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Abstract:

 Research in recent years has greatly advanced the understanding and capabilities of multi-beam interference (MBI). With this technology it is now possible to generate a wide range of one-, two-, and three-dimensional periodic optical-intensity distributions at the micro- and nano-scale over a large length/area/volume. These patterns may be used directly or recorded in photo-sensitive materials using multi-beam interference lithography (MBIL) to accomplish subwavelength patterning. Advances in MBI and MBIL and a very wide range of applications areas including nano-electronics, photonic crystals, metamaterials, subwavelength structures, optical trapping, and biomedical structures are reviewed and put into a unified perspective.
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1. Introduction

Nothing has had a greater impact on our daily lives than microelectronics. The semiconductor revolution is the engine that drives cell phones, the internet, flat-panel televisions, flash memory chips, global positioning system devices, solar cells, etc. Microelectronics has had a profound impact on the fields of biomedicine, transportation, communications, entertainment, defense, environmental monitoring, and homeland security [1]. In 1965, Gordon Moore, a co-founder of Intel, predicted that the number of transistors in a commercial integrated circuit would double every two years. For more than three decades optical lithography has been the enabling technology to meet the semiconductor industry's push to decrease device size and satisfy Moore's law. However, today there is serious doubt that conventional optical lithography can continue to provide the needed decreasing sizes. Efforts to reduce the wavelength of the source (e.g., from 192 nm to 157 nm) have not met commercial success. Increasing the surrounding refractive index in immersion lithography (e.g., from 1.44 to 1.65) remains a research and development tool. New approaches are needed. Techniques being considered include (1) self-assembly approaches; (2) construction-based approaches including immersion lithography, double patterning, two-photon lithography, printing, direct writing, mask optimization, and micromanipulation; and, (3) interference lithography [2-5].

Among these approaches, multi-beam interference lithography (MBIL), sometimes referred to in the literature as “holographic” or “interferometric” lithography, has emerged as a promising technology for relatively simple, subwavelength, and cost-effective periodic patterning in one, two and even three dimensions. Over the past decade, research has provided a comprehensive understanding of multi-beam interference (MBI) patterning possibilities and optimization requirements. Naturally, much effort has focused on the use of MBIL to meet micro- and nano-electronic fabrication requirements. However, MBI has found numerous additional applications outside the microelectronics industry, specifically in the fields of photonic crystals, metamaterials, subwavelength structures, optical trapping, and biomedical structures. Several review papers are available that describe MBI methods and capabilities [3,6,7] while a recent review focuses on the impact of interference lithography on nanostructure research [8]. The present work complements these papers, providing a review of the advances in MBI and MBIL and their use in nano-electronics, followed by a unified, comprehensive discussion of other current applications.



2. Multi-Beam Interference

An understanding of MBI may be developed by first considering the familiar interference pattern produced by two linearly-polarized, monochromatic, plane waves derived from a common coherent source. Each plane wave may be defined by Ei(r, t) = Ei cos(ωt − ki·r + Φi)êi, where Ei is the amplitude, ω is the frequency, ki is the wavevector, Φi is the phase, and êi represents the linear polarization vector, and i = 1,2. The interference of the two plane waves produces a one-dimensional (1D) fringe pattern with a periodicity Λ directly proportional to the wavelength λ and inversely proportional to the sine of the sum of the wavevector incidence angles θ with respect to the z axis as depicted in Figure 1.

Figure 1. Two-beam interference. Interference fringes at the x-y plane with a periodicity of Λ are formed by two linearly-polarized, monochromatic, plane waves. In this example, k1 and k2 are contained in the y-z plane at an angle θ with respect to the z axis.
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The total time-independent intensity distribution IT(r) at the intersection of the two waves is expressed as the absolute square of the sum of the amplitudes lT(r) = |E1(r) + E2(r)|2 For the wavevector configuration depicted in Figure 1, the total intensity distribution may be given by
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(1)




where k0 = 2π/λ and a DC intensity term [image: there is no content] is introduced. From Equation 1, we see that the spatial-cosine term describes a 1D periodic pattern that varies along the x axis with a periodicity of Λ = λ/2 sin θ [9] as depicted in Figure 1.
For N interfering beams, the general form of the total time-independent intensity distribution IT(r) may given as
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(2)




where Io is now [image: there is no content] and an interference coefficient Vij is introduced and defined as
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(3)




In Equation 2, we see that every beam-pair combination produces a fringe pattern, each defined by a spatial-cosine term with magnitude Vij that contributes to the overall periodic optical-intensity distribution. The orientation and periodicity of these 1D fringe patterns are determined by the relative beam-pair wavevector configurations and angles of incidence, while the relative phase difference determines the position of the fringes along the dimensional axis. In general, three-beam interference produces up to three 1D fringe patterns that combine to form a two-dimensional (2D) pattern as depicted in Figure 2. Four-beam interference provides three-dimensional (3D) patterning with up to six interfering beam pairs. Increasingly complex designs are realized as the number of interfering beams increases and elliptical or circular beam polarizations are considered. Together, the configuration of the wavevectors determines the translational symmetry of the periodic pattern.

Figure 2. Three-beam interference. (a) Three beams defined by k1, k2, and k3 interfere at the x-y plane at a common angle of incidence θ with respect to the z axis. The beam pairs defined by (b) k1 and k2, (c) k1 and k3, and (d) k2 and k3 form three distinct 1D-interference fringe patterns. (e) The fringes patterns of k1 and k2 and k1 and k3 combine to form a square lattice with p4m plane group symmetry. (f) The fringe pattern of k2 and k3 combine with the other two fringe patterns to form a square lattice with cmm plane group symmetry. The lattice constant a for the resulting pattern is directly proportional to the common beam wavelength λ and inversely proportional to the sine of θ.
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The geometry of the unit cell within the periodic pattern further defines the space group symmetry and is determined by the amplitude and polarization of the individual beams. Specifically, the magnitude of each interference coefficient, as defined by Equation 3, is proportional to the product of the amplitudes EiEj and the dot product of the polarization vectors ei · ej for each beam pair. The interference coefficient for each spatial cosine term, in turn, determines the contrast and relative contribution of each beam-pair fringe pattern to the overall periodic distribution. The significance of the individual beam polarizations is demonstrated in Figure 2. By adjusting the relative linear polarizations of the beams defined by k2 and k3, the interference coefficient V23 may be set to a zero value when the two polarization vectors are mutually orthogonal, thereby eliminating the fringe pattern of Figure 2(d) altogether. In this case, assuming equal contrast for the two remaining fringe patterns (V12 = V13), a square lattice is formed with p4m plane group symmetry as depicted in Figure 2(e). Alternatively, for the same wavevector configuration, the relative polarizations may be selected such that all three interference coefficients are equal (V12 = V13 = V23), again combining to form a square lattice, but now with cmm plane group symmetry as depicted in Figure 2(f).


2.1. Advances in Multi-Beam Interference Periodic Patterning

By careful selection of the individual beam wavevectors, amplitudes, and polarizations, research has demonstrated the ability to create all 2D Bravais lattices [10], five of seventeen 2D plane group symmetries [11], and all 3D Bravais lattices via single- [12-15] and multiple-exposure [16,17] techniques. If elliptical polarization is allowed for the individual beams, 4 additional 2D plane group symmetries have been demonstrated for a three-beam configuration [11]. Figure 3(a) demonstrates a 2D hexagonal lattice with p6m plane group symmetry formed by three-beam interference. Figure 3(b) depicts a 3D face-centered-cubic lattice formed by four-beam interference. When the phase of the individual beams is considered, additional control over the interference pattern is possible. For patterns created by four or fewer linearly polarized beams, a change to the relative phase simply translates the interference pattern according to the translational symmetry. If more beams are added, the relative phase difference of the beam pairs will further define the unit cell structure leading to increasingly complex patterning possibilities and space group symmetries [15,18-20]. As an example, a 2D honey-comb structure formed by six-beam interference is depicted in Figure 3(c). Alternatively, a phase shift may be introduced by elliptical polarization in one or more of the interfering beams to produce compound lattices formed by as few as four beams [21-23]. Other quasi-periodic patterns demonstrated using MBI include: 2D structures with 5-, 10-, 12-, and 60-fold symmetries [24,25], connected fcc-like lattices [26], chiral-basis [23] and icosahedral [27] structures, as well as Archimedean-tiled and Penrose lattices [25].

Figure 3. MBI pattern examples. (a) 2D hexagonal lattice with p6m plane group symmetry. (b) 3D body-centered-cubic lattice (reproduced with permission from [28]). (c) 2D honey-comb structure (reproduced with permission from [18], Copyright 2006, American Institute of Physics).
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The translational periodicity together with the space group symmetry of the periodic patterns created by MBI determine the geometry of the individual lattice points, or motifs [29]. In some cases, the motif geometry plays a significant role in the performance characteristics of a device fabricated using MBI. For example, the lattice point geometry has been shown to affect the photonic-bandgap characteristics in photonic crystals [30-45], selective plasmonic excitation in plasmonic crystals [46], photonic crystal laser beam pattern [47] and polarization mode control [48], birefringence of photonic crystal fibers [49], cell behavior in tissue engineering [50], tuning of surface textures [51], magnetization switching in periodic magnetic arrays [52], and, negative refraction and superlensing in metamaterials [53,54]. Accordingly, several studies report analytical and computational methods to select individual beam parameters to change the motif orientation and shape [34,42,55,56] from hemispherical to hemielliptical [57]; circular to triangular [58]; as well as, general structures including micro-cavities, micro-bumps, and rectangular bumps [51]. Most recently, research has focused on the exact analytical design and fabrication of motifs with 2D geometries that vary from the shape of an ellipse to that of a rhombus [59].

Given the numerous periodic patterning and motif geometry possibilities afforded by MBI, significant research has focused on maximizing the absolute contrast of the interference pattern by optimized selection of individual beam amplitudes, polarizations, and phases [60-67]. In this effort, the concept of uniform contrast was introduced, in which the relative amplitudes and individual-beam polarizations are optimized to ensure the highest contrast of the pattern as a whole for three- [68-70] and four-beam interference [71,72]. More recently, the conditions for primitive-lattice-vector-direction equal contrasts provided a complete treatment of contrast considerations in three- [73] and four-beam interference [28,74]. While these conditions assume individual control over beam amplitudes and polarizations, recent research suggests that sufficient contrast is still possible, even when beam parameters are perturbed [22] or requirements are simplified by design constraints [59,75].



2.2. Multi-Beam Interference Configurations

Numerous optical configurations have been employed to generate the multiple beams required for MBI with varying levels of control over beam parameters, interferometric stability, and coherence requirements. These configurations may be broadly categorized as amplitude- or wavefront-splitting methodologies.

Amplitude-splitting configurations typically divide the single common source beam into two or more beams through the use of beam splitters or other diffractive elements. The beams are then directed to intersect at the plane of interference through the use of mirrors, lens, and/or prisms. An example two-beam configuration to record a 1D grating utilizing a single beam splitter and beam-directing mirrors is depicted in Figure 4(a). In any two-beam configuration, multiple exposures are required to generate more complex 2D and 3D patterns in a photo-sensitive material [76-79]. This is often accomplished by incorporating a rotating sample stage at the recording plane [80-83]. More advanced amplitude splitting systems, such as the configuration depicted in Figure 4(b), allow for the single-exposure of multiple beams [84,85]. Ideally suited for research and development, these configurations often afford the option of individual control over beam amplitude, polarization, and phase, along with a wide range of wavevector configurations and incidence angles [86,87]. For example, using an argon-Ion laser source of 363.8 nm, the configuration in Figure 4(b) can produce five of the seventeen 2D plane group symmetries with a lattice constant ranging from approximately 3.5 μm down to 300 nm. One drawback of these beam-splitting-based configurations is the potential for interferometric instability. Any perturbations to the optical components, optical path lengths, or relative phases of the interfering beams may result in a translation of the pattern or change in the symmetry of the unit cell as discussed earlier.

Figure 4. Amplitude-splitting MBI configurations. (a) Two-beam configuration used to record a subwavelength polarization-dependent reflection grating (edited with permission from [98]). (b) Three-beam MBIL configuration for single-exposure 2D patterning with individual control of beam amplitudes and polarization (edited with permission from [99], Copyright 2011, American Institute of Physics). (c) Five-beam MBIL configuration for single-exposure patterning with a diffractive beam splitter (DBS), confocal lens system (edited with permission from [88], Copyright 2001, American Institute of Physics). (d) Cascaded phase gratings to implement achromatic interference lithography (edited with permission from [92], Copyright 1995, American Vacuum Society).
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To lessen these effects, other amplitude-splitting configurations have been developed that rely on gratings to diffract a single incident beam into two or more beams. These beams are, in turn, focused onto the plane of interference by either a lens system as depicted in Figure 4(c) [72,88], beam-directing mirrors [25,89], or cascaded diffractive elements [90,91] such as the achromatic interference lithography configuration depicted in Figure 4(d) [92]. The symmetries formed by the zero- and first-order diffracted beams in Figure 4(c) make this configuration particularly useful in implementing the much-studied five-beam umbrella configuration consisting of a central beam (C-beam) surrounded by four symmetric ambient beams (A-beams) [67,93-96]. For an umbrella configuration, this scheme is particularly useful if the individual beams require specific conditioning, such as different polarizations (e.g., circularly polarized C-beam and linearly polarized A-beams) [97] or phase control [25].

To simplify optical configurations and improve interferometric stability, wavefront-splitting schemes have been developed that divide portions of a single expanded source beam into the multiple beams required for MBI. The most common and widely used wavefront-splitting configuration incorporates a Lloyd's mirror to reflect a portion of an expanded source beam to intersect with the transmitted portion as depicted in Figure 5(a). As early as 1985, a Lloyd's mirror configuration was used as a simple way to fabricate linear grating couplers [100]. Again, multiple exposures are required with this configuration to produce 2D and 3D patterns [101], with one recent report of a Lloyd's mirror capable of producing three beams with 120 degree symmetry [102]. A Lloyd's mirror configuration may also be combined with immersion lithography, further reducing the fringe pattern periodicity to the sub-100 nm range [103].

Figure 5. Wavefront-splitting MBI configurations. (a) Lloyd's mirror configuration reflects a portion of the incident beam onto the transmitted beam at the sample. (b) A prism is used to divide and refract different portions of an incident collimated beam to produce four-beam umbrella interference (edited with permission from [136], Copyright 2005, American Institute of Physics). (c) A diffractive photo-mask diffracts portions of the incident expanded beam such that the first order diffracted beams intersect and interfere at the sample plane (edited with permission from [112], Copyright 2001, American Institute of Physics). (d) A 1D phase mask diffracts the incident beam into +1, 0, and −1 diffracted orders to create a near-field interference pattern (edited with permission from [123]). (e) A double-iris amplitude mask defines two MBIL beams from a single collimated source for multiple two-beam interference patterning (edited with permission from [133]).
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A second common wavefront-dividing configuration incorporates a specially designed prism to divide and refract the single expanded beam into multiple beams as depicted in Figure 5(b) [104-106]. This prism-based method is particularly useful in implementing the previously discussed umbrella configuration, with expanded options for four or more beams [107]. By selecting a prism with a refractive index matching that of the recording material, refraction-induced asymmetries may be mitigated at the at the prism-sample plane interface. In fact, an index-matching prism element may be also be used in amplitude-splitting configurations, incorporated at the sample plane, to mitigate these same asymmetries, including changes to the individual beam polarizations at the air-photoresist interface [25,108,109].

Diffractive gratings may also be used in a wavefront-dividing scheme in the form of a single diffractive photo-mask. In this configuration, two or more gratings are typically used to diffract a single expanded beam, such that the first order diffracted beams intersect and interfere at the sample plane as depicted in Figure 5(c) [110-115]. In one report, multiple gratings with precisely controlled periods were used to produce compound periodic patterns with a large depth of focus using an achromatic source [19]. If an umbrella configuration is required, the zero-order diffracted beam from a diffractive photo-mask may function as the C-beam [116].

A fourth option for wavefront splitting places a photo mask with a single diffractive optical element in close proximity to the sample plane to produce a near-field self-interference pattern of the zero-, positive-, and negative-diffracted orders as depicted in Figure 5(d) [117-121]. In this example, a 1D phase mask diffracts the incident beam into three interfering beams at the exit of the mask. Multiple exposures of a 1D phase mask may be used to produce complex 3D periodic patterns, such as a woodpile-type structure [122,123]. Alternatively, a multi-layer mask with two orthogonal diffractive gratings [124-126] or a single 2D diffractive optical element [127-130] may be used to produce multiple beams with a single exposure. As a result of the relatively short optical path lengths for the diffracted beams, this method is essentially phase-locked, representing the most interferometrically stable option for MBIL. However, with this advantage does come some disadvantages. As with the previous three wavefront-splitting configurations, control over individual beam amplitudes and polarizations is typically limited, wavevector configurations are generally fixed, and each are sensitive to transverse incoherence. An amplitude-splitting configuration with even-symmetry reflections or diffractions as depicted in Figure 4(a,c,d) may be used to resolve transverse coherence issues, assuming any beam offset is within the transverse coherence length and the spatial coherence meets depth of focus requirements [131,132].

Finally, a fifth wavefront-splitting option is depicted in Figure 5(e), employing a double-iris amplitude mask to define the individual beams, while providing the opportunity for individual beam conditioning and wavevector control [133-135].



2.2. Multi-Beam Interference Lithography and Nano-Electronics

As early as 1970, the fringe patterns formed by two-beam interference were recorded in photoresist, forming a simple, reproducible diffraction grating for use in thin-film waveguides [137]. Two decades later, multiple MBIL exposures were proposed to generate more complex 2D patterns in a photoresist [138]. Since then, a wide range of structures have been recorded via MBIL using near-infrared [129,139-142], visible light [18,31,32,62,88,143-153], ultraviolet (UV) [62,77,78,99,115,154-160], deep-UV [92,101,142,161-163], and extreme-UV sources [164-167].

Today, MBIL is considered a potentially key enabling technology for the ever-increasing demand for smaller feature sizes in optical lithography [4,131,168]. Modern integrated circuits have very regular layouts with an underlying grid pattern that defines the smallest feature size in the integrated circuit. MBIL can be used to define this underlying periodic or quasi-periodic grid-based structure. In this application, MBIL immediately has the advantages of (1) simple optics, (2) large working distances, (3) fast processing, (4) low cost, and (5) extendable to higher resolutions [4,25,169-171].

To create functional elements in the periodic pattern defined by MBIL, a second lower spatial-frequency trim exposure may be used to define the non-periodic features using a conventional technique such as projection lithography (PL), thereby easing the diffraction limitations of using PL alone [2,5,172]. As an example, Figure 6(a) depicts a hybrid optical maskless lithography technique demonstrating the use of two-beam interference to form vertical fringes, followed by a second traditional low-pitch PL trim exposure [163]. Similarly, Figure 6(b) demonstrates a multi-step procedure to create more complex composite patterns. Others have combined MBIL with various lithographic techniques including other mask-based techniques (e.g., proximity or contact lithography) [159,173], electron-beam lithography [81,174,175], electron-beam-induced deposition [176], focused ion-beam lithography [155,177], direct laser writing [77,150,178,179], atomic force microscopy nano-indentation [180], and multi-photon polymerization [181-183]. For example, interference lithography has been combined with optical contact lithography to fabricate triple-gate metal-oxide-semiconductor field effect transistors [161]. In another report, interference lithography was used for metal thin-film patterning to fabricate the electrodes and metallization patterns required by modern microelectronic devices [139]. In fact, a recent economic assessment of various lithography choices indicates that a double-exposure technique, optimized by the use of MBIL, is the best choice for low to medium volume products [4]. Future research could make MBIL a preferred component of higher volume production as well.

Figure 6. Multi-beam interference lithography. (a) Scanning electron microscope image of the combined use of MBIL and projection lithography techniques. Here, 45 nm grid lines were produced via two-beam interference lithography. Next, the higher spatial frequency modulating pattern was recorded via projection lithography (Copyright 2004, Reprinted with permission of Cambridge University Press [2]). (b) A complex composite pattern is created by two MBIL exposures and two projection lithography trim exposures (edited with permission from [5]).
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A wide array of photosensitive materials have been used to record the interference patterns formed by MBIL and include positive resists [115,157,184], negative resists [99,185], hybrid organic-inorganic materials [165,186,187], extreme-UV photoresists [188], silsesquioxane-based photoresists [129], holographic polymer-dispersed liquid crystals [189], amorphous-chalcogenide-semiconductor thin films [190], titanium-containing monomer films [191], red-sensitive photopolymers [145], polyimide foils [51], biocompatible polymers [50], oligomer films [153], and even silica [192] and chalcogenide [193] glasses. In the most general terms, given sufficient optical intensity, an interference pattern may be recorded in or on any material that responds to laser illumination at a given wavelength [160], to include direct writing on metallic surfaces via laser interference metallurgy [194] and direct laser interference patterning of π-conjugated polymers [195].

With the numerous patterning options, simple optical configurations, and opportunities in optical lithography, MBI has found applications across a wide range of technological areas beyond nano-electronics, including photonic crystals, metamaterials, subwavelength structures, optical trapping, and biomedical structures. Thus, a unified review of these broad applications follows.




3. Photonic Crystals

Perhaps the most documented application of MBI and MBIL has been in the formation of photonic crystal (PC) structures and is the subject of more than half of the references included in this review. PC technology has many important possible commercial applications [196,197] with the possibility of lossless control of light propagation at a size scale near the order of the wavelength of light. This technology has the potential to produce the first truly dense integrated photonic circuits and systems (DIPCS). Individual components that are being developed include resonators, antennas, sensors, multiplexers, filters, couplers, and switches. The integration of these components would produce DIPCS to perform functions such as image acquisition, target recognition, image processing, optical interconnections, analog to digital conversion, and sensing. Further, the resulting DIPCS would be very compact in size and highly field portable. Applications using light at telecommunications wavelengths require structures to be fabricated with nano-sized dimensions. Despite the advantages and benefits of using such a technology in commercial devices, a major problem exists: the practical commercial development of PC structures has been very slow.

To date, research has not fully developed a methodology for the large-scale and cost-effective integration of these impressive PC-based devices into manufacturable DIPCS. No rapid and inexpensive systematic fabrication procedure has been developed for the reliable and reproducible fabrication of nano-sized PC structures. MBIL has been proposed as one method to overcome this deficiency. In the late 1990s, interference lithography was used to produce 2D [158] PC lattices exhibiting a photonic bandgap and later 3D face-centered cubic [157] PC structures as depicted in Figure 7(a). Since then, MBIL has been extensively studied, optimized, and used to fabricate PCs [109,184,198-203] with ongoing efforts to develop PC-based devices through a combination of lithography techniques such as the PC waveguide depicted in Figure 7(b). In fact, the design rules for MBIL-defined PC waveguide devices have been theoretically defined, when interference lithography is combined with direct laser writing [204]. Recently, nanoscale photonic-crystal-band-edge lasers were fabricated with the use of interference lithography, paving the way for the integration of electrically-driven PC lasers [205] as depicted in Figure 7(c). Other proposed PC-based devices relying on MBIL include optical add-drop multiplexers [206], organic light emitting diodes (LEDs) [207], coupled PC resonator arrays [208], and PC distributed feedback quantum cascade lasers [209].

Figure 7. Photonic crystals (PC). (a) 3D face-centered-cubic PC structure created by four-beam MBIL. Inset A shows a scanning electron microscope image of the bottom surface of the PC, while B depicts the reconstructed 3D surface (Reprinted by permission from Macmillian Publishers Ltd: [157], Copyright 2000). (b) PC waveguide created by electron-beam lithography in a 2D hexagonal lattice formed by UV MBIL (edited with permission from [174]). (c) Schematic view of an air-bridge type PC band edge laser with scanning electron microscope images of the square lattice PC structure fabricated using MBIL (edited with permission from [205], Copyright 2005, American Institute of Physics).
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4. Metamaterials

Like photonic crystals, metamaterial technology offers the control of light propagation, only now at a size scale much smaller than the wavelength of light. Accordingly, metamaterial-based devices have many important possible commercial applications [210-213]. Ultra-compact objective lenses, frequency-doubling devices, parametric amplifiers, electromagnetic cloaking, and parametric oscillators all become possible with metamaterials. The integration of these components would produce DIPCS that are very compact in size and highly field-portable.

In natural materials (as contrasted to metamaterials), atoms are arranged in a regular pattern with periods of approximately half of a nanometer. In these natural materials, the electric field component of the incident light excites the electric dipoles of the material. These dipoles re-radiate with some phase retardation. Thus, the electric relative permittivity εr is not equal to unity. In contrast, the magnetic dipoles do not appreciably interact with the magnetic field component of the incident light. Thus the relative magnetic permeability μr is unity. Metamaterials overcome this lack of magnetic dipole through subwavelength-sized artificial magnetic dipoles (e.g., split-ring resonator structures). The index of refraction, in general, is n = ±(εr μr)1/2. For the case when both εr and μr are less than zero, the refractive index is negative. That is, n = −(εr μr)1/2. The index is not n = +(εr μr)1/2. This result was first reported and discussed by Veselago [214].

The subwavelength-sized magnetic dipoles needed to make a metamaterial, can be produced by making microscopic split-ring resonators (SRR's). These SRR devices have also been called “slotted-tube resonators” or “loop-gap resonators” in the literature. If SRR devices are produced in subwavelength arrays, they behave as “magnetic atoms” and thus metamaterials become possible. Metamaterials have been successfully developed at microwave frequencies [215-217]. However, the production of metamaterials at optical frequencies has been much more challenging [218,219]. Further, current technologies lack the ability to produce these precise nanostructure devices rapidly and at low cost. Again, MBIL provides a potential solution to this critical shortcoming [220]. To produce a large area split-ring array template for magnetic metamaterials, MBIL has been proposed as a mechanism to form single-slit and double-slit split-ring arrays in 2D triangular and square lattice arrays [221]. Others have used MBIL to demonstrate high-throughput experimental fabrication of metal-dielectric-metal “magnetic atoms” [222,223] as depicted in Figure 8(a), as well as cylindrical nanoshell, U-shaped, and double-split ring resonator array metamaterials [224] as depicted in Figure 8(b). In some cases, MBIL may be used in conjunction with other methods to facilitate the economical fabrication of metamaterials. For example, interference lithography can be used to form a 1D array of trenches to serve as a template for the self-directed assembly of a silver nanocluster metamaterial [225].

Figure 8. Metamaterial examples. (a) Scanning electron microscope view of a “magnetic atom” defined by a three-beam-generating MBIL prism, with an oblique-incidence view of layered Au (golden), MgF2 (blue), and Au (edited with permission from [222]). (b) Scanning electron microscope view of double-split ring resonator array metamaterial fabricated via phase-modulated six-beam MBIL (edited with permission from [224]).
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5. Subwavelength Structures

Research into micro- and nano-scale subwavelength structures has grown exponentially in the last decade. By utilizing the subwavelength periodic patterns produced by MBIL, numerous important structures can be realized for an increasing number of subwavelength structure applications, including synthesized-index elements, form-birefringent polarization elements, guided-mode resonant elements [226], field-emission devices, plasmonic structures, surface texturing, magnetic nanostructures, and numerous other nanotechnology efforts.


5.1. Synthesized-Index Elements

Synthesized-index elements include 1D and 2D periodic surface structures for use as antireflection surfaces. Simple 1D binary surface-relief gratings on dielectrics can exhibit zero-reflectivity at optical wavelengths [227,228]. For example, interference lithography has been used to record subwavelength gratings on the surface of diffractive beam splitters, reducing surface reflections, thereby improving efficiency [229]. Similarly, MBIL was used to fabricate subwavelength antireflective coatings to improve the performance of optoelectronic LEDs [230]. More recently, subwavelength antireflection patterns were recorded in a Si substrate using interference lithography, providing broadband (250–1,200 nm), wide angle (0–45°) operation [231] as depicted in Figure 9(a). Such antireflection surfaces have been extended to lossy, even metallic, materials [232,233]. 2D crossed gratings have also been implemented to provide polarization-independent antireflection behavior, mimicking the effect of a “moth's eye” [149,234,235]. Periodic and quasi-period surfaces have been widely applied to increase the efficiency of solar cells [236,237]. To this end, interference lithography was recently used to fabricate antireflective gratings on thin-film solar cells [238]. Other example applications include a 100 nm period grating in an amorphous silicon thin film used to stabilize the linear polarization of vertical-cavity surface-emitting laser operating at 850 nm [239], and a critical angle transmission grating facilitated by the use of scanning-beam interference lithography [240].

Figure 9. Subwavelength optical structures. (a) Synthesized-index anti-reflective Si post array defined by multi-exposure MBIL (edited from [231], Copyright 2010, with permission from Elsevier). (b) Form-birefringent polarization grating retarder fabricated via two-beam interference (edited with permission from [98]).
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5.2. Form-Birefringent Polarization Elements

Form-birefringent polarization elements include retardation plates, polarizers, and beam-splitters. Retarders can behave as quarter-waveplates, half-waveplates, full-waveplates, etc. and thus convert linearly polarized light to circular polarization, rotate linear polarization, provide narrowband filtering, etc. Subwavelength grating retarders have been made using MBIL for use in the visible and in infrared regions of the spectrum [241] as depicted in Figure 9(b). Similarly, subwavelength-grating polarizers have also been reported [98]. Two-beam interference lithography has been demonstrated as a highly cost effective fabrication process to generate these subwavelength structures [228].



5.3. Guided-Mode Resonant Elements

Guided-mode resonant gratings are widely utilized for their very narrowband filter characteristics [242-244]. Such subwavelength-grating filters represent important devices in dense-wavelength-division multiplexed communications and in chemical, biological, toxicological, and environmental sensing applications. Recently, broadband versions of these resonant gratings have also been demonstrated [245].



5.4. Field Emission Devices

The process of field emission ejects electrons from a metal surface or a doped semiconductor material under the influence of an applied electric field. Traditionally, field emission is generated from micro-structured tips used as the cathodes for electron extraction. Field emission devices have found applications in field emission displays, vacuum microelectronics, satellite subsystems, mass spectrometers, and even electrodynamic space tethers [246,247]. As early as 1995, interference lithography was used to manufacture high density micro-field emitter arrays with submicron emitter spacing to improve field emission display performance and reduce manufacturing costs [156,248]. Recent efforts have focused on the use of interference lithography, combined with catalytic etching, to produce the nanocones used in field emission as depicted in Figure 10(a), potentially eliminating the need for other more complicated lithography techniques [249]. Others have employed MBIL to aid in the production of carbon nanotubes as depicted in Figure 10(b) that could prove useful in field emission display applications [250].

Figure 10. Field emission structures. (a) Scanning electron microscope view of silicon-etched nanowires defined by two-beam, multiple-exposure MBIL (edited with permission from [249], IOP Publishing Ltd). (b) Tilted scanning electron microscope view of vertically-aligned carbon nanofibers, where a multi-exposure Lloyd's mirror configuration provides the Ni catalyst patterning for nanofiber growth (edited from [250], copyright 2010, with permission from Elsevier).
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5.5. Plasmonic Structures

Surface plasmon resonances occur for a range of frequencies when an electromagnetic field excites oscillations of free electrons on the surface of metallic nanostructures [251]. Near-field coupling effects on the plasmon resonance of these metal nanostructures, called localized surface plasmons, can be used in biosensing applications, surface enhanced Raman spectroscopy, and novel photonic devices [82,252,253]. The mechanism of plasmonic resonance is directly related to the refractive index variation in the metallic film nanostructures, commonly fabricated using self-assembly methods. As an alternative to self-assembly methods, MBIL has been used as a mechanism to produce plasmonic metallic nanostructures including silver dot arrays [251,254], gold particle arrays [82,252], and bimetallic dot structures [46,253] depicted in Figure 11(a–c) respectively.

Figure 11. Plasmonic structures. (a) Scanning electron microscope image of MBIL-defined hexagonal lattice of elliptical holes in a 100 nm thick silver film (edited with permission from [254]). (b) 3D view of gold nano-particle array with a lattice constant of 400 nm, defined by two-beam, multi-exposure MBIL (edited from [82], Copyright 2009, with permission from Elsevier). (c) Scanning electron microscope image at a 50 degree tilt of bimetallic (Ag/Au) dots on a quartz substrate fabricated using a Lloyd's mirror configuration (edited with permission from [253]).
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5.6. Surface Texturing

Surface patterning at the micro- and nano-scale has been the subject of much study, with applications across numerous areas, including microelectromechanical systems, automotives, aviation, defense, and biological areas [194,255]. Laser surface texturing using MBI is of particular interest to tribology technologies including textured surfaces for mechanical seals, piston rings, and thrust bearings. In one study, laser interference metallurgy was employed to improve lubrication film lifetimes and the tribological behavior of various surface textured materials as depicted in Figure 12(a) [194]. Others have studied the wetting properties and superhydrophobicity of surfaces, patterned by laser interference, for such applications as corrosion inhibition, microfluidic technology, self-cleaning window glass, and evaporation-driven nanopatterning [151,256]. Similarly, interference patterning has been used to create biomemetic structures as depicted in Figure 12(b), mimicking natural sub-micron patterns [257] such as bone material and shells exhibiting advantageous mechanical stability and dynamic surface properties [255].

Figure 12. Surface texturing. (a) Scanning electron microscope view of laser interference metallurgy defined dot-like structures, recorded directly on a metallic surface with low laser fluence to change the tribological behavior of the surface (edited from [194]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission). (b) MBIL-defined nanopilar arrays (inset B) are patterned in a hierarchical structure (inset A and inset B), mimicking the surface of a lotus leaf, for enhanced hydropholic phenomenon (edited from [257], Copyright 2010, with permission from Elsevier).
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5.7. Magnetic Nanostructures

Magnetic nanostructures, often called “nanomagnets,” have been proposed as an alternative technology for information storage [258,259]. In this application, discrete nanomagnets with uniaxial magnetic anisotropy store binary information when magnetized in one of two possible antiparallel directions. To generate these magnetic nanostructures, interference lithography has been used to generate a nanoscale array of dots that are, in turn, transferred to a magnetic film using ion beam etching as depicted in Figure 13(a) [258,259]. Others have employed interference lithography in the fabrication of cobalt magnetic arrays for use in magnetic random access memory devices as depicted in Figure 13(b) [260]. Most recently, MBIL was used to create magnetic patterns in Co/Pd multilayer systems with favorable magnetic properties as depicted in Figure 13(c) [261].

Figure 13. Magnetic nanostructures. (a) Scanning electron microscope profile image of a nanomagnet array with a periodicity of 400 nm, defined by multiple exposures using a Lloyd's mirror configuration (edited from [259], Copyright 2005, with permission from Elsevier). (b) 1D cobalt array fabricated using two-beam interference (edited from [260], Copyright 2007, with permission from Elsevier). (c) atomic force microscopy topography image of a Co/Pd multilayer system structured with three-beam MBIL (edited with permission from [261], Copyright 2009, American Institute of Physics).
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6. Optical Trapping

The periodic pattern produced by MBI need not always be recorded in a photosensitive material. For example, the light intensity distribution produced by MBI may be used directly as optical traps. Traditionally, optical trapping relies on the increased electrical field associated with the localized optical intensity of a focused beam. A dielectric particle is, in turn, guided by the increased electric field force to the point of the highest light intensity. By this mechanism, optical traps have been used to manipulate a range of particles including polymer spheres, metallic particles, and biological specimens [262]. Recently, techniques to manipulate suspended micro- and nano-scale particles have been realized through the use of holographic optical tweezers, trapping multiple objects simultaneously [263]. In this application, the focused beams are replaced by computer-defined beam arrays generated by a spatial light modulator. Using this method, sophisticated algorithms have been developed to provide updates to the computer generated hologram to control dynamically the orientation of the multiple trapped particles. Recently, this techniques was used to control and study rod-shaped bacteria [264] and zeolite L crystals [265].

As an alternative to computer generated holographic optical tweezers, MBI may provide similar optical arrays along with dynamic control of light intensity and orientations in two- and three dimensions, easing the requirement for complicated computer control algorithms. MBI optical trapping was first realized in the 1990's with a two-beam interferometric trap to hold polystyrene beads of a few microns in diameter as depicted in Figure 14(a) [266]. Later, 2D and 3D interference patterns were used to trap, sort, and manipulate trapped particles on a small scale using focused interfering beams [267-271] as depicted in Figure 14(c). Recently, large-area 3D arrays of optical traps have been demonstrated through the use of MBI, without the need for iterative computational algorithms, as depicted in Figure 14(b) [272].

Figure 14. Optical trapping. (a) Two-beam interferometric optical trap (edited from [266], Copyright 1997, with permission from Elsevier). (b) Image of a 19-sphere array of 2 μm diameter silica spheres trapped in a hexagonal interference pattern formed by three-beam interference (edited with permission from [272]). (c) Experimental configuration for optical sorting in three-beam interference. The interference pattern is formed at the top of the glass curvette. Roman numerals indicate four different types of object sorting (edited with permission from [273], Copyright 2008, American Institute of Physics).
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7. Biomedical Structures

Biomedical structures that are periodic or quasi-periodic in one-, two-, and three-dimensions are critically important in a wide variety of areas. Some representative example applications are described here to enable gauging the impact that they have in biomedicine. In regenerating nerves, arrays of microchannels are needed to guide nerve growth [274]. In facilitating bone regrowth, periodic meshes are needed to retain and sequester bone morphogenetic protein. This process reduces protein dose by localizing the morphogenetic stimulus [275]. In the forming, maintaining, and repairing of tissue, engineered surfaces are needed that present controlled densities of peptides to direct the assembly of extracellular matrices [276]. In measuring the strength of cell adhesion to the extracellular matrix, meshes are needed to control the size and position of cells to be able to determine the individual contributions of the various structures present [277]. In identifying genetic biomarkers for human disease, high density microarrays are needed for the detection of dozens of polymorphisms in a single analysis. For example, 11 micron square positions are used so that highly redundant oligonucleotide probes can ensure robustness [278]. In studying the functions of a cell (gene expression, adhesion, migration, proliferation, and differentiation), micropatterning of the cells is needed since the cell functions are affected by the microscale and nanoscale environment [279]. In enhancing bone formation in vivo, it is necessary to microstructure the titanium implant surfaces. For example, 100 μm cavities are found to produce osteoblast attachment and growth [280]. In the controlled delivery of insulin, a permeable membrane mesh is needed that allows insulin and nutrients to pass through while blocking larger immune cells, T-cells, and antigen-presenting cells.

Common to all of these biomedical applications is the requirement for appropriate periodic or quasi-periodic structures that can be made by MBIL. This fact has led several to turn to MBIL for numerous biomedical applications in recent years. For example, micro-structured particles have been produced using a combination of MBIL and stop-flow lithography as depicted in Figure 15(a) with several potential applications including cell growth, tissue engineering, and biosensors [153]. To immobilize proteins in a square array of anchor sites, nano-scale lattices were formed by interference lithography. This application will assist in the analysis of biomaterials and the study of interactions of living cells with biomolecules [281,282]. As an example, Figure 15(b) depicts a scanning electron microscope image of square lattice of submicron domains to provide selective absorption of protein fibronectin, leading to advanced studies in the influence of protein organization in adhesion complex formation and function. In the development of neural prosthetic devices, phase mask interference lithography was used to fabricate 3D hydrogels with controlled geometries and sub-micron feature sizes as depicted in Figure 15(c). This application could lead to advances in drug delivery, tissue engineering and improved material-device interactions [50]. In the field of antibacterial research, MBIL was used to create a 2D pore-array to immobilize silver nanoparticles, known for their antibacterial properties. In a study of this application, the fabricated antibacterial nanocomposition proved effective against the E. coli bacteria [283]. Based on these recent examples, MBIL could become an important tool in the development of the next generation of biomedical structures.

Figure 15. Biomedical applications. (a) Scanning electron microscope image of micro-structured particles formed using a combination of phase-mask MBIL and stop-flow lithography (Edited from [153]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission). The inset shows the square-grid structure on the surface of the particles. (b) Scanning electron microscope image of square lattice of submicron domains indicate selective absorption of protein fibronectin that is confined to the MBIL-defined 100 nm domains indicated by a gold-enhanced solution (Edited from [282]. Copyright 2010 E. L. Hedberg-Dirk and U. A. Martinez). (c) Scanning electron microscope image of 3D hydrogel structure with interconnected nanopores fabricated using an MBIL phase mask and cross-sectional interconnects (inset) (Adapted with permission from [50]. Copyright 2008 American Chemical Society).
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8. Conclusions

MBI and MBIL have the potential to impact significantly a wide variety of applications. Numerous periodic and quasi-periodic patterns with specific space group symmetries and motif geometries are now possible by careful selection of individual beam amplitudes, polarizations, wavevector configurations, and phases. These same parameters also enable the optimization of the contrast of the resulting pattern, providing lithographically useful patterning possibilities. As such, several optical configurations and lithographic techniques have been developed to incorporate MBIL, providing the potential for low-cost, wafer-scale, simple, and fast lithographic fabrication. Of obvious interest to the nano-electronics industry, MBI and MBIL have found additional applications in the areas of photonic crystals, metamaterials, subwavelength structures, optical trapping, and biomedical structures

The potential importance of MBI continues to grow with the ever-increasing interest in nano-technologies. More research and development are needed to bring MBI into mainstream applications, including combining MBIL with other conventional processes to produce functional integrated devices. In doing so, MBIL may provide the technology necessary to continue to meet the predictions of Moore's law in the IC industry, while finding additional applications in an increasing list of micro- and nano-technology fields.
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