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Abstract 

The deposition of organosilicone thin films from mixture of hexamethyldisiloxane (HMDSO) and oxygen by 
using capacitively coupled R.F. glow discharges under dusty plasma conditions was investigated. High 
resolution topography and mechanical property maps of the prepared films were acquired by using atomic 
force microscopy techniques. The chemical bond and composition of the deposited films were analyzed by 
Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). The mechanical 
properties of the films were studied using quasistatic as well as dynamic nanoindentation tests and their 
surface free energies were evaluated by means of contact angle measuring technique using several testing 
liquids exhibiting various surface tensions. The thermal stability of the films was studied using thermal 
desorption spectroscopy. Neural network modelling was used to study the effect of plasma parameters on the 
hardness of ppHMDSO films. 
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1. INTRODUCTION 

Dusty plasma or complex plasma is a partially ionized gas containing dust particles that acquiring an electric 
charge due to their interaction with the surrounding ions and electrons. The particles can be introduced 
externally, or they can grow directly in the reactor as a result of the reaction in the plasma volume or the 
reaction on the solid surface within the reactor [1]. Dusty plasmas have been known almost as long as the 
plasmas themselves. It is widespread in astrophysical situations like in cometary tails or in interstellar clouds. 

At the beginning in applications, important requirement for the plasma was high purity and presence of dusty 
particles in the discharges was undesired. Interest in the dusty plasma increased significantly in the nineties 
due to their potential applications in many areas. Dusty plasma was reported for a wide range of applications. 
For example, to produce low-k dielectric layers for microelectronics [2], formation of barrier layers [3,4] or 
biomedical applications [5]. Dusty plasma can also be used as a diagnostic tool for investigating phenomena 
in discharges [6]. 

Many studies have been devoted to the silane-based RF discharges since the silane-based plasma is a 
promising for producing nanostructured silicon thin layers [7, 8]. Hexamethyldisiloxane (HMDSO) is widely 
used for this deposition mainly because of its highly organic character, chemical stability, non-toxicity and high 
vapor pressure at room temperature. Thin films with a wide range of mechanical properties can be produced 
from hard inorganic SiO2-like to soft polymer-like SiOxCyHz films properties just varying the plasma conditions, 
such as changing the gas mixture ratio [9,12]. Depending on the films structure, surface can be hydrophilic as 
well as hydrophobic or even superhydrophobic [10]. 

2. EXPERIMENTAL 

The studied films were deposited by PECVD from a mixture of HMDSO (C6H18Si2O) and oxygen. The ratio of 
HMDSO flow rate QHMDSO and the total flow rate q (q=QHMDSO/(QHMDSO+ QO2)) ranged from 0 to 0.95. The 
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HMDSO flow rate QHMDSO varied from 0 to 20 sccm, the oxygen flow rate QO2 was varied from 3 to 11 sccm. 
The substrates were silicon wafers. The capacitively coupled plasma was generated in a parallel plate reactor 
using an r.f. generator working at frequency of 13.56 MHz. The applied power P varied from 25 to 75 W and 
the negative bias voltage ranged from -10 to -400 V. 

The instrumented indentation technique was used to study the mechanical properties of the films. The samples 
were measured by means of Fischerscope H100XYp microindentor. The selected samples were measured on 
Hysitron TI 950 nanoindentor equipped with a sharp Berkovich diamond indenter. The indenter diameter was 
less than 50 nm. The morphology of the film surface and the indentation prints were studied using atomic force 
microscope Ntegra Prima NT-MDT. 

3. RESULTS AND DISCUSSION 

A large number of depositions were carried out in a wide range of deposition conditions as a continuation of 
our previous work presented in [12]. In Figure 1 on the left there is a graph illustrating the dependence of the 

deposition rate on the ratio of HMDSO flow rate and the total gas flow rate for the 50W applied power. It can 
be seen that increasing the flow rate of HMDSO the rate of the deposition increases approximately up to the 
flow rate ratio of 0.35, then the deposition rate increase stopped and became almost independent on the flow 
rate ratio q. This fact is related to the start of the formation of dust particles in the plasma volume.  

 
Figure 1 Dependence of the deposition rate on the flow rate ratio for applied power of 50 W (on the left). 

Dependence of the film atomic composition on the flow rate ratio (on the right) 

Hardness and elastic modulus of the films are complicated functions of plasma parameters such as the applied 
power P, negative self bias voltage Ub and HMDSO to total flow rate ratio q as it is shown in Figure 2. In the 

recent work we focused on the samples from the region of dusty plasma deposition conditions. The deposition 
conditions for the selected samples are shown in Table 1. 

Table 1 Summary of the deposition conditions for selected samples. QO2 is the oxygen flow rate, QHMDSO is  
  the HMDSO flow rate, P is the applied power, Ub is the corresponding negative bias voltage, p is the  

  deposition pressure. The deposition time was 60 minutes. 

Sample QO2 
[sccm] 

QHMDSO 

[sccm] 
P 

[W] 
Ub 

[V] 
p 

[Pa] 
t 

[µm] 

VI215 5.2 2 25 -100 37 2.3±0.1 

VI216 10 3.5 50 -90 53 3.1±0.1 
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Figure 2 Hardness dependence of prepared films on the DC bias voltage Ub (on the left) and hardness 

dependence on the flow rate ratio q (on the right) for three different applied powers of 25, 50 and 75 W 

 

Figure 3 Loading/unloading curves (on the left) and examples of differential hardness dependence on the 

indentation depth h. The differential hardness was calculated as the derivative of the load function with 
respect to the increasing contact area 

The films prepared under dusty plasma conditions are very elastic, even at maximum indentation depths 
reaching the film/substrate interface the plastic deformation of the film negligible as it is shown in Figure 3 on 

the left. The differential hardness dependences prove the large resistance of the films against delamination or 

cracking. The jump on the differential hardness curve observed at around 2 µm for sample VI215 is related to 
the film/substrate interface. The composite character of the film VI215 is shown in Figure 4, where an example 

of AFM image of the sample surface acquired in semicontact mode is shown together with the magnitude and 
phase images. The maps of the stiffness and the work of adhesion were carried out from the analysis of the 
force-distance curves.  

0.0 0.5 1.0 1.5 2.0 2.5

0.4

0.6

0.8

1.0

D
iff

e
re

n
tia

l h
ar

d
n

e
ss

 [G
P

a
]

h [µm]

 VI216
 VI215

0.0 0.5 1.0 1.5 2.0 2.5

0

20

40

60

80

100

F
 [

m
N

]

h [µm]

 VI216
 VI215

-20 -40 -60 -80 -100 -120 -140 -160 -180 -200
0

1

2

3

4

5

6

7

8

9
 50 W
 75 W
 25 W

H
a

rd
ne

ss
 [G

P
a

]

U
b
 [V]

0.05 0.10 0.15 0.20 0.25 0.30
0

1

2

3

4

5

6

7

8

9

Flow rate ratio Q
HMDSO

/Q
TOT

H
a

rd
n

e
ss

 [
G

P
a

]

 50 W
 75 W
 25 W



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 

 

834 

 

Figure 4 Topography image (on the left), magnitude (in the middle) and phase (on the right) for sample 

VI215 

 

Figure 5 Topography image (on the left), mapping of the stiffness (in the middle) and work of the adhesion 

map (on the right) for sample VI215 

  

Figure 6 Hardness and effective elastic modulus profiles obtained at several different places on the sample 

VI126 using quasitatic nanoindentation tests with 20 unloading segments (on the left) and nanodynamic 
analysis using oscillating load with frequency of 200Hz and load amplitude in the range from 1 to 10 µN 

Examples of hardness and elastic modulus profiles obtained from nanoindentation measurements on sample 
VI216 are shown in Figure 6.  

4. CONCLUSION 

Organosilicon plasma polymer films were prepared under dusty plasma conditions at relatively high deposition 
rates. The deposited films exhibited properties prospective for wide variety of applications, i.e. good adherence 
to silicon, glass and polymer substrates, good transparency to visible radiation, good thermomechanical 
stability, high resistance against aging at ambient environment, high elasticity and excellent fracture 
toughness. The nanocomposite character of the films was proven using atomic force microscopy techniques. 

0 200 400 600
0

2

4

6

8

10

 

E
ffe

ct
iv

e 
el

as
tic

 m
o

du
lu

s 
[G

P
a]

Contact Depth [nm]

0

2

4  H
a

rdn
ess [G

P
a]

0 200 400 600 800 1000
6

8

10

12
 

E
la

st
ic

 m
od

ul
us

 E
ef

f [G
P

a]

Indenter displacement [nm]

0

1

2

3

 H
ardn

ess H
 [G

P
a]



Oct 18th -  20th 2017, Brno, Czech Republic, EU 

 

 

835 

ACKNOWLEDGEMENTS   

This research has been supported by the project CZ.1.05/2.1.00/03.0086 funded by European 

Development Fund and project LO1411 (NPU I) funded by Ministry of Education Youth and Sports of 

Czech Republic and The Czech Science Foundation (Project 15-17875S). 

REFERENCES 

[1] DREANIK, A., CLERGEREAUX, R., Dusty plasma deposition of nanocomposite thin films. MATERIALI IN 
TEHNOLOGIJE, 2012, 46-1, pp. 13-18 

[2] LI, D., VRTIS, R., SHAHRAVAN, A., MATSOUKAS T., Plasma-enhanced chemical vapor deposition of organic 
particle thin films. Journal of Nanoparticle Research, 2011, 13, pp. 985-996 

[3] LEE, S., KANG, Y., JUNG, S., KIM, J., KIM, D., Plasma-Deposited SiOxCyHz Barrier Coatings for Organic Device 
Encapsulation. JAPANESE JOURNAL OF APPLIED PHYSICS, 2013, 52-7 

[4] LI, YS., TSAI, CH., KAO, SH., WU, IW., CHEN, JZ., WU, CI., LIN, CF., CHENG, IC., Single-layer organic-
inorganic-hybrid thin-film encapsulation for organic solar cells. JOURNAL OF PHYSICS D-APPLIED PHYSICS, 
2013, 46-43 

[5] BOIES, A. M., Roberts, J. T., GIRSHICK, S. L., Zhang, B., NAKAMURA, T. and MOCHIZUKI, A., SiO2 coating of 
silver nanoparticles by photoinduced chemical vapor deposition. Nanotechnology, 2009, 20-29,  

[6] KERSTEN, H., WIESE, R., THIEME, G., Examples for application and diagnostics in plasma-powder interaction. 
NEW JOURNAL OF PHYSICS, 2003, 5-93 

[7] BENITEZ, F., MARTINEZ, E., ESTEVE, J., Improvement of hardness in plasma polymerized 
hexamethyldisiloxane coatings by silica-like surface modification. THIN SOLID FILMS, 2000, 377, pp. 109-114 

[8] KYLIÁN, O., CHOUKOUROV, O., BIEDERMAN, H., Nanostructured plasma polymers. Thin Solid Films, 2013,  
1-17 

[9] CHARIFOU, R., ESPUCHE, E., GOUANVÉ, F., DUBOST, L., MONACO B., SiOx and SiOxCzHw mono- and 
multi-layer deposits for improved polymer oxygen and water vapor barrier properties. Journal of Membrane 
Science, 500, pp. 245- 254 

[10] NOUICER, I., SAHLI, S., KIHEL, M., ZIARI, Z., BELLEL, A., Superhydrophobic surface produced on polyimide 
and silicon by plasma enhanced chemical vapour deposition from hexamethyldisiloxane precursor. 
INTERNATIONAL JOURNAL OF NANOTECHNOLOGY, 2014, 12-8,9, pp. 597-607 

[11] OLIVER, W.C., PHARR, G. M., Measurement of hardness and elastic modulus by instrumented indentation: 
Advances in understanding and refinements to methodology J. Mater. Res. 19, 2004, 3-20. 

[12] BURSIKOVA, V., HOMOLA, V., PERINA, V., Study of mechanical properties of nanostructured polymer coatings 
prepared using plasma enhanced chemical vapor deposition, in: NANOCON 2015: 7th International conference 
on nanomaterials - Research & Applications, 2015, 105-110 

 


