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Nanopatterned Surface Effect on the Epitaxial growth of InGaN/GaN
Multi-quantum Well Light Emitting Diode Structure
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The authors fabricated a nanopatterned surface on a GaN thin film deposited on a sapphire substrate and used that
as an epitaxial wafer on which to grow an InGaN/GaN multi-quantum well structure with metal-organic chemical
vapor deposition. The deposited GaN epitaxial surface has a two-dimensional photonic crystal structure with a
hexagonal lattice of 230 nm. The grown structure on the nano-surface shows a Raman shift of the transverse
optical phonon mode to 569.5 cm’, which implies a compressive stress of 0.5 GPa. However, the regrown thin
film without the nano-surface shows a free standing mode of 567.6 cm™, implying no stress. The nanohole surface
better preserves the strain energy for pseudo-morphic crystal growth than does a flat plane.
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1. INTRODUCTION

A great deal of research has been devoted to the
development of InGaN/GaN multi-quantum well (MQW)
structures into solid-state lighting sources for use in future
illumination systems[1-3]. The spontaneous light emission
from these materials is very much dependent on the
crystalline quality and, especially, on the threading
dislocation originating from the lattice mismatch between
the GaN and the underlying sapphire substrate. A number of
attempts have been made to reduce the dislocation effect
using such strategies as the insertion of a microscale
epitaxial lateral overgrowth (ELOG) layer of SiO; or a SiN,
pattern on the GaN thin film[4,5] as well as the use of
microscale patterned sapphire substrate (PSS)[6,7]. The
reduction of threading dislocations that results from the
hetero-epitaxial interface is attributed to stress localization
on the buffer layer preventing the residual stress from
propagating into the epitaxial layer. All of these different
growth methods are intended to localize the interfacial
stress.

In the case of the nanoscale patterns, an SiO, nano-rod
array ELOG on a GaN layer enhances the
photoluminescence (PL) intensity and reduces the
dislocation density[8]. By using a porous alumina template,
the resulting nanopatterned surface holes enhance light
emission and reduce dislocation density[9]. By decreasing
the pattern size to nanoscale, the interfacial stress can be
reduced[10]. The inclusions of the ELOG and PSS in the
epitaxial growth of the InGaN/GaN MQW structure results
in an enhanced PL intensity with a reduced dislocation
density[11]. It is interesting to clarify how the misfit stress
can be transferred from sapphire substrate to the epitaxial
layer via the nanopatterned surface.

In this work, we prepared a nanopatterned GaN epitaxial
wafer grown on a sapphire substrate in order to regrow the
InGaN/GaN MQW LED structure. We characterized the

* Author to whom corresponding should be addressed: electronic
mail: kimk@chonbuk.ac.kr

1229-7607/2009/102)/ L/4(WWW.TRANSEEM.ORG)

40

pseudomorphic epitaxial growth at the nanosurface with
micro-Raman  spectroscopy and  photoluminescence
measurements.

2. EXPERIMENTAL

Figure 1 shows a schematic diagram of the LED structure
including the bottom photonic crystal. On a sapphire wafer
covered by a GaN buffer layer, we deposited an n-GaN thin
film with metal-organic chemical vapor deposition
(MOCVD) in the vertical mode of the reactor, then a
periodic hole array with a triangular structure was
fabricated on this GaN substrate using electron beam
nanolithography. On top of this GaN substrate prepared
with the nanopatterned area, we grew the InGaN/GaN
MQW structure of a blue light-emitting diode (LED) using
MOCVD. The nanopattern, which is shown in Fig. 2, was
fabricated bye-beam lithography and a subsequent ICP
process. The lattice constant was 230 nm, while the
diameter and the depth of the holes were 120 and 30 nm,
respectively.

Fig. 1. Schematic diagram of the InGaN/GaN MQW LED structure
regrown on nanopatterned surface of n-GaN thin film grown on a
sapphire substrate.
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Fig. 2. AFM image of the nanopatterned surface of n-GaN thin film. The
nanopattern was processed by e-beam nanolithography with a photonic
crystal lattice of 230 nm. The nanoholes have a diameter of 112 nm and a
depth of 30 nm.

The full LED structure was constructed on the
nanopatterned epitaxial wafer with multiple epitaxial
growths of, in order, a 350-A GaN buffer layer, a Si-doped
n-type GaN layer with a thickness of 1 pm, a multi-
quantum well (MQW) active layer, and a Mg-doped p-type
layer with a thickness of 0.25 pm. The five-period
InGaN/GaN MQW structure, which served as the blue LED,
had a thickness of 20/100 A and In compositions of 0.15 for
photoluminescence peaks at 430 nm. A rapid thermal
annealing process for p-type activation was carried out at a
temperature of 550 °C[12]. The Raman and PL spectra were
performed in a backscattering geometry using the 514.5-nm
and 457.9-nm lines from an Ar' ion laser and a 325-nm He-
Cd gas laser with power at 100 mW and 30 mW,
respectively. The nanostructured surface effect was
characterized by a stress analysis derived from the PL and
micro-Raman spectra.

3. RESULTS AND DISCUSSION

Figure 3 shows the field emission scanning electron
microscope (FE-SEM) images of the surface morphology of
the GaN epitaxial thin film. Figure 3(d) shows a square
surface 300 pm across that lies in the nanopatterned area. In
the boundary region a high density of threading dislocations
can be seen, while there is a relatively low density in the
central area. The segregated crystalline grains near the
edges were grown outside the nanopatterned area.

Figure 3(b) is a magnified image of a point inside the of
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nanopatterned area shown in Fig. 3(a). The dislocation
density is 42x10° cm?. The growth-pits of dislocation
pinholes are hexagonal in shape with the same orientation
as the (1122) facets. This phenomenon is similar to what is
seen with a lateral overgrowth on PSS[6], as a growing
GaN epilayer on a nanosurface starts to cover the C(0001)
plane and nanoholes. The coalesced GaN buffer layer forms
nanovoids inside nanoholes.

Figure 3(c) shows the magnified free standing crystalline
grains with dimension smaller than ~100 pm that can be
seen outside the nanopatterned area in Fig. 3(a). The
formation of free standing crystallites indicates that the n-
GaN buffer does not provide a 2-dimensional lateral growth
condition. GaN homo-epitaxial regrowth on a GaN layer is
compressively stressed by a sapphire substrate and a GaN
buffer layer without the nanopatterned structure results in a
stress relaxation to the substrate-induced misfit strain.

Figure 4 shows the micro-Raman spectra of GaN films
regrown on the nanopatterned surface of n-GaN film grown
on sapphire substrates. In the nanopatterned area, the
Raman intensity is much stronger than in the area without
the nanopatterned structure. The spectra show strong E,(TO)-
high modes under z(x,-)z scattering geometry. The optical
phonon modes of E»(TO) were observed at 567.6 cm’ from
the n-GaN that was regrown on the n-GaN area without a
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Fig. 3. SEM images of the epitaxially regrown InGaN/GaN MQW LED
structure on (a) the nanopatterned surface of n-GaN thin film, (b) an
enlarged part of (a), and the regular flat surface without the
nanopatterned surface.
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Fig. 4. The Raman spectra of both nanopatterned and regular samples.
The regular flat surface provides the home-epitaxial growth for the free
standing thin film with the Raman shift of 567.6 c¢m’, and the
nanopatterned surface shows the value of 569.5 cm™, indicating that the
bottom PC is under the interfacial compressive stress.

nanopatterned surface and at 569.5 cm™ from the n-GaN
that was regrown on the nanopatterned n-GaN surface.
From a 400-um-thick, free-standing, strain-free GaN layer,
the E,(TO) phonon peak was observed at 567.5 cm'[13,14].
The nanopatterned surface of n-GaN provides the blue shift
for the Raman peak, and the corresponding stress can be
analyzed in terms of the lattice constant.

Generally, the type of stress is dependent on the
substrate; if the substrate is Si(111), there is tensile stress,
and there is compressive stress when a sapphire substrate is
used. The lattice constants of GaN, AlL,O; and Si are 3.189
(5.182), 4.758 (12.991), and 5.43095 A, respectively. For
C(0001) planar growth, the atomic distances of Ga-N, Al-O,
and Si-Si are 3.189, 2.747 and 3.840 A, respectively,
indicating that the sapphire (0001) and Si (111) substrates
produce compressive and tensile stresses on the GaN
epitaxial layer, respectively. Cheong et al.[15] reported that
the undoped GaN showed a Raman shift on the E,(LO)
phonon at 568.10 cm™ for the sapphire (0001) substrate,
with the phonon peaks of E, at 576.56 and 751.10 cm™.
Mg-doped p-type GaN showed phonon peaks of 570.39 and
734.60 cm” for Ey(LO) and A (LO) modes, respectively,
indicating that p-type doped GaN is more compressive than
the undoped GaN. For a 3-pm-diameter, 1.5-um-thick
micro-pyramidal PSS growth, the Raman shift is about 571
em’'[6]. However, the introduction of a nanoporous
structure with a size range of 20-250 nm into a GaN layer
grown on a sapphire substrate reduces the Raman shift from
568.4 to 567.7 cm’, indicating a reduction in compressive
stress[16]. Therefore, the nanopatterned surface of n-GaN
provides a smaller Raman shift than the micro-patterned
surface with a reduced biaxial stress.

For the transparent nanopatterned area, the compressive
stress from sapphire substrate can be transferred into the
home-epitaxial layers of the regrown and undoped GaN,
InGaN/GaN MQW, and p-GaN. However, for the reference
area without the nanopattern, the compressive stress
originating from the sapphire can be relaxed by the GaN
buffer layer, and the nucleation points form a free-standing
epitaxial growth of crystallites up to the InGaN/GaN MQW
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Fig. 5. The PL spectra of nanopatterned and regular samples. The
dominant PL peaks at 443 and 506 nm come from the MQWs, and the
broad yellow PL band at 582 nm originates from the threading
dislocation.

layer and the top p-GaN layer. The Raman shift rate of
Ao/w is related to the in-plane lattice strain e=Aa/a, where a
is the lattice constant of GaN. The corresponding strain is
3.35x107, which originates from the lattice mismatch at the
GaN/sapphire interface. For a Young’s modulus of
E<001>=150 GPa[10] and Poison’s ratio of vgg;>=0.38{17],
the Raman shift implies an estimated stress of 0.502 GPa.

Figure 5 shows the room-temperature PL spectra of the
InGaN/GaN LED samples with and without the inclusion of
the GaN nanopattern. The LED sample without the
nanopatterned bottom PC surface shows PL peaks at 373
and 443 nm, corresponding to the origins of GaN band-to-
band edge transition and the quantum well exciton level,
respectively. However, the nanopatterned bottom PC LED
sample shows PL peaks at 431 and 506 nm. The broad
yellow PL band at 582 nm comes from the influence of the
threading dislocation[18].

The reference sample without a bottom PC has an In
mole fraction of x=0.18 corresponding to a PL peak at 443
nm for a free-standing InGaN/GaN MQW LED layer.
However, the bottom PC sample with the nanopattern has
two In fractions of x=0.16 and 0.24 for the corresponding
PL peaks at 431 and 506 nm, respectively, and it shows a
relatively dominant intensity for the spectrum at 506 nm.
The PL peak at 431 nm is similar to the free-standing zone
of the reference sample. This indicates that an In mole
fraction of x=0.18 in the flat surface of reference sample
can be shifted into two phases of In mole fractions: x=0.16
and x=0.24 in the nanopatterned surface of the bottom PC
sample. This phase separation can be correlated with the
nanosurface tension and In segregation during the epitaxial
growth on the nanopatterned surface of the bottom PC
sample. The dominant PL intensity of the 506 nm shows the
increased In mole fraction due to the enhanced solid
solution on the nanopatterned surface. It is further desirable
to search the electroluminescence spectra on the
nanopatterned surface effect.

4. SUMMARY

In summary, the influence of the nanopatterned photonic
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crystal effect on photoluminescence was demonstrated in an
InGaN/GaN MQW LED structure deposited by MOCVD.
The deposited GaN epitaxial surface has been
nanopatterned with a hexagonal lattice of 230 nm. The
regrown structure shows a Raman shift of transverse optical
phonon mode to 569.5 cm™, which is similar to n-GaN thin
films grown on a sapphire substrate. However, the regrown
thin film without the nanopattern shows a free standing
mode of 567.6 cm™. This result indicates that the nanohole
surface plays the role of lattice-fixing points to preserve the
strain energy for pseudo-morphic growth. The compressive
strain in the nanopatterned GaN layer can be transferred
into the regrown GaN layer, and the nanopattern provides a
better environment for the lateral regrowth of the thin film.
To conclude, a nanopatterned surface morphology can
provide a good environment for epitaxial growth in spite of
the built-in stress-strain effect from the sapphire substrate.
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