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INTRODUCTION

Chemical vapor deposition (CVD) and plasma assisted CVD
have now been proven to be an effective deposition technique
for a variety of carbon materials including diamond' and
graphene.z_4 Among the CVD techniques, the focus is on
direct current microplasma technique (DCuP). This technique
is based on the micro-hollow-cathode effect, which allows
production of a high density plasma (up to 10'® cm™) and has
the ability to start the discharge at relatively high pressures
(close or equal to atmospheric pressure).” Importantly, the
plasma presents a non-negligible fraction of electrons with high
energy (>10 eV) allowing a variety of chemical reactions,
including the formation of energetic radical precursors in CVD
deposition methods. Thanks to these properties, DCuP has
been successfully employed for various applications such as
nanostructure synthesis,6 semiconductor device post process-
ing,7 UV emission,® diamond,” and few-layer graphene
deposition."

However, thermodynamic and kinetic aspects of DCuP
deposition technique have not yet been fully -elucidated,
particularly for diamond deposition. On the other hand an
extensive analysis based on nonequilibrium nondissipative
thermodynamic was formulated for the case of hot filament
diamond deposition'"'> to explain the apparent thermody-
namics infringement occurring in plasma-based diamond CVD.

In this work the DCuP is presented as a simple deposition
technique to obtain different carbon structures by varying the
operating parameters (i.e., substrate temperature and working
pressure). This paper is organized as follows: the DCuP
technique and characterization of the deposited carbon
structures by scanning electron microscopy (SEM) and
micro-Raman spectroscopy are presented and discussed in
the Experimental Section. The nonequilibrium, nondissipative
method is introduced and applied to describe the experimental
results in section the Thermodynamic Model section.

EXPERIMENTAL SECTION

The experimental apparatus used for deposition of carbon-
based materials is presented in Figure la. The equipment
includes vacuum system, plasma generating system, and gas
supply system. The vacuum system consists of a ~14 L stainless
steel vacuum chamber evacuated by a primary rotary pump
(Pfeiffer) and a turbomolecular pump (Varian V70), inline
valves (VAT), feedback control valve (MKS 250), capacitance
manometer (MKS 120), and high pressure ionization gauge
(Balzers IMR 125). The core of the experimental setup is the
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Figure 1. Experimental equipment: plasma vacuum chamber (a) and
microplasma jet setup (b).

in-house designed stainless-steel column with a 178 ym inner
diameter capillary tube acting as the microhollow cathode
allowing the gas inlet used to create the flow-stabilized
microplasma jet, Figure 1b. The anode is a grounded furnace
holding and heating the sample. Heating occurs via thermal
radiation using a tungsten wire (100 pm, 4 Q).

Two quartz windows are suitably positioned for both visual
and instrumental inspection of the microplasma jet. The
furnace and sample temperatures are monitored by two K-type
thermocouples: the first is placed directly on the substrate while
the second is at the furnace shield. The discharge is sustained
by supplying a negative voltage to the capillary via a dedicated
short-protected dc power supply (GERAT EA-HV 9000—1k2—
2000). The discharge current and voltage are read across a
series (ballast) power resistor (20 kQ, 50 W). The carbon
source is methane gas mixed with hydrogen. The gas supply
system consists of two mass flow controllers (MKS 1280) (100
sccm full scale for H, and 10 sccm for CH,), a manual isolation
valve (NUPRO SS4BK), pressure reducers, and gas cylinders.
The volt—amperometric (V—I) characteristic of the discharge
and the influence of the micro-hollow-cathode geometry on the
quality of the deposition were reported elsewhere.'> The
substrate is a polycrystalline molybdenum foil (11 mm
diameter, 50 um thickness; 99.9% purity, Goodfellow). The
range of operating conditions for CH,/H, plasma deposition
used in this work is summarized in Table 1.

Table 1. Range of Operating Conditions Used for Sample
Deposition

substrate Mo

feed gas H,, CH,

excitation source microplasma dc discharge
substrate temperature 500-1150 °C

total pressure 0.3—200 Torr

deposition time 3h

flux parameter @®H),, sccm: 100

® CH,, sccm: 0.5
®H,/®CH,: 5 X 1073
supply voltage, V: 550—650

plasma current, mA: 9—15

discharge parameters

Before deposition, the substrate was sonicated with hexane
and deionized water and placed under vacuum in the
deposition chamber for several hours. A predischarge of pure
H, was performed for 10 min before introducing CH, gas to
clean the substrate and to avoid temperature transients. During
the deposition the total pressure was kept constant via the
feedback control valve and capacitance gauge.

SEM micrographs were taken using a ZEISS Supra System
with an accelerating voltage of 5 kV. Raman spectroscopy was
performed in the visible range with a Renishaw InVia micro
Raman spectrometer using the Ar laser blue line (A= 457 nm).
The Raman laser power was kept below 1 mW to avoid damage
or modifications to the samples.

EXPERIMENTAL RESULTS AND DISCUSSION

As shown in Table 2, it is possible to deposit different types of
carbon films by appropriately selecting the deposition
parameters (e.g., working pressure and substrate temperature).
Nature and physical properties of the samples were determined
by the combined SEM and Raman analysis. To exemplify the
information obtained by this powerful combined analysis, the
results obtained for three samples representative of three
different carbon structures (graphite, few-layer graphene, single-
wall nanotubes) are shown in Figure 2. The three films exhibit
very different morphologies: compact coating, Figure 2a;
wrinkled thin carbon film, Figure 2b; tangles of nanowires,
Figure 2c. Further information is obtained from the
corresponding Raman analysis of the samples (lower panels
of Figure 2). The compact film in Figure 2a presents the well-
known Raman spectrum of polycrystalline graphite, with sharp
D and G lines and multicomponent second order peak
(indicated as 2D)."* On the other hand the Raman spectrum
of the thin wrinkled carbon film of Figure 2b clearly shows the
typical features of rotationally faulted few-layer graphene
(FLG), with the single Lorentzian-shape second order peak
(2D) being much more intense than the G peak.>'*'* Finally
the bundle of nanowires observed in Figure 2c is revealed to be
single-wall carbon nanotubes (CNTs), presenting a Raman
spectrum with the expected features known as G*, G7, and
radial breathing modes (RBMs).'

Of particular interest is to use DCuP to deposit crystalline
sp® carbon or diamond films, extending preliminary results
obtained with this technique.'® To this end, the SEM images
and Raman spectra obtained from four samples deposited at the
same working pressure (200 Torr) and CH,/H, ratio (5 X
1073), but with different substrate temperatures (between 800
and 1100 °C), are presented in Figure 3a. It can be observed
that the morphology of the samples changes depending on the
substrate temperature. At the lowest temperature (800 °C) the
film presents an open assembly of nanometric particles (100—
300 nm) arranged in a cauliflower morphology. At the
nanoscale, crystalline features can be observed on the surface
of the individual particles. With an increase in the substrate
temperature (900 °C), the deposited film is continuous, and
nanometric crystalline facets (300—500 nm) are visible. Above
1000 °C, the growth of a microcrystalline film takes place and
different facet shapes (square/rectangular and triangular) can
be appreciated. At higher temperatures (1100 °C), the
morphology returns to be cauliflower but on a wider scale
than that obtained at lower temperatures. These observations
are in agreement with those reported in the literature,
indicating that the morphology of a CVD deposited diamond
film (well-faceted, presence of small facets and cauliflowers) is
deeply influenced by the process parameters. Usually the
formation of a cauliflower structure is related to the use of high
CH,/H, ratio regardless of the type of deposition source.'”'®
This type of structure is reported to appear when using low-
energy sources or a strong accelerating bias perturbing diamond
growth.lg On the other hand, evidence of cauliflower structures



Table 2. Samples Deposited Varying Working Pressure and Substrate Temperature®

P (Torr)/T (°C) 500 600 700 800 900
0.3 nD
N CNT
10 G
42
70 G nD D
100 G G G D
200 D

90§ 970 1000 1020 1100 1150

MLG
FLG

D D D FLG

“The attributed structure of the obtained carbon material is reported on the basis of Raman and SEM characterization (G = graphite, FLG = few-
layer graphene, MLG = multilayer graphene, CNT = carbon nanotubes, nD = nanodiamond, D = diamond).
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Figure 2. SEM micrographs and Raman spectra of carbon-based films deposited at different pressures and temperatures: (a) 700 °C, 100 Torr; (b)

1000 °C, 70 Torr; (c) 900 °C, S Torr.

in the first stages of microcrystalline diamond deposition has
also been reported.”

The few published studies on the influence of substrate
temperature on diamonds growth indicate that low temper-
atures lead to the deposition of cauliflower morphology®" at a
given pressure. From the results presented in Figure 2, it is
noted that, at 200 Torr, higher substrate temperatures promote
the growth of larger and more regular diamond grains, up to a
certain temperature, after which cauliflower growth reappears,
possibly due to the consequent higher hydrogen desorption
rate that increases defect density in the structure.”'

Despite these differences in morphology, the Raman spectra
obtained from all four samples clearly show the signature of
CVD diamond films.** This is characterized by a sharp peak at
about 1332 cm™!, related to the first order diamond line,
superimposed to large bands (indicated by D and G on the
spectra), due to the sp> carbon components always present in
the bulk or at the grain boundaries of diamond films. The width
of the diamond peak and the relative intensity between this
peak and the contribution of the others nondiamond phases
increase with increasing temperature, indicating a higher quality
film. Further, the two features observed at about 1150 and 1520
cm™! are assigned to the v, and v peaks of trans-polyacetylene
present at grain boundaries.”

The great advantage of the DCyP technique is that it enables
the deposition of sp* carbon even at low temperature and low
pressure, as shown by the SEM and Raman analysis of a film
deposited in these conditions (500 °C, 0.3 Torr), Figure 3b.
The deposition spot is constituted by micrometric aggregates,
where crystalline features can be appreciated, a type of
morphology related to nanodiamond deposition.'” On the
aggregate surface a dispersion of nanoparticles is visible. The
corresponding Raman spectrum, right-hand side of Figure 3b, is
typical of so-called nanodiamond or ultrananocrystalline
diamond®® with a small but broad (fwhm 35 cm™) diamond
peak at about 1332 cm™' and a prevalent signal from the
nondiamond sp2 phase, a mixture of amorphous carbon and
olephinic molecules. This type of material is desirable for the
valuable mechanical and electrochemical properties of the
smaller grains.>®

In conclusion, the DCuP technique can be readily used to
deposit a variety of diamond and carbon-based structures by
changing temperature and pressure, as demonstrated by the
range of experimental results presented here. The theoretical
basis at the core of the experimental observations reported here
is presented in the next section.
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Figure 3. SEM and Raman analysis of diamond films deposited with dc microplasma: (a) P = 200 Torr and T = 800—1100 °C as indicated; (b) P =
0.3 Torr and T = 500 °C. The fwhm of the Lorentzian fitting of the diamond peak is reported in the inset.

THERMODYNAMIC MODEL

Reaction Mechanism for Diamond Formation in CVD.
Diamond deposition by CVD and plasma assisted CVD has
been described using different reaction mechanisms, often
including even hundreds of intervening reactions”™*> and
detailed computational analysis.”"*® Piekarczyk’s model®” >
based on three reaction steps is here taken as the reference
criterion to identify the best working conditions for diamond
formation by DCuP technique. That model is simple and
suitable to be used in a thermodynamic formulation, according
to the approach introduced by Wang.""

Due to the strength of the carbon—hydrogen and carbon—
carbon bonds, diamond deposition requires hydrogen displace-
ment from the carbon surface and the generation of growth
sites by hydrogen desorption. This requires an increased atomic
hydrogen concentration in the gas phase to make the hydrogen-
terminated surface more labile, and promote growth of the
desired carbon structure.

Following®”~*° the reaction mechanism for diamond growth
which at constant carbon surface temperature and total
pressure consists of three cyclically recurring consecutive
surface reactions: (1) Formation of unsaturated (i.e., containing
sp® bonds) carbon—hydrogen clusters, C,H,(2Cp;,), occurs on
a labile hydrogen-terminated surface of a diamond seed,
H(Cp)

2H(Cp,,) + 2C_,, 5 C,H,(2Cp,,) (1)

gas

where Cp;, represents carbon atoms on the diamond surface
and C,,, represents carbon dissolved in the gas phase. (2)
Hydrogenation of the unsaturated clusters, i.e., conversion of
the unsaturated clusters CZHZ(ZCDia) into saturated ones
C,H,(2Cp;,) containing only sp® bonds, occurs by impact of

superequilibrium atomic hydrogen, H*g,

C,H,(2Cp;,) + 2H*,; S C,H,(2Cp,) ()

where H*_,; is atomic hydrogen at the energy and
concentration expected when in thermal equilibrium with the
other gas species, with the gas temperature (2000—4000 °C)
being much higher than surface temperature (500—1200 °C). It
is to be noted that the equilibrium concentration of atomic H in
the gas phase increases by a factor 10* from 1000 to 2000 °C.
Such atomic hydrogen is defined to be in a superequilibrium
state at the surface temperature. (3) Coalescence of saturated
clusters results in the formation of a new layer of sp®> carbon
with diamond structure (Cp,,), with simultaneous recreation of
the hydrogen-terminated surface

C,H,(2Cp;,) S 2Cpy, + 2H(Cpy) + H, ©)
where H, represents gaseous molecular hydrogen at the surface
temperature.

The overall reaction obtained by combining the three above-
mentioned steps contains only reactants of known thermody-
namic properties:

Ceos + H*giy S Cpy, + 0.5H, (4)

gas

dx.doi.org/10.1021/jp501440b | J. Phys. Chem. C 2014, 118, 24714—24722



4000 Graphite*
Gas
< 3000
4
=
- y
3 Graphite Diamond
£
= 2000
Gas + Solid
1000
10~4.0 10~3.0 1020 1041.0 10%0.0
Mole Fraction C
(a) P=200 Torr, Ty =2400 K
4000
Graphite*
Gas >
< 3000
2
=
s "
E‘ Graphite Diamond
2 2000
Gas + Solid
1000
1074.0 107-3.0 102.0 1041.0 10%0.0
Mole Fraction C
(b) P = 70 Torr, Tae = 2400 K
4000
Gas
< 3000
=
2
[
é Graphite Graphite*
= 2000
Gas + Solid
1000

10%-4.0 107-3.0 10%-2.0 10~1.0 10%0.0
Mole Fraction C

(c) P=200 Torr, T, =4000 K

Graphite

& 05
.-g
g
=
& 00
g
e
g Graphite*
O .05

-1.0

500 1000 1500 2000 2500
Temperature (Celsius)
(d) P =200 Torr, Ta = 2400 K
1.0
Graphite

& 05
’§
g
=
& 00
g
e
E’ Graphite*
O .05

-1.0

'500 1000 1500 2000 2500
Temperature (Celsius)

(e) P="70 Torr, Tyt = 2400 K

1.0 B
\G/raphite

& 05
E Diamond
3
2
£
£
S 00
@
S
8
o
£
=3 o
£ Graphite*
O.05 B

-1.0

500 1000 1500 2000 2500

Temperature (Celsius)

(f) P =70 Torr, T,et= 3000 K

Figure 4. Left panels (a—c): Gas—solid equilibria in the isobaric C—H phase diagram. Diagrams are calculated independently for the three solid
phases diamond (blue), regular (black), and activated graphite (orange), at the temperatures and pressures indicated. Right panels (d—f): Driving
force for graphite (red), diamond (black), and graphite* (green) deposition calculated for 0.5% CH, concentration and the pressures and
temperatures indicated. The blue segments show the temperature range favorable for diamond growth.

Equation 4 points out that superequilibrium atomic hydro-
gen can move the global reaction toward diamond formation.
This equation is the core of the thermodynamic model
described in the following section.

Thermodynamic Model. The above-mentioned reaction
mechanism is a nonequilibrium process because it involves
reactants at different temperatures. However, it is a stationary
process because temperature and composition of each reactant

remain constant during the process. A nonequilibrium
stationary process is governed by the minimization of entropy
production rather than minimization of the Gibbs free energy.
However, if the minimum value of entropy production tends to
zero, the entropy production minimization principle becomes
equivalent to the Gibbs free energy minimization principle.
This is the case for CVD diamond formation.""'**" In  this
model the following assumptions are proposed: (1) An



adequate concentration (larger than the equilibrium concen-
tration) of superequilibrium atomic hydrogen (H*) is present
at the gas—solid interface. (2) The activation temperature, T,
of superequilibrium atomic hydrogen is the temperature of the
gas phase (ie, plasma phase). (3) The surface carbon
interacting with superequilibrium atomic hydrogen is repre-
sented by C*,,, and referred to as “activated graphite”.

In agreement with the above-mentioned reaction mechanism,
eqs 2 and 3 can be rewritten as

C s Cdia

s
ora G >0, T=T, P<10Pa (6)

2H* s H, AG, <0, I,<T,

act’

P < 10°Pa )

where C,, is the surface carbon in sp> hybridization state (as in
the graphite phase), T, is the substrate temperature, AG; is the
Gibbs free energy, P is the total pressure. During the growth
process the extra energy of the superequilibrium H* is supplied
to the unsaturated carbon (sp? carbon, C,,) and used to
promote its saturation (sp3 carbon, Cg;,).

It is important to notice that the process described above is a
simplification of the real process in which not only hydrogen
but also more gaseous species (such as CH;) are expected to
take part, at least from a kinetic point of view.”*?

In the present thermodynamic model, eqs 6 and 7 are
coupled by a coupling parameter y (effectively the reaction rate
ratio) to obtain

gra.

Cgra + )(H* s )(/ZHZ + Cdia
AG; = AG, + yAG,, T=T, P <10°Pa (8)

When y is large enough (y > AG,/AG,), AG; < 0, diamond
formation is favored with respect to graphite. Under these
circumstances also the already present graphite should convert
to diamond.

To simplify the model, eq 8 is rearranged to obtain

C*gra S Cdia T,

act

> >T,, P <10°Pa, AGypp <0,

AS >0 )

where C*,, = Cyu+ y(H* — '/,H,) is denoted as “activated
graphite”, with increased Gibbs energy (ie., less stable) with
respect to the original graphite. The Gibbs energy increase of
C*#g is the Gibbs energy released by the superequilibrium
atomic hydrogen H* when it forms equilibrium molecular
hydrogen.

The overall process represented by eq 9 is suitable for a
thermodynamic analysis, with the properties of all substances
being available in literature.>> The parameters which affect
thermodynamic properties of activated graphite are (1) total
pressure P, (2) substrate temperature T, (3) activation
temperature T, (4) overall carbon concentration in the gas
phase x(C), and (S) coupling parameter y. All but y are
operating parameters that can be controlled experimentally
during the CVD process.

The coupling parameter has been chosen to be y = 0.28, as
suggested by Wang."'

Phase relations between gas, diamond, and regular and
activated graphite can be represented by classical phase
diagrams: favorable conditions for diamond growth are those
where diamond is more stable than activated graphite.

As an introduction to our analysis, a series of isobaric
composition/temperature phase diagrams for the C—H system
are presented in Figure 4a—c. In the graphs, gas—solid

equilibria are calculated separately for diamond, regular
graphite, and activated graphite. Then, each graph is the
superposition of three different phase diagrams, each calculated
independently considering only one of the three solid phases.

In the phase diagrams of Figure 4a—c each curve separates
the region where only the gas phase is stable (on the left) from
the area where some amount of solid is stable, in equilibrium
with the gas. All the graphs in Figure 4a—c show that, as
expected, regular graphite is more stable than diamond at all
substrate temperatures, as demonstrated by the fact that the
first curve for graphite is on the left side of the first curve for
diamond. In other words the carbon concentration in the
saturated gas is lower when in equilibrium with graphite than
with other phases. However, when superequilibrium hydrogen
is present, graphite is destabilized to graphite*. As a
consequence there is a range of experimental conditions
where diamond is more stable than graphite® and can exist in
equilibrium with gas. In particular, it is noted that graphite and
graphite® curves cross at T = T,,, where H* is in equilibrium
with H, and consequently graphite and graphite* are also in
equilibrium (i.e,, G(graphite, T,) = G(graphite*, T,)). With
respect to Figure 4a, the results do not fundamentally change
when reducing the pressure, as shown for example in Figure 4b,
calculated for P = 70 Torr: a comparison with Figure 4a reveals
that decreasing total pressure slightly decreases the C mole
fraction in the gas in equilibrium with the solid phases. On the
other hand, by increasing the activation temperature, the
temperature range where diamond is stable extends to higher
temperatures, Figure 4c.

The relative carbon chemical potential in diamond and
regular and activated graphite may be regarded as the driving
force for the phase formation, provided the gas phase behaves
ideally.>’ The corresponding curves calculated with the model
described above are presented in Figure 4d—f as a function of
(substrate) temperature. From Figure 4d it is seen that
diamond deposition is favored when the diamond driving
force is positive while that of graphite* is negative (in the case
considered here, 900—1145 °C). At higher temperatures, where
both driving forces are positive, codeposition of diamond and
graphite should occur. By decreasing the pressure, Figure 4e,
the favorable temperature range shifts appreciably to lower
values (in the case considered, the range is 780—1040 °C). A
more significant effect is obtained by increasing the activation
temperature, as shown in Figure 4f. An increased activation
temperature destabilizes graphite®, and as a consequence, the
temperature interval in which simultaneously the driving force
of graphite® is negative and that of diamond is positive extends
upward, but not downward (in the case considered here: 790
and 1120 °C). Moreover, the diamond driving force increases
with respect to the activated graphite, and therefore, this should
favor the kinetics for diamond deposition.

Application of the Model to Microplasma Deposition.
To enable useful comparisons of model calculations with
experimental results and to predict the experimental conditions
which favor diamond growth with respect to other carbon
structures in DCuP, it is useful to calculate phase relations in
the C—H system as a function of the operating parameters
adopted experimentally. In DCuP the high-density plasma has
the fundamental role of producing highly energetic radicals,
including H*, essential in the growth of good-quality diamond.
Temperature and pressure have been taken as variable
parameters, keeping constant all the others (y, ®CH,/®H,,
T,.). While the methane concentration was set experimentally
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to 0.5 mol %, the activation temperature should be determined
experimentally. Atomic hydrogen temperature in the plasma
was estimated by assessing the Doppler broadening of the H,
line®* resulting in an average temperature of 2843 K, Figure .
However, considering the difficulties associated with obtaining
accurate and spatially resolved spectroscopic measurements in
such a small volume of plasma (200 um diameter, 1 mm
height), this parameter was chosen to be T, = 2400 K, also
according to literature.>® The calculated phase diagrams and the
experimental data obtained from all samples are presented in
Figure 6. Regular graphite, which is more stable than both
diamond and graphite*, but supposed not to be present when
graphite™ exits, has been omitted for clarity. The bell-shaped
curves are the boundaries of the stability regions of the solid
phases (either diamond or graphite*) with respect to the gas;
the shaded area represents the conditions where diamond
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area. The symbols represent the experimental data obtained from the
DCuP method described in the present work. The red squares
represent experimental data obtained from refs 9 (200 Torr, 800 °C,
®H,/®CH, = 0.1-5%) and 36 (60—90 Torr, 850—900 °C, ®H,/
®CH, = 0.5-2%).

growth takes place. The two green curves delimit the area
where the mole fraction of the CHj; species in the gas is
between 107 and 1078, a favorable condition®®®” to enhance
diamond deposition kinetics. The experimental data of Table 2,
represented by the symbols in Figure 6, fall in the
corresponding areas of the phase diagram, demonstrating that
the model can well interpret the wide range of structures
obtained by the same deposition method.

Present model calculations are also in good agreement with
results taken from the literature™® represented by red squares
in Figure 6 and described in the caption of the figure itself. A
full comparison with other deposition methods is not always
possible because of lack of experimental data in some of the
work.*>*

In the light of the model it is now possible to complete the
interpretation of the experimental SEM and Raman combined
analysis, with the following observations: (1) For the particular
pressure value of 200 Torr it was observed that both quality and
dimensions of the experimentally obtained diamond films
improve with increasing temperature. This is due to the
increase of both the diamond driving force, as visible in Figure
4d, and of the CHj; concentration in the gas (green curves in
Figure 6). Actually CH; is the most abundant precursor for
diamond formation at T = 1100 K and 0.5 mass % of CH,, in
agreement with the analysis by Zhang et al.”® Moreover, results
reported by Obraztsov et al.>® (who obtained diamonds for T =
850—900 °C, P = 60—90 Torr, and CH, concentration of 0.5—
2%) are in good agreement with the present model calculations.
An interesting case is represented by the sample grown at 0.3
Torr and 500 °C where nanodiamonds are observed, Figure 6.
These low pressure and temperature conditions are still in the
diamond area, but outside the favored range of CHj,
concentration, giving rise to an sp® phase, but with nanometric
grains. (2) By choosing parameters outside the diamond area,
different carbon structures have been deposited, usually with a
prevalence of the sp” phase. Graphite was obtained repeatedly
operating to the left of the diamond stability curve, as expected.
This means that in those experimental conditions no activated
graphite is present and regular graphite is favored with respect
to diamond. (3) Using growth conditions to the right of the
diamond area, where graphite* is more stable than diamond,



more exotic forms of sp* carbon are preferred, such as few layer
graphene and nanotubes. It is expected that, in these
conditions, nucleated graphite is effectively etched by atomic
hydrogen from the plasma, thus favoring the formation of
structures composed by few graphitic layers, such as FLG,
MLG, and CNTs.

CONCLUSIONS

Samples encompassing a wide range of chemical and physical
parameters have been deposited using DCuP. By appropriately
selecting the deposition parameters, carbon-based materials
ranging from graphene and nanotubes to diamond can be
obtained, demonstrating the versatility of this cost-effective
deposition technique. SEM and Raman were used for the
characterization of the samples.

As far as diamond growth is concerned, the best results were
obtained with a T of about 1000 °C and pressure of 200 Torr
resulting in the deposition of a microcrystalline diamond film.
Above and below 1000 °C the quality of the diamonds does not
change appreciably, but they grow in the so-called “cauliflower”
fashion. T, outside the range 800—1000 °C favors the
deposition of graphitic phases, graphite, or few layer graphene,
while decreasing the pressure carbon nanotube as well as
nanodiamond are observed.

In addition, a thermodynamic model based on the literature
was developed and adapted to the DCuP deposition technique
to interpret the wealth of experimental data, obtaining a
coherent view on the deposition technique based on the role of
superequilibrium monatomic hydrogen and activated graphite.
Setting the coupling parameter to 0.28 and the T, to 2400 °C
the model is able to predict the formation of either diamonds or
graphitic phases as a function of the T, and P as operating
parameters.

Further experiments supported by the application of the

same model to different CH, concentrations in the gas phase are
foreseen.
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