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Introduction 

 
Composed of alternating layers of two different materi-

als as thin as a few atoms, multilayers − an unique class of 
materials − offer extraordinary strength, hardness, heat-
resistance, and unexpected new properties. 

Multilayers are part of a larger, established scientific 
field of so-called designer or „nanostructured“ materials that 
represent the current limits of materials engineering and that 
are currently impacting numerous research programs. 

Nanostructured materials may be defined as those mate-
rials whose structural elements − clusters, crystallites or mole-
cules − have dimensions in the 1 to 100 nm range. The explo-
sion in both academic and industrial interest in these materials 
over the past decade arises from the remarkable variations in 
fundamental electrical, optical and magnetic properties that 
occur as one progresses from an „infinitely extended“ solid to 
a particle of material consisting of a countable number of 
atoms1. 

The continuous development of technology is based on 
new materials with improved properties used in highly per-
forming devices. One of the most interesting materials nowa-
days is metal-carbon film2.  

In recent years, multilayers composed of C coating with 
very thin buffer layers metals like Ag or Cu become a major 
area of interest, especially for tribological applications. An 
important amount of work is presently dedicated to studying 
synthesis of high quality carbon films using different methods 
like: magnetron sputtering, Thermionic Vacuum Arc (TVA) 
chemical and plasma vapor deposition (CVD and PACVD, 
respectively), electron cyclotron resonance (ECR), filtered 
cathodic vacuum arc (FCVA), ion beam sputtering, pulsed 
laser deposition (PLD), ion Beam sputtering etc3.  

Among them, thin film deposition process by 
Thermionic Vacuum Arc (TVA) might become one of the 
most suitable technologies to significantly improve the quality 
of the surfaces covered with films in which the coating is 
bombarded by high energy ions of even depositing materi-
als4,5. 

The aim of this paper is to analyze the nanostructured 

carbon-metal bilayers deposited by Thermionic Vacuum Arc 
(TVA) technology in a special two electron gun configura-
tion6,7.  

 
 

Experimental setup  
 
The two electron gun TVA configuration consists of two 

independent systems that generate incident electron beams on 
the specific anode material (carbon and metal), each gun be-
ing connected to a high power supply. By using the TVA 
method, the metal deposition takes place in high or ultrahigh 
vacuum conditions, without the presence of any gas, except-
ing the vapors of the material evaporated at the anode. This 
method allows the simultaneous deposition of different mate-
rials, providing the possibility of obtaining multi-component 
thin films, in this particular case the C-Ar or C-Cu compos-
ites. (Fig. 1) The electron guns are symmetrically arranged 
with respect to the substrate – glass and stainless steel – 
mounted at a distance of 400 mm on the central line.  

The intensity of the heating current of the filament was    
If = 48 A. at a deposition rate of 3 Å s−1. The pressure during 
the discharge process was about 1.5⋅10−6− 7.5⋅10−6 Torr.  

In the case of C-Ag experimental arrangement were 
used as anodes a carbon rod of 12 mm diameter and TiB2 
crucible containing Ag pebbles, respectively. On sample 
holder was set 5 discs of smooth stainless steel (255 mm di-
ameter, 3 mm lengths), 8 samples of lima glass and 5 samples 
of optical glass discs (25 mm diameter, 1mm length). The 
sample holder was heated at a temperature of 200 °C, without 
being rotated.  

The thickness of the film during deposition was per-
formed by a FTM 7 device. 

First, an intermediate layer of 300 nm Ag thickness was 
deposited and after, the process was continued with C and Ag 
deposited simultaneously. After the deposition FTM 7 indi-
cated a thickness of the film around 2 µm C/Ag + 300 nm Ag. 
For Ag deposition we used a Heizenger power supply pro-
vided with a balast resistance of R = 272 Ω.  

In Table I are presented the values of working parame-
ters used during deposition of C-Ag. 

Fig. 2 presents the distribution of the samples on the 

Fig. 1. Experimental set-up of the sample 
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holder. 
In the case of C-Cu deposition we used for anode 

a carbon rod and a crucible containing Cu. Deposition was 
made on different substrates of various materials (5 pieces of 
stainless steel discs, 5 pieces of optical glass and 8 pieces of 
lima glass) as it is shown in Fig. 3 the distance between the 
FTM device and carbon rod was dCu-FTM7 = 410 mm, the same 
as the value for distance to the crucible with Cu.  

Other distances maintained in this experimental arrange-
ment were: dC-sample = 350 mm (between the sample and C 
source); dCu-sample = 330 mm (between the sample and Cu 

source) and dC-Cu = 140 mm (the distance between the an-
odes). 

In Table III are listed the working parameters for C-Cu 
obtained during the deposition time. 

The holder sample was heated at 200 °C and it was not 
rotated.  

As in the previous case, we have deposited first an inter-
mediate layer of 300 nm Cu thickness, and after that we 
started the simultaneous process of deposition for C and Cu. 

After the total time of deposition 3500 seconds FTM 
device indicated a thickness of the film around 2 µm C/Cu + 
300 nm Cu. 

Surface free energy of films was analyzed by meaning 
of the contact angle measurement, using performed analysis 
software See System and Optical Emission Spectroscopy 
(OES) has been also carried out. Tribological behavior of the 
C-Ag and C-Cu films was investigated by CSM Ball-on–Disc 
Tribometer with 10 cm s−1 sliding speed at 1N Load. 

 
Results and discussion  

 
The elementary composition of the obtained carbon 

multilayers were investigated by mean of Optical emission 
spectroscopy (OES) and by mean of Surface Energy Evalua-
tion System (See System). 

In Fig. 4 there are presented the OES investigation for 
C- Ag and C-Cu bilayers.  

Fig. 5a shows the frictional behavior of the C-Ag films 
prepared by TVA method. On can observe a maximum coeffi-
cient of friction when the Ag concentration ion the carbon 
matrix was in the range of 15 %. Lower content of Ag leads to 
a decreasing of the coefficient of friction, but the adherence of 
the film was low. Higher adherence of the C-Ag films was 
obtained at higher concentration of the Ag, a minimum coeffi-
cient of friction being achieved at about 35 % atomic percent 
concentration of Ag in C matrix. In the case of C-Cu compos-
ite the Cu concentration was 25 % for higher value of friction 
coefficients (Fig. 5b) (ref.8).  

The determination of surface free energy of solid is of 
a great importance in a wide range of problems in applied 
science. Usually the evaluation of the surface free energy is 
performed by mean of the contact angle. The contact angle of 
a liquid drop on a solid surface is defined by mechanical equi-

IfAg = 37.6 A IfC = 49.5 A 
Ia [A] U [V] Ia [A] U [V] 
0.732 510 1.3 977 
0.668 610 1.4 697 
0.810 460 1.2 1966 
0.812 770 1.4 913 
0.808 720 1.4 169 
0.813 700 1.4 1302 

IfC = 33·1.5 = 45 A 
Plucru = 1.5⋅10−5 Torr 

IfCu = 42 A 
Plucru = 7.5⋅10−6 Torr 

Ia [A] U [V] Ia [A] U [V] 
1 1299 0.506 1130 

1.2 347 0.749 1030 
1.2 340 0.753 900 
1.2 335 0.753 870 
1.3 574 0.902 950 

Table I 
Working parameters for C-Ag composites 

Fig. 2. Sample position on holder for C-Ag discharge 
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Table III 
Working parameters for C-Cu nanocomposites 
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librium of the drop under the action of three interfacial ten-
sions solid/vapour, solid/liquid and liquid/vapour. 

The contact angles and free surface energy were deter-
mined by means of Surface Energy Evaluation System (See 
System). It is based on the usage of a CCD camera, which 
observes a liquid drop on the studied surface. Recorded pic-
tures are analyzed manually by the user, which is substantial 
for the full control of the contact angle determination. Selec-
tion of several points of solid–liquid and liquid–vapor inter-
face makes possible to fit the drop profile and to calculate the 
tangent angle of the drop with the solid surface. In order to 
obtain as precise results as possible, the profile of the drop 
should be fitted with more than three basic points: two on the 
liquid – solid interface – the base line – and one on the drop 
contour. In this way the errors can be minimized9.  

The surface energy evaluation system was made on the 
basis of state equations Kwok-Neumann equation (Table V), 
Li-Neumann equation (Table VI), Wu equation (Table VII). 
Analyses obtained by contact angle measurements method, 
showed for C-Cu low values for surface free energy, and for 
C-Ag double surface free energy values, in both cases proving 
the hydrophobic character of these films.  

As it can be noticed from Fig. 6, the comparison re-
vealed that in the case of samples obtained for C-Cu the con-
tact angle has lower values than in the case of sample ob-
tained for C-Ag for ethylene glycol as testing liquid, while for 
water the values are the same.  

a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b 

Fig.  4. a) Optical emission spectroscopy (OES) for C-Ag and  
b) C-Cu  layers at different interelectrodic distance 

a 
 
 
 
 
 
 
 
 
 
 
 
 
b 

Fig. 5. a) Tribological behaviour of the C-Ag films;  b) tribological 
behaviour of the C-Cu films  

Table V 
Kwok-Neumann Equation of State model 

Sample no. g 
water  

[mJ m−2] 

g 
ethylene 
glycol 

[mJ m−2] 

Kwok-
Neumann 

model Mean 

C-Cu 6,32 15,21 10,77 
C-Ag 17,00 24,59 20,79 

Table VI 
Li-Neumann Equation of State model 

Sample 
no. 

g 
water 

[mJ m−2] 

g 
ethylene glycol 

[mJ m−2] 

Li-Neumann 
model Mean 

C-Cu 5,55 15,56 10,55 
C-Ag 16,78 24,94 20,86 

Table VII 
Wu-Equation of State model  

Sample no. water [mJ m−2] ethylene glycol [mJ m−2] 
C-Cu 1,79 11,96 
C-Ag 7,66 21,83 
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Fig. 7 presents the feature of the drops as photos captured 
during the measurements with two testing liquids: water and 
ethylene glycol for C-Cu and in the Fig. 8 for C-Ag bilayers. 

 
 

Conclusions 
 
Thermionic Vacuum Arc (TVA) method represents 

a very suitable procedure for obtaining multilayers films of 
a controlled quality. The carbon – metal bilayers deposited by 
TVA in two electron gun configuration was investigated in 
terms of tribological behavior, surface free energy and OES. 
The higher coefficient of friction has been obtained for 15 % 
Ag in C-Ag films and for 25 % Cu in the case of C-Cu films. 

The surface free energies obtained for C-Cu sample 
were lower that in the case of C-Ag sample in all studied 
models. These results proved a good hydrophobic character 
for these bilayers.   

 
This work was supported by Romanian Ministry of Education 
and Research, under project CEx 62/2006 and project CEx 
237/2006. 
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Fig. 6. Comparative view of free surface energy obtained for 
Kwok-Neumann Equation of State model (a); Li-Neumann Equa-
tion of State model (b) and Wu-Equation of State model (c) 
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Fig. 8. Pictures of the drops captured during the free surface 
energy measurement  for C-Ag bilayers 

Fig. 7. Pictures of the drops captured during the free surface 
determination for C-Cu bilayers 


