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Abstract 
Our ability to generate new distributions of light has been remarkably enhanced in recent years.  At 
the most fundamental level, these light patterns are obtained by ingeniously combining different 
electromagnetic modes. Interestingly, the modal superposition occurs in the spatial, temporal as well 
as spatio-temporal domain. This generalized concept of structured light is being applied across the 
entire spectrum of optics: generating classical and quantum states of light, harnessing linear and 
nonlinear light-matter interactions, and advancing applications in microscopy, spectroscopy, 
holography, communication, and synchronization. This Roadmap highlights the common roots of 
these different techniques and thus establishes links between research areas that complement each 
other seamlessly. We provide an overview of all these areas, their backgrounds, current research, and 
future developments. We highlight the power of multimodal light manipulation and want to inspire 
new eclectic approaches in this vibrant research community.  
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1. Introduction 
M. Piccardo, Istituto Italiano di Tecnologia, Harvard University 

V. Ginis, Vrije Universiteit Brussel, Harvard University 

 
The ability to engineer the distribution of light with high 
precision is the key to many applications in optics, from 
microscopy and material manipulation to spectroscopy and 
telecommunication. Whichever practical approach is 
chosen, the design always boils down to selecting and 
generating a superposition of electromagnetic modes. 
Traditionally, the concept of structured light [1] begins with 
the generation of intensity patterns at a given plane. This 
concept has gradually evolved over the past decades to 
include the other attributes of light, namely phase and 
polarization, at several propagation planes. By controlling 
different wavevectors (k), light can be shaped in space, 
ǿƘƛƭŜ ǘƘŜ ǎŜƭŜŎǘƛƻƴ ƻŦ ŘƛŦŦŜǊŜƴǘ ŦǊŜǉǳŜƴŎȅ ƳƻŘŜǎ ό˖ύ ŀƭƭƻǿǎ 
for the shaping of temporal waveforms [2] (Fig. 1). Even 
more recently, the simultaneous control of light's spatial 
and temporal properties has emerged, e.g., resulting in the 
notion of space-time beams. 
 
This Roadmap consolidates this new paradigm of structured 

light and presents it as a more general concept of multimode light, integrating all degrees of freedom: 

amplitude, phase, polarization, and time/frequency. 

 

Figure 1 A schematic showing the different 
cross-ǎŜŎǘƛƻƴǎ ƻŦ ǘƘŜ ǎǇŜŎǘǊŀƭ όƪΣ˖ύ-plane along 
which light distributions can be shaped. A 
superposition of modes with different  
wavevectors (k) at fixed frequency leads to 
structuration in space, while superpositions of 
ƳƻŘŜǎ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ŦǊŜǉǳŜƴŎȅ ό˖ύ ƳƻƭŘ 
temporal waveforms. A combination of the two 
generates space-time beams. 



Journal of Optics (2021) ######  Roadmap 

 

The conceptual division of multimode light presented in Fig. 1 is reflected in the order of the different 

sections of the Roadmap: Sections 2 to 10 concern modes in space, Sections 11 to 15 concern modes 

in time and frequency, and Sections 16 to 19 focus on combinations of the two. The first series of 

contributions (spatial manipulation) begins with the study of light structuration at the source using 

one or many lasers (Secs. 2,3); then it presents the concept of orbital angular momentum as a new 

holographic method and with a three-dimensional shaping (Secs. 4,5); it concentrates on the 

applications of near-field and microscopy (Secs. 6-8); and finally, it passes from classical to quantum 

states of light (Secs. 9,10). The collection of works on time/frequency starts with quantum states of 

light but in the frequency domain (Sec. 11); subsequently it examines passive and active frequency 

comb sources, and in particular their spectroscopic applications (Secs. 12-14); and it concludes on 

temporal shaping using ultrafast lasers (Sec. 15). The last series of contributions is devoted to space-

time optical patterns in cavities, waveguides and free space (Secs. 16,17), and to their specific 

realization in metamaterials (Secs. 18,19). 

 

We believe that the pooling of the various existing approaches from different subcommunities in 

optics and photonics [1-5] can be inspiring and suggest new methods to increase our control of light. 

We also anticipate that many free-space optics approaches will be translated into integrated photonic 

schemes and that techniques developed in the classical and in the quantum realm may prove useful 

for each other. In this way, we wish to help establish connections to advance the research in optics 

and photonics, and to move towards more complex, useful, and holistic patterns of light. 
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2. Structured light at the source  
Andrew Forbes, University of the Witwatersrand (South Africa) 
 

Status 

Tailoring light at the source is gaining pace in sophistication, with exciting future prospects. All laser 

light has some spatial structure, sometime desired, as in the case of low divergence Gaussian beams, 

and sometimes not, such as thermal aberrations in high power laser beams.  How can the desired 

structure be ensured, and the undesired structure avoided? What resources do we have in our 

structured light toolbox to achieve this? These are the questions we will address in this roadmap 

section. 

In the early days of laser development it was thought that plane waves (also structured light 

by virtue of a linear phase gradient) would be the natural modes of Fabry-Perot resonators, but the 

role of diffraction quickly revealed the menagerie of beams that would be possible from even simple 

resonators.  Since then, a comprehensive toolkit has steadily emerged for structuring light directly at 

the source: structured light from lasers [1].  Along the way, venerable topics have been reinvented 

and given a modern twist and once nascent tools have gain wider acceptance and applicability, taking 

us beyond the textbook Fabry-Perot lasers (see Figure 1).  In the context of spatially structured light, 

this progress has been fuelled by concomitant advances in devices for amplitude and phase control of 

ƭƛƎƘǘΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ŦǊƻƳ ŜŀǊƭȅ ŘƛŦŦǊŀŎǘƛǾŜ ƻǇǘƛŎŀƭ ŜƭŜƳŜƴǘǎ ό5h9ǎύ ǘƻ ǘƻŘŀȅΩǎ ƭƛǉǳƛŘ ŎǊȅǎǘŀƭ ό[/ύ ŀƴŘ 

metasurface-ōŀǎŜŘ ŜƭŜƳŜƴǘǎΣ ŦǊƻƳ ŀŘŀǇǘƛǾŜ ƻǇǘƛŎǎ ǘƻ ǘƻŘŀȅΩǎ ǊŜǿǊƛǘŀōƭŜ ǎƻƭǳǘƛƻƴǎ ǘƘŀǘ ƛƴŎƭǳŘŜ ŘƛƎƛǘŀƭ 

micro-mirror devices (DMDs) and LC spatial light modulators.  Further, the very geometry of the cavity 

has altered, from the interference of travelling waves in a resonant cavity, to more exotic solutions 

based on topological photonics for compact, robust and controllable structured light solutions.  A 

significant driver of these advances in the past decade has been the interest in scalar and vectorial 

orbital angular momentum (OAM) [2].  With the exponential interest in structuring light for 

fundamental science and applications alike, the need to do so at the source has become essential.  

 

Advances, Challenges and Opportunities 

Structured light from lasers has advanced tremendously over the past 60 years, accelerating in the 

1990s by developments in DOEs, and gaining in pace ever since.  Yet there exist many open challenges 

and exciting opportunities.  These include new design principles for versatility and robustness, 

reconfigurable solutions to alter the structure on demand, and compact as well as high-power 

solutions to address real-world applications. 

 

Towards robust designs.  Lasing happens when gain and loss are balanced, a non-linear process of 

modal competition that determines the nature of the structured light that emerges from the laser. 

Early designs were based on amplitude (loss) control, typically with wires and stops, introducing high 

loss for the unwanted modes, while the flip side of the coin is gain control, ensuring higher gain for 

the desired mode, e.g., through structuring the pump (excitation) light to overlap with the desired 

lasing mode.  Colloquially speaking, these design procedures give the desired mode the edge to win 

the competition, but this is not guaranteed and often more than just the desire structured mode will 

lase.  Beyond Fabry-Perot cavities, gain-loss control at exceptional points has been exploited to make 

unidirectional lasers and chirality controlled lasers, while bringing in concepts from topological 

insulators has seen the design of structured light lasers where the lasing edge states are robust to 
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unwanted perturbations and can be used to enhance the modal discrimination for single mode lasing 

[3].  

Phase-only design approaches often use reciprocity to ensure a repeating structure at the 

output coupler end of the laser by specifying a phase conjugating element at the rear end.  Using this 

approach, a variety of structured modes have been demonstrated from lasers, including Airy, flat-top 

and Bessel beams.  Unfortunately, the modal discrimination is not guaranteed, the design solution is 

sensitive to cavity perturbations, only works well if one is near the Rayleigh length of the desired 

mode, while the procedure fails altogether for modes with spherical wavefronts, e.g., Gaussian as well 

as HG and LG beams (thus OAM lasers cannot be designed in this way).  Recent advances have seen 

the design generalised to create arbitrarily defined structures at two planes within the cavity [4], 

useful for specifying both the desired laser output as well as the optimal structure in the gain region 

to minimise unwanted perturbations.   

The challenge is to merge the design principles to ensure the desired mode with low loss and 

good discrimination, even ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŘƛǎƻǊŘŜǊΣ ŀƴŘ ǘƻ ƎŜƴŜǊŀƭƛǎŜ ǘƘŜ ŘŜǎƛƎƴǎ ŦƻǊ ŀƭƭ ƻŦ ƭƛƎƘǘΩǎ 

degrees of freedom. For example, the exploding field of vectorially structured light has yet to be fully 

integrated into general laser design principles with only specific solutions existing, primarily for 

cylindrically symmetric vector vortex beams, e.g., radially polarised light. Designs can rarely be 

decoupled from implementation, and here the opportunity is to fully harness the promise of nano-

featured optics (e.g., meta-surfaces) for high-purity spatial control (see Figure 2) and advanced 2D 

materials for more sophisticated temporal control [5], where conventional solid-state lasers have 

benefited from advances in topological insulators. 

 

Towards reconfigurable solutions. Although adaptive mirrors have long been used in lasers, their 

efficacy has been limited to removing unwanted structure due to thermal effects.  More recently it 

has been possible to exercise fast and reconfigurable control with a modern toolkit. Externally 

modulated gain control using DMDs has seen dynamic mode selection from bulk solid-state lasers [6], 

while chirality controlled pumps have been used to control the OAM twist [7] and value [8] from the 

output of micro-lasers.  Dynamic intra-cavity solutions have gain traction since the early digital-laser 

demonstration, with both wavelength and OAM tuneability demonstrated in a hybrid free-space-to-

fibre system, as well as dynamic intra-cavity vectorial control (see [1] for a review). However, existing 

solutions are low power and have slow switching speeds, while the link to chirality limits versatility.  

Adaptive optics may yet be revisited to overcome these restrictions, if they can be made fast, cheap 

and with a larger stroke.  Soft-matter solutions are very much in their infancy, where optical 

manipulation provides some form of reconfiguration of the system, but could hold future promise. 

 

Towards compactness and high power. Presently the challenge is to produce fast and compact on-

chip solutions, primarily for communications, while on the other extreme the need is for high-power 

solutions for laser materials processing, where size is of little concern.  On-chip solutions are becoming 

more versatile in the control of structured light [9], but on-chip integration remains challenging 

because the structured light toolkit is comprised mostly of bulk solutions for control and detection, an 

open challenge that needs to be addressed.  Most structured light lasers are low power, with the 

exception the gas, disk and fibre laser systems that have produced cylindrical vector modes (radially 

and azimuthally polarised), reaching several kilowatts of average power and around 85 GW in peak 

power.  A promising prospect is to produce the desired structured light at low power from a laser and 

then amplify it using a master-oscillator-power-amplifier (MOPA) approach.  Both thin disk, fibres and 
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bulk crystals have been explored in this regard, but with very little attention to the quality of the 

structure of the light. Compact fibre amplifiers are now explored for multimode amplification, but the 

challenge remains uniform gain across all modes without coupling or perturbation.  A new 

development is the adaptation of chirped pulsed amplification to demonstrate vectorial light 

parametric amplification in a polarisation insensitive manner, reaching >1000 fold amplification 

factors for vector beams [10], bringing structured light a step closer to the extreme light regime. 

 

Concluding Remarks 

The reader would have noted that the subject matter here has concentrated on spatially structured 

light.  Temporally structured light directly at the source still lags far behind its external control.  

Frequency modulation, q-switching and mode locking allow only limited tailoring of the temporal 

amplitude and phase, and while topological insulators have shown to be versatile in some temporal 

control, few of the existing design principles have been adapted for intra-cavity time-shaped light. 

While spatially structured light lasers are far more advanced, they exist primarily in research 

laboratories with few leaps into the commercial world.  Thus, the scene is set for exciting prospects in 

advancing structured light from lasers, both in science and application. 
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Figure 1 The ubiquitous Fabry-Perot laser resonator has a history spanning more than half a century, but has been reinvented in the 

context of ray-ǿŀǾŜ Řǳŀƭƛǘȅ ǎǘǊǳŎǘǳǊŜŘ ƭƛƎƘǘΦ  {Ƙƻǿƴ ƘŜǊŜ ƛǎ ŀƴ ŀǊǘƛǎǘΩǎ ƛƳǇǊŜǎǎƛƻƴ ƻŦ ŀ ƘƛƎƘ-dimensional structured light mode from a 

simple Fabry-Perot micro-chip laser. Image reproduced from Y. Shen et al., Optica 7, 820-831 (2020).   

Figure 2  An illustration of a metasurface laser based on J-plates for producing asymmetric vectorial states of light, as well as high OAM 

states (demonstrated up to 100) due to a highly resolved vortex centre by virtue of the nano-optical resolution. 
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3. Beam shaping with coupled lasers 
Simon Mahler, Asher A. Friesem and Nir Davidson, Weizmann Institute of 
Science, Rehovot, Israel 
 
Status 

As noted in the introduction, shaping of laser beams is a continuously active and developing field. 

Many strides have been made with diffractive elements, metasurfaces and spatial light modulators on 

manipulating the amplitude, phase and polarization of fully coherent (single mode) lasers in order to 

successfully obtain a variety of coherent intensity patterns. Unfortunately, such manipulations are 

suitable for obtaining only certain intensity patterns, and difficult, if at all possible, to apply to high 

power multimode lasers. Over the past years, we developed a different approach to shape multimode 

laser beams in space.  

It is based on phase locking an array of independent lasers of differing spatial and temporal 

(longitudinal) modes in order to obtain an overall laser output with controlled amplitude, phase and 

coherence distributions. As a result, it is possible to obtain a greater variety of optical patterns and 

deal with high power multimode lasers. In the following, we review some of our developments and 

results.  

Our approach is reminiscent to that used in phased array antennas in the microwave regime, where 

the far-field beam shape and direction are tailored by controlling the phase of each-emitter in the 

array.  

In our optical approach, the stable setting and control of the relative phases between the lasers in the 

array is done by phase locking them via dissipative coupling [1-3]. Dissipative coupling involves mode 

competition where modes with different losses compete for the same gain and only those with the 

lowest loss survive and lase. With such coupling, phase locking of the lasers can be achieved when all 

the lasers have a constant relative phase between them. Since the far-field distribution of the lasers 

is equivalent to the Fourier transform of the near-field distribution, the phase locked patterns of the 

far-field can be controlled indirectly by the near-field lasers that converge to the minimal loss solution. 

This process yields an increase of versatile phase locked intensity patterns. 

 

Current and Future Challenges 

Representative optical patterns with limited number of degrees of freedom, which have been 

obtained by dissipative coupling in an array of few tens of lasers [1, 2], are presented in figure 1. Figure 

1(a) shows patterns that are comprised of sharp spots of high brightness, which correspond to strong 

coupling between the lasers so they are phase locked with a well-defined relative phase. When the 

coupling is positive, there is one bright spot at the centre of the far-field pattern that is separated by 

a distance D = ʇf/a  from the higher order spots (where ʇ the wavelength, f the focal length of the 

Fourier lens, and a the period of the array). When the coupling is negative, there are four bright spots 

that are separated by D around a dark centre. When the coupling is one dimensional [e.g. horizontal], 

the far-field pattern is composed of [vertical] narrow lines separated by D. Recently, with nonlinear 

spatial-temporal coupling, it was shown that the peak intensities at the output could be increased and 

the stability of the system improved [3].     

In general, the coupling can be varied to generate more complex phase locked far-field intensity 

patterns, such as shown in figure 1(b) [2]. Alternatively, other laser array geometries can also lead to 

interesting and complex phase locked intensity patterns. For example, the Kagome array in figure 1(c) 
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left where frustration occurs [1], or in figure 1(c) middle with the less organized ring array or in figure 

мόŎύ ǊƛƎƘǘ ǿƛǘƘ ǎƻ ŎŀƭƭŜŘ άƻǇǇƻǎƛǘŜέ ŎƻǳǇƭƛƴƎΦ 

 

 

 
While arrays of coupled discrete lasers can indeed provide variety of beam shapes and far-field 

intensity patterns, they have limited independent degrees of freedom. For example, the number of 

lasers in the array that can be stably phase locked is limited to few tens and they often suffer from 

unwanted high orders of diffraction due to their inherently discrete near-field distribution.   

 

Advances in Science and Technology to Meet Challenges 

It is highly desirable to develop laser sources with arbitrary on-demand output-intensity patterns, 

without unwanted high diffraction orders and with many independent degrees of freedom. On the 

road to this goal, we recently introduced dissipative coupling between the different spatial modes of 

a highly multi-mode laser source. For a specific degenerate cavity laser (DCL), the number of lasing 

modes can exceed 100,000 [4], over 1000 times more than the typical number of coupled lasers. Such 

astronomical number of independent degrees of freedom provides a resource for controlled 

generation of complex patterns, as shown in figure 2.  

Figure 2a shows high-resolution patterns generated with a digital DCL where an intra-cavity spatial 

light modulator (SLM) is incorporated [5, 6]. The resolution here is limited only by the resolution of 

the SLM.  

We can then control the spatial coherence of these patterns with an intra-cavity aperture while 

maintaining near optimal image [5].  

Figure 2b illustrates the ability to generate patterns that can be imaged through scattering media with 

ƳƛƴƛƳŀƭ ŘƛǎǘƻǊǘƛƻƴ ώтϐΦ ! ǇŀǘǘŜǊƴ ƻŦ ǘƘŜ ŘƛƎƛǘ άрέ ƎŜƴŜǊŀǘŜŘ ƛƴ ǘƘŜ ƴŜŀǊ ŦƛŜƭŘ ƻŦ ŀ 5/[ ƛǎ ǎǘƛƭƭ ƛŘŜƴǘƛfiable 

Figure 1.  Phase locked far-field intensity patterns for arrays of coupled lasers. Insets ς near-field intensity distributions of the lasers.  

(a) Square arrays with positive and negative coupling [1] and with one dimensional coupling [2]. (b) Square arrays with star, cross and 8 

sectors couplings [2]. (c) Kagome array with frustration [1], ring array with positive coupling and square array with opposite coupling. 
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after propagating through a random intra-cavity phase plate (thin diffuser) located in the far-field 

(figure 2(b), left). For this undistorted propagation, the laser modes were phase locked with a relative 

phase that ensured lasing only through selected areas of identical phase with low phase gradients on 

the phase diffuser (figure 2b, middle and right). Consequently, the loss and thereby the scattering of 

the far-field diffuser are minimized.  

Finally, it is also possible to control the propagation of the laser beam pattern by means of dissipative 

coupling between the modes [5]. Figure 2c shows two possible patterns at two propagation distances 

separated by 10 cm inside a DCL. As evident, both patterns of an apple and a star are distinctly 

observed, where the laser beam gradually changes its shape from the near-field apple pattern (z = 0 

cm) to the mid-field star pattern (z = 10 cm) [5].  

 

 

 
Concluding Remarks 

To conclude, we presented an approach to shape laser beams that is based on phase locking an array 

of many independent coupled lasers of differing spatial and longitudinal modes.  The phase locking 

processes can follow temporal variations that occur on timescales as short as several cavity round 

trips, i.e. several nanoseconds for our digital DCL [4, 7]. We demonstrated that it possible to obtain an 

overall laser output with controlled amplitude, phase and coherence distributions. As a result, it is 

possible to obtain a great variety of uniquely shaped laser beams with high and low spatial coherence, 

and even control the shape of the beams at different propagation distances. Our approach and results 

clearly indicate that it is possible to obtain arbitrary shaped laser distributions, which could lead to 

new applications. In addition to the spatial control, it should be possible to obtain some temporal 

control by resorting to rapid spatial light modulation devices (e.g. digital micromirror devices).  

 

Figure 2.  Intensity patterns obtained using dissipative coupling between modes in a digital DCL. (a) On demand high-resolution patterns [5]. 

όōύ LƳŀƎƛƴƎ ƻŦ ŀ ŘƛƎƛǘ άрέ όƭŜŦǘ ƛƴǎŜǘύ ŀŦǘŜǊ ǇŀǎǎƛƴƎ ǘƘǊƻǳƎƘ ŀƴ ƛƴǘǊŀ-cavity scattering diffuser. In order to minimize the scattering effect of the 

diffuser, the modes phase lock [7]. (c) Simultaneous generation of two distinct intra-cavity apple and star patterns separated by 10 cm [5].  
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4. Orbital angular momentum holography 
Haoran Ren, MQ Photonics Research Centre, Macquarie University, Australia 
 

Status 

Holography offers a vital platform for 3D light-field displays, LiDAR, optical encryption, data storage, 

and artificial intelligence, allowing parallel read-out of image information at the speed of light. Recent 

advances in metasurface technologies have allowed the use of an ultrathin device to manipulate the 

amplitude, phase, and polarization of light, leading to a versatile platform for digitalising an optical 

hologram with nanoscale resolution. To increase the hologram bandwidth, essential for high-capacity 

holographic memory devices with potentially ultrafast switching of image frames, such degrees of 

freedom of light as polarization, wavelength, and incident angles have been exploited to reconstruct 

different holographic images. However, the bandwidth of a hologram has still remained too low for 

practical use. Multimode light shaping gives new hope to boost the hologram bandwidth via a new 

degree of freedom ᵄ twisted light carrying orbital angular momentum modes.  Recently, the concept of 

orbital angular momentum (OAM) holography was introduced and demonstrated with a spatial light 

modulator [1], a phase-only metasurface hologram [2], and a complex-amplitude metasurface 

hologram [3].  

Since the OAM of light has a theoretically unbounded set of orthogonal helical modes, OAM 

holography using incident OAM beams as independent information carriers holds great promise for 

largely improving the capacity of a single hologram. To achieve OAM holography, target image is 

sampled with a discrete sampling array (grid of points) in the Fourier plane of a hologram, creating an 

OAM-preserving hologram (Fig. 1a). When the image is sampled with a period larger than the Fourier 

transform of an incident OAM beam, the convolution at the image plane between the holographic 

image and the Fourier transform of the OAM beam results in an OAM-pixelated image. Adding a helical 

phase function to an OAM-preserving hologram leads to the OAM selectivity: only an OAM beam with 

an opposite helical mode index can convert OAM pixels into a Gaussian mode with stronger intensity 

and decode the OAM-dependent holographic image. Twenty OAM-dependent holographic images 

have been experimentally reconstructed from a complex-amplitude metasurface hologram (Fig. 1b). 

Future integrating OAM metasurfaces with on-chip OAM sources and extending OAM holography to 

3D holography could offer a truly compact and ultrahigh-capacity holographic memory system for 

emerging holographic applications, such as portable holographic projectors, head-up displays, and 

wearable devices for augmented reality. 

 

Current and Future Challenges 

Although OAM holography holds strong promise for increasing the bandwidth of a single hologram, 

certain challenges lie ahead for its mass deployment. Firstly, spatial light modulators have commonly 

been used to generate OAM beams for optically addressing holographic images, which makes current 

OAM holographic systems bulky, expensive, and relatively slow (up to 10 kHz refresh rate). More 

complications of using spatial light modulators in OAM holography include strong modal coupling and 

intermodal crosstalk, due to free-space turbulence and turbidity, large beam divergence, and 

misalignment between the OAM transmitter and receiver. These key challenges set a practical limit 

on the deployment of OAM in future holographic systems.  

Secondly, even though metasurface OAM holography has recently been realized through either a 

planar metasurface [2] or a complex-amplitude metasurface [3], both approaches inevitably involve a 

costly and time-consuming nanofabrication process. More specifically, planar metasurface fabrication  



Journal of Optics (2021) ######  Roadmap 

 

 

 
most usually relies on the use of electron-beam lithography and a reactive-ion dry etching process. 

Even though 3D direct laser writing technology offers a cheaper solution to the fabrication of a large-

scale 3D metasurface by unlocking 3D design degrees of freedom of a meta-atom, a relatively low 

spatial resolution due to the diffraction limit (pitch distance ~1 µm) and a long processing time hinder 

its application for practical metasurface manufacturing. 

Thirdly, the image quality of an OAM-decoded holographic image is fundamentally limited by the 

Nyquist-Shannon sampling theorem and the diffraction limit. To achieve high-resolution OAM- 

pixelated holographic image, OAM-dependent sampling constants derived from the diffraction of 

OAM pixels in the Fourier domain should always be smaller than the Nyquist-Shannon sampling 

constants, which sets an upper limit on the OAM-multiplexing channel number. This immediately 

makes a trade-off between the image quality and the bandwidth of an OAM-multiplexing hologram. 

Moreover, OAM-multiplexing holography is not immune to multiplexing crosstalk during the image 

reconstruction, and in particular OAM beams with a small helical mode index difference suffer from a 

strong multiplexing crosstalk. In addition, extending the OAM selectivity from a 2D Fourier plane to a 

3D Fourier space for 3D OAM holography still remains a challenge, though it is highly demanded. 

 

Advances in Science and Technology to Meet Challenges 

To leverage OAM holography from a lab demonstration to practical applications, photonic integration 

of OAM holographic systems is of great importance. Twisted light manipulation in nanophotonics has 

made many breakthroughs in rapid succession and led to a range of chip-scale OAM devices, including 

twisted light metasurfaces [4, 5], vortex micro-resonators [6, 7], vortex fibre and waveguides [8, 9]. In 

particular, a complex-amplitude OAM-multiplexing metasurface has the potential to largely increase 

the metasurface bandwidth, but current metasurface fabrication involves a costly and time-

consuming process. Nanoimprinting lithography provides a viable approach to producing large-scale, 

low-cost, and high-yield metasurfaces. However, it faces two key challenges before it can be adopted 

Figure 1.  Principle of OAM holography. (a) Design of an OAM-preserving hologram through OAM-dependent spatial-frequency sampling 

in the image (Fourier) plane, leading to an OAM-pixelated holographic image.  (b) An all-optical holographic video display based on a 

complex-amplitude OAM-multiplexing metasurface hologram, in which OAM-encoded image frames are selectively reconstructed 

through an incident vortex beam carrying different OAM modes [3]. (B) Reprinted by permission from Macmillan Publishers Ltd: Nature 

Nanotechnology [3], Copyright (2013). 
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for practical metasurface manufacturing: overlay alignment and template fabrication. Alternatively, 

3D laser nanoprinting has allowed the printing of a millimetre-scale 3D metasurface with unlocked 3D 

design degrees of freedom. But time cost for laser nanoprinting was quite high, because a small 

hatching distance was required to provide sufficient mechanical strength to polymer nanopillars with 

high aspect ratios. Developing new photoresists with stronger mechanical property and implementing 

ultrahigh-throughput laser writing technique [10] could facilitate fast laser manufacturing of large-

scale 3D metasurfaces.  

Current metasurfaces still require external light excitation, making them difficult to be integrated on-

chip. Integration of OAM metasurfaces with on-chip OAM sources, waveguides, and detectors will 

provide an exciting opportunity for future OAM holographic systems-on-a-chip. To tackle with the 

multiplexing crosstalk in OAM holography, it has been shown that a Fourier-based complex-amplitude 

hologram [3], with full control of amplitude and phase information, allows the linear superposition 

principle to be hold for a reduced multiplexing crosstalk. However, it is nontrivial to digitalise a Fourier-

based complex-amplitude hologram, in which nearly 90% area of the Fourier hologram has normalised 

amplitudes smaller than 0.05. Even though an OAM diffuser array that consists of an OAM-dependent 

sampling array and a random phase function can be used to flatten the large amplitude variation in a 

complex-valued Fourier hologram, it results in a trade-off between the OAM multiplexing bandwidth 

and the image contrast. Notably, the random phase in the OAM diffuser array could also be employed 

for 3D OAM holography. 

 

Concluding Remarks 

Recent demonstration of metasurface OAM holography provides unprecedented opportunities for the 

development of compact, low-cost, and high-capacity holographic memory devices and systems. 

While grand challenges still exist on physics/technology/material aspects, these challenges are rather 

likely the driving forces to push the field forward, eventually making metasurface OAM holography a 

promising platform for various application areas ranging from optical and quantum communications, 

holographic displays and encryption, all-optical machine learning, biological imaging, and 

astronomical observations. 
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5. Structured Light in 3D 
Ahmed H. Dorrah and Federico Capasso, Harvard University 
 
Status 

     One need not look beyond the colours of a human eye or the wing of a butterfly to witness how 

nature has deployed diffraction, film interference, scattering, and photonic crystals to structure the 

optical spectrum. Engineering the optical properties of matter dates back to the 4th-century Lycurgus 

cup which was made of silver and gold-doped glass and exhibited a mysterious dichroism. Similarly, 

the Grande Rose of the Reims Cathedral in France, a UNESCO cultural heritage monument from the 

13th century, features stained glass with a remarkable range of colours, thanks to the presence of Co, 

Cu, Cr, Fe and Mn ions. Another instance of structuring the reflection properties of light is Lord 

wŀȅƭŜƛƎƘΩǎ муут ŜȄǇŜǊƛƳŜƴǘ ǿƛǘƘ Ƴǳƭǘƛ-layer stacks of dielectrics, known today as 1D photonic crystals. 

More recently metamaterials have been synthesized to mimic known optical responses and create 

artificial ones. However, the challenges associated with their mass-production at optical frequencies 

with subwavelength precision in 3D, has paved the path to metasurfaces τ i.e., planar, or flat optics 

[1]. Moreover, the animate nature of digital holography, enabled by spatial light modulators (SLMs), 

has enriched wavefront shaping by allowing dynamic control of light, albeit at much lower spatial 

ǊŜǎƻƭǳǘƛƻƴΦ ²ƛǘƘ ǘƘŜ ŀōǳƴŘŀƴŎŜ ƻŦ ǘƘŜǎŜ ǘƻƻƭǎΣ ǾŜǊǎŀǘƛƭŜ ŎƻƴǘǊƻƭ ƻŦ ƭƛƎƘǘΩǎ ŦǊŜǉǳŜƴŎȅΣ ǿŀǾŜǾŜŎǘƻǊΣ 

phase, amplitude, and polarization became possible and the field of structured light subsequently 

emerged. While structured light, or at least its first generation, has been primarily moulded in a 

transverse (i.e., 2D) plane, recent efforts have been devoted to structuring light over multiple planes 

along its optical path, i.e., in 3D. This might seem straight forward in confined media (such as photonic 

crystals or waveguides); however, the situation under unguided propagation is different.  
 

     The notion of structuring light in 3D is very appealing as it provides direct access to engineering the 

scattering forces of electromagnetic radiation which is at the heart of light-matter interaction. It also 

becomes particularly useful in biomedical imaging where compensating for propagation losses and 

scattering inside of living tissues cannot be afforded otherwise. Figures 1(a-b) exhibit two examples of 

structured light following arbitrary trajectories in 3D. Beams of this nature can either be inverse 

designed by backpropagating the target pattern to an initial plane that defines the desired hologram 

[2] or by sculpting the incident waveform into an ensemble of co-propagating modes with different 

longitudinal wavevectors which beat along the direction of propagation, thereby modulating the 

resulting envelope at-will via multimode interference. The latter approach is known in the literature 

as Frozen Waves and has recently been exploited in optical trapping [3]. Figure 1(c) depicts another 

popular class of structured light, vortex beams, created by a J-plate [4]. Such a device can couple any 

pair of incoming orthogonal polarizations into two different vortex beams with propagation-invariant 

orbital angular momentum (OAM); this constraint has been further relaxed with a new generation of 

metasurfaces, called TAM plates (Fig. 1(d)), that can generate vortex beams with longitudinally varying 

OAM. In this case the OAM varies only locally while being globally conserved across the entire 

transverse plane of the beam [5]. Other manifestations of 3D structured light include the Talbot effect, 

abruptly focusing Airy beams, and angular accelerating OAM modes, to name but a few. 
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Current and Future Challenges 

     Structuring light in 3D is intrinsically constrained by the capabilities of the available wavefront 

shaping tools. Metasurfaces have enabled new functions that could not be afforded by conventional 

bulk optics. A prime example of this is dispersion engineering which widely enabled achromatic 

diffraction-limited focusing and novel devices with wavelength-dependent and multifunctional 

response τ a feature which has recently been harnessed in 3D virtual and augmented reality. 

Polarization optics is another influential domain which has been revolutionized by metasurfaces by 

ŜȄǇƭƻƛǘƛƴƎ ǘƘŜ ǎƘŀǇŜ ōƛǊŜŦǊƛƴƎŜƴŎŜ ƻŦ ƛǘǎ άƳŜǘŀ-ŀǘƻƳǎέ ǘƻ ŎƻƴǘǊƻƭ ǘƘŜ ǎǘŀǘŜ ƻŦ ƛƴŎƛŘŜƴǘ ǇƻƭŀǊƛȊŀǘƛƻƴΣ 

locally. This has enabled new capabilities beyond what bulk polarization optics and SLMs can achieve. 

For example, single multifunctional meta-optics can now project light from a scene into four 

diffraction orders behaving as analysers thus enabling a compact single shot, full-Stokes polarization 

camera without standard polarization opticǎ ώсϐ ŀƴŘ Ŏŀƴ ŀƭǎƻ ǎǘǊǳŎǘǳǊŜ ƭƛƎƘǘΩǎ ǇƻƭŀǊƛȊŀǘƛƻƴ ŀǘ ƳǳƭǘƛǇƭŜ 

planes along its direction of propagation [7]. Additionally, multiple degrees of freedom, for e.g., 

polarization and OAM, can be controlled simultaneously along the optical path with a single 

metasurface, as depicted in Fig. 1(e). Note that replicating these behaviours with bulk polarization 

optics or SLMs is inherently cumbersome (if not impossible) as the former can only modify incident 

polarization globally whereas the latter operates on one incident polarization at a time. Beyond these 

tools, multidimensional spatially varying vector vortex beams have been recently created by exploiting 

the anisotropy of microchip lasers (see section 2 by A. Forbes). Nevertheless, as the area of wavefront 

shaping started to mature, the bar for generating complex structured light has also raised, which 

Figure 1.  Structured light in 3D. a) Diffraction-resistant beam undergoes 4-way splitting under free space propagation. b) Structured 

beam tailored to traverse an arbitrarily chosen 3D trajectory in space. c) J-plate can couple the eigen polarizations ȿ‗ἃ and ȿ‗ἃ to two 

distinct propagation-invariant OAM beams of different Љ values. d) TAM plates enabling 3D structured light with longitudinally varying 

OAM. e) Measured transverse intensity profiles of vector beams that change both their polarization and OAM with propagation. The 

arrows denote the local polarization state. The scale bar is ρπ ʈÍ. Panels (a-b) are adapted with permission from Ref. [2] (©The Optical 

Society 2020).  
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created a new search for tools to mould the flow of light. The ultimate challenge is to shape all degrees 

of freedom of light, simultaneously or independently, with high resolution, efficiency, and broadband 

response, while achieving dynamic (time-varying) control. From the standpoint of structured light, 

many challenges still persist in terms of controlling highly non-paraxial beams and ultrashort pulses in 

space and time, and in overcoming the propagation loss, turbulence, and scattering in unguided 

communications, while enabling high-dimensional, secure, and intense structured light.  

 

Advances in Science and Technology to Meet Challenges 

         The evolution of structured light from 2D to 3D has inspired several applications. The forerunners 

are optical communications, biomedical imaging, and micromanipulation. For example, Fig. 2(a) shows 

a configuration in which several microbeads are simultaneously trapped at multiple locations along 

the optical path [3] τ a capability that could not be afforded with Gaussian beam traps but effectively 

realized here via a judicious interference of co-propagating Bessel beams. Additionally, optical 

trapping has itself been exploited in free-space volumetric displays in which a dynamic photophoretic 

optical trap drives an illuminated particle along a predefined trajectory in space thus enabling the 

scattered light to create arbitrary shapes in 3D (Fig, 2(b)); in this case, the displayed volumes can be 

viewed from any angle in space thus superseding the capabilities of conventional holography [8].  

Longitudinal OAM multiplexing is another promising communications scheme which has 

outperformed conventional OAM division multiplexing by allowing multiple fixed receivers to detect 

spatially evolving information. Additionally, attenuation-compensated non-diffracting beams are now 

key enabling tools in light sheet microscopy [9] (Fig. 2(c)) τ an area that can also benefit from the 

polarization diversity of metasurfaces to tailor the fluorescence response and its selectivity. 

Furthermore, multimode light shaping in 3D has inspired novel sensing schemes in which light changes 

its topology upon interacting with a fluid of an unknown refractive index [10] (Fig. 2(d)).  

 

     Structuring of light in 3D is sometimes also synonymous with controlling all three components of 

the electric field. In this pursuit, it became possible to shape the longitudinal component of the electric 

field (Ὁ) under tight focusing, giving rise to polarization Mobius strips, knotted structures, and 

photonic wheels with transverse angular momentum. Another rapidly growing field of research is 

nonlinear optics with structured light, owing to the role of spin-orbit coupling in defining the selection 

rules of non-linear processes. In this regard, several questions remain on how 3D structured light can 

redefine these nonlinear interactions. Choreographing 3D structured light in time is also a fertile area 

of research which will be covered later in this article. Relatedly, synthesizing space-time waveforms 

by precisely correlating the spatial and spectral degrees of freedom has led to new phenomena such 

as abnormal group velocity in free space, anomalous refraction, and others (see Section 17 by A. Shiri 

and A. Abouraddy) and is poised to reveal new behaviours. We envision that this area will benefit 

significantly from metasurfaces over the next few years thanks to dispersion engineering which can 

enable independent and parallel processing of the incident spectral lines, pixel-by-pixel, by imparting 

arbitrarily chosen 2D spatial distributions, as opposed to the limited 1D control of current SLM 

configurations. These are only a few examples, but the list goes on with numerous venues that will be 

unlocked within the realm of 3D structured light, especially with the projected evolution of inverse 

design, topology optimization, and time-modulated metasurfaces over the next few years. 
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Concluding Remarks 

     With recent advances in wavefront shaping, new classes of multidimensional structured light will 

keep emerging. As this rapidly growing area of optics begin to mature, new applications will also 

develop, and the quest for more sophisticated light shaping platforms will continue. The holy grail is 

to dynamically control all degrees of freedom of non-paraxial light with high spatial and temporal 

resolution in space and time using integrated and mass producible tools. With this versatile level of 

control, pushing structured light from 2D to 3D and from frozen to animate will help unlock a rich 

palette of optical phenomena throughout the next decade, ranging from the  atomic to the 

astrophysical scale and will lead to the development of many new photonic components and optical 

techniques.   
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(left) to form a projected image at a distance. c) Light sheet microscopy relies on illuminating a biological sample laterally with a non-
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compensated non-diffracting beams can be engineered to improve the signal-to-noise ratio when imaging, for e.g., the nuclei in the 

operculum of tubeworms (right). d) OAM-based refractometry by shining a propagation-dependent vortex beam through a fluid with 

unknown index of refraction. Panels (a-d) are adapted with permission from Refs. [3,8-10]. 
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6. Sculpting near-field landscapes with multimode waveguides 
Vincent Ginis, Vrije Universiteit Brussel, Harvard University 

Marco Piccardo, Istituto Italiano di Tecnologia, Harvard University 
 

Status 

The scientific and technological accomplishments of refractive and diffractive optics result from the 

ability to obtain complex field distributions with high precision. Usually, this is done utilizing a 

superposition of electromagnetic fields that correspond to different modes [1]. In a homogeneous 

medium with no material that can act as a scatterer, there are only propagating modes, characterized 

by purely real wavevectors. However, when one adds an inhomogeneity in a particular region, 

solutions of the Maxwell equations exist for which at least one component of the wave vector 

becomes imaginary [2,3]. These are known as evanescent modes. These modes play no role in the far-

field regions but are all the more critical for the near field [2]. They determine the variations of the 

electromagnetic field in subwavelength regions surrounding the inhomogeneity. The electromagnetic 

near field is essential in applications such as microscopy, mode-switching, and particle detection and 

actuation. In recent years, the need to engineer specific variations of the near field, therefore, has 

become more and more compelling. 

However, the techniques most commonly used to manipulate the far field are not suitable to control 
the near field. State-of-the-art techniques, therefore, use nano-antennas that locally convert a 
propagating incident field into a particular near-field distribution [3,4]. 

Figure 1.  (a) The core mechanism underlying cascaded mode conversion for near-field shaping. A beam with a well-defined 
transverse mode profile is injected into a multimode waveguide and undergoes multiple reflections between two mode 
converters, in a region of the waveguide called arena. At every reflection, the transverse mode is converted, resulting in a 
superposition of different modes in the arena with defined amplitude and phase, generating an evanescent near-field 
landscape above the waveguide. (b) The visualization of the mechanism in the reciprocal (kx,kz)-plane. The different ̡Ωǎ 
correspond to the longitudinal components of different guided-mode wavevectors. The arrows represent different possible 
conversions that can be implemented using mode converters to excite various transverse modes in the arena. (c)-(e) Various 
implementations of mode converters in a waveguide. 
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Recently, we proposed a different approach to manipulate the near field that does not involve the use 
of local scatterers [5]. In our work, we shape the near field remotely, analogous to the far-field 
diffractive techniques, using a multimode optical waveguide, a platform that naturally carries multiple 
evanescent waves. We define an "arena" delimited by two components, as the target region where 
the near field needs to appear (Fig. 1). The two components on both sides of the arena act as mode-
converting reflectors. By engineering the mode conversion to occur in a cascaded manner, it becomes 
possible to excite all available modesτand their corresponding evanescent wavesτin the arena. The 
properties of these modes (amplitude and phase) are entƛǊŜƭȅ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ŎƻƴǾŜǊǘŜǊǎΩ 
properties, making it possible to generate a near-arbitrary linear combination of near-field waves 
above the arena (Fig. 2).  
 

Current and Future Challenges 

In the previous section, we introduced the mechanism of cascaded mode conversion for near-field 

engineering. The mode converters play a fundamental role. Most of the current challenges to 

achieving arbitrary near-field profiles reside in these elements. The mode converters can be 

implemented in a variety of ways, such as gratings, multilayer structures, and corrugated waveguide 

walls (Fig. 1c-e)τthe latter being the approach used in the first demonstration of cascaded mode 

conversion [5].  

 

However, a typical limitation of these approaches is the static nature of the mode converters, allowing 

only a specific near-field landscape to be realized for a given input. Indeed, in many applications it 

would be advantageous to have dynamically reconfigurable near-field profiles, for example by 

independently changing the amplitude and phase of each of the reflected and converted modes. Even 

more attractive would be the ability to choose different possible paths in reciprocal space between a 

pool of modes supported by the waveguide, e.g., in a 4-mode waveguide by choosing between the 

ŎŀǎŎŀŘƛƴƎ ƳƻŘŜ ŎƻƴǾŜǊǎƛƻƴ мҦоҦп ŀƴŘ мҦнҦоΣ ŜǘŎΦ 

Figure 2.  An artist impression of an arbitrary near-field landscape shaped by the interference of multiple transverse modes 
above the arena of a cascaded mode converter. In our work, we show that a one-dimensional, elephant-shaped near-field 
profile can be obtained using the interference of cascaded mode conversion [5]. 
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Another limitation present in near-field design concerns scalability in terms of the number of usable 
orthogonal waveguide modes, which ultimately dictates the smallest resolution of the profiles that 
can be obtained. While the theory of cascaded mode conversion is derived to an arbitrary number of 
modes, increasing the number of modes in a practical system would require the use of large 
waveguides and precise control of mode coupling [6]. Considering that the number of spatial 
frequencies in the intensity profile grows nonlinearly with the number of propagating modes [5], we 
demonstrated that four independent modes already offer enough design freedom for realizing useful 
near-field landscapes. A related challenge lies in the conversion between modes of different parity, 
e.g., from odd to even modes, to exploit mode conversion between all supported modes of the 
waveguide. Finally, we note that while the first demonstration of cascaded mode conversion showed 
field structuring along either the longitudinal or the transverse direction, one could aim to control 
them simultaneously. Summarizing the above considerations, we see an ambitious but promising goal 
of achieving two-dimensional, dynamically tunable near-field landscapes. 

 
Advances in Science and Technology to Meet Challenges 

There are several possible approaches to realize dynamical landscapes based on tunable mode 

converters. The tuning of these mode converters could be achieved electrically, optically, thermally, 

or even mechanically. The specific technique's choice depends on several constraints, such as the 

tuning rate, dynamics range, and overall device size. Another tuning parameter that would allow for 

dynamic landscapes ς without tunable mode converters ς is the incident mode frequency. In fact, in 

previous work, we have shown that by changing the frequency of the input field in the waveguide, 

various landscapes can be created [5]. The extent to which radically different landscapes can be 

obtained remains an open question. 

To increase the number of modes, we note that one could extend not only the width of the waveguide 
but also its height. Indeed, increasing both transverse dimensions allows for maintaining a smaller 
footprint for the same number of modes supported by the waveguide, compared to extending the 
waveguide in one direction only. In addition, asymmetric converters with out-of-phase gratings at 
both ends of the arena can match modes with different parity. 

In the previous experiment, particular emphasis was given to the near-field intensity. Still, it is 
essential to note that the entire theory is equally valid to sculpt electromagnetic near-field landscapes 
with multiple degrees of freedom, introducing near-field polarization or orbital angular momentum 
landscapes [7]. These will be of particular interest in the context of particle manipulation using near-
field optical forces [8]. To make this possible, a large arsenal of different reflective mode converters 
needs to be designed. In this design, there is an important role for inverse design techniques, which 
have recently become much more powerful through the incorporation of machine learning techniques 
[9]. 

Finally, at the level of platform and materials used, we see many possibilities for extensions. The 
effective indices of the modes that exist can be engineered using epsilon-near-zero materials or 
nanostructured waveguides [10]. It is also exciting to include so-called confined modes in the 
continuum in this platform. 
 

Concluding Remarks 

Cascaded mode conversion provides a versatile path to convert a single incident mode into a 

superposition of several modes. The accompanying superposition of evanescent fields can be 

exploited to construct an electromagnetic near field with unprecedented properties. In the coming 

yeŀǊǎΣ ǿŜ ŜȄǇŜŎǘ ǘƘŀǘ ǘƘƛǎ ŎƻƴŎŜǇǘΩǎ ǾŜǊǎŀǘƛƭƛǘȅ ǿƛƭƭ ōŜ ŦǳǊǘƘŜǊ ŜȄǇƭƻƛǘŜŘ ōȅ ŀƴ ŜȄǇŀƴǎƛƻƴ ƻŦ ǘƘŜ 
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materials used, on the one hand, and the degrees of freedom of the field that will be designed, on the 

other hand. Based on these developments, we foresee that exciting research will emerge in the design 

and the use of the electromagnetic near field. 
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7. Structured illumination microscopy using a photonics chip 
Firehun .T.Dullo and Balpreet.S.Ahluwalia, UiT-The Arctic University of Norway 
 
Status 

Fluorescence microscopy is an important tool in biology, however, is bounded with the diffraction 

limit barrier inherently present in optical microscopy. Recent innovations have led to the development 

of super-resolution optical microscopy commonly referred as optical nanoscopy [1-2]. Nanoscopy 

allows observation of fluorescent samples at resolution below the diffraction limit. Nanoscopy consists 

of a panel of methods and among the existing techniques, structured illumination microscopy, (SIM) 

is most suitable for live cell imaging. This is due to its high imaging speed, compatibility with standard 

photostable fluorophores and relatively low phototoxic. SIM uses interference fringes to illuminate 

the sample, and the fringes are rotated in three orientations to provide isotropic resolution 

enhancements. Thanks to well-defined periodic illumination generated by the interference fringes, 

the method benefits from using only 9 or 15 images (2D/3D respectively) to generate a super-resolved 

image. In SIM, the laser light is spilt in the free space and is made to interfere at the sample plane by 

the imaging objective lens. Thus, both the illumination and the collection light paths are coupled (see 

Figure 1a).  

The present challenge with SIM is that it uses free-space optics for laser engineering that 

makes the set-up both bulky and complex. Furthermore, the light paths are prone to misalignment 

and phase drift. The maximum achievable resolution in SIM is dependent on the fringe period, which 

is diffraction limited when operated in linear regime using free-space optics. This limits the resolution 

improvement of SIM to a factor of only 2X over the diffraction limit, i.e., 100-130 nm. The resolution 

of SIM can be improved by using plasmonic [3] and/or speckle-SIM [4] that carries higher spatial 

frequency to their optical counterpart and by harnessing blind-SIM [5] reconstruction approaches.  

However, these methods use a metal interface and uses large number of images losing its edge on 

temporal resolution. Saturated-SIM (SSIM) [6] that relies on nonlinear higher harmonics can provides 

higher resolution (50 nm) but requires special dyes and high laser power increasing phototoxicity to 

the samples. To fully harness the utility of the linear SIM technique, the spatial resolution, the 

throughput, the system complexity and footprint of SIM need improvement.  

 

SIM-on-a-chip 

Chip-based TIRF-SIM (cSIM) [7] overcome limitations of conventional SIM, by replacing the cover glass 

with a photonic chip that both generates the illumination pattern and holds the specimen, Figure 1(b-

c). The sample is placed directly on top of a chip (optical waveguide) and is illuminated by the 

evanescent field present on top of the surface of the waveguide. By using two opposing single-mode 

waveguides, interference fringes are generated inside the waveguide, creating a standing wave 

evanescent field that can be harnessed for SIM illumination. Further, an array of single-mode optical 

waveguides, (Fig. 1c, Fig. 2a) is used for three rotational angles at the overlapping imaging area. By 

shifting the phase of the standing wave of the respective waveguide arm (Fig. 2b), the necessary data 

for a TIRF-SIM reconstruction, i.e., 9 images (3 angles/3 phases steps) can be acquired. The fringe 

spacing Ὢ obtained inside the waveguide is determined by the effective refractive index (ὲ) of the 

guided mode and is given by 

                                                                 Ὢ   (1) 

where ‗  ƛǎ ǘƘŜ ŜȄŎƛǘŀǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘΣ ŀƴŘ ʻ ƛǎ ǘƘŜ ŀƴƎƭŜ ƻŦ ƛƴǘŜǊŦŜǊŜƴŎŜΦ ¢ƘǳǎΣ ǘƘŜ ƻǇǘƛŎŀƭ ǊŜǎƻƭǳǘƛƻƴ 

supported by cSIM is given as: 




