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Abstract

:

Featured Application


Thin-film materials with degradability and recyclability for the fabrication of degradable, dissolvable, resorbable, and/or compatible electronic devices, especially transient resistive switching devices for security information storage and neuromorphic computing as well as environmental-friendly applications.




Abstract


The environmental pollution generated by electronic waste (e-waste), waste-gas, and wastewater restricts the sustainable development of society. Environmental-friendly electronics made of degradable, resorbable, and compatible thin-film materials were utilized and explored, which was beneficial for e-waste dissolution and sustainable development. In this paper, we present a literature review about the development of various degradable and disposable thin-films for electronic applications. The corresponding preparation methods were simply reviewed and one of the most exciting and promising methods was discussed: Printing electronics technology. After a short introduction, detailed applications in the environment sensors and eco-friendly devices based on these degradable and compatible thin-films were mainly reviewed, finalizing with the main conclusions and promising perspectives. Furthermore, the future on these upcoming environmental-friendly electronic devices are proposed and prospected, especially on resistive switching devices, showing great potential applications in artificial intelligence (AI) and the Internet of Thing (IoT). These resistive switching devices combine the functions of storage and computations, which can complement the off-shelf computing based on the von Neumann architecture and advance the development of the AI.







Keywords:


degradable and disposable materials; metal-oxide thin-film; perovskite thin-film; 2D thin-film; organic thin-film; environmental-friendly; transient electronic devices; resistive-switching devices; printing electronics












1. Introduction


With the rapid development of semiconductor technology, electronic and information sciences, and material science, considerable progress and changes have been made in modern electronic devices and daily life. Consequent environmental pollution has also received huge concerns, for instance, waste gas pollution, wastewater pollution, as well as electronic waste (e-waste), and so on. There is an increasing demand for “green electronic” devices because of the environmentally critical problem of discarded e-waste on account of the speed up-gradation and the rapid proliferation of electronic devices at an unprecedented pace. These pollutions are hazardous for both the environment and the human race. Great efforts have been made to overcome such problems including gas sensors, wastewater monitoring, air quality control, water purifier, and green electronics [1,2]. Since the concept of resorbable/degradable electronics was introduced in 2009 by Kim et al. [3], it opened up new potentials in the application of electronics. Environmentally friendly electronics based on the resorbable and degradable materials, for instance, degradable substrate polymers, dissolvable conductors, dissoluble semiconductors, decomposable dielectrics, and disintegrable insulators are extensively studied, owing to the superior properties of biocompatibility, biodegradation, and recyclability [2]. Electronic devices with such properties, also known as “transient electronics” [4], can provide capabilities that are complementary to conventional devices and integrated circuits [5]. They are eagerly expected to implement environmental-friendly applications ranging from degradable electronic medical implants, eco-friendly electronics, to environmental sensors, and green disposable consumer devices [6,7,8,9,10,11]. They are capable of dissolving or disintegrating completely or partially alongside environmentally and biologically benign byproducts in groundwater or biofluids. Compared with their bulk counterparts, many degradable materials prepared in the form of thin films attracted tremendous attention and interest. There are significant differences in dissolution behaviors between bulk and thin-film materials. The degradable thin-film materials are sensitive to crystalline structures, microstructures, porosities, and extrinsic environmental conditions (e.g., light, solution, temperature, and moisture) [2].



As is well-known, the thin-film is a well-established traditional material technology, used for more than half a century, which has made great progress in both electronic devices and the study of integrated electronic circuit engineering. Over the past two decades, rapid advancement has been made in thin-film materials including growth, characterization, and application [12,13,14]. In recent years, due to the superiority of the electronic, optical, magnetic, and thermal properties of inorganic and organic thin-films, increasing attention and interest has been paid, to these, in the academic and industrial communities [15,16,17,18,19,20,21]. These thin-films play a significant role in microelectronics/optoelectronics (e.g., transistors, photodetectors) [22,23]. Thin-films are performing a similar function in the data storage devices industries [24,25]. In 1964, Klasens et al. reported a thin-film transistor (TFT) made of a transparent semiconductor [26], consisting of an insulating layer of aluminum oxide (Al2O3) which was made by anodizing the Al gate, resulting in a thin layer of the transparent semiconductor evaporating. They proposed a new photographic technique that avoids the elaborate high-precision procedure to prepare a TFT. In 1986, Tsumura et al. fabricated organic TFT using a type of conducting polymer, polythiophene thin-film, which acted as a semiconductor for the first time [27]. The results they obtained suggested that conducting polymers are excellent candidates for forthcoming electronic devices. In the late 20th century, the research of semiconductor materials was still in its early stages, and thin-film techniques were relatively rough. Ever since the beginning of the 21st century, the applications of thin-film have been improving rapidly thanks to the deep research of semiconductor materials and the development of preparation technology of thin-films [28,29,30,31]. Particularly, the single-layer graphene was prepared by mechanical exfoliation using scotch tape in 2004 [18], which opened up a new kind of thin-film material, that is, 2D thin-film materials. Furthermore, with the increasing demand for sustainable development in society, various thin-film materials were extensively studied for environmental-friendly applications such as solar cells [32], energy storage [33,34], sensors (e.g., environmental monitoring) [35,36,37,38], catalysis [39], biotechnology (biosensor, flexible, and compatible techniques) as well as emerging transient electronics [3,4,9,21,40,41,42,43]. Bettinger et al. fabricated water-stable organic TFTs using biodegradable and biocompatible polymers [21]. These devices consisted of nearly entirely biodegradable materials, hence they are resorbable in an in vitro degradation environment. Rogers et al. put forward transient/degradable electronics based on silicon [3,4], zinc oxide (ZnO) [42], and polymer thin-films [9]. They studied manufacturing schemes, device fabrication, and integration of such devices and investigated the corresponding electrical, bending, water dissolution, and animal toxicity properties. Boyadjiev et al. presented titanium dioxide (TiO2) thin-films deposited by atomic layer deposition (ALD) [37]. The obtained results revealed that TiO2 thin-film based gas-sensors are suitable for energy-efficient portable equipment for real-time environmental monitoring of NO2. Martín et al. summarized the latest progress in biocompatibility and biodegradability of graphene-related materials, such as molybdenum disulfide (MoS2), hexagonal boron nitride (h-BN), or tungsten disulfide (WS2) and discussed the influence of chemical functionalization on the potential control of the biodegradability profile [43]. Yu et al. surveyed materials, processes, and facile manufacturing for bioresorbable electronics in detail [2]. They provided a solution to the growing e-waste problem with applications in temporary electronics such as degradable devices and environmental sensors.



Such research reveals that significant progress has been made in thin-film devices and their applications. However, few reviews investigated resistive-switching devices based on the degradable and compatible thin-film materials. Therefore, our work, apart from summarizing the advancement of thin-film materials and their environmental applications, highlights the eco-friendly resistive-switching devices based on degradable and compatible thin films. In Section 2, traditional preparation methods of thin films are simply introduced and then followed by putting forward the printing technology to prepare thin-film materials. In Section 3, we are devoted to investigating and surveying the research progress in applications for environment-friendly sustainable development from the sensor, catalysis, and/or eco-friendly electronics, etc. based on various thin film mainly including inorganic materials (e.g., metal-oxide, halide perovskite, and 2D) and organic materials in detail. In Section 4, we simply review the research development of eco-friendly devices and emphasize the symbolic progress of memristors. Subsequently, we analyze and envision the possibilities in the implementation of the new-generation environment-friendly electronic devices based on the above-stated thin-films in Section 4, specifically, resistive switching devices. The last section is a summary and perspective of the review.




2. Preparation of Thin-Film Materials


The extensive applications of thin films facilitate the development of film preparation techniques. In general, typical thin-film growth can be divided into both physical and chemical processes [12,14,28,30,44,45]. The physical process consists of the physical vapor deposition (PVD) process, which involves evaporation from a source and sputtering from a target, and then condensing on the substrate. It includes vacuum evaporation, pulsed laser deposition (PLD), molecular beam epitaxy (MBE), and sputtering. The chemical processes are composed of the chemical vapor deposition (CVD) process and the chemical solution deposition process; a discharge of ions, decomposition of the compounds, and the reaction of gases or liquids with the substrate surface. Due to the limited quantities used on the surface and/or thin-film layers, thin-film materials and devices are available for minimization of toxic materials. In addition, thin-film processing can also improve energy consumption in production, which is highly regarded as an environmentally friendly material technology in the upcoming century.



A large number of methods are employed to prepare inorganic thin-film. For example, the main methods for growing oxide thin-films include oxidation [46], sputtering [47], evaporation [48,49], CVD [47], ALD [50], PLD [51,52], and sol-gel techniques [53,54]. These methods all have their own advantages and disadvantages. For example, PVD is a physical process, which is an eco-friendly technology in contrast to CVD. PVD technology is clean and dry, with no hazardous materials involved, and does not generate chemical waste or water pollution. Thin-film grown by the PVD has high density and few impurities as well as good controllability and repeatability of thickness. While all PVD processes are performed under vacuum. CVD technology is a chemical process, which has a higher deposition rate than PVD. The composition of the film is precisely controllable, and the ratio range is large. For the sol-gel technique, it is a method for producing solid materials from small molecules, which is a cheap and low-temperature technique that allows the fine control of the product’s chemical composition. Its mechanical properties and structural stability are enhanced. However, owing to the shrinkage of a wet gel upon drying, it often leads to fracture resulting from the generation of large capillary stresses, which makes it difficult for the attainment of large monolithic pieces.



For 2D thin-film, a typical preparation method is a mechanical exfoliation, which was first used to prepare single-layer graphene in 2004 [18]. Since then, CVD [55], PLD [56], MBE [57], and pick-and-lift vdW techniques [58] were also used for preparing high-quality 2D thin films. Mechanical exfoliation is the main methodology to prepare the single-layer graphene. It is simple in operation and high in sample quality. However, it is low in efficiency and results in high cost, making it unsuitable for mass production in the industry. Therefore, some novel preparation methods were explored and pursued by the researchers, where the environmental-friendly production of graphene attracted tremendous attention and interest under the e-waste pollution and energy shortage. Upadhyay et al. reported a green methodology of synthesis of graphene oxide (GO) via aqueous extract of grapes, which was successfully utilized for the reduction of GO in order to prepare the graphene [59]. This is a promising methodology for the large-scale production owing to the environmentally benign, economical, and facile synthesis approach.



Similarly, there are a multitude of preparation methods for organic thin-films, in which hydroxyl condensation reaction is one of the ways to fabricate organic thin films. As shown in the research [60], a copolymer was fabricated using this method. This copolymer was first synthesized using a hollow rod-like Mg(OH)2−xFx sol with the solvothermal method, and was then fabricated to the organic-inorganic hybrid hydrophobic Mg(OH)2−xFx− MTES copolymer. Furthermore, preparation methods like solvothermal [60,61], photolithography [62], the laser ablation in liquids (LAL) method [63], solvent evaporation [64], interfacial reaction [65], phase inversion [20], spin-coating [66], vapor deposition [67], solution deposition [68], and printing [30] are also widely used.



We can learn that device fabrication usually involves photolithography and etching technology that exposes the material to high temperatures or harsh solvents. In order to circumvent such harsh conditions, printing technology is employed to prepare the disposable environment-friendly electronic devices based on flexible, degradable, and resorbable thin-films. In this case, printing electronics emerge as the times require. It is an electronic science and technology based on traditional printing techniques, combining printing processes and ink chemistry for manufacturing electronic components and devices. Since printing techniques were used for fabricating electronics in the 1950s, different printing processes like screen, inkjet, and laser-induced forward transfer were explored [69,70,71]. The schematic diagram of printing techniques is shown in Figure 1a [69]. The printing method is one of the “soft” lithographic techniques, which can transfer devices to the degradable, compatible substrates. Figure 1b shows the scheme for the general transferring process of devices fabricated on temporary silicon substrates to a final biodegradable substrate [9].



In comparison with the traditional lithography used in microelectronics, printing techniques will lead to the production of flexible, cost-effective, and environmental-friendly electronic products. Therefore, upcoming eco-friendly electronics and artificial intelligence (AI) as an innovative technology are receiving widespread attention, which will drastically change our daily lives. Printed-electronic techniques will make it possible to accelerate this realization.




3. Thin-Film Materials and Their Applications


3.1. Inorganic Thin-Film Materials


Inorganic dissolvable thin-films have been explored including monocrystalline/polycrystalline/amorphous silicon (mono/poly/a-Si), ZnO, MgO, and indium-gallium-zinc oxide (a-IGZO) as semiconductors [4,42,72,73,74]; Mg, Zn, tungsten (W), molybdenum (Mo), and Fe as conductive materials [5]; and MgO, SiO2, and silicon nitride (SiNx) for dielectric materials [4,16,75]. In water or simulated body fluids (Hanks’ solution), the dissolution of them involves hydrolysis to produce corresponding oxides and/or hydroxides which are water-soluble. Therefore, they are selected to use in resorbable, degradable, and compatible applications. Furthermore, great efforts have been devoted to exploring new inorganic materials such as perovskite for environmental applications, especially halide perovskite [33,76,77,78,79,80,81]. Some researches indicate that halide perovskite materials can also be utilized for various applications in terms of environmental protection, for instance, environmental-friendly sensors, disposable consumer devices, and green electronics [77,80,81,82]. The products we use today are more environmental-friendly and efficient, while the method of obtaining energy is definitely less harmful. In this section, environmental-friendly applications of the various inorganic thin-film materials are reviewed.



3.1.1. Metal Oxide Thin-Films


Binary Metal Oxides


The development of inorganic materials, especially their oxides, has greatly promoted social progress. Binary oxides with the advantages of simple structure, easy control of material composition, low cost, good stability, and compatible with complementary metal-oxide-semiconductor (CMOS) technology, stays as an important material system in the field of microelectronics. Binary metal oxide thin-films refer to a class of substances in the form of MIO− MIIO. It has some relatively simple forms like ZnO, TiO2, MgO, SnO2, or MoO3, while having some complex forms like Fe2O3 or V2O5. There is not much of a difference between these molecular formulas. But thin films made from these different materials have different functions in the environment. Taking into consideration the promising physical and chemical properties of metal oxide thin-films, they could be applied to gas sensors for waste gas treatment. Some of these can absorb CO2 or NH3, while some others can catalyze CO into CO2. Other special usage can also be found in the application of metal oxide thin-films, as shown in Figure 2 [36].



Mechanisms of waste gas treatment by the thin film can be divided into two major categories, one is the approach to reduce the gasses’ electron donors. In this case, the surface complex is taken place by the solid-gas interaction, so that the chemical nature of the modifier in acid-basic or redox reactions plays a decisive role. When there are some highly efficient platinum metals catalysts (Pt, Pd Ru, Rh) in the reactions, the speed and effect of reflection will be greatly improved. The other approach is acted as oxidizing gases’ electron acceptors. In this case, the surface of metal oxide thin-films in the air is covered by chemisorbed oxygen species (O2−, O2−, O−). At the appropriate temperatures, these thin-films themselves become intermediate catalysts. They make it easier for NO gases in the air to combine with O2 to produce NO2, resulting in easier management. In some specific conditions, thin films could even convert O2 to O3, which could be used in sterilization in the environment.



Among metal oxide thin-films, TiO2 thin film, a traditional metal oxide material, processes the photocatalytic decontamination ability to deprive of requiring harsh reagents or yielding toxic byproducts, which is also one of the most efficient and environmental-friendly materials for the degradation of contaminants [83,84,85]. For example, Li et al. used a TiO2 film (containing gold nanoparticles) as a high-efficient photocatalysis to develop water-driven Mg-based micromotors for photocatalytic decomposition of biological and chemical warfare agents [83]. Compared with TiO2, ZnO thin film, as a promising metal-oxide semiconducting material, has been widely studied and investigated in many fields including transistors, sensors, energy harvester, catalysis, and resistive switching devices because of biocompatibility, chemical stability, high electron mobility, electrochemical activity, ease of synthesis, and high surface-to-volume ratio [42,86,87,88,89,90,91,92]. Hunge et al. successfully synthesized hexagonal ZnO thin films using the chemical spraying pyrolysis technique, which was used for photo electrocatalytic degradation of terephthalic acid as a model organic pollutant and detecting CO2 gas with high selectivity, good response, and short recovery time periods [92]. The results showed that ZnO thin film was a great potential candidate for both photocatalytic and CO2 gas sensing multifunctional applications. In 2018, Park et al. proposed that Mg-ZnO Au hybrids can autonomously generate H2O2 without an instrument for disinfection and organic pollutant degradations [92]. Their system adopted degradable metal (such as Mg in their work) to activate the photocatalytic reaction of transition metal oxides (such as ZnO in their work) through a galvanic corrosion process. Other types of oxide thin films are commonly used in the detection of NH3 and C2H5OH. The conductivity of thin films varies when the potency of NH3 differs in the environment. Some NH3 detection sensors can be made from this type of thin film. Taking the SnO2−MoO3 film as an example, its signal intensity varies with corresponding concentration. So, we could conclude that it is the NH3 chemisorption on Lewis acid sites which changes the conductivity [36].



Despite the ability to detect NH3, this type of thin films makes dehydrogenation easier which means it can lead to a higher response to C2H5OH due to a reaction with chemisorbed oxygen Os−:


     C   2   H 5  OH +  O S −   →   CH  3  CHO +  H 2  O +  e −  ,  



(1)







From this reaction, the amount of electrons is increasing, while the conductivity also changes simultaneously. This type of detection is more than just a method of gas detection because it changes the reactant. Therefore, this application is a combination of the two mechanisms above [93,94,95].



We can conclude that this type of oxidation reaction is usually applied to the treatment of harmful gases in air pollution. When harmful gases in the environment pass through these thin films at a specific temperature, they can be easily converted into gases that are harmless or have a low pollution coefficient. These sensors play a huge role where environmental monitoring is needed. They can provide precise supervisory in real-time under all conditions.



In addition to the above gas detection, binary metal oxides are also considered to be an upcoming new semiconducting material stated in post Moore’s law. In the earliest literature, binary oxides have been used in bioresorbable electronics [74] as one of the key materials to fabricate TFTs [96], mechanical energy harvesters [97], supercapacitors [15,98], and non-volatile storage materials [99]. In 2013, Dagdeviren et al. used ZnO thin-film as the active layer to fabricate water-soluble ZnO TFTs and energy harvesters/strain gauges [42]. The other components of the ZnO-based devices presented include Mg for electrodes and interconnection, MgO for the dielectrics, and films of silk fibroin for the substrate and package. They studied the dissolution properties of the ZnO-based devices in phosphate buffer saline (PBS) and deionized water (DI water). In 2014, Hwang et al. reported biodegradable/transient CMOS on biodegradable polymers [9]. This CMOS consists of SiO2 layer for gate and interlayer dielectrics, Mg metal-layer for source, drain, gate contacts, and interconnects. More importantly, the poly (methyl methacrylate) (PMMA) and diluted polyimide (D-PI) was used as the sacrificial layer, which is for transferring the CMOS from Si substrate to a biodegradable substrate, such as poly lacticco-glycolic acid (PLGA) in that work. In 2018, Song et al. used MgO thin-film as a resistive-switching layer to fabricate physical transient resistive random access memory (RRAM) with Mg/MgO/W structure [100]. The MgO thin-films were fabricated by the solution process and spin-coating, respectively. After which, they studied the resistive switching performances of Mg/solution processed MgO/W and Mg/sputtered MgO/W devices in great details. The electronic devices made of the aforementioned materials and structures not only consume lower energy but also have higher computational efficiency.



In the future, another important aspect that restricts social development is energy storage. The method of making a battery with small volume and large energy storage becomes the key to progression. Based on the study of binary oxides, Ni-Co, Mn-Fe, and Mn-Cu binary transition metal-oxides, it was shown that a combination of their mechanisms can produce supercapacitors [15,98]. In addition, the development of transistors is also a primary focus in the field of metal oxide research. In recent years, the continuous improvement of transistor performance is largely accounted for due to the update and progress of conductive medium materials. With the improvement of transistor performance, the electronic products we use today have far lower power consumption than before, making it an outstanding contribution to environmental protection [101,102].




Complex Metal Oxides


In contrast with binary oxides, complex oxides have higher dielectric constant, which can be utilized as high-K materials. It is found that some complex oxides have ferromagnetic, ferroelectric, and magnetoresistive effects, which allows complex oxides to be implemented into important applications in the field of microelectronics. For example, amorphous a-IGZO [103] and perovskite metal-oxides [104], have been exploited to facilitate the advancement of microelectronics under the bottleneck of Moore’s law.



In 2019, Jin et al. presented water-soluble TFTs and circuits based on a-IGZO, which was fabricated with water-soluble materials including SiNx, SiOx, molybdenum, and polyvinyl alcohol (PVA) [105]. Firstly, the a-IGZO TFTs were fabricated on Si substrate by photolithography, etching, and deposition. Then, the a-IGZO TFTs were transferred onto degradable PVA substrates. They explored the dissolution kinetics for a-IGZO films in deionized water, bovine serum, and phosphate buffer saline solution. The obtained results suggested that the proposed water-soluble a-IGZO TFTs have great application possibilities in biological and environmental resorbable technologies and for temporary biomedical implants. In the same year, Kim et al. proposed an amorphous Al-doped zinc tin oxide (a-AZTO) film instead of the a-IGZO film acting as a resistive-switching layer [106]. Compared with In and Ga elements, Al and Sn are relatively safe elements and are common dopants in ZnO materials, which is contributed to environmental-friendly production. Moreover, the replacement of IGZO with AZTO film can effectively reduce the consumption of in element (a toxic and rare metal), prominently improving environmental safety.



Perovskite materials (ABX3) including oxide-perovskite and halide-perovskite are a special kind of inorganic film, whose special characteristic comes from its unique properties. The most remarkable feature is that it can produce a photothermal effect, which means that the conversion of light and electricity in the environment can be realized through these films [107,108]. For example, PrxCa1−xMnO3, BaTiO3, SrTiO3, Fe-doped SrTiO3, DyMn2O5, and BiFeO3 have been broadly investigated for the environmental-friendly sensors and electronic devices [109,110]. Rudraswamy et al. prepared Ag-doped BaTiO3-CuO mixed oxide thin film, which was used as a carbon dioxide sensor for environmental pollution and monitoring applications [76]. More complex oxide-perovskite like La0.6Sr0.4Co0.2Fe0.8O3 perovskite were fabricated by Mirzababaei et al. for a stable anode catalyst for direct methane solid oxide fuel cells [111].



Among complex oxides, there is a family of material known as piezoelectrics (such as perovskite materials) that can interconvert between electrical and mechanical energies. In other words, inputted strain signals can produce an electrical signal for sensors; inverse, inputted electric fields can produce a mechanical deformation. Muralt et al. reviewed the piezoelectric thin films for piezoelectric microelectromechanical systems (MEMS) capable of applying to sensors, actuators, and energy harvester [112]. They investigated the influence of composition, orientation, and microstructure on the piezoelectric properties of perovskite thin films (e.g., PbZr1−xTixO3 (PZT)) in detail. The materials of this structure can not only achieve photovoltaic thermal effects to obtain energy but also have important applications in bionics. For example, PZT materials combined with ZnO have a good piezoelectric effect, which can realize high-speed biological vibration on the silicon-based plane. Traditional PZT thin films require complicated fabrication technologies and contain a toxic component (lead (Pb)), which limits their potential use in flexible and wearable devices as well as in medical implants. Todaro et al. presented a review where new piezoelectric thin films without Pb were studied (such as piezopolymers, piezoceramic BaTiO3 films, and (Na,K)NbO3), which were able for biocompatible, flexible, and compliant piezoelectric energy harvesters for monitoring the environment, an individual’s health, wearable, implantable and portable devices, etc. [113].



Finally, traditional perovskite structure thin films can be used in fast oxygen exchange, which means it is somewhat similar to the binary oxide thin films, the CO, NO, or other gas can obtain oxygen ions when passing through the film, after which, oxidized into harmless gases. The typical structure of this kind is La0.6Sr0.4Co0.2Fe0.8O3 and Bi1-xSrxFeO3−δ [111].



Generally speaking, the excellent properties of perovskite structure polyoxide thin film in the field of light and heat make it possible to be used in the electrodes of photovoltaic power generation or photovoltaic cells, which provides the material foundation for the development of the next generation environmental-friendly energy storage system. At the same time, as an oxide thin film, this kind of film can also embody the characteristics of general oxide films, which have been widely used in environmental sensors such as gas detection or the disposal of waste. More importantly, metal oxide thin-films can be used for dissolvable/transient electronics.





3.1.2. Halide Perovskite Thin-Films


Apart from oxide perovskite (ABO3), halide perovskite (ABH3) materials are of interest in both scientific and technological fields. The most common way to realize the perovskite structure is by using highly efficient and stable semi-transparent ABH3 materials. This structure has a good reaction to light, which produces solar energy (e.g., solar cells) [112]. In addition, it can be used as light-emitting diodes [113], sensors [114,115], and memristors [77].



Under the prevalence of transient/degradable electronics, halide perovskites are exploited to fabricate the aforementioned devices applicable for environmental-friendly degradable sensors, dissolvable consumer devices, and hardware-secured digital systems. In 2017, Zhuang et al. prepared a thiocyanate ion (SCN)-doped organometal halide perovskite (CH3NH3PbI3) thin-film, denoted as CH3NH3PbI3−x(SCN)x thin film [77]. Perovskite-based thin films were used as a sensing material to develop high-performance gas sensors for the detection of acetone or nitrogen dioxide (NO2) at room temperature. To date, some efforts have been carried out using perovskite materials as a promising candidate for transient and disposable devices [80,81,116,117]. In 2018, Li et al. for the first time proposed that the transient resistive-switching electronic device with the perovskite CsPbBr3 thin-films acting as resistive-switching functional layer [80]. The investigations on transient characteristics of perovskite-based resistive-switching devices reveal that the CsPbBr3 thin-films and resistive-switching memory device can be dissolved in deionized water within 60 s. Another work used Cs4PbBr6 thin-films as the switching insulators for fabricating transient perovskite-based resistive-switching memory devices [81]. In that research, dissolution behaviors suggested that Cs4PbBr6 layers can be rapidly dissolved in a way whereby it fully vanished in DI water after 2 s. It is the reason that the higher sensitivity of Cs4PbBr6 thin-films with smaller thickness toward DI water than the aforementioned CsPbBr3 thin-films. These researches demonstrate that the halide perovskite-based transient resistive-switching memory devices have great potential for disposable electronics, secure data storage, and artificial synapses. If dissolvable metals were to be selected as electrodes, the fully self-destructive transient electronic device can be fabricated with the entire electronic unit being degradable in DI water.




3.1.3. Two-Dimensional (2D) Thin-Film Materials


In the past decade, owing to the unique electronic, mechanical and optical properties [23,118,119,120,121,122], researchers had an extensive study for 2D materials for various applications. Since the discovery of graphene [18], the field of 2D thin-film materials and research pertaining to the discovery, characterization, and application of novel 2D materials have grown exponentially [123]. The prominent properties of graphene, such as the emergence of a Dirac cone, lead to higher conductivity in the monolayer, and further pushing people to search other promising 2D materials.



Hexagonal boron nitride (h-BN), a structural analog of graphene, was one of the several 2D materials which have been researched next. This special 2D material was predicted to have an obvious bandgap opening and relatively high carrier mobility. Figure 3 shows the structures of three representative 2D materials [124]. The top view and the side view of graphene, boron nitride, and silica (2D silicon dioxide film) are well demonstrated.



MoS₂, with a wide bandgap [125], displays an indirect to direct bandgap transition between monolayer forms and the bulk [126]. While other members of the 2D transition metal dichalcogenide (TMDC) of materials principally have a semiconducting nature, and band gaps are larger than their bulk counterparts.



Recently, transition metal carbides, carbonitrides, and nitrides (referred to as MXenes) are among the latest additions to the 2D world [127,128,129,130,131,132,133]. Also, III-V semiconductors [134], II-VI semiconductors [135,136], and many other synthetic varied 2D materials [137,138,139,140,141] have also been predicted.



In this section, we mainly discuss three 2D materials, that is, Graphene, TMDC, and MXene, and summarize their structural characteristics, the status of their development, and some applications.



Graphene


Graphene, a monolayer carbon hexagonal sheet, is one of the most common materials in both academia and industry. In the past decades, thousands of researchers have studied and reported the fascinating electronic properties of graphene, in both experimental and theoretical aspects. In this section, we introduce graphene and discuss the development history and the discovery of its unique properties. Due to its various properties, this 2D thin-film can be implemented in many different areas such as graphene-based electronics, energy storage, and composite materials. Especially, environmental-friendly applications are often pursued by individuals.



Since graphene was isolated via mechanical exfoliation in the famous “scotch tape” method for the first time in 2004 [18], Geim and Novoselov received the Nobel Prize in Physics in 2010 for their pioneering research on the preparation of single-layer graphene. Henceforth, graphene in the process of being commercialized. There are many potential applications in almost every field from electronics to the environment all thanks to its fascinating electrical and chemical properties.



Most commonly known, solar cells play a key role in solving the energy crisis. Graphene has been proven that it could be utilized in solar cells. Extensive attention has been paid to a variety of solar cells such as crystalline silicon solar cells, amorphous silicon film solar cells, dye-sensitized solar cells, and organic dye solar cells. There are many properties that prompt graphene to the area of a single atomic layer surface which can reach up to 2630 m2/g, the semiconductor intrinsic mobility can attain 200,000 cm2/(V·s), thermal conductivity is about 5000 W/(m·k), and the transmittance is 97.7% with excellent transparency. Thus, graphene is the ideal candidate to substitute previous expensive ITO or fluorine-doped tin oxide (FLO), which is used in solar cells for injection or charge collection.



More importantly, the graphene processes unique biocompatibility and biodegradability, which has stimulated the enormous interest of researchers. Biocompatibility can be said as a type of environmental-friendly property somehow, which means that the materials have the ability to interact with cells, tissues, or a living body without causing harmful effects [43]. Due to its special effects on stem cell lineage specifications, graphene has attracted attention as a platform for cell culture to promote the cardiomyogenic differentiation process of mesenchymal stem cells [142]. Furthermore, further studies show that graphene prepared by the CVD could operate as the favoring growth of neuronal cell substrates with no cytotoxic effects. This property of graphene is not only eco-friendly but also plays a significant role in promoting development in the biomedical field. There is no need to overstate the environmental implications of biodegradability, and it has been proven that some nanostructures like graphene oxide are capable of catalyzing the degradation at the cellular level and in vivo [143,144,145,146].




Transition Metal Dichalcogenide (TMDC)


Due to the layered structure of TMDC similar to graphene, as shown in Figure 4, much research has been done about it. In 2009, Garadkar et al. performed a first principle study in which the MoS2 thin films were acquired in the experiments by means of chemical bath deposition [147].



In further studies, various feasible methods have been used for the deposition of MoS2 thin films, such as the spin coating, microwave synthesis, CVD, metal-organic chemical vapor deposition, sputtering technique, laser evaporation, and pulsed electrodeposition [149,150,151,152,153,154]. The adjacent layer of this crystal structure may slide due to the weak Van der Waals forces between the layers of S-Mo-S [155]. For investigating the electronic properties of the graphene-like structure TMDC, Ding et al. came to the conclusion that the lattice parameters and stabilities of the MX2 (M = Mo, Nb, W, Ta; X = S, Se, Te) sheets depend on the chalcogen atoms [148]. Meanwhile, the electronic properties are primarily determined by the chalcogen. The variation of optical absorbance with wavelength and the variations with inverse temperature have been well demonstrated. Owing to the unique electronic properties of the graphene-like structure TMDC, many applications are already realized, based on it.



In 2012, Jiménez introduced a model for the surface potential and drain current for monolayer TMD field-effect transistor (FET) [156], considering the 2D density-of-states of the atomic layer thick TMDC and its influence on the quantum capacitance. The work developed an analytical drain current expression that is applicable for both subthreshold and above threshold regions of operation. In 2014, Cao et al. also performed an analytical current-voltage model formulated specifically for 2D TMDC semiconductor-based FETs [157]. In this work, various non-ideal secondary effects have been taken into consideration, such as interface traps, mobility degradation, and inefficient doping. In 2015, Najam et al. considering dielectric interface trap states presented a surface potential-based low-field drain current compact model for 2D TMDC FET [158]. This work, by means of a compact model, successfully extracted the interface trap distribution of MoS2 MOSFETs in which there were a surface potential interface trap charge self-consistent calculation procedure and a drain current expression.



As a graphene-like material, the applications of TMDC are similar to what graphene has to offer. TMDC also has the degradation ability which can be regarded as environmental-friendly. Wang et al. have reported a study that demonstrated that MoS2 is thermodynamically and kinetically unstable to O2, being degraded under ambient conditions in various oxidizing aqueous environments [159].




MXene


Recently, a new kind of 2D material has been rapidly studied ever since the initial synthesis of Ti3C2Tx (MXene). MXene is a new family of 2D graphene-like transitional metal carbides, nitrides, and carbonitrides, whose precursors are MAX phases, as shown in Figure 5 [160]. Ti3C2Tx was first synthesized successfully by Barsoum et al. via selective etching of the raw Ti3AlC2 (MAX phases) [127]. Till now, more than 70 species of MAX materials have been developed, which can generally be prepared by the selective etching of certain atomic layers from their corresponding MAX phases using aqueous hydrofluoric acid as the etchant at room temperature [161,162,163,164].



Various unique properties account for its popularity in the research area. Firstly, Shein et al. have studied that the stability of MXene is excellent via employing first-principle band structure calculations and density functional theory [165]. The lattice energy of MXenes was figured out to be negative values. As is well known, the lattice energy is a crucial parameter to judge the stability of a crystal. The more negative the energy is, the more stable of the crystal. Secondly, MXene possesses fine electronic properties according to the density functional theory. Khazaei et al. reported the research that the dipole moment generated by the OH functional group is favorable to electron transport, and the conductivity of MXenes is comparable to that of multilayered graphene [166]. Hence, MXene has semiconductor properties which are well worth studying. Thirdly, MXenes have also been found that its elastic modulus and bending strength are prominently higher than that of other thin films with the same thickness, such as graphene, which is reported by Murat et al. [167].



What is more, MXene can hold ions and molecules as a layered structure, which has a higher capacity volume than conventional carbon materials per unit. Therefore, lithium-ion batteries (LIBs) can be effectively improved in theory. There are tremendous applications of MXene materials. Here we specifically discuss the application of it being environmental-friendly.



Various studies showed that MXenes have a high hydrogen storage capacity. Hydrogen is widely recognized as a clean energy source [168,169]. It is found to be the most potential alternative to traditional fossil fuel which leads to air pollution and greenhouse gas emission. In 2013, Hu et al. devoted to research the hydrogen storage availability of Ti2C [168]. Considering all absorbed hydrogen storage molecules and atoms, the maximum hydrogen storage capacity of Ti2C was calculated to be 8.6 wt% which meets the gravimetric storage capacity requirement set by the U.S. DOE. Seeking for reversible hydrogen storage material remains a great challenge for material scientists and chemists. Hence, MXenes is making a groundbreaking breakthrough in the development of clean energy.






3.2. Organic Thin-Films


Organic thin-films possess excellent properties, for instance, mechanical flexibility, low cost, and relative ease of fabrication, which have myriad applications. Over the past two decades, there have always been new applications, which are not easy to realize with traditional electronics with inorganic semiconductors. It has resulted in pushing people to do more research on organic transistors [170,171], photovoltaic cells, energy harvester [61], light-emitting diodes [172], electronic devices [173], sensors [174], and memristors [20]. Compared with inorganic counterparts, organic technologies can address energy and cost inefficiency issues. Moreover, organic thin films play an important role in green electronics, such as degradable small-molecule and polymer thin-film materials [2,72,175]. In this review, the distinctive research and the development of thin films made with organic materials for environmental-friendly applications will be introduced in the following sequence.



3.2.1. Small Molecule and Polymer Thin-Films


Due to the various types of organic materials, different organic materials vary from one another, resulting in different usage. Nowadays, “green” materials and devices are garnering increasing attention worldwide. Society is well aware of the degrading state on the earth’s environment due to pollution caused by waste electronics. The requirements of “green” electronics and energy are becoming stronger. Next, we will expand our review from the preparation methods and applications of these thin films.



Ahmad et al. introduced a new method that allows thin-film composite (TFC) membrane in reverse osmosis (RO) and forward osmosis (FO) to be used for addressing the environmental issues related to oily wastewater [176]. Such economic and environmental-friendly treatment processes for oily wastewater treatment can offer a source of freshwater for reuse and meet the discharge standard, further minimizing serious environmental pollution. Similarly, Khulbe et al. presented TFC and/or TFC polymer hollow fiber (HF) membranes for water treatment, pervaporation dehydration, and gas/vapor separation [177]. In this paper, different types of membranes such as ultrafiltration, reverse osmosis, nanofiltration, and microfiltration are prepared for softening, disinfection, organic removal, and desalination of water and wastewater. In addition, TFC HF membranes prepared via the dip-coating technique were used for sensing and separation of CO2 gas, which can relieve environmental concerns, for instance, climate change, and global warming. RamendraK et al. proposed a poly(3,4-ethylenediox-ythiophene): Poly(styrene sulfonate) (PEDOT: PSS) sensors using photolithography on fully biodegradable and flexible silk, which has proven to have benign cytocompatibility and biodegradability [62]. These sensors can be completely degradable under enzymatic action. Furthermore, they can maintain excellent performances under complex mechanical deformations, showcasing the potential in biosensors. Pang et al. put forward a new material, Alginate [178]. As a natural linear polysaccharide derived from brown sea algae using the simple freeze-drying method, the calcium alginate film has porous structures which will be beneficial for triboelectric power generation. This calcium alginate film originates from the ocean initially and can be finally degraded in the ocean, which is thought to be an environmental-friendly ecosystem. Zhang et al. raised a degradable and flexible nanocomposite film fabricated with poly lactic acid (PLA), nano ZIF-8@GO, and degradable flame-retardant resorcinol diphenyl phosphate (RDP) [179]. These environmentally friendly biodegradable polymers are ideal candidates for solving today’s electronic waste pollution.



Therefore, further works develop the degradable and transient devices for “green” microelectronic applications. In 2016, Liu et al. fabricated a biodegradable synaptic transistor on graphene-coated PET substrate gated by a chitosan-based biopolymer electrolyte film [180]. Chitosan is a naturally abundant, non-toxic, and degradable polymer [181]. The proposed transistor could be dissolved in deionized water, indicating the potential biodegradable and “green” synaptic transistor applications. In 2018, a water degradable biopolymer-based indium-tin-oxide (ITO) synaptic transistor was proposed by Li et al., where starch-based biopolymer electrolyte was used as the gate dielectric [178]. The proposed biopolymer-based oxide synaptic transistor exhibits high stabilities in synaptic response. After mimicking both short-term and long-term synaptic plasticity, it shows the potential applications in “green” neuromorphic platforms. In 2019, our group used natural chicken album thin-film prepared by spin coating as the gate dielectric to fabricated electric-double-layer (EDL) TFTs [182]. The albumen-gated TFTs exhibit an ultralow operation voltage, high field-effect mobility, a low subthreshold swing, a large on-off ratio, and good reproducibility in response to the repeatedly pulsed gate voltage. Such EDL-TFTs with albumen electrolyte as the gate dielectric will be useful for the biodegradable and low-energy portable electronic products.




3.2.2. Inorganic-Organic Hybrid Thin-Films


Inorganic-organic composite systems are another significant research filed of the microelectronics. Such as nanostructure materials (e.g., metal and/or oxide nanoparticles) embedded in organic thin-films, perovskite thin-films with organic functional groups (e.g., CH3CH3BrI3), and so on.



In the industry, nanostructured thin films are manufactured in various ways. Solution-processed [174,183], green electrospinning technique [184], embedded with nanoparticles, shaped with nanostructuring techniques, or hybridized with other systems or functionalized with bio nanotechnological methods are used. Different ways can result in different properties [178]. These properties include photocatalytic, antibacterial, antifouling, and abrasion-resistant. With the development of nanotechnology, the production of various forms of nanostructured materials is added to organic materials, such as nano-layers, nanoparticles, and nanowires. It is reported that the environmental-friendly N-doped TiO2 (N-TiO2) nanorods in regenerated cellulose composite thin films were designed as a green portable photocatalyst by utilizing recycled newspaper as a sustainable cellulose resource [185]. The fabrication process is environmental-friendly and shows great potential in the field of water and wastewater treatment applications. Catalytic thin-films offer great potential for green technology applications in order to save energy, combat pollution, and reduce global warming [185,186]. In 2016, an article reported a biodegradable triboelectric nanogenerator (BD-TENG) capable of using in vivo biomechanical energy harvesting [187]. This BD-TENG is posed of the biodegradable polymer as the frictional layer and resorbable metals (Mg film) as the electrode layers, which can be degraded and resorbed in an animal body. The output performance in vivo, biocompatibility, and tunable degradation property of the BD-TENG were systematically analyzed. Excellent experimental results demonstrate the potential as a power for transient medical devices, which can be used to supply in the field of biomedical science, especially in vivo sensors and therapeutic devices. Biomedical science has developed rapidly and achieved great results in recent years. The prepared nanofiber films, owing to the green electrospinning technique and the appropriate content, get higher points in the biocompatibility and biodegradation test [184]. In addition, the results of the cytotoxicity reveal the possibility of coexistence with human dermal fibroblast cells. In conclusion, the nanofiber films show the potential to be applied in skin tissue engineering scaffold applications.



Such degradable, resorbable and/or compatible hybrid inorganic-organic thin films are able to implement transient electronic devices. In 2017, Shi et al. fabricated the dissolvable and recyclable random laser (DRRL) based on the mixture of semiconductor NPs with a water-soluble polymer [188]. ZnO NPs (gain media) and TiO2 NPs (scattering media) are embedded into PVA. The dissolvable behaviors of the DRRL were studied in water, and the recycling capability was also demonstrated. The NPs-embedded in polymer-based lasers can be dissolved completely in DI water and can be reused for several times. Fang et al. proposed a degradable poly (vinyl alcohol)-based (PVA-based) composite thin-films doped with TiO2 NPs (PVA/TiO2) [189]. Through controlling the TiO2 nanoparticle addition, the dielectric properties and dissolution rate of the composite film can be tuned. The PVA/TiO2 water-solubility composite was also used to further design and fabricate patch antennas, which could be physically degraded in pure water. In 2019, foldable and biodegradable energy-storage devices based on copy papers were developed by Park et al. [190]. An electric double-layer capacitor was made on copy papers while using pencil-drawn electrodes that are made with silver nanoparticles (AgNPs) and reduced graphene oxide (rGO). Li-doped chitosan/starch as an electrolyte and AgNPs/rGO based pencil material as electrodes consist of energy-storage devices. Chitosan and starch are naturally biodegradable polymers. Therefore, they are environmentally friendly and will not produce harmful by-products.






4. Environment-Friendly Electronic Devices


In the 21st century, environmental concerns and end-of-life disposal problems from the e-waste are grand challenges all around the world that demand eco-friendly electronics for mitigation of these issues. From Section 3, we can observe that considerable efforts have been made to study transient electronic devices and systems focusing on disposable transistors, diodes, sensors, energy harvesters, CMOS, logic circuits, memristors, and so forth [9,42,105,191,192,193]. However, there are few reviews surveying and investigating the degradable and/or compatible resistive-switching device. The new-generation environmental-friendly memristors based on degradable, resorbable, compatible, and/or recyclable thin-film materials are a prominent and promising area of research, which will result in advancing the development of the AI and progress a step further in practical applications. In subsection, we give a simple overview and promising perspectives about transient resistive-switching devices.



Memristor, as the fourth fundamental electrical passive element, was first postulated by Leon Chua in 1971 when he studied the relationships among charge, current, voltage, magnetic flux [194]. Memristors are featured with exclusive resistive switching characteristics enabling for green data storage and security brain-like computing, which attracts immense attention and interest. In the 1960s, Hickmott et al. from General Electric Research (GER) laboratory first reported that the Al/Al2O3/Al structure had the resistive-switching characteristics [195]. After which, more metal oxide materials, such as NiO, TiO2, ZnO, MgO, and WOx were found to possess a resistive switching effect [196,197,198,199,200]. Fast forward to the 1990s, Asamitsu et al. proved that the Pr1−xCaxMnO3 materials with a perovskite structure exhibit large changes in electronic resistance [201]. Since then, the related research of the resistive switching devices mainly focused on complex metal oxides such as manganite and titanate in perovskite structures. However, the application prospect of complex thin-film materials with perovskite structure in memory is unclear due to the complexity of the processing technology. Difficulty in the control of composition and incompatible with CMOS technology was observed. Until 2008, Strukov et al. from Hewlett Packard Laboratories (HP Labs) reported an article entitled “The missing memristor found” in Nature [202]. They first studied the physical behavior of the resistive-switching devices. Henceforth, more and more thin-film materials and devices with resistive switching behaviors were exploited and introduced as memristors. To this date, a large number of thin-film materials have been implemented into applications on resistive-switching devices.



Based on the aforementioned Section 3, we review and envision the transient/dissolvable memristors based on the degradable, resorbable, disposable, and/or compatible inorganic, organic, and 2D thin-films.



Dang et al. reported a fully physical transient/biodegradable bio-inspired artificial synapse based on a W/MgO/ZnO/Mo memristor on the silk protein substrate for the first time [173]. W and Mo were utilized as electrodes which are biocompatible and biodegradable. MgO and ZnO were employed as resistive switching layers being able to dissolvable and biodegradable. The MgO/ZnO double dielectric layers were designed and fabricated to obtain stable analog resistive switching behaviors.



Zhong et al. proposed the novel transient Mg/MgO/W RRAM with controllable degradation by introducing a bilayer of a light-responsive hydrogel and oxide thin-film [203]. Under the gel-to-sol transition process with UV light present, the fully soluble RRAM with the controllability of triggering degradation was successfully achieved.



In 2016, Zhang et al. presented the biodegradable RRAM consisting of three thin-films, that is, magnesium difluoride (MgF2) used as the switching layer, Mg and Fe acted as electrodes [204]. The switching layer (MgF2) is biodegradable. Such biodegradable RRAM devices were fabricated on a polyethylene terephthalate (PET) substrate, which also can be dissolved when they were placed in DI water.



Liu et al. developed a physical transient memristor with the MgO thin film as a resistive dielectric layer and the Ni metal layers as electrodes, which was fabricated on a SiO2/Si substrate [8]. The Ni/MgO/Ni structure can be exfoliated from the SiO2/Si substrate, and then submerged into the DI water. Due to the lack of a supporting substrate, the Ni and MgO thin-films dissolve in water.



Li et al. for the first time proposed the all-inorganic transient perovskite CsPbBr3 nonvolatile resistive switching memory device with Ag/CsPbBr3/PEDOT: PSS/ITO/PET structure [80]. The perovskite CsPbBr3 thin-film was used as the active layer. The PEDOT: PSS layer was deposited on the ITO electrode to enhance the adhesion of CsPbBr3 thin films, and the ITO layer was used as the bottom electrode. They verified that the resistive switching mechanism is ascribed to the formation and dissipation of Ag conducting filament at the CsPbBr3 layer.



Organic thin-film materials such as egg albumen (or egg white) and silk are natural polymer materials that can be biodegradable, bioabsorbable, and environmental-friendly. So, the use of the organic thin-film as the active resistive switching layer is promising in transient memristor fabrication.



Hosseini et al. employed natural chitosan thin-film as the solid polymer electrolyte layer and the dissolvable Mg as electrodes to fabricate fully biodegradable resistive switching memory on the plastic/rice paper substrate [205]. They investigated the dissolution evolution of the Mg/Au-doped chitosan/Mg resistive-switching devices in the water in detail, as well as resistive switching performances and retention capability. The obtained results implied that the fabricated chitosan-based organic memristor with Mg electrodes is highly promising for biodegradable and environmentally benign memory applications.



Metal nanoparticles/organic thin-film hybrid materials acted as organic resistive-switching functional materials are another hot topic of organic-inorganic resistive-switching devices. In this case, metal thin-films/nanoparticles or metal-doping nanocrystals are embedded in organic RS functional materials.



Wu et al. reported a degradable resistive-switching nonvolatile memory based on Al/Au NPs: lignin/Al sandwiched structure, where gold nanoparticles embedded alkali lignin (Au NPs: lignin) was used as the biodegradable active layer fabricated by solution-process method, and the PLA thin-film was also used as a degradable skin-inspired substrate [206]. Au NPs in the active layer are responsible for the resistive-switching mechanism. Such memory devices can be degraded in a proteinase K aqueous solution.



Other transient/degradable resistive-switching devices have also been developed using degradable, resorbable, and/or biocompatible thin-film materials, which are shown in Table 1.



The above-investigated reviews suggest that the degradable, resorbable, dissolvable, and/or compatible thin films including metal oxide thin-film materials (e.g., ZnO, MgO, SiO2), and organic materials (e.g., protein, silk, cellulose) can be used effectively as memristive dielectric functional materials for eco-friendly resistive-switching devices. For electrode materials of the resistive-switching devices, metal thin-film such as Pt, Au, Mg, Mo, Al, W, Zn, and/or Fe. were used to prepare dissolvable top/down electrodes. However, as observed, the degradable and/or compatible resistive-switching devices based on the 2D thin-films are hardly reported. Therefore, there is still a need to make considerable efforts in the development of transient resistive-switching devices. According to Section 3.1.3, for some 2D thin-films (e.g., graphene, MoS2, hBN, black phosphorus), they have the degradation possibilities under the presence of the catalysis. Therefore, the thin-film materials described in Section 3 lay the substantial foundations for broad classes of transient resistive-switching devices. The dissolvable metals (e.g., Mg, W, etc.) would be used as electrodes or interconnections. The degradable 2D thin-films can be used as resistive-switching functional layers. Si/SiO2 and organic film (e.g., silk or polylactic acid) acted as substrates/packaging materials on which would be fabricated or transferred by printing technologies. Such thin film-based green electronics are known as transient electronics or degradable electronics, which may help relieve the environmental issues of discarding e-waste. The alone usage of degradable materials, or heterogeneous integration, opens up additional application possibilities for transient technologies ranging from biomedicine to environmental monitoring and consumer electronics. Particularly, resistive-switching devices are an emerging nonlinear memory with simple structures, low power consumption, and high operation speed, which has both memory and logic computing functions. With the development of intelligent terminals, the demand for degradable and wearable electronics is increasing, and the field of the AI also needs to develop towards the direction of flexibility, wearability, and degradability. Therefore, the development of such flexible and resorbable resistive-switching devices for the purpose of security information storage and brain-inspired computing will open up a new application direction in the field of AI.




5. Conclusions and Future Perspectives


Thin film technology has been utilized for more than half a century and is still being evolving on a daily basis due to its key role in the 21st development of new thin-film materials and novel thin-film devices. Specifically, it is used for facilitating the advancement of next-generation environmental-friendly devices, which are capable of environment sensing, health monitoring, “green” electronics, and so on. The literature review provides an overview of environmental applications based on various thin-films, mainly including inorganic materials (e.g., metal-oxide, halide perovskite, 2D) and organic materials. Before that, preparation methods of thin films were introduced simply, and then printing techniques were proposed for producing flexible, cost-effective, and environmental-friendly electronic products. Then, inorganic thin films including metal-oxide, PZT, halide perovskite, 2D thin-films, as extensively used thin-film materials, in applications of waste-gas/water sensing, energy, storage, etc. were reviewed in greater details. In light of the degradability and resorbability of partial inorganic thin films, they can be employed to fabricate the transient/degradable electronics for alleviating e-waste pollution threats. 2D material is one of the most popular low-dimension materials, which are of significance in academics and industries. Consequently, the properties and environmental applications of 2D thin films, such as degradability and compatibility as well as sensing of waste-gas/water pollution and storage of clean energy. To truly realize the complete transient/degradable electronics, except for inorganic thin-film materials, organic thin-film materials are desirable thanks to the unique advantages of recyclable degradation, resorbability, flexibility, and compatibility. Therefore, the small molecular and polymer thin-films as well as inorganic-organic thin-films applied for environmental protection and degradable devices are reviewed. After which, this paper highlights the perspective of the transient resistive-switching devices (such as transient RRAM), which provides abilities for the embedded system or Internet of Things (IoT) edge computing side, such as autonomous driving, smart sensors, and wearable devices. Furthermore, the memristor-based artificial degradable and/or compatible synapse is highly desirable for security neuromorphic computing and bio-integrated systems, which is a promising candidate for the new generation memory and computing systems in AI applications.
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Figure 1. (a) Printing schematic diagram: (I) printing a base elastomer layer, (II) spray printing liquid metal materials, (III) activating selectively the electrical path, and (IV) printing of an encapsulation elastomer. Reproduced with permission from [69], Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2017. (b) Scheme of the key process for transfer printing a transient device from a temporary substrate (such as Si) to a degradable substrate (such as poly lacticco-glycolic acid (PLGA)). Reproduced with permission from [9], Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2014. 
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Figure 2. Oxide thin-films with various properties in the application of the waste-gas treatment field. Left part: Reducing gasses’ electron donors to make the waste-gas harmless through the ion-exchange membrane; Right part: Oxidizing gases’ electron acceptors to make the waste-gas harmless through oxidation catalysis. 
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Figure 3. Comparison of graphene, boron nitride monolayer, and silica bilayer. Top view of (a) graphene, (b) boron nitride monolayer, and (c) silica bilayer. Side view of (d) graphene, (e) boron nitride monolayer, and (f) silica bilayer. Reproduced with permission from [124], Copyright American Chemical Society (ACS), 2016. It is worth noting that further permissions related to the material excerpted should be directed to the ACS. 
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Figure 4. The side and top view of the MoS2 sheet. Reproduced with permission from [148], Copyright Elsevier, 2011. 
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Figure 5. Fragment of the Periodic table. Elements forming MAX phases of the general composition Mn+1AXn [n = 1, 2, 3…; M is a transition d-metal, A is a p-element (Si, Ge, Al, S, Sn, etc.), X is carbon or nitrogen] [160]. Inset: An example of the MAX phases. Reproduced with permission from [160], Copyright Turpion Ltd., 2013. 
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Table 1. Overview of dissolvable resistive-switching devices.
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	Group
	Transient Resistive-Switching Structure
	Trigger
	Application





	Dang B. [173]
	W/MgO/ZnO/Mo
	PBS a or DI water b
	Bio-inspired artificial synapse



	Zhong S. [203]
	Mg/MgO/W
	DI water or PBS under ultraviolet light
	RRAM c



	Song F. [207]
	Mg/ZnO/W and Mg/ZnO/Mg with silk fibroin substrates
	DI water or PBS
	Memory



	Liu D. [208]
	Cu/a-Si d/W on a poly(vinyl alcohol) substrate
	Water
	Memristor



	Song F. [100]
	Mg/MgO/W
	Water
	RRAM



	Zhong S. [209]
	W/Cu/SiO2/W
	Water or PBS
	Resistive memory



	Zhang Z. [204]
	Fe/MgF2/Mg
	DI water
	RRAM



	Sun J. [210]
	W/Ag/MgO/Ag/W
	DI water
	Memristive Synapse



	Liu D. [8]
	Ni/MgO/Ni on SiO2/Si substrate
	DI water after exfoliating the substrate
	Nonvolatile bipolar memory



	Liu R. [180]
	InZnO/Chitosan/ITO/Graphene/PET
	DI water
	synaptic transistor



	Li Q. [80]
	Ag/CsPbBr3/PEDOT:PSS/ITO
	DI water
	Nonvolatile memory



	Hosseini, N.R. [205]
	Mg/Ag-doped chitosan/Mg on plastic substrate
	Water
	Nonvolatile memory



	Wu W. [206]
	Al/Au NPs: alkali lignin e/Al
	Proteinase K aqueous solution
	Nonvolatile memory



	Ji X. [211]
	W/silk fibroin/Mg
	PBS
	Memory



	Yan X. [212]
	W/egg albumen/ITO/PET f
	Water
	Artificial synaptic device



	Wang H. [213]
	Au/Mg/fibroin/Mg
	DI water or PBS
	resistive-switching memory







a PBS represents phosphate-buffered saline. b DI water represents deionized water. c RRAM represents resistance random access memory. d a-Si represents amorphous Si. e Au NPs: alkali lignin represents gold nanoparticles embedded alkali lignin. f PET represents polyethylene terephthalate.
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