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ABSTRACT Surface scattering is a major issue in thin Cu films at reduced scales. The rise in the diffusive
scattering due to the surface roughness causes the electrical resistance to increase remarkably. In this paper,
graphene, as opposed to Al and Pd, is considered as a liner layer for thin Cu film with low-surface roughness
using first principles calculation. The surface roughness is simulated using the nonequilibrium coherent
potential approximation combined with the linear muffin-tin orbital formulation. The coherent potential
approximation band structure shows that the graphene π -bands is not significantly affected by the surface
disorder at the Cu surface and that graphene acts as a parallel path to the electrons. On the other hand,
the bands of Cu–Al/Pd around the Fermi level are substantially broadened due to the surface disorder.
Moreover, the graphene-coated Cu shows less electrical resistance than Al/Pd-coated Cu for surface disorder
x / 5% for thin films with 0.245 nm in width, and 1.23 nm in thickness. The enhancement in the transport
properties in Cu–Gr is attributed to the weak electronic interaction at the interface. The obtained results
suggest that graphene is better than Al and Pd as a liner material for thin Cu films.

INDEX TERMS Thin films, surface scattering, copper, graphene, electron transport.

I. INTRODUCTION
At reduced scales, electron transport faces many challenges
including electron surface scattering, electron grain bound-
ary scattering, surface roughness scattering, impurity scatter-
ing and electron phonon scattering [1], [2].These scattering
mechanisms cause an increase in the electrical resistivity and
give rise to reliability issues [3]–[5]. The rise in the resistivity
due to the scattering mechanisms are referred to as ‘‘size
effect’’ [1], which becomes very critical for dimensions less
than 50 nm, resulting in ∼ 100% decrease in the conductiv-
ity [2], [6], [7].

In electron surface scattering, the electrons are subjected
to three types of scattering events, depending on the nature
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of the surface. The first event is the specular scattering in
which the forward momentum is conserved and the surface
does not contribute to the total resistivity. The second event is
the partially specular scattering, where some of the electrons
may be redirected to a random direction with a stoppage
period at the surface. The third type is the diffusive scattering
where all the electrons are diffused at the surface and the
contribution of the electron surface scattering to the resistivity
is substantial. The surface roughness scattering is due to the
roughness at the film surface. If the surface is perfect, then
the electrons hitting the surface still pointing to the transport
direction. For a rough surface, the electrons may get redi-
rected to a direction opposite to the initial direction depending
on the part of the surface that the electrons collide with.
There aremanymodels which have been proposed to describe
the surface scattering mechanisms. Starting from the early
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models by Fuchs and Sondheimer [8], [9] for the electron
surface scattering and its modified versions [1], [10], [11] to
account for the surface roughness scattering.

Cu is the backbone material for the micro- and nanoelec-
tronics in the last two decades. With its advantages over
its precedent Al, Cu will dominate in the area of integrated
circuits for another period. The electron mean free path
is ≈40 nm in Cu, which makes the size effect a severe issue
in the nanostructure devices. Specially, the electron scattering
due to the surface roughness. In fact the contribution of the
surface roughness scattering to the total scattering mecha-
nisms can reach ∼ 50%. [2]

A thin Cu film with a perfect surface is not possible to
fabricate. At least for the time being. Evenwhen using anneal-
ing processes after the deposition of Cu films as still some
roughness in the surface is observed [12]. Therefore, the study
of the geometric and the electronic behavior of the electrons
at the surface is very crucial since it has a direct impact on the
transport properties in the nanoscale devices.

Many liner materials have been proposed before to smooth
out both the geometric and electronic structure of the Cu
surface. The capping material may fill the gaps in the rough
surface leading to less diffusive scattering [1]. However, not
only the geometry structure, but the electronic structure at
the surface needs to be smoothed. Common liner materials
like Ti, Ta, Ru, Al, Au and Pd have been examined experi-
mentally [1], [13]–[15]. Among these materials, Al [16], [17]
and Pd [17] were found to decrease the resistivity of the Cu
thin film. Other materials including Pt [1], Zr and Hf [18]
were found to increase the resistivity and cause the scattering
at the surface to be completely diffusive. Controversially,
researchers have different views on Ta, which is the diffusion
barrier currently used in integrated circuits. While authors
in [19] and [17] showed that Cu-Ta has completely diffusive
scattering and leads to an increase in the electrical resistivity.
Others reported that deposition of Ta on Cu leads to a partial
specular scattering [20], [21].

Two-dimensional materials (2D-materials) such as
graphene and hexagonal boron nitride have been considered
before as a capping material for Cu surfaces. These 2-D
materials possess unusual properties that can enhance the
electrical conductivity and prevent oxidation. Graphene is
the name given to the one-atom-thick planar sheet of sp2

bonded carbon atoms, arranged in honeycomb crystal lattice.
Since its discovery in 2004 [22], graphene fascinated the
world with its extraordinary properties such as electrical
conductivity [22], thermal conductivity [23] and imperme-
ability [24]. In [25], a Cu nanowire was capped with graphene
and both the electrical and the thermal conductivity were
substantially enhanced. While in [5], the resistance of the
Cu interconnect was reduced by capping Cu with a multi-
layer graphene (MLG). Graphene was also used as a diffusion
barrier between Cu and Si. Taking advantage of its near-zero-
thickness [26]. Graphene may also play an importance role to
enhance oxidation resistance, which is a major problem for
Cu surfaces. A sheet of graphene helped to protect Cu from

electrochemical degradation [27], [28]. Recently, graphene
was used to preserve Shockley surface states of Cu surfaces
because of the weak interaction between the Cu surface and
graphene [29]. In addition, graphene coating decreased the
resistance of a rough Cu surface by reducing the surface
roughness scattering effect [30], [31].

In this paper, a qualitative comparison between graphene
and Al/Pd is carried out using first principles calculation to
investigate the effect of its coating on thin Cu films. Al and
Pd are known to enhance the conductivity of Cu. However,
graphene is found to showmore specular scattering and lower
electric resistance for low surface roughness. To the best
of our knowledge, there is no direct comparison between
graphene and Al/Pd as a liner layers for thin Cu films. This
study aids to fill this gap.

The reminder of this paper is organized as follows:
Section II presents the atomic structure and the simulation
details. The coherent potential approximation band structure,
the calculation of the specular and the diffusive transmission
coefficients, and the electrical resistance of the Cu-Al/Pd/Gr
are presented and discussed in Section III. Finally, the
conclusions are presented in Section IV.

II. THEORETICAL MODEL
In this paper, the NanoDsim [32] package is used for simu-
lation. NanoDsim adopts the nonequilibrium coherent poten-
tial approximation-density functional theory (NECPA-DFT)
formalism. The NECPA [33] treats the quantum transport in
disordered systems, in which the disorder average is carried
out analytically within the coherent potential approximation,
instead of brute-force calculation. The obtained quantities
such as the band structure, density of states and the trans-
mission coefficient are disordered and averaged. The linear
muffin-tin orbitals (LMTO) is adopted as a basis set [34].
Since it is compatible with the NECPA theory and has less
computation cost. Atomic sphere approximation (ASA) is
adopted with the LMTO theory [35], in which the unit cell
is filled with spheres to maintain the close-packed struc-
ture. Local density approximation (LDA) is chosen as the
exchange correlation functional [36]. The calculations take
place in two steps: First the Hamiltonian and the charge den-
sity are solved self-consistency. Then the LMTOHamiltonian
is used to calculate the electronic and the transport properties.
The threshold of the electronic self-consistency is taken to
be 10−6. The quantum transport is simulated using a two
probe system [37]. Where two leads are connected to the cen-
tral region. The central region contains the device under con-
sideration, and it may also contains disorder sites as shown
in Fig. 1. Two buffer layers are included between the leads
and the center to smooth the connection. The band structure
is calculated for a bulk system using the coherent poten-
tial approximation-linear muffin-tin orbital (CPA-LMTO)
method as will be shown later. The surface disorder is con-
sidered in the top layer of the central region, i.e., blue spheres
in Fig. 1. Above the disordered layer, Al and Pd (green
spheres), graphene (black spheres) are positioned as a liner
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FIGURE 1. Two-probe system of (a) Al/Pd-coated Cu. (b) Gr-coated Cu.
The left and the right leads are connected to the central area through
buffer layer. The top layer of the central area of Cu (blue spheres)
contains x% disorder as vacuum and 1− x% Cu.

FIGURE 2. The unit cell of Cu-Gr. It contains twelve atoms of Cu arranged
in six layer, four atoms of C positioned in a top-fcc configuration. (a) Side
view. (b) Top view.

materials as shown in Fig. 1(a) and (b), respectively. It is
worth mentioning that the obtained results are of a more
qualitative character, since Al and Pd liner layers are assumed
to replace an additional Cu layer on top of the disordered
surface. This approximation is adequate and has been used
before [16], [17]. Every atom in the disordered layer con-
tains disorder concentration x% as vacuum. In other words,
if x = 5%, that means for every 100 atoms there are 5 missing
atoms represented as vacuum.

The rectangular unit cell is adopted throughout this
paper [38]. The cuboid structure helps to build a thin filmwith
dimensions parallel to the x, y and z direction. Fig. 2 shows
the primitive unit cell of graphene-coated Cu. One layer of
graphene is positioned on six layers of Cu (111) forming

a top-fcc structure [39]. The inter-layer distances between
Cu–Cu andCu–C are 2.08 and 3.26Å, respectively [39]–[41].
The primitive unit cell of the Cu-Al/Pd structure is the same
as in Fig. 2, except that the graphene layer is replaced by
the Al/Pd layer. In order to build a thin film, the unit cell is
repeated in the x, y and z directions as needed.

III. RESULTS AND DISCUSSIONS
A. BAND STRUCTURE
The band structure is usually plotted by calculating the eigen-
values as a function of the wave vector k , which links the high
symmetry points in the first Brillouin zone. However, in dis-
ordered systems the periodicity is lost and the calculation
of the eigenvalues is no longer valid. Fortunately, the band
structure can still be obtained through coherent potential
approximation (CPA) band structure. For a clean system,
the delta functions constitute the k-resolved DOS (Bloch
spectral function) over the Bloch states. In the presence of the
surface disorder, the delta functions are broadened due to the
disorder effect. The trace of these broadened delta functions
form the band structure of disordered bulk system. The CPA
band structure (sometimes referred to as the k-resolved DOS)
is calculated using the formula [35]

D(E, k) = −
1
π
ImTrGr (E, k) (1)

where Gr is the disorder-averaged retarded Green’s func-
tion and is calculated from the CPA-LMTO equations. First,
the band structure of bare Gr is calculated, then the band
structure of the hybrid Cu–Gr is plotted to investigate the
interaction between Cu and Gr. The first Brillouin zone of
the rectangular unit cell is shown in Fig.3a with its high
symmetry points. Fig.3b shows the band structure of a pristine
graphene. The well-known linear dispersion relationship of
Gr is shown around the crossing point P (Dirac point) at which
the conduction and the valence bands meet. The P point in
a rectangular unit cell is equivalent to the K point in the
rhombus unit cell. When Gr is deposited on Cu, the band
structure of both materials get affected. However, the linear
dispersion at the point P is maintained as shown in Fig.3c.
Indicating that the electronic interaction betweenCu andGr is
weak and the Cu band structure is not substantially disturbed.
This weak interaction can be attributed to the physisorption
interface between Cu and Gr. Moreover, there is an upward
shift of 0.0428 Ha for the Fermi level with respect to the
conical point of Gr, as a result of an electron transfer from
Cu to Gr, which is described as n-doping effect [41].

In the presence of the surface roughness, the bands get
broadened due to the disordered atoms at the Cu surface.
Such ‘‘broadening effect’’ is similar to the impurity broad-
ening [42]. In Fig. 4, the band structure of Cu–Al, Cu–Pd
and Cu–Gr are plotted for different disorder concentrations.
For Al and Pd, all the bands are broadened, specially,
the bands that are crossing the Fermi level as shown in
Fig. 4(a-c) and (d-f), respectively. The broadened bands indi-
cate that both Al and Pd are affected by the surface disorder at
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FIGURE 3. Band structure of a rectangular unit cell. (a) The
high-symmetry points in the first Brillouin zone of the rectangular unit
cell. (b) Band structure of pristine graphene. (c) Band structure of Cu-Gr.
Inset: The linear dispersion relation of Gr around the point P.

the Cu surface beneath them. On the other hand, Cu–Gr bands
are also affected with the increase in the disorder. However,
the π -bands of Gr still visible and distinguishable even at
high disorder (x = 25%) as shown in Fig. 4(g-i). The lower
sensitivity of the Gr band to surface disorder may be justified
by the weak binding at the interface between Cu and Gr.
which ultimately helps to enhance the transport properties by
offering more conduction channels.

B. TRANSMISSION COEFFICIENT
A good quantification of the diffusive scattering at the
surface can be made through the decomposition of the

disorder-averaged transmission coefficient T (E) into a spec-
ular and diffusive transmission coefficient. In NECPA the-
ory [33], T (E) can be generelized to the calculation of the
disorder-averaged transmission coefficient T (E) as

T (E) = Tr[GR(E)0l(E)GA(E)0r (E)] (2)

where 0β is the line width function of the left and the right
leads, and GR,A are the retarded and the advanced Green’s
functions, respectively. To calculate T (E), Eq. 2 needs to
be simplified to the calculation of disorder-averaged Green’s
function as follows (hereafter the argument E is omitted from
equations for simplicity)

6< = i0l fl + i0r fr (3)

where 6< is the lesser self-energy and fβ is the Fermi func-
tion of the left and the right leads. By setting fl = 1 and
fr = 0,

6< = i0l, 0l = −(i)6< (4)

Substituting Eq. 4 into Eq. 2, we get

T = Tr[GR(−i6<)GA0r ] (5)

and

T = Tr[−iG<0r ] (6)

G<(E) can be decomposed into two components [33]

G< = GR6<GA + GRε̃<GA (7)

where ε̃< is the lesser coherent potential. The first term
is a simple average and the second term is the contri-
bution from the lesser coherent potential. Similar to the
nonequilibrium vertex correction in (NVC) in coherent
potential approximation-nonequilibrium vertex correction
(CPA-NVC) theory [43]. Consequently, the transmission
coefficient can be written from Eqs. 6 and 7 as

T = T S + TD (8)

where T S and TD are the specular and the diffusive trans-
mission coefficients, respectively. Conceptually, the leads are
clean and in good quantum number. If the central region is
disorder free and the surface is perfect, the incoming wave
with a transverse momentum k would be scattered to an out-
going wave with the same transverse momentum k . Resulting
in a complete specular transmission coefficient T T = T S .
On the other hand, any disorder in the central area would
make the incoming wave with a transverse momentum k
scatters to an outgoing wave function with k ′ 6= k , giving
rise to a diffusive transmission coefficient TD.
The calculated diffusive, specular and total transmission

coefficient are shown in Fig. 5 for lengths 1.27 and 2.55 nm.
As the disorder concentration x increases, the specular (dif-
fusive) transmission coefficient decreases (increases). The
increased TD is due to the increased disorder in the Cu
surface, which means more scattering incidents in the central
area, resulting in a decreased T S as well. Cu–Gr shows more
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FIGURE 4. CPA band structure of Cu–Al (a-c), Cu–Pd (d-f) and Cu-Gr(g-i) for 0, 10 and 25%, respectively. As the disorder x increases, the bands get
broadened. For Cu–Gr, the π-bands are visible and distinguishable from Cu bands. Indicating a weak interaction with the Cu surface.

T T when compared with Cu–Al and Cu–Pd. This can be
attributed to the higher T S as shown in Fig. 5a and Fig. 5b.
T T is calculated from (8) and shown in Fig. 5c and Fig. 5d.
Cu–Gr has higher T T than Cu–Al/Pd, except for x ≈ 3.81%
and x ≈ 5% for Pd and Al, respectively. Although the
increased T T , Cu–Gr seems very sensitive to the disorder
increase at relatively longer films. As shown in Fig. 5b,
Cu–Gr starts with a higher T S at x = 0% but drops very
fast afterwards. The sensitivity of Cu–Gr to surface disorder
is due to the increased TD, whichmakes the total transmission
of the film very sensitive to any increase in the surface dis-
order or the length. Moreover, Cu–Pd shows better T S when
compared to Cu–Al, in consistent with previous report [17].
Fig. 5a and Fig. 5b also show that for a perfect Cu surface,
i. e., x = 0%, the transmission is completely specular and

independent of the length. And the transverse momentum
is conserved. The enhancement in the specular transmission
of Cu film when coated with Gr can be linked with CPA
band structure shown in Fig. 4. The weak interaction, lack
of hybridization between Cu and Gr prevent the disorder at
the Cu surface from disturbing the π-bands of Gr. In other
words, the contrast between the Gr π -bands and Cu bands
shows that Gr works as an additional path, parallel to the Cu
channels. And most importantly, not significantly affected by
the surface disorder.

To calculate the electrical resistance, the disorder-averaged
electric conductance is obtained using the formula

C =
e2

h
T (E) (9)
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FIGURE 5. The calculated transmission coefficient for Cu–Al, Cu–Pd and Cu–Gr. (a-b) T S and T D for lengths
1.27 and 2.55 nm respectively. (c-d) T T for lengths 1.27 and 2.55 nm respectively.

FIGURE 6. The calculated resistance of Cu–Al, Cu–Pd and Cu–Gr for
disorder x = 0,1 and 5%.

where e is the electron charge, and h is Planck’s constant,
and T (E) is the disorder-averaged transmission coefficient.
Fig. 6 plots the electrical resistance for Cu–Al, Cu–Pd and
Cu–Gr for x = 0%, x = 1% and x = 5%. As noted
before, the resistance is independent of the length when the
surface is clean. In this case, the transmission is completely
specular and the transversemomentum k is conserved. For the
chosen dimensions, i. e., 0.245 nm in width, 1.23 in depth,
Cu–Gr exhibits less resistance than Cu–Al/Pd. Except for
x = 5%, when l > 1.9 and l > 2.5 nm for Pd and Al,
respectively. The latter finding limits the application of Gr
coating to thin Cu films with short lengths and low surface
roughness.

IV. CONCLUSION
In this paper, graphene is compared to Al and Pd as a liner
material for thin Cu films using first principles calculation.
When the surface of Cu film is clean, graphene is found to
reduce the resistance of Cu significantly. In the presence of
low disorder in the Cu surface, graphene-coated Cu shows
better transport properties than Al/Pd-coated Cu for surface
disorder / 5%. The physisorption interface helps grapehene
to work as a parallel path to the disordered Cu surface. More-
over, the relatively greater distance between Cu and graphene
avoids the disorder at the Cu surface to affect the π -bands of
graphene. The obtained results demonstrate graphene as rival
liner material for Al, Pd in thin Cu films.
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[38] J. Ruseckas, G. Juzeliūnas, and I. V. Zozoulenko, ‘‘Spectrum ofπ electrons
in bilayer graphene nanoribbons and nanotubes: An analytical approach,’’
Phys. Rev. B, Condens. Matter, vol. 83, Jan. 2011, Art. no. 035403.

[39] Z. Xu and M. J. Buehler, ‘‘Interface structure and mechanics between
graphene andmetal substrates: A first-principles study,’’ J. Phys., Condens.
Matter, vol. 22, no. 48, Nov. 2010, Art. no. 485301.

[40] G. Giovannetti, P. A. Khomyakov, G. Brocks, V. M. Karpan,
J. van den Brink, and P. J. Kelly, ‘‘Doping graphene with metal contacts,’’
Phys. Rev. Lett., vol. 101, Jul. 2008, Art. no. 026803.

[41] P. A. Khomyakov, G. Giovannetti, P. C. Rusu, G. Brocks, J. van den Brink,
and P. J. Kelly, ‘‘First-principles study of the interaction and charge transfer
between graphene and metals,’’ Phys. Rev. B, Condens. Matter, vol. 79,
May 2009, Art. no. 195425.

[42] Y. Wang, F. Zahid, Y. Zhu, L. Liu, J. Wang, and H. Guo, ‘‘Band offset of
GaAs/AlxGa1−xAs heterojunctions from atomistic first principles,’’ Appl.
Phys. Lett., vol. 102, no. 13, 2013, Art. no. 132109.

[43] Y. Ke, K. Xia, and H. Guo, ‘‘Disorder scattering in magnetic tunnel
junctions: Theory of nonequilibrium vertex correction,’’ Phys. Rev. Lett.,
vol. 100, no. 16, Apr. 2008, Art. no. 166805.

MANARELDEEN AHMED received the B.Sc.
degree in electrical and computer engineering
from Omdurman Islamic University, Omdurman,
Sudan, in 2006, and the M.E. degree in electrical
engineering fromOsmania University, Hyderabad,
in 2011. He is currently pursuing the Ph.D. degree
with the Hebei University of Technology, Tianjin,
China. His research interests include thin films,
2D materials, and nanoelectronics devices.

84864 VOLUME 7, 2019



M. Ahmed et al.: Electron Transport in Graphene-Versus Al/Pd-Coated Thin Cu Films With Low Surface Roughness

ERPING LI received the Ph.D. degree in elec-
trical engineering from Sheffield Hallam Univer-
sity, Sheffield, U.K., in 1992. Since 2000, he has
been with the Singapore National Research Insti-
tute of High Performance Computing, Singapore,
as the Director of the Advanced Electronic
Systems and Electromagnetics Department and
the Senior Director for Collaborative Research.
Since 2010, he has been with Zhejiang Univer-
sity, Hangzhou, China, where he is currently a

Changjiang Qianren Distinguished Professor in RF and nanoelectronic
research. He is also the Dean of Zhejiang University and the Univer-
sity of Illinois at Urbana–Champaign. He has published over 600 papers
in referred international journals and conferences. He has authored two
books published at John–Wiley–IEEE Press and Cambridge University
Press. His research interests include fast and efficient computational elec-
tromagnetics, microscale/nanoscale-integrated circuits and electronic pack-
age, electromagnetic compatibility (EMC), signal integrity, nanotechnology,
and microgrid systems. He is a Fellow of the Electromagnetics Academy,
USA. He was an elected IEEE EMC Distinguished Lecturer, from 2007
to 2008. He received numerous awards including the IEEE EMC Techni-
cal Achievement Award and the IEEE Richard Stoddard Award in EMC.
He was the President of the International Zurich Symposium on EMC,
Singapore, in 2006 and 2008, the General Chair of the 2008, 2010, and
2012Asia–Pacific International EMCSymposium, and the Chair of the IEEE
EMC Singapore Chapter, from 2005 to 2006. He has been an invited speaker
for numerous talks and keynote speeches at various international conferences
and forums. He is currently an Associate Editor of the IEEE TRANSACTIONS

ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY and the IEEE
TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY.

YONGJIAN LI was born in Hebei, China, in 1978.
He received the B.E., M.E., and Ph.D. degrees
in electrical engineering from the Hebei Univer-
sity of Technology, Tianjin, China, in 2002, 2007,
and 2011, respectively. From 2009 to 2011, he was
a Visiting Research Fellow of the Center for Elec-
trical Machines and Power Electronics, Faculty
of Engineering, University of Technology Sydney,
Sydney, Australia. He is currently a Professor of
the School of Electrical Engineering, Hebei Uni-

versity of Technology. His research interests include measurement magnetic
properties, the modeling of magnetic materials, and power electronics.

VOLUME 7, 2019 84865


	INTRODUCTION
	THEORETICAL MODEL
	RESULTS AND DISCUSSIONS
	BAND STRUCTURE
	TRANSMISSION COEFFICIENT

	CONCLUSION
	REFERENCES
	Biographies
	MANARELDEEN AHMED
	ERPING LI
	YONGJIAN LI


