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Abstract

The surface of carbon films deposited with inverted plasma fireballs is analysed in this paper. Measurements were conducted
with Raman spectroscopy, atomic force microscopy and nanoindentation. The latter was used to obtain Young’s modulus as
well as Martens and Vickers hardness. The roughness of the film was measured by atomic force microscopy and its thickness
was measured. It was shown with Raman spectroscopy that the films are homogeneous in terms of atomic composition and
layer thickness over an area of about 125 X 125 mm. Furthermore, it was demonstrated that inverted plasma fireballs are a
viable tool for obtaining homogeneous, large area carbon films with rapid growth and very little energy consumption. The

obtained films show very low roughness.

Keywords PECVD - Carbon - Inverted fireballs - Deposition

1 Introduction

Various carbon containing films, ranging from graphene over
amorphous carbon and nanostructured surfaces to diamond
like carbon layers have gained more and more momentum in
recent years. This is mostly due to their vast number of prop-
erties that can be tailored by fine tuning the kind of carbon
allotrope deposited onto different substrates. Amongst many
possible technologies for carbon film deposition, plasma
enhanced chemical vapour deposition (PECVD) is a stand-
ard procedure. It has successfully been used to obtain carbon
nano structures [1, 2], graphene [3, 4], diamond like carbon
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(DLC) [5, 6], diamond [7, 8] or amorphous carbon films [9,
10]. In recent years, a novel PECVD process, which is based
on so-called inverted fireballs (IFBs) has gained increased
attention, since it allows the creation of very homogeneous
plasmas with enhanced plasma densities [11-15]. There have
also been attempts to incorporate an IFB setup into a sput-
ter chamber but so far with mixed results [16]. The favour-
able combination of high plasma density and homogeneity
is obtained by a highly transparent grid that is put onto a
suitable positive potential with respect to ground. If the bias
becomes larger than the ionisation potential of the working
gas, electrons are attracted from the surrounding background
plasma and accelerated towards the gridded anode. Most of
these highly energetic electrons will pass through the grid
and induce additional ionisation processes in the closed wire
cage. At the same time, the Debye sheath around the mesh
wires overlaps with the sheath of the neighbouring wires
and, thus, forms an equipotential surface around the entire
gridded anode. This leads to a formation of a Faraday cage,
in which the denser plasma is trapped and forms the IFB.
While the ions are trapped in the potential well that forms
inside the mesh cage, electrons can escape through the grid
or passing between two opposite sides of the cage. If this
happens, the escaping electrons are influenced by the electric
field of the mesh as soon as they leave the IFB. This field
accelerates them back into the IFB, artificially prolonging
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their collision mean free path and enhancing their kinetic
energy. Therefore, those electrons trigger additional ionising
collisions within the IFB, enhancing the plasma density by
up to an order of magnitude. Although the plasma potential
is essentially flat throughout an IFB, it was experimentally
demonstrated in reference [15] that the potential profile can
be tailored to a certain extent, if one or more sides of the
cage are electrically insulated against the others and biassed
slightly different than the main cage anode [15]. This may
be used in setups where a gradient in the plasma potential
and, hence, in the difference of ion and electron densities
is desirable. IFBs are a novel technology, which offers the
possibility of homogeneous depositions over large areas.
Furthermore, the growth rates are quite high even with low
additional power consumption by the IFB electrode. Nev-
ertheless, the focus of this paper lies on a standard IFB in
a mixture of argon and n-hexane and the films that were
deposited with this method. After the successful deposition
of the carbon films, the physical properties of the layers were
studied with different methods, which will be discussed in
detail in the next section.

2 Materials and methods

The carbon films were deposited in a vacuum chamber,
type PA 100 from Plasma Technology GmbH at a working
pressure of 3 Pa. The chamber was evacuated by a turbo
pump. The background plasma was maintained at 40 kHz,
50 W. For applying the DC Voltage to the grid, a power
supply from EDF electronics was used. The IFB anode was
manufactured from a stainless steel grid with (wire diameter
120 pm, grid constant 250 um). It had a height of 8.5 cm and
an edge length of 18.5 cm and consumed 20 W of electrical
power at a voltage of 174 V. The substrate was not addition-
ally heated and remained at room temperature due to the lit-
tle overall power. The IFB setup and the plasma parameters
are shown in detail in reference [17]. A schematic diagram
of the electrical setup of the IFB cage is shown in Fig. 1.

The deposition was conducted on standard labora-
tory soda-lime glass slides (as used for microscopy) with
25 x 75 mm? area. 7 of these glass plates were covering
the substrate holder. An additional slide was put on top of
the others to cover the glass substrate and have a reference
of uncovered glass samples after the deposition. Before
the coating process an IFB was ignited in a mixture of
100 sccm H, and 7.5 sccm Ar to clean the substrates. This
cleaning process was upheld for 5 min. After the initial
cleaning, a second IFB plasma was ignited in a mixture
of 50 sccm Ar and 50 sccm tetramethylsilane (TMS) for
1 min to obtain an adhesive mediation layer between the
glass substrate and the carbon film. After this, the coating
process was conducted in an Ar/n-hexane IFB (with 100
sccm each) for 15 min. The result of this coating experi-
ment is depicted in Fig. 2.

It is evident that a smooth carbon containing film was
obtained within the IFB grid. After the coating procedure,

Fig.2 Samples after 15 min of IFB deposition. The substrates 1-8
were glass slides with 25x75 mm? area. The slight dislocation of
slide one was due to mechanical vibrations that occurred when open-
ing the chamber

Fig. 1 Schematic diagram of the IFB setup with electrical connections (left) and a photograph of the anode grid on top of the substrate holder

(right, taken from reference [17].)
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Fig.3 The points of measurements for the Raman and AFM data
acquisition

the samples were analysed with different methods that are
outlined in the next section.

3 Results
3.1 Raman measurements

Raman spectroscopy was performed on the two different
areas, shown in Fig. 3. On the uncoated glass sample (red
dot) and the carbon film itself (pink dot). The transition
region (green dot) was also investigated with AFM. These
results will be presented below. The samples were ana-
lysed with a Witec Raman spectroscope using a green laser
with 532 nm and 4 mW output power on the glass substrate
to get Raman peaks with reasonable intensity. However,
the power of the laser was reduced to 1.6 mW on the car-
bon films to prevent possible damages. This is still enough
due to the increased Raman sensitivity of carbon films.

Each sample was measured at least at two points in each
of the relevant regions—glass and carbon. The obtained
data are displayed in Fig. 4. Since the most interesting
region is the carbon film, Fig. 4b depicts the collected data
from random samples (2, 3, 4 and 8 in this case) to illus-
trate that the Raman peaks are indeed identical, regardless
of the substrate’s position within the IFB.

The peaks in Fig. 4a can be identified as the symme-
try stretching mode of Si—O bonds from the glass slide
(570 cm Y [18], a high frequency Si—O-Si binding mode
(794 cm™!) [19] and the so-called Q® Si—O stretching
vibration mode (1098 cm™") [20]. With increasing thick-
ness, the Raman peaks from the glass substrate are van-
ishing and only one broad peak remains. This peak was
deconvoluted into two separate peaks at 1383 cm™! and
1546 cm™!, respectively. The former is as assumed to be
the stretching mode of the CH; alkyl group while the lat-
ter is attributed to the aromatic Si—C vibration mode [21].
Since the peak position and intensities are identical on
all the measured samples, it can be concluded that the

570,47 cm”
500 - (@)
' 1098,45cm’

400
; 300 -
>
£ .
& 200+
e

100+ 794,48 cm’!

0 T T T 1
0 500 1000 1500 2000
Raman Wavenumber (cm")
2500 (b)
1546,56 cm”'

2000
= 1500
2
=
S 1000+
e

500 - ﬁ
0 . . : .
0 1000 2000 3000 4000
Raman Wavenumber (cm™)
2000+ (c)
1546,56 cm”’
1383,45 cm™
~ 1500
=
S
2
w
| o
8
£ 1000
500

750 1000 1250 1500 1750 2000

Raman Wavenumber (cm")

Fig.4 Raman spectra of the glass substrate a and the carbon film
(b). Image ¢ shows a magnified view of the deconvoluted peak at
1546 cm™

chemical composition of the films is very homogeneous
throughout the entire substrate and, thus, throughout the
entire plasma inside the IFB. This assumption is also cor-
roborated by the measurements in reference [17].
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11.2nm

0.0nm

Fig.5 AFM images and surface map of the glass substrate (a), the transition region (b) and the carbon film (c)

3.2 AFM measurements

To study the surface morphology, AFM measurements
were performed on the glass and on the carbon coating.
The results are shown in Fig. 5.

The uncoated glass as well as the transition region was
analysed on a 3x 3 um? area while the carbon coating was
investigated on a 7x 7 um? area. It can be seen that the high-
est elevation on the surface is about 22 nm with rms rough-
ness of 2.349 nm, while the rms roughness on the transi-
tion region decreases down to 0.553 nm with the highest
elevations at around 11 nm. However, on the carbon coating

@ Springer

the roughness decreases further below the resolution of the
AFM (<0.25 nm). Approaching the resolution limit of the
AFM also causes the artefact at the end of the measure-
ment in Fig. 5c. The same results were obtained on all the
samples, indicating again that the morphology of the carbon
layer produced with IFB shows a very smooth and homo-
geneous surface throughout the whole IFB plasma region.

3.3 Nanoindentation measurements

Nanoindention or instrumented indentation testing was per-
formed according to DIN EN ISO 14577, which provides
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access to information about the mechanical properties of the
obtained films. The used instrument in these experiments
was a PICODENTOR HM 500 from the Helmut Fischer
GmbH with a Vickers indenter. A maximum force of 100 uN
was used as parameter for the standard measurement proce-
dure. The loading and unloading of the force occurred within
3 s. In addition, an enhanced stiffness procedure (ESP) with
a maximum force of 100 mN applied during 912 s was
utilised to gain further depth-dependent information. The
measured indentation depth h as a function of the applied
force F is depicted in Fig. 6.

The Martens hardness (HM) was calculated from the load
curve and is shown as a function of depth in Fig. 7.

While the HIT value can be converted into the Vickers
hardness (HV), the elastic properties have been calculated
from the unloading of the lever in accordance with the
method proposed by Oliver and Pharr [22]. This method
yields the so-called indentation modulus EIT.

The force-penetration depth curves (Fig. 6) point out
that the deposited layer exhibits a considerable difference in
mechanical properties compared to the glass substrate. The
increase in the curve fraction of the loading demonstrates
a clear difference. Furthermore, the maximum penetration
depth in the coating is higher than in the glass substrate. It
is therefore evident that the coating must have a lower hard-
ness. This was confirmed by the hardness parameter HM
in Fig. 7. The graph shows that the hardness of the coating
is not only lower, but also shows a stable or homogeneous
behaviour in depth without any hardness gradient.

Other commonly used hardness properties determined
for the coating, that cannot be represented as a function
of depth in a standard measuring procedure, are HIT of
8.8 GPa+0.07 GPa and the Vickers hardness value of 827
HV +7HV.
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Fig.6 Averaged indentation depth h as a function of the applied force
F
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Fig.7 Depth dependent Martens hardness (HM) as a function of the
penetration depth

In addition to the hardness properties, the elastic proper-
ties were also determined using the characteristic value EIT/
(1-vs?). The mentioned parameter approximately character-
ises the elastic modulus of the coating, without considering
the Poisson’s ratio (vs). Based on these measurements, an
EIT/(1-vs?) of 70.7 GPa+ 2.6 GPa was determined for the
glass and 47.9 GPa=+ 0.3 GPa for the coating.

When comparing the measurements from the standard
measurement procedures with those from the ESP in Fig. 8,
it is clearly evident that this allows an estimation of the layer
thickness. The previously determined characteristic values
from the standard measurement procedure can be seen again
within the measurement uncertainty. Only the characteristic
values EIT/(1-vs?) and HM were shown for clarity.

For both considered characteristic values, a comparable
measured value from the standard procedure can be deter-
mined from the diagram in Fig. 8. The special feature here
is that a significantly greater penetration depth was run. This
means that, according to the 10% rule, the properties of the
coating are represented by only one point at approx. 28 nm.
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Fig.8 Averaged depth-dependent characteristic value of HM and
EIT/(1-vs?), measured with ESP
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Fig.9 Colour-coded plot of EIT/(1-vs?) (a) and HM (b) for testing
the layer homogeneity

The hardness value is influenced by the substrate material
at greater depths. This can also be seen in the elastic behav-
iour, so that two curve components with different slopes
can be distinguished. At the turning point of the slopes, a
layer thickness can be estimated, which can be assumed to
be approx. 200-300 nm.

For the analysis of the layer homogeneity, an array of
measuring points was taken on a sample with the nanoin-
dentation instrument. A matrix with a measurement area of
12.65 mm by 14.2 mm was applied to the sample to obtain
an impression of the homogeneity.

The 341 measurement curves obtained in this area were
used to generate a colour-coded plot of various properties of
the measurement matrix, which can be seen in Fig. 9.

The thin layer exhibits a satisfactory homogeneity over
the measured sample area in terms of hardness and Young's
modulus, which can be seen from HM and EIT/(1- vs2). No
gradients of the considered properties over a large area of
the sample can be seen. The results are statistically normal-
distributed. This allows the conclusion that a homogeneous
deposition result was obtained in the process.

3.4 Measurements of the film thickness
The evaluation of the coating thickness was also performed

by Helmut Fischer GmbH. These measurements were con-
ducted with a BETASCOPE using a radioactive source C14

@ Springer

Table 1 Results and statistical parameters of the mechanical proper-
ties of the carbon films and maximum indentation depth h,,,

HM EIT/(1-vs%) HIT HV Bk

N/mm? GPa N/mm? nm
X 2966 479 8752 827 27
U X)) 14 0.25 65 7 0.1
S 137 24 608 58 0.7
V% 4.6 4.9 7 7 2,6
Min 2658 42.3 7148 675 25
Max 3451 55.2 11060 1045 29

at a temperature of 22 °C with a measuring time of 100 s.
We measured a mean value of 263 nm and a standard devia-
tion of 50 nm for the coating thickness by assuming 1.395 g/
cm? for the density of the coating.

4 Conclusions

In this paper, the deposition of large area amorphous carbon
coatings with excellent homogeneity by applying IFBs is
reported. The measurements of the mechanical and surface
properties showed that films with low surface roughness
and homogeneous chemical composition were obtained
with growth rates of about 15-20 nm/min at very low over-
all input power (approx. 70 W). The coating experiments
demonstrate that IFBs are a versatile tool, especially for the
fabrication of large area carbon films, which demand a small
surface roughness and high level of homogeneity. An over-
view of the results from the mechanical analysis and the
relevant statistical parameters from these measurements are
listed in Table 1.

The main purpose of this paper is to show that IFB can
produce carbon layers with relevant properties. However,
there will be more work necessary in the future regarding
suitable precursor gases or gas mixtures and the fine tuning
of other physical parameters such substrate temperature, gas
pressure, et cetera which are expected to enhance the number
of varieties for other carbon allotropes on different substrate
materials.
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