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1. Introduction 
 

The aim of our research is the cleaning and activation 
of glass by environmental friendly methods. Glass can be 
cleaned by several types of discharges1,2 at low pressure 
and at atmospheric pressure, too. This article presents the 
results of glass cleaning by Diffuse Coplanar Surface 
Barrier Discharge (DCSBD)3.4 at atmospheric pressure in 
ambient air. The advantage of this method is that in this 
way the non-ecological cleaning using toxic chemicals can 
be avoided.  Borosilicate glass was used as a substrate. 
 
2. Experimental set-up 
 

Diffuse Coplanar Surface Barrier Discharge 
(DCSBD) is a special type of dielectric barrier discharge 
(DBD)5 plasma source operated at atmospheric pressure6,7. 
DCSBD electrode system was made by parallel metallic 
electrodes embedded in Al2O3 ceramic (see Fig. 1). This 
construction enables to create a thin layer of non-
isothermal cold plasma with large surface area. The sam-
ple holder is mounted on the rails in order to enable the 
movement of samples in accurately adjustable distance 
over the dielectric barrier in plasma layer. The photo of 
DCSBD at atmospheric pressure in ambient atmosphere is 
shown in Fig. 2. 

Plasma treatment was realized in air at atmospheric 
pressure. The discharge power was 300 W. The distance 
between the sample surface and the ceramic plate was 
0.2 mm. 

The size of the substrates was 18  18  0.1 mm. The 
studied samples were cleaned in isopropyl alcohol before 
plasma treatment.  

 

     
 
Fig. 2. Photo of the Diffuse Coplanar Surface Barrier Dis-
charge 
 
3. Measurement methods  
 

The roughness of glass surface has been evaluated 
using Atomic Force Microscope (AFM). Measurements 
have been performed by AFM, type CP-II Veeco – 
scanning probe microscope. By this measurement we have 
investigated the dependence of the exposition time  of 
glass in plasma on the change of  its surface roughness. 
The measurement was carried out in contact mode. The 
data from the AFM measurement have been evaluated by 
the help of Gwyddion software8.  

The contact angle9,10 of water has been studied using 
Surface Energy Evaluation system (SEEsystem). 
SEEsystem is an instrument for measurement of the con-
tact angle and for the calculation of surface free energy. 
Using this system we verified the wettability change of the 
glass before and after the plasma treatment. We measured 
the contact angle between the liquid and the tested materi-
al, in our case deionised water and glass surface. 
 
4. Results and discussion 
 

The time dependence of the roughness has been 
measured by means of AFM. The time of exposition in plas-
ma ranged from 1s to 2 min. The obtained results are pre-
sented in Table I and Fig. 3. In Table I the time dependence 
of the root mean square (RMS) roughness11,12 parameter is 
shown.  

DIFFUSE COPLANAR SURFACE BARRIER DISCHARGE FOR CLEANING  
AND ACTIVATION OF GLASS SUBSTRATE 

Fig. 1. Scheme of Diffuse Coplanar Surface Barrier Discharge 
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Short time exposition in plasma caused only slight in-
crease of the surface roughness. The maximum roughness 
was in order of nanometre magnitude in this case. The 
long time exposition of the glass surface in plasma in-
creased the roughness by almost two orders of magnitude. 

The results of the roughness of glass after plasma 
treatment obtained using AFM and evaluated by 
Gwyddion software are shown in Figs. 4, 5, 6 and 7. Fig. 4 
presents the roughness of glass surface after 10 s of plasma 
treatment. 3D image of glass surface after 10 s of plasma 
treatment is shown in Fig. 5. The maximum of the surface 
roughness did not exceed the nanometre level. 

The roughness of the glass substrate after 120 s plas-
ma treatment is presented in Fig. 6 and the 3D model is 
presented in Fig. 7. The maximum of roughness increased 
of one order of magnitude, it reached several  tens of nano-
metres. 

Typical surface profiles of plasma treated glass ob-
tained by AFM measurements and evaluated by Gwyddion 
software are shown in Fig. 8 and Fig. 9.  In Fig. 8 the re-
sults obtained after short treatment times (1 s, 5 s, 10 s) are 
presented. On the other hand, Fig. 9 presents long plasma 
treatment times (25 s , 60 s).  

SEE system was used to study the wettability change 
of the glass surface. The contact angle between deionised 
water and glass surface was measured. The results for the 
sample of glass before plasma treatment and after short Time of plasma treatment [s] RMS [nm] 

0 0.68 

1 0.89 

5 1.25 

10 1.25 

25 1.27 

60 7.30 

120 13.0 

Table I 
RMS roughness and time of plasma treatment  

Fig. 3. Time dependence of plasma treatment on the surface 
roughness. The graph shows, that short plasma treatment s up to 
20 s duration have no  significant effect on roughness of the glass 
surface  

Fig. 6. AFM image of plasma treated glass. The treatment time 
was 120 s 

Fig. 5. 3D AFM image of plasma treated glass.  The treatment 
time was 10 s 

Fig. 4. AFM image of plasma treated glass. The treatment time 
was 10 s 
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time plasma treatment are shown in Fig. 10 and Fig. 11.  
Already after a short time of treatment in DCSBD the 
change of wettability is evident. Before the plasma treat-
ment the contact angle was 30o (Fig. 10) and after 5s of 
plasma treatment the contact angle was 14o. 
    
 
 
 

5. Conclusion 
 

On the basis of our present research we can conclude 
that plasma treatment, concretely DCSBD treatment, is a 
very powerful method to clean the surface of glass sub-
strates.  Short time plasma treatment (less then 10 s) using 

Fig. 7. 3D  AFM image of plasma treated glass. The treatment 
time was 120 s 

Fig. 8.  Surface profiles of plasma treated glass obtained by a 
short time plasma treatment: (a) 1 s,  (b) 5 s, (c) 10 s 

Fig. 9. Surface profiles  of plasma treated glass after long time 
plasma treatments: (d) 25s , (e) 60s  

Fig. 10. Photo of the contact angle of water on glass before 
plasma treatment (the contact angle was 30o) 

Fig. 11. Photo of the contact angle of water on glass after  5 s 
of plasma treatment (the contact angle was 14o) 
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DCSBD does not cause significant changes of roughness 
which is very useful finding for several industrial applica-
tions, especially for the utilization of DCSBD in the glass 
industry. During the short time of plasma treatment the 
substrate is roughened only slightly and evenly.  

During the long time plasma treatment (more then 
25 s) the substrate is roughened significantly and uneven-
ly. The maximum roughness in this case reached several 
tens of nanometres, the changes in surface roughness in-
creased almost of two orders of magnitudes.  

The DCSBD plasma treatment exhibited substantial 
influence on the surface wettability of the glass. The 
wettability of the glass substrate significantly increased af-
ter plasma treatment comparing to the initial state of the 
glass surface. The next aim of our research is an investi-
gation of the influence of aging on wettability and the 
study of the surface layer on glass substrates by means of 
MALDI-TOF and XPS analysis.  
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Diffuse Coplanar Surface Barrier Discharge for 
Cleaning and Activation of Glass Substrate 

 
In this paper we present the results of plasma 

cleaning of glass substrates using the Diffuse Coplanar 
Surface Barrier Discharge (DCSBD) operated in air at 
atmospheric pressure. The results of AFM measurements 
indicate that short time of treatment of DCSBD did not in-
crease the surface roughness substantially. The results of 
contact angle measurement show that the substrate after 
plasma treatment is more wettable than before plasma 
treatment. 
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1. Introduction 

 
Diamond-like carbon (DLC) thin films are becoming 

increasingly important in many forms of industrial applica-
tions, including wear-resistant coatings for hard-disk 
drives and optical components, as well as in semicon-
ductor devices. Due to their biocompatibility, chemical 
inertness and being impermeable to liquids, a-C:H 
coatings could protect biological implants against corro-
sion and serve as diffusion barriers1–3. However, the term 
DLC covers a range of materials with properties that can 
vary from those similar to graphite to those approaching 
those of natural diamond. Hydrogen-free DLC films (also 
known as amorphous carbon films, a-C, are believed to 
consist of a mainly graphitic sp2 carbon matrix containing 
nm-sized clusters of sp3 diamond-like carbon. Hydro-
genated DLC films (also known as hydrogenated amor-
phous carbon films, a-C:H) add yet more degrees of com-
plexity to the possible structure of the films. Various mate-
rials derived from a-C:H structure have been developed 
incorporating nitrogen, silicon, oxygen, fluorine or various 
metal atoms into its structure. Most modifications have 
been made to reduce their typically high internal com-
pressive stresses, to increase the adhesion to the substrate 
(N, Si, metal incorporation), to modify surface free energy 
(N, F, O, Si), to increase their biocompatibility (F, Ti, Si, 
Ca) or to modify their electrical properties3–7. The nitrogen
-doped DLC films have been proven to be very effective in 
magnetic storage technology as protective overcoats. 
Doping DLC with metals increases the wear resistance of 
the resultant coatings while maintaining the friction coeffi-
cients low. Deuterated amorphous carbon films (a-C:D) 
were also investigated for some specific applications, like 
storing ultra-cold neutron devices8 or as neutron mirrors9. 
Diamond-like carbon (DLC) films have been deposited in 

a variety of ways. By choosing the deposition technique 
and the appropriate deposition parameters, the ratio be-
tween carbon atoms in sp2 and sp3 hybridization can be al-
tered and the film properties can be controlled. The amor-
phous hydrogenated carbon films (a-C:H) can be deposited 
by PECVD technique, in a wide range of sp2/sp3 
hybridized-carbon atoms ratio10. Radio frequency plasma-
enhanced chemical vapour deposition (RF-PECVD) is 
a widely used technique. We have pursued doping of DLC 
films deposited using a RF-PECVD system as this method 
is suitable for the deposition of these films at low tempera-
ture. Added advantages lie in the fact that scaling up of the 
deposition system is possible. In this work, we will present 
a comparative study of the incorporation of D, N, Si and O 
into a-C:H films deposited by PECVD using CH4 in mix-
ture with H2, D2, N2 and/or hexamethyldisiloxane 
(HMDSO) as precursor atmospheres. The effects on the 
film tribological and mechanical properties will be dis-
cussed, emphasizing the role of the doping species. 
 
2. Experimental systems 
 

A parallel-plate RF-PECVD reactor has been used for 
the deposition of a-C:H films. The reactor chamber con-
sisted of a vertically mounted glass cylinder, inner diame-
ter 285 mm and height 195 mm, closed by two stainless 
steel flanges. The bottom graphite electrode, diameter 
148 mm and 8 mm thickness, was capacitively coupled to 
the RF generator operating at a frequency of 13.56 MHz. 
In this experimental arrangement the bottom electrode is 
used as the substrate holder. The grounded upper electrode 
made of graphite has a diameter of 100 mm.  

For the deposition several types of substrates have 
been used. Single crystal silicon and glass are used for all 
depositions. Stainless steel substrates were used for the 
depositions of nitrogen containing films. Before the depo-
sitions the samples were cleaned in a mixture of cyclo-
hexane and isopropyl alcohol. Then, in order to improve 
the film adhesion the samples were sputtered cleaned by 
argon ions for 15 minutes prior to film deposition.  

In a last step, the deposition itself was performed af-
ter changing the operational parameters, without opening 
the reactor, but just by adding the precursor gases to the 
reaction chamber. The films were produced from different 
mixtures of the following precursor gases: CH4, H2, D2, 
N2, and HMDSO. The gases were simultaneously intro-
duced into the chamber using separate valves and flow me-
ters to control their individual flow rates. The experimental 
conditions are shown in Table I together with the mechani-
cal properties of the deposited films on silicon substrates. 
 

PROPERTIES OF MODIFIED AMORPHOUS CARBON THIN FILMS DEPOSITED 
BY PECVD 
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3. Characterization methods 
 
 Mechanical characteristics were investigated by the 
depth-sensing indentation (DSI) technique12. 
A Fischerscope H100 depth sensing indentation (DSI) 
tester equipped with Vickers indenter, microscope and 
CCD camera was used to study the indentation response of 
a-C:H and doped a-C:H deposited films. During the DSI 
test the load and the corresponding indentation depth were 
recorded as a function of time for both loading and un-
loading process. From the loading and unloading hystere-
sis it was possible to determine the hardness and the elastic 
modulus of studied samples. The universal hardness is the 
measure of resistance of the material against both elastic 
and plastic deformation. The loading period of 20 s was 
followed by a hold time of 5 s, an unloading period of 20 s 
and finished after holding the minimum load for 5 s. 
Several tests were made at different maximum loads (i.e. 
several different indentation depths) in order to study the 
load and/or depth dependence of the investigated mechani-
cal characteristics. Each test was repeated from 9 to 
16 times in order to minimize the experimental errors. All 
tests were performed in air at room temperature.  

The interfacial fracture toughness KINT was calculated 
on the basis of the indentation induced delamination of the 
thin films.  There are several methods used to calculate 
this value. Most of them is based on the relationship be-
tween the applied load and the delaminated area created 
around the indentation print. Moreover, from the loading/
unloading characteristics it is also possible to calculate the 
indentation work, what is needed to create a delamination 

with a unit area (so called interfacial energy release rate) 
and using the known elastic modulus of the film and sub-
strate the interfacial can be obtained13,14.  

 The pin-on-disk wear test to measure of the life-
time of the coating is performed using a tribometer. The 
sample is mounted on a chuck which can be rotated at 
a predetermined speed. A ball or other static partner is 
mounted in contact with the rotating sample via an elastic 
arm which can move laterally and therefore measure the 
tangential forces (friction) between sample and ball with 
a sensor. The data acquisition system records the frictional 
force as a function of time or number of revolutions, alt-
hough it is often recalculated so that the coefficient of fric-
tion (COF, ) is displayed on the same axes. The ad-
vantage of a wear test is that it can give a measure of the 
lifetime of a particular coating-substrate system. In many 
applications of coatings, the resistance to wear can be 
more important than the critical load required to perma-
nently damage the material. In our work the static partner 
was a 6 mm diameter Al2O3 ball applied with load 10 N 
and speed in the range from 5 to 20 cm s–1. The testing ra-
dius r was in the range from 2,6 to 10 mm.  The graph of 
COF versus distance shows a steady value of friction until 
the coating fails (i.e., is completely worn away). The onset 
of failure corresponds, in this case, to a distinct change in 
the friction signal, due to breakdown of the coating and 
formation of a tribological transfer film which is a mixture 
of the coating, substrate and static partner materials mixed 
together. The properties of the coating being tested and the 
substrate on which it has been deposited will influence the 
friction signal when the coating is worn through. In some 

Sample S01 S02 S03 S04 S05 S06 S07 S08 S09 S10 

QCH4 [sccm] 1.4 1.41 1.4 1.4 1.31 1.31 1.42 0.31 1.4 1 

QH2 [sccm] 0.4 5 – 5 5 5 – – 5 1 

QD2 [sccm] – – 0.4 – – – – – – – 

QN2 [sccm] – – – 5 7 1 1 – – – 

QHMDSO [sccm] – – – – 0.4 0.4 1.31 1 0.2 0.23 

t [min] 60 60 60 60 30 30 60 60 60 60 

–Ub [V] 260 355 260 127 105 265 191 294 270 227 

p [Pa] 13 15 13 23 32 25 15 9 18 12 

TOT [mJ m–2] 38 40 39 47 53 43 54 49 41 42 

σ [GPa] –2.3 –1.1 –1.9 –0.2 –0.4 –0.3 –0.5 –0.8 –0.3 –0.9 

COF 0.04 0.1 0.05 0.18 0.23 0.1 0.07 0.13 0.08 0.06 

KINT [MPa m0.5] 0.08 0.07 0.08 0.24 0.65 0.38 0.77 0.72 0.40 0.25 

HIT [GPa] 19.5 16.5 21.8 3.8 6.7 11 2.7 18.5 17.1 19 

Y [GPa] 150 125 163 45 126 120 31 115 133 105 

Deposition rate [nm min–1] 5.7 4.58 5.5 4.75 2.26 9.8 15.8 13.4 10.1 12.5 

Table I 
Summary of the deposition parameters (Qx – flow rate of precursor gas x, t – deposition time, Ub – negative DC self bias 
voltage, p – total working pressure) together with the chracteristic properties (TOT – total surface free energy, σ – internal 
stress, COF – coefficient of friction, KINT – interfacial frature toughness, HIT –hardness, Y – elastic modulus) of the ob-
tained thin films. The applied power was 50 W 
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cases this signal will rise dramatically, in others it may 
drop. However, the breakdown of the coating will nearly 
always manifest itself as a sharp change from the steady 

sliding state. 
The surface free energy  of the deposited films was 

determined  from contact angle measuring method using 
SeeSystem15. 

The  compressive  stress in  films  was calculated  
from measurement  of  the  radius  of  curvature  on  
a  3 mm    25 mm    0.5 mm coated  silicon  strip  and by 
analyzing the results with the well-known Stoney's equation12.
  
4. Results and discussion 
 

The DLC and modified DLC films obtained by RF-
PECVD were characterized for their mechanical 
properties. The deposition conditions and mechanical 
properties of representative samples are summarized in 
Table I. 

The mechanical properties of the hydrogenated films 
were found to be dependent on the flow ratio of methane 
in the gas mixture and on the self-bias voltage. Their 
values are listed in Table I for samples S01 and S02 in or-
der to illustrate the effect. For a higher content of methane 
the internal compressive stress and hardness of the film de-
creased. 

An improvement in mechanical properties was found 
for the deuterium containing films compared to the non-
doped hydrogenated DLC films. In Fig. 1 it is presented 
the dependence of the hardness and elastic modulus on the 
relative indentation depth. Going deeper into the sample, 
the influence of the substrate becomes more visible, silicon 
having lower hardness and elastic modulus. Replacing H2 
by D2 in the gas mixture during deposition proved advan-
tageous, the modified DLC films exhibiting higher values 
of hardness and elastic modulus than the hydrogenated 
DLC films deposited in the same experimental conditions. 
The hardness value of 21.8 GPa was the highest among all 
other types of coatings that were prepared in this work. 
Moreover, the residual compressive stress, σ, is less pro-
nounced in the deuterated DLC films, as listed in Table I. 

The internal stress influences other important coating 
properties such the adhesive strength and wear resistance. 
The addition of HMDSO into the precursor atmosphere 
proved to decrease the internal compressive stress in the 
films (samples S09 and S10), increased their surface free 
energy and the interfacial fracture toughness (films were 
deposited on silicon substrates). Moreover, the silicon and 
oxygen containing DLC thin films prepared under opti-
mum conditions reached a hardness value of 
19  GPa (sample S10 in Table I). When increasing the H2 
flow to 5 sccm the hardness of the films decreased to 
a value of 17.1 GPa, however the internal stress in these 
films decreased too. In the absence of hydrogen from the 
precursor mixture the deposited films had comparable 
values of hardness and elastic modulus (sample S08), but 
still lower than the maximum achieved by the deuterated 
DLC layers. 

When nitrogen was added to the mixture, the hard-
ness and elastic modulus values decreased dramatically 
(sample S07, HIT = 2.7 GPa). The differences in the depth 
dependences of the hardness between films S07 and S08, 
both deposited on two different substrates (glass and single 
crystalline silicon) are demonstrated in Fig. 2. In this fig-
ure these differences are visible for the different substrates 
on which the films were deposited. 

The coatings prepared from the mixture CH4 + H2 + 
N2 + HMDSO performed better (samples S05 and S06) 
from the point of view of mechanical properties. The 
presence of hydrogen led to the deposition of less soft 
films, with hardness values ranging from 6.7 to 11 GPa. 
Hardness proves to be dependent on the nitrogen flow, 
harder films being obtained from gas mixtures with lower 
nitrogen flow rate ratios. 

From the tribology point of view another effect of ni-
trogen incorporation is the increase of the coefficient of 
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Fig. 1. Dependence of the hardness and elastic modulus on the 
relative indentation depth for samples S01 (HDLC film) and 
S03 (DDLC film) on silicon substrates 

Fig. 2. Dependence of the hardness on the indentation depth 
for samples S07 and S08 on glass, silicon and steel substrates 
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friction compared to films prepared without nitrogen addi-
tion. In Fig. 3 it is presented the dependence of COF on 
the number of cycles in the pin-on-disk test performed on 
the sample S05. The graph shows the value of friction ver-
sus the number of pin-on-disk cycles. 

In Fig. 4 there are presented the pin-on-disk test re-
sults for sample S06. Decrease of nitrogen content in the 
deposition mixture caused decrease in COF value. The 
graph of COF versus distance shows a steady value of fric-
tion until the coating fails (i.e., is completely worn away) 
after 15000 cycles. A confocal microscope image of the 

wear scar on the tested sample S06 is presented in Fig. 5. 
There are no signs of delamination around the contact 
area. 

 
5. Conclusions 
 

Considering the mechanical results, we compared the 
effects of incorporating hydrogen, deuterium, and nitrogen 
into DLC films. The compressive stress, hardness and 
elastic modulus were found to have a dependence on the 
methane flow rate ratio and substrate bias voltage. With 
increasing content of methane, the compressive stress and 
hardness decreased. The incorporation of deuterium in the 
layer can enhance the hardness and the elastic modulus, 
taking into account the similar values of the bias voltage 
during the discharges. Deuterium doped a-C:H films pre-
sent higher compressive stress than the a-C:H films. The 
incorporation of nitrogen in a-C:H films decreases the in-
ternal stress more efficiently, but in the same time the 
hardness and elastic modulus decrease also. Nitrogen in-
corporation increases the films coefficient of friction. On 
the other hand, silicon and oxygen incorporation led to de-
crease in coefficient of friction as well as in internal stress. 
Moreover, the interfacial fracture toughness and the sur-
face free energy increased in case of HMDSO modified 
DLC films.  When increasing the N content we observe 
a decrease in the deposition rate.  
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Modified Amorphous Carbon Thin Films Deposited by 
PECVD 

 
The aim of this work was to prepare a set of DLC 

films from different mixtures of precursor gases (methane, 
hydrogen, deuterium, nitrogen and/or HMDSO) using RF-
PECVD on substrates such as crystalline silicon, glass, and 
steel.  The prepared films were characterized by several 
diagnostic tools and the properties of hydrogenated amor-
phous carbon films and the modified diamond-like carbon 
thin films with different admixtures (N, Si, O, D) were 
compared. Mechanical tests were performed on the ob-
tained films mainly using depth sensing indentation 
method. We focused our attention on the following coating 
properties: hardness, elastic modulus, fracture toughness, 
film-substrate adhesion. Additionally, the effect of the in-
ternal stress on the indentation response of the film-
substrate systems was studied. The tribological properties 
of the films were also investigated. The surface free ener-
gy of the films was performed by contact angle measuring 
technique. 
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1. Introduction 
 

OH radical has been in the scope of scientists and 
engineers for a long time, because it allows to track im-
portant chemical processes. It is also expected to play an 
important role in the plasma material processing and the 
interaction of plasma with living cells. Laser-induced fluo-
rescence is very often employed in density measurements 
since it can access the ground state, but there are some 
experimental difficulties that need to be solved before 
a proper absolute measurement can be done. 

A great deal of current knowledge about the spectro-
scopic constants of this molecule is nowadays compiled in 
LIFBASE, a program created by Luque and Crosley1. In 
addition to the database, it can also  simulate the optical 
spectra and thus significantly facilitates the optical diag-
nostics. However, LIFBASE does not take into account the 
collisional energy redistribution processes – electronic 
quenching, rotational and vibrational energy transfer 
(RET, VET). 

Another group, in Bielefeld, came with another simu-
lation environment called LASKIN2. This allows us to take 
into account the electronic quenching, RET and VET3,4. 
Since these depend strongly on the concentration of colli-
sional partners, one needs to specify their relative densities 
as an input into the simulation. Unfortunately, this infor-
mation is at atmospheric discharges very often unknown.  

The goal of this experiment was to investigate the 
RET and VET processes for different excitation schemes 
and recommend the most suitable scheme for absolute OH 
density measurement in the plasma pencil. 

 
2. Experimental setup 

 
Plasma pencil  

Plasma pencil (see Fig. 1) is a type of RF plasma 
nozzle working at atmospheric pressure5. The powered 
electrode is driven by 13.56 MHz. It is separated from 

plasma by a dielectric tube (inner diameter 2 mm). The 
plasma is ignited in argon flowing through the dielectric 
tube. Plasma blows together with argon out from the noz-

VIBRATIONAL AND ROTATIONAL ENERGY TRANSFER IN A STATE  
OF OH RADICALS MEASURED BY LASER INDUCED FLUORESCENCE 

Fig. 2. Experimental setup. 1 – Fresnel Rhomb (turns polariza-
tion), 2 – positive UV lens, 3 – iris diaphragm, 4 – plasma pencil, 
5 – prism monochromator (low resolution), 6 – ICCD camera 
with object-lens, 7 – photo-multiplier tube, 8 – optical fibre, 9 – 
laser power meter 

Fig. 1. Image of the investigated plasma source. The light-
collecting lenses are also visible 
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zle, where it mixes with the ambient air and can be used 
for surface treatment.  

 
Laser induced fluorescence  

For excitation of OH radicals a laser setup was used 
consisting of pumping pulsed Nd:YAG laser (Quanta-Ray 
PRO-270-30), tunable dye laser (Sirah PRSC-D-24-EG) 
and a frequency doubling unit. The fluorescence was inde-
pendently detected by an intensified CCD camera (PI-
MAX 1024RB-25-FG43), a grating monochromator (HR 
640) with CCD detection and a high-transition prism mon-
ochromator with photomultiplier detection (see Fig. 2).  
For time- and spectrally resolved measurements, the inten-
sified CCD was coupled directly to the grating mono-
chromator. 

Two different vibrational transitions were used for 
the laser excitation. In both cases OH radicals were excited 
from the ground electronic and vibrational state to the 
electronic state A In the first case excitation to the first 
vibrationally excited state by 282.1 nm was used (see 
Fig. 3). In the second case OH radicals were excited to the 
ground vibrational state by wavelength 306.6 nm.  

 
3. Results and discussion 

 
In the first experiment, OH radicals were excited 

from ground electronic and vibrational state to the first 
excited vibrational state of A  by the Q1(2) rotational 

transition at wavelength 282.1 nm. The fluorescence was 
measured in the range 305–320 nm where the vibrational 
bands (0,0) and (1,1) are located. By excitation to the first 
vibrational state the spectral overlap between the scattered 
laser radiation and the measured fluorescence was avoid-
ed. However, collisions of excited OH radicals lead to 
VET to the v'=0 state of A  This fact is demonstrated in 
Fig. 4, where a part of the fluorescence spectrum is shown. 
Beside the transition from the v'=1 state, the fluorescence 
contains intensive radiation from the v'=0 state. At the 
beginning of the laser pulse, the radiation emitted directly 
from the v'=1 state (312–318 nm) dominates to the meas-
ured fluorescence spectra. However, VET induced by col-
lisions quickly populates the v'=0 state of A  and after 
the end of the laser pulse the radiative transitions from the 
v'=0 state (306–312 nm) is stronger than radiation from the 
originally excited v'=1 state.  

Fig. 3. Diagram of the energy transfer processes in an OH 
molecule during the LIF measurement 

Fig. 4. Fluorescence spectrum with 4ns time resolution in 
different delays with respect to start of the laser pulse. The 
first vibrational state was excited 

Fig. 5. Time development of the (0,0) and (1,1) vibrational 
transition fitted with thegiven functions 
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The different temporal development of the population 
of both v'=0 and v'=1 states of A  is demonstrated in the 
Fig. 5. In this figure, time-resolved measurements of the 
(0,0) and (1,1) fluorescence radiation is presented. The 
v'=1 state is quickly populated at the laser pulse beginning, 
while the population of the v'=0 state falls behind. Howev-
er, the relatively short life-time of the v'=1 state leads to its 
fast depopulation, partly to the v'=0 state. The v'=0 state, 
which is not depopulated by VET, has longer life-time, 
which is clearly visible in the Fig. 5.  

The depopulation of the v'=1 state by VET does not 
lead to severe obstacles for evaluation of LIF necessarily. 
When the laser power is kept sufficiently low and satura-
tion of LIF is avoided, the measured fluorescence radiation 
from the v'=1 state integrated over the whole fluorescence 
time (F11) is directly proportional to the ground state OH 
concentration (NX): 

 
 

where A1are Einstein coefficients for the radiative tran-
sitions from the v'=1 state, τ1 is life-time of this state, EL 
energy of laser pulse, V the VET rate and Qv=1 is quench-
ing rate of the v'=1 state. A1i can be understood as a 
weighted average of the particular rotational Einstein coef-
ficients, where the weight is given by population of each 
upper rotational state. Its dependence on rotational distri-
bution will be discussed below. If the life-time τ1 is suffi-
ciently long, its value can be estimated from the exponen-
tial decay after the end of the laser pulse.  

However, in some cases the VET complicates LIF 
experiments significantly. In discharges ignited at atmos-
pheric pressure the collisional frequency is high and the 
VET rate can strongly decrease intensity of fluorescence 
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from the v'=1 state. Moreover, the life-time of this state 
can be so reduced that the fluorescence decays simultane-
ously with the laser and it is not possible to estimate this 
life-time simply. Finally, some detection systems do not 
have sufficient blocking of the neighboring (0,0) transi-
tion. In these cases it is useful to know the VET rate and 
integral intensity of fluorescence from the v'=0 state 
(F0  0), which follows the equation  

 
where A0i and Qv=0 are Einstein coefficients and quench-
ing rate for the v'=1 state. The simplest way to estimate the 
life-times τ0 and τ1 are time- and spectrally resolved LIF 
measurements. After the laser pulse end, the actual fluo-
rescence intensities (f00, f11) follow the exponential de-
cay  

 
which can be fitted to the measured dependencies. Values 
of V, Qv=1 and Qv=0 can be estimated from a measurement 
set performed at various pressures, or, if partial pressures 
of colliding species are known, it can be advantageously 
calculated from known cross sections. Fit of the decay to 
data measured in plasma pencil is shown in the Fig. 5 with 
fitted values τ0 = 41 ns and τ1 = 27 ns demonstrating that 
the decay is relatively slow. This is caused by the fact that 
discharge in plasma pencil is ignited in argon, which is 
relatively inefficient quencher of excited OH states2.  

Since the life-time of excited state is relatively long, 
a second LIF experiment with excitation directly to the A  

(v'=0) state was tested. Such excitation avoids the VET but 
in this case the laser wavelength falls into the detected 
spectral interval. However, due to the long lifetime, the 
fluorescence can be measured after the laser pulse end 
without loosing significant amount of fluorescence signal. 
The measured fluorescence spectra are shown in the Fig. 6.  

The laser populates only the 5th rotational level of the 
A  (v'=0) state. However, collisions of excited states 
lead to RET and population of other rotational levels. 
Since rotational levels differ in transition probabilities, it is 
necessary to know the temporal changes of the rotational 
distribution of the excited state that occur during the fluo-
rescence measurement. The Fig. 6 demonstrates, that the 
RET in plasma pencil is so fast that it leads to immediate 
thermalization of the rotational distribution, even during 
the laser pulse. Therefore, the Einstein coefficients A0i 

can be considered to be constant during the whole fluores-
cence pulse. Moreover, the population of the rotational 
level of the ground OH state which is depopulated by laser 
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Fig. 6. Fluorescence spectrum with 5ns time resolution in 
different delays with respect to start of the laser pulse. The 0th 
vibrational state was excited 
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excitation can be considered to be approximately constant 
during the whole laser pulse since it is effectively repopu-
lated by RET in the ground state.  

 
4. Conclusion 

 
Plasma pencil is an atmospheric pressure discharge 

with high collisional frequency of excited species, which 
lead to quenching of excited species and to vibrational and 
rotational energy transfer. Laser excitation to  vibrationally 
excited states is therefore followed by fast VET to lower 
vibrational states and changes of fluorescence radiation 
described by formulas presented above. Since the dis-
charge is operated in argon, which quenches excited states 
relatively slowly, the lifetimes of excited states are signifi-
cantly longer than the laser pulse duration. RET in plasma 
pencil is so fast that the rotational energy distribution of 
OH radicals can be considered to be thermalized during 
the whole fluorescent measurement including the period of 
laser pulse excitation. Both the relatively long lifetime and 
fast RET are positive findings that simplify evaluation of 
measurements based on laser induced fluorescence.  

 
This research has been supported by the project R&D 

center for low-cost plasma and nanotechnology surface 
modifications CZ.1.05/2.1.00/ 03.0086 funding by Europe-
an Regional Development Fund. 
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OH radicals in atmospheric pressure RF discharge ignited 
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1. Introduction 

 
Composites have often desirable combinations of 

properties that are not found in the individual components. 
Nanocrystalline titanium carbide embedded in an hydro-
genated amorphous carbon matrix (nc-TiC/a-C:H) shows 
high hardness and Young's modulus together with low 
wear and low friction coefficient1–8. These coatings are 
usually deposited by the hybrid PVD-PECVD process 
using the unbalanced of even the close-field unbalanced 
magnetic field configuration in order to enhance the ion 
bombardment of the growing film1,5,8. The thickness of 
these coatings ranges typically from several hundreds of 
nm up to 3 m.  

The aim of the recent work was to compare the 
nc-TiC/a-C:H coatings mechanical properties and structure 
on various substrates, which were prepared using a well 
balanced and unbalanced magnetic field configuration. 
Acetylene flow was varied to obtain films with different 
chemical compositions. The structure and mechanical 
properties of these coatings were thoroughly analyzed to 
observe the dependencies of composition, structure and 
mechanical properties on the acetylene flow and on the pre-
deposition cleaning time. And finally, the obtained results 
were used to optimize the preparation process and 
measuring methodology. 

 

2. Deposition method 
 
The depositions were carried out using industrial 

sputtering system Alcatel SCM 650. High speed steel and 
hardmetal samples were placed on a biasable (13.56 MHz 
RF) substrate holder. The deposition chamber was evacu-
ated to the base pressure in the order of 10−4 Pa. Several 
mm thick nc-TiC/a-C:H coatings were prepared using 
sputtering of a pure titanium target in an acetylene-
containing atmosphere. High speed steel and hardmetal 
substrates were used. A short pre-deposition cleaning was 
performed to ensure of removal any adsorbed contami-
nants from substrates and target. For all samples the depo-
sition time was 45 minutes. Approximately 700 nm thick 
titanium layer was deposited prior the nc-TiC/a-C:H 
growth to promote the adhesion of the coating. Three sets 
of samples were prepared. 

 
3. Diagnostic methods and results 

 
The influence of the deposition conditions on the re-

sulting mechanical properties was studied. For this pur-
pose the new method combining nanoindentation test with 
the calotest was developed. This method enabled us to ob-
tain the profile of mechanical properties depending on the 
depth. Fischerscope HC100 depth sensing indenter 
equipped with a Berkovich tip was used to study the in-
dentation response of the samples. Additionally, several 
other methods were used to obtain more complex relation-
ships between the chemical composition, inner structure 
and mechanical properties. Specifically, we used RBS, 
ERDA, X-ray diffraction, mechanical profilometry, Rock-
well test for adhesion evaluation, SEM and TEM methods.  

In the first set called as TiC55-59 the influence of pre-
deposition cleaning time was measured. This cleaning time 
tc was varied in the range from 5 minutes to 140 minutes 
(see Table I). 

  

STUDY OF THE INDENTATION RESPONSE OF  NANOCOMPOSITE n-TiC/a-C:H 
COATINGS 

tc [min] HIT
a) [GPa] HUPL

b) [GPa] EIT
c) [GPa] 

5 31 ± 2 38 ± 3 330 ± 20 
35 32 ± 3 41 ± 4 340 ± 30 

70 26 ± 2 29 ± 3 330 ± 10 

140 24 ± 3 29 ± 4 320 ± 20 

a) Indentation hardness; b) plastic hardness; c) indentation 
modulus 

Table I 
Mechanical properties of the set TiC55-59 
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For evaluation of mechanical properties we used 
nanoindentation method (at least 60 indents per sample) at 
applied load of 75 mN. It was proved that shorter cleaning 
times leads to higher plastic hardness HUPL, indentation 
hardness HIT, indentation modulus EIT. The best results 
(plastic hardness 41 GPa and elastic modulus 340 GPa) 
were obtained for 35 minutes of cleaning. We used this op-
tion for preparation of the other two sets of samples.  

In the next two sets (TiC70-79 and TiC127-135) of 
samples the effect of acetylene flow on the resulting me-
chanical properties was determined. The samples in the set 
TiC70-79 were prepared using well balanced magnetic 
field. Acetylene flow was varied to obtain films with dif-
ferent chemical compositions ranging from 30 at.% C to 
68 at.% C. The chemical composition was measured using 
RBS and ERDA methods. Due to the titanium adhesive in-
terlayer a very good adhesion corresponding to HF0-HF1 
was reached according to the German DIN CEN/TS 1071-8 
standard. XRD proves the presence of TiC grains of 
characteristic size ranging from several tens of nm to 
several nm depending of the carbon content in the coating. 
Macro-roughness of samples on hardmetal substrates was 
evaluated using a profilometer over length of 8 mm. For 
the acetylene flux ranging from 8 sccm to 10 sccm the 
roughness Ra was around 0.15 m and from 11 sccm to 
14 sccm the roughness decreased to values comparable 
with uncoated hardmetal substrates (Ra = 0.05 m). Using 
nanoindentation tests at 75 mN load, the highest hardness 

and indentation modulus of 46 GPa and 415 GPa respec-
tively was reached for 40 at.% Ti content. 

The vertical structure of hardmetal samples was ana-
lyzed on fracture surfaces by a field-emission Scanning 
Electron Microscope LYRA 3 XMU FEG/SEM×FIB by 
Tescan.  

Operating voltage of the SEM was 15 kV. The dense 
columnar structure was observed. All results for this set 
are summarized in the Table II. 

In the last set TiC127-135 all samples were prepared 
using an unbalanced magnetic field configuration. The 
comparison of plastic hardness and indentation modulus of 
samples in these two sets is plotted in Fig. 1. The plastic 
hardness and indentation modulus were plotted as a func-
tions of [C]/[Ti] in order to eliminate the shift in chemical 
composition between this two sets (see Fig. 2). The shift 

C2H2 flow 
[sccm] 

Thickness 
[m] 

Ti 
[at.%] 

C 
[at.%] 

8 7,5 62 30 

9 7,2 53 39 

10 7,4 56 39 

11 5,7 39 55 

11,5 5,7 - - 

12 6,4 37 57 

13 5,9 28 63 

14 5,6 22 38 

Macro-
roughness 

[m] 

Mean  
crystallite 
size  [nm] 

Plastic 
hardness 

[GPa] 

Indentation 
modulus 

[GPa] 

0,12 13 13 222 

0,15 15 22 283 

0,17 42 24 289 

0,07 15 35 315 

- - 37 335 

0,07 19 46 414 

0,10 5 37 316 

0,05 5 23 225 

Table II  
Summary of all results for the set TiC70-79 

Fig. 2.  Dependence of the atomic composition on the acety-
lene flow 
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Fig. 1. Comparison of plastic hardness and indentation  mod-
ulus dependence on the carbon to titanium ratio 
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was caused by different applied power on target during the 
deposition process. In case of the set made using an un-
balanced magnetic field high values (i.e. HUPL = 45 GPa 
and EIT = 425 GPa) of both mechanical parameters are ob-
servable as well. 

The observed shift between both dependencies shown 
in Fig. 1 can be explained by the presence of inner stress 
inside the samples within the set of TiC127-135.  

 
4. Optimization of the preparation process 

 
In both sets (Fig. 1) the maxima are sharp and exist 

only in a narrow range of acetylene flow. Therefore it is 
crucial to find a suitable method how to find them quickly 
without the necessity to prepare the whole set of samples. 
So a preparation of a thick gradient layer with a sequential 
change in the acetylene flow during its deposition has been 
performed. The resulting thick multilayer consisted of 
several thin layers, one for each acetylene flow. Each of 
them was about 1 m thick. In this thick multilayered sys-
tem there was an oblique cut performed at very low angle. 
The cut was used for nanoindentation test – a line of about 
60 indents was led through the area of the cut. That 

allowed us to obtain the profile of mechanical properties 
depending on the location in the cut.  

In Fig. 2 a graph of plastic hardness as the function of 
the test position d is shown, where a maximum in HUPL is 
observable. Assuming that the growth-rate of layers is 
approximately the same, we can therefore attribute a 
proper flow to a proper range of locations in the cut. 

Due to the influence of the lower located layers on 
the nanoindentation measurement, it is necessary to choose 
a suitable load. For this purpose and this type of coatings 
the load of 50 mN proved as usable. 

 
5.   Electron microscopy 

 
Thin lamella for TEM measurement was cut out from 

the sample TiC56 using a focused ion beam (FIB) gun in-
tegrated in the scanning electron microscope LYRA 3 
XMU by Tescan. In Fig. 4 there is an image of an indent 
performed using a load of 1N in both secondary electrons 
and backscattered electrons signals. The lamella was cut 
close to this indent in order to determine the influence of 
this indent on the inner structure. For this purpose a trans-
mission electron microscope CM12 STEM Philips was 
used. 

In Fig. 5 there is a TEM image of prepared lamella 
with marked spots where diffraction patterns were taken. 
Analyzing this patterns it was proved that Ti interlayer 
contains small equiaxed grains and the nanocomposited 
layer grows in elongated grains. There were no cracks at 
the interfaces. The interlayer works as a transition between 
the substrate and the layer. 

In Fig. 6 there are diffraction patterns from selected 
places shown in Fig. 5. Spot A is the closest to the indenta-
tion print while spots B and C are more distant. 

The diffraction patterns revealed some indentation in-
duced rearrangement of the crystallites within the a-C:H 
matrix. The crystallites showed high resistance against de-
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Fig. 4. Scanning electron microscopy (SEM) images of an 
indentation print made with maximum load 1 N 

Fig. 3. Plastic hardness dependence on the indentation print 
position obtained on the oblique cut 

Fig. 5. Transmission electron microscopy (TEM) image of 
a lamella 
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formation. Further SEM, FIB and TEM experiments are 
planned to explain the film deformation mechanism. 

 
The work was supported by the Czech Science Foun-

dation (Project No. P205/12/0407) and by the project 
CZ.1.05/2.1.00/03.0086 ’R&D center for low-cost plasma 
and nanotechnology surface modifications’ funded by Eu-
ropean Regional Development Fund. 
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This work is aimed on the study of relationship be-

tween mechanical properties, chemical composition and 
inner structure of nanocomposite n-TiC/a-C:H coatings. 
Furthermore the obtained results were used to optimize the 
preparation process and measuring methodology. 
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