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Abstract

:

Atomic layer deposition (ALD) is a unique tool for conformally depositing inorganic thin films with precisely controlled thickness at nanoscale. Recently, ALD has been used in the manufacture of inorganic thin films using a three-dimensional (3D) nanonetwork structure made of polymer as a template, which is pre-formed by advanced 3D nanofabrication techniques such as electrospinning, block-copolymer (BCP) lithography, direct laser writing (DLW), multibeam interference lithography (MBIL), and phase-mask interference lithography (PMIL). The key technical requirement of this polymer template-assisted ALD is to perform the deposition process at a lower temperature, preserving the nanostructure of the polymer template during the deposition process. This review focuses on the successful cases of conformal deposition of inorganic thin films on 3D polymer nanonetworks using thermal ALD or plasma-enhanced ALD at temperatures below 200 °C. Recent applications and prospects of nanostructured polymer–inorganic composites or hollow inorganic materials are also discussed.
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1. Introduction


Atomic layer deposition (ALD), a type of chemical vapor deposition (CVD), is a unique thin film deposition technique that can control the thickness of thin films at the angstrom level based on sequential self-limiting, gas-solid surface reactions [1,2,3]. One of the key features of ALD is the ability to form a conformal thin film insensitive to surface topology, because the principle of ALD depends on surface adsorption. This results in excellent step coverage even for trench structures with extremely high aspect ratios, which is useful for semiconductor devices [4,5]. Another feature of ALD is that it is capable of low-temperature processing compared to other vapor-phase deposition techniques [6]. If precursors and systems are designed well-enough to allow the process temperature to be below 200 °C, then ALD can be applied to polymer substrates as well.



In recent years, the potential of ALD based on these benefits has expanded to nanotechnology [7]. As a representative example, ALD has been combined with three-dimensional (3D) polymer nanostructuring methods such as electrospinning, block-copolymer (BCP) lithography [8,9,10,11,12], direct laser writing (DLW) [13,14,15,16,17], multibeam interference lithography (MBIL) [18,19,20], and phase-mask interference lithography (PMIL) [21,22,23,24,25,26,27,28,29,30]. These unconventional nanofabrication techniques specialize in the production of 3D polymer nanonetworks that can serve as templates for subsequent material conversion processes [31]. Polymer templates have the advantage of being easily removed by thermal treatment, chemical dissolution, or plasma etching, unlike metal or ceramic templates, which require the use of hazardous acid solutions [32]. In polymer template-based strategies, ALD can be used for various purposes, such as (a) modifying the surface of the polymer template from hydrophobic to hydrophilic [23], (b) reducing the porosity of the polymer template [18], (c) adjusting the optical or mechanical properties of the polymer template [14,26], and (d) producing hollow inorganic materials converted from the polymer template [15,16,21,22,27,33].



An important technical requirement for depositing inorganic thin films on 3D polymer nanonetworks through ALD, which serve as templates, is to maintain the least-possible process temperature below the melting point of the polymer template to protect the 3D nanostructures during the process. For example, an epoxy-based negative-tone photoresist called an SU-8 (Microchem Co.) is widely used to prepare 3D nanostructured polymer templates through lithographic techniques because of advantages including excellent mechanical stability (E~2 GPa), high photosensitivity and resolution, and a thick film processing ability above several hundred microns [34]. However, because the glass transition temperature (Tg) of SU-8 after cross-linking is only ~200 °C, subsequent processes with SU-8 templates should be performed below Tg to prevent a reflow phenomenon. Most nanostructured polymer networks produced by other techniques also have poor heat resistance [35,36]. Therefore, to realize various materials and properties through 3D polymer template-based ALD, it is very important to secure a variety of methods for depositing inorganic thin films at temperatures below 200 °C, especially at room temperature.



This short review focuses on recent cases of successful formation of conformal inorganic thin films on 3D nanostructured polymer templates, using thermal or plasma-enhanced ALD (PEALD) at process temperatures below 200 °C (Figure 1a–c). We also discuss the material properties, applications, and prospects of 3D nanostructured inorganic or composite materials through this strategy.




2. Preparation of 3D Polymer Nanonetworks


The 3D nanonetwork-structured polymer template can be divided into two types depending on the regularity of the structure (Figure 1b,c). For example, electrospinning is a typical technique to fabricate irregular 3D polymer nanonetworks over large areas [37,38,39,40]. Although electrospinning is an old technique, it is still the most powerful technique for the mass production of polymer nanonetworks. Most nanofibrous fabrics are made using this technique. The electrospinning system generally consists of a syringe pump that can push out a polymer solution, a DC high-voltage generator, a needle for extracting nanofibers, and a grounded collecting plate (Figure 2a). The polymer solution located at the end of the capillary forms a hemispherical droplet based on the equilibrium between gravity and surface tension. When an electric field is applied, a charge or dipole orientation is induced at the interface between the air and the droplet, creating an electrostatic repulsive force opposite to the surface tension. Thus, the hemispherical surface of the solution at the tip of the capillary stretches into a conical shape known as a Taylor cone. At the threshold voltage, the electrostatic repulsive force overcomes the surface tension, and a jet of polymer solution is ejected from the Taylor cone. In the case of a polymer solution with a sufficiently high viscosity, the charged jet ejects towards the collecting plate without collapsing. The jet trajectory can bend or change direction during flight. The jet is tapered in flight and the initial jet is split into several smaller filaments by electrostatic repulsion because the charge is concentrated on the surface. The solvent is evaporated during the flight and solid-phase polymer nanofibers are continuously deposited on the collecting plate. Electrospinning can control the diameter and density of 3D polymer nanonetworks by adjusting process parameters such as viscosity or surface tension of the solution, distance from the capillary tip to the collecting plate, applied voltage, and spinning time. A typical electrospun product is a nonwoven mat of randomly oriented fibers due to whipping instability. In some cases, extra auxiliary forces are used to align the nanofibers in a two-dimensional (2D) plane [41]. However, accurate vertical alignment between layers for constructing regular 3D nanonetworks is still difficult to achieve through electrospinning.



Polymer templates with regular or periodic 3D nanonetwork structures can be prepared using unconventional lithographic techniques. First, BCPs have been extensively investigated in the interest of generating polymer templates because of their ability to self-assemble into various types of periodic nanostructures, depending on their composition and molecular weight (Figure 2b) [42]. In particular, a gyroid structure can be created by using a BCP designed to self-assemble in 3D. For example, a polystyrene-based gyroid structure can be fabricated from the self-assembly of degradable block copolymers and polystyrene-b-poly(L-lactide) (PS-PLLA), followed by the hydrolysis of PLLA blocks [43]. BCP is advantageous in that it can easily manufacture periodic 3D polymer nanonetworks without expensive or complicated facilities. However, because it is based on a solution process, the precision and reproducibility of the structure are inferior.



Next, DLW based on two-photon polymerization is a well-known 3D printing technology that allows the construction of nanostructures with sub-100-nm resolution (Figure 2c) [44]. An ultrafast high-power laser beam is tightly focused within the volume of a transparent photopolymer, and the photopolymer is locally polymerized by absorbing one or more photons simultaneously. As the laser beam travels along the path designed using computer-aided design (CAD) or computer-aided manufacturing (CAM), a 3D ultrafine object is created by the solvent after the development process. While DLW has great advantages in manufacturing arbitrary structures with a high resolution, it suffers from fatal drawbacks such as a very slow production speed and the development of two-photon absorbing materials that are not diversified.



In this respect, MBIL, also called holographic lithography, is a precise manufacturing technique for periodic 3D nanonetwork structures, which complements the low productivity of DLW (Figure 2d) [49,50,51,52]. The principle of MBIL is to transfer the 3D periodic intensity distribution resulting from the interference between four coherent beams separated by a single laser, to photosensitive polymer. Various types of periodic structures can be created by adjusting the optical parameters (e.g., incident angle or polarization) of the four interfering beams. Because this method is a parallel process, unlike DLW, which is a serial process, it has advantages in terms of the large-scale fabrication of periodic 3D nanonetworks; however, the degree of structural freedom is not high. Moreover, because the four interfering beams must be temporally and spatially coherent to generate interference, the structural reproducibility is very sensitive to vibration, and inevitably requires a complex optical setup.



To evolve into more industrial processes, Jeon et al. developed PMIL, also known as proximity-field nanopatterning (PnP), in which all complex interference optics are integrated into a single conformal phase-mask (Figure 2e) [23,37,48,53,54,55,56,57,58]. The principle of this technique is to imprint the Talbot interference, caused by the interference of diffractions arising from the phase mask with the surface relief structure, onto the photopolymer. The used phase-mask is generally made of a poly(dimethylsiloxane) (PDMS)-based elastomer, which can adhere to the substrate without being sensitive to surface roughness, thereby enabling high-resolution contact-mode lithography with high-vibration tolerance. The generated Talbot interference and 3D periodic nanonetworks can be varied by adjusting the incident wavelength of the laser and phase-mask geometry, and can be predicted and designed by optical simulations such as finite-difference time domain (FDTD), finite element modeling (FEM), or rigorous coupled-wave analysis (RCWA) [59]. Above all, PMIL has the advantage of expanding the production area of the 3D periodic nanonetwork to the wafer scale by increasing the size of the phase mask and exposure source. However, the existing technical issue is to improve the degree of structural freedom through an inverse algorithm design [60,61].



More information on the recent progress of the 3D nanofabrication techniques mentioned above can be found in the literature [13,30,51,62,63,64,65,66,67,68]. Figure 3 shows the representative examples of polymer templates with a regular or irregular 3D nanonetwork structure fabricated by the above 3D nanofabrication techniques, including electrospinning, BCL, DLW, MBIL, and PnP.




3. Conformal Deposition of Inorganic Thin Films on 3D Polymer Nanonetworks


The above-mentioned 3D nanofabrication techniques mainly produce polymer-based nanonetwork structures. However, to apply such nanostructured materials to various fields, it is necessary to compensate for the relatively poor thermal or mechanical resistance of the polymer, or to impart additional functionality (e.g., conductivity, reactivity, etc.). To achieve this, many studies have been performed to fill the interconnected pores of 3D nanonetworks with functional inorganic materials, including metals and ceramics [31]. Typical filling methods include electrochemical deposition, sol-gel reaction, and CVD. However, these bottom-up filling techniques eliminate the porous structure of 3D nanonetworks in a composite state. The removal of polymer templates by a high-temperature (>450 °C) heat treatment or an O2 plasma etching process allows an inverse porous structure; however, it is generally difficult to obtain high porosity (>90%). In contrast, ALD has a unique feature of the conformal coating of the surfaces of porous structures based on surface adsorption and reaction. In this case, we can selectively change surface properties or reduce pore size while maintaining a porous structure. Unlike bottom-up filling, ALD generates a hollow structure after removing the polymer template, thereby creating an ultra-lightweight and highly porous material similar to aerogel [29,70].



A conventional thermal ALD process begins when a precursor is fed into a chamber and adsorbed onto a polymer template. At this time, the substrate temperature should be maintained below the dissociation temperature of the precursor to prevent undesirable thin film formation. The dissociation temperature of the precursor ranges from about 100 to 700 °C, depending on the type of precursor. In polymer template-assisted ALD, a temperature of about 200 °C or less is preferred to prevent reflow of the polymer, even if the film quality deteriorates. The precursor is generally delivered to the polymer template with a carrier gas and adsorbed on the substrate by chemical attraction. To improve the uniformity of the thickness of the deposited film, a sufficiently long supply time is required to cover the nanoporous structure completely with the precursor at this stage [23,70,72]. In the next step, it is necessary to supply the purge gas to wash away the remaining precursor. Ar, an inert gas that does not react with the precursor, is generally used as the purge gas. Once the precursor supply is stopped and the purge gas is supplied, the remaining gaseous precursor in the chamber and the precursor adsorbed weakly on the template are rinsed away by the purge gas, leaving only one layer of the precursor that has been in strong chemical bonding with the template. A third step in the ALD process is the supply of reactants to the precursor-coated polymer template. The reactant chemically reacts with the precursor adsorbed on the template to form a thin film. Except for some precursors that require thermal activation, most precursors react spontaneously with the reactants even at room temperature. Heating is sometimes required to improve the properties and crystallinity of the deposited materials. When a metal oxide-based dielectric film is deposited, water is usually used as the reactant. However, when water is adsorbed on the inner wall of the chamber, water may easily condense, and the condensation may not be removed, which may cause contamination problems. For this reason, alcohol, oxygen, ammonia, and ozone, which are less reactive than water but prone to purging, can be used as alternatives. The ALD process is completed by supplying purge gas to purge the remaining reactants. If the purging time is very short, the reactants may remain in the chamber and cause unwanted chemical reactions with the precursors supplied in the next cycle. From the beginning to this stage is one cycle of the ALD process.



One of the key parameters in ALD is growth per cycle (GPC), which means the thickness of the deposited film in one cycle. The GPC depends on the process temperature, the precursor, the substrate, and so on. The GPC value of ALD is usually less than a few angstroms, which is relatively low compared to CVD because the physically adsorbed molecules are supposed to fly off during the purge step. In polymer template-assisted ALD, it is very important to understand the nucleation and growth behavior of the material deposited on the polymer [73,74,75,76]. In fact, the formation of an inorganic thin film by ALD is highly dependent on the density of the polymer and the functional groups of the polymer surface. Occasionally, polymers act as inhibitors to the nucleation of inorganic materials during the ALD process. Based on this phenomenon, some studies have achieved area-selective ALD (AS-ALD) by patterning polymer resists or self-assembled monolayers (SAMs) [77,78,79,80,81]. In the case of a soft polymer with low crosslinking density, the gaseous precursor can diffuse into the polymer and react with the polymer to form an organic–inorganic hybrid material. This is called vapor phase infiltration (VPI) [82,83,84]. In general, various inorganic materials such as oxides, nitrides, and sulfides can be deposited through thermal ALD. Figure 4 shows various examples of the successful conformal deposition of inorganic thin films on 3D polymer nanonetworks using the thermal ALD process described above.



The device configuration of thermal ALD is very simple; however, the deposition rate is rather slow, because the precursor and gaseous reactant react only by thermal energy to form a thin film, and the film quality is poor when the deposition is performed at low temperatures. Moreover, the known precursors and reactions for thin film formation at low temperatures are very limited. In general, the deposition of metal is very difficult to achieve via thermal ALD. PEALD was developed to overcome these issues with thermal ALD. In the PEALD process, the precursor supply and purge steps are the same as they are for thermal ALD; however, plasma is generated in the third reactant supply step to improve the reactivity. In general, O2, H2, NH3, or ozone plasma is used to generate highly reactive ions or radicals. Owing to the high reactivity of reactants, in PEALD, the fourth stage purge time can be significantly reduced compared with thermal ALD. As a result, PEALD can achieve higher productivity, lower process temperature, and better film quality (e.g., purity and density) compared to conventional thermal ALD. In particular, Pt, one of the noble metals widely used as a catalyst, can be deposited through PEALD at room temperature. The deposition of Pt via thermal ALD was performed using MeCpPtMe3 and O2 in a temperature window of 200–300 °C [88]. However, for certain polymer templates, this temperature range is still too high for application. Mackus et al. successfully reported a three-step PEALD process that yielded a high-quality Pt film with a resistivity of 18–24 μΩ at room temperature by sequentially supplying MeCpPtMe3, O2 plasma, and H2 gas or H2 plasma [85]. The H2 pulse serves to reduce the PtOx that can be deposited at low substrate temperatures. They also demonstrated that Pt can be deposited on polymer, textile, and paper substrates through this room temperature process (Figure 5a–c). In addition, PEALD has succeeded in depositing various dielectrics and semiconductors such as Al2O3, AlN, and GaN on natural or electrospun polymer networks at a process temperature below 200 °C (Figure 5d–f) [86,87,89,90]. However, PEALD has not yet been applied to regular 3D nanonetworks.



So far, using nanostructured polymer templates for PEALD has not been actively studied compared with thermal ALD. Despite the advantages of PEALD, such as fast deposition rates and low process temperatures, some of its drawbacks may have hindered the use of nanostructured polymer templates [91]. For example, PEALD is generally confronted with issues such as low conformality, due to the directional flux of plasma-activated species and unwanted plasma damage to the polymer template. Also, remote plasma sources (e.g., inductively coupled plasma) for PEALD are typically only a few inches, thus limiting large-scale processing. To further expand the convergence of PEALD and 3D nanonetwork templates, much effort and attention is needed to solve these issues.



Table 1 summarizes the representative examples of the deposition of inorganic materials via thermal ALD or PEALD on polymer templates with 3D nanonetwork structures and the process conditions used therein. More information on ALD materials and processes can be found in an online database (https://www.atomiclimits.com/alddatabase/).




4. Application of 3D Inorganic Nanonetworks


4.1. Organic–Inorganic Hybrid Nanocomposites


The resulting material produced through polymer template-assisted ALD is a structured composite with a polymer core and an inorganic shell deposited through ALD. In this case, the inorganic shell may serve to alter the surface properties of the original polymer template, or to complement its mechanical or optical properties.



A representative example of the former can be found in nanofluidic devices. Park et al. reported that a polymer template with densely packed, inch-length horizontal nanochannels possessing a diameter of 200 nm and a period of 400 nm was fabricated by performing PnP near the diffraction limit [23]. The template material was epoxy-based SU-8, with a hydrophobic surface. To utilize this unique nanochannel array as a nanofluidic filter for water treatment, it is necessary to change its surface to hydrophilic. However, it is very challenging to coat inch-length high-aspect-ratio pores of 200 nm diameter with a hydrophilic material uniformly. In this study, the authors successfully converted the nanochannels from hydrophobic to hydrophilic by conformally coating the TiO2 thin film through a thermal ALD process with a long supply time of precursors and reactants (Figure 6a). As the number of ALD cycles increased, a reduction in the size of the nanochannel was also observed. This TiO2-coated polymer nanochannel array was integrated into a microfluidic device and used as a high-throughput device that can stretch DNA or filter out sub-100-nm nanoparticles.



An example of modulating material properties through polymer template-assisted ALD can be found in interpenetrating network composites. Recently, Ahn et al. developed a new type of 3D continuous ceramic nanofiller-inserted polymer composite by filling an index-matched polymer in an Al2O3-coated 3D polymer nanonetwork prepared through the combination of PnP and ALD (Figure 6b) [26]. The content of the ceramic nanofiller, relative to the polymer matrix, can be finely controlled through the ALD cycle. Unlike conventional discrete ceramic nanoparticle–polymer composites, continuous interpenetrating network composites enable high loading above 15 vol%, owing to the absence of an aggregation of nanoparticles. The resulting composite film with a thickness of ~11 μm is not only optically transparent (>85% at 600 nm), but also mechanically flexible, because it has a structure in which the 3D nanostructured ultrathin (~60 nm) Al2O3 layer is embedded in the polymer matrix. The film can withstand bending strain without fracture, and can recover its original shape after relaxation. In addition, the continuous Al2O3 nanonetwork in the composite film provides an efficient heat transfer path for rapid heating and cooling. Thus, this composite can be used as a mechanically reinforced multifunctional optical film (Figure 6c). The ability to tune the material properties of the conformal inorganic thin films deposited by ALD is not limited to their mechanical properties but also to their optical properties, such as the photonic bandgap of photonic crystals (Figure 6d) [14,18].




4.2. Highly Porous Hollow Inorganics


If the original polymer template is removed through calcination or an O2 plasma etching process, a highly porous inorganic material with a hollow 3D nanonetwork structure can be obtained. The hollow structure is very suitable for applications such as photocatalysts, which require a high surface area owing to surface reaction. Recently, a series of studies have reported on the fabrication of a periodic 3D nanonetwork monolith made of pure TiO2 or N-doped TiO2 through the combination of PnP and ALD, which is applied as a reusable photocatalytic film [21,22]. In the case of pure TiO2, amorphous TiO2 was deposited on the polymer template through thermal ALD at room temperature, which subsequently changed to anatase-phase TiO2 with excellent photocatalytic efficiency in the calcination process to remove the template. For N-doped TiO2 with enhanced visible light activity, an ultrathin (~10 nm) TiN layer was additionally deposited on the 3D hollow TiO2 nanonetwork through ALD at 350 °C. The TiN layer is then converted to an N-doped TiO2 layer by subsequent annealing at 550 °C in an atmospheric environment (Figure 7a–c). These monolithic films can be reused at least five times while maintaining good photocatalytic performance comparable to commercial TiO2 nanoparticles (P25).



One of the recently emerged applications of hollow inorganic nanonetworks is nanostructured thermoelectric materials [93,94,95,96,97]. A thermoelectric material is defined as a material with the ability to create a current or electric potential generated by a temperature difference between the two ends of the material, called the Seebeck effect. Thermoelectric devices have recently been reilluminated as a wearable energy-harvesting system because they can generate a weak current from the temperature difference between humans and their surroundings [98,99,100]. A representative approach for increasing the dimensionless figure-of-merit (ZT), which represents the performance of a thermoelectric material, is to reduce the thermal conductivity selectively while maintaining the Seebeck coefficient and electrical conductivity. This can be achieved by structuring the thermoelectric material into a hollow 3D nanonetwork. Kim et al. reported a nanostructured ZnO monolith with a low thermal conductivity (~3.6 W m−1 K−1 at 333 K), which is approximately 1/10 of that of the bulk ZnO through periodic 3D hollow nanostructuring of ZnO (Figure 7d–f) [27]. The lowering of the thermal conductivity comes from the enhancement of the phonon boundary scattering, while maintaining the electrical conductivity through the continuous nanonetwork structure. Although bulk pure ZnO cannot be used as a thermoelectric device, owing to its negligible ZT at room temperature, Kim et al. succeeded in fabricating the nanostructured ZnO-based thermoelectric device, producing 60 mV at a temperature difference of about 40 K.



Optical and mechanical metamaterials are receiving great attention in academia today. Metamaterials exhibit superior or new properties over conventional materials through artificially ordered structures of various scales. Several hollow 3D nanonetwork structures are optimized to implement these metamaterials. Meza et al. reported a hollow 3D ceramic nanonetwork designed to stretch a beam rather than bend it [16]. The key parameter of nanonetwork design is the ratio of wall thickness to beam radius, and if this ratio is small enough, the beam does not break by compression. Based on this structural design principle, they succeeded in producing a resilient Al2O3-based metamaterial with a hollow 3D nanonetwork structure through the combination of DLW and ALD. While common ceramics are very brittle and fragile, the developed mechanical metamaterial surprisingly recovered its original shape after more than 50% compression. Similarly, a mechanical metamaterial made of TiN converted from a polymer template, designed and produced through DLW, was also reported (Figure 7g) [15]. Most recently, to produce more practical-sized mechanical metamaterials, PnP optimized for large-area 3D nanofabrication was combined with this strategy to develop an inch-scale Al2O3-based mechanical metamaterial [25]. In addition to these unnatural mechanical properties, hollow 3D nanonetwork structures can also be applied to realize exceptional optical properties. For example, when forming a hollow 3D nanonetwork with an ultrathin (<5 nm) Al2O3 film through polymer template-assisted ALD and subsequent template removal, the refractive index of the material is theoretically lowered to 1.025, owing to the extremely small volume ratio (Figure 7h,i) [28,29]. This means that the resulting ceramic film is unnaturally transparent. By combining the above-mentioned novel mechanical and optical properties resulting from hollow 3D nanonetwork materials, a new level of multifunctional optical films can be achieved.





5. Summary and Outlook


In this review, we focused on the experimental realization and application of functional 3D nanonetworks based on polymer template-assisted ALD. Previous studies have shown that ALD and 3D polymer nanonetwork templates have excellent compatibility. Particularly, as the pore size gradually decreases to the submicron level, ALD is a unique technique that can uniformly coat the surface without clogging the pores. However, the extremely low GPC values of conventional ALD are not suitable for mass-production. In this regard, it is worth attempting to apply the recently proposed spatial ALD (SALD), which allows a much faster deposition rate, to complex nanostructures [101,102,103]. The remaining technical issue is to ensure the deposition of inorganic thin films at low temperatures. It is preferable to deposit a high-quality thin film at room temperature, considering the heat resistance of the polymer. In this regard, the potential of PEALD, which is capable of depositing a variety of high-quality thin films at lower temperatures than thermal ALD as a result of the presence of highly reactive ions and radicals, is very high. However, with the exception of a very few cases, most of the studies related to polymer template-assisted ALD reported so far depend on thermal ALD. This suggests that we should pay more attention to PEALD in the future to implement more useful and functional 3D nanonetworks. In particular, PEALD can deposit noble metals such as Pt at temperatures below 200 °C, which is difficult to achieve by thermal activation alone. By combining this capability with a nanoporous network structure, high-performance catalysts can be realized, which are very important in today’s energy and environmental communities. In summary, continuous efforts to combine ALD with actively evolving advanced nanofabrication techniques will provide opportunities for new levels of materials with exceptional properties.
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Figure 1. Schematic representation of (a) one cycle of thermal atomic layer deposition (ALD) or plasma-enhanced ALD (PEALD), (b) the fabrication process of polymer–inorganic composite or hollow inorganic materials from a polymer template with irregular three-dimensional (3D) nanonetworks, and (c) the fabrication process of polymer–inorganic composite or hollow inorganic materials from a polymer template with regular 3D nanonetworks. 
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Figure 2. Schematic representation of the fabrication methods of 3D nanonetwork-structured polymer templates: (a) electrospinning (reprinted with permission from [37]. Copyright 2004 John Wiley and Sons); (b) block-copolymer (BCP) lithography (reprinted with permission from [45]. Copyright 2013 The Royal Society of Chemistry); (c) direct laser writing (DLW) (reprinted with permission from [46]. Copyright 2011 The Optical Society (OSA)); (d) multibeam interference lithography (MBIL) (reprinted with permission from [47]. Copyright 2011 The Optical Society (OSA)); (e) proximity-field nanopatterning (PnP) (reprinted with permission from [48]. Copyright 2006 The Optical Society (OSA)). 
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Figure 3. SEM images of polymer templates with irregular or regular 3D nanonetwork structures fabricated through 3D nanofabrication techniques: (a) electrospinning (reprinted with permission from [69]. Copyright 2014 Elsevier); (b) BCP lithography (reprinted with permission from [10]. Copyright 2014 The Royal Society of Chemistry); (c) DLW (reprinted with permission from [44]. Copyright 2004 Nature Materials); (d) MBIL (reprinted with permission from [18]. Copyright 2009 The Royal Society of Chemistry); (e) one-photon PnP; (f) two-photon PnP (reprinted with permission from [48]. Copyright 2006 The Optical Society (OSA)); (g) one-photon PnP with a binary phase-mask (reprinted with permission from [23]. Copyright 2015 John Wiley and Sons). 






Figure 3. SEM images of polymer templates with irregular or regular 3D nanonetwork structures fabricated through 3D nanofabrication techniques: (a) electrospinning (reprinted with permission from [69]. Copyright 2014 Elsevier); (b) BCP lithography (reprinted with permission from [10]. Copyright 2014 The Royal Society of Chemistry); (c) DLW (reprinted with permission from [44]. Copyright 2004 Nature Materials); (d) MBIL (reprinted with permission from [18]. Copyright 2009 The Royal Society of Chemistry); (e) one-photon PnP; (f) two-photon PnP (reprinted with permission from [48]. Copyright 2006 The Optical Society (OSA)); (g) one-photon PnP with a binary phase-mask (reprinted with permission from [23]. Copyright 2015 John Wiley and Sons).



[image: Applsci 09 01990 g003]







[image: Applsci 09 01990 g004 550]





Figure 4. Various inorganic thin films conformally deposited on 3D nanonetwork polymer templates through thermal ALD: (a) SEM image of a ZnO thin film deposited on a polymer template formed by electrospinning; (b) TEM image of (a) (reprinted with permission from [71]. Copyright 2012 American Chemical Society); (c) TEM image of Al2O3 and ZnO thin films deposited on a polymer template formed by BCP lithography (reprinted with permission from [9]. Copyright 2015 The Royal Society of Chemistry); (d) cross-sectional SEM image of an Al-doped ZnO thin film on a polymer template formed by DLW (reprinted with permission from [14]. Copyright 2011 The Optical Society (OSA)); (e) cross-sectional SEM image of an Al2O3 thin film deposited on a polymer template formed by MBIL (reprinted with permission from [18]. Copyright 2009 The Royal Society of Chemistry); (f) cross-sectional SEM image of an Al2O3 thin film deposited on a polymer template formed by PnP (reprinted with permission from [26]. Copyright 2018 American Chemical Society); (g) cross-sectional SEM and EDS images of a TiO2 thin film deposited on a polymer template formed by PnP (reprinted with permission from [21]. Copyright 2013 The Royal Society of Chemistry). 
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Figure 5. Various inorganic thin films conformally deposited on 3D nanonetwork polymer templates through PEALD: (a) digital image of a Pt thin film deposited on a woven cotton fabric; (b) SEM image of (a); (c) elemental composition of (a) (reprinted with permission from [85]. Copyright 2013 American Chemical Society); (d) SEM image of an AlN thin film deposited on an electrospun 3D nanonetwork (reprinted with permission from [86]. Copyright 2012 John Wiley and Sons); (e) TEM image of a GaN thin film deposited on an electrospun 3D nanonetwork; (f) elemental composition of (e) (reprinted with permission from [87]. Copyright 2015 The Royal Society of Chemistry). 
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Figure 6. Application of inorganic shell-polymer nanonetwork composites: (a) comparison of hydrophilicity before and after conformal coating of TiO2 thin film on ultralong nanochannel arrays formed by PnP (reprinted with permission from [23]. Copyright 2015 John Wiley and Sons); (b) cross-sectional SEM image of 3D continuous ceramic nanofiller-inserted polymer composite by filling an index-matched polymer in an Al2O3-coated 3D polymer nanonetwork; (c) digital images of transparent, flexible, and mechanically reinforced composite (reprinted with permission from [26]. Copyright 2018 American Chemical Society); (d) modulation of reflectance of 3D photonic crystals through Al2O3 thin film coating (reprinted with permission from [18]. Copyright 2009 The Royal Society of Chemistry). 
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Figure 7. Application of highly porous inorganic materials with a hollow 3D nanonetwork structure: (a) digital image of a large-area (625 mm2), 3D nanonetwork-structured, N-doped TiO2 film produced by PnP and ALD; (b) cross-sectional SEM image of (a); (c) photocatalytic degradation of methylene blue solution under solar irradiation (reprinted with permission from [22]. Copyright 2018 The Royal Society of Chemistry); (d) optical microscope image of a 3D nanonetwork-structured ZnO film transferred on a microfabricated thermoelectric measurement platform (MTMP); (e) cross-sectional SEM image of (d); (f) digital image of a thermoelectric device prototype based on 3D nanonetwork-structured ZnO stripes (reprinted with permission from [27]. Copyright 2018 The Royal Society of Chemistry); (g) SEM image of an abnormally resilient 3D nanonetwork-structured TiN film produced by DLW and ALD (reprinted with permission from [15]. Copyright 2013 Nature Materials); (h) cross-sectional SEM image of a 3D nanonetwork-structured Al2O3 film with a thickness of 6 nm; (i) digital image of a highly transparent, 3D nanonetwork-structured Al2O3 film coated on a glass substrate (reprinted with permission from [29]. Copyright 2015 John Wiley and Sons). 
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Table 1. The process parameters of selected cases of polymer template-assisted atomic layer deposition (ALD).
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	ALD Type
	Template Preparation Method
	Template

Structure Regularity
	Precursor
	Reactant/Plasma Gas
	Temperature (°C)
	Deposited

Materials
	Ref.





	Thermal
	Electrospinning
	Irregular
	DEZ
	H2O
	200
	ZnO
	[69]



	Thermal
	Electrospinning
	Irregular
	DEZ
	H2O
	200
	ZnO
	[71]



	Thermal
	Nonwoven fabric
	Irregular
	DEZ
	H2O
	125–155
	ZnO
	[92]



	Thermal
	BCP lithography
	Regular
	TiCl4
	H2O
	150
	TiO2
	[10]



	Thermal
	BCP lithography
	Regular
	DEZ
	H2O
	50
	ZnO
	[9]



	Thermal
	DLW
	Regular
	DEZ + TMA
	H2O
	250
	Al:ZnO
	[14]



	Thermal
	DLW
	Regular
	DEZ + TIP
	H2O
	250
	Ti:ZnO
	[14]



	Thermal
	MBIL
	Regular
	TiCl4
	H2O
	100
	TiO2
	[20]



	Thermal
	MBIL
	Regular
	TMA
	H2O
	85
	Al2O3
	[18]



	Thermal
	MBIL
	Regular
	DEZ
	H2O
	100
	ZnO
	[33]



	Thermal
	PnP
	Regular
	TDMAT
	H2O
	90
	TiO2
	[22]



	Thermal
	PnP
	Regular
	TDMAT
	NH3
	350
	TiN
	[22]



	Thermal
	PnP
	Regular
	DEZ
	H2O
	150
	ZnO
	[27]



	Plasma-enhanced
	Nonwoven fabric
	Irregular
	TMA
	O2
	75
	Al2O3
	[89]



	Plasma-enhanced
	Electrospinning
	Irregular
	TMA
	NH3
	200
	AlN
	[86]



	Plasma-enhanced
	Electrospinning
	Irregular
	GaMe3
	N2 / H2
	200
	GaN
	[87]



	Plasma-enhanced
	Woven fabric
	Irregular
	MeCpPtMe3
	O2 / H2
	RT
	Pt
	[85]







DEZ, die