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Abstract 

Electron transport in metal conductors with ~5-30 nm width is dominated by surface 

scattering. In situ transport measurements as a function of surface chemistry demonstrate that the 

primary parameter determining the surface scattering specularity is the localized surface density 

of states at the Fermi level N(Ef). In particular, the measured sheet resistance of epitaxial 

Cu(001) layers with thickness dCu = 9-25 nm increases when coated with dTi = 0.1-4.0 

monolayers (ML) of Ti, but decreases again during exposure to 37 Pa of O2. These resistivity 

changes 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 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. 

 

Key words: Electron surface scattering, resistivity size effect, electron channeling, copper 

interconnect, TiO2-Cu interface.  
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1. Introduction 

Electron transport at reduced length scales is attracting continuous interest due to its 

broad impact on nanoelectronics and on the understanding of materials properties [1-6]. The size 

effect in metal layers and wires refers to the increase in the electrical resistivity as the cross-

sectional length scale approaches or becomes smaller than the bulk mean free path for electron-

phonon scattering [7-12]. The increase associated with electron surface scattering is most 

commonly described within the framework of Fuchs [13] and Sondheimer [14] (FS), which uses 

a phenomenological scattering parameter p to describe scattering events as either specular (p = 1) 

or diffuse (p = 0). Specular scattering causes no resistivity increase and is required to achieve 

high-conductivity nanowires that will facilitate the viable development of advanced integrated 

circuits [9-11,15,16], flexible transparent conductors [17-19], thermoelectric power generation 

[20,21], magnetic sensors [8] and spintronics [22]. However, a basic understanding of what 

surface chemistry and structure parameters determine the specularity p is still lacking. Recent 

research on electron scattering at Cu surfaces suggests that it is strongly affected by the adjacent 

layer material and/or the interface structure. More specifically, atomically flat single crystal 

Cu(001) surfaces exhibit partially specular electron scattering with p = 0.6 if held in vacuum 

[23], but the scattering becomes completely diffuse (p = 0) after exposure to oxygen [24] or air 

[25-28], which is attributed to surface oxide formation which causes an irregular disturbance of 

the electron potential at the surface.[29] Electron scattering at the interface between Cu and 

barrier metals including Ta [4,11,12], Zr [31], Hf [31], and TiN [32] has also been reported to 

yield completely diffuse scattering or to cause resistivities that are even higher than what is 

expected for p = 0. In contrast, there are a few reports that suggest partial specular scattering at 

the interface between Cu and an add-layer, including scattering at the epitaxial Cu(001)/Ni(001) 

interface with p = 0.3 [27], Cu/SiO2 interface with p =  0.33 [33] and a time dependent resistivity 

decrease for Ta and Al coated Cu which indicates increasing specularity due to oxidation of the 

coating [34].  The latter result may be attributed to the so called “electron channeling effect 

”[35], which has been used to explain the strong specular reflection reported for the Au/Fe 

interface[36] and the specular scattering predicted at magnetic multilayer interfaces in giant 

magnetoresistance (GMR) applications [37,38], where spin-dependent scattering is responsible 

for spin dependent confinement of electrons in the nonmagnetic layer of GMR structures [39]. 

More generally, electron channeling occurs if the interface or multi-layer electronic structure 
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confines  electrons within the high conductivity layer, which is achieved through (a) a reduction 

of the localized density of states (LDOS) at the interface [40], (b) a mismatch of the Fermi 

momentum component parallel to the interface in adjacent layers [35], or (c) a large potential 

step at the interface [41,42]. The motivation for the present work is the promise that electron 

channeling effects may be exploited to suppress electron scattering from metallic conductors into 

adjacent layers which yields, for example, high-conductivity Cu lines with specular interface 

scattering for integrated nanoelectronics.  

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 

[44]. 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 [45], while others attribute it to completely diffuse scattering 

at the Cu-Ti interface [46]. In order to deconvolute the surface scattering effect from the grain 

boundary scattering [47,48] and to determine the electron scattering specularity at the Cu-Ti 

interface, we use in the present investigation samples without grain boundaries, that is epitaxial 

Cu(001) layers with good crystalline quality and smooth surfaces [49,50]. Furthermore, we 

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, we 

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.   

 

2. Experimental and Computational Approach 

Epitaxial 9-25 nm thick Cu(001) layers are grown on MgO(001) substrates in 3.5 mTorr 

99.999% pure Ar at Ts = 60 °C  in a multi-chamber sputter deposition system with a base 

pressure <10-9 torr, as described in Ref. [27]. After deposition, the layers are transported without 

breaking vacuum to an adjacent analysis chamber maintained at a base pressure of 10-9 Torr for 
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in situ room temperature sheet resistance measurements using a spring loaded linear four point 

probe operated at 1-100 mA [23]. 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 0.1% per 1 h. Subsequently, some samples are transferred 

back for growth of a Ti cap layer with a nominal thickness of 0.016-0.62 nm (0.1-4.0 

monolayers), deposited at 0.003 nm/s and Ts = 40 °C, followed by additional in situ resistivity 

measurements. The layer resistivity is determined from the measured sheet resistance and the Cu 

thickness obtained from X-ray reflectivity measurements described below. We note here, that the 

additional transport through the Ti coating is neglected when determining the resistivity values, 

since a simple parallel conductor model suggests the Ti to cause a maximum 0.4% correction in 

ρ based on the measured ρ of a 14.8 nm thick Ti film, but the actual correction is expected to be 

much smaller than 0.4% due to the size effect in the 0.62 nm Ti cap layer. The change in 

resistance of Cu and Ti/Cu layers as a function of oxidation time tox 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 while continuously measuring the resistance. The delay between the time 

when the 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%.  

All samples are removed from the vacuum through a load lock filled with N2 gas and 

dropped quickly (less than 2 s) into liquid N2 to minimize air-exposure. The resistivity is 

measured again, first at 77 K submersed in N2 and then at room temperature (RT) of 293±1 K 

after warm up using a continuous flux of dry commercial grade N2 gas. The samples are 

subsequently stored inside a desiccator kept at < 5% humidity and removed for additional RT 

and 77 K resistivity measurements after different time intervals to evaluate the effect of air 

exposure time. The thickness and roughness of each film is determined, within < 30 minutes 

after exposing the sample to atmospheric air, by x-ray reflectivity (XRR) using a PANalytical 

X’pert PRO MPD system with a Cu Kα source, a parabolic mirror yielding a parallel beam with a 

0.029° divergence, and a 0.27° acceptance parallel plate collimator in front of a scintillator point 

detector. The epitaxy is confirmed by x-ray diffraction (XRD) ω-2θ scans, ω-rocking curves, and 

ϕ scans of Cu 111 reflections, similar to the procedure described in Refs. [80,81] and [53] for 
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epitaxial ScN(001), Sc1-xAlxN(001) and W(001) layers. The XRD results show that all layers are 

Cu(001) single crystals with a negligible strain of 0.03-0.25%. X-ray photoelectron spectroscopy 

(XPS) is carried out using a PHI 5000 VersaprobeTM with an Al Kα source (1486.6 eV). 

Photoelectrons are collected at an angle  θ = 5°, 15°, 45°, 55° and 90° relative to the sample 

surface, using an energy step size of 0.05 eV and a detector pass energy of 23.5 eV for the Ti2p 

photoelectrons and of 11.75 eV for the Cu2p, O1s and C1s electrons.  

First-principles electronic structure calculations of Cu thin films with Ti or Ti oxide cap 

layers are done 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 [56], periodic boundary conditions,  and 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. All 

simulations assume a growth mode where Ti wets and covers the Cu surface, similar to the 

reported nearly layer-by-layer growth of Co on Cu [57,58] and cubic Ti on MgO [59]. 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 [60] 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 relaxed atomic positions of the 

various structures are listed in the supporting information SI.2. The electronic structure is 

obtained for the relaxed structures using a self-consistent calculation with a 30×30×1 k-point 
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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 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.  

 

3. Results and Discussion  

Figure 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 Figure 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 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 [27]. 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 [61]. 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 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 
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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 [62]. 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 Figure 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 [63], 

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 thick Ti. We 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. Similar changes in Rs during Ti deposition and subsequent oxidation is also observable 
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for polycrystalline Cu layers, as described in the supporting information SI.1. In the following, 

we 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 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 [64]. 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 [65]. Figure 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. Figure 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 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 
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smaller than the experimental gap for bulk TiO2 of 3.3-4.0 eV [66], as well as 2.6 eV predicted 

for a thin film by DFT with an LDA functional [67], and 3.39 or 3.46 eV for bulk TiO2 predicted 

using a hybrid HSE06 functional or a G0W0 method, respectively [66]. 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 [66], 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 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 Figure 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). 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 
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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 we attribute to the lateral constraint from the periodic boundary condition 

with a fixed period. To illustrate this, the plot in Figure 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 Figure 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 [27]. However, a Ti cap layer, as shown in 

Figure 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 the pristine Cu, as shown in Figure 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 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 



12 
 

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 Figure 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 [68]. The peak 

positions of these spectra indicate the presence of oxidized Cu+ and Ti4+, suggesting the 

formation of Cu2O and TiO2 on the Cu(001) surface, which is also confirmed by the 

corresponding O 1s peaks present at 530.20 and 529.70 eV (not shown) [68]. 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, [69]. 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) software [70] which 

employs the predictive formula from Tanuma, Powell and Penn [71]. Applying this method to 

multiple spectra with different θ = 45-90° yields oxide thicknesses doxide = 1.96±0.09 and 

1.71±0.09 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. We 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 Figure 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 



13 
 

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 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.  
 

Figure 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 [72]. The resulting fitting curves are 

also plotted in Figure 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 
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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 

[72]. 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, we 

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 elemental sensitivity factor 

ratio, and using the reported x-ray photoelectron intensity from multilayered native surface 

oxides [69]. The dashed lines in Figure 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 [73]. 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, 
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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.  

We 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 Fe [74], Co [57], Pd [75], and Ir [76], 

forming up to several monolayers thick alloy layers on top of a Cu surface, which has been 

attributed to the relief of misfit strain energy [77] and lowering the surface energy by forming 

alloys [57]. Particularly, the Cu surface energy γ = 1.8 J/m2 (Ref. 78) is lower than that of Ti 

with γ =  2.1 J/m2 (Ref. 78), 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 [79], or comparing the oxidized surface, since γ = 0.8 J/m2 for Cu2O (Ref. 80) 

is lower than γ =  1.2 J/m2 for rutile TiO2 (Ref. 81). 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 [82]. In summary, we 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. 

Figure 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 [13,14], which are obtained by numerical 

integration of the formula from Ref. 83 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 our 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 
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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 [27,28].  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. 

 

 

Figure 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. 

 

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 our previously reported p1 = 0.7 for the Cu(001)-vacuum interface [27]. 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  nm 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. We 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 
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nm. We attribute this deviation to the  geometric effect of surface roughness which causes an 

additional increase in ρ with decreasing d [26], 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 Figure 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 [27,29].  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 [23] and consistent with first principle transport simulations 

indicating a comparable resistivity increase associated with Ti or Ta cap layers on Cu [30].  

We 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 [27], Co/Cu GMR structures [26,65] and Fe/Au 

(111) superlattices [36], (ii) a lateral perturbation of the surface potential drop that diffusely 

scatters or terminates the electron plane wave at the crystal surface [85]  due to Ti and Cu 

intermixing, and/or (iii) surface roughening which has been reported for Co/Cu GMR structures 

[86],  Pt/Cu and Al/Cu bilayers [34] and Ni/Al trilayers [87].  

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 Figure 2) that reduces the electron 

scattering probability into the localized states in the Ti cap layer. According to Ref. [40], the 
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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 [36,79]. 

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 [86]. 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 [86]. 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 [88], consistent with our 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. 

 

4. 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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Supporting Information: (1) Data showing that polycrystalline Cu layers exhibit a similar 

increase and subsequent decrease in the resistance during deposition of a Ti cap and subsequent 

oxidation. (2) Atomic coordinates of the configurations corresponding to all the data points 

shown in Fig. 2(b). This material is available from IOP SST online. 
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