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Abstract: In this paper, carbon thin films were grown using the plasma-enhanced atomic layer
deposition (PE-ALD). Methane (CHy4) was used as the carbon precursor to grow the carbon thin
film. The grown film was analyzed by the high-resolution transmission electron micrograph (TEM),
X-ray photoelectron spectroscopy (XPS) analysis, and Raman spectrum analysis. The analyses show
that the PE-ALD-grown carbon film has an amorphous structure. It was found that the existence
of defective sites (nanoscale holes or cracks) on the substrate of copper foil could facilitate the
formation of nanolayered carbon films. The mechanism for the formation of nanolayered carbon
film in the nanoscale holes was discussed. This finding could be used for the controlled growth of
nanolayered carbon films or other two-dimensional nanomaterials while combining with modern
nanopatterning techniques.

Keywords: nanolayered graphene thin film; two-dimensional nanomaterial; localized growth;
plasma-enhanced atomic layer deposition

1. Introduction

Since the discovery of mechanically exfoliated graphene in 2004 [1], research on two-
dimensional (2D) nanomaterials has grown exponentially due to their compelling physical,
chemical, and electrical properties such as high current-carrying capacity, high mobility,
and ballistic quantum transport [2-15]. Graphene, a single layer of carbon atoms bonded
together in a hexagonal lattice, has a perfect 2D structure, while other 2D nanomaterials
such as 2D boron nitride and transition metal dichalcogenide nanomaterials have 2D
structures similar to graphene. The unique 2D structure with a lateral size of about 100 nm
to a few micrometers and a thickness of only a single atom or few atoms confines electrons
and holes to move in a 2D plane, resulting in a strong quantum effect, which produce novel
physical, chemical, and electrical properties in the 2D nanomaterials and devices [16-19].
Their strong in-plane covalent bond and atomic thickness also make the 2D nanomaterials
have excellent mechanical strength and flexibility [20,21]. Electrons and holes undergo
ballistic transport on the sub-micrometer scale without collision in 2D nanomaterials
and do not suffer from the scale limitations of current metal-oxide-semiconductor field-
effect transistors (MOSFET); therefore, nanoelectronic devices built on 2D materials offer
many benefits for further miniaturization in the device fabrication and the possibility to
revolutionize the silicon-based semiconductor technology in the future [22-28], allowing
for the Moore’s Law to continue on its path [29].

Current methods for the preparation of 2D nanomaterials are divided into the top-
down method and the bottom-up method [17]. The top-down method relies on the exfolia-
tion of thin layer 2D crystals from their parent layered bulk crystals using processes such
as mechanical cleavage and mechanical force-assisted liquid exfoliation, while the bottom-
up method is based on the chemical reactions such as chemical vapor deposition (CVD)
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growth and wet-chemical syntheses. The top-down method has numerous limitations for
the application of device fabrication, while the bottom-up method is more promising and
could grow 2D nanomaterials with desired compositions and crystal phases and enhanced
physical, chemical, and electrical properties. The CVD method is the most popular and
effective method for the large-scale synthesis of 2D nanomaterials [30-35].

Atomic layer deposition (ALD) is a special modification of conventional chemical
vapor deposition (CVD) for growing thin films [36]. In conventional chemical vapor depo-
sition (CVD), precursors are simultaneously supplied to a substrate, but in atomic layer
deposition (ALD), the precursors are alternately exposed onto the substrate and subse-
quently purged for each precursor. One ALD cycle generally consists of two half-reactions,
which are achieved by repeating four steps (the first precursor exposure and purging
steps for the first half-reaction, and the second precursor exposure and purging steps for
the second half-reaction) [37-40]. Plasma-enhanced atomic layer deposition (PE-ALD)
is an extension of thermal ALD in which gas-phase plasma electron impact is substi-
tuted for thermal agitation, thereby achieving much lower substrate temperatures [41].
Sequential self-limiting surface reactions allow for precise thickness control, high confor-
mality, and scalability to large surface areas, making ALD an ideal candidate for growing
2D nanomaterials.

In this research, we report the growth of carbon thin films using the plasma-enhanced
atomic layer deposition (PE-ALD) and the finding that the existence of defective sites
(nanoscale holes or cracks) on the substrate of copper foil could facilitate the formation
of nanolayered carbon films. This finding could be used for the controlled growth of
nanolayered carbon films or other two-dimensional nanomaterials while combining with
modern nanopatterning techniques.

2. Experimental Details (Methods)

A plasma-enhanced atomic layer deposition system (ALD-150LX, Kurt J. Lesker Com-
pany, Frankfurt am Main, Germany) was used to grow the carbon film in this research [42].
Methane (CH4) was used as the precursor for the carbon source, and Ar/H, were used
for both plasma and purge gases during the deposition. The process chamber had a base
pressure of 5 x 10~ Torr. Carrier gas mass flow controllers (MFC), high-speed ALD valves,
and shut-off valves were used to control the flow of carrier gas, precursor, and reactant
gas into the process chamber. The inductively coupled remote plasma source was set at
1000 W to generate plasma and the substrate holder, which is electrically grounded was
heated at 500 °C during the growth of carbon films. Two types of substrates were used
for the growth of carbon films. One substrate was a 25 mm thick Cu foil (Alfa Aesar,
Havrier, MA, USA, 99.8%), the other one was a 3-inch diameter <100> silicon wafer (n-type,
with ~3 () cm resistivity from Virginia Semi-conductor, Inc., Fredericksburg, VA, USA)
covered by a 100 nm thick copper (Cu) thin film. The Cu thin film was grown on the silicon
substrate with e-beam evaporation using an e-beam /thermal evaporation system (PVD
75 from Kurt J. Lesker), and copper (Cu) slug (3.175 mm diameter x 3.175 mm length;
99.99% pure from Alfa Aesar) was used as the Cu source material. The Cu foil was dipped
in buffered hydrofluoric acid (BHF) (Transene Company, Danvers, MA, USA) for 30 s to
etch away any possible oxides such as copper oxide (CuO) on the surface before being
transformed to the deposition chamber. The Cu-thin-film-covered silicon substrate was
transformed to the deposition chamber right after the deposition of the Cu thin film on the
silicon substrate. After being transferred onto the substrate holder, the Cu foil substrate
was cleaned by H; (65 sccm)/ Ar (65 sccm) plasma gas at 1 kW for 10 min, immediately
followed by the growth of the carbon film, while the Cu-thin-film-covered silicon substrate
was cleaned by Hj (65 sccm)/ Ar (65 sccm) plasma gas at 1 kW for 1 min. The total chamber
pressure was about 1.2 Torr. The time for each pulse cycle during the growth of the carbon
film was set as follows: 100 ms for CH4, 1000 ms for Ar purge, 6000 ms for Hj (65 sccm)/Ar
(65 sccm) plasma, and 1000 ms for Ar purge. The carbon films were grown for 200 cycles.
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2.1. X-ray Photoelectron Spectroscopy (XPS) for Analysis of the Composition and Atomic
Concentration of the Carbon Film

X-ray photoelectron spectroscopy (XPS) was performed using the Thermo K-alpha
XPS system. The samples were cleaned with IPA and nitrogen gun before running on the
XPS. Surface analysis by XPS was achieved by irradiating the sample with a monochromatic
source of Al K Alpha X Rays (1.486 KeV). The tool was calibrated with Cu2p, Ag3d, and
Aud4f internal standards. Low-energy ionized Argon gas was used as a flood gun source
for charge neutralization.

2.2. Scanning Electron Micrograph (SEM) for the Imaging and Analysis of the Surface
Morphology of Carbon Films

A scanning electron microscope/focused ion beam (SEM/FIB) dual-beam system
(Helios 600 from Thermo Fisher Scientific, Waltham, MA, USA) was used to image and
analyze the surface of the grown carbon films.

2.3. High-Resolution Tunneling Electron Micrograph (HRTEM) Imaging and Energy Dispersive
Spectroscopy (EDS) Mapping of Carbon Films

To characterize the carbon film structure and composition in a transmission electron
microscope (TEM), electron transparent cross-sectional samples (lamella) of the grown
carbon films were extracted using the standard in situ lift-out method [43] in a scanning
electron microscope/focused ion beam (SEM/FIB) dual-beam system (Helios 600 from
Thermo Fisher Scientific). High-resolution images were acquired with 200 keV e-beam
energy in a high-resolution analytical transmission electron microscope (JEOL JEM-2100F,
Showa, Tokyo, Japan). High-resolution images and energy dispersive spectroscopy (EDS)
maps were acquired with 200 keV e-beam energy in a scanning TEM (STEM)/TEM (Talos
F200X from Thermo Fisher Scientific) equipped with a four-quadrant 0.9 sr X-ray detector.

2.4. Raman Spectroscopy Analysis of Carbon Films

Raman spectroscopy was obtained using a Renishaw Invia Qontor Confocal Raman
Microscope. A 488 nm optically pumped semiconductor laser (OPSL, Lagos, Nigeria) was
used. An automated 2D Raman mapping was performed to scan the sample surface for the
analysis of Raman shift. A continuous overlay of Raman over optical image (white light)
map is achieved using a small step size of 1 micron and a 2-micron laser spot size.

3. Results and Discussion

Table A1 summarizes the compositions and atomic concentrations, which were ob-
tained by the XPS analysis for the carbon film grown by the remote plasma-enhanced
atomic layer deposition. The carbon film has atomic concentrations of 72% C, 20% O,
3% Cu, and 5% others (F, Ca, and Cl). Figure Al shows the high-resolution XPS scan of
the C sp? in the carbon thin film, indicating that the PE-ALD-grown carbon film is an
amorphous film. The C 1s core-level XPS peaks of highly ordered graphene layers exhibit
asymmetric shapes with higher intensity at higher binding energy from the center position
of the peak due to the high electron densities at Fermi levels [44—48]. Figure A2a is an
SEM image of the surface of the carbon film grown on the copper (Cu) foil substrate, and
Figure A2b is the SEM image of an enlarged view of the carbon film, while Figure A2c
is an SEM image of the surface of the carbon film grown on the Cu-thin-film covered
silicon substrate, and Figure A2d is the SEM image of an enlarged view of the carbon
film. Figure A3 is the cross-sectional TEM image of the copper (Cu) foil substrate with
a ~50 nm thick carbon thin film grown on it, showing a rough substrate surface with
some nanoscale holes or nanoscale cracks on the surface. After the further cross-sectional
analysis of the grown carbon thin-film sample by high-resolution transmission electron
micrograph (TEM), it was found that the film grown in the nanoscale holes had the struc-
ture of nanolayered graphene, while the film grown on the hole-free flat smooth surface
was an amorphous carbon film without any nanolayered structure. Figure A4a is the
high-resolution cross-sectional TEM image of the carbon thin film grown in a nanoscale
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hole, clearly showing some nanolayered structures; Figure A4b is an enlarged view of the
film inside the hole, showing nanolayered structures, while Figure A4c is an enlarged view
of the film on the bottom surface of the Cu nanohole, showing nanolayered carbon films,
which have a difference of about 0.22 nm between layers [49]. Figure A5a—c shows the
high-resolution cross-sectional TEM images of the carbon thin film grown in another Cu
nanoscale hole, presenting similar nanolayered structures in Figure Ad4a—c. Figure A6a is
the high-resolution cross-sectional TEM image of the carbon film grown on a hole-free flat
smooth surface of the same Cu foil substrate, showing a homogenous amorphous carbon
film without any nanolayered structures on the interface or anywhere else; Figure A6b is
an enlarged view of the film. Figure A7a is the high-resolution cross-sectional TEM image
of the carbon film grown on the Cu-thin-film-covered silicon substrate, showing a similar
amorphous structure as Figure A6a, without any nanolayered structures; Figure A7b,c
shows the enlarged views of the film. The TEM image of the carbon film grown on the Cu
thin film further confirms that the carbon film grown on a hole-free surface of copper is an
amorphous film in the experimental conditions.

The carbon film grown on the chromium (Cr)/nickel (Ni) film was also investigated.
A Ni film was grown on the silicon wafer using the e-beam evaporation, followed by a thin
Cr layer. The carbon film was then grown using the PE-ALD with the same experimental
condition for the growth of the carbon films on copper foil and a copper-covered silicon
substrate. Figure A8a shows the high-resolution cross-sectional TEM image of the carbon
film on the Cr/Ni film. The film is an amorphous carbon film and is similar to those in
Figures A6 and A7, without any nanolayered structures on the interface or anywhere else.
Figure A8b—f summarizes the energy dispersive spectroscopy (EDS) elemental map analysis
in the interface region of the sample: Figure A8b is the color-coded EDS elemental map of
carbon (C), where the green color represents the C K-alpha X-ray signal; Figure A8c is the
EDS elemental map of Cr (blue); Figure A8d is the EDS elemental map of O (red), which
overlaps with the Cr in Figure A8c, indicating that the Cr layer was oxidized; Figure A8e
is the EDS elemental map of Ni (yellow); Figure A8f is the color-coded EDS elemental map
of C, Cr, O, Ni combined together. Figure A8g shows the high-angle annular dark-field
(HAADF) STEM micrograph of the same region mapped in Figure A8f, clearly showing
the high atomic number (Z) Cr and Ni layers.

Figure A9 shows the two typical Raman spectra measured from the carbon film grown
on the Cu foil substrate, where the red line has the characteristic D and G peaks, while
the black line does not have the D and G peaks. The Raman analysis was performed
with the 2D mapping measurement on the surface of carbon film, where the areas for the
measurement were selected randomly. The analysis from 100 measurement scans shows
that about 60% of the measurements have a Raman spectrum similar to the red line, while
about 40% have a Raman spectrum similar to the black line. The 2D mapping measurement
did not find the 2D peaks, indicating that the PE-ALD-grown carbon film is an amorphous
film [50-52].

Mechanism of chemical vapor deposition (CVD) or atomic layer deposition (ALD)
includes diffusion of gas toward the substrate surface, absorption to the surface, reaction,
desorption, and diffusion of by-product. The possible reason why the nanolayered carbon
film was formed in the nanoscale Cu hole is that the hole selected the neutral species
(methane molecules (CHy)) or ionic species (CH3) with a certain moving direction and only
allowed the species (CH4 or CHj) that had a parallel or close parallel moving direction
to the wall of nanohole to enter the hole, which facilitated the nanolayered structure.
Figure Al0a,b shows the possible mechanism for the growth of nanolayered carbon film in
the nanoscale Cu hole and the growth of homogeneous amorphous carbon film on a flat
smooth Cu surface, respectively. The nanoscale hole in Figure Al0a functions similar to a
filter that blocks most methane molecules (CHy) or other ionized groups such as methyl
group (CH3) with random moving directions, and only those with a moving direction
parallel or close parallel to the wall of nanohole can enter the hole. The species with the
same moving direction arrive on the Cu interface in order, facilitating the formation of
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the nanolayers while the hole-free flat Cu surface in Figure A10b is subjected to methane
molecules (CHy) or ionized groups from every direction simultaneously, resulting in a
uniform amorphous carbon film without forming any nanolayered structure. Researchers
found that electric fields could be manipulated to grow nanostructured carbon films [53,54]
or graphene [55]. The electric field made the ionic species flow in a certain direction, and
the ionic species moving in order facilitated the growth of the nanostructured carbon films
or graphene. Nanoscale holes could be precisely patterned and fabricated with the hole
diameter, down to a few nanometers, using the nanofabrication patterning techniques [56];
further research on the growth of carbon films on a substrate with uniform-patterned
nanoscale holes may confirm the mechanism or suggest a different explanation about the
phenomenon that the formation of the amorphous carbon layer could be varied by the
existence of defective sites (nanoscale holes or cracks) on the substrate.

4. Summary

In summary, carbon thin films were grown using the plasma-enhanced atomic layer
deposition (PE-ALD). The carbon film was analyzed using the high-resolution transmission
electron micrograph (TEM), X-ray photoelectron spectroscopy (XPS) analysis, and Raman
spectrum analysis, indicating that the PE-ALD-grown carbon film has an amorphous
structure. The existence of defective sites (nanoscale holes or cracks) on the substrate was
found to facilitate the formation of nanolayered carbon films in the plasma-enhanced atomic
layer deposition of carbon films. This finding could be used for the controlled growth of
nanolayered carbon films or other two-dimensional nanomaterials while combining with
modern nanopatterning techniques.
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Appendix A

Table A1. Compositions of the carbon thin film measured by XPS.

Atomic Concentration (%) of Carbon Film
C (@) Cu Others (F, Ca, Cl)
72 20 3 5
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Figure A1. High-resolution XPS scan of C sp? in the carbon film.

Figure A2. (a) SEM image of a carbon film grown on the copper (Cu) foil substrate; (b) SEM image
of an enlarged view of the carbon film grown on the copper (Cu) foil substrate; (c) SEM image of a
carbon film grown on the Cu-thin-film-covered silicon substrate; (d) SEM image of an enlarged view
of the carbon film grown on the Cu-thin-film-covered silicon substrate.
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Figure A3. TEM micrograph of the TEM sample. The carbon film was grown on the copper foil
substrate, which has some nanoscale holes on the surface. Scale bar in the figure is 0.2 pm.

Figure A4. (a) High-resolution cross-sectional TEM image of the nanolayered carbon film in a
nanoscale hole; (b) an enlarged view of the film inside the hole, showing nanolayered structures;
(c) an enlarged view of the film on the interface of Cu substrate, showing nanolayered structures.
Scale bar in (a): 2 nm; scale bar in (b,c): 1 nm.

Figure A5. (a) High-resolution cross-sectional TEM image of the nanolayered carbon film in another
nanoscale hole; (b) an enlarged view of the film inside the hole, showing nanolayered structures;
(c) an enlarged view of the film on the surface of Cu substrate, showing nanolayered structures. Scale
bar in (a): 2 nm; scale bar in (b,c): 1 nm.
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Figure Aé6. (a) High-resolution cross-sectional TEM image of the carbon film on a flat smooth surface
of the same copper foil substrate, showing a homogenous amorphous carbon film without any
nanolayered structures on the interface or anywhere else; (b) an enlarged view of the film. Scale bar
in (a): 2 nm; scale bar in (b): 1 nm.

Figure A7. (a) High-resolution cross-sectional TEM image of the carbon film on a copper film
which was grown on a silicon wafer, showing a homogenous amorphous carbon film without any
nanolayered structures on the interface or anywhere else; (b,c) enlarged views of the film. Scale bar
in (a): 2 nm; Scale bar in (b,c): 1 nm.
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Figure A8. (a) High-resolution cross-sectional TEM image of the carbon film on a Ni film that was
covered by a thin Cr film and grown on a silicon wafer, showing a homogenous amorphous carbon
film without any nanolayered structures on the interface or anywhere else; (b) color-coded EDS
elemental map of carbon (c) in the interface region, where the green color represents the C K-alpha
x-ray signal); (c) color-coded EDS elemental map of Cr (blue); (d) color-coded EDS elemental map of
O (red), which overlaps with the Cr in (c), indicating that the Cr layer was oxidized; (e) color-coded
EDS elemental map of Ni (yellow); (f) color-coded EDS elemental map of C, Cr, O, Ni combined
together; (g) HAADF STEM micrograph of the same region mapped in (f). Scale bar in (a-g): 10 nm.
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Figure A9. Raman spectrum of the carbon film grown on the Cu foil substrate, where the red line

shows that the measurement has the D and G peaks, while the black line shows that the measurement
does not have the D and G peaks.
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Figure A10. (a) Diagram for describing the mechanism about the formation of nanolayered carbon
film in a nanoscale Cu hole, where the hole functions as a filter and select only the species moving
in the direction parallel to the hole wall to enter the hole and reach the bottom; (b) diagram for
describing the mechanism about the formation of the amorphous carbon film on a flat smooth Cu
surface due to the random moving direction of species.
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