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Tunable metafibers: remote spatial focus control
using 3D nanoprinted holograms on dual-
core fibers
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Abstract

The generation of tunably focused light at remote locations is a critical photonic functionality for a wide range of
applications. Here, we present a novel concept in the emerging field of Metafibers that achieves, for the first time, fast,
alignment-free, fiber-integrated spatial focus control in a monolithic arrangement. This is enabled by 3D nanoprinted
intensity-sensitive phase-only on-fiber holograms, which establish a direct correlation between the intensity
distribution in the hologram plane and the focus position. Precise adjustment to the relative power between the
modes of a dual-core fiber generates a power-controlled interference pattern within the hologram, enabling
controlled and dynamic focus shifts. This study addresses all relevant aspects, including computational optimization,
advanced 3D nanoprinting, and tailored fiber fabrication. Experimental results supported by simulations validate the
feasibility and efficiency of this monolithic Metafiber platform, which enables fast focus modulation and has
transformative potential in optical manipulation, high-speed laser micromachining, telecommunications, and

minimally invasive surgery.

Introduction

The focusing of light is a fundamental photonic func-
tionality, enabling the precise redirection, strong spatial
concentration, and localized detection of optical power
for efficiently exploiting light-matter interaction, which is
essential across various fields. It serves as a prerequisite
for many optical applications such as telecommunications
(e.g., wavelength division multiplexing'), medicine (e.g.,
laser ablationz), biophotonics (e.g., optogeneticsg’4), and
materials science (e.g., laser micromachining’).

Here, dielectric nanostructures represent a topical
research direction for light focusing®, with two primary
strategies currently being pursued: Metasurfaces (MSs)
consist of arrays of subwavelength elements with tailored
phase and amplitude properties that allow for complex
beam manipulation, e.g. for the generation of orbital angular
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momentum beams’. The second strategy is phase-only
holograms, which offer more efficient beam manipulation
through reduced structural complexity, resulting in better
mechanical stability, lower fabrication costs, and higher
diffraction efficiency. Note that such holograms allow highly
efficient control of the phase and intensity distribution of
the focused light, whereas polarization shaping requires
metasurfaces which use anisotropic subwavelength ele-
ments with controlled amplitude and phase of the ortho-
gonal polarization eigenstates. As a result, phase-only
holograms are generally preferred when polarization shap-
ing is not required, having found applications in fields such
as optical tweezers®, augmented reality’, and metrology™’.

Many of the mentioned applications require flexible
guidance and focusing of light at remote locations, which
is generally difficult to achieve with bulk optics. Step-
index optical fibers provide an excellent solution for
efficient and flexible light transport, having revolutionised
photonics in various fields such as telecommunications'’,
quantum technologies'?, and sensing'”.

The interfacing of planar nanophotonic structures with
optical fibers defines the research field of Metafibers,
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Fig. 1 lllustration of the Tunable Metafiber concept, enabling power-controlled, fully fiber-integrated spatial focusing using a phase-only
3D nanoprinted hologram coupled to a single-mode dual-core fiber. To illustrate the functional principle, two focusing light beams related to
two relative power differences of the guided modes (green and red) are shown by the yellow and red magenta areas (dashed dark blue line: central
fiber axis). The lower left inset shows an example of the intensity distribution of the interfered Gaussian beams in the hologram plane when the
power in the modes is equal. The top right (scale bar: 20 um) and center (scale bar: 100 um) insets show images of the nanoprinted 3D hologram and
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enabling precise beam shaping and light manipulation
directly at the fiber output. Unlike metasurfaces, which
are typically fabricated on planar substrates, Metafibers
integrate functional photonic nanostructures onto the
fiber itself for enhanced light control. A key factor in the
advancement of Metafiber research has been the advent of
3D nanoprinting, which, unlike conventional lithography,
is compatible with the fiber geometry and introduces a
new level of freedom by individually controlling the height
of each element'*'®, Noteworthy examples of Metafiber
research include phase-only holograms for optical twee-
zers'®, phase-controlled multifocal arraysn, MS-based
structures for achromatic light focusing'® and complex
beam shaping'®, as well as structures for boosting fiber
coupling at large angles”*~*%,

All mentioned fiber devices ultimately produce a static
focus at a fixed focal position, which is disadvantageous
for applications requiring real-time variable focus
manipulation”, such as optical traps and optical twee-
zers”*, multiplexing in telecommunications®”, nanoscale
bioanalysis®® and laser-based 3D nanoprinting and
micromachining™?’.

Approaches for real-time modulation of optical fiber
output are generally divided into two categories: External
modulation approaches, such as spatial light mod-
ulators*=°, adaptive optics®’, mechanical micro-
actuators””, and digital micromirrors®, provide ways to
adjust the output light, but are slow and not fiber-
integrated or fiber-interfaced, limiting efficiency and
application range. Internal modulation approaches based
on thermo-optical tuning (e.g, liquid core fibers®*) or
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magneto-optical effects (e.g., ferrofluids® or liquid crys-
tals®) allow very limited modulation of the output beam
and are also slow. These limitations significantly under-
score the urgent need for advanced modulation technol-
ogies and innovative approaches in fiber optics.

Multicore fibers with single-mode cores and suppressed
modal crosstalk represent a key area of research in fiber
optics today, as they address technological challenges
such as increasing telecommunication data rates”’, scaling
fiber laser power’®*’, imaging complex tissues'’, and
creating novel high-efficiency sensors*""**. As a result, the
combination of fibers that include multiple cores with
phase-only holograms is expected to open up new appli-
cations, particularly for tunable remote light focusing.

In this work, we present a novel approach that
demonstrates, for the first time, power-controlled, a
tunable Metafiber allowing for fully fiber-integrated spa-
tial focus control using a phase-only hologram coupled to
a single-mode dual-core fiber (Fig. 1). Key to the approach
is a 3D nanoprinted intensity-profile sensitive hologram
that establishes a relationship between the intensity dis-
tribution in the hologram plane and the focus position in
the image plane. By precisely tuning the relative modal
amplitudes (i.e., respective guided powers) of the funda-
mental modes of the fiber cores, a power-controlled
interference pattern is generated within the hologram
plane, resulting in a spatial shift of the focus. This study
encompasses the entire design process, including com-
putational optimization, device fabrication using 3D
nanoprinting, and fiber fabrication. The experimental
validation, supported by simulations, demonstrates the
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Fig. 2 Cross-section of the fully fiber-integrated device for spatial focus control and associated intensity distribution. a Visualization of the
cross-section of the all-fiber focus tuning concept (xz-plane) including the relevant parameters. The horizontal arrows at the bottom of the sketch
indicate the light-matter interaction in the respective section of the device (light blue: mode propagation in the dual-core fiber, light green: beam
expansion in the homogeneous spacer, green: interference of the two GBs and interaction with the hologram, white: light focusing in air). The red
and blue lines illustrate the two Gaussian beams (GB;: red, GB.: blue) interfering in the hologram plane (HP, green, z = z;). The vertical dashed violet
lines refer to the image plane (IP) where the light (dark yellow lines) is focused (z = zs + z¢). b Intensity distribution along the x-axis within the HP at
y =0 for various relative amplitude differences AE (linear scale from 0 (dark green) to unity (white)). Each distribution is normalized to its maximum
value. The vertical dashed red and blue lines indicate the central positions of the core, i.e. GBs. The simulation parameters correspond to those of the

feasibility and effectiveness of this monolithic all-fiber
concept.

Results

The presented concept (Fig. 2a) is based on a step-index
dual-core fiber (DCF) interfaced with a nanoprinted phase-
only hologram, with the cores sufficiently spaced to avoid
modal crosstalk (d. = 21 pm, Fig. 2a, section “mode pro-
pagation”). One side of this fiber is connected to a spacer of
homogeneous material used for beam expansion (Fig. 2a,
section “expansion”). The top of the spacer hosts the phase
hologram (hologram plane (HP), z = z;), which allows to
focus the light in the image plane (IP, z = z + z¢) (Fig. 2a,
section “focusing”).

The functional principle of the tuning concept dis-
cussed here is based on (i) the interference of expanded
Gaussian beams (GBs) resulting from the fundamental
modes of the fiber cores in the HP and (ii) the phase-only
hologram that is sensitive to the input intensity profile. It
is important to note that for a constant phase difference
between the modes, the interference pattern of the
superimposed GBs (Fig. 2b) depends mainly on the rela-
tive amplitude difference between the two modes. In this
context the parameters E; and E; represent the ampli-
tudes of the modes in core 1 and core 2 respectively and
are defined with respect to the relative amplitude differ-
ence AE as E; = AE and E; =1 — AE. The parameter AE
controls the relative contribution of the mode and lies in
the range 0AE1. At AE = 0, all power is confined to mode

2, while the complementary situation is achieved for AE =
1. For intermediate values, the beams of the modes
interfere in teh HP to produce a distinct intensity dis-
tribution, which is governed by the period of the spatial
intensity oscillation X, [details in Supplementary Note 1].
Note that to achieve sufficient overlap of the electric fields
of the two GBs, the distance between HP and fiber surface
was chosen to be significantly larger than the Rayleigh
length (zz = 21 um, z; = 290 pm, 2 ~ 13.6).

The DCFs used were fabricated in-house and consist of
two GeO,-doped cores in a fused silica matrix (refractive
index contrast 6 x 1072, all relevant parameters in this study
are listed in Table S3). The cores show a higher-order mode
cut-off at approximately 584 nm and microbend-induced
losses starting at 1100 nm (c.f. Methods Section and Sup-
plementary Note 4, Fig. S5), resulting in a single-mode
operation interval of 600 nm < Ay < 1000 nm. Modal cross-
talk at the operating wavelength (19 = 660 nm) was effec-
tively suppressed by careful choice of the core parameters
and the intercore distance (d. = 21 um, centre-to-centre).
The numerical aperture and mode field radius (i.e, beam
waist) of both cores were determined by characterizing the
output radiation (wy = 1.5um, NA =0.139, [c.f. see Sup-
plementary Note 3, Fig. S4], showing identical properties of
both cores.

The design strategy to obtain the intensity-profile sen-
sitive phase-only hologram in the HP essentially relies on
the superposition of the phase distributions of the indi-
vidual holograms obtained for different combinations of
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Fig. 3 Design steps of the phase-only hologram and associated focus properties. Number of holograms considered here is Ny = 7.
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a Calculated intensity distributions of the interfered GBs (linear scale, dark: 0, bright: 1, each plot is normalized to its maximum value) in the HP for
various relative amplitude differences AF (indicated in the lower right corners). Each plot has a size of 120 um x 120 um. b Associated phase

distributions (120 um x 120 um, linearly scaled from —71... 4+ 1) obtained using the ASM-based GSA’®. ¢ Combined phase distribution resulting from
the superposition of the fields of the individual holograms and the phase correction (same scale as (b)). d Intensity distribution in the IP along the
x-axis (y; = 0) for the different value of relative amplitude differences (each colour refers to one value of AE, cf. legend). e Peak position (blue dots,
left y-axis) and FWHM (red dots, right y-axis) of each focus as a function of AE (obtained from direct analysis of the data points). The semi-transparent
blue and red dots refer to the corresponding values resulting from the individual holograms (cf. (b)). The solid and dashed lines are only included to

connect the dots and act as visual guides

input intensity distribution (i.e., different relative ampli-
tude differences AE) and focus positions in the IP. In
detail, the strategy consists of the following steps (simu-
lation parameters in Table S3), which represent the
complete design framework and ensure precise reprodu-
cibility of the procedure:

Step 1: (Fig. 3a): Calculation of the intensity distribution
in the HP for different input intensity distributions of
interfered GBs [ iGB (Fig. 2a, i=1,...,Ny), ie. relative
amplitude differences AE.

Step 2: Calculation of intensity profiles in the IP (focus
coordinates rf = (xf,y' = 0)). Note that the assumed foci
are defined by 2D Gaussian distributions with very small
radii (wf = 1 pm).

Step 3: (Fig. 3b): Determination of the phase distribution
of each hologram ¢;(x;,y = 0) for the different combina-
tions of AE and r! by iterative phase retrieval. Specifically,
the Gerchberg-Saxton algorithm (GSA) has been applied
using the Angular-Spectrum-Method (ASM) for forward
and backward propagation, resulting in a general approach
that is not limited to Fraunhofer or Fresnel domains. The
spatial resolution was set to Ax, Ay = 300 nm, which cor-
responds to the voxel size in 3D nanoprinting. A
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sufficiently large simulation domain was chosen to avoid
edge effects. The resulting phase distributions (Fig. 3(b))
show kinoform distributions shifted along the x-direction,
which is ultimately due to the very small diameter of the
foci assumed in the IP (wf = 1 pum), resulting in a highly
symmetric superimposed hologram, which is advanta-
geous for 3D nanoprinting.

Step 4: The phase distribution of the final hologram ¢y,
is determined by the superposition of the electric fields of
all configurations in the HP. Each field is defined by

EMP = \/I™ . exp(i - ¢;), leading to the total field Efff
given by:

Nr
Egt = ZE?P = Enol - exp(i - Ppo1) (1)
1

with the amplitude Ej, and the phase hologram ¢y.
Note that the superposition of electric fields is used here
instead of the phases, which follows the standard
procedure in holography and is also used in other
holography-related contexts™,

Step 5: (Fig. 3¢): In the final step, the intrinsic curvature
of the wavefronts of the GBs within the HP is

LSA
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compensated for. This is achieved by superimposing the
fields of all interfered GBs at z = z,,

Nhol
EgP =) Ef(z=z)=Eg,-ep(i-¢5)  (2)
1

with the total amplitude and phase ESP | and ¢SP. The
latter is subtracted from the previously determined
phase distribution, resulting in the final phase hologram
(Fig. 3(c):

b = Prol — Py (3)

This hologram is compensated for the average phase of
all GBs in the HP and contains the phase contributions of
all individual holograms, leading to a highly symmetric
phase distribution.

An extensive sweep was performed to determine the
optimal parameters of the hologram. Specifically, to
determine configurations that result in optimal perfor-
mance, the parameter sweep aims to find configurations
that balance maximizing spatial modulation, minimizing
full width at half maximum (FWHM) of the focal spot,
ensuring identical focal spots for all relative amplitude
differences AE, suppressing side peak amplitudes, and
maximizing spatial separation of the side peaks from the
central focal spot (details can be found in Supplementary
Note 7).

To demonstrate the focusing properties of the com-
bined phase hologram, the foci in the IP were calcu-
lated from the different input intensity distributions
I9B(AE) using the ASM in forward mode (Fig. 3d). Each
input intensity distribution results in a focus in the IP
that is shifted along the x-axis. To quantify the tuning
characteristics, the peak position x¢ and the full width
at half maximum (FWHM) of each focus were deter-
mined (Fig. 3e), showing that x¢ strongly shifts with AE
(blue dots). The maximum achievable shift is about
5um for the combined hologram, which is below the
predefined shift of 10 um (semi transparent blue dots).
This effect results from the superposition of the indi-
vidual phase distributions, which affects the function of
each individual hologram. The associated FWHM
remains nearly constant for all values of AE and is
slightly higher for the combined phase hologram (mean
of all values 7.6 um) than for the individual holograms
(mean 4.7 um).

To implement the hologram experimentally, the deter-
mined phase distribution needs to be transferred to a
nanopatterned height-modulated surface consisting of
nanoprinted dielectric elements with sub-wavelength
dimensions that precisely manipulate the phase of pas-
sing waves. The height of these elements is calculated
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using':
h(x,y) = ¢(x,y)-Ao/ (21 (np, — 1)) (4)
with refractive index of the polymer .

The Metafibers were fabricated by 3D nanoprinting the
designed holograms on the cleaved end face of the DCFs
(see Methods section) using a process optimized for high
spatial resolution, structural strength, and mechanical
coupling to the DCF. The spacer section had a diameter
larger than the DCF to avoid light reflections and a length
(290 um) longer than the Rayleigh length to ensure effi-
cient interference of the GBs in the HP (details in Sup-
plementary Note 12). The optical setup includes coupling
optics, the Metafiber, and diagnostics. Monochromatic
light is split into two beams to excite the modes in the
DCE, and the resulting focus profile is measured with a
camera (see Methods section). The characterization pro-
cess involves adjusting the relative power difference
between the beams and capturing the corresponding
beam profile in the IP. Data analysis involved fitting the
measured intensity distribution to an Airy function (see
Supplementary Note 10 for derivation of the Airy func-
tion) to determine key focus parameters, including focus
position and transverse extent in the xy-plane (see
Methods section for details).

A selection of SEM images of the implemented device,
i.e., the nanoprinted hologram on the end face of the DCF
are shown in Fig. 4 (fabrication details can be found in the
Method Section). The exceptionally high quality of the
hologram is clearly visible (Fig. 4c, d), both in the central
area (Fig. 4e) as well as in the edge domains (Fig. 4f): no
irregularities can be observed, while the structure accu-
rately resembles the simulated phase distribution ¢(x,y)
(ie., the calculated height profile 4(x, y). In addition, the
hologram is precisely aligned with the center of the spacer
(Fig. 4c). Another notable feature is the larger diameter of
the spacer compared to the outer diameter of the fiber
(Fig. 44, b), as well as the conical support at the bottom of
the spacer, which overlaps the fiber and strengthens the
mechanical connection (c.f. inset of Fig. 6).

The experimental demonstration of the focus tuning
properties is based on exciting the fundamental modes of
the two cores with defined relative power differences and
measuring the resulting intensity distribution at the IP
(Fig. 5a). A significant focus shift is observed along the
x-axis, with a minimal shift along the y-axis, while each
value of AP leads to an almost Gaussian intensity dis-
tribution (top row in Fig. 5). This behaviour closely
matches the simulated results (Fig. 5b), while the slight
variation along the y-axis is likely due to small misalign-
ments between the fiber axis, spacer, and hologram in the
HP. Note that the curves in Fig. 5 correspond to the
relative power difference, AP, rather than the relative

Light Sci Appl | 2025 | Vol 14 | Issue 9 | 2507 LSA
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Fig. 4 SEM images of the implemented phase-only holograms on the end face of a DCF. a Bare end face of the DCF. b Oblique view of the
entire fiber tip including nanoprinted spacer and hologram. ¢ Corresponding top view. d Tilted view showing the entire hologram. e Close-up of the
central part of the hologram. f Enlarged view of the edge area of the hologram
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Fig. 5 Experimental results of fully fiber-integrated power-controlled spatial focus control. The focus tuning characteristics were obtained by fitting
the measured intensity distribution by an Airy function. a Measured peak position in the xy-plane (blue: x-direction, green: y-direction) as a function of the
relative power difference AP. The top row shows selected examples of measured intensity distributions in the vicinity of the focus for the values of AP
(indicated in the lower left corner). b Plot showing the corresponding values obtained from the design and simulations. In both plots, the horizontal dashed
grey lines refer to the centre lines at x = 0 or y = 0. ¢ Comparison of the evolution of the mean width of the peaks FWHM,, as a function of AP measured in
the experiments (light green) and resulting from the design (red). The dashed lines show the corresponding mean values (FWHMe,p mean = 7.8 um,

FWHMgesign,mean = 6.7 im). Note that the curves are obtained by fitting an Airy function to the intensity distributions, while the results shown in Fig. 3e are
obtained by direct analysis of the data points along the x-direction. In all plots, the vertical dashed light blue lines refer to AP = 0.5. A detailed study of the
wavelength dependence, which includes the influence of wavelength and material dispersion on the Gaussian beam interference and intensity distribution
in the focal plane, confirms that the tuning of a high-quality focus is maintained over a spectral bandwidth of 100 nm (details in Supplementary Note 9)
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amplitude difference, AE, which leads to the slight
S-shape of both experimental and simulated curves (c.f.
Supplementary).

The focal spot size was determined for the different
intensity distributions using the fitting method described
above and shows an almost constant focus width across
different configurations (green curves in Fig. 5c). This
result is in good agreement with the theoretically calcu-
lated curves (red curves in Fig. 5c). The mean of all
measured focus width values is FWHMF ., = 7.8 um
(green dashed horizontal line in Fig. 5C), which is about
1pum higher than the simulated value (FWHMg;?;%Qan =
6.3 um, red dashed horizontal line in Fig. 5¢). The mea-
sured focal length is z¢ e, = 510 pm, which compares well
with the design focal length of zfgesign = 520 pum. The
resulting geometric numerical apertures can be calculated
via NA = sin(arctan(‘%’f‘)) with dpe = 120 um, yielding
NAep = 0.117 and NAgesign = 0.115, which are very
close, confirming the high quality of the implemented
structure. The small deviation between the experimental
and simulated data can be attributed to differences
between the designed and actual experimental structures,
as well as to a slightly suboptimal phase correction (¢SP).
Overall, the experiments clearly validate the proposed

concept and design methodology.

Discussion

The tunable Metafiber concept presented is based on an
intensity-profile sensitive phase hologram created by 3D
nanoprinting on the end surface of a DCF. Further
research could concentrate on increasing the intensity
sensitivity of the hologram, possibly using advanced
optimization algorithms, such as novel phase retrieval
algorithms with improved properties (e.g., weighted
Yang-Gu algorithm™, gradient descent methods®, or
deep-learning approaches** or inverse design strategies
that take into account the peculiarities of 3D nanoprint-
ing*®. In addition to intensity modulation, future research
will address other modulation parameters such as phase
or polarization distribution within the HP. Exploring the
tuning of more complex intensity distributions in the IP,
such as arrays of foci'’ or images, represents another
promising area for future research and could pave the way
for new applications. More advanced photonic function-
alities such as longitudinal focus tuning or numerical
aperture control are future research directions. While
there are no fundamental physical limitations, the key
challenge is to determine whether intensity profile sensi-
tive tuning can effectively enable these capabilities.

DCFs play a central role in the discussed concept, as they
generate the intensity-sensitive interference patterns in the
HP. Increasing the flexibility of this concept can be
achieved by exploring DCF with different parameters (e.g.,
higher core doping concentration, smaller core diameters).

Page 7 of 11

The design presented in this work has been optimized to
ensure high quality foci for all relative power differences.
Note that additional simulations indicate that a larger
spatial focus tuning range can be achieved at the expense of
focus quality (see Supplementary Note 8 for an example),
requiring future studies to fully explore this trade-off. The
capabilities of the concept can be further enhanced by
increasing the number of cores, allowing the creation of
more complex intensity patterns’’. Recent advances in
fiber fabrication have shown significant reductions in
modal crosstalk at higher core densities, achieved by
embedding individual cores in materials with suppressed
refractive indices®.

The concept presented is based on power modulation,
which is inherently faster than modulation methods using
mechanical manipulation®, liquid elements®, liquid
crystal metastructures®’ or adaptive-optical element sys-
tems””. It should be noted that the potential modulation
speed of the approach presented here is in the range of
recently reported electro-optical devices (Fig. 1(a) in
ref. *>) and thus faster than most other approaches. Fast
power modulation can be principally achieved by adjust-
ing the power of either foci at the input of the DCF using
techniques such as electro-optic® or acousto-optic
modulation®, or direct laser current modulation®”. In
addition, spatial modulation of the input beam, for
example using a spatial light modulator”®, can also pro-
vide a suitable approach to power modulation. Compared
to our previous study on hologram enhanced multicore
fibers®’, this work introduces intensity profile sensitive
holograms for continuous focus tuning instead of creating
discrete focal spots. The DCF approach also enables
ultrafast modulation and seamless fiber network integra-
tion, unlike our previous study, which relied on a fixed
core-focus relationship in a 37-core fiber.

The discussed concept for remote focus manipulation
using a computationally optimized hologram that is
interfaced with SM-MCF is temperature stable over a
realistic temperature range (details can be found in Sup-
plementary Note 11) and has significant potential for
various applications. The relevant scenarios can be divi-
ded into forward (light emission) and backward operation
(light collection). In forward mode, the device principally
provides fast modulation of optical trapping potentials
(e.g., dynamic control of micro- and nanoparticles® or
time-averaged potential®® or control of resonant excita-
tion (e.g., resonances in micro- and nanophotonic sys-
tems®*°’, In addition, the tunable focus shift can allow for
selective mode excitation in multimode waveguide sys-
tems, supporting transitions between fundamental and
higher order modes, which is critical in telecommunica-
tions®” and nonlinear photonics®’. In backward operation,
the device is relevant for spatially resolved detection of
nano-object motion (e.g., tracking of single rapidly
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diffusing objects in nanoparticle tracking analysis in life
science® and characterization of nanomaterials®® or
supporting high-throughput cell flow analysis (e.g.,
enabling rapid 1D spatially resolved detection of fluores-
cence®. From the general perspective, focus manipulation
enables precise and rapid particle control without the
need for mechanical components, making it ideal for
biological and microscopic applications®’. In addition, in
high-speed laser micromachining, the ability to quickly
adjust the focus can improve the precision and through-
put of manufacturing processes®®. The system could
enhance optical signal processing in telecommunications
by improving mode control in fiber networks® or
in-coupling in integrated photonics’’. Moreover, precise
and fast focus modulation can be applied to laser surgery,
offering increased accuracy and safety’".

Compared to established light field manipulation using
high-NA multimode fibers®*, our approach offers several
differences, including a unique operating principle that
eliminates the need for complex and costly coupling
devices while enabling inherently fast operation by avoiding
electronic latency. In addition, our single-mode design is
independent of intermodal coupling, ensuring temperature
insensitivity and eliminating the need for calibration. The
use of silica-based materials further enhances mechanical
and thermal robustness while maintaining compatibility
with existing fiber circuits, enabling seamless integration
through established methods such as photonic lanterns and
mode-selective couplers72, waveguide-based fan-in/fan-out
devices”®, tapered and fusion joint single-mode fibers’,
and lens system-based coupling’*.

The tunable generation of focused light at remote
locations is a critical photonic functionality that is fun-
damental to a wide range of optical applications. In this
work, we have presented a novel approach that demon-
strates, for the first time, fast power-controlled, fully fiber-
integrated spatial focus control using a phase-only holo-
gram interfaced to a single-mode DCEF. Central to this
approach is a 3D nanoprinted intensity-profile sensitive
hologram that establishes a direct correlation between the
intensity distribution in the hologram plane and the focus
position in the image plane. By adjusting the relative
power between the fundamental modes of the two fiber
cores, a power-controlled interference pattern is gener-
ated in the hologram plane, resulting in a controlled
spatial shift of the focus. Our comprehensive study covers
the entire design process using computational optimiza-
tion for holographic phase hologram retrieval. The
implementation of this monolithic all-fiber device was
achieved through advanced 3D nanoprinting techniques
and complex fiber fabrication. Experimental verification,
along with detailed optical characterization, demonstrated
a total focus shift of more than 3 um while maintaining
focus shape, all being in close agreement with simulations.
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In summary, this work presents for the first time a
Tunable Metafiber consisting of a novel, monolithic, all-
fiber device that enables rapid modulation of focus
characteristics solely through power control, potentially
surpassing the performance of conventional devices. This
innovative concept holds great promise for applications in
fields such as optical manipulation for biology and
microscopy, nanoscale material analysis, high-speed laser
micromachining, nanophotonics, telecommunications,
integrated photonics and laser surgery.

Methods
Fiber implementation

The dual-core fibers were fabricated using the stack-and-
draw technique, which included doped and undoped tube
fabrication, hexagonal stacking, and fiber drawing (details
can be found in Supplementary Information of ref. ’°). The
final fiber has an outer diameter of df = 125um and a
center-to-center intercore distance of d. =21 um.

3D nanoprinting

The structures were fabricated using a commercial 3D
nanoprinter (Photonic Professional GT2, Nanoscribe
GmbH, Germany) by two-photon absorption polymeriza-
tion of IP-Dip2 photoresist. The direct laser writing system
used a 63x objective (NA=14) and achieved spatial
resolutions of Ax,Ay =300nm laterally and 1000 nm
longitudinally (details available in refs. '®’®). During
development, unpolymerized resin was removed by
immersing the fiber end in propylene glycol monomethyl
ether acetate (PGMEA) for 30 min, followed by a 12 min
immersion in isopropanol under UV illumination. This
process not only eliminated the PGMEA, but also
enhanced polymerization, improving the strength of the
structures.

Optical setup and measurement procedure

The optical setup for characterising the focus-tuning
concept consists of three main parts: coupled optics,
sample with hologram, and diagnostics for analysing the
intensity distribution at the IP (Fig. 5). Monochromatic
light from a laser (660 nm laser diode, Thorlabs LP660-
SF20) is split into two power- and polarization-controlled
beams, which are used to excite the fundamental mode in
one of the cores of the dual-core fiber. After passing
through the sample and hologram, the intensity dis-
tribution and output power are measured using a camera
and a power meter (PM). The optical characterization is
based on adjusting the relative power difference AP in the
arms before the sample and measuring the intensity dis-
tributions in the IP by taking camera images. The pro-
cedure includes the following steps: (i) placing the PM at
position 1 and coupling the two beams split at BS1 into
the two fiber cores by adjusting the optics in front of the
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Fig. 6 The optical setup for fully fiber-integrated spatial focus control. The setup was used to characterize the power-controlled focus tuning
concept (LASER: laser diode (Thorlabs LP660-SF20), P: linear polarizer (Thorlabs LPVISC050-MP2), BS: beam splitter (Thorlabs BS013), (M)HW:
(motorized) half-waveplate (Thorlabs AHWP05M-600), M.S: motorized beam shutter (Thorlabs SHO5R/M), S: beam shutter, M: mirror (Thorlabs PF10-03-
PO1), OBJ1: objective (Olympus PLN40X), OBJ2: objective (Olympus UPlanFLN 20X), L1: lens (Thorlabs LB1811-B, bi-convex f =35 mm), L2: lens
(Thorlabs LA1461-B, plano-convex f = 250 mm), L3: lens (Thorlabs LB1945-B, bi-convex f =200 mm), CAM: camera (IDS UI-3252LE-C), PM: powermeter
(Thorlabs PM100A with S120C sensor). The inset in the middle shows the end of the DCF including the colonial spacer (light green) and the
hologram (purple). The inset in the upper right corner refers to the three different positions of the power meter (PM) according to the respective
measurement performed (cf. numbers in the setup)
.

sample (i.e. objective OBJ1, beam splitters BS1 and BS2,
mirrors M1 and M2), (ii) finding the image plane in the
camera by adjusting OBJ2, and (iii) placing the power
meter at position 2 and rotating the half-wave plates HW3
and HW4 to obtain the maximum power of both beams.
This procedure makes it possible to achieve the same
polarization of the beams inside the fiber cores.

For the actual measurement, the PM is placed in posi-
tion 3 to monitor the transmitted power during image
acquisition. The curve sign marked on the components
(M. HW2 and M.S) in Fig. 6 means they are electrically
motorised and programmed. The measurement proce-
dure consists the following steps: (i) measuring the power
range of the right beam by rotating the motorised half
waveplate, (ii) measuring the power of the left beam and
finding the to-be-measured angles (from the angle-power
curve of the motorised half waveplate) that give the power
ratio difference of 1%, (iii) sweeping the motorised half
waveplate through the found angles, at which the power
of the right beam is confirmed again (by closing the
motorised beam shutter and measuring power) and then
the focus profile is captured with both beams switched on.
Note that the single motorised beam shutter and half
waveplate setup is a cost efficient approach, which can be
easily updated by placing a pair of motorised beam shutter
and half waveplate along each beam.

Data analysis

To determine the key focus parameters (i.e., focus
position r¢ = (¢, y¢) and transverse extent), the measured
intensity distribution in the IP and the corresponding

simulation data were fitted to an Airy function'®”®, which
resembles the shape of an ideal focus. In detail, the
intensity distribution is modelled as:

2 2
. X — Xf Y=t
I(%,y) ~ jinc* | 0.980671 | ( A A
(x,5) ~ jine ﬂ\/(FWHMX> + <F\X/I—[My> +
(5)

where FWHM, and FWHM, represent the FWHM extent
of the focus in the x- and y-directions, respectively,
leading to the overall FWHM in the xy-plane: FWHM =
(FWHM, + FWHM,)/2. Note that the parameter A
refers to an intrinsic noise offset that must be taken into
account when fitting the experimental data.
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