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Growth and properties of diamond-like films deposited from 
cyclohexane--argon mixtures in low-temperature plasma 
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The deposition of diamond-like films on polymer substrates front low-temperature 
cyclohexane--argon plasma was studied. The deposition rate was found to be proportional to 
the mass flow rate of cyclohexane vapor and independent of the mass flow rate of argon. The 
microhardness of the films and the light absorption coefficient in the blue spectral region 
depend on the ratio between the deposition rate and ion current density. 
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Several methods for deposition of diamond and 
diamond-l ike films are known presently. Polycrystalline 
diamond films are synthesized at 800--1000 °C mainly 
from methane- -hydrogen  mixtures. In high-vacuum 
synthesis from atomic and ionic carbon beams, diamond- 
like films are deposited which contain no chemically 
bound hydrogen,  but the long-range order in the 
arrangement of the carbon atoms typical of the diamond 
crystal lattice is absent. In this case, the temperature of 
the substrate is close to the boiling point of liquid 
ni t rogen.  The  p lasma chemica l  methods  for film 
deposition from hydro~zarbons make it possible to obtain 
solid coatings conta in ing  a considerable amount  of 
chemically bound hydrogen in the form of CH 3, CH 2, 
and CH groups, as well as dangling bonds between 
carbon atoms. These films are called hydrogenated carbon 
films, a -C:H-f i lms,  or d iamond-l ike  films. 

Methane is mainly used for synthesis of diamond and 
diamond-l ike films. Diamond forms from the products 
of methane conversion in a high-temperature medium 
or in plasma. In works published previously, ! -3  the 
deposi t ion of polycrystalliT~, ~ d iar ,  ond layers from 
complex hydrocarbon structures formed from methane 
in the gas phase and adsorbed layer was considered. We 
showed 4 that deposition of diamond-l ike films from 
methane and their properties in low-temperature plasma 
depend on the degree of methane conversion. Compounds 
whose structure is most similar to diamond are the most 
promising for preparatic, n of diamond-l ike films. In fact, 
positive results were obtained in experiments with 
adamantane  5 and decalin. However, in low-temperature 
plasma, these hydrocarbons are polymerized in the bulk 
gas phase. The cyclohexane--argon system was chosen 
as the object of the study here. The partial pressure and 
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mass flow rate of cyclohexane were much lower than the 
corresponding values for argon. Therefore, it can be 
assumed in the first approximation that cyclohexane 
molecules are adsorbed on the deposition surface and 
serve as the "building material" for the diamond-l ike 
film, while argon ions bombarding the surface link them 
to form the spatial skeleton. 

The processes of chemical deposition in the low- 
temperature plasma depend on many parameters. In this 
work, the effect of the mass flow rate of cyclohexane 
vapor on the deposition rate and some properties of 
diamond-l ike films were studied. 

Experimental 

The method of two electrical discharges 4 was used for 
deposition of the diamond-like films. The first discharge with a 
frequency of 50 Hz was used for activation of the gas medium 
in the positive column of glow discharge, The second discharge 
with a frequency of 250 kHz, characterized by the density of 
the deposition current, was used :.o control the ion flux to the 
deposition surface. Use of nontraditionally low frequency 
compared to radio-frequency discharge is associated with the 
necessity of decreasing the effect of this discharge on the 
processes in the gas phase. It is known that the higher the 
frequency of the electrical discharge, the more efficient its 
effect on the gas phase is and the higher its temperature can 
be, which is undesirable in the case considered. A cylindrical 
quartz reactor 6 cm in diameter was used in the experiments. 
Internal electrodes of 'he hollow cathode type were placed on 
the edges of the reactor. Glow discharge was ignited between 
these two electrodes. The activation current was varied from 25 
to 100 mA. The third electrode with a 150 cm 2 surface area 
was placed outside on the reactor surface, and the high- 
frequency field was fed to this electrode. The high- and low- 
frequency voltage soarces were connected through a system of 
filters, which made it possible to de'"rmine independently the 
activation and deposition currents. 
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Cyclohexane and argon vapor were conveyed through 
flowmeters into a long narrow pipe, where they were mixed. A 
trap with liquid nitrogen was placed at the output of the 
reactor, which prevented capture of  cyclohexane in a 
forevacuum pump. Thus, tile trap served as a "pnmp" for 
cyclohexane and the other hydrocarbons formed in the reactor. 
Therefore, the system in the reactor can be characterized by 
the total pressure and the mass flow rates of cyclohexane and 
argon vapor. 

Dacron films 0.12 mm thick were used as substrates. They 
were placed on the internal wall of the reactor opposite tile 
external electrode. The thickness of the coatings deposited was 
determined by the gravimetric method. Tile density of the 
deposited films, equal to 1.2 g c m  -3, was determined in 
preliminary experiments. 

Deposition was characterized by the deposition rate, and 
the properties were characterized by the microhardness and the 
blue light absorption coefficient (Z = 470 nm). 

Tile microhardness of the film--substrate system, which 
depends on the load applied, was measured by the Knoop 
method for a load of 10 g. The loading time wax 15 s; for 
higher loading times the results remained unchanged. The 
comparison of the values of the microhardness with those 
measured on a nanoindentor showed good coincidence. The 
measurements on the nanoindentor for small loads showed 
that the mierohardness of the diamond-like film itself was 
2--3 times higher for load of 10 g. 

The optical properties of the films were determined in tile 
visible range using a spectrophotometer. 

R e s u l t s  a n d  D i s c u s s i o n  

The  data  ob ta ined  for a total  pressure in the reactor  
o f  0.8 Torr ,  ac t iva t ion  cur ren t  o f  I00 mA,  and deposi t ion  
cur ren t  densi ty  o f  0. l_+0.01 m A c m  -2 show that  the 
depos i t ion  rate is p ropor t iona l  to the mass flow rate of  
c y c l o h e x a n e  and is i n d e p e n d e n t  o f  the mass flow rate o f  
argon wi th in  the  0 .2 - -1 .8  L h - I  range (Fig. l). This  
d e p e n d e n c e  shows that  the depos i t ion  rate is de t e rmined  
by diffusion o f  c y c l o h e x a n e  molecu le s  f rom the reactor  
vo lume .  
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Fig. 2. Dependence of the microhardness of  diamond-like 
films on the mass flow rate of cyclohexane vapor. 

Ti le  d e p e n d e n c e  of  the mic roha rdnes s  o f  the films 
obta ined  unde r  the condi t ions  indica ted  above  on the 
mass flow rate o f  cyc lohexane  is p resen ted  in Fig. 2. 
Since  the mic roha rdness  o f  the system d e p e n d s  oil the 
th ickness  o f  the  coat ing,  the th ickness  o f  the  f i lms was 
chosen  by var ia t ion  of  the depos i t ion  t ime  in such  a way 
that  it wou ld  be  approx imate ly  the  s a m e  for all f i lms and 
equal  to 1.8+_0.2 p.m. The  mic roha rdnes s  o f  t he  fi lms has 
a m a x i m u m  for a mass flow rate o f  c y c l o h e x a n e  equal  to 
~0.1 L h - l .  T h e  exis tence o f  the  m a x i m u m  can be 
expla ined  in t he  fol lowing way. The  depos i t i on  cur ren t  
densi ty,  i.e., the  flow of  ions to the  sur face ,  was kept 
cons tant ,  and the  deposi t ion  rate increased .  The  ratio 
be tween  the  ion current  and the depos i t ion  rate decreases  
as the  mass flow rate of  c y c l o h e x a n e  vapo r  increases.  
Probably,  w h e n  the mass flow rate o f  c y c l o h e x a n e  vapor  
is high, the  f low of  iotas to the surface is insuf f ic ien t  for 
f o r m a t i o n  o f  a s table spat ia l  q u a s i - s t r u c t u r e ,  and 
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Fig. I. Dependence of tile deposition rate of diamond-like 
films on the mass flow rate of cyclohexane vapor. 
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Fig. 3. Dependence of the light absorption coefficient (Z = 
470 nm) on the mass flow rate of cyclohexane vapor. 
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Fig. 4. Dependence of the microhardness of films on the total 
pressure. 

therefore,  the microhardness is low. It is likely that there 
is an op t imum ratio between the ion current density and 
the deposit ion rate. When the deposit ion current changes, 
the posit ion of  the maximum changes, but its value 
remains almost  tmchanged. When the density of the 
depos i t ion  cur ren t  increases  to 0.2 m A c m  -2, the 
maximum shifts to the region of  a cyclohexane vapor 
flow (0.14--0.15 L h- t ) .  

The blue light absorption coefficient decreases as the 
mass flow rate of  cyclohexane increases (Fig. 3). 

We previous ly  assumed 6 that  the  value of  the 
absorpt ion coefficient is de te rmined  by graphi te- l ike 
clusters. This concept  was developed in the model  
suggested by J. Robertson. 7 For  low deposi t ion rates and 
a constant  deposi t ion current,  the probabil i ty of  the 
format ion of  clusters is higher due to radiation "shaking" 
of  the surface under  the act ion of  the ion beam. For 
high deposi t ion rates, the contr ibut ion of  the polymer  
componen t  increases, while k and the microhardness 
decrease. According to the data from Auger spectroscopy, 

tile sizes of  these clusters increase as tile deposi t ion 
cur ren t  dens i ty  increases  and the depos i t ion  rate 
decreases. 

For a constant mass flow rate of  cyclohexane vapor 
and cons t an t  e lec t r ica l  d i scharge  pa rame te r s ,  the 
deposit ion rate is independent  of  the total pressure in 
the range of 0 . 6 - -Z 0  Tort.  As shown in Fig. 4, the 
microhardness of  the films decreases as the pressure 
increases. The blue light absorption coefficient also 
decreases  as the pressure increases,  which can be 
associated with a decrease in the ion energy. A change 
in the mass flow rate of argon has almost no effect on 
the deposi t ion rate and properties of d iamond- l ike  films. 

Thus, the deposit ion rate of a d iamond- l ike  film is 
proport ional  to the mass flow rate of  cyclohexane vapor. 
The microhardness of  the film and its optical propert ies 
depend both on the deposit ion rate and the ion current 
to the deposi t ion surface. 
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