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Abstract

:

Polycarbonate (PC) is a material that is used in many areas: automotive, aerospace engineering and data storage industries. Its hardness is of particular importance, but some applications are affected by its low wettability or scratch susceptibility. This can be changed either by blending with other polymers, or by surface modifications, such as the application of an amorphous hydrogenated carbon layer (a-C:H). In this study, individual a-C:H layers of different thicknesses (10–2000 nm) were deposited on PC by RF PECVD. Both the layer morphology with AFM and SEM and the bonding states of the carbon on the surface with synchrotron-assisted XPS and NEXAFS were studied. The aim was to investigate the coatability of PC and the stability of the a-C:H. Special attention was paid to the interlayer region from 0 to 100 nm, since this is responsible for the layer to base material bonding, and to the zone of dehydrogenation (from about 1000 nm), since this changes the surface composition considerably. For PC, the interlayer was relatively small with a thickness of only 20 nm. Additionally, a correlation was found between the evolving grain structure and the development of the C‒H peak according to NEXAFS C K-edge measurements.
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1. Introduction


Polycarbonate (PC) is a transparent polymer and is used in many technical applications due to its advantageous mechanical properties and its processability. For example, it is utilized not only in aerospace and automotive engineering, but also in the construction industry and optical lenses [1,2,3]. However, PC itself has disadvantages, such as high hydrophobicity and notch sensitivity. These properties can be modified—for example, by blending with other thermoplastic polymers [2]. Another way to influence these properties is to deposit a (thin) layer of amorphous carbon (a-C) or amorphous hydrogenated carbon (a-C:H) on its surface [4,5,6,7,8]. These carbon layers consist of a network of π–sp2, σ–sp2 and sp3 hybridized carbon atoms in which the hydrogen is embedded [6,9,10].



The wettability of these layers is influenced by the morphology [11,12] and the chemical bonds on the surface [13,14], as well as by the carbon bonds present on the surface (sp2 or sp3 hybridized) [15,16,17,18]. Coatings with a-C:H are suitable for altering the wettability of the surface sustainably [5,8,19,20]. The ratio of the carbon hybridization states can be influenced by the plasma parameters during the coating process, the gas used, the amount of hydrogen [6,9,17,21,22] and the coating thickness itself [19,20,23]. This carbon state ratio also affects the scratch resistance of the coating obtained. If the sp2/sp3 ratio is very low, a very hard, diamond-like coating is obtained (high hardness, chemical inertness and high electrical resistance) [21]. If the proportion of sp3 bonds on the surface is reduced in favor of the sp2 bonds, the layer has graphite-like properties, such as improved electrical conductivity on the surface of the coated material [21].



Various techniques can be used to deposit such a-C:H layers: e.g., ion beam deposition, magnetron sputtering and radio frequency plasma enhanced chemical vapor deposition (RF-PECVD) [6,21,23,24]. The latter was used in this study to deposit coatings on PC, as its low process temperatures make it ideal for coating non-conductive polymers [21,25].



However, before such a layer can be used to specifically influence the properties of such a material, the basic coatability must first be investigated. The important question is whether an interlayer forms and how pronounced it is. The interlayer is a mixed phase of the base material and the a-C:H layer deposited by the plasma. During the plasma process, the species which are generated interact with the substrate via impinging and surface reorganization [26]; additionally, material from the substrate may be eroded and incorporated into the forming layer. These processes lead to better crosslinking of the two systems, and the more pronounced the interlayer is, the better the adhesion of the a-C:H layer [24]. Polyoxymethylene (POM), for example, does not form a measurable interlayer; the layer can simply be detached [27]. High-density polyethylene (HDPE), on the other hand, has a very pronounced interlayer that is 40 nm thick and has very good connectivity to the polymer [8,28]. As soon as the plasma has hardly any influence on the base material, the interlayer formation is completed and regular layer growth begins. Furthermore, it must be determined whether the so-called dehydrogenation of the layers takes place as soon as a certain layer thickness is exceeded [5,8,27,28,29]. Here, hydrogen is released from the a-C:H layer, whereby the proportion of sp2-bonded carbon increased at the expense of the sp3 bonds, which ultimately influenced the layers’ properties. The layer stability itself and the detection of non-stable layer thicknesses must also be checked in advance.



In the current study, these investigations were carried out for the transparent polymer PC. By RF-PECVD technique and acetylene plasma, a-C:H layers of various thicknesses (0–2000 nm) were deposited and examined. Special attention was paid to the a-C:H layer from 10 to 50 nm. Fine subdivisions were used here, since the interlayer manifests itself in this range. The layer stability was investigated ex situ by scanning electron microscopy (SEM). A more microscopic view of the surface morphology was possible with atomic force microscopy (AFM). Finally, the carbon bond states at the film’s surface were analyzed by X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS).




2. Materials and Methods


2.1. Sample Preparation


PC material was supplied as 2 mm thick sheets by Goodfellow (Bad Nauheim, Germany). It was of industrial quality. Samples with Ø 10 mm were stamped out and subsequently cleaned with isopropanol in an ultrasonic bath. For the coating, they were mounted on a vacuum-compatible aluminum holder and placed in a vacuum chamber at a distance of 275 mm in front of the plasma source. The high frequency plasma source used was a Copra DN 400 (CCR GmbH, Troisdorf, Germany) operating at 13.65 MHz [24]. The coating of the sample surface was processed in two separate plasma processes: first, the samples were cleaned and activated for 10 min in oxygen plasma. Second, an acetylene plasma was used for the a-C:H coating. The process duration depended on the desired coating thickness [5,8,27]. The processes can be read about in detail elsewhere [23]. During the plasma processes, the sample temperature never exceeded 40 °C [25]. Different layer thicknesses from 0 (O2-treated PC sample) to 2000 nm were realized this way. The thickness intervals were variable and depended on the thickness range investigated: 0–100 nm in 10 nm steps in the interlayer region, 100–1000 nm in 100 nm steps and 1000–2000 nm in 250 nm steps. The coating rates were, apart from small variations in initial growth, constant over time and were about 10 nm/min [23]. In order to check the coating thicknesses subsequently, silicon wafers partially covered with aluminum foil were coated together with the PC samples. The thickness of each deposited layer was determined using a profilometer (Dektak 3, Veeco Instruments Inc., Plainview, NY, USA) [23].




2.2. Sample Surface Morphology


The analysis of each sample’s surface structure was carried out in two steps. A scanning electron microscope (SEM515, Phillips, 7 kV, WD 20 mm, FEI Company, Amsterdam, The Netherlands) was first used to perform more macroscopic examinations. The SEM images provided information on the stability of the film and whether it was intact. However, for this technique, a 7–10 nm thick gold layer must first be applied to the sample’s surface to increase the conductivity. This is to avoid charging effects or even beam damage by the electron beam. A more detailed analysis of the surface was obtained with an atomic force microscope (AFM, Asylum Research, Oxford Instruments MFP-3D-BIO). The AFM was operated in contact mode with AC240-TS tips from Oxford Instruments in ambient conditions. For both microscopy techniques the measurements were repeated in at least three locations to ensure homogeneity of the surface. The AFM data obtained were then analyzed using Gwyddion (open source, version 2.58). First, a plane correction was performed. Subsequently, a mean and a median filter were used, followed by a conservative noise reduction. These steps are the same as those which were used by Catena et al. [5,8,27]. Finally, the zero level was shifted to the minimum high value of the sample surface for a unified representation. Roughness, through Rq and Ra, was evaluated, and images were exported accordingly. Due to the small measuring range, however, the layer integrity cannot be determined, which is why the SEM and AFM techniques complement each other.




2.3. Sample Surface Chemical Composition


The chemical composition of the surface and the near-surface layers were studied by performing X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS) measurements at the synchrotron BESSY II, Helmholtz Zentrum Berlin. The measurements were performed during the low-alpha phase to avoid beam damage and strong charging at the sample surface. The HE-SGM beamline was used, which is described in detail elsewhere [30]. The beamline is equipped with an extra electron gun to compensate for beam-induced charging effects on the sample surfaces, which are still present during the low-alpha phase. Both techniques are used to investigate the carbon bond states present at the surface/near-surface region.



The XPS investigations were divided into two steps. First, a full spectrum (survey) from 0 to 700 eV was measured to study the overall chemical composition of each sample’s surface. Subsequently, the C1s peaks were analyzed in detail and evaluated with CasaXPS (software version 2.3.18, Casa Software Ltd., Teignmouth, UK). For the analysis, the C1s peaks were placed at 284.8 eV to compensate for any static charge present [31]. The fractions of sp2, sp3, C‒O and C=O bonds in the total C1s peak were determined via peak deconvolution. When plotting in the final diagram, the C=O bonds were evaluated as sp2 bonds and the C‒O fractions as sp3 bonds. To ensure the homogeneity of the sample surfaces and to check correctness, the measurements were repeated in at least two locations on the surface.



During the NEXAFS studies, both the C K-edge and the O K-edge were measured on the sample surfaces. The O K-edge was used to check the samples for the presence or absence of oxygen on the surface. The measurement of the C K-edge was also repeated in at least two locations to ensure correctness. The angle between the sample and the detector was 55° during the measurements. The measurements were realized in partial electron yield (PEY). A counter voltage was applied to the detector and not all electrons emerging from the sample surface during the X-ray irradiation reached the detector. Only electrons that have exited close to the surface have the necessary energy to reach the detector, and the measurement is therefore very surface-sensitive [30]. The C K-edge was evaluated according to Watt et al. [32] using the commercial software Origin 8.1. Further investigations of the spectra were then performed with a self-written peak-evaluation program.





3. Results and Discussion


SEM measurements were performed to verify the condition of the coatings. The results for the range of thin films (up to 100 nm) are displayed in Figure 1. Shown are the oxygen plasma-treated sample (a), the films of 10–50 nm a-C:H thickness in 10 nm steps (b-f) and the 100 nm a-C:H film (g). There were no changes in the state of the deposited layers between 50 and 100 nm.



The O2-treated sample in Figure 1a shows a smooth, clean surface. Only a few particles are visible on the surface. When a 10 nm a-C:H layer was applied (Figure 1b), a homogeneous, closed layer was formed. With increasing layer thickness, this behavior remained unchanged (Figure 1c,d). When the a-C:H layer reached 40 nm, the sample showed many trace-like structures in the SEM. This was probably due to a scratched surface of the sample during production. A reorganization of the layer would also be conceivable (e.g., stress-induced [33]), but the structures were probably too directional for this. Both the 50 and 100 nm samples (Figure 1f,g) had homogeneous, closed layers.



The SEM measurements of the thicker layers are shown in Figure 2, starting with 200 nm a-C:H layer thickness (Figure 2a). The homogeneous, closed surface already observed for the 100 nm sample continued for the 200 and 300 nm samples (Figure 2b). However, the deposition of a 400 nm thick a-C:H layer led to a layer failure on PC. In Figure 2c, the cracks that run through the film are clearly visible. This was most likely due to excessive stress in the film. These stresses occur when there is a high proportion of sp3 bonds in the system [34,35]. When they reach a critical value, the system ruptures and the stress is released. For 500 nm a-C:H on PC (Figure 2d), the layer was again homogeneous and closed (=stable). This held up to a film thickness of 800 nm (not shown here). At 900 nm (Figure 2e), however, the system was again unstable. That layer also cracked due to stress. From a film thickness of 1000 nm (Figure 2f), the film remained closed and homogeneous up to 2000 nm (Figure 2j).



Figure 3 shows the three-dimensional images of the AFM measurements. The respective values for the roughness are given in Table 1. The O2 treated sample (a) was relatively smooth with a roughness Ra of 2.069 nm, but the surface contained particles already visible in the SEM. With the application of a 10 nm a-C:H layer, the surface remained homogeneous. At 20 nm (c) a granular structure was formed. The formation of these grains is a sign that the interlayer phase is completed and normal a-C:H growth begins [5,8]. At 30 nm thickness (d) the most homogeneous surface was present (Ra of 0.789), and only single, small particles were visible. One a-C:H layer was most likely just completed and the next one was beginning to form. The same was applicable to the sample with 50 nm layer thickness (f), but the process was already more advanced.



Figure 4 shows the results of the AFM measurements for layer thicknesses from 200 nm (a) to 2000 nm (i). The corresponding roughness values are listed in Table 1. For 200 nm a-C:H film thickness (Figure 4a), multiple but small grains are visible. At the thickness of 300 nm (b), the number of grains decreased just slightly, but they increased strongly in size. The situation was similar for the 400 nm layer thickness (c). Relatively fewer and smaller grains were on the 500 nm layer (d). The 1000 nm sample (e), like the 2000 nm sample (i), was hardly occupied by grains. The 1250, 1500 and 1750 nm layers showed pronounced grain structures, although of varying intensity (f–h).



The XPS results for thin a-C:H layers on PC are shown in Figure 5. The percentages of sp2 and sp3 binding after deconvolution of the C1s peak with CasaXPS are plotted against the layer thickness in nanometers. The positions of the peaks were determined with the help of the NIST database and from other sources [19,20,36,37,38]. For the plot, the C‒O bonds were counted as sp3 bonds and the C=O bonds as sp2 bonds. The respective values for the whole XPS measurements are shown in Table 2. The relatively high oxygen content of some of these layer surfaces is probably due to saturation of still active bonds on the surface, which occurs after plasma treatment when the vacuum chamber is vented with ambient air. Due to the relatively high surface sensitivity, the saturation of the remaining surface bonds has a great influence on the measurement results obtained. The saturation of broken bonds by internal stress in the layers is also possible. The analysis of the thin layers in 10 nm steps is essential to determining the interlayer thickness. For the O2 plasma-treated raw polymer, 15% sp3 bonded and 85% sp2 bonded carbon were deduced. By depositing an a-C:H layer on PC, the sp3 fraction increased and dominated the carbon network with a fraction of 55%. When a layer thickness of 20 nm was reached, the sp2 and sp3 bonds were balanced. As the a-C:H thickness increased further, the layer behavior changed drastically. The network was strongly sp2 dominated (95%), and the sp3 bonding disappeared almost completely. In the AFM images, the pure layer growth on the surface was also visible (Figure 3c,d). The fraction of sp2 bonds was low with a layer thickness of 40 nm, but remained highly a-C:H dominated (70–80%) up to a layer thickness of 100 nm. Based on the strongly changing layer behavior in the XPS measurements, the interlayer thickness was estimated to be about 20 nm.



The results of the XPS measurements for the thick a-C:H layers deposited on PC begin at a thickness of 100 nm and are plotted in Figure 6. The dominant bond changed briefly to sp3 (63%) at a film thickness of 200 nm. As the film thickness increased, the proportion of sp2 bonds increased again at the expense of the sp3 bonds, and again reached over 80%. In the course of further coating, the proportion of sp2 bonds decreased again until at a film thickness of 1000 nm, the sp3 bond again dominated. The proportions retained were similar to those at 10 and 200 nm. As before, the quantity of sp3 bonds decreased again with increasing film thickness. After reaching an a-C:H layer of 1250 nm, the two bonds remained almost constant up to a film thickness of 2000 nm. After 1250 nm, the a-C:H growth of the film changed compared to the previous behavior. The strongly reduced proportion of sp3 bonds was due to dehydration of the layer. In this process, hydrogen leaves the layer and lowers the amount of sp3-bonded carbons. The free bonds are converted into sp2 hybridized carbons. Thus, re-hybridization of the carbon atom orbitals occurs. This behavior has already been observed for several polymers coated with a-C:H [8,28,29]. Figure 7 presents exemplary deconvolutions of the 10, 100 and 1000 nm a-C:H layer thicknesses for the C1s peak using CasaXPS.



A striking feature is the almost periodic behavior of the carbon bonds over the layer thickness. The sp2 bond dominated, and in a short film thickness interval the sp3 bond was dominant. With each step, however, the proportion of sp3 bonds increased slightly (55%, 63% and 65%). After the sp3 bond was dominant for a short time, the bond ratio suddenly changed to a strongly sp2 dominated carbon network. A comparison with SEM images shows that this change of the dominant bond was accompanied by layer failure. The first change occurred at 20 nm film thickness (Figure 5). With a short delay, no layer failure occurred at 40 nm, but the sample surface was covered with fine, thread-like structures (Figure 1e). It is possible that the stress caused by the sp3 bonds was not yet strong enough to completely crack the layer. However, it is noticeable that there was a strong C‒O content of 20.79 % (Table 2). It is possible that individual, broken C‒C bonds were saturated with oxygen from the environment. As the layer grew from 300 to 400 nm, the dominant bond changed again from sp3 to sp2. The SEM images for the 400 nm sample (Figure 2c) showed a clear cracking of the layer, which took place shortly after the change of the dominant bond. The same applied to the change to the 900 nm sample (Figure 2e). In the XPS the change took place while reaching 1000 nm a-C:H on the sample—thereby only after the layer failure was visible in the SEM. Most likely the fraction of sp3 bonds had already reached its highest value at 900 nm and at the step to 1000 nm it decreased, which was accompanied with a stress release (=breakup of the layer). Unfortunately, the 900 nm sample was not measurable in the XPS. This change from sp3 to sp2 as the dominant bond with a subsequent layer failure has already been observed for other polymers [19,20,23,29]. The more pronounced the interlayer, the greater the delay. In the case of PC, it is very weak with a thickness of 20 nm, and the crack in the layer follows more or less directly after the change in the dominant bond (XPS: change in bond at 20 nm, SEM striking layer behavior at 40 nm). As revealed for polyhydroxy butyrate, the interlayer is of average strength, ending in a delay of 100 nm [20]; for polybutylene adipate terephthalate the interlayer is very pronounced with a delay of 200 nm between the change and the layer failure. Even after failure of the layer, it continues to adhere to the polymer instead of rolling up [23]. Both polyamide 6 (PA6) and HDPE have very pronounced interlayers (40 nm) [28,29]. In both cases, the bonding ratio is very stable, and the layers only break down at very high layer thicknesses. In the case of PA6, no change from sp3 to sp2 as the dominant bond could be detected. However, at the step to 1500 nm film thickness, there was a very strong drop in sp3 bonds (zone of dehydrogenation), followed by film failure at 1750 nm [29]. For HDPE, there was a change from sp3 to sp2 at 50 nm, but layer failure was only observable at 1000 nm [8,28]. As in previous studies, the change from sp2 to sp3 as the dominant bond had no effect on the integrity of the layer [19,20,23,29].



For further analysis of the chemical composition of the coating surface, NEXAFS investigations were performed. The results of the C K-edge are plotted in Figure 8. The determination of the peak location was based on the work of other groups and specified as follows: C=C π (284.85 eV), C‒H (286.15 eV), C‒C (288.35 eV) and C=C σ (292.55 eV) [39,40,41,42,43]. The spectra were analyzed as described in Section 2.3. The diagram is divided into three different thickness ranges: A includes the 0–50 nm a-C:H layer thicknesses; B includes the layers from 100 to 500 nm; and finally, C layers from 1000 to 2000 nm. For better clarification, there is a zoom of the region from 284 to 289 eV to the right of each. In Figure 8A, it can be seen that the ratio of the C=C π peak to the C‒C peak tended to tilt in favor of the C=C π peak with increasing film thickness. Thus, the sp2 bonding was more pronounced with increasing film thickness at the expense of the sp3 bonding. At 50 nm film thickness, the C–C peak was barely visible at 288.15 eV, and the C=C π was relatively emphasized at 284.85 eV. This is also consistent with the results already observed in the XPS (Figure 5). A new feature is that the C K-edge formed a strong C‒H slope for the layer thicknesses of 20 and 40 nm. These were the thicknesses with the largest numbers of grains on the surface just before the end of the layer. A correlation is clearly visible. When the layer was complete and grains were barely visible, this peak disappeared (Figure 3b,d,f and Figure 8A). The 100 nm a-C:H layer thickness on PC again showed the peak for the C‒H bond (Figure 8B). Again, many grains are visible on the surface in the AFM (Figure 3g). The C=C π peak is strongly emphasized, the C‒C peak only weakly developed. This is again in agreement with the XPS measurements. At 200 and 300 nm the C=C π peak decreased, and the C‒C peak at 288.15 is more pronounced. Already in the XPS measurements, it could be seen that the fraction of sp3 was higher (Figure 6). The flanks of the C-H bond were also recognizable. The AFM images (Figure 4a,b) also showed some grains on the surface of the layer. When reaching the 500 nm layer thickness, the C‒H peak almost disappeared and was hardly recognizable. The AFM image showed here (Figure 4d) only isolated and mostly very small grains on the surface. The C-K edge of the 1000 nm a-C:H layer on PC is plotted in Figure 8C. Unfortunately, the measurement in NEXAFS proved to be extremely difficult, so the curve was plotted here more for the purpose of completeness. The C-C peak seems to be superimposed or broadened by a possible charge, which would make an evaluation very error-prone, so it will not be discussed further, except for the non-existent C-H peak. As expected from the previous results, the AFM image (Figure 4e) hardly shows any grain structures. For the thicknesses of 1250 and 1750 nm (1500 nm was not measurable), the ratios of the C=C π and the C‒C peak were about the same, although both peaks are visible in a defined way. The peak of the C-H bond is also observable, although it is weaker for the larger of the two layer thicknesses (1750 nm). Compared with the AFM images (Figure 4f,h), a decrease in the density of the grains with increasing layer thickness can be seen. Finally, when the film thickness increased to 2000 nm, the ratio again tipped in favor of the C=C π peak at 284.85 eV. In the XPS, on the other hand, the ratio of sp2 to sp3 was almost constant from 1000 nm layer thickness, so the C K-edge result for the 2000 nm a-C:H layer differs here from that of the XPS measurements. In the AFM images hardly any grains are visible for this layer thickness (Figure 4i), and also the C‒H peak is no longer present in the NEXAFS measurements.



Overall, however, the two methods correspond to each other and a correlation between grain density on the layer surface and the formation of a C‒H peak was found on the basis of the AFM measurements. Apart from minor deviations (for example, a somewhat more pronounced C‒H peak would have been expected with a film thickness of 200 nm, Figure 4a), this pattern is confirmed. Thus, with the help of the NEXAFS measurement, conclusions can be drawn about the growth status of the current layer. A possible explanation for the more defined C‒H peak with many grains is the size of the surface that is measured. If the layer is smooth, the total surface area is smaller than if the layer is covered with grains. Since the hydrogens represent the ends of the carbon chains, a larger total surface area means that there are also more ends that are detected.




4. Conclusions


Depositions of a-C:H layers were successfully arranged on the polymer PC in various thicknesses (10–2000 nm). The coating was applied by RF-PECVD with acetylene plasma in a vacuum chamber. The obtained layers were subsequently investigated by SEM, AFM, and synchrotron assisted XPS and NEXAFS. Particular attention was paid to the region from 0–100 nm, where the interlayer is formed, which is responsible for the connection of the layer to the base material. It was determined to be 20 nm thick by XPS and AFM measurements. In the AFM, grains are visible from this thickness onwards, which indicate normal a-C:H growth. The XPS shows a completely changing bonding behavior of the carbon atoms on the surface of the layer, which indicates a change in the growth process.



With the SEM measurements, unstable layer thicknesses could be found, where the layer cracks due to internal stresses (400 nm, 900 nm). If the XPS measurements are considered, it is evident that these layer stabilities immediately follow the change from sp3 to sp2 as the dominant bond in the carbon network. Rigid sp3 bonds break due to internal stress and the carbon atoms reorganize to sp2 bonds. The range of dehydrogenation for the a-C:H layers on PC could be determined by XPS to the thickness range of 1250–2000 nm. Here, hydrogen leaves the layers and formerly sp3 bonded carbon atoms reorganize into a strong sp2 dominated network. The NEXAFS investigations confirm the overall results of the XPS. In addition, a correlation between the number and size of grains on the layer surface and the formation of the C‒H peak in the C K-edge was found. The more the surface is maximized by the grains, the more accentuated is the C-H peak. Since the hydrogen atoms terminate the carbon chains and towards the outside, it is obvious that the larger the surface area, the more C-H bonds are present.



The coatability of PC with a-C:H layers was examined and areas of unstable layer thickness were found. In addition, effects were detected that influence the surface bonding ratio. With these fundamentals, targeted modification of the surface properties, such as the application of a thin, scratch-resistant a-C:H layer for e.g., optical components, is now possible. However, further studies must be performed for respective applications.
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Figure 1. SEM images for the thin a-C:H layers on PC. Shown are the O2-treated PC sample (a); a-C:H deposited in thicknesses from 10 to 50 nm (b–f) and 100 nm (g). 
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Figure 2. SEM results for thick a-C:H layers deposited on PC. Shown are the film thicknesses of 200 nm (a) to 2000 nm (j). 
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Figure 3. AFM 3D-images for the O2 plasma-treated PC sample (a) and PC coated with thin a-C:H layers from 10 nm (b) to 100 nm (g). 
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Figure 4. AFM 3D-images for PC samples coated with thick a-C:H layers from 200 nm (a) to 2000 nm (i). 






Figure 4. AFM 3D-images for PC samples coated with thick a-C:H layers from 200 nm (a) to 2000 nm (i).



[image: Carbon 07 00059 g004]







[image: Carbon 07 00059 g005 550] 





Figure 5. XPS results for thin a-C:H layers on PC. The sp2 content (black squares) and sp3 (red circles) bound carbon are plotted against layer thickness (dashed lines show only a trend). 
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Figure 6. XPS results for thick a-C:H layers deposited on PC, up to 2000 nm. The black squares are the sp2 content and the red circles are the sp3 bound carbons plotted against layer thickness (dashed lines only show a trend). 
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Figure 7. Exemplary XPS peak deconvolution for the a-C:H layer thicknesses of 10, 100 and 1000 nm. The analysis was performed on the sp2, sp3, C-O and C=O fractions using CasaXPS software. 
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Figure 8. NEXAFS C K-edge spectra for a-C:H layers of various thicknesses deposited on PC. (A) The a-C:H thicknesses 0–50 nm, (B) 100–500 nm and (C) 1000–2000 nm. On the left are the full spectra (280–320 eV); on the right is a magnification of the region from 284 to 289 eV. Here are the peaks located for C=C π (284.85 eV), C‒H (286.15 eV) and C‒C (288.15 eV). 
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Table 1. AFM roughness values Ra and Rq: analyzed are the O2 plasma-treated PC sample and PC samples coated with a-C:H layers of various thickness in ascending order.
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	Sample
	Ra

[nm]
	Rq

[nm]





	O2
	2.069 ± 1.578
	5.256 ± 15.320



	10
	2.759 ± 2.095
	4.775 ± 5.086



	20
	2.363 ± 0.401
	2.999 ± 0.649



	30
	0.789 ± 0.240
	1.350 ± 0.581



	40
	3.812 ± 0.719
	4.932 ± 1.091



	50
	2.940 ± 1.744
	5.155 ± 2.925



	100
	5.161 ± 1.383
	7.140 ± 2.134



	200
	4.978 ± 1.381
	6.946 ± 2.162



	300
	5.729 ± 3.585
	9.890 ± 6.357



	400
	3.850 ± 1.968
	6.783 ± 3.564



	500
	2.048 ± 1.395
	3.886 ± 3.613



	1000
	7.443 ± 7.519
	15.250 ± 16.670



	1250
	4.546 ± 1.454
	6.432 ± 2.398



	1500
	3.790 ± 1.080
	5.161 ± 2.387



	1750
	3.460 ± 1.274
	4.813 ± 2.868



	2000
	2.139 ± 1.189
	4.331 ± 2.745
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Table 2. Results of XPS measurements separated into the percentages of sp2, sp3, C‒O and C=O binding to the C1s peak after deconvolution.
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	Sample
	sp2

[%]
	sp3

[%]
	C-O

[%]
	C=O

[%]





	O2
	83.49
	4.55
	10.70
	1.26



	10
	42.55
	38.59
	15.65
	0.37



	20
	48.58
	43.42
	5.38
	2.63



	30
	90.14
	4.24
	2.39
	3.24



	40
	72.19
	7.02
	20.79
	0.00



	50
	74.58
	12.97
	9.84
	2.62



	100
	79.39
	11.43
	7.29
	1.90



	200
	34.02
	48.81
	14.04
	3.12



	300
	51.77
	35.44
	12.26
	0.53



	400
	80.51
	4.05
	13.76
	1.69



	500
	68.10
	22.99
	0.00
	8.91



	1000
	23.63
	50.68
	14.96
	10.73



	1250
	84.95
	14.40
	0.00
	0.65



	1500
	83.12
	16.88
	0.00
	0.00



	1750
	82.94
	10.70
	5.20
	1.17



	2000
	82.58
	0.31
	16.06
	1.05
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