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Abstract

:

This paper reviews the recent development of organic–inorganic hybrid dielectric materials for application as gate dielectrics in thin-film transistors (TFTs). These hybrid materials consist of the blending of high-k inorganic dielectrics with polymers, and their resulting properties depend on the amount and type of interactions between the organic and inorganic phases. The resulting amorphous networks, characterized by crosslinked organic and inorganic phases, can be tailored for specific applications, including gate dielectrics in TFTs. As dielectric materials, they offer a synergistic combination of high dielectric constants, low leakage currents, and mechanical flexibility, crucial for next-generation flexible electronics. Furthermore, organic–inorganic hybrid materials are easily processed in solution, allowing for low-temperature deposition compatible with flexible substrates. Various configurations of these hybrid gate dielectrics, such as bilayer structures and polymer nanocomposites, are discussed, with an emphasis on their potential to enhance device performance. Despite the significant advancements, challenges remain in optimizing the performance and stability of these hybrid materials. This review summarizes recent progress and highlights the advantages and emerging applications of low-temperature, solution-processed hybrid dielectrics, with a focus on their integration into flexible, stretchable, and wearable electronic devices.
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1. Introduction


Nowadays, thin-film transistors (TFTs) are fundamental devices for the development of modern electronics, particularly for their applications in display technologies and large-area electronic systems. TFTs are essential components of flat-panel displays, such as LCDs and OLEDs, where they switch on and off each pixel independently, ensuring precise control and high-quality visual output [1,2,3]. This has enabled the actual display technology transforming the user interactions with devices like smartphones, tablets, and smart TVs. TFTs also have applications beyond displays in diverse fields, including digital radiography, sensors, and emerging areas like neuromorphic computing [4,5,6]. TFTs offer cost-effectiveness and processing efficiencies, which make them ideal for large-scale manufacturing, particularly in cost-sensitive applications. Their compatibility with flexible substrates can smooth the way for innovative, wearable, and stretchable electronics [7,8,9]. Furthermore, the TFT technology contributes to sustainability through the production of low-energy-consumption electronic devices, thereby reducing the environmental impact of electronic manufacturing [10]. For these reasons, there has been intensive research on TFTs in the last recent decades, which is currently ongoing. This is crucial for achieving device performance metrics like high electron mobility and stability, low operation voltages, among others, which are essential for the next-generation electronic devices [11,12,13].



The literature about TFTs is so extensive that a number of review papers have been published over the years. These review papers provide a comprehensive overview of the current state of TFT research and development, highlighting the progress made in materials, device structures, fabrication techniques, and circuit applications. There are very few review papers touching all the aspects relevant to TFTs; instead, they focus on specific aspects of TFTs. For example, some recent review papers focused on low-temperature solution-processed metal oxide channel layers [14], 2D transition metal dichalcogenides [15], solution-processed inorganic p-channels [16], etc. On the other hand, some other review papers focused on the gate dielectric layer like high-k polymeric gate insulators for OTFTs [17], high-k gate dielectrics for flexible and stretchable electronics [18], high-k zirconia-based materials for gate dielectrics [19], hybrid polymer metal oxide layers for flexible TFTs [20], etc. Most of the papers in the literature are related to the development of enhanced properties of semiconductor materials for channel layer applications. Regarding the gate dielectric layer, a general classification of dielectric materials into organic and inorganic categories can be inferred from the literature, each category with its advantages and disadvantages, and, above all, its own niche of applications. Among the inorganic dielectric materials, the metal oxide compounds such as SiO2, TiO2, ZrO2, HfO2, Al2O3, Y2O3, etc. are well known for their excellent electrical insulation, high dielectric constants, and good thermal stability [21,22]. These properties make them ideal gate dielectric materials for conventional TFT applications, including displays and integrated circuits, where durability and reliability are critical. However, to achieve excellent thermal and electrical properties, the deposition of these dielectric materials requires the use of vacuum-based techniques like physical vapor deposition (PVD) and chemical vapor deposition (CVD). These techniques are associated with high equipment costs, which increase the overall expense of device manufacturing [22]. There are also some challenges of maintaining a stable vacuum environment and precise control of deposition parameters to achieve the proper thin-film quality required for the efficient device performance. In addition, high temperatures are often required during thin-film deposition, to achieve proper film densification and thus superior dielectric properties, which limit the compatibility of inorganic dielectrics with temperature-sensitive substrates, such as flexible plastics, restricting their use in flexible devices. Also, the inherent brittleness of inorganic dielectric layers increases the risk of cracking or delamination, especially after bending flexible substrates, degrading the device performance [18]. Environmental and safety issues also arise from the generation of hazardous waste and the handling of precursor materials during these vacuum-based processes. Therefore, all these factors collectively represent significant challenges to overcome during the processing of inorganic dielectric layers through vacuum-based deposition techniques.



Organic gate dielectric materials have also gained importance for the development of TFTs, particularly in organic TFTs (OTFTs). They provide as good electrical insulation as their inorganic counterpart, enhancing charge transport by improving the interface with semiconductor channel layers, which positively affects the device performance [18,23]. These dielectric materials, unlike inorganic ones, also offer important processing advantages, such as solution processability at low-temperature conditions. This feature makes organic dielectric materials compatible with deposition on flexible substrates that cannot tolerate high temperatures, which is a key factor for wearable and flexible devices manufacturing [24]. Furthermore, organic dielectrics, such as poly(methyl methacrylate) (PMMA) [25,26], poly (vinyl phenol) (PVP) [27,28], (p-xylylene) (PPx) [29], poly (vinyl alcohol) (PVA) [30,31], and parylene [32,33], among others, offer excellent mechanical flexibility, enabling TFTs to perform reliably under bending and stress, which is critical for devices in dynamic environments. With such characteristics, organic dielectrics have shown promising achievements when used with oxide semiconductors, evidencing their excellent potential for high-performance flexible electronic applications. However, these dielectric materials also have some drawbacks, including low dielectric constant, low dielectric strength, and sensitivity to environmental factors like moisture and oxygen, which can degrade their performance over time [18]. Additionally, their lower thermal stability compared to inorganic dielectrics restricts their use under high-temperature conditions. Despite these disadvantages, organic dielectrics are particularly well-suited for flexible displays, wearable devices, and large-area electronics, where their low-temperature processing on flexible substrates provides significant advantages.



Organic–inorganic hybrid dielectrics, constituting the blending of dielectric polymers with high-k inorganic materials, offer a promising approach to develop advanced gate dielectric materials for TFTs [23,34,35,36]. This combination of organic and inorganic phases linked through diverse types of chemical bonds, including hydrogen bridges, van der Waals forces, and covalent or ionic interactions, allows for the tunability of properties, such as mechanical flexibility, optical transparency, and electrical performance, making these materials highly desirable for a range of applications, including gate dielectrics. These hybrid dielectrics combine the superior dielectric properties of inorganic dielectrics with the flexibility and lightness of polymers, resulting in materials with high dielectric constants, low leakage currents, and mechanical robustness. Like organic dielectrics, their low-temperature, solution-processable nature makes them ideal for deposition on large-area, flexible substrates. Homogeneous, highly transparent, with a very smooth surface, hybrid dielectric materials can be obtained by the simultaneous condensation of the inorganic phase and polymerization of the organic one, taking place in a hybrid precursor solution. The resulting hybrid material is an amorphous network with crosslinked nanometric domains of both organic and inorganic phases, whose properties depend on its organic-to-inorganic content ratio and the type of linking between them [37,38,39,40]. This feature enables the design of hybrid materials with targeted properties for specific applications including gate dielectrics in TFTs [41,42,43,44,45,46]. The characteristics of hybrid dielectrics are quite appropriate for their application in flexible electronic devices where the processing temperature must be low and the materials capable of enduring deformation and mechanical stress without degrading. These characteristics are very important to fulfil the conditions to integrate the TFTs as fundamental parts in flexible, stretchable, wearable, and implantable devices. The organic–inorganic hybrid gate dielectric approach has been applied in several configurations. The simplest one consists of a hybrid organic–inorganic bilayer gate dielectric, where the organic layer passivates surface defects of the inorganic one, providing a smooth surface at the dielectric–semiconductor interface. Meanwhile, the inorganic layer increases the capacitance of the gate dielectric [47,48,49]. Another approach is the embedding of high-k inorganic nanoparticles in a polymeric matrix to achieve polymer nanocomposite gate dielectric layers, where the interaction between the inorganic and organic phases is rather low [50,51,52]. A third, less explored approach involves inorganic–organic hybrid gate dielectric layers with phases much stronger, linked by covalent and/or ionic bonds. In this case, the synergistic combination of the phases, through stronger bonds, not only meets the mechanical and electrical requirements for flexible TFTs but also offers smooth, low-roughness surfaces that are essential for the growth of additional dielectric and semiconductor layers [53,54,55,56,57,58,59,60]. Recent research reports have demonstrated the potential of these hybrid materials in gate dielectric applications, showing promising electrical performance in both n-type and p-type TFTs. However, although the advantages of the organic–inorganic hybrid dielectrics for TFTs applications are great, it is still challenging to address some issues like high-leakage currents, complexity to achieve uniformity and compatibility between organic and inorganic components, thermal instability, etc., to improve even more their performance and stability.



The development of gate dielectric materials is fundamental for the emerging trends in TFT technologies because they have a direct impact on the electrical performance of the devices, including threshold voltage, leakage current, and overall stability. Because there is currently an increasing demand for TFTs for flexible, wearable, and high-performance electronics, the research on dielectric materials featuring high capacitance, low processing temperatures, and mechanical flexibility has considerably increased. In this regard, organic–inorganic hybrid dielectric materials are gaining attention because they fulfill the requirements for their application as gate dielectric in TFTs for flexible electronics.



In this paper, we review the development, characterization, and application of organic–inorganic hybrid dielectric materials for gate dielectric layer applications in TFTs. We focus on the sol-gel process as the layer deposition method, the role of coupling agents in enhancing phase compatibility, and the performance of several types of hybrid dielectric layers in TFTs, both rigid and flexible. Our findings contribute to the growing body of knowledge on hybrid materials and their potential to revolutionize the field of flexible electronics.




2. The Role of the Gate Dielectric in Thin-Film Transistors


The TFT basic structure consists of a semiconductor channel layer; a gate dielectric layer; and source, drain, and gate electrodes, all deposited on a non-conducting substrate like glass, as depicted in Figure 1. The semiconductor channel layer is the cornerstone of TFT technology because it plays a determining role in the overall device performance and its suitability for a wide range of applications. The electrical properties of the semiconductor material used for this layer significantly influence the charge carrier mobility of the device, which is critical for its switching speed and drive current capability. Higher mobility semiconductor materials result in faster and more efficient device operation. In applications like transparent electronics and displays, the semiconductor channel material must also be optically transparent like ZnO [41,46,58,61], In2O3 [60,62,63], and IGZO [44,45,64], which are preferred for their high transparency in the visible spectral region. Also, a clean and well-defined interface with the dielectric layer minimizes the charge trapping and enhances the device mobility. In general, the stability and reliability of the channel material under conditions of electrical bias, temperature, and light exposure are essential for ensuring the long-term durability of TFTs. The wide availability of semiconductor materials for channel layer applications includes amorphous and polycrystalline silicon, metal oxides, metal chalcogenides, 2D materials, and organic semiconductors [65]. The choice of the most appropriate channel material is based on performance requirements, cost, and manufacturing processes. In addition, there are some techniques with the capability to deposit high-quality semiconductor channels at low temperatures, allowing for the use of flexible substrates to produce large-area, cost-effective, flexible electronic devices [8,12,14,18,24]. Therefore, the semiconductor channel layer is of fundamental importance for the function and advancement of TFTs, and that is why the ongoing research focused mainly on developing superior semiconductor materials to take this technology to superior levels.



On the other hand, the gate dielectric layer is the other fundamental component of TFTs, which also significantly impacts their functionality and performance [18,19,20,21]. When a voltage is applied to the gate electrode, the dielectric layer undergoes polarization, which affects the electric field within the semiconductor channel. This dielectric polarization is the key to accumulating a charge at the semiconductor/dielectric interface and then to controlling the flow of charge carriers (electrons or holes) between the source and drain electrodes, enabling the transistor to switch on and off effectively through the gate voltage. The gate dielectric layer also provides electrical isolation between the gate and the semiconductor channel, preventing leakage currents and ensuring that the gate signal does not interfere with the device operation. Therefore, based on such functions of the gate dielectric layer in the TFTs operation, a high dielectric constant (high-k) is very important for increasing the gate capacitance, which enhances the control over the drain current in the semiconductor channel, thus leading to improved on-current and reduced device operating voltages, which is particularly beneficial for low-energy consumption applications. The dielectric material should also exhibit very high resistivity to minimize the leakage current and power loss, increasing the device reliability. In addition, the dielectric layer must be thin to maximize capacitance while maintaining effective electrical insulation, preventing undesirable leakage current between the gate and the semiconductor. Thermal stability is another important requirement, because it guarantees that the dielectric material preserves its properties under various temperature conditions, contributing to the long-term stability of the device. Compatibility with the semiconductor channel materials is necessary to prevent interface degradation, which can affect the device performance. For applications involving flexible electronics, mechanical flexibility is imperative because the dielectric layer must resist bending and stretching cycles without losing its insulating properties. Finally, a robust, stable dielectric/semiconductor interface is fundamental to reduce charge trapping capable of degrading overall device performance [66]. All these combined characteristics define an ideal gate dielectric layer. They are critical for the reliable and efficient operation of TFTs in several advanced electronic applications. The design and material choice for the gate dielectric layer are critical for the stability and reliability of the TFT, helping to maintain consistent performance over time and under varying environmental conditions.



Since the accumulation and flow of electrical charge take place in the semiconductor channel layer at its interface with the gate dielectric, the characteristics of such semiconductor/dielectric interfaces in TFTs have a great influence on their electrical performance parameters such as charge carrier mobility, threshold voltage, and device stability. One of the main issues concerning this interface is the presence of trap states, which can capture charge carriers, leading to the immobilization of trapped charge [67]. This phenomenon increases the threshold voltage and degrades the subthreshold swing, ultimately reducing the device performance. The quality of the dielectric material also plays here a significant role; high-quality dielectrics with a very smooth surface and low traps density contribute to enhanced interface characteristics, improving the electrical transport. Thus, the stability of the semiconductor/dielectric interface is requisite to maintain consistent electrical device performance over time. Furthermore, the material compatibility between the semiconductor channel and the gate dielectric is critical [68]. Mismatches in thermal expansion coefficients or chemical properties of these materials can produce defects at their interface, negatively affecting the device performance. Therefore, it is always important to make a careful selection of compatible materials to optimize the interface quality and thus, achieve the proper device operation. In summary, the semiconductor/dielectric interface is a key factor in the TFT performance, and effectively addressing issues related to interface trap states, stability, dielectric quality, and material compatibility is mandatory for the development and optimization of high-performance TFT technologies.




3. Organic Dielectrics


This section includes a brief review of recent literature about organic dielectrics, with the focus on low-temperature deposition for gate dielectric applications in flexible electronics. The incorporation of this information has the purpose of comparing the properties and performance of organic gate dielectrics with those of organic–inorganic hybrid dielectric ones, which have in common the facile solution processing at low temperature and are described in the next section. Among the most common organic gate dielectrics used in TFTs are poly (methyl methacrylate) (PMMA), polyvinyl alcohol (PVA), polyvinyl phenol (PVP), and parylene (poly(p-xylylene)). Table 1 contains the reported values for the main dielectric, mechanical, and optical properties of these polymer dielectrics. Among their mechanical properties stands out the fracture toughness values much higher than those of the inorganic dielectric materials, which along with their lightness, corroborates their feasibility for flexible device applications. All have appropriate electrical insulation characteristics with values of the dielectric constant rather low as compared to inorganic dielectrics. However, these values, in the range of 2.7–7, are comparable with the dielectric constant of thermal SiO2, 3.8–4, which is the conventional gate dielectric material in electronic devices. That is why the dielectric properties, as well as the mechanical ones, of these organic polymeric dielectrics fulfil the requirements for flexible TFT applications [18]. Furthermore, these polymer dielectrics can be easily deposited from solution methods, at low temperatures, such as spin coating, inkjet printing, or roll-to-roll processing. These deposition methods are cost-effective and compatible with large-area fabrication processes, which make more feasible the manufacturing of flexible electronic devices. However, their low glass transition temperatures impose a limit on the processing and working temperature of the manufactured devices. Following, there is a brief description of these polymer dielectrics based on their characteristics and suitability for flexible electronics.



PMMA is a thermoplastic acrylic polymer derived from the monomer methyl methacrylate. It is widely characterized for its optical transparency, lightness, biocompatibility, and resistance to UV light and weathering, making it a popular choice for various applications, including optical lenses, dental cements, and gate dielectric material in TFTs [80,81,82]. It is valued as gate dielectric material for its solution processability, mechanical flexibility, and compatibility with various semiconductors, both organics and inorganics. PMMA can be easily deposited through solution-based methods like spin coating, enabling the formation of uniform, thin dielectric layers. Its flexibility makes it ideal for use in flexible electronics, where it can be applied on plastic substrates. PMMA also enhances the semiconductor/dielectric interface, reducing charge trapping and improving overall device performance. For these reasons, it has been widely used as organic dielectric material in TFTs with organic semiconductor channels like P3HT [83] and pentacene [84] and inorganic ones like ZnSnO [85]. The dielectric constant of PMMA as gate dielectric material in TFTs typically varies in the 3.5–4.5 range, depending on the specific formulation and processing conditions [86,87]. Regarding the leakage current, in general, PMMA exhibits low leakage currents in the range of 10−9 to 10−12 A/cm2 at electric fields up to 1 MV/cm [87]. These dielectric characteristics make PMMA an organic dielectric material recommendable for use in TFT applications, especially where low power consumption and high reliability are important.



PVA is a synthetic, water-soluble, vinyl polymer derived from the polymerization of vinyl acetate, followed by hydrolysis to remove the acetate groups. It features good solution processability with good film-forming properties, biocompatibility, environmental stability, and high flexibility and mechanical strength. PVA thin films have shown good mechanical stability, maintaining their proper performance under bending in flexible applications. PVA typically has a relatively higher dielectric constant, in the range from 5 to 7, compared to PMMA and Parylene [88,89]. The high dielectric response of PVA is due to the polarization of hydroxyl (-OH) groups on the polymer backbone, which contributes to the higher dielectric constant compared to non-polar polymers. PVA has also demonstrated good insulating properties, resulting in low leakage current, minimizing the energy loss and then enhancing its reliability in flexible electronic devices. Due to these advantageous properties, PVA is increasingly recognized as a preferred gate dielectric material in flexible electronics [90].



Polyvinyl phenol (PVP) is a thermoplastic phenolic polymer. It consists of a vinyl backbone with phenol groups attached to it, where the phenol group is an aromatic ring with a hydroxyl group (-OH) attached. Like the other polymer dielectrics, PVP also has remarkable solution processability, mechanical flexibility, biocompatibility, and electrical insulation properties. The phenolic structure of PVP contributes to its rigidity and stability, making it suitable for high-performance applications, particularly in electronic devices. Like PVA, the hydroxyl groups attached to the phenol ring are also the cause for the relatively high dielectric constant of PVP in the range of 3.5–6 [91,92,93]. PVP is typically used in applications that require specific dielectric properties and thermal stability, such as gate dielectric materials in TFTs and photoresist materials in lithography processes. As gate dielectric material, PVP is compatible with a wide range of semiconductors, including both organic and inorganic materials, where it provides a smooth and defect-free interface to improve the electrical transport in TFTs.



Parylene is a highly crystalline, linear, and non-conjugated polymer, which is notable for its excellent electrical insulation properties, moisture barrier capabilities, chemical resistance barrier properties, biocompatibility, and chemical resistance [94]. Unlike solution-processed polymers, parylene thin films are typically deposited using a vapor deposition polymerization process. The parylene thin films obtained from this CVD deposition process are conformal and pinhole-free, with suitable characteristics for applications in electronics, medical devices, and protective coatings. There are several types of parylene, such as parylene N, C, D, and AF4, each with a slightly different chemical structure and properties, which can be tailored for specific uses. Among these, parylene C is the most convenient and widely used as a gate dielectric material in TFTs due to the following reasons [95]: it has excellent dielectric properties such as low leakage current, often below 10−10 A; a relatively high dielectric constant of around 3.1; high dielectric strength typically exceeding 4.11 MV/cm; a good interface with the semiconductor channel, etc. For flexible electronics applications, since parylene C is inherently flexible, it offers flexibility, conformality, and compatibility with various organic semiconductor materials used in OTFTs, such as pentacene and polymer semiconductors [96]. Furthermore, because parylene C is highly resistant to moisture, chemicals, and environmental factors, it can protect from degradation the underlying semiconductor materials in the TFT, enhancing its longevity and reliability [97]. For this feature, parylene C is also often employed as an encapsulation layer to improve the stability and reduce the variability of the device’s performance.



In summary, organic gate dielectric materials, such as those described above, are still the focus of intensive recent research. This is because the developing of advanced gate dielectric structures with suitable characteristics to achieve high-performance, stable, and flexible OTFTs is very challenging. Some of the recent research approaches, to enhance the devices performance, include the exploration of polymer bilayers and polymer composite gate dielectrics to combine the advantages of the different polymers in the gate dielectric, and the surface modification of organic gate dielectrics to reduce interfacial traps and improve the electrical transport [98,99,100,101,102]. Also, the use of additives with polarizable functional groups during the polymer synthesis and/or the application of postdeposition thermal treatments have been reported as strategies to increase the polymer dielectric constant [103,104].




4. Organic–Inorganic Hybrid Dielectrics


Hybrid organic–inorganic dielectric materials have emerged as a promising class of advanced materials, combining the advantages of both organic polymers and inorganic oxides [105]. These materials are designed to integrate the flexibility, processability, and cost-effectiveness of organic components with the superior dielectric properties, thermal stability, and mechanical strength of inorganic materials. The synergy between these two phases results in dielectric materials with unique properties that are highly desirable for various electronic applications, particularly in TFTs, flexible electronics, and low-power devices. One of the key advantages of hybrid dielectric materials is their tunable dielectric properties. By carefully selecting and combining organic and inorganic components, it is possible to engineer materials with specific dielectric constants, breakdown voltages, and thermal stability. This tunability is critical for optimizing the performance of electronic devices, where the dielectric layer plays a crucial role in controlling the electrical behavior of the system. Additionally, hybrid materials offer enhanced mechanical flexibility compared to pure inorganic dielectrics, making them suitable for flexible electronics. The organic component typically imparts flexibility, while the inorganic component provides the necessary dielectric strength and stability. This combination allows for the fabrication of devices that can withstand bending and stretching without compromising their performance. Hybrid dielectrics also benefit from the relatively low processing temperatures required for their fabrication. This is particularly advantageous for applications involving flexible substrates, such as plastics, which may degrade at high temperatures. Moreover, solution-processable hybrids can be deposited using cost-effective techniques like spin coating, dip coating, or printing, making them attractive for large-scale manufacturing. Despite their numerous advantages, hybrid organic–inorganic dielectrics also face certain challenges. One of the primary disadvantages is the potential incompatibility between the organic and inorganic phases. This incompatibility can lead to phase separation, poor interfacial bonding, and non-uniform properties across the material. In this sense, hybrid dielectric layers can be classified into different types based on their structural organization and the nature of the interaction between the organic and inorganic phases. Some of the most studied types include polymer nanocomposites [106,107,108], multilayer structures [109,110,111], and crosslinked hybrids [112,113,114], each with distinct properties and advantages for specific applications. In the following sections, there is a complete description and examples of each one of these different types of organic–inorganic hybrid dielectrics.



4.1. Polymer Nanocomposites


Polymer nanocomposites are hybrid materials where nanoscale inorganic particles are dispersed within an organic polymer matrix [115]. The inorganic nanoparticles typically enhance the dielectric constant, thermal stability, and mechanical strength of the material, while the polymer matrix imparts flexibility and processability. The high surface area of nanoparticles leads to significant interaction with the polymer matrix, enhancing its properties; moreover, the potential for tunable properties increase by adjusting the size, shape, and concentration of nanoparticles. For example, Kesorn et al. [116] studied the effect of BaTiO3 (BTO) nanoparticles on the dielectric properties of a hybrid film composed of poly-siloxane (PSX) polymer. It was found that the size and concentration of BTO nanoparticles are critical in determining the dielectric constant and leakage current of the hybrid film. As the concentration of BTO nanoparticles increases, the dielectric constant of the film also rises due to the inherently high dielectric constant of the BTO nanoparticles. However, this higher concentration also leads to increased leakage current, attributed to the reduced dielectric breakdown strength of the material. Moreover, the surface morphology is also affected by the nanoparticle concentration, with smoother surfaces observed in films with a lower concentration of BTO, suggesting that a lower concentration can improve the channel-insulator interface in thin-film transistors, resulting in higher electron mobility. Similar results were obtained by Le et al. [117] when they studied the impact of nanoparticles on the dielectric properties of hybrid films focused on organic–inorganic TiO2 hybrid nanoparticles using an amphiphilic urethane polymer (AUP). Like the study of Kerson, the size and concentration of the nanoparticles significantly influence the dielectric constant and leakage current of the resulting films. A higher concentration of TiO2 nanoparticles leads to an increase in the dielectric constant, thanks to the high dielectric properties. However, it also causes a rise in leakage current due to the potential formation of defects and inhomogeneities in the dielectric films.




4.2. Bilayer and Multilayer Hybrid Dielectrics


Due to the inherent challenges associated with nanocomposites, such as difficulties in achieving uniform nanoparticles dispersion, leading to different local properties and the increase in leakage current with nanoparticles concentrations, an alternative approach like bilayer and multilayer structures has been proposed. Bilayer hybrid dielectrics offer distinct advantages over nanocomposites by allowing independent optimization of each layer’s properties. Typically, an inorganic layer with a high dielectric constant and excellent barrier properties is combined with an organic layer that provides flexibility and a smooth interface. This configuration not only enhances the overall dielectric performance but also reduces charge trapping at the interface, leading to improved device stability and reduced leakage currents. Additionally, bilayer structures are often easier to fabricate with consistent quality, making them a more viable option for scalable production in flexible and high-performance electronic devices. Aluminum oxide (Al2O3) has been widely used in multi- and bilayer structures with polymers such as polyamide (PA), polyimide (PI), polyvinyl phenol (PVP), and poly(para-xylylene) (pV3D3) due to its excellent insulating properties. Huang et al. [118] synthesized a hybrid multistack polyimide-Al2O3 dielectric material designed for flexible devices. The hybrid dielectric leverages the excellent insulating properties of Al2O3 and the intrinsic flexibility of polyimide, resulting in a material that combines a high dielectric constant with mechanical flexibility. The fabrication process, which alternates between Molecular Layer Deposition (MLD) for polyimide and Atomic Layer Deposition (ALD) for Al2O3, ensures a uniform mixing of the polymer and oxide. The smoothness of polyimide improves surface roughness and increases its uniformity by reducing defects such as pinholes and agglomeration observed in nanocomposites, which significantly lowers the leakage current (1.1 × 10−7 A/cm2 at 1 MV/cm). The hybrid dielectric also exhibits strong bending tolerance, making it ideal for flexible electronics. The study highlights the potential of hybrid material for high-performance applications, particularly in flexible integrated circuits like inverters and logic gates, where the hybrid structure offers both electrical stability and mechanical robustness. Park et al. [119] mixed pV3D3 and Al2O3 in a hybrid dielectric bilayer material; it exhibits remarkable dielectric properties that make it highly advantageous for advanced electronic applications. This hybrid material effectively combines the low trap density and chemical stability of the low-k pV3D3 layer with the high dielectric constant of the Al2O3 layer. The result is a dielectric material that offers a significant reduction in trap-related issues, such as charge trapping, which commonly plague single-material dielectrics, especially inorganic ones. The hybrid structure is particularly effective in reducing threshold voltage shifts under stress conditions, demonstrating superior stability compared to traditional single-layer dielectrics. The superior properties arise from the reduction of functional groups, such as hydroxyl groups, which act as charge-trapping sites in the dielectric surface. Additionally, the hybrid dielectric ability to maintain low leakage currents and minimize noise makes it a superior choice for ensuring the reliability and longevity of electronic devices. Furthermore, its excellent thermal stability further underscores its suitability for applications requiring robust performance under varying environmental conditions. Finally, Lakshmi Priya et al. [120] used a polymer buffer layer such as PVP in integration with Al2O3, which significantly enhanced the surface smoothness, reducing surface roughness from 1.24 nm in Al2O3 to as low as 0.3 nm. As described before, this is crucial for minimizing leakage current and improving the overall charge transport in the dielectric layer. Despite being a thinner film, the Al2O3 layer contributes to a higher electric field strength and capacitance increase, offering better gate control and improved device stability. However, the thinner film also introduces challenges related to increased leakage current, necessitating further optimization in practical applications.



Furthermore, incorporating other inorganic layers into the bilayer hybrid dielectric structure offers additional advantages, such as the use of inorganics with a higher dielectric constant. For example, hybrid dielectrics incorporating titanium dioxide (TiO2) or tantalum oxide (Ta2O5) with PVP have been shown to enhance the overall capacitance and reduce operating voltages due to their superior dielectric properties [106]. TiO2 demonstrates a higher dielectric constant than Al2O3, resulting in stronger gate control and potentially better device performance. These hybrid structures can also reduce interface traps and improve thermal stability, making them suitable for next-generation organic electronics, where optimizing the balance between flexibility, dielectric strength, and device stability is critical. On the other hand, a hybrid dielectric composed of polyvinyl alcohol (PVA) and SiO2 demonstrates an excellent integration in bilayers, providing the high dielectric constant and excellent mechanical properties of PVA with the stability and protective characteristics of SiO2 [121]. In this work, the SiO2 layer serves as a protective barrier, shielding the PVA from environmental damage and from extra procedures during the fabrication such as sputtering deposition or plasma treatments, which is essential for maintaining the integrity and uniformity of the dielectric layer.



While bilayers and multilayers in hybrid dielectrics offer several advantages, such as improved dielectric performance and mechanical flexibility, they also come with certain disadvantages. One of the primary challenges is the complexity of the fabrication process. Creating multiple layers requires precise control over the deposition and alignment of each layer, which can increase manufacturing time and costs. Additionally, the interfaces between different layers can introduce defects, such as interfacial traps or charge accumulation, which may degrade the overall performance of the dielectric. The potential for mismatches in thermal expansion coefficients between layers can also lead to delamination or cracking under thermal cycling, affecting the long-term reliability of the device. Furthermore, the added thickness from multiple layers can result in increased parasitic capacitance, which may hinder the performance of high-frequency devices. These factors highlight the need for careful design and optimization when using bilayer or multilayer structures in hybrid dielectrics.




4.3. Crosslinked Hybrid Dielectric Films


In the pursuit of advanced dielectric materials for next-generation electronic devices, crosslinking hybrid dielectrics have emerged as a promising solution that combines the strengths of organic and inorganic components at a molecular level. Unlike conventional multilayer or nanocomposite structures, crosslinked hybrid dielectrics are characterized by the formation of covalent bonds between the organic and inorganic phases, creating a highly interconnected network. This molecular-level integration not only enhances the uniformity and stability of the dielectric material but also imparts superior mechanical, thermal, and electrical properties. The crosslinking process facilitates the creation of materials with tailored dielectric constants, reduced leakage currents, and improved resistance to environmental degradation. As a result, crosslinked hybrid dielectrics are becoming increasingly popular in applications where reliability, durability, and performance under demanding conditions are critical. Ensuring strong integration between the organic and inorganic phases is essential for achieving optimal dielectric properties in hybrid materials. A well-integrated structure minimizes phase separation, and reduces surface roughness and charge-trapping capabilities, which collectively contribute to lower leakage currents and improved overall performance. Without proper interaction between the phases, defects and inconsistencies can arise, negatively affecting the dielectric constant and material reliability. Su et al. [122] reported a hybrid material composed of ZrO2 and PVP, which exhibited a relatively high leakage current density of 6.85 × 10−6 A/cm2 (at 2 MV/cm) due to weak interaction between the PVP and ZrO2 phases. This weak interaction led to increased surface roughness (23 nm), resulting in compromised dielectric performance.



To address these issues, recent studies have explored the use of coupling agents to enhance the organic–inorganic interaction in hybrid dielectrics. These agents facilitate stronger molecular bonding, improving both electrical and mechanical properties. In our previous works, PVP-based hybrid dielectrics were synthesized using the PMF crosslinking agent, which significantly enhanced the integration between the organic and inorganic phases, leading to notably smoother films. For instance, HfO2–PVP [60], TiSiOx–PVP [123], and SiO2–PVP [59] exhibited improved surface roughness values of 0.33 nm, 0.18 nm, and 0.25 nm, respectively. This stronger chemical bonding at the molecular level results in a more homogeneous dielectric layer, with reduced surface roughness and better dielectric performance. Moreover, coupling agents such as GPTMS (3-glycidoxypropyltrimethoxysilane) and TMSPM (3-trimethoxysilylpropyl methacrylate) allow enhancing the interaction between organic and inorganic phases in hybrid dielectric materials. These agents promote covalent bonding at the molecular level, resulting in better integration, reduced phase separation, and improved surface smoothness, which are crucial for optimal dielectric performance. For instance, in Al2O3–GPTMS–PMMA hybrid films processed at low temperatures, GPTMS is used for achieving uniform film surfaces with a roughness below 1 nm and a low leakage current density of 10−7 A/cm2 (at 0.21 MV/cm) [46]. Also, the use of GPTMS in ZrHfO2-PMMA hybrid dielectrics demonstrated significant improvements in dielectric properties. The hybrid films, processed at 200 °C, showed a remarkably low leakage current density of 4.5 × 10−9 A/cm2, with a dielectric constant of 6 at 1 MHz [124]. Similarly, TMSPM has been shown to improve the bonding in PMMA–ZrO2 hybrid layers, leading to smoother surfaces and a dielectric constant range of 4 to 12, depending on the coupling agent concentration [43]. In another example, the integration of PMMA with HfO2 using GPTMS produced a hybrid film with excellent dielectric properties, including a high dielectric constant (k = 9.5) and reduced leakage current of 1 × 10−9 A/cm2 (at 0.52 MV/cm), demonstrating the significant role of these coupling agents [58].



In summary, hybrid organic–inorganic dielectrics offer a versatile platform for developing materials with tailored dielectric properties, combining the flexibility and processability of organic polymers with the superior dielectric constant and thermal stability of inorganic oxides. Despite the inherent challenges, such as achieving strong integration between phases and managing leakage currents, the use of coupling agents in crosslinking materials has proven effective in enhancing the bonding between organic and inorganic components, resulting in smoother films with improved dielectric performance. These advancements have led to significant improvements in surface roughness, leakage currents, and dielectric constants, making hybrid dielectrics promising candidates for advanced electronic applications, including thin-film transistors and flexible electronics. Table 2 summarizes a list of hybrid dielectric materials and their key properties such as thickness, leakage current, capacitance or dielectric constant, and surface roughness for various hybrid systems. This comparative overview provides a clearer understanding of the strengths and limitations of each material, aiding in the selection of the most suitable dielectric material for specific applications.





5. TFTs Assembled with Low-Temperature Hybrid Gate Dielectrics


The implementation of organic–inorganic hybrid materials in thin-film transistors (TFTs) has gained considerable attention due to their ability to combine the strengths of both organic and inorganic components. By blending high-k inorganic oxides with organic polymers, researchers have been able to create hybrid dielectrics that provide excellent gate control and maintain stability under mechanical strain, a key requirement for flexible electronics. In this section, we will explore the integration of hybrid dielectric materials in TFTs, focusing on their synthesis, and the resulting impact on device performance in both rigid and flexible devices. Several studies have demonstrated how these materials significantly enhance the electrical properties of TFTs, including mobility, on/off current ratio, and threshold voltage stability, while also offering mechanical robustness. This section will highlight the innovative strategies and material combinations that have led to high-performance devices.



Having previously outlined the advantages of nanocomposite hybrid dielectrics, it is important to now examine their specific implementation in thin-film transistors. Nanocomposites, which integrate inorganic nanoparticles into an organic matrix, continue to play a crucial role in enhancing the performance and flexibility of TFTs. Ployrung Kesorn et al. [116] explored the development of high-performance amorphous indium-gallium-zinc-oxide (a-IGZO) thin-film transistors using a low-temperature hybrid gate dielectric composed of BaTiO3 (BTO) nanoparticles and poly-siloxane (PSX). The study utilized two BTO/PSX ratios (BTO1.4PSX1.0 and BTO1.0PSX1.0), both of which provided significant enhancements in device performance. The BTO1.0PSX1.0-based TFTs exhibited a high field effect mobility of 35.59 cm2/V·s, a low threshold voltage of 0.4 V, a subthreshold swing of 0.17 V/dec, and a low gate leakage current density of 10−7 A/cm2. The BTO1.4PSX1.0 configuration offered a slightly lower mobility of 27.65 cm2/Vs but still demonstrated good overall performance. The hybrid dielectric high-k properties (k-values of 7.70 and 5.21 for BTO1.4PSX1.0 and BTO1.0PSX1.0, respectively) enabled strong gate control, with the BTO1.0PSX1.0 configuration providing better surface smoothness and lower leakage current. This study emphasizes the potential of high-k nanocomposites for enhancing TFT performance, particularly for flexible electronics, and highlights the balance between increasing the dielectric constant and managing the leakage current. On the other hand, Hong Nhung Le et al. [117] highlighted the development of stable organic–inorganic hybrid TiO2 nanoparticles embedded in an amphiphilic urethane organic matrix synthesized via a low-temperature sol-gel process. These hybrid materials were tailored to serve as high-performance dielectric layers in OTFT devices, addressing the challenge of stabilizing TiO2 nanoparticles for solution processing, which often leads to aggregation and poor film quality. The use of amphiphilic polymers as stabilizing agents enabled uniform dispersion and minimized defects, leading to a dielectric with a low leakage current (2.6 × 10−7 A/cm2 at 2 MV/cm) and high dielectric constant (18.6). The OTFT devices incorporating these hybrid dielectrics exhibited a field effect mobility of 0.72 cm2/V·s, a threshold voltage of −0.53 V, and an on/off current ratio of 105. These transistors also maintained stable operation under low-voltage conditions, demonstrating the effectiveness of the TiO2-based hybrid dielectric in enhancing device efficiency. Additionally, the flexibility and mechanical durability of these hybrid films make them ideal candidates for next-generation flexible and low-cost printed electronics. These nanocomposites hybrid films provide suitable gate control and electrical performance in both rigid and flexible applications.



However, another promising approach is the use of crosslinked organic–inorganic dielectrics. For example, the article by Gwan In Kim et al. [125] focuses on the development of a mechanically durable hybrid dielectric combining polytetrafluoroethylene (PTFE) and hafnium oxide (HfOx) for flexible thin-film transistors. The hybrid dielectric exhibits an impressive dielectric constant of 14.17 and maintains a low leakage current density of ~10−8 A/cm2 (at 3.0 MV/cm), even after extensive bending tests (up to 10,000 bending cycles with a 2 mm bending radius). This durability in the face of mechanical stress demonstrates the robustness of the PTFE–HfOx combination. The TFTs made with this hybrid gate dielectric, specifically, amorphous indium-gallium-zinc oxide (IGZO) TFTs, achieved a high field effect mobility of 16.99 cm2/V·s, a low threshold voltage of 0.96 V, and an excellent on/off current ratio of 1.15 × 108. These metrics showcase the electrical performance stability of the TFTs under mechanical strain, making them ideal candidates for flexible electronics. A key factor in the success of these devices is the incorporation of PTFE, which enhances the mechanical durability of the HfOx layer, minimizes defect formation, and reduces stress concentrations. Additionally, the inclusion of fluorine during the plasma polymerization process helps passivate oxygen vacancies, further improving the electrical stability and reducing hysteresis in the TFTs. This work highlights the potential of PTFE-incorporated HfOx hybrid dielectrics for high-performance flexible electronics, offering a balance between mechanical flexibility and strong electrical performance, highlighting the ability to withstand repetitive mechanical stresses while maintaining low power consumption and high device reliability.



In the work of Su et al. [122] focused on the development of a flexible, low-temperature, and highly transparent hybrid dielectric material composed of ZrO2 and PVP (Polyvinylpyrrolidone), the hybrid dielectric film was fabricated via the sol-gel method, achieving high transmittance of over 95% in the visible region and an optical bandgap of 5.63 eV, making it highly suitable for transparent electronics. One of the key features of the ZrO2–PVP layer is its high dielectric constant (k = 32.3) which significantly was enhanced by strong interfacial polarization between the organic and inorganic phases. The fabricated TFT using this hybrid dielectric showed an impressive field effect mobility of 57.8 cm2/Vs, a low threshold voltage of 0.05 V, and an on/off current ratio of 1.24 × 105, confirming the dielectric suitability for low-power applications. Moreover, the hybrid films demonstrated excellent mechanical flexibility, retaining their electrical performance after 200 bending cycles at a radius of 10 mm, with no significant degradation.



In the reported work [126], the authors explore the fabrication of hybrid gate dielectrics using a combination of HfOx and n-octadecyltriethoxysilane (OTES) through organic 1,6-bis(trimethoxysilyl)hexane (BTH) crosslinkers, resulting in a low-cost, solution-processable material. The HfOx-based hybrid films were created through a one-step spin-coating process, followed by thermal annealing at 150 °C. These hybrid films exhibit excellent dielectric properties, such as a high capacitance of 295 nF/cm2 and a low leakage current density of 5 × 10−6 A/cm2, making them ideal for low-voltage organic thin-film transistor (OTFT) applications. The OTFTs fabricated with these dielectrics, using pentacene as the organic semiconductor, demonstrated good electrical performance. The devices achieved a hole mobility of 0.31 cm2/V·s, a low threshold voltage of −0.8 V, and an on/off current ratio of 105. These transistors were designed for low-voltage operation (below 2 V), making them suitable for energy-efficient electronic applications. Additionally, the surface of the hybrid dielectric was shown to be hydrophobic, which improves the crystallinity of the pentacene and minimizes charge trapping, contributing to the device’s excellent electrical performance.



In our research group, we have successfully implemented hybrid dielectric materials using PMMA (polymethyl methacrylate) as the organic phase, integrated with various inorganic phases. TMSPM (3-trimethoxysilylpropylmethacrylate) and GPTMS (3-glycidoxypropyltrimethoxysilane) have been employed as the coupling agents to enhance the bonding between the organic and inorganic components. Both coupling agents have groups compatible with both organic and inorganic phases. The scheme in Figure 2 depicts the coupling of SiO2 and PMMA phases through these coupling agents. This approach has enabled the formation of highly uniform dielectric layers with improved electrical and mechanical properties. By leveraging the unique advantages of these hybrid dielectrics, we have explored their influence on the performance characteristics of thin-film transistors, including the mobility, threshold voltage, and on/off current ratio. Our work has demonstrated that the integration of PMMA with different inorganic phases, facilitated by the coupling agent, can lead to significant enhancements in device stability, leakage current reduction, and overall operational efficiency.



Specifically, the use of TMSPM as a coupling agent in hybrid dielectrics has been shown to significantly enhance the compatibility between the organic and inorganic phases. The PMMA–SiO2 system was synthesized at 90 °C by the sol-gel process via spin coating, which shows a smooth, uniform dielectric layer. The study demonstrated that the properties of PMMA–SiO2 hybrid films can be tuned by varying the TMSPM concentration, influencing the electrical characteristics of the ZnO-based TFTs [37,41,127]. Figure 3a,b show the leakage current and refractive index dependence on the TMSPM concentration at fixed molar concentrations of the organic (methyl methacrylate (MMA)) and inorganic (tetraethyl orthosilicate (TEOS)) precursors (1 M TEOS: 1 M MMA). These hybrid dielectrics were applied as gate dielectric layers in TFTs, assembled on p-Si wafer substrates, with sputtered-at-room-temperature ZnO thin films as channel layers [41]. The optimized devices showed a saturation mobility of 0.4 cm2/Vs, low threshold voltage of 3 V, and an on/off ratio of 103; these properties correspond to a TMSPM concentration of 0.75 M.



For the PMMA–TiO2 hybrid system, MMA and TBT (titanium butoxide) are used as organic and inorganic precursors, respectively. In this hybrid system, TMSPM enhances the integration of the organic and inorganic phases, leading to homogeneous and highly transparent hybrid dielectric layers with a low surface roughness of 0.36 nm. The hybrid films were deposited by spin coating from a precursor solution containing the precursors TBT: TMSPM: MMA with the molar ratio 1.0:0.25:0.25. After deposition, the hybrid films were annealed in air at 100 °C. The PMMA–TiO2-based TFTs were assembled on ITO-coated glass substrates, employing also ZnO-sputtered channel layers [42], as shown in the SEM cross-section image in Figure 4a. The assembled devices showed proper electrical behavior in the enhancement mode, as shown in the transfer curve in Figure 4b. From this transfer curve, the determined parameters of the PMMA-TiO2-based TFTs were a saturation mobility of 0.1 cm2/Vs, threshold voltage of 2.8 V, and Ion/Ioff current ratio of 103 [42].



Finally, TMSPM has also been applied as the coupling agent to synthesize the PMMA–ZrO2 hybrid system, with zirconium propoxide (ZP) and MMA as the inorganic and organic precursors, respectively [38,43]. The crosslinked PMMA–ZrO2 hybrid network processed at a maximum temperature of 100 °C provides moderate dielectric characteristics for use in ZnO-based TFTs assembled on ITO-coated glass substrates. The ZnO channel layers were deposited by r.f. sputtering at room temperature. The optimized device was obtained with hybrid films deposited by spin coating from a precursor solution containing the precursors ZP: TMSPM: MMA with molar ratio 1.0: 0.3: 1.0. The SEM cross-section of the device is shown in Figure 5a, where it is observed the thickness of 65 nm for the hybrid gate dielectric layer and 42 nm for the ZnO channel one. This device achieved a field effect mobility of 0.48 cm2/Vs, a threshold voltage of 3.3 V, and an on/off current ratio of 105 [43]. These electrical device parameters were determined from the transfer curve of the device shown in Figure 5b. Based on these reports, it is shown that TMSPM is an excellent coupling agent to bind the PMMA organic phase with different metal oxide inorganic phases in hybrid networks. For the three PMMA-based hybrid systems, it was found that the organic-to-inorganic content can be controlled by the TMSPM molar ratio included in the hybrid precursor solution, keeping fixed the molar ratios of the organic and inorganic precursors, the higher TMSPM molar ratio in the hybrid precursor solution, and the higher amount of organic phase in the hybrid material. The use of TMSPM not only promotes better phase interaction but also allows for the fine-tuning of dielectric properties, demonstrating its crucial role in developing hybrid gate dielectrics for thin-film transistors. It is worth highlighting the low-temperature solution processing of these hybrid gate dielectrics, 90–100 °C, which is compatible with the fabrication of electronic devices on large-area flexible substrates.



Although TMSPM serves as a coupling agent between the organic and inorganic phases in hybrid dielectrics, the resulting dielectric properties, and therefore the device features, must be improved. Issues such as relatively high leakage currents and moderate dielectric constants may persist, indicating that the interaction between the phases is not as robust as needed for high-performance thin-film transistors. In contrast, GPTMS offers a more effective solution due to its dual functionality. GPTMS contains both epoxy and methoxy groups, which facilitate stronger and more versatile bonding between the polymer (e.g., PMMA) and the inorganic oxide (e.g., Al2O3 or ZrO2). In the presence of water, the methoxy groups of GPTMS undergo hydrolysis, forming silanol groups (Si-OH). These groups then react with hydroxy groups on inorganic phase to form strong covalent Si-O-M bonds, anchoring the GPTMS to the oxide metal. Regarding the reaction with polymer, the epoxy group in the polymer, such as hydroxyl or ester groups, through an epoxy ring-opening reaction react with the organic phase. This creates a covalent link between the polymer and GPTMS, forming a crosslinking network. This enhanced chemical interaction leads to a more uniform dielectric layer with fewer defects, lower leakage currents, and a smoother interface. These improvements result in better overall performance in TFTs, including higher mobility, lower operating voltages, and increased stability, making GPTMS a more promising coupling agent for advanced electronic applications.



For example, in our previous article [46], we developed an Al2O3–GPTMS–PMMA hybrid dielectric material by the sol-gel process at the low temperature of 150 °C. This hybrid dielectric material was synthesized using aluminum nitrate nonahydrate (Al(NO3)3∙9H2O, and MMA as the inorganic and organic phases precursors, respectively. GPTMS has the role of the coupling agent to improve the compatibility between the organic and inorganic phases. The hybrid solution for the deposition of the hybrid films by dip coating contained precursor molar ratios of 1:7:0.5 for Al2O3:GPTMS:PMMA. The hybrid films exhibited high optical transparency (above 85%) in the visible range, as observed in the optical spectra of Figure 6a, indicating a strong link between the inorganic and organic phases, with a roughness as low as 1 nm, as shown in the AFM image of Figure 6b. TFTs were assembled with Al2O3–GPTMS–PMMA hybrid gate dielectrics on ITO-coated glass substrates with sputtered ZnO channel layers [46]. The cross-section of the device is shown in the SEM image in Figure 7a, and Figure 7b displays its transfer curve. This ZnO-based TFT demonstrated a field effect mobility of 4.5 cm2/Vs, a low threshold voltage of 0.7 V, and an impressive on/off current ratio of 107 Moreover, the device maintained a low operating voltage under 6 V, indicating the hybrid dielectric effectiveness in enabling low-voltage TFT operation. However, the TFT electrical parameters can be improved by using higher dielectric constant inorganic phases such as HfO2 (15–30) and ZrO2 (16–25), as compared to Al2O3 (6–9). The hybrid system with an inorganic ZrHfO2 phase and a PMMA organic one has also been bound with a GPTMS coupling agent [45]. Hafnium chloride (HfCl4) and zirconium chloride (ZrCl4) are used as inorganic precursors; meanwhile, MMA is used as the organic precursor. The PMMA–ZrHfO2 hybrid dielectric films were deposited by spin coating from a precursor solution with molar ratios 1:1:1:1 for MMA:GPTMS:ZrCl4:HfCl4. The resulting hybrid films were subsequently annealed in air at 200 °C, achieving a film thickness of approximately 100 nm. Their high optical transparency confirmed the strong bonding between the organic and inorganic phases, which is corroborated by the thermogravimetric analysis shown in Figure 8a. The TGA curve of the hybrid material, as compared to that of the pure PMMA, reveals the higher-temperature decomposition of the PMMA linked to the inorganic phase. This is evidence of the strong bonding achieved between the organic and inorganic phases in the hybrid material. The final weight of the sample suggests high inorganic content in the hybrid dielectric material. The PMMA–ZrHfO2 hybrid films were applied as gate dielectrics in TFTs with sputtered ZnO and IGZO channel layers [45], demonstrating their versatility and compatibility with diverse semiconductor materials. Both types of devices were fabricated in a bottom-gate top-contacts configuration on ITO-coated glass substrates. The ZnO-based devices depicted a high field effect mobility of 12.8 cm2/Vs, a low threshold voltage of 2.5 V, and an on/off current ratio of 103. Meanwhile, the IGZO-based ones showed exceptional performance, with a field effect mobility of 2.45 cm2/Vs, a low threshold voltage of 1.2 V, and a large on/off current ratio of 107, as shown in the transfer curve in Figure 8b. These devices operated at low voltages (below 6 V) with a subthreshold slope of 0.68 V/dec. Furthermore, in a related study, we explored the application of GPTMS to the low-temperature deposition of HfO2–PMMA hybrid gate dielectric layers [58]. The hybrid films were deposited by the spin coating method from a solution with hafnium chloride as the inorganic precursor, MMA as the organic component, and GPTMS as the coupling agent. The molar ratios of the precursors in the solution were 1:1:1, for MMA:GPTMS:HfCl4. After deposition, the wet hybrid films were annealed in air at 185 °C, resulting in a smooth surface morphology with a low root mean square (RMS) roughness of 0.75 nm, as can be observed in the AFM image in Figure 9a. The hybrid dielectric exhibited a high dielectric constant of 11.3 at 1 kHz and a low leakage current density under 1 nA/cm2 at an applied gate voltage of −5 V. When the HfO2–PMMA hybrid films were applied as a gate dielectric layer in sputtered ZnO-based TFTs, the devices demonstrated outstanding electrical performance, with a high field effect mobility of 15.5 cm2/Vs, a low threshold voltage of 0.5 V, and a high on/off current ratio of 106, as shown in the transfer curve of the device in Figure 9b. Additionally, the TFTs operated at low voltages, with a subthreshold slope of 0.37 V/dec, indicating excellent switching characteristics, low power consumption, and low interfacial defects. This study further underscores the potential of using high-k inorganic phases in hybrid dielectric systems to achieve enhanced device performance, particularly in low-temperature and flexible electronic applications.



Despite these advancements, the dielectric/semiconductor interface and the intrinsic quality of the hybrid dielectric layers are still critical factors in determining the overall performance and stability of the TFTs. One of the primary concerns is the presence of defects within the hybrid dielectric layers, such as oxygen vacancies and hydroxyl (OH) groups. These defects can serve as trap states, leading to charge trapping and the formation of interfacial states that adversely affect the electrical characteristics of the device. Oxygen vacancies can act as donor-like states that enhance free carrier concentration but simultaneously increase leakage currents and threshold voltage instability. Similarly, OH groups can form polar sites within the dielectric, further contributing to charge trapping and increasing the susceptibility of the device to hysteresis and negative bias stress. Addressing these defects in the hybrid dielectrics is crucial for achieving stabler and more reliable TFT performance.



In our recent paper [128], we addressed the challenges posed by oxygen vacancies and hydroxyl (OH) groups within Al2O3–GPTMS–PMMA hybrid dielectric layers and their impact on IGZO-based TFT performance. To overcome these issues, we implemented an ultra-dry air plasma treatment on the surface of the Al2O3–GPTMS–PMMA hybrid dielectric films, aiming to reduce the concentration of OH groups and passivate the oxygen vacancies within the hybrid dielectric network. The plasma treatment effectively reduced the density of these defects, as confirmed by FTIR and XPS analyses. The reduction of OH groups and passivation of oxygen vacancies not only improved the hybrid dielectric properties but also enhanced the interface quality between the dielectric and the a-IGZO semiconductor channel. The treated hybrid dielectric layers exhibited significantly lower leakage current densities, indicating improved insulation characteristics. This enhancement was attributed to the plasma-induced incorporation of nitrogen and oxygen atoms, which neutralized the oxygen vacancies, thereby reducing their ability to trap charges. Figure 10a shows the scheme of the air plasma process and the composition effects on the hybrid dielectric films. Additionally, the treatment promoted the formation of a smoother dielectric surface, further decreasing the interface trap density. This led to the fabrication of a-IGZO TFTs with superior electrical performance, including a high field effect mobility (up to 29.3 cm2/V·s), low threshold voltage (2.9 V), and high on/off current ratio (106), as can be seen in the transfer curves in Figure 10b, for the device before and after air plasma treatment. Moreover, the subthreshold swing (SS) was reduced from 1.25 to 0.42 V/dec, indicating efficient charge transport and low power consumption. This demonstrated that the ultra-dry air plasma treatment is an effective strategy to mitigate the negative effects of oxygen vacancies and OH groups in hybrid dielectric layers. By improving the dielectric insulating properties and the dielectric/semiconductor interface quality, we achieved high-performance TFTs suitable for advanced electronic applications.



To further explore the impact of different dielectric materials on TFT performance, we turn our attention to hybrid dielectrics incorporating polyvinyl phenol (PVP) as the organic phase. PVP-based dielectrics have garnered considerable interest due to their unique chemical and physical properties, which can significantly influence the electrical characteristics of transistors. As mentioned above, PVP as an organic dielectric material has excellent insulating and flexibility properties with a higher dielectric constant than PMMA. By leveraging the inherent properties of PVP in combination with various inorganic oxides, hybrid dielectric layers have developed distinct advantages in terms of dielectric constant, leakage current, and overall device stability.



In the recent paper by de Urquijo Ventura et al. [129], SiO2–PVP and Al2O3–GPTMS–PMMA hybrid gate dielectric layers were compared on sputtered CdSe-based TFTs. The PVP-based hybrid demonstrated superior performance characteristics, which can be attributed to the unique properties of PVP. The PVP advantage lies in its ability to form a more homogeneous dielectric layer with fewer interfacial defects, especially when it is crosslinked with PMF (poly (melamine-co-formaldehyde) methylated) before being combined with inorganic oxides like SiO2. In this study, the SiO2–PVP dielectric exhibited a smooth surface with a low root mean square (RMS) roughness of 0.27 nm, indicating an adequate interaction between the organic and inorganic phases. This smoothness is crucial for the subsequent deposition of the semiconductor layer, leading to a better dielectric/semiconductor interface. Furthermore, the dielectric properties of the SiO2–PVP layer showed a relatively steady capacitance across frequencies and a lower dissipation factor compared to the Al2O3–GPTMS–PMMA dielectric, suggesting lower dielectric dispersion and fewer charge-trapping defects, as can be observed in Figure 11a. When applied as a gate dielectric in sputtered CdSe-based TFTs assembled on ITO-coated glass substrates, the SiO2–PVP gate dielectric achieved an impressive field effect mobility of 22.2 cm2/V·s, a low threshold voltage of 1.1 V, and an on/off current ratio of 104, as observed in the transfer curves of the devices in Figure 11b. These performance metrics highlight the PVP-based dielectric’s ability to facilitate efficient charge transport and minimize interfacial charge trapping. In contrast, the Al2O3–GPTMS–PMMA-based TFTs showed diminished performance, primarily due to the presence of a higher concentration of hydroxyl groups and oxygen vacancies, which acted as trap states. These defects in the Al2O3–GPTMS–PMMA hybrid material increased charge trapping at the interface, restricting the electrical transport in the semiconductor channel and resulting in lower field effect mobility.



In another recent study, Syamala Rao et al. [60] developed a hybrid dielectric composed of HfO2 and PVP to enhance the performance of solution-processed In2O3 TFT. The HfO2–PVP hybrid dielectric films were synthesized by spin coating from a hybrid precursor solution containing the mixture, with a volume ratio of 60/40, of HfCl4 inorganic solution and PVP crosslinked with a PMF organic one. After deposition, the hybrid dielectric films were thermal annealed in air at 200 °C. The resulting hybrid dielectric films were highly uniform, with a very smooth surface and 132 nm thickness, featuring a low leakage current density of 1.2 × 10−8 A/cm2, as can be seen in Figure 12a. A noteworthy aspect of the HfO2–PVP hybrid dielectric surface is its hydrophobic nature, characterized by a low surface energy of 36.7 mJ/m2. This hydrophobicity facilitates the deposition of the semiconductor layer, promoting a more uniform and defect-free interface. Additionally, the dielectric constant of the hybrid film was measured to be 6.5 at 1 kHz, which is relatively high for a low-temperature processed dielectric, providing effective gate control in the transistors. When applied as the gate dielectric in solution-processed In2O3-based TFTs, the HfO2–PVP hybrid dielectrics demonstrated a notable enhancement in the device performance. The transistors achieved a field effect mobility of 2.6 cm2/V·s, indicating efficient charge transport within the channel. Furthermore, the devices operated at a very low threshold voltage of 0.1 V and displayed an on/off current ratio of 105, as shown in Figure 12b, signifying excellent switching behavior and minimal leakage currents. The subthreshold swing (SS) was recorded at 330 mV/dec, indicating a steep transition between the off and on states of the transistor, which reflects low interfacial defect density and efficient gate modulation.



These hybrid dielectric-based devices are not limited to the creation of conventional transistors but also hold significant potential for fabricating phototransistors, due to the photoconductivity properties of the semiconductor channel layers. For instance, in previous work [123], a phototransistor was developed using a hybrid dielectric composed of TiSiOx–PVP. The hybrid dielectric layers were deposited by spin coating from a precursor hybrid solution obtained from the mixture of TEOS and TBT inorganic solutions and a PVP organic one, with molar concentrations of 1:1:1 for TEOS:TBT:PVP, respectively. After deposition, the hybrid films were annealed in air at 200 °C. The phototransistors were assembled on ITO-coated glass substrates by depositing CdSe thin films as the channel layers by the chemical bath deposition technique. This phototransistor, based on the solution-processed CdSe photoconductive thin film, exhibited light detection capabilities across a wide range of wavelengths, making it suitable for optoelectronic applications, as depicted in Figure 13. The TiSiOx–PVP hybrid enabled low-voltage operation of the device and demonstrated low hysteresis, with a field effect mobility of 0.17 cm2/Vs, a low threshold voltage of 1 V, and a high on/off current ratio of 105, as observed in Figure 14a. Furthermore, the device with a hybrid gate dielectric layer was tested by positive bias stress for 2 h, showing good electrical stress stability with a very small ΔVth of just 0.02 V, and any change in the SS during the first 5400 s, as depicted in Figure 14b. This completed solution-based TFT performance is comparable to other TFTs reported in the literature [130,131,132]. Based on semiconductor and gate dielectric layers elaborated with more complex and expensive deposition techniques, these features can be achieved with simpler and more cost-effective solution deposition processes and show the ability to operate effectively at low voltage.



Finally, in another recent paper [62], we reported a significant advancement in the development of hybrid dielectrics for thin-film transistors. In this work, AlOx–PVP and HfAlOx–PVP hybrid thin films were synthesized by spin coating from hybrid precursor solutions using aluminum nitrate nonahydrate (Al (NO3)3.9H2O) and hafnium chloride (HfCl4) as inorganic precursors and PVP (crosslinked with PMF) as the organic polymer source. The HfAlOx inorganic solution was obtained by mixing AlOx and HfOx precursor solutions with a 1:1 (Hf: Al) molar ratio. The HfAlOx–PVP hybrid solution was obtained by combining the inorganic and organic precursor solutions with a 60/40 volumetric ratio. The pristine AlOx–PVP hybrid solution was prepared without HfOx as a reference with the same organic–inorganic volumetric ratio of 60/40 for comparison. After deposition, the hybrid films were thermal annealed in air at 200 °C. This hybrid dielectrics approach not only enables compatibility with flexible substrates but also supports large-scale manufacturing. As shown in Figure 15a and b, the hybrid films demonstrated remarkable dielectric properties, including a high capacitance density of up to 70 nF/cm2 and a low leakage current density on the order of 10−8 A/cm2. The addition of hafnium to the AlOx–PVP matrix was critical in enhancing the dielectric constant while maintaining a low leakage current, resulting in improved gate control and reduced power consumption in TFT applications. When integrated into solution-processed In2O3 TFTs, the HfAlOx–PVP dielectric significantly enhanced the device electrical performance. The TFTs achieved a field effect mobility of 0.25 cm2/Vs, indicating efficient charge transport within the channel. Additionally, the devices operated at a low threshold voltage of 1.3 V and exhibited a subthreshold swing of 0.37 V/dec, suggesting excellent switching characteristics and gate modulation. The on/off current ratio of 106 further underscores the dielectric ability to suppress leakage currents and provide distinct switching states.



The most relevant feature of the incorporation of Hf into the HfAlOx inorganic phase was the elimination of drain current hysteresis of the In2O3-based TFTs. This is observed in the transfer curves shown in Figure 16a,b for the TFTs with AlOx–PVP and HfAlOx–PVP, respectively. While the transfer curve in Figure 16a displays large drain current hysteresis, in the curve of the device with the highest content of Hf in the HfAlOx–PVP gate dielectric, the drain current hysteresis is negligible. Similar improvements were observed in a-IGZO-based TFTs, where the use of the HfAlOx–PVP dielectric as a gate dielectric resulted in a high field effect mobility of 3.39 cm2/V·s, a threshold voltage of 2.2 V, and a large on/off current ratio of 106. Importantly, these devices demonstrated hysteresis-free behavior in their transfer curves, a crucial factor for reliable and stable TFT operation.



The reduction of hysteresis and improved electrical performance were primarily attributed to the incorporation of hafnium into the dielectric matrix. The presence of Hf atoms was found to reduce the density of charge-trapping defects and suppress oxygen vacancies, which are known to cause hysteresis and threshold voltage instability in TFTs. The threshold voltage shifts can lead to instability and unpredictability in device operation, because they cause fluctuations in the required gate voltage for switching states. The strong chemical interaction between Hf and Al within the dielectric matrix led to the formation of a more stable and uniform dielectric layer, effectively minimizing defect states at the dielectric/semiconductor interface. This study not only highlights the potential of HfAlOx–PVP hybrid dielectrics in achieving high-performance TFTs but also underscores the importance of optimizing the dielectric composition to minimize defects and enhance device reliability. The combination of high dielectric performance, low processing temperatures, and minimal hysteresis makes HfAlOx–PVP hybrid dielectrics an attractive option for next-generation flexible electronic devices.



In addition to the hysteresis generated by oxygen vacancies in [62], there exist several mechanisms that could generate clockwise and counterclockwise hysteresis. The clockwise hysteresis is primarily attributed to charge-trapping at the dielectric–semiconductor interface. Trapped charges at the interface capture or release electrons during gate voltage cycling. During the forward sweep, electrons are captured. On the reverse sweep, the trapped electrons are not immediately released, requiring a higher gate voltage to achieve the same current level [133]. This causes a shift in the threshold voltage, creating a clockwise hysteresis [134]. On the other hand, counterclockwise hysteresis is mainly linked to electrical dipoles at or near the dielectric/semiconductor interface. Specially, water molecules diffusing into the semiconductor layer are considered a major source of these dipoles. These molecules align under the influence of the gate voltage, altering the threshold voltage of the transistor [134]. Moreover, the mobile charge within the dielectric can also contribute to counterclockwise hysteresis when the gate voltage is swept in the opposite direction; the threshold voltage decreases due to the presence of the charged particles creating an extra field, which cause the ΔVth [135]. On the other hand, while threshold voltage shifts represent a challenge that can compromise device reliability, current hysteresis serves as a beneficial feature that enhances the performance and stability of transistors in memory applications [136]. Current hysteresis in transistors is essential for their functionality, particularly in memory devices, and offers advantages over the undesirable threshold voltage shift that can occur. Hysteresis enables devices such as TFTs to maintain different conductivity states, which is crucial for data retention and memory effects. This characteristic allows these devices to switch reliably between on and off states, enhancing their performance in applications like neuromorphic computing and bioelectronics [136].



Building on the promising results of hybrid dielectric systems in rigid TFT applications, recent advancements have extended their use to flexible electronics. With these advantages in mind, hybrid dielectrics have emerged as a key component in the development of flexible thin-film transistors, opening new possibilities for wearable technologies, foldable displays, and other flexible applications. H. Najafi-Ashtiani and A. Rahdar [54] explored the application of ZrTiHfO2–PVP hybrid dielectrics for flexible thin-film transistors. The hybrid dielectric materials were synthesized using a low-temperature solution-based process and deposited onto flexible ITO-coated polyethylene terephthalate substrates. The use of ZrTiHfO2–PVP provides a high dielectric constant and low leakage currents, with a capacitance of 70 nF/cm2 at 1 kHz and leakage current densities as low as 10−8 A/cm2. The electrical performance of the TFTs, with ZnO as the semiconductor channel layer, showed a field effect mobility of 0.145 cm2/V·s, a threshold voltage of 1.8 V, and an on/off current ratio of 105. The devices were tested under bending conditions with different radii (R = 15 mm and R = 7 mm) to evaluate their mechanical stability. Under bending, flexible TFTs with an organic-rich hybrid gate dielectric layer maintained performance more effectively, with an acceptable on/off ratio and mobility, even at a bending radius of 7 mm. Devices with higher inorganic content exhibited a degradation in performance under strain, with mobility dropping to 0.002 cm2/V·s at R = 7 mm. These results demonstrated the crucial role that incorporating organic phases plays in enhancing the mechanical flexibility properties of hybrid dielectric materials. By integrating PVP as the organic component, the ZrTiHfO2–PVP hybrid films exhibited improved flexibility, allowing the TFTs to maintain stable electrical performance under significant bending conditions. On the other hand, the Oh Kim et al. [137] report focuses on developing a hybrid dielectric polymer film with zirconia, specifically designed for stretchable IGZO-based thin-film transistors. The transistors in this study demonstrated high mobility (up to 25.4 cm2/V·s), low subthreshold swing (0.68 V/decade), and a significant on/off ratio (2.0 × 107). These transistors were subjected to 200 stretch cycles with a uniaxial elongation of 300%, maintaining their superior performance even after repeated mechanical stress. The inclusion of zirconia in the polymer matrix provided the dielectric film with high permittivity and low leakage current, crucial for its function in flexible electronics. Additionally, the article emphasizes the importance of mechanical durability in stretchable electronics. The transistors were fabricated using a stress-relief structure and transferred to a soft polyethylene (PE) substrate. Despite the large mechanical strain, the devices maintained excellent electrical properties, showcasing the hybrid dielectric ability to protect the transistor performance under strain. This work highlights the significance of integrating organic materials to improve the mechanical flexibility of the dielectric layer without compromising electrical performance.



These studies highlight the success of integrating hybrid polymer dielectric films in stretchable n-type thin-film transistors. However, the application of hybrid dielectrics is not limited to n-type transistors alone. Hybrid dielectric materials have also been effectively implemented in p-type thin-film transistors, which are critical for the development of complementary circuits and more complex electronic systems. The novel approach of Kwon et al. [138] created highly stable, ultra-flexible p-type pentacene-based organic thin-film transistor (OTFT) using a fluorinated organic–inorganic (O–I) hybrid gate dielectric material. The hybrid dielectric material, labeled as FAGPTi, is synthesized through a sol–gel process and incorporates fluorinated groups to improve the dielectric electrical stability and mechanical flexibility. The OTFTs utilizing FAGPTi as the gate dielectric layer demonstrated excellent performance under mechanical stress, maintaining stability even after 10,000 bending cycles. The devices also achieved a high on/off ratio, low leakage currents, and good field effect mobility. Additionally, the fluorinated dielectric material offers significant protection against moisture and oxygen penetration, which is critical for flexible electronics that operate in various environmental conditions. This feature, combined with the ability to fabricate the dielectric layer via a solution-based printing method, makes FAGPTi highly suitable for large-scale, low-cost production of flexible electronics.



Moreover, flexible thin-film transistors have shown great potential for use in sensor applications. For instance, in the work [139], the authors studied a low-voltage, flexible organic polymer nanocomposite-based TFT, where they demonstrated its effectiveness as an ammonia gas sensor. The transistor, using a ZrOx/PMMA/poly melamine co-formaldehyde (PMCF) hybrid dielectric processed via the UV-cured method, and a P3HT/g-C3N4 nanocomposite as the semiconductor active layer, demonstrated efficient performance, with a mobility of 0.1073 cm2/Vs and a low threshold voltage of −0.1052 V, operating at a low voltage of −2 V. The device was subjected to bending tests to evaluate its mechanical flexibility. It retained stable electrical characteristics up to a bending radius of 10 mm, and even at a 5 mm radius, any deformation in performance was temporary and fully recovered once the bending stress was removed. These results highlight the flexibility and robustness of the OTFT. In terms of sensing, the OTFT was highly effective for ammonia detection, with a detection limit as low as 500 ppb and fast response/recovery times of 4 ± 0.5 s and 36 ± 4 s, respectively. This makes the flexible device suitable not only for low-power applications but also for real-time environmental monitoring and gas sensing.



To further illustrate the advancements in thin-film transistors using hybrid dielectric materials, Table 3 provides a comprehensive comparison of several studies. The table summarizes key performance metrics, such as maximum processing temperature, field effect mobility, threshold voltage, and on/off current ratios, for various hybrid dielectric-based TFTs. This compilation offers a clear overview of how different material combinations and processing techniques impact the overall performance and mechanical stability of the devices, underscoring the versatility and potential of hybrid dielectrics in the field of flexible electronics.




6. Conclusions


The integration of organic–inorganic hybrid dielectric materials in thin-film transistors (TFTs) has demonstrated significant potential for advancing both rigid and flexible electronic applications. By leveraging the complementary properties of high-k inorganic oxides and flexible organic polymers, these hybrid dielectrics have enabled remarkable improvements in device performance, including enhanced field effect mobility, reduced threshold voltage, and improved on/off current ratios. Furthermore, their ability to maintain stability under mechanical stress, such as bending and stretching, makes them highly suitable for next-generation flexible electronics, including wearable and portable devices. Through extensive research, it has been shown that optimizing the dielectric composition, including the use of coupling agents and tailoring the organic–inorganic interface, is key to minimizing defects, such as oxygen vacancies and charge-trapping states, which can degrade device performance. The studies discussed in this review highlight how diverse hybrid dielectric formulations—ranging from PMMA- and PVP-based systems to fluorinated and sol-gel processed hybrids—are contributing to the development of high-performance, low-power, and mechanically resilient TFTs.



As the research in the field progresses, future efforts will likely focus on enhancing scalability and environmental stability while further reducing power consumption. The versatility of hybrid organic–inorganic materials positions them as a promising platform for innovative applications in flexible electronics, smart textiles, and integrated sensor systems. Continued exploration of new material combinations and fabrication techniques will undoubtedly push the boundaries of what is possible with hybrid dielectric materials in TFT technology.
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Figure 1. Scheme of the TFT layer structure in the top-contact bottom-gate configuration. 
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Figure 2. Scheme of the linking between SiO2 and PMMA through TMSPM coupling agent. 
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Figure 3. (a) Current versus voltage and (b) refractive index versus photon energy of SiO2–PMMA (1:1) hybrid films deposited with different TMSPM molar concentration in the hybrid precursor solution. 
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Figure 4. (a) SEM cross-section image of the ZnO-based TFT with PMMA-TiO2 hybrid gate dielectric; (b) Transfer curve of this device (left y-axis) and Sqrt Ids versus Vgs plot (right y-axis) to determine its saturation mobility and threshold voltage. 
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Figure 5. (a) SEM cross-section image of the ZnO-based TFT with PMMA–ZrO2 hybrid gate dielectric; (b) Transfer curve of this device (left y-axis) and Sqrt Ids versus Vgs plot (right y-axis) to determine its saturation mobility and threshold voltage. 
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Figure 6. (a) Optical transmission and reflection spectra and (b) 2D AFM image of the Al2O3–GPTMS–PMMA hybrid dielectric film. 
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Figure 7. (a) SEM cross-section image of the ZnO-based TFT with Al2O3–GPTMS–PMMA hybrid gate dielectric; (b) Transfer curve of this device (left y-axis) and Sqrt Ids versus Vgs plot (right y-axis) to determine its saturation mobility and threshold voltage. 
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Figure 8. (a) Thermogravimetric plot of the PMMA–ZrHfO2 hybrid film and of PMMA; (b) Transfer curve of the ZnO-based TFT with PMMA–ZrHfO2 hybrid gate dielectric (left y-axis) and Sqrt Ids versus Vgs plot (right y-axis). 
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Figure 9. (a) Three-dimensional AFM image of the HfO2–PMMA hybrid dielectric film; (b) Transfer curve of the ZnO-based TFT with HfO2–PMMA hybrid gate dielectric (left y-axis) and Sqrt Ids versus Vgs plot (right y-axis). 
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Figure 10. (a) Scheme of the air plasma process on the surface of the hybrid films. (b) Transfer curves of the IGZO-based TFTs with Al2O3–GPTMS–PMMA hybrid dielectric layer gate before and after air plasma treatment. 
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Figure 11. (a) Scheme of the air plasma process on the surface of the hybrid films. (b) Transfer curves of the sputtered CdSe-based TFTs with Al2O3–GPTMS–PMMA and SiO2–PVP hybrid dielectric layers. 
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Figure 12. (a) Current density versus voltage of HfO2–PVP hybrid dielectric films; the inset is the SEM cross-section image of this hybrid film. (b) Transfer curve of the In2O3-based TFTs with HfO2–PVP hybrid dielectric layer. 
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Figure 13. Transient drain currents measured in the CdSe-based TFT with TiSiOx–PVP hybrid dielectric gate under illumination of LED lights with wavelength of (a) 254 nm and (b) 650 nm. 
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Figure 14. (a) Transfer curve of the CdSe-based TFT with TiSiOx–PVP hybrid gate dielectric with (1:1:1) composition; (b) Positive bias stress of this TFT. 
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Figure 15. (a) Current density versus voltage and (b) capacitance versus frequency of HfAlOx–PVP hybrid dielectric films deposited from precursor hybrid solutions with different Al:Hf molar ratios. 
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Figure 16. Transfer curve of the In2O3-based TFTs with (a) AlOx–PVP and (b) HfAlOx–PVP gate dielectrics. 
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Table 1. Mechanical, dielectric, and optical properties of several polymer dielectrics.
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	Property
	PMMA [69,70,71,72]
	PVA [31,72,73]
	PVP [74,75,76]
	Parylene [77,78,79]





	Dielectric Constant
	3.3–3.6
	5–7
	4–6
	2.7–3.2



	Leakage Current (A/cm2)
	10−8–10−6
	10−9–10−7
	10−8–10−6
	10−11–10−9



	Dielectric Strength (MV/m)
	20–30
	25–60
	250
	20–30



	Elastic Modulus (GPa)
	1.8–3.1
	1.5–3
	2–3
	3–4



	Poisson Ratio
	0.34–0.4
	0.3–0.4
	0.3–0.4
	0.3–0.35



	Fracture Toughness (MPa m1/2)
	5
	1–3.5
	4.6
	0.5–1.5



	Density (kg/m3)
	1180–1200
	1190–1310
	1190–1310
	1290



	Refraction Index
	1.49
	1.48–1.52
	1.52–1.56
	1.65



	Glass Transition (°C)
	104–105
	85–90
	120
	30–40










 





Table 2. Dielectric properties of several hybrid dielectric materials.
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	Hybrid Dielectric
	Thickness (nm)/

Roughness (nm)
	Capacitance

@ 1 Mhz (nF/cm2)
	Dielectric

Constant
	Leakage

Current

@ 5 V (A/cm2)





	HfAlOx/PVP [62]
	220/0.5
	71
	16.6
	8 × 10−8



	ZrHfO2/PMMA [45]
	90/1
	60
	6
	4 × 10−8



	Al2O3-GPTMS-PMMA [46]
	370/-
	12
	4.5
	8 × 10−7



	HfO2-PVP [60]
	132/0.7
	39.5
	5.8
	1 × 10−8



	HfO2-PMMA [58]
	96/0.8
	89
	9.5
	1 × 10−9



	TiSiOx/PVP [123]
	371/0.9
	-
	8
	2 × 10−5



	ZrO2/PMMA [43]
	191/1.6
	40
	-
	1 × 10−5



	SiO2/PVP [59]
	529/0.27
	6.2
	-
	2 × 10−6



	9TiO2/PVP [59]
	567/0.51
	6.1
	-
	2 × 10−7










 





Table 3. Electrical performance parameters of TFTs assembled with crosslinked hybrid gate dielectrics.
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Hybrid

Dielectric

	
Active Layer

	
Maximum Processing Temp, (°C)

	
Saturation Mobility, µsat, (cm2/ V.s)

	
Ion/Ioff

	
Threshold Voltage, Vth, (V)

	
Subthreshold Swing, SS, (V/dec)






	
HfAlOx

/PVP [62]

	
In2O3

	
220

	
0.25

	
106

	
2.9

	
0.37




	
a-IGZO

	
200

	
3.39

	
106

	
2.2

	
0.89




	
ZrHfO2

/PMMA [123]

	
In2O3

	
200

	
11.2

	
106

	
1.7

	
0.58




	
SiO2-PVP

	
CdSe

	
200

	
22.11

	
104

	
1.1

	
0.47




	
Al2O3-GPTMS-PMMA [129]

	
150

	
2.38

	
104

	
1.67

	
0.53




	
Al2O3-GPTMS-PMMA [140]

	
CdS

	
150

	
64.4

	
104

	
1.3

	
0.44




	
HfO2-PVP [60]

	
In2O3

	
230

	
2.6

	
105

	
0.1

	
0.33




	
HfO2-PMMA [58]

	
ZnO

	
185

	
15.5

	
106

	
0.5

	
0.37




	
Al2O3-GPTMS-PMMA [128]

	
a-IGZO

	
150

	
29.3

	
106

	
2.9

	
0.42




	
Al2O3-GPTMS-PMMA [46]

	
ZnO

	
150

	
4.5

	
107

	
0.7

	
---




	
TiSiOx/

PVP [123]

	
CdSe

	
200

	
0.37

	
105

	
0.8

	
0.18




	
ZrO2-GPTMS

/PMMA [40]

	
ZnO

	
150

	
18

	
105

	
1.6

	
0.25




	
SiO2

/PVP

	
CdS

	
200

	
18

	
104

	
0.6

	
0.25




	
TiO2/

PVP [59]

	
0.45

	
1.9

	
1.25




	
HfO2/

GPTMS [44]

	
IGZO

	
150

	
4.74

	
104

	
0.3

	
---




	
ZrHfO2/

PMMA [45]

	
ZnO

	
200

	
12.8

	
103

	
1.8

	
---




	
a-IGZO

	
2.45

	
107

	
1.2




	
ZrOx/PMMA

/PMCF [139]

	
P3HT/C3N4

	
100

	
0.1

	
103

	
−0.1

	
---




	
ZrO2

/PVP [53]

	
Nd+Al:IZO

	
60

	
57.8

	
105

	
0.05

	
---




	
HfOx/PPH (PTFE) [125]

	
a-IGZO

	
280

	
16.99

	
108

	
0.96

	
0.35




	
FAGPTi

(133 nm) [126]

	
Pentacene

Pentacene

a-IGZO

	
120 dielec

200 semic

	
0.17

0.21

3.6

	
105

104

106

	
−1.34

−0.75

−0.33

	
1.3

1.55

0.44




	
ZrTiHfO/

PVP [54]

	
ZnO

	
---

	
0.096

	
104

	
1.9

	
---




	
AGPTi [141]

	
Pentacene

	
120

	
0.17

	
104

	
---

	
---




	
ZrOx

/HDDA [142]

	
Pentacene

	
RT

	
0.47

	
105

	
−0.7

	
---




	
HfOx/BTH/

OTES [116]

	
Pentacene

	
150

	
0.31

	
105

	
−0.8

	
---




	
ZrOx/

BTMSH [132]

	
IGTO

	
150

	
25.4

	
107

	
−3.4

	
0.58




	
ZrO2/PMMAFunctionalized [143]

	
In2O3/ZnO

	
200

	
50

	
107

	
0.47

	
0.108




	
HfOx/PVP-co-PMMA [144]

	
IGTO

	
150

	
25.9

	
107

	
−0.2

	
0.4
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