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Photonic crystal (PhC) structures generated through periodic surface nanostructuring are pivotal
for controlling light-matter interactions. These structures are essential for reducing high surface re-
flectivity in semiconductor optical devices, enhancing light absorption in photovoltaic cells, and im-
proving light extraction in LEDs. Although various methods for PhC fabrication are well-documented,
the use of single-pulse laser interference lithography (LIL) with commercial photoresists remains un-
explored. Single nanosecond pulses for photoresist exposure offer significant advantages, including
high throughput for large-scale patterning and reduced dependence on stable optical platforms. In this
study, we used single-pulse LIL to fabricate antireflective PhC structures on GaAs substrates using a
commercial photoresist. This process involved exposing the photoresist to single 7 nanosecond pulses
at a wavelength of 355 nm, with relatively low energy levels. High-quality nanohole arrays were
subsequently created via inductively coupled plasma (ICP) etching. Reflectivity analysis revealed that
these structures reduced the average reflectance of GaAs to below 5% across the visible wavelength
range of 450-700 nm. This work is crucial for optimizing current photonic technologies and advancing
future devices with enhanced light management capabilities.
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1. Introduction

Surface nanostructuring has emerged as a pivotal tech-
nique for enhancing the absorption and extraction of light in
semiconductor optical devices such as solar cells, light-emit-
ting diodes (LEDs), and laser diodes (LDs) [1-4]. A signifi-
cant challenge in these devices is the high surface reflectivity,
which leads to reduced photoelectric conversion efficiency
and, consequently, wasted energy. For instance, a commonly
used semiconductor material GaAs, exhibits reflectivity ex-
ceeding 39% in the visible spectrum. This high reflectivity
limits the power conversion efficiency of GaAs solar cells to
around 17.57% and constrains the external radiation effi-
ciency of GaAs LEDs to merely 3% [5,6].

Given this context, reducing surface reflectivity in semi-
conductor optical devices has garnered substantial research
interest. Two primary methods are employed to alter surface
reflectivity: bottom-up approaches, such as antireflective
coatings (ARCs) [7-9], and top-down approaches, including
surface nanostructuring [10-12]. ARCs are instrumental in
enhancing visible spectrum transmittance and mitigating
surface reflection losses and angular reflectivity dependence,
which are critical for improving the light extraction effi-
ciency in LEDs and the contrast and brightness in display
technologies. However, achieving wideband antireflectance
with ARCs necessitates meticulous material selection with
specific refractive indices and precise calibration of layer
thicknesses, thus complicating the fabrication process and
increasing time consumption during both development and
manufacturing phases [13-16].
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Alternatively, surface nanostructuring provides a gradual
refractive index transition between air and the semiconduc-
tor material, minimizing Fresnel reflections and increasing
light entry into the semiconductor. Nanostructures like
'Moth Eye' configurations can significantly reduce spectral
reflectance across a broad range, from the visible spectrum
(approximately 400 nm) to the mid-infrared region (up to 11
um), achieving average reflectance below 2% [17,18].
Moreover, Photonic crystals (PhC), with their periodic
nanostructures, further extend the capabilities of light ma-
nipulation beyond antireflection, facilitating innovative
technological applications in LEDs, solar cells, telecommu-
nications, sensors, and other optical devices [19-22].

Several methods have been developed for the synthesis
of PhC structures, including electron beam lithography
(EBL) [23,24] and nanoimprint lithography (NIL) [25,26].
Although effective, these techniques often have high costs.
In contrast, laser interference lithography (LIL) is praised
for its simplicity, cost-efficiency, and temporal efficiency,
enabling rapid fabrication and large-area patterning suitable
for industrial-scale production. Previous studies have em-
ployed some LIL methods such as direct LIL to fabricate
PhC structures and using two-beam LIL for multiple expo-
sures to achieve the desired PhC configurations. However,
the application of three-beam single-pulse LIL for the fabri-
cation of PhC nanostructures is scarcely documented in the
literature [27-29].

In this study, we employ single-pulse three-beam LIL to
fabricate PhC structures on GaAs substrates, followed by in-
ductively coupled plasma (ICP) etching to create nanoholes
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of varying depths. By adjusting the LIL settings, we pro-
duced three sets of PhC structures with different sizes,
demonstrating the technique's flexibility. Our findings indi-
cate that these surface PhC nanoholes significantly enhance
light extraction and trapping capabilities within their corre-
sponding wavelength ranges by simulating the photonic
band gap (PBG). Furthermore, surface reflectivity measure-
ments reveal a substantial decrease in average reflectance,
with values dropping below 5% across the visible wave-
length range of 400-700 nm. This investigation aims to un-
derstand how integrating PhC affects reflectivity, revealing
the mechanisms behind the enhanced optical performance
these nanostructures provide. Such insights are essential for
optimizing current photonic technologies and advancing fu-
ture devices with superior light management capabilities.

2. Experimental details
2.1 Laser interference lithography system

In this study, the LIL system is central to the experi-
mental setup. It employs a flash-lamp pumped Nd:YAG la-
ser (Innolas Spitlight) with the following parameters: wave-
length of 355 nm, frequency of 5 Hz, pulse duration of 7 ns,
and beam diameter of 6 mm. The initial laser beam has a top
hat profile with an m? value of about 1.2, but some propaga-
tion to gaussian occurs along the < 1m optical path.

This laser generates interference patterns by splitting the
beam into three equal parts using beam splitters. The use of
three beam LIL can avoid Moiré pattern effects typical of
four-beam or more than four-beam setups [30]. The three
beams are then recombined on the sample surface, where
they interfere constructively and destructively, creating a pe-
riodic pattern of light and dark regions due to the variations
in the intensity of the electric field, thus exposing the photo-
resist to create the desired pattern. The final PhC structure is
defined by this pattern, governed by Equation 1. In Equation
1, I represents the intensity of the interference pattern, m is

the number of beams, A,, denotes the amplitude, E{ is the
unit polarization vector, En. is the wave vector indicating
the propagation direction, 7 is the position vector, and §,,
is the initial phase.
. — 2

(1) I= ‘ ELlAumexp[z(km * 7+ 6,],1)”

Equation 2 relates the pitch (P) of the interference pattern
to the angle of incidence (0) of the laser beams. A is the
wavelength of the laser.

A
(2) V2 sin@

2.2 Fabrication process of the PhC structure

The experimental process is shown in Figure 1. GaAs
substrates (Fig 1a) underwent a three-step cleaning protocol
before applying a 180 nm-thick film of mr-P 1200LIL pho-
toresist (Micro resist technology GmbH) through spin-coat-
ing as shown in Fig 1b. This photoresist, specifically de-
signed for laser lithography applications, offers high contrast
for thin film applications. Previous attempts with standard
lithography photoresists at greater thicknesses were unsuc-
cessful due to incomplete exposure depth and residuals that
could not be fully removed through etching. Although
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deeper exposure can be achieved with higher laser pulse
power, this increases the risk of laser-induced damage to the
photoresist. The thin, high-contrast mr-P 1200LIL photore-
sist is thus suitable for complete etching with lower energy
single-pulse LIL. This photoresist was exposed to single
pulse three-beam LIL to define the desired pattern. After that,
pattern transfer on GaAs samples was achieved through ICP
etching at a rate of 200 nm per minute (see Fig 1c). By con-
trolling the etching duration, we successfully fabricated PhC
structures with various etch depths. The final step is to wash
out the photoresist using a three-step cleaning protocol after
which we obtain GaAs samples with PhC structure as shown
in Fig 1d.

(©)

()

Fig. 1 The fabrication process of the PhC structures.

3. Results and discussion
3.1 The SEM results analysis

The Scanning electron microscope (SEM) analysis re-
veals the characteristics of the fabricated PhC structures un-
der varying conditions. When the angle of incidence for the
three beams is set to 30° (8= 30°) and the azimuth angles are
0°, 90°, and 180°, the resulting PhC structure is shown in
Figures 2a and 2b. The pitch between the nanoholes
measures approximately 500 nm, consistent with the predic-
tions of Equation 2. The diameter of each nanohole is influ-
enced by the laser energy used during the lithographic pro-
cess. Figure 2a, produced with a laser energy of 9 mJ. Inad-
equate laser intensity can result in incomplete exposure of
the photoresist, leaving residual material that impedes effec-
tive etching. Conversely, excessive laser intensity can cause
adjacent nanoholes to merge, disrupting the PhC structure.
As shown in Figure 2b, with a laser energy of 12 mJ, the gap
between nanoholes becomes more narrow.

2 pm
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Fig. 2 The SEM images of PhC structures with a) 417 nm di-
ameter and 500 nm pitch, b) 440 nm diameter and 500 nm pitch,
¢) 315 nm major axis, 305 nm minor axis and365 nm pitch.

For light-emitting devices, it is crucial that the PBG win-
dows of the PhC structure correspond to the emission wave-
length. Achieving this requires a smaller pitch. By adjusting
the angle of incidence of the three beams to 43° (6= 43°)
while keeping the azimuth angles unchanged, we obtained
the SEM result shown in Figure 2c, with a pitch of approxi-
mately 365 nm. Manipulating the radius of the holes (r) rel-
ative to the pitch (P), along with considering the refractive
index contrast between the holes and the surrounding mem-
brane, allows for control over the PBG characteristics. Spe-
cifically, a smaller r/P ratio results in a narrower PBG, which
increases linearly with this ratio. Increasing the air content
in the structure by enlarging the radius raises the central
bandgap frequency. However, a larger radius increases loss
rates due to reduced guiding material and fabrication com-
plexity. Therefore, a laser energy of 9 mJ was chosen to
achieve a balance, resulting in more satisfactory PhC struc-
tures with elliptical nanoholes, where the major axis is ap-
proximately 315 nm and the minor axis is approximately 305
nm.

Figure 3 presents the simulation outcomes of the PBG
using the FDTD method. This simulation aligns with the
SEM data regarding the size and pitch of the nanoholes. The
dispersion diagram indicates PBGs in two spectral regions:
between normalized frequencies of 0.28 to 0.31 and from
0.38 to 0.44. These results suggest that the 2D PhC structure
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operates efficiently as an out-coupler for transverse electric
(TE) guided modes within its active range from 830 nm to
960 nm and 1177 nm to 1303 nm. The significance of these
wavelength ranges is underscored by their correspondence
with the emission wavelengths of various GaAs based sem-
iconductor devices. Specifically, the range from 830 nm to
960 nm aligns with the emission wavelengths typical of
GaAs/InGaAs-based LEDs and LDs. Additionally, the
longer wavelength range from 1177 nm to 1303 nm corre-
sponds to the O-band, which is recognized for its reduced
dispersion and attenuation in optical fibers.
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Fig. 3 The PBG for the 2D PhC obtained from FDTD.
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3.2 Reflectance results analysis

The reflectance of all fabricated PhC structures at varying
depths was characterized using a silicon CMOS array detec-
tor spectrometer (ASEQ Instruments) integrated into an op-
tical microscope with visible illumination ranging from 450
nm to 700 nm. This setup, previously reported [31], enables
the measurement of reflectance for each pattern at different
depths. Precise positioning of the sample is ensured by a
panning stage, allowing for accurate measurements through
the microscope. Illumination was focused on the pattern area
using the microscope's aperture control. For this study, a
50X microscope objective with a numerical aperture (NA)
of 0.56 and a 33.3° half-cone angle was employed, using an
NA of up to 1 or a 100X microscope objective.

We compared the reflectivity properties of GaAs sub-
strates with and without embedded PhC structures at various
depths, fabricated using ICP etching. Samples of different
etch depth do not show significant variation of the PhC di-
ameter as a consequence of the high directionality of the ICP
etch.

The reflectance spectra of these samples are illustrated
in Figure 4. Data in Figure 4a corresponds to a PhC structure
with a pitch of 500 nm and a diameter of 417 nm, Figure 4b
shows data for a pitch of 500 nm and a diameter of 440 nm,
and Figure 4c presents data for a pitch of 365 nm and a di-
ameter of approximately 310 nm. The bare GaAs substrate
exhibited a high average reflectance, up to 39%, within the
wavelength range of 450 nm to 700 nm. This high reflec-
tance is due to the refractive index contrast between air and
GaAs, which has a refractive index of approximately 3.8.
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Fig. 4 Comparative analysis of reflectance between bare GaAs substrates and GaAs substrates embedded with PhC structures a) 417 nm
diameter and 500 nm pitch, ranging in depths from 100 nm to 350 nm; b) 440 nm diameter and 500 nm pitch, ranging in depths from 100
nm to 350 nm; ¢) 315 nm major axis, 305 nm minor axis and365 nm pitch, ranging in depths from 80 nm to 400 nm.

A key observation was the impact of PhC structure depth
on reflectivity. Reflectance data in Figure 4 indicates a trend
in which increasing the depth of nanoholes correlates with
reduced reflectivity. When nanohole depth reached 350 nm,
the average reflectance decreased to below 5% across the
spectral range of 400 nm to 700 nm, representing a sevenfold
reduction compared to bare GaAs. This reduction is at-
tributed to enhanced light trapping as incident light traverses
a longer path within the material, increasing the probability
of absorption. Additionally, deeper PhC structures optimize
Bragg scattering, causing diffraction that leads to construc-
tive or destructive interference, effectively reducing surface
reflectance. These diffraction effects can also redirect light
away from the surface, further lowering reflectivity.

However, there are limits to this trend. As shown in Fig-
ures 4a and 4b, reflectivity stabilizes once the depth reaches
300 nm. In Figure 4c, at depths of 400 nm, reflectivity ex-
hibited a slight increase rather than a continuous decline.
This suggests that excessive depth may negatively impact
light trapping or introduce unwanted diffraction effects, al-
tering reflectivity in undesired ways.

4. Conclusion

In this study, we successfully designed and fabricated
various PhC structures on GaAs substrates using the single
pulse LIL technique. The surface morphology of the fabri-
cated PhC structures was confirmed through SEM analyses,
aligning with our design expectations. FDTD simulations
were performed to characterize the PBG properties of these
structures, revealing their potential for integration into
GaAs-based optoelectronic devices. This integration is an-
ticipated to enhance device performance by providing gain
within specific wavelength ranges. Our experimental meas-
urements indicated that the average reflectance of GaAs sub-
strates with PhC structures was significantly reduced to be-
low 5% across a broad wavelength spectrum of 450 nm to
700 nm. These findings suggest that the PhC structures de-
veloped in this research can significantly improve light ex-
traction efficiency in light-emitting devices and enhance
light trapping efficacy in photovoltaic applications. The
adaptability of single pulse LIL to various semiconductor
materials highlights its potential for creating highly efficient

optoelectronic devices optimized for broadband applications.

This cost-effective and high-throughput technology holds
significant promise for advancing the field of photonics and
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optoelectronics, contributing to technological progress in
these areas.
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