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Chapter 1 Introduction

This dissertation is concerned with the subwavelength gratings (SWGs) for reflection control in
visible and near-infrared wavelengths. The antireflection SWGs will be powerful when fabricated
on transparent material such a glass material, and on semiconductor material for optical sensor
and light emitting diode (LED). Major problems in the antireflection SWGs are described as
follows. The antireflection properties are improved by decreasing the grating period and
increasing the grating depth. However, up to now, the aspect ratio of 0.63 is the highest value in
the two dimensional SWGs etched directly. It is difficult to fabricate the optimum grating shape
with high aspect ratio in large area with low cost using conventional fabrication techniques. There
are no guidelines to design two-dimensional antireflection SWG with the complex dielectric
constant. There is no experimental report on the application to the LED and its light emitting
properties. The purposes of this study are to analyze and solve the above problems. The
fabrication techniques that are developed by this work can be applicable to the fabrication of the
near-field optics and photonic crystal optics that are promised as the next generation optical

technology. Thus, the developed techniques are valuable in these fields.

Chapter 2 Rigorous Coupled-Wave Analysis and general characteristic of
antireflection SWGs

The Rigorous Coupled-Wave Analysis (RCWA) for the two dimensional SWGs with the taper
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sectional shape and the complex dielectric constant was formulated. The RCWA program made up
was used to analyze the antireflection SWGs fabricated in this work. The optical properties of the
antireflection SWGs were analyzed. The guidelines to design the antireflection SWGs consisting
of silicon were shown. Differences of the optical characteristics of the tapered SWGs among the
dielectric substance, imperfect conductor and perfect conductor were shown. From thege
calculations, it has been found that the grating period and the aspect ratio are the important

parameters to design the antireflection SWGs.

Chapter 3 Broadband antireflection SWGs for silicon and glass substrates fabricated by electron
beam patterning and fast atom beam etching

It has been shown that fast atom beam (FAB)
etching combined with electron beam (EB)
patterning is useful for the fabrication of SWGs
with a 100 nm order period grating on silicon and
glass substrates.

For silicon SWG, the smooth tapered grating
with the high aspect ratio was fabricated on the
silicon surface as shown in Fig. 1. Figure 2 shows

the reflectivity of the SWG fabricated as a function

of the wavelength. At the wavelength of 400 nm, Fig. 1: Scanning electron micrographs of
the reflectivity was decreased to 0.5% from 54.7% (Lo SWG fabricated on the silicon
of silicon substrate. The fabricated antireflection  gypgtrate. The grating period is 150 nm,
silicon surface will be useful for preventing the ;.4 the groove is 350 nm deep.

reflection at the surfaces of solar cells and electro-

optical devices. The theoretical calculation was
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also carried out on the basis of RCWA. The 0.75 L] TG e 3
reflectivities calculated for a model with seven- 0.6 T sreme—— (measure.d_) ]
layered square subwavelength grating could 051
explain the measured reflectivities well. é °'4'; e SN S
For glass SWG, the smooth tapered grating * O'S*;'" S e :
was fabricated on the glass surface. To my 0.2_;.. . -
knowledge, the fabricated SWG had the shortest 01 R _______ e —
grating period among two-dimensional "0 300 400 500 600 700 800 900 1000
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antireflection SWGs fabricated on glass substrates. ) o i
) Fig. 2: Reflectivity as a function of the
At wavelengths from 400 nm to 800 nm, which
. . . o wavelength.
included the visible region, the reflectivity of the
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SWG was lower than 1% while that of the glass substrate was higher than 5%. The theoretical
calculation was also carried out on the basis of RCWA. The reflectivities calculated for a model

with six-layered square subwavelength grating could explain the measured reflectivities well.

Chapter 4 Broadband antireflection SWGs for silicon substrates fabricated using 100-nm period

porous alumina membrane mask

I have shown that the porous alumina
membrane is useful as a mask for the fabrication
of deep SWG with the FAB etching. 100 nm
period gratings with aspect ratio higher than 6
were generated on silicon substrate as shown in
Fig. 3. At the wavelengths from 370 nm to 800
nm, the reflectivity of the SWG decreased to be
lower than 1.6 % from around 40 % of polished
silicon surface. The theoretical calculation based

on the RCWA explained the measured

Fig. 3: Scanning electron micrographs of

the column type SWG.

reflectivities well. Since the porous alumina
membrane is easily widened, the proposed process

will be useful for the fabrication of antireflection SWGs in a large area on silicon substrate.

Chapter 5 Broadband antireflection SWGs for polymethyl methacrylate fabricated with molding
technique

It has been shown that molding technique is useful for the fabrication of SWG with a 200 nm
period grating on polymethyl methacrylate (PMMA) film. The PMMA SWG having reverse shape
grating of the mold SWG was replicated well. The PMMA SWG decreased the reflection at
wavelengths from 400 nm to 800 nm. At the wavelengths, the reflectivity decreased to
approximately half of that of the PMMA film. In the SWG region, the scattering of the
transmission light was not observed, and the reflected light from the surface of PMMA film
decreased in comparison with the other region. The proposed process will be useful for the

fabrication of antireflection SWGs in a large area with low cost.

Chapter 6 Broadband antireflection SWGs for light emitting diodes and photo diodes fabricated
on GaAlAs surfaces

It has been shown that FAB etching combined with EB patterning is useful for the fabrication
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of SWG with a 200 nm period grating on GaAlAs double power double hetero (DDH) junction
structure. The GaAlAs DDH structure functions as photo diode (PD) and LED. The novel etching
technique using the two kinds of process gas of the FAB for fabricating the tapered grating op
GaAlAs surface was proposed. The smooth tapered grating with the high aspect ratio wag
fabricated. At wavelengths from 400 nm to 780 nm, the reflectivity was decreased to 1.0%.
Under the laser diode (LD) light illumination, the open-circuit voltage, short-circuit current and
total conversion efficiency were improved by fabricating the SWG. From the observation of the
light emission by CCD, it was confirmed that the emission was increased in the SWG area, evep

over the angle of total internal reflection.
Chapter 7 Summary

The conclusions of this dissertation are given.
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