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ABSTRACT: Diamond CVD can be used for protective coatings, due to its special thermal and mechanical strength. Its synthesis 
can be both technical and economical effective when the micro-plasma jet is used. The technique presents many advantages, rising 
from high density radicals in plasma, high diamond growth rate and film quality. The plasma optical emission spectroscopy shows a 
high precursor concentration, while the diamond Raman spectroscopy indicates a good quality of these materials.  
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1. INTRODUCTION 

The unique properties of diamond, showing great promise in 
particle detector and special coating applications, lead to the 
development of highly efficient synthesis methods, such as the 
low pressure chemical vapour deposition (CVD) technique. 
This implies the conversion of the carbon source, usually a gas, 
into the crystalline form [1, 2]. 

In the case of plasma-assisted CVD, diamond formation 
involves processes with carbon species mixed in low 
concentration with hydrogen, initiated by plasma while 
generating hydrogen atoms and carbon precursor species. The 
types of plasmas commonly employed are the DC, the RF 
plasma, the microwave plasma, the electron cyclotron 
resonance microwave plasma, and the high-pressure plasma 
[3]. 

The plasma state represents a significant number of electrically 
charged or ionized atoms or molecules obtained when an 
electromagnetic field is applied across a gas. The plasma 
achieves a thermodynamic non-equilibrium state based on the 
high electron temperature and low gas temperature mainly due 
to the energy of free electrons. The inelastic electron-neutral 
collisions lead to the excitation, ionization and dissociation of 
atoms and molecules of the reactants and carrier gases to 
different radical and ion-radical species. 

The major advantage of micro-plasma jet CVD, rising from 
high density plasma radicals, high grow rate and cooling rate, 
is the possibility to obtain high-quality diamond films with the 
lower cost among the deposition alternatives [3]. However, as 
the plasma area is limited by the discharge wavelength, the 
small area deposition and thickness of the film represent 
disadvantages of the chosen method [3, 4]. 

The chemical mechanism of diamond formation from 
hydrocarbons takes into account several precursors, all of them 
unstable radicals, such as CH3, C2H2, CH, and C atoms. Their 
concentration depends on the real system operating conditions 
and allows both the deposition and growth of the diamond. The 
role of plasma is to activate the reactant gas (CH4, H2). The 
chemical species involved in diamond formation reach the 
substrate by forced flow, diffusion, and convection, form a 
boundary layer and take part in several surface processes, such 
as adsorption, desorption, chemical reactions, diffusion [4]. 

In dc arc jet reactors, the degree of molecular hydrogen 
dissociation within the plasma torch is directly affecting both 
diamond growth rate and film quality. Also, gas species 
distribution strongly relies on the atomic hydrogen mole 
fraction at the plasma torch. Diamond seems to achieve a 
maximum growth rate at 1% CH4, whereas the graphite form 
increases monotonically, due to the increased conversion of 
CH4 to C2H2 in the gas phase [3, 4]. 

The aim of this paper is to underline the efficiency of micro-
plasma jet torch in good quality diamond coating, by indicating 
the results obtained during plasma optical emission 
investigation and Raman film analysis. 

2. EXPERIMENTAL APPROACH 

2.1. Experimental set-up and process parameters 

Figure 1 shows the CVD experimental set-up consisting of a 
vacuum system, plasma generating system and a gas supply 
system. 

The vacuum system is a stainless vacuum reactor, equipped 
with rotary pump, inline valve, control valve, pressure 
controller and capacitance manometer. 

The experimental reactor is composed of an in-house designed 
stainless-steel vacuum chamber with a 178 µm inner diameter 
capillary metal tube as hollow cathode, allowing the gas inlet 
used to create the flow-stabilized plasma jet. The anode is the 
metal plate holding the sample. It uses hydrogen gas discharge 
in hydrogen atmosphere with an aluminium anode. The reactor 
sides present two quartz windows, which allow both visual and 
instrumental inspection. The substrate employed is a 
molybdenum disc with 11 mm diameter. 

The reaction vessel, as well as the substrate, is object to deep 
cleaning processes. The former is cleaned with ultrasounds, 
while the latter is cleaned with hydrogen gas flow. 

The gas supply system consists of mass flow controllers, power 
supply, valves and cylinders. The carbon source is the methane. 
The operating conditions for the hydrogen plasma are given in 
Table 1. 
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Figure 1. Experimental set-up (1-plasma reactor, 2-H2 gas 
bottle, 3-CH4 gas bottle, 4-flowmeter, 5-valve). 

The diamond synthesis parameters covered a large area of 
system pressure and plasma temperature, as well as substrate 
temperature. 

Table 1. The deposition parameters. 

Substrate temperature 900-1500 K 

System pressure 50-250 Torr 

Discharge voltage 550-700 V 

Discharge current 8-16 A 

H2 flow 100 SCCM 

CH4 flow 0.1-5 SCCM 

Deposition time 1-7 h 

 

2.2. Investigation techniques 

The experiment was carefully monitored using both plasma and 
diamond film analysis techniques. 

The plasma chemistry was analyzed by optical emission 
spectroscopy, which leaded to both electron and gas 
temperatures, as well as chemical precursors’ concentration. 

Table 2. Specific wavelength for important chemical species. 

Chemical Specie Wavelength [nm] 

CH 314; 387; 432 

C2 436; 501; 516; 563 

Atomic C 248 

CH+ 417; 422 

Hα 656 

Hβ 486 

 

The experimental apparatus consists of a scanning 
monochromator (Horiba Jobin Yvon iHR550) of the Czerny-
Turner type, with a focal length of 0.55 m, built around a 
holographic diffraction grating with 1800 grooves mm−1, 
coupled with a CCD (Synapse Horiba iHR550 Jobin Yvon) 

camera, thermoelectrically cooled to −70o C. Plasma emission 
was collected with a plane-convex convergent lens of 1 inch 
diameter and focused through an optical fibre (600 µm core) 
onto the entrance slit of the monochromator, kept at 50 µm. 
Coloured glass filters were used to remove higher diffraction 
orders from the light. The spectra were acquired in the 
wavelength range 300-1000 nm, with an integration time of 5 s. 
The spectral resolution of this system is 0.06 nm. 

The diamond film was investigated using Raman spectroscopy. 
Micro-Raman measurements were performed with a Renishaw 
InVia spectrometer, using the 457 nm wavelength of an Ar+ 
laser. Spectra were acquired by a 1800 greeds/mm grating, a 
super-notch filter (cutoff at 100 cm-1) and a Peltier-cooled CCD 
camera, allowing a spectral resolution of about 3 cm-1. 

3. RESULTS AND DISCUSSION 

3.1. Optical emission spectroscopy 

The optical emission spectroscopy (OES) study from Fig.2 
indicated the presence of a large number of precursors, such as 
CH, C2, Hβ and Hα. 

The high intensity of CH chemical specie at 314, 387 and 432 
nm revealed a high concentration of CHx radicals in the 
plasma. 

 

Figure 2. Optical emission spectrum of CH4/H2 plasma at 200 
Torr (the Hα 656 nm peak is not completely shown due to its 

high intensity compared to the rest). 

The temperature for the chemical species was determined 
taking into account the 516 nm C2 reliable spontaneous 
emission by using Spectrum Analyser free software (Fig.3) [5]. 

Molecules can be vibrationally excited by electron-atom and 
electron-molecule collisions. The vibrational temperatures 
obtained were 2662±130 K for 200 Torr and 2 SCCM CH4 and 
3212±191 K for 200 Torr and 0.5 SCCM CH4. 

OES measures only the excited states, which are produced 
mainly by electron impact excitation of the lower thermal 
states. As the CH4 flow rate increases from 0.5 SCCM to 2 
SCCM, high energy electrons are consumed and more radicals 
are produced. Therefore, the excited C2 vibrational temperature 
decreases with increasing CH4 flow rate in the plasma. The 
vibrational temperature varies as a function of feed gas 
composition. 

Such a temperature variation with CH4 concentration in the 
input mass flow also indicates the higher energetic charge of 
the precursors at lower carbon source feed. 
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At lower methane flow input, electron collisions are more often 
and effective, also the electron temperature is higher. The C2, 
produced by electron collisions or CH recombination, is not 
affected by quenching processes and exhibits a higher 
temperature. 

The important radical concentration (C2 at 516 nm and CH at 
430 nm, respectively) was calculated based on the spectra 
obtained and plotted against CH4 concentration (fig.4). 

 

Figure 4. Concentration of important precursors at 200 Torr. 

Methane concentration is an important parameter in diamond 
film deposition. High methane concentrations have been 
proven disadvantageous for the diamond growth, as it 
increased the electron mean temperature changing the 
chemistry of plasma, especially near the substrate, as high 
amounts of carbon-containing radicals provided the atomic 
hydrogen from activating the deposition surface [1-3]. 

The CH radical from 430 nm in the studied plasma was always 
more abundant than the C2 radical at 516 nm, indicating the 
fast plasma-enhanced dissociation of the feed gas which 
ensures diamond formation. The favoured radical for quality 
diamond film seemed to be CH. 

The pressure is determinant for the electron-molecule collision 
free path. The higher the pressure, the sharper the mean free 
paths, the lower the electron temperature and density, the lower 
the dissociation. At the same time, the increase in pressure 

produces an increase in concentration of the reactant species 
involved in electron-molecule collision, which should 
compensate the decrease in electron temperature and density, 
and, by consequence, increase the rate of inelastic collisions 
and the atomic hydrogen concentration. 

The emission intensities of the main chemical species (CH, C2, 
Hα and Hβ) were plotted against system pressure (fig. 5). All 
emission intensities decrease with increasing pressure, 
indicating the reduction of the chemical species’ excited states 
with the decrease in electron temperature and density. 

The Hα emission intensity decreases with increasing pressure 
from 70 to 250 Torr. The H Balmer α emission forms in two 
major H2 plasma processes, that are the direct excitation of the 
ground state H atom by electron impact (H+e→H*+e, n=3) and 
the dissociation excitation of the ground state H2 molecule by 
electron impact (H2+e→H+H*+e). The decrease in Hα 
emission intensity with increasing pressure is due to the 
decrease in the electron density with energy above the 
threshold energy of the direct excitation of the H atom by 
electron impact. 

 

Figure 5. Emission intensities in respect to the system 
pressure. 

 
 

Figure 3. C2 at 516 nm profile at 200 Torr and 2 SCCM CH4. 
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3.2. Raman characterization of the diamond film 

Micro-Raman spectroscopy was performed in order to identify 
diamond carbon (sp3) and amorphous carbon (sp2) for each 
sample deposited at a given pressure and methane 
concentration. 

The most important bands in the spectra, in Fig.6, are the 
diamond peak at 1332 cm-1 and the amorphous band at 1600 
cm-1. 

 

Figure 6. Raman spectrum for diamond film deposited at 200 
Torr. 

The sharp peak that appears at 1332 cm-1 is almost identical to 
that of the first order optical phonon mode of natural diamond 
which occurs at 1332.5 cm-1. The fact that the specific diamond 
shift is so sharp shows a good quality of the deposited diamond 
film. The shift in the peak is due to compressive stresses 
caused by lattice disparity to a possible Mo2C layer from 
beneath which forms during diamond synthesis on 
molybdenum substrate or to the high temperatures produced in 
the plasma phase. 

There is no broad peak at 1350 cm-1, attributed to sp2 carbon, 
present for films. 

The wide band starting at 1600 cm-1 and having low intensity 
indicates the scarce presence of amorphous carbon, hence the 
good quality of diamond film deposited with micro-plasma jet 
torch. 

4. CONCLUSION 

Diamond CVD film was produced using micro-plasma jet 
technique. 

Both plasma and diamond film were investigated using optical 
emission spectroscopy and Raman spectroscopy, respectively. 

The CH radical from 430 nm in the studied plasma was always 
more abundant than the C2 radical at 516 nm, indicating the 
fast plasma-enhanced dissociation of the feed gas which 
ensures diamond formation. The favoured radical for quality 
diamond film seemed to be CH. 

The vibrational temperatures obtained for C2 were 2662±130 K 
for 200 Torr and 2 SCCM CH4 and 3212±191 K for 200 Torr 
and 0.5 SCCM CH4. 

All emission intensities decrease with increasing pressure, 
indicating the reduction of the chemical species’ excited states 
with the decrease in electron temperature and density. 

Micro-Raman spectroscopy, performed in order to identify 
diamond carbon and amorphous carbon, revealed the diamond 
peak at 1332 cm-1 and a very low band of the amorphous 
carbon at 1600 cm-1. 

Micro-plasma jet is a highly effective technique for good 
quality diamond film synthesis. 
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