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a  b  s  t  r  a  c  t

There  are  several  promising  methods  for photonic  crystal  (PhC)  patterning  of  LED  surfaces
for improving  the  LED efficiency,  i.e. the light  out  coupling.  2D  patterns  with  different
periods  and  various  symmetries  were  fabricated  using  interference  lithography  (IL),  non-
contact near-field  scanning  optical  microscopy  (NSOM)  lithography,  and e-beam  direct
write (EBDW)  lithography,  respectively.  The  periodicity  and  quality  of fabricated  structures
have been  investigated  using  AFM  and  SEM imaging.  Light  extraction  enhancement  (LEE)
was  studied  by  measuring  of  the light-current  (L-I)  characteristics  of  untreated  reference
LEDs and  patterned  LEDs.  The  highest  achieved  LEE  was  measured  for  LEDs  patterned  by
interference  lithography.

©  2017  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

In conventional semiconductor light emitting diodes (LEDs), the majority of generated light is trapped in high-refractive
index confinement layers due to the total internal reflection at the semiconductor/air interface. It was confirmed that pho-
tonic crystal (PhC) structures are very useful in the surface of different semiconductors [1] for fabrication of semiconductor
based PhC devices as LEDs with light emission enhancement [2] and photodetectors [3].

Many groups reported the usage of PhC patterning for light extraction efficiency (LEE) improvement of LEDs. The enhance-
ment of the extraction efficiency in LEDs through the use of PhC requires a structure design that optimizes the interaction of
the guided modes with the PhCs. For maximum extraction efficiency, there must be a strong coupling between the trapped
waveguide modes and PhC structure [2,4]. The optimization parameters of a PhC are related to the vertical structure of
the LED, such as confinement layers, position of the quantum wells and parameters of PhCs. The period of patterned PhC
should be related to the photonic band gap. Generally, the PhC periods used in semiconductor based LEDs are about several
hundreds of nanometers, which excludes using of UV optical lithography processes as suitable candidates for horizontal
structures patterning. Further, the depth of etching also plays a very important role in cross-coupling of trapped modes
with the leaky Bloch modes associated with the PhC. Lewins et al. investigated in detail the effect of PhC depth on LED
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Fig. 1. Arrangement of the investigated AlGaAs/GaAs LED structure.

extraction efficiency [5]. Likewise, the size of PhC holes, mostly known as fill factor, is related to the photonic band gap of
PhC and determines the extraction efficiency. From the point of view of PhC shape and geometry, the wide variety of PhC and
photonic quasi-crystals were investigated. Moreover, the choice of PhC geometry plays more important role in determining
of far-field radiation pattern diagram of the LED. It has been shown that photonic quasi-crystals with high level of symmetry
produce less directional emission [6].

Such type of PhCs needs to be defined by a lithography process, achieving hundreds of nanometers resolution. The most
effective technique with sufficient resolution and large area patterning is the interference lithography. We  have experi-
mentally verified the capability of four radiation-based high resolution techniques on the LED surface for patterning of a
two-dimensional photonic crystal. Another optical lithography uses specially prepared sharp optical fiber probe for near-
field scanning optical microscope lithography. This scanning technique is suitable for PhC patterning in a small area. For
a more precise PhC patterning, an electron-beam technique, such as electron-beam direct write lithography can be used.
However, though achieving the resolution of tens of nanometers, this technique is time consuming and is an expensive
process.

When comparing the chosen lithographic technologies, the motivation for our work was  that they allow to pattern regular
and/or non-regular structures of submicrometer dimensions while increasing the variability of the motifs and that they can
be applied within one device processing step. Additionally, they are mutually complementary methods and non-contact
methods, while each of them has its advantages and disadvantages comparing to other conventional methods.

In this paper, we summarize the use of these three chosen techniques for patterning of the PhC in the GaAs based multiple
quantum well (MQW)  LED. We  compare both the depth and the shape of the patterned region in AlGaAs confinement
layer in relation with optical properties of the patterned LEDs. Optical properties were investigated by light-current (L-I)
characteristics and local characterization of emitted light in the near-field region resolved by scanning near field optical
microscopy.

2. Materials and methods

We  experimentally verified the capability of three lithographic non-contact techniques by surface patterning of
GaAs/AlGaAs based LEDs. Different photonic crystal arrangements were achieved in GaAs and AlGaAs surfaces. Patterned
LED inherits Al0.295Ga0.705As/GaAs based structure with Al0.295Ga0.705As active region consisting of three GaAs quantum
wells. The structure arrangement with layers thicknesses is shown in Fig. 1. The central emitting wavelength of this LED is
about 845 nm.

The fabrication of LED photodiodes (Fig. 2(a)) was the same for all the chosen methods and consisted of the following
steps (from top to bottom): upper ring ohmic contact metallisation of p-type AuBe (1% Be) alloy; bottom metallisation of
n-type AuGeNi (12% Ge, 1% Ni) ohmic contact; contacts annealing and MESA etching. For all samples the thickness of the
evaporated metallisation was about 200 nm (150 nm AuBe, respectively 150 nm AuGeNi, each followed by 50 nm of Au),
alloyed at 450 ◦C for 2 min  in flowing forming gas. Finally, the MESA etching was  performed in etching aquaeous solution
consisting of H3PO4:H2O2:H2O (3:1:50) for isolation of devices.

For such prepared LED diodes we used the above mentioned three methods for patterning of regular or irregular motives
(Fig. 2(b)). For this purpose we used standard AZ 5214E positive-tone resist, the results on which were previously published
in [7,8]. Here we present the suitability of all these techniques for the given scope. The results of the measurements on
ready-made LEDs have shown to be identical regardless the used resist.

After exposure of the resist and its development the samples were etched by Reactive Ion Etching (RIE) in CCl4/He based
plasma. Morphological properties and quality of prepared 2D PhC structures were studied by Scanning Electron Microscopy
(SEM; Jeol 7500), and Atomic Force Microscopy (AFM; Park XE100). Optical and electrical properties were further investigated
by current-voltage and light-current measurements.



https://isiarticles.com/article/146934

