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The enhancement of light-emitting efficiency using GaN-based
multiple quantum well light-emitting diodes with nanopillar arrays∗
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The quest for higher modulation speed and lower energy consumption has inevitably promoted the rapid development
of semiconductor-based solid lighting devices in recent years. GaN-based light-emitting diodes (LEDs) have emerged
as promising candidates for achieving high efficiency and high intensity, and have received increasing attention among
many researchers in this field. In this paper, we use a self-assembled array-patterned mask to fabricate InGaN/GaN multi-
quantum well (MQW) LEDs with the intention of enhancing the light-emitting efficiency. By utilizing inductively coupled
plasma etching with a self-assembled Ni cluster as the mask, nanopillar arrays are formed on the surface of the InGaN/GaN
MQWs. We then observe the structure of the nanopillars and find that the V-defects on the surface of the conventional
structure and the negative effects of threading dislocation are effectively reduced. Simultaneously, we make a comparison
of the photoluminescence (PL) spectrum between the conventional structure and the nanopillar arrays, achieved under an
experimental set-up with an excitation wavelength of 325 mm. The analysis demonstrates that MQW-LEDs with nanopillar
arrays achieve a PL intensity 2.7 times that of conventional LEDs. In response to the PL spectrum, some reasons are
proposed for the enhancement in the light-emitting efficiency as follows: 1) the improvement in crystal quality, namely
the reduction in V-defects; 2) the roughened surface effect on the expansion of the critical angle and the attenuated total
reflection; and 3) the enhancement of the light-extraction efficiency due to forward scattering by surface plasmon polariton
modes in Ni particles deposited above the p-type GaN layer at the top of the nanopillars.
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1. Introduction
Present-day theories suggest that one possible cause of

the high efficiency of multi-quantum well (MQW) light-
emitting diodes (LEDs) is the quantum confinement effect
(QCE)[1] that appears in the active layers of the quantum wells.
In some documents, researchers have proved that the strong
confinement[2] of the electron–hole pairs in the nanostructures
should increase the electron–hole wave function overlap and
the radiative recombination rate. Inspired by this, compared
with conventional thin-film LEDs, we consider whether it is
possible to fabricate the nanopillars on the surface of the de-
vice using inductively coupled plasma (ICP) etching, with the
purpose of introducing the QCE into LEDs, which will be
conducive to the enhancement of the light-emitting efficiency.
A number of research groups have conducted many experi-
ments and studies on nanopillars. For example, GaN nanorods
with a high aspect ratio and large surface area can dramati-
cally reduce the dislocation density in the upper part of the
nanorods.[3] Besides, small-sized nanorods help to relieve the
strain induced by thermal expansion mismatch and avoid de-

fect generation, which is a solution to the growth on large sub-
strates or substrates with a large thermal expansion coefficient
difference from GaN.[4] In addition, more basal-plane stacking
faults can be observed using Ni as the catalyst.[5] The study of
nanopillars based on GaN is a hotspot for the research field in
GaN-based solid-state lighting devices. We also draw our in-
spiration from the work by other research teams.[6,7] In this pa-
per, we conduct an experiment where the extraction efficiency
of quantum wells is improved by introducing and further en-
hancing QCE and roughening the surface in order to reduce
the total reflection loss. This is implemented by fabricating In-
GaN/GaN MQW-LEDs with a nanopillar structure using ICP
etching technology and the self-assembled Ni nanodot-arrays
as the mask.

2. Experimental details
The MQWs based on InGaN/GaN experimental sam-

ples were produced using the Thomas Swan metal–organic
chemical vapor deposition (MOCVD) growth system. The
Ga source consists of trimethylgallium, the source of In is
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trimethylindium, and the N source is ammonia. First, a GaN
buffer layer with a thickness of 2-µm adheres to the sapphire
substrate with the c plane using the two-step method. On this
layer there are five-period InGaN/GaN MQWs, and on the top
there is a 200-nm thick p-GaN layer. At the end of these steps,
a layer with a 4-nm thick Ni film is deposited through evapora-
tion. Then, we treat the samples with rapid thermal annealing
in a nitrogen atmosphere at 830 ◦C for 4 min, so that the coat-
ing self-assembles into a number of particulate Ni nanodots.
These nanodots are used as masks for etching. After that, the
sample is etched to form the InGaN/GaN nanopillars, utiliz-
ing the ICP instrument of Oxford Instrument Company, at a
depth of 400 nm. During etching, the pressure of the cavity
is kept at 1.33 Pa, the DC bias is set to be 300 V, the ICP
power is stabilized at 300 W, and the flow rate of the chlorine
gas is maintained at 48 sccm, while that of boron trichloride
is 8 sccm. The PL spectra of the samples, both before and
after etching, are excited by the 325 nm laser. To determine
the morphology of the sample surface, the surface is scanned
by the JSM-7000F thermal field of the field emission scanning
electron microscope (SEM) of the JEOL Company.

3. Results and discussion
3.1. SEM image analyses of the etched and unetched In-

GaN/GaN MQW LEDs

Figure 1 shows the surface morphology SEM images of
the different stages in the fabrication process of InGaN/GaN
MQW-LEDs with nanopillar structures. As shown in Fig. 1(a),
which is the 104-magnification image of the unetched conven-
tional MQW surface, defects of various sizes, varying from
100 nm to 200 nm, are grown on the surface of the thin-
film templates. This phenomenon was attributed in some
documents[8] to the following factors: 1) lattice mismatch re-
sulting from the difference in the lattice parameters between
the substrate and the thin-film material; 2) the difference in
the coefficient of thermal expansion (CTE) between the dif-
ferent materials; and 3) screw dislocation and mixed disloca-
tion in the GaN material, which facilitates the formation and
growth of defects. Therefore, it is normal to see defects in the
MQW thin films. Meanwhile, figure 1(b) shows the SEM im-
age of the material surface covered with the self-assembled Ni
cluster after annealing treatment. From this image, nanodot
arrays, formed in dispersive dot structures, can be clearly ob-
served. Furthermore, these Ni dots, whose sizes are around
100 nm on average, assemble in the area with no defects. Ac-
cordingly, this suggests that in the self-assembling process of
the Ni particles, we successfully avoid the defect zone and se-
lectively deposit the particles in the nanodot array form, which
thus contributes to the removal of these defects in the etching
process. Figure 1(c) exhibits the nanopillar array structure of
the InGaN/GaN MQW-LEDs etched by the ICP system. It is

observed in Fig. 1(c) that the areas without self-assembled Ni
clusters are etched into gaps between the pillars by the bom-
bardment of chloride ions and boron trichloride ions, while
the areas covered with these metal particles are not etched in
that way, thus forming the pillars. In addition, we also find
that the defects existing in Figs. 1(b) and 1(d) almost disap-
pear. As demonstrated in some studies,[9] the defects are sub-
stantially non-radiative recombination centers, in which case
the energy generated in the electronic transition to the valence
band is largely converted into heat, thereby impeding the en-
hancement of the light-emitting efficiency. In this paper, we
successfully reduce the defects, so this indicates that compared
with conventional MQWs, InGaN/GaN nanopillar array LEDs
can increase the light-emitting efficiency.

(a) (b)

(d)(c)
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Fig. 1. (color online) Surface morphology SEM images of the differ-
ent stages in the fabrication process of InGaN/GaN MQW-LEDs with
a nanopillar structure: (a) the unetched conventional LED surface, (b)
the SEM image of the material surface covered with the self-assembled
Ni cluster after annealing treatment, (c) the SEM image of the nanopil-
lar array structure of the InGaN/GaN MQW-LEDs etched in the ICP
system, and (d) the partial enlargement SEM image of panel (b).

3.2. Analyses of the photoluminescence spectrum of con-
ventional MQWs and nanopillar array MQWs

The two curves in Fig. 2 show the PL spectra of the In-
GaN/GaN LEDs with different structures. Specifically, the
etched curve represents the PL spectrum of MQW-LEDs with
nanopillar arrays, while the unetched curve denotes the PL
spectrum of the conventional thin-film MQW.

We find that the two curves reach their peak intensity,
respectively, at wavelengths of 453 nm and 455 nm. This
shift can be attributed to the following factors: 1) the change
in crystal lattice constant, caused by the release of stress[10]

existing in the structure of quantum wells after ICP etching;
and 2) the surface plasmon polaritons (SPPs) are guided along
the Ni/GaN interfaces, which can be shorter in wavelength[11]

than the incident light (photons). When the incident photon
energy is close to the SPP energy, the coupling is stronger, i.e.,
higher SPP wave vectors appear at shorter wavelengths.[12]
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Also, as shown in Fig. 2, the unetched curve features mul-
tiple peaks and vales, which are ascribed to the interference
created in the MQWs. In contrast, the etched curve shows a
single peak, indicating that the nanopillar array structure may
dramatically attenuate the effect of interference.
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Fig. 2. (color online) The photoluminescence spectra of the conven-
tional MQW (unetched) and nanopillar array MQW (etched).

By comparison with what we discussed above, the in-
creased light-emitting efficiency draws much attention. The
data obtained from Fig. 2 show that the PL intensity in the
MQWs with nanopillar arrays increases 2.7 times as compared
with that in the conventional MQW, which is similar to the
result of other studies.[7] We conclude that the nanopillar ar-
ray structure is conducive to enhancing the light-emitting effi-
ciency. Certainly, more than one factor often contributes to the
enhancement. Many researchers have performed studies on
this subject.[13] On the basis of their studies, we suggest that
the enhancement of light-emitting intensity can be attributed
to the following factors: a) the improved crystal quality; b) the
surface roughness effect that expands the critical angle and
thus largely diminishes the total reflection; and c) the inci-
dent photons from the p-type GaN layer, which couple with
the surface plasmons in Ni particles to create self-sustaining,
propagating electromagnetic waves known as SPPs[14] and
are trapped at the metal–dielectric interfaces.[11] These SPP
couplings then lead to a collective oscillation[15] at the in-
terface, namely, surface plasmon resonance (SPR), which ac-
counts for the enhancement of the light-extraction efficiency
(LEE).[16,17] This point is demonstrated in Refs. [12] and [18].
As figure 1(c) indicates, few defects can be observed on the
nanopillar array structured LEDs. Some documents[19,20] have
reported on the same result as those mentioned previously, i.e.,
the defects are substantially non-radiative recombination cen-
ters, contributing little to light emission and causing energy
to be released in the form of heat in turn. In this paper, the
nanopillar array structure effectively reduces the number of
visible defects, thereby obtaining a much higher PL intensity.

In addition, based on the theory of surface roughness,[21]

the irregular nanopillars in this experiment can be consid-
ered as a kind of roughened film surface. Consequently, this

changes the direction of incident light, enlarges the angle of
total reflection and allows more photons to escape from the in-
teriors of the quantum wells, thereby increasing the external
quantum efficiency (EQE).

Another explanation we proposed in this paper is based
on the theory of the optical waveguide.[22] On the one hand,
due to the fact that the refractive index of InGaN is lower than
that of GaN, two sidewalls composed of the interfaces of In-
GaNGaN constrain the photons to enter into the InGaN layer,
thus reducing the non-radiative recombination center absorp-
tivity of the photons. On the other hand, the nanopillars act
as a surface waveguide or metallic waveguide, and photon ac-
tivity is confined to the surface of the sidewalls of the pillars,
which also reduces the absorptivity of the photons, thus en-
hancing the LEE.[23] Due to the influence of the optical waveg-
uide, photons traveling in QWs undergo multiple reflections
between the lower end and the top of the QWs, thus generating
a stimulating process that is similar to lasing with the simul-
taneous action of divided quantum states induced by QCE.[24]

As a result, the PL intensity of the light emission is increased.

4. Conclusions
In this paper, we use the self-assembled Ni cluster as

an array-patterned mask to etch the surface of InGaN/GaN
MQWs grown on the sapphire substrate by MOCVD and
successfully fabricate the InGaN/GaN MQW-LEDs with a
nanopillar array structure. Subsequently, from the observa-
tion of the SEM images of the MQW-LEDs with a nanopillar
array surface, it is found that the defects existing in the con-
ventional MQW are almost totally removed in the nanopillar
array MQW. We also make a comparison of the PL spectrum
between InGaN/GaN LEDs with different surface structures,
indicating that the PL intensity of the MQWs with nanopillar
arrays reaches 2.7 times that of the conventional one. Finally,
we conclude that the reasons for the enhancement of the light-
emitting efficiency are summarized as follows. The first is the
improvement of the crystal quality, namely the reduction in
V-defects; the second is the roughened surface effect on the
expansion of the critical angle and attenuating total reflection;
and the third is the excited SPPs propagating at the Ni/GaN
interfaces on the top of the pillars that do not stray from this
narrow path, thus increasing the extraction efficiency of the
photons from the p-type GaN layer.[11,12,25,26]
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