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J.J . Beulens, M.S. de Wit, Y.L.M. Creyghton, G.M.W. Kroesen, 
C.J. Timmermans and D.C. Schram. 

Eindhoven University of Technology, 
Dept. of Physics, P .0. Box 513, 5600 MB Eindhoven, 

The Netherlands; 

Abstract 

In the reactor used in this work dissociation and ionization, transport and deposition 
are spatially separated. A cascaded arc plasma in argon is used to dissociate and ionize 
the injected hydrocarbon molecules. The produced reactive species are transported 
towards the substrate by means of a supersonic expansion of the arc plasma. The 
produced a-C:H films are studied by in situ He-Ne ellipsometry and visible and 
infrared spectroscopic ellipsometry {200 nm - 10 µm) to determine the optical band 
gap, refractive index and bonding structure. All the film qualities, including Vickers 
hardness, show a simple relation with the reciprocal value of the energy available to 
each incorporated carbon atom. 
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Introduction 

Since about 1970 many different discharge types have been explored for their 
applicability in the field of plasma surface modification in general and for plasma 
deposition in particular. The most commonly used deposition process is a low pressure 
RF or DC glow discharge in a mixture of a noble gas with hydrocarbons, sometimes in 
combination with etching gases like hydrogen and oxygen, contacting the surface to be 
treated. In these plasmas the three most important functions in the deposition process 
like dissociation and ionization, transport and deposition of the material to be 
deposited, are not spatially separated. This means that the deposition rate is 
determined by diffusion (transport) of hydrocarbon fragments towards the substrate. 
The growth rates stay low and are typically of the order of some nm/sec [1). The 
deposition reactor used in this work separates the three steps of the deposition process 
spatially in order to be controlled separately and independently. A thermal cascaded 
arc plasma in argon is used to dissociate and ionize hydrocarbons effectively at high 
pressure (about 0.5 bar) and high temperature (about 10000 K). The produced 
hydrocarbon fragments are transported towards the substrate with high speeds due to a 
supersonic expansion of the thermal plasma into a vacuum vessel. With this method it 
is possible to deposit amorphous carbon films (a-C:H) with rates up to 200 nm/sec. By 
varying the system parameters it has been shown that, in principle, it is possible to 
deposit any a-C:H film including the extremes like graphite and diamond [2]. The 
produced layers are studied using He-Ne ellipsometry during film growth, which gives 
the growth rate and the complex refractive index, also shown by Collins, who used this 
in situ technique to study initial growth of a-C:H films and the inter facial layer 
between the grown film and the substrate [3). After deposition the films are studied by 
spectroscopic ellipsometry at wavelengths in the range 0.2-10 µm. The spectroscopic 
ellipsometry is a sensitive (infrared) absorption technique and gives information about 
optical properties of the films like the optical band gap and the complex refractive 
index and the bonding structure, which are related also to electrical properties [4]. In 
this work a simple link between (thermal) plasma parameters and film qualities is 
observed. 

Experimental setup 

Deposition reactor 

The deposition reactor (fig.l)in this work consists of a cascaded arc, drawn in figure 2, 
in which a gas discharge in argon is produced at currents of 10-60 A [5]. This thermal 
plasma reaches temperatures between 10000 and 13000 K. 
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The thermal plasma is allowed to expand supersonically, through a hole in the anode 
plate of 4 mm diameter, into a vacuum vessel at a typical pressure of 1 mbar. The 
cascaded arc consists basically of an anode, a stack of insulated copper plates and three 
cathodes. These components are all water cooled. The cathodes are 1 mm diameter 
tungsten thorium tips for currents up to 30 A per cathode. The cascade plates have an 
inner bore of 4 mm and a thickness of 5 mm. So ten stacked plates make up a plasma 
channel of 6 cm length (1 mm insulation per plate). Hydrocarbons are injected inside or 
just before a copper nozzle which is pressed in the anode plate to prevent graphite to be 
deposited in the arc channel. 

Figure 2 
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The cascaded arc with gas supply. The gases are fed to the flow 
controllers FC through the filters F. The valves V and SV shut off the gas 
line close to the bottle and the cascaded arc respectively. 

During deposition the vacuum vessel is pumped by a mechanical rotary piston pump 
and two roots blowers connected to the vessel by a stepper motor controlled valve. This 
system makes it possible to set the pumping speed from 10 I/sec up to 700 I/sec. In this 
way working pressure and the gas flow can be controlled fairly independently. The gas 
handling system consists of three gas lines with mass flow controllers. Argon is supplied 
at the arc entrance whereas hydrogen or nitrogen could be injected either along with the 
argon or further downstream in the arc channel. Hydrocarbons are injected in the nozzle 
or outside the cascaded arc in the expansion of the plasma in the vacuum vessel. The 
sample support in this work was fixed at 70 cm distance of the cascaded arc nozzle. The 
sample support is water cooled and electrically isolated from the vessel to be able to 
create an auxiliary discharge to increase the energy of the ions impinging on the 
substrate. The power supply for the negative bias voltage is connected in series with a 
resistor. The bias voltage can be adjusted between O and -3 kV. The power that is 
dissipated (20 Watts maximum) is small compared to the plasma energy (about 1 kW) 
deposited on the substrate. In table I some typical parameter settings are given: 

Table I Experimental conditions. 

arc current 
arc voltage 
arc pressure 
gas flows 

Hydrogen 
CxHy 

system pressure 
bias voltage 

10-70 A 
50-150 V 
0.1 - 130 mbar 
Argon 0.5 - 10 1/min 
0-101/min 
0 -11/min 
0.1 -130 mbar 
0--3 kV 

c.... 
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Ellipsometry 

Ellipsometry is a technique that uses the difference in reflection ratio that occurs for 
monochromatic waves polarized parallel or perpendicular to the plane of incidence 
respectively. The reflection ratio for the p- and s waves is given by the Fresnel 
equations. These couple the reflection ratio with the refractive index of the studied film. 
This ratio is often represented by the equation: 

(1) 

where 'Ir then is directly related to the absolute polarization of the surface and !::,. is the 
phase shift between the p- and s waves due to reflection at the surface [6]. Essentially 
two ellipsometers are used. The first one is a monochromatic one, based on a He-Ne 
laser which is used in situ (fig. 3). 

Figure 3 
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Setup of the in situ He-Ne ellipsometer. Components: laser L, mirror M, 
polarizer P, window W, substrate S, analyzer A, optical encoder E and 
detector D. 

It is employed to monitor the grcwth rate of the film and its refractive index ( at >. = 
632.8 nm). The second one is a spectroscopic ellipsometer which is used ex situ to 
determine the optical parameters of the a-C:H films like the optical band gap and the 
complex refractive index. Also the film thickness can be calculated from the 
interference pattern. This ellipsometer was first used at wavelengths between 200 and 
800 nm. Later on this instrument was upgraded for the infrared region. The wavelength 
region now is extended to 10 µm. This extension makes it possible to measure the 
absorption of different C-C and C-H from which the film structure can be distilled. 
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He-Ne ellipsometer 

The configuration of the rotating analyzer He-Ne ellipsometer is of the standard 
Polarizer Sample Analyzer (PSA) type [6, 71 (see fig. 3). The laser used is a frequency 
and intensity stabilized He-Ne faser [8] . Since the laser light is linearly polarized a 
circular polarizer is added. Dichroic sheet polarizers are used for the analyzer and 
polarizer. The optical axis of the polarizer is set at an angle of 45 degrees with the p and 
the s direction of the sample respectively. The windows of the vacuum system that are 
passed by the laser beam are mounted on bellows to be able to adjust them 
perpendicular to the laser beam. The analyzer is mounted on the axis of a motor with a 
hollow shaft. An optical encoder, which generates 256 TTL pulses each rotation, is also 
attached to the motor axis. These pulses trigger a 12 bit ADC which samples the signal 
produced by the detector, an EG&G SGD 100 A PIN diode. The encoder also generates 
2 extra pulses each rotation that are used to calibrate the exact position of the analyzer. 
The signal I( t) is a function of time t and can be written as: 

I(t) = I0 ( 1 + a cos (2w0t) + b sin (2w0t)), (2) 

where w0 denotes the angular rotation frequency of the analyzer, and a and b the 
relative Fourier components of the signal. 10, the DC level of the signal is not used in 
the data reduction process. Only a and b are needed. With the a and b values the 
refractive index can be calculated using: [6] 

a= -cos w 
b = sin 2'11 cos /J., 

with the remark that /J. can be /J. or 360° - /J.. 

Spectroscopic ellipsometer 

The spectroscopic ellipsometer [9,5) for the UV and visible part of the light (200 - 800 
nm) has also the PSA configuration (see fig . 4). A cascaded arc in argon is used as a 
light source. The arc design is identical to the one described earlier in this paper with 
this respect that there is almost no flow and the pressure is about 1 bar. Also the arc 
channel is only 2 mm in diameter and the arc current is 25 A. The advantages of such a 
light source are a very high spectral admittance close to the Planck curve for a black 
body radiator at 12000 K, especially for hisher pressures up to 5 bar, and a small 
divergence of the light beam of about 2 msr llO]. The arc is imaged on the sample by 
means of a telecentric system with unity magnification. Diaphragms determine the 
opening angle of the beam and limits the size of the illuminated spot on the sample. 
The focal point is imaged on the entrance slit of a 0.25 m Jobin-Yvon monochromator, 
where the linear magnification is 1/20. The spectral width is 0.5 run. The polarizer and 
analyzer are Glan-Taylor birefringent polarizing prisms made of calcite. In this case 
the analyzer is set to an angle of 45 degrees with the p-- and s direction of the sample 
and the polarizer is rotating. 

Figure 4 Setup of the spectroscopic ellipsometer . 
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Similar to the He-Ne ellipsometer an optical encoder is calibrating the position of the 
polarizer. The photo multiplier (RCA IP 28A) current is converted into a voltage by a 
series resistor, and the signal is amplified further by a Programmable Gain Amplifier 
(PGA). The supply voltage is adjusted to give a constant signal level. The dark current 
is measured for each wavelength by closing an electronic shutter in front of the light 
source. The signal to noise ratio is about 1000. In this case the signal I(t) has the same 
form as for the He-Ne ellipsometer, so the data reduction procedure is identical. The 
total system can take a spectrum in 7 minutes including sample change and calibration 
of the plane of incidence with a wavelength step of 10 nm. The wavelength extension of 
this spectroscopic ellipsometer was an exchange of optical components that are suitable 
for use in the infrared (2-10 µm) {11,12]. That means that the polarizers now are 
aluminum grids on BaF 2 crystals. A 1 lenses and windows are replaced by BaF 2 ones. 
The monochromator grating is replaced by one for the infrared and the photo multiplier 
is replaced by a liquid nitrogen cooled sandwich detector. The first detector behind the 
monochromator slit is an InSb detector used in the photo voltaic mode for wavelengths 
between 2 and 5 µm. A MCT (HgCdTe) detector behind the InSb cell is used in the 
photo resistive mode for the wavelength region 5-10 µm. The InSb cell also serves as a 
second order filter for the MCT detector. The cascaded arc light source in this case is 
used at higher pressures to get higher intensities. The main difference with the old 
situation is a chopper which is mounted between the rotating polarizer and the sample. 
This is because offset fluctuations in the MCT detector are a factor 30 larger than the 
signal amplitude with a frequency smaller than 0.1 Hz. The chopper has 16 slits and an 
angular rotation frequency exact twice that of the rotating polarizer. The resulting chop 
frequency is then about 600 Hz. The ellipsometry signal then is processed quite 
similarly as before with this respect that the transformation of the measured signal to 
the a and b values is much more complicated. The sensitivity of this instrument is now 
about 1 mono layer of C-H bonds on top of a gold substrate. 

Results 

The results of the ellipsometry measurements will be divided into two groups. The in 
situ measurements and later on the spectroscopic measurements will be discussed. 
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(points) during deposition (from an argon methane mixture) of an 
amorphous carbon film on gold. The full curves correspond to a 
simulation. The simulation resulted in a complex refractive index of 
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The He-Ne ellipsometer measurements during deposition gives the growth rate and 
complex refractive index of the film respectively. The results are calculated from the a 
and b values which are correlated with the ellipsometric angles !::,,. and w according to 
equations 3 and 4 using a fit procedure (fig. 5). The background light emitted by the 
cascaded arc gives an extra DC offset which has to be corrected for after deposition, by 
recallibrating the a and b values at the point in the l::,,.-w plane where l::,,.=180 and w <45 
(gold substrate). Here a2+b2 should equal 1. The obtained real part of the refractive 
index is correlated to the plasma parameter Q, which is the carbon flux divided by the 
product of the argon flux and the arc power (fig. 6). 
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The energy coefficient Q versus the accumulated measurements of the 
refractive index, optical band gap and hardness respectively. 

The maximum deposition rate that can be monitored depends on the angular frequency 
of the polarizer and on the time or thickness resolution one wants. The minimum time 
increment for the measured in situ data points is 10 msec. For one l::,,.-w round trip one 
needs about 20 data points to fit these data, resulting in a 'critical' deposition rate of 
100 nm/s, when there is no averaging or about 200 nm/s in the case of 10 averaged 
.6.-w points when an accuracy of about 1 % is needed. The highest deposition rate 
obtained was 200 nm/sec. The UV and visible ellipsometry deliver the complex 
refractive index as a function of wavelength and if the layer absorption and or thickness 
is not to big the film thickness can be calculated from the interference in the multiple 
reflected light in the film. This interference can be seen in the measured refractive index 
if there is no correction made for the interference. From the absorption coefficient which 
obeys the Tauc rule [13): 

./a'F, = G(E-E0), (5) 

where E represents the photon energy, G is a constant, E0 the optical band gap and a 
the absorption coefficient, the optical band gap can be obtained using a Tauc plot ( ✓ aE 
vs photon energy E). See for the optical band gap also fig. 6, which shows also a simple 
relation with the energy coefficient Q. Micro Vickers hardnesses are also plotted in this 
figure. Mechanical properties and optical properties can be obtained by simply 
calculating Q. The measurements of the optical band ga}) agree with measurements of 
Bubenzer [14),Dischler (15), Jansen [16) and Ishikawa l17]. Also almost all authors 
report that a high refractive index is associated with a low optical band gap ( e.g. 
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Bubenzer [14]). The increase in refractive index when the factor Q is increasing is in 
contradiction with observations by Alterowitz [18], who used a 30 kHz HF plasma in 
methane. He found an increasing refractive index with increasing deposition power. 
Bubenzer [14] also found a similar result for a plasma in benzene vapor. On the other 
hand Savvides [19,20] found a decreasing refractive index with increasing carbon ion 
energy in a graphite sputtering process. Therefore the behavior of the refractive index 
could be a confirmation that, in our case, the deposition rate and the properties of the 
deposited material are also mainly determined by the fluxes and energies of carbon 
atoms or ions and argon ions rather than hydrocarbon radicals. The infrared 
spectroscopic ellipsometer recently gave the first results on the chemical structure of 
the a-C:H films. So only a typical measurement can be given. The observed C-H bonds 
are exactly at the same wavelength as reported by Dischler [15]. This instrument can 
give the film thickness and detect C-C and C-H vibrations down to mono layer 
accuracy ( fig. 7). 
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Measurement with the IR ellipsometer in the spectral region of the InSb 
detector. The spectrum is taken from a 100 nm thick a-C:H film on a gold 
substrate. 

Still a missing link in this paper is the H content of the a-C:H films which will be 
measured using recoil spectroscopy of He2• ions on the film [21]. Concluding it can be 
stated that for the discussed method of deposition the film qualities can be estimated 
using the effective energy per deposited carbon atom Q. For industrial operation this is 
of course very useful. 
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