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Theoretical calculations are performed to explore the electronic structures and electron conducting

properties of copper (Cu) thin films coated with graphene or h-boron-nitride (h-BN) layers. The

Shockley surface states of Cu surfaces are preserved by the graphene and h-BN coatings which

prevent the surface oxidation of Cu because of the weak interaction between the Cu surface and

graphene or the h-BN layers. Furthermore, the Shockley surface states in Cu thin films possess

quasi-two dimensional free-electron characteristics and exhibit a high conductivity of 1.62� 107

(Xm)�1 at room temperature. These hybrid structures may be suitable as interconnects in memory

devices that can stably store data for long periods. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979038]

The increased volume of information in current and

future social activity demands the further miniaturization of

memory devices, which requires further device integration

and the size of metal interconnects to be decreased. However,

as interconnects are made smaller, their conductivity and

long-term reliability are lower.1 Therefore, it is necessary to

explore novel stable interconnect materials with high conduc-

tivity to allow further downsizing of devices. Copper (Cu) is

a crucial material in highly efficient interconnects in semi-

conductor integrated circuits. However, Cu nanowires are

usually oxidized in the ambient environment, which drasti-

cally lowers their electrical and thermal conductivity.2 Upon

further miniaturization, oxidation crucially deteriorates the

conductivity of metal interconnects because of the increase

in the ratio of the surface oxidized area to the bulk. To over-

come this problem, it is important to prevent the surface

oxidation of Cu interconnects.

Surface scattering is an important phenomenon in which

electrons undergo either elastic or inelastic scattering

depending on the local surface states obtained upon minia-

turizing devices and interconnects.2 Furthermore, the surface

electron density located near the nanowire surface makes a

large contribution to the total conduction electron density.

Therefore, surface states play an important role in the electri-

cal conductivity of Cu nanowires on the nanometer scale. It

is well known that noble metal surfaces possess electron

states called Shockley surface states,3–5 which have a quasi-

two-dimensional (2D) free-electron-like nature. A recent

study demonstrated that the Shockley surface states of noble

metal surfaces could be interpreted as topological states.6

Therefore, Shockley surface states are expected to lead to

high electrical conductivity in Cu nanowires. However, these

surface states are sensitive to surface oxidation and adsorp-

tion of metal atoms. Therefore, it is important to explore

materials that prevent the surface degradation of Cu wires

induced by the adsorption of foreign materials to obtain effi-

cient, stable nanoscale interconnects using noble metals.

Recently, atomic-layer materials, such as graphene and

boron nitride (h-BN), have been suggested as promising coat-

ing materials for various materials because of their excep-

tional geometric and electronic properties, and high corrosion/

oxidation resistance.7–9 Indeed, the electrical conductivity of

Cu nanowires with graphene as a coating layer was enhanced

by 7% to 15% compared with that of bare Cu nanowires.1,2

Furthermore, coating Cu films with graphene also improved

their thermal conductivity.10 However, the physical origin

of the high conductivity of graphene-coated Cu nanowires is

still unclear. Here, we present a theoretical investigation of

the electronic structure and transport properties of heterostruc-

tures consisting of Cu thin films and the 2D layered materials

graphene and h-BN physisorbed on the Cu surfaces based on

the density functional theory (DFT) and semiclassical

Boltzmann transport theory.

All theoretical calculations were performed based on

DFT11,12 as implemented in the Quantum ESPRESSO

code.13 Projector augmented wave pseudopotentials were

used to describe the electron-ion interaction.14 The valence

wave functions and augmented charge density were

expanded using a plane-wave basis set with cutoff energies

of 60 and 540 Ry, respectively. We used the van der Waals

corrected density functional for the exchange-correlation

energy to accurately describe the weakly bonded layered

materials, including graphene or h-BN and Cu surfaces.15–17

All atoms were fully optimized until the remaining force act-

ing on each atom was less than 0.0001 Ry/Bohr. Brillouin-

zone integration was performed with a C-centered uniform

k-mesh18 with a 0.009 Å�1 grid in self-consistent electronic

structure calculations.

We used a slab model in which the Cu thin film was

simulated as a Cu(111) thin film with seven atomic layers.

We simulated the oxidation of the Cu thin film in the ambi-

ent environment by considering two main experimental

structures:19,20 adsorption of an O atom on both top anda)Electronic mail: nguyen.thanhcuong@nims.go.jp
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bottom surfaces of a Cu(111)–(2� 2) thin film to give

0.25-monolayer oxygen coverage for the structure with a

low adsorbed O concentration [Fig. 1(a)] and a Cu1.5O layer

on both the top and bottom surfaces of a Cu(111)–(2� 2)

thin film for the structure with a high adsorbed oxygen

concentration [Fig. 1(b)]. The Cu thin films were coated by

adsorbing graphene or h-BN layers on both the top and bot-

tom of the Cu surfaces to form graphene-Cu(111)-graphene

and BN-Cu(111)-BN hybrid structures, respectively, as

shown in Figs. 1(c) and 1(d). The Cu(111) thin films coated

with graphene or h-BN were modeled using a 1� 1 lateral

periodicity, in which the lateral lattice parameters of gra-

phene or h-BN were fixed to the optimized lattice parameter

of the Cu(111) surface of 2.546 Å. Furthermore, to avoid

spurious electrostatic interactions with the periodic images

in the slab calculations, we used the effective screening

medium method21,22 with a vacuum region of 16 Å.

Figure 2(a) displays the electronic energy bands of an iso-

lated Cu(111) thin film. We find delocalized occupied states

located around �0.426 eV below the Fermi energy level at the

C-point. These electron states show a quadratic dispersion rela-

tion with an effective mass of 0.38 me around the C-point and

Fermi wavelength kF of 31.88 Å. Furthermore, these states

exhibit an unusual wavefunction distribution with floating

nature above the surfaces, in which maxima of the distribution

are not situated at the atomic sites but in the vacuum region at

a distance of about 2.0 Å from the top or bottom atomic Cu

layer, as shown in Fig. 2(b). This state extends parallel to the

Cu surfaces and possesses a quasi-2D free-electron-like nature.

These states are classified as the Shockley surface states

of metal surfaces.3 These results are in good agreement with

previous theoretical and experimental observations.4,5,23

Moreover, our calculations also revealed that these Shockley

surface states have a high density of states of 1.47� 1013cm�2

at the Fermi level. Because of their high density of states and

free-electron-like behavior, the Shockley states play important

roles in lateral quantum confinement effects at metal surfaces,

such as quantum corrals,24 quantum migration,25 and ballistic

conduction.26 Therefore, it is expected that these Shockley sur-

face states could enhance the electrical conductivity of Cu thin

films.

Cu surfaces are easily oxidized by oxygen under ambi-

ent conditions, resulting in the formation of copper oxides on

the surfaces that could decrease the electrical conductivity of

Cu thin films. Figure 3(a) presents the energy band disper-

sion of a Cu(111) thin film with an adsorbed oxygen cover-

age of 0.25 monolayers [Fig. 1(a)]. The oxygen atoms are

chemically adsorbed on the surface with a binding energy of

100 meV/Å2, and the Cu-O bond lengths are 1.83–1.88 Å, in

excellent agreement with other theoretical (1.83 Å) and

experimental (1.9 Å) values.19,20 The chemical bonds formed

between oxygen and the Cu surface dramatically modulate

the electronic structure of the Cu thin film. Detailed wave-

function distribution analysis revealed that the electron states

around the Fermi level consist of hybridized 3d-orbitals of

Cu and 2p-orbitals of O atoms [Fig. 3(b)], in good agreement

with other theoretical results.19,27 Because of this hybridiza-

tion, the Shockley surface states are absent around the Fermi

level, as reported in experiments.4 Therefore, oxygen adsorp-

tion on the Cu surface disrupts the Shockley surface states.

Furthermore, the Cu thin film coated with Cu1.5O layers

[Fig. 1(b)] also exhibits highly modulated electronic proper-

ties near the Fermi level, in which the Shockley surface

FIG. 1. Side and top views of the opti-

mized structures of (a) a Cu(111)-

(2� 2) thin film with an adsorbed oxy-

gen coverage of 0.25 monolayers, (b) a

Cu(111)-(2� 2) thin film with Cu1.5O

layers on both sides, (c) a Cu(111)-

(1� 1) thin film with graphene coating

layers, and (d) a Cu(111)-(1� 1) thin

film with h-BN coating layers. The sur-

face unit cell is indicated by solid

lines.

FIG. 2. (a) Electronic energy band structure of a bare Cu thin film and the

square wavefunction distribution (grey) and its average on the xy-plane of

the (b) a-state and (c) b-state at the C-point, as denoted in (a).
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states are also absent (Fig. S1, supplementary material). The

strong perturbation of the electronic structure at the Fermi

level could increase the number of scattering centers that

influence the electron transfer on the Cu surface during oxi-

dation, causing the electrical conductivity of the Cu thin

films to decrease.28

Next, we show that graphene and h-BN adsorbed on Cu

surfaces protect the Shockley surface states from surface oxi-

dation. As shown in Figs. 1(c) and 1(d), graphene and h-BN

monolayers bound weakly to the Cu surface via van der

Waals interactions with an interlayer spacing of about 3.3 Å.

The calculated binding energies for the interaction of the

Cu surface with graphene and h-BN layers were 21 and

19 meV/Å2, respectively. Although these binding energies

are smaller than those of conventional chemical bonds, they

are still comparable to or larger than those of other layered

compounds such as BN, graphite, or MoS2 crystals.29

Therefore, it is expected that graphene and h-BN layers are

unlikely to peel off Cu surfaces in actual device structures.

In addition, we estimated the possibility of O atom diffusion

through defect-free graphene and h-BN monolayers. The

energy barrier for this process is extremely high (over

20 eV), indicating that the diffusion of O atoms through the

graphene and h-BN layers to oxidize the Cu surface is

unlikely to happen (Fig. S2, supplementary material). In

other words, the defect-free graphene and h-BN monolayers

act as excellent protecting layers for oxidation. For a gra-

phene monolayer with a single vacancy, the O atoms prefera-

bly adsorb at C atoms with dangling bonds or vacancy

site (Fig. S3, supplementary material). Previous theoretical

calculations also showed that O atoms need to overcome an

energy barrier of about 1.5 eV to penetrate through this

vacancy.30 This decreasing energy barrier implies that the

efficiency of the protecting layer could decrease. However,

this limitation could be suppressed by coating with few-layer

graphene or h-BN. Recent experiments have demonstrated

that graphene or h-BN on Cu and Ni readily prevents surface

oxidation at not only room temperature but also at high tem-

peratures of up to 1100 �C and long-term passivation.7,8,31

Therefore, our results suggest that graphene and h-BN layers

could act as ideal ultrathin barriers to prevent the oxidation

of Cu surfaces.

The weak interaction between the graphene or h-BN

monolayer and Cu surface suggests that the electronic struc-

ture of these hybrid materials should be the simple sum of

that of each constituent. Figures 4(a) and 4(c) depict the

electronic energy band structures of Cu thin films coated

with graphene and h-BN, respectively. In both structures, the

electronic states around the C-point exhibit similar character-

istics to those of the isolated Cu thin film [Fig. 2(a)].

Quadratic dispersion bands emerge at the C-point and Fermi

level, indicating that the states retain the Shockley surface

state nature of a bare Cu film [Figs. 4(b) and 4(d)].

Therefore, the Shockley surface states of the Cu surface are

preserved under the graphene or h-BN coating. However, the

Shockley surface states hybridized with the p-states of gra-

phene and h-BN, leading to upward shifts of 0.146 and

0.086 eV for graphene and h-BN, respectively. The existence

of Shockley surface states was indeed experimentally

observed in graphene grown on the Cu(111) surface.32–34

FIG. 3. (a) Electronic energy band

structure of a Cu thin film with an

adsorbed oxygen coverage of 0.25

monolayers and (b) square wavefunc-

tion distribution of the o1, o2, o3, u1,

u2, and u3 states around the Fermi level

at the C-point, as denoted in (a).

FIG. 4. (a) Electronic energy band

structure and (b) square wavefunction

distribution of the a-state at the C-

point of a Cu thin film with a graphene

coating layer. (c) Electronic energy

band structure and (d) square wave-

function distribution of the a-state at

the C-point of a Cu thin film with a

h-BN coating layer.
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Our results demonstrate that graphene and h-BN prevent

oxidation of Cu surfaces and allow them to retain their

Shockley surface states.

It is important to clarify the modulation of the electric

conductivity of Cu thin films after oxidation or coating with

a graphene or a h-BN layer. To this end, we computed elec-

trical conductivities by solving the semiclassical Boltzmann

transport equation within the constant scattering time

approximation on the basis of the energy band structures

obtained by DFT calculations, as implemented in the

BoltzTrap code.35 The computational details are described in

the supplementary material. Table I lists the electrical con-

ductivity of Cu thin films with and without the adsorbates.

It should be noted that the conductivities of Cu hybrid mate-

rials have been normalized to the electron relaxation time. A

Cu thin film with clean surfaces exhibits a high electrical

conductivity of 0.441� 1021 (X ms)�1 at room temperature.

The electrical conductivity of the oxidized Cu thin film

decreased by about 0.1–0.2 times compared with that of the

bare Cu thin film. The conductivity deterioration of the

oxidized Cu thin film could be ascribed to the formation of

copper oxides on the Cu surface. As discussed above, the

adsorbed O atoms modify the electron states at the Fermi

level of the Cu film because of the strong hybridization

between O and Cu atoms. These localized states could act as

scattering centers for electron transport. This result is consis-

tent with previous experimental work.28,36,37 In contrast, the

Cu thin films coated with graphene or h-BN layers display

high conductivity of about 0.438� 1021 (X ms)�1. Mehta

et al.2 recently showed that the electrical conductivity of

graphene-coated Cu nanowires was 15% higher than that of

Cu nanowires without a graphene coating. Furthermore, they

also demonstrated experimentally that the graphene-coated

Cu nanowires did not have an oxidation layer, while the Cu

nanowires without graphene possessed Cu2O and Cu(OH)2

oxidation layers. We found that the Shockley surface states

exhibited a large conductivity of 1.62� 107 (Xm)�1 at room

temperature (Fig. S5, supplementary material). In addition,

the electronic thermal conductivity (electron contribution) of

Cu thin films (Table I) was also enhanced by graphene or h-

BN coating, in good agreement with recent experiments.2,10

These results indicate the contribution of Shockley surface

states to both the electrical and thermal conductivities of Cu

nanowires.

Finally, the reliability of nanosized Cu interconnects is

another critical issue due to the electromigration of Cu

atoms. In order to clarify the effect of graphene and h-BN

coating layers on the Cu electromigration, we investigated

the diffusion processes between the stable adsorption sites of

the Cu adatom on Cu(111) surfaces, as shown in Fig. 5. On

the clean Cu(111) surface, the Cu adatom diffuses with a

small energy barrier of 0.068 eV, in good agreement with a

previous theoretical value of 0.07 eV.38 By coating the

Cu(111) surface with graphene or h-BN layers, the diffuse

energy barrier of Cu adatoms increases about 2–3 times,

compared with that on the clean Cu(111) surface. These

results indicate that graphene or h-BN coating layers inhibit

the movement of Cu adatoms on Cu surfaces. In other words,

much higher external driving force is needed to migrate Cu

adatoms on the graphene (or h-BN)-coated Cu surface than

those on the clean Cu surface. Moreover, recent works39,40

on Cu metal-dielectric interfaces showed that graphene bar-

rier layers prevent Cu atoms to penetrate through the inter-

face. These results could explain the lifetime improvement

of nanosized Cu interconnects by employing the graphene

barrier layers rather than the industrial standard barrier mate-

rial TaN, as reported in experiments.41 Therefore, the reli-

ability of nanosized Cu interconnects could be remarkably

improved by coating with graphene or h-BN atomic-layers.

In summary, we found that the intrinsic Shockley surface

states of Cu surfaces are destroyed by oxygen gas adsorption,

leading to substantial surface scattering and decreased electri-

cal conductivity. In sharp contrast, these Shockley surface

states of Cu surfaces are preserved by the presence of gra-

phene or h-BN coatings because of the weak interaction

between the Cu surface and graphene or the h-BN layer. The

Shockley surface states with quasi-2D free-electron charac-

teristics exhibited a high conductivity of 1.62� 107 (Xm)�1

at room temperature. Our calculations suggest a possible

approach to realize high efficiency and robustness nanosized

Cu interconnects by coating with atomic-layer materials for

future devices.

See supplementary material for computational details

and additional results.
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Promotion of Science (JSPS) KAKENHI (Grant Nos.

JP25246010, JP16H00898, and JP16H06331), and the Joint

Research Program on Zero-Emission Energy Research,

Institute of Advanced Energy, Kyoto University. The

computations were carried out on the Numerical Materials

TABLE I. Theoretical electrical conductivities r/s [1021 (X ms)�1] and elec-

tronic thermal conductivities j0/s [1016(W/mK s)] of a bare Cu thin film

(Cu), a Cu thin film with an adsorbed oxygen coverage of 0.25 monolayers

(Cu-O), a Cu thin film with a Cu1.5O layer (Cu-Cu1.5O), a Cu thin film with

a graphene coating layer (Cu-Graphene), and a Cu thin film with a h-BN

coating layer (Cu-BN) at room temperature.

T (300 K) Cu Cu-O Cu-Cu1.5O Cu-graphene Cu-BN

r/s 0.441 0.056 0.095 0.437 0.439

K0/s 0.323 0.04 0.06 0.319 0.321

FIG. 5. Diffusion process and barrier energies (Eb) of (a) a Cu adatom on a

clean Cu(111)-(3� 3) surface, (b) Cu adatom on a Cu(111)-(3� 3) surface

with a graphene coating layer, and (c) Cu adatom on a Cu(111)-(3� 3) sur-

face with a h-BN coating layer. The F and H symbols denote the fcc and hcp

three-fold hollow adsorption sites of the Cu adatom on the Cu surfaces.
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Simulator (SGI ICE X) supercomputer at the National

Institute for Materials Science (NIMS) and the Hitachi 8000
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