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Abstract:



C:H:O plasma polymer films (PPFs) were deposited by means of plasma-enhanced chemical vapour deposition using the non-toxic, biodegradable organic compound dimethyl carbonate (DMC) at various plasma powers and pressures in order to control the degradation properties related to the carbonate ester group. Coating properties using pure DMC monomer vapours were compared to co-polymerized films from gaseous mixtures of DMC with either ethylene (C2H4) or carbon dioxide (CO2) affecting deposition rate and chemical composition. C:H:O film properties were found to depend primarily on the amount of oxygen in the plasma. To investigate the PPF stability during aging, changes in the composition and properties were studied during their storage both in air and in distilled water over extended periods up to 5 months. It was shown that aging of the films is mostly due to oxidation of the plasma polymer matrix yielding slow degradation and decomposition. The aging processes and their rate are dependent on the intrinsic amount of oxygen in the as-prepared C:H:O films which in turn depends on the experimental conditions and the working gas mixture. Adjustable film properties were mainly attained using a pure DMC plasma considering both gas phase and surface processes. It is thus possible to prepare C:H:O PPFs with controllable degradability both in air and in water.
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1. Introduction


The control of stability (or degradability) of materials is a strong and very prospective tool with huge potential in future biomedical use [1,2]. Therefore, a lot of effort has been devoted to the research of parameters and processes that rule the degradation of materials to control aging and lifetime of objects used for healing and recovery. Typical examples include temporary antibacterial coatings of surgical implants and stents, drug delivery, tissue engineering and so forth [3,4]. Most of all, it is of high interest to control the time of activity for such materials by their lifetime, that is, their rate of degradation. Once the material is degraded, it becomes dissolved within the body of the patient and no subsequent surgery is required. Thin films and coatings play a very important role in this field as they can form the outer shell of materials and as such are in direct contact with the body of the patient. Organic thin films composed of hydrocarbon plasma polymer films (PPFs) enriched with oxygen (C:H:O) are a very promising class of materials in this direction [5,6,7,8,9,10]. Plasma polymerization is a sub-field of plasma-enhanced chemical vapour deposition (PECVD) yielding thin film deposits on solid substrates near ambient temperature, in which the vapour (“monomer”) is an organic compound. PPFs can be deposited covering a wide range of properties according to particular requirements, such as various functionalities, wettability, surface charge or surface roughness, in which they substantially differ from conventional polymers in their enhanced cross-linking degree. Finally, C:H:O PPFs can be prepared to be biocompatible within the field of application [11].



A lot of work has been carried out so far to study the degradation of bulk polymer materials [12,13]. Despite the fact that plasma polymers only scarcely resemble the materials which one imagines when talking about conventional polymers, there are still several rules that can be transferred from the degradation of bulk polymers to thin films of plasma polymers. The ultimate process is the chain scission mainly caused by hydrolysis [14]. This process of chemical degradation results in cleavage of covalent bonds where polymer chains are cleaved to form oligomers and finally monomers. When describing plasma polymer films, one should keep in mind that these materials are highly irregular, randomly cross-linked and branched and contain a certain number of trapped radicals. Their structural and chemical properties become more pronounced when more energetic processes are used for the deposition of such films. Extensive research on the stability of plasma polymers was carried out by Holländer and co-workers [15]. The amount of incorporated oxygen and trapped radicals are the major factors affecting the stability of PPFs. Particularly, the carbonyl (–C=O) and carboxyl/ester (–C(=O)OH)/(–C(=O)OR) chemical groups greatly affect the stability of the C:H:O plasma polymer films. Generally, the higher the amount of these species in the film, the lower the stability of the films can be expected, since they can react with oxygen nucleophiles such as water [16].



The present study continued and further developed research activities on the co-polymerization of functional C:H:O plasma polymer films obtained by plasma enhanced chemical vapour deposition (PECVD) based on vapours of an organic monomer, particularly ethylene (C2H4) [17,18] and acetone (C3H6O) [19,20], with the admixture of carbon dioxide (CO2) gas. Here, carbonic acid dimethyl ester, or dimethyl carbonate (DMC; C3H6O3), was chosen as a prospective oxygen-containing compound (monomer) potentially yielding high amounts of ester groups in the respective plasma polymers. DMC is a non-irritating and nontoxic chemical with biodegradability and is therefore regarded as a green reagent [21]. It is also used as a fuel additive to reduce the vapour pressure of fuels and in turn reduce the emissions [22], or a plasticizer to soften rigid polymers and to lower their glass transition temperature, Tg, or in polymer electrolytes [23]. It was shown that the chemical reactivity of DMC can be adjusted depending on experimental conditions, where in the presence of a nucleophile, DMC can react either as a methoxycarbonylating or as a methylating agent, resulting in the generation of CH3O chemical groups [21]. Despite its favourable properties, DMC has not been widely studied and to our knowledge has not been used as a monomer in PECVD processes reported so far. One additional feature should be noted: the structure of the DMC molecule (H3CO–(C=O)–OCH3) closely resembles the molecule of acetone (H3C–(C=O)–CH3), while DMC is richer in its oxygen content ([O]/[C] ratio of DMC and acetone is 1.00 and 0.33, respectively). This allows us to further investigate the monomer dependent conditions of plasma polymerization, particularly the role of oxygen in the deposition process of C:H:O PPFs. In this study, the influence of the oxygen-rich plasma deposition conditions on the structure, chemical properties and stability of the C:H:O plasma polymer coatings is described yielding stable (using low pressure during deposition) or steadily degradable (at slightly enhanced pressure) PPFs, suitable, for example, for biointerfaces. Regarding potential applications, it should be distinguished between applications requiring highly stable functional PPFs (biosensors, microfluidics, microelectromechanical systems etc.) and PPFs with adjusted degradability (drug delivery, tissue engineering, disposable packagings etc.) [16,24,25]. The deposition of ultrathin (<50 nm thickness) C:H:O PPFs mainly modify surface properties such as functionality, wettability, surface charge and so forth, while film thickness, cross-linking and degradability can be used to adjust diffusion (e.g., of water) through the films.




2. Materials and Methods


2.1. PECVD Deposition of C:H:O Plasma Polymer Films


The deposition of C:H:O plasma polymer films was obtained by PECVD from vapours of dimethyl carbonate (DMC; purity of 99.98%, Fisher Chemical, Leicestershire, UK; boiling point of 90 °C) with variable admixtures of either ethylene (C2H4) or carbon dioxide (CO2) gases (both with purities of 99.99%, Carbagas, Gümlingen, Switzerland). The symmetric parallel-plate, capacitively coupled plasma reactor utilized for this purpose was described in detail in previous studies [17,18,19]. Plasma polymer films (PPFs) were deposited on polished silicon and glass substrates positioned on the bottom plate connected to a radio-frequency (RF; 13.56 MHz) power generator Cesar 133 (Advanced Energy, Forth Collins, CO, USA) through a matchbox and a voltage-current (V/I) probe (model 1065, MKS ENI Products, Andover, MA, USA). The excitation RF power was varied from 10 W to 100 W. The symmetric reactor set-up is distinguished by a low bias voltage (about −4 V) yet rather high plasma potential (60–200 V) for the range of power examined. However, most of the experiments were carried out at a moderate power input of 30 W (and 50 W for comparison). After (plasma) cleaning of the reactor to provide constant starting conditions, working gases and/or their mixtures were uniformly let into the chamber through a uniform gas shower in the top plate which was held at ground potential. The flow rate of DMC vapours was controlled by a needle valve at a constant value of 6 sccm in all experiments, similarly to our previous studies. Due to the lower vapour pressure of DMC as compared to acetone (13 mbar at 24 °C and 246 mbar at 20 °C, respectively), the flask with the monomer and the needle valve had to be heated at constant temperatures of 60 and 65 °C, respectively, to obtain a stable flow of the DMC monomer vapours. The structure and properties of the deposited C:H:O films were studied depending on the working gas composition. For this purpose, C2H4 or CO2 gases were admixed to DMC at flow rates of 1 or 3 sccm, that is, at admixture gas/DMC ratios of 1:6 or 1:2, respectively, which allowed the variation of the amount of oxygen in the discharge. The depositions were carried out at a constant total pressure of the working gas mixture of either 10 Pa or 20 Pa. The duration of deposition was varied to obtain films of comparable thickness of (40 ± 5) nm. After deposition, the prepared C:H:O PPFs were left under vacuum for half an hour to terminate chemical reactions, recombine the trapped radicals and thus stabilize the coatings.




2.2. Characterization of C:H:O Plasma Polymer Films


The deposition rates of the C:H:O PPFs at each particular combination of deposition parameters were calculated from the thickness of the films deposited on glass substrates and measured by a surface profiler Dektak 150 (Veeco, Plainview, NY, USA). The wettability of the films deposited on glass substrates was analysed in terms of static water contact angle (WCA) by a sessile droplet method using the system DSA25 (Kruess, Hamburg, Germany). Surface chemical composition of the C:H:O films deposited on polished silicon substrates was determined by X-ray photoelectron spectroscopy (XPS) using Phobios 100 electron analyser (Specs, Berlin, Germany) and Al Kα X-ray source (1486.60 eV). All binding energies were referenced to the C1s carbon peak at 285.0 eV to compensate for surface charging. High resolution spectra of C1s peak were fitted using Shirley background type and 70:30 Gaussian-to-Lorentzian product functions according to the data from the XPS database of National Institute of Standards and Technology and other literature data [26,27]. The C1s peak was resolved into four components which were attributed as: C–C/C–H at 285.0 eV, hydroxyl/ether C–O at 286.4–286.6 eV, carbonyl C=O at 287.5–287.9 eV and carboxyl/ester O=C–O at 289.0–289.5 eV. Morphology of the film surfaces was evaluated by atomic force microscope (AFM) using an easyScan 2 microscope (Nanosurf AG, Liestal, Switzerland) in tapping mode.



Special attention was paid to the characterization of the aging of the C:H:O PPFs prepared at various conditions. All coatings were studied as-prepared right after the deposition and then kept both in ambient air and in distilled water at 20 °C for up to 5 months. Particularly, the films were characterized after 1 h, 1 day, 10 days as well as 1, 2 and 5 months.





3. Results and Discussion


3.1. Deposition Rate of C:H:O Films at Various Conditions


Deposition rates of C:H:O plasma polymer films were characterized under different RF plasma powers in vapours of pure DMC with a constant flow rate of 6 sccm for the two working pressures of 10 and 20 Pa. These two pressure parameters have been selected, since they mainly reveal a difference in ion energies of charged species incident on the substrate surface (roughly factor 2) due to collisions in the plasma sheath, while other parameters can largely be maintained (such as ion flux and energy input in the plasma zone) [28]. Lower pressures (<10 Pa) result in even stronger ion bombardment supporting ion-assisted ablation reactions, whereas higher pressures (>20 Pa) yield a reduced plasma length. It is thus no longer given that the plasma uniformly fills the entire volume between the electrodes (5 cm gap) of the symmetric plasma reactor affecting the energy available per particle in the plasma [29]. The selection of the pressure range is thus reactor dependent. As can be seen in Figure 1a, the deposition rates observed were rather low owing to the high [O]/[C] ratio of 1 for DMC and reached ~1 nm·min−1 only above a power input of 20 W. Note that no film deposition was observed below 10 W for the continuous plasma discharge mode, while pulsed power conditions enabled deposition at lower effective powers which is, however, not discussed in more detail here. The deposition rate increased with discharge power to attain maximum (1.7 nm·min−1 at 40 W for the pressure of 10 Pa and 2.7 nm·min−1 at 50 W for 20 Pa) before decreasing slightly and saturating above 60 W (1.5 nm·min−1 for 10 Pa and 2.3 nm·min−1 for 20 Pa). Higher rates were thus observed for higher pressure, yet following the same trend with power (or power per monomer flow rate, W/F). The energy invested per monomer molecule within the active plasma zone is enhanced with power at constant gas flow rate resulting in more film-forming species in the plasma phase and thus an increased deposition rate [30].


Figure 1. Deposition rates of C:H:O PPFs for different experimental conditions: (a) discharge in pure dimethyl carbonate (DMC) vapours at a fixed gas flow rate of 6 sccm and a pressure of either 10 or 20 Pa and (b) discharge in mixtures of 6 sccm of DMC with various added flow rates of either C2H4 or CO2 at RF powers of 30 W or 50 W (for 10 or 20 Pa).
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The drop in the deposition rate above 40–50 W thus indicates a change in the plasma chemical reaction pathway, which was observed for an energy uptake per DMC molecule of 41 ± 6 eV (considering absorbed power and plasma length). Such energies are expected to fully destruct the monomer structure, that is, the carbonate group, as this is well known from similar monomers [8,31]. Interestingly, CO2/C2H4 plasmas with the same [O]/[C] ratio of 1 in the gas phase (i.e., for CO2/C2H4 ratios of 2:1) were found to show a similar trend in deposition rate with a transition in plasma chemistry at 37 ± 3 eV, however, at higher overall deposition rates [18,19,32]. On the other hand, the increasing power simultaneously increased the energy transferred to the growing film resulting in etching processes, densification and cross-linking of the structure of the plasma polymer film [28,32]. The etching products are typically volatile CO and H2O species which are pumped from the system without being incorporated into the plasma polymer film. Given that gas phase processes yielding the flux of film-forming species depend on W/F (and not on pressure), the observed differences in absolute deposition rates at 10 and 20 Pa are related to surface processes, that is, a different surface loss probability (involving sticking and etching processes). While the energy per monomer molecule in the plasma phase is pressure-invariant, the higher pressure enhances the residence time close to the surface and affects ion-assisted processes (due to more collisions). Additional effects related to the ion energy delivered to the surface are discussed in the literature including the contribution of hyperthermal intact molecular ions which becomes important at enhanced pressures [33,34]. Such ions (as formed in the gas phase at moderate energy input) arrive at low energies (several eV) at the surface resulting in their “soft landing”. Their incorporation and reduced destruction at higher pressure conditions can thus contribute to the structural retention of monomer properties in the growing film [34,35].



To further evaluate the influence of oxygen on the deposition of DMC-derived C:H:O PPFs, deposition rates were recorded for processes taking place at variable working gas compositions with fixed power input below and around the observed transition in the plasma phase (30 W for 10 and 20 Pa vs. 50 W for 10 Pa) as displayed in Figure 1b. Particularly, either CO2 or C2H4 reactive gases were added at flow rates of 1–3 sccm to the DMC monomer vapour (with fixed flow rate of 6 sccm) in order to investigate co-polymerization conditions regarding increasing and decreasing relative amounts of O-species in the discharge, respectively. As could be expected, introduction of more film forming species by ethylene (decreasing the O/C ratio) strongly increased the deposition rate reaching 6–7 nm·min−1 when 3 sccm of ethylene was added. Admixture of additional O-species by CO2 (further increasing the [O]/[C] ratio), on the other hand, led to a decrease in the deposition rate down to 0.3–0.8 nm·min−1 when 3 sccm of CO2 was added to the discharge. Low deposition rates indicate highly energetic conditions during film growth and rivaling deposition/etching processes: incorporation of oxygen is limited by etching and cross-linking reactions. The growth/ablation regime of the DMC discharge can therefore be supported by co-polymerization with a proper reactive gas. Again, the dependence of deposition rates on the working gas composition was qualitatively the same for different combinations of powers and pressures examined, with higher deposition rates for the higher pressure. However, it is interesting to note that discharge power has a stronger effect on the deposition rate of the films in the growth regime indicating distinct energy uptake by C2H4, while working gas pressure dominates in the ablation regime highlighting the importance of surface processes. While showing the same trend as CO2/C2H4 and CO2/C3H6O plasmas with increasing CO2 admixture at comparable conditions [19], the growth (+C2H4) and ablation (+CO2) regimes appear to be more pronounced for DMC co-polymerization conditions (see Appendix A, Figure A1).


Figure A1. Deposition rates of plasma polymer films deposited at 30 W and 10 Pa from three different monomers: ethylene, acetone and dimethyl carbonate at flow rates of 6 sccm with various admixtures of CO2 or C2H4.



[image: Plasma 01 00015 g0a1]







3.2. Wettability of C:H:O Plasma Polymer Films


Wettability of the deposited C:H:O PPFs is one of the most important parameters with respect to the potential application of the coatings in the biomedical field. Wettability, as the key factor for the controlled degradation of the films, was studied in terms of static water contact angle (WCA) measured by the sessile droplet method. The WCA of the as-prepared C:H:O PPFs from pure DMC vapours were largely independent of deposition power at both 10 Pa and 20 Pa showing values of 58 ± 2°. The WCA value can thus be considered as constant within the measurement error and was therefore not displayed here. Note that the WCA obtained for the films deposited at 30 W (59°) was comparable to CO2/C2H4 2:1 plasmas [36] but lower than the WCA of C:H:O coatings deposited at the same plasma conditions from acetone (C3H6O) vapours (67°) owing to their lower [O]/[C] ratio [19]. The wettability of the as-prepared C:H:O PPFs depending on the gas composition (as well as pressure at various powers) are shown in Figure 2.


Figure 2. Dependence of static water contact angle (WCA) of as-prepared C:H:O plasma polymer films (PPFs) on the flow rate of individual working gases during the deposition.
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The obtained values varied in the range from 53° to 67° influenced by the working gas composition (expressed in terms of flow rates for the individual working gases). The addition of CO2 to DMC slightly decreased the contact angle with water reaching a value of 54° with 3 sccm of CO2 in the plasma (30 W, 10 Pa), that is, at a CO2/DMC ratio of 1:2. Again, C:H:O films deposited with the corresponding CO2/acetone ratio of 1:2 showed a higher WCA value of 62° and ratios of 4:1 were required to reach comparable low WCAs (see Appendix A, Figure A2a) [19]. The addition of C2H4 gas, on the other hand, increased the WCA values yielding 62° with 3 sccm of C2H4 (30 W, 10 Pa), that is, at a DMC:C2H4 ratio of 2:1. The effect of power (30 or 50 W) and pressure (10 or 20 Pa) variation was found to be small (within ±5°). By changing the working gas composition, the amount of oxygen (i.e., the [O]/[C] ratio) present in the discharge was influenced which can be expected to alter the chemical reactions taking place in the plasma volume as well as on the surface of the growing film. Related effects will be discussed in more detail below.


Figure A2. Comparison of WCA of plasma polymer films deposited at 30 W and 10 Pa from acetone and dimethyl carbonate at flow rates of 6 sccm with various admixtures of CO2 or C2H4: (a) absolute WCA and (b) relative changes in WCA observed after aging in air and in water.
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The aging of the deposited C:H:O PPFs was studied by following the evolution of the water contact angle values over time. As can be seen in Figure 3, the WCA values of C:H:O films changed during their storage in ambient air for 1 or 2 months. This difference was expressed in terms of a relative WCA, that is, the ratio of the WCA value measured after aging to the initial value. The most pronounced changes were observed in the case of C:H:O films deposited from pure DMC vapours at different RF discharge powers (Figure 3a). While all films revealed almost the same wetting properties observed right after deposition (58 ± 2°), their WCA values shifted in time depending on the deposition conditions, particularly RF power showing different behaviour for low and high powers. The highest stability (almost constant wettability) was observed for DMC-derived C:H:O films deposited at a moderate power input slightly below the plasma chemical transition (30 W at 10 Pa and 40 W at 20 Pa). For low power input of 10 and 15 W, on the other hand, the WCA dropped by up to 20°, whereas increased power resulted in enhanced WCAs up to 68°. With time the differences became even larger—the aging continued after the first month, albeit at a slower pace (Figure 3a—black squares vs. white circles). Comparing the PPFs deposited from pure DMC at the higher pressure of 20 Pa with 10 Pa, the curve for the relative WCA was shifted towards higher powers and also the differences between the WCA values of the as-prepared and the aged C:H:O films were larger, likely owing to the nominally higher power needed to reach the transition in deposition rate and related changes in the plasma chemical reaction pathway as well as modified surface processes. It is interesting to note that the WCA aging behaviour corresponds to that described in the case of C:H:O films deposited from acetone vapours with addition of CO2 (1:2, i.e., with the same [O]/[C] ratio of 1): the most stable films were those deposited at 30 W and revealed water contact angles of about 55° [19]. The films deposited at lower powers revealed a decrease in the WCA values and it was concluded that these films initially contained more oxygen and were less crosslinked (allowing hydration). On the other hand, those deposited at higher powers revealed an increase in WCA upon aging (indicating hydrophobic recovery).


Figure 3. Changes in the values of static WCA of C:H:O PPFs depending on RF power (a) and flow rates of the respective working gases (b) upon their aging in air for 1 and 2 months. Error bars represent the standard deviation of the values in each of the measurements of WCA.
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The aging of the C:H:O PPFs deposited from various mixtures of DMC with CO2 and C2H4 is displayed in Figure 3b. Obviously, also the working gas composition had a noticeable impact on the change of WCA during aging of the films stored in ambient air. Similar to the power dependence discussed before, the coatings deposited at 30 W and 10 Pa appeared to be the most stable (black squares in Figure 3b). Especially, this holds for the case when 1 or 3 sccm of CO2 were added to the DMC flow rate of 6 sccm during deposition where the WCA value was almost constant within 1 month of storage. On the other hand, the C:H:O PPFs prepared with higher power input of 50 W showed hydrophobic recovery, while the reduced WCAs for coatings deposited at higher pressure (30 W, 20 Pa; black triangles in Figure 3b) indicate hydration effects. Addition of C2H4 resulted in a roughly 10% increase in WCAs reaching typical values for hydrocarbon-rich PPFs around 70° for all compositions. In general, the aging behaviour was again found to be very similar to the aging observed for the C:H:O coatings deposited from vapours of acetone and CO2 (see Appendix A, Figure A2b) as reported in [19].



The PPFs deposited at 30 W and 10 Pa which appeared to be the most stable in air were selected for an extended analysis of the aging effects including storage in water (Figure 4). The observed relative changes in the WCA values (compared to the initial WCAs) upon aging in air are depicted in Figure 4a, while the relative changes upon aging in water are given in Figure 4b. As discussed before, the most stable coatings in air are those deposited from pure DMC vapours or with addition of low amounts of CO2. Most of all, it can be noted that aging largely took place during the first day of storage in air after deposition.


Figure 4. Changes in the values of static WCA of C:H:O PPFs deposited at radio frequency (RF) power of 30 W in the dependence on the flow rates of respective working gases upon their aging in air (a) and in water (b) for up to 30 days. Error bars represent the standard deviation of the values in each of the measurements of WCA.
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Steadily dropping water contact angles, on the other hand, were observed in the case of storage in water. Such effects were also observed for (oxygen-rich) CO2/C2H4 derived PPFs and were related to water penetration and binding of water molecules on polar groups that remain adsorbed in the films [37]. Addition of carbon dioxide to the DMC-derived plasma polymer films resulting in the most hydrophilic C:H:O films revealed the fastest changes (within one-day storage in water), while addition of ethylene yielding more hydrophobic films delayed the interaction with water molecules during storage in water. Note that the measurement of WCA values after water storage was subject to larger deviations compared to storage in ambient air as indicated by the error bars.



Plasma polymer films deposited with the same conditions (co-polymerized DMC using 30 W power input) but at the enhanced pressure of 20 Pa generally showed an even stronger decrease in water contact angles with storage time in air and water albeit showing larger deviations indicating limited stability. Possible effects such as hydration and degradation will be further discussed below. Since wettability (described in terms of the static water contact angle) is dependent both on the structure and chemical composition of the coatings as well as the surface topography, a thorough analysis of the structure of the coatings is required. The films deposited at 30 W and 10 Pa which tend to be the most stable were chosen for further analysis of their aging effects compared to the films deposited at 30 W and 20 Pa that revealed a lower level of stability.




3.3. Characterization of Surface Elemental Composition of C:H:O PPFs by XPS


The chemical structure of the C:H:O PPFs deposited from dimethyl carbonate (DMC) vapours at RF power of 30 W and total pressure of 10 Pa or 20 Pa depending on the working gas composition was studied by XPS. The elemental composition of the films is depicted in Figure 5 (as derived from XPS survey scans). The as-deposited films were mostly composed of carbon and oxygen which were the intrinsic constituents of the monomer gases used for plasma polymerization (except of hydrogen which cannot be analysed by XPS technique). However, also traces of nitrogen (up to 0.8 at%) could be detected in most of the film samples right after deposition. Nitrogen could be incorporated into the growing films either from residual gases during the deposition process or adsorbed on the surface after the deposition. Anyway, more important for the C:H:O film structure analysis is the [O]/[C] ratio. Compared with the monomer structure of DMC ([O]/[C] ratio of 1) a remarkable decrease in the oxygen content was observed for all plasma polymerized DMC films ([O]/[C] ratio ≤0.25) as measured shortly after deposition.


Figure 5. Elemental composition of the surfaces of C:H:O PPFs (~40 nm thick) deposited at RF power of 30 W and total pressure of 10 Pa (left) or 20 Pa (right) with respect to the working gas composition (flow rate) as measured by XPS. The films were characterized the same day as deposited and after 10 days and 30 days of aging in air.



[image: Plasma 01 00015 g005]






Furthermore, it was observed that the elemental composition was highly dependent on the composition of the working gas mixture, that is, addition of either ethylene or carbon dioxide. It is interesting to note that more oxygen in the plasma discharge (i.e., addition of CO2) led to less oxygen incorporation into the growing plasma polymer film. Particularly, the [O]/[C] ratio decreases from 0.24 (19 at % of oxygen) for the coating deposited from pure DMC vapours down to 0.18 (15 at % of oxygen) when 3 sccm of CO2 was added to the DMC monomer (while it was only slightly decreased for 1 sccm CO2 admixture). With addition of C2H4 (growth regime), on the other hand, the [O]/[C] ratio was slightly increased (0.25–0.26) (21 at % of oxygen). The enhanced oxygen present in the discharge indicative for the ablation regime (with low deposition rates) thus yielded an enhanced etching of the growing film by oxygen species rather than the incorporation of the oxygen into the film. This might suggest the existence of an upper limit for the [O]/[C] ratio in the plasma composition which can be transformed into an oxygenated hydrocarbon plasma polymer film for the used energetic conditions supporting cross-linking. Nevertheless, the XPS technique itself is not sufficient to assess the intrinsic amount of oxygen in the as-deposited films due to its surface sensitivity. The intrinsic amount of oxygen can be altered (increased) by post-deposition oxidation mainly as the result of the presence of the radicals trapped in the plasma polymer matrix.



The increase of the working gas pressure from 10 Pa to 20 Pa was accompanied by an overall increase in the oxygen content within the deposited PPFs. Particularly, a [O]/[C] ratio of 0.30 was reached in the case of pure DMC (23 at % of oxygen), while it decreased down to 0.27 (21 at % of oxygen) when 1 sccm of CO2 was added to the monomer and to 0.28 (22 at % of oxygen) with 1 sccm of C2H4. Increased working pressure (at constant flow rate and plasma power) is known to affect the ion-assisted etching conditions at the growing film surface (while gas phase processes are maintained) and often leads to coatings better retaining the monomer structure and composition [38]. In particular, mean ion energies at 20 Pa are roughly half compared to the values at 10 Pa due to collisions in the plasma sheath [28,39,40]. Regarding the enhanced deposition rate and comparable ion flux at 20 Pa, the energy delivered to the growing film (i.e., ion flux times their energy per deposition rate) was strongly reduced [28,40]. Thus, a better structural retention can mainly be expected for the pure DMC discharge at elevated pressures, also allowing molecular ions of the monomer to participate in film growth [34]. Nevertheless, the oxygen content was still far from the intrinsic DMC monomer. Hence, it can be inferred that the carbonate group (C–O–C(=O)–O–C) was not retained in the plasma polymer, forming rather ester (C–O–C(=O)–C–C), carbonyl (C–C(=O)–C–C) and ether (C–C–O–C–C) groups. Nitrogen (up to 0.7 at %) was also found in the coatings deposited at 20 Pa. In addition, a signal from the silicon substrate (0.4 at % of silicon) was recorded for the ~40 nm thick films deposited from the mixture of DMC with 1 sccm of CO2 gas (30 W and 20 Pa). This suggests that the films might be porous and less compact (cross-linked) as the result of altered film growth conditions at the surface (more active oxygen species arriving from the plasma discharge). In cases when silicon was detected in the spectra of the studied films, the elemental content of oxygen was corrected for the signal originating from the native layer of silicon dioxide (~2.5 nm thick) grown on the surface of the silicon substrate to separate it from the oxygen contained in the C:H:O PPFs.



Furthermore, the PPFs were characterized the same day after their deposition as well as after 10 days and 30 days of storage in ambient air to assess their chemical composition with aging. As could be expected, the amount of oxygen in the coatings increased as the result of reaction of atmospheric oxygen with trapped radicals within the plasma polymer matrix. Typically, coatings contain more trapped radicals with higher C2H4 admixture yielding stronger post-oxidation [41]. This can indeed be observed in the case of coatings deposited at 10 Pa at various gas compositions. Most of the oxidation occurred within the first days of storage in air, while the oxidation rate decreased with ongoing aging time. It is interesting to note that the increase in [O]/[C] ratio almost stopped after the first days in the case of the C:H:O coatings deposited at 20 Pa, which will be further discussed in the following section. Apart of oxidation of the coatings, another important change can be observed in the composition of the PPFs: presence of silicon was detected in all of the C:H:O coatings after 30 days of storage in air. Silicon signal can only origin from the substrate indicating that some decomposition can be expected within the PPFs as the result of oxidation. Silicon even appeared in the XPS signal within the first 10 days of air aging for all coatings deposited at 20 Pa and also for the coating deposited at 10 Pa with higher amount of carbon dioxide. It can thus be concluded that the stability of the plasma polymer films deposited at 20 Pa is lower compared to 10 Pa. As discussed before, the higher process pressure helps to partly retain the monomer structure and composition of the deposited films but also leads to decreased stability due to reduced ion-assisted cross-linking reactions [38].



Similar yet more pronounced effects were observed in the case of aging in water (Figure 6). Since higher rates of changes in the chemical composition of the PPFs were expected, the coatings were characterized after 1 h immersion in distilled water and compared with the as-prepared coatings. Furthermore, the composition of the PPFs was studied after 1, 10 and 30 days in water and extended up to 5 months. For a better comparison, all chemical composition data recorded in the PPFs stored in water (Figure 6) are marked with the same colour for corresponding measurements on films stored in air (Figure 5) and also the axis scales were kept the same.


Figure 6. Elemental composition of the surfaces of C:H:O PPFs deposited at RF power of 30 W and total pressure of 10 Pa (left) or 20 Pa (right) with respect to the working gas composition (flow rate) as measured by XPS. The films were characterized the same day as deposited and after 1 h, 1 day, 10 days, 30 days and 5 months of aging in distilled water.
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Different to expectations, there was no substantial change in the amount of oxygen nor nitrogen in the PPFs after storage in water within the first hour. Nevertheless, detection of the silicon signal (up to 0.8 at %) originating from the substrate suggests that the structure of all studied C:H:O coatings deposited at 10 Pa was disturbed, possibly leading to pore opening, swelling and/or local delamination of the coating revealing the substrate material. The progressive oxidation of the coatings within the next 10 days of storage in water resemble that observed in air: the [O]/[C] ratio increased by about 20 to 25% and was higher for the coatings deposited with added ethylene reaching about 0.33. Overall, DMC-derived PPFs (30 W, 10 Pa) were found to show stronger oxidation than comparable acetone-derived films regarding admixture of CO2 (see Appendix A, Figure A3), probably due to a more open (nanoporous) structure. The amount of nitrogen measured in the films was substantially higher in the case of aging in water as compared to aging in air. Since we assume that the nitrogen was incorporated into the growing coatings during the deposition process, it can be expected that the degradation of the surface structure of coatings is more significant in water. On the other hand, the increase in the intensity of the silicon signal was only minor. Different to the films stored in air, further aging of the coatings in water over 30 days resulted in substantial changes in their composition, particularly with respect to the amount of oxygen and nitrogen in the coatings. The [O]/[C] ratio gradually increased and reached much higher values: up to 0.55 in the case of the coatings deposited with 3 sccm of ethylene in the working gas mixture. A similar increase in the amount of nitrogen in the coatings occurred. Higher amount of nitrogen was observed in the case of the PPFs deposited with excess of CO2 where it reached 2.5 at %, that is, a N/C ratio of 0.09. The amount of silicon, on the other hand, remained almost constant after the first hour in water in the case of the plasma polymer films deposited at 10 Pa.


Figure A3. Comparison of the elemental composition of plasma polymer films deposited with the same conditions as in Figure A2, also considering aging in air and in water.
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The situation, however, was different in the case of the PPFs deposited at 20 Pa. These C:H:O coatings originally containing more oxygen oxidized at a slower rate and reached the maximum amount of oxygen after about 1 month from their immersion into the water. The highest [O]/[C] ratio of about 0.42 was attained for the C:H:O coatings deposited from vapours of DMC with admixture of C2H4. While the amount of incorporated nitrogen is almost the same as in the respective PPFs deposited at 10 Pa, substantially higher amounts of silicon were detected in the coatings deposited from pure DMC and also with the admixture of ethylene. This observation suggests an increased degradability of the PPFs when deposited at enhanced pressure. Furthermore, while the degradation reached a steady state after about 10 days in water for the coatings deposited from mixtures of DMC with either C2H4 or CO2, the decomposition of the plasma polymer matrix continued for the C:H:O coatings deposited from pure dimethyl carbonate discharges even after 5 months of storage in water. Hence, such DMC-derived PPFs are interesting for their slow and steady degradability, which can be related to hydrolysis reactions [16].



The measurement by XPS also allowed for a detailed analysis of the particular chemical bonds that were present in the surface of the studied coatings (Figure 7). However, there are several restrictions that need to be taken into account when analysing the obtained data. The structure of a typical plasma polymer is far from being regular as is the case of traditional polymers. Statistical occurrence of chemical functional groups, random branching and crosslinking of plasma polymers complicated the chemical analysis of surfaces by XPS. The information on respective bonds and their ratios are collected from numerical fitting of measured data. The positions of specific bond energies are affected by surrounding species and thus often shifted due to the statistical nature of plasma polymers. This makes the analysis of XPS spectra (here C1s peak) rather difficult, especially if chemical groups with close values of bond energies are discussed. Therefore, in the presented case of plasma polymer films from DMC vapours, it was not possible to distinguish, for example, C–N from C–O. Nevertheless, the total amounts of nitrogen in the coatings were rather low in most of the cases and thus contribution of C–N bonds to the detected signal of the C1s peak could be neglected. Also, the error of the estimation of the respective bond ratios was rather high. Nevertheless, the trends in the aging of the coatings deposited at different conditions can be tracked.


Figure 7. C1s detail spectra of C:H:O PPFs using pure DMC vapours (as-prepared) deposited at RF power of 30 W and total pressure of 10 Pa (a) or 20 Pa (b) with assigned functional groups.
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First of all, it can be seen from Figure 7 that pure DMC-derived PPFs contain a rather high amount of C=O groups when compared to films derived from CO2/C2H4 and acetone at comparable plasma conditions (C=O/C–C of 0.12 ± 0.02 vs. 0.04 ± 0.02 for CO2/C2H4 (2:1) and 0.06 ± 0.02 for acetone at 30 W and 10 Pa) demonstrating the influence of the monomer selection [17,19]. Some structural information from the starting monomer was thus retained, which is even more pronounced at enhanced pressure as indicated by the higher amount of O=C–O groups. Such groups are known to induce degradability in PPFs [16]. This retention was only diminished for high CO2 admixture (Figure 8).


Figure 8. Chemical composition of the surfaces of C:H:O PPFs deposited at RF power of 30 W and total pressure of 10 Pa (left) or 20 Pa (right) with respect to the working gas composition (flow rate) as measured by XPS. The films were characterized the same day as deposited and after 10 days and 30 days of aging in air.
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The changes in the ratios of various oxygen-containing chemical groups with respect to the amount of C–C bonds as analysed from the C1s core peak are summarized in Figure 8. A general increase in the amount of oxygen-containing chemical groups with respect to the C–C bonds can be observed in all studied samples as a result of oxidation, which is in accordance with previously discussed changes in the elemental composition. Furthermore, it can be seen that while changes in amounts of C–O groups were rather low (the change in the C–O/C–C bond ratio was below 10%), the increase in the amount of the carbonyl (–C=O) and carboxyl/ester (O–C=O) groups was relatively high. Similar to the previous observations, it can be seen that the more ethylene was in the working gas mixture, that is, less oxygen in the plasma yielding more trapped radicals in the deposited PPFs [40], the more readily the film became oxidized. The addition of CO2, on the other hand, stabilized the coating against post-deposition oxidation. At the same time, it can be seen that the C:H:O coatings deposited at the low pressure of 10 Pa were more prone to oxidation than the coatings deposited at 20 Pa. The aging (oxidation) processes were still ongoing even 30 days from the deposition in the case of coatings deposited at 10 Pa, while changes were limited (mostly below the measurement error) in the case of coatings deposited at 20 Pa, which, however, showed more signs of decomposition. Again, an increased number of trapped radicals can be expected for PPFs deposited at 10 Pa with enhanced ion bombardment.



A similar analysis was also performed with coatings aged in distilled water for a duration of up to 5 months (Figure 9). The situation was quite different when compared to aging in air and the recorded changes were rather dramatic. Similar to aging in air, the C:H:O coatings deposited at the pressure of 10 Pa strongly underwent oxidation during aging in water in comparison with those deposited at 20 Pa. Different to aging in air, however, the coatings were not stabilized, even not after 30 days from deposition. At the same time, it is interesting to note that the onset of the oxidation was rather slow and happened delayed—no changes in composition were observed within the first hours of aging in water. The increase in the amount of C–O chemical groups in comparison with carbonyl (–C=O) and carboxyl/ester (O–C=O) groups was considerably higher upon aging in water, especially in the case of PPFs deposited with excess of ethylene in the working gas mixture. The C–O/C–C bond ratio for these coatings increased 6-fold after 30 days compared to the as-prepared coatings.


Figure 9. Chemical composition of the surfaces of C:H:O PPFs deposited at RF power of 30 W and total pressure of 10 Pa (left) or 20 Pa (right) with respect to the working gas composition (flow rate) as measured by XPS. The films were characterized the same day as deposited and after 1 h, 1 day, 10 days, 30 days and 5 months of aging in distilled water.
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Overall, the analysis of the chemical composition of the C:H:O plasma polymer films deposited from DMC vapours or their mixtures with either C2H4 or CO2 showed different aging behaviour with respect to working gas composition (i.e., the amount of oxygen species in plasma) as well as the working gas pressure during the deposition. PPFs deposited at 20 Pa contained intrinsically more oxygen and were thus more resistant to subsequent oxidation during aging both in air and in water. On the other hand, the structure of these coatings degraded faster as it was evidenced by the detectable signal from the silicon substrate. The C:H:O PPFs deposited from pure DMC vapours at 10 Pa were overall the most stable films and revealed the lowest changes in chemistry, while their pure DMC counterpart deposited at 20 Pa revealed slow and steady degradation. In this case, co-polymerization was thus not found to be beneficial, likely due to increased fragmentation and less retention of parts of the monomer structure.




3.4. Topography of C:H:O PPFs by AFM


Atomic force microscopy (AFM) is a very effective method to analyse the film surface topography. The values of RMS roughness of the studied plasma polymer films are summarized in Figure 10. Film surfaces were analysed as-prepared as well as during aging for up to 30 days. The as-prepared PPFs (~40 nm thick) were extremely smooth closely resembling the surface of the polished silicon substrate. RMS roughness values were measured from 1 nm up to 3 nm, where the higher values corresponded to films deposited with admixture of CO2. Higher etching of the growing film during the deposition by active oxygen species can be expected for this ablation regime. No changes in the intrinsic surface roughness of the PPFs were observed during 30 days of aging in air (not shown here). However, the situation was different when films were immersed in the water bath. Gradual increase in the values of the RMS roughness of the coatings with the duration of storage was observed for all studied coatings.


Figure 10. Changes in the RMS values of roughness of surfaces of C:H:O PPFs deposited at RF power of 30 W and total pressure of 10 Pa (a) or 20 Pa (b) with respect to the working gas composition (flow rate) as measured by atomic force microscopy (AFM). The films were characterized the same day as deposited and after 1 day, 10 days and 30 days of aging in distilled water. The thicknesses of the as-prepared films were in the range (40 ± 5) nm.
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However, the extent of swelling of the coatings did not fully correlate with the [O]/[C] elemental content of the as-prepared coatings. Different to the chemical changes, it can be seen that the coatings deposited with higher admixture of CO2 in the working gas exhibited substantial changes in their topography during aging in water. Overall, the morphology of the pure DMC-derived films deposited at 30 W and 10 Pa underwent the least changes agreeing with the finding of their highest stability as discussed before. The RMS roughness increased up to about 3 nm in average over 30 days storage in water. On the other hand, PPFs prepared from DMC with high admixture of ethylene (3 sccm) as well as all PPFs deposited at the higher pressure of 20 Pa, revealed the highest changes in the surface morphology indicating degradation processes—again strongest for pure DMC-derived PPFs at 20 Pa. The amount of oxygen was always higher than 20 at % in all of these coatings when measured right after the deposition.



The changes in surface morphology of selected coatings deposited at a pressure of 10 Pa are displayed in Figure 11. The surface of the rather stable DMC-derived PPFs remained smooth even after 30 days of storage in water, even though first localized defects can be seen at several spots. On the other hand, obvious swelling and formation of point and linear defects can be observed on the surface of the coating deposited from a mixture of 6 sccm of DMC and 3 sccm of ethylene (2:1). At the same time, coatings deposited at these plasma conditions revealed the highest rate of oxidation of the plasma polymer matrix during aging in water (Figure 6). These and similar structures were observed to be not homogeneously spread on the whole surface of the analysed coatings but only on localized areas suggesting that degradation starts and proceeds from local defects. However, it has to be noted that the observed changes in the morphology of the PPFs cannot fully explain the Si signal which was detected by XPS in all studied samples already after 1 h of storage in water (Figure 6). The amounts of Si observed were the highest in the case of coatings deposited at 20 Pa. It was also significant in the case of coatings deposited from vapours of pure DMC, while the changes in the morphology observed on these coatings were only minor. On the other hand, the coating deposited from a mixture of DMC and ethylene (2:1) underwent substantial morphological changes but revealed much lower Si signal from the substrate. These facts suggest that nanosized pore openings might have occurred in the films rather than microscopic cracking as the result of slight swelling but also removal of low molecular weight polymeric material from the plasma polymer films [42].


Figure 11. AFM microscans of surfaces of C:H:O PPFs deposited at RF power of 30 W and total pressure of 10 Pa with respect to the working gas composition—pure DMC (6 sccm) and mixture with ethylene (3 sccm). The microscans were taken the same day as deposited and after 30 days of aging in distilled water. The thicknesses of the studied films were in the range (40 ± 5) nm.
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4. Conclusions


C:H:O plasma polymer films (PPFs) can be successfully deposited from dimethyl carbonate (DMC) vapours at various RF powers and working gas pressures, whereby film deposition rates depend on both parameters attaining maximum at about 40 W to 50 W corresponding to an energy per monomer molecule of ~40 eV. Higher power input resulted in strong fragmentation and structural loss of the monomer, for which reason a power of 30 W was considered for most depositions examined. The deposition rate was found to be increased at enhanced working pressure (20 Pa vs. 10 Pa) indicating a higher incorporation of film-forming species into the growing film, likely due to an enhanced residence time close to the surface and reduced ion-assisted etching processes, which both increase the sticking probability. The increased structural retention at 20 Pa also indicated participation of larger fragments in the film growth due to milder deposition conditions at the surface. The deposition rate is further affected by the amount of active oxygen species in the discharge which modifies the plasma chemistry and the etching of the growing PPFs. This was shown by addition of either ethylene, C2H4, (i.e., less oxygen in the plasma) or carbon dioxide, CO2, (i.e., more oxygen in the plasma). The discharge parameters and amount of oxygen in the gas phase also affected the chemical composition and properties of the prepared C:H:O films. It was shown that the wettability expressed in terms of water contact angles (WCA) depended primarily on the [O]/[C] ratio in the deposited PPFs. The values of WCA decreased from rather high values of above 60° for coatings deposited with excess of ethylene in the plasma down to values of about 52° for coatings deposited with excess of CO2.



Substantial part of the study was devoted to the aging of the films. Changes in their composition and properties were studied during their storage both in air and in distilled water over extended periods up to 5 months. It was shown that the aging of the PPFs occurred mostly due to oxidation of the plasma polymer matrix leading to slow degradation and decomposition of the C:H:O PPFs. The aging processes and their rate were related to the intrinsic amount of oxygen in the as-prepared C:H:O films which in turn was depending on the experimental conditions and the working gas mixture. Coatings deposited at the enhanced pressure of 20 Pa were more readily degraded in water, likely due to hydrolysis reactions, which was evidenced by observation of a stronger signal from the Si substrate material during XPS measurements and increased roughness. Hydration of these films led to swelling and possible crack formation and pore opening. On the other hand, the coatings deposited at 10 Pa were more prone to oxidation both in air and in water.



Nevertheless, by using pure monomers of DMC, a good balance of oxygen-functional group incorporation was achieved resulting in the deposition of rather stable PPFs at low pressure and steadily degrading PPFs at increasing pressure. Surface processes thus determined the degree of cross-linking by ion-assisted processes, while gas phase processes remained comparable depending on the energy input per monomer molecule, W/F. Co-polymerization with C2H4 or CO2 enabled the adjustment of the [O]/[C] ratio but it was not found to improve the general film properties. Co-polymerization likely interfered with the plasma chemical reaction pathway of DMC avoiding structural retention. The latter supports formation of a nanoporous structure enabling reactions with oxygen and water molecules.



By selecting proper combinations of composition, structure and wettability, it is thus possible to prepare C:H:O plasma polymer films with controlled degradability both in air and in water for potential use in biomedical applications such as drug delivery or as surface finish for implants.
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Appendix A


As already discussed in the main text, central properties of the PPFs deposited using dimethyl carbonate (C3H6O3) as monomer in the plasma (with addition of C2H4 or CO2) such as deposition rate, wettability, chemical composition and aging effects were compared to previous results observed for acetone (C3H6O) and ethylene (C2H4) as monomer using the same plasma configuration and conditions [17,18,19,20]. Figure A1 demonstrates that the deposition rates are noticeably reduced for DMC due to the increased [O]/[C] ratio of the monomer; a similar effect was observed by addition of CO2. Accordingly, water contact angles (WCA) were found to be slightly more hydrophilic and stayed within ±10% upon aging in air or in water (Figure A2) agreeing with the higher oxygen content in the DMC-derived PPFs compared with acetone (Figure A3). Furthermore, the oxidation capability of DMC-derived PPFs was found to be higher when stored in water (over 1 month compared to air) yielding hydrophilic and stable PPFs using deposition conditions at a pressure of 10 Pa.
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