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Abstract. Ridge waveguides were three-dimensional printed using a stereolithography printer
and hydrogel resin formulation. The ridge waveguides were 13, 20, and 30 μm wide, 3 to 6 μm
high, and 4.4 mm long. The loss of the waveguides was measured using the cutback method and
ranged between 0.28 and 1.2 cm−1 (or 1.2 and 5.2 dB∕cm) with transmittances up to 0.94
(0.27 dB coupling loss) using 635 nm light. Our work demonstrates a quick and inexpensive
method to fabricate integrated photonic chips with the promise to fabricate more complex pho-
tonic devices and systems. © The Authors. Published by SPIE under a Creative Commons Attribution
4.0 International License. Distribution or reproduction of this work in whole or in part requires full
attribution of the original publication, including its DOI. [DOI: 10.1117/1.JOM.2.4.043501]
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1 Introduction

Photonic integrated circuit (IC) devices are utilized in the telecommunications and medical
industries.1 Integrated waveguides, the wire equivalent in electrical ICs, are the most fundamen-
tal and critical system component in photonic ICs. Therefore, any improvement in fabrication
has wide ranging benefits. One common integrated waveguide is a ridge waveguide, which con-
sists of a ridge patterned on top of a substrate of a lower index.1 Integrated ridge waveguides are
typically fabricated using silicon microfabrication methods with high costs for specialized
instruments, masks, cleanroom maintenance, and trained personnel, thereby raising the barrier
to entry.2 Consequently, alternative polymer waveguides such as polydimethylsiloxane have gar-
nered increased interest.3 Polymer waveguides avoid the deposition and etch steps (reducing
instrument costs) using the resin as the waveguide material, but they still have expensive process-
ing steps. An alternative method, three-dimensional (3D) printing or additive manufacturing,4

has the potential to disrupt the photonics industry by combining the advantages of polymer
waveguides without the need for a cleanroom, masks, highly trained personnel, or multiple
expensive instruments. This work explores the use of stereolithography (SLA) 3D printing
to fabricate ridge waveguides and demonstrates a method that broadens the reach of integrated
photonics.

3D printed (3DP) waveguides for millimeter-wave and THz frequencies, using metallic coat-
ings, have been explored.5 However, near-infrared (NIR) and visible light demonstrations have
been limited due to 3D printer resolution limits. Recently, 3DP ridge waveguides have been
demonstrated using a nozzle-based fused deposition modeling 3D printer with losses as low
as 11.86 dB∕cm (or 2.73 cm−1) using 632 nm light with a 434-μm wide and 181-μm high ridge
waveguide.6 To overcome the resolution limit, two-photon absorption methods have been
explored to create unique photonic crystal fiber structures and losses of 1.5 dB∕cm at
632 nm.6,7 Indeed, low-loss and highly miniaturized waveguides are of interest to allow for sin-
gle-mode operation and higher density to enable complex and compact photonic IC devices. In
this work, ridge waveguides with sub-100-μm scale features are demonstrated using SLA and a
hydrogel resin formulation.
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2 Methods

To demonstrate 3DP ridge waveguides, a custom SLA 3D printer was constructed. The 3D
printer used an inverted exposure method and a programmable digital light processing (DLP)
ultraviolet light source (digital light innovations). The primary limitations of commercially avail-
able 3D printers that were addressed by the custom 3D printer are as follows: lateral (xy) res-
olutions were limited to 50 to 100 μm (due to spot or pixel size), the layer thickness was limited
to 25 to 300 μm (due to stepper motor resolution), and the build volumes were limited to larger
scales on the 15 × 15 × 20 cm3 dimensions (instead of the chip-scale structures). The introduc-
tion of our custom printer allowed for lateral resolutions down to 10 μm, layer thicknesses of less
than 1 μm, and build volumes on the 2.54 × 2.54 × 0.05 cm3 dimensions. The optical path (see
Fig. 1) consisted of an ultraviolet-A (UVA, 365 nm) source (∼48.2 μW∕μm2) directed to a pro-
grammable digital micromirror device (DMD), a beam shaping lens system, a mirror (M1), an
aperture stage through an optical window, and a Teflon fluorinated ethylene propylene release
layer; it then finally exposed the resin. The exposed resin was then polymerized (solidified) onto
a substrate attached to the build platform with a piezoelectric-driven z-stage (Thorlabs PIA25,
20 nm resolution).

A hydrogel resin consisting of poly(ethylene glycol) diacrylate and Irgacure 819 photo-
initiator was specifically selected for the printer with high absorbance at the UVA exposure
range (∼365 nm) for polymerization but maintained optical transparency in the visible and
NIR wavelength range.8 A UV absorber, avobenzone (Making Cosmetics, Inc.), was selected
to control the penetration depth of the resin and other factors discussed elsewhere.8 The resin
refractive index, across the visible spectrum, was previously characterized to be 1.507 at
635 nm.9 To maintain optical confinement laterally, the selected substrate was a thermal oxide
layer (n ¼ 1.450 from the vendor) grown on a silicon wafer (UniversityWafer, Inc.) and cleaved
into a 14 × 4.4 mm2 chip. The chip length was limited by the dimensions of the light source and
accuracy of cleaving. All of the waveguides were fabricated using a 1-s light exposure time with
the entire layer (∼3.5 cm2) made simultaneously. Waveguides were characterized using a laser
source (Thorlabs, pigtailed laser diode, 635 nm) coupled to single-mode fiber (Newport, F-SV,
NA ¼ 0.1, ∼4 μm mode-field diameter), butt-coupled to the 3DP ridge waveguides, and the
output was directed to an optical power meter (Thorlabs, S120VC) via an objective lens
(Newport, M-20X).

The waveguide loss coefficient α and coupling coefficient κ were measured using the stan-
dard cutback method.1 The transmittance T was measured by determining the input power Pin of
the butt-coupled fiber and output power Pout of the 3DP waveguide determined by the following
model:1

EQ-TARGET;temp:intralink-;e001;116;305T ¼ Pout

Pin

¼ κe−αL; (1)

where L is the length of the waveguide. The transmittance was measured for various lengths and
the data were fit to

Fig. 1 Custom stereolithographic 3D printer setup.
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EQ-TARGET;temp:intralink-;e002;116;735 lnðTÞ ¼ lnðκÞ − αL; (2)

where the natural log of Eq. (1) was taken for a more convenient linear fitting expression.

3 Results

To demonstrate 3DP waveguides and characterize performance, sets of lines and spaces were
patterned of varying widths corresponding to the current 3D printer pixel size limit (one, two, or
three pixels), and the resulting structure resembled standard ridge waveguides (see Figs. 2 and 3).
The top-down view (see Fig. 2) shows that most waveguides were intact in this particular struc-
ture, but some devices broke off at the end facets and were subsequently excluded from the
analysis. The structures also show defects and scratches from the release layer that was trans-
ferred into the ridge structure, which could potentially add to the scattering dominated loss.

The waveguide end facets were then imaged and the cross-sectional view showed intact ridge
structures with varying amounts of residual resin around the ridges (see Fig. 3).

The waveguides were 13� 1.5, 20� 2.3, and 30� 2.7 μm wide and 3.6� 0.1, 4.8� 0.1,
and 6� 0.2 μm tall, respectively (where the average ± standard deviation is specified). The

Fig. 2 Top-down view of 3D printed ridge waveguides (a) 13 μm, (b) 20 μm, and (c) 30 μm wide
(scale bars 20 μm).

Fig. 3 Cross-sectional side-view of 3D printed ridge waveguides (a) 13 μm, (b) 20 μm, and
(c) 30 μm wide (scale bars 10 μm).
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waveguide dimensions were ultimately limited by the fabrication method due to the pixel size of
the DMD and could be improved with additional innovation of the commercial light source. The
height of the waveguide was limited by the alignment of the substrate to the optical window. As
the waveguide width increased, the residual resin on the sides of the waveguide increased. This
may be from scattered UVA light as it propagated through the release layer. This possibly could
be mitigated by spacing the waveguides further apart or improving the Teflon transparency. Next,
635 nm light was coupled into the waveguides and viewed from above (see Fig. 4).

The light can be seen to be strongly confined within the ridge structure for the entire 4.4 mm
length and is not seen coupled to adjacent waveguides. If the loss was large, the intensity of light
observed from above would have died out within the first few hundred microns of propagation,
but Fig. 4 shows a near constant intensity across several millimeters, demonstrating a low-loss
waveguide. Light that is scattered from residual hardened resin on top of the structure and
scratches seemed to not significantly affect the waveguide loss; however, this suggests that lower
loss could be achieve through further postprocessing steps (see Fig. 4). The side-view of the
ridge waveguides [Fig. 5(a)] showed optical confinement within the ridges when light was
coupled into the waveguide [Fig. 5(b)].

Fig. 4 A 3D printed ridge waveguide (30 μm wide) as viewed from above (100 μm scale bar).

Fig. 5 A 3DP ridge waveguide (∼30 μm wide and 6 μm high) cross-sectional side-view of (a) out-
put facet (darkfield image, ∼10 μm scale bar) and (b) corresponding waveguide mode output
(∼10 μm scale bar).

Fig. 6 3DP ridge waveguide cutback loss measurements for various waveguide widths of 13 μm
(□), 20 μm (⋄), and 30 μm (○).
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The output exhibited expected multimode behavior, with a fifth-order mode horizontally but
single-mode vertically [Fig. 5(b)]. The waveguide loss was determined using the cutback method
for 95 waveguides that were w ¼ 13, 20, or 30 μm wide and initially a length L ¼ 4.4 mm long
(see Fig. 6).

The loss coefficients of the 13- and 20-μm wide devices were 1.2 and 0.28 cm−1 (or 5.2
and 1.2 dB∕cm), respectively, indicating a strong width-dependent loss (as expected for lower
confinement and higher scattering losses). The coupling coefficients for the 13- and 20-μm wide
devices were 0.53 and 0.88 (or −2.76 and −0.56 dB), respectively; hence the coupling losses
were <3 dB. The 30-μm wide waveguide transmittances showed a negative slope, indicating
a coupling coefficient dominant loss mechanism rather than a loss coefficient mechanism.
Therefore, the loss was too low to measure for this particular waveguide length. Longer wave-
guides would have been required to characterize the loss of the 30-μmwaveguides. However, the
transmittances of the 30-μm wide waveguides were consistently high with T ¼ 0.91� 0.034

(average ± standard deviation, 0.94 maximum).

4 Conclusions

Low-loss 3DP ridge waveguides were demonstrated with sub-100-μm dimensions using SLA
DLP 3D printing. The losses for the 13- and 20-μm ridge waveguides were 1.2 and 0.28 cm−1,
respectively, which are comparable to integrated photonic waveguides made using silicon micro-
fabrication methods. Transmittances of up to 94% were achieved using 30 μm wide by 6 μm
high waveguides, but the loss was too low to measure for these particular lengths.

This demonstration also broadens the reach of integrated photonics by lowering the training
requirements for fabrication and suggests that more complex systems may be possible without a
cleanroom. The ability to make ridge waveguide devices within 1 s, without a cleanroom, mask-
less, with little to no training, and with a single instrument is an attractive prospect. Future
research may entail manufacturing waveguides with lower loss, waveguides with single-mode
operation, or different kinds of integrated waveguides.
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