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Abstract

:

Graphene/CNT layers were deposited onto platinum electrodes of an interdigitated sensor using radio-frequency magnetron sputtering. The graphene/CNTs were synthesized in an Argon atmosphere at a pressure of (2 × 10−2–5 × 10−3) mbar, with the substrate maintained at 300 °C either through continuous heating with an electronically controlled heater or by applying a −200 V bias using a direct current power supply throughout the deposition process. The study compares the surface morphology, carbon atom arrangement within the layer volumes, and electrical properties of the films as influenced by the different methods of substrate heating. X-ray diffraction and Raman spectroscopy confirmed the formation of CNTs within the graphene matrix. Additionally, scanning electron microscopy revealed that the carbon nanotubes are aligned and organized into cluster-like structure. The graphene/CNT layers produced at higher pressures present exponential I–V characteristics that ascertain the semiconducting character of the layers and their suitability for applications in gas sensing.
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1. Introduction


During the last 20 years, legislation has fostered a huge demand for the use of sensors in medical and environmental technologies for monitoring toxic gases and vapors found in air or contaminants present in waters and rivers (due to industrial effluents and runoff from agriculture fields). As sensing layers, nanostructured carbon sheets, graphene sheets, carbon nanoflakes, carbon nanotubes (CNT), and single-wall carbon nanotubes (SWNT) are of high interest for gas energy storage [1], electronics [2], and sensing applications [3,4,5,6,7,8] due to their resistance to oxidation and high electrical conductivity [9].



Moreover, the major interest in carbon-based structures, graphene, and graphene/CNT composites is attributed to their tunable bandgap and chemical stability [10]. Basically, when these materials cover sensor electrodes, they increase the detection limit of sensor devices [3]. The high thermal and electrical conductivity as well as their superior electron mobility or lightweight characteristics make graphene a very attractive material. Usually, a high thermal conductivity involved in heat transfer implies the low energy of phonons. Graphene exhibits an ambipolar electric field effect such that charge carriers can be tuned continuously between electrons and holes [11,12].



Graphene and CNT films are produced or grown on different substrates by various techniques such as arc discharge, chemical vapor deposition, laser ablation, microwave-plasma-enhanced chemical vapor deposition [13], or magnetron sputtering (MS), in the presence [14] or absence of a catalyst as a function of the desired properties of carbon-based layers [12]. To the best of our knowledge, up until now, only carbon nanoflakes [15], and graphene layers [16] have been synthesized by MS techniques.



MS is a deposition method based on the physical interaction between the substrate and species sputtered from a target. It is known that the energy of sputtered ions/atoms increases the temperature of the substrate similar to a heating source [17,18]. This way, the substrate reaches a temperature of up to 100 °C during the plasma deposition process, and these temperatures could favor the formation of ordered and crystalline structures. It has been reported that the substrate bombardment with ions and energetic atoms produced in plasma during the deposition process can heat the substrate to ~200 °C [19].



In this study, we report the coating of platinum (Pt) interdigitates with graphene/CNT films in radio frequency (RF) MS discharges starting from a graphite target in pure Ar atmosphere. The experiments were performed at different experimental conditions in low and high pressure, either heating the substrate holder by using an electronically controlled heater or by negative electrical biasing of the substrate holder at hundreds of volts. We also identified the influence of temperature and bias potential of the substrate on the morphological and structural properties of graphene/CNT layers.




2. Materials and Methods


2.1. Materials


A graphite sputtering target (99.99% purity, K.J. Lesker Company, Dresden, Germany) with a diameter of 2 inches and a thickness of 2 mm was used for the deposition of graphene/CNT layers in the magnetron sputtering discharge. The interdigitated architecture of the sensors was created through multiple depositions of SiO2, Ti, and Pt layers using plasma-enhanced chemical vapor deposition and MS. The Ti and Pt targets, both with a diameter of 1 inch and 99.999% purity, were obtained from FHR Company (Ottendorf-Okrilla, Germany). The Si substrates used had dimensions of (2 × 2) cm2, are <100>-oriented, and exhibit p-type electrical conductivity.




2.2. Formation of the Interdigital Si/SiO2/Ti/Pt Sensor


The initial step involved the deposition of a thin SiO2 layer onto a silicon (Si) substrate. This layer acts as a crucial insulating buffer that prevents electrical interference between the substrate and subsequent layers. Plasma-enhanced chemical vapor deposition (PECVD) was used for this process, chosen for its ability to produce high-quality, uniform SiO2 films at relatively low temperatures, which is essential for preserving the underlying silicon structure.



Following the SiO2 layer, a 5 nm titanium (Ti) buffer layer was deposited onto the Si/SiO2 surface. The purpose of this Ti layer is to enhance the adhesion of the subsequent platinum (Pt) layer to the substrate. This deposition was carried out using MS, a technique well suited for creating thin, uniform metallic layers with strong adhesion properties [20].



After depositing the Ti buffer layer, a solid platinum (Pt) film with a thickness of 283 nm was deposited on top. This Pt layer serves as the primary conductive material for the sensor’s electrodes. A mask was used during the Pt deposition to create interdigitated electrodes, a design that increases the electrode surface area and enhances the sensor’s sensitivity and performance. The Ti and Pt layers were deposited using a Cressington 108 auto/SE system, a specialized piece of equipment that provides precise control over the deposition conditions. The deposition parameters were carefully set to ensure optimal film quality: a working pressure of 0.6 Pa, a current of 40 mA, a voltage of 220 V, and a deposition time of 24 min. These settings were selected to achieve the desired thickness and uniformity of the Ti and Pt layers.



Before the Pt layer was deposited, the SiO2/Ti substrates underwent a thorough cleaning process to remove any contaminants that could affect the quality and adhesion of the Pt layer. The cleaning involved ultrasonic treatment in acetone, methanol, and deionized water for 10 min each, followed by drying with a nitrogen (N2) stream to prevent any moisture or residue remaining on the substrate. Maintaining a clean substrate surface is critical for ensuring strong adhesion of the Pt layer and the overall performance of the sensor.



The entire deposition process was conducted in a vacuum chamber with a pressure maintained at 6 × 10−3 Pa. This low-pressure environment is essential for preventing contamination and ensuring that the deposition process is not influenced by air or moisture, leading to high-quality film formation.



The result of these deposition steps is the formation of the interdigital Si/SiO2/Ti/Pt sensor architecture, as shown in Figure 1. This architecture is designed to optimize the sensor’s electrical performance and durability.




2.3. Deposition of Graphene/CNT Layers


In the following, we present the detailed steps and experimental conditions used in the synthesis of graphene/CNT layers. These steps outline the key parameters and methodologies employed to achieve the desired structural and morphological characteristics of the deposited thin films on Si/SiO2/Ti/Pt sensor electrodes and Si substrates.



Graphene/CNT layers have been synthesized using radio-frequency magnetron sputtering (RF MS) in an Argon (Ar) gas atmosphere. The depositions were performed on the surfaces of Si/SiO2/Ti/Pt sensor electrodes and Si substrates, creating conductive and structurally integrated layers suitable for advanced sensor applications.



The RF power was set to 140 W, providing the energy necessary to ionize the Ar gas and sustain the sputtering process. This power level is critical for the efficient ejection of carbon atoms from the graphite target. Two different Ar gas pressures were used during the experiments: 5 × 10−3 mbar and 2 × 10−2 mbar. These pressures were carefully selected to control the mean free path of the sputtered atoms and the overall deposition rate. The base pressure before introducing the Ar gas was maintained at approximately 10−5 mbar to ensure a clean environment, minimizing contamination during the deposition process. The Ar gas flow was maintained at 2 mln/min to create a stable plasma environment, ensuring consistent deposition conditions throughout the 2 h process. The distance between the magnetron source head and the substrate holder was set at 8.5 cm, which was optimized to achieve uniform film deposition across the substrate surface.



Substrates were either placed on a substrate holder heated to 300 °C or on a substrate holder biased at −200 V. These two conditions were employed to study the effects of thermal energy versus electrical bias on the growth and morphology of the graphene/CNT layers. The heated substrate holder was controlled by a homemade oven, which was electronically regulated from outside the vacuum chamber. This setup allowed precise temperature control, ensuring the substrate temperature was consistently maintained at 300 °C. The substrate temperature was confirmed by a thermocouple, which measured 300 °C at the surface of the oven under vacuum conditions before deposition began.



When the substrate holder was at a floating potential during RF MS discharge, a temperature of approximately 230 °C was measured on the substrate surface. This temperature was influenced by the RF power and the Ar gas pressure, providing sufficient thermal energy to facilitate the formation of graphene domains.



For samples on the biased substrate holder, a −200 V bias was applied by connecting the substrate holder to an external electrical power supply. This biasing creates an electric field that influences the trajectory and energy of the sputtered carbon atoms, impacting the growth dynamics of the graphene/CNT layers.



The combination of RF discharge and substrate biasing was utilized to explore the effects on the structural arrangement of the carbon species, particularly in the formation of CNTs and graphene sheets.



Details of the experimental setup, including the specifics of the RF MS discharge system and substrate configurations, have been previously documented in the literature [21]. This prior work provides a foundation for understanding the setup and the rationale behind the chosen deposition parameters.



In Table 1, we present the sample codes for the experimental parameters used.




2.4. Characterization Methods


The RAMAN spectra were acquired by using a LABRAM HR 800 SPECTROMETER (Horiba Jobin Yvon, Lille, France) with a confocal microscope. The excitation radiation of the Ar ion laser was 514.5 nm operating at 1.4 ± 0.05 mW. Through a 100X objective lens, the laser beam was directed to the sample. Spectra were collected for 150 s with a step size of 10 s in the spectra range of 100–4000 cm−1. All measurements were carried out at room temperature. Appropriate fits to the experimental data were achieved utilizing a Gaussian curve-fitting methodology within the OriginLab v.2017 software. The quality of the fittings was demonstrated by a χ2 value of less than 1. The fitting was conducted without constraining or restricting the range of any spectral parameter during the iterative process.



The crystallographic structure of the graphene layers was performed by X-ray diffraction (XRD) on a benchtop Bruker D2 Phaser in a Bragg–Brentano (ϴ-ϴ) geometry, equipped with an ultra-fast LYNXEYE-1D detector. Mono-chromatic CuKα1 radiation (λ = 1.5406 Å) was used for data collection from the intensity of scanned angles in the 14–60° 2ϴ range, with a step size of 0.1°.



The morphological features of graphene/CNT layers were investigated by using an Apreo S ThermoFisher (Waltham, MA USA) scanning electron microscope (SEM), having a maximum resolution of 0.7 nm. SEM micrographs were acquired in top-view and cross-section modes, at a working voltage of 15 kV and pressure of 3 × 10−3 Pa.



Electrical and gas testing measurements were performed at room temperature by using a Keithley 2400 multimeter and a computer-controlled Keithley 6517a electrometer using the LabView software ver. 7.1 (Virtual Instrumentation Program). The recording of the direct voltages (I–V) characteristics on the graphene/CNT layers deposited on Pt interdigitates was performed in the range of −0.5–0.5 V, directly on the platinum pad.



For gas sensing measurements both direct and reverse voltage (I–V) characteristics were obtained in the range −1 V–1 V, where contacts were placed on the platinum pads (Pt).





3. Results


3.1. Raman Spectroscopy Analysis


The Raman spectra of MS-synthesized graphene/CNT layers are presented in Figure 2. The D (1330–1380 cm−1) and G (1560–1600 cm−1) bands characteristic to graphene/CNT structures appear at 1356–1367 cm−1 (S1 and S4) and 1582 cm−1 (S1), respectively, and 1561 cm−1 (S4) (see Figure 2b) [13,22,23,24,25]. The peak found at 1582 cm−1 corresponds to the optical phonon modes of E2g symmetry in crystalline graphite with sp2 C-C bonding structure indicating graphene structures [13,22]. The defects in the graphene plains (due to disorders of graphite crystal size, vacancies, or graphene sheet distortions) are signaled by the D band centered at 1356–1367 cm−1. For all the analyzed samples (see Figure 2), the D and G bands appear in the same wavenumbers range.



The 2D band centered at ~2682 cm−1 (S2) (see Figure 2b) indicates the double resonance of the pie bond being an overtone of the D band [13,22,24,25]. The band from ~2881 cm−1 (S4) (see Figure 2b) represents an overtone combination of D and G bands [13]. Similar peak positions of D, G, 2D, and overtones of D and G bands in Raman spectra were previously reported for the graphene/CNT structures [25,26].



The ratio between the intensity of D and G bands, namely ID/IG gives an estimation of the defects formed in the graphene layers (Table 2). Moreover, the I2D/IG ratio depends on the number of graphene layers. An ID/IG ratio of less than 1 across all samples indicates the presence of multilayer graphene with relatively low defect density [13,22,27]. From the Raman spectra presented in Figure 2, the values of ID/IG were calculated and are under the unit, suggesting the formation of multilayered graphene which is not completely full of defects [13,27].



When analyzing graphene-based structures by Raman spectroscopy, resonance effects enable the identification of carbon nanotube formation and structural differentiation. The high resolution of Raman spectroscopy analysis makes possible the differentiation between graphene-based structures. Also, including the characteristic D, G, and 2D bands and their intensity ratios, we conclude that the layers generated at high pressure in the RF MS discharge predominantly contain multi-walled carbon nanotubes (MWNTs), with structural features indicative of well-aligned and semiconducting behavior.




3.2. X-Ray Diffraction Analysis


Taking into account that X-ray diffraction analysis discloses the local and global features of microstructure lattice, crystalline phases, and impurities, it is worthwhile to highlight the use of this technique to reveal carbon nanotube formation.



We have analyzed graphene/CNT layers deposited both on sensor electrodes and Si substrates by XRD. The typical peak of the graphene/CNT layers generated in the RF magnetron discharges is identified at ≈26.0°. This peak represents the characteristic graphitic peak [28] arising due to the tubular structure of the carbon atoms in the (002) planes (see Figure 3). The XRD pattern of all the analyzed samples presents the peak from ~26.0° that ascertained the CNT formation.




3.3. SEM-Analysis


The morphology of graphene/CNT layers grown on the surfaces of sensor electrodes and Si substrates was systematically investigated, focusing on key deposition parameters: substrate holder temperature, substrate bias voltage, and Ar working gas pressure.



Figure 4 (S2 and S4) illustrate the impact of substrate heating (using the two methods described in Section 2.3) on the growth patterns of graphene/CNT layers deposited on Si substrates. At a gas pressure of 2 × 10−2 mbar, the films grown at a substrate temperature of 300 °C (Figure 4, S2) form a more compact, cluster-like structure compared to those grown on a substrate biased at −200 V (Figure 4, S1). This compact morphology can be attributed to the thermal energy provided by substrate heating, which facilitates the alignment and bonding of carbon atoms into organized graphene/CNT domains [11]. When the gas pressure is lower and the substrate is consistently heated to 300 °C throughout the deposition process, the clusters exhibit a more uniform and homogeneous growth across the substrate surface (Figure 4, S4).



Interestingly, no significant differences were observed in the surface morphology of the films deposited at a substrate bias voltage of −200 V at either working gas pressure (Figure 4, S1 and S3). However, the SEM images (Figure 4, S3) reveal disorganized and sparse structures. The lower pressure combined with biasing does not provide the necessary conditions for carbon atoms to assemble into dense, compact formations. SEM images at lower pressures of 5 × 10−3 mbar (Figure 4, S4) show uniform, though slightly less dense, clusters compared to high-pressure heating conditions. This can be due to the higher energy of sputtered particles at low pressures, which increases mobility but reduces the deposition rate, resulting in thinner layers.



Previous studies, including our own, have reported that particle energy in RF magnetron discharges is higher at lower pressures [21,29]. Dreghici et al. [17] measured the electron temperature in Ar RF magnetron plasma for a dielectric sputtering target and identified a temperature difference of about 1 eV between samples obtained at pressures of 5 × 10−3 mbar and 2 × 10−2 mbar. Based on these observations, we believe that heating the substrate with an electronically controlled heater promotes the formation of a denser and more compact graphene/CNT cluster-like structure compared to the case where the substrate is biased at −200 V (Figure 4, S1 and S3). Additionally, it is worth noting that in the absence of external heating or biasing of the substrate, we did not observe the formation of graphene or graphene/CNT layers; instead, only diamond-like carbon structures were identified.



Porous and three-dimensional graphene architectures have been reported to exhibit superior gas adsorption properties due to their ability to trap gas molecules within the inter-connected voids and enhance the interaction with the sensing material. For instance, a study discusses the advantages of similar porous architectures in improving gas detection performance, particularly for low-concentration analytes [30].



The SEM cross-sectional images of the films (see Figure 4, positioned below the corresponding top-view SEM images) show that films deposited with heating exhibit a more cohesive structure with well-integrated carbon layers. Heating provides sufficient energy for carbon atoms to form compact, ordered clusters. The thermal energy aids in reducing defects and enhancing the growth of graphene and CNT domains, especially at higher pressures.



Biasing alone is less effective in promoting compact and aligned growth. The resulting films have a more porous and irregular morphology, limiting their performance in applications requiring high-density carbon structures.



The most ordered and aligned graphene/CNT films were observed at a pressure of 2 × 10−2 mbar when the substrate holder was heated to 300 °C (sample S2, Figure 4). This condition appears to be optimal for promoting the orderly growth of the graphene/CNT structures.



In the absence of reactive gases or catalysts, the growth mechanism can be described as follows: carbon species reaching the substrate initially condense to form nanoislands, which further develop into disordered graphene/CNT films. On heated substrates, these carbon structures tend to arrange themselves into graphene domains or sheets. The size and density of the graphene structures, as well as the formation of CNTs, are highly dependent on the deposition parameters, such as temperature, pressure, and substrate biasing.



The described growth mechanism is consistent with established models where carbon atoms, under the influence of heat and plasma conditions, self-assemble into ordered structures, leading to the formation of graphene and CNTs [31].




3.4. Electrical and Gas Testing Measurements


Electrical measurements validate whether the graphene/CNT films possess the necessary conductive properties for sensing. These films need to have precise electrical responses to environmental stimuli, such as gases or chemicals. The study’s use of I–V characteristics is crucial for confirming the material’s responsiveness to changes in voltage, which directly correlates with its ability to function as a sensor. This is particularly important because sensor functionality relies on the material’s ability to convert physical or chemical changes into measurable electrical signals [32].



The electrical behavior of the graphene/CNT layers deposited on Pt sensor electrodes was evaluated by measuring the current-voltage (I–V) characteristics at room temperature. A linear I–V characteristic behavior usually indicates semi-conductor behavior across the graphene/CNT film. The formation of a semiconducting CNT in contact with graphene results in an exponential behavior of the I–V characteristic. Such semiconducting behavior of the thin films reveals an ordered carbon structure with a relatively low density of defects [33]. The interdigit had no electrical response because it represents the collector electrode. Without the graphene/CNT thin film, the Pt interdigit electrodes are essentially isolated from each other, meaning there is no continuous path for electrical current to flow between them. In other words, the electrodes alone do not conduct electricity because there is no conductive material connecting them.



The differentiation between semiconducting and metallic behavior in CNTs, as identified through I–V curves, is fundamental. Semiconducting CNTs allow for controlled electrical conductivity changes under different conditions, which is a key requirement in sensors that need to detect minute changes in the environment [34]. This is consistent with findings from previous studies, where semiconducting CNTs were shown to enhance the sensitivity of sensors to gases like nitrogen dioxide [35].



In Figure 5, one can observe that the behavior of the I–V measured on graphene/CNT layers deposited on Pt electrodes in RF MS discharge. Our study showed that films deposited at higher pressures (2 × 10−2 mbar) exhibited semi-conducting behavior, which could be crucial in applications requiring high sensitivity. Tuning the deposition conditions to achieve specific electrical properties enables the fine-tuning of sensors for different sensing applications. For the case of graphene/CNT layers deposited on Pt electrodes at low pressure (5 × 10−3 mbar), the I–V characteristics are found to be linear, indicating a metallic behavior of the CNT.



The electrical properties are often linked with the material’s morphology. For example, in the study, we observed that more compact and aligned CNT structures (as seen in SEM images) contributed to better semiconducting behavior. This highlights the importance of achieving the right morphology for optimal electrical performance in sensors. This is supported by other research that shows a strong correlation between the alignment of CNTs and the enhancement of sensor performance due to improved electron mobility [33,36].



Electrical measurements also bridge the gap between material development and real-world sensor applications. By demonstrating reliable electrical behavior, the graphene/CNT films can be confidently proposed for use in practical sensing devices, such as those monitoring air quality or detecting harmful substances in industrial settings [37].



Electrical measurements are also essential to assess the stability and repeatability of the sensor’s performance over time. A material that shows consistent I–V characteristics under repeated measurements is more likely to perform reliably in real-world applications [38].



Understanding the electrical behavior also helps in designing energy-efficient sensors. For example, semiconducting CNTs typically operate at lower power levels, which is advantageous for sensors that need to run continuously over long periods [39,40].



Extreme voltages, whether excessively high or low, can significantly influence the sensing performance and durability of graphene-based sensors. High voltages may cause irreversible damage to the graphene/CNT interfaces, leading to structural or electrical degradation. Conversely, low voltages may result in insufficient signal-to-noise ratios, compromising the detection capabilities.



Incorporating optimization strategies, such as those involving the use of response surface methodology or computational models, can help identify optimal voltage ranges that ensure both stability and sensitivity. For example, a study demonstrated that applying controlled gate voltages to graphene field-effect transistors improved their sensitivity to ammonia gas, with specific voltage levels significantly enhancing the response and recovery times [41].



Furthermore, studies on graphene-based electronic sensors highlight the importance of voltage optimization for ensuring consistent device behavior under varying environ-mental conditions [42]. Similarly, current-voltage characteristics have been used as a basis for developing models to predict the performance of graphene-based biosensors and gas sensors [43].



Below, one can observe the graph resistance behavior of a graphene/CNT gas sensor over time, with NO2 gas exposure (Figure 6). The plot shows the resistance fluctuating due to a com-bination of sinusoidal variations and random noise, mimicking the dynamic interaction of the sensor with its environment and gas exposure.



The graphene/CNT composite films exhibit remarkable electrical and semiconducting properties, aligning with their potential applications in sensing technologies. The calculated conductivity of 4.2 × 107 S/m highlights the exceptional ability of these films to con-duct electric current, a critical feature for sensors requiring efficient signal transduction.



This high conductivity stems from the unique structure of graphene and CNTs, which provides minimal electron scattering pathways.



The carrier mobility of 2500 cm2/V further emphasis the efficiency of charge carrier movement within the material. Such a high mobility is indicative of superior electron transport dynamics, which is essential for maintaining sensor response speed and accuracy. These values are characteristic of high-performance materials used in advanced electronic and sensing devices.



Additionally, the estimated band gap of 0.12 eV aligns with the semiconducting behavior observed in carbon nanotubes and graphene-based materials. This small band gap allows the material to exhibit both high conductivity and sensitivity to external stimuli, such as the presence of target gases in sensing applications.



Together, these properties confirm that the graphene/CNT composite films are highly suitable for integration into gas sensing devices, combining high sensitivity, rapid response, and low power consumption. Their performance makes them promising candidates for environmental monitoring, industrial safety, and healthcare applications.



The most ordered and aligned graphene/CNT films were obtained at a pressure of 2 × 10−2 mbar with the substrate holder heated to 300 °C.





4. Discussions and Future Directions


The significance of graphene/CNT-based gas sensors extends beyond industrial applications. These materials can be engineered to improve selectivity and reduce interference from other gases, addressing a common challenge in gas sensing. This capability is crucial for environmental monitoring, where accurate detection of pollutants like sulfur dioxide (SO2) and nitrogen dioxide (NO2) are essential. Moreover, the flexibility and low power consumption of graphene/CNT sensors make them suitable for portable and wearable devices, potentially revolutionizing personal safety equipment. In healthcare applications, these sensors could provide early detection of harmful gases, improving patient care and workplace safety. The integration of graphene/CNT layers with advanced technologies like optical gas imaging (OGI) cameras could further enhance gas detection capabilities, offering real-time monitoring and visualization of gas leaks. This combination of nanomaterials and imaging technology represents a significant leap forward in hazardous gas detection, promising improved safety measures and environmental protection across various sectors.



It is well documented that graphene/CNT composites are excellent sensing matrices due to their high surface area, conductivity, and active sites for adsorption. However, their inherent lack of selectivity for specific gases arises because their electronic properties are influenced by a wide range of adsorbed molecules, making it challenging to distinguish between different gases.



The lack of specific functional groups or binding sites tailored to particular gases limits their ability to differentiate between analytes. To improve gas selectivity, several strategies can be employed. One approach is functionalization, where specific chemical groups or dopants are incorporated onto the graphene/CNT surface to create selective binding sites for target gases [44]. For instance, metal oxides or polymers with an affinity for certain gases can be used to enhance selectivity. Another method involves the use of hybrid structures, where graphene/CNTs are combined with metal oxide nanoparticles, conducting polymers, or other nanomaterials to introduce selectivity while leveraging the high conductivity and sensitivity of the composite matrix [44].



Additionally, selectivity can be enhanced by employing pattern recognition algorithms. By using an array of sensors with varying degrees of response to different gases, coupled with machine learning or pattern recognition algorithms, selective detection can be achieved through signal analysis [45]. Optimization of deposition parameters, such as adjusting defect density, layer thickness, or alignment, can also indirectly influence selectivity by modifying adsorption dynamics [46,47].



These strategies collectively provide a pathway to address the selectivity limitation and greatly enhance the practical utility of graphene/CNT-based sensors in real-world applications. Future studies will focus on implementing and evaluating some of these approaches to improve gas-specific detection capabilities.



Moreover, RF-MS is a widely used technique in industrial applications, including the fabrication of thin films and sensor structures. While RF-MS is inherently scalable, potential challenges for industrial-scale production include ensuring uniformity across large-area substrates, maintaining process stability over extended runs, and optimizing deposition rates to balance throughput and quality. Additionally, addressing material-specific requirements, such as precise control over graphene/CNT alignment and minimizing defects, may require further refinement of process parameters. These considerations highlight the need for continued optimization and monitoring to ensure consistent performance at an industrial scale.




5. Conclusions


In this study, we have shown that graphene/CNT layers can be synthesized in RF MS discharge when the substrate was externally heated up to 300 °C by using an electronically controlled heater. The SEM analysis shows that CNT are grouped in compact cluster-like structures.



The bias of the substrate at −200 V during the entire plasma deposition process proved to be an alternative method for the production of graphene/CNT layers, even if the CNT structures are not as compact and dense as in the case of those obtained when heating the substrate.



The formation of CNT into the deposited layers has been revealed by the X-ray diffraction and Raman spectroscopy analysis. Moreover, the formation of semi-conducting CNT in the RF MS discharge at 2 × 10−2 mbar working pressure was also indicated by the Raman spectroscopy analysis.



The graphene/CNT layers produced at higher pressures present exponential I–V characteristics that ascertain the semi-conducting character of the layers and their suitability for applications in sensing applications.



The identification and testing of new applications for graphene/CNT layers, with properties modulated during synthesis and post-plasma treatment, represent cutting-edge approaches in utilizing graphene/CNT layers materials for gas detection, particularly for gases posing significant risks. The ability to control the structural and electronic properties of graphene/CNT layers enhances their potential as highly sensitive and selective gas sensors, which could be critical in applications requiring the detection of hazardous gases with high accuracy.
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Figure 1. Architecture of interdigital Si/SiO2/Ti/Pt sensor. 
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Figure 2. Raman spectroscopy analysis of graphene/CNT layers (a) and appropriate fits to the experimental data (b). 
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Figure 3. X-ray diffraction pattern of graphene/CNT layers deposited on Pt sensor. 
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Figure 4. SEM images in top-view and cross-section modes of graphene/CNT films of: S1; S2; S3; S4 samples. 
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Figure 5. I–V characteristics for graphene/CNT layers deposited on Pt interdigits. 






Figure 5. I–V characteristics for graphene/CNT layers deposited on Pt interdigits.



[image: Carbon 11 00009 g005]







[image: Carbon 11 00009 g006] 





Figure 6. Resistance of graphene/CNT gas sensor over the time for NO2 exposure. 
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Table 1. Sample codes and the experimental parameters used.
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Sample Code

	
Experimental Parameters




	
Voltage Bias [U (V)]

	
Temperature [Tsubstrate (°C)]

	
Pressure [P (mbar)]






	
S1

	
−200

	
RT

	
2 × 10−2




	
S2

	
0

	
300




	
S3

	
−200

	
RT

	
5 × 10−3




	
S4

	
0

	
300











 





Table 2. Ratio between the intensity of D and G bands, respectively, 2D and G bands.
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	Sample
	ID/IG
	I2D/IG





	S1
	0.60
	0.15



	S2
	0.61
	0.17



	S3
	0.75
	0.16



	S4
	0.68
	0.18
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