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Abstract Herein, we present a simple method for fabricating plasma polymerized hex-

amethyldisiloxane films (pp-HMDSO) possessing superhydrophobic characteristics via arc

discharge. The pp-HMDSO films were deposited on a soda–lime–silica float glass using

HMDSO monomer vapor as a precursor. A detailed surface characterization was performed

using scanning electron microscopy and atomic force microscopy. The growth process of

the pp-HMDSO films was investigated as a function of deposition time from 30 to 300 s.

The non-wetting characteristics of the pp-HMDSO films were evaluated by means of

contact angle (CA) measurements and correlated with the morphological characteristics, as

obtained from microscopy measurements. The deposited films were found to be nano-

structured and exhibited dual-scale roughness with the static CA values close to 170�.

Fourier transform infrared spectroscopy analysis was carried out to investigate chemical

and functional properties of these films. Methyl groups were identified spectroscopically to
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be present within the pp-HMDSO films and were proposed to result in the low surface

energy of material. The synergy between the dual-scale roughness and low surface energy

resulted in the superhydrophobic characteristics of the pp-HMDSO films. A possible

mechanism for the pp-HMDSO film formation is proposed.

Keywords Arc discharge � Plasma � Hexamethyldisiloxane �Morphology �Wetting

Introduction

Organosilicon compounds are widely used as precursors in thin film technology. Among

them, hexamethyldisiloxane (HMDSO) has gained increasing interest in the last decade

due to its ability to form thin films with diverse physicochemical properties. It has been

previously shown that HMDSO can be successfully used for synthesis of SiOx containing

amorphous hydrogenated carbon (a-C:H/SiOx) films with tunable functionality [1, 2].

a-C:H/SiOx films aside, much attention has been devoted to the synthesis and character-

ization of plasma polymerized HMDSO films (pp-HMDSO), as they have lower cost and

higher deposition rates, when compared to those formed from other organosilicon com-

pounds [3]. The pp-HMDSO films are produced via HMDSO monomers undergoing

fragmentation during the deposition process. The resulting pp-HMDSO films often contain

not only the functional groups of the HMDSO monomer but also new chemical bonds, thus

differing in stoichiometry from that of the monomer. The main factors which contribute to

the different HMDSO monomer fragmentation mechanisms and, thus, the structure and

properties of the resulting pp-HMDSO films, involve the selection of the plasma excitation

method, plasma composition and other deposition parameters, such as gas composition,

power density. Depending on their obtained properties, pp-HMDSO films deposited, could

find applications in medical field due to their biocompatibility [4, 5], packaging as food

containers oxygen-barrier coatings [6], microelectronics as protective films against cor-

rosion [7] and sensing as humidity sensitive layers [8]. Specifically, Aumaille et al. [9]

demonstrated that pure HMDSO plasma could provide excellent polymerized barrier films

due to the monomer fragmentation with formation of Si–H bonds, which act as hydro-

phobic water repellents [10]. Importantly, the use of pure HMDSO plasma led to a low

monomer fragmentation regime and carbon rich films with the retention of methyl groups

were obtained [11], which significantly contributed to their hydrophobic characteristics.

Purely HMDSO plasma-based films can be proposed to simplify the deposition process due

to the use of a single precursor source. If excellent non-wetting property pp-HMDSO films

can be obtained, they could find a widespread application ranging from microelectronics to

the industrial applications. For this purpose, pp-HMDSO films should be studied in detail

with a focus on their structure–property relationship with emphasis on their surface

morphology and wetting properties.

In this paper, we present a simple method for fabricating superhydrophobic pp-HMDSO

films via arc discharge. The pp-HMDSO films were deposited on a soda–lime–silica float

glass using only HMDSO monomer vapor as a precursor. A detailed surface character-

ization was conducted by means of scanning electron microscopy (SEM) and atomic force

microscopy (AFM). The growth process of the pp-HMDSO films was investigated by

varying the deposition time from 30 to 300 s. The non-wetting characteristics of the pp-

HMDSO films were evaluated using contact angle (CA) measurements and these were
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correlated with the corresponding morphological characteristics. Fourier transform infrared

spectroscopy (FTIR) analysis was carried out to investigate chemical and functional

properties of these films.

Experimental Technique

Synthesis of pp-HMDSO Films

A schematic of the experimental set-up used in this study is shown in Fig. 1. The

polymethylmetacrylate discharge chamber was of the cylindrical geometry of 70 mm in

diameter and 70 mm in height. A rod-shaped graphite anode and cathode, 3 mm in

diameter, were placed at the centre of the chamber. The distance between the anode and

cathode was 25 mm. A small quartz cuvette containing 0.3 ml of HMDSO solution was put

at 20 mm from the anode. Commercially available soda–lime–silica float glass (Pilkington

NSG Group Flat Glass Business) of 1 mm thickness was used in this study as a substrate.

Glass was cut into 1.5 9 1.5 cm2 slides. The substrates were virtually free from any

macroscopic surface defects, which otherwise could alter interpretation of our obtained

results. Surface preparation method included RCA-1 cleaning. For quality testing of the

uncoated glass slide surface hydrophilic properties, contact angle measurements were

performed and details described below. Uncoated glass surface exhibited low contact

angles ranging from 5� to 7�. Details of the characteristic surface morphology of the soda–

lime–silica float glass substrate can be found elsewhere [12]. The substrate was placed at

the distance of 15 mm from the electrodes. The chamber was connected to a vacuum line

backed by the rotary pump. The deposition was performed at a vacuum of 1 9 10-3 Pa.

Arc plasma was generated between anode and cathode using a DC transferred arc process

using *4.3 mA current and *25 kV voltage. During the experiment, a white colored

material was observed adhering to the surface of the substrate. The selected deposition

times of pp-HMDSO films were 30, 60, 180 and 300 s.

Characterization

AFM experiments were carried out in air at room temperature (23 �C) using a Micro-

testmachines NT-206 atomic force microscope. AFM data was analyzed using Sur-

faceXplorer scanning probe microscopy data processing software. Topographical images

HMDS solution

arc plasma

vacuum system

chamber

anode

cathode

arc 
supplysubstrate

Fig. 1 Schematics of basic
experimental setup for the arc-
discharge technique of pp-
HMDSO film deposition
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were collected using a V-shaped silicon cantilever (spring constant of 3 N/m, tip curvature

radius less than 10.0 nm, full tip cone angle less than 40� and resonance frequency of

*65 kHz) operating in the intermittent contact mode.

The surface morphology of the resulting films was evaluated based on the AFM surface

topography images, height distribution histograms, bearing ratio curves and roughness param-

eters, including the root mean square roughness (Rq), skewness (Rsk) and kurtosis (Rku). The Rq is

the average of the measured height deviations taken within the evaluation area and measured

from the mean linear surface. The skewness parameter indicates the symmetry of the surface

within the evaluation area. A negative Rsk indicates a predominance of valleys while a positive

Rsk value indicates a surface dominated by peaks. Kurtosis is a measure of the height randomness

and sharpness of a surface. For a Gaussian-like surface, Rku it has a value of 3. The farther Rku is

from 3, the less random and more repetitive is the surface. The height distribution histogram

shows the share of surface points located at a given height relative to the total number of surface

points in percent. The bearing ratio curve is defined as the dependence of solid material

occurrence on feature height. To obtain more detailed information about surface morphology,

hybrid parameters were also characterized by dividing the bearing ratio curve into three regions

[13]. The upper region of the bearing ratio curve indicates the portion of surface structures (i.e.

peaks), which would primarily be affected during the contact with another surface and is defined

as the reduced peak height (Rpk). The middle region of the bearing ratio curve indicates the

portion of surface structures responsible for stiffness characteristics, performance and life of the

surface during wear and is defined as the core-roughness (Rk). The lower region of the bearing

ratio curve exhibits surface structures (i.e. valleys) where water molecules adsorbed from the

atmosphere could condense or air gabs between contacting surfaces could emerge influencing

surface adhesive properties as well as frictional performance and is defined as the reduced valley

depth (Rvk). Partially masked substrates were used for the pp-HMDSO film thickness evaluation.

AFM profiles were collected across non-coat to coat area. The average value of three step heights

measured at different positions was used to calculate film thickness.

CA measurements were performed at room temperature (23 �C) using the sessile drop

method. One droplet of deionized water (&2 ll) was deposited onto the pp-HMDSO surface.

Optical images of the droplet was obtained and CA measured using a method based on B-spline

snakes (active contours) [14]. Measurements of the contact angles were taken within 10 s after

the formation of each sessile droplet. The average value of five measurements at different

positions on the pp-HMDSO surface was used as the static CA (hs). However, it is well known,

thaths alone does not adequately describe the wetting properties of the surface [15]. Therefore, we

have used the methodology of Zhang et al. [16] to relate the pp-HMDSO film surface micro- and

nanostructure with the measured hs to estimate the equilibrium apparent CA (he) and the cor-

responding contact angle hysteresis (CAH). he may be defined as the hs when the droplet is in the

stable state of the global free energy minimum on superhydrophobic surfaces, which varies for

different surface materials or structural features. CAH is defined as the difference between the CA

at the front of the droplet (advancing CA) and at the back of the droplet (receding CA). Namely,

CAH occurs due to the surface roughness, microscopic chemical heterogeneity, drop size effect,

molecular reorientation, and the penetration of the liquid molecules into the solid surface [17, 18].

In order to compute the above mentioned parameters, a solid fraction (fs) of the surface micro- and

nanostructures, in contact with water droplet, should be known. For this reason, AFM (scan size

40.0 lm 9 40.0 lm) and reconstructed SEM (scan size 2.0 lm 9 2.0 lm) topographical

images were filtered to display the surface micro- and nanostructures which fall into the Rpk

region (denoted as Rfs). Next, the solid fraction of these structures was calculated. The product of

the solid fraction of micro- (f1s) and nanostructures (f2s) was attributed to fs. The he and CAH were

determined for the composite wetting state from Eqs. (1) and (2)
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The composite wetting state was selected as it is mostly associated with the superhy-

drophobic properties. In this state, the water droplet is partially in contact with air which

leads to the sliding up of the droplet or increased droplet mobility [19].

For the experimental evaluation of CAH, advancing and receding CA on the tilted plate

was determined. One droplet of deionized water (&5 ll) was carefully placed onto the pp-

HMDSO surface, which was then inclined until the droplet started to roll. Image of the

water droplet was taken before its motion and advancing and receding CA measured. The

average value of five measurements was used. The difference between the advancing and

receding CA was adopted as the experimental CAH (CAHexp).

FTIR measurements were carried out for the chemical characterization of pp-HMDSO

films. A Vertex 70 FT-IR spectrometer (Bruker Optics Inc.) equipped with a 30Spec (Pike

Technologies) specular reflectance accessory having a fixed 30� angle of incidence (3/1600

sampling area mask) was used in this study. The spectrum was recorded in the range of

400–4,000 cm-1 at a resolution of 4 cm-1. Software OPUS 6.0 (Bruker Optics Inc.) was

used for data processing of the baseline-corrected spectra.

X-ray powder diffractometer Dron-3 was used to analyze the structural properties of pp-

HMDSO powder collected from a series of deposition processes. Acquisition conditions

were 35 kV and 30 mA. Scans were obtained in 2h diffraction angle between 20� and 70�
using Cu-Ka radiation. The XRD pattern (not shown) indicated that the pp-HMDSO

consists of the amorphous substances. It can be assumed that the temperature generated by

arc plasma was relatively low and HMDSO monomer fragments did not have reactivity to

crystallize, which resulted in the non-crystalline structure.

SEM micrographs of the pp-HMDSO films were obtained employing FEI Quanta 200

FEG microscope. The samples were imaged at the accelerating voltage of 30 kV. No

coating deposition or any other type of preparation was performed before SEM imaging.

To provide further insights into the pp-HMDSO film formation mechanism, image of

the arc discharge generated HMDSO plasma emission between the anode and the cathode

was captured. The image was converted to greyscale and brightness and contrast levels

were equalized. The luminance of each pixel in the captured image was then interpreted as

the intensity for the plot displayed in a thermal lookup table (LUT) scheme for more

comprehensive plasma emission interpretation.

Results and Discussion

Surface Morphology and the Corresponding Wetting Properties

AFM topographical images with their corresponding height distribution histograms and

bearing ratio curves, as well as SEM images of the resulting pp-HMDSO film surface for

deposition time of 30, 60, 180 and 300 s, respectively, are presented in Fig. 2a–d. The pp-

HMDSO film thickness of 236, 347, 821 and 1,372 nm was determined for the
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corresponding deposition time. AFM topography images show pp-HMDSO film surfaces

composed of the randomly distributed island-like morphological features (Fig. 2a, b, left),

which grow in three dimensions and interconnect to form larger aggregates (Fig. 2c, left),

as the deposition time increases. The observed film formation is in a good agreement with
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Fig. 2 Left AFM characteristic topographical images with normalized Z, nm scale of pp-HMDSO film
surface for deposition time of a 30 s, b 60 s, c 180 and d 300 s with corresponding (middle) normalized
height distribution histograms and bearing ratio curves with hybrid parameters indicated, respectively.
Dashed line indicates the height at which surface structures are connected to each other. The middle line
indicates the mean height. Right SEM images of the resulting pp-HMDSO film surface for selected
deposition time
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Volmer-Weber growth mode, suggesting that HMDSO fragments in the deposit are more

strongly bound to each other than to the glass substrate [20]. Six statistical parameters, Rq,

Rsk, Rku, Rpk, Rk and Rvk, were calculated for each surface (Table 1). The Rq increased as

the deposition time increased. A positive Rsk value was calculated for pp-HMDSO film

surface for deposition time of 30, 60 and 180 s, respectively, indicating a regime where

surface peaks dominate the valleys. These surfaces exhibited leptokurtoic [21] distribution

of their morphological features having considerable fraction of high peaks and low valleys

with Rku value of 3.26, 3.71 and 3.40. However, in contrast to those observed for deposition

times of 30, 60 and 180 s, roughness parameters of pp-HMDSO film surface observed for

deposition time of 300 s contained some important differences. The surface exhibited

negative Rsk value of -0.48 indicating a regime where surface valleys dominate the peaks.

Also, the leptokurtoic distribution of the morphological features has shifted to platykurtoic

distribution indicating a relatively few high peaks and low valleys with Rku value of 2.82.

Longer deposition time has led to the interconnection of larger island-like morphological

features (Fig. 2d, left) with the formation of a bumpy surface topography. Values of Rpk, Rk

and Rvk (Table 1) derived from the bearing ratio curves (Fig. 2a–d, middle) correlate well

with those of Rq, Rsk, Rku. Furthermore, when comparing the ratio of Rpk/Rk and Rvk/Rk

qualitative spatial structure information could be obtained. Specifically, Rpk/Rk values of

0.52, 0.47, 0.43 and 0.21 were calculated for pp-HMDSO film surface for deposition times

of 30, 60, 180 and 300 s, respectively. These data indicate that the highest density of

surface peaks in AFM scan area was obtained for the deposition time of 30 s, which is in a

good agreement with the AFM topographical images. Any increase in Rpk can weaken the

mechanical properties of the film as the surface structures, which fall into Rpk region,

would primarily be affected during the contact with another surface [12]. However, higher

Rpk value may improve the non-wetting properties of the film as the larger amount of air

can be stored in the form of air pockets, if the composite wetting state [22] is considered.

Similarly, surface valleys with high Rvk values are capable of capturing air. Higher

magnification SEM images (Fig. 2a–d, right) of the pp-HMDSO films revealed that they

were composed of quasi-spherical nanoparticles with the size in the range of *24–53 nm.

These nanoparticles are stacked together to form a network of branches suggesting that it is

not a close-packing case [23] of dense assembly. It can be proposed that the intersection of

these branches facilitates the formation of island-like morphological features, as deposition

proceeds. The AFM and SEM analysis signify a dual-scale morphology of the pp-HMDSO

film surface, which in turn suggests that composite wetting state should be considered for

further analysis of the corresponding wetting properties.

Figure 3a–d shows water droplets deposited on pp-HMDSO film surface with the

corresponding hs indicated, as well as AFM and reconstructed SEM topographical images

filtered to display the surface micro- and nanostructures which fall into the Rfs (e.g.

Table 1 Summary of surface morphology parameters

Deposition time (s) Parameters

Rq (nm) Rsk Rku Rpk (nm) Rk (nm) Rvk (nm)

30 18.03 0.01 3.26 23.93 46.19 22.19

60 20.58 0.09 3.71 25.74 55.00 19.86

180 53.88 0.19 3.40 62.08 143.00 40.44

300 74.06 -0.48 2.82 39.60 185.79 88.32
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Fig. 3 Left water droplets on pp-HMDSO film surface with corresponding hs indicated as well as (middle)
AFM and (right) reconstructed SEM topographical images filtered to display the surface micro- and
nanostructures which fall into the Rfs region with f1s and f2s calculated. The pp-HMDSO deposition time of
a 30 s, b 60 s, c 180 and d 300 s
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Fig. 2a–d, middle) region, with f1s and f2s calculated and displayed. Nano-structured pp-

HMDSO films showed very similar hs close to 170� even at short deposition time of 30 s.

As shown in Fig. 3a–d, the superhydrophobic pp-HMDSO film surface has a relatively

different spatial and size distribution of surface micro-structures which fall into the Rfs

region for deposition time of 30, 60, 180 and 300 s, respectively. In contrast, similarities

can be observed in morphology of the surface nanostructures. Importantly, relatively

similar f1s and f2s values (Fig. 2a–d, middle and right) were calculated for the micro- and

nanostructures obtained at different deposition times. The solid fraction was calculated to

be fs = 1.2, 1.1, 1.3 and 1.1 % for the corresponding deposition times. Further, he values of

178.6, 178.8, 178.6 and 178.8� with CAH \ 1� were calculated. One can see, that he

increases with hs and decreases with fs. Additionally, CAH increases with fs and decreases

with hs. The results show that different spatial and size distribution of the surface micro-

structures, which are in primary contact with the water droplet, has a negligible effect on

the experimental hs values, as long as the surface morphology with the estimated f1s value

of 10–11.3 % is maintained. Specifically, variation of the surface peak height had no

significant effect on the experimental hs values, which correlates well with Zhang et al.

observation that the height of the peak does not affect the contact state of the droplet, as

long as air, trapped between the surface structures, prevents the liquid from penetrating

into the gaps [16]. Also, the morphology of the nanostructures and that on the micrometer

scale plays very important role in the superhydrophobicity, as f2s in our case significantly

reduced the solid fraction (fs) that was in contact with the water droplet. Further, experi-

mental CAHexp values in the range of 1.3�–2.2� were determined for pp-HMDSO film

surface for the deposition times of 30, 60, 180 and 300 s, in a good agreement with the

estimated CAH (\ 1�).

Previous studies have also demonstrated that plasma polymerization can lead to the

formation of nanoparticles. For instance, Teare et al. [24] reported that sequential short

continuous wave bursts of 1H,1H,2H,2H-perfluorooctyl acrylate plasma have led to the

formation of low surface energy (static CA [ 160�) nanoparticles. The formation of

nanoparticles was attributed to the rapid monomer replenishment and only few secondary

reaction processes within the electrical discharge. A more detailed possible explanation of

what is happening in the actual plasma which leads to the formation of observed quasi-

spherical nanoparticles will be given latter in this paper.

Chemical and Functional Properties

Functional surface groups can be correlated with surface energy hence affecting hydro-

phobicity. FTIR measurements were carried out to study the structure–property relation-

ships of the deposited pp-HMDSO films. Figure 4a, a1 show reflectance FTIR spectra of

the pp-HMDSO film deposited for 300 s and are presented in wavenumber ranges and full

panoramic. The broad band between 3,200 and 3,700 cm-1 can be assigned to O–H

stretching in Si–OH bonds [9]. The Bousquet et al. [25] reported that the presence of Si–

OH bonds in SiOx structures is consistent with the porous nature of the SiO2-like film,

which is in a good agreement with our surface morphology analysis. Moreover, the

resulting pp-HMDSO films have a low concentration of silanol groups on the surface,

which would otherwise negatively affect the non-wetting properties of the pp-HMDSO, as

silanols are of hydrophilic nature [26]. Another O–H band located at 1,630 cm-1 is due to

the bending mode of H2O [27, 28], which is due to the residual H2O adsorbed from the

reaction chamber and trapped inside the valleys of the pp-HMDSO film. Specifically,

silanol group electronic density becomes delocalized from the O–H bond to the
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neighboring Si–O bond due to the donor–acceptor interaction, which makes it possible for

the silanol groups to form strong hydrogen bonds with H2O molecules [29]. This could

additionally explain the presence of the 1,630 cm-1 peak. Furthermore, additional con-

tributions to the 1,630 cm-1 peak could also appear due to the overlap with the C=C

stretching vibration in the 1,610–1,650 cm-1 region [30]. The band assigned to Si–O

stretching vibration that appears between 830 and 955 cm-1 corresponds to the strongly

hydrogen-bonded Si–OH groups [31]. The doublet centered at 2,349 cm-1 is due to CO2

[32]. Two distinct bands located at 1,360 and 1,459 cm-1 are assigned to the scissoring and
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Fig. 4 Characteristic FTIR reflectance spectra of pp-HMDSO film for deposition time of a, a1 300 s and b,
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asymmetric bending vibrations of –CH2 group corresponding to Si–CH2–Si and Si–CH2–

CH2–Si links [3, 33]. These links are assumed to play the most substantial role in the

crosslinking [34] process during plasma polymerization of HMDSO. The presence of Si–

CH2–CH2–Si links indicates good hydrothermal stability of pp-HMDSO film. 945–990 and

1,070–1,100 cm-1 peaks are due to the symmetric and asymmetric stretching vibrations of

Si–O–C. Jing et al. reported [35] that the formation of Si–O–C ring links with CH3 groups

is responsible for the formation of nano-sized morphological features in the Si–OC

composite film. Importantly, Spange et al. [36] reported that irreversible and, thus, stable

linkage of the polymer to the surface is achieved through the formation of the covalent Si–

O–C bonds and polymer networks on the surface. It could also be proposed that the

inorganic SiOx part of the pp-HMDSO fragment is linked with the organic part through Si–

O–C chains. A very distinct band centered at 2,250 cm-1 is assigned to Si–H stretching

vibrations, presumably in Si–O2–SiH [11]. van der Steen et al. [37] have previously

reported Si–H stretching vibration frequency at 2,250 cm-1. Specifically, Delfino et al.

[10] have shown that Si–H bonds terminate the outermost O3–Si–O–Si–O3 network of a

thick SiOx\2 film, thereby transforming what is normally a hydrophilic surface into one

that is hydrophobic. It can be assumed that Si–H bonds play an important role in the

formation of the nanoparticles observed in this work as they terminate the agglomeration of

SiOx during the deposition process of pp-HMDSO. Furthermore, Guermat et al. [8]

reported that the replacement of Si–OH groups by the Si–H bonding groups results in a

film densification. SEM presented in Fig. 2a–d, right, show porous pp-HMDSO structure,

which is consistent with the presence of Si–OH and Si–H bonds in FTIR spectrum. Finally,

bands at 750-770 cm-1 (Si–C stretching in Si–CH3), 770-860 cm-1 (CH3 rocking in Si–

(CH3)3), 855 cm-1 (Si–C stretching in Si–(CH3)3), 1,240–1,290 cm-1 (CH3 symmetric

bending in Si–(CH3)x), 1,410 cm-1 (CH3 asymmetric bending in Si–CH3), 2,917 cm-1

(CH3 asymmetric stretching) and 2,968 cm-1 (CH3 symmetric stretching) indicate the

presence of the methyl groups in the pp-HMDSO film [3, 11, 38]. Retention of the methyl

groups present in the HDMSO monomer indicates a low surface free energy of pp-

HMDSO and contributes to the superhydrophobic characteristics of the resultant films.

Similar functional groups can be observed in the reflectance FTIR spectra of pp-HMDSO

film deposited for 30 s presented in Fig. 4b, b1. However, in 1,250–400 cm-1 region some

differences are noticeable. Additional peak appearing at 497 cm-1 could be associated

with the free SiO2 [39], which provides further insights into the pp-HMDSO film formation

mechanism.

pp-HMDSO Film Formation Mechanism

Figure 5 shows arc discharge generated HMDSO plasma between anode and cathode,

displayed using thermal LUT scheme. Baeva et al. reported on two-temperature chemical

non-equilibrium modelling of transferred arcs. It was demonstrated that the difference

between the electron and heavy-particle temperatures in the arc fringes and the outer region

is significant due to the low electron density and, correspondingly, the low collision

frequency of electrons with heavy particles [40]. Based on these findings it can be proposed

that regions a, b and c shown in Fig. 5 have considerably higher temperature and electron

density, as compared with the regions d and h. It is considered that in regions a, b and c in

Fig. 5, high monomer fragmentation of HMDSO occurs with the sufficient temperature and

electron density to remove organic component of the starting monomer. Thus O/Si ratio

can approach true SiO2 value. Additionally, it can be overcome due to the formation of Si–

OH functional groups. Consequently, in region d shown in Fig. 5 little HMDSO monomer
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fragmentation occurs. It is purposed that region h in Fig. 5 acts as a stirring medium. Based

on the experimental results presented here, a schematic of the possible pp-HMDSO film

formation mechanism is proposed and shown in Fig. 6. Portion of HMDSO diffuses into

the region ab (corresponds to a and b in Fig. 5) where SiO2 nanoparticles are formed due to

the high monomer fragmentation. Some of these particles are transferred to the region c

where they undergo further agglomeration. The HMDSO monomer is subjected to little

fragmentation in region d. The SiO2 nanoparticles, agglomerated SiO2 nanoparticles and

HMDSO monomer fragments are mixed in the cooler region h. The SiO2 nanoparticles and

agglomerated SiO2 nanoparticles are coated with HMDSO monomer fragments which

contain methyl groups. Finally, pp-HMDSO film formation takes place, followed by the
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cathode

substrate

c
ab

d

h
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Fig. 6 Schematic of pp-
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nanoparticles impacting and adhering onto the substrate surface. As the deposition time

increases, carbon from graphite electrodes and oxidized polymeric species may form Si–C

functional groups, which are also transferred to substrate surface. The model presented in

Fig. 6 is consistent with the behavior of observed pp-HMDSO surface morphological

changes, non-wetting characteristics, chemical and functional properties.

Conclusions

This work has studied the surface morphology, structural, wetting and chemical properties

of the pp-HMDSO films. These films were prepared using arc discharge with the deposition

time varied from 30 to 300 s. As deposited, films were characterized using AFM, SEM,

FTIR and CA measurements. AFM and SEM analysis showed dual-scale roughness of the

films. The pp-HMDSO film was composed of the quasi-spherical nanoparticles stacked

together to form a branched network. The intersection of these branches facilitated the

formation of the island-like morphological features which grew in a three-dimensional

manner and interconnected to form larger aggregates as the deposition time increased. As

the pp-HMDSO film grew, spiky surface morphology evolved into a bumpy one with the

dual-scale roughness maintained. The deposited nano-structured pp-HMDSO films exhib-

ited superhydrophobic properties with hs close to 170�, CAHexp in the range of 1.3�–2.2�, he

approaching 180� and CAH \ 1� even for short deposition time of 30 s. The Furthermore,

different spatial and size distribution of surface micro-structures with f1s in the range of

10–11.3 % had negligible effect on the experimental hs values. It was demonstrated, that the

morphology of pp-HMDSO nanostructure features significantly reduced the solid fraction

(fs) that was in contact with a water droplet. The porous pp-HMDSO structure was con-

sistent with the presence of Si–OH and Si–H groups in FTIR spectrum. The presence of the

Si-CH2–Si and Si–CH2–CH2-Si links in FTIR spectrum was consistent with the HMDSO

polymerization proceeding during the arc discharge. It was proposed that the inorganic SiOx

part of the pp-HMDSO fragment was linked with its organic part through the Si–O–C

chains. Retention of the methyl groups in pp-HMDSO contributed to the superhydrophobic

characteristics of the resultant film. The present work also suggests a mechanism for the pp-

HMDSO film formation.
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(Project VP1-3.1-ŠMM-10-V-02-013). Support of the Research Council of Lithuania is gratefully
acknowledged.

References
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