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Abstract

:

This study explores the co-deposition of thin polymeric films loaded with nanoparticles for its possible future application as radiation detectors. Thin films containing zinc oxide (ZnO) nanoparticles in plasma polymerized n-hexane (PPH) were deposited on silicon substrates using an atmospheric pressure plasma jet (APPJ). Crystalline ZnO nanoparticles were produced by wet chemistry, characterized, and injected through the plasma with an aerosol buffer. The precursor hydrocarbon was polymerized in atmosphere at room temperature by the plasma, resulting in a highly crosslinked structure chemically stable against common solvents. The polymer structure was characterized by FT-IR, NMR, and thermal analyses. Photoluminescence analysis revealed that ZnO UV excitonic emission is recovered owing to the passivation through polymeric encapsulation, with a remarkable increase in luminescence yield.
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1. Introduction


Atmospheric pressure plasma jets (APPJ) offers the possibility to realize coatings and surface functionalization with application fields extending from biomedical sensors to optoelectronic devices, without the need of expensive vacuum apparatuses and with the advantage to work in open atmosphere [1,2,3]. It allows for the deposition of thin films with controlled thickness, good filler dispersion homogeneity and tunable chemistry. Plasma polymerization and co-deposition processes have attracted considerable attention because they allow achieving specific and tunable surface properties like wettability, self-cleaning and nanoroughness [4,5,6,7,8]. APPJ samples can be obtained at low temperature and without geometrical constraints. Additionally, starting from liquid precursors, either vapors or aerosols, the technique is suitable for the preparation of a variety of materials, ranging from polymers to oxides. In general, ultra-thin coatings can be deposited on insulating or conductive flexible substrates to produce prototype sensors [9,10,11].



Among the different oxide compounds, zinc oxide (ZnO) has been widely investigated over the last decades for its attractive properties related to the wide direct bandgap and the large free-exciton binding energy [12,13,14,15], which result in interesting optical properties with applications in the optoelectronic and electric fields [16,17,18], for radiation detection [19,20], especially when doped [21,22,23,24], and for photocatalysis applications [25,26,27]. It has been reported that the photocatalytic and antibacterial behavior of ZnO is strongly influenced by the shape, size, dispersion, and crystal growth [27], and the effect of nanostructured compounds is still under study [26,28].



In the radiation detector field, zinc oxide and doped zinc oxide have been extensively studied for the realization of fast detectors for X-rays,  α -particles and gamma/neutron detectors [20,22,29,30,31,32,33,34,35,36]. The most promising results were obtained with Zn, Ga or In-doped zinc oxide either as bulk crystals or nanopowders [21,29,33,37]. In particular, for high count rates and good timing performance the excitonic emission feature is preferred with respect to the defective visible band, owing to the short lifetime.



The incorporation of particles into polymeric films is one of the best approaches suitable for the enhancement of the fast UV component of the ZnO luminescence spectrum. The incorporation of zinc oxide in polymeric films, especially in polymethyl-methacrylate (PMMA) matrices [26,38,39,40,41,42], has been investigated for different applications, like photocatalytic films for water treatment and UV protection coatings [26,41]. Regarding ZnO optical properties, a complete quenching of the visible defect luminescence by PMMA capping was observed, for example, after sol-gel synthesis of ZnO nanoparticles [38] while a substantial increase in the excitonic emission was also observed after PVP capping [43]. These results are a direct consequence of the capping effect that passivates the surface defects of ZnO nanoparticles [44]. In particular, in the latter case, the authors focused on the influence of OH- groups on the green band luminescence, demonstrating that the capping with dodecylamine is effective in increasing the UV emission of ZnO.



In a recent study, we synthesized undoped and aluminum-doped zinc oxide thin films with an atmospheric pressure plasma torch starting from liquid solutions of zinc acetate and aluminum acetate precursors [45] demonstrating that through APPJ nanostructured films with good optical properties can be obtained.



Concerning the deposition of ZnO composite films, a few works reported on the use of aerosol deposition mainly in dielectric barrier discharge (DBD) systems with helium as a process gas and the ZnO particles directly suspended in the matrix liquid precursor, such as n-octane and 1,7-octadiene [46,47]. This solution allows the simultaneous goal of obtaining superhydrophobic coatings and a high density of nanoparticles, however the grown structure is porous and fragile. More compact coatings are obtained using the matrix precursor and nanoparticles by two different sources: the precursor in the vapor phase and the nanoparticles by aerosol with a solvent. Using such a procedure, silver nanoparticles were efficiently embedded in an organic matrix [48]. However, the deposition by aerosol of dielectric nanoparticles embedded in a compact matrix is still challenging due to their in-flight surface charging and therefore repulsion.



In this paper, we present a preliminary work on the co-deposition, through atmospheric pressure plasma jet (APPJ) technique, of polymeric thin films with ZnO nanoparticles. The aim is to obtain compact films with ZnO nanoparticles embedded suitable for detectors applications. In order to obtain a compact matrix, the precursor is introduced in the vapor phase and the ZnO nanoparticles by aerosol of water dispersion.



As matrix precursor, we selected n-hexane because of its ability in the literature of producing conformal coverage of nanoparticles [49]. Moreover, it is characterized by a relatively low surface tension that makes it suitable for vapor feeding for APPJ deposition procedures. However, to date, at atmospheric pressure, only a single paper presents the use of n-hexane and mainly to obtain hydrophobic coatings on textile [50]. In this work, the ability to form a smooth and stable matrix was provided by Fourier-transformed infrared spectroscopy (FT-IR) and qualitatively confirmed by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Moreover, 13C cross-polarization magic angle spinning (CPMAS) NMR analysis was able to reveal important information on the chemical structure of the plasma polymerized films. The particle embedding was evaluated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). In addition, static and time-resolved photoluminescence (PL) measurements were performed highlighting the quenching of the visible band of the ZnO in the coating, highlighting their promising implementation in detectors development.




2. Materials and Methods


The chemical synthesis of ZnO nanopowder started with the dissolution of 0.2 mol of zinc acetate dihydrate (Zn(CH3COO)2⋅2H2O, Sigma Aldrich, Saint Louis, MO, USA) in 200 mL of pure ethanol at room temperature for 10 min under magnetic stirring [51]. The solubilization was promoted using mono-ethanolamine (   C 2   H 7  NO  , Merck) in 1:1 zinc-amine molar ratio, while the precipitation was obtained by adding de-ionized water (2:1 water-zinc molar ratio) under stirring. The solution was filtered using a 3    μ m    pores filter and dried overnight at 70 °C in an oven. The dried powders were crushed in a mortar and annealed in an oven at 600 °C for 1 h in air to induce crystallization. The final powders were characterized by FT-IR spectroscopy and XRD analyses.



The plasma polymerization of hybrid thin films at room temperature was obtained using a commercial atmospheric pressure plasma torch (Nadir Stylus Plasma Noble, Nadir s.r.l. Plasma&Polymers, Venice, Italy, [6]) implemented in a custom setup (Figure 1).



In the torch head, plasma was generated by a high voltage circuit (HV = 9–10 kV) coupled with a radiofrequency (RF) circuit with 20 W forward powder. The electrodes are circular rings positioned outside the duct where is flowing Ar at 5 slm. An outer duct with 14 slm of nitrogen flow is used for cooling and for supplying an inert atmosphere around the plasma region. Such nitrogen confinement minimizes the presence of the surrounding air during the deposition, which could lead to precursor oxidation or contamination. The precursor and the aerosol are introduced by an inner capillary coaxial to the argon duct.



ZnO nanoparticles were suspended in de-ionized water, at a concentration of 10 mg/mL, and tip sonicated for 5–10 min to produce a homogeneous dispersion. The suspension was placed in a flask and the generated aerosol was carried in the plasma torch using a constant 0.4 slm Ar flow. Liquid hexane was fed in the plasma torch by bubbling 0.4 slm of Ar in a different flask. The two flows were then merged (0.8 slm total flow), and the mixture was conveyed to the plasma head where the reaction takes place. Reaction products were deposited through the plasma flux on a silicon wafer (275    μ m   , p-type, 8–12   Ω ⋅ cm  ) mounted on a three-axis stage for controlled deposition. Different substrate velocities were tested ranging between 300 up to 800 mm/min, keeping the total amount of layers constant and equal to 20, the deposition area to 10 × 10 mm2, and the plasma to substrate distance at 6 mm. This distance was found to be optimal for the deposition as the radical species formed are still active. The plasma-surface contact time plays an important role in the determination of the single-layer thickness, allowing for a correct estimation of the deposition rate. In fact, the torch tip distance from the sample [52] and the plasma-substrate interactions [53] can significantly affect the final thickness. For instance, a slightly conductive substrate, like doped silicon, allows a more powerful plasma discharge, leading to a higher monomer fragmentation and recombination rate [6,54]. The total deposition time ranges from 5 min for 800 mm/min to 10 min approximatively for 300 mm/min.



Samples were chemically investigated using Fourier-transformed infrared spectroscopy (FT-IR) in transmission mode (64 scans, 8 cm−1 resolution, DTGS detector) in the 4000–400 cm−1 range using a Nicolet Avatar 330 instrument (Thermo Fisher, Waltham, MA, USA).



Additional tests were performed to verify the film chemical stability using solvents such as water, ethanol, acetone, cyclohexane, and toluene. A drop of solvent was deposited on top of the sample and left for 10–15 min before observing the effect at the optical microscope.



Surface morphology and sample thickness were observed using a field-emission scanning electron microscope (FESEM Zeiss Supra 50, Oberkochen, Germany) and the image analysis was performed using ImageJ after calibration. The surface area coverage was estimated with multiple ImageJ analyses.



Room temperature PL steady-state measurements were performed using an Nd-YAG laser at 355 nm (LCS-DTL-473QT, 5 kHz, 7 ns of pulse width) coupled with a portable spectrometer (OceanOptics QE65000, Dunedin, FL, USA). An optical cutoff filter at 364 nm was employed to eliminate the excitation laser line and a fixed acquisition time of 30 s was adopted.



Time-resolved PL was performed with a PicoHarp 300 TCSPC (PicoQuant, time-correlated single-photon counter, 16 ps resolution) coupled with a 375 nm pulsed laser diode (Horiba Nanoled, Paris, France, pulse width < 200 ps, repetition 1 MHz), a manual monochromator (Optical Building Blocks, fixed slit width 1 mm, 1 nm resolution) and a photomultiplier detector (Hamamatsu H10721-04, Hamamatsu, Japan, 1.1 V gain voltage).



Powder crystallinity was verified with Rigaku IIID Max X-ray powder diffractometer in horizontal Bragg-Brentano configuration (25–45°, 0.05° step, 20 s integration) and the XRD pattern was processed using MAUD software (v2.79) (Materials Analysis Using Diffraction) [55,56].



Solid-state NMR analysis was carried out with a Bruker 400 WB spectrometer operating at a proton frequency of 400.13 MHz. The NMR spectrum was acquired with cross-polarization pulse sequence under the following conditions: 13C frequency: 100.48 MHz, contact time 2 ms, decoupling length 5.9 µs, recycle delay: 5 s, 200 k scans. The sample was packed in a 4 mm zirconia rotor and spun at 11 kHz under air flow. Adamantane was used as an external secondary reference.



TGA tests were performed with a Q5000 IR thermobalance (TA Instruments). Specimens were tested at 10 °C/min in the temperature interval 30–700 °C, under an N2 (or air) flow of 10 sccm in platinum crucibles (100    μ L   ).



Differential scanning calorimetry (DSC) was performed on a Mettler DSC30 instrument (Mettler Toledo, Columbus, OH, USA), under an N2 flow of 100 mL/min. The specimen, with a mass of approx. 2 mg, was subjected to a temperature heating ramp from 30 to 180 °C at 20 °C/min, an isotherm at 180 °C for 40 min, a cooling ramp at 10 °C min down to −50 °C, and a final heating ramp at 10 °C min up to 200 °C.



The density was measured through helium pycnometry, performed with a Micromeritics AccuPyc 1330 helium pycnometer (Micromeritics Instrument Corp., Norcross, GA, USA) at 23 °C. Two subsequent tests of 30 and 99 measurements, respectively, were performed on the same sample, to reach stationary conditions.




3. Results and Discussion


3.1. ZnO Nanoparticles


Annealed powder morphology and aggregation are investigated using SEM imaging. Figure 2a shows the top view of ZnO nanopowder at high magnification, where it can be noticed that particles with different dimensions are present, with larger crystals presenting a multifaceted structure, indicative of good crystallinity. The average particle dimension, obtained by ImageJ analysis, is 100 ± 30 nm. The XRD spectrum (Figure 2c) collected in the 25°–45° 2θ range shows the three main peaks of zinc oxide associated with the growing directions (100), (002) and (101). The spectrum reveals a high crystallinity without preferential growth, as the computation of the degree of orientation gave a value of 1.01 with respect to the reference ZnO (JCPDS #36-1451) [57]. An average crystallite dimension of 100 ± 2 nm was calculated through MAUD analysis of the XRD data.



In order to observe the natural dispersion of ZnO nanopowder sprayed from the torch nozzle, we flowed the aerosol solution through the plasma torch on a bare silicon substrate, with the plasma switched either off or on. In both cases, the same homogeneous dispersion has been obtained, and it is shown in Figure 2b. However, the amount of deposited powder is low since the area coverage fraction is estimated to be 0.38% ± 0.02%. The reason behind this low value should be searched in the high gas flow used to ignite and cool the plasma, that spreads the particles leading to the observed dispersion. Particles surface charging due to plasma interaction seems not to be an issue, since the coverage is the same with plasma switched on and off. The introduction of the aerosol in an inner coaxial channel relative to plasma may allow avoiding such repulsion among the particles.



The FT-IR spectrum of zinc oxide powder after the thermal treatment (Figure 3a) shows an intense peak at 430 cm−1, which can be associated with the Zn–O stretching vibration [58], together with small bands at    ν  a s , C  H 3    =    2960 cm−1,    ν  s i m , C  H 2    =   2850 cm−1,     δ  C  H 3    =   1460 cm−1 and    δ  s i m , C  H 3    =   1380 cm−1 ascribable to the acetate precursor residues. The wide band around 3400 cm−1 and the signal at 1615 cm−1 are due to adsorbed water.



The PL spectrum of zinc oxide under excitation with the 355 nm laser beam shows two main features (Figure 3b). The exciton emission can be observed in the small peak around 390 nm. Secondly, the broad band peaked around 675 nm can be associated with oxygen vacancies and particle surface defects [59,60] which give rise to a convolution of the orange and red emissions of zinc oxide [61].




3.2. PPH Coating


The surface of pure PPH films observed by an SEM image in top view (Figure 4a) is irregular with a cauliflower growth with a characteristic diameter of about 400 nm. However, by a deeper analysis of the SEM cross-section (Figure 4b, the film is partially detached from the substrate) the height of the roughness appears limited to few nanometers and the coating appears quite compact, indicating that the surface morphology in the top-view image is emphasized by a contrast artifact.



The cross-section image evidences a growth with a layered structure, obtained after the deposition of 20 layers. Every single layer is about 32.5 ± 5.0 nm thick, as evaluated from the image, at 300 mm/min deposition speed, meaning that the average film thickness is in the order of 600–700 nm. In addition, an average volume deposition rate can be estimated to be in the order of     10   − 7     cm3/s (with the active plasma diameter of about 3 mm). This value is slightly varying among the three deposition speeds tested, as reported in Table 1, because of the different plasma-substrate contact time. The average thickness of PPH samples produced at different speeds is obtained upon calibration. The deposition speed is evaluated by producing several films in the same conditions and by measuring the thickness of each film in 20 different points. Table 1 reports the mean values and dispersions of the performed measurements.



In Table 1, it is shown that the deposition rate decreases from 1.0 to 0.6 nm/s increasing the substrate speed from 300 to 500 mm/min. Then, the deposition rate remains 0.6 nm/s for a substrate speed of 800 mm/min. From 500 mm/min to 800 mm/min, the deposition rate reaches a plateau level related to the loss of precursor fragments, due to the turbulence generated in the proximity of the silicon wafer by the relative substrate speed and to the elevated gas flow (5 + 14 slm). Moreover, the residual oxygen from the atmosphere can actively oxidize a portion of the precursor producing volatile species which leads to a reduction of the overall thickness.



The PPH IR spectrum (Figure 4c) reveals the presence of the signals associated with -CH3 and -CH2 stretching vibrations (   ν  a s , C  H 3    =    2960 cm−1,    ν  a s , C  H 2    =   2925 cm−1,    ν  s i m , C  H 3    =   2870 cm−1,    ν  a s , C  H 2    =   2850 cm−1); the bending vibrations of the same groups (   δ  C  H 2    =   1470 cm−1 and    δ  s i m , C  H 3    =    1380 cm−1) are overlapped to a complex band in the range 1000–1400 cm−1; a strong peak due to the C=O stretching vibration (   ν  C = O    ) is present at 1715 cm−1. Even though the deposition was carried out using inert gases (Ar and N2), the appearance of carbonyl groups can be due to partial oxidation of the organic precursor in presence of residual oxygen. The signals at    ν  O H   =    3450 cm−1 and    δ  O H   =    1640 cm−1 are due to atmospheric moisture.



In the carbon-13 NMR spectrum from the PPH film are present several broad resonances (Figure 5), whose assignment agrees with the findings of FTIR analysis. In detail, two main resonances centered at about 130 and 33 ppm, speaking for double bonds and methylenes, respectively, are present together with minor components at about 200 and 170 ppm, attributable to ketones and other carbonyl functional groups, respectively. Moreover, the main peak centered at 30 ppm can be easily considered a convolution of at least three components lying at about 13 ppm, 34 ppm, and 70 ppm that are associated with methyls, methylenes, and ether functional groups, respectively. The acquisition parameters are selected in order to obtain the maximum intensity of all the resonances aiming to get a piece of semiquantitative information on the relative amounts of all the species. The resulting values are reported in Table 2. However, due to the broadening, other components such as methine carbons (with a typical range of 20–60 ppm) due to branching effects cannot be excluded.



In conclusion, the spectroscopic data indicate that the obtained film is a complex network composed, on average, of short aliphatic chains with a high amount of unsaturated bonds and a not negligible percentage of oxidized groups, probably due to the presence of both atmospheric oxygen surrounding the plasma and aerosol water.



This complex structure obtained after plasma polymerization depicted as a highly cross-linked network, results highly stable upon chemical exposition, as previously observed by Kondyurin et al. [62]: in particular, the PPH coatings were exposed to different chemicals in static condition by dipping the sample into the solution. Common chemical solvents were selected, such as water, ethanol, acetone, cyclohexane, and toluene, and no visible dissolution was observed after 10–15 min of exposition. In particular, the test in water showed that the adhesion force between the substrate and the film is quite weak because the film detached from the surface as a self-supporting film.



Figure 6a shows the TGA/DTG thermograms as a function of the temperature. At first, a bare sample is placed in the platinum crucible and analyzed with standard TGA parameters (N2 flow, 30–700 °C).



The initial mass loss (Figure 6a, -●-) at approx. 100 °C is associated with moisture/water evaporation, while the mass uptake of approx. 2% at 200 °C is unexpected and initially attributed to a buoyancy effect, common for low-density samples and TGA instruments with vertical setup [63]. However, a deeper investigation evidenced that the nitrogen gas employed in the test is not completely anhydrous, and therefore the mass uptake can be likely attributed to the saturation of bonds due to oxidation by moisture, as previously observed by Sundell et al. [63]. The presence of non-saturated bonds is evidenced also by NMR and FT-IR analyses, so it is likely that a temperature-activated saturation occurs.



This hypothesis is confirmed by the fact that the test performed in air (-■-) shows a similar trend in the initial portion of the curve, with mass loss at approx. 100 °C and mass uptake at approx. 200 °C. However, the thermal degradation of the sample starts at a slightly lower temperature compared to the test performed under nitrogen flow. In both cases, the curves show that the degradation starts at approx. 300 °C and occurs in two main steps, as highlighted by the trends of the mass loss derivative, which indicated that the polymeric structure is highly branched with variable lateral chain length. The looseness and the highly crosslinked and branches state of the microstructure are confirmed by the low specific gravity, measured with a helium pycnometer, which resulted in 0.248 ± 0.08 g/cm3, considerably lower than that of conventional high-molecular-weight linear polymers.



To better understand the oxidation phenomenon, a third TGA test is performed in four steps: an isothermal treatment in nitrogen at 180 °C for 40 min, followed by cooling to room temperature, permanence in air for 10 min, and a temperature ramp test in nitrogen up to 700 °C. The mass variation during the isotherm (Figure 6b) evidences a mass loss attributable to water evaporation and a subsequent mass uptake, which plateaus after 20 min. The thermogram of the subsequent TGA ramp test (-▲-) shows an initial trend with water/moisture loss but no mass uptake, which confirms that the isothermal treatment is sufficient for completing the process of saturation/oxidation of surface bonds. The fact that even a small residence time in the environment leads to a water uptake is not surprising, since the presence of hydrophilic groups has been already confirmed by FT-IR analysis.



The DTG curves (Figure 6a) indicate that the degradation at high temperature occurred in two intervals, i.e., 300–450 °C and 450–700 °C. Therefore, the first peak might be associated with side chains degradation and the second one with the degradation of the core chains, as also suggested previously [64,65]. Moreover, the peak position in the test in air (-□-) is slightly shifted to a lower temperature, indicating that the oxidation process is more effective with oxygen than with moisture. However, a deeper characterization with precise moisture fractions in the carrier gas should be performed to fully understand the phenomenon.



To complete the investigation of the structure and behavior of the PPH polymer, a DSC analysis with isothermal treatment is performed in nitrogen atmosphere. Figure 7 shows the combined DSC thermogram and the applied temperature profile. An initial heating ramp of 20 °C/min is applied from 30 to 180 °C, followed by an isothermal at 180 °C for 40 min, cooling at 10 °C/min down to −50 °C and heating at 10 °C/min up to 200 °C. The first heating scan evidences an endothermic signal associated with water evaporation, followed by the exothermic peak of oxidation which is completed after about 10 min of isothermal treatment. During cooling, no evident transitions can be detected, while the second heating scan shows a small endothermic signal that could be associated with a glass transition with inflection point at 99.8 °C. A second test performed in similar conditions (not shown) gave a similar endothermic signal with inflection point at 104.0 °C. These data support the hypothesis of a highly branched polymeric structure resulting from the plasma-induced polymerization of small hydrocarbon fragments, with a remarkable thermal resistance.




3.3. ZnO-PPH Films


The photoluminescence spectrum of ZnO-PPH films (Figure 8a) highlights a remarkable increase in the intensity of the ZnO exciton-associated peak, while the intensity of the defective band is reduced and shifted to lower wavelengths (575 nm) compared to the powder only (dashed line) and the PPH coating only (dotted line). This considerable increase in the exciton peak is ascribed to a passivation effect of surface defects due to polymer encapsulation [62,66,67,68,69]. In fact, surface defects can trap excitonic charges, leading to a quenching of the recombination luminescence. It is worth noting that the recovering of the exciton features in ZnO particles occurs even if the embedding of the powders aggregates is not fully attained. Therefore, the interaction with polymer radicals in the plasma phase is enough to realize a surface passivation suitable for improving the oxide optical properties. The PL spectrum of the pure PPH films is characterized by two broad components in the region between 600 and 700 nm, without the presence of peaks in the near UV region typical of phenyl-containing polymers [70]. It is worth noting that its intensity is much lower than the intensity of ZnO features so that its contribution to the overall spectrum of the composite ZnO-PPH film can be neglected.



Considering the low coverage ratio of the surface, this result evidences a high increase of luminescence yield for ZnO particles covered by the polymer coating.



The position change of the visible band can be indicative of both the surface defects in the bare powder and the passivation process of the polymer coating. In fact, the high wavelength component of the broad defect band in ZnO is typically ascribed to interstitial oxygen or to OH groups [71,72]. Moreover, OH surface groups are also identified as centers contributing to the quenching of the exciton emission [73]. So, we can conclude that OH groups, which were present on the particle surface before deposition, are passivated by a thin polymer layer after the co-deposition process. The residual green band at 575 nm is the typical band related to oxygen or zinc vacancies in the particle network. To date, the proposed assignment is still controversial, and somewhere the green band has also been correlated to OH groups on the surface [44]. As evidenced by FT-IR spectra, OH groups are surely not eliminated as previously reported by Liguori et al. [48] and Fanelli et al. [46,47,74], but their reaction in the plasma phase with polymer precursors may hinder their role in trapping optically generated charges.



In Figure 8b PL decay kinetics curves of the exciton peak (395 nm) for the bare powder and for ZnO particles of co-deposited films are shown. In the powder a biexponential decay can be observed, which was fitted with the lifetimes, tf = 0.39 ± 0.02 ns and ts = 8.9  ±  0.2 ns. In ZnO-PPH films, the excitonic emission decay is more similar to a single exponential curve, characterized by a fast lifetime of about 0.24 ± 0.02 ns, whose actual evaluation is limited by the laser pulse width and the system resolution. In fact, exciton transitions in ZnO are characterized by components with time decays even lower than 100 ps; thus, for a complete analysis of the exciton transition, we should investigate the transition kinetics down to such time values. In both samples, the fast lifetime is in the order of the values observed in literature for exciton transitions quenched by defects [75,76,77]. The difference between the two samples can be ascribed to a different interaction between excitons and defects: in the bare powder the interaction occurs mainly with surface defects, while in the capped powder it occurs mainly with bulk centers. Concerning the slow component in the unembedded powder, its attribution is not fully clear for the moment, but it’s likely derived by charge release at surface trapping centers [78,79]. A component of 14 ns has been observed in ZnO single crystals [80] and was ascribed to trapping effects, giving rise to delayed recombination processes. In the present work, the disappearance of the slow component in passivated ZnO indicates that such trapping mechanisms occur at the surface defects, which are also at the origin of the exciton luminescence quenching.



Figure 9a shows the SEM top-view, obtained with backscattered electrons detector (BSD), of a co-deposited ZnO-PPH film, produced at 300 mm/min. Here, the cauliflower morphology presents several domes with size and density compatible with the ZnO nanoparticle aggregates fully covered by the polymer coating. Few coated ZnO aggregates are visible as bright spots with a size comparable with coating thickness leading to defects in the film. Accordingly, even if the embedded ZnO particles are not clearly visible the coating morphology with ununiform cauliflower structure, with respect to the films produced with hexane only (Figure 4a), suggests their presence.



In order to indirectly verify if the morphology change could be ascribed to the presence of water as a dispersing solution for the aerosol, a dedicated test was performed. The PPH films were then deposited with pure water aerosol, therefore keeping all the parameters constant and excluding only the nanoparticles. The coating obtained showed the same structures of the PPH films (Figure 4a), therefore supporting that the dome origin is linked to the interaction between ZnO and n-hexane.



In the cross-section (Figure 9c), the layered structure due to the PPH deposition is clearly evident mixed with the growth of a columnar structure highlighted by the presence of some craters and domes higher than the coating thickness. Even if the ZnO nanoparticles are not directly detected, it is allowed to assume that the nanoparticles are the seed for the growth of the columns. In the SEM top-view image, indeed, considering the domes as enclosures of the nanoparticles in the SEM top-view image, the coverage density in ZnO-PPH films with ZnO powder can be estimated as 0.40% ± 0.02% of the surface area. This value is in good agreement with the powder-only sample. In our case, the areal density obtained is a compromise between the deposition rate of the PPH and the aerosols technology, which cannot use a more concentrated solution. Therefore, a way to improve the particle density would be the reduction of matrix deposition rate, for example using a pulsed plasma or the change of the aerosol generation technology.



FT-IR spectrum of ZnO-PPH is compared to the PPH one (dashed lines) in Figure 9b, showing good agreement along with the ZnO peak at    ν  Z n − O   =   430 cm−1 [58]. The relative intensity of the peaks is different since the thickness can vary among the samples. The OH band at    ν  O H   =   3500 cm−1 and the signal at    δ  O H   =   1640 cm−1 proves the presence of adsorbed water coming from the nanopowder, the solvent dispersing the nanopowder, and the polymeric film itself together with the presence of trapped OH groups in the oxide structure.





4. Conclusions


In this work, we deposited by APPJ an organic composite of ZnO nanoparticles and plasma polymerized n-hexane (PPH films) at low temperature. The ZnO nanopowder was produced by wet chemistry and characterized before being incorporated in plasma polymerized n-hexane thin films.



The PPH coating was carefully investigated in terms of structural and morphological and thermophysical properties. They resulted to be homogeneous, highly branched and with good thermal stability, even if some residual moisture was present. The deep investigation with NMR, TGA and DSC measurements gave, for the first time, important information on the structural re-arrangement of hydrocarbon chains after plasma polymerization. The branched structure allows for high thermal stability up to 300 °C, which is substantially higher compared to most of the daily-use polymers. The deposition rate of the polymeric film was studied for different substrate speeds and was in the order of 1 nm/s, reaching a plateau at high substrate speeds due to flow effects.



The co-deposited coatings resulted in polymer films covered by sub-micrometric aggregates of ZnO nanoparticles with a dome-like structure that is likely to be a consequence of the ZnO-hexane interaction. The dispersion homogeneity that can be achieved with this APPJ torch is sufficient to not influence the porosity of the coating, as highlighted by the SEM top-view images. One way to increase the concentration of deposited particles, and therefore the covered area, could be the use of a pulsed RF signal.



In addition to the interesting results on the coating stability, the coating showed relevant optical properties. The embedded ZnO, indeed, exhibited an enhanced excitonic emission and luminescence yield, with respect to the bare powder, ascribed to the passivation of surface defects by a thin polymeric capping. Surface passivation of ZnO in co-deposited films is also evidenced by the disappearance of the powder exciton slow component, ascribed to the charge release from surface trapping centers. These results open interesting possibilities to produce single- and multi-layer structures to be applied in luminescent flexible sensors for radiation monitoring.
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Figure 1. Plasma torch scheme and reactions. 
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Figure 2. (a) High magnification SEM top-view of the synthesized ZnO powder; (b) surface dispersion of ZnO on an uncoated substrate; (c) XRD spectrum of the ZnO powder annealed at 600 °C. 
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Figure 3. (a) FT-IR spectrum and (b) PL spectrum (λex = 355 nm) of the bare ZnO powder. 
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Figure 4. (a) SEM top-view and (b) SEM cross-section of a pure PPH coating deposited at 300 mm/min (red arrow indicates the silicon substrate); (c) FT-IR spectrum of the PPH film. 
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Figure 5. 13C-NMR spectrum of pure PPH coating. 
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Figure 6. (a) TGA/DTG curves for the samples treated in N2 and air; (b) isothermal treatment profile. 
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Figure 7. DSC thermogram with combined temperature profile applied to the sample. 
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Figure 8. (a) PL spectrum (λex = 355 nm) of the ZnO-PPH coating compared with the ZnO powder only (red dashed line) and pure PPH coating (blue dotted line); (b) PL time-resolved curves of the ZnO exciton feature at 395 nm (λex = 375 nm) for the bare ZnO powder and for the ZnO-PPH films. 
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Figure 9. (a) SEM top-view with BSD detector of a ZnO-PPH coating (bright spots indicate ZnO clusters); (b) FT-IR spectrum of ZnO-PPH film (blue), the pure PPH FTIR spectrum (black dashed line) is also reported for comparison; (c) SEM cross-section of the ZnO-PPH film showing the layered structure and aggregates. 
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Table 1. Average thickness and deposition rate of the PPH film as a function of deposition speed for a total number of 20 scans.
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	Deposition Speed [mm/min]
	Film Thickness [nm]
	Deposition Time [s]
	Average Deposition Rate [nm/s]





	300
	650 ± 10
	640
	1.02 ± 0.02



	500
	230 ± 10
	380
	0.61 ± 0.03



	800
	150 ± 10
	240
	0.62 ± 0.04
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Table 2. Chemical shift, amount ad assignment of main signals in the 13C CPMAS spectrum of PPH film [53].
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	δ [ppm]
	Relative Amount [%]
	Assignment





	200
	5
	C=O



	170
	<1
	O–C=O



	130
	30
	=CH



	70
	3
	C–O–C



	34
	57
	>CH2



	13
	6
	–CH3
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