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Abstract

Multiple layers of graphene thin films with micro-crystalline orientation and
vertical graphene nano-sheets were grown on different substrates (i.e., polycrys-
talline nickel foil, Ni(111), highly oriented pyrolytic graphite) using a single-
step process based on low-pressure remote Plasma-Enhanced Chemical Vapor
Deposition (rPE-CVD). In contrast to previous studies, a novel basic ap-
proach to this technique including a new remote inductively coupled
RF plasma source has been used to (i) minimize the orientational effect
of the plasma electrical fields during the catalyst-free growth of graphene
nano-sheets, (ii) warrant for a low graphene defect density via low plasma

kinetics, (iii) decouple the dissociation process of the gas from the growth pro-
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cess of graphene on the substrate, (iv) tune the feedstock gas chemistry in view
of improving the graphene growth, and (v) reduce the growth temperature as
compared to conventional chemical vapor deposition (CVD). In order to study
the various aspects of the rPE-CVD graphene growth modes and to assess the
characteristics of the resulting graphene layers Raman spectroscopy, XPS, SEM,
and STM were used. The results give evidence for the successful perfor-
mance of this new rPE-CVD plasma deposition source, that can be
combined with in situ UHV-based processeses for the production of,

e.g, hybrid metal ferromagnet/graphene systems.

1. Introduction

The electrical and mechanical properties of graphene, in particular its ballis-
tic transport properties, have opened up exciting possibilities for this material
as a replacement for silicon [I, [2]. Graphene has a simple structure, consisting
of a honeycomb arrangement of carbon atoms in a monoatomic layer (with a
lattice parameter ag, = 2.46 A), and is mechanically and chemically stable. Me-
chanical exfoliation of highly oriented pyrolytic graphite (HOPG) has been the
most common method for producing single layers of this material. However, the
lateral dimensions of such monolayer samples are typically limited to the micro-
scale. Since large area of defect-free graphene films on insulating substrates are
required for practical applications, several techniques have been explored such
as the reduction of oxidized graphite films, graphitization of SiC wafers under
ultra-high vacuum chemical vapor deposition (CVD) on transition metals etc.

Recently, several authors [II, 2, [3, [ [5] 6] [7] have reported new graphene
deposition methods using inductively-coupled RF plasma (ICP) as one way to
decouple the gas dissociation process from the graphene substrate growth pro-
cess within the context of Plasma Enhanced Chemical Vapor Deposition (PE-
CVD). This makes this method more tunable as compared to classical CVD as
it allows for an independent control of precursor gas dissociation and growth

parameters, which should lead to a better control over the size and shape of
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the resulting carbon nanostructures. Moreover, using the precursor gas in
plasma state involves, by definition, an enhanced density of chemically active
carbon radicals, thus enhancing the deposition rate especially in the case of
non-equilibrium low-temperature plasma such as the above ICP RF plasma,
including a weakly ionized environment with a relatively high electron energy.
By using a highly reactive precursor such as a hydrocarbon gas, one can thus
decrease the growth/deposition time and/or the substrate temperature. This
latter feature opens the graphene deposition process to a wider variety of sub-
strates with low melting points avoiding, e.g., surface roughening as well as the
temperature-induced diffusion of carbon atoms into the substrate, resulting in
the subsequent carbon surface segregation after sample cooldown. In addition,
further intrinsic CVD limitations like, e.g., the single monolayer growth limit of
graphene onto Ni(111) can easily be defeated by overcoming the passivation of
the graphene monolayer on Ni(111), thus increasing the flexibility of PE-CVD
processes further.

Regarding the growth of planar graphene, Boyd et al. [3] have proposed a
simple single-step direct PE-CVD deposition method using a quartz tube within
an Emerson cavity, encompassing high gas partial pressures of 0.3 mbar (i.e.,
0.4% CHy, 0.4% No, Hy balance) together with a direct plasma and electric
field exposure of the Cu foil, Cu(100), and Cu(111) sample substrates, with
the good quality graphene therefore being limited to the substrate side not
facing the plasma. Nandamuri et al. [4] were using remote PE-CVD on Ni
foil and Ni(111), with an ICP plasma at relatively high partial gas pressures
of 0.12 mbar (i.e., 23.8% CH,, Hy balance) in a non-UHV compatible quartz
tube reactor setup. On a similar technological basis, Zhang et al. [0 [7] were
deposing at similar pressures of 0.266 mbar (i.e., pure CHy) on wide range of
substrates with rather long deposition times of up to 3 hours for a graphene
coverage of 2-3 monolayers resulting into 100 nm graphene patches on HOPG
and nano-crystalline entities on SiOs. Regarding the catalyst-free growth of
vertical graphene nano-sheets on Si, Zhu et al. [§] did use PE-CVD with a
planar ICP source and a methane (40%)/hydrogen (60%) feedstock gas mixture,
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concluding that the correct combination of hydrogen atomic plasma species
together with the interaction of the plasma electric field with the growth process
results into the growth of vertical graphene nano-sheets.

During the last years, CELLS-ALBA [9] together with ibss Group Inc. [10]
have acquired a large expertise regarding the generation and handling of remote
(or downstream) low-pressure ICP RF plasma for the cleaning of carbon con-
taminations as generated by the interaction of the synchrotron photon beam
with residual CO5 gas molecules etc. at the surface of synchrotron optics, as
well as by the electron beam on samples within SEM or TEM setups [11] [12].
An inductively coupled GV10x RF plasma source (ibss Group) has so far been
used as a cleaning tool for carbon-contaminated optical surfaces, where the
feedstock gas of the plasma consists of a chemically active agent (such as, e.g.,
oxygen or hydrogen neutral radicals), thus converting the carbon into CO,, CO,
or hydrocarbons gas via oxidation or reduction, respectively. In order to pre-
serve the advantages of the above graphene CVD approaches while striving for
an improvement of the graphene deposition process towards an enhanced flexi-
bilty of the graphene growth modes, a better UHV compatibility of the overall
process, and an improved graphene sample quality, we have further developed
the rPE-CVD technique using the GV10x plasma source but inverting its op-
eration principle (see Figure [I). From a topological perspective we propose
a remote ICP plasma generated within a distant/separate plasma tube vol-
ume, thus avoiding preferential perpendicular growth directions that electrical
fields within a direct plasma deposition process unavoidably incur. Furthermore,
the significantly reduced kinetics involved in a remote plasma as compared to
a direct plasma should facilitate a deposition of carbon nano-structures with
significantly reduced defect density. The unsurpassed chemical flexibility and
tunability of PE-CVD processes supporting the simultaneous reaction of differ-
ent chemical species makes up a major advantage as compared to traditional
CVD processes.[13], [14]. Last but not least, the overall vacuum characteristics
of the employed GV10x source result into a deposition process that is com-

patible with generic and thus unavoidable UHV requirements of prior or
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subsequent MBE processes, in view of allowing for, e.g., the production of fer-

romagnet/graphene/ferromagnet hybrid multilayer thin film sample systems.

Figure 1: Reversing the GV10x plasma source from a top-down plasma cleaning tool to a

bottom-up deposition tool for remote plasma-enhanced chemical vapor deposition (rPE-CVD).

In order to accomplish the purpose of inverting the working principle of
the GV10x from a top-down cleaning tool to a bottom-up deposition tool, sev-
eral routes for depositing graphene onto different substrates were explored over
a wide range of deposition parameters. The substrates studied were Ni foil,
HOPG(0001) and Ni(111) (Note: A complete set of experimental data
for the case of the early graphene growth stages on Ni(111) can be
found in the Supplementary Content). The resulting samples were charac-
terized following a systematic approach in order to verify the deposited graphene
layer thickness, morphology, defect density etc. Raman spectroscopy (using a
laser with 632.8 nm wavelength) gives a precise idea of the kind of carbon al-
lotrope and crystalline quality [I5]. Scanning Electron Microscopy (SEM) and
Scanning Tunnelling Microscopy (STM) yield a direct picture of the sample
surface with a nanometric and atomic resolution, respectively. Finally, X-Ray
Photoemission Spectroscopy (XPS) gives a detailed chemical analysis of the
surface that allows calculating atomic concentrations and thickness in terms of

deposited monolayers. The main point of this characterization procedure is to
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cross-check results and to get a more complete picture of the characteristics of
the produced rPE-CVD graphene samples, the pertinent growth processes and
dynamics as a function of sample substrate and process parameters (e.g., RF

power, feedstock gas mixtures, total pressure, susbtrate temperature etc.).

2. Experimental

There are several approaches for creating a plasma using RF electromagnetic
(EM) fields. In high pressure plasma, the energy that the electrons have acquired
from the EM fields is more likely to be transferred to the heavy ions, because
of the higher collision probability. This results into a thermalisation of the
whole gas, so that T, ~ T; = Ty,s. Plasma fulfilling this condition are called
thermal plasma working close to atmospheric pressure. On the other hand,
plasmas are termed non-thermal when T, > T; = Ty,,, and they work in lower
pressure ranges (P, - 1073 mbar). Thermal plasma are usually more powerful,
while non-thermal plasma are more selective and are thus typically used for
nanotechnology applications. Thus, the GV10x plasma source used in this work
produces non-thermal plasma through inductively coupled RF discharges (see
below).

There are two well-known methods for the generation of the non-thermal

plasma created by RF discharges:

(i) Capacitively Coupled Plasma (CCP): CCP discharges provide the EM field
to the gas flow by means of electrodes located either outside or inside of
the plasma chamber (see Figure . These discharges primarily stimulate
a DC or AC electric field in order to facilitate plasma ignition. High AC
or DC electric fields are needed for this purpose.

(ii) Inductively Coupled Plasma (ICP): An in-air coil surrounding a ceramic
tube inside which the EM fields are induced into the gas flow (see Figure
. A high RF electric current passes through the coil which induces a
high frequency magnetic field along the tube axis. This AC magnetic

field induces a high frequency vortex electric field, concentric with the
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elements of the coil and providing the plasma breakdown and sustaining
the plasma. Non-thermal ICP plasma discharges work at low pressures
(i.e., 107! to 1072 mbar in our setup), so that the ratio between electric
field and pressure (E/p) is sufficient for ionization. The coupling between
plasma and the coil can be seen as a voltage decreasing transformer, where
the coil works as the primary windings and the plasma as the secondary
windings. ICP discharges are operated at high currents, high electron

concentration, and high electrical conductivity.

Figure 2: Schematic of the Capacitively Coupled Plasma (CCP) and Inductively Coupled
Plasma (ICP) sources.

From the perspective of thin film deposition, the CCP setup includes the
installation of the sample substrate onto one of the capacitor antenna plates
(i.e., either connected to the RF source or to ground), thus exposing the sample
directly to the plasma and the associated electric fields together with high-
energy ions and electrons. While this may be desirable for ion-assisted plasma
processes, the growth of graphene thin films with low defect densities will un-
avoidably suffer from this [3]. In addition, sputtering products from the an-
tenna material or from other chamber parts (especially from the build-up of a
DC bias on floating/insulating parts inside the plasma chamber) may possibly

lead to a corresponding contamination of the thin film and/or the substrate.



On the other hand, Remote ICP plasma sources offer the advantage of
not exposing the RF coil or antenna material to the plasma (i.e., avoiding a

50 source of plasma and/or thin film contaminations). In addition, the inherent
geometrical separation of the plasma generation volume from the thin film de-
position chamber volume keeps the latter free of the EM fields as generated by
the upstream RF coil. Thus, the overall topology warrants for the low kinetic
energies of ions and electrons within the downstream deposition chamber.

155 Last but no least, it should be pointed out that the high currents and high
electron densities as generated in an ICP plasma sources as compared to CCP
setups is beneficiary for the efficient production of atomic hydrogen,[I3] thus
facilitating the defect-free growth of graphene nano-structures at lower hydrogen
gas concentrations. This will become apparent from the low hydrogen feedstock

160 gas concentrations used in this study as compared to, e.g., the results from other

PE-CVD graphene deposition studies mentioned above.

Figure 3: Optical emission spectrum (OES) from the CHa/H2 80%/20% feedstock gas plasma
used for the growth of the Ni foil sample 3.

Figure [3[ shows a typical optical emission spectrum (OES) from a CHy/Hs

feedstock gas plasma. From this, the atomic type, charge, as well as the precise
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mixing ratio of the chemically active species within the plasma can be deter-
mined, thereby enabling a correlation between the plasma properties and the
characteristics of the resulting thin film samples. The evaluation performed us-
ing commercial software [16] based on tabulated standard emission spectra.[17]
The plasma parameters for this OES were those used for the rPE-CVD growth
of graphene of the Ni foil sample 8 (see Table[L).

(a) Ion energy distribution function (IEDF)

for Ar cations.

(b) Electron energy distribution function

(EEDF).

Figure 4: Typical dI/dV curves based on I-V Faraday cup data taken from a pure Ar feedstock
gas plasma (70 W RF power, 0.005 mbar Ar feedstock gas pressure) yielding the Ar cation

and electron energy distribution functions at 800 mm from the plasma source.

As a further example for the characteristics of the downstream (or after-
glow) plasma as generated by the GV10x plasma source during the rPE-CVD
deposition process, Figure shows typical dI/dV curves as obtained from Fara-
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day cup measurements from a pure Ar plasma (70 W RF power, 0.005 mbar
Ar feedstock gas pressure). As the dI/dV curve in Fig. represents the ion
energy distribution function (IEDF) for Ar cations, their distinctly low kinetic
energies with an average kinetic energy of 13.3 eV could be determined. On
the other hand, the electron energy distribution function (EEDF) in Fig.
results in an average electron kinetic energy of 4.1 eV. In analogy to these data
from a pure Ar plasma, we tentatively expect correspondingly low-energy IEDF
and EEDF also for the case of a CHy/Hs 80%/20 % feedstock gas plasma. As
will be shown later on, this warrants for the growth of graphene materials with
low defect densities for rPE-CVD deposition in contrast to standard PE-CVD
processes based on direct plasma deposition in conjunction with high electric
fields and correspondingly high kinetic energies of the charged species within
the plasma.

In the next section, we will show how the above technical aspects of an
ICP plasma source within the context of a UHV-based rPE-CVD sample
preparation chamber setup combine into the efficient deposition of high-
quality micro-crystalline graphene layers and vertical graphene nano-

sheets.

3. Results and Discussion

The main techniques used to characterize our samples were Raman spec-
troscopy and SEM. Room temperature STM measurements were carried out
for selected samples in order to asses the quality of the graphene foils at the
atomic level (i.e., the density of defects as vacancies, antisites, dislocations,
boundaries, etc.). Raman spectra of our samples typically show the three char-
acteristic peaks denoted D (1345 em™1),G (1583 cm™1) and 2D (~ 2690 cm™1!)
[18, 15 [19).

According to common knowledge, the following features turn out to be the
best fingerprints for graphene (see Fig. 1 in the Supplementary Content

document):

10
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(i) The position of the G peak should be up-shifted by 3—5 cm~! with respect
to that of bulk graphite.[20]

(ii) The 2D peak in bulk HOPG consists of two components, with roughly 1/4

(2D;) and 1/2 (2D5) the height of the G peak, whereas a single and sharper

2D peak should be observed in graphene, down-shifted by ~ 35 cm™~!. [1§]

(iii) The ratio between 2D and G peak exhibits a drastic change in favour of

the 2D. [15, [I8, 21]

The widths of the individual peaks are crucial in order to estimate the quality
of the graphitic sample, and thus to evaluate the contribution of the disordered
phase (i.e., amorphous carbon) among the pure sp? phase [I5]. Samples with a
high degree of amorphous carbon (i.e., a mixture with various amounts of sp?
and sp? bonds) show wider D and G peaks, sometimes described as a single
down-shifted broad G band centred at ~ 1500 cm 1.

Table [T] gives an overview of the samples as well as the preparation param-

eters used for the rPE-CVD deposition processes in the present study.

3.1. Growth of nano-crystalline graphene sheets on polycrystalline Ni foil

Polycrystalline Ni foils (7.5 um thickness) were pre-cleaned by ultrasound
in acetone and ethanol before introduction into the vacuum system in order
to remove adhered particles on the surface. Once introduced into the cham-
ber, the Ni foils were degassed at 500°C for at least 2h, so that physisorbed
molecules and weakly chemisorbed molecules were removed. Substrates were
warmed up to different temperatures (between 625 and 725 °C') and exposed to
CH4(80%)/H>(20%) plasma at 0.1 or 0.01 mbar, for different time periods (1,
3 and 5 min) and different RF powers (100 and 200 W) [4]. Please note the
short deposition times as compared to some CVD processes.

It is well-known that atomic hydrogen plays an important role in carbon
thin film growth by removing amorphous and sp® hybridized carbon faster than
sp? hybridized carbon [§]. Hence, the amount of hydrogen radicals (i.e., as
compared to pure C'Hy feedstock gas) was increased by introducing additional

H, gas into the feedstock gas mixture.

11



235

240

245

Table 1: Summary of experimental conditions for each sample reported in this work (Note:
Data corresponding to graphene samples synthesized on Ni(111) are shown in the

Supplementary Content).

Sample no., Feedstock RF Pressure Temp. Exp.

substrate, and result gases Power Time
[W] [mbar] [°C] [min]

1 Ni foil, partial coating CH4/Ha 207 1.0-107Y 715 1

2 Ni foil, shrink wrap CH4/H, 191 1.0-107% 725 3

& Ni foil, cont. shrink wrap ~ CH4/H» 207 1.0-107Y 725 5

4 Ni foil, thick disordered CH4/H, 201 1.0-1072 720 5

5 Ni foil, nucleation CH4/Hs 99 1.0-1071 625 5

6 Ni foil, granular growth CH4 207 1.0-107 740 5

1 Ni(111), partial coating CH4/Hs 180 1.0-1071 725 5

2 Ni(111), nucleation CH4/H, 189 1.0-107" 625 5

1 HOPG(0001), 2D growth ~ CH4/H» 99 2.0-107" 600 180

2 HOPG(0001), nano-sheets CH4/Hs 99 1.0-107" 600 30

All the typical graphene features in the Raman spectra described above can
be observed with different weights for each individual sample as shown in Figure
and analyzed in Table [2l Sample 1 presents a Raman spectrum with a very
low 2D/G ratio and a low G/D ratio (see Table [2), which suggests that carbon
has been deposited in a very disordered manner, leading to a large number of
defects such as patch edges together with low number of graphene monolay-
ers. This is corroborated by the SEM images in Figure [6a], that show
inhomogeneously as well as homogeneously coated areas, where we
tentatively ascribe the bright spotted areas in the former to domains
with an enhanced defect concentration including a partial coating,
with both phenomena contributing to the D peak. As can be seen
from the PEEM /LEEM results in the Supplementary Content, these
micron-size bright/spotted domains during the further growth pro-

cess evolve into carbon-coated non-crystalline domains, in contrast

12
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Figure 5: Raman spectra of PECVD graphene samples 1 to 6 grown on Ni foil substrates,

together with a 3 ML-graphene reference sample.

to the dark graphene domains exhibiting crystalline characteristics.
These darker domains in Figure [6a] yield a distinct homogeneous graphene
coverage (see also Figure for more detail) in form of a wrinkled semi-
transparent foil. As in the case of CVD graphene on cold-rolled copper foil
[22], where the micro-crystalline grains within the Cu foil surface are known to
predominantly reorient with a (100) surface termination at the elevated tem-
peratures used during CVD growth of graphene, we conclude that areas with
different amounts of graphene coverage - coinciding with the domains of the Ni
micro-crystals - depend on the orientation of the micro-crystals within the Ni

foil surface, thus influencing the graphene growth rate. Everything considered,

13
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Table 2: Qualitative analysis of the graphene features measured in each sample on Ni foil.
(a), (b) and (c) refer to the three Raman fingerprints of graphene: Shift of G peak, width of
the 2D peak, and ratio between 2D and G peaks. The last column with the ratio between the
G and the D peaks intensities gives a relative measure of the amount of defects within the

graphene layers. The D’ peak were taken into account for the intensity evaluation of the G

peak.
Sample no., (a) (b) (c) (d)
substrate, and result posg (meas.) I.p/Widthop Iap/Ie  Iag/Ip
- posg (HOPG)
[em™Y [em)]
(1) Ni foil, partial coating 10.3 0.23 0.18 0.32
(2) Ni foil, shrink wrap 2.9 1.32 0.86 2.27
(3) Ni foil, cont. shrink wrap 1.2 2.51 0.78 3.88
(4) Ni foil, thick disordered 5.2 0.92 0.46 0.44
(5) Ni foil, nucleation 3.2 0.75 0.81 1.53
(6) Ni foil, granular growth 8.8 1.28 0.58 0.81

these results speak in favour of increasing the (low) deposition time (1 min) as
used for sample 1. The area with a low graphene coverage in the SEM image for
sample 1 (see Fig. @, are reminiscent of the early rPE-CVD growth stage of
graphene on Ni(111) discussed in the Supplementary Content (see Fig.
3c in this document). There, we could observe an evolution from
”spider”-shaped seed patches at the edges of the Ni(111) terraces via
higher deposition temperature into the larger graphene patches also
seen for the Ni foil sample 1 in Fig. [6al

We thus speculate that the low/slow graphene growth areas do correspond
to Ni micro-crystals with (111) surface orientation, while other areas includ-
ing larger growth rates do represent other Ni surface orientations. An in-
depth micro-LEED or low-energy electron microscopy (LEEM) analysis would
be needed in order to prove this point.

Samples 2, 3, and 5 show similar Raman spectra, but now with strongly re-

duced defect concentrations (see Figure. Also, samples 2 and 8 exhibit higher

14
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(a) Sample 1 (b) Sample 1 (c) Sample 2

(d) Sample 2 (e) Sample 3 (f) Sample 3

Figure 6: SEM images for sample 1; Sample 2; Sample 8 ”Shrink wrap”. All of them grown
on polycrystalline Ni foil.

absolute intensities as well as a sharper 2D peak than in sample 5 (as seen in the
Iop/Widthsp ratio in Table , which can be explained by the higher synthesis
temperature of the former two samples (~ 725°C against 625°C'). This is con-
firmed in the SEM images: Sample 2 (3 min) shows a more extensive and more
homogeneous graphene coverage than sample 1 (1 min deposition time; see Figs.
and . Sample 3 (3 min) shows a thicker and very homogeneous graphene
coverage (referred to as "shrink wrap”) and appears to be in a advanced stage
of growth. In contrast to this, sample 5 only exhibits a partial ”shrink wrap”
appearance (Figure [7c| and , and is still mostly transparent with respect to
the micro-crystalline domains of the nickel substrate (see the SEM images for
the clean nickel reference substrate in the Supplementary Content). The nucle-
ation stage of the graphene growth in this sample 5 can be explained by both
the lower substrate temperature and the lower plasma RF power applied during

the growth process. We also note that sample 8 appears to be the only sam-

15
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ple where the growth of the graphene layer extends seamlessly across the grain
boundaries within the Ni foil surface, thus apparently overcoming the differences
between the Ni micro-crystals during the initial rPE-CVD growth process. The
microstructural PEEM/LEEM analysis of sample 8 presented in the
Supplementary Content gives evidence for the micron-size lateral ex-
tension of the crystalline graphene domains on the Ni foil surface, in

close correspondence to the size of the micro-crystalline Ni surface

domains.
(a) Sample 4 (b) Sample 4 (c) Sample 5
(d) Sample 5 (e) Sample 6 (f) Sample 6

Figure 7: SEM images for sample 4 ” Thick disordered layers”; Sample 5 ” Nucleation”; Sample
6 ” Granular growth”. All of them grown on polycrystalline Ni foil.

Samples 1 and 4 present high D peaks: Too short deposition times (1 min
for sample 1) or low deposition pressures (0.01 mbar for sample 4) turned out
to be non-optimum. A lower plasma feedstock gas pressure implies a larger mean
free path length for the chemically active carbon and hydrogen radicals within
the plasma (as obvious from a brighter downstream plasma inside the deposi-

tion chamber), thus inducing an accelerated, rather three-dimensional graphene

16
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"step flow” growth process resulting into a thick disordered graphene depo-
sition. The consequences resulting from this accelerated 3D growth
mode can be observed from the resulting rather complex and thick
disordered stepped carbon terrace structures in Figure and
which include a large density of boundaries at the step edges, the
deposition of scattered grains of about 20 nm length (see Figure ,
and a larger contribution of an amorphous carbon phase that broad-
ens the Raman peaks (see Figure . Since the characteristic diamond
peak (1332 cm~! [23]) is located very close to the D peak, we speculate that
the growth of a sp? phase in sample 4 may also induce the broadening of the D
peak as observed in samples 1 and 4 as compared to, e.g., sample 3. With the
overall surface morphology of sample 4 appearing to be rather com-
plex, the internal chemical/structural aspects of the above stepped
terraces could not be investigated with the experimental tools being
at hand and are presently not clear.

X-ray photoelectron spectroscopy (XPS) measurements were carried out us-
ing a monochromatized Al K, X-Ray source. In addition to the SEM images
giving evidence for the different 2D versus 3D growth modes induced by the
lower deposition pressure when going from sample 8 to 4, the XPS survey spec-
tra shown in Fig. [8| further corroborate the larger graphene layer thickness for
the latter via the larger Cls/Ni2p XPS line ratio, which is also reflected by
its smaller Isp /I ratio. Thus, we conclude that a factor of ten in the plasma
deposition pressure (while keeping all other parameters constant) results in a
significant changeover in the growth characteristics as well as the underlying
graphene growth mechanisms, indicating a high dynamical criticality of the
graphene growth via rPE-CVD.

As sample & exhibited the lowest defect concentration in the Raman spectra
(see Figure 5) and the most promising SEM pictures in terms of a complete
and homogeneous substrate coverage (see Figures [6e| and @, an estimation of
the number of nanocrystalline graphene layers was carried out using the above

XPS data together with the SESSA software (Simulation of Electron Spectra

17
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Figure 8: XPS survey spectra of graphene on nickel foil sample 8 (bottom) and 4 (mid-
dle), together with the XPS survey spectrum of graphene on Ni(111) sample 2 shown in the
Supplementary Content (top).

for Surface Analysis [24]). Simulations were based on a simple model of an
infinitely thick nickel substrate covered by a thin carbon layer. XPS spectra
were simulated for several carbon thicknesses of 3.35 A (1 monolayer (1GL)),
6.70 A (2GL), 10.05 A(3GL), 13.40 A (4GL), 16.75 A (5GL), 20.10 A (6GL)
and 23.45 A (7GL) (one carbon/graphene layer (GL) correspoding to 3.35 A
thickness [25]) and compared with the measured XPS overview spectrum.

As can be observed in Figure [9] the Cls and Ni2p peak intensities and
peak ratios of the 6 ML simulation and the measured XPS overview spectrum
match each other quite accurately (nnizp,,, = 29.1%, NNi2p,,, = 1.1% and
nc1s = 4.2%). Npear values are the relative errors between the simulated and
measured intensity for each peak.

Based on the observation that sample 3 exhibits a 6 ML graphene cover-
age while still maintaining the graphene layer quality, we conclude that the

rPE-CVD deposition technique obviously easily overrides the intrinsic graphene

18
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Figure 9: XPS spectrum of graphene on nickel foil 8 (red solid line), together with the
simulated XPS spectra calculated with SESSA ranging from one to seven carbon monolayers

on a thick nickel substrate (black solid lines).

monolayer limitation on, e.g., Ni(111) surfaces by overcoming the passivating ef-
fect of a graphene monolayer on Ni surfaces (as can be expected from a PE-CVD
process).

Atomically-resolved STM images corresponding to sample 2 shown in Fig.
were measured on different macroscopic regions that represent distinct topo-
graphic features: (i) a flat area where the characteristic honeycomb lattice of
the graphitic materials is observed (Fig. ; (ii) a wavy area close to a defect
of the polycrystalline Ni substrate (Figs. and where regions exhibit-
ing different periodic structures: honeycomb, hexagonal and stripped patterns
(red, blue, and green dashed squares, respectively), that suggest the presence
of regions with different graphene layer stacking sequences [26, 27]. In Fig
local in-plane compressions/expansions of the graphene network are responsi-
ble of the smooth transitions through substrate domains, thus quenching the

Nickel boundary defects, and maintaining the film quality (see Fig. [10c]). More-
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over, monocrystalline flakes of at least 100x100 nm?, exhibiting a defect-freee
graphene lattice were measured by STM, which is consistent with the low de-
w0 fect peak measured for this sample by Raman (Figure |5). The characteristics
of the film as shown in these STM images for sample 2 should also be typical
for sample 3, due to the similar non-linear growth parameters (i.e., RF power

and pressure) and SEM appearances.

(a) Scale bar 1 nm (b) Scale bar 1.4 nm

(c) Scale bar 2 nm

Figure 10: High-resolution STM images of sample 2 measured at room temperature.

Topographic images of sample 2 were measured at room temperature using
35 a variable-temperature STM (SPECS, STM Aarhus 150) and processed using a
freeware software (WSxM 5.0 develop 6.5) [28].

As another important parameter regarding the growth of graphene thin films,
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we have studied the effect of Hy when used as an additional plasma feedstock
gas by comparing the Raman spectra of two samples grown under the otherwise
identical conditions (i.e., samples 3 and 6), but without Hy in the latter case
(see sample 6, Figure|5). The G/D peak ratio turns out to be much lower, and
the 2D peak appears to be broader for sample 6 (see Iop/Widthyp ratio in
Table . The SEM images for sample 6 corroborate this, since apart from the
graphitic growth mode, there is a three-dimensional growth that comes together
with a granular texture (Figure zoomed in Figure . Hence, this confirms
that the presence of Hy as an addition to the feedstock gas in the plasma favors
the growth rate of sp? phases as compared to other phases like, e.g., sp> and/or
(mixed) amorphous phases. According to our previous experience using the
GV10x as a plasma source to clean carbon contaminations, this result does not
come as a surprise. The cleaning rates of different carbon depositions measured
in our experiments using Hy/Ar plasma revealed that sp® carbon cleans faster
(1.22A/ min) than amorphous carbon (0.59A/ min).[I2] Since amorphous car-
bon mostly consists of a mix of sp? and sp>, one can conclude that the presence
of sp? slows down the reaction during the cleaning process or, in other words,
sp>-bonded or amorphous carbon is more likely to be converted into hydrocar-
bons by means of hydrogen radicals during the Hy/Ar plasma cleaning while
sp?-bonded carbon is preserved.

An analysis of the Cls XPS spectrum of sample & (see Figure reveals
the relative concentration of carbon species within the total carbon content
(see table insert in Figure . As expected, graphitic carbon (sp? at 284.5 eV
binding energy (BE), forming the 2-dimensional hexagonal lattice) is the most
dominant contribution (67.1%), plus some diamond-like carbon (sp* at 285.2 eV
BE, forming a diamond structural phase, 12.6%), some contribution from oxi-
dized carbon (C-O-C at 285.8 eV BE, 14.5%), and the m-7* shake-up satellite
(295.5 eV BE, 5.8%). The C-O-C contribution in the C'ls XPS line as well as
the oxygen content in O1s line in the XPS overview spectrum may be explained
by the fact that samples have been exposed to the atmospheric air after the

graphene growth process when being transferred to the XPS setup.
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Figure 11: XPS Cls line of the graphene on Ni foil sample 3, and fitting of its different
components (sp?, sp?, C-O-C and shake up features). Table insert: Measured positions of the
XPS lines corresponding to the different components in sample 8, and their relative atomic

concentration.

3.2. Catalyst- and field-free growth of vertical graphene sheets on HOPG(0001)

We now discuss the rPE-CVD graphene samples 1 and 2 grown onto (0001)-
oriented HOPG graphite (see Table 1] for deposition parameters).

A clean HOPG(0001) surface layer was generated by Scotch tape cleaving
and subsequently loaded into the UHV chamber where it underwent a degassing
process at 400°C for at least 2h. HOPG(0001) substrates were warmed up to
600°C and exposed to CHy/Hs plasma at 0.2 mbar, for 30 and 180 min, with
a RF power of 100 W).
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Both samples show a significantly different behaviour in the Raman spectra
(see Fig. . Sample 2 closely resembles the Raman spectrum of a clean
HOPG(0001) substrate (see the Supplementary Content), which gives evidence
that there has not been a significant carbon deposition. On the other hand, the
2D peak in sample 1 tends towards the characteristic shape of graphene already
observed for the case of the nickel foil substrates: Peak 2D; increasing at the
expense of 2Dy, the G peak slightly shifted upward (1586 cm 1), together with
an extremely large defect peak (I¢/Ip = 0.26) as compared to all previously
discussed samples. Due to the large D peak in sample 2, the so-called D’ and
D+D’ peaks also show up, where the D’ peak (1620 ¢cm~!) corresponds to a
local vibrational mode induced by the high amount of impurities. The latter
can interact with the extended phonon modes of graphene, resulting in the

splitting of the G peak. [I5]

Figure 12: Raman spectra of the collection of rPE-CVD graphene nano-sheet samples 1 and
2 grown on HOPG(0001) (light blue and grey solid line, respectively), together with a 3ML

graphene reference sample (black solid line).

In Fig. we show the SEM images of HOPG(0001) samples 1 and 2 as well
as the SEM image corresponding to the cleaved pristine HOPG surface. While
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(a) Pristine HOPG(0001) (b) Sample 2

(c) Sample 1 (d) Sample 1 (zoomed in)

Figure 13: SEM images for freshly cleaved HOPG(0001), samples 1 and 2, both grown on
HOPG(0001).

the pristine HOPG exhibits the typical remarkably flat, clean, and structureless
(exepting a few parallel lines due to step edges) planar appearance, the image
of sample 2 gives some additional large features on a several micrometer size
w5 scale (see Fig. , which we interpret as large-size two-dimensional graphene
layers epitaxially grown onto the pre-existing HOPG(0001) surface. Taking into
account the rather long deposition time of 30 min. (e.g., as compared to typical
Ni deposition times) the large size of the observed additional graphene features
does not come as a surprise. The SEM image for sample 1 (see Figs. and
430 is consistent with the Raman data, as its " vertical nano-sheet” appearance

exhibits a considerable amount of sheet edges that largely contribute to the D,
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D’, and D+D’ peaks. From these SEM images, we estimate the thickness of the
graphene nano-sheets to be less than 10 graphene monolayers.

As the growth of graphene on HOPG(0001) was expected to synthesize pla-
nar homo-epitaxial (or at least epitaxial) graphene due to the inherently perfect
lattice matching between the HOPG(0001) and the graphene lattice parameters
as can be seen for the case of sample 2, the above result for sample 1 is sur-
prising. Instead, after a deposition time of 180 min., graphene nano-sheets did
grow vertically with respect to the HOPG(0001) surface with random in-plane
orientation (see Fig. sample 1), indicating a switch-over of the graphene
growth mode between these two samples from in-plane to vertical (see below).

Sample I shows a large amount of graphene nano-sheets (Figure as
well as a high defect concentration in peak D of the Raman spectrum (Fig-
ure [12). Meanwhile, in the lower growth limit (30 min deposition time), the
Raman spectrum of sample 2 (see Figure gives evidence for a graphene
deposition that is structurally identical to the HOPG(0001) substrate, and thus
indistinguishable from the Raman spectrum of pristine HOPG (see Fig. 77).

An in-depth analysis of the Cls XPS spectrum of sample 1 (see Figure |14)
reveals the relative concentration of carbon species (see table in Figure .
As in the case of the nickel substrates, graphitic carbon (sp? at 284.6 ¢V BE,
61.8%) is dominant, plus diamond-like carbon (sp* at 285.2 eV BE, 16.9%),
some contribution from oxidized carbon (C-O-C at 286.1 eV BE, 9.7%), and
the m-m* shake-up satellite (at 289.4 eV BE, 11.6%). Taking these numbers
into account, the Cls XPS spectrum of graphene nano-sheets is closer to that
of the early stages of graphene growth on Ni(111) as compared to the Cls XPS
results of graphene on Ni foil. This can be expected from the large amount
of defects and graphene sheet edges visible in the SEM images of both of the
former sample systems as compared to the latter graphene sample & on Ni foil.

Comparing the above results with previous studies on the PE-CVD growth
of vertical graphene nano-sheets, we would like to point out that this could be
achieved without the use of either a surface catalyst or an electric field (per-

pendicular to the sample surface) as typically generated by the plasma sheath
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n Cls

Pos[eV] Atomic concentration [%o]

sp2 2846 6138 .
0] w3 2852 169 =

c-0-C 286.1 9.7

shakeup 2894 116

T T T
204 201 288 285 282

Figure 14: Cls XPS line of the graphene on HOPG(0001) sample 1, and fitting its different
components (sp?, sp3, C-O-C and shake up features). Insert: XPS overview spectrum of
graphene/HOPG(0001) sample 1. Table insert: Measured positions of the peaks corresponding

to the different components in sample 1, and their relative atomic concentration.

and thus inherent to many other commonly used direct plasma PE-CVD setups.
While the former catalyst-free nano-sheet growth could already be demonstrated
by several groups (see, e.g., [8 29, [30]), these processes did rely on the inherent
occurrence of an electric field as given by the direct sample exposure of the sam-
ple within the PE-CVD setup. In our case, the plasma source is remote with
respect to the deposition chamber and thus the electromagnetic fields normal
to the sample substrate as created by the plasma source - that could possibly

induce a preferential growth direction as in the case of a classical CCP or direct
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plasma ICP setup [§] - should be minimized. At this point, the most plausible
explanation for this finding is that the upper deposition limit for a 2D epitax-
ial deposition was reached for sample 1 due to the extremely long deposition
time of 180 minutes, thus leading to a saturation of the 2D growth parallel to
the substrate plane as in HOPG sample 2, thus initiating a vertical growth of
graphene nano-sheets. This is corroborated by the experimental findings of Zhu
et al. [8], where the authors propose a initial planar graphene growth on Si
and an onset of vertical sheet growth after the deposition of a 1 to 15 nm flat
graphene layer (within 8 min at 40% CH, in Hy, 100 mTorr, 680°C sample
temperature, and 900 W RF power), when a sufficient level of force develops at
the graphene sheet boundaries to curl the leading edge of the top layers upward.
Their underlying growth model is based on the production of atomic hydrogen
in their ICP plasma, plus the above vertical electric field in conjunction with
the polarizability of the graphene sheets. The plasma feedstock gas mixture
and substrate temperature used in our experiments do bear some similarity in
view of the plasma chemistry, whereas the deposition pressure and RF power
are at variance by about one order of magnitude - which may account for the
large variation in deposition time (i.e., 8 min versus 180 min). Nevertheless, the
major difference is given by the occurrence (or non-occurrence) of a significant
perpendicular electric field, thus suggesting a different mechanism underlying

the initiation of the vertical growth mode as the one proposed by Zhu et al. [g].

4. Conclusions

We have successfully implemented and used a newly developed re-
mote inductively coupled low-pressure RF plasma source for the syn-
thesis of multilayer micro-crystalline graphene on polycrystalline nickel
foil and Ni(111) by means of remote plasma-enhanced chemical vapor deposi-
tion (rPE-CVD). Also, the catalyst- and field-free growth of vertical graphene
nano-sheets has been achieved on HOPG(0001).

For the graphene/Ni foil samples, Raman spectroscopy revealed the pre-
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dominance of an ordered sp? growth process with an extremely low amount of
defects over a wide surface area, as evidenced by sharp G and D peaks as well
as STM analysis. Raman spectra also did yield a first qualitative evidence of
the multilayer nature of our samples, as witnessed by the low 2D /G ratio. The
graphene thickness was quantitatively established to be close to six graphene
monolayers, using the ratio between Ni2p and Cls peaks in the XPS spectra.
On Ni foils, the addition of a small amount (~ 20%) of Hy into the plasma
feedstock gas mixture turns out to be crucial to reduce the growth of a disor-
dered sp® or amorphous sp?/sp? carbon phases. So far, substrate temperatures
slightly above 700°C and RF powers of ~ 200W have proven to be optimum, in
contrast to lower values that lead to an insufficient growth rate for the specific
case of a Ni foil substrate. Moreover, a deposition time of 3 to 5 min for 6
graphene monolayers at gas pressures of 0.1 mbar did yield our best results in
view of the growth of defect-free large area graphene layers. Lower deposition
times are inefficient, whereas lower pressures do enhance the deposition rate,
thereby resulting in an excessive growth of thick graphene films together with
an enhanced density of defects.

Polycrystalline Ni foils have so far been the most promising substrates to
perform plasma-assisted depositions of graphene, as they yield a growth of 2-
dimensional multilayers. Even though we have so far not tested a fine control
over the number of deposited layers, this could be easily achieved in the near
future by means of performing dedicated deposition runs following the already
established procedures. The rPE-CVD graphene samples synthesized on the
Ni foils have proven to be good candidates for STM analysis, yielding a fairly
complete picture of the produced layers via the imaging of the carbon atoms
contained in the graphene lattice. In more detail, large defect-free graphene
areas could be demonstrated together with smooth transitions between substrate
defects as well as areas with different graphene stacking modes.

A catalyst- and field-free homogeneous coverage of vertical graphene nano-
sheets was successfully achieved on HOPG(0001). To our knowledge, this

could be achieved under catalyst- and field-free conditions for the

28



535

540

545

550

555

first time. SEM images did show a clear perpendicular growth due to a combi-
nation of deposition rate and extended deposition time, resulting into the afore-
mentioned vertical graphene nano-sheets. Based on a comparison with similar
results from the PE-CVD literature, we would like to point out the existence
of a transition from an in-plane to a vertical growth mode together with the
use of atomic hydrogen within the plasma. However, we see no direct evidence
for the need of significant electric fields perpendicular to the sample surface or
of surface catalysts to enable the growth of vertical graphene nano-sheets.
Working on the hypothesis of long deposition times leading to a vertical growth,
further rPE-CVD studies are needed in order to elucidate the detailed dynamics
regarding the transition between the in-plane and the vertical growth modes of
graphene nano-sheets on HOPG(0001).

Summarizing the above results, the GV10x rPE-CVD downstream
(or afterglow) plasma source appears to be a promising tool for the
deposition of graphene micro- and nanostructures as well as for the
more complex in situ UHV preparation of, e.g., multi-layered hybrid

graphene sample systems.
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