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Metamaterials are composed of periodic subwavelength metallic/dielectric structures that resonantly couple to the electric and magnetic fields of the incident electromagnetic waves, exhibiting unprecedented properties which are most typical within the context of the electromagnetic domain. However, the practical application of metamaterials is found challenging due to the high losses, strong dispersion associated with the resonant responses, and the difficulty in the fabrication of nanoscale 3D structures. The optical metasurface is termed as 2D metamaterials that inherent all of the properties of metamaterials and also provide a solution to the limitation of the conventional metamaterials. Over the past few years, metasurfaces; have been employed for the design and fabrication of optical elements and systems with abilities that surpass the performance of conventional diffractive optical elements. Metasurfaces can be fabricated using standard lithography and nanoimprinting methods, which is easier campared to the fabrication of the counterpart 3 days metamaterials. In this review article, the progress of the research on metasurfaces is illustrated. Concepts of anomalous reflection and refraction, applications of metasurfaces with the Pancharatanm-Berry Phase, and Huygens metasurface are discussed. The development of soft metasurface opens up a new dimension of application zone in conformal or wearable photonics. The progress of soft metasurface has also been discussed in this review. Meta-devices that are being developed with the principle of the shaping of wavefronts are elucidated in this review. Furthermore, it has been established that properties of novel optical metasurface can be modulated by the change in mechanical, electrical, or optical stimuli which leads to the development of dynamic metasurface. Research thrusts over the area of tunable metasurface has been reviewed in this article. Over the recent year, it has been found that optical fibers and metasurface are coagulated for the development of optical devices with the advantages of both domains. The metasurface with lab-on fiber-based devices is being discussed in this review paper. Finally, research trends, challenges, and future scope of the work are summarized in the conclusion part of the article.‬‬‬‬‬‬‬
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INTRODUCTION
Over the past 2 decades, metamaterials [41, 192] have attracted lots of interests owing to their remarkable electromagnetic features. Metamaterials are arrays of special-shaped scattering elements rationally designed, and exhibit some special electromagnetic responses, for instance, negative-index media [139, 143], zero-index materials [196] and ultra-high-index materials [117, 136]. The two-dimensional counterpart of metamaterials, metasurface [74, 104, 107] is much easier to be fabricated and utilized. It can exhibit the amazing capacity of electromagnetic wavefront manipulation, which is mainly introduced by the interaction between an electromagnetic wave and these meta-atoms structures as well as their functional arrangements. Over recent years, metasurface paradigm is considered as an important way to engineer electromagnetic wave, including wavefront shaping [63, 162], polarization conversion [168, 194]and radiation control or energy concentration [18, 79]. With these versatile electromagnetic properties, metasurface has attracted enormous attention from the research communities. Based on strong wavefront modulation capability of metasurface within the sub-wavelength scale, many mete-devices have been demonstrated in the last ten years, such as meta-lens [16, 21, 94, 155], invisible cloak [50, 126], absorber [52, 98, 169], vortex beam generator [176], holography [43, 113, 193] and so on.
it was observed that the dynamic performance of the metasurface is essential for modern-day science and technological applications but conventional metasurface limits its operation in terms of tunability and reconfiguration. Conventional metasurface provides static and predefined optical functions that are normally being governed by the geometry, shape, and arrangements of meta-atoms. Over the past few years researchers put an effort to develop flexible and reconfigurable metasurfaces, where the shape, size, and arrangements of the meta-atoms can be tuned or altered with external stimuli [33, 45, 85]. And many researchers are devoting themselves to access reprogrammable metasurface [83, 87, 103].
Progressive research on metasurface has enormously expanded its application domain over the past decade or so. In this article, a primary focus is being given to the applications of metasurface through wavefront engineering. We have reviewed recent works in the area of metasurface based arbitrary wavefront modulation, and in due course, the review is being extended with flexible and reconfigurable metasurface and meta-devices. The principles of operation of the device, applications along with their extraordinary advantages, fabrication challenges, and prospects are being discussed in a detailed manner. In the aspect of fabrication of new and novel optical devices, metasurface and optical fiber integrated [124, 125] for the development of novel “lab-on-fiber” structures are also illustrated in this paper, which possess enormous potentials for future applications. The review work is concluded with a summarization of the challenges and prospects of this research area.
THE PRINCIPLE OF METASURFACE FOR WAVEFRONT MODULATION
The regulation of electromagnetic waves with traditional optical components, such as lenses and prisms, is realized through the accumulation of phase delay in the process of light propagation, which greatly limits the reduction and integration of optical devices. Control of phase and amplitude plays a crucial part in wavefront modulation. Those traditional optical elements, as well as diffractive elements such as gratings and holograms, are bulky for optical set-up. Whereas, metasurface can modify the amplitude and impart an abrupt phase shift to the incident wave within the sub-wavelength scale through the light-matter interaction, and thus realize the wavefront modulation much more efficiently. In the past few years, several excellent review papers have summarized the development of this field [34, 165]. There are three main types of mechanism for metasurface to manipulate the phase variation under certain polarization states, including resonances with linearly polarized (LP) light, Pancharatnam–Berry (PB) phase for circularly polarized (CP) light, and Huygens’ principle with polarization independence [146].
Wavefront Engineering of Linearly Polarized Light
Fermat’s principle states that light travels along an extremum path. In 2011, Nanfang Yu et al. put forward generalized laws of refraction and reflection in succession, adapted Fermat’s principle to a larger class of interfaces where the presence of antennas may provide abrupt phase jump to incident waves [176]. They derived the general relation between an incident and scattered waves as
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where [image: image] and [image: image] are the refractive indices on the two sides of the interface, [image: image] is the free space wavelength, [image: image], [image: image] and [image: image] are the incident, reflected, and transmitted angles, as shown in Figure 1A, and [image: image] indicates the gradient of the phase discontinuity along with the interface, provided by the meta-atoms of the metasurface. Equation 1 implies that both the refracted and reflected beam can have an arbitrary direction, provided that a suitable constant gradient of phase discontinuity along the interface ([image: image]) is introduced. By engineering a phase discontinuity along an interface, one can fully steer light and accomplish unparalleled control of anomalous reflection and refraction described by the generalized Snell’s law. Implementation of this idea was accomplished by V-shaped gold nanoantennas which were used as a gradient metasurface. As shown in Figure 1B, V-shaped resonators support “symmetric” and “antisymmetric” modes, which are excited by electric-field components along ŝ and â axes, respectively. By changing the length and the opening angle of plasmonic nanorods, one can get an abrupt phase shift over a π phase range as well as different amplitudes, as shown in Figure 1C. However, to achieve full phase regulation, the phase shift range must be no less than 2π phase coverage. Yu et al. realized that, for linearly polarized incident light, a 90° rotation of the V-shaped antennas allowed the remaining π range to be accessed in the cross-polarized scattered waves [111, 175, 176]. As shown in Figure 1D, if each second source at a position x of the interface carries an abrupt phase variation over 2π phase coverage, the abnormal refraction and reflection can be observed. Reference to the theory of gradient metasurface, many other structure designs such as C-shaped antennas [96], nanorods [58] and nanobricks [121], were proposed later and demonstrated to have full phase control capability. What’s more, by adjusting the size of the unit cell, these electromagnetic responses were achieved in different frequency ranges, such as visible-band [93], near-infrared [74] and mid-infrared frequencies [176]. However, these proposed designs were realized by cross-polarized components coupled to the scattering field. The maximum coupling efficiency between the two polarizations was extremely limited within a single metasurface, and thus, only a small amount of incident electromagnetic energy can interact with the metasurface while a large amount of energy radiated outside in an ordinary way [109]. In order to improve the efficiency, gradient metasurfaces operating in reflection with a back ground plane were proposed [121, 122, 141], as shown in Figure 1E. This type of metasurface consisted of metallic nanoantennas array separated from a metallic ground film with a thin dielectric layer, namely Metal-Insulator-Metal (MIM) structures. Thanks to the strong coupling between the top antennas layer and the ground metallic plane, magnetic resonances as gap modes inside the dielectric spacer were excited, and thus phase delay up to 2π can be achieved.
[image: Figure 1]FIGURE 1 | (A) Generalized Snell’s law of refraction and reflection: Schematic of anomalously refracted and reflected beams for cross-polarized scattered beams. (B) V-shaped nanoantenna supports symmetric and antisymmetric modes, which are excited by cross-polarized components of the incident light. There is a π phase difference between the mirror structures [176]. (C) Simulated amplitude and phase shift of the cross-polarized scattered light for V-shaped nanoantennas with different length and opening angle of gold nanorods at wavelength of 8 μm [176]. (D) Anomalous refraction phenomenon caused by phase discontinuities with a gradient metasurface consisting of V-shaped nanoantenna array [176]. (E) Anomalous refraction phenomenon caused by metasurface operating in reflection with a back ground plane [141]. Figure reproduced with permission from: (B)–(D), © 2011, American Association for the Advancement of Science (AAAS); (E), © 2012, American Chemical Society (ACS).
Modualtion of Circularly Polarized Light Through Pancharatnam–Berry Phase
The metasurfaces discussed in the previous subsection are designed for linearly polarized waves, which is incapable for controlling CP waves. Recently, Pancharatnam–Berry phase metasurfaces [57] attracted intense attention due to their strong capabilities in modulating CP waves. Consider two arrays of identical scattering elements placed on the x-y plane, and the structures in one group are rotated at an angle of θ with respect to the counterparts in the other group. Then illuminating the two scatter arrays by the same CP beam, only one difference can be observed between the spin-flipped components of waves scattered by these two arrays of meta-atoms, which is a phase factor ei2θ, independent of the scatter details and the frequency. This phenomenon is called PB phase, which can be created by any anisotropic optical antennas. From the mathematical derivation, assuming that the incident CP wave is left-handed circular polarized (LCP) light [image: image] (or [image: image] for right-handed circular polarized (RCP) light), the scattered light Es from an anisotropic antenna with an orientation angle of θ can be described as Refs. 49 and 174.
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where to and te are the scattering coefficients for the two orthogonal linear polarization components of the incident light along the two axes of the scattering elements. From the Eq. 2, it is clear that the scattered light consists of two circular polarization states: one component has the same handedness as the incident CP beam without any phase delay (as shown by the first term of the above equation), and the other component is cross-polarization with a phase delay of ±2θ (as shown by the second term of the above equation). The sign “+” and “−” represent the phase delay for the incident LCP and RCP light, respectively, as shown in Figure 2A [57]. Because the phase delay is linear to the orientation angle of the scattering elements, it can provide continuous phase control from 0 to 2π very easily, by rotating the anisotropic meta-atoms from 0 to π, such as C-shaped split-ring resonators, nanorods, and nanoslits [58, 145, 179]. Although PB phase metasurface can regulate CP beams, the conversion efficiencies of earlier published works were very low. It was demonstrated that the maximum conversion efficiency of a single layer ultrathin PB phase metasurface was limited by 25% [31]. To improve the working efficiency, MIM structures working in reflection style were proposed and proved to be an effective approach [193]. On the other hand, if the metasurface contains both electric and magnetic resonators, resulting in constructive interference at the transmission side and destructive interference at the reflection side, and thus a transmissive ultrathin PB metasurface with an ultra-high efficiency can be achieved [102] as shown in Figure 2B.
[image: Figure 2]FIGURE 2 | (A) Schematic diagram of normal and anomalous refraction by Pancharatnam–Berry metasurface when illuminated by LCP and RCP light, respectively, [57]. (B) Picture of fabricated Pancharatnam–Berry metasurface exhibiting both electric and magnetic responses and its ultra-high transmissive conversion efficiency [102]. (C) The surface equivalence principle is employed to find the fictitious electric and magnetic surface currents that satisfy the boundary conditions [116]. Figure reproduced with permission from: (A), © 2012, American Chemical Society (ACS); (B), © 2017, American Physical Society (APS); (C), © 2013, American Physical Society (APS).
Huygens’ Principle With Polarization Independence
Different from those designs based on phase compensation on different polarization states mentioned above, Huygens’ metasurface considers the impedance matching on the interface with polarization insensitivity [116], and simultaneous excitation of electric and magnetic dipole moments are achieved. According to the surface equivalence principle [116, 133], it was understood that both electric and magnetic surface currents were required on the interface to create the desired field distribution and meet the boundary conditions, as shown in Figure 2C. Consequently [116],
[image: image]
where [image: image] and [image: image] are the required electric and magnetic surface currents. The specially designed subwavelength metallic texture was usually fabricated on the dielectric substrate to get the required surface impedance of each unit. A general method was proposed to convert the desired transmission/reflection phase distributions to the required surface profiles of Huygens’ metasurface [108]. Minimization of the transmission loss was accomplished by high contrast transmits/reflect arrays and it was developed by using a significant high index layer [4, 5].
In particular, metallic metasurface has a large ohmic loss in optical frequencies, which significantly limits and even degrades its performance. Thus, in this regime, high-index dielectric resonators with low loss (dielectric metasurface) was a hot topic in this decade [6, 93, 167, 177]. Electric and magnetic resonances are excited in dielectric metasurface, which can be classified as Mie resonances [36, 39, 53, 115], replacing the plasmonic resonances in metallic counterparts, and thus cause the dielectric metasurface to produce electromagnetic response, including amplitude modulation, abrupt phase jump production and so on [4, 134].
THE APPLICATIONS: WAVEFRONT ENGINEERING WITH METASURFACE
Since the advent of the metasurface, it has demonstrated excellent wavefront shaping ability, which makes it a promising application in many fields. After sorting the theory and techniques of metasurface to control the phase and amplitude under different polarization states, a detailed review of their applications in the domain of photonics devices is being discussed in this section.
Meta-Lens
Metasurface can provide abrupt phase mutations to incident electromagnetic waves within sub-wavelength scales. In the previous section, we have discussed the abnormal refraction and reflection of incident light caused by these abrupt phase variations along the interface of the two medium. The light beam can be twisted, focused; and special optical beams like optical vortex beam [10, 134, 178], and Bessel beam [14] can be generated with a controlled phase profile of the metasurface. Phase profile engineering is the basic tool that has being used over the years to control the shape of the incident wave and a detailed discussion over creation of the phase profile for meta-lens are being given in this section.
Assuming the electromagnetic energy was focused at a distance of “f”, as shown in Figure 3A, the phase distribution (in the x-y plane) for transmitted or reflected wave should be arranged as the Eq. 4 below [174] to compensate for the optical path difference:
[image: image]
Based on the concept of optical phase discontinuities, Capasso et al. demonstrated a meta-lens at Telecom wavelength with V-shaped nanoantennas, as shown in Figure 3A [2]. However, the focusing efficiency was approximately 1% only. Complementary V-shaped apertures were also proposed to realize meta-lens in the optical regime, but the efficiency was not improved [112]. MIM structure-based meta-lens were demonstrated to improve the focusing efficiency, in the near infrared [123] and mid-infrared regimes [183]. Because of the large ohmic loss of metal in optical frequencies, which limits the efficiency to a certain extent, many metallic meta-lens were designed to work in larger wavelength regime, such as Terahertz, millimeter-wave or microwave regime [24, 27, 92].
[image: Figure 3]FIGURE 3 | (A) Design schematic diagram of phase distribution of metalens as well as metallic metalens consists of V-shaped nanoantennas with different lengths and opening angles of plasmonic nanorods [2]. (B) Dielectric metalens consists of high-aspect-ratio titanium dioxide (TiO2) nanobricks with different orientations [72]. (C) Dielectric metalens working in a large wavelength range (1,200–1,650 nm) with super meta-atoms composed of multi-resonators [137]. Figure reproduced with permission from: (A), © 2012, American Chemical Society (ACS); (B), © 2016, American Association for the Advancement of Science (AAAS); (C), © 2018, Nature Publishing Group (NPG).
Recently, dielectric metasurfaces were developed to circumvent the significant Ohmic losses at optical frequencies [89, 173, 189, 197]. Our group compared the resonance performance in metallic and all-dielectric metasurface in a detailed way [51]. In 2014, utilizing the spin-dependent properties of PB phase, Lin et al. proposed a transmissive metalens composed of thousands of Si nanobeam nanoantennas. Via rational structural tuning, the metalens was designed to exhibit a focal length 100 µm with an NA = 0.43 at wavelength of 500 nm. When shining the metalens with RCP light through the substrate, the transmissive light was converted to LCP focal spot with a size of 670 nm, which was close to diffraction limit [93]. Later on, Capasso et al. successfully realized the fabrication of high-aspect-ratio titanium dioxide (TiO2) metasurface, as shown in Figure 3B. Based on the geometric PB phase, they demonstrated three metalenses with large NA (0.8) working at wavelengths of 660, 532, and 405 nm with corresponding efficiencies of 66, 73, and 86% [72]. In their following work, a polarization-insensitive metalens working at these three wavelengths was demonstrated, which had large NA (0.85) and high efficiency (over 60%). Importantly, the focusing ability of the incident light was down to diffraction-limited spots (∼0.64 λ), which were very promising [73].
Since these metalenses operate based on the phase jump governed by resonance conditions, the dispersion effect of the metalens limits their operation in a broad range of frequency. Thus, minimization or removal of chromatic aberrations of metalenses has been a serious matter of concern in the case of designing and fabrication of the metalens. Avayu et al. designed a multi-layer structure by vertically stacking independent metasurfaces and demonstrated a triply working wavelength achromatic metalens in the visible range (450, 550, and 650 nm) [9]. Capasso and his co-workers combined multiple dielectric resonators into meta-atoms and realized an achromatic metalens at three discrete wavelengths (1,300, 1,550 and, 1,800 nm) [71]. Similarly, Yu et al. utilized this combining method with new meta-unit geometries that can fulfill the space to a much greater degree, and realized a polarization-independent metalens with focusing efficiencies over 20% within a broadband of 1,200–1,650 nm [137], as shown in Figure 3C. Employing both low-Q-factor resonance induced phase and geometric phase that compensate with each other, an achromatic metalens working in a large wavelength band (1,200–1,680 nm) with the efficiency of ∼12% was demonstrated experimentally [156]. Achromatic metalens consists of GaN-based integrated resonator meta-atom was designed and fabricated, which proved to eliminate chromatic aberration in visible wavelength (400–660 nm) with an average efficiency of ∼40% [155]. Recently, tunable dielectric meta-lenses were also proposed [6, 68] to provide more usage of meta-device with higher freedom. In the later part of this review, we will discuss about these reconfigurable metasurface.
Metasurface Holography
Metasurface can also realize the holograms by tailoring the amplitude and phase of the electromagnetic wave simultaneously. In 2013, Shalaev et al. proposed a complementary V-shaped groove array fabricated in a 30 nm gold film on a glass substrate and demonstrated the holographic image of the word “PURDUE” illuminated by a visible laser of 676 nm, as shown in Figure 4A [113]. Based on PB phase arrangement, three-dimensional holography for a jet was experimentally demonstrated with metallic nanorods metasurface, which had a large field of view estimated as 40° [58]. Single-layered plasmonic metasurfaces generally suffered from low efficiency, MIM reflection configuration was utilized and realized a high efficiency (80%) reflective metasurface hologram of Einstein’s portrait at the working wavelength of 825 nm, as shown in Figure 4B [193]. Another method to improve the efficiency of the transmissive metasurface hologram is using the dielectric Huygen’s metasurface, which has been experimentally demonstrated to reach ultra-high diffraction efficiency over 99% at the wavelength of 1,600 nm with silicon nanopillar design [152].
[image: Figure 4]FIGURE 4 | (A) Complementary V-shaped metallic grooves produce a single-color holographic image of the word “PURDUE” [113]. (B) Metasurface hologram with Metal-Insulator-Metal (MIM) structure design for improving the efficiency and shows an Einstein’s portrait [193]. (C) Metasurface with super meta-atoms composed of multi-resonators designed for RGB three-primary colors and demonstrates three-colors metasurface hologram [60]. (D) Metasurface hologram with off-axis illumination method realizes the decoding of three primary color components, and further generates their secondary superimposed colors (such as cyan, magenta, yellow, and white) [145]. (E) Design principle of the multi-freedom metasurfaces for full-color meta-hologram [29]. Figure reproduced with permission from: (A), © 2013, Nature Publishing Group (NPG); (B), © 2012, Nature Publishing Group (NPG); (C), © 2015, American Chemical Society (ACS); (D), © 2016, American Chemical Society (ACS); (E), © 2020, Wiley.
These metasurface holograms mentioned above, in which the meta-atoms were designed for one specific wavelength, were single-color holograms. By combining the multiple resonators with various resonance wavelengths into each meta-unit cell, the matasurface designs can control multi-wavelength beam simultaneously. Based on this methodology, Tsai and co-workers realized binary-phase holograms working for three primary colors (red, green, and blue) with aluminum MIM design, as shown in Figure 4C [60]. Similarly, Choudhury et al. designed super-unit cells consisting of three silver nanoslits with different sizes and orientations, and thus re-built transmissive three-color hologram [26].
Further on, via modulation of the intensity and phase of RGB (red, green, and blue) laser, (also called color mixing), three-color metasurface holograms can evolve into a full-color hologram. Wan et al. and Li et al. used the off-axis illumination method, that is using three beams of laser (red, green, and blue) to illuminate the metasurface with different tilted incident angles, thus decode three primary color components, and can further generate their secondary superimposed colors (such as cyan, magenta, yellow, and white) [90, 145], as shown in Figure 4D. The full-color metasurface holograms were demonstrated by using dielectric metasurfaces, such as silicon nanoblocks [11, 147], silicon nanodisks [188], titanium dioxide (TiO2) nanodisks [161] and even graphene oxides [91]. In a very recent work, multi-freedom metasurfaces were proposed, which can modulate phase, amplitude, and polarization simultaneously and independently. Li’s group combined the frequency-independent PB phase and detour phase and realized a complex-amplitude vectorial hologram at various wavelengths, thus a full-color meta-hologram was demonstrated, as shown in Figure 4E [29].
Metasurface Based Invisible Cloak
A cloak is a device with the ability to render objects invisible to incoming waves. Transformation optics and metamaterials are offering powerful tools for the development of cloaking devices [17, 81, 142]. Though the concept of the invisible cloak was successfully demonstrated with metamaterials,in practical aspects, development of 3-dimensional cloak with 3D metamaterials is extremely difficult. An alternative approach was first introduced with waveguide based cloaking and it played an important crucial role over a “quasi-conformal mapping technique” where the cloak concealed an object by restoring a wavefront as it was being reflected from a flat surface. This concept was defined as “carpet cloaking” and was demonstrated accordingly [38]. The realization of ultra-thin carpet cloaking was feasible due to the ultra-thin engineered metasurface based structure. Metasurfaces provided an efficient way of designing three-dimensional arbitrary shaped carpet cloaks with ultrathin thicknesses and low loss. The multi-layers structure of metasurface was proposed to offer the broadband performance of the cloak [148]. Metallic resonator with discontinuous phase was fabricated over a polyimide substrate. An excellent wavefront manipulation was demonstrated and it was employed over a surface with a triangular bump [158]. The schematic representation of the metasurface carpet clock was shown in Figure 5A. The cloaking layer was fabricated with a standard lithography process, and low loss flexible polyimide layer was used as the spacer medium. Terahertz time-domain spectroscopy with an angular scanning system was used for terahertz cloak demonstration.
[image: Figure 5]FIGURE 5 | (A)Schematic representation of the metasurface based carpet cloak [158]. (B) Deep-learning-enabled self-adaptive metasurface cloak [126]. Figure reproduced with permission from: (A), © 2017, Optical Society of America (OSA); (B), © 2020, Nature Publishing Group (NPG).
The dispersion of materials is always the main challenge in optical components for broadband carpet cloaking. A novel metasurface was proposed recently for carpet cloaking with linear polarization at visible wavelengths from 650 to 800 nm. In this proposed structure, a thin slot of waveguide based metasurface was presented [50]. Very recently, a metasurface featuring machine learning algorithm was used as an adaptive cloaking system. This work shows the development of next-generation invisible cloak with artificial intelligence. An effective tunable metasurface loaded with varactor diodes was used for the fabrication of invisible cloak in the microwave range, as shown in Figure 5B. The metasurface cloak can respond swiftly, on a millisecond timescale with a change in incident wave and surrounding medium by a pre-trained artificial neural network which was a fundamental building block of deep learning [126].
A TREND: FROM SLAB METASURFACE TO FLEXIBLE METASURFACE
The metasurfaces are required to operate in many other different surfaces apart from large planar wafers for the application of various practical requirements, as well as cooperating with different devices. Thus, the realization of flexible (or soft) metasurface becomes one of the emerging topics nowadays. Soft Metasurfaces are normally being fabricated with metal, metal-dielectric structures, or only dielectric materials deposited over a flexible substrate [12, 22, 69], which are now considered to be the competitive platform for controlling the optical properties of the output light with mechanical force [20]. Meta-structures recently are being developed over flexible polymer [66], 2D materials [61, 99], or carbon nanofilms [138]. To expand the potential application range of flexible metasurface, our group fabricated metastructures on low-cost aluminum foils, which were widely used in food packaging [54]. Numerous modern-day engineering and scientific applications were being carried out over the curvature surface and non-planar surface where the planar sensor/device was outperformed due to the necessary efficiency [66]. Flexible metasurfaces were realized on low surface energy polymers, like polydimethylsiloxane (PDMS). PDMS can adhere to all surfaces in a conformal manner onto curved surfaces, epidermis, and packaging materials [67, 181]. Figure 6A represents the schematic representation of flexible metasurface with PDMS polymer. In this particular case, an amorphous Silicon nano post and a thin layer of Al2O3 were embedded in a low index flexible PDMS substrate. The thin dielectric metasurface layer conformed to the flexible substrate can modulate the optical response of the flexible substrate.
[image: Figure 6]FIGURE 6 | (A) Soft metasurface conformed to the surface of a transparent object with arbitrary geometry to re-shape the wavefront and realize the focusing of transmissive electromagnetic wave [66]. (B) Microscopic pictures of the soft metasurface and its reflection spectrum of transverse electric (TE) and transverse magnetic (TM) modes of the electromagnetic waves within THz frequency domain [185]. (C) Process of developing the soft metasurface via transfer printing [66]. Figure reproduced with permission from: (A)–(C), © 2016, Nature Publishing Group (NPG).
Soft-metasurface with a randomized phase distribution was employed for diffuse terahertz wave scattering. The distinctly patterned gold layer was deposited over the polyimide substrate for the fabrication of the structure [185]. Figure 6B represents the microscopic view of the sample as well as its reflection amplitudes with different modes. The energy of surface plasmon polarition of Bloch wave was tuned by flexible meta structures. The tunable plasmonic response was achieved with two layers of gold nanoribbon arrays [99]. The performance of graphene nanoribbon arrays in soft metasurface based plasmonic structures was also investigated in a detailed manner [153]. Randomly distributed meta elements over the polyimide thin films were employed to develop low scattering surface for possible EM stealth technology [187].
Modern and advanced micro and nanofabrication technologies are the basic fabrication tools that are being used for the development of soft and flexible metamaterials [144]. Photolithography, electron-beam lithography, and focused-ion-beam lithography are the most commonly used lithography for patterning nanostructures over the metasurfaces [49, 140, 174]. The resonance pattern over a flexible substrate can be accomplished with electron beam lithography [176], focused ion beam lithography [40, 113], plasmonic lithography [101], probe scanning lithography [62], laser writing lithography [44, 186] and plasmonic lithography [101]. Nanostencil lithography [105, 149] has enabled nanopatterning on a wider range of flexible nonplanar substrates with a simple fabrication process. The softness of the photonics device can be assessed by “mechanical flexibility”. Flexibility is normally measured with the maximum possible deformation without any damage in the structure. Yield strength can measure mechanical flexibility and it is defined as maximum allowed strain with deformation of the photonic device. The minimization of the strain of the photonic device layer with deformation force is the key parameter for the fabrication. Minimization of strain can be attained by adopting the so-called “neutral plane” configuration. At the neutral plane, the strain response of the structure vanishes [55].
The transfer of resonance pattern over the flexible substrates needs to be released from the hard substrate which seems to be a delicate part in the designing [45, 66, 84]. Transfer of the metasurface layer over the flexible substrate can be done by transfer printing (or called stamp printing). Two mostly used processes are a) direct flip transfer and b) stamp assisted transfer. Monolithic patterning of soft photonic devices is used often as they provide ease of fabrication, improved yield, and large area patterning capability. The encapsulated devices are peeled off from the rigid handler to complete the fabrication process of the soft photonic devices, as shown in Figure 6C. The sacrificial layer used for successful detachment of flexible metasurface from a rigid substrate. A diluted ammonia solution was used to remove the sacrificial layer from the fabricated structure. Similarly, Ambhire et al. also proposed “Pattern and Peel” method, using PDMS as the sacrificial layer, to fabricate the metasurface on an elastomeric substrate (PDMS) [3]. What’s more, they also showed reconfiguration or tunability of the resonance by stretching PDMS layer, and thus realized a kind of reconfigurable metasurface, which will be covered in detailed in next section with various types.
RECONFIGURABLE METASURFACE: AN ENCOURAGING IMPROVEMENT FROM STATIC
The optical properties of the metasurface are related to engineered structure. Size, shape, and the inter meta-atomic distances as well as the optical parameters of materials control and dictate the optical characteristics of the metasurface. However, traditional metasurfaces are difficult to be tuned after being fabricated, which considerably limit the degree of freedom for full-wave controls. As such, it is highly desirable to realize dynamic metasurfaces, whose functionalities can be actively tunable with controlled external factors. Recent few years, there have been some impressive works published. In this part, the reconfigurable metasurface is being discussed in detail.
Mechanical Force in Soft Metasurface
Geometric arrangements of resonant building blocks with a fixed material composition drive the performance of the metasurface. The performance of metasurface can be tuned by varying the shape, size, and spatially arrangements of the constituent meta-atoms. Mechanical force is the main influence on the tuning of the optical properties of the tunable metasurface. Novel aspects of manipulating light could be achieved with the ability to bend, stretch, and roll of the device on flexible substrates and which promises a new wave of device designs and functionalities [69, 144, 174].
Unique and typical characteristics that are being found in metasurface through mechanical deformation is mostly due to the flexible substrates [69, 130, 144]. PDMS, a silicon-based organic polymer is being widely used as an elastomeric substrate due to its low optical loss and excellent elasticity during reversible deformation. Transmittivity of flexible metasurface was demonstrated in detail, and an excellent control over the optical properties by mechanical tuning was shown. Figure 7A depicts that the metasurface exhibits remarkable resonance shifts with mechanical tuning [45]. The interparticle distance was used to modulate the optical properties of metasurface with mechanical stretching. The gap between successive resonators was found to be varied from 10 to 140 nm with 0–100% applied strain over PDMS substrates [97]. The mechanical flexibility of engineered metasurface was explored in tuning the focal length of meta-lens. All-dielectric material metalens was demonstrated where amorphous silicon post was developed over the PDMS substrate [68]. The mechanically tunable lens in visible wavelength was also demonstrated with significant efficiency in controlling the focal length. The lattice constant of Au nanorod was tuned which is fabricated over PDMS substrate [33]. Polarization of the incident wave can be tuned with chirality of the metasurface, and nanostructures with chiral geometries exhibit strong polarization rotation. Plasmonic nano colloids with rotary optical activity were developed with twisted PDMS substrate and multilayers of metal nanoparticles [76].
[image: Figure 7]FIGURE 7 | (A) Stretch the flexible metasurface and realize remarkable resonance shifts [45]. (B) MEMS metasurface with cantilevers allow structures can be tuned via electricity voltage. There are significant shifts of resonance wavelength as one end of unfixed open ring resonators gradually warps [120]. (C) The reconfigurable metasurface with suspended MEMS structure design and its three reconfigurable states [182]. (D) Schematic diagram and actual appearance of programmable metasurface [103]. Figure reproduced with permission from: (A), © 2016, American Chemical Society (ACS); (B), © 2016, Wiley; (C), © 2017, Nature Publishing Group (NPG); (D), © 2019, Nature Publishing Group (NPG).
From Microelectromechanical Systems to Programmable Metasurface
Microelectromechanical systems (MEMS) offers a method to realize the structural reconfiguration of the metasurface, thus modifying the electromagnetic response. Metasurface based mid-IR flat lens was developed for active beam steering [128]. The design of microcantilever arrays in metasurface allowed the structure can be tuned between the “touch” and “separate” by the electrostatic force [28, 120, 190]. Figure 7B presents a MEMS metasurface with micro-cantilever, which realizes structural tunability with electricity. There were significant shifts of resonance wavelength as one end of unfixed open ring resonators gradually warps. Discrete structures, which stood on substrates with different properties, offered the possibility of modification [182]. As shown in Figure 7C, the metasurface composes of two types of slabs. One kind of slabs patterned on a rigid substrate and the other one was suspended, which can be shifted by a micromachined actuator. However, recently explored MEMS metasurfaces generally work in the Terahertz band, microwave regime, and range with longer wavelengths, which have a large size with a dimension of tens of micrometers or even larger. For those more compact meta-structures working in a higher-frequency region, one needs to explore special sophisticated methods, such as Nanoelectromechanical systems technology. Further on, blending self-feedback and programming algorithms into the metasurface, programmable metasurface can be achieved. More recently, Cui et al. utilized the diodes and field-programmable gate array, which embedded into the metasurface, to store a bulk of coding sequences as well as corresponding electromagnetic responses, and realized a smart metasurface [103]. Figure 7D presents the appearance of this reprogrammable metasurface. Adaptive single-beam, multi-beam manipulation, and other dynamic reactions were demonstrated successfully. In recent years, with the rise of artificial intelligence, concepts such as machine learning have emerged in many fields. With the aid of machine learning, reprogrammable metasurface will also be more intelligent [87]. This is undoubtedly a promising direction in the field of metasurface research.
Structures With Tunable Materials
The reconfigurable metasurface mentioned above is achieved by changing the structure (shape, arrangement). Utilizing those tunable materials, as a part of the structure design, can also be a strategy to realize the modification of metasurface. Phase-change materials (PCMs), such as the GeSbTe (short for GST) alloys, suffer from significant optical parameters variation between the amorphous and crystalline states, and thus recently being used to modify the optical properties of metasurface [15, 25, 30]. Galarreta et al. embedded a thin layer of GST into silicon nanodisks and realized the modification of resonance [129]. In addition to the amorphous and crystalline states, stepwise intermediates states were also demonstrated [154].
Graphene has received a lot of attention since its discovery. It can also be used to achieve reconfigurable metasurfaces due to its adjustable band gap and excellent optical properties. A monolayer graphene sheet was patterned on the silicon photonic crystal-like substrate and realized tunable induced transparency via the electrical method [23]. Fan et al. used a pump beam to excite the graphene and enhanced the initially weak magnetic resonances significantly [35]. Similarly, giving stimuli according to other embedded materials sensitive to a thermal, electric, or optical stimulus can also get a tunable metasurface. For example, silicon illuminated with infrared pump beam can produce photocurrent and tune the resonance of metallic metasurface [42]. Recently, ferromagnetic particles were mixed in the 3D-printed soft materials and realized the actively controlling of the shape under applied magnetic fields [77], which can be also referred to in the metasurface design.
Fluidic Unit Cell Metasurface
Microfluidic technology [13, 106] enables people to control liquids in various fields within micro-/nanoscale, which matches the structural dimensions of the metasurface well. Recent few years, the combination of microfluidic and metasurface is emerging gradually [184]. Injecting liquid into a sub-wavelength periodic channel structure, i.e., “liquid cell metasurface”, and using the fluidity of the liquid or liquid material, personalized micro-structure units can be created to customize the metasurface optical response. Besides, more applications are required to be completed in a liquid environment, such as bio-sensing, bio-detection, and bio-imaging. Different optical responses can be obtained by injecting different solutions into the water-cell metasurface microstructure. Most water-cell metasurfaces are used as sensors to detect incoming samples. For example, a THz system that combines highly sensitive and non-invasive detection of biological samples with metasurfaces and microfluidics was developed recently [59], and an ultra-sensitive fluid sensor capable of determining the type and concentration of chemical reagent with high accuracy was demonstrated successfully [1]. All of these have laid the foundation for accurate detection in the future medical chemistry and other fields. While the liquid-metal is a substance with fluidity, metallicity, and thermal expansion characteristics. Mercury (Hg) was first used in the metasurface molecules in the microwave band to regulate the propagation of waves, as shown in Figure 8A [70]. However, Hg is highly toxic and thus be replaced by some alloys such as eutectic gallium-indium (EGaIn). In Figure 8B, by injecting EGaIn into PDMS mold, the first THz liquid-metal-cell metasurface was born [150, 151]. Later, the metasurface composed of small tubes infused with liquid-metal EGaIn and copper wire pairs completed the tuning of switching the electromagnetically induced transparency (EIT)-like response [164]. The liquid-metal alloy EGaIn was injected into the microfluidic channel on the PMMA substrate, and the shear of the resonance frequency from 10.96 to 10.61 GHz was completed while maintaining the absorption rate up to 98% [95]. As for more precise reconfiguration, a metasurface for periodically distributed ring resonators was designed as shown in Figure 8C, which can modulated the shape of the liquid-metal Galinstan, a gallium indium tin alloy, in each ring resonator individually, and then dynamically adjusted the light reflection [166]. According to the thermal expansion of liquid-metal mercury, different broadband THz metasurface absorbers were proposed and can be customized at different temperatures [180].
[image: Figure 8]FIGURE 8 | Structures of liquid-metal-cell metamaterials. (A) Reconfigurable electromagnetic metamaterials using Hg in metamolecular [70]. (B) Reconfigurable THz metamaterial device with EGaIn in microchannels [150]. (C) Individually modulating ring-resonator-array metamaterial using liquid-metal Galinstan [166]. Figure reproduced with permission from: (A), © 2009, AIP Publishing; (B), © 2014, Optical Society of America (OSA); (C), © 2017, AIP Publishing.
Metasurface in Fluid-Background
The fluid-background metasurface is a solid-liquid mixed metasurface. The developed metasurface is immersed in water, alcohol, liquid crystal (LC), or even a solution of suspended nanoparticles, to achieve the corresponding purpose of induced tuning optic waves. Water is the most abundant liquid resource on earth. Because it is cheap and non-toxic, and can be miscible with a large number of liquids, it is a very common liquid surrounding material and different structures were proposed over the years [32, 56]. Ethanol [75], glucose solution [195], sucrose solution [114], etc. are also often used as background material. By adjusting the concentration of the solution covering the solid metasurface, the refractive index of the solution is changed, and then the dielectric constant is changed, and finally, the optical response is adjusted [114]. In recent years, LC has attracted much attention as a promising background material of metasurface. It has both crystallinity and fluidity at room temperature. By changing the external conditions, the orientation of the LC molecules can be redirected to achieve a tunable optical response. The excellent characteristics of LC make it applicable in many fields. Liu’s group has designed several reconfigurable chiral metasurface absorbers by using a LC layer as an insulator layer. In one structure, the circular dichroism of the incident light will be modulated with the different alignments of the LC molecules, which could achieve the effect of reversing circular dichroism [172]. Other plasmonic LC reconfigurable chiral metasurfaces of sandwich-structure, as shown in Figure 9A, were simulated to spin-selectively absorb CP light at multiband frequencies [160] and efficiently [171]. Recently, THz beam was manipulated by programmable LC background metasurfaces, as shown in Figure 9B. In this article, the “0” and “1” encoding technology was used to switch the state of different arrays to redirect the LC molecules in it, thereby changing the refractive index of different regions, and finally realize the dynamic manipulation of the THz wave, and its maximum deflection angle reached 31.2% [159]. Similarly, a digital metasurface device for light projection display was demonstrated with each pixel is electrically reconfigurable [82]. A LC plasma metasurface was also developed to display electronically adjustable color labels [135]. Metasurfaces with LC as the surrounding material was used as all-optical switches [8]and switches of controlling the generation of second harmonics of metasurface [127]. In terms of controlling electromagnetic radiation, the LC-based metasurface was also designed to successfully achieve dynamic thermal camouflage, as shown in Figure 9C, which provides a new development direction for the future thermal metasurface with emissivity engineering [100]. Nanoparticle solutions can also be used a background materials as same as LC. The orientation of the nanoparticles suspended in the solution can be redirected and rearranged by tuning the external factors, and thus the light will be controlled [48].
[image: Figure 9]FIGURE 9 | Structures of LC background metamaterials. (A) Reconfigurable spin-selectively multiband absorber based on LC chiral metasurface [160]. (B) Codeable LC metamaterial for controlling THz beam [159]. (C) Metal-LC-Metal platform with dynamic thermal camouflage function [100]. Figure reproduced with permission from: (A), © 2018, Optical Society of America (OSA); (B), © 2020, AIP Publishing; (C), © Walter de Gruyter GmbH 2020.
A NEW PLATFORM: METASURFACE ON FIBER
After the demonstration of the powerful capability of electromagnetic wave manipulation by metasurface, it has been successfully applied to optical fibers, bringing immense advantages over its domain of applications. Thus amalgamation of metasurface and optical fibers provide a powerful platform for the development of novel optical components. With the emergence of “Lab of Fiber”, micro-, nano-structure, and metasurface are fabricated on/in/around the optical fiber to realize specific functions [37, 125, 163, 191].
Optical fiber devices decorated with micro-structures and functional materials have been studied for decades. Still, the surface decoration based on traditional self-assembly is almost out-of-order and uncontrollable. Thus, the ability to fabricate controllable structures on optical fiber will help the further expansion of the application. However, considering that most of the micro- and nanofabrication methods arising from the microelectronic industry operate on large planar substrates, fabrication of metasurface on the fiber is difficult. Researchers are contributing their wisdom to combine fiber optics with metasurfaces.
One primitive approach is self-assembly lithography. Since the nanospheres float in a regular arrangement at the interface between air and non-polar solvent, which is also called Langmuir-Blodgett procedure [7]. Pisco et al. used self-assembled polystyrene nanospheres as a mask and fabricated round hole periodic structure on the facet of fiber [118], as shown in Figure 10A. Similarly, a polymer solution with water droplets assembled as a close pack array inside was also used. The template was accomplished with evaporation of the water. They realized a round-hole periodic structure on the facet of fiber with the help of the holder [119]. Further on, this kind of regularly arranged nanostructures templates was used as Kaleidoscope shadow masks when illuminated with different incident angles, and thus makes it possible to fabricate more periodic structures [110], as shown in Figure 10B.
[image: Figure 10]FIGURE 10 | (A) Fabrication process of meta-structure on the fiber end-facet via self-assembly lithography [118]. (B) Meta-structures fabricated with Kaleidoscope shadow masks [110]. (C) Anomalous transmission on fiber meta-tip [125]. Figure reproduced with permission from: (A), © 2017, Nature Publishing Group (NPG); (B), © 2014, American Chemical Society (ACS); (C), © 2017, Nature Publishing Group (NPG).
However, self-assembly lithography can only satisfy a limited number of simple structures. For more complicated structures, one needs to explore a more competent method for an advanced level of fabrication. Principe et al. utilized a holder to clamp the single-mode fiber and deposited a gold layer on the facet of fiber via electron beam evaporation, subsequently fabricated a rectangular groove array, which covered the entire core regime, with focused-ion-beam nanofabrication processed directly [125]. As shown in Figure 10C, the rectangular grooves with different lengths on the fiber end-facet produced various phase jumps, and the anomalous transmission in optical fiber was firstly demonstrated on this fiber meta-tip. Later, controlled absorption was also demonstrated in the optical fiber system with a similar method, and can be further used in logical operation [163].
This direct lithography method ensures that the shape of the fabricated metasurface structure can meet the requirements to a greater extent as one wishes. However, the resolution of standard UV lithography is over 1 µm while the size of the meta atoms on fiber end-facet is approximately ∼100 nm or even smaller. E-beam lithography and FIB are normally used for the fabrication of the metasurface on fiber. What’s more, compared with flat wafers, optical fibers are less compatible and controllable in lithography process. The scalability issue of the fabrication of metasurface are limited by the following factors: 1) The flatness and smoothness of the surface of the fiber tip; 2) The stability of the position of the fiber, as special mount is required to put the fiber vertically below the electron beam, a slight shift of the fiber from its position could affect the designing in a massive manner; 3) The size and pattern of the meta-atoms, which also greatly affect the speed and efficiency of the fabrication. It needs to be mentioned that both e-beam lithography and FIB fabrications methods are not industrial grade. So specific optimization processes are required to be followed for each of the specific fabrications. The fabrication of meta atoms over the planar device is a bit easier to optimize than that required for optical fiber. As a result, it would be extremely inefficient to make these nano-structures directly on optical fibers.
Recently, transfer of nano-structure from a large wafer onto the fiber end-facet became a potential method to make metasurface on fiber [157]. Juhl et al. utilized UV-curable hybrid polymer to transfer the gold nanoantennas array from silicon wafer to the fiber tip completely, due to the soft and quickly-dry of UV-curable hybrid polymer [65]. Although it still takes a lot of labor and resources to make fine patterns on the wafer in advance, the transfer of the metasurface from the wafer to the fiber is not really difficult. As long as the wafer template is available, mass production of fiber meta-tips may become feasible. In addition, it is also promising to transfer these elaborate structures to the side-surface of the fiber by rolling the fiber and combining with this kind of transcription process.
Nanoinstile lithography, roll to roll printing techniques are used to make the process more appropriate but till today the fabrication of the meta-atoms over the fiber remains a challenge. To date, the metasurface is only developed on the flat end-facet of the fiber, almost no metasurface around the arc surface of the fiber has been demonstrated, let alone those inside of the photonic crystal fiber. In a word, there is still a long way to realize the integration of metasurface into an optical fiber system.
CONCLUSIONS AND OUTLOOK
As the latest generation of optical devices, the compactness of metasurface is unmatched by traditional optical devices. Metasurface can perform wavefront regulation at the sub-wavelength scale and has attracted extensive attention since its adventless than a decade ago. In this review, we have summarized the basic principles of metasurface in the reshaping of electromagnetic waves based on the phase and amplitude modulation, as well as its mainstream applications. Considering metasurface analogues are so attractive due to their amazing optical properties, metasurfaces are combined on another powerful optical device: optical fibers. This part of the explorations was also reviewed in this paper. From here, we can see that the working environment of a metasurface is by no means limited to large flat wafers. It needs to be integrated with other components, work on any surface, and adapt to a variety of environments. Thus, we retrospect that pioneering research works about flexible metasurface and reconfigurable metasurface.
It should be noted that, due to the vastness and rapid development of this field involved as well as our limited cognition and energy, it is impossible for cover all important aspects within this review, such as nonlinear metasurfaces [19,78,80,170], hyperbolic metasurfaces [46,64,88]and so on. Some branches are just mentioned briefly. However, they are immensely important and play a crucial rule in their respective applications but a detailed discussion is out of scope of this particular review article. Before conclusion of this review, we would like to comment on future prospects of metasurface. From a functional device perspective, if the metasurface is only satisfied with the realization of functions on large flat wafers, it is not only unrealistic, but also has no future.
A simple way to make the study of metasurface more practical is to combine it with other more mature fields and functional devices. Due to the author’s long working experience in the field of optical fiber, more attention is paid to the combination of this aspect. To date, there are only some simple metasurface diagrams developed on the flat end-facet of the fiber, or the so-called meta-tips. There is almost no metasurface developed around the arc surface of the fiber, let alone the metasurface inside of the photonic crystal fiber. More recently, Steiner and co-workers proposed a ‘self-rolled multilayer metasurfaces’ based on templates that can roll themselves up [12]. This method is similar to the Nano-imprint lithography [47,131,132], while implemented on the soft materials. Referring to this approach, metasurface may be developed around the arc surface of the fiber easily. In addition, the microstructure on the fiber is mostly used in the near-infrared communication band, which greatly limits the size of the microstructure to the sub-micron scale. At present, it can only be achieved by electron beam exposure, which heavily aggravates the difficulty of mass processing. If one could successfully implement the integration of metasurface into an optical fiber system and realize the lab on/around/in fiber, it would be a large step in optical devices. Although there are still more efforts required.
On the other hand, the integration of metasurface with other emerging concepts is also a promising direction. With the rise of artificial intelligence, various concepts such as artificial intelligence algorithms and data mining are expected to make metasurfaces more powerful [87, 103]. More recently, metasurface was utilized in the field of quantum optics, and the quantum behavior of superposition and correlation between homologous multi-photon pairs was experimentally verified [86]. This paper verified the feasibility of high dimensional quantum entanglement chip. We believe that with the joint efforts of many researchers, the research of metasurface will make swift progress, radiate to more fields, and promote the development of science and technology.
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