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Abstract 

 

The effect of surfaces on the electron transport at reduced scales is attracting 

continuous interest due to its broad impact on both the understanding of materials 

properties and their application for nanoelectronics. The size dependence of for 

conductor’s electrical resistivity ρ due to electron surface scattering is most commonly 

described within the framework of Fuchs and Sondheimer (FS) and their various 

extensions, which uses a phenomenological scattering parameter p to define the probability 

of electrons being elastically (i.e. specularly) scattered by the surface without causing an 

increase of ρ at reduced size. However, a basic understanding of what surface chemistry 

and structure parameters determine the specularity p is still lacking. In addition, the 

assumption of a spherical Fermi surface in the FS model is too simple for transition metals 

to give accurate account of the actual surface scattering effect. The goal of this study is to 

develop an understanding of the physics governing electron surface/interface scattering in 

transition metals and to study the significance of their Fermi surface shape on surface 

scattering. The advancement of the scientific knowledge in electron surface and interface 

scattering of transition metals can provide insights into how to design high-conductivity 

nanowires that will facilitate the viable development of advanced integrated circuits, 

thermoelectric power generation and spintronics.  

Sequential in situ and ex situ transport measurements as a function of surface 

chemistry demonstrate that electron surface/interface scattering can be engineered by 

surface doping, causing a decrease in the ρ. For instance, the ρ of 9.3-nm-thick epitaxial 

and polycrystalline Cu is reduced by 11-13% when coated with 0.75 nm Ni. This is due to 

electron surface scattering which exhibits a specularity p = 0.7 for the Cu-vacuum interface 

that transitions to completely diffuse (p = 0) when exposed to air. In contrast, Ni-coated 

surfaces exhibit partial specularity with p = 0.3 in vacuum and p = 0.15 in air, as Cu2O 

formation is suppressed, leading to a smaller surface potential perturbation and a lower 

density of localized surface states, yielding less diffuse electron scattering.  
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The localized surface density of states (LDOS) at the Fermi level N(Ef) as a primary 

parameter determining the surface scattering specularity is further confirmed by a different 

surface dopant. In particular, the measured sheet resistance of 9-25-nm-thick epitaxial 

Cu(001) layers increases when coated with dTi = 0.1-4.0 monolayers (ML) of Ti, but 

decreases again during exposure to 37 Pa of O2. The corresponding changes in ρ are a 

function of dCu and dTi and are due to a transition from partially specular electron scattering 

at the Cu surface to completely diffuse scattering at the Cu-Ti interface, and the recovery 

of surface specularity as the Ti is oxidized.  X-ray reflectivity and photoelectron 

spectroscopy indicate the formation of a 0.47±0.03 nm thick Cu2O surface layer on top of 

the TiO2-Cu2O during air exposure, while density functional calculations of TiOx cap layers 

as a function of x = 0-2 and dTi = 0.25-1.0 ML show a reduction of N(Ef) by up to a factor 

of four. This reduction is proposed to be the key cause for the recovery of surface 

specularity and results in electron confinement and channeling in the Cu layer upon Ti 

oxidation. Transport measurements at 293 and 77 K confirm the electron channeling and 

demonstrate the potential for high-conductivity metal nanowires by quantifying the surface 

specularity parameter p = 0.67±0.05, 0.00±0.05, and 0.35±0.05 at the Cu-vacuum, Cu-Ti, 

and Cu-TiO2 interfaces. 

In order to determine the effect of the Fermi surface shape on the size effect, 

experimental and simulation results are combined to study how the resistivity changes with 

film thickness dw on monocrystalline W layers with different surface orientation, W(001) 

and W(110).  As the first step of the experiments, the growth of epitaxial W(001) layers on 

MgO(001) substrates by ultra-high vacuum magnetron sputtering is studied, in order to 

obtain an alternative W layer orientation in addition to the well-known growth of epitaxial 

W(011) on Al2O3 (1120)  substrates. X-ray diffraction ω-2θ scans, ω-rocking curves, and 

pole figures show that 5-400 nm thick W(001) layers grown at Ts = 900 °C are 

monocrystalline with a relaxed lattice constant of 3.167±0.001 nm, as determined from 

high resolution reciprocal space mapping. The magnitude of the residual in-plane 

compressive strain decreases from -1.2±0.1% to -0.1±0.1% with increasing dw. This is 

attributed to the glide of threading dislocations which increases the average misfit 

dislocation length, causing relaxation of the stress associated with differential thermal 
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contraction. X-ray reflectivity measurements indicate smooth surfaces with a root-mean-

square surface roughness ≤1.0 nm and a roughness exponent of 0.38 for dw below 20 nm.  

    Secondly, the effect of surface roughness on surface scattering is investigated to 

ensure its contribution to the resistivity size effect is properly included when comparing W 

films grown on different substrates. In fact it is found the ρ of in situ annealed 4-20 nm 

thick epitaxial W(001) layers grown on MgO(001) samples show weaker dw dependence 

than that of unannealed samples in vacuum and air at both 295 and 77 K although 

completely diffuse surface scattering are present on both sets of films. No significant 

change in the structural quality of the samples after annealing is observed for d ≤ 20 nm. 

While a combination of X-ray reflectivity and Atomic Force Microscope study on surface 

morphology shows flatter surface mounds after annealing. Consequently, in situ annealing 

treatment is carried out on both epitaxial W(110) and W(001) from dw =4-320 nm to obtain 

surface with comparable rms roughness and lateral correlation length. Thus the ρ increase 

due to the surface roughness is estimated in similar degree for the two types of films. 

Finally, a transport model for thin films with anisotropic Fermi surfaces is 

presented, which includes the effect of electron surface scattering. Simulations done using 

the calculated W Fermi surface show the resistivity ρ to be 1.15-2.23 and 1.21-3.14 times 

larger than that of bulk W for (011) and (001) oriented thin films, respectively at a layer 

thickness  d = 37.5- 3.75 nm, indicating an orientation dependent surface scattering effect 

on ρ. The  resistivity of epitaxial W(110) increases from 5.77±0.03  to 13.24±0.24 μΩ-cm 

as d decreases from 320 to 5.7 nm, but increases stronger for epitaxial W(001) from ρ = 

5.77±0.03 to 24.42±0.58 μΩ-cm for d = 320 and 4.5 nm.  This orientation dependence is 

quantified with a different effective mean free path )011( = 18.5±0.3 nm vs )001(  = 33±0.4 

nm at 295 K by fitting using ρ vs t with the Fuchs-Sondheimer (FS) model for spherical 

Fermi surfaces since their surface scattering is found completely diffuse by sequential in 

situ and ex situ electron transport measurements. Similarly, the ρ from simulation can be 

fitted to obtain another set of )011(  and )001( . The ratio )011( / )001(  = 0.57±0.01 from 

simulations, in good agreement with 0.56±0.01 from experiment. The orientation 

dependent size effect is the result of (1) the projected Fermi surface area along the surface 
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normal and (2) the rate of electrons approaching the surfaces due to the anisotropic electron 

Fermi velocity distribution along different directions.      
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 Introduction 

 

1.1 Scientific Motivation  

1.1(a) The Relation of Surface Adatoms to Specularity  

Electron scattering at surfaces of metal layers causes an increase in their electrical 

resistivity which becomes dominant as the layer thickness decreases below the mean free 

path  for electron-phonon collisions, which is 39 nm for Cu at room temperature. This 

resistivity increase represents a major challenge for nanoelectronics and for the further 

downscaling of integrated circuits1-4 as the resistivity of, for example, 10-nm-wide Cu 

interconnect wires is predicted to be an order of magnitude larger than that of bulk Cu.5 

Electron surface scattering is most commonly described within the framework of Fuchs6 

and Sondheimer7 (FS), who use a phenomenological scattering parameter specularity p to 

describe scattering events as either specular (p = 1) or diffuse (p = 0). Specular scattering 

causes no resistivity increase associated with electron-surface interactions and would be 

desired to achieve high-conductivity nanowires. However, most studies on electron 

scattering at Cu surfaces report completely diffuse scattering8-10
 which is attributed to an 

irregular disturbance of the electron potential at the surface.11 Conversely, some 

researchers report partial specular scattering (p > 0),12-14  particularly for atomically smooth 

Cu surfaces in vacuum15 as well as smooth surfaces of inert metals like Ag16 and Au17-19 in 

air, suggesting that a flat metal surface that does not interact with the environment leads to 

specular scattering. This is consistent with theoretical predictions of specular scattering for 

pristine atomically smooth Cu surfaces,11 while surface roughness20 or adsorption of 

secondary materials on the Cu surface is predicted21 or experimentally found22,23 to cause 

diffuse scattering. It has been previously demonstrated that epitaxial Cu(001) layers exhibit 

partial specular scattering with p = 0.6 at the  Cu-vacuum interface,15,22 but that exposure 

to atmospheric air,10 or controlled adsorption of a submonolayer of ogygen24 as well as 

                                                           
Portions of this chapter previously appeared as: P.Y. Zheng, R.P. Deng and D. Gall “Ni 

doping on Cu surfaces: reduced copper resistivity,”Appl. Phys. Lett. 105, 131603 (2014).  
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deposition of a 0.3-nm-thick Ta surface layer15 causes a transition to completely diffuse  

surface scattering. These results raise the questions: 

a.) Will any material in contact with a Cu surface result in completely diffusive 

scattering? 

b.) What material or interface properties are required to yield specular scattering at 

transition metals’ interface or surface? 

1.1(b) The Possible Role of a Non-spherical Fermi Surface in Surface Scattering  

The analytical solution of  Fuchs6 and Sondheimer7 model and their extensions25-27 

are based on the assumption of a spherical fermi surface. But that assumption is too simple 

for transition metal and semiconductors with non-spherical fermi surface, whose effect on 

the surface scattering has been theoretically considered by several authors28-31 including 

Sondheimer and Parrott. Their results predicted the size effect of conductivity can vary 

between the different crystal orientation of the thin film and the electrical ρ will still 

increase even under the specular scattering condition. On the other hand, their models 

deviate from the actual fermi surface, since they are based on one spheroidal or ellipsoidal 

characterized by an additional parameter for either anisotropic reciprocal effective mass or 

anisotropy of the bulk conductivity along different principle crystal axis. In the 

experiments, anisotropy of size effect in the ρ were reported for Al single crystal rod with 

different major surface orientations and in-plane transport directions.32,33 However the 

same authors noticed the experimental ρ of different orientations can be either larger or 

smaller than that from theory and there was disagreement between theory and experiment 

on the order of the anisotropy which they attributed to (i) the side surfaces of different 

orientation causing a different size effect from that due to the main surface and (ii) 

impurities change the mean free time near zone boundaries. 

I envision a transport model based on the actual fermi surface to study the 

anisotropic size effect of ρ is at great use for designing high-conductivity nanowires that 

will facilitate the viable development of advanced integrated circuits,34-36,37,38 flexible 

transparent conductors,39-41 thermoelectric power generation,42,43 magnetic sensors44 and 

spintronics.45   Results from such consideration could be also fundamentally important to 



3 
 

explain why the fermi surface area obtained by size effect of ρ is smaller than theoretical 

expectation46 and experimental ρ is much larger than that expected from those modified F-

S model.47 

1.2 Hypothesis for Specularity and Highlight of Achievements.   

In order to develop an understanding of the possible physical parameters controlling 

the electron interface scattering specularity, and characterize the electron surface scattering 

on transition metal with a complicated Fermi Surface, I have also formed two hypotheses 

to explain the degree of specular electron scattering at surfaces/interfaces to guide the 

experiment plan. The first relates the specularity p to changes in the Fermi level, surface 

electron accumulation/depletion, and interfacial dipole moments. The second associates 

the diffusive scattering to the empty states near the Fermi level. 

Hypothesis 1: Lateral perturbation of the flat surface potential drop results in a 

destructive interference of electron plane waves after reflection at the surfaces/interfaces 

as shown in Fig 1-1 (b), which is the quantum mechanics view of the diffuse scattering 

event. The rough equipotential surface can arise due to   

(a) Localized surface charge from the Fermi level alignment of a metal-metal contact; 

(b) Electron will flow to or away from surface layers in elemental transition metal due 

to surface Fermi level shifting relative to bulk as explained in Section 2.8.  

(c) Interfacial polarization from metal to oxide charge transfer as explained in Section 

2.9.  

The higher interface/surface charge density, the smaller p is expected due to larger 

density of scattering centers. Or the larger interfacial dipole presents, the more abruptly the 

surface potential is perturbed such that the surface region becomes effectively wider for 

electron waves experience the surface potential field at further distance to the physical 

boundary. 
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Figure 1-1. (a) Constructive interference of electron wave reflected at flat equipotential 

surface (b) destructive interference of electron wave reflected at perturbed equipotential 

surface. 

Hypothesis 2: Conducting electrons can be scattered into the localized available 

states at the Fermi level in the adjacent layer or empty interfacial states when electrons are 

reflected at the interface or transmit into the adjacent layer. The electrons transport 

momentum gets randomized when they come back to the conducting layer. Basically, the 

process is equivalent to a diffuse scattering event. When conducting transition metal forms 

bilayer with another metal or semiconductors, electrons are scattered into the empty states 

of d-bands or empty localized impurities states. In the case of insulator, interfacial 

electronic state is the prevailing factor for electron diffuse scattering, where the interfacial 

state is the metal-induced gap state as discussed in section 2.9.   The more available density 

of states, the higher probability of electrons can be diffusely scattered at the interface, in 

turn resulting smaller p. It is also thought empty states in s-band would not affect the 

electron transport since the electron effective mass does not change dramatically in this 

case.   

The results presented and discussed in detail in chapters 4, 5, 7 and 8 indicate that 

Hypothesis 2 is the key to explain most size effect phenomena observed in this research. 

However, some results presented in chapter 4 and 8 could be also reasonably explained by 

Hypothesis 1.  In particular, the following three goals have been accomplished,  

Goal 1- Demonstrate the possible specular scattering and determine the specularity 

parameter at interface.   

Goal 2- Investigate the electron scattering at interfaces between Cu and selected 

transition metals with relation to different localized density of states.   

Constructive interference Destructive interference 
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Goal 3- Study the physical significance of the specularity parameter p or mean free 

path  determined from the F-S model for transition metal with different crystal orientation 

by both experiments and simulation using a new transport model for surface scattering 

based on the actual Fermi Surface from simulation. 

 

1.3 Outline of the Thesis 

This dissertation consists of 9 chapters. In section 1.1 the scientific motivation is 

first introduced through a broad review of the electron surface scattering followed by the 

challenge behind and the related problems of interests. After that, I elaborate my two 

hypothesis on factors determining surface scattering as well as summary of the three 

accomplishments in section 1.2.  

In chapter 2, the technical and scientific background is thoroughly discussed in the 

sequence of the technical impact in semiconductor industry, the causes of the size effect, 

the semi-classical model for electron surface scattering, the progress of quantum 

mechanical model for electron surface scattering, the bulk electron mean free path, the 

physics for scattering specular parameter, the capping layer effect on interface scattering, 

the transition metal surface charge build up, the interfacial dipole moment relation to 

surface potential and the reason for Tungsten being chosen to study the anisotropic surface 

scattering effect. 

In chapter 3, the experimental details are laid out for the sample preparation process 

for epitaxial and polycrystalline metal films with different add layers on surface and 

different characterization techniques used to measure electrical properties, thickness of 

films, interface roughness, film texture, crystal quality, surface oxidation and surface 

morphology. 

In chapter 4, the first time systematic demonstration of electron specular scattering 

between single crystal Cu and metal cap layer, followed by discussion on how Ni changes 

the specularity p of Cu before and after air exposure. 



6 
 

In chapter 5, the change of surface scattering by controlling the LDOS at Fermi 

level is further confirmed by using Ti as a surface dopants/coating and its in situ oxidation 

while observing the change of resistance on Cu conducting layer.  

In chapter 6, the epitaxial growth of W(001) on MgO(001) is thoroughly studied to 

understand the film growth mechanism, film microstructure, crystal quality and strains in 

order to prepare high quality monocrystalline W(001) layer for study of its resistivity .  

In chapter 7, the surface roughness effect on surface scattering is studied by 

comparing the resistivity of two sets of 4-390 nm thick epitaxial W(001) layer with 

different surface morphology, where the surface morphology is changed by in situ 

annealing.   

In chapter 8, the anisotropic size effect of resistivity are clearly demonstrated by 

simulation and experimental results on the different thickness dependence of resistivity on 

W films with (001) and (011) surface orientations. The detailed discuss is given on how to 

understand the origin of anisotropic size effect based on its complicated fermi surface.    

In chapter 9, a summary of the major findings in this study is given and the possible 

future study is outlined for the advance in the electron surface and interface scattering.  

In chapter 10, the results from chapter 4-8 are summarized in an order of published, 

prepared and under preparation for publishing in respective journals. 

 

 

 

 

 

 

 



7 
 

 Technical and Scientific Background 

 

2.1 The Size Effect in “Interconnect Bottleneck” 

  In the semiconductor industry, the increase of the interconnect resistivity with 

decreasing feature size, known as ‘size effect’ has attracted a lot of research due to its 

critical importance on device performance. What happens is as the persistent downscaling 

of integrated devices, interconnect switching delay has taken over and became the speed-

limiting factor.4,37 Further dimensional downscaling actually can offset the speed gained 

from the faster transistor. This is simply because different parts of the chip take too much 

time to communicate. The interconnect delay increases due to the larger resistive-

capacitive (RC) time constants. The larger RC time constant is the result of the dramatic 

increase of electric resistivity of Cu line when its size approaches the electron mean free 

path. As a result, the abnormal increase of Cu resistivity becomes a dominate factor to 

affect the device performance. In fact, International Technology Road Map 2013 report 

forecasts 40-50 times increased RC delay in the next 13 years by 2028.4 

2.2 The Causes for the Size Effect 

Many different kinds of metals with different microstructures have been explored 

to find the reasons for the size effect of resistivity. Early days back to 1930-1950, 

experimental work was done on alkali metals48, tin49, and even mercury49 at cryogenic 

temperature in order to observe this size effect in bulk materials such as foil. Later on, as a 

typical noble metal, Au received comprehensively studies in both single crystal19,50,51 and 

polycrystal17, 18,52-55. And recently, Cu owe to its technology relevance has evolved as a 

major investigation target and been characterized in single crystal,10,15,56 polycrystal12, 35,57-

                                                           
Portions of this chapter previously appeared as: P.Y. Zheng, R.P. Deng and D. Gall “Ni 

doping on Cu surfaces: reduced copper resistivity,”Appl. Phys. Lett. 105, 131603 (2014). 

Portions of this chapter have been submitted to: P.Y. Zheng, T.J. Zhou and D. Gall 

“Electron channeling in TiO2 coated Cu Layers” Nanotechnology.    
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60 and nano wire.9,13,58,61,62  Apart from that, the effort has extended to polycrystalline 

Aluminum,32,64 polycrystalline Ni,45,65,66 single crystal Mo,67 single crystal68-71 and 

polycrystalline W,72,73 single crystal Pt74, and single crystal CoSi275 , and both  single 

crystal16 and polycrystalline Ag.76,77  After all these extensive research, three major reasons 

of size effect are agreed based on electron scattering at external and internal surfaces or 

interfaces. More specifically, electrons experience more scattering from (1) surface as the 

film thickness d and/or the line width w approaches the physical limits of electron mean 

free path, (2) grain boundaries where grain sizes typically decrease with decreasing d, and 

(3) geometric surface roughness which cause the variation of effective cross-sectional area 

of interconnect lines. In this research, the primary focus will be on electron surface 

scattering.  

Key message from section 2.2: Three causes have been identified for the size effect 

of resistivity through many years research. I decide to drill into the electron surface 

scattering in depth.  

2.3 Semi-classical Models of Surface Scattering 

2.3(a) Fuchs-Sondheimer Model  

The first sophisticated physical model of the surface scattering effect on thin 

metallic film was given by Fuchs6 and followed by more general consideration of scattering 

process by Sondheimer.7 They solved the appropriate Boltzmann transport equation for 

thin film under steady state by using a phenomenological parameter p to account for the 

probability of electron being elastically or so called specular scattered at surfaces with 

specular (p = 1) or diffuse (p = 0).  The resistivity ρ for a thin film of thickness d can be 

predicted by following expression,  
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where  d , and λ is the electron mean free path calculated using the Fermi free 

electron model and the experimental bulk resistivity ρbulk. Here the p has being assumed to 

be independent of the direction of electron motion and be independent of the temperature 

variation. This Fuchs-Sondheimer model (FS-model) has been applied widely to study the 

surface scattering, which generally fits experimental data reasonably well.13,16,19,51, 

70,78,79When real films are in contact with substrate, underlay, and cap layer, the top and 

bottom surfaces can be different. In order to differentiate the scattering process with 

distinct surfaces or interfaces, a more accurate model of two specularity parameters p1 and 

p2 was developed to calculate the resistivity on single crystal film with unlike top and 

bottom surface respectively,59 

 

                                                                                                                             ,      Eq. 2-2  

where k,d, λ is the same as defined above.  

 

2.3(b) Soffer Model  

Soffer27 reexamined the electron surface scattering problem by considering the 

dependence of angle of incidence of the electron plane waves and the effect of lateral 

correlation of the surface roughness.  In the limit of no lateral surface correlation, he 

derived the resistivity ρ in the same integral form of equation 1 but with specularity p 

depending on the angle of the incidence θ, in the form 𝑝 = exp[− (
4𝜋𝑟

𝜆𝑒
)
2

𝑐𝑜𝑠2𝜃], where λe 

is the Fermi wavelength and r is the r.m.s surface roughness. He also pointed out the 

increasing correlation caused the diffuse scattering contribution to the electric current after 

scattering. In another words, even at a given rough surface, a smaller size effect present if 

possible correlation is considered. The Soffer model was at first well received with some 

experimentalists working on films grown by evaporation.18,53,80 However recent study on 

resistivity of Au film showed the Debye temperature and roughness extracted from the 
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Soffer model were physically unreasonable.19,54 And independent study on polycrystalline 

Cu also concluded Soffer model failed to correctly predict the size effect.14   

2.3(c) Fuchs- Namba & Kuan’s Model  

 In practice, large surface roughness can introduce heterogeneous film cross section 

which changes the mean resistivity. Such a geometric effect have been explored by 

Namba26 experimentally on evaporated gold films and by Kuan et al.81 through Monte-

Carlo calculations that follow the trajectories of electrons as they travel along thin films. 

Both models assume a sinusoidal roughness on the surface. Namba has added a roughness 

correction to the original FS model as shown in Eq.1-3 while Kuan introduced an additional 

empirical roughness factor S into the approximation form of F-S model as shown in Eq.1-

4. Geometric contribution from surface roughness works well on film with large mounds 

on the surface74 but it turns out to give unreasonable surface roughness on physically 

smooth films8 when roughness is used to explain the deviation of results from FS model.  

This suggests some other factors need be addressed to count the deviation as illustrated in 

the preliminary results section.  

 

                             ,                                      Eq.2-3   

where l is the length of the film and )sin//( kxhd   is obtained by replacing d in Eq. 

1-1 or Eq.1-2 with ( kxhd sin//   ), ℎ = √2*r, and r is the r.m.s surface roughness. 
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where S is the roughness factor. 

Key message from section 2.3: There is reasonable agreement between measured 

resistivity increases with those predicted from physical models using phenomenological 

parameter. More sophisticated models have also been developed including scatterings at 

the unlike top and bottom surfaces, angle-dependent specularity parameters, geometric 

thickness variation, but generally do not improve the fitting results significantly. 
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2.4 The Bulk Electron Mean Free Path 

In order to apply any given models in chapter 2.3 for the interpretation of thin film 

experimental results, it is necessary to know the bulk electron mean free path. In a material 

the finite electron free path is caused by the thermal vibrations of the lattice. As a result, 

the conductivity is given by  𝜎0 =
𝑒2

12𝜋3 ∮𝜆𝑘
⃗⃗⃗⃗ ∗ 𝑑𝑆𝑘

⃗⃗⃗⃗  ,                Eq. 2-5  

where e is the electric charge, 𝜆𝑘
⃗⃗⃗⃗ = 𝑣𝑘⃗⃗⃗⃗ 𝜏𝑘 is the mean free path of an electron with velocity  

𝑣𝑘⃗⃗⃗⃗  , and dSk  is the Fermi surface along particular k direction.82 Assuming an isotropic bulk 

mean free path λ, the above integration can be evaluated as 𝜎0 =
𝑒2𝑆𝐹

6𝜋2ℎ
𝜆 ,68           Eq. 2-6 

where SF is the integrated Fermi surface area with any shape and h is the Planck’s constant. 

For a metal with approximately spherical Fermi surface, a simple expression can be 

obtained using the nearly free electron model  𝜎0 =
𝑒2

(
3

8𝜋
)1 3⁄ ℎ𝑛−2 3⁄

𝜆 ,              Eq. 2-7 

where n is the free electron density.  Based on the bulk resistivity of the material, its bulk 

mean free path λ can be found from the equations 1-5 to 1-7.   

Key message from section 2.4: it is possible to calculate the bulk electron mean free 

path under a certain cases. This mean free path can then be used in the models of section 

2.3, instead of it being a free fitting parameter. 

 

2.5 Surface Scattering Studied by Quantum Mechanics 

When quantum mechanical treatment of the surface scattering resistivity is 

extensively carried out by Kubo linear response theory,83-87 the surface roughness profile 

is treated as a perturbation of surface potential and added into the single-particle Green’s 

function. These models describes the CoSi2, Au and Pt film thickness-dependent resistivity 

well when Lkf ≤ 1, where kf is the Fermi wave vector and L is the correlation length of 

surface roughness.  However, the choice of roughness correlation function has a significant 

effect on the conductivity when Lkf >1.88 For example Gaussian and Exponential auto 

correlation yields a difference on expected resistivity by more than a magnitude.  Besides,  

detailed analysis shows lacking of consistency between the resistivity predicted by 

different quantum models using the surface roughness measured from gold films89 with 
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some of their different analytic solutions yields 7-15% deviation from the measured 

resistivity.90 The interference between bulk and boundary scattering is also considered by 

Meyerovich91 using diagrammatic formalism, however, which is found not significantly 

important in the epitaxial Cu(001) film down to 4 nm thickness.92  

Key message from section 2.5: Resistivity due to surface scattering has been 

modeled using quantum mechanics which works for a certain cases when Lkf ≤ 1. However 

more experimental results are needed in order to validate the models. Nevertheless, it 

introduces the idea of surface roughness as a perturbation of surface potential. 

 

2.6 Physics behind Surface Specularity Parameter  

Although many efforts have been spent to quantify the surface specularity p, there 

is limited research being conducted into what factors control this phenomenological 

parameter.  Consequently it is consistently observed that resistivity can be much larger than 

that expected from these modified F-S model,47,56,93 which I attribute to the limited 

quantitative understanding of what physical factors control this phenomenological 

parameter. Two plausible physical pictures have been suggested namely 1. reduced Deybe 

temperature of thin film compared to that of the bulk due to increased phonon modes by 

surface phonon softening,19,94 2.increased electron and phonon coupling with decreasing 

thickness,92  As being pointed out in ref. 16 and 56, surface phonon softening is physically 

attributed to less tightly bonded surface atoms which has smaller Debye temperature than 

that of bulk. If that is the case, surface oxidation or coating would be expected to reduce 

diffuse scattering, however those treatments generally lead to the decrease of specular 

scattering.22-24  On the other hand, as the thickness reduces, the increased electron and 

phonon coupling can only contribute in part to the increase of the resistivity, for example 

electron and phonon coupling in epitaxial Cu(001) is just increased twice with thickness 

decreases from 500 to 4 nm while the resistivity is increased by more than 20 times.92,93 

The irregular disturbance of the electron potential due to the surface roughness can be ab 

initio modeled by forming clusters of atoms or rows of atoms on flat surface or randomly 

removing atoms in the first surface layer (hereafter both cases are referred as atomic 

roughness), which causes significant resistivity impact similar to that expected from diffuse 
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scattering.11,20 However there is no systematic discussion on how those factors is directly 

related to the electron specular parameter p and those simulated surface profile may not 

actually describe the surface morphology of thin film grown on different substrates or 

underlayers. In another word, the phenomenological parameter remains as experimentally 

determined such that it is extremely difficult to predict which materials could have specular 

scattering or how to engineer the specularity, especially in practice, the Cu or other 

potential conducting metal must be in contact with another material such as line barrier 

metals and dielectrics in the integrated circuits. 

Key message from section 2.6: The main physical properties that govern electron 

surface scattering are still unknown, and a method to control p for technological 

application is not known, yet. 

 

2.7 Cap Layer Effect on Surface Scattering 

 The recent research on Cu suggests the surface scattering is strongly related to its 

adjacent layer or the interface. For example, atomically flat single crystal Cu(001) surfaces 

exhibit partially specular electron scattering with p = 0.6 if held in vacuum,15 but the 

scattering becomes completely diffuse (p = 0) after exposure to oxygen24 or air,25-28 which 

is attributed to surface oxide formation which causes an irregular disturbance of the 

electron potential at the surface.11 This leads to a simply thought that putting a cap layer 

on top of copper could preserve p. However the method is not as straightforward as it 

sounds due to the complication of the new interface between cap metal and Cu. For 

example measurements on 100-1000 nm wide Cu line with traditional barrier materials 

including Ta,96,97 Ti,23,98 and TiN99 generally yields ρ consistently close to those expected 

for specularity p = 0.  The ρ of Cu line with new liner Zr, and Hf 97 shows even higher ρ 

than that obtained with Ta, Ti. And surface segregation of dopants such as Al,100 Mn,101 

Mg,102 to Cu line surfaces or Pt and Al thin coating 22 on Cu films also yields much higher 

resistivity than pristine Cu due to surface scattering and extra interface roughness. The 

suppression of surface specular scattering shown above is consistent with result from the 

comprehensive study on capping layers of Pb, Sn, Fe, Al ,Ag, Cr and Bi on Au done by 

Lucas17 and study of  Ta, Si, C, and Ni80Fe20 coating effect on spin valve multilayers 
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structure Co/Cu/Co/NiO done by Egelhoff,103 even though a 0.4nm Au coating increase 

the giant magnetoresistance of spin valve which is attributed to enhanced specular 

scattering in Egelhoff’s study.   

There are very limited reports that suggest partial specular scattering may exist at 

the interface between Cu with a certain add-layer, including scattering at the epitaxial 

Cu/SiO2 interface with p =  0.33 12 and a time dependent resistivity decrease for Ta and Al 

coated Cu due to oxidation of the coating which could  indicate increasing specularity. 22  

I attribute these result to the so called “electron channeling effect ”,104 which has been used 

to explain the strong specular reflection reported for the Au/Fe interface105 and the specular 

scattering predicted at magnetic multilayer interfaces in giant magnetoresistance (GMR) 

applications37,38 where spin-dependent scattering is responsible for spin dependent 

confinement of electrons in the nonmagnetic layer of GMR structures.108 More generally, 

electron channeling occurs if the interface or multi-layer electronic structure confines  

electrons within the high conductivity layer, which is achieved through (a) a reduction of 

the localized density of states (LDOS) at the interface,109(b) a mismatch of the Fermi 

momentum component parallel to the interface in adjacent layers ,104 or (c) a large potential 

step at the interface.41,42 

Key message from section 2.7: Electron scattering at the interface between Cu and 

a metallic capping layer tends to be completely diffuse. No metal is known for which the 

Cu-metal interface has been clearly demonstrated to yield specular electron scattering. 

Electron channeling through controlling the LDOS at the interface could be the direction 

to promote specular scattering.  

 

2.8 Transition Metals Surface Charge Build-Up 

From surface core-level shifting (SCLS) measured by X ray photoelectron 

spectroscopy, it is known electron will flow to or away from surface in transition metal due 

to surface Fermi Level shifting comparing to bulk level.112-114 The surface charge built-up 

can be understood by the narrowing of valence band which is d bands for majority of 

transition metal. In the case of a less than half filled d band, the band width of valence band 
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at the surface is shrunk about its centroid for the surface layer of metal atoms due to the 

reduced number of neighboring atoms, which pushes the occupied states above the bulk 

Fermi level. Therefore, electrons must flow away from these occupied states and leaving 

the surface layer of atoms a net positive charge relative to bulk atoms. The effect of this 

positive charge is to shift the surface core level eignevalues to larger binding energy due 

to the electrostatic attraction. The simple argument predicts a monotonic relationship: The 

more the surface valence band is narrowed, the more surface charge is built-up. In the case 

of more than half filled d-band, negative charge built-up happens based on similar 

argument. This theory on SCLS has been supported by large number of experimental work 

as summarized in the comprehensive review paper ref 112.   Particularly 0.1eV core level 

shifting would only require a 3 d shell change of occupancy by 0.004 electrons. 

Interestingly, even Cu,115 Ag,116 and Au117 surface layer was observed not to have a 

completely filled d band even though d bands are filled in the bulk and especially Cu 

surface layer exhibit about 10-12% d band narrowing.118 Furthermore, when Au is 

epitaxially grown on Pt (100), there is still surface core level shifting of Au up to 4 mono 

layers,119 which implies thin coatings will have surface charge accumulation by 

themselves. As pointed out in the ref 112, the charge density is the true physical basis for 

the initial state contribution to the SCLS although band narrowing gives an intuitively 

argument. Such surface charge can potentially have effect on electron surface scattering as 

discussed below. 

Key message from section 2.8: There are fixed charges built-up at the surface of 

transition metals.  

 

2.9 Interfacial Dipole Moment Relation to Surface Potential 

Interfacial dipole moments form between metal and oxide due to two main reasons: 

(a) metal to oxide charge transfer and (b) the ionic polarization by electrostatic field of 

oxide.120,121  These interfacial dipoles have an important consequence on the surface 

potential distribution. The origin of the charge transfer is the metal-induced gap states 

(MIGS)122,123 which falls into two categories:  the spatial penetration of the tails of the 

metal wave functions into the oxide and the chemical bonding formed by interaction 
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between O2pz and metal d or s orbitals. A charge transfer is possible with the presence of 

localized states at the interface. Basically charge now can flow from the metal to the empty 

state in oxide such as a semiconductor. The charge transfer will be limited in the case of 

strongly ionic materials for example MgO but polarization can still be induced by a crystal-

field-like coupling123 between the spatial matching of the MgO electrostatic field and the 

spatial orientation of the metal orbits which yields the redistribution of electron by 

emptying that above surface oxygens and populating that above surface magnesiums which 

generates an “image charge” effect. The interfacial dipole can result in either positive or 

negative perturbation potential at the interface. For example NaCl on Cu(111) caused 0.3 

eV 124 upward shift of energy dispersion while the energy dispersion has -0.5 eV shift by 

putting MgO on Au(111).125 Apart from the vertical potential perturbation, in plane 

potential will be periodically modulated such that energy band gap is formed as shown by 

the observed Moiré pattern using Scanning Tunneling Microscopy (STM).124,125 Thus the 

electron propagating horizontally near the interface is expected to form standing waves.       

It is difficult to directly measure interfacial dipoles. Nevertheless, it can be 

manifested by the change of the work function of the metal120 because the dipole moments 

shift the position of the metal Fermi energy as discussed in Ref 90. The theoretical 

calculation of MgO on Ag(001) shows work function decreased by 1.18eV126 which is 

comparable to the experimental value 1.1eV and 1.4 eV measured by contact potential 

difference base on kelvin probe force microscopy and field emission resonances.127 

Different interfacial dipole moments have been found at transition meals–MgO interface 

by simulation.121,123 Furthermore, Mo with thin TiO2 and SiO2 coatings shows work 

function difference by 0.3 eV.126,128 Thus, it is envisioned interfacial dipole moments varies 

with different transition metals AxOy on another transition metal B, resulting in different 

amount of surface potential perturbation. 

Key message from section 2.9: Interfacial dipole moments cause a surface potential 

perturbation. Different combinations of oxide and metal will exhibit different degrees of 

interfacial dipoles.  

 

 

2.10 Tungsten as a Candidate for Studying Anisotropic Size Effect  
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Tungsten is an ideal candidate to study the anisotropic size effect since it has highly 

anisotropic fermi surface.129 Recently there was a report on in-plane transport direction 

dependence of ρ in single crystal W wire.69 And previous studies based on polycrystalline 

W report its bulk mean free path λo  at room temperature (RT) ranging from 10-54  nm.73,130 

In fact the only two studies based on epitaxial W film shows inconclusive results too, i.e.  

λ(011) = 19.1 nm with completely diffuse scattering 68 while λ(001) = 39.6 nm  W(001) with 

partial specular scattering.131  Besides, Startsev70 reports single crystal W foil shows larger 

degree of specular scattering on (110) than (100) surface at 4 K.  Subsequently, it is not 

clear whether the apparent difference in λ is a consequence of the nature of W complicated 

Fermi surface or due to the difference in the surface scattering event132 or complication due 

to grain boundary scattering in polycrystalline samples.133,134 Furthermore, a thorough 

understanding of  size effect in ρw  has its technological significance because W is a 

possible barrier free candidate to substitute copper line of sub-10nm width for future 

scaling of integrated devices because of potentially smaller size effect on its ρ,135 better 

reliability,73 superior electromigration resistance,136,137 and good process compatibility in 

CMOS devices138. 

Key message from section 2.10: I will use W to study the anisotropic size effect 

based on its complicated fermi surface and technological importance.    
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 Technical/Experiment Approach 

 

 In this chapter, I will describe the preparation methods of both monocrystalline 

and polycrystalline thin film samples, including details for surface doping and surface 

morphology modification by annealing. The various characterization experiments and 

apparatus are elaborated to allow the reader to understand the experiment conditions, which 

does not serve as an extensive manual for performing it. The characterization techniques 

have been used in chapters 4-8.     

3.1 Films Deposition by DC Magnetron Sputtering  

All films are deposited in a three chamber ultrahigh vacuum DC magnetron sputter 

deposition system with a base pressure <10-9 Torr achieved by a 520 ls-1 turbomolecular 

pump.  The system consists of a vacuum transfer load-lock chamber, the main deposition 

chamber, and an in situ analysis chamber isolated by two gate valves seperately.  The 

substrates such as single-side single-side polished 10×10×0.5 mm3 MgO(001), MgO(110) 

and Al2O3 (1120) wafers are cleaned in ultrasonic baths of trichloroethylene, acetone, 

isopropanol alcohol and DI water in order to ensure the quality of epitaxial films growth. 

The substrates are further degassed for 1h at 1000°C in vacuum after it is mounted to the 

Mo holder by sliver paint which is used to ensure good heat conduction. After degassing, 

desired substrate temperature Ts is stabilized before deposition and measured by a C-type 

thermocouple located under the sample. During deposition, the stage is rotated at 1 round/s 

to ensure good film uniformity. A typical single crystal Cu film with thickness from 9nm 

to 1000nm can be obtained by sputtering 99.999% Cu target with 99.999% Ar at 2.5 mTorr 

and a constant power 40 W to yield a deposition rate of 0.21 nm/s onto the substrate at 65 

                                                           
Portions of this chapter previously appeared as: P.Y. Zheng, R.P. Deng and D. Gall “Ni 

doping on Cu surfaces: reduced copper resistivity,”Appl. Phys. Lett. 105, 131603 (2014). 

P.Y. Zheng, B. Ozsdolay and D. Gall “Epitaxial growth of tungsten layers on MgO(001),” 

J.Vac. Sci. Technol. A Vacuum, Surfaces, Film. 33, 061505 (2015). 

Portions of this chapter have been submitted to: P.Y. Zheng, T.J. Zhou and D. Gall 

“Electron channeling in TiO2 coated Cu Layers” Nanotechnology.    
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°C. In front of sputtering source and substrate, there is a shutter respectively in order to 

pre-sputter clean target surface. In order to deposit monolayer or sub monolayer deposition 

of adatoms, extension of target to substrate distance or a special designed shutter with 

arrays of 5x5 1mm dia holes as shown in the Fig.3-1 can be employed to achieve extremely 

low deposition rate. For instance, Ti target with the special shutter sputtered at 200 W at 

2.5 mTorr yielded a deposition rate of 0.0033 nm/s. By adjusting target-to-substrate 

distance from 9.3 cm to 23.3 cm or 30.2 cm, the Ni cap layer shown in the preliminary 

result was grown at a deposition rate of 0.01 and 0.006 nm/s at 40 °C and 5mTorr Ar, using 

a constant magnetron power of 40 W. 

 

Figure 3-1. Shutter with arrays of 5x5 1mm dia holes. 

Polycrystalline Cu layers with 110 and 111 preferred orientation are deposited at 

45 °C on TiN/MgO(001) and TiN/SiO2/Si(001) wafers respectively using the same 

conditions described above, where SiO2 is a 285-nm-thick thermally grown oxide and TiN 

is a 2.5-nm-thick underlayer grown in situ by reactive sputtering at 900 °C to facilitate 

substrate wetting78 of the subsequently deposited Cu. These polycralline Cu layers are used 

in chapter 4 and 5. 

Epitaxial W(001) and (011) films were deposited on either MgO(001) or Al2O3

(1120)  substrates at 900°C and 1050 °C respectively by DC magnetron sputtering with a 

base pressure <10-9 Torr using 20 mTorr  99.999% pure Ar, using a 5-cm-diameter 99.95% 

W target positioned 30.2 cm from a continuously rotating (1 s-1) substrate which was at a 

floating potential of -6 V. Additional samples were prepared at Ts = 300-500 °C and 750-



20 
 

800 °C in 5 and 20 mTorr Ar, respectively, to find the optimal conditions for epitaxial 

growth. The deposition time was adjusted to obtain W layers with a thickness ranging from 

4-400 nm. After deposition, some samples were annealed at base pressure 2-6×10-7 Torr at 

1000 °C for 2 h after the in situ transport measurement as described in section 3.2. Again 

annealing temperature is varied between 750-1050°C to find the optimum annealing 

condition. 

3.2 Electron Transport Measurements 

After deposition, the layers are transported without breaking vacuum to the analysis 

chamber maintained at a base press <1×10−8 Torr, maintained by a 300 l/s ion pump for in 

situ resistivity measurement by using linear four point-probe at 0.01-100 mA. The samples 

are allowed to self-cool to room temperature and thermal equilibrium is considered to be 

reached when the measured voltage approaches a constant value that varies less than 0.01% 

per 1 h. Generally this self-cooling process can take up to 1-4 h depending on the deposition 

temperature of the specific films described above. After the resistivity of pristine samples 

are measured, some of the samples are transferred back to the deposition chamber for the 

growth of the adatom layer or a annealing process, followed again by in situ resistivity 

measurements without breaking vacuum for the in situ transport study with adatoms on Cu 

surfaces or on W with different surface roughness respectively. After the samples are 

removed from the vacuum through a load lock, they are dropped into liquid N2 within 5 s 

to minimize surface oxidation, followed by 4 point probe measurements at 77 K. Samples 

are blown dry with commercial grade N2 during warm up to room temperature (RT) 295 ± 

1K to prevent water buildup on the layer surface, followed by other 4 point probe 

measurements obtained after different time intervals in both RT and 77K, to evaluate 

resistivity changes during air exposure.   

The in situ oxidation experiment of adatoms and coating layers on Cu can be done 

with introduction of Ar:O2 mixed gas at O2 partial pressure from 1-600 mTorr while 

monitoring the continuous change of resistivity. Particularly in Chapter 5, the change in 

resistance as a function of oxidation time tox on 0-4.0 monolayer Ti coated 9.3 nm thick Cu 

is studied by injecting a 90% Ar – 10% O2 mixture at a constant flow rate into the analysis 

chamber to reach a steady state pressure of 370 Pa. The delay between the time when the 
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valve of the gas inlet is opened until the gas mixture reaches the sample surface is corrected 

for by setting the oxidation starting time tox = 0.1 s as the time when the onset of the sheet 

resistance change is greater than the standard deviation of the measurement, which is 0.2-

0.4%.  

3.3 X-ray Diffraction 

X-ray diffraction (XRD) ω-2θ scans, rocking curve, Phi scan and high resolution 

reciprocal space maps (HR RSM) were obtained using a Panalytical X’pert PRO MPD with 

a Cu Kα source using parabolic mirror with an equatorial 0.055˚ divergence or two-crystal 

Ge(220) two-bounce monochromator that provides monochromatic Cu Kα1 radiation (λ 

Kα1 = 1.5406 Å) with an equatorial 0.0068˚ divergence and a scintillator point detector 

with a 0.27° acceptance parallel plate collimator. A mask can be utilized to control the X 

ray beam width and divergent slits can be applied to reduce the divergence of quasiparallel 

Cu Kα beam from parabolic mirror. The step size in ω-2θ and ω directions are varied for 

different scans to obtain the optimum resolution in a reasonable time.  

The texture of films can be also characterized by pole-figure measurements in a 

PANanalytical X’Pert Pro Diffractometer with a Cu Kα source, using a poly-capillary lens 

on the incident beam side provides a quasiparallel Cu Kα beam with an equatorial 

divergence less than 0.3˚ and a scintillator point detector on the diffracted beam side. 

3.4 X-Ray Reflectivity  

The layer thickness and interface roughness are determined by x-ray θ-2θ 

reflectivity (XRR) with the Panalytical X’pert PRO MPD system with a Cu Kα source using 

parabolic mirror with 0.055˚ or two-crystal Ge(220) two-bounce monochromator that 

provides monochromatic Cu Kα1 radiation with a 0.0068˚ divergence and a scintillator 

point detector. The measured spectra are analyzed using the recursive theory of Parrat 

based on the Fresnel reflectivity formalism, assuming a Gaussian distribution to model the 

surface and interface roughness.139  constant bulk mass density are assumed for material 

analyzed to reduce the number of unknown parameters. X-ray reflectivity can measure the 

multilayered films thickness from a monolayer up to 200nm with roughness amplitudes 
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resolution down to 0.05nm and spatial resolution up to about 1 um.140 All the XRR spectra 

are measured within one hour of the sample being taken out of vacuum.    

3.5 X- Ray Photoelectron Spectroscopy  

X- ray Photoelectron Spectroscopy (XPS) measurements can be carried out using a 

PHI 5000 VersaprobeTM with a Al Kα source (1486.6 eV) and a pass energy of 23.5 or 

11.75 eV at 0.05-0.2 eV step size. The angle resovled XPS at an electron taking off angle  

θ = 5°- 90° relative to the sample surface can be used to enhance the surface sensitivity for 

adatoms or capping layer. From the elemental core level shift, the chemical bonding of cap 

layer and the conducting film layer can be identified by comparing with standard 

references. The thickness of capping layer can be also estimated from angle resolved XPS 

or the similar intensity ratio method.141 Particularly, in the preliminary results, the thickness 

of hydroxide/oxide mixture surface layer was found at 1.6±0.1nm using a weighted 

photoelectron inelastic mean free path (IMFP) of 2.22 nm for the 0.03618 mol/cm3 

hydroxide/oxide mixture, as determined with the NIST Electron IMFP Database (Version 

1.2) software66 using the formalism by Tanuma, Powell and Penn.142   

 

3.6 Atomic Force Microscope 

The surface morphology of 4-50 nm W samples is examined by atomic force 

microscopy (AFM) using Digital Instruments Multimode III-a using AFM tip radius of 1 

and 10 nm with scan size 1×1 μm2 and 500×500 nm2 at 512 scan resolution. The 

characteristic lengths <r> and lateral correlation length L are obtained by quantitative 

analysis of AFM micrographs with the height-height correlation function using the 

GWYDDION software package.  
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 Ni Doping on Cu Surfaces: Reduced Copper Resistivity 

 

Since the first and foremost task is to address the question whether specular 

scattering is possible at Cu-metal interfaces, I provide evidence suggesting that specular 

scattering at Cu surfaces exists even in the presence of an add-layer in this chapter. More 

specifically, Ni coated Cu(001) surfaces exhibit partially specular scattering with p = 

0.3±0.1, as determined from thickness dependent resistivity measurements in vacuum. In 

addition, Ni-coated Cu surfaces retain some degree of specularity even after exposure to 

air, such that they exhibit a higher conductivity than uncoated Cu layers. This is 

demonstrated for both polycrystalline and epitaxial single crystal layers and is attributed to 

the lower localized density of states for NiO in comparison to Cu2O. The formation of NiO 

vs Cu2O is confirmed by the O 1s x-ray photoelectron spectroscopy (XPS) peak shift.  

4.1 Results and Discussions 

 

Figure 4-1. (a) XRD and (b) XRR θ-2θ scans from 9-nm-thick Cu layers grown on 

MgO(001), TiN/MgO, and TiN/SiO2/Si. The spectra are displaced by a constant factor. 

The inset in (a) is a ϕ scan at a tilt angle  = 54.7° and a constant 2θ = 43.32°, corresponding 

to the Cu 111 reflection. The dotted lines in (b) are the fit to the XRR spectra, which yield 

values for layer thickness d and root mean square surface roughness <r>. 

 

                                                           
Portions of this chapter previously appeared as: P.Y. Zheng, R.P. Deng and D. Gall “Ni 

doping on Cu surfaces: reduced copper resistivity,”Appl. Phys. Lett. 105, 131603 (2014). 
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Figure 4-1(a) shows representative x-ray diffraction (XRD) ω-2θ scans from 9-nm-

thick Ni-coated Cu layers deposited on MgO(001), TiN/MgO, and TiN/SiO2/Si substrates. 

Each spectrum shows only one Cu peak in the measured 2θ = 41.5-80° range, indicating 

preferred 001, 011, and 111 orientation, respectively. The preferred orientation is found to 

be independent on Cu layer thickness d = 9-25 nm and is attributed to the substrate affecting 

the competition between surface, interface and strain energies. 143 The Cu 002 peak from 

the layer grown on MgO(001) is at 2θ = 50.55° corresponding to an out-of-plane lattice 

constant a = 3.611 Å and indicating a slight biaxial tensile stress that leads to an out-of-

plane strain of -0.1%. Its full width at half maximum (FWHM) is 0.96°, corresponding to 

an x-ray coherence length of 9.1 nm, which agrees with the layer thickness, indicating 

negligible crystalline defects along the growth direction. The inset shows an XRD ϕ scan 

from the same sample, obtained using an x-ray point source, a tilt angle ψ = 54.7°, and a 

constant 2θ = 43.32° corresponding to Cu 111 reflections. The peaks are at fourfold 

symmetric polar angles ϕ = 45°, 135°, 225°, and 315°, indicating that the Cu layer is a 

single crystal with a cube-on-cube epitaxial relationship with the MgO(001) substrate. In 

contrast, the layers grown on TiN/MgO and TiN/SiO2/Si are polycrystalline. Their 220 and 

111 peaks at 73.64° and 43.31° correspond to a = 3.637 and 3.618 Å, indicating a slight 

biaxial compressive stress that leads to an out-of-plane strain of 0.6% and 0.1%, 

respectively. Their peak width are 1.5° and 1.4° and correspond to x-ray coherence lengths 

of 5.2 and 4.0 nm, indicating strain variations and/or a lower crystalline quality in 

comparison to the epitaxial layer grown on MgO (001). 

Figure 4-1(b) shows typical x-ray θ-2θ reflectivity data used to determine the layer 

thickness and surface roughness. The plot shows the measured spectra from three Cu layers 

deposited on MgO(001), TiN/MgO, and TiN/SiO2/Si substrates and coated with a 0.75 nm 

thick Ni layer, as well as the corresponding fitting curves which are shifted by one order 

of magnitude for clarity purposes. The fitting yields dCu= 9.3±0.1 nm for polycrystalline 

Cu(111) and singe crystal Cu(001), and dCu = 8.9±0.1 nm for polycrystalline Cu(110). The 

smaller thickness of the latter sample is due to a 4% lower deposition rate associated with 

a changed magnetron configuration for the series of layers grown on TiN/MgO. 

Measurements on all samples presented in this study indicate a reproducibility variation of 

layer thickness of <1%. The root-mean-square (rms) surface roughness <r> = 0.60±0.05, 
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0.80±0.05, and 1.12±0.05 nm for single crystal Cu(001), and polycrystalline Cu(110) and 

(111), respectively. The relatively small roughness may affect the electron surface 

scattering specularity but has negligible geometric roughness effects on the Cu resistivity, 

as discussed below.  

 

Figure 4-2. The resistivity vs processing step for 9-nm-thick pristine and Ni-coated 

Cu(111), Cu(110), and Cu(001). 

 

Figure 4-2 shows the measured resistivity ρ of 9-nm-thick Cu layers after different 

processing steps. There are two data sets corresponding to pristine and Ni-coated Cu layers 

for each of the three crystalline orientations presented above, that is for single-crystal 

Cu(001) and polycrystalline Cu(110) and Cu(111). The first data-points are the in situ 

measured ρ from as-deposited Cu layers. Two values are plotted for each orientation, as 

obtained from two nominally identical samples. These values agree to within 0.1-2.7%, 

indicating the good reproducibility of sample preparation and electric transport 

measurements. The single crystal Cu(001) layers have a ρ = 3.75±0.05 μΩ-cm, which is 

approximately twice the reported bulk resistivity of 1.71 μΩ-cm, indicating considerable 

scattering at the surfaces, as discussed below. The polycrystalline Cu(110) and Cu(111) 

have a 1.38 and 1.74 times higher  ρ = 5.22±0.06 and 6.51±0.07 μΩ-cm, due to additional 

electron scattering at grain boundaries. The difference between 110 and 111 oriented layers 

is attributed to a combination of the different grain size distributions14 and the different 

grain boundary types, which are expected to exhibit different specific resistances35. 

Transport within the 2.5 nm thick TiN wetting layer for the Cu(110) and Cu(111) films is 
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accounted for with a 2.5 and 1% resistivity correction based on a measured sheet resistance 

of individual TiN layers on MgO and SiO2 of 177 and 680 Ω/□. 

 The second data points correspond to the in situ measured resistivity of the same 

samples, however, after deposition of a 0.75 nm thick Ni layer. Only one sample for each 

crystalline orientation is coated, keeping the other sample pristine for direct comparison of 

coated and un-coated resistivities. The resistivity of the Ni coated samples is larger than 

for the pristine Cu layers, with an increase of 0.54±0.05, 0.97±0.07 and 1.16±0.08 μΩ-cm 

for 001, 110, and 111 orientations. This increase is attributed to an increase in diffuse 

surface scattering at the Cu/Ni interface in comparison to the Cu/vacuum interface. The 

larger resistivity increase for polycrystalline vs single-crystal Cu suggests (i) the existence 

of correlated surface and grain boundary scattering events, as previously proposed by Sun 

et al. ,14 and/or (ii) a higher scattering specularity for the Cu(001)/Ni(001) interface than 

for the Cu(110)/Ni(110) and Cu(111)/Ni(111) interfaces. I note here, that the additional 

transport through the Ni coating is neglected when determining the resistivity values, since 

a simple parallel conductor model would cause a maximum reduction in ρ of 1.2%.  

The third and fourth data points are from ex situ measurements, after exposure to 

air for 30 min and 48 h, respectively. All ex situ measured resistivity values are 

considerably higher than those for the as-deposited samples measured in vacuum, 

indicating the effect of oxygen adsorption on increasing diffuse surface scattering. More 

specifically, air exposure increases ρ of pristine Cu by 37%, 40% and 39% for Cu (001), 

(110) and (111), respectively. However, the corresponding increase for the Ni-coated 

layers is only 9.2%, 4.9% and 6.8%, leading to an overall 12-15% lower resistivity for the 

Ni-coated layers after air exposure. Continued exposure has little effect on the resistivity, 

as the measured resistivity change between 30 min and 48 h exposure is -0.8% to +3.5%, 

which is comparable to the experimental uncertainty of ±1.4%. These results suggest that 

Ni considerably reduces the negative effect of air exposure on the electron transport in thin 

Cu layers by preserving some degree of specular surface scattering, as evaluated in more 

detail in the following. 
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Figure 4-3. Resistivity ρ of epitaxial (a) pristine and (b) Ni-coated Cu(001) vs Cu layer 

thickness d. The different data sets correspond to as-deposited, as-deposited including Ni 

coating, and air exposed samples. The solid lines represent the expected ρ from the F-S 

model for different p1 values, while the dashed and dotted lines indicate the predictions 

from the FS-Numba and Soffer models. The open symbols are measured resistivity values 

from the air exposed Cu layers, corrected for oxidation. 

Fig. 4-3 shows the in situ and ex situ measured resistivities of (a) pristine and (b) 

Ni coated epitaxial Cu(001) layers as a function of Cu thickness d, and includes the results 

from data fitting which is used to determine the surface specularity parameter p. The 

resistivity of the as deposited Cu in Fig. 4-3(a) increases from 2.54 μΩ-cm for d = 25 nm 

to 3.75 μΩ-cm for d = 9 nm, which is attributed to electron scattering at the MgO-Cu and 

Cu-vacuum interfaces. This increase in ρ is well described by the Fuchs-Sondheimer 

model, as indicated by the line through the data points which is obtained by numerical 

integration of the FS prediction for two distinct surfaces, 59 where the electron scattering 

at the top Cu surface is partially specular with p1 = 0.7, and scattering at the MgO-Cu 

interface is completely diffuse (p2 = 0). I note that other pairs of specularity parameters 

including p1 = p2 = 0.35 would describe this in situ data with a comparable fitting quality. 

However, fitting of the ρ for air exposed layers with the same F-S model, as also shown in 

Fig. 4-3(a), yields p1 = p2 = 0.0 as the only parameter choice. Thus, the MgO-Cu interface 

exhibits completely diffuse scattering (p2 = 0) and, since the substrate-layer interface is not 

expected to be affected by air exposure, p2 = 0 also in the as deposited state. This is 

consistent with other reports indicating diffuse scattering for the MgO-Cu interface,12,22 

and can be attributed to a localized interfacial density of states which arises from the Cu-

O orbital overlap and a perturbation potential due to local dipole moments at the interface 
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which cause a lateral variation in the image potential123.  Therefore, the 18-37% increase 

in ρ upon air exposure of pure Cu layers, as shown in Fig. 4-3(a), is attributed to a decrease 

in the specularity parameter from p1 = 0.7 for the Cu-vacuum to p1 = 0 for the Cu-air 

interface. Therefore, the 18-37% increase in ρ upon air exposure of pure Cu layers, as 

shown in Fig. 4-3(a), is attributed to a decrease in the specularity parameter from p1 = 0.7 

for the Cu-vacuum to p1 = 0 for the Cu-air interface.  

The data fits relatively well the prediction by the FS model, particularly considering 

that the specularity parameter is the only fitting parameter while the Cu bulk resistivity and 

mean free path are kept fixed at the literature values of ρo = 1.71 μΩ-cm from bulk 

measurements and λ = 39 nm from the free-electron-model. Nevertheless, the ex situ 

measured ρair of Cu at d = 9.3 nm is 9% higher than the prediction from fitting. In order to 

investigate if this deviation could be explained by surface roughness which has a more 

dominant effect at small d, Fig. 4-3(a) also includes the resistivity predictions by the Soffer 

27 and FS-Namba26 models. The Soffer model determines p as a function of <r>/λF  where 

λF  = 0.46 nm is the Fermi wavelength for Cu 35 and <r> = 0.90±0.05 nm is obtained by 

XRR on pristine Cu layers (not shown) and is found to be independent of d = 9-25 nm. The 

FS-Namba model determines the increment in the resistivity from geometric surface 

roughness effects based on the ratio h/λ, where ℎ = √2 *<r>. The Soffer model 

systematically underestimates the resistivities at all thicknesses while the FS-Namba model 

provides a small 1.6% correction for d = 9.3 nm. Since there is no substantial improvement 

in the fit quality for both models, the FS model is chosen throughout the discussion. 

Another possible explanation for the apparently larger ρair at d = 9.3 nm is that Cu surface 

oxidation causes not only complete diffuse surface scattering but also reduces the total 

conducting thickness. To illustrate this effect, Fig.4-3(a) includes as open symbols the 

resistivity obtained from the measured sheet resistance of air exposed Cu layers, using an 

effective Cu thickness that is reduced by 0.5 nm due to surface oxidation. The XPS 

measurements, presented below, suggest such a thickness reduction of 0.5±0.1 nm based 

on the molar amount of Cu present in a 1.6±0.1 nm thick surface layer consisting of 74 

mol.% Cu(OH)2 and 26 mol.% Cu2O. This is quantified by the method given in the section 

3-5. The corrected resistivity value for the 9.3 nm thick layer fits perfectly on the value 

expected from the F-S model with p1 = 0. At d ≥ 15 nm, formation of hydroxide and oxide 
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is expected to similarly reduce the effective Cu thickness by ~0.5 nm, but with a smaller 

effect on the resistivity, such that these corrected data points move just slightly below the 

F-S curve for p1 = 0. I note here also that the measured ρ for all sample sets shown in Fig. 

4  exhibit a slightly stronger (larger curvature) dependence on d than expected from the F-

S model, suggesting that the F-S model fails to completely describe the electron scattering, 

which is likely related to the classical electron description and the related absence of 

correlated (coherent) bulk-surface scattering events.47  

 Fig. 4-3(b) shows the corresponding plot for Cu thin films that are coated with a 

0.75 nm-thick Ni layer. The plotted resistivity values for the as deposited Cu prior to Ni 

coating are in excellent agreement (±0.4-1% deviation) with the sample set in Fig. 4-3(a) 

for all thicknesses, indicating good sample-to-sample reproducibility. After in situ 

deposition of a Ni coating, the measured resistivity increases by 10-14% for dCu = 9-25 nm, 

corresponding to a decrease in the specularity of the top surface from p1 = 0.7 to p1 = 0.3. 

Subsequent exposure to air leads to a further decrease to p1 = 0.15, which is, however, 

above the p1 = 0 for uncoated air-exposed Cu layers in Fig. 4-3(a).  

I attribute the relatively large specularity p1 = 0.7 of the as deposited Cu-vacuum 

interface to constructive interference and therefore specular reflection of electron plane 

waves approaching the potential drop at the Cu-vacuum interface. For a pristine Cu surface, 

this potential drop is flat within the plane of the surface and exhibits periodic oscillations 

associated with the crystalline surface structure that do not affect specular reflection. 

However, air exposure and related surface oxidation perturbs the smooth potential drop of 

the original atomically flat surface, yielding diffuse electron scattering with p1 = 0. 

Similarly, adding a Ni coating to the Cu surface reduces the scattering specularity, in this 

case from 0.7 to 0.3. This decrease is attributed to (i) non-uniformly distributed localized 

surface charges arising from the Fermi level alignment of the metal-metal contact leading 

to a lateral perturbation of the surface potential drop that diffusely scatters or terminates 

the electron plane wave at the crystal surface144 and/or (ii) transitions of electrons near the 

Fermi level between delocalized states of the Cu layer and localized Ni d-band surface 

states, which effectively randomizes the electron momentum corresponding to diffuse 

surface scattering events. Nevertheless, electron scattering at Ni coated surfaces remains 
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partially specular, which I attribute to a relatively small perturbation of the surface potential 

due to the similarity of the two elements, including a good miscibility, a small difference 

in atomic radii and atomic number, and a possible matching of the density of states21. When 

the Ni coated Cu layer is exposed to air, the specularity is further reduced to p1 = 0.15. This 

reduction is attributed to the perturbation of the potential drop at the Ni surface by 

oxidation. However, contrary to the Cu surface, electron scattering at the air exposed Ni 

surface retains some degree of specularity. This results in the consistently lower ex situ 

resistivity values for Ni-coated vs uncoated Cu layers with different crystalline orientations 

and thickness shown in Figs. 4-2 and 4-3, respectively.    

 

Figure 4-4. O1s XPS spectra from air exposed (a) pristine Cu and (b) Ni coated Cu. The 

curve fitting is obtained using multiple oxide and hydroxide lines, as labeled. 

In order to explore possible reasons for the difference in electron scattering at the 

Cu-air and Ni-air interfaces, XPS measurements were carried out using a PHI 5000 

VersaprobeTM with a Al Kα source (1486.6 eV) and a pass energy of 23.5 eV. Fig. 4-4 

shows the O 1s spectra from a pristine Cu surface and a Cu surface coated with 

approximately a monolayer (= 0.15 nm) of Ni. Pristine Cu and Ni coated Cu have been 

exposed to atmospheric air for 280 h and 190h respectively The spectrum from the pristine 

Cu surface exhibits a double peak feature which is well described by the fitting result using 

Viogt curves, as shown in Fig. 4-4(a). The fitting procedure yields a peak area ratio of 

85:15, and binding energies Eb = 531.6 and 530.3 eV, which are close to reported Eb values 
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of  531.57 and 530.20 eV32 for oxygen in hydroxide and copper oxide, respectively, 

indicating the formation of Cu(OH)2 and Cu2O on the Cu surfaces during air exposure. The 

formation of Cu(OH)2 is also confirmed by a Cu 2p3/2 peak at 934.8 eV (not shown), close 

to the reported value for Cu hydroxide at 934.7 eV.145 

The corresponding spectrum from the Ni-coated layer in Fig. 4-4(b) exhibits a triple 

peak feature with Eb = 531.5, 531.1 and 529.3 eV. The peaks are attributed to oxygen in 

Cu(OH)2, Ni(OH)2, and NiO, with reported Eb values of  531.57, 531.10 and 529.30 eV 146. 

No Cu2O or CuO formation can be detected for this sample, as confirmed by data fitting 

using additional peaks at the expected oxide positions, which however, do not improve the 

fit quality and yield zero or negative intensity. This data therefore clearly demonstrates that 

the one monolayer of surface Ni protects Cu from oxide formation.  

It is postulated that the difference in electron scattering at the two surfaces can be 

attributed to (1) the difference between their oxides, more specifically, to the density of 

localized states at the Fermi level in Cu2O vs NiO surface layers and/or (2) the interfacial 

polarization in Cu-Cu2O+Cu(OH)2 vs Cu-NiO+Ni(OH)2. Both oxides are typically p type 

semiconductors, with reported hole concentrations of  1.11x1019  and 2×1018 cm-3, 

respectively, obtained from Hall measurements on Cu2O and NiO layers deposited in a O2-

Ar mixture with 1.7% and 20% O2, respectively.147,148 The approximately five times higher 

carrier density in Cu2O corresponds to a five times higher density of localized states at the 

Fermi-level for Cu2O than for NiO. Electron scattering into such localized states of the 

surface oxide is the primary cause for the transition to diffuse electron scattering upon air 

exposure. Thus, although the surface oxides in my study are much thinner than in Refs 35 

and 36, the air-exposed Ni coated surface exhibits partial specular scattering because the 

density of localized oxide states is considerably smaller. In addition, the surface potential 

perturbation depends on the interfacial dipole which varies for different interfaces based 

on the amount of metal to oxide charge transfer. For example, theoretical and experimental 

studies show Mo coated with different oxide such as TiO2 and SiO2 results in different 

interface dipole. Thus a larger interfacial polarization in Cu-Cu2O+Cu(OH)2 interface 

could induce larger surface potential perturbation than Cu-NiO+Ni(OH)2 interface such 

that Cu-Cu2O+Cu(OH)2 interface exhibits complete diffusive scattering.  
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4.2 Conclusions 

It has been systematically studied that the Ni coated single crystal Cu shows 

specular scattering with the Fuchs-Sondheimer scattering parameter p = 0.3 ± 0.1. The 

decrease of p from 0.7 for pristine Cu to 0.3 is a result of the localized intersurface charge 

and/or the empty states in d bands for electrons to be scattered into. Ni coating reduces the 

resistivity of Cu significantly by retaining the partial electron specular scattering upon 

exposure to air for Cu with different microstructures, which is associated with the smaller 

density of localized states in NiO and possible smaller surface potential due to different 

interface formation. 
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 Electron Channeling in TiO2 Coated Cu Layers 

 

After demonstration of possible specular scattering at the interface of metal coating 

on Cu and the effect of presence of LDOS at surface on surface scattering, the next step is 

to study how density of states at d-bands can be altered in order to change pCu-metal. In this 

chapter I choose a different transition metal with ample empty d bands states and study the 

change of surface specularity with different adatoms coverage as well as by removing those 

empty states gradually through oxidation. Electron scattering at the Cu-Ti interface is still 

relatively unexplored despite that Ti layers have recently been demonstrated as self-

forming diffusion barriers for Cu interconnects.150 Ti additions have been reported to 

increase the Cu resistivity, which has been attributed by some researchers to smaller grains 

and a larger grain boundary reflection coefficient due to Ti segregation to the grain 

boundaries,98 while others attribute it to completely diffuse scattering at the Cu-Ti 

interface.23 In order to deconvolute the surface scattering effect from the grain boundary 

scattering134,133 and to determine the electron scattering specularity at the Cu-Ti interface, 

I use epitaxial Cu(001) layers with good crystalline quality and smooth surfaces.151,152 

Furthermore, I demonstrate the possibility of electron channeling by studying the electron 

scattering while oxidizing the Ti layer, which effectively reduces the LDOS at the interface. 

In particular, I show in this report that electron scattering at the Cu-Ti interface is 

completely diffuse, as determined from thickness dependent resistivity measurements on 

Ti-coated epitaxial Cu(001) at both 293 and 77 K, and provide direct experimental 

evidence for partially specular scattering with p = 0.35±0.05 at the TiO2-Cu interface. In 

situ O2 exposure of Ti-coated Cu causes a gradual decrease in the resistance which is 

attributed to reduction in the LDOS associated with Ti oxidation, as confirmed by the 

calculated electronic structure of Cu(001) coated with TiOx as a function of x = 0-2.  

 

                                                           
This chapter has been submitted to: P.Y. Zheng, T.J. Zhou and D. Gall “Electron 

channeling in TiO2 coated Cu Layers” Nanotechnology.   
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5.1 Ab Initio Calculation* 

The first-principles electronic structure calculations of Cu thin films with Ti or Ti 

oxide cap layers were performed by Tianji Zhou using the Vienna Ab initio Simulation 

Package (VASP), employing the projector-augmented wave (PAW) method,82,83 the 

Perdew-Burke-Ernzerhof (PBE) exchange correlation functional,155 periodic boundary 

conditions, a plane-wave basis set with a cut-off energy of 300 eV, and pseudopotential 

that include all core electrons up to the Cu 3p, Ti 3p, and O 1s electrons. All simulations 

are done with a 2 2 15a a a   supercell, where a = 0.3615 nm is the bulk fcc lattice 

constant of Cu which is kept constant throughout the calculations. The Cu(001) surface is 

simulated using 24 Cu atoms that form a 1.1 nm thick Cu film consisting of 6 monolayers 

(ML) adjacent to a 4.3 nm thick vacuum layer. This Cu thickness is considered sufficient 

as it yields comparable electronic properties including Fermi velocity and ballistic 

conductance as is obtained from calculations of bulk Cu. In addition, the position of the 

Fermi level in the middle of the 6 Cu MLs is found to be unaffected by the surface structure 

including the Ti and O adatoms, as confirmed by the calculated energy difference between 

the Fermi level and the first peak of the Cu 3d valence band at the center of the simulated 

Cu(001) layer, which remains 1.6±0.1 eV for all calculations. A Ti cap layer is simulated 

using 1-4 Ti adatoms on the Cu(001) surface, corresponding to a 0.25-1.0 ML surface 

coverage, while the oxidized Ti cap is obtained using both Ti and O adatoms with the O-

to-Ti ratio x ranging from 0.25 to 2. The most stable configuration for a given number of 

Ti and O adatoms is searched for by relaxing a set of 2-8 different initial configurations for 

each simulated coverage, using a conjugate-gradient algorithm 156 to relax all adatoms as 

well as the four Cu atoms in the top copper layer, while the remaining Cu atoms are kept 

fixed at their bulk positions. The electronic structure is obtained for the relaxed structures 

using a self-consistent calculation with a 30×30×1 k-point grid. Subsequently, a non-self-

consistent calculation with the same k-point grid is conducted in order to determine the 

density of states at the surface by projecting the wave functions of each band onto local 

                                                           
* This first principle simulation is carried out by my collaborator Tianji Zhou. I have plotted 

the graphs for the simulation results and written its description and discussion in section 

5.2. 
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atomic orbitals around each ion for the surface layers with a quick projection scheme within 

the PAW method. [82,83] The local density of states (LDOS) at the surface is determined for 

300 energy points within 20 eV below to 10 eV above the Fermi level. The number of 

bands in the self-consistent calculations is set such that there are 36-68 empty bands, 

yielding a converged DOS for all energies ≤ 2.7 eV above the Fermi level for all 

calculations.  

 

5.2 Results and Discussions  

Figure 5-1 is a plot of the measured sheet resistance Rs of four Cu(001) layers that 

are capped with Ti overlayers and subsequently exposed to oxygen with a partial pressure 

PO2  =
 37 Pa. All layers have the same Cu thickness dCu = 9.5±0.1 nm but different nominal 

thicknesses of the Ti cap layer dTi = 0-0.62 nm, corresponding to 0, 0.1, 1.0, and 4.0 ML, 

where dTi = 0 ML refers to a sample without cap layer. The data points on the left in Fig. 

5-1 are the sheet resistances of the pristine Cu layers without Ti cap. These nominally 

identical samples have comparable measured values for Rs of 3.94±0.04, 3.68±0.06, 

3.85±0.04, and 3.80±0.04 Ω/sq, indicating the good experimental reproducibility of the Cu 

deposition and of the in situ resistivity measurements. The next set of data points show the 

measured resistance after the deposition of a 0.1, 1.0, and 4.0 ML thick Ti cap layer, which 

causes an increase in Rs of 0.15, 1.22 and 1.65 Ω/sq, respectively. This increase is attributed 

to increasingly diffuse surface scattering caused primarily by localized surface states and 

atomic-level roughening associated with the added Ti, resulting in completely diffuse 

scattering for dTi = 1.0 ML as discussed in detail below. The increase in Rs is even slightly 

larger for dTi = 4.0 ML than dTi = 1.0 ML, which is the result of a reduced Cu conducting 

thickness as some Cu is consumed in a Ti-Cu surface alloy, as quantified by the XRR and 

XPS analyses presented below.  
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Figure 5-1. Sheet resistance Rs of four 9.5±0.1 nm thick epitaxial Cu(001) layers with pure 

Cu surfaces, coated with 0, 0.1, 1.0, or 4.0 ML of Ti, and vs exposure time tox to a 37 Pa 

O2 partial pressure. 

 

The subsequent data shows the measured Rs as a function of oxidation time tox. The 

sheet resistance of the pristine Cu layer (dTi = 0 ML) increases from 3.94 prior to oxygen 

exposure to 4.22 Ω/sq within ≤ 0.1 s and drops back to 4.15 Ω/sq for tox = 1.1 s. A similar 

increase and subsequent decrease has previously been reported and is attributed to the 

disturbance of the surface potential by physisorbed O2 which causes diffuse electron 

scattering for a partially covered surface but specular scattering for a complete and smooth 

O2 overlayer that results in a flat surface potential.24  Further exposure to O2 causes a 

continuous increase in Rs to reach 5.12 Ω/sq at tox = 54420 s when the experiment is 

terminated. This increase is attributed to increasingly diffuse surface scattering due to 

localized oxide surface states and the disturbance of the surface potential by oxidation of 

the copper surface, and ultimately the reduction of the metallic Cu thickness.95 The change 

in slope in the logarithmic plot is attributed to different stages of copper surface oxidation 

including Cu2O islands nucleation, surface saturation, and growth at a decreased rate.157 

The sample with dTi = 0.1 ML exhibits a similar Rs curve during oxygen exposure, agreeing 

both qualitatively and quantitatively with the curve from as the pristine Cu layer. This 

indicates that Ti adatoms with a 10% surface coverage have a negligible effect on Cu2O 

nucleation or growth. 

In contrast, the Cu layer covered with a 1.0 ML Ti cap shows a dramatically 

different resistance curve during oxygen exposure. Rs drops quickly from 5.07 Ω/sq to a 
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minimum of 4.47 Ω/sq at tox = 4.5 s, followed by a continuous rise to 5.93 Ω/sq at tox = 

78052 s. The initial decrease is attributed to oxidation of the Ti layer, as discussed in detail 

below. The subsequent increase is due to Cu oxidation which leads to diffuse surface 

scattering. This increase is considerably steeper than for dTi = 0 and 0.1 ML. In particular, 

while the pristine Cu layer reaches a maximum Rs = 5.12 Ω/sq at the end of the experiment, 

the same resistance is reached an order of magnitude earlier, after 5511 s for dTi = 1.0 ML. 

This faster change to completely diffuse scattering is attributed to a larger Cu oxidation 

rate for dTi = 1.0 ML, associated with the presence of Ti4+ ions at the surface, which 

increase the Cu cation vacancy concentration and, in turn, facilitate Cu diffusion and 

continued oxidation of the Cu layer.158 Rs  for dTi = 1.0 ML continues to increase at a 

relatively high rate for tox > 5511 s, indicating a reduction of the Cu conducting cross-

section due to Cu (bulk) oxidation which is also facilitated by the Ti4+ ad-ions.  

The curve for dTi = 4.0 ML in Fig.5-1 shows an initial slight decrease by 0.14 Ω/sq 

to 5.3 Ω/sq at tox = 2.0 s, followed by an increase to 5.38 Ω/sq at tox = 4.0 s and a subsequent 

continuous decrease to 4.41 Ω/sq at tox = 15545 s after which Rs remains approximately 

constant until the end of the experiment at tox = 53728 s. The initial dip and small increase 

is, analogous to the explanation for the Cu-vacuum interface at the pristine Cu surface, 

attributed to a transition from diffuse to partial specular to diffuse scattering at the Ti-

vacuum interface, associated with an increasing surface coverage of physisorbed and 

subsequently chemisorbed oxygen, which initially slightly reduces the LDOS at the Ti 

surface and then causes a perturbation of the flat surface potential at the Ti-vacuum 

interface. The subsequent drop occurs over more than three orders of magnitude of O2 

exposure time, from tox = 4.5 to 15545 s, and follows an approximately logarithmic 

decrease as indicated by the nearly straight curve in the log-scale plot. A logarithmic time 

dependence is expected for the kinetics of initial Ti oxidation,159 suggesting that the 

continuous decrease of Rs is directly associated with the gradual oxidation of the Ti layer. 

The fact that Rs reaches a plateau at tox > 15545 s suggests that the Ti is completely oxidized, 

while the Cu oxidation is sufficiently suppressed such that no increase in Rs can be detected 

within the experimental time. Comparing the rate of decrease of Rs with that of the dTi = 

1.0 sample indicates that oxidation of 4 ML of Ti takes three to four orders of magnitude 

longer than for oxidation of 1 ML, which is attributed to the more stable passive 4 ML 
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thick Ti. I also note that the global minima in Rs after O2 exposure have comparable values 

for dTi = 1.0 and 4.0 ML, suggesting that this value is defined by the degree of specular 

scattering at the Cu-TiO2 interface, while the thickness of the TiO2 does not affect the 

electron scattering at the Cu-TiO2 interface. In the following, I attribute the decrease in Rs 

during oxidation to the reduction of the density of surface states, resulting in the recovery 

of specular surface scattering.  

Figure 5-2 (a) is a plot of the local density of states at the surface of a pristine 6-

ML-thick Cu(001) layer, obtained by projecting the wave functions onto local orbitals 

centered around the surface atoms of the top monolayer. It is plotted over a selected energy 

range from -8 to 4 eV, where the Fermi level Ef is set to 0 eV. The main features in the 

DOS are associated with the Cu 3d bands, exhibiting 4 peaks at -1.6, -2.2, -2.9, and -4.0 

eV and 2 shoulders at -3.3 and -4.5 eV, matching well the previously reported features 

from the surface layer in a 7-ML-thick Cu(001) layer.160 The DOS at the Fermi level N(Ef) 

is 3.7 eV-1nm-2,  which is close to that of bulk Cu with a reported N(Ef) = 3.6±0.1 eV-1nm-

2.161 Fig.5-2(b) is the corresponding plot from the surface of a Cu(001) layer that is covered 

with a monolayer of Ti. It is the DOS from orbitals that are centered around the Ti surface 

atoms which occupy relaxed positions that are close to expected bulk lattice sites. That is, 

the Ti atoms approximately extend the Cu crystal by an additional monolayer. The Fermi 

level crosses the wide Ti 3d band which extends approximately from -2.0 to 4.5 eV. This 

results in a relatively large N(Ef) = 27.4 eV-1nm-2. A smaller Ti coverage of 0.25 and 0.5 

ML Ti yields lower N(Ef) values of 15.0 and 22.1  eV-1nm-2, as also presented below. Fig. 

5-2(c) shows the surface density of states of an oxidized Ti monolayer on Cu(001). This 

structure contains four Ti and eight O atoms covering a 0.511×0.511 nm2 surface area 

within the calculated supercell. That is, the number of Ti atoms correspond to a metallic 

monolayer which, however, during oxidation develops into a rutile-like four-layer TiO2 

structure. The in-plane lattice constant is kept fixed at the bulk Cu value, such that this 

simulated TiO2 structure exhibits an 11% biaxial tensile strain relative to the reported bulk 

rutile TiO2. The plotted DOS is from the local orbitals around both the Ti and O atoms and 

shows splitting of the hybridized O2p–Ti3d bands into an occupied valence band at -6.5 to 

-2.0 eV and an empty conduction band just above the Fermi level at 0.0-4.0 eV, with 

primarily O2p and Ti3d character, respectively. In addition, a tail of the Cu4s states from 
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the underlying Cu layer contributes to the LDOS, as confirmed using test calculations 

without a Cu under layer. These Cu states result in a non-zero density at the Fermi level of 

N(Ef) = 6.5 eV-1nm-2. This value may, however, be relatively sensitive to the exact strain 

state and atomic configuration, considering the large slope of the DOS at Ef. More 

specifically, the simulated band gap of 1.5±0.1 eV is considerably smaller than the 

experimental gap for bulk TiO2 of 3.3-4.0 eV,162 as well as 2.6 eV predicted for a thin film 

by DFT with an LDA functional,163 and 3.39 or 3.46 eV for bulk TiO2 predicted using a 

hybrid HSE06 functional or a G0W0 method, respectively.162 The relatively small gap may 

be attributed to the common underestimation of gaps in DFT-PBE, which yields a 1.88 eV 

gap for bulk TiO2,
162 but may also be related to band broadening due to the strained 

structure, such that the calculated value for N(Ef) is likely overestimating the DOS at the 

Fermi level of a relaxed TiO2 layer on Cu(001). In addition, band tails from the Cu4s states 

also contribute to N(Ef), as confirmed by test calculations of the strained TiO2 without 

supporting Cu layers, yielding a smaller N(Ef) and a TiO2 band gap of 1.8±0.1 eV. 

 

Figure 5-2. The projected density of states N per surface area of a 6 ML-thick Cu(001) 

layer for (a) a pristine Cu surface, (b) a surface with a 1.0 ML Ti cap, and (c) a TiO2 surface 

layer, calculated using density functional calculations with a 4-atoms-per-ML supercell. 

(d) N at the Fermi level Ef for Ti coverages of 0.25, 0.5, and 1.0 ML as a function of O-to-

Ti ratio x. The colored symbols indicate the relaxed configurations with the lowest N(Ef) 

values while the smaller black symbols indicate the N(Ef) of the lowest energy 

configuration within the constraints of the supercell.  

The band splitting and the N(Ef) is also a function of the Ti coverage and the degree 

of oxidation, as summarized in Fig.5-2(d) which is a plot of the calculated N(Ef) for dTi = 

0.25, 0.5, and 1.0 ML as a function of the O-to-Ti ratio x in TiOx cap layers on Cu(001). 
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The data points are obtained by projecting the calculated wave function onto local orbitals 

around Ti and O atoms, which are occupying relaxed positions on top of the Cu(001) layer. 

For dTi = 0.25 and 0.5 ML, atomic relaxation from most initial configurations with a given 

dTi and x converge to the same lowest energy structure. In contrast, dTi = 1.0 ML involves 

relaxation of 4 Ti and up to 8 O atoms which results in a thicker cap layer and multiple 

configurations in local energy minima where the Ti atoms form an approximately flat 

single layer for x = 0-0.5, but are most stable in a bi-layer structure for x = 0.75-1.5 and 

2.0, while separated into four layers forming a rutile-like structure for x = 1.75. Typically, 

the energetically most preferred TiOx structure is the most fully oxidized with lowest DOS 

at Ef, but exceptions arise due to epitaxial unit cell constraints, leading to more metallic 

bonded structures. In particular, for dTi = 1.0 ML, the lowest energy configuration does not 

always coincide with the structure with the highest degree of oxidation (for a given x), 

which I attribute to the lateral constraint from the periodic boundary condition with a fixed 

period. To illustrate this, the plot in Fig.5- 2(d) shows as small black symbols the calculated 

N(Ef) for the lowest energy configurations for each dTi and x, and larger colored symbols 

for the structure with the lowest calculated N(Ef). For dTi = 0.25 and 0.5 ML, black and 

colored data points coincide, while for dTi = 1.0 ML, they coincide for low oxygen 

concentrations x ≤ 0.5 but deviate for x ≥ 0.75 except for x = 1.75. 

The calculated N(Ef) plotted in Fig.5-2(d) decreases with increasing oxidation, from 

15.0 eV-1nm-2  at x = 0 to 2.4 eV-1nm-2  at x = 2 for dTi = 0.25 ML, and similarly from 22.0-

2.9 eV-1nm-2  and from 27.4-6.5 eV-1nm-2  for dTi = 0.5 and 1.0 ML, respectively. The 

decrease in N(Ef) is approximately linear in x, as indicated by the straight lines through the 

data points which are obtained from a linear fit. This decrease in the LDOS at the surface 

is used as the primary argument to explain the decrease in Rs upon oxidation of Ti cap 

layers. More specifically, electrons that approach the Cu surface are reflected back into the 

conductor if the surface is smooth and the density of localized states at the surface is 

negligible, as is the case for pristine Cu(001) which leads to partially specular scattering 

discussed in Chapter 4. However, a Ti cap layer, as shown in Fig.5-2(b), causes a large 

N(Ef). Consequently, electrons are scattered into these states, loose their momentum and 

ultimately return into the conductor with a random direction, which effectively results in 

diffuse scattering and a correspondingly higher Rs  for the Ti coated Cu in comparison to 
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the pristine Cu, as shown in Fig.5-1. Subsequent oxidation of the Ti cap layer leads to a 

continuous reduction in N(Ef) with increasing x in TiOx, resulting in increasingly specular 

surface scattering and a reduction in Rs, as observed experimentally for dTi = 1.0 ML and 

tox < 4.5 s, and for dTi = 4.0 ML and tox < 15545 s. 

Figure 5-3 shows the results from a detailed analysis of the surface layer chemistry 

and structure using a combination of angle resolved XPS and XRR in (a) and (b), 

respectively. The data is from Cu(001) layers with thickness dCu = 9.90±0.05 and 

14.70±0.05 nm that are coated with 4.0 ML of Ti and are exposed to air. The inset in Fig. 

5-3(a) shows typical XPS spectra obtained at a normal electron emission angle θ = 90°, 

showing the Cu 2p3/2 and Ti 2p3/2 peaks. The figure also includes the results from curve 

fitting by two and one Voigt curves, respectively, keeping the peak positions, widths and 

shape factors fixed at the reported values for Cu, Cu+ and Ti4+ with binding energies of Eb 

= 932.63, 932.18 and 485.46 eV, respectively.145 The spectra indicate the formation of 

Cu2O and rutile TiO2 on the Cu(001) surface, which is also confirmed by their 

corresponding O 1s peaks present at 530.20 and 529.70 eV (not shown).145 The overall 

oxide thickness doxide is estimated from the relative intensities of the Cu, Cu+, and Ti4+ 

peaks. In particular, the intensity ratio ICu+/ITi4+ indicates that the surface oxide contains 

67±1 and 64±1 at.% TiO2  for dCu = 9.90±0.05 and 14.70±0.05 nm, respectively, which is 

determined using the atomic sensitivity factors and assuming negligible electron absorption 

within the 1-2 nm thick oxide. The oxide thickness is then directly determined from the 

known thickness of the original Ti cap tTi = 4.0 ML, the measured TiO2/Cu2O atomic ratio, 

and the oxide densities of 4.23 and 6.00 g/cm3, yielding doxide =1.76±0.05 and 1.89±0.05 

nm for the two measured samples with dCu = 9.90 and 14.70 nm, respectively, indicating 

relatively good agreement between the two analyzed samples. Alternatively, doxide is 

determined using the intensity ratio ICu+/ICu,.
141 For this analysis, the sample is 

approximated as a thick Cu layer covered with a uniformly mixed TiO2/Cu2O film with the 

above composition with the inelastic mean free path (IMFP) of 1.08±0.01 nm for Cu and a 

weighted electron inelastic mean free path (IMFP) of 1.31±0.01 nm for Cu+ calculated 

using the NIST Electron IMFP Database (Version 1.2) software164 which employs the 

predictive formula from Tanuma, Powell and Penn.165 Applying this method to multiple 

spectra with different θ = 45-90° yields oxide thicknesses doxide = 1.96±0.09 and 1.71±0.09 
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nm for dCu = 9.90 and 14.70 nm, respectively, in good agreement (10% deviation) with 

doxide = 1.76±0.05 and 1.89±0.05 nm determined with the above method. I note here that 

this analysis assumes a uniform mixture of the oxide, which is an acceptable approximation 

for photoelectron emission at angles θ ≥ 45° but not for small θ, for which the intensity 

ratio ICu+ /ITi4+ becomes a strong function of θ. This is shown in the main part of Fig.5-3(a), 

which is a plot of the angle resolved XPS Cu+/Ti4+ peak intensity ratio as a function of the 

photoelectron emission angle θ relative to the surface, from the same two Cu layers with 

thickness dCu = 9.90 and 14.70 nm. As θ decreases from 90° to 45°, the measured ICu+ /ITi4+ 

increases slightly from 1.81 to 1.87 for dCu = 9.90 nm and from 2.16 to 2.40 for dCu = 14.70 

nm. The reason for the 3-11% difference in the measured intensity ratio between the two 

samples is not known, as they have nominally the same Ti surface coverage, but may be 

related to slight experimental variations during the “uncontrolled” oxidation in laboratory 

air, which may also be the reason for the ~15% difference in doxide. Decreasing θ below 45° 

leads to a dramatic increase in the plotted ratio for both samples, reaching 5.57 and 14.55 

at θ = 5°. At such an oblique angle, most XPS intensity originates from the top few 

monolayers. The fact that ICu+ dominates over ITi4+ for θ = 5° indicates that the top most 

surface layer consists of Cu2O, while the Ti oxide is slightly below the surface, as 

quantified in more detail below.  

 

Figure 5-3. (a) The Cu+-to-Ti4+ ratio of the XPS peak intensity ICu+ /ITi4+  vs photoelectron 

emission angle θ and (b) XRR θ-2θ spectra including the results from curve fitting (dotted 

lines), from 9.90 and 14.70 nm thick Cu(001) layers coated with 4.0 ML of Ti. The inset 

in (a) shows the Cu 2p3/2  and Ti 2p3/2 peaks measured at θ = 90°, including peak fitting.  
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Figure 5-3(b) shows typical θ-2θ XRR spectra for 2θ = 0.2-4.5°, which are used to 

determine the layer thickness and surface/interface roughness by fitting the spectra using 

the recursive theory of Parrat based on the Fresnel reflectivity formalism, assuming a 

Gaussian distribution to model the surface and interface roughness.139 The resulting fitting 

curves are also plotted in Fig.5-3(b) as dotted lines which are shifted by two orders of 

magnitude for clarity purposes. The fitting procedure uses as a starting point, based on the 

XPS results above, a multilayer structure consisting of Cu2O/TiO2 /Cu with bulk densities 

of 6.0, 4.23 and 8.9 g/cm3, respectively, on top of the MgO substrate. The oscillation period 

of the fringes provides values for the thickness of the Cu layer as well as of each oxide 

layer: They are for the first sample dCu = 9.90±0.05 nm, dTiO2 = 1.39±0.05 nm, dCu2O = 

0.46±0.03 nm, and for the second sample dCu = 14.70±0.05 nm, dTiO2 = 1.35±0.05 nm, 

dCu2O = 0.5±0.03nm. The sum of the two oxide thicknesses yield doxide = 1.85±0.06 nm for 

the two samples, in excellent agreement (5-6% deviation) from the XPS analysis above. 

In a subsequent step of the XRR fitting procedure, the surface roughness and 

densities of TiO2 or Cu2O layers are adjusted such that the fitting curves match the 

measured doublet and bow shaped fringes at 2θ ranging between 1.8°-3° and 1.9°-2.6° on 

dCu = 9.90 and 14.70 nm, respectively. This approach is chosen because the shape and 

amplitude of the fringes are known to be primarily determined by the surface roughness 

and density variation of different layers.139 Similarly complex fringe features at various 

different 2θ values are observed in the XRR spectra from all Cu films with dCu = 9-25 nm 

(not shown). The combined fitting from a set of 6 Ti-coated Cu(001) layers with different 

thickness results in a 11% correction of the TiO2 density to 4.7±0.1 g/cm3, while the Cu2O 

density remains at the bulk value. It also provides values for the rms roughness of 

0.90±0.10 nm for the Cu2O surface and the Cu2O-TiO2 interface, and 0.60±0.02 and 

0.70±0.02 nm for the TiO2-Cu and Cu-MgO interfaces, respectively.  

The fact that the measured density of the middle layer is larger than the TiO2 bulk 

density indicates that it is not pure TiO2 but contains 27±1 vol.% Cu2O. To confirm this 

result, I calculate the expected angle resolved XPS intensity ratio ICu+/ITi4+ for a two-layer 

oxide coating Cu2O/(TiO2+Cu2O)/Cu(001) by weighting atomic density and inelastic mean 

free paths for each layer, setting the ionization cross section ratio proportional to the 
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elemental sensitivity factor ratio, and using the reported x-ray photoelectron intensity from 

multilayered native surface oxides.141 The dashed lines in Fig.5-3(a) are the result of this 

analysis, using as a free fitting parameter the thickness d1 of the Cu2O surface layer, while 

the thickness d2 of the mixed TiO2+Cu2O layer is constrained by the fixed total oxide 

thickness doxide = d1 + d2. The curves fit the measured data reasonably well, with some 

deviation at small θ which is attributed to the larger effect from elastic electron scattering 

as reported from a study based on Monte Carlo simulations.166 This fitting procedure yields 

d1 = 0.40±0.01 nm and d2 = 1.56±0.01 nm for dCu = 9.90 nm, and d1 = 0.48±0.01 nm and 

d2 = 1.23±0.01 nm for dCu = 14.70 nm. These values agree within 4-16% with the 

independent oxide thickness determination by XRR. In addition, this XPS fitting indicates 

that the TiO2+Cu2O layer contains 27±1 and 24±1 vol% Cu2O, in good agreement with the 

27 vol.% Cu2O obtained from the XRR analysis.  

I attribute the presence of a Cu2O surface layer as well as the TiO2+Cu2O alloy 

layer to intermixing of the Ti cap with the Cu layer prior to oxidation. Similar intermixing 

with Cu has been reported for various other transition metals including Fe167, Co168, Pd169, 

and Ir170, forming up to several monolayers thick,167, 168 alloy layers on top of a Cu surface, 

which has been attributed to the relief of misfit strain energy171 and lowering the surface 

energy by forming alloys.168 Particularly, the Cu surface energy γ = 1.8 J/m2 (Ref. 172) is 

lower than that of Ti with γ =  2.1 J/m2 (Ref. 172), providing a thermodynamic driving force 

for Cu segregation on top of the Ti surface, which may explain the Cu2O surface oxide. 

The thermodynamic driving force remains even if considering the Cu-Ti interface energy 

of 0.1 J/m2, as estimated from the free energy of mixing,173 or comparing the oxidized 

surface, since γ = 0.8 J/m2 for Cu2O (Ref.174 ) is lower than γ =  1.2 J/m2 for rutile TiO2 

(Ref. 175). A similar formation of Cu2O surface oxides has been reported for the oxidation 

of TiCu and Ti2Cu alloy films on Cu substrates, and has been attributed the considerably 

smaller activation energy for Cu diffusion in TiCu or Ti2Cu than in Cu or that of Ti in TiCu 

or Ti2Cu.176 In summary, I conclude from the XPS and XRR analyses that during or after 

the room temperature Ti deposition, copper corresponding to a 0.45±0.05 nm thick layer 

diffuses into the 0.62±0.07 nm thick Ti cap layer, forming a CuTi alloy which, after air 

exposure, develops into a two layer Cu2O/(TiO2+Cu2O) oxide with a total thickness of 

doxide = 1.83±0.09 nm. 
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Figure 5-4 shows the resistivity ρ vs. Cu thickness dCu = 9-25 nm, from epitaxial 

Cu(001) layers coated with 4 monolayers of Ti. The plot shows the measured ρ before and 

after air exposure at both 293 and 77 K, while the inset is from the pristine Cu(001) layers 

prior to the deposition of the Ti cap, as measured in situ at 293 K. The plot also shows as 

solid lines the predictions from the Fuchs-Sondheimer model,6,7 which are obtained by 

numerical integration of the formula from Ref. 59 that describes scattering at the two distinct 

top and bottom surfaces with the specularity parameters p1 and  p2. Here, p1 defines the 

specularity for electron scattering at the top surface, which corresponds to the Cu-vacuum 

interface for the pristine Cu samples, the Cu-Ti(Cu) interface for the Ti-coated layers, and 

the Cu-(TiO2+Cu2O)  interface for the air-exposed samples. In my analysis, p1 is the only 

fitting parameter while p2 is kept constant, because the Cu-MgO interface is expected to be 

unaffected by the cap layer deposition, air exposure, or Cu layer thickness dCu, and is set 

to p2 = 0, based on the fact the Cu-MgO interface yields completely diffuse scattering 

according to our previous studies.78,95   In addition, the Cu electron mean free path is set to 

the values from the free-electron model, λ = 39 and 313 nm at 293 and 77 K, respectively, 

and the bulk resistivity is set to the reported ρo = 1.71 μΩ-cm at 293 K and 0.213 μΩ-cm 

at 77 K. I note here that the additional transport through the Ti coating is neglected when 

determining the resistivity values, since this results in a negligible <0.4 % correction. 

 

Figure 5-4. Resistivity ρ of epitaxial Cu(001) layers with a 4.0 ML of Ti cap vs thickness 

dCu, measured at 293 and 77 K before and after air exposure. The solid lines indicate 

predictions from the F-S model for surface specularity values p1, as labeled, and the inset 

shows the corresponding resistivity prior to deposition of the Ti cap. 
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The resistivity of the pristine Cu layers plotted in the inset increases with decreasing 

dCu from 2.41±0.01 μΩ-cm for dCu = 25.3±0.1 nm to 3.82±0.04 μΩ-cm for dCu = 9.3±0.1 

nm. This increase is caused by electron scattering at the top and bottom surfaces, that is, 

the Cu-vacuum and Cu-MgO interfaces. The data is best described by a specularity p1 = 

0.67±0.05, which is close to the previously reported p1 = 0.7 for the Cu(001)-vacuum 

interface shown in Chapter 4.95 The resistivity of the Ti-coated layers measured in vacuum 

at 293 K increases from 2.96±0.02 μΩ-cm for dCu = 24.8±0.1 to 5.11±0.08 μΩ-cm for dCu 

= 8.8±0.1 nm, indicating a 23-34% larger resistivity in comparison to the corresponding 

pristine Cu layers. Fitting with the F-S model yields p1 = 0±0.05 for the Ti-coated layers, 

suggesting that electron scattering at the Cu-Ti(Cu) interface is completely diffuse. This is 

also confirmed by the data for 77 K, which is well described with a p1 = 0 curve. I note that 

the measured room temperature resistivity is 0.3% larger than the prediction for d = 24.8 

nm, and this deviation increases with decreasing d to 3.6% for d = 8.8 nm. I attribute this 

deviation to the  geometric effect of surface roughness which causes an additional increase 

in ρ with decreasing d,93 and also note that if initially assuming a p2 > 0 would further 

increase this deviation. In addition, the data plotted for the Ti-coated layers includes a 

0.45±0.05 nm correction to dCu since, as discussed and quantified above, Cu intermixing 

with the surface Ti causes a reduction in the effective Cu conducting thickness. Neglecting 

to account for this effect would increase the deviation of the measured resistivity and the 

p1 = 0 curve by an additional 3.2-10.7%. After exposure to air for 30 minutes, ρ is reduced 

by 10-17% for dCu = 8.8-24.8 nm, which is consistent with the drop in Rs during the 

controlled oxidation experiment presented in Fig.5-1. Similarly, the resistivity measured at 

77 K is 13-18% smaller after air exposure. Data fitting yields p1 = 0.35±0.05 at 293 K, in 

good agreement with p1 = 0.30±0.05 at 77 K, indicating partial specular scattering at the 

interface between Cu and TiO2+Cu2O.  

The specular scattering at the pristine Cu surfaces is the consequence of the 

constructive interference of reflected electron plane waves from the relatively flat potential 

drop at the Cu-vacuum interface.95,11  The subsequent decrease of p1 from 0.67 to 0.0 during 

the addition of a Ti cap layer indicates a transition from partially specular to completely 

diffuse surface scattering, similar to what has been reported for 27-nm-thick Cu layers that 

have been coated with 1-4 monolayers of Ta,15 and consistent with first principle transport 
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simulations indicating a comparable resistivity increase associated with Ti or Ta cap layers 

on Cu.21  

I attribute the completely diffuse scattering to (i) transitions of electrons near Ef 

between delocalized states in the Cu layer and localized Ti d-band states, effectively 

randomizing the electron momentum corresponding to diffuse surface scattering events 

which has been reported for Ni coated single crystal Cu,95 Co/Cu GMR structures[26,65] 

and Fe/Au (111) superlattices,105 (ii) a lateral perturbation of the surface potential drop that 

diffusely scatters or terminates the electron plane wave at the crystal surface144  due to Ti 

and Cu intermixing, and/or (iii) surface roughening which has been reported for Co/Cu 

GMR structures, 178  Pt/Cu and Al/Cu bilayers22 and Ni/Al trilayers.179  

During Ti oxidation, p1 increases from 0 to 0.35±0.05, indicating a transition to 

partially specular scattering. This is attributed to a reduction in the LDOS at the Ti/Cu 

interface, with a calculated reduction in N(Ef) by a factor of four (presented in Fig. 5-2) 

that reduces the electron scattering probability into the localized states in the Ti cap layer. 

According to Ref. 109, the interface reflection probability increases by nearly a factor of 3 

when the LDOS is reduced by a factor of 2, resulting in electron channeling as reported for 

Fe/Au(100) superlattices.105,180 Similarly, the conducting electron wave has a higher 

chance to be specularly reflected at the Cu-TiO2+Cu2O  interface than at the Cu-Ti 

interface, resulting in a lower resistivity. A similar reduction of ρ during oxidation of a Co 

overlayer has been reported for Co/Cu spin valves, where a 1 Pa-s post-deposition O2 

exposure or a < 7×10-7 Pa O2 partial pressure during the growth of Co monolayers on Cu 

increases the specular electron scattering.178 It has been speculated that this effect is related 

to O2 acting as surfactant for Co growth, or that the oxidation of protruding surface features 

effectively reduces the metal roughness.178 However, a later study indicated that the 

interface scattering specularity remains unchanged if the interfacial roughness is reduced 

by a factor of six in Fe/Au multilayers,180 consistent with the interpretation stating that the 

primary reason for a resistivity decrease during Ti oxidation is associated with a reduction 

in the surface LDOS which confines the electron wave in the Cu layer and, in turn, 

increases the surface scattering specularity. 
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5.3 Conclusions 

 The sheet resistance Rs of Cu(001) layers increases with the addition of a Ti coating 

but decreases again upon O2 exposure. This is attributed to changes in the specularity of 

the electron surface scattering. In particular, the scattering specularity at the Cu-vacuum 

interface is high, p = 0.67±0.05, which is attributed to constructive interference of the 

reflected electron plane waves from the relatively flat potential drop at the Cu-vacuum 

interface. In contrast, electron scattering at the Ti-coated Cu surface is completely diffuse, 

p = 0.00±0.05, which is attributed to localized  states in Ti that cause a 4 times higher local 

density of states at the Fermi level than for the pristine Cu(001) surface. However, 

oxidation of the Ti cap results in partial recovery of the specular scattering, with p = 

0.35±0.05 or 0.30±0.05 at 293 or 77 K, respectively, which is the result of a reduction of 

the local density of states at Ef by a factor of four during Ti oxidation. Combined XPS and 

XRR analyses indicate that oxygen exposure of a Cu surface that is coated with 4 ML of 

Ti results in the formation of a stack of Cu2O/(TiO2 +Cu2O)/Cu(001), with a total oxide 

thickness of 1.83±0.09 nm. The overall results suggest that the specularity of electron 

surface scattering is primarily determined by the density of localized surface states at the 

Fermi level. 
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 Epitaxial Growth of Tungsten Layers on MgO(001)  

    

After accomplishing the first two goals given in Section 1.2 to identify the LDOS 

on surface as an important factor to determine specularity, the next three Chapters are going 

to the other side of the story to explore how the anisotropic Fermi surface affect the surface 

scattering. The epitaxial growth of W has been reported for deposition on sapphire by 

pulsed laser ablation,181,131 dc magnetron sputtering with post annealing,68 and e-beam 

evaporation.182 Al2O3 (1120)  substrates lead to W(110) layers with a certain frequency of 

obtaining a twinned microstructure consisting of a mixture of two in-plane orientations 

with the [112]  or [1 12]  direction of W being parallel to the [1100]  direction of the Al2O3 

substrate due to possible substrate surface defects 181. In contrast, Al2O3
)0211( substrates 

lead to W(001) layers with [110]W || [1120] Al2O3,
182 where crystallites are tilted by 5°, 

possibly due to the asymmetric lattice mismatch.  

In order to circumvent the tilted W(001) crystals grown on Al2O3
)0211( , single 

crystal W(001) layers were grown on MgO(001) substrates by magnetron sputtering at 900 

°C. X-ray diffraction ω-2θ scans, ω-rocking curves, pole figures, and reciprocal space 

maps indicate a 45°-rotated epitaxial relationship: (001)W║(001)MgO and 

[010]W║[110]MgO, and a relaxed lattice constant of 3.167±0.001 nm. A residual in-plane 

biaxial compressive strain is primarily attributed to differential thermal contraction after 

growth and decreases from -0.012±0.001 to -0.001±0.001 with increasing layer thickness 

d = 4.8-390 nm, suggesting relaxation during cooling by misfit dislocation growth through 

threading dislocation glide. The in-plane X-ray coherence length increases from 3.4 to 33.6 

nm for d  = 4.8 - 390 nm, while the out-of-plane X-ray coherence length is identical to the 

layer thickness for d ≤ 20 nm, but is smaller than d for d ≥ 49.7 nm, indicating local strain 

variations along the film growth direction. X-ray reflectivity analyses indicate that the root-

                                                           
This chapter previously appeared as: P.Y. Zheng, B. Ozsdolay and D. Gall “Epitaxial 

growth of tungsten layers on MgO(001),” J.Vac. Sci. Technol. A Vacuum, Surfaces, Film. 

33, 061505 (2015) 
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mean-square surface roughness increases from 0.50±0.05 to 0.95±0.05 nm for d = 4.8-19.9 

nm, suggesting a roughness exponent of 0.38, but remains relatively constant for d > 20 

nm with a roughness of 1.00±0.05 nm at d = 47.9 nm.   

6.1 Results  

 X-ray diffraction ω-2θ scans from all W layers deposited on MgO(001) at 900 °C 

exhibit only MgO 002 and W 002 peaks over the measured 2θ = 30-80° range, indicating 

preferred 001 orientation. Figure 6-1 shows a narrow region, 2θ = 55.5-60.0°, of the spectra 

obtained from layers with thickness d = 4.8, 10.3, 19.9, 47.9 and 390 nm. For purposes of 

clarity, the spectra are offset vertically and the intensity from the thin layers multiplied by 

factors of 75, 10 and 10 for d = 4.8, 10.3 and 19.9 nm, respectively. The 2θ peak of the 

thinnest layer is relatively broad, with a full width at half maximum (FWHM) of Γ2θ = 

1.94°, as obtained by Gaussian fitting. Its position of 57.65° is to the left of the dashed 

vertical line at 58.276°, which corresponds to the expected position for the bulk W 002 

peak (JCPDF 00-004-0806). This indicates an expanded out-of-plane lattice constant, 

which is attributed to residual biaxial compressive stress, as discussed in detail below. The 

peak position increases with increasing thickness to 57.88°, 57.85°, 57.93°, and 58.16° for 

d = 10.3, 19.9, 47.9 and 390 nm, respectively. Simultaneously, the 2θ peak width decreases 

by more than an order of magnitude to Γ2θ = 0.12°. This indicates an increasing x-ray 

coherence length along the growth direction, as quantified below. The insert shows that the 

002 peak intensity for 47.6±0.2 nm thick W layers nearly doubles, as the deposition 

temperature is raised from Ts = 750 to 900 °C. Simultaneously, the 2θ peak position shifts 

from 57.896° to 57.929° and the FWHM of the peaks in ω-2θ scans and ω-rocking curves 

(not shown) decreases by 0.03° and 0.1°, respectively. This indicates a considerably higher 

crystalline quality and/or a better crystalline orientation alignment for the W layers grown 

at higher temperatures, which is attributed to a larger adatom mobility during growth.  It is 

noted that samples prepared at ≥ 750 °C are epitaxial single crystals, while Ts = 500 °C 

yields a polycrystalline microstructure with a 001 texture, and Ts = 300 °C results in a 

polycrystalline layer containing both 001 and 110 oriented grains.  
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Figure 6-1. XRD ω-2θ scans from epitaxial W(001)/MgO(001) layers with thickness d = 

4.8 to 390 nm, as labeled. The vertical line indicates the expected W 002 peak position for 

relaxed bulk W. The inset shows W 002 peaks from 47.6-nm-thick W layers deposited at 

Ts = 750 °C, 800 °C and 900 °C. 

 

Figure 6-2 shows typical results from additional XRD measurements, including an 

ω-rocking curve, a pole figure, and a reciprocal space map, from a W(001) layer with d = 

390 nm and Ts = 900 °C. The rocking curve in Fig.6-2(a) is obtained using a constant 2θ = 

58.16° which corresponds to the W 002 peak position in Fig.6-1. The rocking curve width 

Γω of this symmetric scan is a measure of the degree of mosaic tilt and the finite in-plane 

length scale of the mosaic structure. It is relatively small, 0.27°, indicating strong alignment 

of W[001] along the growth direction. Figure 6-2(b) shows a composite pole figure 

obtained from the same sample. It is an overlay of the pole figures for 2θ = 36.94° and 

40.32°, corresponding to the MgO 111 substrate and the W 101 film reflections, 

respectively. Both film and substrate show strong fourfold symmetric peaks at the same 

polar angles ϕ = 45°, 135°, 225°, and 315° and at tilt-angles = 45° and 54.7°, 

respectively. The pole figures for all samples with Ts ≥ 750 °C show the same fourfold 

symmetric peaks, indicating that they are all epitaxial W(001) layers with an in-plane 45° 

rotation between substrate and layer. Decreasing the layer thickness results, however, in 

peak broadening as well as a reduction in peak intensity. For example, the thinnest layer 

with d = 4.8 nm has a 330 times smaller diffraction intensity and a six times broader peak 

width of 1.9° in the ϕ direction. 
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Figure 6-2(c) is an X-ray diffraction reciprocal space map from the same 390-nm-

thick W(001) layer, plotted as a function of the reciprocal lattice vector k⊥ = 2sinθcos(ω - 

θ)/λ along the growth direction and k|| = 2sinθsin(ω - θ)/λ parallel to the surface.183 The W 

103 and the MgO 113 asymmetric reflections are plotted as isointensity contours in a 

logarithmic scale such that the spacing between adjacent contours corresponds to an 

intensity change by a factor of 1.5. The out-of-plane a⊥ and in-plane a|| lattice constants of 

the W layer are determined from the peak position k⊥ = 9.467 nm-1 and k|| = 3.159 nm-1, 

yielding a⊥ = 3/k⊥ = 0.3169±0.0001 and a|| = 1/k|| = 0.3166±0.0001 nm. The W 103 peak is 

at a smaller k|| value than the MgO 113 peak, indicating relaxation of the misfit since 

perfectly coherent 45°-rotated epitaxy without misfit dislocations would result in peaks 

that are vertically aligned. The relaxed lattice constant ao is determined using ao = (a⊥-

νa⊥+2νa||)/(1+ν), where ν = C12/(C12+C11) = 0.283 is the Poisson’s ratio along <100> and 

is determined from the reported W elastic constants C11 = 501 GPa and C12 = 198 GPa.184 

This yields ao = 0.3167±0.0001 nm, which is  very close to the reported bulk W lattice 

constant of 0.3165 nm.184 The slight deviation may be due to residual point or line defects, 

impurities, or associated with a small systematic experimental uncertainty in the X-ray 

diffraction measurements.  
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Figure 6-2. (a) ω-rocking curve from the W 002 peak, (b) composite pole figure for the W 

101 and the MgO 111 reflections, and (c) reciprocal space map from the W 103 and the 

MgO 113 reflections, from a 390-nm-thick W(001) layer grown on MgO(001) at 900 °C. 

The dashed arrows in (c) indicate the W 103 FWHM peak width. 

The W 103 peak in Fig.6-2(c) is broadened into an elliptical shape in reciprocal 

space with FWHM of 0.044±0.001 and 0.012±0.001 nm-1 along its major and minor axes, 

as indicated by the dashed double arrows. The major and minor axes are nearly parallel to 

the ω and ω-2θ scanning directions, which are also indicated in Fig.6-2(c) and are 1.5° 

rotated in comparison to the elliptical peak axes. This relatively good alignment suggest 

that the W 103 peak spread is dominated by the superposition of two effects,185 namely (i) 

the mosaic spread ∆ω which causes an elongation along the ω direction and is due to the 

misalignment of the single crystal blocks (tilt between crystallites) and (ii) the spread in 

the ω-2θ direction associated with the local residual strain variations along the vertical 

growth direction, while the finite size of the crystallites within the plane of the layer and 

the finite film thickness cause negligible elongation along k|| and k⊥, respectively. 

Consequently the W 103 peak spread is decomposed into a mosaic spread ∆ω = 0.25±0.01° 

along the ω direction and a vertical strain gradient spread ∆2θ = 0.16±0.01° along the ω-

2θ direction. The mosaic spread ∆ω due to mosaic tilt can be attributed to dislocations 

located at tilt boundaries186 and/or threading dislocations.187  The upper limit of the total 

dislocation density ρdisl is estimated as 5.8×109 cm-2, using the relationship ρdisl ≈ ∆ω2 / (2π 

ln2 × b2) for non-correlated (randomly distributed) dislocations, 185,188 where b is the 

Burgers vector of ½[111] = 0.274 nm. It is noted that the shape of the MgO 113 peak 
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suggests a double peak feature consisting of two peaks that are separated in the ω- direction 

by 0.04±0.01°, which is attributed to a small angle grain boundary which is common in 

commercially available single-crystal MgO substrates. The 0.04° angular spread is, 

however, very small in comparison to ∆ω = 0.25° of the layer and causes only a 1.2% 

correction to the measured width of the W 113 peak.  

 

Figure 6-3. (a) Out-of-plane a⊥ and in-plane a|| lattice constants vs thickness d of W(001) 

layers, with the right y-axis indicating out-of-plane compressive and in-plane tensile strain. 

The additional data points ‘×’ and ‘+’ are the a⊥ and a|| values obtained from the reciprocal 

space map analysis, and the dashed line represents the bulk lattice constant.  (b) The out-

of-plane ξ⊥ and in-plane ξ|| x-ray coherence lengths vs layer thickness d. The dashed line 

corresponds to ξ = d. 

Figure 6-3(a) is a plot of the out-of-plane lattice constant a⊥ vs W layer thickness 

d, as determined from the XRD 2θ peak positions in Fig.6-1. The plot also shows a⊥ and 

a|| for the thickest (d = 390 nm) layer obtained from the reciprocal space map in Fig.6-2(c). 

The in-plane lattice constant a|| for the other layers could not be directly measured by XRD 

because the smaller thickness causes insufficient X-ray diffraction intensity for accurate 

peak determination in an asymmetric map. Thus, a|| for d < 390 nm is calculated from the 

measured a⊥ values, using the reported bulk W lattice and elastic constants. The plotted a⊥ 

decreases from 0.3196 to 0.3170 nm as d increases from 4.8 to 390 nm. This indicates that 

the out-of-plane strain decreases from ε⊥ = 1.0% to 0.2%, as also indicated by the right y-

axis in Fig. 6-3(a). Correspondingly, a||  increases from 0.3132 nm for d = 4.8 nm to 0.3159 

nm for d = 390 nm, corresponding to an in-plane strain of ε|| = -1.2% to -0.2%. I note here 

that a⊥ = 0.3169 nm determined from the RSM is in good agreement with a⊥ = 0.3170 nm 

from the symmetric ω-2θ scan for d = 390 nm. However, a|| = 0.3166 nm from the RSM 
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measurement is 0.22% larger than the value determined from the symmetric ω-2θ scan and 

assuming the reported bulk W lattice constant, indicated by the “+” symbol and the open 

square in Fig.6-3(a), respectively. This difference can be accounted for, as discussed above, 

with a relaxed W lattice constant of ao = 0.3167 nm for the d = 390 nm layer, which yields 

slightly lower strain values of ε⊥ = 0.1% and ε|| = -0.1% for this layer. Similarly, if I assume 

for the other layers also a relaxed W lattice constant of ao = 0.3167 nm instead of ao = 

0.3165 nm, the magnitude of the strain would be reduced, for example, from ε⊥ = 0.010 to 

0.009 for d = 4.8 nm. That is, the uncertainty in the relaxed lattice constant causes an 

uncertainty in the measured strain, such that I conclude ε⊥ decreases from 0.009±0.001 to 

0.001±0.001 for d = 4.8 to 390 nm, and correspondingly ε|| = -0.012±0.001 to -0.001±0.001. 

 Figure 6-3(b) is a plot of the out-of-plane and in-plane X-ray coherence lengths ξ⊥ 

and ξ|| as a function of layer thickness d, as determined using183 ξ⊥ = λ/(Γ2θ cosθ ) and ξ|| = 

λ/(2Γω sinθ )  where Γ2θ and Γω are the full-width at half-maxima of the W 002 peak in the 

ω-2θ scan and the W 002 rocking curve, respectively, after correcting for instrumental 

broadening of 0.04±0.01°. The measured coherence length along the growth direction 

increases initially nearly linearly from ξ⊥ = 5.2 to 11.3 to 20.8 nm for d = 4.8 to 10.3 to 

19.9 nm. That is, ξ⊥ ≈ d for d < 20 nm, as also highlighted by the dashed line for ξ = d in 

Fig.6-3(b). This agreement indicates that crystalline defects and strain variations along the 

growth direction are below the detection limit for these thin layers, as discussed below. 

However, for d ≥ 47.9 nm, the measured ξ⊥ deviates from the dashed line and becomes 

78% smaller than the thickness for d = 390 nm. This is primarily attributed to dislocations 

and associated residual strain variations along the [001] growth direction which cause 

considerable 002 and 103 peak broadening observed in both Figs 6-1 and 6-2(c), with 

widths along the ω-2θ direction of 0.12 and 0.16°, respectively. The in-plane X-ray 

coherence length plotted in Fig.6-3(b) increases with layer thickness, from ξ||  = 3.4 nm for 

d  = 4.8 nm to ξ||  = 33.6 nm for d = 390 nm. This increase in nearly parallel to the increase 

in ξ⊥, with the ratio ξ⊥/ξ|| increasing slightly from 1.5 to 2.5. This suggests a growth mode 

with self-similar scaling where the finite in-plane size of the mosaic structure is 

approximately proportional to the layer thickness.  
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Figure 6-4(a) shows θ-2θ X-ray reflectivity (XRR) data used to determine the layer 

thickness and surface roughness. The plot shows the measured spectra from four W layers 

deposited on MgO(001), as well as the corresponding fitting curves which are shifted by 

one order of magnitude for clarity purposes and are obtained using the recursive theory of 

Parrat based on the Fresnel reflectivity formalism, assuming a Gaussian distribution to 

model the surface and interface roughness.139 The fitting is done using a fully dense W 

layer (19.3 g/cm3) which is covered by a thin WO3 surface oxide (7.13 g/cm3), and 

assuming a constant oxide thickness such that the oxide-air surface and the W-WO3 

interface have the same roughness. This fitting procedure yields W layer thicknesses of d  

= 4.8±0.1, 10.3±0.1, 19.9±0.1 and 47.9±0.1 nm, in good agreement with 5.2, 10.4, 19.5, 

and 48.5 nm, the thickness expected from the deposition time and a constant deposition 

rate of 0.090±0.002 nm/s. The surface oxide layer thickness of 0.7±0.1 is found to be 

independent of d, and indicates that approximately 1.6 monolayers of W, corresponding to 

0.20±0.02 nm have been oxidized, which is consistent with a reported study indicating 1.0 

nm thick WO3 formation after one hour in dry air at both 23 and 100 °C.189  For d > 100 

nm, the layer thickness is determined from the deposition rate, since it cannot be obtained 

from XRR due to the too closely spaced interference fringes.   

  

Figure 6-4. (a) XRR θ-2θ spectra and (b) root mean square surface roughness <r>, from 

W(001) layers with thickness d = 4.8-47.9 nm. The dotted lines in (a) are from curve fitting. 

Figure 6-4(b) is a plot of the root-mean-square (rms) surface roughness <r> as a 

function of layer thickness d. It increases steeply from 0.55±0.05 nm at d = 4.8 nm to 

0.95±0.05 nm at d = 19.9 nm, but remains approximately constant for d > 20 nm, with a 
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measured <r> = 1.00±0.05 nm for d = 47.9 nm. Assuming a power law r d    for the 

thin film surface roughening for d < 20 nm,190-151  it is determined a roughening exponent 

β = 0.38±0.04. 

6.2 Discussions   

Sputter deposition of W on MgO(001) at 900 °C yields single-crystal W(001) layers 

with a 45°-rotated  epitaxial relationship: [010]W║[110] MgO. The misfit

wMgO aaf 2/1  of this epitaxial system is 5.9% at room temperature but is reduced to 

5.1% for the deposition temperature of 900 °C, based on aMgO,900 °C  = 0.4262 nm and aW, 

900 °C  = 0.3177 nm. These latter values are obtained using the room temperature aMgO  = 

0.4212 nm and aw  = 0.3165  nm and a volumetric thermal expansion of 3.6% and 1.2% for 

MgO and W, respectively, determined by integration from 20 to 900 °C over the 

temperature dependent volumetric thermal expansion coefficients which increase from 

61011.31  -
61017.46   1  for MgO and from 

61073.9  -
61036.15   1  for W.192 

The critical thickness for the formation of misfit dislocations for an epitaxial W film is 

estimated to be b/2f  = 2.7 nm,193 using  f  = 5.1% and a Burger’s vector length b = 0.274 

nm. Consequently, even the thinnest layer in this study with d = 4.8 nm is expected to 

exhibit misfit dislocations that relax the strain. This is consistent with the X-ray diffraction 

results, indicating a biaxial compressive in-plane-strain for this sample of ε|| = -1.2±0.1% 

which is substantially smaller than f. In fact, based on the above T-dependent expansion 

coefficients, the differential thermal contraction during cooling contributes a biaxial 

thermal strain of -0.8%, which is almost as large as the measured strain, suggesting that the 

misfit strain at the growth temperature may be almost completely relaxed. Therefore, the 

measured residual strain on the W layers is primarily attributed to the thermal expansion 

mismatch between substrate and layer, while all layers are expected to be nearly fully 

relaxed during growth and exhibit comparable misfit and threading dislocation densities. 

As the layer thickness increases from d = 4.8 to 390 nm, the measured in-plane strain 

decreases from -1.2±0.1%  to -0.1±0.1%, indicating an increasing degree of relaxation of 

the thermal mismatch strain during cooling. This is attributed to the total elastic energy for 

a given strain being proportional to the film thickness, resulting in an increasing driving 
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force for strain relaxation through threading dislocation glide, which causes an increase in 

the average misfit dislocation line length as well as possible dislocation 

multiplication.194,195 At the same time, local strain variations associated with threading 

dislocations and crystalline defects cause XRD peak broadening along the 2θ direction. 

More specifically, the FWHM Γ2θ = 0.12° from the 390-nm-thick W 002 symmetric ω-2θ 

scan is close to Γ2θ = 0.16° from the W 103 asymmetric scan, while the alignment of the 

broadening of the RSM peak along ω and ω-2θ directions indicates negligible peak 

broadening due to the finite film thickness, confirming that the vertical strain variation is 

the dominant factor in determining the observed peak broadening in both symmetric and 

asymmetric XRD 2θ scans for thick samples. As a result, the 390-nm-thick film has the 

smallest (nearly negligible) residual stress but exhibits an apparent out-of-plane X-ray 

coherence length ξ⊥ which is 78% smaller than the film thickness. Here I note that this 

broadening effect and corresponding reduction in ξ⊥ due to local strain variations is 

observed only for thick layers with d ≥ 47.9 nm, which may suggest that the thinner layers 

have smaller strain variations associated with defects along growth direction, but may also 

be related to the relatively large Γ2θ values which are associated with finite layer thickness 

and make detection of additional broadening due to dislocations impossible. For example, 

assuming the same residual strain variations in the d = 4.8 nm layer as for the d = 390 nm 

layer causes a broadening of 0.12°, which is small in comparison to the measured Γ2θ = 

1.94° for d = 4.8 nm and causes only a 0.2% correction to the measured width, according 

to 
222

2 thicknessstrain     where βstrain and βthickness are the peak broadening due to local strain 

variation and finite thickness.  The 0.2% change in peak width is more than an order of 

magnitude smaller than what realistically can be detected within the experimental 

uncertainty, confirming that the measured 2θ peak width for thin samples do not provide 

information regarding the crystalline quality. 

The in-plane X-ray coherence lengths ξ|| increases about 10 fold as d increases from 

4.8 to 390 nm, as determined from the reduction of the FWHM   in symmetrical ω-

rocking curves, indicating an in-plane crystallite size of only 3.4 to 33.6 nm, which is much 

smaller than the film thickness. However, I note that   from symmetrical scans is 

determined by the convoluted broadening from both the degree of mosaic tilt and the finite 



59 
 

in-plane size of the mosaic structure. In fact, the broadening of the reciprocal map in Fig. 

6-2(c) is along the ω-direction rather than the in-plane direction, suggesting that 

broadening for the d = 390 nm layer is primarily due to the mosaic tilt, with the in-plane 

coherence length having a minor or negligible effect. In addition, the measured ξ|| is also 

affected by the correlation length between threading187 and misfit196 dislocations. Thus, the 

in-plane crystallite size is effectively larger than the ξ|| values plotted in Fig.6-3 which are 

obtained from symmetrical ω-rocking curves for all samples. 

I expect atomic peening197 to have negligible effect on the stress in the samples, 

because the relatively high working gas pressure of 20 mTorr causes scattering of energetic 

neutrals that are backscattered from the W target, and the low substrate self-bias of -6 V 

does not provide sufficient energy for implantation of Ar+ ions, while the high substrate 

temperature facilitates point defect healing and out-diffusion of implanted Ar atoms. This 

is consistent with the reported Ar+ ion bombardment induced stress in polycrystalline W 

films which is negligible at large Ar pressures of 20 mTorr198 or slightly tensile with a -5 

V substrate bias.199 

The rms surface roughness <r> of the W(001) layers increases from 0.55±0.05 to 

0.95±0.05 nm with increasing thickness d = 4.8-19.9 nm, following a power law which 

suggests growth with a self-affine surface morphology. The measured scaling exponent of 

0.38±0.04 is close to 0.4, the exponent predicted by a 3D stochastic ballistic diffusion-less 

deposition model where atoms adhere where they impinge.200 This suggests that island 

nucleation and coalescence is completed below d = 5 nm and the subsequent surface 

morphological evolution is described by a 3D growth mode that is dominated by kinetic 

roughening due to the Schwoebel-Ehrlich barrier and the limited surface diffusion at a low 

homologous temperature of 0.32.201,202 For larger thicknesses, d > 20 nm, <r> remains 

nearly constant, suggesting a steady state quasi-equilibrium between competing 

roughening and smoothening effects due to kinetic barriers and coalescence of surface 

mounds, respectively.203  
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6.3 Conclusions 

Tungsten deposited on MgO(001) at 750-900 °C forms epitaxial 45°-rotated 

W(001) layers. The lattice misfit of 5.1% during growth at 900 °C is almost completely 

relaxed, but differential thermal contraction during cooling to room temperature causes a 

biaxial compressive strain measured at room temperature which decreases with increasing 

layer thickness from -1.2±0.1% for d = 4.8 nm to -0.1±0.1% for d = 390 nm. The relaxation 

during cooling of the thicker layers is attributed to misfit dislocation line growth which is 

facilitated by threading dislocations glide. The mosaic tilt and vertical strain variations are 

the dominating factors causing peak broadening of ω-rocking curves and ω-2θ scans in 

thick layers, respectively, while the finite thickness dominates the ω-2θ x-ray peak width 

for d < 50 nm. The surface roughness increases with a growth exponent of 0.38 for d < 20 

nm, indicating a 3D hit and stick growth mode, but the roughness remains nearly constant 

for d > 20 nm, which is attributed to a balance between effects due to kinetic roughening 

and coalescence of surface mounds. 
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 Surface Roughness Dependence of Resistivity in Epitaxial W Layers 

In the previous chapter, I demonstrated the epitaxial growth of W(001) on 

MgO(001). In this chapter, I am going to show how to optimize the sample quality and 

minimize the effect of surface roughness on electron scattering by in situ annealing at 1000 

°C for 2 h after deposition. Particularly, the resistivity ρ of annealed 4-20 nm thick epitaxial 

W(001) layers grown on MgO(001) samples shows a weaker thickness dependence than 

that of unannealed samples in both vacuum and air at 295 and 77 K although completely 

diffuse surface scattering is present on both sets of films. The smaller ρ of annealed samples 

is attributed to the smoother surface as quantified by a 12-57 % reduction of the surface 

rms roughness while the lateral correlation length remains comparable. The different 

thickness dependence of ρ can be described by the FS model using two different effective 

mean free paths for unannealed and annealed samples respectively. 

7.1 Results and Discussions 

The same reported epitaxial relationship: (001)W║(001)MgO and [010]W║[110]MgO 

are observed on all W layers subjected to thermal annealing at 1000 °C as confirmed by 

the four fold symmetry of the W 101 phi scans.  The out-of-plane strain of the annealed 

samples is 0.8-0.2% at d = 4.4-320 nm which is comparable with the reported strain value 

1.0-0.1% for unannealed samples at d = 5.0-390 nm as quantified in Chapter 6, suggesting 

annealing has limited effect on the residual strain arisen from the thermal contraction 

mismatch between substrate and layer204 shown in Chapter 6 after high temperature 

deposition at 900 °C. The crystalline quality is studied using the full width at half maximum 

(FWHM) Γ2θ and Γω of W 002 θ-2θ scan and ω-rocking curves respectively. Particularly, 

Fig.7-1 is a plot of the out-of-plane and in-plane X-ray coherence lengths ξ⊥ and ξ|| as a 

function of layer thickness d with and without annealing process, using ξ⊥ = λ/(Γ2θ cosθ ) 

and ξ|| = λ/(2Γω sinθ ) respectively.183  Fig.7-1 is a plot of the out-of-plane and in-plane X-

ray coherence lengths ξ⊥ and ξ|| as a function of layer thickness d with and without annealing 

process, as determined using183 ξ⊥ = λ/(Γ2θ cosθ ) and ξ|| = λ/(2Γω sinθ ) respectively.  ξ⊥ of 

unannealed samples increases almost linearly from 5.2 to 20.8 nm for d = 5.0 to 20.1 nm 

and ξ⊥ of annealed samples shows similar thickness dependence i.e. ξ⊥ = 4.8 to 18.4 nm at 

d = 4.5 to 18.7 nm for annealed samples, indicating that crystalline defects and associated 
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strain variations along the growth direction are negligible and/or below the detection 

limit204 as discussed in Chapter 6 for d ≤ 20 nm. Besides, ξ|| of unannealed samples 

increases from 3.4 to 9.0 nm at d  = 5.0 to 20.1 nm, which is comparable to  4.0 to 10.9 nm 

at d  = 4.4 to 18.7 nm for annealed samples. In contrast, ξ⊥ and ξ|| are increased by 34-47% 

and 50-200% respectively for d > 20 nm after annealing, suggesting the considerably better 

crystalline quality along both in-plane and out-of-plane directions for annealed samples, 

which is found to have negligible effect on their resistivities as shown below. As a result, 

the limited effect on the mosaic structure at d ≤ 20 nm by annealing is not expected as an 

effective factor to cause the different ρ dependence on the W thickness comparing to 

unannealed samples. 

 

Figure 7-1. The out-of-plane ξ⊥ and in-plane ξ|| x-ray coherence lengths vs layer thickness 

d for unannealed and annealed samples. 

 

Figure 7-2 (a)-(b) and (c)-(d)  are typical atomic force micrographs showing the 

surface morphologies of unannealed and annealed W(001) layer of d = 4-10 nm 

respectively from a 500×500 nm2 scan area. The micrograph in Figure 7-2 (a) exhibits 

230±20 mounds on the 5-nm-thick unannealed W layer, corresponding to an area number 

density of 920±80 µm-2, most of which are approximately square shape with edges that 

align along <110> directions corresponding to the in-plane epitaxial growth relationship. 

The average width w of mounds is 25.0±0.8 nm with a peak-to-valley height h
~

 of 

1.84±0.20 nm, corresponding to the rms surface roughness of <r> = 0.65±0.03 nm 
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according to  rh 22
~

. Some big mounds of  h
~

 ranging from 2.9-6.1 nm are also 

observed with 19.2-28.5 nm width due to the protrusions at the corners that extend along 

perpendicular 100 and 010 directions, which can be attributed to adatoms preferentially 

diffusion to the corners versus the edges of square shaped islands and/or anisotropy in two-

dimensional adatom adsorption on islands.203  Figure 7.2 (b) presents a ~1.2 × lower mound 

density of 760±70 µm-2 on the surface of the 10.5-nm-thick layer with a comparable <r> 

= 0.63±0.03 nm and ~ 12% increased w = 28.1±2.9 nm than the surface of d = 5.0 nm, 

indicating the coalescence during film growth broadens the mounds without affecting the 

height. The number of large mounds mentioned above is also reduced while some triangle 

shape facet is observed corresponding to the lowest energy surface (110) .The surface of 

the 4.4 nm thick layer after annealing, shown in Figure 2(c), clearly illustrates the 

smoothening effect of annealing, which makes it so flat that mounds are not directly visible 

because of a considerably small <r> = 0.29±0.02 nm. Some square holes appear due to 

dewetting but at limited density of 50±10 µm-2 with w = 12.0±5.0nm. The micrograph in 

figure 7-2(d) for the annealed sample at d = 9.3 nm shows its surface consisting of 

broadened circular and elliptical mounds with the density and <r> of 450±70 µm-2 and 

0.45±0.02 nm, respectively, which is 169% and 29% smaller than that of d = 10.5 nm 

respectively while the w is slightly increased by 8% to 30.2±0.6 nm. By comparing the 

value of c and w before and after annealing, the major effect of annealing is considered to 

reducing σ which is consistent with the statistical analysis of surface morphologies on 

samples over d = 4-50 nm as shown below.  
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Figure 7-2. AFM micrographs from 500x500 surface area on epitaxial W(001) layer of 

thickness (a) 5 nm, (b) 10.5 nm,  (c) 4.5 nm , and (d) 9.3 nm , where (a) and (b) are without 

annealing while (c) and (d) are  in situ annealed at 1000 °C. (e) The corresponding height-

height correlation functions H(r) obtained from (a)-(d), where the solid line is the 

quantitative analysis by ])/exp(1[2)( 22 LrrrH  , which yields rms roughness 

<r> , and correlation length L. 

 

Figure 7-2 (e) shows a typical quantitative analysis of surface morphology using 

the height difference correlation functions H(r) for the same surface presented in Fig.7-2 

(a)-(d), where H(r) the average of the square of the surface height difference Δh between 

two points is plotted as a function of their lateral separation r in the log-log plot. Under the 

theory for self-affine surfaces, H(r) can be interpreted by 

])/exp(1[2)( 22 LrrrH     as indicated by the fitting line [ ], where L is the lateral 

correlation length defining a scale over which H(r) increases proportionally with r at a 

given Hurst exponent α. Above L , H(r) approaches a saturation height of 2σ2. The as 

deposited samples exhibit α with average value of  0.93±0.03 and the α of annealed samples 

is ranged from 0.70 to 0.95 with average value of , suggesting surface morphology evolves 

at a time-invariant self-affine manner during growth but annealing changes the surface 

scaling profile at local range. Finally, The detailed values of 22
~
h and L of are 

presented in Fig 7-3.  
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Figure 7-3(a) is a plot of the average correlation length L with error bars obtained 

from a set of at least eight independent surface locations vs layer thickness d.  The evolution 

of the surface morphology on as-deposited samples shows an initial drop of L from 

12.4±0.9 nm at d = 5.0 nm to 10.7±0.9 nm at d =7.3 nm, followed by the continuous 

increase to 18.9 ±1.0 nm at d = 20.1 nm due to competitive coalescence by the rapid lateral 

mound growth. As d is further increased to 48.1 nm, L becomes 19.4±2.0 nm showing 

negligible coalescence after mounds reach a quasi-equilibrium shape due to a balance 

between a local kinetic roughening and smoothening by surface mass transport .203 L of 

annealed sample increases from 12.9±0.5 to 19.2±1.5 to 22.1±1.2 nm for d = 4.4, 18.7, and 

52 nm, respectively. These value are only 4-14% larger comparing to that of as deposited 

samples, suggesting large-scale mass transport such as mounds coalescence through 

surface diffusion is limited at this relatively low annealing temperature e.g. the diffusion 

length is less than the L of unannealed samples, which is equivalent to the mean separation 

between two mounds top. 

Fig.7-3(b) shows the corresponding surface roughness <r>  from simultaneous 

fitting of H(r) as described above, which includes another set of data independently 

determined from fitting the θ-2θ x-ray reflectivity (XRR)  by the recursive theory of Parrat 

based on the Fresnel reflectivity formalism, assuming a Gaussian distribution to model the 

surface and interface roughness and the W layer thickness, with similar fitting procedure 

given in Chapter 6.139 According to the quantitative analysis of AFM micrographs, the 

unannealed films show very comparable <r> = 0.67±0.05, 0.60±0.05 and 0.62±0.07 nm at 

d = 5, 7.3 and 9.3 nm to then it increases to 0.85±0.05 nm at d = 20.1 nm due to the kinetic 

roughening as described in Chapter 6, but remains approximately constant for d > 20 nm, 

with a measured <r> = 1.07±0.11 nm for d = 47.9 nm due to the same reason given above 

for L. After annealing, the surface becomes considerably smoother with the rms roughness  

reduced by 12-57%, i.e. <r> = 0.29±0.02 to 0.44±0.02 to 0.75±0.07 to 0.25±0.03 nm at d 

= 4.5±0.1 to 9.3±0.1 to 18.7±0.1 to 52 nm, which is attributed to  adatoms drifting down 

the steps edge to reduce the negative curvature at the bottom of  mounds, resulting in a 

reduction of surface energy. The <r> determined from XRR fitting show excellent 

agreement within error for both unannealed and annealed samples  except the 52-nm-thick 

annealed sample, indicating any possible time dependent oxidation on surface does not 
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change the surface profile characteristic lengths since XRR and AFM measurements are 

taken at different time. In addition, the W-MgO interface are nearly independent of d and 

annealing process i.e. <r> = 0.49 ±0.05 nm for samples of d > 9 nm, and corresponding 

smoother interface <r> = 0.29±0.03.  

 

Figure 7-3. (a) correlation length L and (b) rms roughness <r> as a function of film 

thickness for both unannealed and annealed samples, where (b) includes <r> determined 

from fittings of XRR spectra as given by the square symbol. 

 

Figure 7-4 shows the resistivity ρ of single crystal W(001) grown on MgO(001) vs 

layer thickness d = 4-390 nm measured in situ at 295 K, including ρ of selected samples 

being subsequently annealed.  The insert shows the corresponding ρ measured at 77 K in 

liquid nitrogen after samples being taken out of chamber within 2 s. The ρ of as deposited 

390-nm-thick sample continuously increases from 5.63±0.02 to 14.83±0.18 μΩ-cm for d 

=9.3±0.1 nm, then it almost doubles to 27.05±0.62 μΩ-cm as d is further reduced to 

4.4±0.1nm. This increase is contributed by electron diffuse surface scattering at the bottom 

and top interface boundaries, namely W-MgO and W-vacuum interfaces. After being 

annealed, the ρ of the 320 nm thick layers stay in excellent agreement with its own value 

before annealing as well as that of as-deposited  390 nm thick layer within 0.4% 

experimental error, suggesting that the defects scatterings has negligible effect in overall 

resistivity even though annealing has improved the crystalline quality significantly as 

shown above. In contrast, clearly smaller size effect on ρ are observed in much thinner 

films after being annealed for example 7.6%, 12.7% and 9.7% reduction in ρ are observed 
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for d =  18.7±0.1, 9.3±0.1 and 4.5±0.1 nm respectively. This change is also confirmed by 

the data measured at 77 K, where ρ of annealed samples is consistently 8.8-14% lower than 

those of unannealed samples in the thickness range of 4-20 nm. This systematic smaller ρ 

is attributed to the much smoother surface rms roughness after annealing. 

 

Figure 7-4. Resistivity ρ of epitaxial W(001) vs thickness d, showing the as deposited 

samples, selected annealed samples measured at 295 K and 77 K. The solid lines indicate 

predictions from the F-S model with surface specularity values p1 = p2 = 0.   

 

Being exposed to air for 1 h after the XRR measurement, the ρ of both annealed 

and unannealed samples measured at 295 K is only different with the corresponding value 

measured in vacuum by 0.2-0.7% and 0.1-2.0% for d = 4.5-320 and 5.0-390 nm 

respectively (not shown), which are comparable with the experimental uncertainty of 0.4-

1.3%. After being exposed to air for 48 h, it is observed there is 5-6.2% increase in ρ at 

both 293 and 77 K for d ≤ 7.3  nm, which can be explained by the reduction of effective 

conducting cross section by 3-4.5% due to W oxidation.95 This observation indicates 

completely diffuse surface scattering is already present for W-vacuum and W-liquid N2 

interfaces on both unannealed and annealed sample, since the oxygen chemisorption and 

surface oxidation cause specular scattering transition to completely diffuse scattering,24 

resulting in huge increase of resistivity. In addition, the different thickness dependence on 

ρ in two sets of samples is independent of air exposure time. 
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The completely diffuse scattering at W(001)-vacuum interface is consistent with 

previous reports47,69 and attributed to surface atomic roughness and the charges built up at 

the surface layer, which (1) cause the lateral perturbation of the flat surface potential drop, 

resulting in a destructive interference of electron plane waves after reflection,  20,132 and/or 

(2) terminate the electron plane wave at the crystal surface.144  The surface charge built-up 

is the result of the narrowing of the d band at the surface layer due to the reduced number 

of neighboring atoms, which pushes the occupied states above the bulk Fermi level. 

Therefore, electrons must flow away from these occupied states leaving the surface layer 

of atoms a net positive charge relative to bulk atoms and causing a surface core level shift 

which has been experimentally observed and quantified for W.205 When the W surface 

layer gets oxidized, the completely diffuse scattering at W(001)-WO3 is the consequence 

of the transitions of electrons at the Fermi level between delocalized states of the W layer 

and localized surface states in WO3, which effectively acts as a scattering center to 

randomize the electron momentum corresponding to diffuse surface scattering events as 

the same as that discussed for the Cu-Cu2O interface in chapter 5. In particularly the density 

of localized states at the Fermi level of WO3 is 19101 eV-1 cm-3,206 comparable to the hole 

concentration 191011.1   cm-3 in Cu2O.  

The ρs  of  samples from d = 7.3- 390 nm can be quantitatively described by the 

Fuchs-Sonheimer model for surface scattering in thin film with two distinct specularity p1 

and  p2 for two unlike surfaces as shown by the solid lines except .59 The electron scattering 

at the W-MgO interface (p2) is expected to be diffuse based on the studies on other metal-

MgO interface such that p2 = 0.95 78,16 And p1 = 0 at W-vacuum and W-liquid N2 interface. 

Although W has a complicated Fermi surface, it is still adequate to assume an effective 

bulk mean free path λ,68 which is found to be 33.0±0.4  and 39.5±0.5 nm for annealed and 

unannealed samples at 295 K based on the ρ0 = 5.33 μΩ-cm at 295 K. By utilizing ρbulk,77 K 

= 0.549 μΩ-cm and the observation that product of ρoλ is temperature independent on TiN 

78 and W,68 it is found λ = 320±4 and 383±5 nm at 77 K. The increase of ρs in 77 K after at 

corresponding d can also be reasonably captured by the FS model for d ≥ 9.3 nm, where 

p1=p2= 0 too.  The λ293k  is larger than reported λ = 19.1 nm for epitaxial W(110) films 

which is attributed to the anisotropic surface scattering due to anisotropic Fermi surface as 

discussed in Chapter 8.  



69 
 

It is noticed the difference between the measured ρ of annealed and unannealed 

samples could be also possibly explained by different specularity at W-vacuum interface, 

i.e. p1 = 0.3 and 0 respectively with a constant λ= 39.5 nm for d ≥ 9 nm at 295 K. However 

p1 of annealed samples are expected gradually to 0 because of the completely diffuse 

scattering at the W-WO3 interface as discussed above. Consequently its ρ should increase 

and become the same as unannealed samples upon prolonged air exposure, which however 

is not observed. On the other hand, there isn’t any change of the W-MgO interface 

roughness as detected by XRR before and after annealing either, which indicates the p2 

should stay the same for unannealed and annealed samples. 

Furthermore the analytical solution of FS model can be applied to give an 

understanding of difference in the increase of ρ by having different effective mean free 

path for the two sets of samples. However significant limitation is observed i.e. measured 

ρ for d = 7.3-4.4 nm is 6.3-19.8% larger than the prediction by FS model using λ = 34 and 

40 nm and p1 = 0. These two observation suggest (1) the electron mean free path is 

effectively different for samples with different surface quality, especially sample with 

larger ρ is assigned a larger mean free path which makes its physical interpretation difficult  

and/or limited by the framework of FS model,47  (2)  the effect of surface roughness should 

be incorporated into modeling the increase of resistivity on top of effect from the 

completely diffuse scattering as discussed in more details in Chapter 8. 

7.2 Conclusions 

The effect of surface mounds on resistivity was clearly demonstrated by two sets 

of W(100) single crystal film at d = 4-50 nm with different surface morphologies, where 

the rms roughness is reduced 17-56% by in situ annealing while the correlation length is 

increased by 4-13%. More specifically, the annealed samples shows weaker (smaller 

curvature) dependence on d than unannealed samples in both vacuum and air with the ρ is 

reduced by 3-13% through annealing which is attributed to the 2 times smoother surface. 

It is also observed that the ρ of both annealed and unannealed samples do not change upon 

air exposure except notable effect of reducing conducting cross section by prolonged 

oxidation  on samples of d ≤ 7.3 nm, which indicates the electron scattering at the W-

vacuum and W-WO3 interface is completely diffuse, i.e. p = 0. 
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 Anisotropic Size Effect of Electrical Resistivity: a Case Study using W 

 

 Through the efforts presented in Chapters 6 and 7, I have developed a systematic 

method to fabricate high quality W with smooth surfaces. Now it is ready to study the effect 

of the anisotropic Fermi surface on size effect of resistivity on W by combining theoretical 

consideration and experiments. I first present a calculation model of electron transport in 

thin film by utilizing Fermi surface obtained from first principle calculation. Under the 

constant bulk mean free path condition, the simulation result based on W show the increase 

of ρ due to surface scattering strongly depend on the crystal orientation of the film surface 

i.e. ρ increase in the order of (001) > (111) > (011) as d is reduced below 37.5 nm and ρ(111) 

and ρ(011)  becomes 5.5% and 29% smaller than ρ(001) respectively at d = 3.75 nm. The 

divergence in increase of ρ is due to the nature of the anisotropic Fermi surface which 

results in different amount of conducting electrons scattering at the surface with different 

frequency when the film normal direction is arranged along different crystal orientation. I 

then provide direct experimental evidence that the anisotropy of ρ size effect is 

crystallographic orientation dependent while the surface scattering is always completely 

diffuse on W, i.e. the monocrystalline W(110) film shows consistently lower ρ than 

monocrystalline W(001) for d  < 40 nm with  p = 0 present at both room temperature RT 

(295K) and 77 K. The agreement between simulation and experiment is shown by the 

similar ratio of effective mean free path between two orientations obtained by fitting the 

analytical solution of F-S model while the difference of their absolute value is attributed to 

the increased electron-phone coupling and/or the mean free time distribution. In addition 

the simulation results also show there is a divergence between <0-11> and <001> in-plane 

transport direction on (011) surfaces. Besides, the simulation based on constant mean free 

time predicts a slightly wider difference between ρ of W(100),(111) and (011) without 

changing the order of their increase with d. 

 

8.1 Theoretical Consideration  

Consider a conducting film of arbitrary orientation and thickness d with surface 

normal being the z axis direction. The electrical field E is along x axis, namely the transport 

direction. The specularity parameter p1 and p2 defines the probability of electron elastically 
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scattered at surface z = 0 and d respectively with reversal of the velocity component vz. 

The Boltzmann transport equation is solved by following FS6,7  and Lucas25 to obtain the 

electron distribution function as a function of kz and x (moment and position) with 

boundary conditions for the top and bottom surfaces defined by p1 and p2 independently. 

Then the conductivity of a thin film conductor is found by calculating the total current in 

the film through integration of the electron distribution function over both real and 

reciprocal space following MacDonald’s method, 207  where integration through k-space is 

transformed into integration over the Fermi surface. After some simplifications, the 

following two main equations Eq.8-1(a) or (b) are obtianed based on either a free collision 

path λ or free collision time τ for electrons to describe the conductivity including the effect 

from the electron-phonon scattering with an arbitrary Fermi surface shape.  
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....Eq.8-1(b), 

where 
zv

d


  , vx and vz are the components of Fermi velocity v along current transport 

and film thickness direction. 

 

The first term in the integral shows the bulk conductivity due to phonon scattering 

and the second term shows the contribution from surface scattering which reduces bulk 

conductivity with correlation to the bulk scattering through η. Besides the integration of 

vz/|v| over the Fermi surface suggests η depends on the Fermi surface projected area along 

z direction in the case of a free collision path λ, which is defined by the angle between 

Fermi velocity and the film normal direction. Furthermore, the expression above is generic 

since the free collision time or free collision path can be k dependent or in another word 

anisotropic for each conducting electron.  When a constant bulk mean free time or constant 
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bulk mean free path is under consideration, λ or τ can be taken out of the integration. I also 

notice when p1=p2=0 in Eq.8-1, the bulk conductivity is obtained as  
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 … Eq.8- 2(b)        

8.2 Sample Characterization 

The x-ray diffraction θ-2θ scans, ω-rocking curves, and ϕ scans of W 110 or 002 

reflections confirm high quality monocrystalline 4-320 nm thick W(001)  and W(011) 

grown epitaxially on MgO(001) and (1120) Al2O3 respectively, similar to the procedure 

described in Refs. 204,208, and 209 for epitaxial W(001), ScN(001), and Sc1-xAlxN(001) 

layers. The out-of-plane strain of annealed W(001) layers is 0.8-0.2% at d = 4.5-320 nm 

while it is 0.2-0.1% for 5.7-320 nm thick  annealed W(011) layers. The full width of half 

maximum of rocking curves is 0.13° and 0.01° for W(001) and (011) at d =320nm 

respectively which suggests better crystalline quality in W(011) films but makes no 

difference on the bulk ρo  of  W(001) and (011) shown below. Hence the higher defect 

density of W(001) than W(011) in thinner samples are expected to cause negligible 

difference between their ρ at the presence of surface scattering which contributes 

dominantly to the thin film ρ.   

The layer thickness and surface roughness were determined from x-ray reflectivity 

(XRR) uisng a Panalytical X’pert PRO MPD system with a scintillator point detector with 

a 0.27° parallel collimator and a Cu source with a two-crystal Ge(220) two bounce 

monochromator which yields a λKα1 = 1.5406 Å beam with a 0.0068° divergence for sample 

thinner than 50 nm according to the procedure in Ref 204. The θ-2θ XRR spectrum is fitted 

using the recursive theory of Parrat based on the Fresnel reflectivity formalism, assuming 

a Gaussian distribution to model the surface and interface roughness, which simultaneously 

yields the W layer thickness.139 It is found excellent fitting can be obtained using a fully 

dense W layer (19.3 g/cm3) which is covered by a 0.6±0.1 nm thick WO3 surface oxide 

(7.13 g/cm3) with the assumption that the oxide-air surface and the W-WO3 interface have 

the same roughness. Particularly the rms roughness of W(001) increases from <r>  = 

0.28±0.05 to 0.50±0.05 to 0.80±0.05  nm at d = 4.5±0.1 to 9.3±0.1 to 18.7±0.1 nm and 

W(110) surface possesses very comparable <r>  from  0.24±0.04 to 0.44±0.05 to 0.83±0.05 
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nm for d = 5.7±0.1  to 9.3±0.1  to 18.7±0.1  nm. They also have similar film-substrate 

interface roughness, i.e. <r> = 0.49 ±0.06 and 0.45 ±0.03 nm for W-MgO and W-Al2O3 

respectively at d > 9 nm, and corresponding smoother interface <r> = 0.29±0.03 and 

0.27±0.03 nm at the thinnest samples. The thickness of the thicker sample is calculated 

using the deposition rate. The presence of WO3 is further confirmed by the chemical 

shifting of W 4f7/2 and 4f5/2 peaks from X-ray photoelectron spectroscopy (XPS) carried 

out using a PHI 5000 VersaprobeTM with an Al Kα source (1486.6 eV). The surface 

chemistry is studied in more details by area and line scans using Auger electron 

spectroscopy (ULVAC-PHI 700) to confirm there is no impurities such as Mg segregation 

on the surface after annealing. 

The surface morphology of 4-50 nm samples is further examined by atomic force 

microscopy (AFM) using Digital Instruments Multimode III-a using AFM tip radius of 1 

and 10 nm with scan size 1×1 μm2 and 500×500 nm2 at 512 scan resolution. The 

characteristic lengths rms roughness <r> and lateral correlation length L are obtained by 

quantitative analysis of AFM data with the height-height correlation function using the 

GWYDDION software package, similar to the sophisticated surface morphology study on 

epitaxial CrN(001) and Cu(001) with annealing as described in 203,151, where L defines the 

scale over which the surface height is correlated. The W(001) surfaces exhibits both 

random distributed circular and elliptical shape mounds, whose size get broadened as 

thickness increases such that the L increases from 12.9±0.53 to 14.59±0.48 nm at d = 4.5 

to 9.3 nm with the corresponding <r> = 0.29±0.02 and 0.44±0.02 nm. In contrary, circular 

mounds are arranged regularly/in sequence along the fast diffusion direction ]110[  on 

W(011) surfaces, which forms elongated narrow ridges/stripes without noticeable increase 

of mound width as the film gets thicken. As a result, the L is reduced from 10.4±1.7 to 

8.6±0.7 nm for d = 5.7 to 9.3 nm with the <r> increasing from 0.16±0.03 to 0.37±0.02 nm. 

The <r> determined from AFM agrees well with that determined from XRR within error 

for both W(001) and (011) films.   
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8.3 Results and Discussions  

Figure 8-1* shows the normalized ρ/ ρ0 as a function of ρ0d  calculated using Eq.8-

1 (a) and (b) for single crystal W films with three crystallographic orientation (001) (011), 

(111) along films’ normal and different in-plane transport direction <100> , <011>, <0-11> 

and <-211>, where ρ0 is the bulk resistivity at any given temperature and the surface 

scattering are taken as completely diffuse on both sides of the film surface, i.e p1 = p2 =0 

for the reason discussed in the experimental results below. The detailed calculation is 

carried out by my advisor Professor Daniel Gall for both cases of the constant bulk mean 

free path (solid line) and time (dashed line), namely λo and τo respectively, which are 

implicitly given by Eq.8-2 (a) or (b) using ρ0 and integrated Fermi surface area. As a result, 

the data curves shown are universal for different temperature, which does not require the 

knowledge of the λo or τo since ρ0 is experimentally known for T = 1-1600 K.210  In order 

to compare with the experimental results, the ρ0 = 5.33 μΩ-cm at 295 K is used to obtain 

the ρ of thin film with thickness d  in the range of 3-1000 nm as expressed by the right and 

top axis respectively. The first observation is that all the lines converge at ρ0d > 3×10-14 Ω-

m2 or d > 563 nm, which agrees with the expectation that the ρ0 is isotropic at thick film. 

Under constant λo condition, the ρ starts to show clear difference between different 

orientation with ρ = 1.21 ρ0, 1.18 ρ0 1.15 ρ0 on (001), (111) and (011) respectively at ρ0d 

= 2×10-15 Ω-m2. The divergence becomes bigger between different orientations at ρ0d = 

1×10-15 to 2×10-16 Ω-m2. More specifically, ρ is continuously increased to 3.14 times of ρ0 

on W (001) as ρ0d is decreased to 2×10-16 Ω-m2, which is the same for both <100> and 

<110> direction as indicated by the line through different types of symbols. In comparison, 

ρ of W(111) increase at a smaller rate than W(001), showing about 5.4±1% smaller value  

at  ρ0d = 1×10-15 to 2×10-16 Ω-m2, which is consistent in both <0-11> and <-211> direction. 

In the case of W(011), ρ shows not only much weaker dependence of d  than that of W(001) 

and (111)  but also clear divergence between the transport direction <100> and <0-11> 

such that the corresponding ρ(011)<100> and ρ(011)<0-11>  is 5.7%-22% and  13.2%-36.1% 

                                                           
* The first-principles calculations of data used in Figure 8-1 have been done by my 

advisor D. Gall. I have used the results of these calculations to obtain the simulated 

resistivity to create the figure, and to compare to my experimental results, as discussed in 

this chapter. 
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smaller than that of W(001) at  ρ0d = 1×10-15 to 2×10-16 Ω-m2. The different size effect of 

ρ on the W (100), (111) and (011) is attributed to the anisotropic shape of the fermi surface 

as shown in the inset as discussed in more details later.  

 

Figure 8-1. The simulated ρ/ρo of W (001)-blue, (111)-red and (110)-purple vs ρod = 

1.599×10-16  to 5.33×10-14 Ω-m2 with different in-plane transport directions indicated by 

the different symbols. The calculation is done by Eq. 8-1 and Eq.8- 2 using thin film 

transport model through integration of exact Fermi surface obtained by ab initio 

calculation. The solid and dashed line represent the simulation based on constant bulk mean 

free path and time respectively.  The insert is the high resolution W Fermi surface showing 

the color coded Fermi velocity distribution varying between different directions.  

 

When the simulation is carried out under the constant τo condition for W(001) and 

(111) using Eq. 8-1 (b) , the corresponding ρ(001) and  ρ(111) become 3.0-9.7% and 2.2-5.7% 

higher than those from constant λo  at ρ0d = 4×10-15 to 2×10-16  Ω-m2 and 2×10-15 to 2×10-

16 Ω-m2 respectively, which does show any dependence on the in-plane transport direction.  

However in the case of the W(011), ρ along <100> direction calculated by the constant τo  

agrees within 1.8% from that calculated using constant λo while it is reduced up to 8.8% at 

ρ0d = 2×10-16 along <0-11> direction. Consequently, the divergence of the size effect of ρ 

still remains in order of W(100),(111) and (011) but becomes wider. The difference 

between the constant λo and τo can be understood by examining the second term in the 

integration of Eq.8-1 (a) and (b) which determines the surface scattering effect, from which 

it is clear the size effect depends on the projection of fermi surface area along film normal 

direction in the case of constant λo while the constant τo includes the effect of both the 

projection of fermi surface and how fast those conducting electron hits the surface.  
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The change of ρ from the ab initio calculation can be reasonably described by the 

analytical solution of Fuchs-Sonheimer model6,7  for a spherical fermi surface using an 

effective bulk mean free path 
o  based on the reason discussed in Ref. 68 and 78.   More 

specifically, the  )001(o  of W(001) is found as 19.1±0.1 or 23.4±0.1 nm to ensure the  ρ is 

within 0.5% difference from that calculated using constant bulk λo or τo  with Eq.8-1 

respectively in the range of d = 3-1000 nm. )111(o  = 16.1±0.1 and 17.4±0.1  under constant 

bulk λo or τo  respectively with an error in ρ < 1.5%. Since the ρ is different for W(011) 

along <100> and <0-11> direction, the average value of the two directions ( the average of 

conductivity or average of resistivity gives almost identical results) is fitted to obtain  

)011(o  = 11.2±0.2 nm or 10.7±0.3 nm respectively for ρ to agree with the simulation results 

calculated using constant λo or τo  of 5±1% maximum deviation at d= 4-1000 nm. This 

relatively large deviation is the result of weaker (smaller curvature) dependence on d of ρ 

from ab initio calculation than that simulated from FS analytical solution, which suggests 

the electron fermi velocity distribution on the (011) surface is less free-electron-like and/or 

angle dependent surface scattering of the electron wave. 70   

Figure 8-2 shows the ρ of single crystal W(001) and (110) grown on MgO(001)  

and Al2O3 (1120) substrate respectively vs layer thickness d = 5-320 nm measured in 

vacuum at 295 K. The insert shows the corresponding ρ measured at 77 K in liquid 

nitrogen.  The as deposited 320-nm-thick samples exhibits excellent agreement on ρ 

between different orientations i.e. ρ(011) = 5.75±0.02 and ρ(001) = 5.76±0.02 μΩ-cm 

respectively, which are 8.0% higher than the reported W bulk ρo,295K = 5.33 μΩ-cm,210 

indicating that impurity and/or defects scatterings has the same contribution in overall ρ 

for both films grown on different substrate. As d is reduced below 40 nm, ρ(001) becomes 

much larger than ρ(011). More specifically, ρ(001) is 14 and 29.6%  larger than ρ(011) at d = 

18.7 and 9.3 nm respectively. Both of the experimental observations are in good agreement 

with prediction by ab initio calculation shown in Fig.8-1, where the divergence starting at 

d = 37.5 nm and ρ(001)  is expected 10 and 23% larger than the average ρ(011) at d=18.7 and 

9.3 nm respectively. The divergence of ρ continuously increases to 24.42±0.58 and 

13.24±0.24 μΩ-cm for W(001) and W(011) at d = 4.5 and d = 5.7 nm respectively with  a 
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much steeper increasing rate for ρ(001). This divergence of ρ on decreasing d between 

W(001) and (110) is also confirmed by the ρ measured at 77 K, where  ρ(001) is 20-151% 

larger than ρ(011) throughout the thickness range 4-320 nm. In both cases of measurements 

in vacuum at 295 K and liquid N2 at 77K, the increase of ρ  as a function of d is contributed 

by the electron diffuse surface scattering at the bottom and top interface boundaries, 

namely W-MgO, W-vacuum or W-liquid N2 interfaces as discussed below. As a result, the 

weaker d dependence of ρ(011)  in both temperatures indicates much smaller effect of 

electron diffuse surface scattering on ρ by W(110) surfaces. 

 

Figure 8-2. Resistivity ρ of epitaxial W(001) and (011) vs thickness d, after annealed and 

measured at 293 K in vacuum.. The inset is the corresponding ρ measured at 77 K with 

exposure to air for 2 s. The solid lines indicate predictions using the analytical solution of 

F-S for a spherical fermi surface with surface specularity values p1 = p2 =0 and effective 

)001(o  and )011(o  = 33.0±0.4 and 18.5±0.3 nm at 295 K respectively, which increase to 

320±4 and 180±3 nm at 77 K. 

After being exposed to air for 1 h after XRR measurement, the ρ(001) and ρ(011) at 

295 K are increased by 0.1-2.0% and 0.1-3.3% respectively for d  = 4-320 nm, which is 

comparable with the experimental uncertainty of 0.4-1.3% and 0.1-1.8% . Prolonged 48 h 

air exposure on the two sets of samples still shows negligible effect on the their ρ measured 

at both 293 and 77K except the oxidation on the corresponding 4.4 and 5.7 nm thick 

samples results in slightly larger increase of ρ by 6.2 and 5.2% respectively, which is 

attributed to the reduction of effective conducting cross section by 4.5 % and 3.5 % due to 

W oxidation as well as the 2.4 and 1.9% uncertainty respectively. This observation 

indicates completely diffuse surface scattering is already present for W-vacuum and W-
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liquid N2 interfaces on both W(001) and (111) sample, because the complete or partial 

specular scattering will transit into completely diffuse scattering by the oxygen 

chemisorption24 and subsequent surface oxidation,132  resulting in huge increase of ρ. In 

addition, the difference between ρ(001) and ρ(011) is independent of air exposure time, 

suggesting the anisotropy of size effect does not get altered by surface oxidation.  

The completely diffuse scattering at W-vacuum and W-liquid nitrogen interface is 

consistent with previous reports47 and attributed to surface atomic roughness and the 

charges built up at the surface layer, which (1) cause the lateral perturbation of the flat 

surface potential drop, resulting in a destructive interference of electron plane waves after 

reflection132,20 and/or (2) terminate the electron plane wave at the crystal surface,144 

equivalent to randomize the electron momentum.  The surface charge built-up is the result 

of the narrowing of the d band at the surface layer due to the reduced number of 

neighboring atoms, which pushes the occupied states above the bulk Fermi level. 

Therefore, electrons must flow away from these occupied states leaving the surface layer 

of atoms a net positive charge relative to bulk atoms and causing a surface core level shift 

which has been experimentally observed and quantified for W.205 When the W surface 

layer gets oxidized, the completely diffuse scattering at W-WO3 is the consequence of the 

transitions of electrons at the Fermi level between delocalized states of the W layer and 

localized surface states in WO3, which effectively acts as a scattering center to randomize 

the electron momentum corresponding to diffuse surface scattering events as discussed in 

chapter 5. This mechanism is the same as the completely diffuse scattering found the Cu-

Cu2O interface,132 where the density of localized states at the Fermi level of WO3 is 19101

eV-1 cm-3,206 comparable to the hole concentration 191011.1   cm-3 in Cu2O.147  

The solid lines represent the quantitative understanding of the increase in ρ by the 

Fuchs-Sonheimer model with two distinct specularity p1 and  p2 for two unlike surfaces for 

spherical Fermi solution.59 The electron scattering at the W-MgO and W-Al2O3 interfaceis 

expected to be completely diffuse  (p2 = 0)  based on the studies on other metal-MgO 

interface78,16  and W- Al2O3 interfaces.68 And the completely diffuse scattering at W-

vacuum and W-liquid N2 interface yields p1 = 0 too. Subsequently the increase in ρ 

measured in vacuum is well described by the Fuchs-Sondheimer analytical solution as 

indicated by the line through the data points, from which the effective mean free path 
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)001(o  and )011(o  is found to be 33.0±0.4 and 18.5±0.3 nm respectively at 295 K, 

suggesting larger size effect is expected on the ρ of W (001) for the same bulk ρo . Besides, 

the increase of ρ  on both W (001) and W (011) in 77 K can also be captured by the FS 

analytical solution as shown in the insert, where )001(o  and )011(o  = 320±4 and 180±3 nm 

at 77 K according to the observation that product of ρoλ is temperature independent on TiN 

78 and W,68 and  ρo,77 K = 0.549 μΩ-cm.210 From the fitting, p1 turns out to be 0 for both 

W(001)-liquid nitrogen and W(011)-liquid nitrogen interfaces, which confirms that 

complete diffuse scattering present at the as deposited sample.   

The ratio of )011(o / )001(o  = 0.56±0.01 agrees with the predicted )011(o / )001(o  = 

0.57±0.01 or 0.47±0.01 obtained from the fitting of ab initio calculation result for either 

constant bulk λo or τo respectively using FS analytical solution as described above. This 

agreement confirms the surface scattering term in equation (2) will cause a difference in 

the size effect for ρ (110) and ρ(001) as the consequence of its Fermi surface which exhibits a 

complex shape, with different areas that are sometimes referred to as the electron jack in 

the zone center, the adjoining electron balls, the hole ellipsoids and octahedrons near the 

faces and corners of the Brillouin zone. The Fermi velocity is lowest for the balls, with a 

minimum of 1.5×105 m/s, which increases to o 7-10×105 m/s, 8-11×105 m/s, and 8-19×105  

m/s for the jack, the ellipsoid and the octahedron respectively.  Based on the observation 

of how the anisotropic Fermi surface is oriented relative to the electron conduction 

direction, I attribute the anisotropic size effect to the following two factors (i) the projected 

fermi surface area and (ii) the magnitude of projected fermi velocity along the surface 

normal. A bigger projected fermi surface area parallel to the film surface represents the 

larger number of conduction electrons travelling directly towards the surface, which 

increase the contribution to the ρ due to surface scattering. For example, W(001) has a 

larger projected Fermi surface than W(011) as manifested by the different ballistic 

conductance 9.54×1014  and 8.74×1014   Ω-1-m-2 along [001] and [011] respectively, where 

the ballistic conduction is obtained by ab initio calculation and proportionally to the 

numbers of conducting channel, i.e. projected fermi surface along a certain direction.211 

The second factor suggests the frequency of electrons be scattering by surface varies as a 

function of the corresponding Fermi velocity over different crystal orientation. More 
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specifically, the electron moving along [001] includes those 2 times faster octahedron, who 

are scattered more often by surface at lower thickness and creates more unoccupied states 

for another electron being scattered into. Consequently, it is clear that a much larger size 

effect of ρ should present on W(001) films due to larger portion of conducting electrons 

hitting the surface at higher frequency.  Furthermore, when the simulation of ρ is carried 

out using Eq 8-1 (b) under constant bulk τo, it yields moderate i.e. 3.0-9.7%, 2.2-5.7% and 

1.8-8.8% change in ρ on W(001), (111) and (011) respectively comparing to that obtained 

from constant bulk λo, suggesting the projected Fermi surface area may have major role on 

anistropic size effect than how often the electrons are scattered by the surface since ρ 

simulated using constant bulk λo by ab initio calculation only includes the effect of 

projected fermi surface area size along film normal as described above. 

When the surface scattering effect becomes dominant, the in-plane transport 

direction becomes less important. That is why the same ρ calculated for W(001) and (111) 

does not show any dependence on the in-plane transport direction despite of constant bulk 

λo or τo . On the hand, the predicted different thickness dependence of ρ(011)<100> and ρ(011)<0-

11> is not observed in W(011) single crystal wire from Ref 69, which I attribute to relatively 

large sample width ~ 15 nm and the different side surface (011) and (001) for the main 

surface (011) with two in-plane transport directions along <100> and <0-11> respectively. 

According to Fig.8-1, the ρ(011)<100>  should be 0.74 μΩ-cm larger than ρ(011)<0-11>  which 

could be offset by the 0.72 μΩ-cm smaller ρ from the corresponding side surface (011) than 

(001) when the surface area becomes comparable. Hence I anticipate it will be easier to 

observe the in-plane divergence between <100> and <0-11> on W(011) with the side 

surface to main surface ratio is bigger than 2 . 

The interpretation of mean free path determined from fitting of experimental ρ vs d 

using FS analytical solution becomes physically more complicated. The bulk mean free 

path for W is found 15.4 nm using the generic bulk conductivity formula as given by Eq.8-

2 (a) with ρo,295K = 5.33 μΩ-cm though integration of the actual fermi surface. The effective 

mean free path on W(001) and (011) are  34.0±0.4 and 18.8±0.3 nm or 19.1±0.1 and 

11.1±0.2 nm depending on whether the experimental or the simulated results under 

constant bulk mean free path  are considered, where their difference in absolute value are 
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analyzed in more details below.  Besides under the same condition for simulation, )111(o  

= 16.1±0.1. Thus the results confirm the anisotropic size effect due to the non-spherical 

fermi surface is responsible for the large range of reported mean free path determine from 

single crystal W with different orientation68,131  or polycrystalline W73,130 and different p 

values reported for W(001) and (011) surfaces.70 Furthermore I suggest it is necessary to 

obtain an statistically effective mean path by considering the grain orientation distribution 

parallel to the surface in order to interpret the ρ of polycrystalline samples otherwise the 

failure of FS analytical solution can be observed,47 which means there could be no single 

mean free path for two unlike polycrystalline samples even their grain size, impurities and 

defects are the same.  

The smaller )001(o  and )011(o  determined from simulation than that from 

experimental results represents the underestimation of the measured ρ by ab initio 

calculation.  One possible reason to explain the difference is the increased electron and 

phonon coupling with decreasing d. 92 94 Subsequently, the electron and phonon scattering 

will become bigger and contribute more to the resistivity at reduced size. In analytical 

solution of F-S model, the bulk scattering is generally taken equivalent to the electron and 

phonon scattering by ignoring the negligible contribution from defect or impurities. Thus 

by allowing the bulk resistivity to increase in order to simulate the increased electron 

phonon scattering, larger thin film resistivity are obtained at the measured thickness d = 4 

-50 nm for both W(001) and (011)  based on the simulated  ρ/ρo vs ρod  under constant λo 

shown in Fig.8-1. Consequently, Fig.8-3(a) shows the effective electron-phonon scattering 

cross section  increases as d after matching the experimentally measured ρ to simulation 

result and taking   is proportionally to bulk resistivity.212 More specifically, the ratio of 

 /  shows similar trend on both W(001) and (011), which increases from 1.15 to 2.44 

and 1.11 to 1.64 respectively at d = 4.5-52 and 5.7-37.2 nm. This change looks reasonable 

since the electron and phonon coupling in 4 nm thick epitaxial Cu(001) is reported as twice 

as that in 500 nm while the resistivity is increased by more than 20 times due to the 

dominated surface diffuse scattering effect.93  Another possible factor is the assumption of 

isotropic τo for each electron when the simulation is carried out using Eq.8-1 (b). Since the 

tungsten has a highly anisotropic Fermi surface and its phonon also has different 
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distribution along different crystal direction, it is more reasonable to assert the τ has a 

certain distribution. Hence the bulk resistivity has a range of value with each has a certain 

probability to contribute while their weighted sum is still the measured bulk ρo. By applying 

that distribution at each thickness, it is possible to find the new thin film resistivity ρ’ at 

that particular d as the sum of the original simulated thin film resistivity ρ times the 

corresponding probability at each τ over its entire range. Considering the product of ρd 

with a generic range of interest and d as a fixed thickness, the original simulation represents 

a series of ρ, where each ρ is given by one τ. In fig.8-3 (b), the solid line shows the expected 

ρ’ under a certain distribution of τ increased for both W(001) and (110) layers, yielding a 

much better agreement between new simulated results and measured data than the original 

ρ based on single bulk mean free time (dashed line). The distribution of τ is presumed as 

lognormal with its equilibrium value fixed at the bulk mean free time  τo = 1.58×10-14 s and 

standard deviation scale factor 1.18  as shown in the insert of fig.8-3 (b).  It is noticed the 

distribution is considerably wide and there is still systematic underestimation of ρ for d < 

10 nm, which can be improved by allowing the electron phonon coupling or scattering 

cross section to increase. However it is more scientifically sound to keep only one 

additional free parameter. This idea can be potentially expanded to include a distribution 

of crystal orientation in the actual film in order to obtain the statistically effective mean 

path as described above.  

  

Figure 8-3. (a) The increased ratio of effective electron-phonon scattering cross section   

to bulk electron-phonon scattering cross section o  due to the increased phonon-electron 

coupling at reduced thickness d. (b) Simulated ρ’ vs d based on the mean free time under 

the lognormal distribution (solid line) or ρ vs d using a constant bulk mean free time 
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(dashed line)  with measured ρ(001) and ρ(011) represented by the solid symbol, where the 

insert shows the lognormal distribution of the mean free time with its equilibrium value at 

bulk mean free time.  

Lastly I comment on the possible effects of rough surface on surface scattering of 

W films used in this study. The surface profile of W(001) and (011) layers exhibits highly 

comparable rms surface roughness <r>, correlation length L and film-substrate interface 

roughness as determined from atomic force microscopy and x-ray reflectivity. Thus the ρ 

contribution by electron surface scattering due to the surface roughness should be in similar 

degree for the two orientations given the similar L and <r>,93,91,90 which indicates the 

anisotropic ρ size effect is not due to difference in surface roughness. Secondly a strong 

interference between bulk and surface scattering would only happen for film with L less 

than 1.8 nm, which is estimated using the relation L2 ~ aλo given by Ref 91 and a is the 

atomic size. Besides surface roughness can introduce heterogeneous film cross section and 

increase the mean ρ known as geometrical effect.213 However consideration of that impact 

by Namba model26  gives very small correction ( < 1%) on ρ because of the limitation of 

the model for relatively smooth surface with a small <r>.132,93 On the hand surface mounds 

with successive surface steps can act as multi scattering centers to alter the electron 

momentum consecutively. For example a single step is predicted to cause 1.5 times larger 

surface resistivity than atomic roughness due to a single row of atoms according to a multi 

scattering model calculation.214 Thus it is possible that the observed difference between the 

transport simulations based on actual Fermi surface from ab initio calculation and 

experiment results is the result of those foregoing events, which can be counted by a more 

sophisticated model for surface roughness induced additional resistivity.   

8.4 Conclusions 

A thorough study of anisotropic size effect has been carried out using the electron 

transport modeling with the exact W Fermi surface from first-principles calculations.  More 

specifically, it is found thickness dependence of resistivity increases in the order of surface 

crystal orientation (011),(111), and (001). Simulation also shows divergence of size effect 

between in-plane transport direction <100> and <0-11> in W(011). And constant mean 

free time only yields ρ different by 2-10% with that found from constant mean free path on 

the three different orientations. The divergence of orientation dependent size effect is 
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confirmed by the consistently smaller ρ of epitaxially grown monocrysalline W(011) than 

(001) layers at d = 4-50 nm at both 295 and 77K. Both the ρ from simulation and experiment 

can be fitted using ρ vs t with the Fuchs-Sondheimer (FS) model based on the assumption 

of spherical Fermi surface. From this, it is obtained a set of effective mean free path  = 

19.1±0.2 and 11.2±0.2 nm for simulated ρ of W(110) and W(001) respectively, yielding its 

ratio 0.57±0.01  in good agreement with  that of experimental )011( / )001( = 0.56±0.01, 

indicating that the strong orientation dependence of the size effect is due to the anisotropy 

of the Fermi surface. The difference between the values of effective mean free path from 

simulation and experimental results is attributed to the increased electron phonon coupling 

at reduced thickness and/or a possible lognormal distribution of mean free time for each 

electron. Furthermore the combination of sequential in situ and ex situ electron transport 

measurements show that air exposure has no detectable effect on ρ at both RT and 77 K, 

suggesting that the localized oxide surface states at the W-WO3 interface have negligible 

effect on the electron surface scattering, indicating that the pristine W-vacuum surface 

causes completely diffuse scattering, which is attributed to atomic level roughness. After 

examining the Fermi surface, it is concluded the projected Fermi surface area and the Fermi 

velocity component towards the surface are the two factors to cause anisotropic size effect 

in resistivity along different crystal orientation.  
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 Thesis Conclusions 

 

The electrical resistivity of narrow metal wires is strongly affected by electron 

surface/interface scattering known as size effect, when the cross-sectional dimension is 

smaller than the electron mean free path  . Epitaxial Cu(001) is grown on MgO(001) with 

different over layers to demonstrate that electron surface/interface scattering can be 

engineered by surface doping, causing a decrease in the resistivity. For instance, the 

resistivity of 9.3-nm-thick epitaxial and polycrystalline Cu layers is reduced by 11-13% 

when coated with 0.75 nm Ni. This is due to partially specular surface scattering with 

specularity parameters p = 0.3 and 0.15 for the Ni-coated Cu in vacuum and air, 

respectively, while scattering is completely diffuse (p = 0) for a pure Cu surface in air. This 

is attributed to the suppression of Cu2O formation, leading to a lower localized density of 

states (LDOS) at Fermi level of the surface layer, and therefore less diffuse electron 

scattering. The change of surface scattering by controlling the LDOS is further confirmed: 

the sheet resistance of 9.5-nm-thick epitaxial Cu(001) increases by 4-43% if a 0.1-4 

monolayer thick Ti coating is added, but subsequent exposure to 37 Pa of O2 causes a 

resistivity reduction of 3-24%. This reduction is due to a recovery of specular interface 

scattering associated with a reduction of the LDOS during 0.25-1 MLs Ti oxidation from 

15-27.4 to 2.4-6.5 eV-1nm-2, as quantified by ab initio calculations. Furthermore the surface 

scattering effect is found to be orientation dependent. For example, the resistivity of 5-nm-

thick epitaxial tungsten layers is two times higher for 001 vs 110 orientated layers. This is 

due to the anisotropy in the Fermi surface, as indicated by thin film transport simulations 

based on first-principles band structure calculations, which suggest an effective mean free 

path for the (011) surface orientation is almost twice smaller than (001) surface orientation. 

These epitaxial films were sputter deposited onto Al2O3 (1120)  and MgO(001) at 1050 °C 

and 900 °C, respectively, followed by in situ annealing at 1000 °C for 2 hrs. X-ray 

diffraction θ-2θ, ω, and φ-scans confirm epitaxy and X-ray reflectivity indicates atomically 

smooth film-substrate interfaces and smooth film surfaces. In summary, I have 

systematically shown that electron surface scattering is determined by (1)  the LDOS at 

Fermi level at the Cu surface or interface with the barrier or (2)  the projection of Fermi 
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surface and Fermi velocity along the surface normal when a transition metal has an highly 

anisotropic Fermi surface. 

I also have the following suggestions for the future study to advance the knowledge 

on surface scattering:   

1. Since d-bands are filled for noble metals and Pd, it is expected the interface 

charge is the main reason to cause different change on p according to 

Hypothesis 1 (a) in section 1.2.  Particularly, Cu(001), Ag(001), Au(001) and 

Pd(001) have work functions in an increasing order of 4.59eV, 4.64eV, 5.47 eV 

and 5.96eV.215 Therefore it is expected there could be a trend of different p upon 

coating a thin layer of these metal on single crystal Cu. Thus, I propose 

Possible experiment: Deposit 5-40 nm thick single crystal Cu with 1-5 

monolayers of Cu, Ag, Au and Pd. Study the in situ transport measurement to 

quantify the change of surface p with different coating layers and figure out pCu-

metal with the relation to the change of work function.  

2. Since different transition metals have different filled d-band, they will have 

different amount of surface charge as explained in section 2.8. It will be 

interesting to study how the specularity p varies across a series of transition 

metals with increasing number of electrons in d bands according to Hypothesis 

1(a) in section 1.2, where the surface charge density simulated by first principle 

calculation. 

Possible experiment:  Deposit 5-500 nm thick (001) single crystal Ta, Ni or Pt 

on (001) MgO and Deposit (0001) Ti and (0001) Co on (0001) Sapphire. Take 

the in situ and 77K liquid N2 transport measurement to quantify the specularity 

p for metal-vacuum interface with mean free path determined from Eq.8-2(a) 

in Chapter 8 using the actual Fermi surface from ab initio calculation. X-ray 

reflection and Atomic force microscope will be used to characterize the surface 

roughness which should be done to ensure they have comparable surface 

morphology characteristic length. 

3. Extend the study on anisotropic Fermi surface effect on surface scattering to 

model the effective mean free path and/or ρ/ρo vs ρod for polycrystalline 
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samples with a given grain orientation distribution by following the statistic 

method used for mean free time with distribution described in Chapter 8. 
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  Published Results 

 

 All results of this dissertation presented in Chapter 4-8 have been published or 

prepared or under preparation for publication in journals as listed below: 

1. P.Y. Zheng, R.P. Deng and D. Gall “Ni doping on Cu surfaces: reduced copper 

resistivity,”Appl. Phys. Lett. 105, 131603 (2014). 

2. P.Y. Zheng, B. Ozsdolay and D. Gall “Epitaxial growth of tungsten layers on 

MgO(001)”. J.Vac. Sci. Technol. A Vacuum, Surfaces, Film. 33, 061505 (2015) 

3. P.Y. Zheng, T.J. Zhou and D. Gall “Electron channeling in TiO2 coated Cu Layers” 

submitted for publication to Nanotechnology.   

4. P.Y. Zheng,* T.J. Zhou,* D. Gall “Surface roughness dependence of resistivity in 

epitaxial tungsten layers,” in preparation for submission to Nanotechnology 

5. P.Y. Zheng, D. Gall “Anisotropic Size Effect of Electrical Resistivity: a Case Study 

on W,” in preparation for submission to Physical Review B. 

In addition, I have contributed to the following publications during my thesis research 

which are not included in this thesis: 

6.  R. P. Deng, P.Y. Zheng, and D. Gall, “Optical and electron transport properties in 

rock-salt Sc1-xAlxN alloys,” J. Appl. Phys 118, 015706 (2015)  

      7.  C.P. Mulligan, R. Wei G. Yang , P.Y. Zheng, R. Deng and D. Gall, “Microstructure 

and age hardening of C276 alloy coatings,” Surface and Coatings Technology 270, 299 

(2015). 

      8. R.P.Deng, B. Ozsdolay, P.Y. Zheng, and D. Gall, “Optical and transport 

measurement and first-principles determination of the ScN band gap,”  Physical Review B 

91, 045104 (2015).   

      9. P.Y.Zheng, and D. Gall “The electron surface scattering of  Mo “in preparation for 

submission to J. Appl. Phys. 

      10. P.Y.Zheng, and D. Gall “The electron mean free path of Ni “in preparation for 

submission to J. Appl. Phys. 
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Moraga, A. Ibañez-Landeta, S. Bahamondes, S. Donoso, and M. Flores, J. Appl. Phys. 

110, 023710 (2011). 

91 S. Chatterjee and  A. E. Meyerovich, Phys. Rev. B 81, 245409 (2010). 

92 Y.P. Timalsina, X. Shen, G. Boruchowitz, Z. Fu, G. Qian, M. Yamaguchi, G.-C. Wang, 

K.M. Lewis, and T.-M. Lu, Appl. Phys. Lett. 103, 191602 (2013). 

93 Y.P. Timalsina, A. Horning, R.F. Spivey, K.M. Lewis, T.-S. Kuan, G.-C. Wang, and 

T.-M. Lu, Nanotechnology 26, 075704 (2015). 

94 S. Kim, H. Suhl, and I. Schuller, Phys. Rev. Lett. 78, 322 (1997). 

95 P.Y. Zheng, R.P. Deng, and D. Gall, Appl. Phys. Lett. 105, 131603 (2014). 

96 M. Wada, M. Yamada, K. Higashi, A. Kajita, and H. Shibata, Adv. Met. Conf. 2007 

(2008). 

97 S. Yokogawa and Y. Kakuhara, Jpn. J. Appl. Phys. 50, 05EA02 (2011). 

98 A. Sakata, S. Kato, Y. Yano, H. Toyoda, T. Kawanoue, M. Hatano, J. Wada, N. 

Yamada, T. Oki, H. Yamaguchi, N. Nakamura, K. Higashi, M. Yamada, T. Fujimaki, and 

M. Hasunuma, in Proceedings of 2008 IEEE International Interconnect Technology 

Conference, Burlingame, 2008, edited by IEEE, P.165 . 

99 M. Shimada, M. Moriyama, K. Ito, S. Tsukimoto, and M. Murakami, J. Vac. Sci. 

Technol. B Microelectron. Nanom. Struct. 24, 190 (2006). 



95 
 

100 S. Yokogawa, H. Tsuchiya, Y. Kakuhara, and K. Kikuta, IEEE Trans. Device Mater. 

Reliab. 8, 216 (2008). 

101 J. Iijima, Y. Fujii, K. Neishi, and J. Koike, J. Vac. Sci. Technol. B Microelectron. 

Nanom. Struct. 27, 1963 (2009). 

102 W. Lee, H. Cho, B. Cho, J. Kim, Y.-S. Kim, W.-G. Jung, H. Kwon, J. Lee, P.J. 

Reucroft, C. Lee, and J. Lee, J. Electrochem. Soc. 147, 3066 (2000). 

103 J. Chen, C.J. Powell, M.D. Stiles, and D. Mcmichael, 33, 3580 (1997). 

104 W. Butler, X.-G. Zhang, D. Nicholson, T. Schulthess, and J. MacLaren, Phys. Rev. 

Lett. 76, 3216 (1996). 

105 D. Dekadjevi, P. Ryan, B. Hickey, B. Fulthorpe, and B. Tanner, Phys. Rev. Lett. 86, 

5787 (2001). 

106 A. Vedyayev, C. Cowache, N. Ryzhanova, and B. Dieny, J. Phys. Condens. Matter 5, 

8289 (1999). 

107 M.D. Stiles, J. Appl. Phys. 79, 5805 (1996). 

108 R.Q. Hood and L.M. Falicov, Phys. Rev. B 46, 8287 (1992). 

109 L. Chico and L.M. Falicov, Phys. Rev. B 52, 6640 (1995). 

110 W.E. Bailey, C. Fery, K. Yamada, and S.X. Wang, J. Appl. Phys. 85, 7345 (1999). 

111 E. Tsymbal and D. Pettifor, Phys. Rev. B 54, 15314 (1996). 

112 W. Egelhoff Jr, Surf. Sci. Rep. 6, 253 (1987). 

113 M. Ganduglia-Pirovano, V. Natoli, M. Cohen, J. Kudrnovsk, and I. Turek, Phys. Rev. 

B. Condens. Matter 54, 8892 (1996). 

114 M. Metha and C.S. Fadley, Phys. Rev. Lett. 39, 7 (1977). 

115 W. Egelhoff Jr, Phys. Rev. B 29, 3 (1984). 

116 W. Egelhoff Jr, Appl. Surf. Sci. 11, 761 (1982). 

117 W.F. Egelhoff, J. Vac. Sci. Technol. 20, 668 (1982). 

118 M. Metha and C.S. Fadley, Phys. Rev. B 20, (1979). 

119 M. Salmerón, S. Ferrer, M. Jazzar, and G. Somorjai, Phys. Rev. B 28, 1158 (1983). 

120 S. Prada, U. Martinez, and G. Pacchioni, Phys. Rev. B 78, 235423 (2008). 

121 J. Goniakowski and C. Noguera, Phys. Rev. B 79, 155433 (2009). 

122 M.T. Greiner, L. Chai, M.G. Helander, W.-M. Tang, and Z.-H. Lu, Adv. Funct. Mater. 



96 
 

23, 215 (2013). 

123 J. Goniakowski, G. De Physique, and U.M.R. Cnrs-universit, Interface Sci. 12, 93 

(2004). 

124 J. Repp, G. Meyer, and K.-H. Rieder, Phys. Rev. Lett. 92, 036803 (2004). 

125 Y. Pan, S. Benedetti, N. Nilius, and H.-J. Freund, Phys. Rev. B 84, 075456 (2011). 

126 L. Giordano, F. Cinquini, and G. Pacchioni, Phys. Rev. B 73, 045414 (2006). 

127 T. König, G.H. Simon, H.-P. Rust, and M. Heyde, J. Phys. Chem. C 113, 11301 

(2009). 

128 S. Wendt, E. Ozensoy, T. Wei, M. Frerichs, Y. Cai, M. Chen, and D. Goodman, Phys. 

Rev. B 72, 115409 (2005). 

129 H.J.F. Jansen and A.J. Freeman, Phys. Rev. B 30, 561 (1984). 

130 S.M. Rossnagel, I.C. Noyan, and C. Cabral, J. Vac. Sci. Technol. B Microelectron. 

Nanom. Struct. 20, 2047 (2002). 

131 G.M. Mikhailov,  A. V. Chernykh, and V.T. Petrashov, J. Appl. Phys. 80, 948 (1996). 

132 P.Y. Zheng, R.P. Deng, and D. Gall, Appl. Phys. Lett. 105, 131603 (2014). 

133 R. Henriquez, L. Moraga, G. Kremer, M. Flores, A. Espinosa, and R.C. Munoz, Appl. 

Phys. Lett. 102, 4 (2013). 

134 M. César, D. Liu, D. Gall, and H. Guo, Phys. Rev. Appl. 2, 044007 (2014). 

135 D. Choi, B. Wang, S. Chung, X. Liu, A. Darbal, A. Wise, N.T. Nuhfer, K. Barmak, 

A.P. Warren, K.R. Coffey, and M.F. Toney, J. Vac. Sci. Technol. A Vacuum, Surfaces, 

Film. 29, 051512 (2011). 

136 J.R. Lloyd, M.W. Lane, E.G. Liniger, C.K. Hu, T.M. Shaw, and R. Rosenberg, IEEE 

Trans. Device Mater. Reliab. 5, 113 (2005). 

137 S. Smith, K. Aouadi, J. Collins, E. van der Vegt, M.-T. Basso, M. Juhel, and S. 

Pokrant, Microelectron. Eng. 82, 261 (2005). 

138 R.S. Wagner, J. Vac. Sci. Technol. 11, 582 (1974). 

139 L.G. Parratt, Phys. Rev. Lett. 95, 359 (1954). 

140 E. Chason and T.M. Mayer, Crit. Rev. Solid State Mater. Sci. 22, 1 (1997). 

141 E. Mccafferty and J.P. Wightman, Surf. Interface Anal. 26, 549 (1998). 

142 S. Tanuma, C. Powell, and D.R. Penn, Surf. Interface Anal. 17, 927 (1991). 



97 
 

143 K.J. Ganesh,  A D. Darbal, S. Rajasekhara, G.S. Rohrer, K. Barmak, and P.J. Ferreira, 

Nanotechnology 23, 135702 (2012). 

144 R. Greene and R. O’Donnell, Phys. Rev. Lett. 147, 599 (1966). 

145 M.C. Biesinger, L.W.M. Lau, A.R. Gerson, and R.S.C. Smart, Appl. Surf. Sci. 257, 

887 (2010). 

146 M.C. Biesinger, B.P. Payne, A.P. Grosvenor, L.W.M. Lau, A.R. Gerson, and R.S.C. 

Smart, Appl. Surf. Sci. 257, 2717 (2011). 

147 L. Zhang, L. McMillon, and J. McNatt, Sol. Energy Mater. Sol. Cells 108, 230 (2013). 

148 H. Sato, T. Minami, S. Takata, and T. Yamada, Thin Solid Films 236, 27 (1993). 

149 K. Ito, S. Tsukimoto, T. Kabe, K. Tada, and M. Murakami, J. Electron. Mater. 36, 606 

(2007). 

150 K. Kohama, K. Ito, K. Mori, K. Maekawa, Y. Shirai, and M. Murakami, J. Electron. 

Mater. 38, 1913 (2009). 

151 J.M. Purswani and D. Gall, J. Appl. Phys. 104, 044305 (2008). 

152 S. Cazottes, Z.L. Zhang, R. Daniel, J.S. Chawla, D. Gall, and G. Dehm, Thin Solid 

Films 519, 1662 (2010). 

153 P.E. Blöchl, Phys. Rev. B 50, 17953 (1994). 

154 G. Kresse, Phys. Rev. B 59, 1758 (1999). 

155 J. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996). 

156 W.H. Press, S.A. Teukolsky, W.T. Vetterling, and B.P. Flannery, Numerical Recipes 

in C: the Art of Scientific Computing , 2nd ed. (The Press Syndicate of the University of 

Cambridge, Cambridge CB2 1RP, 1992), p. 150-160. 

157 G. Zhou and J.C. Yang, J. Mater. Res. 20, 1684 (2011). 

158 R.Wi. Revie and U. H.Herbert, Corrosion and Corrosion Control: an Introduction to 

Corrosion Science and Engineering, 2nd ed. (John Wiley & Sons, Inc., Hoboken, NJ, 

2008), p244-24. 

159 H.H. Uhlig, Acta Metall. 4, 541 (1956). 

160 J.R. Smith, J.G. Gay, and F.J. Arlinghas, Phys. Rev. B 21, 2201 (1980). 

161 G. a. Burdick, Phys. Rev. 129, 138 (1963). 

162 M. Landmann, E. Rauls, and W.G. Schmidt, J. Phys. Condens. Matter 24, 195503 



98 
 

(2012). 

163 M. Oshikiri, M. Boero, J. Ye, F. Aryasetiawan, and G. Kido, Thin Solid Films 445, 

168 (2003). 

164 C. J. Powell, A. Jablonski, NIST Electron Inelastic-Mean-Free-Path Database - 

Version 1.2, Surface and Microanalsis Science Division National Insitute of Standards 

and Technology, Caithersburg, MD, 2010.  

 
165 S. Tanuma, C.J. Powell, and D.R. Penn, Surf. Interface Anal. 17, 911 (1991). 

166 O.A. Baschenko and V.I. Nefedov, J. Electron Spectros. Relat. Phenomena 27, 109 

(1982). 

167 K. MT and W.F. Egelhoff, Phys. Rev. B 47, 10785 (1993). 

168 J. Fassbender, R. Allenspach, and U. Dürig, Surf. Sci. 383, L742 (1997). 

169 P.W. Murray, I. Stensgaard, E. Lægsgaard, and F. Besenbacher, Phys. Rev. B 52, R14 

404 (1995). 

170 G. Gilarowski and H. Niehus, Surf. Sci. 436, 107 (1999). 

171 J. Tersoff, Phys. Rev. Lett. 48, 434 (1982). 

172 L. Vitos, A. V Ruban, H.L. Skriver, and J. Kolla, Surf. Sci. 411, 186 (1998). 

173 L. Battezzati, M. Baricco, G. Riontino, and I. Soletta, J. Phys. Colloq. 51, C4 (1990). 

174 G. Zhou, D. Fong, L. Wang, P. Fuoss, P. Baldo, L. Thompson, and J. Eastman, Phys. 

Rev. B 80, 134106 (2009). 

175 H. Perron, C. Domain, J. Roques, R. Drot, E. Simoni, and H. Catalette, Theor. Chem. 

Acc. 117, 565 (2007). 

176 M.R. Bateni, S. Mirdamadi, F. Ashrafizadeh, J. a. Szpunar, and R. a L. Drew, Surf. 

Coatings Technol. 139, 192 (2001). 

177 W. Bailey, S. Wang, and E. Tsymbal, Phys. Rev. B 61, 1330 (2000). 

178 W.F. Egelhoff, P.J. Chen, C.J. Powell, M.D. Stiles, and R.D. Mcmichael, J. Appl. 

Phys. 82, 6142 (1997). 

179 D. Aurongzeb, M. Holtz, J.M. Berg,  a. Chandolu, and H. Temkin, J. Appl. Phys. 98, 

063708 (2005). 

180 A. Cole, B.J. Hickey, T.P. a Hase, J.D.R. Buchanan, and B.K. Tanner, J. Phys. 

Condens. Matter 16, 1197 (2004). 

181 O.F.K. Mc Grath, F. Robaut, N. Cherief, A. Lienard, M. Brunel, and D. Givord, Surf. 



99 
 

Sci. 315, L1017 (1994). 

182 J.H. Souk, A. Segmuller, and J. Angilello, J. Appl. Phys. 62, 509 (1987). 

183 H.-S. Seo, T.-Y. Lee, J.G. Wen, I. Petrov, J.E. Greene, and D. Gall, J. Appl. Phys. 96, 

878 (2004). 

184 P. Villain, P. Goudeau, P.-O. Renault, and K.F. Badawi, Appl. Phys. Lett. 81, 4365 

(2002). 

185 M.A. Moram and M.E. Vickers, Reports Prog. Phys. 72, 036502 (2009). 

186 P. Gay, P.B. HirSch, and A. Kelly, Acta Metall. 6,165 (1953). 

187 V.M. Kaganer, O. Brandt, A. Trampert, and K.H. Ploog, Phys. Rev. B 72, 045423 

(2005). 

188 C.G. Dunn and E.F. Koch, Acta Metall. 5, 548 (1957). 

189 A. Warren, A. Nylund, and I. Olefjord, Int. J. Refract. Met. Hard Mater. 14, 345 

(1996). 

190 J.R. Frederick and D. Gall, J. Appl. Phys. 98, 054906 (2005). 

191 H.-N. Yang and T.-M. Lu, Phys. Rev. B 51, 2479 (1995). 

192 L.S. Dubrovinsky and S.K. Saxena, Phys. Chem. Miner. 24, 547 (1997). 

193 M. Ohring, Materials Science of Thin Films, 2nd ed. (Elsevier, New York, 2001), 

p.185. 

194 Koch.R, J. Phys. Condens. Matter 6, 9519 (1994). 

195 M. Murakami, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 9, 2469 (1991). 

196 V.M. Kaganer, R. Kohler, M. Schmidbauer, and R. Opitz, Phys. Rev. B 55, 1793 

(1997). 

197 H. Windischmann, Crit. Rev. Solid State Mater. Sci. 17, 547 (1992). 

198 M. Itoh, J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 9, 149 (1991). 

199 A.M. Haghiri-Gosnet, F.R. Ladan, C. Mayeux, and H. Launois, Appl. Surf. Sci. 38, 

295 (1989). 

200 J. Kim and J. Kosterlitz, Phys. Rev. Lett. 62, 2289 (1989). 

201 J.R. Frederick, J. D’Arcy-Gall, and D. Gall, Thin Solid Films 494, 330 (2006). 

202 R.F. Xiao and N.B. Ming, Phys. Rev. E 49, 4720 (1994). 

203 X.Y. Zhang and D. Gall, Thin Solid Films 518, 3813 (2010). 



100 
 

204 P. Zheng, B.D. Ozsdolay, and D. Gall, J. Vac. Sci. Technol. A Vacuum, Surfaces, 

Film. 33, 061505 (2015). 

205 B. Johansson and N. Mårtensson, Phys. Rev. B 21, 4427 (1980). 

206 R.S. Vemuri, K.K. Bharathi, S.K. Gullapalli, and C. V Ramana, ACS Appl. Mater. 

Interfaces 2, 2623 (2010). 

207 D.K.C. Macdonald and K. Sarginson, Proc. R. Soc. A Math. Phys. Eng. Sci. 203, 223 

(1950). 

208 R. Deng, B.D. Ozsdolay, P.Y. Zheng, S. V. Khare, and D. Gall, Phys. Rev. B 91, 

045104 (2015). 

209 R. Deng, P. Zheng, and D. Gall, J. Appl. Phys. 118, 015706 (2015). 

210 P.D. Desai, T.K. Chu, H.M. James, and C.Y. Ho, J. Phys. Chem. Ref. Data 13, 1069 

(1984). 

211 K.M. Schep, P.J. Kelly, and G.E.W. Bauer, Phys. Rev. B 57, 8907 (1998). 

212 J.M. Ziman, Principles of the Theory of Solids (The Press Syndicate of the University 

of Cambridge, Cambridge CB2 1RP, 1964), p.255. 

213 W. Steinhögl, G. Schindler, G. Steinlesberger, M. Traving, and M. Engelhardt, 

Microelectron. Eng. 76, 126 (2004). 

214 P. Rous, Phys. Rev. B 61, 8484 (2000). 

215 H. Skriver and N. Rosengaard, Phys. Rev. B. Condens. Matter 46, 7157 (1992). 

 

 


