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A B S T R A C T   

The paper was devoted to the results of the study of methods to obtain superhydrophobic film 
based on the plasma polymerisation of hexamethyldisiloxane (HMDSO) inside the plasma jet at 
atmospheric pressure. The 3D printing technology was intended for film deposition, which has the 
advantage of producing superhydrophobic surfaces over a wide range of scales. The effect of 
synthesis parameters on the hydrophobic properties of the film has been studied. The obtained 
superhydrophobic films demonstrated stability and resistance in chemical solutions, at high 
temperatures, under the influence of UV-irradiation and in various weather conditions. The re
sults can be used in various fields, including automotive, construction, electronics, medicine and 
others, where surface protection against moisture, contamination and corrosion is required.   

1. Introduction 

The superhydrophobic surface has an extremely high water-repellency and is designed to prevent water from sticking, collecting 
and rolling off like mercury drops. Over the last decade, superhydrophobic coatings with a contact angle greater than 150◦ have been 
produced with the aim of achieving a ‘lotus effect’ on the surface of various materials. These coatings are of great interest due to their 
attractive properties such as water resistance [1], self-cleaning [2], corrosion protection [3], anti-fogging [4], anti-icing [5], biofouling 
protection [6], anti-friction properties [7] etc. Due to their unique properties, hydrophobic films have a great potential for practical 
applications and can be used in power engineering, construction, medicine, marine industry, aviation, textiles, etc. [8–11], for 
self-cleaning [11], flow resistance reduction [12], anti-icing [5,13], corrosion protection [14], oil and water separation [15,16]. 

Surface hydrophobicity depends on two factors: the surface topography of the material (micro-nanotextured roughness) and its 
chemical composition (low surface energy) [15]. The superhydrophobic effect arises from micro- and nanoscale features that create a 
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rough textured surface and minimize the contact area between water droplets and the film, reducing the adhesive force between them 
[17,18]. As a result, water droplets are repelled from the surface and easily slip off, removing with them any dirt, dust or other 
contaminants that may be attended. 

At this stage of development, there are many methods of producing hydrophobic and superhydrophobic surfaces based on 
obtaining a rough topography. These methods can be classified under the conception of nanofabrication by ‘top-down’ and ‘bottom-up’ 
approaches [19]. Top-down methods include lithography and plasma treatment [20,21]. Bottom-up methods characterise the colloidal 
assembly, layer-by-layer (LbL) and chemical vapour deposition (CVD), plasma polymerisation [22–24]. 

Among the mentioned above methods, chemical methods and atmospheric pressure plasma polymerisation are economically 
feasible and suitable for large scale production. Undoubtedly, chemical methods can produce superhydrophobic coatings with good 
transparency and mechanical strength. However, most of these methods rely on the use of toxic solvents and liquid chemical com
pounds, mainly from organosilanes and fluorinated chemicals [25] which vapours are harmful to the human body and the environ
ment. Additionally, these methods require multilayer deposition [26] to obtain a hydrophobic film, and immersion [27] or 
centrifugation [28] methods are commonly used to uniformly distribute the film, which also complicates the process of depositing the 
film into existing systems and increases the time to obtain a coating. Therefore, the study and development of a one-step coating 
method that is scalable, inexpensive, simple and environmentally friendly is a very urgent task. One of the most promising and 
environmentally friendly methods is atmospheric plasma polymerisation [29,30]. The advantage of using atmospheric pressure plasma 
compared with other existing plasma technologies for producing superhydrophobic surfaces [31,32] is rest on irrelevant for expensive 
vacuum facilities or the use of chemical compounds that may be harmful to human health, making it an economical and environ
mentally friendly technology. In addition, the plasma method allows for extensive control of the synthesis parameters [33], thereby 
influencing the properties of the resulting material. The production of hydrophobic surfaces using atmospheric pressure plasma is a 
relevant and prospective area of research. 

Despite the many potential applications of a superhydrophobic surface, there are still open issues that need to be solved. One of 
these is the durability, stability and resistance of hydrophobic surfaces to extreme conditions [14,34–36], as they can be damaged by 
critical temperatures, mechanical, chemical and UV exposure. Moreover, although many of the existing technologies for producing a 
superhydrophobic surface are time consuming and financially demanding [37–39], finding alternative methods and improving 

Abbreviations 

HMDSO hexamethyldisiloxane 
SEM scanning electron microscopy 
CVD chemical vapour deposition 
DI deionized water  

Fig. 1. Schematic of an experimental setup for the deposition of a superhydrophobic film by plasma polymerisation at atmospheric pressure.  
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existing methods that are more compatible with large-scale industrial production is now becoming a hot topic [40]. 
This paper presents a method to produce a superhydrophobic surface based on HMDSO plasma polymerisation at atmospheric 

pressure with RF discharge using 3D printing technology for large scale surface treatment. The effect of plasma parameters, number of 
cycles, and precursor flow on the formation of the superhydrophobic surface was investigated. Characterisation of the obtained results 
was carried out by SEM, X-ray photoelectron spectroscopy (XPS) (to determine the elemental composition and having bonds on the 
surface of the obtained film). The optical emission spectrum of the OES plasma was investigated to determine the mechanism of 
hydrophobic coating formation. In addition, studies were carried out to determine the resistance, stability and durability of the 
resulting superhydrophobic coatings at critical temperatures and under extreme conditions. The ability of the resulting super
hydrophobic films to act as self-cleaning surfaces has been demonstrated. These studies will allow the use of superhydrophobic 
coatings to be extended to various applications where effective protection of surfaces against moisture, dirt and corrosion is required. 

2. Experimental section 

2.1. Materials 

Hexamethyldisiloxane (HMDSO≥98 %), Acetone (99.5 %), 2-propanol (IPA, 99.9 %), were both purchased from Sigma–Aldrich 
Company and used as received without any further purification steps. Solvent 646 was purchased from Com Trade LLP. Ethyl alcohol 
(90 %) was purchased from PHARMACIA LLP. 

2.2. Production of hydrophobic films 

Prior to treatment, the substrates were cleaned in the following sequence: Hellmanex™ III detergent solution in DI water, DI water, 

Fig. 2. Graphs of contact angle versus discharge power (a) and HMDSO temperature (b).  
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acetone and 2-propanol. Each cleaning step was performed in an ultrasonic bath for 10 min. The thin film was deposited by plasma 
polymerisation at atmospheric pressure. 

Fig. 1 shows a schematic of the experimental setup for generating a plasma jet at atmospheric pressure (the setup itself is shown in 
Fig. S1, the workflow for applying the superhydrophobic film is shown in Fig. S2 and in the video S1 in the supporting information). 
The setup consisted of a quartz tube with outer and inner diameters 6 mm and 3 mm, respectively, electrodes and a working gas supply 
system. A copper strip wrapped around the quartz tube was used as the high voltage electrode and a copper plate on the bottom was 
used as the grounded electrode. Such a configuration of electrodes (with parallel direction of gas flow and electric field) ensured rapid 
formation of the film on the sample. A quartz glass plate was used to create a dielectric barrier above the ground electrode. The Seren 
R301 power supply generated sinusoidal signals at a frequency of 13.56 MHz. The working gas was argon and the precursor was 
HMDSO. The selection of the HMDSO as a precursor is due to its non-toxicity and relative safety [41], which makes them preferable to 
other organosilanes that are commonly used for the preparation of organosilicon thin films. Moreover, HMDSO has the complementary 
advantage that it offers a higher vapour pressure at room temperature (48 Torr) [42,43], which facilitates its application in vapour 
deposition processes. A bubbler was used to produce HMDSO vapour as it is a liquid at room temperature. The main argon flow and 
HMDSO vapour concentration were controlled by the mass flow controllers. Glass and silicon samples of 2 × 2 cm were used as 
substrates. A CNC3018 3D plotter was used to deposit the film and control the distance from the tube nozzle to the substrate. The rate 
of sample movement is 10 mm/s. Processing time for a 1 square inch glass sample is 70 s. 

2.3. Characterisation methods 

All samples were tested under normal environmental conditions and water was used to measure the contact angle. A scanning 
electron microscope (Quanta 3D 200i, SEM FEIcompany) was used to analyse the surface morphology (roughness) and chemical 
composition of the obtained samples. X-Ray Photoelectron spectroscopy with an Al Kα monochromatic X-ray source at 1486.6 eV (XPS, 
NEXSA, Thermo Scientific) was used to study the chemical composition of the surface of the obtained films. The optical properties of 

Fig. 3. Graphs of contact angle versus number of cycles (a) and transmittance (b).  
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thin films were analysed using spectroscopic ellipsometry (Horiba-Universal-Plus). An Optosky ATP2000 spectrometer was used to 
study the optical spectrum of the plasma. The contact angle was measured using a goniometer (Contact Angle Goniometer, Ossila). The 
AREC Heating magnetic Stritter was used as the heater. A 100 W PPBL-ZG N29 lamp was used for the UV testing. 

3. Results and discussion 

In order to determine the optimum plasma parameters for the formation of a superhydrophobic surface, experiments were first 
carried out to investigate the effect of discharge power on the contact angle of the film. The Ar and Ar + HMDSO gas flow rates were set 

Fig. 4. SEM images of the surface of films deposited on a silicon substrate by plasma polymerisation at atmospheric pressure after one (a) and ten 
(b) cycles. Cross section of thin films after one (c) and ten (d) cycles. Elemental composition of the films after one (e) and ten (f) cycles. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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constant at 40 sccm and 1.2 sccm, respectively, and the HMDSO temperature was set at 27 ◦C (room temperature). The discharge 
power was varied between 100 W and 200 W in increments of 25 W. Fig. 2a shows the graph of contact angle versus discharge power. It 
can be seen from the graph that the contact angle increases as the power increases from 140◦ at 100 W to 165◦ at 200 W. This indicates 
that the surface becomes more hydrophobic as the power of the deposition process increases. A larger contact angle indicates that the 
liquid droplet on the sample surface is more spherical and less able to spread. This behaviour may be due to a change in the 
morphology and chemical composition of the film with increasing power, affecting its surface properties and interaction with water. 

Further studies were carried out to investigate the effect of HMDSO temperature on the contact angle at a constant discharge power 
(200 W). It should be noted that it can be stated that the HMDSO concentration also varies due to temperature change. The discharge 
gas flow rate of Ar and HMDSO were set constant: 40 sccm and 1.2 sccm respectively. The HMDSO temperature was varied between 
35 ◦C and 60 ◦C. From the graph of contact angle versus HMDSO temperature in Fig. 2b, it can be seen that the contact angle almost 
does not change with increasing HMDSO temperature. This indicates that changing the HMDSO temperature within the considered 
range has almost no significant effect on the hydrophobicity of the resulting film surface. However, increasing the HMDSO temperature 
will result in more vapour formation and therefore an increase in the concentration of HMDSO in the injected gas mixture. This can 
lead to an increase in the rate of film formation and therefore an increase in film thickness. Thus, in this experiment, increasing the 
HMDSO temperature mainly affects the evaporation process and precursor concentration rather than changing the contact angle and 
hydrophobicity of the film surface. 

The effect of the number of application cycles on the contact angle and transparency of the resulting film was also studied. The 
discharge gas flow rates of Ar and HMDSO were set constant: 40 sccm and 1.2 sccm respectively, the HMDSO temperature was 27 ◦C 
and the discharge power was 200 W. Fig. 3a shows a graph of the contact angle versus the number of cycles. It can be seen from the 
graph that the contact angle does not change significantly as the number of application cycles increases. The variation of the contact 
angle is within the measurement error. This means that the number of cycles has no significant effect on the hydrophobicity of the film 
surface. 

The spectra show that the film with 1 deposition cycle has a high transmittance of up to 90 % in the visible spectrum (Fig. 3b). 

Fig. 5. XPS analysis of the thin film. (a) XPS spectra and (b) deconvoluted C1s peak of the XPS spectra.  
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However, as the number of deposition cycles increases, the transmittance gradually decreases. This may be due to an increase in film 
thickness or a change in optical properties with repeated deposition (Fig. 4). 

Fig. 4 shows the results of SEM analysis of films deposited on the surface of a silicon substrate by plasma polymerisation at at
mospheric pressure with one and ten cycles. From the SEM images of the surface (Fig. 4a and b) it can be seen that the morphology of 
the films obtained at one and ten cycles is essentially the same. This explains the stability of the superhydrophobic properties and the 
consistency of the contact angle of the films at different cycles. However, the film thickness measurements show a significant difference 
between the samples obtained after one and ten cycles. At one deposition cycle, the film thickness is about 3 μm (Fig. 4c), whereas the 
sample obtained after ten cycles shows a thickness of about 24.5 μm (Fig. 4d). Thus, these results confirm that as the number of 
deposition cycles increases, the film thickness becomes thicker, which affects its optical transparency. The results of the elemental 
analysis of the thin films obtained at different cycles are shown in Fig. 4e and f. The analysis shows that the composition of the films 
does not change with the number of deposition cycles. 

Furthermore, XPS analysis was performed to determine the chemical composition and available bonds on the surface of the ob
tained film. As the results of XPS analysis (Fig. 5a) show, the decomposition products of hexamethyldisiloxane in the plasma envi
ronment and the subsequent formation of organosilicon bonds are present on the surface of the samples. The percentages of atomic 
carbon, oxygen and silicon are given in Table 1. The dominance of oxygen in the spectrum is due to the fact that the experiment is 
conducted under atmospheric conditions using HMDSO. In addition, it should be noted that the resulting film is porous and has a high 
degree of roughness, which can lead to large surface oxidation. Fig. 5b shows the XPS spectra of the carbon region (C1s) plotted using 
the Gaussian approximation. Deconvolution of C1s gave the following peaks: SiCN, C––N–O, C–O3 [44]. SiCN is probably the result of 
HMDSO decomposition into methyl groups CH3, Si–O–Si [45], which in turn are fragmented into components and interact with each 
other to form chemical bonds. The presence of nitrogen bonding in SiCN is attributed to the diffusion of air into the plasma envi
ronment. The C––N–O and C–O3 peaks are presumably related to film oxidation or diffusion of oxygen and nitrogen from ambient air 
into the plasma environment and subsequent deposition on the film with the formation of chemical bonds [46]. The deconvolution of 
XPS spectra of Si2p and O1s is shown Fig. S3 in the supporting information. 

Subsequently, an optical emission spectrum of OES was taken to better understand the film formation mechanism in Ar + HMDSO 
atmospheric pressure plasma. Fig. 6 shows the results of the optical emission spectrum of Ar plasma (Fig. 6a) and Ar + HMDSO plasma 
(Fig. 6b). Initially, when pure argon plasma is ignited, intense peaks of atomic argon and some peaks of oxygen and nitrogen are 
observed. Afterwards, the intensity of argon and oxygen peaks decreases with hexamethyldisiloxane injection. The main explanation is 
that part of the energy is spent on the dissociation of HMDSO into radicals and on the subsequent chemical reactions of film formation. 
In the decomposition of HMDSO molecules in RF discharge, the separation of the methyl group CH3 is the first step of HMDSO 
fragmentation due to the low bonding energy between Si and CH3 [46]. The dissociation of methyl groups can be observed by the 
peaks of SiH and CN which fragmented into H, C and with subsequent chemical reactions with ambient air (O2, N2) [47]. The presence 
of SiO emission lines and Si atomic spectrum (4s->3p, 3p->3s) [48] indicates the fragmentation of the Si–O–Si bond. The identified 
nitrogen-containing components in the plasma and in the film are due to the diffusion of ambient air into the active region of the 
plasma flow. 

The films obtained were tested for stability and durability of hydrophobic properties under extreme conditions, in particular the 
effects of UV irradiation, high temperatures, chemical reagents and durability under weathering conditions. The concentration 
(temperature) of HMDSO and the number of cycles did not affect the superhydrophobic properties. For further studies, super
hydrophobic surface experiments were carried out at room temperature and 1 cycle. 

The chemical test was carried out using three different chemicals: ethanol, acetone and 646 solvent. The chemical test procedure 
was as follows: three samples were taken and the contact angle of each was measured before the test. Each sample was then placed on a 
flask containing the appropriate chemical for 1 h. The film was then left outdoors for 24 h to allow the chemicals to evaporate 
completely and the contact angle was measured after the test. Fig. 7a shows that the hydrophobic properties of the films obtained 
remained almost unchanged after the chemical test. This indicates that chemical reagents such as ethanol, acetone and 646 solvent do 
not have a destructive effect on the superhydrophobic films. It can therefore be concluded that these films are resistant to chemical 
influences. 

UV resistance was tested using a 100 W UV lamp with a wavelength of 250 nm. The film was exposed to UV irradiation for 1 h at 10- 
min intervals and the contact angle is measured before and after each irradiation step. The change in contact angle before and after 
irradiation is shown in Fig. 7b. As can be seen from the graph, UV irradiation has no visible effect on the hydrophobic properties of the 
films obtained. The contact angle is largely unchanged after irradiation, indicating that the films are resistant to UV irradiation. This 
indicates that the films have good UV resistance and retain their hydrophobic properties even with prolonged irradiation. 

The thermal test was carried out using a heater. After reaching a certain temperature, we left the film on the heater for 30 min. The 
contact angle was measured before and after the test. The dependence of the contact angle on temperature is shown in Fig. 7c. It can be 
seen from the graph that high temperatures, even up to 400◦, have almost no effect on the hydrophobic properties of the obtained film. 

Table 1 
Quantitative analysis of the chemical composition of the surface.   

Start BE Peak BE End BE FWHM eV Atomic % 

O1s 542.58 537.09 523.08 4.18 58.14 
Si2p 110.08 107.4 94.08 4.13 21.88 
C1s 296.08 289.16 281.58 4.03 19.98  
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An insignificant decrease of the contact angle is observed which is within the measurement error of the goniometer. This indicates high 
thermal stability and preservation of the hydrophobic properties of the film at critical temperatures. 

The obtained superhydrophobic films were subjected to a 16-month durability test in Almaty weather conditions. The average 
temperature in the region ranges from − 11 ◦C in winter to 30 ◦C in summer, rarely dropping below − 18 ◦C or rising above 34 ◦C [49]. 
The contact angle was measured before the start of the experiment and monthly thereafter. The sample was exposed to a variety of 
weather conditions, including heavy rain, snow, frost, direct sunlight and heat. Fig. 7d shows a graph of the contact angle versus time 
of exposure to weather conditions. The graph shows that the obtained superhydrophobic films show their stability in extreme weather 
conditions. The contact angle is virtually unchanged throughout the test period, indicating that the films retain their hydrophobic 
properties. This indicates that the films are highly resistant and are able to retain their functionality even when exposed to prolonged 
exposure to aggressive weather conditions. Thus, the results of the study confirm that the superhydrophobic films obtained by at
mospheric plasma polymerisation are weather resistant and can be successfully applied in real climatic conditions, including extreme 
temperatures and exposure to solar radiation. 

Finally, the self-cleaning property of the resulting superhydrophobic films was investigated. The self-cleaning property of the 
surface plays an important role in practical applications such as solar panels and architectural glass exterior walls, as it allows the 
automatic removal of contaminants without additional energy input. As shown in Fig. 8b, when a drop of water rolls over the 
superhydrophobic coating, contaminants on the surface are easily removed by the water drop, leaving the surface clean. Moreover, as 
the number of drips increases, the water removes more and more contaminants, indicating the superior self-cleaning characteristics of 
the superhydrophobic coating. In contrast, when the same test is performed on clean glass (Fig. 8a), traces of water droplets remain on 
the surface and contamination is not removed, indicating the inadequate self-cleaning ability of clean glass. The difference in the self- 
cleaning characteristics of superhydrophobic film and clear glass can be explained by their different adhesion properties to water. The 

Fig. 6. Optical emission spectrum of Ar plasma (a) and Ar + HMDSO plasma (b).  
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surface of clear glass contains a large number of hydrophilic hydroxyl groups, which gives the surface a strong affinity to water. As a 
result, a drop of water remains on the surface of pure glass. In turn, films formed by HMDSO plasma polymerisation at atmospheric 
pressure are superhydrophobic and have very low adhesion to water. Water droplets can therefore easily roll off the superhydrophobic 
coating, taking the dirt with them (a video of testing the self-cleaning properties of the coating is shown in video S2 in the accom
panying information). These results show that the superhydrophobic coating obtained in this work can be used as a self-cleaning 
surface. This opens up the prospect of applications in various areas where maintaining a clean surface is important, such as solar 
panels and architectural glass. 

In order to investigate the capability of plasma technology at atmospheric pressure in a variety of applications, we have applied 
hydrophobic coatings on a variety of materials including polyvinyl chloride (PVC) (Fig. 9a), plastic (Fig. 9b), glass (Fig. 9c), corundum 
(Fig. 9d), fabric (Fig. 9e) and paper (Fig. 9f). The figures show that the treated samples have the ability to repel water, providing long- 
term protection against moisture. Water droplets on these surfaces roll off easily without leaving traces or penetrating the material. The 
resulting hydrophobic coatings have a wide range of applications in various fields such as construction, industry, textile production 
and many others where reliable protection of materials against moisture and water is crucial. Thus, this technology can be successfully 
applied in various practical fields. 

4. Conclusion 

In this work, superhydrophobic films were successfully produced using HMDSO plasma polymerisation method in an RF discharge 
plasma jet at atmospheric pressure. 3D printing technology was used to apply the films, allowing the superhydrophobic coating to be 
applied on a large scale. The study showed that the contact angle of the films was directly related to the RF discharge power. HMDSO 
concentration and number of cycles have no effect on the superhydrophobic properties of the film but do affect the optical properties, 
resulting in reduced light transmission. Under optimal conditions, a contact angle of about 165◦ is achieved, providing a highly hy
drophobic surface. When the film was applied in a single layer, the transmittance at 700 nm was about 88 %, compared to 92 % for 
pure glass. Surface morphological and chemical characterisation was carried out using SEM, demonstrating that the plasma jet is able 
to create micro- and nanostructured coatings with high surface roughness, giving the surface a superhydrophobic property. The 
resulting superhydrophobic films also demonstrated stability and resistance to chemical solutions, high temperatures, UV irradiation 

Fig. 7. Contact angle graphs of obtained films from chemical tests (a), UV tests (b), thermal tests (c), time (d).  
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and the weather. This method of producing stable and durable superhydrophobic films by HMDSO plasma polymerisation at atmo
spheric pressure can be applied to a variety of applications including automotive, construction, electronics, medical and others where 
protection of the surface against moisture, dirt and corrosion is required. 
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