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Preface

We are living in interesting times where technology has been progressing at a significant pace in the last few decades. One of the major areas that will fulfill an important role in this technological progress is the science of nanotechnology. Experts predict that nanotechnology has the potential to play a critical role in this global technology advancement.

With the increase of the global population and the growth in the number of metro cities, there is a continuing greater need for energy. In order to ensure we have a clean environment and that we generate energy safely, renewable energy is very important. Renewable energy comprises of energy generated primarily from renewable sources such as wind and solar.

This book highlights the various nanotechnology innovations in renewable energy by world renowned experts. The aim of this book is to provide an introduction for both theorists and experimentalists to the current technology and looks at the applications of nanostructures in renewable energy, and the associated research topics. The book should also be useful for graduate-level students who want to explore this new field of research. With content relevant to both academic and commercial viewpoints, the book will interest researchers and postgraduates as well as consultants in the renewable energy industry.

The single chapters have been written by internationally recognized experts and provide in-depth introductions to the directions of their research. Along these lines, our intention was to embed research on new energy materials into a wider context of nanotechnology research. We thus hope that this book may serve as a catalyst both to fuse existing nanotechnology and to inspire new tools in the rapidly growing area of new energy material research.

I finally remark that the various points of view expressed in the single chapters may not always be in full agreement with each other. As editors, we do not necessarily aim to achieve a complete consensus among all the authors, as differences in opinions are typical for a very active field of research such as the one presented in this book.

We are most grateful to Royal Society of Chemistry, for the invitation to edit this book, and for kind and efficient assistance in the project. We finally wish to thank all book chapter authors for sharing their expertise in this multi-author monograph. Their strong efforts and enthusiasm for this project were indispensable for bringing it to success.

Gang Zhang
Navin Manjooran
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CHAPTER 1

Fabrication Techniques of Graphene Nanostructures

XINRAN WANG* AND YI SHI

National Laboratory of Solid State Microstructures and School of Electronic Science and Engineering, Nanjing University, Nanjing 210093, P. R. China
*Email: xrwang@nju.edu.cn

1.1 Introduction to Graphene

Carbon is one of the most studied elements in the periodic table. The versatility of chemical bonds enables many carbon allotropes. In three-dimensional bulk form, carbon can exist as diamonds and graphite, which comprise of sp3 and sp2 covalent bonds, respectively. In the 1980s and 1990s, another two types of carbon allotropes, the zero-dimensional fullerene1 and one-dimensional carbon nanotubes,2 were discovered (Figure 1.1(a)).3 These nanomaterials, with fascinating physical and chemical properties, have driven an enormous amount of research in many areas.4 However, the two-dimensional counterpart of carbon allotrope was still missing until 2004, when a single layer of graphite, or graphene, was successfully isolated on a substrate.5 In this section, we give a brief introduction to graphene. We do not intend to derive the properties of graphene from the lattice and band structures. Readers who are interested in those aspects are encouraged to read the excellent reviews that are available.6,7


[image: images]

Figure 1.1 (a) Schematic drawing of the relationship between graphene and other carbon materials. Graphene is a 2D building material for carbon materials of all other dimensions. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into 3D graphite. Adapted from Ref. 3. The lattice structure of graphene with the yellow region as the unit cell. (b) (Left) Hexagonal crystal structure of graphene with lattice parameters a1 and a2 and inequivalent atomic positions A and B of the diatomic basis shown in red and blue. (Right) Reciprocal lattice and Brillouin zone with reciprocal lattice parameters b1 and b2, showing Dirac points K and K′ at the Brillouin zone corners, as well as M, the midpoint of the BZ edge and Γ, the center of the Brillouin zone. Adapted from Ref. 90. (c) (Left) Electronic band structure of graphene. (Right) Enlargement of the band structure near the Dirac cone.
Adapted from Ref. 91.



1.1.1 Lattice and Band Structure

Graphene is composed of a honeycomb lattice of carbon atoms (Figures 1.1(b) and 1.2). Structurally, graphene is related to many carbon allotropes. For example, carbon nanotubes can be formed by rolling graphene along certain axes, and graphite can be formed by stacking graphene vertically3 (Figure 1.1(a)). The structure can be seen as a triangular lattice with two equivalent atoms in each unit cell. The unit vectors [image: images], where a=1.42Å is the carbon–carbon distance (Figure 1.1(b)). The reciprocal lattice is also triangular, with unit vectors [image: images]. The shape of the Brillouin zone is rotated 90° compared to the lattice unit cell. In each Brillouin zone, there are two inequivalent corners, K and K′, called Dirac points. This is related to the presence of a pseudospin degree of freedom or two independent sublattices in graphene.6,7


[image: images]

Figure 1.2 Lattice structure of graphene under (a) TEM and (b) STM showing the hexagonal lattice.
Adapted from Refs. 92 and 93.



The tight-binding band structure of graphene was calculated in 1947 by Wallace,8 which can be described by eqn (1).


[image: images](1)


here EF is the Fermi energy, t is the nearest neighbor hopping integral. The±signs represent conduction and valance bands respectively. Figure 1(c) is the plot near the first Brillouin zone. The band structure of graphene is drastically different from that of conventional semiconductors. The most remarkable feature is the linear dispersion relation near the Dirac points, which resembles ultrarelativistic particles and can be described by the massless Dirac equation.6,7 Therefore, the electrons in graphene are often called massless Dirac fermions. This can be seen quantitatively by expanding eqn (1) near the Dirac points to give eqn (2).


E(k)=±hνFk (2)


where vF=3ta/2h is the graphene Fermi velocity. Take t=2.5 eV, vF≈108 cm s−1, about 1/300 of the speed of light.6 Due to the unique dispersion relation, the density of states of graphene is linear with energy and vanishes at the Dirac points. This is again in contrast to conventional 2D materials with a constant density of states. The unique band structure of graphene has led to many intriguing phenomena like half integer quantum Hall effect,9,10 Klein tunneling,11 and electron focusing.12

1.1.2 Properties and Potential Applications

Graphene has many unique electrical, optical, mechanical properties and potential applications, which make it one of the most studied materials in the past ten years. Below we summarize some of the physical properties and potential applications of graphene, many of which require the fabrication of nanostructures, which will be discussed later in the chapter.

1. High carrier mobility
Electrons in graphene have well-defined chirality, which is related to the two component pseudospin degree of freedom. Such chirality prevents intervalley backscattering and therefore leads to intrinsically high mobility.6 Another advantage of graphene, compared to III-V semiconductors,13 is that the electron and hole mobility are equally high, due to the symmetric band structure. Theories have predicted that the phonon limited mobility can be as high as 2×105 cm2 Vs−1 at a carrier concentration of 1012 cm−2.14 A similar mobility value has already been measured experimentally.15,16
    The ultrahigh mobility makes graphene a potential candidate in electronic applications, including radio frequency and logic transistors.3,17–19 Although the absence of a bandgap places a major obstacle for logic applications, many ways of opening a bandgap have been proposed and tested, which will be the focus of discussion in this chapter.

2. Conductive and transparent
Due to the absence of backscattering, the resistivity of pristine graphene is expected to be ≈1×10−6 Ωcm, which is lower than the most conductive metal, silver, at room temperature.20 Optically, graphene is quite transparent over the visible spectra, absorbing 2.3% of the light. However, considering that graphene only has one atomic layer, such absorption is quite dramatic. The absorption is expressed by a simple formula πα, where α≈1/137 is the fine-structure constant.21 Such an optical feature originates from the unique conical band structure of graphene near the Dirac points.
    With a combination of high conductivity and transparency, graphene is expected to find applications in transparent conducting films.17 As a possible candidate to replace the increasingly costly indium tin oxide (ITO) based films, graphene is made entirely of carbon. Another advantage is the extreme mechanical strength and flexibility.22 Potential near term applications include touch screen display, e-paper and organic light-emitting diodes.17

3. Wide-band and tunable optical absorption
Graphene has a tunable optical absorption. Since the density of states is vanishing at the Dirac points, the Fermi energy can be tuned by carrier density (normally through electrostatic gating). The Pauli blockade ensures that optical absorption is only possible for energy greater than 2EF.23 Therefore, graphene is expected to respond to wide-band signals spanning microwave to ultraviolet, including the commonly used fiber-optic communication band at 1.55 μm. Combined with the superior carrier mobility, possible applications include ultrafast photodetectors, modulators, terahertz wave detectors and tunable fiber mode-locked lasers.17,24

4. Large specific surface area
Since every atom of graphene is on its surface, graphene has one of the largest specific surface areas among all materials, 2630 m2 g−1. Therefore graphene is expected to have applications in sensors: it has been shown that detection of single molecule is possible with graphene.25 Combined with high conductivity and transparency, graphene also has great potential in energy related applications. For example, supercapacitor electrodes require large conductivity for high specific power and large surface area for high specific energy. Chemically exfoliated graphene is shown to possess both properties and have superior capacitance.26,27 Another example is lithium ion batteries. Since (chemically-reduced) graphene has a higher conductivity and can accommodate more strain than many cathode materials, the addition of graphene into these active materials often increased the charging rate and afforded more stable cycling performances.28,29

1.2 Fabrication Techniques of Graphene Electronic Devices

Among the aforementioned applications, many require the fabrication of electronic devices, such as transistors, photodetectors and sensors. This section briefly reviews the most commonly employed forms of graphene device structures and their general fabrication processes.

The most commonly used device structures are summarized in Figure 1.3. Backgated devices, with silicon as a backgate and SiO2 as the gate dielectrics (Figure 1.3(a)), are widely used in graphene research.5 First graphene is transferred (e.g. by mechanical exfoliation) on to SiO2/highly conducting silicon substrates. The normally used thickness of SiO2 is ≈300 nm or 90 nm for easy identification of graphene under optical microscope.5 Then optical or electron beam lithography is used to create patterns on graphene, followed by Ar or O2 plasma etching to etch away the unnecessary parts (Figure 1.3(a)). Another lithography step is used to pattern the metal source/drain of the devices, which is done by evaporation or sputtering. In many cases thermal annealings are necessary to remove resistant residues and improve the contacts. In such a device, the backgate is used to globally adjust the carrier type and concentration (or equivalently, Fermi energy) in graphene. The mobility of the device can be readily measured by field effects (with two metal electrodes) or Hall measurements (with Hall bar structure as Figure 1.3(a)).5 Other than SiO2, other substrates such as hexagonal boron nitride (hBN) have also been used to improve the mobility of graphene, which will be discussed later.


[image: images]

Figure 1.3 Various device structures of graphene. (a) backgated, (b) topgated, (c) self-aligned topgate and (d) suspended device.
Adapted from Refs. 9, 31, 34 and 36.



To add extra control of graphene devices, the double gate structure is commonly used (Figure 1.3(b)). Such devices include a topgate on top of the backgated device to locally adjust the carrier concentration. Used in combination with a backgate, many interesting structures can be created such as p-n junctions30 and tunnel barriers.11 As the topgate and backgate can be tuned independently to control the vertical displacement field, the bandgap opening in AB stacked bilayer graphene can be demonstrated with such a device structure.31 During the fabrication of topgate, it is challenging to deposit a uniform topgate dielectric layer with an atomic layer deposition since the plane of graphene lacks dangling bonds to start the nucleation.32 Quite often a seeding layer is needed, such as a thin layer of aluminium, that is natively oxidized,33 gas molecules,30 or organic layers like perylene tetracarboxylic acid (PTCA).32

A more challenging form of topgated device is shown in Figure 1.3(c), where the source/drain is self-aligned without any lithography step.34 Such a structure is advantageous to probe the ultimate potential of graphene transistors because it minimizes the parasitics. During the fabrication, a core-shell nanowire is deposited on graphene. The conducting core acts as the topgate, while the insulating shell acts as the gate dielectrics. Then a thin layer of metal is evaporated as a source and drain. Due to the directional nature of evaporation, the source and drain fall on each side of the nanowire in a self-aligned manner. This way there is minimal gap between the source/drain and the gate-controlled region. With a similar structure, graphene radio frequency transistors with channel length as low as 100 nm are demonstrated, showing the record cut-off frequency of 427 GHz.35

Finally, a graphene device without any substrate is shown in Figure 1.3(d). The motivation to fabricate a suspended device is to remove any substrate effect that could affect the intrinsic properties of graphene, such as carrier scattering by phonons and charged impurities from the substrate.36 In fact, the highest experimental mobility of graphene, 2×105 cm2 Vs−1, was measured in a suspended device at cryogenic temperature.15 To obtain the suspended structure in Figure 1.3(d), first a backgated device with metal electrodes is fabricated. Then the structure is immersed in buffered oxide etch to remove the exposed SiO2, including those underlying the graphene. The SiO2 under the metal electrodes is only partially etched. Finally, the device is transferred to ethanol and dried with critical point drying to prevent any surface tension, which would otherwise collapse the suspended graphene.15

1.3 Transfer Techniques of Graphene

Recently rapid progress has been made in the area of chemical vapor deposition (CVD) synthesis of graphene on metal surfaces. It is now possible to grow graphene single crystals over a few millimeters (Figure 1.4(b))37 and polycrystal films over meters.38 The quality of CVD graphene can be comparable to mechanically exfoliated samples in terms of carrier mobility, therefore more and more research groups now use CVD graphene to fabricate devices. During the fabrication process, one of the most critical steps is the transfer from the metal surface to the target substrates.17 In this process, it is important not to damage graphene while maintaining a clean surface without any chemical residue. The transfer process is also important for the application of graphene. Below we review several available methods for graphene transfer.39


[image: images]

Figure 1.4 Transfer of CVD graphene. (a) Three different approaches for transferring CVD graphene. (b) An optical image of CVD graphene with millimeters single-crystal domain. (c) AFM image of clean CVD graphene after transfer by the “self-release transfer method”.
Adapted from Ref. 37, 39 and 43.



The most commonly used approach is the “carrier film” method (Figure 1.4(a)), where the graphene layer is attached to a carrier film during transfer, usually a thick film of PMMA polymer or a thermal release tape.39 Here we take the most commonly used system as a detailed example: to transfer graphene from Cu foil to SiO2 substrate with PMMA. In a typical procedure, first one side of the as-grown copper surface (covered by graphene) is spin-coated with PMMA and then baked to remove the solvents. The other side of the sample is etched by O2 plasma to remove the back-side graphene and the overflowing PMMA. After that, the underlying Cu foil is etched away using aqueous copper etchant (such as FeCl3 or CE-100 from Transene), resulting in free-standing PMMA/graphene membrane floating on the surface of the etchant.40 The PMMA/graphene film is then treated with a modified RCA cleaning process to further clean the Cu residue:41 rinsing with a volumetric mixture of H2O : H2O2 : HCl=20 : 1 : 1 for 15 mins, and then a volumetric mixture of H2O : H2O2 : NH3H2O=20 : 1 : 1 for 15 mins. After washing with deionized water, the PMMA/graphene layer is then transferred onto SiO2 substrate. After soft baking at 150 °C to promote graphene–substrate adhesion, the PMMA support is dissolved in acetone to yield a graphene film on the substrate. We find that this process works very well, leaving only a trace amount of PMMA residue on the graphene surface.

The second way is the “stamp method”, i.e. picking up graphene by an elastomeric material, such as polydimethylsiloxane (PDMS) (Figure 1.4(a)). Once the growth substrate is etched away, the stamp/graphene is delivered to the target substrate. The difference from the “carrier film” method is the way to remove the stamp. Here, the stamp is removed by mechanical detachment, leaving the graphene behind with the target substrate.42 We note that the stamp method works only if the adhesion energy of the graphene–substrate interface is stronger than the graphene stamp, restricting its usefulness to flat and hydrophilic substrates.

The third approach is the “self-release transfer method”, which is more or less a combination of the first and second methods (Figure 1.4(a)).43 In this method, a specific polymer film (self-release layer) is first spun-cast over the graphene. An elastomeric stamp is then placed in conformal contact with the self-release layer. The growth metal substrate is etched away to leave the graphene/self-release layer on the elastomeric stamp. Then graphene is brought into contact with the target substrate by stamping and the stamp is removed mechanically. Finally, the self-release polymer is dissolved under mild conditions in a suitable solvent. A number of possible release polymers have been reported, including polystyrene (PS), poly(isobutylene) (PIB) and Teflon AF (poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-dioxole-co-tetrafluoroethylene]). These belong to the class of aromatic hydrocarbon polymers, aliphatic hydrocarbon polymers and fluorocarbon polymers, respectively, which together provide sufficient diversity for solvents to be found that are orthogonal to (that is, do not swell or dissolve) features on the destination substrate. This method was found to afford much cleaner graphene than the PMMA carrier film (Figure 1.4(c)). It also enables the possibility of transferring graphene onto a variety of fragile/soft substrates.43

Besides the transfer of CVD graphene, it is also worth discussing the transfer of mechanically exfoliated graphene onto other 2D materials. Recently, vertical heterostructures of graphene and other 2D materials have attracted a lot of attention for novel electronic and optoelectronic devices.44 As an example, graphene on hBN has been shown to exhibit much higher mobility than on SiO2 and many interesting quantum phenomena because hBN has little dangling bonds or roughness to disturb intrinsic graphene (Figure 1.5(c)).16,45–48 We will discuss the transfer process for such heterostructures (Figure 1.5(a)).16 Fabrication begins with the mechanical exfoliation of hBN crystals onto SiO2/Si substrates. Graphene is exfoliated separately onto a polymer stack consisting of a water-soluble layer and PMMA on Si substrate. The PMMA thickness is precisely tuned to allow the identification of monolayer graphene by optical means. The substrate was floated on the surface of a deionized water bath. Once the water-soluble polymer has dissolved, the Si substrate sinks to the bottom of the bath, leaving the extremely hydrophobic PMMA floating on the surface. The PMMA/graphene membrane is adhered to a glass transfer slide, which is clamped onto the arm of a micromanipulator mounted under an optical microscope. The graphene is precisely aligned to the target hBN under the microscope and brought into contact (Figure 1.5(b)). During transfer, the target substrate is heated to 110 °C in an effort to drive off any water adsorbed on the surface of the graphene or hBN flakes, as well as to promote good adhesion of the PMMA to the target substrate. Once transferred, the PMMA is dissolved in acetone, resulting in the vertical heterojunctions with graphene and hBN.16 Finally metal electrodes can be made by EBL (electron beam lithography) and evaporation. More complex stacks with multiple-layer devices can be transferred sequentially in a layer-by-layer fashion.49
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Figure 1.5 Transfer of graphene on to hBN substrate. (a) Schematic drawing of the transfer process. (b) Optical image of graphene transferred on hBN. Inset shows the same piece after device fabrication. (c) AFM of graphene on hBN showing ultraflat surface.
Adapted from Ref. 16.



1.4 Fabrication Techniques of Graphene Nanostructures

Like many other materials, the nanostructures of graphene can exhibit very different properties from their mother material. They attract a lot of attention not only in fundamental science but also in many applications. For example, solution processed graphene sheets (also referred to as chemically-reduced graphene) usually come in micrometer size or even smaller, in order to be solvent soluble and synthesized in bulk quantities,50 which is necessary for applications such as batteries and supercapacitors.26–29

This section focuses on the fabrication techniques of a particular class of nanostructures: graphene nanoribbons (GNRs). Although graphene is a promising candidate for next generation electronics, the unique electronic structure is, however, not ideal for logic device applications. The primary concern is the absence of a bandgap, so at finite temperature, electrons are thermally excited to the conduction band. As a result, graphene transistors usually have an on/off ratio lower than 10 at room temperature, far below the requirement for logic applications. Among several approaches to create a gap in graphene, quantum confinement by nanostructures is most attractive due to the size and tunability of bandgap. The simplest quantum confined structure of graphene is the one-dimensional GNR.

Theoretical investigations of GNRs started as early as 1996. Nakada et al. used tight-binding calculations to show that the band structure depends highly on the orientation and width of a GNR.51 In particular, GNRs with armchair edges (Figure 1.6(a)) could be either metallic or semiconducting, depending on the number of repeating unit cells across the width direction (Figure 1.6(b)), whereas GNRs with zigzag edges (Figure 1.6(d)) are always metallic due to localized edge states (Figure 1.6(e)). This first order picture is further refined by first-principle calculations, which include edge termination groups and other subtle edge effects.52,53 It was shown that hydrogen terminated armchair and zigzag GNRs always have non-zero direct bandgaps, albeit for different reasons. For armchair ribbons, the bandgap opens up due to the combinational effect of quantum confinement and shortened interatomic distance (thus increased hopping integral) at the edges. For zigzag edges, the bandgap opens up because of a staggered sublattice potential on the hexagonal lattice due to edge magnetization. For both cases, the gaps are roughly inversely proportional to the width of the GNRs (Figure 1.6(c)).52 More interestingly, the localized state in zigzag GNRs could be antiferromagnetic (i.e. with opposite spin directions). In such a system, one could achieve half metals with an electric field across the width direction, as one can close the gap for one spin while increasing the gap for the other (Figure 1.6(f)).54


[image: images]

Figure 1.6 (a) Schematic of a 11-AGNR. The empty circles denote hydrogen atoms passivating the edge carbon atoms, and the black and gray rectangles represent atomic sites belonging to different sublattice in the graphene structure. The 1D unit cell distance and ribbon width are represented by da and wa, respectively. The carbon-carbon distances on the nth dimer line are denoted by an. (b) The variation of band gaps of Na-AGNRs as a function of width (wa) obtained from TB calculations with t=2.70 (eV). (c) The variation of band gaps of Na-AGNRs as a function of width (wa) obtained from first-principles calculations (symbols). The solid lines in (c) are from analytical expressions in Ref. 52. (d) Schematic of a 6-ZGNR. The empty circles and rectangles follow the same convention described in (a). The 1D unit cell distance and the ribbon width are denoted by dz and wz, respectively. (e) The spin-unpolarized band structure of a 16-ZGNR. And the Fermi energy (EF) is set to zero. (f) From left to right, the spin-resolved band structures of a 16-ZGNR with an external electric field of 0 and 0.05 VÅ −1, respectively. The red and blue lines denote bands of a-spin and b-spin states, respectively. And the Fermi energy (EF) is set to zero. (a)–(d), adapted from Ref. 52. (e)–(f), adapted from Ref. 54.



Although GNRs offer an appealing approach to engineer the bandgap, they are non-trivial to synthesize experimentally. As a rule of thumb, Eg≈1/w(nm) eV in GNRs (Figure 1.6(c)).55 So in order to achieve a 1 eV gap, the width of the ribbon has to be of the order of 1 nm, which is extremely challenging to make. Another issue is the edge structure. Most of the appealing properties of GNRs rely on atomically well-defined edges. However, most experimental techniques to produce GNRs do not have such capability, with the only exception being the bottom-up synthesis from aromatic precursors (Figure 1.9(c)).56 Next we review the major approaches to synthesize GNRs and related nanostructures.

1.4.1 Top-down Etching of Graphene Nanostructures

One of the most common ways to make GNRs is by top-down plasma etching. In such a process, one uses resists,57,58 metals59 or nanowires60 as masks and plasma to etch away the exposed graphene regions (Figure 1.7(a)). Han et al. spin coat negative-tone resist hydrogen silsesquioxane (HSQ) on graphene and expose line patterns by EBL.57 After development, only the exposed parts remain, which protect the underlying GNRs from being etched. In this way, they fabricate GNRs down to sub-20 nm (Figure 1.7(b)). However, since it is difficult to remove the exposed HSQ, careful characterization of GNR width is not possible.
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Figure 1.7 Graphene nanostructures made by plasma etching. (a) Schematics of plasma etching process for GNRs. (b)–(g) Various graphene nanostructures including GNRs and quantum dots fabricated by different approaches.
(a), (c), adapted from Ref. 59. (b), adapted from Ref. 57. (d), adapted from Ref. 61. (e), adapted from Ref. 62. (f), (g), adapted from Ref. 64.



In a different approach, Wang et al. used positive tone resist poly(methyl methacrylate (PMMA) to fabricate GNR arrays.59 They first exposed a single pixel line on PMMA, followed by a cold development to ensure the sharp edge profile for the ≈20 nm-wide trenches. Then a thin layer of Al was evaporated as the etching mask (Figure 1.7(a)). After a brief plasma etching to remove the unprotected graphene, Al lines are removed by dilute KOH solution. The GNRs obtained by this method can be as narrow as ≈20 nm (Figure 1.7(c)), limited by the proximity effect during EBL.

For device applications, it is highly desirable to make dense arrays of GNRs to achieve high drive current. However, the density is limited by resolution in optical lithography and by scaling up in EBL. Jiao et al. developed a process that used self-assembled diblock copolymer as the etching mask to fabricate large scale dense GNR arrays.61 First, a poly(styrene-b-dimethylsiloxane) (PS-PDMS) block copolymer is spin-coated onto a gold film on a Si substrate. The substrate is then solvent-annealed in toluene vapor to allow the BCP to self-assemble into a monolayer of parallel cylinders of PDMS in a PS matrix with a PDMS top layer. After that, CHF3 and O2 plasma are used to remove the top PDMS surface layer and PS matrix, respectively, leaving parallel oxidized PDMS lines on the gold film. The gold film is peeled-off from the underlying substrate by Scotch tape with a square window. After dissolving the supporting gold film in a KI/I2 solution, the densely packed, oxidized PDMS lines are placed on top of graphene as the etching mask. A drop of ethanol is dried on the mask to promote contact between the oxidized PDMS film and graphene. Finally, a mild Ar plasma is applied to transfer the pattern from the mask to the underlying graphene. The oxidized PDMS patterns are successfully transferred to GNRs, with 12 nm width and 35 nm pitch (Figure 1.7(d)).

Other materials can also act as masks for physical etching. Bai et al. used nanowires as etching masks and was able to push the narrowest ribbon width to ≈8 nm.60 However, due to the difficulty in controlling the positions of the nanowire mask, this method cannot be scaled up. In addition to GNRs, more complex nanostructures can be fabricated as well. Figure 1.7(e) shows a graphene quantum dot (QD) surrounded by source, drain and several gates, all made on graphene.62 This particular structure was fabricated by EBL with PMMA resist and plasma etching. QDs of ≈100 nm in size act as single-electron transistors. These devices demonstrate the possibility of molecular-scale electronics based on graphene.

The plasma etching approaches already discussed all require an etching mask. However, this is not always true. In some cases, the etching can selectively start from the defects/edges of graphene, and proceed along certain crystallographic directions to give nanostructures, without any mask. For example, Wang et al. develop a gas-phase chemistry to narrow graphene and GNRs by heating them in a mixture of NH3 and trace amount of O2 to 800 °C.59 Interestingly, such a process could only etch graphene from the edges without creating defects in the basal plane, due to the higher chemical reactivity of the edges. The etching rate could be as low as 1 nm min−1, making it possible to control the width of GNRs in the nanometer region. Using a combined two-step approach (EBL+gas-phase chemistry), GNRs down to 4 nm (limited by the roughness of the starting GNRs) are successfully fabricated, which is the record of all lithographic GNRs.63 Another example is H2 plasma etching. Shi et al. found that graphene that had undergone a mild remote H2 plasma at 450 °C could be etched from defects and could proceed in zigzag directions, giving rise to hexagonal holes with zigzag edges (Figure 1.7(f)).64 Further small holes are patterned on the graphene as the seed for H2 plasma etching. As the neighboring hexagons approach each other, GNRs with zigzag edges can be readily fabricated (Figure 1.7(g)). Such an example highlights the advantage of combining physical and chemical etching to obtain graphene nanostructures.

Another graphene nanostructure that is closely related to GNR is the nanomesh. A graphene nanomesh is a network of GNRs interconnected in a 2D manner (Figure 1.8), equivalent of a densely packed GNR array.65 Similar to GNRs, the bandgap is determined by the narrowest neck width. Several methods have been demonstrated to etch graphene nanomesh, including block copolymer lithography and anodic aluminium oxide (AAO) templates. In particular, Bai et al. used poly(styrene-b-methyl methacrylate) (P(S-b-MMA)) block copolymer to produce hexagonal patterns on graphene followed by plasma etching to create the nanomesh (Figure 1.8(a)).65 First graphene is mechanically exfoliated on a SiO2/Si substrate. Then a 10 nm thick silicon oxide (SiOx) film is evaporated onto graphene as the protecting layer and also as the grafting substrate for the subsequent block copolymer nanopatterning. The P(S-b-MMA) block copolymer thin film is spun on the surface and annealed to form cylindrical PMMA domains that are packed hexagonally within the polystyrene matrix. The annealed film is exposed to 295 nm UV irradiation to degrade the PMMA domains, which are removed by glacial acid, leaving the polystyrene on SiOx as an etching mask. CHF3 plasma is then used to punch holes into the evaporated SiOx to expose the underlying graphene layer. Additional O2 plasma is used to completely etch away the exposed region of graphene and the evaporated SiOx is removed by HF (Figure 1.8(a)). The width of the neck can be engineered by the time of the final etching step to be ≈5–15 nm (Figure 1.8(b, c)).
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Figure 1.8 Fabrication of graphene nanomesh. (a) Schematics of the fabrication process by copolymer lithography. (b), (c) TEM images of graphene nanomesh with average neck width of 11.2 nm and 7.1 nm, respectively.
Adapted from Ref. 65.



In another approach, Zeng et al. used AAO as a template with hexagonally arranged holes to create similar nanomesh patterns on graphene, with a neck width as small as 15 nm.66 They spin cast a thin layer of PMMA as an adhesion layer between graphene and the AAO template to achieve uniform mesh structure over a large area. O2 plasma is used to etch the exposed PMMA and graphene. Finally, the AAO and PMMA are removed by NaOH and acetone, respectively. We note that although the two methods successfully demonstrated the advantages of graphene nanomesh, a technologically relevant approach, which requires low cost, minimal processing and the ability to produce sub-10 nm nanomesh over wafer scale, still remains to be developed.

1.4.2 Chemical Synthesis of Graphene Nanostructures

One of the biggest drawbacks of graphene nanostructures made by top-down etching is the poor edge quality. During the etching, it is inevitable to break the chemical bonds by the bombardment of energetic species, leaving behind rough edges with little control over the orientation (except the mild H2 plasma discussed in the previous section).
OEBPS/images/title.jpg
ROYALSOCIETY
OF CHEMISTRY





OEBPS/images/aut2.jpg





OEBPS/images/bk9781849736404-00001-f1.gif





OEBPS/images/bk9781849736404-00001-f2.gif





OEBPS/images/aut1.jpg





OEBPS/nav.html






Contents





		Cover



		Title



		Copyright



		Preface



		Contents



		Author Biographies



		Chapter 1 Fabrication Techniques of Graphene Nanostructures



		1.1 Introduction to Graphene



		1.1.1 Lattice and Band Structure



		1.1.2 Properties and Potential Applications







		1.2 Fabrication Techniques of Graphene Electronic Devices



		1.3 Transfer Techniques of Graphene



		1.4 Fabrication Techniques of Graphene Nanostructures



		1.4.1 Top-down Etching of Graphene Nanostructures



		1.4.2 Chemical Synthesis of Graphene Nanostructures



		1.4.3 Graphene Nanoribbons from Unzipping Carbon Nanotubes



		1.4.4 Crystallographic Cutting of Graphene







		1.5 Electronic Devices Based on Graphene Nanostructures



		1.6 Conclusion and Outlook



		References







		Chapter 2 Nanophotonic Light Trapping Theory for Photovoltaics



		2.1 Introduction



		2.2 Numerical Design Study of Organic Photovoltaic Light Trapping



		2.2.1 Introduction



		2.2.2 Materials and Methods



		2.2.3 Optimized Planar Structure



		2.2.4 1D ITO Grating



		2.2.5 2D ITO Nanostructure



		2.2.6 Multi-level Grating



		2.2.7 Conclusion







		2.3 Nanophotonic Light Trapping Theory



		2.4 Light Trapping in Periodic Grating Structures



		2.4.1 Theoretical Upper Limit of Enhancement Factor for 1D Grating Structures



		2.4.2 Theoretical Upper Limit of Enhancement Factor for 2D Grating Structures







		2.5 Nanophotonic Light Trapping Beyond Conventional Limit



		2.5.1 Light Trapping in Thin Films



		2.5.2 Light Trapping Enhancement Beyond the Classical Limit Using Nanoscale Modal Confinement







		2.6 Conclusion



		References







		Chapter 3 Micro/nano Fabrication Technologies for Vibration-Based Energy Harvester



		3.1 Introduction



		3.2 MEMS-based Electrostatic Energy Harvester



		3.2.1 Electrostatic Harvester with Bias Voltage



		3.2.2 Electret-based Electrostatic Harvester







		3.3 MEMS-based Piezoelectric Energy Harvester



		3.3.1 Sol-gel Process for PZT Film



		3.3.2 Aerosol Deposition Process for PZT Film



		3.3.3 Bulk PZT Bonding Techniques for PZT Film



		3.3.4 Other Piezoelectric Materials for Energy Harvester







		3.4 Nano-based Energy Harvester



		3.4.1 PZT Nanowire-based Energy Harvester



		3.4.2 ZnO Nanowire-based Energy Harvester



		3.4.3 Organic PVDF Nanofiber-based Energy Harvester







		References







		Chapter 4 Thermal and Thermoelectric Properties of Nanomaterials



		4.1 Introduction



		4.2 Thermal Conductivity of Nanomaterials



		4.2.1 High Thermal Conductivity of Carbon Nanotubes



		4.2.2 Low Thermal Conductivity in Silicon Nanowires



		4.2.3 Ultra-high Thermal Conductivity of Graphenes



		4.2.4 Thermal Conduction of MoS2







		4.3 Thermoelectric Property of Nanowires



		4.3.1 Thermoelectric Property of Silicon Nanowires



		4.3.2 Thermoelectric Property of Silicon-Germanium Nanowires



		4.3.3 Thermoelectric Properties of ZnO Nanowires







		References







		Chapter 5 Nanotubes for Energy Storage



		5.1 Introduction



		5.2 Hydrogen Storage



		5.2.1 Carbon Nanotubes



		5.2.2 Inorganic (Non-carbon) Nanotubes



		5.2.3 CNT/oxide Composite







		5.3 Supercapacitor



		5.3.1 Carbon Nanotubes



		5.3.2 CNTs Binary Composites



		5.3.3 CNTs Ternary Composites



		5.3.4 Other Nanotubes







		5.4 Lithium Battery



		5.4.1 Pure CNTs



		5.4.2 CNT-based Hybrid Composites



		5.4.3 Si Nanotubes



		5.4.4 TiO2 Nanotube



		5.4.5 SnO2 Nanotube







		5.5 Summary and Perspectives



		References







		Chapter 6 Measurements of Photovoltaic Cells



		6.1 Basic Concepts and Quantities of Photovoltaic Measurements



		6.1.1 Solar Cell Efficiency



		6.1.2 I-V Characteristics of a PV Cell



		6.1.3 Filling Factor







		6.2 Properties of Sunlight and Solar Simulator



		6.2.1 Properties of Sunlight



		6.2.2 Standard Testing Conditions



		6.2.3 Solar Simulator







		6.3 Characteristics of Solar Cell and Device



		6.3.1 Linearity of the Responsivity



		6.3.2 Temperature Effect







		6.4 Calibration Method, Setup and Traceability



		6.4.1 Primary Calibration Methods



		6.4.3 Measurement Traceability







		References









		Subject Index













		Cover



		i



		ii



		iii



		iv



		v



		vi



		vii



		viii



		ix



		x



		xi



		xii



		xiii



		xiv



		1



		2



		3



		4



		5



		6



		7



		8



		9



		10



		11



		12



		13



		14



		15



		16



		17



		18











































































































































































































































































































































































































































OEBPS/images/bk9781849736404-00001-t1.gif
b= = 1+ acon( V25 con(5) 1 acoms ().





OEBPS/images/bk9781849736404-00001-t2.gif





OEBPS/images/bk9781849736404-00001-t3.gif





OEBPS/images/bk9781849736404-00001-f6.gif
Tight-bindi

Ko e?
Ni3pst m
N3=3ps2 &

0 10 20 30 40 50
wa(A)

k(1/a) x

k(1/a)





OEBPS/images/bk9781849736404-00001-f7.gif
Mask

lasma etching

lift off

500






OEBPS/images/bk9781849736404-00001-f8.gif
lAmveJ‘ develop






OEBPS/images/9781782621317.jpg
Nanofabrication and its
Application in
Renewable Energy

Edited by Gang Zhang and Navin Manjooran

{ ROYAL SOCIETY
W, OF CHEMISTRY
>






OEBPS/images/bk9781849736404-00001-f3.gif





OEBPS/images/bk9781849736404-00001-f4.gif
@ carrier film Stamp Self-release

Growth substrate. Growth substrate.

I\
il

‘Growth substrate.
Metal etching and deliver to device substrate

Rl
j_

Target substrate Target substrate Target substrate
Chemical dissolution Mechanical Mechanical
or thermal detachment detachment detachment

Target substrate.

Chemical
dissolution

f
L

Target substrate.





OEBPS/images/bk9781849736404-00001-f5.gif
(@)

Water-soluble

_PMMA Glass slide
layer Graphene
Si/5i0, 1
Dl water
(m7
Floating

V Graphene

(0}






