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Abstract. Optical properties of ion-plated hydrogenated amorphous 
diamond-like carbon (DLC) films were investigated in wide range of nega
tive bias voltage Ub to the substrate. The optical constants and associated 
functions were determined from reflectance and extinction data analysis 
obtained by Variable Angle Spectroscopic Ellipsometer. The strong de
pendence of the optical properties on the bias voltage, and in this way, 
on the hydrogenation of the films were confirmed. The absolute values of 
the optical constants, optical band gap and energy loss function of the 
carbon films are discussed in terms of the theoretical considerations for 
the amorphous semiconductors. 

1. Introduction 

Tne deposition of thin carbon films by glow discharge sputtering is an object of 
increasing attention due to the polymorphous behaviour of the carbon atoms as a 
building material which can form several types of chemical covalent bonds (sp, sp 2 

and sp3 ). Another circumstance that keeps the interest in these carbon films is the 
possibility for a large-scale variation of their physical properties and hence - for 
different technological applications. 

One of the basic deposition techniques for obtaining such films is the ion plating 
from benzene vapour, reported for the first time by Weissmantel [1]. Using this 
method, we developed a deposition system for producing hard carbon films [2]. It 
was a systematic study of the operatmg characteristics of the system [3], and an 
investigation of some mechanical properties (microstructure, hardness, adhesion) 
of carbon films deposited on the system [4] was made. 
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On the basis of the results obtained, we find very successful applications of the 
hard carbon films as wear-resistance coatings on cutting tools for textile mills . 

With this paper we continue our investigations on the physical properties of 
thin carbon films , deposited by ion-plating, exploring the optical constants and 
associated functions, and in this way, the electronic and microstructure and the 
role of the deposition conditions. 

2. Experimental Details 

The thin carbon films were deposited by the so-called ion plating method. A 
schematic diagram of the deposition system is shown in Fig. l. The cylindrical elec
tron reflector 4, the anode grid 5, the hot cathode 6 and the disc electron reflector 
7 form an electrostatic ion gun for preliminary argon ion cleaning and ion-assisted 
carbon film deposition from benzene (C6H6 ) vapour. The substrates 2 are mounted 
on an water-cooled electrically isolated metal holder 1. The vacuum gauge 3 is used 
to control the vacuum in the chamber. 

2 

Fig. 1. Schematic diagram of the deposition system 

The physical principle of operation of the experimental system is based on the 
ionization by electron impact of the molecules of the working gas, as well as on the 
dissociation of the gas molecules in the case of benzene vapour. A high negative 
bias voltage ub is applied to the substrate holder and, depending on the type of the 
working gas inlet into the vacuum chamber, ion-etching of the substrates (argon 
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inlet) or ion-assisted deposition of carbon films (benzene inlet) takes place. 
The standard polished silica substrates (orientation 100, type P, dopant B) were 

used after preliminary baking at 120 °C per 1 hour. 
The vacuum chamber was evacuated before each deposition to a base pressure 

lower than 7x 10-4 Pa. Cleaning with argon ions was made at a pressure p = 6.67 x 
10- 2 Pa for 5 minutes. 

This carbon films were grown at four different values of the bias voltage Ub: 
0.5, 1.5, 2.0 and 3.0 kV at constant total ion current !; = 8 mA and at the same 
pressure p = 6.67x 10- 2 Pa. The deposition time was 1 hour, which gives a thickness 
of about 2.5 µm. Because of the effective cooling, the substrate temperature during 
deposition does not exceed 50 °C. 

The variation of the refractive index n and the extinction coefficient k with the 
photon energy E in the region from 1.25 to 5.0 e V for the three bias voltages was 
obtained by Variable Angle Spectroscopic Ellipsometer of J. A. Woolam Co (USA) 
at Linkoping University, Sweden. At the forth voltage in our experimental scheme 
Ub = 0.5 kV , the surface of the carbon film was rough and it was impossible to 
carry out an optical measurement. 

3. Optical Constants and Associated Functions 

In our previous investigations [4) we have found that for Ub below 1 kV and over 
2.5 kV no coherently scattering regions with dimensions over 3 nm are observed 
in the films and only diffuse rings exist in the TED-patterns. On this basis the 
films could be characterized as amorphous or quasi amorphous, since the existence 
of an ultrafine polycrystalline structure cannot be excluded. At Ub about 1.5 and 
2.0 kV the quasi amorphous matrix contains crystallites with dimensions of 50-
60 nm and the corresponding TED-patterns along with the diffuse rings contain 
spots . Comparing the interplanar spacings, measured from the TED-patterns with 
ASTM values [5] for different crystalline modifications of carbon (cubic diamond, 
hexagonal phases of diamond and graphite), the best agreement is obtained for cubic 
diamond and values obtained for the 1.5 kV film. These results are in agreement 
with the observations by other authors [6, 7]. They show the critical behaviour 
(transitions from quasi amorphous diamond-like state to quasi amorphous state 
with graphite phase and diamond inclusions) of the structure of DLC ion-plated 
films, deposited at different substrate bias voltage values. 

On the basis of these results, we carry out investigations of the optical constants 
of this type DLC films. 

The dependences obtained for the refractive index n and the extinction coefficient 
k from the photon energy E are presented in Fig. 2 and Fig. 3 correspondingly. The 
dashed lines indicate variations of the refractive index for graphite (G) and diamond 
(D). The three different curves represent three different negative bias voltages Ub', 
respectively 1.5, 2.0 and 3.0 kV. 

The rise of the values of k (or the absorption coefficient a) for all samples indi
cates the presence of "Ir-electron chemical bonds, typical for the graphite-like struc
ture while the diamond has extinction coefficient zero up to E = 7 eV. 
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In Fig. 4 a variation of the imaginary part t: 2 of the dielectric constant t: at the 
same photon energy region is presented. The registered smooth increasing of t:2 

with increasing of E from 1.25 to 3.5 eV and the maxima at around 3.5 eV due 
to 7r => 7r• transitions are typical for the hydrogenated amorphous carbon films 
[8]. The absolute values of t: 2 in the whole energetic region are significantly lower 
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than the graphite ones, as it was mentioned above, but for diamond €2 = 0 up to 
E = 7eV. 
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Fig. 4. Variation of the imaginary part c2 of the dielectric con
stant E with the photon energy E 

The films whose optical constants were discussed above could be related (more 
or less) to the amorphous carbon. Based on this assumption, we can apply the 
theory of the amorphous semiconductors [9] in order to approximate their optical 
band gap E 9 by the equation: 

./E(€) = const(E - E 9 ) (1) 

where €2 = 2nk is the imaginary part of the dielectric constant € = €t + i€2 of 
the films being also a function of the photon energy E. Fig. 5 shows a plot of this 
dependence for the carbon layers deposited at three mentioned bias voltages : 1.5, 
2.0 and 3.0 kV . Here the cross points of the E-axis by the slope of the linear parts 
of the dependences give the optical band gaps of 0.75, 0.6 and 0.32 eV, respectively. 

The optical gap in hydrogenated amorphous carbon films is surprisingly low 
and indicates that the remaining sp 2 sites are clustered, confirming that the gap 
is a function of the medium-range order in amorphous carbon films. There is a 
strong relationship between the value of the optical gap and the negative bias 
voltage Ub. The gap increases with the decreasing of Ub', due to the hydrogenation , 
because this reduces the clustering of the remaining sp2 sites . It was verified that 
the concentration of sp 2 sites in hydrogenated amorphous DLC films varied with 
the deposition conditions and tended to decrease with the hydrogen content [10]. 

Knowing the optical constants of the carbon films, the energy loss function 
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8' ( - ~) can be calculated as 

2nk (2) 
(n2+k2)2 

The energy dependence of the energy loss function may be directly related to 
the electronic band structure in a solid having maxima at a photon energy where 
a volume plasmon of a valence electron group is excited. 

Fig. 5. Variation of the product of the photon energy E and the 
square root of the imaginary part ,,/€2 of the dielectric constant 
~ with the photon energy E 

Fig. 6 presents the variation of 8' (-~) in the investigated energy range. The 

dashed line indicates the variation of the energy loss function for graphite (G) 
(11]. The energy loss function shows maxima at photon energy E about 5 e V. In 
accordance with the previously reported results [12] this is due to the plasmon 
oscillations of the 7!'-electron group in the carbon films (7r-plasma peak). These 
maxima have a lower absolute value (~ 0.2) compared to that of graphite (~ 1). 
For comparison, the diamond consists only of sp3 bonds (CT-type), which could be 
excited at significantly higher photon energies (E > 7 eV). The lower maximal 

values of 8' (- ~) indicate for a decreased density of states of 7!'-electrons with 

respect to those of the graphite, while the shifted peaks positions could be related 
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to a change in the ratio of 'If'- and u-electron densities . The different values of the 
7r-plasma peaks for different negative bias voltage Ub are caused by different rates 
of hydrogenation. Increasing ub', we decrease the hydrogen content, and in this 
way, increase the concentration of carbon atoms in the sp 2 configuration. This can 
be explained by the increasing graphitization of these films [13]. 
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Fig. 6. Variation of the energy loss function~(-;) with the photon energy E . The 

dashed line indicates the variation of the energy loss function for graphite (G) 

4. Conclusions 

On the basis of the indicated in Fig. 2 and Fig. 3 measured by the spectroscopic 
ellipsometer variations of the refractive index n and the extinction coefficient k 
with the photon energy E for these thin films we calculated the shown in Figs 4- 6 
variations of the imaginary part c2 of the dielectric constant€, of the product of the 
photon energy E and the square root of the imaginary part yf0. of the dielectric 
constant € (from which we obtained the optical band gaps of the films), and the 

energy loss function 8' (-~) with the photon energy E. 

From these investigations it can be concluded that the optical properties of DLC 
films deposited by ion-plating strongly depend on the negative bias voltage ub to 
the substrate. 

The deposited DLC films are typical hydrogenated amorphous carbon films. 
Increasing the negative bias voltage, the optical band gap E9 decreases and the 
e.nergy loss function increases due to the corresponding change of the hydrogen 
content in the films. 
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