alloy thin film before and after the 

segregation measurement. 
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Figure 9.5: Surface segregation of Cu, C and O as a function of the temperature with 

a linear heating method at a rate of 0.03 K/s for the Ni-Cu alloy thin films (a) Sample 

10 and (b) Sample 20.  
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The modified semi-infinity Fick’s model was described in detail in Chapter 2 (section 

2.3.1), and only the final result is presented here Eq. 9.2. Eq. 9.2 was used to fit the 

segregation data.   
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where β is surface enrichment factor (β= (CS
  CB

)/CB
 with the CS

 and CB
 are the 

surface and bulk concentration of Cu), α is the heating rate (0.03 K/s for this work), d 

is the thickness of the segregated layer taken as 0.194 nm (see in Chapter 8), Do is the 

pre-exponential factor, Q is the activation energy and R is the universal gas constant 

with a value of 8.314 kJ/mol.  

 

The modified Fick semi-infinite model (Eq. 9.2) was employed to fit the kinetic 

regions in the segregation data of Cu. The diffusion coefficients, pre-exponential 

factor Do and the activation energy Q, were extracted from the best fit of Eq. 9.2 for 

Cu segregating from the Ni-Cu alloy thin films (for both Sample 10 and Sample 20) 

as is shown in Fig. 9.6. The diffusion of Cu in the Ni-Cu alloys thin films was 

determined as Do = 2.8×10
-13

 m
2
/s and Q = 135.3 kJ/mol for the Sample 10 and Do = 

2.9×10
-13

 m
2
/s and Q = 140.5 kJ/mol for the Sample 20.  

 

Fig. 9.7 summarizes the present results of the diffusion parameters for the Ni-Cu 

alloys thin films, previous results (Chapter 7 and Chapter 8) and others literature 

values. The diffusion coefficients are plotted as a function with temperature (1/T) for 

the Cu in Ni-Cu alloy.These diffusion parameters are also listed in Table 9.3. As 

shown in Fig. 9.7, the bulk-to-surface diffusion coefficient in this study shows a good 

comparison with those obtained diffusion from literature. The activation energy Q 

values obtained in this study are 135.3 kJ/mol for Sample 10 (thickness 26 nm) and 

140.5 kJ/mol for Sample 20 (thickness 52 nm). These values are higher than that value 

of 101.3 kJ/mol, is the interdiffusion parameter for polycrystalline Cu/Ni multilayer 

thin films (that was measured with AES depth profiling). The very low activation 

energy as determent for interdiffusion of the Cu/Ni multilayer thin films (that occurred 

in the temperature range of 598- 648 K) and is associated with the grain boundary 

diffusion mechanism (see the previous Chapter 7). These values are lower than that 
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value (160.1 kJ/mol) which was obtained bulk-to-surface diffusion for a 

polycrystalline Ni-18.7at.%Cu bulk material. The highs activation energy was 

determined with bulk-to-surface segregation measurement in the temperature range of 

770-830 K for a polycrystalline Ni-18.7at.%Cu bulk material (see the previous 

Chapter 8). It should be pointed out that the activation energy Q values of 264.0 kJ/mol 

was the bulk diffusion parameter for Cu in Ni-15at.%Cu polycrystalline alloys and 

measured with tracer method at the higher temperature range 1379 K to 1618 K [14].  

 

In addition, by comparing the activation energy Q values of the Sample 10 and Sample 

20 in Table 9.3, it is clear that the activation energy Q values of 140.5 kJ/mol for 

thicker sample is higher than that the 135.3 kJ/mol for the thinner sample. This is 

related to the structure of the Cu-Ni alloys thin films at the different thickness 

(Sample 10 with 26 nm and Sample 20 with 52 nm). As shown in Fig 9.6, the surface 

enrichment factor β in the equilibrium are calculated as 2.4 for the thicker sample and 

2.0 for the thinner sample, which indicates that the thickness of thin film effects the 

surface segregation. Similar experiment result that the film thickness effects the 

surface segregation was observed by Nyeki et al. [7] in studying the segregation of Ge 

in amorphous Si1-xGex thin films alloys using AES. Swaminarayan et al. [8] have also 

studied the influence of film thickness on segregation utilising the Langmuir-Mclean 

approximation (no interaction parameters) for the Cu-Ni binary system. Brown and 

Mishin [9] have also studied the surface stresses and surface segregation in (110)NiAl 

free-standing thin films with different thicknesses with Molecular statics and Monte 

Carlo simulations in conjunction with an embedded-atom potential. To understand the 

size effects on surface segregations in thin films system, the modified Darken model 

are employed to simulate for both the kinetic and equilibrium in a Ni-Cu alloy with 

constrained condition. And the result will be discussed in next section 9.3.3. 
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Figure 9.6: Surface segregation of Cu as a function of the temperature with a linear 

heating rate of 0.03 K/s for the Ni-Cu alloys thin films (Sample 10 and Sample 20). 

The solid lines are the best fits of the modified semi-infinity Fick’s model (Eq. 9.2) 

which yields the diffusion parameters (pre-exponential factor Do and activation 

energy Q). 

 

Figure 9.7: Arrhenius plots for the Cu diffusion in Ni-Cu alloys system and the 

corresponding Cu diffusion in Ni-Cu alloy.  
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Table 9.3: Diffusion parameters obtained for Cu diffusion in Ni-Cu and from 

literatures. 

9.3.3 Surface segregation simulation for Ni-Cu thin films 

The modified Darken model was described in detail in Chapter 2 (section 2.3) and 

only the final result is presented here (Eq. 9.3). The modified Darken model is a 

unified model giving a full description of surface segregation from kinetics to 

equilibrium. It is a complete description (simulation) for segregation. 

 

1

1

1

12

21

1

1

,

2

)(

)1,(

2

)(
),1(

2

)1()(

,

2

,

2

,

2
























NN

N

BB

i

B

ii

N

i

jj

i

j

iijj

i

j

ii

j

i

SB

i

B

iiBB

i

B

ii

B

i

SB

i

B

ii

S

i

RTd

CD

t

C

RTd

CD

RTd

CD

t

C

RTd

CD

RTd

CD

t

C

RTd

CD

t

C












            (9.3) 

where species i is Cu,  j=1, 2,…, N+1. 
S

iC is the surface concentration of Cu, and 

1B

iC is the first bulk concentration of Cu, D is the diffusion coefficient of Cu, d is the 

thickness of the segregated layer. ∆μ(j+1,j)
 is the difference of chemical potential 

between two adjacent layers, i.e. 
)(

2

)1(

2

)(

1

)1(

1

),1( jjjjjj   
. 

Source 
Pre-exponential 

factor, Do (m
2
/s) 

Activation 

energy, Q 

(kJ/mol) 

Temperature 

range, (K) 
Method/Remarks 

This study 

(Sample 10) 
2.8×10

-13
 135.3 545-730 Thin films alloys, 

AES surface 

segregation 
This study 

(Sample 20) 
2.9×10

-13
 140.5 570-750 

Interdiffusion 

(Chapter 7) 
6.2×10

-13
 101.3 598-648 

Multilayer thin films, 

AES depth profile  

Bulk 

segregation 

( Chapter 8) 

5.8×10
-14

 160.1 770-860 
Polycrystalline, AES 

surface segregation  

Cu in Cu-Ni 

Ref.[14] 
1.5×10

-6
 264.0 1379-1618 

Polycrystalline Cu-Ni 

alloy, Trace 
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If an equilibrium state is reached, all the rate equations equal to zero and the 

equilibrium surface concentration XS and the bulk concentration in each bulk layer XBi 

follow: 
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where G is called segregation energy and is defined as 100 0 0

1 1 2 2

BB S SG                                

0B

i 
 and 0S

i 
are the standard chemical potentials of pure element i for the bulk 

material and surface region material, respectively. In general, the segregation energy  

∆G is independent on the bulk/surface concentration and the temperature.  

 

For a thin film system, because of a limited number of segregating atoms, the final 

equilibrium bulk concentration value X
B
 is modified from the initial bulk 

concentration value X0
 as [8]: 

 

                        
K

KXX
X

S
B






1

0

                         (9.5) 

 

where K is the ratio of the number of segregated atoms in the surface layer (N S) to the 

total number of segregated atoms in the system (N total
), i.e. K= NS/ Ntotal

. The value of 

K is inversely proportional to the film thickness, i.e. K=2/l, where l is the film 

thickness in the unit of ML, K=1 represents a two-layer thin film system and K=0 

represents a bulk system. Eq. 9.5 is a constrained condition for the surface segregation 

in thin films. 

 

To understand the size effects on surface segregations in thin films system, the 

modified Darken model (Eq. 9.3 and 9.4) under a constrained condition (Eq. 9.5) is 

employed to simulate for both the kinetic and equilibrium in a Ni-Cu alloy thin films 

system. The surface segregation parameters obtained from Chapter 8 and the diffusion 

parameters obtained from this chapter were used to simulate for the Ni-1.0at.%Cu 

alloy in this study. The segregation energy is 36.1 kJ/mol, interaction energy is 7.6 

kJ/mol, and diffusion parameters Do = 2.9×10
-13

 m
2
/s and Q = 140.5 kJ/mol. 
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Fig. 9.8 shows the simulated Cu equilibrium surface concentration as a function of 

temperature for a bulk system and three thin films (52, 26, 10-nm) with positive 

interaction and without interaction for a Ni-1.0at.%Cu alloy. The simulations shows 

that (a) the Cu equilibrium surface concentration with a zero interaction parameter is 

lower than that with a positive interaction parameter (Ω= 7.6 kJ/mol), and the 

equilibrium surface concentration decrease with a decrease in film thickness; (b) as 

the film thickness decrease the effect of the positive interaction is less pronounced. 

These results imply that (a) the positive interaction parameter enhance the Cu surface 

segregation; (b) the size effect on Cu equilibrium surface segregation is more 

pronounced in the Ni-1.0at.%Cu alloy system.  

 

Figure 9.8: Cu equilibrium surface concentration as a function of temperature in bulk 

and three thin films (52, 26, 10-nm) with positive interaction and without interaction 

for Ni-1.0at.%Cu alloy. 

 

 

To examine the influence of film thickness on equilibrium surface segregation, the Cu 

equilibrium surface concentration was plotted as a function of film thickness at 

different temperatures (from 500 to 900 K) for the Ni-1.0 at.%Cu alloy (see Fig. 9.9). 

The value marked by a vertical line in Fig. 9.9 is called the thickness limit, which 

represents the film thickness where the equilibrium surface concentration of the thin 
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film system is 10 % less than equilibrium surface concentration of the corresponding 

bulk system [11, 12]. As is shown in Fig. 9.9, when the film thickness is less than a 

certain value (4 nm), the Cu surface concentration is close to a constant value and this 

Cu concentration is independent of temperature. In additional, the thickness limit 

value as a function of temperature is plotted in Fig. 9.10 and the maximum values of 

99.1 nm appear at 900 K for the Ni-1.0at.%Cu alloy. This result implies that there is a 

specific temperature at which the size effect (on the Cu equilibrium surface 

segregation) is more pronounced.  

 

Furthermore, Fig. 9.11 shows the thickness limit value as a function of initial bulk 

concentration for difference segregation energy at a constant temperature of 700 K. 

The red arrow marked in Fig. 9.11 is the direction of the increasing segregation energy. 

The thickness limit increased with a decrease in initial bulk concentration. The 

thickness limit also increased with a decrease in segregation energy.  

 

Figure 9.9: Cu equilibrium surface concentration as a function of film thickness with 

various temperatures for Ni1.0at.%Cu alloy. The marked thickness value is called 

thickness limit (see text in Section 9.3.3). 
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Figure 9.10: Thickness limit value as a function of temperature for Ni1.0at.%Cu 

alloy.  

 

Figure 9.11: Thickness limit value as a function of initial bulk concentration at 700 K 

with various segregation energy values. The red arrow is the direction of the 

increasing segregation energy. 
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To study the influence that film thickness has on the segregation kinetics, the surface 

concentration was calculated as a function of time for a film at 700 K for four 

different thicknesses by solving the rate equations (Eq. 9.3) with the constrained 

condition (Eq. 9.5). The result is plotted in Fig. 9.12. The close-dotted points 

displayed in Fig. 9.12 represent the corresponding equilibrium surface concentration 

values, which are calculated independently by introducing Eq. 9.5 into Eq. 9.4. The 

simulation result as shown in Fig. 9.12 indicates that the time required for reaching an 

equilibrium state decreases when film thickness decreases. The agreement between 

the equilibrium and the kinetic simulation results for the final equilibrium stage as 

indicated in Fig. 9.12 implies that the modified Darken model combined with the 

constrained condition (Eq. 9.5) can be used to describe both equilibrium and kinetic 

surface segregations in thin films.  

 

 

Figure 9.12: Cu surface concentration as a function of time at 700 K with various 

film thickness values for Ni-1.0at.%Cu alloy. The close-dotted points represent the 

corresponding equilibrium surface concentration values calculated independently 

from Eq. 9.4. 
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9.4 Summary 

In this chapter, the surface segregations of Cu from a Ni-Cu alloy thin films system was 

measured using AES with the linear temperatures programmed heating method and the 

samples where heated at constant rate of 0.03 K/s from 403 K to 823 K. The 

segregation measured profile data were fitted with the modified Fick’s model 

extracted the bulk-to-surface diffusion coefficient for Cu in Ni-Cu alloy thin films as 

Do = 2.8×10
-13

 m
2
/s and Q = 135.3 kJ/mol for thinner sample (26 nm), for the thicker 

sample (52 nm) Do = 2.9×10
-13

 m
2
/s and Q = 140.5 kJ/mol. These diffusion parameters 

compared well with experimental data values obtained from others in literature. It was 

found that the surface enrichment factor β in the equilibrium for thicker sample (52 

nm) is higher than that for the thinner sample (26 nm).  

 

To understand the size effects on surface segregations in thin films system, the 

modified Darken model are employed to simulate for both the kinetics and 

equilibrium for a Ni-Cu alloy under a constrained condition. From the simulation it 

was concluded that (a) the Cu equilibrium surface concentration with a zero interaction 

parameter is lower than that with a positive interaction parameter (Ω= 7.6 kJ/mol); (b) 

The equilibrium surface concentration decrease with a decrease in film thickness; (c) 

As the film thickness decrease the effect of the positive interaction is less pronounced; 

(d) There is a specific temperature at which the size effect on equilibrium surface 

segregation is more pronounced; and (e) As the film thickness decrease, the time 

required for reaching the equilibrium state decreases.  
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Chapter 10                   

Conclusions 
 

 

 

 

 

 

 

In this study, the surface segregation in a Ni-Cu alloy was investigated by both 

modeling the segregation process theoretically and measuring it experimentally. The 

experimental measurements were performed on a bulk crystal as well as on thin films. 

In addition to the segregation measurements, the Ni/Cu multilayer thin films were used 

to study the interdiffusion of Cu and Ni with AES depth profiling. A quantitative 

evaluation of sputtering-induced surface roughness and depth resolutions was also 

performed utilizing the MRI model to fit depth profiles measured with AES and SIMS.    

 

In a first set of experiments, the Ni/Cu polycrystalline multilayer thin films were 

characterized by AES depth profiling with sample rotation, without sample rotation 

(stationary), with single ion beam sputtering and dual ion beam sputtering. The 

measured concentration-depth profiles data were quantitative analyzed with the MRI 

model. The depth-dependence of the depth resolutions during depth profiling were 

quantitatively evaluated with the MRI model. It was observed that the depth resolution 

is smaller when profiling with dual-ion beam vs. a single-ion beam. It was also found 

that profiling with a lower ion energy result in a better (smaller) depth resolution. 

Rotation of the sample during ion sputtering had the best (smallest) depth resolution.   

 

In a second set of experiments, the influence of the different ion source (O2
+
, Cs

+
 and 

Xe
+
) and different sputter ion energies were investigated using SIMS depth profiling of 

polycrystalline Ni/Cu multilayer thin films. The measured depth profiles data were 

quantitative analyzed with the MRI model to account for atomic mixing and surface 

roughness. The surface topography of the crater bottom after sputtering with different 
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ion energy and at different sputter depth was measured with the AFM. The MRI fitted 

roughness parameters obtained for the SIMS depth profiling compared well with the 

root-mean-square roughness obtained from the AFM topography scans of crater bottom. 

Depth profiling with Cs
+
 ion sputtering had the best depth resolution compared to Xe

+
 

and O2
+
 ion sputtering.  

 

Ion sputtering induced roughness and depth resolution were determent for SIMS depth 

profiling performed with different ion energies on a polycrystalline Ni/Cu multilayer. 

The results indicated that the depth resolution is noticeably better for depth profiling 

with a lower primary ion energy, which can be credited to a lower ion sputter induced 

roughness and a smaller atomic mixing length.  

 

In a third set of experiments, the MRI model was used for extracting the interdiffusion 

coefficients in Ni/Cu multilayer thin films from depth profiles measured with AES. The 

interdiffusion parameter for Cu/Ni multilayer thin films was characterized for the first 

interface Do =6.2×10
-13

 m
2
/s and Q =101.4 kJ/mol, and the last Cu/Ni interface 

Do=6.3×10
-14

 m
2
/s and Q =79.0 kJ/mol.  

 

In a fourth set of experiments, the surface segregations of Cu and S from a ternary 

Ni-Cu(S) alloy system was measured using AES with both linear temperatures 

programmed heating and constant temperature heating methods. The segregation data 

measured with the linear temperature programmed heating method were fitted with 

the modified Darken model. The diffusion and segregation parameters obtained with 

the modified Darken model fitted to the linear annealing segregation data are DoCu in Ni 

= 8.6×10
-14

 m
2
/s and QCu in Ni = 145.2 kJ/mol, DoS in Ni = 9.2×10

-2
 m

2
/s and QS in Ni = 

224.0 kJ/mol, ΔGCu= -36.0 kJ/mol, ΔGs= -136.0 kJ/mol and ΩCu-Ni=7.6 kJ/mol, 

ΩS-Ni=28.1 kJ/mol and ΩCu-S= -10.3 kJ/mol.  

 

The diffusion and segregation parameters determent from the constant temperature 

heating method were obtained by fitting the segregation profiles with the modified 

Fick’s model. The bulk diffusion coefficient was DoCu in Ni= 5.8×10
-14

 m
2
/s and QCu in 

Ni = 160.1 kJ/mol, DoS in Ni = 1.2×10
-2

 m
2
/s and QS in Ni = 222.1 kJ/mol. The 
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segregation parameters obtained in this study were compared well with experimental 

data values obtained from others in literature.  

 

In a last set of experiments, the surface segregation of Cu from Ni-Cu alloy thin films 

was measured using AES with the linear temperature programmed heating methods. 

The segregation measured profile data were fitted with the modified Fick’s model to 

extract the bulk-to-surface diffusion coefficient for Cu in a Ni-Cu thin film alloy.  For 

the 26 nm thin film the diffusion parameters were Do = 2.8×10
-13

 m
2
/s and Q = 135.3 

kJ/mol. In the case of the thicker thin film (52 nm) diffusion parameters were Do = 

2.9×10
-13

 m
2
/s and Q = 140.5 kJ/mol. These diffusion parameters compared well with 

data found in literature. The equilibrium surface enrichment factor for the thicker thin 

film is higher than that of the thinner thin film.  

 

To understand the size effects on surface segregations in thin films system, the 

modified Darken model was employed to simulate the segregation in a Ni-Cu thin film 

alloy utilising constrained conditions. The simulations shows that (a) the Cu 

equilibrium surface concentration with a zero interaction parameter is lower than that 

with a positive interaction parameter (Ω= 7.6 kJ/mol); (b) The equilibrium surface 

concentration decrease with a decrease in film thickness; (c) As the film thickness 

decrease the effect of the positive interaction is less pronounced; (d) There is a specific 

temperature at which the size effect on equilibrium surface segregation is more 

pronounced; and (e) As the film thickness decrease, the time required for reaching the 

equilibrium state decreases.  
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