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Abstract: Metasurface technology is revolutionizing the

field of optics and pursuing expanded functions via tech-

nical developments, such as the integration of multiple

metasurfaces with optical fibers. Despite several attempts

to realize metasurface-on-fiber platforms, negligible fiber-

facet areas pose a serious obstacle to efficient and precise

fabrication. Herein, we demonstrate a novel sequential

micro-punching process that enables rapid and precise

stacking of multiple polymer metasurfaces on the end face

of a single-mode optical fiber. Mesh-type nanohole metasur-

faces are fabricated on a 1.8-μm-thick polymethylmethacry-
late (PMMA) layer via e-beam lithography, and the PMMA

layer is separated from the substrate and prepared in the

formof amembraneusing the external frame. Furthermore,

the PMMA metasurfaces are sequentially punched through
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the fiber and stacked on top. Employing a micro-punching

process, we demonstrate highly efficient all-polymer metal-

enses and orbital angular momentum (OAM) metasurfaces

coupled with single-mode fibers operating in the telecom-

munication band. A 1550 nm laser beam passing through

three metalens layers stacked on the fiber is focused at

a distance of 135 μm with 83% efficiency. In addition, the

1550 nm beam passing through three OAM metasurfaces

on the fiber is converted into a perfect vortex beam with

a topological charge of 3. We believe that our proposed

micro-punching process will cause a breakthrough in the

fabrication ofmetasurface-integrated optical fibers thatwill

be utilized in a wide range of applications.

Keywords:metalenses; metasurface-on-fiber; metasurfa-

ces; OAMmetasurfaces; polymer metasurfaces.

1 Introduction

Metamaterials, comprising periodic three-dimensional

subwavelength metallic/dielectric structures, are artificial

materials that can realize unprecedented electromagnetic

properties, such as ultra-high refractive index [1], negative

refractive index [2], and electromagnetic clocking [3, 4].

However, these attractive features of metamaterials require

sophisticated three-dimensional fabrication techniques

with complex metal wires [5], which make their assembly

difficult and costly. Recently, metasurfaces have been

spotlighted as a solution that can address the limitations

of metamaterials while retaining their distinct optical

properties [6–10]. Metasurfaces are thin two-dimensional

planar optical structures that comprise a series of discrete

elements called meta-atoms, which can exert remarkable

abilities of electromagnetic wavefront manipulation

introduced by the functional arrangement of meta-atomic

structures. Advances in metasurface technology over the

past decade have revolutionized the fields of optics and

photonics, demonstrating several innovative devices such
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as high-NA metalenses [11–13], holography [14], invisibility

cloaks [15, 16], and broadband absorbers [17, 18].

Metasurfaces are usually fabricated on thin films using

standard lithography and nanoimprinting processes; how-

ever, recently the fabrication of metasurfaces on optical

fiber facets has garnered significant attention [19, 20]. Opti-

cal fibers are an excellent platform for combining metasur-

face features because of their light propagation flexibility,

biocompatibility, and physical robustness, which will have

a significant impact on various applications, such as envi-

ronmental sensing and clinical diagnostics [21, 22]. However,

despite the fact that the optical fiber provides a planar cross-

section suitable for combining with a thin metasurface,

there is great difficulty in applying the existing nanotech-

nology owing to the limited size of the optical fiber facet.

Currently, most fiber-based metasurfaces are fabricated

directly on the fiber facets using focused ion-beam milling

[23–25] or e-beam lithography followedby etching processes

[26–28], or by patterning nanostructures with laser writing

techniques using femtosecond laser pulses or two-photon

polymerization [29–31]. However, these methods have lim-

itations, such as a slow fabrication process, difficulty in

fabricating elaborately on small fiber tips (e.g., single-mode

fibers), and difficulty in continuously stacking add-onmeta-

surfaces onto prefabricated structures. Recently, it has been

proposed that nano-transfer techniques transfermeta struc-

tures to small fiber tips [32, 33]. This method employs a

process of transferring nanopatterned meta-atoms prefab-

ricated on a detachable thin metal layer to a fiber tip,

which has the advantage of continuously transferring vari-

ous patterns and maintaining stable patterning resolution.

However, defects in the pattern intermittently occur during

the transfer process and continuous multiple stacking is

unstable.

In this study, we propose and demonstrate a novel

sequential micro-punching process that can rapidly and

precisely transfer multiple polymer metasurfaces onto the

end face of a single-mode optical fiber. Mesh-type metasur-

faces with nanoholes (diameter = 400 nm–1.1 μm) are fab-
ricated on a 1.8-μm-thick polymethyl methacrylate (PMMA)
layer using e-beam lithography (EBL), and the PMMA layer

is transferred to an apertured polydimethylsiloxane (PDMS)

frame. Furthermore, the PMMAmetasurfaces are mechani-

cally punched using the aligned fiber. Via this punching pro-

cess, multiple PMMAmetasurfaces are sequentially stacked

on the end face of the fiber. Employing the micro-punching

process, we demonstrated highly efficient all-polymer

metalenses and orbital angularmomentum (OAM)metasur-

faces coupled to single-modefibers operating in the telecom-

munication band.We observed that a 1550 nm laser beam in

a single-mode fiber was focused at a distance of 135 μmwith

83% efficiency when passing through three metalens layers

stacked on the fiber, andwas converted into a perfect vortex

beam with a topological charge of 3 when passing through

three OAMmetasurfaces on the fiber.

2 Multilayer all-polymer

metasurface on fiber

The combinatorial use of multiple metasurfaces allows for

the expansion of the degree of freedomofmetasurface func-

tions, and their efficient integration with optical fibers will

allow more freedom in the utilization of expanded func-

tions. Figure 1(a) illustrates a schematic of the proposed

multilayer metasurface-on-fiber platform in which multi-

ple metasurface layers are stacked on the end face of an

optical fiber. In this platform, the beam propagating in a

low-loss single-mode fiber (SMF) with a core diameter of

9 μm is emitted as a manipulated wavefront by passing

through multiple metasurfaces stacked at the end of the

fiber. The mode field diameter (MFD) of the beam in the

SMF at a wavelength (𝜆) of 1550 nm is approximately 10 μm,
while the beam diameter that needs to cover the meta-

surface to achieve the full performance of the meta-

surface is at least 100 μm; therefore, the beam should

expand approximately ten times or more from the end

of the SMF to the metasurface. To this end, a mul-

timode fiber (MMF, 0.22 NA) with a core diameter of

105 μm is connected between the SMF and metasurface

with a length of approximately 800 μm to induce the

broadening of the beam. Here, SMF and MMF have the

same cladding size of 125 μm and are neatly joined by

fusion splicing; hence, a seamless connection between

the two fibers is achieved [Supplementary Note 1]. In

addition, if the core diameter of the MMF is large enough,

theGaussian beam shape ismaintained during beamexpan-

sion [27].

Fabricating multilayer metasurfaces on an optical

fiber facet using conventional nanofabrication techniques

encounters complex fabrication steps, such as: (1) deposit-

ing a metasurface layer with a certain thickness on the

end face of the fiber, (2) coating e-beam resist on the fiber

facet, (3) EBL with a special holder to level the fiber facet,

(4) dry etching to the fiber facet, and (5) repeating the

previous works to stack multilayer metasurfaces on the

fiber [34, 35]. These processes are inferior in processability

because of the limited area of the fiber facet, and in addition,

they require extensive time and high costs owing to their

complex and several process steps. The introduction of
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Figure 1: Multilayer all-polymer metasurface stacked on optical fiber. (a) Schematic of the proposed multilayer metasurface-on-fiber platform in

which multiple metasurface layers are stacked on the end face of an optical fiber. Here, multimode fiber is connected between the single-mode fiber

and metasurface with a length of approximately 800 μm to induce the broadening of the beam. (b) Schematic of the micro-punching process that

enables stacking of a PMMA metasurface on the end face of the fiber. (c) Sequential micro-punching process in which multiple free-standing PMMA

metasurfaces are stacked onto the end face of the fiber.

polymer-based metasurfaces can simplify the fabrication

steps. In particular, if e-beam resists such as PMMA are

directly used as a metasurface material, the process steps

can be drastically reduced because nanostructures are pro-

duced via a simple development process after EBL. PMMA

has high transmittance for visible and near-infrared beams,

excellent flexibility, high acid resistance and chemical sta-

bility, high mechanical strength [36], and can be processed

in the form of a membrane.

We propose a PMMA-based micro-punching process

that allows the continuous stacking of various PMMAmeta-

surfaces onto the fiber. As illustrated in Figure 1(b), the

PMMA layer containing various metasurfaces is placed on

the PDMS frame and mechanically punched through the

fiber in succession; therefore, each PMMA metasurface is

stacked directly to the end face of the fiber. Nanostructures

of the PMMAmetasurfaces are fabricated through EBL, and

multiple metasurfaces are successively punched through

sequential micro-punching; therefore, the whole process is

fast and cost-effective. For the micro-punching process, the

metasurface must have a free-standing mesh-like structure

without a substrate. In addition, the edges of the metasur-

faces should be pierced in a ring form to separate them

from the PMMA layer and transfer them to the fiber, and

a few thin tethers are needed to support them weakly on

the layer. Under these conditions, multilayer metasurfaces

can be stably and quickly stacked onto the end face of

the fiber by sequentially punching multiple free-standing

PMMA metasurfaces, as illustrated in Figure 1(c).

3 Micro-punching process

As illustrated in Figure 2(a) and (b), we passed through four

major steps for the micro-punching process: (1) fabrication

of the PMMA metasurfaces via the EBL process, (2) separa-

tion of the PMMA layer from the substrate, (3) preparation of

the PMMAmembrane using the PDMS frame, and (4) punch-

ing of the PMMA metasurfaces through the aligned fiber.

First, a 1.8-μm-thick PMMA is coated on the Si substrate with
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Figure 2: Fabrication of multilayer PMMA metasurface on fiber via the micro-punching process. (a) Four major fabrication steps: (i) fabrication of the

PMMA metasurfaces via the EBL process, (ii) separation of the PMMA layer from the substrate, (iii) preparation of the PMMA membrane using the

PDMS frame, and (iv) punching of the PMMA metasurfaces via the aligned fiber. (b) Images and photographs corresponding to the process step in (a).

(c) Scanning electron microscopy (SEM) image of the fabricated sample in which a single-layer PMMA metasurface is stacked onto the fiber. (d) SEM

image of the fabricated sample in which three-layer PMMA metasurfaces are stacked onto the fiber.

a thermally grown 285-nm-thick SiO2 layer on top. Here, a

1.8 μm thickness of PMMA is close to the maximum thick-

ness that can be nano-pattered through EBL [37]. Further-

more, various metasurfaces are nano-patterned through

EBL and structured through a developing process. At the

edges of the metasurfaces, 5-μm-wide ring patterns with

a 120 μm diameter slightly smaller than a fiber cladding

diameter of 125 μm are introduced, and several 10-μm-wide
tethers are left inside the ring. Furthermore, the patterned

PMMA layer is separated from the substrate by removing the

SiO2 sacrificial layer of the SiO2/Si substrate using a diluted

HF (HF:H2O = 1:4, DHF) solution, and the PMMA film is

floated on the DHF solution. The PMMA film floating in the

DHF solution is rinsed by immersing it in deionized (DI)

water, taken out using an Au boat, and then transferred to a

PDMS frame having an open aperture to prepare for punch-

ing. Aftermaking sure that the open area of the PDMS frame

and PMMA film are aligned correctly, the PDMS frame is

pressed to produce sufficient adhesion between the PMMA

and PDMS. Here, a certain amount of DI water film exists

between the PMMA and Au boat, which allows for easy sep-

aration of PMMAandAu, so that the PMMAfilm can be read-

ily transferred to the PDMS frame [Supplementary Note 2,

Supplementary Video 1]. Because the PMMA is flexible and

resistant to external stress, nanostructures fabricated on the

PMMA are safely transferred to the PDMS frame without

damage. Furthermore, a visible laser (𝜆= 635 nm) is applied

through one port of the optical fiber. Using the beam emitted

from the cleaved fiber on the opposite side, the fiber axis

and center of the metasurface are precisely aligned with

each other. Here, MMF with a core diameter of 105 μm is

connected to the SMF and cut into 800 μm lengths. After-

ward, the fiber is aligned with the edge ring of the PMMA

metasurface and punches the metasurface to stack it onto

the end face of the fiber. The PMMA metasurface is elasti-

cally stacked on the fiber with the flexibility of the material

even if there are slight irregularities at the end of the fiber.

In this process, van der Waals force and surface tension

are simultaneously applied to stably attach the metasur-

face to the fiber surface. Because the PMMA metasurface is
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relatively large (diameter ∼ 120 μm), the adhesion by van

der Waals force solely is not strong enough to stably adhere

the metasurface to the fiber facet, which is also sensitive

to environmental conditions such as ambient temperature

and humidity. To compensate for this, the surface tension

that attracts the surfaces as the liquid dries is addition-

ally applied so that the adhesion stability can be further

increased [Supplementary Video 2]. Figure 2(c) illustrates a

scanning electronmicroscopy (SEM) image of the fabricated

sample in which a single 1.8-μm-thick PMMAmetasurface is
stably stacked on the end face of the optical fiber. In addi-

tion, by repeatedly punching various PMMA metasurfaces

present in the PMMA film using the same fiber, multiple

PMMAmetasurfaces can be stablymultilayered on the fiber.

Finally, the stacked PMMA metasurfaces were irradiated

with UV beams of an intensity of 1.4 W/cm2 for 10 min to

enhance the durability of the PMMA. Figure 2(d) illustrates

the fabricated sample in which three PMMA metasurfaces

are well aligned and stably stacked on the end face of the

optical fiber.

4 Telecom-band multilayer

all-polymer metasurface on fiber

A potential application of the multilayer metasurface-

on-fiber is the realization of high-efficiency polymer-

based metasurfaces operating in telecommunication bands

and their efficient coupling with SMFs. Recently, sev-

eral attempts to implement metasurfaces operating at

telecommunication wavelengths (e.g., 𝜆 = 1550 nm) have

been reported, most of which have been demonstrated

using silicon-based metasurfaces with high refractive index

[38–40]. Because the refractive index of silicon (n = 3.48)

is approximately 2.3 times larger than that of polymer

(n ∼ 1.5), a full 2π phase shift of the beam can be achieved

at the telecommunication wavelength even with a thin

thickness of less than 1 μm, and this thickness is within

the range in which nanostructures of metasurfaces can

be manufactured with conventional nanofabrication tech-

niques. Accordingly, silicon has been widely utilized as a

metasurface material for communication bands; however,

silicon has strong reflection loss at the interface owing to

the high refractive index difference with the outside, and it

is difficult to fabricate metastructures connected to optical

fibers. There has been an increased demand to implement

polymer-based metasurfaces that operate in communica-

tion bandswith high transmittance and excellent flexibility;

however, there is a critical obstacle, in that the polymer

must be several micrometers thick to cover the complete

2π phase shift. Such a thickness has limitations in fabri-

cating nanostructures with conventional nanofabrication

techniques. Recently, a study on implementing a 3D polymer

metastructure on the surface of a fiber using 3D laser writ-

ing techniques based on two-photon polymerization has

been reported [30, 31]. However, the fabrication resolution

is not as accurate as 1 μm, and the process is long and

costly. In contrast, our proposed micro-punching process

allows multilayer PMMAmetasurfaces fabricated by EBL to

be stacked onto the fiber facet with the desired total thick-

ness, enabling a fast and accurate realization of a polymer-

basedmetasurface-on-fiber that operates in communication

bands.

Figure 3(a) illustrates the PMMA metasurface with

nanoholes to which the micro-punching process is appli-

cable. Because the PMMA nanostructures should be free-

standing even after the PMMA layer is separated from

the substrate, we designed a mesh-like metasurface with

nanoholes in PMMA. The meta-atom was designed in a

hexagonal unit cell to increase the number density of meta-

atoms per unit area. And the unit-cell size (lattice) was

selected to be 1200 nm, which is within a range where

the high transmittance does not significantly vary with the

size of the nanoholes [Supplementary Note 3]. Figure 3(b)

and (c) illustrate the calculated transmittance and phase

delay for a 1550 nm beam incident from an optical fiber as

the PMMA thickness (H = 1.0–6.0 μm) and hole diameter

(D = 100–1100 nm) are varied, respectively. Here, the cal-

culations were performed by finite-difference time-domain

(FDTD) simulations. As illustrated in Figure 3(b), the trans-

mittance over the entire calculation range of H and D

exhibits as high as 96% or more, because the refractive

index of PMMA (n = 1.4971) is similar to that of SiO2. Here,

the larger the air hole in the meta-atom, the higher the

transmittance, reaching approximately 99%. However, as

illustrated in Figure 3(c), the phase delay does not always

cover a full 2π shift by D for all H. For a single-layer PMMA

thickness (H = 1.8 μm), a 2π phase shift cannot be obtained
via D, and H must be thicker than 4.5 μm to get an entire

phase shift. This means that at least three more PMMA

metasurfaces (H ≥ 1.8 μm× 3) must be stacked to fully work

for the 1550 nm beam. Accordingly, we stacked three 1.8-

μm-thick PMMAmetasurfaces on the end face of the optical
fiber using the micro-punching process and demonstrated

polymer metalenses and OAMmetasurfaces that operate in

telecommunication bands.

Figure 3(d) illustrates the experimental setup to char-

acterize the performance of the fabricated telecom-band

PMMA metasurface-on-fiber. A 1550 nm laser was incident

on one end of a single-mode optical fiber, and the other
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Figure 3: Simulation of PMMA meta-atoms with nanoholes and experimental setup (a) PMMA meta-atom with nanohole. The meta-atom is designed

as a hexagonal unit cell, and the unit-cell size (lattice) is fixed at 1200 nm. (b, c) Calculated transmittance and phase delay for a 1550 nm beam as the

PMMA thickness (H = 1.0–6.0 μm) and hole diameter (D= 100–1100 nm) are varied, respectively. (d) Experimental setup to characterize the

performance of the telecom-band PMMA metasurface-on-fiber.

fiber side with metasurfaces was mounted on a stepper

motor to move it at a constant speed along the fiber axis.

Furthermore, we measured infrared charge-coupled device

(IRCCD) images of the emission beam passing through

multilayer metasurfaces as a function of the distance

between the metasurface and the image plane of the objec-

tive lens. Here, we utilized an objective lens with an NA of

0.42 and an IRCCD with a 320 × 256 pixel array.
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5 Telecom-band all-polymer

metalens on fiber

The most studied application of metasurface-on-fiber is the

metalens-on-fiber,which causes a beamemitted through the

fiber to be focused at a specific distance. We implemented a

high-efficiency polymer metalens-on-fiber that operates in

the telecom band by stacking three PMMA metalens layers

on the end face of an optical fiber using a sequential micro-

punching process. To design a metasurface that serves as a

lens that converts an incident plane wave into a focusable

spherical wave, we adopted the phase delay map of 𝜑lens

expressed by Eq. (1) [11].

𝜑
(
x, y

)
lens

= −2𝜋

𝜆
(

√
x2 + y2 + f 2 − f ) (1)

where (x, y) denotes the spatial position, f is the target

focal length of the lens, and 𝜆 is the operating wavelength

of 1550 nm. We set f to 100 μm so that the Gaussian beam

emitted from the SMF (NA = 0.12) is focused at a distance

of 131 μm [Supplementary Note 4]. Based on the calcu-

lated𝜑lens, we designed metalens by introducing nanoholes

with diameters (D) corresponding to 𝜑lens via Figure 3(c)

[Supplementary Note 5]. Here, the diameters of the small-

est and largest holes were 400 nm and 1.1 μm, respectively.
In addition, we verified via full 3D FDTD simulation that

the designed metasurface works as a metalens with 95%

efficiency, and when the alignment error of each layer is

within approximately 1 μm, the efficiency compared to the

perfectly aligned structure was calculated to be over 85%

[Supplementary Note 6].

Based on the design, we fabricated a metalens-on-fiber

by elaborately stacking three PMMA metasurface layers

(total thickness = 5.4 μm) onto the end face of an optical

fiber using EBL and sequential micro-punching process.

Figure 4(a) illustrates microscope images when three iden-

tical 1.8-μm-thick PMMA metalenses were stacked in suc-

cession onto the fiber. Here, to precisely align the three

metalenses, we stacked them while aligning the positions

of the tethers and outermost edges of the layers via an

optical microscope. Furthermore, we actively used the sur-

face tension of the remaining water film of each layer for

stable attaching between layers [Supplementary Video 2].

The diameter ofmetalens and outermost diameter of PMMA

weremeasured as 105 μmand 120 μm, respectively. As illus-
trated in Figure 4(b), the average alignment error of the

layered metasurface is measured to be less than 500 nm,

which is limited by the resolution of themicroscope utilized

during the fiber alignment and punching processes.

To characterize the performance of the fabricated

metalens-on-fiber structure, we measured IRCCD images

of the beam emitted from the fiber as a function of dis-

tance using the experimental setup of Figure 3(d) [Supple-

mentary Video 3]. As illustrated in Figure 4(c), a 1550 nm

beam passing through the multilayer PMMA metalens was

focused to a distance of approximately 135 μm, which
closely matches the designed 130 μm. The error in the two

distances is estimated to be due to fabrication andmisalign-

ment errors that occur during the manufacturing process.

The transmittance was measured to be 83%, and the full

width at half maximum (FWHM) of the focused beam is

3.67 μm. In addition, we experimentally observed that the

single-layer PMMA-stacked metalens works at the visible

wavelength of 635 nm [Supplementary Note 7].

6 Telecom-band all-polymer OAM

metasurface on fiber

Because the metasurface allows manipulation of the

spatial wavefront with a high degree of freedom via

the two-dimensional arrangement of various meta-atoms,

it enables various wavefront modulations for special

purposes. Recently, the generation of vortex beams by

exciting the OAM modes using metasurfaces has been

reported [41]. The generation of OAM modes is particu-

larly interesting in the telecommunications field because

OAM modes can be utilized as data channels to expand

transmission data capacity. The conventional method of

forming a Laguerre–Gaussian (LG) vortex beam using a

spiral phase plate (SPP) has a limitation because the beam

intensity varies depending on the topological charge (TC),

which greatly limits the formation of a perfect vortex (PV)

beam [42]. As a solution to this challenge, a method of

obtaining a PV beam based on a Bessel–Gaussian (BG)

vortex beam using the combination of a spatial light mir-

ror (SLM), an axicon, an interferometer, and a digital

micromirror device (DMD) has been proposed [42–47];

however, their miniaturization and integration remain a

challenge. Accordingly, optical fibers with integrated meta-

surfaces are expected to provide the most promising solu-

tion for forming PV OAM beams with a compact platform.

We implemented a telecom-band PV beam based on a

metasurface-on-fiber platform in which three PMMA OAM

metasurfaces were stacked on the fiber facet via the micro-

punching process.

In most cases, to form the PV beam, an LG beam is gen-

erated via the SPP and converted into the BG beamusing the

axicon. Furthermore, the BG beam is Fourier transformed
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Figure 4: Telecom-band all-polymer metalens on fiber. (a) Microscope images as three identical 1.8-μm-thick PMMA metalenses are being
successively stacked one by one onto the fiber. (b) SEM images of fabricated telecom-band PMMA metalens-on-fiber. (c) Characterization of fabricated

PMMA metalens-on-fiber. A 1550 nm beam passing through the multilayer PMMA metalens is focused at a distance of approximately 135 μm, which
closely matches the designed 130 μm. The transmittance is 83%, and the full width at half maximum (FWHM) of the focused beam is 3.67 μm.

using the lens to form the PV beam. The metasurface can

integrate these three elements – SPP, axicon, and lens – into

one phase plate, thus allowing for perfect miniaturization

and integration. The integrated phase profile (𝜑PV) generat-

ing the PVbeam is expressed as the sumof the phase profiles

(𝜑SPP, 𝜑axicon, 𝜑lens) of three elements, and is described by

the following equations [48]:

𝜑
(
x, y

)
SPP

= l ⋅ tan−1
(
y

x

)
(2)

𝜑
(
x, y

)
axicon

= −2𝜋
√
x2 + y2

d
(3)

𝜑
(
x, y

)
PV

= 𝜑
(
x, y

)
SPP

+ 𝜑
(
x, y

)
axicon

+ 𝜑
(
x, y

)
lens

, (4)

where l is the TC value and d is the periodic length of the

axicon design. We set l and d to 3 and 8 μm, respectively.
Figure 5(a) illustrates the phase profile 𝜑PV of the PV

OAM with a TC value of 3 calculated by Eqs. (1)–(4). Based

on this phase map, we designed and fabricated PMMA

OAM metasurfaces by introducing nanoholes with diame-

ters corresponding to𝜑PV into the PMMA layer, and stacked

three metasurfaces (total thickness = 5.4 μm) at the end of
the fiber via the micro-punching process, as illustrated in
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Figure 5: Telecom-band all-polymer OAM metasurface on fiber. (a) Phase map for perfect vortex OAM beam with a topological charge of 3 at a

wavelength of 1550 nm. (b) Microscope (left) and SEM (right) images of fabricated telecom-band OAMmetasurface-on-fiber. (c) Calculated field

intensity profile of a 1550 nm beam passing through the OAM metasurface as a function of distance. (d) Measured IRCCD images of a 1550 nm beam

passing through the fabricated OAM metasurface-on-fiber as a function of distance.

Figure 5(b). Furthermore, we confirmed that the OAMmeta-

surfacewas fabricatedwith an error of less than 5% via SEM

images. Figure 5(c) illustrates the calculated intensity profile

of a beam passing through the OAM metalens as a function

of distance. It is evident from this figure that the TC ring of

the PV beamwith a TC value of 3 is being formed by passing

through the OAM metasurface. Figure 5(d) illustrates the

measured IRCCD images according to the distance of the

beam passing through the fabricated OAMmetasurface-on-

fiber of Figure 5(b). We can observe in this figure that the

TC ring of the PV beam with a TC value of 3 is clearly

generated, very similar to the simulation result in Figure 5(c)

[Supplementary Video 3]. However, unexpected non-zero

intensity was observed at the center of the output beam,

which may be attributed to fabrication imperfections. The

transmittance was measured as 83%, the same as that of the

metalens. Via this experiment, we verified that the polymer-

based OAM metasurface can be implemented in commu-

nication bands and efficiently integrated with the SMF

via the micro-punching process. In addition, we observed

the formation of a similar PV beam for a 635 nm visible

beam in the single-layer PMMA OAM metasurface-on-fiber
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[Supplementary Note 8]. In this case, a clear observation

of zero intensity at the center of the output beam was

made.

7 Conclusions

We demonstrated a novel sequential micro-punching pro-

cess that can rapidly and precisely stack multiple PMMA

metasurfaces onto the end face of a single-mode opti-

cal fiber. This process not only facilitates the fabrication

of transparent and flexible polymer metasurfaces with

nanometer resolution stacked on optical fibers but also

enables the implementation of three-dimensional metas-

tructureswith desired thicknesses.We demonstrated highly

efficient all-polymer metalenses and OAM metasurfaces

coupled with single-mode fibers working for a 1550 nm

beam, i.e., a telecom-band beam, via the micro-punching

process. Optical fibers combined with metasurface func-

tions are an excellent platform to enhance their function-

ality and usability in beam engineering. We believe that

the proposed micro-punching process will cause a break-

through in the fabrication ofmetasurface-integrated optical

fibers, which will play a revolutionary role in a wide range

of applications including communication, sensing, imaging,

and biomedical applications.

Author contributions: All the authors have accepted

responsibility for the entire content of this submitted

manuscript and approved submission.

Research funding: This study was supported by the Na-

tional Research Foundation of Korea (2020R1A2C2010967),

Institute for Information & Communications Technology

Planning & Evaluation (IITP) grant (2020-0-00947, 2022-

0-00198, 2022-RS-2022-00164799), Electronics and Telecom-

munications Research Institute (ETRI) grant (21YR2710),

National Research Council of Science & Technology (NST)

grant (CAP22051-102), KIST Institutional Program (2E31531-

22-071), and KU-KIST School Project.

Conflict of interest statement: The authors declare no con-

flicts of interest regarding this article.

References

[1] M. Choi, S. H. Lee, Y. Kim, et al., “A terahertz metamaterial with

unnaturally high refractive index,” Nature, vol. 470, no. 7334,

pp. 369−373, 2011..
[2] V. M. Shalaev, “Optical negative-index metamaterials,” Nat.

Photonics, vol. 1, no. 1, pp. 41−48, 2007..

[3] W. Cai, U. K. Chettiar, A. V. Kildishev, and V. M. Shalaev, “Optical

cloaking with metamaterials,” Nat. Photonics, vol. 1, no. 4,

pp. 224−227, 2007..
[4] T. Ergin, N. Stenger, P. Brenner, J. B. Pendry, and M. Wegener,

“Three-dimensional invisibility cloak at optical wavelengths,”

Science, vol. 328, no. 5976, pp. 337−339, 2010..
[5] M. Kadic, G. W. Milton, M. van Hecke, and M. Wegener, “3D

metamaterials,” Nat. Rev. Phys., vol. 1, no. 3, pp. 198−210, 2019..
[6] N. Yu, P. Genevet, M. A. Kats, et al., “Light propagation with phase

discontinuities: generalized laws of reflection and refraction,”

Science, vol. 334, no. 6054, pp. 333−337, 2011..
[7] M. Decker, I. Staude, M. Falkner, et al., “High-efficiency dielectric

huygens’ surfaces,” Adv. Opt. Mater., vol. 3, no. 6, pp. 813−820,
2015..

[8] N. Yu and F. Capasso, “Flat optics with designer metasurfaces,”

Nat. Mater., vol. 13, no. 2, pp. 139−150, 2014..
[9] S. Jahani and Z. Jacob, “All-dielectric metamaterials,” Nat.

Nanotechnol., vol. 11, no. 1, pp. 23−36, 2016..
[10] P. Genevet, F. Capasso, F. Aieta, M. Khorasaninejad, and R. Devlin,

“Recent advances in planar optics: from plasmonic to dielectric

metasurfaces,” Optica, vol. 4, no. 1, pp. 139−152, 2017..
[11] F. Aieta, P. Genevet, M. A. Kats, et al., “Aberration-free ultrathin flat

lenses and axicons at telecom wavelengths based on plasmonic

metasurfaces,” Nano Lett., vol. 12, no. 9, pp. 4932−4936, 2012..
[12] H. Liang, Q. Lin, X. Xie, et al., “Ultrahigh numerical aperture

metalens at visible wavelengths,” Nano Lett., vol. 18, no. 7,

pp. 4460−4466, 2018..
[13] Y. He, B. Song, and J. Tang, “Optical metalenses: fundamentals,

dispersion manipulation, and applications,” Front. Optoelectron.,

vol. 15, no. 24, pp. 1−31, 2022..
[14] L. Huang, S. Zhang, and T. Zentgraf, “Metasurface holography:

from fundamentals to applications,” Nanophotonics, vol. 7, no. 6,

pp. 1169−1190, 2018..
[15] X. Ni, Z. J. Wong, M. Mrejen, Y. Wang, and X. Zhang, “An ultrathin

invisibility skin cloak for visible light,” Science, vol. 349, no. 6254,

pp. 1310−1314, 2015..
[16] C. Wang, Y. Yang, Q. Liu, et al., “Multi-frequency metasurface

carpet cloaks,” Opt. Express, vol. 26, no. 11, pp. 14123−14131, 2018..
[17] A. K. Azad, W. J. M. Kort-Kamp, M. Sykora, et al., “Metasurface

broadband solar absorber,” Sci. Rep., vol. 6, pp. 6−11, 2016..
[18] Y. Huang, K. Kaj, C. Chen, et al., “Broadband terahertz silicon

membrane metasurface absorber,” ACS Photonics, vol. 9, no. 4,

pp. 1150−1156, 2022..
[19] J. Hu, S. Bandyopadhyay, Y. H. Liu, and L. Y. Shao, “A review on

metasurface: from principle to smart metadevices,” Front. Phys.,

vol. 8, no. 586087, pp. 1−20, 2021..
[20] Q. Zhao, W. Yuan, J. Qu, Z. Cheng, G. D. Peng, and C. Yu, “Optical

fiber-integrated metasurfaces: an emerging platform for multiple

optical applications,” Nanomaterials, vol. 12, no. 793, pp. 1−21,
2022..

[21] G. Kostovski, P. R. Stoddart, and A. Mitchell, “The optical fiber tip:

an inherently light-coupled microscopic platform for micro- and

nanotechnologies,” Adv. Mater., vol. 26, no. 23, pp. 3798−3820,
2014..

[22] M. Alexander Schmidt, A. Argyros, and F. Sorin, “Hybrid optical

fibers − an innovative platform for in-fiber photonic devices,” Adv.

Opt. Mater., vol. 4, no. 1, pp. 13−36, 2016..



M. Kim et al.: Multilayer all-polymer metasurface stacked on optical fiber — 2369

[23] M. Principe, M. Consales, A. Micco, et al., “Optical fiber meta-tips,”

Light Sci. Appl., vol. 6, no. e16226, pp. 1−10, 2017..
[24] J. Yang, I. Ghimire, P. C. Wu, et al., “Photonic crystal fiber

metalens,” Nanophotonics, vol. 8, no. 3, pp. 443−449, 2019..
[25] M. Consales, G. Quero, S. Spaziani, et al., “Metasurface-enhanced

lab-on-fiber biosensors,” Laser Photonics Rev., vol. 14, no. 12,

pp. 1−12, 2020..
[26] H. Pahlevaninezhad, M. Khorasaninejad, Y. W. Huang, et al.,

“Nano-optic endoscope for high-resolution optical coherence

tomography in vivo,” Nat. Photonics, vol. 12, no. 9, pp. 540−547,
2018..

[27] M. Zeisberger, H. Schneidewind, U. Hübner, T. Wieduwilt,

M. Plidschun, and M. A. Schmidt, “Plasmonic metalens-enhanced

single-mode fibers: a pathway toward remote light focusing,” Adv.

Photonics Res., vol. 2, no. 2100100, pp. 1−8, 2021..
[28] C. Zhou, W. Bin Lee, S. Gao, et al., “All-dielectric fiber meta-tip

enabling vortex generation and beam collimation for optical

interconnect,” Laser Photonics Rev., vol. 15, no. 5, pp. 1−9, 2021..
[29] C. Xiong, C. Liao, Z. Li, et al., “Optical fiber integrated functional

micro-/nanostructure induced by two-photon polymerization,”

Front. Mater., vol. 7, no. October, pp. 1−11, 2020..
[30] W. Hadibrata, H. Wei, S. Krishnaswamy, and K. Aydin, “Inverse

design and 3D printing of a metalens on an optical fiber tip for

direct laser lithography,” Nano Lett., vol. 21, no. 6, pp. 2422−2428,
2021..

[31] H. Ren, J. Jang, C. Li, et al., “An achromatic metafiber for focusing

and imaging across the entire telecommunication range,” Nat.

Commun., vol. 13, no. 4183, pp. 1−10, 2022..
[32] J. Flannery, R. Al Maruf, T. Yoon, and M. Bajcsy, “Fabry-pérot cavity

formed with dielectric metasurfaces in a hollow-core fiber,” ACS

Photonics, vol. 5, no. 2, pp. 337−341, 2018..
[33] M. Juhl, J. P. B. Mueller, and K. Leosson, “Metasurface polarimeter

on optical fiber facet by nano-transfer to UV-curable hybrid

polymer,” IEEE J. Sel. Top. Quantum Electron., vol. 25, no. 3, pp. 1−7,
2019..

[34] Y. Lin, Y. Zou, Y. Mo, J. Guo, and R. G. Lindquist, “E-beam patterned

gold nanodot arrays on optical fiber tips for localized surface

plasmon resonance biochemical sensing,” Sensors, vol. 10, no. 10,

pp. 9397−9406, 2010..
[35] M. Consales, A. Ricciardi, A. Crescitelli, E. Esposito, A. Cutolo, and

A. Cusano, “Lab-on-fiber technology: toward multifunctional

optical nanoprobes,” ACS Nano, vol. 6, no. 4, pp. 3163−3170, 2012..
[36] S. Samavedi, L. K. Poindexter, M. Van Dyke, and A. S. Goldstein,

“Synthetic biomaterials for regenerative medicine applications,” in

Regenerative Medicine Applications in Organ Transplantation,

G. Orlando, J. Lerut, S. Soker, and R. J. Stratta, Eds., San Diego, CA,

USA, Academic Press, 2014, pp. 81−99.

[37] E. Koleva, K. Vutova, B. Asparuhova, I. Kostic, K. Cvetkov, and

V. Gerasimov, “Modeling approaches for electron beam

lithography,” J. Phys. Conf. Ser., vol. 1089, no. 101201, pp. 1−8,
2018..

[38] A. Arbabi, Y. Horie, A. J. Ball, M. Bagheri, and A. Faraon,

“Subwavelength-thick lenses with high numerical apertures and

large efficiency based on high-contrast transmitarrays,” Nat.

Commun., vol. 6, no. 7069, pp. 1−6, 2015..
[39] S. Shrestha, A. C. Overvig, M. Lu, A. Stein, and N. Yu, “Broadband

achromatic dielectric metalenses,” Light Sci. Appl., vol. 7, no. 85,

pp. 1−11, 2018..
[40] T. Ryu, M. Kim, Y. Hwang, M. K. Kim, and J. K. Yang, “High-efficiency

SOI-based metalenses at telecommunication wavelengths,”

Nanophotonics, vol. 11, no. 21, pp. 4697−4704, 2022..
[41] H. Ahmed, H. Kim, Y. Zhang, et al., “Optical metasurfaces for

generating and manipulating optical vortex beams,”

Nanophotonics, vol. 11, no. 5, pp. 941−956, 2022..
[42] A. S. Ostrovsky, C. Rickenstorff-Parrao, and V. Arrizón, “Generation

of the ‘perfect’ optical vortex using a liquid-crystal spatial light

modulator,” Opt. Lett., vol. 38, no. 4, p. 534−536, 2013..
[43] J. García-García, C. Rickenstorff-Parrao, R. Ramos-García,

V. Arrizón, and A. S. Ostrovsky, “Simple technique for generating

the perfect optical vortex,” Opt. Lett., vol. 39, no. 18,

pp. 5305−5308, 2014..
[44] D. Deng, H. Zhao, Y. Li, Y. Liu, and Y. Han, “Rotating structured

light based on perfect vortex,” Appl. Phys. Express, vol. 14,

no. 32021, pp. 1−4, 2021..
[45] M. V. Jabir, N. Apurv Chaitanya, A. Aadhi, and G. K. Samanta,

“Generation of ‘perfect’ vortex of variable size and its effect in

angular spectrum of the down-converted photons,” Sci. Rep.,

vol. 6, no. 21877, pp. 1−8, 2016..
[46] S. J. Lathika, V. Anand, and S. Bhattacharya, “A compact single

channel interferometer to study vortex beam propagation

through scattering layers,” Sci. Rep., vol. 10, no. 1, pp. 1−8,
2020..

[47] Y. Chen, Z. X. Fang, Y. X. Ren, L. Gong, and R. D. Lu, “Generation

and characterization of a perfect vortex beam with a large

topological charge through a digital micromirror device,” Appl.

Opt., vol. 54, no. 27, p. 8030−8035, 2015..
[48] Y. Liu, Y. Ke, J. Zhou, et al., “Generation of perfect vortex and vector

beams based on Pancharatnam-Berry phase elements,” Sci. Rep.,

vol. 7, no. 44096, pp. 1−8, 2017..

Supplementary Material: The article contains supplementary material

(https://doi.org/10.1515/nanoph-2022-0762).

https://doi.org/10.1515/nanoph-2022-0762

	1 Introduction
	2 Multilayer all-polymer metasurface on fiber
	3 Micro-punching process
	4 Telecom-band multilayer all-polymer metasurface on fiber
	5 Telecom-band all-polymer metalens on fiber
	6 Telecom-band all-polymer OAM metasurface on fiber
	7 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


