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Carbon nanotubes (CNTs) have gained significant attention in the scientific and technology sectors due to their exceptional physical, chemical, and electronic properties. These qualities make them excellent candidates for several electronic applications, such as ballistic conduction, high current densities, low power consumption, outstanding single-photon capacity, and excellent nano-mechanical resonators. However, incorporating CNTs into specific micro- and nano-architectures and hybrid structures remains challenging. Developing fabrication and patterning technologies, involving CNTs, that can scale up while utilizing their exceptional properties has received significant attention in the last two decades. Various approaches have been investigated, including top-down and bottom-up methods, and new techniques have been used to achieve selective CNTs production through patterning. The continued developments of patterning technologies is critical for fully exploiting CNTs’ practical applicability. This mini-review looks at recent advances in fabrication and patterning of CNTs with micro- and nanoscale resolution, such as using pre-patterned substrates, dielectrophoresis, oxidative etching, and selective production and growth for CNTs, or direct printing of CNT-containing inks, etc. Article discusses advantages and limitations of various approaches for achieving accurate and scalable CNT patterning. Overcoming fabrication challenges will pave the way for a widespread use of CNTs in various applications including electronics, photonics, mechanical and biomedical devices and hybrid systems, etc.
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1 INTRODUCTION
First discovered by Sumio Iijima in 1991, carbon nanotubes (CNTs) quickly gained interest in the scientific community due to their outstanding properties (Iijima, 1991). Carbon allotropes that include graphite, diamond, and fullerene, have remarkable mechanical, electrical, optical, and chemical properties (Kroto et al., 1985; Saito and Dresselhaus, 1998; Kataura et al., 1999; Dai, 2002b; Novoselov, 2009; Zhou et al., 2009; Aqel et al., 2012; Ibrahim, 2013; Zheng, 2017), yet carbon nanotubes possess special uniqueness as they have been long thought as possible building block as interconnects and/or active elements of electronic devices. Randomly assembled CNTs, however, exhibit lower electrical conductivity, negatively affecting device and system performance.
Patterning of CNTs is essential for designing and engineering new devices and hybrid systems with improved functionalities. In other words, precision and control in the way CNTs are designed and fabricated largely depends on methods that are used for patterning. CNT patterning introduces new possibilities for high-performance electronics, energy storage systems, sensitive sensors, and other novel applications (Hong et al., 2010; Hu et al., 2010; Volder et al., 2010; Chen et al., 2011). In patterned aligned CNTs, for example, electrons can move along more efficiently, which improves the electrical conductivity and performance of field effect transistors (FETs) (Javey et al., 2004; Patil et al., 2009a; Patil et al., 2009b; Freer et al., 2010; Ono et al., 2010; Chandra et al., 2011). In addition, combining CNTs with various semiconductors, nanoparticles, and polymers can improve the thermal, mechanical, and electrical properties of CNTs to create new types of heterostructured materials and hybrid devices. (Whitsitt and Barron, 2003; Fan et al., 2010; Dong et al., 2011; Liang et al., 2012; Cao et al., 2013; Chinnappan et al., 2016; Wu et al., 2017; Hameed et al., 2019).
Nevertheless, maintaining control over precise patterning at the micro- and nanometer scale continues to be challenging. Thin-film transistors, transparent conductive films, wearable devices, human-machine interfaces, medical applications, and flexible displays require precise placement of CNTs. Well-developed patterning methodologies can improve power densities, sizes, costs, and efficiencies of the fabrication process. Various techniques, including pre-patterned CNT growth catalysts, oxidative etching of CNT networks, and patterning using pre-dispersed CNT solutions, have been explored in recent past. In the following sections of the discussion, those techniques will be categories as bottom-up vs. top-down with subsequent analyses of their advantages and limitations.
1.1 Types and structures of CNTs
CNTs are classified into three types: single-wall CNT (SWCNT), double-wall CNT (DWCNT), and multi-wall CNT (MWCNT) (Iijima and Ichihashi, 1993; Zhao et al., 1997; Dai, 2002a; Aqel et al., 2012; Moore et al., 2015). SWCNTs consist of a single layer of graphene and form a seamless cylinder with electronic properties based on a chiral vector. Chiral vectors determine whether SWCNTs are metallic or semiconducting (Hodge et al., 2012; Tîlmaciu and Morris, 2015). The band gap of a semiconducting SWCNTs is inversely proportional to its diameter, smaller the diameter of the tube, larger the band-gap (Kataura et al., 1999; Wu et al., 2004; Dresselhaus et al., 2005; Turaeva et al., 2023). MWCNTs have multiple concentric layers of graphene cylinders, forming an overlapping tube-in-tube structure, and are predominately metallic.
The electrical properties of CNTs depend on factors such as chirality, diameter, length, and defect density. Metallic SWCNTs have high electrical conductivity, while semiconducting SWCNTs have lower conductivity, at room temperature (Tans et al., 1998; White and Todorov, 1998; Kociak et al., 2001). In CNTs, with low defect density electrons travel ballistically due to one-dimensional (1D) confinement, thus making them good candidates for high-electron-mobility devices (Liang et al., 2001) CNTs also have quantized energy levels and conductance (Odom et al., 2000; Javey et al., 2004). New methods for controlled synthesis and integration of CNTs into devices continues to drive ongoing research into many technological areas.
1.2 Synthesis and fabrication of CNTs
There are several ways to manufacture CNTs, each with benefits and drawbacks. In the first method, arc discharge, two graphite electrodes are used to form a plasma arc, in an inert gas atmosphere, (Iijima, 1991; Zhao et al., 1997). This method produces predominately MWCNTs and offers reasonably high production yields but generates impurities. Another method, laser ablation, involves irradiating a carbon target with a transition metal catalyst using a powerful laser beam (Guo et al., 1995; Arepalli, 2004). This allows for more precise control over the CNT diameter and chirality, leading to superior SWCNTs. However, low yield and scalability challenges affect large-scale production.
Chemical vapor deposition (CVD) is a method of choice when a more precise control over the growth condition, and resulting CNTs, is needed. (Baker, 1989; José-Yacamán et al., 1995; Li et al., 1996; Volder et al., 2013). There are a few different ways to implement this scalable technique. These include thermal CVD, plasma-enhanced CVD, and hot filament CVD (Wang et al., 2002; Meyyappan et al., 2003; Li et al., 2004; Kumar and Ando, 2010). In CVD synthesis transition metal catalysts are used to crack a hydrocarbon gas. CNTs generally grow via Vapor-Liquid-Solid (VLS) growth mechanism, with carbon atoms adsorbed onto the catalyst (Baker et al., 1973; Gavillet et al., 2001). Controlling the process parameters allows researchers to tune the diameter, chirality, and alignment of CNTs, via careful selection of catalysts, substrate, and environment (such as temperature, or pressure, etc.) (Turaeva and Kuljanishvili, 2021). Overall CVD enables a route for scalable and selective growth of high quality SWCNTs and MWCNTs. While much progress has been made in this area, the production of defect-free SWCNTs with high yields, desirable chirality, continues to be challenging. Therefore, when CNTs with targeted properties are desired, post-growth sorting and processing is often needed.
2 MICRO- AND NANOSCALE PATTERNING OF CNTS
Controlling the arrangement and orientation of CNTs is critical for their successful implementation in various device applications. There are two basic patterning categories: top-down and bottom-up. Briefly, the bottom-up methods in most cases involve metal catalysts and substrate. The CNTs are then grown on the substrate using a process, such as CVD. The growth process can be controlled to produce CNTs with specific dimensions and orientations. The top-down methods starts with CNTs dispersed in a solution such as solvent or polymer matrix. The solution is then deposited onto the substrate, and the CNTs are assembled into the desired pattern using either self-assembly or dielectrophoresis (DEPs). The choice of patterning method depends on the desired properties of the CNT-arrays. Patterning of CNTs can be a complex and challenging process, however, new approaches are continuously being developed. Some of the most common patterning methods are described below.
2.1 Bottom-up
Bottom-up approach has shown capacity for creating sub-micron resolution patterns. Usually, the patterning process occurs prior to the CNT growth, achieved through CVD synthesis. Growth catalysts, typically transition metal nanoparticles, are used to create specific patterns. However, temperatures (∼600°C–900°C) required during CNT synthesis limits substrates. Despite this limitation, bottom-up patterning approaches remain advantageous because they can create high-density CNT patterns and control selectivity and organization of the CNTs with respect to the substrate.
2.1.1 Catalyst lithographic patterning for the CNTs growth
Patterned catalysts can be prepared via photolithography, electron beam lithography (EBL), and focused ion beam lithography (FIBL), and subsequently produce CNTs during the growth. (Ishida et al., 2004; Imaizumi et al., 2005; Häffner et al., 2008; Liang et al., 2019). In recent studies, efforts have been made to overcome the disadvantages of these conventional lithographic processes. As shown in Figure 1A, catalytic photolithography is one of the most traditional methods for growing CNT forests by combining conventional catalyst deposition with catalytic etching. (Ahn et al., 2019). This technique allowed precise spatial control over the surface properties and selective deposition of catalyst precursors (Tawfick et al., 2010).
[image: Figure 1]FIGURE 1 | Bottom-up methods of patterning catalyst precursor for CNTs production. (A) MWCNT forests with various structures grown by pre-catalytic patterning with photolithography technology (Ahn et al., 2019) (Copyright 2019; Springer). (B) Individual MWCNTs grown on catalyst deposited on substrates by EBL (Jung and Lee, 2014) (Copyright 2014; Hindawi). (C) CNTs ensembles morphology according to the depth of catalytic patterning using FIB (Pander et al., 2017) (Copyright 2017; Springer). (D) Individual CNTs grown on catalyst islands deposited with a stencil shadow mask (Choi et al., 2013) (Copyright 2013; Springer). (E) Individually grown SWCNTs with catalytic ink written on pre-defined area by an AFM probe (Kuljanishvili et al., 2009) (Copyright 2009; Wiley-VCH). (F) Direct printing of ultrathin colloidal ink patterns using microstructured nanoporous stamps (Kim et al., 2016b) (Copyright 2016; Science). (G) Modified laser printing for large area fabrication of MWCNT forests micropatterns using catalytic nanoparticle toners (Polsen et al., 2013) (Copyright 2013; American Chemical Society). (H) DWCNT bundles patterned by inkjet printing, rubber stamping, spray coating, and fountain pen writing (King et al., 2020) (Copyright 2020; American Chemical Society).
As shown in Figure 1B, EBL allows the creation of catalyst patterns on substrates with nanometer precision (Jung and Lee, 2014). Therefore, isolated individual CNTs can grow selectively at precise locations (Liang et al., 2019). In another study, EBL can modify the growth substrate to immobilize the catalyst in the modified area (Carpena-Núñez et al., 2018). Patterned c-cut sapphire substrates were used irradiated by EBL, increasing surface roughness in the irradiated area. This method prevents Ostwald ripening of metal-catalyzed nanoparticles, thus enabling precise CNT forests formation during the growth.
FIBL is another precise lithographic technique used for nanoscale patterning. It can create patterns with nanoscale precision by sputtering/depositing or removing material from a substrate using a focused ion beam. As shown in Figure 1C (Pander et al., 2017), the FIBL was used to create nano-sized trenches or cavities in the substrate, which can serve as a template for aligned CNT forests growth. However, FIBL has limitations, such as substrate damage and re-deposition of debris which affect the overall pattern quality. Each of the described patterning techniques have strength and limitations, and offer different resolutions, overall control, and scalability, and contribute to a diverse tool-set for patterned CNTs production at different scales and for various applications.
2.1.2 Patterned growth of CNTs using the shadow mask approach
Researchers have developed self-assembly methods for patterning catalyst precursors for CNT growth using shadow masks (Fan et al., 1999; Javey and Dai, 2005). These methods allow for simultaneous patterning of entire substrates but can be challenging when dealing with varying patterns. In one study, shadow mask made from low stress nitride membrane was shown to produce nanometer resolution patterns of an individual or bundled CNTs, as shown in Figure 1D (Choi et al., 2013). Fe catalyst was deposited into the nanopores (40 nm diameter and 260 nm spacing), of the shadow mask with tightly controlled interface gap between the substrate and the shadow mask. Several other studies used various shadow masks to achieve patterned CNT arrays. A self-assembled nanospheres on the substrate were uses as a shadow mask led to a controlled spacing and density of MWCNT forest arrays (Lee et al., 2008). Periodic arrays of individual MWCNTs architecture were shown to exhibit strong color reflection and manifest a 2D photonic band gap crystals behavior (Kempa et al., 2003). In another study a spin-coating of nanosphere monolayers enabled the deposition of periodic catalyst patterns with nanometer lateral resolution, resulting in a growth of aligned individual SWCNT arrays with 1.8 ± 1.0 nm diameters (Papadopoulos and Omrane, 2008). Self-assembly of block copolymers has also been used to make periodic nano-templates for patterning catalysts. However, it can only make specific patterns, which vary based on specific block copolymer and the conditions used during patterning. For example, researchers used polystyrene-block-poly (methyl methacrylate) (PS-b-PMMA) and micrometer-scale shadow masks for patterning Fe catalysts. This produced uniform nanopore arrays with controlled pore size and spacing for subsequent CVD synthesis or SWCNTs.
2.1.3 Growth of CNTs using patterned catalytic inks
Custom inks can be used for patterning by dispersing catalytic nanoparticles in various liquid solvents. The ink can then become a colloidal solution or a suspension, or a molecular solution. The size, shape, and distribution of the nanoparticles in such inks significantly impact the resulting CNTs. Precision control over the catalyst deposition is critical for achieving the desired growth patterns, and the ink formulation therefore needs to be optimized accordingly. Proper solvent selection also controls the ink’s viscosity and evaporation rates, and could significantly influence the precision of catalyst deposition during patterning.
Figure 1E shows dip-pen nanolithography (DPN) method for creating patterns on a substrate using an atomic force microscopy (AFM) tip dipped in a molecular ink (Piner et al., 1999; Hu et al., 2017). With the ability to create patterns on the micro-to sub-100 nm scale, DPN and similar direct-writing techniques have been utilized in various catalyst patterning and growth of individual SWCNTs (Li et al., 2008; Kuljanishvili et al., 2009; Schaper et al., 2021). These mask free methods can generate arbitrary arrays of patterns, under ambient conditions. Kuljanishvili et al. demonstrated this approach using iron-based molecular catalyst inks with parallel patterning using multi-pen AFM cantilevers for high throughput individual SWCNTs growth. Polymer pen lithography and scanning probe block copolymer lithography are other ways to make catalytic patterns on a wafer scale and grow individual tube arrays on quartz substrates. Omrane and colleagues devised a way to use a glass nanopipette for direct catalyst deposition that takes advantage of the larger catalytic ink reservoir for prolonged patterning covering large-areas (Papadopoulos and Omrane, 2008).
Catalyst ink stamping is a methodology that creates well-defined catalyst patterns by transferring catalyst ink to a substrate (Kind et al., 1999; Huang et al., 2000; Bennett et al., 2006; Ding et al., 2006). This technique combines aspects of microcontact printing with specific substrate surface treatment, contact force and time as control parameters. Catalyst-containing ink is usually made of a polymer, elastomer, or other soft material. The pattern is created on the stamp using micromachining, lithography, or other methods. This approach enables the selective and localized or cite specific growth of CNTs forests or bundles, facilitating the creation of complex structures with CNTs. In addition, recent research results have realized high-resolution patterning with a 5–50 nm thickness using nanoporous stamps (Figure 1F) (Kim et al., 2016b). As shown in Figures 1G, H, other technologies employing catalytic inks include inkjet or laserjet printing methods that can be used in industrial settings (Polsen et al., 2013; King et al., 2020).
These direct printing methods have the advantage of being able to pattern catalysts and subsequently grow quality CNTs over larger areas, in a predefined periodic manner. Precise catalytic ink deposition required considering factors such as ink viscosity, composition, substrate properties, and printing parameters. Inconsistent catalyst distribution can cause non-uniform growth of CNTs, which will affect their structural quality and performance.
2.2 Top-down
Methods of patterning pre-synthesized CNTs on a desired substrate would be considered top-down. Customarily, CNTs are removed from the growth substrate, sorted and dispersed in solution or otherwise, prior to patterning. As shown in Figure 2A (Liu et al., 2011), one strategy would be to separate and purify the CNTs to prepare a CNT-dispersion with a uniform diameter (Zheng et al., 2003; Arnold et al., 2006; Nish et al., 2007; Tu et al., 2009; Liu et al., 2011; Bati et al., 2018; Zeng et al., 2018). Sorting and purifying CNTs by chirality, length, and diameter ensures precise quality control of material. Top-down technologies include DEP, inkjet, screen, and flexographic printing. These methods create conductive CNT networks on flexible substrates, but the resolution and electronic properties may suffer due to throughput requirements.
[image: Figure 2]FIGURE 2 | Top-down patterning methods using CNTs containing inks. (A) Large-scale SWCNTs separation by gel chromatography method (Liu et al., 2011) (Copyright 2011; Nature). (B) Individual SWCNTs selectively deposited between Au electrodes in a large area by the DEP method (Vijayaraghavan et al., 2007) (Copyright 2007; American Chemical Society). (C) Wafer-scale well-aligned SWCNTs by 2D nematic tangential flow interfacial self-assembly method (Jinkins et al., 2021) (Copyright 2021; Science). (D) Photopatterned SWCNTs thin films utilizing the adsorption/desorption processes of photofunctional dispersants (Matsuzawa et al., 2016) (Copyright 2016; American Chemical Society). (E) SWCNT bundles patterned at high yield via a direct-write DPN process using a SWCNT/SDBS/PEI composite ink (Lee et al., 2016) (Copyright 2016; American Chemical Society). (F) Three-dimensional printing of highly conductive MWCNTs microarchitectures made with fluid inks (Kim et al., 2016a) (Copyright 2016; American Chemical Society).
2.2.1 CNTs patterning/assembly using dielectrophoresis (DEP)
DEP is a CNT patterning method that allows for a precise placement of an individual CNTs with high accuracy (Fishbine, 1996; Yamamoto et al., 1996; Krupke et al., 2003; Baik et al., 2004). Another study showed DEP used to assemble group/ensemble of 50 SWCNTs with high density between graphene electrodes separated by ∼ 1 µm (Engel et al., 2018). A recent study demonstrated that an individual SWCNT-devices can be produced with high density over the large area on a chip using a DEP with only one of its surface electrodes directly connected to an RF source, as compared to a traditional two-electrode geometry. (Figure 2B) (Vijayaraghavan et al., 2007). Overall, DEP patterning techniques are scalable and could be used for advanced device fabrication, but the need for batch processing and specific substrates with pre-patterned electrodes somewhat limit the applications.
2.2.2 Lithographic patterning of CNT films on the substrates
For fabrication and patterning of uniform and aligned CNTs onto the desired substrate and ensures precise and organized arrangement, researchers have experimented with shear, vacuum filtration, directed evaporation, evaporative self-assembly, elastomeric release, dimension-limited self-alignment, DNA-directed assembly, Langmuir-Blodgett, and Langmuir-Schaefer methods etc., for making aligned arrays of CNTs (Xiong et al., 2007; Abdulla and Pullithadathil, 2020; Bodik et al., 2020; Liu et al., 2020). The flow interfacial self-assembly method, recently reported, can create high-density SWCNT ensembles (arrays) with excellent alignment as shown in Figure 2C (Jinkins et al., 2021).
In another method researchers used the SWCNTs dispersed in a solution containing photosensitive dispersant (Matsuzawa et al., 2016). Coating this solution onto a substrate and exposing to UV light through a photomask causes the SWCNTs to aggregate onto the substrate at UV-patterned regions (Figure 2D), while areas not exposed to the UV light were easily dissolved in water and removed. Wang et al. showed a similar method using a photosensitive polyfluorene-based copolymer as an alternative dispersing agent that only reacts and sticks to the substrate when it is exposed to UV light (Wang et al., 2020). Many of these techniques are scalable, and capable to achieve nanoscale features with cutting-edge UV lithography equipment and appropriate dispersing agents.
2.2.3 Patterning and printing of CNTs containing inks
As previously discussed in Section 2.1.3 DPN technology using various cantilevers can pattern individual SWCNTs at nanoscale resolution using catalyst precursor inks (Chen et al., 2011; Farahani et al., 2012). However, as discussed earlier such serial patterning processes could achieve higher throughput when multi-pen tip arrays are employed (Kuljanishvili et al., 2009). Recent studies showed how multi-pen tip arrays (approximately ∼90,000 PDMS pen arrays) were used to pattern SWCNT-bundles containing inks onto the substrate (Figure 2E) (Lee et al., 2016). Authors used ink made of SWCNTs mixed with polyethyleneimine (PEI) in water to create patterns of SWCNTs on SiO2/Si substrates. The line width of the patterned SWCNT-array ranged from 2 μm to 8 nm. Authors demonstrated multiple SWCNT-bundles dot and line patterns, with high throughput.
Advances in printing technologies, also inspire simple and inexpensive techniques for generating CNT patterns (Compton and Lewis, 2014; Lewicki et al., 2017). Authors describe a method for a fast and economical way to print electrical circuits on flexible substrates using MWCNTs-dispersion inks (Kim et al., 2016a). Figure 2F shows a meniscus-guided 3D printing method which was used to make MWCNTs microarchitectures with high spatial resolution, using low viscosity MWCNTs-dispersion inks. The ink was obtained from MWCNTs mixed with polyvinylpyrrolidone (PVP) used as a stabilizer, and the 17 wt% PVP concentration was reported to be optimal for the right viscosity for the ink and ensured uniform patterning. The study demonstrated the fabrication of various 3D MWCNT microstructures, including pillars, bridges, walls, stairs, and alphanumeric shapes. These printing methods, while fast and economical, impose limitations on the resulting products which could suffer from structural and performance deterioration over time.
3 CNTS-BASED DEVICE APPLICATIONS
CNTs have shown great promise in high-performance electronic devices, sometimes surpassing conventional materials. Applications include patterned semiconductor SWCNTs and simple integrated circuit (IC) designs with CNTs (McEuen, 1998; Tans et al., 1998; Franklin et al., 2012; 2022; Franklin, 2013; Wu et al., 2013). CNTFETs are also well-suited RF devices and are compatible with 5G millimeter wave wireless technology (Zhong et al., 2019). Also, recent work has shown CNFETs to deliver higher currents than silicon devices (Yao et al., 1999; Collins et al., 2001; Misewich et al., 2003; Park et al., 2012; Cao et al., 2017; Yang et al., 2017).
High surface area-to-volume ratio and good electrical conductivity of CNTs make them ideal for sensor applications (Wong et al., 1998; Besteman et al., 2003; Modi et al., 2003; Gooding, 2005; Gielen et al., 2016). The immobilization of biomolecules on CNTs enables fast and accurate gas detection and biosensing, and their mechanical robustness extends the stability and lifetime of the sensor. Combining CNTs with microelectromechanical systems (MEMS) and microfluidic devices makes devices/sensors more accurate, and better suited for a point-of-care medical applications, as well as in optical and photonic applications (Rueckes et al., 2000; Fennimore et al., 2003; Stampfer et al., 2006; Rutherglen and Burke, 2007).
In contrast to traditional/conventional silicon-based FETs, the CNTFETs can be used with flexible substrates for wearable electronics (Feng et al., 2010; Lipomi et al., 2011; Noh et al., 2011; Sun et al., 2011; Wang et al., 2012; Son et al., 2015). However, current high resolution patterning methods in most cases are limited to rigid substrates and involve slow and costly processes; photolithography or EBL. Developing innovative high throughput and high-resolution patterning techniques for fabricating CNTs with high density, alignment, chiral selectivity, and structural integrity, is critical for realizing the full potential of CNT-based ICs.
Recent advancements in computing have inspired quantum and neuromorphic computing. These innovative approaches employ quantum mechanics principles and mimic the structure of the biological neural network. Quantum computing uses principles such as superposition and entanglement to perform computations in ways that conventional computers cannot. Researchers use the quantum properties of individual CNTs to create qubits, which are the basic units of quantum information (Gao et al., 2018; Cubaynes et al., 2019; Khivrich and Ilani, 2020; Pistolesi et al., 2021; Baydin et al., 2022). Neuromorphic computing is based on the structure of the human brain, (Kim et al., 2017; Tanaka et al., 2018; Tanim et al., 2022; Xia et al., 2022; Liu et al., 2023). Combining the both methods could lead to more advanced AI systems that use quantum computing to speed up processing and neuromorphic structures to learn and adapt quickly. However, to fully realize the potential of quantum and neuromorphic computing using patterned CNTs technologies, challenges must be overcome. Due to environmental noise and decoherence, it is difficult to ensure stability and control of quantum states in nanotube-based qubits that have defects or vacancies. New computing platforms enabled by CNTs can be a groundbreaking technological achievement which could revolutionize many fields from artificial intelligence and cognitive computing to encryption and optimization.
4 CONCLUSION AND OUTLOOK
Continued advances in fabrication and patterning of CNTs at micro- and nanoscale are essential is the key to creating high-performance devices that can transform many industries. Several milestones must be achieved such as large-scale controlled synthesis, consistent production of high quality CNTs delivered by post-synthesis sorting, or via selective controlled synthesis. Continued advances in synthetic methods of growth and patterning or CNTs will be needed. As researchers continue to improve manufacturing techniques, mitigate technological challenges, and exploit the full extent of these approaches, a new era in computing could lead to transformative advances in science and technology.
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