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Abstract. We present a new technique for modifi-
cation of diffraction and optical properties of pho-
tonic devices by surface application of polymer Three-
Dimensional (3D) woodpile Photonic Crystal (PhC)
structure. Woodpile structure based on IP-Dip polymer
was designed and fabricated by Direct Laser Writing
(DLW) lithography method based on nonlinear Two-
Photon Absorption (TPA). At first, we investigated
diffraction properties of woodpile structure with a pe-
riod of 2 um. The structure was placed on a glass
substrate, and diffraction patterns were measured using
laser sources with different wavelengths. After diffrac-
tion properties investigation, the fabricated structures
were used in optoelectronic devices by their surface
application.  Our polymer 3D PhC woodpile struc-
tures were used for radiation properties modification of
light emitting devices - optical fiber and Light Emitting
Diode (LED) and for angular photoresponse modifica-
tion of InGaAsN-based photodiode. The modification
of the far-field radiation patterns of optical fiber and
LED and spatial modulation of light coupling into pho-
todiode chip with applied structures were measured by
goniophotometer. Quality of fabricated structures was
analyzed by a Scanning Electron Microscope (SEM).

Keywords

Diffraction, Photonic Crystal, woodpile struc-
ture.

(© 2019 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

1. Introduction

Photonic Crystals (PhCs) became important struc-
tures for light manipulation. These structures have
unique optical properties and application possibilities
in many photonic devices [I]. PhCs have been in-
tensively studied for use in a wide range of technolo-
gies, such as semiconductors lasers, optical integrated
circuits, solar cells, sensors, Light Emitting Diodes
(LEDs), optical fibers and telecommunication [2] and
[3]. Ultimate control of light is possible by creating
Three-Dimensional (3D) PhC structures, which were
successfully used in active and passive optic and op-
toelectronic devices [4]. 3D PhCs could find applica-
tion as diffractive optical elements for light emission en-
hancement and radiation pattern modification. Similar
to x-ray scattering on solid-state crystals, the PhCs will
lead to displaying distinct Bragg peaks upon illumina-
tion with light appearing at definite angular positions
with respect to the incident beam. Under these condi-
tions, diffraction angles and peak intensities are simple
functions of the crystallographic structure of the PhC
[5].

For our 3D diffractive photonic element, we chose the
woodpile PhC structure, which was in detail described
and successfully used for controlling of light emission
of LEDs, for particle accelerator applications and for
3D guiding of light in waveguides [6] and [7].

Recently we published results about modification of
the far-field radiation pattern of the optical fiber by
3D IP-Dip polymer-based woodpile PhC structure with
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a period of 4 um and radiation properties modification
of LED by surface application of siloxane membrane
with the same woodpile structures on LED chip [§]. In
our next investigation, the goal was to decrease the pe-
riod of the 3D PhC woodpile structure for enhancement
of diffraction effect. We decided to fabricate woodpile
structure with a horizontal period of 2 um considering
the resolution limit of used fabrication technology as
well as exposure and developing process.

In this paper, we present the design and fabrica-
tion of 3D PhC woodpile structures with a period
of 2 um fabricated in IP Dip polymer. For fabrica-
tion of woodpile structures, a commercial Direct Laser
Writing (DLW) system Photonic Professional GT from
Nanoscribe GmbH with polymerization of IP Dip poly-
mer by nonlinear Two-Photon Absorption (TPA) was
used. After fabrication process, the diffraction prop-
erties of woodpile structures were investigated using
a monochromatic laser and LED sources with different
wavelength. Woodpile structures were used for radi-
ation properties modification of light emitting devices
(optical fiber and LED) and for angular photoresponse
modification of photodiode. Modification of the far-
field radiation patterns of optical fiber and LED and
coupling enhancement of photodiode were measured by
goniophotometer.

2.  Design and Fabrication of
Woodpile Structure

The woodpile structure is a diamond-like structure
formed by a stack of alternating layers of parallel di-
electric columns with a rectangular profile. It is char-
acterized by the horizontal period a and vertical period
c. The woodpile is a four-layer sequence, in which the
third and the fourth layers are shifted by ¢ relative
to the first two layers. Dielectric columns with width
w and height h = ¢ are generally arranged in body-
centered tetragonal (bet) lattice. At two values of the
constant ¢, the symmetry of structure becomes cubi-
cal. For ¢ = a, it corresponds to a body-centered cubic
(bee) lattice and for ¢ = a2 to a face-centered cubic
(fce) lattice [4] and [9]. The arrangement of woodpile
layers in a diamond-like structure is shown in Fig. [I]

We designed woodpile structure of fcc lattice with
parameters: ¢ = 2 pm, ¢ = 2.828 pm, w = 0.707 um
and h = 0.707 um. For the application of prepared
structures at the output aperture of the optical fiber
with a core diameter of 105 um and on the LED and
photodiode chips with a diameter of 100 pm, we de-
signed woodpile structure of a cylinder shape with
a circular base of a diameter of 125 pm.

For fabrication of 3D woodpile structure, we used
the commercial DLW system Photonic Professional GT
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Fig. 1: The four-layer sequence arrangement of diamond-like
woodpile structure [4].

from Nanoscribe GmbH. The radiation source of this
system is Er-doped femtosecond fiber laser with the
central wavelength of 780 nm, pulse duration of 100 fs
and pulse frequency of 80 MHz. In the case of our DLW
system with objective lens with a high numerical aper-
ture (NA = 1.4) and a magnification 63x, the voxel
sizes are of 200 nm horizontally and 500 nm vertically.
As a photosensitive material, the IP-Dip polymer with
refractive index n = 1.52 at wavelength 1550 nm was
used [I0]. The laser writing process was provided by
exposure of the IP-Dip photoresist applied on a glass
substrate with scanning speed 10 um-s~' and laser
power 25 mW. We worked at Dip in Laser Lithography
(DIiLL) configuration, where the microscope objective
is directly immersed in liquid IP-Dip photoresist. After
fabrication process, the sample was developed in PG-
MEA (Propylene Glycol Monomethyl Ether Acetate)
developer and rinsed in isopropyl alcohol. Quality of
fabricated structure was analyzed by a Scanning Elec-
tron Microscope (SEM). In Fig. and Fig.
there are shown SEM images of prepared low contrast
refractive index (1.52/1) 3D PhC woodpile structure.

3. Diffraction Properties

In this experiment, optical diffraction by woodpile
structures was experimentally studied. We measured
diffraction pattern of prepared 3D PhC structure using
laser sources with different wavelengths. A glass sub-
strate with woodpile structure was placed in a holder
in the laser beam. Laser radiation in <001> direction
was diffracted on the woodpile structure. We observed
Laue diffraction in two dimensions, which is character-
istic for low-frequency PhC structures fabricated by 3D
laser lithography. The Laue diffraction pattern consists
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(a) Fabricated woodpile structure of a cylinder shape.
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(b) Detail of woodpile structure with well separated dielectric
columns by air gaps.
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Fig. 2: SEM images of 3D PhC woodpile structure with a hor-
izontal period a = 2 pm.

of intersecting straight lines and arcs with bright spots
(diffraction maxima) at the points of intersection. Such
a pattern gives evidence that the sample thickness is
insufficient for the effective Bragg diffraction, in which
well-separated diffraction maxima are observed [5] and

(11
Figure shows the diffraction pattern of woodpile

structure with the period a = 2 um measured using
a monochromatic laser with a wavelength of 635 nm,
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Fig. 3: @ Laue diffraction pattern of 3D PhC woodpile struc-
ture with period a = 2 um, irradiated by a monochro-
matic laser light with a wavelength A = 635 nm. Cal-
culated diffraction pattern of woodpile structure with
period a = 2 pm, irradiated by a monochromatic laser
light with a wavelength A = 633 nm [11].

which was compared with the theoretical diffraction
pattern in Fig. [II]. The position of diffraction
maxima shown in Fig. indicates the square plane
symmetry of the woodpile structure.

4.  Application of Woodpile

Structure in Photonic
Devices

After diffraction analysis, the woodpile structures were
applied at different photonic devices. Our goal was to
modify radiation properties of light emitting devices
(multi-mode optical fiber and LED) and photoresponse
of a photodiode.

4.1.  Optical Fiber Application

We investigated the radiation pattern modification of
multi-mode optical fiber with applied 3D PhC woodpile
structure at the output aperture. The angular diffrac-
tion was measured by goniophotometer. The woodpile
structure was directly applied at the output of optical
fiber coupled to the different LED sources, and far-
field radiation patterns were measured as spatial an-
gular distribution of optical field with resolution 2°.
Figure shows reference far-field radiation pattern
of the optical fiber with applied smooth reference cylin-
der IP-Dip structure, which shows typical cone shape
caused by a numerical aperture of the multi-mode op-
tical fiber (NA = 0.22). Figure [{(b)|shows the far-field
radiation pattern of modified optical fiber with applied
woodpile structure at the output aperture. Both radi-
ation patterns were obtained using LED with central
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emission at A = 625 nm. The significant diffraction
extremes are caused by efficient scattering on 3D PhC
woodpile structure.

Signal (arb. un.)

Fig. 4: I@l Reference radiation pattern of multi-mode opti-
cal fiber with applied smooth cylinder IP-Dip struc-
ture measured using LED with a central wavelength
of 625 nm. @ Modified far-field radiation pattern of
multi-mode optical fiber with applied 3D PhC woodpile
structure measured at wavelength A = 625 nm.
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The radiation pattern of modified optical fiber shows
strong diffraction efficiency of the woodpile structure.
The position of diffraction extremes was more studied
at <110> cross-section of radiation patterns.

In Fig. |5l there is shown a cross-sectional view of
far-field radiation patterns measured using LEDs with
wavelengths 490 nm, 625 nm and 940 nm compared to
a far-field radiation pattern of reference cylinder struc-
ture. In cross-section of radiation patterns, we can
see the different shape of the optical field measured at
different wavelengths. It was caused by the position
of diffraction extremes at different angles relative to
the used wavelength of fiber-coupled LEDs. The sig-
nificant diffraction extremes are caused by scattering
on crystallographic structure of the 3D woodpile PhC.
Presented results document well woodpile capability
for light coupling to optical fibers at greater angles.
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Fig. 5: <110> cross-section of far-field radiation patterns of
modified multi-mode optical fiber by a 3D PhC wood-
pile structure with period of 2 pm measured at stated
wavelengths.

4.2. LED Application

The prepared 3D PhC woodpile structure was applied
on the surface of GaAs/AlGaAs based LED emitting
at 850 nm. The confocal microscope image of LED
chip with applied 3D PhC woodpile structure is shown
in Fig. [6]

After surface application on the LED chip, we inves-
tigated the modification of radiation properties. Far-
field radiation pattern of woodpile structure applied
on the LED chip was measured by 3D distribution of
optical field at full range of azimuthal and elevation
angles. The far-field radiation pattern with resolution
5° was measured using goniophotometer with Si detec-
tor placed above the LED chip surface. We compared
reference radiation pattern of reference clear LED chip
with modified LED chip. The comparison of far-field
radiation patterns is shown in Fig.[7] The red dashed
line document reference radiation pattern of clear LED
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Fig. 6: Confocal image of GaAs/AlGaAs based LED with ap-
plied 3D PhC woodpile structure at surface.

chip, which corresponds to a typical Lambertian pat-
tern of the LED. Black line shows the radiation pattern
of modified LED chip with applied 3D PhC woodpile
structure. In the diagram of modified LED chip, we
can see significant local diffraction extremes, which are
caused by high diffraction efficiency of 3D PhC wood-
pile structure corresponding to the diffraction orders at
defined direction. Extremes at large angles over 75 de-
grees correspond to the diffraction caused by an edge
emission on MESA contacts.
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Fig. 7: The comparison of reference radiation pattern of clear
LED chip and modified LED chip with applied 3D PhC
woodpile structure.

4.3. Photodiode Application

For the application of 3D PhC woodpile structure on
the photodiode chip, the GaAs-based photodiode with
InGaAsN active region was used. The woodpile struc-
ture was applied on the photodiode surface, and ef-
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fect on light coupling in photodiode was investigated.
In Fig. |8 there is shown a confocal microscope image
of a photodiode chip with applied 3D PhC woodpile
structure.

Fig. 8: Confocal image of InGaAsN-based photodiode with ap-
plied 3D PhC woodpile structure at surface.

Photoresponse angular diagrams of photodiode with
applied 3D woodpile structure was measured by gonio-
photometer using the irradiating the photodiode chip
by multi-mode optical fiber from 6 cm distance at dif-
ferent angles. Measurement was performed by irradi-
ation photodiode chip in vertical plane by rotation of
optical fiber around the photodiode chip with 5° resolu-
tion. Two different directions with respect to the wood-
pile structure were measured: i) in normal direction to
the surface dielectric columns and ii) in diagonal di-
rection. As a light source, the LED with a wavelength
of 530 nm coupled to the optical fiber was used. In
measured angular photoresponse, the diagrams show
evident angularly distributed maxima given by light
diffraction on woodpile structure. Comparison of pho-
tocurrent distribution of modified photodiode with ref-
erence clear photodiode is shown in Fig.[0] There are
shown two important directions with respect to the
woodpile structure orientation. The character of pho-
toresponse angular pattern of photodiode is caused by
diffraction effect of the woodpile structure.

5. Conclusion

In this paper, we presented the modification of optical
properties of multi-mode optical fiber and InGaAsN-
based photodiode with applied polymer-based 3D PhC
woodpile structure. Prepared polymer woodpile struc-
ture shows very strong diffraction efficiency. It is a re-
sult of a structure period ¢ = 2 um and refractive
index contrast of IP-Dip polymer dielectric columns
and surrounding air (1.52/1). The effect of woodpile
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Photoresponse (-)

reference

530 nm (normal direction)
530 nm (diagonal direction)

Fig. 9: Angular photoresponse of InGaAsN-based photodiode
with applied 3D PhC woodpile structure measured in
two different directions with respect to the woodpile
shown by different colors and compared with reference
photodiode.

structure on far-field diffraction pattern and angular
photoresponse documents evident diffraction extremes
caused by strong diffraction on woodpile structure.
Such a polymer 3D PhC structure could be used as an
effective diffractive element for application in different
optoelectronic devices for radiation and coupling prop-
erties enhancement. Presented results document the
capabilities of polymer 3D PhC structures prepared by
DLW laser lithography with the possibility of easy ap-
plication on photonic devices.
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