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1. 	 Introduction

Integrated optical structures are the fundamental building 
blocks for application in optical communications and optical 
sensing. They also offer interesting perspectives for integrated 
quantum optics on a chip. At present, however, they are mostly 
fabricated using essentially planar fabrication approaches like 
electron-beam lithography [1], UV lithography [2] or focused 
Ion beam (FIB) etching [3]. All stated processes are used to 
prepared 2D resp. 2.5D structures. Nowadays, 3D optical devices 
are very perspective for on-chip applications [4]. Preparation of 
3D devices in nanoscale requires technological equipment with 
femtosecond laser for two-photon polymerization of photoresist 
master. 

While the silicon photonics is a very widespread field, 
nowadays, polymer materials have become very attractive in 
photonics and micro optics because of very good material and 
optical properties. Various optical devices based on polymer 
materials were presented [5 - 8]. We focused on preparation 
of polymer devices using modern three-dimensional (3D) laser 
lithography system. Design, preparation and morphological 
inspection of photonic devices was performed in this paper.

2. 	Experimental

For fabrication of photonic devices based on polymer 
material, Photonic Professional GT system was used in our 
experiments (Fig. 1a). Principle of this DLW (direct laser writing) 
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	                               a)	                                      b)

Fig. 1 a) Photonic Professional GT lithography system and b) arrangement of laser lithography system  
in DiLL (Dip-in Laser Lithography) configuration [10]



17V O L U M E  1 9 	 C O M M U N I C A T I O N S    3 / 2 0 1 7   ●

glycol monomethyl ether acetate) developer for 20 min, rinsed 
in isopropyl alcohol and polymerized parts were bonded to the 
substrate (Fig. 2c).

10 μm

Fig. 3 SEM image of prepared structure in IP-Dip photoresist with 3D 
CAD model of photonic crystal in helical design (inset)

Precise piezo positioning stage can be used for moving 
the sample in a  vertical dimension. This enabled us to prepare 
3D structures using two-photon polymerization in the vertical 

system is based on 3D scanning of focused laser beam in sample 
volume [9]. The system uses Er-doped femtosecond frequency-
doubled fiber laser emitting pulses at 780 nm wavelength with 
approximately 100 MHz repetition rate and 150 fs pulse width 
[10, 11]. Laser beam is scanned in x and y plane by high resolution 
galvanometer mirror system. The movement in z-axis using 
motorized micro stage [11] allows preparation of complex micro 
3D structures layer by layer directly inside the photosensitive 
medium. In our experiments, we used laser lithography system 
in configuration with 63 x immersion objective (Fig. 1b). IP-Dip 
serves as immersion and photosensitive material at the same time 
by dipping the microscope objective into this liquid photoresist. 
Due to its refractive index matched to the focusing optics IP-Dip 
guarantees ideal focusing and hence the highest resolution for 
DiLL (Dip-in Laser Lithography) [11, 12].

Technology of 3D structures preparation consists of several 
steps. First, we deposited IP‑Dip photoresist drop on clean 
fused silica glass substrate (Fig. 2a) and the sample was turned 
upside down. In this position it remained during the whole DLW 
process. For photoresist exposure, we used ultrafast laser pulses 
which caused two-photon polymerization in photoresist volume 
(Fig. 2b). The writing process has to start on substrate surface 
in order to achieve the bond of the structure to the substrate. 
Otherwise, polymerized parts can be washed away from the 
substrate. Finally, the sample was developed in PGMA (Propylene 
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Fig. 2 Illustration of a) IP-Dip photoresist layer deposition on fused silica glass substrate, b) exposition process using two-photon polymerization 
mechanism and c) final 3D photonic structure after developing process
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200 μm

Fig. 4 SEM image of ring resonator in racetrack  
configuration prepared in IP-Dip photoresist

3D lithography allows us to use a non-conventional way how 
to couple light into the waveguide and out of the waveguide. The 
ends of the waveguide are not perpendicular walls but they were 
modified into 45° slope (Fig. 5). The light can be coupled from 
optical fiber into optical structure and vice-versa, from structure 
to detection fiber, due to total internal reflection on the interface 
between the waveguide and the air. 

10 μm

Fig. 5 SEM image of modified end of the waveguide to 45° slope

Finally, we investigated optical transmission properties of 
prepared racetrack resonator. We coupled light from LED source 
with central emitting wavelength of 1550 nm to single-mode fiber 
to the waveguide and we observed the output light using Optical 
Spectrum Analyzer (Fig. 6). Transmission spectral characteristic 
was measured from the same channel and is shown in Fig. 7. 
In this characteristic typical resonance dips were observed. The 
transmission spectrum corresponds to our calculations where 2 
nm free spectral range was measured.

dimension. As a  demonstration, we designed helical photonic 
crystals with period of 3 μm and height of 8 μm. Final prepared 
helical photonic crystal with width of 700 nm with corresponding 
CAD model is shown in Fig. 3.

3. 	Results and discussion

DiLL configuration used in our experiment enables us to 
prepare structures in a large area in orders of several cm2 with 200 
nm resolution if the 63 x objective is used. For the preparation of 
structures in micrometric scale we used higher laser power and 
coarse hatching distance.

We designed a ring resonator structure in racetrack 
configuration with the radius of the curved (ring-like) portions 
of the racetrack resonator R of 100 µm and the racetrack 
length ΔL of 750 µm. The length of the resonator has a great 
influence on transmission properties. From the light propagated 
in the waveguide only part whose wavelength is a divisor 
of ΔL is coupled into the ring. This coupled light forms a 
standing wave pattern in the ring resonator part where	  

m
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m effm
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where m is an integer and n

eff
 is effective refractive index of 

the waveguide. Frequency separation between two successive 
resonances is expressed by free spectral range (FSR)
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where λ is the wavelength of transmitted signal, L
C
 is the coupling 

length between the resonator and the waveguide bus (which is 
zero for a point coupled ring). This coupling region between the 
waveguide bus and the ring resonator has a  great influence on 
quality factor of ring resonator. The gap between the waveguides 
in coupling region was designed 200 nm. 

The ring resonator consists of waveguides with an 
asymmetrical refractive index alignment. The refractive index of 
IP-Dip core is 1.54 and the bottom glass cladding has refractive 
index of 1.44. The waveguide is surrounded by air from above. 
Assuming these parameters and the transmission wavelength of 
1550 nm we calculated a value of FSR = 2 nm.

CAD software was used to design our waveguide structures 
with following parameters. The waveguide height was designed to 
3 µm, the width to 3.5 µm and 90º slope angle of the sidewalls. 
SEM (scanning electron microscope) image of prepared ring 
resonator in racetrack configuration in IP-Dip polymer with 
designed parameters is shown in Fig. 4. Very well stitching 
properties were achieved what is documented in this figure.



19V O L U M E  1 9 	 C O M M U N I C A T I O N S    3 / 2 0 1 7   ●

4. 	Conclusion

In this paper, we highlighted promising technology for 
preparation of photonic devices based on polymer materials. We 
presented non-conventional way of light coupling to waveguide 
devices prepared on fused silica substrates what enables us to 
measure optical spectral characteristics of prepared devices. This 
also gives the possibility to integrate more devices on a chip with 
vertical inputs and outputs. For photoresist master preparation 
we used 3D laser lithography. We demonstrated the possibilities 
of this preparation technology on several 2D and 3D devices. 
The morphological inspection of our structures showed 90º slope 
angle of the sidewalls. The optical spectrum measurement of 
racetrack resonator showed typical resonance dips. Final devices 
are promising for lab on a chip and sensing applications due to 
unique optical, elastic and chemical properties.
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Fig. 6 Experimental setup for the spectral characterization of waveguide 
structures, LED - light emitting diode, SMF - single-mode optical fiber, 

3D - nanopositioning mechanical stage
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Fig. 7 Measured transmission spectral characteristic of racetrack 
resonator within the wavelength range 1540-1560 nm

References

[1]	 ALTISSIMO, M.: E-Beam Lithography for Micro-Nanofabrication. Biomicrofluidics, 4(2), 026503, 2010.
[2]	 DUMON, P., BOGAERTS, W., WIAUX, V., WOUTERS, J., BECKX, S., VAN CAMPENHOUT, D., TAILLAERT, B., LUYSSAERT, 

P., BIENSTMAN, D., VAN THOURHOUT, J., BAETS, R.: Low-Loss SOI Photonic Wires and Ring Resonators Fabricated with 
Deep UV Lithography. IEEE Photonics Technology Letters, 16(5), 1328-1330, 2004.

[3]	 SAMANTA, S., BANERJI, P., GANGULY, P.: Focused Ion Beam Fabrication of SU-8 Waveguide Structures on Oxidized Silicon. 
MRS Advances, 2(18), 1-6, 2017.

[4]	 SCHUMANN, M., BUCKMANN, T., GRUHLER, N., WEGENER, M., PERNICE, W.: Hybrid 2D–3D Optical Devices for 
Integrated Optics by Direct Laser Writing. Light: Science & applications, 3, 1-9, 2014.

[5]	 MARTINCEK, I., PUDIS, D.: D-Shaped Core Polysiloxane Waveguide with Surface Relief Bragg Grating. Optik, 127(20), 10031-
10035, 2016.

[6]	 UDALAGAMA, C. N. B., CHAN, S. F., HOMHUAN, S., BETTIOL, A. A., WOHLAND, T., WATT, F.: Fabrication of Integrated 
Channel Waveguides in Polydimethylsiloxane (PDMS) Using Proton Beam Writing (PBW): Applications for Fluorescence Detection in 
Microfluidic Channels. Proc. of SPIE 6882, 68820D, 2008.

[7]	 ELDADA, L., SHACKLETTE, L. W.: Advances in Polymer Integrated Optics. IEEE Journal of Selected Topics in Quantum 
Electronics, 6(1), 54-68, 2000.

[8]	 PUDIS, D., JANDURA, D., GASO, P., SUSLIK, L., HRONEC, P., MARTINCEK, I., KOVAC, J., BEREZINA, S.: PDMS-Based 
Nanoimprint Lithography for Photonics. Communications – Scientific Letters of the University of Zilina, 16(1), 15-20, 2014.



20 ●	 C O M M U N I C A T I O N S    3 / 2 0 1 7 	 V O L U M E  1 9

[9]	 GISSIBL, T., THIELE, S., HERKOMMER, A., GIESSEN, H.: Two-Photon Direct Laser Writing of Ultracompact Multi-Lens 
Objectives. Nature Photonics, 10, 554-560, 2016.

[10]	 LINDENMANN, N., BALTHASAR, N. G., HILLERKUSS, D., SCHMOGROW, R., JORDAN, M., LEUTHOLD, J. W., 
FREUDE, W., KOOS, C.: Photonic Wire Bonding: A Novel Concept for Chip-Scale Interconnects. Optics Express, 20(16), 17667-
17677, 2012.

[11]	 Nanoscribe [online]. Date: 06/02/2017. Available: http://www.nanoscribe.de/en.
[12]	 FREYMANN, G., LEDERMANN, A., THIEL, M., STAUDE, I., ESSIG, S., BUSCH, K., WEGENER, M.:  Three-Dimensional 

Nanostructures for Photonics. Advanced Functional Materials, 20(7), 1038-1052, 2010.




