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HIGHLIGHTS

e With plasma immersion deposition technology, multilayer copper—carbon nanofilms were fabricated and conductivity can achieve up

to 30.20% increase compared to pure copper.

e By applying effective medium theory, first-principles calculations, and density of states analysis, the critical roles of copper atom
adsorption sites and electron migration pathways within the nanocarbon film were analyzed, elucidating the mechanism of the con-

ductivity enhancement.

e [arge-scale electrode coating equipment suitable for industrial production was developed.

ABSTRACT Although room-temperature superconductivity is still difficult to
achieve, researching materials with electrical conductivity significantly higher than
that of copper will be of great importance in improving energy efficiency, reducing
costs, lightening equipment weight, and enhancing overall performance. Herein, this
study presents a novel copper—carbon nanofilm composite with enhanced conductiv-
ity which has great applications in the electronic devices and electrical equipment.
Multilayer copper—carbon nanofilms and interfaces with superior electronic structures
are formed based on copper materials using plasma immersion nanocarbon layer

deposition technology, effectively enhancing conductivity. Experimental results show

that for a five-layer copper—carbon nanofilm composite, the conductivity improves
significantly when the thickness of the carbon nanofilm increases. When the carbon
nanofilm accounts for 16% of the total thickness, the overall conductivity increases up to 30.20% compared to pure copper. The mechanism of the
enhanced conductivity is analyzed including roles of copper atom adsorption sites and electron migration pathways by applying effective medium
theory, first-principles calculations and density of states analysis. Under an applied electric field, the high-density electrons in the copper film can
migrate into the nanocarbon film, forming highly efficient electron transport channels, which significantly enhance the material’s conductivity.
Finally, large-area electrode coating equipment is developed based on this study, providing the novel and robust strategy to enhance the conductiv-

ity of copper materials, which enables industrial application of copper—carbon nanocomposite films in the field of high conductivity materials.
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1 Introduction

In recent years, more and more high-performance conduc-
tive materials have been extensively investigated owing to the
rapid development of electronic devices and electrical equip-
ment [1]. Ideally, superconductors would achieve the highest
conductivity. However, since room-temperature superconduc-
tivity remains unattainable, copper, as the second most con-
ductive metal after silver, has become widely used in practi-
cal applications due to its lower cost and abundant availability
[2]. Enhancing the conductivity of copper holds significant
importance in improving energy efficiency, reducing costs,
decreasing equipment weight, and enhancing overall perfor-
mance. Consequently, this has become a key research focus
in the fields of physics and materials science [3]. Copper
can provide exceptional conductivity with the property of
high electron density of approximately 1.9 x 10°° electrons
m™3 [3, 4]. However, significant electron—electron scattering
in copper results in relatively low electron mobility, about
43 cm® V™! 57!, which limits the potential enhancements in
conductivity [5, 6]. To overcome this challenge, an innovative
approach combining copper with carbon-based nanocompos-
ites has been extensively studied [7]. These composites not
only retain the high electron density characteristics of cop-
per but also enhance its conductivity by introducing carbon
materials, fully utilizing the unique structural advantages of
carbon. They exhibit excellent electrical, mechanical, and
chemical properties [8, 9], thereby showing great potential
for applications in the field of conductive materials [10].
Nanocarbon thin films, such as carbon nanotubes and
graphene can present great potential for future applica-
tions in high-conductivity materials owing to their ultra-
high electron mobility, which exceed 10,000 cm? V-lg7!
[11-13]. Therefore, a strategy of combining copper and
nanocarbon film was proposed, in order to enhance the
composite’s electrical conductivity significantly and
address copper’s mobility limitation [14—16]. Numer-
ous developments have been reported on the copper and
nanocarbon film combination. In 2012, Kasichainula
et al. achieved a 15-17% increase in conductivity when
they dispersed graphene oxide into a copper matrix using
electrochemical deposition to produce a composite with
high conductivity and low resistance [17, 18]. In 2014,
Xie et al. developed a one-step electrochemical process
to synthesize a composite film with excellent electrical

© The authors

contact properties by co-deposited reduced graphene oxide
(rGO) and copper. This study showed that the composite’s
resistivity was lower than polished copper foil and electro-
plated copper films, which had 12% increase of conductiv-
ity [19]. In 2016, Huang et al. reported a composite film
with embedding multilayer graphene into a copper matrix
that has enhanced mechanical and electrical properties. The
film’s resistivity was 1.66 X 1078 Q m, around 5% lower
than pure copper films [20]. In the same year, Dong et al.
demonstrated that the composite has high conductivity (8%
increase) and exhibits high hardness by incorporating gra-
phene into W,,Cus;, composites using mechanical alloying
and pressureless infiltration sintering [21]. In 2017, Luo
et al. produced a composite with excellent conductivity
and mechanical properties by dispersing a silver/reduced
graphene oxide (Ag-RGO) mixture into a copper matrix
through ball milling and hot-press sintering at 800 °C.
Under 50 MPa pressure, the conductivity improved by
approximately 18.6% [22]. Therefore, it is expected that
the incorporation of carbon nanofilms into copper materials
can significantly enhance their conductivity.

In our previous research, Liu et al. successfully prepared
CNTs/Cu composite films using a combination of electro-
phoresis and electroplating methods [23]. This approach,
carbon nanotubes dispersing uniformly within the copper
matrix, can enhance electrical performance and reduce
resistance by over 20%. This improvement of performance
is mainly attributed to the increased grain size in the com-
posite films and the preferential orientation of the Cu (111)
crystal plane. The results showed that the CNTs/Cu com-
posite materials exhibited superior electrical properties
compared to traditional pure copper films, presenting the
possibility for further improvement of interconnect mate-
rials in nanoelectronics. However, the specific mechanism
of the enhanced conductivity was not thoroughly analyzed.
Based on the previous work, we present that the electrical
conductivity of multilayer copper—carbon nanofilms can be
further optimized by plasma immersion deposition tech-
nology. The relationship between the conductivity of the
composite material and the thickness of the copper—carbon
films was fully investigated. Furthermore, the mechanism of
the enhanced conductivity was analyzed including roles of
copper atom adsorption sites and electron migration path-
ways by applying effective medium theory, first-principles
calculations and density of states analysis.

https://doi.org/10.1007/s40820-024-01628-6



Nano-Micro Lett. (2025) 17:130

Page3of 16 130

Unlike the traditional thin-film deposition methods, such
as electrophoresis and electroplating, with the limitation of
carbon deposition efficiency, interface quality and scalability
for industrial applications [24-26], plasma-based thin film
deposition technology offers a more efficient and controllable
solution to create uniform and high-quality nano-thin film
[27-30]. In 2022, Cech et al. presented that plasma chemistry
enables precise control over thin-film properties by adjust-
ing the balance of carbon and silicon species, which directly
influences film composition and structure [31]. In 2024, Li
et al. reported that the plasma can enhance the adhesion of
GLC films, which improves mechanical properties, enhances
wear resistance, and effectively reduces the friction coeffi-
cient, thereby extends the material’s service life [32]. The
same year, Wang et al. demonstrated that high-quality films
produced by plasma under lower ablation energies, can offer
insights for optimizing the deposition process [33]. Otaka
et al. achieved high-precision control in film deposition by
regulating the physical properties of the films through the
control of capacitively coupled plasma [34]. However, how
to implement plasma technology in large-scale industrial pro-
duction still remains a significant challenge [35-37].

This paper reports a facile and robust approach to cre-
ate uniform copper—carbon nanofilms using plasma immer-
sion technology. The conductivity of the copper—carbon
nanofilms was tested and showed an enhancement of up to
30.20% compared to copper nanofilms of the same thick-
ness. In order to fully understand the specific mechanisms
of the conductivity improvement, effective medium theory,
first-principles calculations, and density of states analysis
were applied. Large-area electrode coating equipment was
developed based on this novel approach, which enables
industrial application of copper—carbon nanocomposite films
in improving copper conductivity and in the field of high
conductivity materials.

2 Experimental Section

2.1 Plasma Immersion Carbon Layer Deposition
Technology

The copper—carbon multilayer nanofilm composite mate-
rial in this study was deposited using a carbon layer depo-
sition technique under plasma immersion conditions. The
principle of the carbon layer deposition method involves

SHANGHAI JIAO TONG UNIVERSITY PRESS

introducing gaseous raw materials into a reaction chamber,
where these gases interact under suitable temperature and
pressure conditions, leading to the formation of new solid-
phase compounds through a series of chemical reactions
[38—40]. These newly formed compounds subsequently
deposit onto the surface of the substrate placed in the reac-
tion chamber, forming a uniform thin film [41]. A major
advantage of the plasma immersion deposition technique is
its ability to achieve uniform carbon layer deposition over
large substrate areas, a feature that supports large-scale
equipment development and is particularly crucial for
mass production. Moreover, since plasma immersion depo-
sition can be carried out at relatively low temperatures, it
is suitable for materials and substrates that cannot with-
stand high-temperature treatments. By regulating the intro-
duced plasma, the deposition process can be optimized
under various conditions, enabling precise control over
the carbon layer’s properties, including enhanced uniform-
ity, increased material purity, and adjustable microstruc-
ture. Introducing plasma into the carbon layer deposition
process provides a large number of active particles in the
deposition chamber, significantly improving the uniform-
ity and compactness of the copper surface nano-carbon
film [42, 43]. The microscopic mechanism that alters the
material’s properties involves several aspects:

1. Charge injection and surface polarization: Plasma
immersion conditions can inject charge into the mate-
rial surface or cause surface polarization, particularly
in dielectric and semiconductor materials. This charge
injection can alter the material’s resistivity and dielectric
properties. For resistivity p, the following applies:

1
P= T nen (D
where o is the electrical conductivity, n is the carrier
concentration, e is the electron charge, and u is the
mobility. Under plasma immersion conditions, the injec-
tion of doping atoms introduces high-energy electrons
or ions that generate additional electrons or holes at the
material’s surface, thereby increasing the carrier concen-
tration n in the surface or near-surface region. Plasma
immersion can also repair lattice defects by reducing
defects and inhomogeneities in the material, which
decreases scattering effects and thus improves carrier
mobility u:
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where 7 is the average free time of carriers, and m™ is the
effective mass of the carriers. Plasma reduces the defect
density, increasing the average free time t of carriers,
thereby improving their mobility g, which ultimately
affects the resistivity p.

2. Surface morphology modification: Plasma immersion
alters the surface morphology of the material through
physical sputtering. When high-energy particles bom-
bard the material’s surface, part of the material can be
removed, forming micro- or nanoscale surface struc-
tures. For this process, there are:

NiEi
U

N

Y 3

where Y is the sputtering yield, N, is the number of inci-
dent ions, E; is the energy of the incident ions, and U, is
the surface binding energy. The number of ions impact-
ing the material surface is determined by the plasma
density and ionization rate. The higher the plasma den-
sity and the higher the ionization rate, the larger the
number of incident ions &V;, which is also influenced by
the plasma generation conditions, such as power, gas
type, and pressure. At the same time, the electric field
and energy in the plasma determine the acceleration of
the ions, which affects the energy of the incident ions
E,. For example, higher RF power can increase the ion
acceleration energy, thereby increasing E;.

3. Plasma immersion conditions can introduce various
functional groups that significantly modify the mate-
rial’s surface energy. These functional groups may
increase or decrease surface energy, influencing the
material’s wettability, adhesion, and biocompatibility.

4. Repair of Internal Stress and Defects: Plasma immersion
conditions can modify the material’s microstructure,
relieving internal stress and eliminating defects.

The carbon layer deposition in this study was primar-
ily carried out in the negative glow region on the surface
of the RF electrode, which has high-density plasma. This
choice is based on the negative glow region’s high plasma
density, which provides a large number of high-energy
electrons and ions to promote chemical reactions, enhance
deposition rates, and improve film quality. This allows for
efficient deposition in a short time, enhancing process
efficiency. Moreover, the plasma density in the negative
glow region is relatively uniform, enabling the formation
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of consistent film thickness on the substrate surface, which
is crucial for many high-precision applications.

Of course, excessively high plasma density during carbon
layer deposition under plasma immersion conditions may
also lead to some negative effects, such as uneven deposi-
tion rates affecting the overall performance of the interface
layer or incomplete gas-phase reactions due to excessive
temperature caused by high plasma density. In practical
tests, it was found that when the equipment power was con-
trolled at 600 W and the temperature was 150 °C, spectral
tests showed a plasma density of 10'? cm™ on the electrode
surface, and the nanocarbon film and interface layer pro-
duced under these conditions exhibited good performance.

2.2 Preparation of the Copper—Carbon Composite
Nanofilms

To further investigate the effects of nanocarbon films on
copper materials and the conductivity of multilayer cop-
per—carbon nanofilm composite, three different types of
copper—based materials were selected for testing in this
study. These materials include: 6 um thick double-sided
polished copper foil (as shown in Fig. 1a), 23 pm diameter
copper wire, and copper thin films with controlled thickness
prepared by magnetron sputtering. The reason for conduct-
ing surface carbon layer material tests based on copper thin
films is that the parameters during magnetron sputtering
allow for control over the thickness of the copper film. This
enables an investigation of the conductivity changes when
both the copper layer and the carbon film layer are thin, as
well as the specific changes when the copper layer thickness
increases. This further helps explore the bonding state of
the copper—carbon interface layer. Additionally, multilayer
copper—carbon nanofilms can be prepared by alternating the
growth of copper thin films and carbon layers.

During the sample preparation stage, it is first necessary to
record the initial resistance values of the three materials. To
facilitate precise resistance measurements later using a micro-
ohmmeter, the ends of the samples need to be masked before
depositing the nanocarbon film. The samples are then placed in
the deposition equipment. Figure 1b shows the operating state
of the carbon layer deposition chamber. The sample is placed
on the surface of a 50 cm diameter RF electrode, where nano-
carbon films are deposited under plasma immersion condi-
tions within the negative glow region. The deposition process
is conducted at a controlled power of 600 W and a temperature

https://doi.org/10.1007/s40820-024-01628-6
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Fig. 1 a Copper foil for sample preparation. b Operating state of the carbon layer deposition chamber. ¢ High-resolution TEM image of nano-

carbon film

of 150 °C, with spectral analysis yielding a plasma density of
10'2 cm™>. By adjusting the deposition time, the thickness of
the nanocarbon film can be controlled. Considering that the
first two types of samples are relatively fragile, the vacuum
state of the carbon deposition equipment must be removed
carefully and slowly after preparation to prevent airflow dam-
age to the samples. Figure 1c presents the high-resolution
TEM image of the prepared nanocarbon film, revealing distinct
lattice fringes. The lattice spacing of 0.353 nm corresponds to
the (002) crystal plane, exhibiting nanoscale ordering.

After removing the samples, their resistance values are
measured using a micro-ohmmeter. Notably, for the cop-
per foil samples, after the growth of the nanocarbon film
on one side, the samples need to be flipped for a second
deposition to test the impact of double-sided nanocarbon
film growth on the material’s conductivity. Based on this,
a high-temperature annealing experiment is introduced to
further explore the effect of the nanocarbon film hybridiza-
tion on the conductivity of the copper—carbon interface layer.

3 Results and Discussion
3.1 Experimental Results

3.1.1 Conductivity of Copper—Carbon Composite
Nanofilms Based on Copper Foil

A total of 50 sample sets were prepared for testing in this
study. The test results are shown in the box plot in Fig. 2a.
After calculations, the following average resistance val-
ues were obtained: the resistance of the copper foil sam-
ple without a carbon layer on the surface was 69.76 mq,
the resistance of the copper foil sample with a single-sided

Tl
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7
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nano-carbon film was 66.74 mQ, and the resistance of the
copper foil sample with a double-sided nano-carbon film
was 66.60 mQ. Furthermore, the double-sided nano-carbon
film copper foil sample, after high-temperature annealing,
exhibited an even lower resistance of 64.18 mQ.

The experimental results showed that the nanocarbon film
increased the conductivity of the original copper foil by 4.3%,
while the double-sided nanocarbon film improved the conduc-
tivity by 4.5%, slightly higher than the effect of the single-
sided film. To further enhance the effect of the nanocarbon
film on the conductivity of the copper foil, a high-temperature
annealing experiment was conducted. The annealing process
was carried out in a tube furnace under nitrogen protection to
prevent the oxidation of the copper material. Considering the
high heat resistance of the copper foil, the annealing process
was set at 700 °C. After annealing, the conductivity of the
double-sided nanocarbon film copper foil samples achieved
a significant increase of 7.99%. As shown in the box plot in
Fig. 2a, the experimental data exhibited good consistency.

For the phenomenon that the conductivity of the samples
with single-sided and double-sided carbon layer deposition
was similar, analysis suggests that this is because there was
no significant difference in the hybridization of the double-
sided and single-sided nanocarbon films, and the number of
electrons that copper atoms could transfer to carbon atoms
did not change much, resulting in only a slight improvement
in conductivity. However, after high-temperature annealing,
the carbon atoms bonded more tightly with the copper atoms
on the copper foil surface, enhancing the interaction between
the atoms. Additionally, the increased orderliness of the
nanocarbon film, with the hexagonal-like structure becoming
more prominent, further improved the conductivity [23, 44].

@ Springer
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Fig. 2 a Box plot for the resistance of copper foil samples. b Box plot for the resistance of copper wire samples. ¢ Box plot of 5 mm wide sam-
ple resistance after carbon layer growth. d Box plot of 10 mm wide sample resistance after carbon layer growth. e Comparison of average sample
resistance before and after carbon layer growth. f The conductivity improvement effect of nanocarbon films on copper films. g Schematic dia-
gram of copper—carbon composite film. h Box plot of sample resistance after carbon layer deposition for different total durations. i The relation-
ship between conductivity improvement and total deposition time

3.1.2 Conductivity of Copper—Carbon Composite The average resistance of the initial samples was calcu-
Materials Based on Copper Wire lated to be 12.06 €, and after the growth of the nanocarbon
film, the average resistance decreased to 11.13 Q. As shown
To further verify the impact of the nano-carbon film on the  in the box plot in Fig. 2b, the experimental data exhibited
conductivity of copper materials, this study selected 50 sets ~ good consistency. Based on the above data, it can be con-
of copper wires with a diameter of 23 um and a length of  cluded that the conductivity of the 23 um diameter copper
24 cm as samples. Following the same pre-treatment used for ~ wire treated with the nanocarbon film increased by 7.71%.
the copper foil samples, a 10-min nanocarbon film deposition =~ This result clearly demonstrates the effectiveness of the
was carried out under conditions of 600 W power, 150 °C,  nanocarbon film in improving the conductivity of copper
and high-density plasma immersion on the RF electrode sur- ~ wire materials.
face. The experimental results are shown in Fig. 2b.
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3.1.3 Conductivity of Single-Layer Copper—Carbon
Composites Nanofilms Based on Copper Films
with Different Thicknesses

Given that the thickness of the copper layers in copper foil
and copper wire cannot be adjusted, copper films of different
thicknesses and widths need to be prepared in advance to
test the effect of nanocarbon film growth on thinner copper
materials. In the specific experimental process, copper film
samples were prepared using magnetron sputtering. After
preparation, the glass plates with copper films were placed
in the carbon layer deposition equipment, and the ends of
the copper films were covered to avoid being affected by
the deposition. Methane gas was used as the carbon source
for carbon layer deposition, with the deposition tempera-
ture controlled at 150 °C. Under plasma immersion condi-
tions with a power of 600 W, deposition was carried out for
10 min, resulting in a nanocarbon film with a thickness of
50 nm on the surface of the copper film. The conductivity
of the copper—carbon composite nanofilms was then meas-
ured. Finally, the collected data were compiled to determine
under which set of parameters the copper—carbon composite
nanofilms achieved optimal conductivity.

In the experiment, 5 mm wide copper films and 10 mm
wide copper films were prepared for testing. The step pro-
filer measurements indicated that for every additional 5 min
of sputtering, the thickness of the copper film increased by
approximately 125 nm. The sputtered thickness was subse-
quently used to distinguish and describe different copper
film samples. For the 5 and 10 mm wide copper film sam-
ples, 50 sets were selected for each thickness of 375, 500,
625, 750, 875, and 1000 nm. After 10 min of nanocarbon
film growth in the carbon layer deposition equipment, the
test data are shown in Fig. 2c—e.

It is noteworthy that during the treatment of the 5 mm
wide samples, although the nanocarbon film was grown
for the same 10 min, the resistance of the sample based
on the 750 nm thick copper film was smaller than that of
the 875 nm thick sample as shown in Fig. 2e. This phe-
nomenon is related to the quality of the interface layer and
contact resistance. Since the copper films were prepared
by magnetron sputtering, variations in the growth process
can affect the contact quality of the interface layer between
the copper and the nanocarbon film. A thinner copper film
(750 nm) can form better interfacial adhesion and create a
network structure of electron transport channels, resulting

| SHANGHAI JIAO TONG UNIVERSITY PRESS

in lower interface resistance. In contrast, a thicker copper
film (875 nm) will have poor interfacial contact with the
nanocarbon film due to stress and interface mismatch, which
in turn increases the interface layer resistance.

Based on the above data, the effect of the nanocarbon
film on the improvement of the conductivity of copper—car-
bon materials with different copper film thicknesses after
10 min of carbon layer deposition can be plotted, as shown
in Fig. 2f. For the 5 mm wide samples, the nanocarbon
film formed through carbon layer deposition under plasma
immersion conditions significantly improved the conduc-
tivity of the resulting copper—carbon material. When the
deposition time of the nanocarbon film was fixed at 10 min,
the effect of the nanocarbon film (corresponding to a thick-
ness of 50 nm) on improving conductivity initially increased
and then decreased as the copper layer thickness increased.
When the copper layer sputtering time was 25 min, with a
thickness of 625 nm, the conductivity enhancement reached
its maximum, with an increase of 28.61%. Similarly, for the
10 mm wide samples, after 10 min of nanocarbon film depo-
sition, the conductivity improvement also showed a trend
of first increasing and then decreasing with the increase in
copper layer sputtering time and thickness. Likewise, when
the copper layer sputtering time was 25 min, with a thickness
of 625 nm, the conductivity enhancement reached its peak,
with an increase of 17.14%.

From a theoretical perspective, when an ordered nanocar-
bon film grows on a copper film, the copper film provides a
large number of transferable electrons, and the distribution
of copper and carbon atoms in the composite nanofilm mate-
rial forms a network structure. Due to the quasi-one-dimen-
sional structure of the nanocarbon film and the staggered
arrangement of the charge densities in its highest occupied
molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO), channels that are more conducive to
electron transport are formed. A significant number of elec-
trons from the copper film in contact with the nanocarbon
film migrate to it, ultimately leading to an improvement in
the conductivity of the copper—carbon composite material.
In the initial stages, as the copper film thickness increases,
surface roughness decreases, allowing the nanocarbon film
to cover the copper surface more uniformly. This promotes
the formation of a network structure and reduces scattering
during electron transport, thereby enhancing conductivity.
However, when the copper film reaches a certain thickness
(around 625 nm), further increases in copper thickness result
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in diminishing marginal benefits from the additional elec-
tron transport channels provided by the nanocarbon film,
leading to a decrease in the rate of improvement. Addition-
ally, the internal structural complexity of the film increases,
and an excessively thick copper film can lead to increased
stress within the interface layer, affecting the structure
and conductivity of the nanocarbon film in contact with it.
Therefore, the conductivity enhancement effect of the nano-
carbon film begins to weaken after the copper film reaches
a certain thickness. For copper films with a thickness of
625 nm, the growth of the nanocarbon film reaches an opti-
mal balance, resulting in the most significant improvement
in conductivity.

3.1.4 Conductivity of Multilayer Copper—Carbon
Composite Nanofilms Based on Nano-Carbon
Films with Different Thicknesses

To investigate the effect of the nanocarbon film thickness
on the conductivity of multilayer copper—carbon materi-
als using carbon layer deposition technology under plasma
immersion conditions, the 625 nm thick, 5 mm wide cop-
per film sample—where the nanocarbon film showed the
most significant conductivity improvement—was used as
the baseline. Multilayer copper—carbon nanofilms films of
the same thickness and width were prepared. The composite
films were alternately grown by magnetron sputtering for
the copper films and plasma immersion carbon layer deposi-
tion for the nanocarbon films, forming a multilayer structure
with three layers of copper films and two layers of carbon
films as shown in Fig. 2g. Nanocarbon films were grown
in different batches for total times of 5, 10, 15, and 20 min,
corresponding to thicknesses of 25, 50, 75, and 100 nm,
respectively, and resistance were measured. The results are
shown in Fig. 2h, i.

As shown in Fig. 2i, with the increase in total carbon
layer deposition time under plasma immersion conditions,
the overall conductivity gradually improves. However, the
rate of conductivity improvement decreases as the thick-
ness of the nanocarbon film increases, generally exhibiting
a logarithmic trend. This phenomenon is also validated in
the effective medium analysis section later as well. For the
multilayer copper—carbon film samples with a total thickness
of 625 nm and a width of 5 mm, when the total carbon layer
deposition time is 20 min (corresponding to three layers of
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175 nm copper film and two layers of 50 nm carbon film,
with the carbon film accounting for 16% of the total thick-
ness), the resistance is reduced by 30.20% compared to a
pure copper film of the same thickness.

The underlying mechanism behind this change in the
magnitude of improvement can be explained by the prin-
ciple of how nanocarbon films enhance the conductivity of
copper materials. When carbon atoms in the nanocarbon
film interact with surface copper atoms, they form a highly
ordered network structure, providing smoother pathways for
electron transport. As the thickness of the nanocarbon film
increases, this highly ordered network structure expands,
thereby enhancing electron mobility. In addition, a thicker
nanocarbon film can more effectively cover surface irregu-
larities of the copper substrate, reducing scattering during
electron transport and further improving conductivity. How-
ever, once the nanocarbon film reaches a certain thickness,
its marginal effect on conductivity improvement begins to
decrease. Additionally, increasing the thickness of the car-
bon layer also reduces the copper content per unit volume.
According to the research previously conducted by our
group [23], the copper—carbon ratio affects the overall mate-
rial’s grain size and crystal plane peak size. Furthermore, as
the improvement in conductivity is based on a comparison
with pure copper films of the same thickness, the conductive
properties of the composite material are influenced not only
by the high electron mobility of the carbon film but also by
the contribution of electrons from the copper film. There-
fore, the thickness of the carbon film needs to be optimized
to find the best balance between improving conductivity and
maintaining sufficient copper content in practical applica-
tions. Guided by theoretical analysis and validated by experi-
ments, when the total deposition time of the carbon film is
20 min, including two layers of 50 nm thick carbon films, the
625 nm thick multilayer copper—carbon composite nanofilms
exhibits the most significant improvement in conductivity,
achieving the best enhancement compared to pure copper
material, with an improvement rate of 30.20%.

3.2 Theoretical Analysis and Discussion

The above experimental results indicate that as the thick-
ness of the nanocarbon film increases, the conductivity of
the multilayer copper—carbon composite material signifi-
cantly improves, with a maximum enhancement of 30.20%.

https://doi.org/10.1007/s40820-024-01628-6
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Utilizing effective medium theory, first-principles calcula-
tions, and density of states analysis, this paper investigates
the adsorption behavior of copper atoms in the nanocarbon
film and its impact on electron migration pathways, reveal-
ing the underlying reasons for this phenomenon.

3.2.1 Effective Medium Analysis of Electrical Resistivity
Changes

The effective medium theory (EMT) is a theoretical frame-
work used to describe the physical properties of different
components in composite materials. It has broad appli-
cations in the study of composite materials and can be
used to describe the impact of nanoscale metals on the
overall performance of composite film materials [45, 46].
EMT assumes that the conductivities of copper and carbon
materials form an equivalent effective medium within the
composite material, and the overall conductivity of the
composite can be calculated based on the volume fractions
and conductivities of both materials [47].

Assume that the grain size of the composite material
is small compared to the sample size, so the grains can
be considered isotropically distributed. In this way, the
electrical conductivity of the composite material is also
isotropic. For a composite material composed of substance
A and substance B, suppose the conductivity of substance
A'is o) and its volume fraction is f, while the conductivity
of substance B is 0, and its volume fraction is f,, with the
relationship f; +f, = 1. Assuming that the spatial current
through the sample is uniform, the range of the effective
conductivity of the composite material can be derived as:

-1
<£+é> <o < fio) + /0. 4)

01 0

This represents the absolute boundary condition of
the composite material, known as the Wiener boundary
condition.

When the composite material is composed of N types of
materials, the range of its effective conductivity is:

N -1 N
<2 ﬁ) <o<Y fo. )
i=1 Oi i=1

When f, < <1, meaning that material B is in a highly
diluted suspension state, it is discontinuous in the
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composite material. Its shape can be assumed to be ellip-
soidal, and at this time, the following applies:

(0= 01) : 0
Geq =0 +f2 3 Z o, +Ai(0'2 _ 0'1) (6)

i=1
where o, is the effective conductivity, and A is the depolari-
zation factor along the ellipsoid axis, as shown in Table 1.

Thus, the effective conductivity of a composite material
composed of randomly distributed substances in a diluted
suspension state can be obtained as:

(0'2 - 0'1) (50’1 + 0'2)
3(0’1 + 0'2)

o-eq =0 +f2 (7)

When f, does not satisfy f, < <1, a similar method can
still be used for the calculation. However, it is necessary
to assume that material B is coated by a substance with
an effective conductivity of ¢* rather than by a substance
with a conductivity of ¢,. 6* is merely an approximation
of the true effective conductivity of the composite mate-
rial, leading to:

(62 - 0'1)6*

- A — 8
o' =0t/ 20" + 0, ®

Thus, it can be obtained that:

o* — o, o* —o0,

+
20* + 0, ' 26t + o,

=0 ©))

For the composite material composed of nanocarbon
film and copper, by substituting the resistivity of copper
at room temperature p, = 1.67 pQ cm and the resistivity
of the carbon film p- = 0.35 pQ cm into the equation, the
following result is obtained:

That is:

p* = 0.485 — 1.98f, + %\/ (0.97 - 3.96,)> +4.676. (11)

The plot is obtained as Fig. 3a. It can thus be concluded
that the resistivity of the copper—carbon composite film
material decreases as the proportion of the nano-carbon
film in the composite material increases. Additionally, as
the thickness of the carbon film increases, the marginal
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Table 1 Depolarization factor

Ay A, A;
Sphere 173 1/3 1/3
Oblate ellipsoid 1 0 0
Prolate ellipsoid 0 172 172

effect on conductivity enhancement correspondingly
diminishes, aligning with the experimental results pre-
sented in this study.

3.2.2 First-Principles Calculation of Electron Behavior

First-principles calculation, based on density functional
theory (DFT), is a commonly used method for studying the
microscopic electronic structure of materials [48]. In the
fields of condensed matter physics and materials science,
first-principles calculation methods rely on DFT, utilizing

a 1.8

Resistivity (uQ-cm)
s
1

0.8 T,

0.6

T T T
0.0 0.1 0.2 0.3 0.4 0.5
thickness ratio of carbon film

DOS (states/eV-cm)

E-Ef (eV)

(Y 7
— total
6 —s
s P
£ 5 —d
o
>
2@
0
[
®
3
)
o
a

fundamental approximations within physical models and
solving through mathematical methods such as variational
or perturbation methods, without relying on any empirical or
semi-empirical parameters. Its core lies in rigorously solving
the Schrodinger equation to facilitate the study of material
properties and the computational design of new materials
[49].

To investigate the changes in conductivity of copper and
nano-carbon film composites, the model can be simplified
by first analyzing the effect on electron behavior when a
single copper atom is combined with the nano-carbon film
structure. The conductivity of a conductor is formed by the
directional movement of electrons under the influence of an
external field. Copper, as a good conductor, has a diffuse
distribution of electronic wave functions within it. When
copper material is combined with a nano-carbon film, it
affects the distribution of local electrons, thereby impacting
the overall conductivity on a macroscopic scale [50]. Using
first-principles calculation methods, the electron distribution

E-Ef (V)

Fig. 3 a Effect of nanocarbon film proportion on the conductivity of copper—carbon composite materials. b HOMO and LUMO charge density
distribution with copper atom adsorbed at the bridge site without applied electric field. ¢ HOMO and LUMO charge density distribution with
copper atom adsorbed at the bridge site with applied electric field. d DOS of the copper—carbon composite film material system without applied
electric field. e DOS of the copper—carbon composite film material system with applied electric field
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of the copper and nano-carbon film composite can be com-
pared under conditions with and without an applied electric
field, thus providing an analysis of the experimental results.

The computational model uses the structure of a single
copper atom adsorbed on a nano-carbon film. Since the car-
bon atoms on the carbon layer exist in a quasi-hexagonal
form, the copper atom can theoretically adsorb at multiple
positions [14]. Pristine nano-carbon film provides three
inequivalent sites for metal adsorption: the vacancy site
(above the Cq ring), the bridge site (above the C—C bond),
and the top site (above a C atom). For the calculations of
bonding structure and bonding energy, a pseudopotential
plane-wave basis set function is used, with exchange—cor-
relation treated by the generalized gradient approximation
method. Spin-polarized and non-spin-polarized calculations
are performed for quasi-hexagonal carbon atoms without
and with copper atom adsorption, respectively. The most
probable adsorption site can be determined by comparing
bonding energies:

Ey, = Erc) + Ercy) — Ercuto) (12)

where Er, represents the total energy of the quasi-hexago-
nal carbon atoms, Eyc,, represents the total energy of a sin-
gle copper atom, and E7c,c represents the total energy of
the quasi-hexagonal carbon atom system with copper atom
adsorption.

For the case where the copper atom is initially positioned
directly above the center of the quasi-hexagonal carbon
atoms (the vacancy site), after structural relaxation and opti-
mization, its final adsorption position is close to the bridge
site, i.e., above the midpoint of the carbon—carbon bond. At
the same time, the calculated bonding energy difference is
approximately 0.70 eV, indicating that the adsorption struc-
ture of the copper atom at the bridge site is more stable than
at the top site. Therefore, in copper—carbon composites, the
preferred adsorption site for the copper atom is the bridge
site, located above the midpoint of the carbon—carbon bond,
where it bonds with two carbon atoms, with a bond length of
approximately 2.1-2.2 A and a formation energy of around
0.69 eV.

On this basis, Mulliken population and differential
charge density are commonly used to analyze the charge
transfer within the system. In the calculation process, the
applied external electric field is directed along the axis of
the quasi-hexagonal structure of the carbon atoms, with a
strength of 0.5 eV A~!, and it is assumed that the electric
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field intensity is uniformly distributed. Mulliken popula-
tion analysis of the copper—carbon composite interfacial
layer system shows that the copper atom carries a positive
charge, while the connected carbon atoms carry a certain
amount of negative charge. Additionally, the differential
charge density distribution results also indicate that in the
copper—carbon composite interfacial layer material sys-
tem, charge migrates from the copper atom to the car-
bon atoms, facilitating electron transfer. Under an applied
external electric field, such transferred charge increases
several times, this phenomenon also reflected in the analy-
sis of HOMO and LUMO discussed next.

3.2.3 Analysis of HOMO and LUMO

HOMO and LUMO are key concepts in molecular orbital
theory, fundamental for understanding electronic transi-
tions in materials science. HOMO is the highest energy
orbital occupied by electrons and acts as an electron donor,
where electrons can be excited or removed. LUMO is the
lowest energy unoccupied orbital, functioning as an elec-
tron acceptor during excitation. Figure 3b, ¢ shows the
charge density distribution of HOMO and LUMO for the
copper—carbon composite film material system when a
copper atom is adsorbed at the bridge site, with and with-
out an applied electric field.

Since the electron cloud is derived from the square of the
normalized wave function, the charge density distribution
also reflects the distribution of the wave function. Based
on the charge density distribution, it can be observed that
without an applied electric field, the wave function of the
material as a whole exhibits an extended-state distribution.
When an electric field is applied, the charge distribution
around the copper atom appears more sparse compared to
the case without the field, and the wave function is noticea-
bly reduced. Similarly, the wave function distribution around
the carbon atoms in the copper—carbon bond is also signifi-
cantly reduced. Meanwhile, in other areas of the tube, the
extended-state distribution of the wave function is markedly
enhanced, and the charge density distributions of HOMO
and LUMO appear staggered.

The enhancement of the extended state indicates that the
copper—carbon composite film material system becomes
more conductive under these conditions, as the wave

@ Springer



130 Page 12 of 16

Nano-Micro Lett. (2025) 17:130

function of the copper atom diffuses onto the nanocar-
bon film under the influence of the electric field, thereby
increasing the number of electrons in the conductive sys-
tem. At the same time, HOMO facilitates electron dona-
tion, while LUMO supports electron acceptance. The stag-
gered distribution of HOMO and LUMO charge densities
suggests that the occupied state distribution at this moment
favors the formation of electron transport channels. This
proves that the conductivity of the copper—carbon compos-
ite film material will be improved.

Expanding from a single copper atom to the entire cop-
per—carbon composite film material system, when the nano-
carbon film and copper film come into contact, theoretical
calculations show that the copper—carbon distribution will
be arranged in a bridge-site configuration, forming a network
structure. In metallic crystals, electrons can move freely,
allowing the copper film in the copper—carbon composite
film material to provide a large number of transferable elec-
trons. Meanwhile, the quasi-one-dimensional structure of the
nanocarbon film enables ballistic electron transport. When
an external electric field is applied, the staggered distribu-
tion of HOMO and LUMO charge densities will create chan-
nels more conducive to electron transport. Electrons from
the numerous copper atoms in contact with the nanocarbon
film migrate toward the carbon film layer, ultimately enhanc-
ing the conductivity of the copper—carbon composite film
material.

3.2.4 Density of States Analysis

The density of states (DOS) describes the number of elec-
tronic states available at each energy level in a material,
reflecting its electronic structure [51]. It determines how
electrons populate energy levels under various conditions
and is a critical concept in solid-state physics and materials
science. DOS analysis evaluates this distribution, with the
total DOS representing contributions from all orbitals and
partial DOS focusing on specific orbitals [52]. It can be
used to evaluate the distribution of electron states at different
energy levels in copper—carbon composite film materials.
Figure 3d, e shows the total and partial DOS of the cop-
per—carbon composite film material system before and after
applying an external electric field. Without the electric field,
the electronic properties of the copper—carbon system exhibit
metallic characteristics. Below the Fermi level, the localized

© The authors

electronic states of copper atoms primarily consist of local-
ized d-state electrons. After applying the electric field,
significant changes appear in the DOS of the system. The
DOS of the copper—carbon composite film system increases
overall, with both occupied and unoccupied states showing
a simultaneous increase. The total DOS crosses the Fermi
level and extends into the conduction band. Additionally, the
previously relatively localized s-state electrons nearly van-
ish, and the d-state electrons become more extended. This
further verifies that the bonding between copper and carbon
atoms has ionic characteristics. It is through bonding that the
s-state electrons of copper atoms migrate to carbon atoms,
creating a channel more favorable for electron transport and
enhancing the conductivity of the composite material.

Based on the above calculations and mechanism analy-
sis, it can be concluded that when the electrons of copper
atoms migrate to the nanocarbon film under an applied
electric field, a low-resistance electron transport network
is formed. Due to the extremely high electron mobility of
the nanocarbon film, this network greatly reduces scattering
and resistance encountered by electrons during conduction,
significantly enhancing the overall conductivity of the cop-
per—carbon composite film.

3.3 Large-Scale Production Equipment Based on this
Study

Based on the research results obtained from this study, a
large-scale production apparatus was successfully devel-
oped in collaboration with partner companies, as shown in
Fig. 4a—c. Figure 4a shows the large-scale deposition equip-
ment along with its electronic control system. Figure 4b
shows the internal structure of the deposition chamber. In
the experiment, the diameter of the RF electrode plate used
was 50 cm, whereas in the large-scale production apparatus,
the RF electrode, as shown in Fig. 4c, reaches a diameter
of 100 cm. This allows it to generate a larger cold plasma
area, significantly enhancing the practical application value
of carbon layer deposition technology under plasma immer-
sion conditions.

Upgrading from laboratory-scale setups to industrial-scale
production equipment enables plasma immersion thin film
deposition technology and high-conductivity copper—carbon
composite nanofilms to be widely applied in various high-
performance electronic devices and electrical equipment that
require copper conductivity to be enhanced.

https://doi.org/10.1007/s40820-024-01628-6
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Fig. 4 a Large-scale production equipment. b Internal structure of the deposition chamber. ¢ RF electrode of large-scale production equipment

4 Conclusions

This study presents a novel copper—carbon nanofilm com-
posite with significantly enhanced conductivity compared to
copper nanofilms, revealing promising applications for elec-
tronic devices and electrical equipment. Copper possesses a
high electron density but is limited by low electron mobil-
ity, which constrains its conductivity potential. To overcome
this limitation, nanocarbon films with exceptional electron
mobility were introduced, providing a significant advantage
in enhancing the conductivity of copper nanofilms. Tradi-
tional carbon deposition methods, however, face limitations
including deposition efficiency, interface quality, and scal-
ability for industrial applications. By using plasma immer-
sion carbon layer deposition technology, this study prepared
multilayer copper—carbon nanofilms with superior interfa-
cial electronic structures, achieving greater efficiency and
better control during the preparation process. Experimental
findings demonstrate that, for a five-layer copper—carbon
nanofilm composite, conductivity markedly increases as the
proportion of carbon nanofilm thickness increases. When
the carbon nanofilm constitutes 16% of the total composite
thickness, overall conductivity improves by 30.20% com-
pared to pure copper.

The underlying mechanisms of this enhanced conduc-
tivity are studied through effective medium theory, first-
principles calculations, and density of states analysis. The
critical roles of copper atom adsorption sites and elec-
tron migration pathways within the nanocarbon layers
were come up to explain this conductivity enhancement.
Under an applied electric field, high-density electrons in
the copper layer migrate into the nanocarbon film, estab-
lishing highly efficient electron transport channels and
effectively reducing resistivity. Additionally, based on
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this research, we develop large-area electrode coating
equipment that is highly suited for industrial production,
providing a novel approach for enhancing conductivity
and enabling the industrial application of copper—carbon
nanocomposite films in the field of high-conductivity
materials.

Certainly, challenges may still arise in practical pro-
duction. For instance, maintaining consistency in plasma
immersion technology during large-scale industrial appli-
cations and managing the associated equipment costs could
pose significant constraints. Additionally, optimizing the
structure and composition of the copper—carbon interface
layer to ensure long-term stability under complex envi-
ronmental conditions remains a critical area of research.
Future studies could focus on developing more cost-effec-
tive large-scale thin-film deposition techniques to enhance
the feasibility of industrial production, conducting in-depth
investigations into the microstructural changes at the cop-
per—carbon interface and their impact on electrical proper-
ties to provide theoretical guidance for material design, and
assessing the performance of composite thin films under
various environmental conditions while conducting appli-
cation verifications to ensure reliability.
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