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Monolithic Fiber-Integrated Diffractive Beam Splitter
for Compact Single-Core to Multi-Core Coupling

, Koen Vanmol
Steenberge

Athanasios Kyriazis

Abstract—We present a monolithic, diffractive beam splitter
fabricated directly on a single-mode fiber facet using two-photon
polymerization-based direct laser writing. The device acts as a
proof of concept for coupling between single-mode and multi-core
fibers using beam shaping and free-space projection over 40 pm.
Using a waveguide-based mode expansion up-taper and diffractive
optical elements, the input beam is split into seven beams over a full
angular spread of 72°, and the outputs are collimated over a total
structure length of 355 pm and a footprint of 115 pum diameter.
The concept enables miniaturization of single-mode to multi-core
fiber interfacing, for communication and lab-on-fiber applications.

Index Terms—Two-photon polymerization, diffractive optical
element, direct laser writing, fiber beam splitter, monolithic
integration, single-mode to multi-core fiber coupling.

I. INTRODUCTION
A. Background

ULTI-CORE fibers (MCFs) have emerged as key en-
M ablers for meeting the growing demand for data band-
width, particularly in optical communication systems employing
spatial division multiplexing [1]. Beyond telecommunications,
their ability to support multiple spatial channels has made them
a promising foundation for “lab-on-fiber” architectures, where
integrated photonic functionalities can be distributed across
individual cores to enhance compactness and parallelism. They
have been used in diverse applications including high-power
fiber lasers and amplifiers [2], advanced sensing [3], [4], [5],
and biomedical imaging [6].
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Despite these benefits, a persistent challenge is the efficient
light coupling between standard single-mode fibers (SMFs)
and MCFs. Although solutions such as spatial light modula-
tors [7] and micro-mirror optical switches [8] can enable high-
performance spatial multiplexing, they have limited miniaturiza-
tion potential, and are thus unsuitable for compact integration.
Furthermore, while tapering techniques have successfully been
employed to bring together single [9] or multiple fibers [10],
[11] with an MCEF, they rely on fusion splicing [12], resulting
in permanent connections with limited adaptability. An alterna-
tive strategy is to fabricate an interposing module, housing the
waveguides which facilitate the connection. This approach can
exploit adaptable, maskless fabrication techniques, such as fem-
tosecond laser direct glass inscription [13] or through-polymer
microdispensing [14], to form the waveguide cores in situ. While
these methods offer greater design flexibility, achieving low-loss
coupling requires precise alignment, especially on the SMF
interface, where multiple fibers are positioned, complicating
alignment and packaging.

In parallel with the development of coupling strategies, two-
photon polymerization-based direct laser writing (2PP-DLW)
has gained traction as a versatile tool for fabricating com-
pact and highly customized micro-optical components. Be-
yond its key advantages—fast prototyping and sub-micrometer
resolution—one of its most powerful assets is the exceptional
design freedom it offers, enabling the creation of fully 3D
microstructures. This includes the capability to fabricate not
only freeform optical components, but also their mechanical
supports and mating features, within the same process steps [15],
[16]. Leveraging this versatility, researchers have demonstrated
miniaturized implementations of conventional optical devices,
from elementary lenses [17] to complex systems like a micro-
spectrometer [18]. Naturally, 2PP-DLW has also been utilized
to address the SMF-MCF coupling miniaturization challenge.
Recent work has demonstrated effective coupling using short
2PP-printed multi-mode interference-based sections, interposed
between an SMF and a four-core fiber, achieving efficient
coupling over a length of just 180 pum [19]. By leveraging a
single-mode input—and thus only one SMF—the interference
mechanism simplifies alignment on the SMF side and helps
reduce insertion losses. However, these losses can be minimized,
and the respective need for additional alignment can be elimi-
nated, by fabricating such structures directly on the fiber facet.
Since its first demonstration [20], 2PP-DLW on fiber tips has
proven to be highly effective for photonic integration, leading to
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The SMF mode is expanded within the MOF-taper, impinging on the S-DOE, which splits the beam into seven components. These components are then

redirected by the CF-DOEs, projecting the desired field at a specific distance. The CF-DOEs are positioned at the required distance using a monolithically printed

support frame (not shown for clarity).

widespread adoption across diverse applications [21], [22], [23],
[24], [25], [26], and driving significant advances in photonic
interfacing among various photonic platforms [27], [28], [29],
[30].

In the context of connection between single and multiple
optical interfaces, one class of approaches involves gradually
converting the input optical field as it propagates through the
fabricated structure [31], [32]. The fan-in/fan-out waveguides
converge toward—or diverge from—a single optical interface,
typically forming a characteristic S-bend morphology, and are
eventually aligned with the target device, enabling efficient
coupling by physical contact. Such method has been used to
interface standard SMFs with MCFs [33]: waveguides are 2PP-
DLW written on the MCF facet and gradually fuse together into
a single termination tip.

An alternative is to utilize phase-modulating micro-optics
to project the intensity distribution through free space. Such
beam shaping can be realized using refractive, diffractive,
metasurface-based, or freeform elements [34], [35], [36], and
has demonstrated success in coupling the SMF output to compo-
nents with varying mode sizes [27], [30]. Despite this potential,
its application to connecting an SMF to multiple interfaces
such as in SMF-to-MCF connections—remains underexplored.

This approach offers several advantages over fan-in/fan-out
waveguide architectures. Notably, it avoids the mechanical and
optical trade-offs associated with S-bends. Specifically, when
free-standing, S-bends must be relatively thick to ensure me-
chanical stability, which compromises guiding performance and
thus coupling efficiency [33]. In contrast, thinner waveguides
require support structures which can affect optical field con-
finement if not carefully designed and fabricated [19], [37]. On
the other hand, the free-space alternative—designed to maxi-
mize coupling efficiency at a specific working distance—avoids
physical contact, thereby reducing the risk of damage, avoiding
additional Fabry—Pérot interference effects between the mating
facets, and eliminating the need for index-matching liquids.
One downside of free-space beam shaping methods is that they
often rely on large-diameter input beams (=100 m), leading to
extended structure lengths [36], [38].

Here, we address this limitation by demonstrating a com-
pact beam shaping strategy based on phase-only diffractive
beam splitters fabricated directly on SMF facets via 2PP-
DLW. Diffraction-based incoupling elements have demon-
strated strong performance in high numerical aperture (NA)
regimes [39], indicating their suitability for wide-angle beam
deflection and compact multi-spot projection, required for dense
coupling schemes. As a proof-of-principle, we implement a
1-to-7 splitter tailored for SMF-to-MCEF interfacing, based on
diffractive optical elements (DOEs).

B. Device Concept Overview

In this paper, we design, fabricate, and characterize a diffrac-
tive fiber beam splitter (DFBS) on an SMF for operation at the
telecom wavelength of 1550 nm. The DFBS is functionally di-
vided into two main parts, which were optimized separately (see
also Fig. 1). The first part is the diffractive splitter, comprising a
beam-expanding up-taper and a splitting DOE (S-DOE). Utiliz-
ing a microstructured optical fiber (MOF) geometry, the up-taper
adiabatically expands the SMF mode and launches it onto the
S-DOE, which in turn, splits the beam into a hexagonal pattern,
matching the core layout of an MCF. The second part consists
of collimating-focusing DOEs (CF-DOEs), which handle the
redirection of the split beams parallel to the optical axis, so that
they fall within the acceptance cone of the MCF cores.

The paper is structured as follows. In Section II, the design
of the MOF-taper and the S-DOE is presented, along with the
fabrication optimization of the latter. In Section III, the design
of the CF-DOEs is discussed and the fabrication parameters
are optimized. In Section IV, the individual components are
combined in the full DFBS structure, fabricated in a single step
on a fiber facet, and the output profile is characterized.

II. DIFFRACTIVE SPLITTER
A. Mode-Field Expander

Before reaching the DOE, it is beneficial to expand the mode
of the SMF, as a larger mode extent increases the effective
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(a) Cross-sectional illustration of the MOF-taper alongside the corresponding simulated normalized intensity profile evolution (to-scale), demonstrating

the nearly adiabatic single-mode transition from a standard SMF to the expanded MOF mode. (b) Simulated normalized intensity of the expanded mode at the
up-taper facet. A profile line along the x-axis (dashed) is compared to a Gaussian with an MFD of 20 pm (ideal). Scale bar = 10 pm.

surface of the DOE and enables more efficient beam shaping.
Free-space propagation through a homogeneous medium (e.g., a
polymer cylinder) can achieve this expansion [30], [36], but may
introduce intensity profile distortion, as the fundamental mode
diffracts into the material bulk. Instead, we employ custom-
designed mode-field conversion elements that provide adiabatic
expansion—i.e., with minimal coupling to higher-order modes.
These tapered structures are made of a solid material with inter-
nal air capillaries, forming an optically denser core region which
supports guided propagation via the effective index-guiding
mechanism [40], similar to microstructured optical fibers. In
contrast to step-index counterparts that use an air cladding [41],
these structures are mechanically robust and offer a sufficiently
large platform for monolithically integrating subsequent beam-
shaping elements.

Based on Lumerical’s eigenmode expansion solver, we used
the same design strategy as followed in [28], to achieve an adia-
batically expanded beam with a mode-field diameter (MFD) of
20 pm. The MOF-taper delivers an output with 94% of the power
in the fundamental mode, over a transition length of 270 pym
(Fig. 2). Although—as we mentioned earlier—further mode
expansion would be advantageous, our simulations indicate that
this would lead to increased power coupling to higher-order
modes. Therefore, the 20 m MFD value was chosen as a good
trade-off between beam expansion and adiabaticity. An addi-
tional 10 pm thick base was designed, improving adhesion and
housing the developing channels—side-conduits that facilitate
solvent infiltration to efficiently rinse the MOF-taper’s internal
capillaries during post-print development. Since the capillaries
at the up-taper’s top facet will be covered by subsequently
nanoprinted micro-optics, an additional cylindrical segment of
8 pm thickness was designed on top of it, incorporating de-
veloping channels connected to their counterparts at the base
via the air capillary lattice. Simulations show that the effect of

this addition on mode-field overlap of the expanded mode is
negligible (<0.01% ).

B. Design of the S-DOE

The first diffractive component of the all-diffractive fiber
beam splitter is the S-DOE which accepts the SMF output
beam after it is expanded through the MOF-taper, and splits
it into seven components. Its design is based on the Iterative
Fourier Transform Algorithm (IFTA), a well-established method
in diffractive optic design [42], and was implemented using
VirtualLab Fusion (LightTrans).

IFTA begins from a defined input intensity field and a target
output intensity distribution. Through repeated application of
forward and inverse Fourier transforms, the algorithm converges
to a phase retardation profile which, when applied to the input
field, creates the desired output at a given propagation distance.
Additionally, the algorithm requires an initial phase estimate.
Throughout this paper, we evaluate the performance of the IFTA-
generated DOEs using the conversion efficiency (CE) and signal-
to-noise ratio (SNR), two standard metrics commonly used in
diffractive optics design. These metrics are defined in detail in
Supplement 1 - Section 1, along with the modal overlap integral
(OI), which is used to assess how closely the final DFBS output
field matches the desired one.

For the numerical representations of the phase profiles, we
opted for an in-plane pixel size of 200 nm and an 8-level phase
quantization, which results in an 8-level diffractive element
having a step height of 364 nm, both compatible with the intrinsic
tolerances of the fabrication system—similar to our previous
work [43].

The desired output field consisted of seven 9.8 yum diameter
(1/€%) Gaussian beams in a 45 pm-pitch hexagonal pattern,
matching the mode-field layout of a typical seven-core fiber [44]
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Normalized intensity of output fields associated with the IFTA. (a) The desired output field for initial IFTA execution with the spot indexing convention

used throughout the paper. The Gaussian spots have a 9.8 um diameter (1/ €?), and a 45 pum pitch. The IFTA output field before (b) and after (c) uniformity

optimization.

(see Fig. 3(a)). The input was defined as a 20 ym diameter Gaus-
sian beam approximating the adiabatically expanded SMF beam.
We used the software’s built-in geometrical optics beam shaping
for phase initialization, although we observed that a constant
or random phase initialization generally yielded similar results.
To determine the optimal propagation distance, the IFTA was
executed at various propagation distances, and the previously
mentioned figures of merit were evaluated. The final propagation
distance was set to 61 pum, where optimal performance was
achieved (see Supplement 1 - Section 2 for details). The output
field is presented in Fig. 3(b).

Analysis of the initial IFTA output revealed two primary
deviations from the desired field: a slight radial elongation of
the spots and an uneven intensity distribution, with the central
spot appearing noticeably brighter. The spot elongation was
quantified by measuring the 1/e? extent along the radial di-
rection and comparing it with the desired value (9.8 pm). This
deviation was not addressed, as it is relatively minor (~=7.5% )
and will be mitigated in the final output field by the subsequent
beam-shaping elements. To achieve even intensity splitting, the
IFTA was iteratively executed using a progressively modified
desired output field. This procedure is referred to as uniformity
optimization and is described in detail in Supplement 1 - Section
3. Briefly, at each iteration, the peak amplitude values of the
individual spots in the updated desired output field, relative to
the original desired output, were set to be inversely proportional
to the corresponding values in the output field from the previous
iteration. As a result, the coefficient of variation (CV) of the
relative peak amplitude—defined as the ratio of the standard
deviation to the mean—was reduced from 13.4% to 0.6% .

Although the CV of the peak amplitude reveals the relative
intensity allocation among the seven spots, it is useful to define
a metric that assesses the intensity uniformity among the pe-
ripheral/outer spots, without being affected by the brightness of
the central spot. This is meaningful from an experimental point
of view, as fabrication imperfections contribute to undiffracted
light, making the central spot brighter. Specifically, using the
relative peak intensity U; of each ¢-th spot (¢ = 0, ..., 6) in the
normalized intensity field, we can define the peripheral coef-
ficient of variation C'V,, = o, /U,,, where U, = (1/6) >2°_, U,
is the average of the peripheral peak intensities and o), is the

TABLE I
PERFORMANCE METRICS OF THE OPTIMIZED S-DOE: CONVERSION
EFFICIENCY, SIGNAL-TO-NOISE RATIO, COEFFICIENT OF VARIATION OF
PERIPHERAL PEAK INTENSITIES (C'V},), AND CENTRAL SPOT PROMINENCE
FACTOR (f.)

Metric S-DOE
Conversion efficiency (%) 72.3
Signal-to-noise ratio (dB) 24.9
CVyp (%) 0.8
fe 1.02

corresponding standard deviation. Complementarily to C'V,, the
peak intensity of the central spot, is compared to the average of
the outer spots in what we will call central spot prominence
factor (f. = Uy/U,); essentially providing a measure of how
much brighter the central spot is compared to the outer ones. We
use C'V}, and f. as intensity uniformity metrics throughout the
paper.

The performance of the optimized S-DOE is summarized in
Table I, and the corresponding output field is shown in Fig. 3(c).
The height profile of the diffractive surface is derived from the
phase distribution using the thin element approximation (1):

d(z,y) = A@Q(Z?y) (n1 ino)

ey

where d(z, y) is the modulation depth (i.e, the DOE pixel thick-
ness or step height), Ap(x,y) is the relative phase difference,
X is the wavelength of the incident light, and nq,no are the
refractive indices of the optical material and the surrounding
medium, respectively [45]. The resulting S-DOE surface is
shown in Fig. 4(a)—all final phase profiles are included in the
supplementary material, as well.

C. S-DOE Fabrication Optimization

The 2PP-DLW parameters for S-DOE fabrication were opti-
mized on silanized 170 pm-thick borosilicate substrates. Fab-
rication was performed using the Photonic Professional GT+
system and the IP-Dip2 photoresist from Nanoscribe. We used
the high-resolution (63, NA 1.4) microscope objective in the
dip-in laser lithography configuration to achieve the finest fea-
ture definition, in accordance to our previous work [43]. The
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Fabrication and optical characterization of the S-DOE on substrate. (a) The S-DOE height profile. The grayscale colorbar equivalently represents either

a phase shift (0 to 7/8 - 27 rad) or the corresponding DOE pixel height (0 to 2.55 pm). (b) S-DOE arrays printed on a borosilicate substrate. (c¢) Illustration of the
characterization setup (not to-scale). The distance between the sample and the camera sensor is approximately 25 mm. (d) Normalized intensity of the S-DOE field
captured in mm-scale. (e) and (f) Scanning electron microscope images of the S-DOE, printed on the up-taper facet. Scale bars = 10 pm.

polymerization dose was varied by combining different laser
beam scanning speeds (1 —40 mm/s) with corresponding average
laser powers (25% — 85% ; the percentage is relative to the
system’s maximum average laser power, which is =50 mW).

To experimentally approximate the input beam of an on-fiber
S-DOE, we designed and fabricated lensed fibers using 2PP-
DLW on SMF tips, which focused the SMF mode onto a 20 pm
spot at the backside of the glass substrate where the nanoprinted
structures were located (see Fig. 4(b) and (c)). Since the large
divergence angle of the outer beam components (full angle of
~ T72°) exceeds the collection capability of our objective lenses,
the millimeter-scale output field was characterized by directly
projecting it onto a short-wave infrared (SWIR) sensor (Bobcat,
Xenics), as depicted in Fig. 4(d). At this scale, analyzing the
precise shape of the field distribution is less informative. Instead,
we evaluated the previously defined intensity uniformity metrics
on the normalized measured field to assess the power splitting
performance of the S-DOE. A minimum C'V), of approximately
7% was achieved at an optimal fabrication average laser power
of 25% and a scanning speed of 1 mm/s. At these fabrication pa-
rameters, the f. was approximately 2. As previously discussed,
the prominence of the central spot is attributed to undiffracted
light, a well-known and persistent feature of diffractive optical
systems [36], [46].

With the S-DOE fabrication parameters optimized, the
diffractive splitter—MOF-taper plus S-DOE—was fabricated
directly onto the facet of a (G.652 standard telecom SMF
(Fig. 4(e) and (f)). The resulting output was then projected onto
the same SWIR sensor used in previous measurements. In this
configuration, the up-taper and the S-DOE are monolithically
integrated onto the fiber in a single fabrication step. As such,
optimal and fixed alignment between the S-DOE and its input
mode is ensured. Additionally, in this way, the focused mode
of the lensed fiber is replaced by the expanded mode, matching

the final device splitting operation more accurately. To quan-
tify the resulting divergence angle, we extracted the positions
of the output field spots, using intensity-based weighted
centroids, and measured the distances of the peripheral spots
from the central one at various positions along the optical axis. A
linear regression on these distances yielded a divergence angle of
~ 35°, closely matching the design value of 36°, thus confirming
the performance of the diffractive splitter on fiber. At this point,
the fabrication parameter optimization process was considered
complete.

III. COLLIMATING-FOCUSING DIFFRACTIVE SUBSTRUCTURE
A. Design of the CF-DOEs

The CF-DOE layout consists of six identical peripheral DOEs
(P-DOEs) symmetrically arranged around a central DOE (C-
DOE). Their function is to capture the intermediate field at
~60 pm from the S-DOE, reshape it, and redirect it paral-
lel to the optical axis, projecting the final field at a defined
distance. Both the C-DOE and the P-DOEs were designed
using the IFTA, following the same procedure as described in
Section II-B.

Starting with a single P-DOE, the rightmost spot (¢ = 1) was
extracted from the S-DOE output and was used as the input field
of the algorithm. The desired output field was specified as a
single Gaussian spot with a (1/e?) diameter of 9.8 ;zm, matching
the guided mode of a single MCF core. The propagation distance
was set to 40 pm, a relatively short and arbitrarily chosen value.
Within the context of the full DFBS, we refer to this location
as the projection plane. For initialization, we used a phase
distribution resembling a blazed transmission grating (Fig. 5(a)),
analytically calculated using (2):

s(sina — sin §) = ma (2)
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Fig.5. (a)Blazed grating phase initialization for the P-DOE. (b) and (c) display
the final designs for the P-DOE and the C-DOE, respectively. The shared colorbar
for (a)-(c) represents phase-shift/height, as in Fig. 4(a). (d) and (e) depict the

simulated normalized output field intensity corresponding to (b) and (c). Scale
bars =5 pm.
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TABLE II
PERFORMANCE SUMMARY FOR THE SIMULATED CF-DOE DESIGNS

Metric P-DOE C-DOE
Conversion efficiency (%) 90.1 91.7
Signal-to-noise ratio (dB) 22.6 29.0
Overlap integral (%) 92.8 93.6

where « is the incidence angle, S is the diffraction angle of
the m-th diffraction order (both angles measured with respect
to the grating normal), A is the wavelength, and s is the line
spacing [47]. For transmission in the first diffraction order (m =
1), and an incidence angle of o = 36°, the diffracted beam was
aligned parallel to the optical axis (5 = 0°) to achieve the desired
redirection angle. Setting these values at a wavelength of A =
1550 nm yields a line spacing of s = 2.637 pum. The P-DOE
was quantized into 8 discrete phase levels with an in-plane pixel
size of 200 nm, consistent with the configuration used for the
S-DOE, and was cropped to a diameter of 16 um with minimal
Ol losses (=0.5% ). The final phase profile combines features of
a blazed grating, for beam redirection, and a lens-like curvature
that enables focusing (see Fig. 5(b) and (d)).

The C-DOE was designed following a similar procedure. The
central (¢ = 0) spot from the S-DOE output field was used as
the input, with a geometric initialization applied. The desired
output field and propagation distance matched those chosen
for the P-DOE design, and the cropping diameter was set to
20 pm, at ~0.5% OI reduction. Unlike the P-DOEs, which per-
form both redirection and focusing, the C-DOE serves a purely
focusing function. As a result, its phase profile—especially
near the center, where the largest portion of the input intensity
impinges—is simpler, and resembles that of a weakly focusing
lens (Fig. 5(c) and (e)). Table II summarizes the performance of
the two designs.
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Fig. 6.  SEM images of two P-DOEs fabricated to assess the impact of laser
hatching direction on the printing outcome. Arrows indicate the laser hatching
direction. (a) Hatching aligned with the grooves. (b) Hatching at 60° relative to
the grooves. Closer visual resemblance to the design (Fig. 5(b)) is observed in
(a). Scale bars = 5 pm.

B. CF-DOE Fabrication Optimization

The CF-DOE:s are positioned at the desired distance from the
S-DOE by means of a custom-designed supporting frame. Its
presence in the beam path introduces a minimal Ol loss of ~5%
for the optimized design, as detailed in Supplement 1 - Section 4.
In return, this compromise enables high dimensional accuracy,
maintaining height variations across the CF-DOE fabrication
locations below 0.2 pm.

Parallelly, P-DOEs were fabricated on-substrate for scanning
electron microscopy (SEM) imaging to investigate the effect
of the 2PP laser-beam scanning direction (hatching direction)
on the replication of the designed topography. Its alignment
with the P-DOE groove orientation was found to influence the
printed profile. As shown in Fig. 6, the best (visual) match
to the design occurs when the hatching is aligned with the
grooves. Therefore, the hatching direction for each P-DOE was
individually controlled, conforming to this alignment.

Subsequently, arrays of the diffractive substructure, along
with the S-DOE, were printed onto glass substrates. The lensed-
fiber configuration described in Section II-C (Fig. 4(c)) was
used, with an added infinity-corrected objective lens (50, NA
0.6, SEIWA) and a tube lens in front of the sensor to capture
the microscale field. The output field was recorded at multiple
positions along the optical axis. At each position, the diameter of
each spot was defined by fitting a circle to the 1/e? normalized
intensity contour, and the in-plane spot location was estimated
as the center of the fitted circle. The relative peak intensity of
each spot was also extracted. For simplicity, measurements of the
peripheral spots are expressed as their average values with the
uncertainty figures denoting the corresponding standard error.

An example of the measured output field is shown in Fig. 7,
along with the corresponding analysis. To estimate the location
of the projection plane, we analyzed the spot diameters and
selected the axial position where the central and peripheral spot
diameters best matched the target value of 9.8 um. This selection
is limited by the axial translation resolution of the setup, which is
approximately 10 um. As seen in Fig. 7, at the projection plane
the peripheral spots appear dimmer, with an f. of 4.2 + 0.5.
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Fig. 7. Spot diameter as a function of axial position Az, used to estimate the
projection plane location, which is retroactively defined as Az = 0. Error bars
extend by one standard deviation from the average. The normalized intensity
profile measured at the estimated projection plane, is shown as an inset. The
central spot appears about four times brighter than the peripheral ones. Stray
light and additional speckles, particularly close to the ¢ = 5,6 spots (at the
bottom) could possibly arise from higher diffraction orders or interference with
the support frame edges. Inset scale bar = 20 pm.

TABLE III
PRINTING PARAMETERS FOR THE VARIOUS PARTS

Structure SD (nm) HD (nm) SPD (mm/s) LP (%) t (min)
MOF 300 150 40 65 24.6
S-DOE 364 200 1 25 1.8
Support frame 300 200 40 65 32
CF-DOEs 364 200 1 25 0.9

Slicing distance (SD) and hatching distance (HD) refer to the out-of-plane layer
spacing and the in-plane line spacing, respectively, of the spatially quantized
structures. SPD denotes the laser beam scanning speed, LP the average laser power,
and ¢ the fabrication duration.

This reduction is attributed to three factors: power loss into
higher diffraction orders, uneven power splitting by the C-DOE
(already discussed in Section II-C), and higher reflection losses
at the support baseplate interface for the P-DOEs compared
to the perpendicular incidence for the C-DOE. The C'V,, is
27%, although it may be influenced by slight misalignment
between the S-DOE and its input. Nevertheless, the average
radial distance of the peripheral spots from the central one is
45 £ 0.9 pm, in excellent agreement with the design (45 pum).

IV. FuLL DFBS ON-FIBER FABRICATION AND
CHARACTERIZATION

All components were combined in a single monolithic design,
which was printed on an SMF facet in a single fabrication
run. The fabrication parameters were automatically adjusted
according to the previously optimized values. A detailed list
of these parameters is provided in Table III. The total DFBS
structure height is 355 um (Fig. 8).

Following the approach in Section III-B, the output field was
captured at multiple positions, and the projection plane was esti-
mated based on the proximity of the spot diameters to the target
value (see Fig. 9(a)). Since the peripheral spots are significantly
dimmer than the central one, the source laser power was adjusted
using a fiber-optic variable optical attenuator. As a result, two
measurements were acquired: one capturing the entire output
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Fig. 8. SEM images of the DFBS components. The full DFBS printed on a
fiber facet, shown from multiple angles. Scale bars = 50 pm.

TABLE IV
SUMMARY OF EXPERIMENTAL PERFORMANCE METRICS AT THE PROJECTION
PLANE FOR FOUR DFBS FIBERS, PRESENTED AS WEIGHTED AVERAGES WITH
STANDARD ERRORS

Metric DFBS (n=4)
Spot diameter (um) 9.84+0.1
Radial spot distance (um) 42.14+0.2
fe 5.74+0.1
CVyp 0.13 +0.02

field without saturating the sensor, and the other maximizing
the contrast of the peripheral spots (causing saturation for the
central one). A representative example is shown Fig. 9(b). The
measured output field shows signs of distortion, especially in
the peripheral spots, along with stray light and contributions of
higher diffraction orders. Due to the non-Gaussian shape of the
spots, it is important that the reported diameters be interpreted
as approximations. Additionally, the average radial distance of
the peripheral spots was calculated, along with the intensity
uniformity metrics, C'V}, and f.

The output field analysis was repeated for four different DFBS
fibers, with the summary statistics reported in Table IV. The
measured spot diameters closely match the design (9.8 pm).
The radial distances are consistently smaller than the designed
value (45 pm) by approximately 3 pm. While relatively small
in absolute terms, this discrepancy, in conjunction with the
aforementioned distortions, significantly impacts the overlap
integral—and thus, the ability of the DFBS to couple light
efficiently into an MCF with the given 45 pum core pitch.
From the unsaturated measurement field, the overlap integral
was estimated at 0.18 4= 0.01. This mismatch was not observed
for on-substrate fabricated structures (Section III-B), where the
radial distances align very well with the design. To investigate
the source of this deviation, we simulated the S-DOE output
using the experimentally measured MOF-taper mode profile as
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(b)

Fig. 9.

Optical characterization of a DFBS printed on-fiber. (a) The projection plane location is estimated by the intersection of the experimental curves with

the design target. (b) Normalized intensity of the output field at the projection plane, at two intensity levels. The left panel shows the entire field without sensor
saturation, while the right panel maximizes the contrast of the peripheral spots. (c) Detailed intensity profiles used for spot diameter estimation—following the
indexing convention of Fig. 3(a). The central spot (¢ = 0) is taken from the left panel in (b), while the peripheral spots are from the right panel. Annotations (in
white) indicate the fitted circles corresponding to the 1/e? intensity points. Scale bars: (b) 20 um, (c) 10 pm.

input, instead of an ideal Gaussian beam. As detailed in Sup-
plement 1 - Section 5, the simulation showed some degradation
in beam quality, but the spot positions remained consistent with
the design, suggesting that input mode mismatch alone cannot
account for the reduced radial distance. This indicates that the
discrepancy likely stems from factors specific to the on-fiber
configuration, discussed further in Section V. Finally, while
the simulation predicts a minor central spot prominence, the
experimental data show a considerably stronger imbalance, with
the central spot nearly six times brighter than the peripheral,
on average. Nonetheless, peripheral spot intensities, remain
relatively uniform (C'V,, = 0.13).

V. DISCUSSION AND CONCLUSIONS
A. Summary

In summary, we developed a diffractive fiber beam splitter,
which integrates a mode-expanding up-taper, a beam splitting
DOE, and collimating-focusing DOE:s, all monolithically fabri-
cated on an SMF facet using 2PP-DLW. The MOF-based taper
expands the SMF mode to a diameter of ~20 pm, retaining 94%
of the power in the fundamental mode. The S-DOE—designed
using the IFTA—splits the expanded beam into seven compo-
nents arranged in a hexagonal pattern, matching the core layout
of a typical MCF. An iterative uniformity optimization reduced
the coefficient of variation among the spot peak amplitudes to
<1%, with the final design achieving a conversion efficiency
of 72.3% and an SNR of 24.9 dB. The fabrication parameters
for the S-DOE were optimized on planar substrates by charac-
terizing the macro-scale field. A minimum C'V}, ~ 0.07 and an
fe = 2 were achieved. Additionally, the MOF-taper plus S-DOE
output was characterized after on-fiber fabrication, yielding a

divergence angle of 35°, aligning well with the design (36°), thus
validating the performance of the diffractive splitter section.

The CF-DOEs were similarly designed using the IFTA, based
on the split-beam output. The peripheral and central DOEs
achieved conversion efficiencies of 90.1% and 91.7%, respec-
tively, with overlap integrals showing >92% mode overlap.
On-substrate characterization of the full CF-DOE group, in-
cluding the support frame, showed good agreement with the
design, with central and peripheral spot diameters of 9.8 pm,
average peripheral spot radial distance of 45 & 0.9 ym, an f. of
424 0.5,and a C'V, of 27% .

Finally, the complete DFBS structure was fabricated in a
single step on an SMF facet, integrating all subcomponents into
a compact, monolithic device. The spot shapes are visibly dis-
torted and deviate from the ideal Gaussian profile. Accordingly,
the reported diameters—extracted by fitting circles to the 1/e?
contours—should be interpreted as approximations. Nonethe-
less, the measured spot sizes closely match the design target
(9.8 um diameter), suggesting that the focusing function of the
DFBS is effectively realized. Performance metrics regarding the
average peripheral spot radial distance (/42 pm), the uniform
power splitting among the spots (f. ~ 6 and C'V,, = 0.13), as
well as spot distortions, are discussed below.

B. Limitations

The average radial distance of the peripheral spots was
consistently smaller than the designed 45 pm, with exper-
imental values averaging around 42 pm. This discrepancy
was not observed for structures fabricated on-substrate, which
showed excellent agreement with the design. Similarly, nu-
merical simulations using the experimentally measured MOF-
taper mode intensity profile did not reproduce this shift. These
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observations suggest the deviation may stem from the phase
of the MOF-expanded mode, which has been approximated as
being constant. Other potential contributors which may affect
overall performance—such as fluctuations in the polymer’s re-
fractive index or post-development shrinkage—are expected to
manifest similarly in both the on-fiber and on-substrate config-
urations, which is contrary to the observed behavior. The exact
cause remains under investigation.

The central spot was significantly brighter than the outer ones
(f. = 6), exceeding the asymmetry predicted by the simula-
tions. This is not unexpected, as various fabrication and mod-
eling inaccuracies tend to reinforce the zeroth diffraction order.
Fabrication-related factors include rounding of square relief pix-
els and imperfect discretization of the phase distribution. Ideally,
the discretization is expected to have minimal impact, since the
slicing and hatching distances have been carefully matched with
the respective layer spacing and the pixel size of the discrete
(by design) phase distributions, resulting in one-to-one corre-
spondence between each printed voxel and phase data-point.
However, the natural ellipsoidal shape of the voxel, along with
proximity effects during photoresist cross-linking, smooth out
the sharp discontinuities between neighboring pixels at different
levels, leading to deviations in the fabricated profile from the
modeled design. Additionally, reflections at the support interface
likely attenuate outer beam components more severely due to
their higher incidence angles. Among the modeling assump-
tions, the thin-element approximation—used to convert phase
profiles into surface relief maps—is particularly relevant; its ac-
curacy deteriorates at large diffraction angles, reducing control
over outer beam component redirection, brightness, and overall
shaping. Additional limitations may arise from the reliance of the
uniformity metrics solely on peak power values, which may not
fully capture the actual power splitting performance. Although
these effects are present, the outer spots exhibit good relative
uniformity, with a measured C'V}, of approximately 0.13.

C. Concluding Remarks

Despite these limitations—which directly reflect the strict de-
mands of mode-matched MCF coupling—the fabricated DFBS
represents a meaningful step forward in functionalizing optical
fibers. The splitting occurs at sharp angles using entirely diffrac-
tive elements, resulting in a highly compact structure. It achieves
multi-spot beam splitting with collimated output beams located
within 100 pm from the expanded input, while the total footprint
remains within the fiber diameter. As such, the device could be
packaged in conventional fiber connectivity components, such
as ferrules and V-grooves. The outer spot intensities are also
well balanced.

Looking ahead, the main identified limitations—namely, the
reduced radial distance of the outer spots, peripheral spot
distortion, and excess zeroth order power—provide clear and
actionable directions for improvement. It is worth noting that
although this implementation uses a MOF-taper to expand the
mode, the architecture is compatible with other sources such as
thermally-expanded core fibers. This substitution would signif-
icantly further reduce the overall DFBS length to only 70 pm,
at the cost of requiring a non-standard input fiber—potentially
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worthwhile depending on the target application context. Alter-
natively, another avenue to reduce compactness would be further
optimization of the MOF-taper to reduce its length, resorting to
non-linear mode expansion, for instance.

Regarding fabrication repeatability, the performance remains
quite consistent across the tested devices, as indicated by the low
standard error values in Table IV. This variation is expected to
decrease further if the manual alignment between the fiber facet
and the writing objective lens—at the beginning of the exposure
sequence—is automated. Such automation is available in several
state-of-the-art systems, which offer optimized modules and au-
tomated alignment procedures, to ensure accurate and consistent
positioning, thereby facilitating scalability toward larger batch
sizes.

Finally, we regard the spot distortions as an inherent tradeoff
of the all-diffractive approach. However, mature fabrication
technologies—such as grayscale lithography—which have tran-
sitioned from research to commercial availability, are expected
to improve structural fidelity and reduce distortions. In addition
to that, the use of IFTA-based design and 2PP-DLW enables
rapid prototyping cycles, facilitating iterative optimization via
feedback from optical characterization, similar to the strategy
explored in [48]. As an example, in this work, the uniformity
optimization loop uses the simulated output field as feedback to
guide pre-compensation. This concept could be extended to use
the experimental output field, with appropriate modifications—
such as parameterizing the spot shape and adapting the feedback
metrics accordingly. While this approach could potentially ben-
efit both power uniformity and spot distortions, the latter are
expected to be more challenging to improve due to the dom-
inance of characteristic fringe patterns, inherent to diffractive
optics. A complete discussion of such an approach lies beyond
the scope of this paper.

Taken together, these directions outline a clear path for en-
hancing the performance of on-fiber beam splitters and expand-
ing the toolbox of functionalized optical fibers.
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