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The electronic conduction properties of copper-graphene composite materials including common coal impu-
rities are studied. Exploring the transport properties for three crystallographic orientations [(111), (110), and
(100)] of copper in copper-graphene composites, a strong orientational dependence on electronic conductivity
is shown. Graphene exhibits near-ideal registries for (111) and (110) orientations, forming a connected network
between grains that enables efficient carrier transport. The influence of non-carbon elements: nitrogen (N),

oxygen (0), and sulfur (S) in graphene, representing possible structures in coal-based graphene are investigated.
N, O, and S in graphene negatively impact the composite’s electronic conductivity relative to pristine graphene.
A new method is introduced for visualizing the spatial distribution of electrical conduction activity in materials
using the square of the electronic charge density near the Fermi level, based on the work of Mott. We call this

technique the N? method.

1. Introduction

Enhancing the electronic conductivity of face-centered cubic (FCC)
metals, such as copper, is a significant area of research in material
physics and engineering. Any performance improvements are valu-
able given copper’s critical role in power transmission and distri-
bution, motors, and generators. Traditional alloying methods using
additives like silver, niobium, and silicon carbide [1-3] can enhance
copper’s mechanical properties but often compromise its electronic
conductivity. However, recent advancements in incorporating graphene
additives into copper matrices have shown promise in developing
copper—graphene composites with improved electronic conductivity [4—
10].

Among the alloying methods used to balance mechanical perfor-
mance and electronic conductivity, the solid-phase extrusion method
for metal-graphene composite wires has proven significant in process-
ing samples with enhanced electronic conductivity [11-13]. During
solid-phase processing, which involves thermophysical treatments such
as high-temperature annealing, friction heating, and shear stress, mate-
rials can develop complex microstructures. In this context, it is crucial
to determine whether interface alignments and the improved density
of states at the Fermi level are universally relevant across metal-grain
composites for achieving enhanced conductivity on a broader scale. The
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primary limitation in electronic conduction in metals is grain bound-
aries. This work provides additional evidence that these boundaries are
“dressed” by graphene-type material, which significantly impacts the
overall conductivity.

The ongoing graphite deficit [14] poses a significant challenge to
the growth of the metal-graphene composites industry. In response,
there has been a shift towards integrating coal-derived graphene [15-
19], which offers a cost-effective and scalable approach to metal-
carbon composite production. This transition to synthetic graphene un-
derscores the need for further research into the role of non-crystallinity
and defects in graphene for enhancing metal-graphene composites. De-
spite advancements in graphene production, a key challenge remains:
effectively integrating defective graphene — characterized by both
structural and chemical disorder — into metal grain boundaries. Our
study [20] provides novel insights into metal/amorphous-graphene in-
terfaces, advancing the understanding beyond conventional crystalline
models [4,6,7].

There is a growing body of work involving computer simulations
using molecular dynamics (MD) and density-functional theory (DFT) to
explain atomic-level interaction in metal-graphene composites [4,6-9].
These studies describe the formation and properties of metal-graphene
nanostructure but do not provide atomistically detailed information
about electronic activity in the composites. Using the Kubo-Greenwood
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Table 1

Structural and electronic parameters in copper-graphene composites post relaxation and DFT calculation. P =
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transverse component of the stress

tensor. d.,_; = average interface distance between copper and graphene layer after relaxation. ® = work-function: energy required to remove
an electron from the copper surface. /\gq = net charge transfer to carbon atoms from interface copper atoms.

Cu-Gr (100) Cu-Gr (110) Cu-Gr (111)

P deu_g (o8 \q P dey_g P \q P deu_g (o8 /\q

[GPa] [A] [eV] [eV/atom] [GPa] [A] [eV] [eV/atom] [GPa] [A] [eV] [eV/atom]
0.00° 3.40 3.75 0.01 0.00° 3.39 3.70 0.01 0.00° 3.20 3.50 0.02

3.00 3.03 2.85 0.01 2.71 2.97 2.68 0.01 1.50 2.67 2.49 0.05

7.50 2.70 2.15 0.03 4.53 2.51 1.93 0.03 5.60 2.36 1.00 0.08

10.5 2.52 1.89 0.03 8.50 2.40 1.52 0.04 8.40 2.32 0.95 0.09

2 The pure copper work-functions () for (100), (110), and (111) are 4.53, 4.25, and 4.57 eV, respectively.
b The equilibrium configuration of the models with no vertical compression

formula (KGF) for electronic conductivity [21,22] and Space-Projected
Conductivity (SPC) method [23,24], the electronic conduction activity
has been spatially resolved in copper—graphene [25] and aluminum-
graphene [26] systems. Identifying conductive regions can assist in the
development of materials for other applications such as conducting
bridge random access memory (CBRAM), physical unclonable function
(PUF) devices, and other systems where atomistic insights into charge
transport are essential [27-30]. Some other ways to identify conductive
regions are used: the g; —g; method based upon overlapping wavefunc-
tions [27], and an approach based on the Kohn-Sham charge density
evaluated at the Fermi level. [31].

The SPC technique has been effectively applied to analyze electronic
transport paths across a variety of materials, including carbon-based
systems [32,33], metals [34,35], metal-carbon composites [20,25,26],
glasses [271], silicon [24], and other oxides [28,36]. While SPC provides
valuable insights into transport phenomena, its computational demands
can be considerable. To address this, we propose a simplified and
efficient alternative to SPC, called the N2 method, which is particularly
well-suited for large systems. This approach is also easy to implement,
especially in local basis DFT frameworks like the Spanish Initiative for
Electronic Simulations with Thousands of Atoms (SIESTA) [37].

2. Computational methodology
2.1. Sandwich structures of copper—carbon composites

Interfacial models of copper—graphene composites were constructed
as “sandwich” geometries as illustrated in Fig. 1(a), where a layer
of graphene was inserted into different low-energy crystallographic
orientations of copper; (100), (110), and (111). The sandwich struc-
ture maximizes interface contact, ensuring optimal interaction at the
interface (properties at the interface significantly impact the overall
conductivity of the system [4-7,38]). Fig. 1(b) [i-iii] depicts the atomic
misalignment between carbon and copper atoms at the interface for
different composites. The carbon atoms in a honeycomb lattice of
graphene (lattice constant of 2.46 A) have a lattice mismatch of ~
4% with (111) copper crystal (hexagonal lattice parameter of 2.56 A).
The lattice mismatch with the rectangular (110) copper lattice (lattice
parameters of 2.56 A and 3.62 A) is ~ 4% and ~ 47% respectively.
The interface between (100) and sp? carbon has the most significant
lattice mismatch with ~ 47% ((100) is a square lattice with a lattice
parameter of 3.62 A). These models were relaxed under finite com-
pressions to form an interface. The simulated compression pushes the
materials into a high-energy state with special properties and perhaps
mimics the external pressure exerted on the composites during solid-
phase extrusion [11-13]. It is noted that the compressed models in
this work aim to represent realistic microstructures, differing from the
ideal geometries typically used to study interface transport properties
in composites. The vertical compression (P) on the models and their
associated interfacial distances (d,_) are summarized in Table 1.

Geometric relaxation for the models was implemented with the con-
jugate gradient approach implemented within VASP [39] (Vienna Ab
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Fig. 1. (a) A typical sandwich configuration of copper-graphene interface model. (b)
[i, ii, iii] depict a top view of the interface showing the arrangement of carbon atoms
and copper (100), (110), and (111) grain respectively. Green and grey spheres represent
copper (Cu), and carbon (C) atoms respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

initio Simulation Package). To account for Van der Waals contributions,
Grimme’s D2 correction [40] was employed during the relaxation. The
structural relaxation and the electronic calculations were conducted
using a plane-wave basis set with a kinetic energy cutoff of 420 eV and
520 eV respectively and the self-consistent loop tolerance of 107 eV
was considered for energy convergence. The projected augmented wave
(PAW) potentials [41] was utilized for ion-electron interactions, and
the generalized gradient approximation of Perdew-Burke-Ernzerhof
(PBE) [42] was used as the exchange—correlation functional. The Bril-
louin zone was sampled using the Monkhorst-Pack scheme [43] with
a 2 X 2 x 1 k-point mesh for geometrical relation and electronic
conductivity calculations, while finer grids 4 x 4 x 2 k-point mesh was
used for the density of states calculations. Periodic boundary conditions
were implemented throughout that models an infinite graphene sheet
sandwiched between copper matrix along the planar direction, and the
graphene sheet is repeated along the transverse direction at every 20—
25 A. Electronic conductivity was calculated using the KGF, following
the protocols outlined in Ref. [25].

2.2. The N? method
The N2 method is our simplified means to obtain real space infor-

mation on electronic conduction. It is a consequence of the random
phase approximation (RPA) implemented with the KGF [44-48]. At
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low temperatures, the conductivity is determined by electrons near the
Fermi energy (e); Mott derived an equation for DC conductivity:

2
o6 x [N(E)] P (€9)

Eq. (1) indicates that the electronic conductivity, o, is proportional to
the square of the electronic density of state, N%(e yol

Hindley arrived at the same conclusion using the RPA and Lut-
tinger’s equation for electronic conductivity [49], as detailed in [50]
and briefly revisited in Appendix. Both analyses reveal that in systems
with extended states near the Fermi level, conductivity scales with N2.
However, in the presence of strong disorder and localized states at ¢,
the assumptions underlying the RPA break down, as strong disorder
can lead to Anderson localization, where wavefunctions become highly
localized. For this method, the cancellation from wave-mechanical in-
terference is assumed. For the metal-graphene system, extended states
are observed near ¢,, making this approximation appropriate.

A question then arises; what spatial distribution, N*(e 1), ensures that
integrating this distribution provides meaningful insights into the material’s
conductivity? To obtain this spatial distribution at E = ¢, the electronic
density of states at e is first defined as:

N(ej) = % 2% (22)
& = 8(e; —¢y) (2b)

where i represents the band number and M is the dimension of the
single-particle Hamiltonian, for example, the Kohn—-Sham Hamiltonian.
Brillouin zone integrals are ignored here, which is appropriate only for
large cells. From Eq. (2)a, the spatial projection of N2(e 1) is obtained
as:

(epar) = = 338wl ) @)
LJ

Here, |y;(r)|? is the probability density of the ith Kohn-Sham orbital
at position r. The volume integral of Eq. (3) does not directly yield
Nz(ef), since the integral of |y/,<(r)|2||pj(r)|2 is an intricate function
of the overlapping wavefunctions [27]. To fix this, modified form
of Eq. (3) is taken:

{epam) = 2 230w P ly, 0P, “)
LJ

where f;; is a correction term given as:

1

pj= ——————— (5)
L PP
Next, define a non-negative density function, #;;(r):
1 () = By 1w () ()] (©6)

By definition, 5;;(r) vanishes for non-overlapping wave functions
and modified by g; s otherwise. Eq. (4) can then be re-written as:

{epar) = —= >ny 3,5 %!
LJ

In Eq. (7), the integral of E(ef,r) over the cell volume provide
N 2(ef). Each grid point r represents a localized contribution to N2,
indicating the electronically active pathways in the material.

2.3. Interpretation of N2 estimate for conductivity

RPA is a dramatic assumption but works well for metals and our
composite — detailed in Section 3. The electronic states in such systems
are extended and the phases of electronic states are averaged over the
many states near the Fermi level. For localized states at the Fermi level,
the RPA is expected to fail, eg. the off-diagonal contribution in Eq. (A.3)
might be important. This work also emphasizes that the density of states
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at the Fermi level is not an approximate surrogate for the conductivity,
whereas N? is.

A link to other work is noted. An effort of the early nineties was
devoted to the study of localized representations of the electronic struc-
ture, either through the use of Wannier functions [51], or exploiting
the decay in real space of the single-particle density matrix (DM) [52],
expressed as:

pr, ) =2 3wl (') ®
1 occ

where the sum is restricted to the occupied electronic subspace and
r and r’ are points in space and the system is spin unpolarized.
Kohn gave a clear picture of the origin of the decay of the DM (as
a function of |r —r’|) noting that it was due to quantum mechanical
destructive wave interference [52]. This work was motivated partly
for computational advantage, as it led to linear scaling computational
demand as a function of system size, but also as basic physics of a
material, since it implies a unique decay length of the DM determined
by the constituent atoms and the structure of the lattice. Hindley’s RPA
depends on destructive wave-mechanical interference also, though the
details are different than the case of p.

The space-projected conductivity [24] leads to an expression for o
reminiscent of the N2 scheme and the DM. The electrical conductivity
is written as a double sum on real space grid points r and r’ for a
Hermitian positive semi-definite matrix I,

o(@)= Y I'r.r) (9a)
rex’)y=Y g [&m] [&a)] (9b)
ij
&;(r) = w;(r)pw;(r) (90)
g = 2me? [7(e) = f(€))] 6 (¢; — € — hov) (9d)
Y 3m2Ve ! / J !

Here, e,m,V,w, and f are electron charge, electron mass, the sys-
tem’s volume, the external Kubo field frequency, and the Fermi-Dirac
distribution, respectively and p is the momentum operator. Note the
similarity of the expressions for I and p. I' is built from double sum
over the momentum-related objects & evaluated at two different points
algebraically similar to the DM. However, the DM is a single sum over
all the states below the Fermi level, whereas I' is built from a small
range near the Fermi energy. To the extent that there are many states
in the small interval (for example in a metal), one might expect decay
in I'(r,r’), for large |r — r’| which is presumably related to the validity
of the RPA. By examining 4, the diagonal part of I':

A(r) = I'(r,r), (10)

we observe that the spatial conduction activity given by 4 is usually
qualitatively similar to a more intricate analysis using the full I".

3. Results and discussions

3.1. Copper crystallographic orientations, electronic conduction and trans-
port

To check the proposed quadratic relationship between the full
Kubo-Greenwood electronic conductivity and the density of states
at the Fermi level, detailed in Section 2.2, the electronic properties
of sandwich models constructed with (100), (110), and (111) cop-
per grains are examined. An increase in electronic conductivity with
compression was observed for all the configurations (see Fig. 2). The
improvement in electronic conductivity in Fig. 2(a) directly correlates
to the squared electronic density of states at the Fermi level, N2(e o)
in Fig. 2(b). This validates the argument that the conductivity scales as
N2(e ) and not linearly as N(e,), as intuitively defined from KGF and
utilized by Watanabe et al. in Ref. [31] and in Ref. [53]. To provide
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Fig. 2. Electronic Conductivity (¢) and Squared Electronic Density at Fermi level
N2(e ) in copper-graphene—-copper composites. (a) Displays ¢ for copper grains oriented
along (100), (110), and (111) at different compression values (written at the top of
each bar in GPa). (b) Shows Nz(e,) for the same orientations and compressions.

additional evidence that the scaling of electronic conductivity is not
linear, spatially decomposed N(e,) is presented in Section 3.1.2.

Electronic conduction in copper-graphene composites reveals a
strong dependence on the crystallographic orientation of copper, with
the (111) orientation exhibiting the highest conductivity, followed by
(110) and then (100) grains. To study this dependence, the relax-
ation effects on these composites are explored. Fig. 3(a), (b), and (c)
present the “top view” of the self-organized interface structures for
(100), (110), and (111) copper orientations, respectively, after energy
optimization, starting from the configurations shown in Fig. 1(b).
While no periodic atomic alignment between carbon atoms and (100)
copper atoms is observed, the interface atoms in (110) and (111)
crystal orientations form near-perfect registries, creating continuous
networks. These networks termed the “bridge” (110) and “top-fcc”
(111) registries, see Fig. 3(b) and (c) respectively, represent low-energy,
highly favorable geometries for electron transport in metal-carbon
composites.

To investigate the influence of the copper—carbon interfacial con-
figuration on the electronic transport properties of the composites,
work functions (¢) for the composites at different compression levels
are computed, summarized in Table 1. At equilibrium (no vertical
compression at the copper-graphene interface), the (100) orientation
exhibited the highest work function, followed by the (110) and (111)
surfaces. This suggests that electrons from (111) copper are the most
likely to transfer to the graphene layer. Reduced work-functions were
observed in all composites as the interface distance decreased. The
extent of this reduction depends on the copper orientation within the
composites, as detailed in Table 1. A decreasing work-function indicates
more efficient electron transfer from the copper surface to carbon
atoms. This efficiency in electron transfer is quantified by computing
the net charge transfer (/\g) to carbon atoms using Bader charge
analysis [54]. The Bader charge for composites with varying interface
distances is summarized in Table 1. A significant charge transfer of
approximately 0.1 e~ /atom for the (111) interface at shorter interface
distances is observed, compared to 0.04 e~ /atom and 0.03 e~ /atom for
the (110) and (100) composites, respectively.
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In the study by Gwalani et al., transmission electron microscopy
(TEM) analysis reveals a predominant coherence of graphene flakes
with the (110) copper grains and a reduced grain boundary density
in copper—graphene composites compared to pure copper, contributing
to the enhanced electronic conductivity. Our findings indicate that
the (111) orientation forms a commensurate registry with graphene
potentially dressing the grains. Additionally, the observed low-energy
registry of the (110) orientation may improve the coherent alignment
of copper (110) with graphene. Such coherence and commensurate reg-
istry likely facilitate enhanced electronic coupling, thereby improving
global electrical conductivity.

For completeness, generalizing the reported electronic properties at
elevated temperatures is not obvious and requires further investigation.
Nepal et al. [26] showed that aluminum-multilayer graphene compos-
ites exhibit enhanced conductivity under compression at high temper-
atures, consistent with the results for solid-phase extruded composite
samples [13]. This enhancement is likely due to improved interlayer
contact, reduced potential barriers, and hopping between localized
states driven by lattice motion at T > 0, as discussed in Refs. [55,56],
and [57], as well as by Mott and Davis in Ref. [58].

3.1.1. Electronic transport from squared charge density near the fermi level

Spatially projecting N2 involves computing the band-decomposed
squared charge density as defined in Eq. (6). For this, 60 single-
particle Kohn-Sham states that are within the vicinity of the Fermi
level were used as wave functions. Since the electronic density of
states is an intrinsic property of any quantum system, it is expected
that the N2 projections should be consistent across any complete basis
set, whether constructed from plane waves, atomic orbitals, Wannier
functions, or other relevant representations. The § function in Eq. (6)
was approximated with a Gaussian function with a smearing width
of 0.05 eV. Although the numerical value depends on this width, the
spatial projection of N? remained smooth and consistent.

L(e f5T) is shown as a heat map in Fig. 3 (d—f) for the composites with
different grain orientations. The red (high intensity {(e,,r)) depicts the
region in interface with active conductive areas, while blue represents
low conducive regions. A visual inspection shows that the interface
between (111) copper-matrix and graphene shows higher interactive
networks, followed by composites with (110) and (100) copper, de-
picted in Fig. 3 (d-f) respectively. These interactive regions at the
contact signify graphene’s role as a connecting link across the copper
grains. Further, the efficiency is associated with the grain orientations.

3.1.2. Charge density near the fermi level to estimate the conduction activity
in materials

Here, the density of states at the Fermi level to identify regions
of active conduction activity is considered and a comparison with the
results from the proposed N? method is offered. The electronic density
of states is defined in Eq. (2)a for E = ¢,. The spatial projection of
N(ey) over the electronic states near the Fermi level is obtained as:

xepr) = 2 3 w03, an

As required, the volume integral of Eq. (11) results in N(e,). To
compute y(e;,r), the density of states is projected onto 60 single-
particle Kohn-Sham states near the Fermi level, and the § function
is approximated with a Gaussian function with a smearing width of
0.05 eV.

The spatially-resolved density of states, y(e,r), is depicted as a
heat map in Fig. 4 for composites with various grain orientations.
High-intensity regions, shown in red, correspond to areas of active con-
duction activity at the interface, while blue regions indicate low. The
heat map in Fig. 4 depicts the highest interaction between graphene
and (111)-oriented copper, followed by (110) and (100) orientations.
However, the conduction pathways are not as distinctly predicted by
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0.001

Fig. 3. (a—c) depicts the top view of composite interfaces after structural relaxation, with copper grains oriented along (100), (110), and (111) respectively. Note the remarkable
metal and carbon atoms registry on the (111) orientation. The side view of these interfaces, shown in (d-f) depicts {(e +T) (space projection of N 2) as a two-dimensional heat map
decomposed over 60 electronic bands at the Fermi level in copper—graphene composites. Values are scaled by the maximum value in (111) copper composite. (d-f) correspond to
composites with copper oriented along (100), (110), and (111) directions, respectively. The color bar represents the intensity of electronically favorable pathways, ranging from
blue (low intensity) to red (high intensity). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Structural parameters in copper—-graphene composites with different impurity concentrations. All parameters are the average values. C-N:
carbon-nitrogen bond distance. §: Shift from graphitic C-C bond length (1.42 A). C-N-C: carbon-nitrogen—carbon bond angle. 46¢: Shift from
graphitic C-C-C bond angles (120 °). C-O: carbon-oxygen bond distance. C-S: carbon-sulfur bond distance. C-O-C: carbon-oxygen-carbon bond
angle. C-S-C: carbon-sulfur-carbon bond angle N-Cu: nitrogen—copper bond distance. O-Cu: oxygen—copper bond distance. S-Cu: sulfur-copper

bond distance. All distances and angles are in A and °.

Composites Impurities in the Graphene Layer Impurities with Inter-facial Copper
Cu-Gr+ C-N 5 C-N-C A6 C-0/C-S C-0-C/C-S-C N-Cu 0-Cu/S-Cu

N [5%] 1.45 0.03 114.37 5.74 - - 2.06 -

N [10%] 1.45 0.03 114.14 5.86 - - 2.05 -

O [5%] - - - - 1.49 115.70 - 2.03

O [10%] - - - - 1.48 117.43 - 2.03

N & O [10%] 1.49 0.07 113.20 6.80 1.48 116.78 2.05 2.03

N, O, & S [15%] 1.49 0.07 113.40 6.60 1.42/1.75 110.54/105.20 1.98 2.03/2.10

(a) Cu-Gr(100)  (b) Cu-Gr(110)

(c) Cu-Gr (111)

Fig. 4. The spatial projection of N, i.e., the local density of states from Kohn-Sham
orbitals near the Fermi level visualized as a heatmap perpendicular to the graphene
plane for composites (a) (100), (b) (110), and (c) (111) copper grains. Values are
scaled by the maximum value for composite with (111) grain. The grey and green
spheres are carbon and copper atoms respectively. The color bar indicates the intensity
of conduction active regions increasing from blue to red. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

x(es, ). The space-resolved N distribution is more local on individ-
ual atoms, while no visible interacting network across the interface
is formed. In contrast, the space projected N2, (e 1), the patterns
in images Fig. 3 (d-f) reveal more extensive and interconnected re-
gions of high intensity, indicating the pathways that are electronically
favorable.

3.2. Impurities and electronic conduction

Following the work by Ugwumadu et al. [59,60] where carboniza-
tion and graphitization of coal-like compositions were studied, it is
known that nitrogen (N) tends to form a sp? structure with carbon
(graphitic-nitrogen) while oxygen (0O) and sulfur (S) form an ether
bridge: C-O-C and C-S-C respectively. Based on this, interface models
incorporating such carbon structures into the copper matrix are created.
Specifically, models with nitrogen (5% and 10% by weight), models
with oxygen (5% and 10% by weight), a model with nitrogen and
oxygen (10% by weight), and a model with nitrogen, oxygen and sulfur
(15% by weight) in graphene sheets are developed. These interface
models are relaxed to form a low-energy configuration. Here, the
interfaces with (111) copper grains are exclusively focused on.

1.0 1.0
0.8
~
o
O 0.6 0.6 o
) 2
=< <
® 04 04 2
~
H
0.2 0.2
0.0 L= _ _ _ - 0.0
\
Sl S AP g g 8®
A8 A W 30 A
a“é o’

Fig. 5. [Left] Electronic conductivity (¢/c,) for copper-graphene composites with
various impurities, where o, ~ 2.6x10” S/m represents the conductivity of the composite
with pure graphene. [Right] Squared density of states (Nz(e/)/Ng(e/)) for the same
systems, scaled by the value corresponding to the composite with pure graphene. The
trends in Nz(ef) align closely with the changes in electronic conductivity, except for
the case with sulfur due to localized states near ¢,.

With 5% and 10% graphitic nitrogen atoms in the sp? configuration,
the electronic conductivities of the composites are reduced by approxi-
mately 40% and 55%, respectively, compared to composites with pure
graphene (6, ~ 2.6 x 10’ S/m). Introducing 5% and 10% oxygen at
the interface reduces conductivity by ~ 50% and 65%, respectively.
Additionally, a combination of 5% nitrogen and 5% oxygen reduces
the conductivity by ~ 60%, and with 5% nitrogen, 5% oxygen, and
5% sulfur, the conductivity was reduced by ~ 75%. This indicates that
oxygen and sulfur impurities have a more detrimental effect on the
overall conductivity than nitrogen impurities. Fig. 5 summarizes these
observations on the left axis. Furthermore, the squared density of states
was also computed and is plotted on the right axis in Fig. 5, with
values scaled relative to the maximum value for the composite with
pure graphene. Indeed, N2(e 1), represented by the black line in the
figure, follows the trend in electronic conductivity (shown by the green
line), except for the case of the model with nitrogen, oxygen, and sulfur
atoms.
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Fig. 6. Total density of states (TDoS) are shown as black plots on the left axis and
inverse participation ratio (IPR) is shown by red vertical droplines on the right axis.
TDoS for copper—graphene composite with (a) no impurity, (b) and (c) 5% and 10%
of the nitrogen in graphene, (d) 10% of the oxygen, (e) 5% nitrogen and 5% oxygen,
and (f) 5% nitrogen, 5% oxygen and 5% sulfur. The Fermi level is set at zero, shown
by vertical orange lines. Insets show the high-resolution image for the energy region
[-1 eV, 1 eV]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

To analyze the significant reduction of electronic conductivity with
the addition of impurities, the extent of structural disorder impurity
atoms bring to the planar sp? structure of graphene and at the inter-
face is examined. Table 2 provides average structural parameters and
distances, illustrating the impact of impurities on graphene’s structure
and its interface with copper. Nitrogen impurities at concentrations of
5% and 10% lead to slight increases in the C-N bond distance, shift
~ 0.03 A, and deviations in the G-N-C bond angles by ~ 5.8° from
the ideal graphitic carbon, indicating significant structural disorder.
Notably, with no copper surface, the graphitic nitrogen shows minimal
deviation from the ideal planar structure, as reported in [59]. Incor-
porating oxygen and sulfur into graphene exhibited an equally or more
detrimental effect. These atoms break the sp? coordination and migrate
towards the copper atoms, forming O-Cu and S-Cu bond length at ~
2.03 A and 2.10 A. In the interface model with oxygen and nitrogen,
A significant shift in C-N bond lengths (0.07 A) and impurity-centered
bond angles (shift in nitrogen-centered C-N-C is ~ 6.80°) is observed.
The presence of sulfur in the graphene sheet further deteriorates the
structure. This disorder introduces the undulating graphene structure
disrupting the z—conjugated graphene network at the interface (See
Table 2 for detailed structural data).

Next, the electronic density of states (EDoS) for all interface models
with impurities is computed. The EDoS is provided in Fig. 6(a) for
copper—graphene composites with pristine graphene. The spectrum
features distinct dip regions near the Fermi level (indicated by the
orange vertical line), labeled “I”. Additionally, the spectrum is char-
acterized by degenerate and extended states near the Fermi level, as
shown by the vertical drop lines with the small inverse participation
ratio (IPR). With 5% and 10% substitutional nitrogen in the graphene
interface, the reduced regions in the EDoS spectrum are filled, shown
in Fig. 6(b) and (c). This is a consequence of the structural symmetry
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0.001

Fig. 7. The two-dimensional heat map of (e s»T) for copper-graphene composites with
impurity atoms visualized (a) along and (b) perpendicular to the graphene plane, scaled
by the maximum value. Copper, carbon, nitrogen, and, oxygen atoms are represented
by green, silver, blue, and red spheres respectively. The color bar indicates the intensity
of favorable conduction pathways, highlighted by regions in red or reddish-yellow. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

breaking at the interface due to impurity atoms. It is important to
note that substitutional nitrogen does not contribute to localized states
near the Fermi level, indicated by small IPR values. In composites
containing 10% oxygen, 10% of both oxygen and nitrogen, some states
with higher IPR values (labeled “a” and “b”) in Fig. 6(d) and (e) are
observed, indicating some degree of electronic state localization around
the impurity atoms. The model with nitrogen, oxygen, and sulfur atoms
introduces localized states near the Fermi level (labeled “c”), see the
highlighted region in Fig. 6(f). This results in a poor agreement between
KGF conductivity and N2, demonstrated in Fig. 5. Impurity atoms result
in significant structural disorders and reduced electronic conductivity,
however, no strong localization of electronic states near the Fermi level
was observed. To better understand how these impurities affect charge
transport in graphene and the composites Bader charge of the impurity
atoms and a real-space decomposition N2(e ) is computed.

The in-plane charge density calculations reveal that impurity atoms
obstruct the charge flow within the sp?> network of graphene. They can
trap carriers reducing the overall mobility of electrons in the graphene
sheet, and impacting the composites’ electrical conductivity. This effect
is quantified by computing the Bader charge in interface models. In
models with nitrogen and/or oxygen, the average Bader charge in
nitrogen and oxygen was increased by ~ 0.90 eV per atom and by
0.95 eV per atom respectively. This charge redistribution to impurity
atoms reduced the average charge gained by carbon from the copper
atoms. At a shorter interface distance, d,_; = 2.32 A, the average
charge in carbon atoms reduced from around 0.1 eV to 0.05 eV per
atom. Further, adding sulfur into these interface models with nitrogen
and oxygen reduced the average charge gained by carbon atoms to
0.02 eV per atom.

Next, {(e +»1) along the plane and transverse to the graphene layer
is computed. (e, r) favors pathways consisting of carbon atoms along
the hexagonal structure, while impurity atoms terminate the trans-
port, as illustrated in Fig. 7(a). Moreover, the undulating structure of
graphene, coupled with impurities, disrupts the continuous network
across the copper grains and hinders orbital mixing at the interface.
This disruption results in reduced transport across the graphene, as
evidenced by the discontinuous and weaker network of (e 1) shown
in Fig. 7(b), contrasting with the continuous network observed with
pristine graphene at the interface (see Fig. 3(f)).

4. Conclusion
The electronic and transport properties of copper-graphene com-

posites with different crystal orientations of copper grains and the
incorporation of graphene with impurities are studied. From ab initio
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density functional theory calculations, it was identified that the orienta-
tion of copper grains significantly influences the electronic conductivity
of the composites, with the (111) orientation exhibiting the highest
conductivity due to favorable contact with graphene. Our findings
emphasize the importance of contact alignment in enhancing carrier
transport across interfaces. This work posits that controlling the struc-
tural alignment can tailor the electronic performance of graphene-based
devices, offering potential advancements in areas ranging from flexible
electronics to energy storage and beyond.

A novel method, the N? formalism, that identifies electronically
active conduction sites in materials is introduced. Using the method,
visual evidence for copper-graphene composites with (111) grains
demonstrating the highest electronic dynamics at the interface com-
pared to (110) and (100) configurations is provided. Additionally, the
presence of impurities, such as nitrogen, oxygen, and sulfur in graphene
sheets diminishes conductivity, highlighting the sensitivity of electronic
properties to defects. These results provide valuable insights into op-
timizing the design and fabrication of metal-graphene composites for
electronic applications, emphasizing the need for precise control over
structural alignment and impurity levels to harness their full potential
in next-generation electronic devices.
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Appendix. Random phase approximation and electrical conduc-
tivity

In the sixties and seventies, much research was on electronic eigen-
functions in disordered systems, especially near an optical gap. This
was near the heart of some of the most important ideas in solid
state theory at the time: Anderson localization, Mott’s “mobility edge”
(indeed Anderson, Mott, and Van Vleck shared the 1977 Nobel Prize in
Physics for research on disordered systems). To make progress, simple
approximations were invoked.

One such idea was the so-called Random Phase Approximation
(RPA) [44-46,50], introduced to study the electrical conductivity of
disordered systems. The assumption in such systems is that in conduct-
ing states the phase of the probability amplitude for finding an electron
on a particular basis orbital varies randomly. Sums of such terms might
be expected to exhibit considerable cancellation, and if this assumption
is made, simplified (and approximate) expressions for the conductivity
accrue.

Here, the RPA method of Hindley tersely is described. The method
has its origins in the work of Mott [48] and Cohen [61]. It is empha-
sized that this is highly approximate but appears from this and other
work to be useful in conjunction with visualization of conduction active
parts of a complex network.

Hindley expands the energy eigenstates y;(r) as:

w(t) = ) b, —R,) (A1)
n

where ¢,(r — R,) = |¢,) represents an orthogonal localized wave
function, or more realistically, an orthonormal Wannier function,’
centered at atomic site R,. The expansion coefficient is denoted as «; ,.
It is noteworthy that in the present version of the argument, k-space
dispersion has been neglected, an assumption that holds for sufficiently
large systems where the entire Brillouin zone can be approximated by
the I' point, as is common in large-scale ab initio calculations.

From Eq. (A.1), the matrix elements for the momentum operator p
in the energy representation is:

_ *
P[,[’ = Z ai/’"/ai,npn,n’

Py = <¢n|p|¢n’>

where p, » are the momentum matrix element between the basis states.
In what follows, i and i’ index energy eigenfunctions and m, m’, n, n’
index basis orbitals. From the Kubo-Greenwood formula, the squared
momentum matrix elements are required. The average of the squared
momentum matrix elements between energy eigenstates is:

2 _ ) 5 "
[Pyl = Z Z Eit o O ! Fin @y Pt Py

nn' mm'

(A.2a)

(A.2b)

(A.3)

The RPA assumes that the phases of «;, are “random” (more pre-
cisely of such a character that when they are summed there are can-
cellations so pronounced that off-diagonal terms are ignored). That is,
for:

- i #i’, phase randomness averages out the off-diagonal terms.
« i =i, only terms where m = m’ and n = r’ contribute significantly.

This leads to an approximate relation between the matrix elements
of momentum matrix elements in the energy representation i and basis
functions n:

1
[P > = WZ 1P I°

nn’

(A.4)

1 Realistic Wannier functions are not perfectly localized to a single site.
The most localized forms decay at best as fast as the density matrix while
exhibiting oscillations to preserve orthogonality [62-65].
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in which N is the atomic number density and V the volume. The
electronic conductivity is provided by an energy quadrature of x(E)
near the Fermi level as [49]:

2zh

E) =
x(E) 3m?2V

(A.5)

1Py 6(ey — E)o(e; — E)
il

In this formulation, if y; is an eigenstate of the Hamiltonian, then
¢; is the conjugate eigenvalue. The spectral function x(E) vanishes for
energies at which states are localized. By applying Eq. (A.4), along
with the definition of the density of states, N(E), and making a few
straightforward approximations, one finds that:

x(E) « [N(E)%. (A.6)

Carrying out the integral for T — 0, the DC conductivity is approxi-
mately proportional to the squared density of states at the Fermi level:

o N(e)) (A7)

This approximation is expected to be reasonable for extended electron
states at the Fermi level, ¢/.
Mott carries out a similar analysis concluding that:

o o [Py P [N(ep))? (A.8)

where, the averaged squared momentum matrix element is over elec-
tronic states at the Fermi level (such that, at T — 0, E; = E; = ¢/).
This form emphasizes that the DC conductivity is due to electronic
transitions at the Fermi level.

Realistic calculations of ¢ require phonon scattering. This is most
easily included with thermal MD simulations and by averaging the
Kubo-Greenwood formula in a long simulation on the canonical en-
semble [35,66,67]. Instantaneous configurations occur in which the
HOMO-LUMO splitting nearly vanishes, thus enabling hopping remi-
niscent of a Landau-Zener process [68]. This is especially important
in amorphous semiconductors where the electron-phonon coupling is
large, especially near e, [69,70].
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