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ABSTRACT

In this paper we present a method to transfer ultra-thin polymer-encapsulated metallic metasurfaces onto optical
fibers to enable ultra-thin imaging devices. The metasurface is first produced by conventional e-beam lithography
on a silicon substrate and encapsulated by a resist layer. After patterning the resist layer to the target shape,
the encapsulated metasurfaces are peeled off from the substrate and then glued onto the tip of a single- or
multi-mode optical fiber. As a proof-of-concept we demonstrate a nanowire grating polarizer on the tip of an
optical fibre. This method will allow the design and fabrication of multi-layered metasurface endoscopic devices
for imaging and sensing.
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1. INTRODUCTION
Imaging through hair-thin optical fibers has opened up new paradigms for biomedical imaging, such as in vivo
bright/dark-field and fluorescence microscopy in living brains;1, 2 quantitative phase/polarization imaging for
early-stage cancer detection;3, 4 and endoscopic confocal microscopy with high resolution.5 The state-of-art of this
technology typically requires accurate characterisation of the transmission matrix (TM) of the light propagating
through the fiber,6 which is inevitably sensitive to the ambient environment (i.e. mechanical deformation and/or
temperature fluctuation) of living cells. Prior works have proposed different methods to perform real-time
measurements of the TMs at the fiber distal facets,7–10 but with limited working range, strict preconditioning
or large form factor. Gordon et al.11 proposed a novel way to characterise nonunitary fiber TMs without access
to the distal facet meanwhile maintaining the hair-thin property of the fiber, which is by the introduction of
a multilayer stack of spatially heterogeneous, partially reflecting metasurfaces and long-pass optical filters onto
the distal facet.
Metasurfaces, which are ultrathin metamaterials, have provided flexible ways to control light by engineering
the spatial distributions of amplitude, phase and polarization responses with subwavelength resolution.12–14 The
majority of the readily demonstrated metasurfaces are top-down fabricated on millimeter-sized bulk substrates by
electron-beam lithography (EBL), the configuration of which is not technologically compatible with the platform
of fiber optics. Metasurfaces have previously been fabricated on optical fiber facets, via either direct milling into
deposited layers or indirect transfer of predefined patterns with sacrificial substrates,15–17 but these methods are
not well-suited to flexibly transfer multilayer stacks of custom-designed patterns onto fiber tips. Such designs
are necessary to unlock the full range of possible fibre imaging devices.
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Figure 1. Ultra-thin polymer-encapsulated metallic metasurfaces fabrication showing the steps to encapsulate (a) and
transfer them to an optical fiber (b). (c) Scanning electron microscopy image of a metallic metasurface stuck on the tip
of a single-mode optical fiber (scale bar: 50 µm). Inset is the optical image through the experimental set-up with a white
dot indicating the core of the single-mode fibre.

In this work, we show a new method to fabricate and transfer ultra-thin metallic metasurfaces onto the tips of
optical fibers, which can be easily scaled up to fabricate multilayer metasurface stacks. The fabrication involves
conventional EBL process to define metasurfaces on a silicon (Si) substrate and encapsulation of the metasurfaces by a photo-resist layer (CAR44). After patterning the resist layer to the target shape, the encapsulated
metasurfaces are transferred from the substrate and glued onto the tips of single- and/or multi-mode fibers. As
a proof-of-principle, we fabricate and optically characterise a wire-grid polarizer metasurface on the tip of an
optical fibre, which represents a novel approach to the generation of linear polarization states that is important
in many advanced imaging applications.4, 11

2. METHODOLOGY
2.1 Fabrication of polymer-encapsulated metallic metasurfaces
The first step is to fabricate and encapsulate the desired metallic metasurfaces using the following process (shown
in Figure 1(a)).
A silicon substrate is coated with a 30 nm sacrificial layer of chrome (Cr). Then, the metallic metasurface
is fabricated by conventional electron-beam lithography on the substrate. This includes spin-coating of resist,
electron beam exposure, development, gold deposition (22 nm thick) and lift-off processes.
To encapsulate the metallic metasurfaces, a 10 µm layer of CAR44 resist is coated and patterned to the
required shape using photo-lithography (in this case, a disc of 125 µm, matching the fiber diameter).
The chrome layer is removed by an etching process, so the encapsulated discs drop onto the silicon substrate.
Finally, water is used to float the discs off the substrate with the aid of physical force from a needle to prepare
them for adhesion to the optical fibre.

2.2 Transferring metasurfaces onto a fiber
Once the metallic metasurfaces are encapsulated on the resist and free from the sacrificial metallic layer, these are
ready to be glued onto the fiber. First, the pattern is transferred from the silicon substrate to a glass substrate
which enables imaging through the substrate and locating both metasurfaces and fiber in the field of view.
This is shown in Figure 1(b), where the sample is illuminated with a red LED through a 5x objective, and
is imaged in reflection by a camera. The metallic metasurface is moved by electromechanical stages with 1 µm
step-size, whereas the fiber is translated in x,y and z coordinates with manual micrometers. The fiber is also
coupled with a white light source to enable accurate location of the core.
Once the metasurface and fiber are aligned and centered, UV-cured glue is attached to the fiber tip and
pressed against the metasurface. The surface tension allows the metasurface to stick onto the tip and the glue
is cured with a UV torch.
An example of a metallic metasurface glued to the tip of a single mode fiber is shown in Figure 1(c). Here, an
scanning electron microscopy (SEM) picture demonstrates that the metasurface is stuck onto the tip successfully
without being damaged during the process. Following setting of the glue, the same metasurface can be seen in
the figure inset, viewed through the optical microscope of Figure 1(b).

2.3 Nanowire grating polarizer design
When designing a nanowire grating polarizer working in transmission, one is interested in its ability to transmit
the light polarized along its major axis (Ex polarization in Figure 2(a)), and to block the polarization along its
minor axis (Ey) at the designed wavelength (850 nm). This often yields a high extinction ratio of the transmission
values (Tx/Ty), which means that any light filtered by the nanowire grating polarizer will have a dominant linear
polarization state along the major axis. Based on this concept, we optimised the design of a bi-periodic nanowire
array (Figure 2(a)) with the parameters shown in Table 1. The total length and width of the polarizer are 21.6
µm and 150 nm respectively – the major axis is split into 3000 nm sections to aid fabrication.
We simulated the spectral dispersion of the nanowire transmissions with input polarizations along the major
(Tx) and minor-axis (Ty) directions, as shown in Figure 2(b). The major-axis polarization gives a broadband
high-level transmission, with 62% at the designed wavelength of 850 nm (blue solid line). On the other hand,
the light polarized along the minor axis has a transmission valley of 1.4% at this wavelength (blue dashed line).
According to the simulations, the high extinction ratio (Tx/Ty) of 44 at 850 nm (orange line) indicates that the
designed nanowire grating polarizer should give a good performance at this wavelength.
Furthermore, we simulated the variations of the polarizer extinction ratio against two design parameters,
nanowire width and minor-axis gap, as illustrated in Fig. 2. Within the ranges of parametric sweep, the
extinction ratio is almost invariant to the minor-axis gap (thought it is more pronounced outside the simulated
range), while it is highly sensitive to the change of the nanowire width. Given a fixed gap value (i.e. 110 nm)
along the minor axis, the full width at half maximum (FWHM) of the peak ratio appears at 10% variation of
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Figure 2. (a) Diagram of the nanowire grating polarizer and input / output light polarization. (b) Simulated transmittance
spectra for a nanowire grating polarizer with parameters shown in Table 1. The polarization ratio (Tx/Ty) is about 44
for 850 nm wavelength. (c) Extinction ratio map for different values of nanowire width and minor axis gap.

the width, and the ratio is even 10 times lower than the peak at 30% variation. This imposes tight tolerances for
fabrication precision, as a slight variation in the polarizer dimension can significantly compromise its performance
for the generation of linear polarization states.
Table 1. Design parameters of nanowire grating polarizer

Parameter
Length nanowire
Width nanowire
Gap (along major axis)
Gap (along minor axis)
Thickness

Dimensions (nm)
3000
150
100
110
22

3. RESULTS
After maximising the extinction ratio for multiple parameters, the nanowire grating polarizer design was fabricated using the steps given previously. Figure 3(a)-(b) show SEM images of the polarizers before being encapsulated on the resist, and figure 3(c) is the optical image after encapsulation.
After transferring the nanowire grating polarizer to a single mode fiber, the polarization behaviour was
measured. To do this, linearly polarized light at different axis angles was generated using a fixed linear polarizer,
followed by a quarter-wave plate followed by a rotating linear polariser. The resulting light was then coupled via
the nanowire grating polarizer into the fibre measured with a power meter. The coupled power was measured as
the polarisation angle of the incident light was swept from 0◦ to 180◦ . This is shown in Figure 3(d) where the
maximum value is achieved when the input polarization matches the polarization axis of the nanowire grating
polarizer. The measured extinction ratio obtained for this nanowire grating polarizer (see inset) is 2.37.
The difference between the simulated and experimental extinction ratio may be explained by fabrication
tolerances. As shown in 2(c), small changes in the width and gap between nanowires can greatly reduce the
polarizer performance. For instance, 10% variation in nanowire width can reduce the polarization ratio by half.
It is also important to notice that any defects on the polarizers smaller than the resolution limit of the optical
setup cannot be imaged. This could explain the reduction of the extinction ratio of the nanowire grating polarizer
if a defective sample is used.
Though there is clearly room for improvement of this specific design, it nonetheless serves as a proof-ofprinciple that this process is feasible, flexible and scalable to multi-layer stacks of metasurfaces.
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Figure 3. Nanowire grating polarizer. (a) Scanning electron microscopy (SEM) image of the polarizer before being
encapsulated (scale bar: 3 µm). SEM zoomed area (scale bar: 1 µm). The design parameters are shown in Table 1. (c)
Optical microscopy image of the nanowire grating polarizer encapsulated on the resist, CAR44, with 125 µm diameter
(scale bar: 25 µm). (d) The polarization performance of the nanowire grating polarizer on the tip of a single-mode optical
fiber. The extinction ratio is about 2.37. The figure inset is the optical picture of the metasurface stuck on the fiber with
the core illuminated.

4. CONCLUSIONS
Here, we have shown a method to transfer ultra-thin polymer-encapsulated metallic metasurfaces onto optical
fibers. This method consists of fabricating metasurfaces by conventional e-beam lithography and encapsulating
them in a resist layer (CAR44). After patterning the resist layer to the target shape, the encapsulated metasurface
can be glued to the tip of single- or multi-mode optical fibers. As a proof of principle we have designed, fabricated,
transferred and optically characterized a nanowire grating polarizer on an optical fiber.
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