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3D structures is difficult with this 2D pro-
cess.[9] Hence, an advanced lithography 
technique that overcomes these limita-
tions is of great value.

Multiphoton lithography is a prom-
ising 3D printing technology that allows 
truly 3D objects to be fabricated,[10–12] 
thus unlocking functions availed by the 
third dimension. Using femtosecond laser 
pulses and two-photon absorption, this 
manufacturing method pushes the fron-
tiers of 3D printing, and allows the reali-
zation of micron-scale and increasingly, 
sub-micron feature sizes. The latter in 
particular, is important when harnessing 
guided wave structures for resonant 
behavior, 3D light guiding with good con-
finement, and high-speed optical commu-

nications. Direct laser writing (DLW) with highly transparent 
photoresists enables 3D printing to enter the realm of manufac-
turing optical elements at the micro- and nanometer scale.[13–24] 
Thus, the precise fabrication of complex optical elements on 
demand becomes possible in a single processing step. More-
over, comparing to inorganic materials, polymers are inexpen-
sive, easy to process and flexible enough to meet a broad range 
of application specific requirements, and most importantly, 
possesses favorable optical properties such as high transmis-
sivity in a broad wavelength range.[25]

Within the context of photonic lightwave circuits, metrics 
such as small footprint and high transmissivity are important. 
3D direct laser writing allows the realization of interesting struc-
tures beyond a single plane. Therefore, the motivation in this 
work is to demonstrate 1) high-resolution photonic structures 
that may not be achieved through conventional lithography 
and 2) demonstrate performance that rivals that of conven-
tional planar waveguide devices. In this paper, we demonstrate 
3D guided wave photonic structures fabricated using 3D direct 
laser writing. We achieve high-resolution structures for light 
guiding beyond a single plane. In particular, suspended wave-
guides and spiral waveguides that provide 3D light guiding 
are realized. Ring resonators with quality factors of thousands 
and sub-wavelength gratings shown to possess high band-edge 
dispersion are fabricated and characterized. We also introduce 
a new type of coupling mechanism with broadband, 1.6  dB 
fiber-waveguide coupling loss, enabled through the third fabri-
cation dimension, which obviates the need for dicing/cleaving 
or further post processing. The successful transmission of high 
speed, nonreturn to zero (NRZ), and pulse amplitude modu-
lation 4 (PAM4) data through the 3D fabricated guided wave 
structures is also demonstrated. Importantly, these high-speed 
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1. Introduction

Increasing demand for higher data transmission rates and 
lower power consumption drives the need for smaller devices 
and higher fill factors on electronic chips.[1,2] This has led to an 
increase in developmental efforts in the field of optical logic 
and computing, as it provides data rates higher by orders of 
magnitudes.[3,4] There have been many designs put forward to 
realize the building blocks of optical logic units. Electron-beam 
(EB) lithography is frequently employed to fabricate devices 
with a resolution of a few nanometers;[5,6] Numerous suc-
cessful applications in optical devices such as micro resona-
tors with high-quality factors, nanophotonic waveguides with 
very low propagation loss, and other optical devices including 
interferometers and filters[7,8] have been demonstrated. This 
planar technology enables assembly of many individual ele-
ments on one chip, allowing for complex optical systems. 
However, this top-down fabrication imposes stringent limita-
tions on truly 3D structures. Additionally, the integration of 
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data experiments utilize direct detection (as opposed to coherent 
detection), and are aligned with data transmission modulation 
formats used in commercially deployed interconnect products. 
These include companies within the PSM4 and 100G Serial 
Lambda multisource agreements (MSAs) aimed at commercial-
izing transceiver products.[26,27] These demonstrations show that 
we successfully leverage 3D direct laser writing to realize high-
quality photonic devices with high optical performance. Impor-
tantly, the capability allows us to exceed what is possible through 
conventional lithography, particularly in creating new types of 
photonic structures that can guide light in three dimensions.

2. Results and Discussion

The effective mode area for the fundamental transverse electric 
(TE) mode within the core for different widths (W, 2–15  µm) 
and fixed height (H  = 4  µm) is modeled and calculated 
(Figure  1a) using  a commercial mode solver to decide the 
size of device here. The substrate used is glass (n = 1.46). The 
core material is IP-Dip (n = 1.53). Finally, we choose H = 4 µm, 
W = 10 µm to have an almost complete optical confinement of 
the fundamental TE mode (Figure 1b). Because of the small dif-
ference in core and cladding refractive indices compared to say 

a silicon-on-insulator waveguide, properly designed waveguides 
with the electric field confined mainly within the core will be 
larger. By design, the high percentage of electric field propa-
gating within the core (>98%) allows us to minimize propaga-
tion losses. In order to obtain broadband operation and efficient 
light collection, a cleave perpendicular to the waveguide that is  
aligned with the edge of the substrate is commonly used for butt 
coupling with optical fibers. However, it is difficult to achieve 
precise and damage free cleaves of 3D polymer devices, which 
makes measurements challenging. Therefore, in order to sim-
plify the optical measurements of prepared devices, Gaso et al. 
modified the output into 45° slope for light coupling.[28] How-
ever, it still requires the coupling part be close to substrate edge, 
which is a constraint on the design parameter as it depends on 
the size and shape of substrate. Goraus et  al. proposed a fin-
like supporting structure,[29] which facilitates measurements 
though with a tradeoff in the footprint. Helge Gehring[30,31] also 
proposed out of plane couplers, which was a combination of 
a near-adiabatic mode converter, a total reflection plane, and a 
sphere.

To overcome the coupling challenge in 3D fabricated wave-
guides, we propose a new type of coupler, comprising a bridge 
section at the start and end part of the device (Figure  3a). 
Importantly, this technique circumvents the need to cleave the 

Figure 1. a) Effective mode area calculated for polymer waveguide with height of 4 µm with width varying from 2 to 15 µm. b) Fundamental TE mode 
profile in W = 10 µm, H = 4 µm straight polymer waveguide on glass substrate. c) Mode profile in waveguide (b) after bending 90° with radius of 40 µm. 
d) Mode profile in W = 10 µm, H = 4 µm waveguide (suspended waveguide coupler).
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waveguide while preserving broad bandwidth coupling effi-
ciency that is typically harder to achieve in grating couplers, and 
possesses a small footprint. The height of the fabricated bridge 
for direct edge coupling is 80 µm, which is high enough for cou-
pling using single mode fibers in most measurement setups. 
The proposed structure consists of three parts, which are two 
quarter circles with a radius of 40 µm and one straight part for 
coupling. It can be flexibly and reliably employed in most 3D 
polymer optics devices while not requiring any additional treat-
ment during the development process. The simulated mode 
profiles of 1) 10 µm  width, 4 µm height straight waveguide on 
substrate (Figure 1b) and 2) 10 µm  width, 4 µm height straight 
waveguide in a 90° bend with radius of 40 µm (Figure  1c) are 
shown. In addition, we design a suspended waveguide coupler 
that is to be suspended in air and supported by pillars. The cou-
pler has a width and height of 10 and 4 µm respectively, and its 
calculated mode profile is shown in Figure 1d. From the com-
parison of the mode profiles, most energy is confined within 
the waveguide core, even in the bent waveguides.

We further calculate the theoretical coupling efficiency 
between fiber and the suspended waveguide coupler. The cou-
pler is designed to have broad bandwidth operation and min-
imal coupling losses. In this calculation, the mode field profile 
is calculated for the waveguide and fiber as the wavelength is 
increased from 1.25  to 1.85  µm. The fiber used in our experi-
ments is a tapered lensed fiber with a mode field diameter of 
4.5 µm. It is observed from Figure 2 that the coupling efficiency 
is 1.7 dB at 1550 nm and varies minimally across the calculated 
wavelength range. This implies that the 3 dB bandwidth of the 
suspended 3D waveguide coupler exceeds 600  nm. This broad 
coupling bandwidth is a result of the suspended waveguide 
coupler having a geometry and refractive indices that are sim-
ilar to the fiber. We also calculated the coupling efficiency for a 
standard single mode fiber with a mode field diameter of 10 µm 
at a wavelength of 1550 nm. The coupling efficiency is observed 
to be better when using a standard single mode fiber, as a result 
of the better matching between the mode profile of the wave-
guide and fiber. Consequently, the suspended 3D waveguide cou-
pler may be used effectively with standard single mode fibers.

2.1. 3D Waveguide

Photonic waveguides are fundamental building blocks in the 
transmission of optical data. Three types of 3D waveguides are 
demonstrated in this report: a) a straight, 3D waveguide incor-
porating suspended waveguide couplers, b) a suspended wave-
guide with arc supports, and c) a 3D spiral waveguide. Scanning 
electron microscopy (SEM) images of each of these waveguides 
are shown in Figure 3b–d, respectively. We first demonstrate a 
waveguide with a width of 10 µm, a height of 4 µm (Figure 3b), 
and a length of 1 mm, which sits on an 80 µm high arc-shaped 
bridge. The inset shows an SEM image of the input and output 
coupling sections.

A second 3D waveguide incorporating the couplers, with 
cross-section of 10 µm × 4 µm and length of 1 mm, was dem-
onstrated in Figure  3c. To further demonstrate light guiding 
beyond a single plane, a 3D spiral waveguide with a diameter of 
4 µm, length of 1 mm, terminated with suspended waveguide 
couplers was fabricated as well. The quality of the fabricated 
spiral waveguide may be observed from the SEM in Figure 3d.

For optical characterization, quasi-TE light was selected with 
the help of a fiber polarizer. An amplified spontaneous emis-
sion (ASE) source covering the C-band and L-band with quasi-
TE polarization was launched into one side of the waveguide 
using a tapered lensed fiber. The output spectrum of the wave-
guide was measured using an optical spectrum analyzer.

The transmission spectra of the suspended waveguide with 
arc supports (Figure  3b), straight waveguide (Figure  3c), and 
the spiral waveguide (Figure  3d) with lengths of 1  mm are 
shown in Figure  4. It is observed that the overall loss across 
the measured wavelength range is relatively low, with lower loss 
observed at the shorter waveguides. The straight waveguide 
with suspended 3D waveguide couplers feature the flattest 
spectral response and lowest insertion losses. This wave-
guide shown in Figure 3c has the lowest losses, with minimal 
propagation losses over the 1 mm length. The insertion losses 
observed in its transmission spectrum (blue curve of Figure 4) 
are dominated by coupling losses. From this, we can extract the 
average coupling loss across the measured wavelength region 
for each fiber-waveguide facet to be close to 1.6 dB, similar to 
the theoretically calculated fiber-waveguide coupling efficiency. 
The 3  dB bandwidth of the waveguide exceeds the measure-
ment range of the experimental setup. The propagation losses 
of the suspended straight waveguide are higher, likely due to 
the contact nodes used to implement the arc bridge. The fab-
ricated 3D spiral waveguide in particular demonstrates a novel 
capability of 3D light guiding, using a single lithographic step, 
moreover without the need for complicated post processing. 
We note further that we expect surface roughness to be rela-
tively low because of the low insertion losses of the waveguide 
shown in Figure  3c. The suspended waveguide with arc sup-
ports (Figure 3b) and spiral waveguides (Figure 3d) have higher 
losses dominated by the contact nodes at intervals making up 
the suspended structure, and the bending losses respectively.

2.2. 3D Waveguide Grating

Bragg gratings (BGs) may function as spectrally selective 
narrow band optical filters, and may be implemented in both 

Figure 2. Calculated coupling efficiency of the 3D fabricated suspended 
waveguide coupler with a single mode fiber (blue squares) and tapered 
lensed fiber (red diamonds).
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optical fibers and optical waveguides. BGs are typically real-
ized by periodic modulation of the dielectric constant along 
one axis. This modulation induces spectral selectivity due to 
the multiple reflections of wavelengths satisfying the Bragg 
condition and transmission of all other wavelengths.[32] 3D 
polymer waveguide with surface Bragg grating (SBG) was fab-
ricated here. To date, fabrication of polymer-based waveguide 
BGs prepared by 3D laser lithography is still relatively unex-
plored. However, it is an essential photonics building block 
that has filtering functions and dispersive properties[33–36] 
that are advantageous for a variety of applications, and 

may benefit from the third dimension afforded by 3D laser 
lithography.

The fundamental principle of BG operation is Fresnel 
reflection of light arising from periodic modulation of the 
effective index. The reflected light at the Bragg wavelength λB 
is defined by the Bragg condition, λBm = 2neffΛ/m, where neff 
is the effective refractive index of the guided mode, Λ is the 
grating pitch, and m is the order of reflection. The parameters 
of SBG were proposed with respect to the optical constants 
of used IP-Dip polymer (n  = 1.53) for a target wavelength 
close to 1550  nm. A sinusoidally corrugated SBG, length, 
L = 2500 µm, width, W = 10 µm, height, H = 4 µm and m = 2 
was designed and fabricated, and the schematic is shown in 
Figure 5a. The SBG has a modulation depth, ΔW = 2 µm and 
grating pitch, Λ = 1100 nm. The quality and morphology of the 
prepared grating was confirmed with SEM images as shown 
in Figure 5b.

The SBG was characterized and its transmission and group 
delay spectra are shown in Figure 5c,d, respectively. The meas-
ured bandgap is located at 1555 nm. Close to the band edge of 
the grating, the group index increases rapidly as a result of the 
interaction of forward and backward propagating waves arising 
from the artificial bandgap. We measured the group delay of 
the grating using an optical network analyzer. The group delay 
profile shown in Figure  5d shows that there is a considerably 
rapid increase in group delay in the blue side of the band edge, 
corresponding to an increase in the group index and large 
anomalous dispersion. This feature is useful for optical signal 
generation of solitons and slow-light enhancement in sensor 
detection sensitivities.[37–39]

Figure 4. Transmission spectra for 3D waveguides corresponding to 
Figure 3b (orange solid line), Figure 3c (blue solid line), and Figure 3d 
(red solid line), respectively.

Figure 3. SEM images of fabricated waveguide devices. a) Designed coupling optics for facilitating waveguide–fiber coupling. b) Suspended waveguide 
on an arc support; inset shows the input and output coupling sections. c) Waveguide fabricated on substrate surface; coupling optics shown in (a), 
integrated at the start and end parts for coupling. d) 3D spiral waveguide. 100 µm scale bars for (white line) (a)–(d) are also shown.
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2.3. 3D Ring Resonator

Considering the capabilities of DLW technology, as well as 
optical properties of IP-Dip photoresist (refractive index 
of exposed IP-Dip photoresist is ≈n  = 1.53), we designed a 
ring resonator with a diameter of 100  µm, and a racetrack 
length of 50  µm, which corresponds to a round trip cavity 
length, ΔL = 414 µm. We design the cross-section of the bus 
waveguide to be tapered from 10  µm × 2  µm at the ends to 
2 µm × 2 µm in the middle. The designed gap between ring 
and bus waveguide is 150 nm. The ends of the bus waveguide 
are also terminated with the 3D suspended waveguide cou-
pler to facilitate coupling. The morphology of the prepared 
ring resonator terminated with the 3D suspended waveguide  
couplers was imaged using a scanning electron microscope 
(Figure 6a,b).

The measured transmission spectrum of the fabricated ring 
resonator terminated with the suspended waveguide couplers 
is shown in Figure 6c. The quality factor of the resonator was 
extracted from the measured ring resonator spectrum and 
shown in Figure 6d using the equation Q = λ/Δλ, in which Δλ 
is the full width at half-maximum (FWHM). Information about 
the group index was also derived from the ring resonator spec-
trum, and the result is shown in Figure 6e using the equation 

(2 2 ) FSR
g

2λ
π

=
+ ∗

n
R L

 where R is the radius of the ring, L is the 

racetrack length, and FSR is the measured free spectral range. 
The measured group index agrees well with the numerically 
calculated value. From Figure  6b, it is observed that the ring 
resonator extinction ratio was as high as 20 dB close to a wave-
length of 1550 nm. The highest quality factor was 1500. Factors 
that impact the quality factor include bending losses from the 
ring. Possible improvements could be achieved by enlarging 
the cross-section of the ring so as to reduce losses originating 
from the bending radius or using different types of resonators 
other than rings.[40] However, to our knowledge, the result rep-
resents one of the best ring resonator quality factors obtained 
by DLW to date.

Industry multisource agreements (MSAs) aimed at commer-
cializing transceiver products such as the PSM4[26] and 100G 
Serial Lambda MSAs[27] utilize PAM4 data transmission for-
mats: Importantly, PAM4 allows a doubling of the bit rate com-
pared to NRZ data at the same baud rate, while still allowing 
direct detection (as opposed to coherent detection which is 
more expensive, complex to deploy and less compact). Luxtera 
and Inphi, for example, routinely use PAM4 modulation for 
their optical interconnect products.

We perform high-speed characterization on the fabricated 
3D-printed waveguides as shown in Figure 3c. Pseudo Random 
Bit Sequence 231-1 (PRBS31) was used. The high-speed charac-
terization was done for both PRBS31 30 Gbps NRZ and PRBS31 
56  Gbps PAM4 signals. The experimental setup is shown in 

Figure 5. a) Schematic and b) SEM image of the 3D polymer SBG waveguide. The device parameters are W = 10 µm, H = 4 µm, ΔW = 2 µm, and 
Λ = 1100 nm. The scale bar of (b) is 2 µm. c) Transmission spectrum of the 3D polymer SBG waveguide in (b). d) Group delay spectrum of the 3D 
polymer SBG waveguide in (b).
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Figure 7. A 1550 nm Continuous Wave (CW) laser was modu-
lated by NRZ signal from a Bit Error Rate Tester (BERT) Trans-
mitter using a Mach-Zehnder modulator. The output was polar-
ized, amplified (EDFA1), and filtered (BPF1) to remove noise 
introduced by EDFA1. The light was launched using a tapered 
fiber in quasi-TE configuration into the fabricated waveguide. 
The output was then amplified (EDFA2), filtered (BPF2) before 
being fed into the photoreceiver for Optical-To-Electrical con-
version. The converted signal was analyzed using a digital 
sampling oscilloscope and its BER was characterized using the 
BERT Receiver. The setup for PAM4 is the same as NRZ but 
using a BERT with PAM4 capability. The characterization was 
performed against a Back-To-Back (B2B) setup. The B2B setup 
is the same as that in Figure 7 but with the 3D printed wave-
guide replaced by an optical attenuator.

The loss of the attenuator is equivalent to the insertion loss 
of the 3D printed waveguide. Eye diagrams were extracted from 
the digital sampling oscilloscope. As observed from Figure 8b, 
the Eye diagram of the printed waveguide remains clear for 
30 Gb s−1 NRZ data and open with minimal eye degradation. As 
shown in Figure 8d, the PAM4 eye diagram also remained clear 
and open with respect to B2B eye, implying the good transmis-
sion properties of the 3D waveguide.

Figure  8e shows a plot of −log(BER) as a function of 
received power. It is compared against the B2B BER read-
ings. For the NRZ, at BER = 10−12, the power penalty is 0.7 dB 
and the average penalty is 0.8  dB. For PAM4 characteriza-
tion, at BER = 10−6, the penalty is 1.5  dB and the average 
penalty is only 1.7 dB. This shows that our 3D printed wave-
guides are highly suitable for high-speed data transmission, 

Figure 6. a,b) Scanning electron microscopy image of the fabricated ring resonator. c) Transmission spectrum of the ring resonator. d) Quality factor 
versus wavelength and e) measured (blue) and numerically calculated (red) group index versus wavelength of the ring resonator. The scale bars in (a) 
and (b) are 100 and 5 µm, respectively.
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importantly using formats that can utilize direct detection 
and formats compatible with those adopted by industry.[26,27] 
Our demonstration of high-speed PAM4 data transmission 
through the fabricated waveguides represents the highest 

data rate to date for PAM4 transmission in 3D waveguides. 
To the best of our knowledge, PAM4 data transmission 
has not been demonstrated in any 3D fabricated polymer 
waveguides.

Figure 7. High-speed testing setup using 30 Gb s−1 NRZ data and 56 Gb s−1 PAM4 data.

Figure 8. High-speed testing results with the 3D waveguide. a) 30 Gb s−1 NRZ B2B eye diagram and b) 30 Gb s−1 NRZ eye diagram of the 3D printed 
waveguide output. c) 56 Gb s−1 PAM4 B2B eye diagram and d) 56 Gb s−1 PAM4 eye diagram of the 3D printed waveguide output. e) Measured bit error 
rate for both 30 Gb s−1 NRZ and 56 Gb s−1 PAM4 data.
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3. Conclusion

In this paper, 3D polymer-based optic structures were pro-
posed and fabricated with 3D laser lithography. Waveguides 
capable of 3D light guiding including spiral waveguides and 
suspended waveguides with arc supports have been fabricated 
and demonstrated. We achieved 3D fabricated suspended 
waveguide couplers with a fiber-waveguide coupling efficiency 
of 1.6 dB. We further demonstrate 3D polymer ring resonators 
with good resonance performance, as well as Bragg gratings 
with augmented group delay and high anomalous dispersion 
at the band edge observed in transmission. High-speed testing 
confirms the 3D fabricated waveguides’ ability to transmit 
error free 30 Gb s−1 NRZ and 56 Gb s−1 PAM4 data. The results 
show that 3D laser lithography is a promising tool for single 
step prototyping and creating functional polymer photonic 
structures.

4. Experimental Section
For fabrication of smart polymer optics devices, the Photonic 
Professional GT system was used in the experiments. The principle 
of this DLW system was based on 3D scanning of focused laser beam 
within the sample volume. The system used an Er-doped femtosecond 
frequency-doubled fiber laser emitting pulses at 780  nm wavelength 
with ≈100 MHz repetition rate and 150 fs pulse width. The laser beam 
was scanned in the x- and y-plane by a high-resolution galvanometer 
mirror system. The movement in the z-axis utilized a piezo stage and 
allowed the preparation of complex micro-3D structures layer by layer 
directly inside the photosensitive medium. In the experiments, a laser 
lithography system configuration was used with 63 × immersion objective 
and IP-Dip photoresist material. The advantage of IP-Dip photoresist 
was that there was no need to use additional immersion oil. IP-Dip 
served as the immersion and photosensitive material at the same time 
by dipping the microscope objective into this liquid photoresist. Due 
to the photoresist being index matched to the focusing optics, IP-Dip 
guaranteed optimized focusing and hence the highest resolution for 
DiLL (Dip-in Laser Lithography). The procedure to fabricate the polymer 
structures consisted of several steps. First, a drop of IP-Dip photoresist 
was deposited on a fused silica glass substrate. Second, DLW system 
with femtosecond laser which induces two-photon polymerization in 
the photoresist volume was used for exposure. Solidworks software 
was used to design the structures. After the polymerization, the sample 
was developed in PGMA (propylene glycol monomethyl ether acetate) 
developer for 10  min where nonpolymerized parts of photoresist were 
washed away. Finally, the sample was rinsed in isopropyl alcohol for 
5  min and polymerized parts were bonded to a substrate. With the 
optimized laser power, scanning speed, hatching distance, and slicing 
distance, the complete optical compound device was manufactured 
from a single material. Importantly, this work also did not require the 
use of a critical point dryer.
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