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Abstract

:

The assembly of colloidal building-blocks is an efficient, inexpensive and flexible approach for the fabrication of a wide variety of photonic materials with designed shapes and large areas. In this review, the various assembly routes to the fabrication of colloidal crystals and their post-assembly modifications to the production of photonic materials are first described. Then, the emerging applications of the colloidal photonic structures in various fields such as biological and chemical sensing, anti-reflection, photovoltaics, and light extraction are summarized.
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1. Introduction


The building, manipulating, and characterizing of optically active nanostructures are related to the field of nanophotonics. By investigating the fabrication techniques and resulting material properties, we can aim to design new capabilities in instrumentation for the nanoscale, chemical and biomedical sensing, disease treatment, enhanced solar cells and lighting, information and communications technologies, and many other applications.



The basic concepts of photonics have been known for the last 40 to 50 years, but it is only in the last decade where they have really attracted attention from the scientific community based on discoveries in nanoscience. Since the 1960s, photonic materials and devices have played a pervasive role in communications, energy conversion, and sensing. Nanophotonics, or photonics at the nanoscale, can be defined as “the science and engineering of light-matter interactions that take place on wavelength and subwavelength scales where the physical, chemical, or structural nature of natural or artificial nanostructure matter controls the interactions” [1]. In the next decade, nanophotonic structures and devices hold promise in reducing the energies of device operations, enhancing the spatial resolution for imaging, creating new sensors with increased sensitivity and specificity, and creating densely integrated information systems with lower power dissipation.



Advances in the fabrication of optical structures at the nanoscale and improved control of materials properties have allowed researchers to demonstrate and realize the potential of nanophotonics, and this provides a strong motivation to continue the investigations in this fields which could further the understanding about the nature of light-matter interactions [2].



While the fabrication of photonic nanostructures have traditionally been dominated by top-down lithography techniques, recent advances in the past decades has shown new light on the scalability and ease of using bottom-up assembly approaches to construct large arrays of homogeneous nano-patterned surfaces and materials. In addition, the relatively low cost of bottom-up assembly methods compared with top-down fabrication approaches have made the field of bottom-up assembly very accessible to a large number of research groups. With the large volumes of research work that is being churned out in this field, it is difficult to compile everything into one review paper. Hence, this review is a selective compilation of some of the published works available.



In this review, we will start by providing a conceptual overview of photonic crystals, followed by a description of the various strategies that have been developed to fabricate them, with a focus of bottom-up colloidal assembly techniques. We will also give an overview of post-assembly modifications that can be done on the assembled colloidal crystals to use them as templates for the production of photonic materials with unique patterns and morphologies. The applications of the photonic materials made by bottom assembly will be reviewed in the last section where we will discuss about how they can be used to manage photons in photovoltaics, in light emitting diodes (LEDs) and for use as sensors.



The presented material is not exhaustive but should be sufficient for the reader to grasp the general methodologies available today for the fabrication of these colloidal photonic materials and the associated applications described in this review. Earlier reviews by other authors, which have focused on different aspects of the physical properties, fabrication and applications colloidal crystals, can be read for more information [3,4,5,6,7,8,9,10,11,12,13,14,15,16].




2. Concepts


A crystal, by convention, is a periodic arrangement of atoms and molecules. The pattern with which atoms or molecules are repeated in space is the crystal lattice. The conduction properties of a crystal are determined by the constituents of the crystals as well as the geometry of the lattice, which presents a periodic potential to an electron passing through it. According to quantum mechanics, electrons travel as waves in a conducting crystal, and only the waves that meet a certain criteria can propagate through a periodic potential without scattering (in the absence of defects and impurities). At the same time, the lattice also prohibits the propagation of other waves, and this referred to as gaps in the energy band structure of the crystal. Energy bandgaps forbid the propagation of electrons with certain energies and directions. A complete bandgap occurs when there is a strong lattice potential and the gap can cover all possible propagation directions. An example is the energy band gap between the valence and conducting bands in semiconductors.



A similar analogy can be said about photonic crystals. In the case of photonic crystals (Figure 1), the “atoms or molecules” are replaced by macroscopic materials with differing dielectric constants, and the periodic potential is replaced with a periodic dielectric function (i.e., a periodic index of refraction). When the difference in dielectric constants is sufficiently large, and there is minimal absorption of light, then the refractions and reflections of light from all the various interfaces can result in a similar phenomenon for photons (light modes) that the atomic potential produces for electrons (Figure 2). Thus, a photonic crystal, a low loss periodic dielectric medium, can in theory provide a means of optical control and manipulation [16]. The position of the bandgap can be shifted by either changing the properties of the materials and/or by changing the lattice constant, while the width of the bandgap can be widened by increasing the difference between the dielectric constant of the two materials. In 1987, Yablonovitch [17] and John [18] theoretically predicted that high refractive index contrast 3D photonic crystals were capable of possessing an omnidirectional photonic bandgap, forbidding light propagation for all directions and all polarizations.




3. Fabrication Approaches


3.1. Top-Down vs. Bottom-Up


The spike in the interest and research on the photonics over the last decade has been boosted by various factors, including the significant advances in computational design tools and their accessibility, the emergence of new nanofabrication techniques, and the realization of new optical and structural characterization methods. Undoubtedly, the most important factor has been the progress in the area of fabricating photonic devices that have dimensions on the order of or below the wavelength of light [2]. For example, in order for a photonic crystal to have applications in the visible or near infrared (NIR) regimes, they would need to have spatial modulations of the refractive index of a few hundred nanometers to one micron, since the working range of a photonic crystal is directly related to the spatial periodicity of the refractive index. Fabrication techniques at this scale have traditionally been an enormous challenge in the past, and even with the current technology available and the introduction of new fabrication techniques, it still remains a challenge to discover a cost effective, reproducible, large scale and precise approach to fabricating such structures.



Fabrication of synthetic (i.e., man-made) photonic materials can be generally categorized by one of two approaches: top-down or bottom-up. Top-down approaches, such as lithography techniques using electrons, photons, atoms and ions as well as embossing and scanning tip methodologies, offer high precision and resolution to the final structure of the photonic crystal made. However, top-down approaches are generally expensive and require a longer time to fabricate the structures over a larger area because of the serial nature of the approach. In contrast, bottom-up approaches rely on the self-driven assembly of basic building blocks into ordered periodic structures that is generally faster, cheaper and on a larger scale than top-down approaches. However, the control and precision in fabricating the structures may pale slightly when compared with top-down approaches. Nonetheless, the lower cost and ease of fabrication makes bottom-up approaches offers a viable and practical alternative that could rival top-down approaches.




3.2. Colloidal Assembly


Bottom-up approaches to make photonic colloidal crystals commonly make use of spherical beads or, more rarely, anisotropic particles as building blocks for self-assembly. Typically, these particles are either silica or polystyrene (PS) latex particles because of their ease of synthesis. Monodisperse anisotropic particles have been rarely used to fabricate colloidal crystals [19,20].



The bottom-up assembly of a colloidal crystal is self-driven, implying that there are colloidal forces at work that brings the tiny building blocks together. In colloidal assembly, these forces are crucial and there are three types of forces that should be highlighted. The first type is the presence of intrinsic driving forces for ordering which could be the entropically favorable packing of monodisperse colloids into ordered arrays. For this, the monodispersity of the particles (i.e., size and shape homogeneity) is crucial. The second type to consider is the long range external forces, such as gravity or centrifugation, which act to bring the particles together. The third type is the repulsion forces between particles to prevent premature aggregation that could arise from Van der Waals forces. Electrostatic repulsions [21] by charge stabilization in polar solvents and steric repulsions [22] by solvated absorbed layers are two examples for these kind of repulsion forces.



There is a variety of assembly methods available in literature [3,7,13,23] for the fabrication of colloidal crystals depending on, the type of building blocks used, the resulting structure (two-dimensional monolayers or three-dimensional bulk crystals), and the application it is aimed at. Table 1 lists the common methods that are used to fabricate colloidal crystals.



The simplest and most basic method of direct assembly onto a substrate is by sedimentation, which is the process by which natural opals are formed as a result of gravity on the tiny individual particles that build the opal [24]. Another simple method is by drop casting. In this case, a drop of colloidal suspension is literally dropped onto the substrate surface and allowed to dry by evaporation [25]. As water evaporates, the receding meniscus helps to pull the particles together and they rearrange themselves in the lowest surface energy configuration. Temperature and humidity control, suspension concentration, choice of substrates are some of the factors that can be adjusted to obtain higher quality colloidal crystals.



Centrifugation and spin-coating are two methods that require the use of centrifugational forces to help compact the particles in a colloidal suspension. For centrifugation, a colloidal suspension in placed in a centrifuge and spun at high speeds to compact the particles together. This results in bulk colloidal crystals that are of very good quality [29]. Spin coating on the other hand, is used to make thin films or monolayers of colloidal crystals on planar substrates [30,31]. However, as the force experienced by the suspension on different parts of the substrate is different, the resulting colloidal crystal films formed on the substrate vary according to the position from the rotation axis (as illustrated in Figure 3). The colloidal crystal films are usually patchy across the substrate. Nonetheless, Jiang and co-workers have developed a robust, simple, and cost effective spin-coating technology that is scalable and compatible with standard top-down microfabrication [52]. Furthermore, they have also demonstrated the possibility to fabricate non close packed 2D colloidal crystal arrays by spin-coating [34,35].



The vertical deposition method (Figure 3) also involves evaporation of the liquid phase of a colloidal suspension to induce the convective assembly of a colloidal crystal onto a substrate. However, unlike drop casting where the substrate lays horizontal, the substrate is held vertically (or at a slight angle) and partially submerged in a colloidal suspension [26,27,53]. This method requires very good control of the deposition conditions and environment (suspension concentration, type of solvent, temperature, humidity, ground vibrations, wind, etc.), and long deposition time of a few days to allow for all the liquid (usually water) to evaporate. Any interruptions during the drying process will severely affect the quality of the colloidal crystal obtained. Nonetheless, if done correctly, very high quality of colloidal crystals can be obtained by this method. Cai et al. further demonstrated the possibility of fabricating two-dimensional non-close packed colloidal crystals using a combination of polystyrene spheres and tetraethylorthosilicate sol [54].



Dip coating involves the controlled withdrawal of a substrate from a colloidal suspension [36,37,38]. The substrate is vertically held on one end and first submerged into a colloidal suspension. It is then slowly pulled up from the suspension, and convective assembly takes place at the interface between the substrate surface and the air/liquid interface (the phenomenon is similar to vertical deposition). The thickness of the colloidal crystal deposited can be tuned by adjusting the speed of substrate withdrawal. Shear ordering makes use of a narrow channel between two planes to confine and induce packing of the particles in a colloidal suspension by shear forces [39]. This method is difficult to perform because of the complexity in maintaining a uniform shear force throughout the process.



The Langmuir-Blodgett (LB) technique is slightly different compared with the abovementioned methods. The previous methods involved the fabrication of colloidal crystals directly onto the substrates, while the Langmuir-Blodgett technique is a two-step process whereby a two-dimensional colloidal crystal monolayer is first formed on a water surface before it is transferred onto the substrate [41,44,55]. The monolayer of particles is formed by first spreading a colloidal suspension onto the surface of water and then followed by compacting the particles on the water surface by using mobile arms, while at the same time monitoring the surface pressure to determine when the monolayer is closed packed. The direct interfacial self assembly of colloidal particles on the water surface transfer method is similar to the Langmuir-Blodgett technique in the sense that particles are spread on a water surface, but it differs in that, unlike the Langmuir-Blodgett technique, the particles self-organize into closed pack arrays by tuning the surface tension of water with surfactant, instead of physical compression using mobile arms [45,46,56]. Recently, Gao et al. reported the use of the interfacial self assembly process to cover 1 m² glass substrate with a monolayer of polystyrene spheres, highlighting the immense scalability of the process (Figure 4) [48]. In addition, Langmuir-Blodgett and interfacial self assembly allows the possibility of stacking individual 2D layers on top of each other, thus giving the possibility to create (2 + 1)D type of colloidal crystals (Figure 4) [41,44,47,57]. Oh et al. described a simple method for fabricating wafer scale colloidal crystal film of 2D crystals in a 1D stack by combing the processes of self-assembly of polystyrene beads at the air-water interface and the layer-by-layer scooping transfer technique [47]. Recently, Zhang et al. reported the flexible control in structure and stop band position of (2 + 1)D photonic crystal superlattices by stacking of colloidal monolayers with different diameters of polystyrene (Figure 4) [57].



The use of magnetic self-assembly of paramagnetic colloidal particles is another unique of fabricating colloidal photonic crystals. The main requirement here is the use of highly charged, monodisperse superparamagnetic colloidal particles. Due to their highly charged nature, the colloidal particles have a tendency to self-assemble into ordered arrangements that have the possibility to be controlled by external magnetic fields. Several related works on this subject have been reported by Asher et al., demonstrating the different synthesis routes to make such colloidal particles and their subsequent self-assembly [49,50,51].





4. Post-Assembly Modification


4.1. Nanosphere Lithography


The term “nanosphere lithography” was first coined by Van Duyne and co-workers two decades ago [58]. Today, nanosphere lithography is a well-known technique used to produce homogeneous and regular arrays of nanoparticles of various sizes [59,60]. In general, nanosphere lithography involves the preparation of a template consisting of a hexagonal close packed monolayer or bilayer of monodisperse spherical particles onto a substrate surface [45,61]. This is followed by either the deposition of a material into the interstitial spaces between the spherical particles [62] or the etching of the substrate using the template as a protective mask [63]. Infiltration of a desired material into the template can be done with techniques such as electron beam evaporation [64], electrodeposition [65], sol-gel [66,67], metal evaporation [68,69], and magnetron sputtering [48,70,71]. Either way, at the end of the process when the template is removed, an array of nanoparticles/nanostructures will be produced on the substrate surface.



Nanosphere lithography provides an easy control of the spacing between the nanoparticles which can be tuned by the size of the spherical particles used. Furthermore, a variety of substrates can be used and almost any type of material can be deposited into the mask. The monolayer templates can also be treated to modify the shapes of the interstitial spaces [65,68].



Several interesting nanostructures made of different materials have, so far, been demonstrated. These include, but are not limited to, nanotriangles [61,62], nanodots [61,68,72], nanopillars [63,65,69,73,74,75,76], nanorods [68], nanopyramids [64], nanorings [68,77], nanowells/bowls [67,69] and inverted nanocones [78]. Vogel et al. described a simple process of using oxgen plasma etching to modify a close packed monolayer of polystyrene beads into a non-closed packed monolayer (Figure 5) [45]. Kosiorek et al. reported the use of shadow nanosphere lithography to prepare two-dimensional metallic nanostructures such as rings, dots and rods. This was done by modifying the mask morphology via temperature processing and by varying the evaporation conditions (Figure 6) [68].



Zhang et al. described the use of a combination of nanosphere lithography combined with chemical deposition and a subsequent physical deposition step with a careful control of each step to create various types of novel nanostructured arrays resembling honey-combs, hollow cavities and regular network arrays [71,79]. Wang et al. reported the use of nanosphere lithography to manufacture titanium dioxide nanobowl structures that were used to further grow titanium dioxide nanorods in them for photoelectrical water splitting purposes [67]. Hang et al. reported a method to fabricate uniform copper nanosphere arrays over a large scale by sputtering copper through monolayer colloidal crystal templates [72]. Tabatabaei et al. made use of nanosphere lithography to deposit silver and gold tetrahedral pyramids onto ITO (indium tin-doped oxide) and glass surfaces. They succeeded in making 3D nanopyramids of 350–400 nm in height (Figure 7) [64]. Recently, Zheng et al. reported the use of electrodeposition and nanosphere lithography to fabricate self-standing gold nanopillar arrays that could subsequently be transferred onto a polydimethylsiloxane (PDMS) substrates (Figure 7) [65].



Overall, nanosphere lithography is a relatively quick and simple way to create a homogeneous pattern across a large surface area. Even though nanosphere lithography suffers from slight imperfections due to the nature of the technique, the simplicity and speed of using this technique makes it a viable alternative to traditional top-down lithography techniques when patterning a large area.




4.2. Inverse Opals


Inverse opals (also known as inverted opals or three-dimensionally ordered macroporous (3DOM) materials) are the inverse replicas of a self-assembled colloidal crystal. They can be fabricated by the infiltration of the colloidal crystals with a desired material and subsequently removing the template. An interesting property of inverse opals is that they can theoretically exhibit a complete photonic bandgap (cPBG), if the difference in the refractive index of the constituent materials is sufficiently high enough [80]. Due to their ability to “manage” light over the range of its bandgap [81,82,83], inorganic semiconductor materials such as titania [84,85,86,87,88,89], silica [90,91,92,93], and zinc oxide [94] have all been made into inverse opals and studied extensively. In addition, other materials such as metals [42,80,95,96,97,98,99,100] and organic materials [101,102,103,104,105] have also been fabricated into inverse opals and investigated.



There are various methods available for the infiltration process depending of the material desired. These methods include, but are not limited to, atomic layer deposition [106,107,108,109], chemical vapor deposition [11,84,108,110], electrochemical deposition [97,111,112,113,114], and sol-gel techniques (Figure 8) [85,87,91,93,115,116].



Cai et al. demonstrated an improved convective self-assembly technique to fabricate composite heterostructures, and they showed that they could fabricate both opaline and inverse opaline heterostructures with long range ordering (>100 × 100 µm²) [93]. Alessandri et al. reported the fabrication of inverse opal CeO2/TiO2 core-shell structures with precisely defined architectures and pore size by combining colloidal crystal templates with atomic layer deposition. Recently, Kim et al. reported the successful fabrication of a silk inverse opal, a three-dimensional inverse opal photonic crystal made entirely of purified silk fibroin, a natural protein (Figure 9) [101]. In general, inverse opals are an interesting class of materials because of their relative ease of fabrication and the unique physical and optical properties associated with their structure.



In the following section, we will discuss about some of the applications associated with the nanostructured photonic materials that can be derived from the bottom-up colloidal assembly process.





5. Applications


5.1. Photon Management in Photovoltaics


The use of photonic structures to manage light and optimize optical and electro-optical properties in photovoltaic devices has been widely studied [117,118,119,120,121,122]. Photonic structures can enable the “trapping” of photons and consequently enhance the photocurrent of a solar cell [120]. Suezaki et al. reported that boron and phosphorous doped inverse opal silicon solar cells made by self-assembly methods demonstrated acceptable performances for device applications [123]. Using nanosphere lithography, Zhang et al. showed the possibility to create ordered arrays of silicon pillars by reactive ion etching of 2D polystyrene arrays [63]. Garnett et al. demonstrated the fabrication of silicon nanowire solar cells made by ion etching of monolayers of silica beads through a self-assembly process. They reported that the ordered arrays of silicon nanowires increased the path length of incident solar light radiation by up to a factor of 73 (Figure 10) [75]. Chen et al. demonstrated a surface texturing “bottom-up” technique to spread silica microspheres onto the surface of a silicon solar cell resulting in a superior omnidirectional anti-reflection property of silicon solar cells. They reported an increase in the effective area for carrier collection and efficiency of the cells [124]. Zhang et al. demonstrated the fabrication of inverted silicon nanocone arrays that exhibited broadband light anti-reflectance properties [78].



Yao et al. demonstrated a new approach to light management by forming whispering-gallery resonant modes inside a spherical nanoshell structure that was based upon a silica colloidal crystal made by the Langmuir Blodgett technique. They reported a broadband absorption enhancement across a large range of incident angles with their designed nanocrystalline silicon model system (Figure 11) [125].



Certain porous metallic materials made via self-assembled spherical particles could also be interesting for light management in photovoltaics [97,98,126,127]. By electrodepositing gold into a monolayer of close packed polystyrene particles, Teperik et al. reported that total absorption of light can be achieved in nanostructured metal surfaces that sustain localized optical excitations [98,126]. In their work, they reported that by controlling the thickness of gold just slightly above the particles, there is an optimum thickness resulting in total absorption of incident light. In addition, they also theoretically predicted possible omnidirectional absorption of light in such structures [98]. Recently, Zheng et al. investigated the total omnidirectional light absorption properties of such porous gold surface and confirmed experimentally the possibility of this phenomenon. They reported the observation of quasi-omnidirectional total absorption of light on their fabricated surfaces as well as the tunability of the absorption wavelength by varying the size of the spheres. The strongly enhanced absorption was observed for angles of incidence up to 65° (Figure 12) [97]. A separate study on the quality of the electrodeposited gold was also reported [128].



The use of self-assembled colloidal crystals in dye sensitized solar cells (DSSCs) has also drawn much interest in recent years [106,108,129,130,131,132,133]. DSSCs are an interesting alternative to conventional solid state semiconductor photovoltaic devices largely due to their low cost of production [134]. Miguez and co-workers made theoretical investigations on the effect of the presence of a photonic crystal on the optical absorption of DSSCs. They concluded that significant light absorption amplification over a wide spectral range occurred in structures that combined the presence of a photonic crystal and a layer of nanocrystalline absorbing material, and that the absorption enhancement occurs in resonant modes localized within the absorbing nanocrystalline coating [83]. In addition, it was predicted that the piling up of different lattice constant crystals can lead to light harvesting enhancement in the whole dye absorption range [82]. Several strategies have since been developed to combine photonic crystals and DSSCs by self-assembly techniques. Zhang et al. demonstrated the use of photonic crystal concentrators for DSSCs made by self-assembly of latex spheres on concave watch glasses. They concluded that the wavelength selective photonic crystal concentrator can improve the maximum power of the DSSC by more than five times while retaining a stable high performance (Figure 13) [135].



Somani et al. reported the fabrication of solid state DSSC with titania inverse opal films to increase the efficiency of the cells. They claimed that the ordered interconnected cavities forming the microporous structure allow the easy penetration of both the dye and the solid-state hole conductor material, which favors the intimate contact of both these elements through the whole depth of the titania [131]. Lee et al. did a similar experiment with liquid DSSCs that contained bilayers of nanocrystalline titania and titania inverse opals. They report that the efficiency enhancement is very sensitive to the degree of physical contact between the two layers [132]. Guldin et al. presented a material assembly route to fabricate DSSCs with titania inverse opals which involved the vertical deposition of polystyrene spheres onto FTO glass substrates. They attributed the increase in the photocurrent of such cells to the multidirectional scattering of short wavelength photons due to defects in the photonic crystal layer, back reflection of light in the stop band region of the photonic crystal due to the photonic crystal layer acting as a dielectric mirror, and an absorption enhancement caused by resonant modes [110]. Seo et al. reported the use of an induced accelerated solvent evaporation process during colloidal self-assembly to rapidly fabricate titania inverse opal photoelectrodes for DSSCs (Figure 14). They reported that their titania inverse opal films exhibited a reliable light modulation at reflectance mode. Furthermore, when used as a DSSC photoelectrode, a relatively high conversion efficiency of 4.2% was obtained [133].



Mihi et al. proposed a procedure to separately fabricate the titania inverse opal before transferring into the DSSC device (Figure 15). They demonstrated that their preformed 3D photonic crystals can be applied onto a diverse set of surfaces. More importantly, they reported the an enhanced light trapping in DSSCs by coupling a porous photonic crystal film to both zinc oxide nanowire and nanocrystalline titanium dioxide DSSC electrodes [108].



Hwang et al. presented a design which integrated the nanocrystalline titania underlayer with the optically active porous photonic crystal layer, along with a sequential infiltration process to introduce additives into the solid electrolyte of the DSSC (Figure 16). Their design yielded an enhanced absorption in specific spectral regions and they reported an improved performance of the fabricated DSSCs by as much as 32% as compared with conventional DSSCs [136]. Recently, Lee et al. reported the use of a plate-sliding coating method coupled with hot air flow to deposit mesoscale colloidal crystals which were then infiltrated with titania by atomic layer deposition (ALD) to create titania inverse opals with 70 nm pores. They also claimed that these type of photo-electrochemical electrode exhibited enhanced charge transport properties and high specific surface area [106].




5.2. Light Emitting Diodes


While photonic nanostructures can be used to “trap” light to increase the absorption in photovoltaic devices, they can also used to extract light from light emitting devices (LEDs). Hsieh et al. reported a fabrication approach to texture gallium nitride (GaN) LEDs by nanosphere lithography. They describe the use of spin-coating to texture the LEDs with a monolayer of silica nanoparticles. Their results show that textured p-GaN and indium tin oxide LEDs exhibit significant improvements as compared to conventional LEDs with disparity in electrical characteristics [137]. Kim et al reported that arrays of silica nanosphere monolayers that were spin-casted onto a polymer layer on top of a GaN surface can result in a hexagonal pattern of nanolenses that was shown to improve the light extraction efficiency of ultra violet LEDs by 23% [138].



An et al. described the use of cone-shaped deep-pillar nanostructures to improve light extraction in Honeycomb-type vertical GaN light emitting diodes (VLEDs). The cone-shaped pillar patterns were made by spin-coating polystyrene nanospheres onto n-GaN substrates and subsequently etching the surface under oxygen plasma. They reported that their structure increased the output power of VLEDs by up to 214% at 350 mA versus a reference device, and they attributed this to the multiple light scattering from the sidewalls of the cones (Figure 17) [139].



Li et al. described the use of nanosphere lithography to pattern a close-packed array of nanopillars that is embedded within an InGaN/GaN LED structure. The periodic ordered nanopillar structure promotes light extraction and at the same time suppresses the piezoelectric field through strain relaxation of the InGaN/GaN quantum wells. They reported that the LEDs with the embedded photonic crystals exhibit as much as 20% more light than the reference LED (Figure 18) [140]. Dylewicz et al. reported that the random surface texturing on a gallium nitride (GaN) LED wafer by a mask-less dry etch process could result in an increased light extraction capability from within the epilayers. Their process involves the deposition of monolayer of silica particles, which are then subjected to a dry etching process to create fragments that randomly deposit on the GaN surface. These fragments then serve as a mask when the substrate is exposed to dry plasma etching where the exposed GaN surface will be etched away [141]. Ng et al. made use of nanosphere lithography to create a hexagonal array of air holes by dry etching a self-assembled silica monolayer on a GaN surface. They reported a twofold enhancement of the light emission from the fabricated LEDs with the photonic crystal. This increase was attributed to the light dispersion of the photonic crystal, light diffraction through the photonic crystal grating and the scattering of light due to the roughened surface [142].




5.3. Sensors


The photonic bandgaps and structural colors of self-assembled colloidal crystals are directly dependent on the structure and nature of the component materials. Hence, this property makes them suitable as materials for use in sensing technologies. Fenzl et al. published several works on the use of photonic crystal as sensors for sensing ionic strength [143], potassium ions [144], organic solvents in water [145], and acetylcholine/acetylcholinesterase inhibitors [146]. Hoi et al. reported a technique to fabricate photonic chips that can integrate colloidal crystals, optical fibres and microfluidic channels for lab-on-a-chip devices. They reported the tunability of their filters by modifying the type of colloidal crystals used [147]. Xu et al. made use of colloidal crystal arrays to fabricate three-dimensional periodic voids in hydroxyethyl methacrylate polymerized crystalline colloidal array (HEMA PCCA). This was used to monitor ethanol concentration in water which directly affected the diffraction wavelength [104]. Li et al. demonstrated the use of inverse opals as oil sensors. They described the reversible shifting of the stop-band which varies as a linear function of the refractive index of the adsorbed oil [103]. Zhang et al. described the development of a sensing material made of a crystalline 2D array of colloidal photonic crystal. They reported the use of this sensing material for the visual determination of surfactants and that the sensitivity of this material can be increased by incorporating hydrophobic monomers (Figure 19) [148].



Xu et al. developed a spherical porphyrin sensor array based on colloidal crystals for volatile organic compounds (VOC) vapor detection. They described that different VOC vapors can be discriminated by observing the change in fluorescence color of the porphyrin-modified colloidal crystals. In addition, the reflection peaks of the colloidal crystals serve as the encoding signal for different sensors (Figure 20) [149]. Lu et al. reported the fabrication of metal organic framework (MOF) containing silica colloidal crystals for sensing volatile molecules. They combined MOFs with thin film colloidal crystals to overcome the problem of signal transduction during molecular sorption. They reported the readily observable shifts in the colloidal crystal stop bands during analyte sorption by the MOFs [150]. Using polydimethylsiloxane and a 3D colloidal crystal, Endo et al. reported a chemical sensing device for VOC that demonstrated colorimetric detection capabilities. Their device allowed the detection of the type and concentration of the VOC, and can be easily observable with the naked eye [151].



Shin et al. reported a mechanically robust pH sensor made by templated photo-polymerization of hydrogel monomers within a self-assembled colloidal photonic crystal. They demonstrated that their photonic crystal could detect a pH change in under 10 s and that the sensors were also stable over a long periods of time with no degradation of the response time nor the reproducibility of the pH-driven color change (Figure 21) [152].



Li et al. reported a photonic crystal sensing motif that is based on a 2D inverse opal monolayer of polyelectrolyte gel. Their sensor is described to be responsive to pH changes and can be readily interpreted from the interference colors or its optical spectra [153]. Honda et al. developed a synthetic colorimetric glucose-sensing system based on glucose-responsive hydrogel particles embedded in an inverse opal polymer membrane. Their system is capable of producing a reversible change in color due to the change in the volume of the hydrogel particles as a result of a change in glucose concentration. They claim that a careful design of the system can allow the diagnosis of diabetes mellitus [154]. Huang et al. fabricated 3D macroporous pH-responsive polymers by using silica colloidal crystals as templates. They reported the swelling and de-swelling of the macroporous polymer films due to external stimuli, which causes a change in the Bragg diffraction of the material. This allowed the detection of pH or ionic strength of various solutions by optical signals [155]. Griffete et al. fabricated inverse opal hydrogels containing a planar defect which allowed the detection of a pH variation in less than 10 s [156]. The same authors used colloidal crystals of silica particles that were built by the Langmuir-Blodgett technique as templates to elaborate inverse opal films of molecularly imprinted polymers. The inverse opals were found to display large responses to external stimuli (pH or bisphenol A) with Bragg diffraction peak shifts depending upon the hydrogel film thickness [157,158]. Cai et al. fabricated a two-dimensional photonic crystal protein hydrogel sensor for selective detection of the fungal pathogen Candida albicans. They made use of the shrinking of the hydrogel when exposed to the pathogen to modify the particle spacing in the 2D array, which translated to visually evident blue shifts of diffracted light that could be readily detected. The sensor is a proof of concept for utilizing recognition between microbial cell surface carbohydrates and lectins to detect microorganisms in aqueous environments [159]. Men et al. reported that optical sensors based on hydrogel films with 2D colloidal arrays on both surfaces exhibited enhanced diffraction intensity and avoided the curling problems on traditional hydrogel films with only a single colloidal array on one side [160]. They further reported that the use of 2D gold nanosphere array on a hydrogel film displayed a stronger diffraction intensity due the periodicity and larger scattering cross section of gold nanospheres. This type of 2D gold nanosphere/hydrogel composite films could potentially be used for visual determination of an analyte [161].



The ability to respond to external stimuli and convert that information into visible signals makes colloidal photonic crystal based sensors ideal for real life biosensing applications. Furthermore, the various different types of materials that can be used and the corresponding environments they are used in provide a high degree of configurability and adaptability to usage specific sensing applications.





6. Conclusions


The development of bottom-up assembly techniques has progressed significantly over the last few decades. Improvements in the quality of the self-assembled structures, the increased scalability of the processes and the shortening of the time required to prepare these materials have been pivotal for their adaptations into novel applications.



With the inevitable growth of solar photovoltaic technologies, in light of the impending energy crisis, there is a pressing need for photonic technologies that can be adapted to a large scale at low cost for higher efficiency devices. The bottom fabrication of self-assembled photonic crystals and the associated materials and structures that can be derived from them are perfectly positioned in this respect. Fabrication of nanostructured materials that are able to manage light will be a key determinant of the success of future photovoltaic technologies, as this technology is currently being held back mainly because of the associated cost. At the same time, the use of colloidal photonic crystals for the extraction of light from light emitting devices is also significant in the race to create lower energy consumption and higher energy efficiency devices, without suffocating the technology with excessive costs. The use of colloidal photonic crystal for sensing technologies is also a very promising field for the future. The ease of detection of various compounds simply by observing the change in color of the sensor makes it a powerful tool that can be easily applied in various situations.



In this review, we have covered the concepts and recent advancements in bottom-up self-assembly processes to make 2D and 3D colloidal photonic crystals. We have explored some of the possibilities of using self-assembled colloidal crystals as templates for fabricating inverse opals and for nanosphere lithography. Furthermore, we have highlighted three domains of applications where the use of bottom-up assembled colloidal crystals can be very useful.



We hope that this review has provided a clear introduction into the field of bottom-up self assembled colloidal crystals for anyone new to this field and at the same time provided new insights and ideas for the seasoned researchers in this field. Even though there still remains a lot more to be discovered, in terms of the associated physics and the chemistry of these materials, it is simply a matter of time before the next leap towards better understanding, improved fabrication technologies and innovative new applications.
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Figure 1. Simple illustrations of one-, two- and three-dimensional photonic crystals. The different colors represent different dielectric constants. The periodicity of the dielectric material along one or more axes is the defining feature of a photonic crystal. 
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Figure 2. Analogy between the (a) energy gap in semiconductors and the (b) band-gap in photonic crystals. 
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Figure 3. Schematics of colloidal assembly by: (a) spin-coating [30]; (b) vertical deposition; (c) dip coating [38]; and (d) shear alignment [39]. 
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Figure 4. (a) SEM image of close packed PS monolayer. Scale bar is 2 µm (b) Photographs of PS monolayer on a 1 m² glass substrate, Adapted with permission from Nano Lett. 15, 4591–4598. Copyright (2015) American Chemical Society [48]. (c) PS monolayers of 420 nm spheres. (d) PS monolayers of 337 nm spheres. (e) (2 + 1)D colloidal photonic crystal superlattice formed by stacking colloidal monolayers of 420 nm and 337 nm in ABABAB arrangement [57]. (f) Photograph of a non-closed pack PS monolayer deposited on a four inch wafer. (g) SEM image of a non close-packed PS monolayer [34]. 
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Figure 5. Making of non-closed packed polystyrene monolayer arrays by oxygen plasma etching under different etching conditions [45]. Scale bars: 200 nm, insets: 500 nm. 
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Figure 6. (a) Nanoring and (b) nanodot arrays by shadow nanosphere lithography [68]. 
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Figure 7. (a,b) Nanopillar [65] (adapted with permission from J. Phys. Chem. C 120, 1178–1185. Copyright (2015) American Chemical Society) and (c,d) nanopyramid [64] arrays made by nanosphere lithography (adapted with permission from J. Phys. Chem. C 117, 14778–14786. Copyright (2013) American Chemical Society). 
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Figure 8. (a) SEM images of polystyrene opaline structure and (b) titanium dioxide inverse opal structure [116]. Adapted with permission from Langmuir, 24, 1796–1800. Copyright (2008) American Chemical Society. 
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Figure 9. (a–e) Fabrication process for a sik inverse opal. (f) Green and blue silk inverse opals and (g,h) their corresponding SEM images [101]. 
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Figure 10. (a) Monolayer of silica beads on a silicon wafer. Scale bar: 10 µm, inset: 1 µm SEM images: (b) Top view and (c) side view of silicon nanopillars after reactive ion etching. Scale bars are 1 µm (d) Tilted photograph of silicon nanowire radial p-n junction solar cell arrays [75]. Scale bar is 4 cm. Adapted with permission from Nano Lett., 10, 1082–1087. Copyright (2010) American Chemical Society. 
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Figure 11. SEM images of: (a) one; (b) two; and (c) three layers of nanoshells [125]. Scale bars are 300 nm. 
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Figure 12. (a–c) Cross section SEM images of increasing amounts of gold electrodeposited into a monolayer of polystyrene beads with a diameter D. Scale bars are 300 nm. (d–i) Incidence-angle dependent absorption of gold films containing a monolayer polystyrene beads under (d–f) p- and (g–i) s-polarized incident light. D = 260 nm (d,g); 460 nm (e,h); and 595 nm (f,i) [97]. 
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Figure 13. (a) Schematic illustration of the photovoltaic system with a photonic crystal concentrator. The insert is a SEM image of the photonic crystal concentrator. (b) Photographs of the PC concentrators with different colours [135]. 
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Figure 14. (a) Photographs of composite Polystyrene/TiO2 films templated with different sizes of PS microspheres and the corresponding TiO2 inverse opal films after calcination. (b) Reflectance spectra of three selected samples from the films shown in the photographs [133]. 
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Figure 15. Transfer of a silicon inverse opal photonic crystal onto dye sensitized ZnO nanowire electrodes [108]. 
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Figure 16. Schematic of procedure for preparing FTO/nc-TiO2/PC-TiO2 electrodes (a–e); (f) SEM image of the top of the TiO2 inverse opal layer; (g) cell configuration; (h) XRD pattern for TiO2 inverse opal; and (i) cross section SEM image of FTO/nc-TiO2/PC-TiO2 electrodes [136]. 
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Figure 17. Honeycomb-type VLED with a textured cone-shaped deep-pillar surface [139]. 
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Figure 18. (a) Schematic illustration and (b) SEM of the structure of the LED with the embedded photonic crystal layer [140]. 
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Figure 19. Diffraction wavelength versus sodium dodecyl sulphate (SDS) concentration. Inset: photographs taken close to the Littrow configuration at a 28° angle between source and camera to the 2D array normal [148]. Adapted with permission from Anal. Chem. 84, 6416–6420. Copyright (2012) American Chemical Society. 
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Figure 20. Reflection spectra of the various non-modified (solid lines) and porphyrin-modified (dotted lines) colloidal crystals [149]. Adapted with permission from ACS Appl. Mater. Interfaces, 4, 6752–6757. Copyright (2012) American Chemical Society. 
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Figure 21. (a) pH-dependent color change and respective reflectance spectra of hydrogel pH sensors between pH of 1.26 and 6.99. A series of spectra were measured during pH increase (solid curves) and during pH decrease (dashed curves). (b) Plot of λmax change during pH increase and decrease showing a weak hysteresis [152]. 
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Table 1. List of methods commonly used for colloidal assembly.
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Method

	
Remarks






	
Drop casting (Sedimentation) [24,25]

	
Simple but slow process.

Patches of colloidal crystals formed.

Difficult to control exact conditions




	
Vertical deposition [26,27,28]

	
Requires very good control of evaporation conditions (i.e., temperature and humidity) for a good deposition.

Slow process (days).

Very good quality of colloidal crystals formed under the proper conditions

Gradient in the thickness of colloidal crystal formed




	
Centrifugation [29]

	
Simple and fast process.

Generally big bulky colloidal crystals formed.




	
Spin-coating [30,31,32,33,34,35]

	
Simple and fast process.

Monolayer formation possible.

Patches of small coating area of monolayers.




	
Dip-coating [36,37,38]

	
Can control thickness of layers by the speed of withdrawal.

Gradient in layer thickness. [27]




	
Shear ordering [39]

	
Requires very good control of process parameters

Slow process

Makes thin films




	
Langmuir-Blodgett [40,41,42,43,44]

	
Monolayer compressed on water surface by mobile arms.

Short range order of closed packed regions within the monolayer.

Monolayer transfer onto substrate can be repeated to deposit multilayers exactly as desired.

Takes time for preparation of equipment and spreading of particles.




	
Direct assembly on water surface [45,46,47,48]

	
Simple and fast process.

Good two-dimensional closed pack array on water surface.

One monolayer at a time can be transferred.

Can be repeated to deposit multilayers exactly as desired.




	
Magnetic self-assembly [49,50,51]

	
Requires highly-charged monodisperse magnetic colloidal particles

Self-assembly occurs inside liquid medium

Can be controlled by external magnetic field
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