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We propose single-step additive fabrication of graded-index optical elements by introducing the light exposure as the
additional dimension to three-dimensional (3D) laser writing, hence (3+1)D writing. We use a commercial printer
and photoresist to realize the proposed single-step fabrication method that can be swiftly adopted for research and
engineering. After presenting the characterization of the graded-index profiles via basic structures, we demonstrate
two different optical devices: volume holograms that are superimposed using angular and peristrophic multiplexing,

and optical waveguides with well-defined refractive index profiles. In the latter, we precisely control the propagating
modes via tuning the (3+1)D-printed waveguide parameters and report step-index and graded-index core—cladding
transitions. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Additive manufacturing by two-photon polymerization (TPP) is
rapidly becoming an important hybridization tool among various
photonic integrated platforms due to its high versatility. Neither
photomasks nor etchings are required for additive manufacturing,
and intricate dielectric photonic structures can accommodate a
wide range of host platforms, for example, quantum systems [1],
silicon photonics [2], or the tip of fibers [3]. Crucially, this fabri-
cation technology is largely agnostic to particularities of such host
platforms. Sub-wavelength feature sizes, i.e., beyond diffraction-
limit resolution, makes TPP highly attractive for meta-optics [4],
high-density photonic integration [5,6] as well as for function-
alization via free-form optical components [7,8] and multilayer
diffractive elements [9]. These applications often require intricate
designs, and the precise control of analog 3D refractive index distri-
butions in 3D additive manufacturing is highly desirable. Besides
approaches leveraging binary index modifications of a single host
material, there are multi-material approaches to obtain additional
degrees of freedom besides geometry. Sequentially introducing dif-
ferent photoresists through microfluidic channels has for example
been reported [10,11]. Two-component photopolymers present
high dynamic range alternatives [12—14], and multiple patterning
on these materials for even more dynamic range has been demon-
strated [15]. Recently, graded-index (GRIN) lenses relying on
varying polymerization inside a porous host material have been
demonstrated [16]. In addition, fabrication of a biological cell
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phantom via TPP that has multiple refractive index values by
varying polymerization has been reported [17].

In this work, we rely only on a single resin to create GRIN
optical volume elements in a single step with a commercial 3D
printing machine by having the exposure as the fourth variable in
the writing process; hence establishing (3+1)D printing to access
and modify each voxel’s refractive index independently. For that
purpose, we rely on the exposure-dependent refractive index of
broadly utilized commercial photoresists [18-21], dynamically
modifying the exposure during the printing process to construct
optical waveguides and volume holograms with single-step,
single-material, and a commercially available process.

The waveguide is a principal component of integrated pho-
tonics, as evidenced through applications such as photonic wire
bonding [22,23], on-fiber direct laser writing [3,24], and in the
context of scalable photonic interconnects [5,6]. Core—cladding
3D-laser-printed structures guide light with a refractive index of
the core moderately larger than that of the cladding. Such wave-
guides are currently the subject of intense study, and basic photonic
tools such as single-mode low-loss waveguides [25] or multimode
light splitters [26] are being demonstrated. However, those either
require direct inscription into a bulk material [16], intricate 3D
photonic crystal fiber structures [27], or a multistep process relying
on different materials to provide the required refractive index
difference between the core and cladding [2,28]. Our approach
based on (3+1)D printing requires a single fabrication step only
and enables precise control of the refractive index’s profile.


https://orcid.org/0000-0002-9869-7170
https://orcid.org/0000-0002-9606-8098
https://orcid.org/0000-0002-2078-0273
https://orcid.org/0000-0002-4003-3056
mailto:niyazi.dinc@epfl.ch
mailto:javier.porte@femto-st.fr
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://doi.org/10.1364/OPTICA.433475
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.433475&amp;domain=pdf&amp;date_stamp=2021-09-29

Research Article

Another fundamental and highly relevant 3D structure is the
volume hologram [29-31]. A stack of 2D images can be mul-
tiplexed in a volume hologram and each of these images can be
retrieved individually by employing different angles, wavelengths,
or phase distributions. In a volume hologram, each 2D data corre-
sponds to an individual hologram to be multiplexed with several
others, and the high resolution of TPP means the technique is
excellently suited for their fabrication. Crucially, since TPP pro-
vides independent access to each voxel in the fabrication volume, a
hologram can be designed digitally without considering a record-
ing schedule and avoiding the cross talk between the individual
recording sequences.

Figure 1 illustrates our GRIN printing concept for the two
applications discussed here: volume holograms [Fig. 1(a)] and
photonic waveguides [Fig. 1(b)]. Leveraging such (3+1)D, or
gray-tone lithography, our technique elegantly capitalizes on avail-
able and established 3D TPP materials and equipment and can be
widely adopted without delay.

2. FABRICATION METHODOLOGY

The Clausius—Mossotti relation states that the refractive index of
a material depends on the number of molecules per unit volume
[32,33]. Many photoresins yield greater density in the polymer
phase than in the resin phase, and the degree of polymerization
depends on the polymerization kinetics, which is driven by light
intensity and exposure time. Thus, the refractive index can be
modulated by changing the light exposure [18-21], which is the
here leveraged physical mechanism to demonstrate GRIN struc-
tures printed with the (3+1)D principle. We used commercial
direct-laser writing systems from Nanoscribe GmbH (Photonic
Professional GT+) and the negative tone photoresist “IP-Dip.”
The (3+1)D printing process can be dissected in the following
steps: the photoresist is dropped on a fused silica glass substrate
(25 x 25 x 0.7 mm?) and is photopolymerized via TPP with a
780 nm femtosecond pulsed laser, focused by a 63 x (1.4 NA)
microscope objective. The printing process was realized in con-
secutive horizontal layers as schematically illustrated in Fig. 1,
and the laser power was dynamically modified for each voxel to
produce the desired 3D refractive index distribution. The vertical
(slicing) and the horizontal (hatching) sampling resolutions are
0.3 pm and 0.1 pm, respectively. For volume holograms, the scan
speed of the writing beam was chosen to be 7 mm/s and the laser
power range is set to be 28%—42% of the maximum average power
that is 20 mW/, while for photonic waveguides, the scanning speed
was chosen to be 10 mm/s and the laser power range was set to be
35%—-58% of the maximum average power. Therefore, the utilized

(a) (b)

/

An(x,y,z) / Ne

Polymerization = f[E(x,y,z,t)] Substrate

Fig. 1. Concept of (34+1)D printing: the refractive index (An) is
controlled by dynamically changing the laser power during the printing
process (E(x, y, 2, t)). llustration of this concept in a (a) volume grating
used for holography and a (b) photonic waveguide with a step-transition
between refractive indices of the central core (7.,) and the surround-
ing cladding (n4), printed with respective laser beam field amplitudes
Eco > Ecl-
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laser fluences (J/cm?) per unit volume are comparable for both
applications, once normalized with respect to the scan speed. The
particular values are the result of a careful optimization, balancing
the refractive index uniformity and mechanical stability. Very low
degrees of polymerization result in unstable structures that do not
hold the intended shape, while very high degrees of polymerization
are unavailable due to burning and micro-explosions occurring
during writing.

We used an off-axis digital holographic interferometry (DHI)
setup for the principle identification of conditions resulting
in good structure—refractive index fidelity (see Supplement 1,
Discussion 1 for further details). After printing and during the
development process the non-polymerized leftover resin is washed
away for the fabrication of the waveguides. The development
process results in a small degree of structural shrinkage, wherein
particular volumes with a relatively lower degree of polymerization
are affected most. As waveguides are embedded in a comparably
large surrounding volume, structural stability is inherently given,
and shrinkage is no issue. However, the development step is
skipped for volume gratings and holograms so that shrinkage that
is occurring during development is avoided, and furthermore that
the liquid resin serves as an index matching liquid. For high expo-
sure values, the polymerization yield is complete, and the material
is mechanically stable [34].

3. CHARACTERIZATION OF THE GRIN PROFILES

To calibrate the laser power versus refractive index relation, a
rectangular prism is printed with the power increasing linearly
along one transverse dimension. The phase accumulation through
this structure is measured by DHI. Knowing the thickness, the
measured phase is converted to a refractive index difference with
respect to the background, which is the not polymerized resin.
The obtained index difference is given in Fig. 2(a). An exponential
curve is fitted on the experimental data, which we use for mapping
a desired refractive index to the corresponding writing power.
Taking this non-linear dependency into account is particularly cru-
cial for writing gratings and holograms, since an accurate refractive
index distribution is essential for maximum diffraction efficiency.
Hence, the laser power is adjusted according to the target refractive
index value at each voxel position.

In Fig. 2(b), we provide the mean and standard deviation of
this measurement obtained from five different samples fabricated
with the same writing scheme and parameters. This averaged
measurement results in relatively large error bars, especially toward
the low-index difference. The first reason, which applies equally
to all the data points, is the noise level in the digital interferometry
setup for the phase measurements. The second reason is small
sample to sample variations in the laser writing caused by allocation
of the sample interface. Optical resolution limits the accuracy of
allocating this interface to a few tens of nanometers, which in turn
leads to different phase accumulation along the thickness of the
sample and hence a systematic offset variation for each sample. On
top of that, slightly different focusing in DHI for different samples
contributes to sample-to-sample differences. These effects become
relatively stronger for the regions where the refractive index change
is small (see Supplement 1, Discussion 2 for further details). Since
the relative index change within a sample is more meaningful, we
stick with the calibration curve and following power adjustment
obtained from a single sample. Nonetheless, we provide the result
by averaging over different samples as a general reference, as it
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Fig. 2. (a) Refractive index difference of the polymerized part

with respect to the monomer resin versus laser power from a sample.
(b) Refractive index difference of the polymerized part with respect to the
monomer resin versus laser power averaged from five samples. (c) Phase
extractions from the 20 um thick sinusoidal gratings printed with linear
power dependence assumption and the exponential fit where the arrows

highlight the effect of saturation.

reports relevant information about the fabrication process. The
significant effect of the non-linear power versus refractive index
relationship is shown in Fig. 2(c), where phase extractions are given
from sinusoidal gratings that were printed assuming a linear power
dependence or the exponential fit to experimental data. The arrows
in the zoom-in panels of Fig. 2(c) highlight distortions on the sine
wave due to the saturation of refractive index (or polymerization)
athigh power caused by the linear approximation.

To cross-validate the obtained results from DHI experiments,
we printed several volume gratings. A volume grating is a sinusoidal
refractive index distribution in any orientation. Therefore, any
arbitrary distribution can be represented by a superposition of
volume gratings, which makes it the fundamental 3D building
block of GRIN volume elements. We printed unslanted volume
gratings with a 6 um period, which yields an approximately 3.2°
Bragg angle at 1.03 pum wavelength in 1.52 refractive index. The
transverse dimension is (120 pm)? and the thickness is varied from
30 to 120 pm in 30 um steps. High dynamic range and sample
thickness lead to over-modulated gratings where the diffrac-
tion efficiency at the Bragg condition decreases and the energy
goes to the lateral lobes in the angular spectrum [35]. Gratings
thicker than 120 pm are not investigated to keep the samples in
the under-modulated regime. The calibration curve shown in
Fig. 2(a) is utilized to fabricate the sinusoidal GRIN profile as
depicted in Fig. 3(a), where all the volume is polymerized with
different degrees of polymerization by (3+1)D printing and tar-
geting a dynamic range of Az =5 - 1073, Figure 3(a) shows the
90 um thick grating where the z axis is the optical axis. All the
volume gratings are printed on the same substrate with 250 pm
center-to-center separation. The first 30 pm thick grating takes
40 min to fabricate, which is the same for uniform exposure of an
equivalent structure in terms of size, sampling, and scanning speed;
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Fig. 3. (a) Visualization of the printed volume gratings, (b) the
efficiency versus the structure thickness plot, (c) the Bragg selectivity
measurement around the Bragg angle for the grating of 90 um thickness,
and (d) the Bragg selectivity versus the structure thickness plot of the

experimental data along with the numerically calculated theoretical curve.

varying exposure does therefore not impact fabrication time, and
fabrication time only scales linearly with the printed volume.

A collimated beam with a dimension that is comparable to the
transverse area of a single volume grating is used as the input beam.
This input beam illuminated each volume grating one by one, and
the transmitted beam is recorded while the input angle is varied
to measure Bragg selectivity. The efficiency versus thickness curve
is given in Fig. 3(b). By using the coupled wave theory pioneered
by Kogelnik [36,37], sin® curve fitting is performed. From the
argument of the sin® fit, Az is found to be 5.1 - 1073, which is in
excellent agreement with the targeted dynamic range and hence
an independent confirmation of the rectangular prism-based cal-
ibration via DHI. The angles of the input plane waves are swept
around the Bragg angle for all samples of different height, and
the efficiency relation by [36,37] is employed for curve fitting as
exemplified in Fig. 3(c) for the 90 um thick grating. The first null
is labeled as (A0) p referring to Bragg selectivity. Figure 3(d) shows
the Bragg selectivity for all thickness values along with the theo-
retical curve that is numerically calculated for Az =5.1-1073,
where we observe a good match with the experimental results (see
Supplement 1, Discussion 3 for further details).

Finally, the optical response of (3+1)D printed samples
does not significantly change over time, indicating that there is
negligible aging effect, which is in accordance with the results
reported in [19], while the final density of the material can be
subject to small changes due to diffusion of monomers and post-
polymerization. In Supplement 1, Discussion 4, we provide DHI
measurements of the same phase grating on various days after
fabrication, where we do not observe any difference larger than
experimental error range. The same finding was confirmed inde-
pendently based on our waveguides, which did not experience
transmission or confinement modifications over a time span

exceeding one year.
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4. GRIN OPTICAL ELEMENTS
A. Volume Holograms

Volume holograms have been of great interest for parallel optical
interconnects [38], data storage [39], and optical mode multi-
plexing and demultiplexing [9,40]. TPP has also been identified
as a candidate technique for optical data storage [41]. When a
hologram is optically recorded in a photosensitive medium by
interfering a reference (E'f) and object (E¢pj) beam, the recorded
hologram is given by

|Eref+ E‘obj|2 = ErefEr*ef“' EobjE:bJ' + ErefE:bj + E:;onbj' (1)

The last term in Eq. (1) provides the reconstruction of the
object beam upon illumination with the reference. The first two
terms constitute the DC component, and the third term is the
conjugate of the reconstruction term. For a linear and reciprocal
polymer media, the refractive index modulation follows Eq. (1).
As aresult, we can state that the object beam is a signal that is mod-
ulated by a carrier generated by the reference beam. To multiplex
M holograms, we can use M different object beams and slightly
different carrier frequencies, which are sufficient to be individu-
ally retrieved in a volume hologram by taking advantage of the
angular Bragg selectivity. When M holograms are stored, the effi-
ciency of an individual hologram is inversely proportional with M
squared, which is a well-established rule for both photorefractive
and photopolymer media [42-45]. For a photopolymer, while
multiplexing many holograms, the DC terms build up within the
dynamic range of the material, leaving only a fraction to the signal
terms. This phenomenon decreases the holograms’ diffraction effi-
ciency since the diffraction efficiency of each hologram is related
to its share from the available dynamic range. When the refractive
index change in a recording media is not bipolar, the DC buildup
cannot be removed.

In contrast to classical optical recording, additive manufac-
turing enables updating the index value of a single voxel in the
media without affecting the others. Hence, we can design an index
distribution digitally and fabricate it thanks to voxel-by-voxel
(3+1)D printing. On a computer, we can superimpose holograms
by eliminating the DC terms as if negative intensity values and
bipolar responses were available. The obtained refractive index
distribution can then be scaled to match the dynamic range of the
material, allowing fabrication via TPP leveraging only monotonic
index change using physical (non-negative) intensity values, while
importantly preventing the DC buildup.

To demonstrate this approach as a proof of concept, the initials
of the Optics Laboratory, O and L, are chosen to be peristrophi-
cally multiplexed in a (50 um)?® volume, as presented in Fig. 4(a).
The images of the letters are propagated digitally by the beam
propagation method and the diffracted fields are phase-conjugated
and superimposed with two plane waves tilted at 6.5° in the x
and y axes for each letter, eliminating the DC terms. In Fig. 4(a),
the refractive index distributions of the first (at z=0), middle
(at z=25 pum), and last (at z=50 pum) layers are demonstrated,
where the target refractive index dynamic range is 5-107°. A
bright-field microscope image of the sample is given in Fig. 4(b).
The obtained experimental reconstructions are given in Figs. 4(c)
and 4(d) where the volume hologram is illuminated with the
assigned plane wave.

To demonstrate angular multiplexing as well, four arbitrar-
ily chosen linearly polarized (LP) modes of a multimode fiber

Fig. 4. (a) 3D rendering of volume hologram with the example index
distributions in transverse planes at z=0, z=25, and z =750 pm;
(b) bright-field microscope image of the fabricated hologram whose trans-
verse dimension is 50 x 50 um?; (c), (d) experimental reconstruction of
letters “L” and “O.” The scale bars are 5 wm. All index distributions are
upsampled for better visualization and share the same color bar.

(LPyy, LPyy, LPyy, and LP3;) are multiplexed in a volume of
50 x 50 x 60 um® following similar steps. Four carriers were
chosen corresponding to 7° and 13° in both the x and y axes. The
diffraction of the chosen LP modes can be neglected for 60 pm
propagation distance since their spatial distributions have low-
frequency components. Hence, the z-variation is kept uniform for
this hologram. The target XY refractive index variation is given in
Fig. 5(a), the bright-field microscope image of the sample is given
in Fig. 5(b), and the obtained experimental intensity reconstruc-
tions are given in Figs. 5(c)-5(f). The fabrication times for both
holograms are roughly 150 min where it is 13 min for uniform
exposure of an equivalent structure in terms of size, sampling, and
scanning speed. The reason for this discrepancy is software-related.
For the volume gratings, we do not observe this discrepancy since
the varying laser power is expressed with a simple formula, which
is not possible for the holograms. An array should store the power
values for each voxel; however, the DeScribe printing software does
not allow for an array structure. Thus, power values are stored via
thousands of if—else statements, which slows down the execution
by control software considerably.

@ @)

(b)

(a) Target index distribution of the angular-peristrophic holo-
gram; (b) bright-field microscope image of the fabricated hologram whose
transverse dimension is 50 x 50 pm?; (c)—(f) reconstructed images corre-

sponding to LP;;, LPy,, LPy, and LPsy, respectively. The index distribu-
tion is upsampled for better visualization.

Fig. 5.
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B. Photonic Waveguides

We (3+1)D-printed photonic waveguides with both step-index
(STIN) and GRIN refractive index profiles. As schematically
illustrated in Fig. 1(b), the waveguide’s core printed with high
laser power is surrounded by a cladding printed with a lower laser
power. We used writing powers of 58% (11.6 mW) and 35%
(7 mW) for the highest and lowest refractive index, respectively.
STIN waveguides result from a constant laser writing power all
across their core, while for the core of GRIN waveguides writing
power changes from high to low along a parabolic profile. We
printed 25 STIN waveguides with diameters D € [1...20] pm,
and 13 GRIN waveguides with diameters D € [5...10] pum, all
embedded in cuboids of 300 pwm height. The scanning electron
microscopy micrograph of Fig. 6(a) depicts an exemplary cuboid
accommodating 20 printed STIN waveguides. The fabrication
time for such a large structure is ~180 min. Noteworthy, this
time can be drastically reduced by ~2/3 if the volume between
waveguides that do not require (341)D printing is photopoly-
merized by blanket UV exposure. By printing waveguides with
different diameters D, we effectively scan their normalized fre-
quency V' = 7-D - NA, where NA = / 112 — ny? is the numerical
aperture, Ag 2 660 nm is the wavelength of the illumination laser,
and 721 (1) are the refractive indices of the core (cladding).

We extract the waveguide’s relevant parameters by fitting the
experimental output intensities for diameters below the cutoff
condition of the second propagating mode. Figure 6(b) depicts
the fit of LPy; to the normalized output of a STIN waveguide with
radius R = 3 pm, where the intensity profile of the LPy; mode is
given by_]oz(u%) for|r| < Rand Kg(v%) for|r| > R. Theoutput
of a GRIN waveguide with the same radius (3 pum) is shown in

(@) () 1
. w0.5
s ()] | R ()
=% 3 10 3 6
r(um)
© ! A
w 0.5 ;“ “A
100 um “‘ w3V
0 -

6 -
) ) r (um)
™ 1 .

S
©0.8 /=)
LE Ll L
LP11 206 v
. g ofla ("
. 0 0.4 U
£ .
€
LPo> 8 0.2
* 0 5 10 15 20
Waveguide diameter (um)

Fig.6. (a) SEM image of a cuboid with 20 printed STIN waveguides.
Panels (b) and (c) depict the output intensities (triangles) and funda-
mental mode fits (dashed lines) of a 6 um diameter STIN and a GRIN
waveguide, respectively. (d) Exemplary intensity profiles of injected LP
modes (left) and their outputs after propagation through STIN wave-
guides of different diameters (right). We depict the first waveguide with
a confinement factor above 0.8 for each respective mode. () Theoretical
confinement factor as function of the STIN waveguides diameter I' (D).
Symbols are experimental and lines are theoretical curves for each mode

LPy; (blue), LPy; (red), and LPy; (green).
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Fig. 6(c). The normalized experimental intensity is ficted with

exp(—1 V%), which corresponds to the intensity distribution of
the fundamental mode of a GRIN fiber with an infinite parabolic
refractive index profile [46]. From the fit parameters we extract
the corresponding NAs (see Supplement 1, Discussion 5 for fur-
ther details). Using 77 = 1.547 as the refractive index of IP-Dip
at saturation [11], we obtain an averaged numerical aperture of
NA =0.08 +£0.01 (i.e., 7y =7 +2.4-107°) for STIN and of
NA =0.18 £ 0.02 for GRIN. Comparing the intensity profiles
and the averaged NAs of single-mode GRIN and STIN waveguides
we evidence that the core-confinement of the former is significantly
higher, which offers a crucial advantage for photonic integration
schemes [5,6].

In order to investigate the modal propagation properties, we
used a spatial-light modulator (Santec LCOS SLM-200) to gener-
ate a set of LP modes, which we injected into the waveguides under
close to NA-matched conditions (see Supplement 1, Discussion
6 for detailed description of the experimental setup). Figure 6(d)
shows injected LP modes (left panels) and exemplary waveguide
outputs (corresponding right panels). For each printed waveguide,
we calculated the confinement factor I'(D) defined as the frac-
tional optical power confined to the core. The experimentally
measured confinement factors I'(D) for STIN waveguides are
plotted in Fig. 6(e), together with the theoretically calculated
curves for each mode. The experimental I"(D) follows the theo-
retical prediction with a small systematic vertical shift that we
attribute to a systematic offset in the waveguide’s diameter due to
the non-negligible voxel dimensions.

We furthermore investigate the propagation-length-dependent
losses and the maximum waveguide packing density. Propagation
losses primarily depend on scattering, host-material absorption,
and insufficient mode confinement. We determined the global
losses of the LPy; mode after propagating through the wave-
guides with lengths ranging from 50 to 300 pm. We chose STIN
waveguides with five different diameters between 5 and 7 pm,
which provide high enough LPy; confinement while remaining
single mode. After propagation we fitted the output intensity to a
Gaussian and discarded the background. Figure 7(a) depicts the
propagation losses for an injection NA of ~0.12. We linearly fit the
average losses of all diameters for every length value and the result-
ing dependency has a slope of —6.2 dB/mm. The small variation
between propagation losses of different diameters indicates that
scattering from sidewalls is not the dominant loss mechanism in
our STIN waveguides. Noteworthy, Fig. 7(a) includes injection
losses of >~— 0.5 dB. Total losses for STIN and GRIN waveguides
are very similar and within 2~ 1 dB difference only. For the exem-
plary waveguides depicted in Figs. 6(b) and 6(c), the latter has an
excess loss of 0.7 dB with respect to the STIN waveguide combin-
ing both injection as well as propagation losses. While low for a
first proof-of-concept demonstration, losses of our (3+1)D printed
waveguides are around 1 order of magnitude above the material’s
bulk absorption [22], but a factor of 3 lower than for 3D printed
waveguides [6].

Figure 7(b) shows the evanescent coupling rate between neigh-
boring waveguides. For our characterization we printed pairs of
300 pum length and 7 pm diameter waveguides with separations
ranging from 0.5 up to 6 um. Optical cross talk between adjacent
waveguides is based on the overlap of their respective evanescent
fields, which decay exponendially over distance. Our evanescent
coupling rate follows the expected exponential dependency, and


https://doi.org/10.6084/m9.figshare.16566735
https://doi.org/10.6084/m9.figshare.16566735

Research Article

@ o ®) 3
-* \
o N —~
3_1 = 7 2 °
[ €
g . £
-2 e e
0 e e __ e L
100 200 300 0 2 4 6

Waveguide length (um) Waveguides separation (um)

Fig. 7.  (a) Propagation losses. (b) Evanescent-coupling rate between
waveguide pairs as a function of waveguides separation. The optical
injection NA is 220.12. The corresponding linear and exponential fits are
depicted as dashed lines in both panels.

the coupling rate reduces as —1.32 um™' with waveguide sep-
aration. STIN waveguides in direct contact couple at a rate of
3 mm~"', while this coupling drops to 0.02 mm~' for an intra-
waveguide distance of 6 pum. The rapidly decaying evanescent
coupling therefore allows a high integration density, supporting
circuits with ~6000 waveguides per mm?.

5. CONCLUSIONS

In summary, we have introduced a single-step process to manufac-
ture photonic GRIN elements based on a commercial laser writing
system. We first carried out different fundamental characteriza-
tions that independently confirmed the high level of control over a
complex 3D refractive index distribution. Comparing these inde-
pendent measurements (rectangular prisms with volume gratings)
reveals a very small Az deviation of 2% only (Az =5 - 1072 com-
pared to An=5.1-107, respectively). This shows the excellent
spatial and refractive index resolution of our technique. We then
demonstrated (3+1)D printed GRIN volume holograms, as well
as photonic waveguides with a controlled number of propagating
modes.

For the STIN and GRIN photonic waveguides, we determined
the waveguides’ NAs by carefully fitting their propagation param-
eters under single-mode condition, characterized propagation
losses, and the evanescent coupling rates between neighboring
waveguides. We find higher NA and mode confinement for GRIN
waveguides. Moreover, significantly larger NAs should be achiev-
able in the future, as the investigated and other commercial resins
allow for larger refractive index modifications [19]. Further future
efforts should reduce propagation losses in order to bring them
closer to this of integrated silicon photonics. For the volume holo-
grams, the results demonstrate printing an index distribution
arbitrarily varying in 3D. Since currently the printed volumes
are small, only a limited number of holograms is supported, and
the fabrication of greater volumes to store more information is an
important future objective. The currently employed printing tech-
nique would require stitching of different blocks to reach larger
volumes since the field of view of the writing objective is limited.
Any shift due to a stitching error would make different parts of
the hologram out of phase. Thus, a thorough optimization of the
fabrication process for stitching is necessary to approach millimeter
sizes. One of the main goals of the future study is to fabricate a
volume where many holograms are multiplexed and compare
the diffraction efficiency with optically recorded counterparts.
Moreover, over-modulated volume gratings fabricated by (3+1)D
printing is another interesting avenue to explore, which requires
a careful inspection [47]. For the characterization and calibration
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process, more recent and sensitive techniques can be adopted for
high sensitivity demanding applications [48].

In general, the additive nature of our approach is a crucial asset.
It makes the process less dependent on the working distance of
microscope objectives, and just recently millimeter-sized photonic
components utilizing the same TPP process have been demon-
strated [7]. Furthermore, (3+1)D additive photonic fabrication
has the potential to functionalize integrated photonic or electronic
circuits, for example by adding scalable photonic interconnects
[5,6] to bring large-scale parallel communication to classical
photonic or electronic chips. (3+1)D direct laser writing hence
provides a highly versatile addition to the photonics toolbox.
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