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Abstract. In this paper, we present IP-Dip polymer-
based Photonic Crystals (PhCs), which are more and
more attractive for photonic devices. These structures
offer simple and cheap solutions, how to improve opti-
cal properties of these devices. In our experiment, we
used Direct Laser Writing (DLW) lithography to cre-
ate a three dimensional (3D) PhCs. We fabricated two
types of PhC structure. The first structure was pre-
pared from IP-Dip polymer and used for modification
of the radiation pattern of the optical fiber. The sec-
ond PhC structure was filled with liquid polymer Poly-
DiMethylSiloxane (PDMS) and directly placed on the
LED chip. Quality of the prepared structures was con-
firmed by a confocal microscope. The modification of
the far-field radiation patterns of LED and optical fiber
was measured by a goniophotometer.
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1. Introduction

Photonic Crystals (PhCs) are still more attractive in
different photonic devices and bring new solutions how
to improve their optical properties. Modern technolo-
gies have the capability to fabricate PhC with sub-
micrometer resolution. During last decades, interest-
ing polymer-based structures with PhC were also de-
scribed. Serious research was focused on improvement
of Light Extraction Efficiency (LEE) and radiation pat-
tern modification of Light Emitting Diodes (LED) us-
ing these structures and materials [1] and [2]. Most
of papers presented the use of the surface patterning
of a LED chip with Two-Dimensional (2D) PhCs or

quasiperiodical PhCs. PhCs are typically created di-
rectly on the LED surface [3], or smart technology us-
ing siloxane-based membranes with embossed PhC was
also developed [4]. The modern polymer-based tech-
nologies bring simple and cheap solutions how to im-
prove optical properties of photonic devices.

Recently, we published interesting results about us-
ing patterned siloxane membranes with 2D PhC and
Photonic QuasiCrystals (PQC), which were prepared
by laser interference lithography. We showed the mod-
ification of a far-field radiation pattern of the commer-
cial LEDs. The patterned polymer membranes with
PhC and PQC diffracted light from the LED chip
and modified the typical Lambertian radiation dia-
gram [4]. Many papers favor Three-Dimensional (3D)
PhCs as good candidates for these applications because
of higher diffraction efficiency and complete photonic
band gap.

In this paper, we focus on the preparation of
polymer-based 3D PhC structures. Some groups used
implementation of 3D PhC in the LED surface to im-
prove LEE. An interesting result represented the light-
spectrum modification based on photonic band-gap ef-
fect of warm white-LEDs with 3D colloidal PhC to
approximate candlelight. The highly efficient w-LED
with 3D PhC produced a low correlated color temper-
ature of 1963 K [1]. Another research group fabricated
LED with active layer covered by 3D woodpile PhC
layer to control a light emission [5]. The improvement
of radiation properties of LEDs with these techniques
brings often the high cost solutions. Our effort is to
bring simple and cheap way how to modify optical
properties of LEDs and photonic devices based on the
fabrication of 3D polymer PhCs.

There are several methods to fabricate PhC struc-
tures, such as laser interference lithography, Direct
Laser Writing (DLW), near-field scanning optical mi-
croscope lithography, nanoimprint, electron or ion
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beam lithography [4], [6] and [7]. By these methods, we
can create PhC structure in two dimensions in photore-
sist and different semiconductor surfaces. More com-
plex methods must be used for fabrication of 3D struc-
tures. The laser interference lithography with two-axial
sample holder [8] or colloidal self-assembling of semi-
conductor spheres [1] were successfully used. By these
methods, only periodical structures can be created.
Very promising method for 3D fabrication is maskless
DLW lithography.

We prefer DLW lithography method as an effective
tool for fabrication of the 3D PhC structures from op-
tical acceptable polymer IP-Dip. To fabricate 3D PhC
a commercial DLW system Nanoscribe was used. The
fundamental principle of DLW method is Two-Photon
Absorption (TPA) in the volume of the IP-Dip pho-
toresist. The first design uses the directly prepared
PhC structure of woodpile geometry from IP-Dip pho-
toresist. The second type of structure was filled and
covered with PolyDiMethylSiloxane (PDMS) to cre-
ate the thin PDMS membrane with implemented 3D
PhCs structure inside. Both types of structures with
3D PhCs were applied on the LED chip and on the
output of the optical fiber coupled to the LED. The
quality of prepared structures was investigated by a
confocal microscope. Modification of the far-field radi-
ation pattern of LED and optical fiber was measured
by a goniophotometer.

2. Structure Design

For the optical fiber application, we designed 3D wood-
pile PhC structure of a cylinder shape with a circular
base with a diameter of 125 µm. The goal was to
cover the output of the optical fiber with core diam-
eter of 105 µm and cladding diameter of 125 µm. The
designed structure is formed by a stack of alternat-
ing orthogonal oriented columns with width of 1.5 µm
and height of 2 µm. Columns are arranged in body-
centered lattice with period of 4 µm.

Woodpile structure consists of four-layer (ABCD-
ABCD...) sequence, in which the third (C) and the
fourth (D) layers are shifted by 2 µm relative to the
first two layers (A and B). Design and dimensions of
the structure are shown in Fig. 1(a). For the LED ap-
plication, we designed woodpile structure with period
of 4 µm with rod dimensions 2×2×150 µm3. To cover
the entire LED chip with 3D PhC, we fabricated area
of 2×2 structures. Design and detail of the 3D wood-
pile PhC structure for LED application are shown in
Fig. 1(b).

(a) Design of 3D PhC woodpile structure of a cylinder shape.

(b) Design of the 3D PhC woodpile structure with a square
base and detail of the structure.

Fig. 1: Design of 3D PhC woodpile structure.

3. PhC Fabrication Technology

In our experiment, we used commercial Nanoscribe
DLW system based on nonlinear Two Photon Absorp-
tion (TPA) in volume of IP-Dip photoresist. Principle
of DLW is based on the layer by layer scanning the fo-
cused laser beam in the volume of photosensitive ma-
terial. The system uses femtosecond fiber laser with
wavelength 780 nm and special IP-Dip photoresist. In
our system with 63× objective, a scanning area is app.
200×200 µm2 and the focused laser voxel in IP-Dip
photoresist is better than 200 nm laterally and 500 nm
axially, which determines a resolution of this experi-
ment.

The patterning process was provided by photore-
sist exposure of the IP-Dip photoresist applied on a
glass substrate. After this process, samples were de-
veloped in PGMEA developer and rinsed in deionised
water. The quality of prepared structures was con-
firmed by confocal microscope as shown in Fig. 2(a)
and Fig. 2(b).
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(a) 3D PhC woodpile structure from IP-Dip photoresist.

(b) PDMS membrane with embedded 3D PhC woodpile struc-
ture.

Fig. 2: Confocal microscope image of top surface.

The IP-Dip photoresist shows good transparency in
visible and near-infrared spectral region and has re-
fractive index 1.52 at 780 nm. The IP-Dip is the
specially designed photoresist for Nanoscribe’s Dipin
Laser Lithography (DiLL) technology. IP-Dip serves
as immersion and photosensitive material at the same
time by dipping the microscope objective into this liq-
uid photoresist. IP-Dip guarantees ideal focusing and
highest resolution for DiLL [9]. The PhC structure was
mechanically separated from the glass substrate. Af-
terwards, it can be directly applied on the LED chip
or on the end of optical fiber.

Another technology uses the embedding process of
prepared structures in liquid PDMS. After developing,
the PhCs were filled with liquid PDMS of Sylgard 184
(Dow Corning). PDMS consists of two components
mixed with the curing agent in ratio 1:10. Finally,
samples were cured at 40 ◦C for 4 hours [10]. This
process created thin PDMS membranes of thickness up
to 100 µm with embedded PhCs. The membrane with
3D PhC woodpile structure inside was mechanically
separated from the glass substrate and directly placed
on the LED chip. The membrane fabrication process
is shown in the Fig. 3.

Fig. 3: Fabrication process of PDMS membrane with embed-
ded 3D PhC structure based on combination of IP-Dip
photoresist and PDMS.

4. Results

The experimental analysis consisted of optical mea-
surement of the far-field radiation pattern of PhC
structures applied on the optical fiber and the LED
chip. The LED chip with central emission wavelength
at 625 nm was measured by 3D distribution of opti-
cal field at full range of azimuthal and elevation an-
gles. The radiation pattern with resolution of 5◦ was
measured by goniophotometer with Si detector placed
app. 80 mm above the LED chip surface. The radi-
ation pattern of optical fiber with 3D PhC structure
was similarly measured as a 3D distribution of optical
field with resolution of 5◦ by goniophotometer. How-
ever in this measurement, as an illumination source,
the LEDs with different central emission wavelengths
were coupled into the input of optical fiber.

Reference radiation pattern of the optical fiber was
measured using LED with wavelength of 625 nm, which
has typical cone shape caused by a numerical aperture
of the optical fiber (0.22) as we can see in Fig. 4(a).
Far-field patterns of the optical fiber with directly ap-
plied 3D PhC woodpile structure at the output of op-
tical fiber were measured by fiber coupling to the con-
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ventional LEDs with central emission wavelengths at
625 nm, 780 nm, 940 nm and a broadband white LED
diode with wavelength range of 470–850 nm. In mea-
sured radiation pattern of the optical fiber with 3D
woodpile PhC structure, different shape of optical field
was observed as documented in Fig. 4(b).

(a) 3D far-field radiation pattern of reference optical fiber
measured using LED with central emission wavelength of

625 nm.

(b) 3D far-field radiation pattern of optical fiber with applied
3D PhC structure.

Fig. 4: 3D far-field radiation patterns.

The radiation patterns (see Fig. 5) document the
widelight distribution caused by applied 3D woodpile
structure at the output of optical fiber. The diffraction
on the 3D PhC structure caused the spatial enhance-
ments for higher diffraction angles in radiation pat-
tern also dependent on the wavelength of used LED.
Diffraction efficiency is significant, which is caused by
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Fig. 5: The comparison of radiation pattern of optical fiber with
applied woodpile 3D structure for different wavelengths.

high contrast of refractive indices of IP-Dip polymer
and surrounding air.

Fig. 6: 3D far-field radiation pattern of LED (with central emis-
sion wavelength of 625 nm) with applied PDMS mem-
brane with 3D PhC woodpile structure inside.

In next measurement, we focused on optical charac-
terization of LED after implementation of PDMS mem-
brane with the 3D PhC structure on the surface of
the LED chip. We measured the modification of typ-
ical Lambertian radiation pattern of the conventional
LED. Far-field radiation pattern diagram of LED was
measured by goniophotometer at LED driving current
2 mA (see Fig. 6). This system enables intensity mea-
surement in spherical coordinates in azimuthal and el-
evation angle with resolution of 5◦. In Fig. 7, there
is shown a comparison of conventional LED with typi-
cally Lambertian pattern and the radiation pattern of
the LED with applied PDMS membrane with 3D PhC
structure. In the diagram with the PDMS membrane,
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Fig. 7: The comparison of radiation pattern of reference LED
chip and LED chip with applied PDMS membrane with
3D PhC structure.

we measured weak side diffraction extremes. The local
spatial enhancements in radiation pattern diagram are
caused by the diffraction on the 3D PhC structure.

The weak effect of the structure is caused by weak
diffraction efficiency of the structure. A contrast of
refractive indexes of PDMS and IP-Dip is very low,
approximately 0.1 [9] and [10]. This fact rapidly de-
creases diffraction efficiency of the structure. For the
future experiments, the contrast of refractive indices
needs to be increased by using other polymers or by
using the air as surrounding material. Also, the struc-
ture period should be decreased to achieve the photonic
band-gap effect and higher diffraction angles.

5. Conclusion

This paper is focused on the modification of radiation
pattern of optical fiber and LED using 3D PhC wood-
pile structures. The 3D PhC structures were fabricated
by DLW lithography, and their quality was confirmed
by confocal laser microscope. The optical properties
were determined from far-field radiation pattern mea-
surements of the optical fiber and LED chip with ap-
plied 3D PhC woodpile structure. Presented results
document the application possibilities of polymer 3D
PhC structures prepared by the DLW lithography. We
bring a new concept and technique of modifying optical
properties of optical fibers, LEDs and other photonic
devices.
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