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ABSTRACT

In applications such as optical coherence tomography, there is a need both to achieve large depth of field

by light shaping and to maintain ultracompact form factors. Flat metasurfaces on optical fibers can achieve

such requirements, with designs such as encapsulated diffractive axicon masks. They have the advantages of

simple fabrication and transfer, scalability to multi-layer structures and ability to wavelength and/or polarization

control. We show a method to shape light from optical fibers via diffractive metallic metalenses bonded onto

fiber facets. We discuss a novel process for fabrication and, as proof-of-principle, demonstrate Fresnel zone plates

and diffractive axicons on optical fiber facets.
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1. INTRODUCTION

Shaping light at the facets of hair-thin optical fibers using flat optics has opened new paradigms in imaging,1

nano-particle trapping2 and optical coherence tomography (OCT).3 Specifically, for OCT a large depth-of-field is

desired in order to trade off spatial and axial resolutions, which can be achieved using axicon lenses. Previously,

axicons have been made on fibers by polishing facets into conical shapes4,5 or attaching metalens-integrated

prisms3 but more generally, flat optics can be fabricated directly on fiber facets by milling6 or 3D printing.2,7

In addition, similar functionalities can be achieved using diffractive lenses8 bonded on fiber facets which have

the advantages of being simpler to design, fabricate and transfer, and compatibility with multi-layer metasurface

stacks increasingly finding use in advanced imaging systems,9,10 although at the expense of reduced efficiency.

Metasurfaces (as well as the diffractive metalenses) have provided flexible ways to control light by engineering

the spatial distributions of amplitude, phase and polarization responses with subwavelength resolution.11–13

The conventional method to fabricate such nanostructures through top-down fabrication on millimeter-sized

bulk substrates with electron-beam lithography (EBL) process is effective (as well as photo-lithography and

nanoimprint technology), but needs certain adjustment to be easily transferable for fiber optics platform and
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Figure 1. Fabrication of ultra-thin polymer-encapsulated metasurfaces onto fiber tips showing the steps to (a) separate

encapsulated metasurfaces from the hosting substrate and to (b) transfer them onto optical fiber tips. (c) Scanning

electron microscopy image of a polymerised metasurface attached to the tip of a single-mode fiber. Inset is the optical

image showing the alignment between the fiber core and the metasurface pattern through the microscope in (b).

scalable for multi-layer structures. The solution is to peel off polymerised-nanostructures from the supporting

substrate by etching a sacrificial layer, and to stick them onto fiber tips in sequence. As proof-of-principle, we

demonstrate Fresnel zone plates and axicon binary masks on optical fiber facets shaping light into Gaussian foci

and Bessel-like beams.

2. RESULT

As shown in Fig. 1(a), the first fabrication step is to deposit a thin Cr sacrificial layer (5-10 nm), followed by

conventional EBL and lift-off processes to create metasurface patterns on the thin layer. A 10-20 µm layer of

OrmoClear resist is then spin-coated, and align-patterned to disk shape via photo-lithography (125 µm disks,

matching the fiber diameter) to encapsulate the metasurface patterns in polymer. Immediately after that, a

thicker PMMA layer is uniformly coated onto the Si substrate to assimilate the polymer-encapsulated metasur-

faces. The next step is to remove the Cr sacrificial layer via wet etching process, during which the PMMA film



is gradually peeled off from the Si substrate and can float up to the surface of Cr etchant. The PMMA film

is then dissolved via AR 600-71 remover to make them free-standing on glass coverslips which can be directly

positioned onto the stage of a custom-built optical microscope (as shown in Fig. 1(b)).

In the next step, an inverted microscope is used to enable imaging through the coverslip by an objective

underneath in order to locate both metasurfaces and fiber tips within the field of view. The live image at

the coverslip-metasurface plane is formed by a camera capturing the reflection of LED illumination. The 2D

horizontal translation of the electro-mechanical stage and the 3D movement of the fiber holder controlled by a

micrometer allow accurate alignment between the metasurface and fiber tip (white light coupled into the fiber to

help locating the core), with precision down to 1 µm. UV-curable optical adhesive is used to attach metasurfaces

onto fiber tips, and the bonding can be solidified by UV-light illumination. As an example, Fig. 1(c) shows the

optical image of a metasurface pattern bonded to a single-mode fiber tip (the alignment between the pattern and

the white-light illuminated core is shown in the inset). It is noticed that due to the excessive use of adhesive this

material is elongated along the fiber tip, which can be further improved by more careful control when transferring

adhesive onto fiber tips.

As proof of principle, we transfer a Fresnel zone plate and a diffractive axicon mask onto fiber tips to shape the

output light, via the fabrication steps described above. Single-mode fibers are used to guide red light (660 nm,

diode laser), and 750 µm long multi-mode fiber (105 µm core diameter) are fusion-spliced onto the single-mode

fiber tips so that the multi-mode endcaps can expand the beam size to illuminate the whole metalens apertures.

The Fresnel zone plate (Fig. 2(a), with condensed rings) shapes the light into a Gaussian focus with 80 µm
depth. The difference between the designed (250 µm to the fiber facet) and actual (205 µm) focal points as well

the aberrated depth-of-focus can be attributed to the compromised metalens quality, variations on the endcap

length and misalignment between the mode and rings. In comparison, an axicon mask (Fig. 2(b), with larger

ring spacing) has the ability to shape the fiber light into a needle-like Bessel beam, with 400 µm depth-of-focus.

The increased depth-of-focus compared to the zone plate makes the axicon a better candidate for any fiber-based

OCT applications. The asymmetry of the field distributions in the XZ and YZ planes can be attributed to the

asymmetrical design of the mask, and improvements can be made during nanofabrication process to improve the

field quality.

3. CONCLUSION

To conclude, we have shown a method to fabricate diffractive metalenses onto optical fiber tips through direct

bonding of encapsulated axicon mask with UV-curable optical adhesive. This method can be easily applied

to fabricate multi-layer metasurfaces onto optical fiber tips. As a proof of principle, we designed, fabricated,

transferred and optically characterised a Fresnel zone plate and an axicon mask attached to single-mode fibers to

shape light into Gaussian focus and Bessel-like beam. The long depth-of-focus of the fiber-axicon device would

be suitable for many fiber-based OCT applications.
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Figure 2. Experimental measurement result of (a) a Fresnel zone plate and (b) an axicon mask shaping light into Gaussian

focus and Bessel-like beam. Inset images show microscope images of the attached zone plate and axicon. Cross-sections

of experimentally measured beam profiles in the XZ and YZ planes are shown for each design.
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