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Abstract: We experimentally demonstrate, based on a generic concept for creating 1-to-M
couplers, single-mode 3D optical splitters leveraging adiabatic power transfer towards up to 4
output ports. We use the CMOS compatible additive (3+1)D flash-two-photon polymerization
(TPP) printing for fast and scalable fabrication. Optical coupling losses of our splitters are
reduced below our measurement sensitivity of 0.06 dB by tailoring the coupling and waveguides
geometry, and we demonstrate almost octave-spanning broadband functionality from 520 nm to
980 nm during which losses remain below 2 dB. Finally, based on a fractal, hence self-similar
topology of cascaded splitters, we show the efficient scalability of optical interconnects up to 16
single-mode outputs with optical coupling losses of only 1 dB.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Low-loss single-mode optical coupling is a fundamental photonic tool, in both, classical and
quantum settings. Several methods have been utilized to address this subject [1], and the most
common and well-established techniques include diffraction grating-based optical coupling [2–4],
end-fire coupling [5–7] and adiabatic coupling [8,9]. Compared to others, adiabatic coupling can
achieve highly efficient and broadband single-mode field-transfer from 1-to-M waveguides using
a tapered/inversely-tapered waveguide sequence [10], and it is a widespread technique in current
2D photonic integrated circuits technology [11,12]. Optical transfer between the in- and output
waveguides is achieved through evanescent coupling, where the optical mode adiabatically leaks
from the core of the tapering input waveguides through the cladding into the inversely-tapering
output waveguides [13].

Adiabatically coupled waveguides can be applied for sensing and characterization of on-
chip wafer-scale microphotonic components such as microdisk arrays, planar microrings and
photonic crystal waveguides [14,15]. Furthermore, this principle has been proposed as an
efficient-to-integrate scheme for mode-selective coupling [16,17] in multi-spatial mode optical
communications. Generally speaking, it is the back-bone of so-called photonic lanterns [18] with
their many applications. The majority of previous studies consider adiabatic coupling between
tapered optical fibers and different nanophotonic devices. Single-mode coupling of guided light
from a tapered fiber to a photonic waveguide has been achieved with efficiencies up to 97 % [19],
representing a promising avenue for integrated photonic circuits [20]. Here, we achieve even
lower losses, demonstrating a record transfer efficiency of 98.6 %.

For advantageous scaling of photonic networks, unlocking the third dimension for integration
is essential [21]. The reason is that any two-dimensionally integrated photonic circuit that aims at
mapping N inputs to M outputs has an area of the order A ∝ N × M, i.e. area scales quadratically
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Fig. 1. (a) Schematic illustration of conical (left) and truncated rod (right) tapering
geometries of 3D-printed optical 1 to 2 splitters. (b) Waveguides’ cross-sections along
taper-length lt for adiabatic splitters showing 1 to 2 couplers with conical (left) and truncated
rod (right) geometry, followed by 1 to 3 and 1 to 4 truncated rod splitters. (c) Schematic
illustration of the (3+1)D flash-TPP fabrication. The IP-S photoresist is polymerized via
TPP, where the waveguide cores (mechanical supports, e.g. side walls) are printed with
hatching distances of h = 0.4 µm (h = 0.8 µm) using a laser power LP = 15 mW. Section
in-between waveguides are printed with a lower (LP = 1 mW) TPP power. (d) Once the TPP
part of the process is completed and the regions outside the cuboid developed, the structure
is introduced in a UV chamber where the unexposed cuboid’s inner regions are polymerized
via OPP.

with in- and output dimensionality in the typically encountered situation of N ∝ M . Using truly
3D integration [22] fundamentally changes the scaling laws, as area and height both scale linearly,
which potentially has far-reaching implications for integrating photonic neural networks, Ising
machines and other concepts aiming at leveraging the high-dimensionality of photonics [23,24].

Generally, throughput efficiency drops exponentially in a ’deep’ circuit that cascades multiple
components in series. Parallel and efficient scalability of photonic signals is essential for the
future integration of photonic circuits in applications based on large-scale interconnects [20,25].
These require connecting numerous in- and output channels while maintaining parallelism, and
fractal topologies for cascading optical splitters have been demonstrated to be a suitable strategy
to route optical signals in 3D [26]. Importantly, fractal coupling architectures distribute an input
across a number of outputs that exponentailly increases with the number of splitters in a signal’s
pathway, hence losses remain linear relative to the number of output channels. Yet, ultra-low
remain of vital importance for scalable large-scale photonic integration of optical quantum
networks and repeaters [27,28].
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Here, we experimentally evaluate different tapering strategies in additively (3+1)D-printed
[22] single-mode couplers with 1 input and up to 4 outputs. However, the strategy is generally
applicable to higher-order splitters. We demonstrate that global losses (injection, coupling and
propagation) remain < 2 dB for an exceptionally wide, almost octave-spanning, wavelength range
from 520 nm to 980 nm, with only 0.32 dB at optimal conditions. Finally, we show efficient
scalability of optical interconnects with fractal topology by cascading individual splitters to
exponentially increase the number of optical ports, here connecting 1 input to 16 outputs. Our
3D lithography fabrication technology is additive and CMOS compatible.

2. 3D adiabatic 1-to-M couplers design

Using the case of 1 to 2 splitters for illustrating the concept, we tapered waveguide cores according
to two different strategies as illustrated in Fig. 1(a), where the left (right) panel shows conical
(truncated rod) geometries. In both, the waveguide cross-section continuously changes along the
z-propagation direction from an input diameter d through a taper-length lt, which is intrinsically
linked to the beating length zb = λ/∆n [29]. In the conical geometry, the waveguide core shrinks
at an equal rate d/lt along (x, y). In the truncated rod geometry, the core is cut inwards at that rate
along x, while along y it retains its original shape. Truncated rod tapering restricts coupling to be
parallel to the splitting direction, consequently increasing the effective interface-area between
the coupled waveguides by purposefully directing the evanescent leakage. Figure 1(b) shows
the waveguides’ cross-sections along the tapering regions for the different 1-to-M splitters and
tapering strategies. To achieve efficient adiabatic overlapping of optical modes, we inversely
tapered in- and output waveguides with equal taper-rate and geometric symmetry in order to
match the relevant effective modal indices. We separated neighboring waveguides by a gap
g ∈ {0.4, 0.8, 1.2} µm in order to study the evanescence coupling efficiency against the distance
between coupled waveguides. Finally, to all output ports we added a straight section with length
l = 30 µm to minimize cross-talk outside the tapered section. The same tapering strategy
was used for fabricating 1 to 3 (1 to 4) splitters, for which triangular (quadrangular) pyramids
waveguide cross-sections are required for the truncated rod geometric symmetry for both the 1 to
3 (1 to 4) couplers, see last two illustrations in Fig. 1(b).

3. (3+1)D flash-TPP fabrication

We leveraged rapid fabrication by combining one- (OPP) and two-photon polymerization (TPP)
in the (3+1)D flash-TPP lithography concept, schematically illustrated in Fig. 1(c-d), saving up
to 90 % of fabrication time [30]. We use the commercial 3D direct-laser writing Nanoscribe
GmbH (Photonics Professional GT) system and the liquid negative-tone IP-S photoresist for the
fabrication (see Fig. 1(c)). The waveguide cores are printed in a single-step via TPP, with an
optimal laser power (LP = 15 mW) and small hatching distance (h = 0.4 µm) to ensure smooth
surfaces. Furthermore, we polymerized with a low TPP laser power (LP = 1 mW) the volume
in-between tapers to ensure a constant gap g throughout that region to establish slight mechanical
adhesion between the individual tapers without creating a notable modification of the gap’s
refractive index. Mechanical supports, i.e. the cuboid’s surfaces that define the outer limits
of our volumetric circuit, are printed with larger hatching distance (h = 0.8 µm). As globally
fixed fabrication parameter, the slicing distance is set to s = 1 µm since it does not crucially
affect optical performance for purely vertical waveguides. After complete-TPP of the IP-S
photoresist (n ≈ 1.51) [31], the unexposed photoresist outside the cuboid is removed following a
standard two-step development process. Finally, the entire 3D circuit is UV-blanket exposed,
polymerizing the unexposed volume inside the photonic chip via OPP with a UV exposure dose
of 3000 mJ/cm2 (see Fig. 1(d)). This provides an auxiliary matrix that improves the stability
for complex structures during fabrication without significantly modifying the refractive index
contrast (∆n ≈ 5 × 10−3) [30].
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4. Optical performance

We evaluate the performance of the splitters by examining the optical near-field of the output
modes as well as the global losses, which include injection, coupling and propagation losses.
Figure 2(a) depicts the output intensities of truncated rod optical splitters for 2, 3 and 4 outputs.
We generally use λ = 660 nm for our basic characterization and a core diameter d = 3.3 µm that
provides high mode confinement within the waveguide core while remaining single-mode [30].
The positioning of the individual intensities matches perfectly with the designed 1-to-M splitters
output arrangement (cf. Figure 1(b)), which indicates the high-fidelity of the model and obtained
layout. From the output intensity profiles in Fig. 2(b), it is clear that for lt = 200 µm the outputs
profiles are not the fundamental LP01 mode, and for g = 1.2 µm (bottom) individual output
modes are not sufficiently decoupled. In contrast, we obtain full splitting of LP01 single-modes
for lt ∈ {300, 400, 500} µm for all g. Consequently, the adiabatic criterion of our 1 to 2 splitters
is fulfilled for a taper-length lt > 200 µm, which agrees with the theoretical value of zb ≈ 132 µm,
at injection wavelenght λ = 660 nm [29].
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Fig. 2. (a) Experimental output intensity profiles of the 1 to 2, 3 and 4 splitters leveraging
adiabatic coupling with truncated rod geometry. (b) Output intensity profiles of the 1
to 2 optical splitters for taper-length lt ∈ {200, 300, 400, 500} µm (left to right) and
gap distances g ∈ {0.4, 0.8, 1.2} µm (top to bottom). (c) Coupling losses versus gaps
g ∈ {0.4, 0.8, 1.2} µm for 1 to 2 splitters with conical (blue) and truncated rod (orange)
geometry and taper’s length lt = 300 µm. (d) Coupling losses of 1 to 2 splitters with
truncated rod geometry for gaps g and taper-lengths lt ∈ {100 : 100 : 500} µm. (e) Coupling
losses versus number of output ports for the different 1-to-M adiabatic splitters with truncated
rod geometry, i.e. 1 to 2, 1 to 3, 1 to 4 and cascaded 1 to 16.

The adiabaticity criterion was numerically validated by 2D-simulations via COMSOL Mul-
tiphysics. There, the fundamental eigenmode is launched at the waveguide’s input facet via
Port boundary conditions, and then propagated throughout a 2D projection of the splitters from
Fig. 1(a) with scattering boundary conditions and ∆n ≈ 5 × 10−3. This further confirms the
adiabatic signature of our truncated rod 3D optical splitters.

We characterized the global losses of 1 to 2 splitters with conical and truncated rod geometry for
different gaps g ∈ {0.4, 0.8, 1.2} µm. Previously we determined injection losses of 0.26 dB for
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waveguides with the same characteristics [30], which we use to extract the propagation-coupling
losses of our optical splitters. As observed in Fig. 2(c), the truncated rod splitters have lower
coupling losses compared to the conical case for all gaps g ∈ {0.4, 0.8, 1.2} µm. This better
performance is presumably due to the extra directionality and increased effective transfer-area
and we therefore select the truncated rod geometry for the following investigations. Figure 2(d)
shows the coupling losses of the 1 to 2 splitters with truncated rod geometry for different
gaps g ∈ {0.4, 0.8, 1.2} µm, where we scan taper-length lt from 100 to 500 µm. We find
optimal coupling behavior for lt = 500 µm and g = 0.4 µm, with global losses of 0.32 dB and
correspondingly ultra-low coupling losses of only 0.06 dB. Intensities at the two output ports
differ only by ∼ 3.4 %. Finally, using optimal lt = 500 µm and g = 0.4 µm, we fabricated 1 to 3
and 1 to 4 splitters (cf. Figure 2(a)) with coupling losses of only 0.4 dB and intensity difference
between output ports of ∼4.6 % (∼6.1 %) for 1 to 3 (1 to 4) splitters. Coupling losses for the 1 to
3 and 1 to 4 splitters are hence close to identical. Figure 2(e) depicts the coupling losses versus
number of output ports for the different 1-to-M adiabatic splitters.

5. Broadband functionality

A major advantage of adiabatic power transfer compared to interference-based directional couplers
is a substantially lower wavelength-sensitivity of splitting ratios [32,33]. We test the broadband
functionality of our 1 to 2 optical splitters with lt = 500 µm by injecting different wavelengths
ranging from λ = 520 nm to λ = 980 nm. Crucially, the bulk absorption of the IP-S photoresist
does not play a role on our short relevant length lt across the entire wavelength range investigated
here [31]. According to data shown in Fig. 3(a), global losses remain below 2 dB for the 1 to
2 splitters over this range almost spanning an octave. For λ ≥ 660 nm, global losses start to
increase due to lower modal confinement for which larger gap g is required for adiabaticity. At
λ = 520 nm, we approach the single-mode cut-off wavelength, which lies at ∼ λ = 480 nm.
Higher-order modes begin to be excited for which the evanescent coupling decreases due to
reduced modal overlap. Finally, Fig. 3(b) depicts the output intensity profiles of the splitters
across this entire range of wavelengths, which clearly show the discussed effects appearing
higher-order modes as well as non-separated single-modes. We attribute this to the dispersion
relation of the IP-S photoresist [31], which makes optical confinement to the waveguide’s core
wavelength dependent. This, in turn modifies the optimal coupling distance for adiabaticity.
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Fig. 3. (a) Global losses versus injection light wavelength λ of the 1 to 2 splitters with
lt = 500 µm and g = 0.8 µm. (b) Output intensity profiles from (a) over ∆λ ∼ 500 nm.

6. Fractal networks of 3D splitters

An efficient way of distributing information across many channels is leveraging fractal, i.e.
self-similar branching topologies [26]. In such fractal architectures, sequential layers follow
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similar patterns at various scales and successive magnifications. This means that the tree’s
architecture is defined according to the spacing between the output waveguides DL and height
HL, where L is the number of the particular bifurcation layers. To this aim, the dimensions
throughout the bifurcation layers ’scale’ as Dl =

√
b D(l+1) and Hl =

√
b H(l+1), where b represents

the number of splitting branches. For the case of our 1 to 16 splitters, i.e. cascading 1 to 4
splitters (lt = 500 µm, g = 0.4 µm) in a double-layer, results in b = 4 splitting branches, and DL
and HL double each consecutive layer. There, the outputs of a 1-to-M splitter act as the inputs to
another splitter with the same splitting ratio. In such geometries, the number of output channels
scales exponentially with the number of splitters cascaded in a sequence. Here, we cascaded 1
to 4 splitters in two layers, where there are (is) one (four) couplers(s) in the first (second) layer.
This realizes 16 output ports, and Fig. 4(a) schematically illustrates the design. Ports between
the two layers are linked via bent waveguides following a cosine-like shape with D1 = 10 µm,
H1 = 200 µm, D2 = 20 µm and H2 = 400 µm as labeled in Fig. 4(a).
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Fig. 4. (a) Design of the cascaded 1 to 16 optical splitters with truncated rod geometry. (b)
Optical microscope image showing the output (bottom surface) of the structure integrating
the cascade 1 to 16 splitters. (c) Output intensity profiles from (a-b).

Figure 4(b) and (c) show an optical microscope image of the output facet under incoherent
illumination and the optical output of the 1 to 16 coupler, respectively. Coupling losses are only
1 dB (see Fig. 2(e)), and each individual output is single-mode. The cascaded 1 to 16 coupler
therefore performs slightly better than the individual splitters, considering the propagation losses
of the bent waveguides in the output ports [30,34]. Currently we attribute this to slight variations
in the fabrication process and it is a matter of ongoing investigation.

We find the uniformity of splitting ratios reduced compared to the individual splitters. On
average, each output contains (5.81 ± 2.31) % of the injected intensity, which very close to the
ideal 6.25 %. Yet, the individual coupling ratios to the 16 output waveguides do deviate from
this average value considerably.

7. Conclusion and outlook

In summary, we have shown (3+1)D flash-TPP fabrication of single-mode 3D optical splitters
leveraging adiabatic power transfer between one input and up to 4 output ports. After optimization
of the device geometry, comparing conical and truncated rod tapering geometries, we obtain
record 0.32 dB (0.06 dB) global (coupling) losses for the truncated geometry of 1 to 2 splitters
with only ∼ 3.4 % difference between two output port intensities. We evaluated their wavelength
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dependency, and found them to be very broadband, with global losses remaining below < 2 dB
over almost an octave-spanning range from 520 nm ≤ λ ≤ 980 nm.

We continued to demonstrate efficient scalability of optical interconnects by cascading 1 to 4
optical splitters in a fractal topology, creating 16 output ports with low optical coupling losses
of 1 dB (see Fig. 2(e)). Currently, the splitting ratio of the cascade couplers does still exhibit
notable variations, and further efforts to improve the splitting homogeneity should investigate
potential refractive index or thickness variations of the gap separating the tapers and inverse tapers.
Other concepts, such as multi-mode interferometer-based coupling structures [35,36] result in
complex designs based on intensive numerical calculations during performance optimization.
Furthermore, just like directional couplers, their ratios strongly vary with the input wavelength.
As such, the adiabatic power transfer concept features some highly interesting properties.

Additionally, the possibility of separating output ports via bent waveguides opens new avenues
to create integrated hybrid systems by combining our polymer-based single-mode splitters with
semiconductor lasers, such as quantum dot micropillars arrays [37,38].

Photonic circuits hold a big promise for future parallel and scalable optical interconnects [26],
particularly considering the size of modern neural network concepts. As here demonstrated,
further reducing the gap between in- and output waveguides could be beneficial in terms of
coupling losses (cf. Figure 2(d)) as well as integration compactness. However, the minimal lateral
distance for resolvable modification of neighboring voxels, given by the generalized two-photon
Sparrow criterion [39], sets a fundamental limitation. For a fs-laser operating at λ = 780 nm and
a microscope objective with NA = 0.8, the minimum lateral separation is 0.344 µm, which agree
well with the g = 0.4 µm used in our investigations.

An interesting approach to reduce the taper-length lt, while maintaining a constant gap,
leverages short-cuts for adiabaticity [40]. This strategy relies on adapting concepts of quantum
control theory for light manipulation in optical devices and waveguide optics [41–43]

Photonic integration is a promising approach to reduce the power consumption of neural
network computing hardware, yet scalability of integration concepts is essential [44] and
simultaneously hard to achieve. Such scalability is not achievable in 2D circuits [44], and 3D
photonic integration might proof essential. Importantly, all used resins and processes are CMOS
compatible, full-filling an important prerequisite for synergistic combinations of electronic and
photonic circuits.
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