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In this study, we have fabricated 375-nm-wavelength InGaN/AllnGaN nanopillar light emitting diodes
(LED) structures on c-plane sapphire. A uniform and highly vertical nanopillar structure was fab-
ricated using self-organized Ni/SiO, nano-size mask by dry etching method. To minimize the dry
etching damage, the samples were subjected to high temperature annealing with subsequent chem-
ical passivation in KOH solution. Prior to annealing and passivation the UV nanopillar LEDs showed
the photoluminescence (PL) efficiency about 2.5 times higher than conventional UV LED structures
which is attributed to better light extraction efficiency and possibly some improvement of internal
quantum efficiency due to partially relieved strain. Annealing alone further increased the PL effi-
ciency by about 4.5 times compared to the conventional UV LEDs, while KOH passivation led to the
overall PL efficiency improvement by more than 7 times. Combined results of Raman spectroscopy
and X-ray photoelectron spectroscopy (XPS) suggest that annealing decreases the number of lat-
tice defects and relieves the strain in the surface region of the nanopillars whereas KOH treatment
removes the surface oxide from nanopillar surface.
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1. INTRODUCTION

Group III nitride-based ultraviolet (UV) light emit-
ting diodes have attracted great attention because of
their potential to replace conventional mercury-containing
lamps for some applications including UV sensing, curing
and photo-catalysis."> Also, the UV LEDs can be used as

large sidewall surface area of nanopillars, light extrac-
tion efficiency can be greatly improved.>’ In addition,
in selectively grown nanostructures, inclined threading dis-
locations can be effectively terminated at the nanopillar
sidewalls, thus decreasing the dislocation density (although
this effect is not expected to occur in nanostructures pre-
pared by selective etching).?
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a pumping source for developing the white-light LEDs to
solve the problem of low color-rending index by conven-
tional white-light LEDs.>*

At the same time, due to the great advantages of the
nanostructures over the bulk material, these nanostructures
have been widely tested in many useful device applications
such as super-bright LEDs, full color displays, etc.’

Among the advantages of nanostructures one should
name their ability to relieve the strain caused by the lattice
mismatch at hetero-interfaces, thus enhancing the inter-
nal quantum efficiency of LED devices.® Also, due to a

*Author to whom correspondence should be addressed.
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For GaN-based nanoscale structures, the GaN nanopil-
lars have been produced by various fabrication meth-
ods, such as growth of InGaN/GaN multiple quantum
nanocolumns/nanopillars on Si substrate by radio-
frequency plasma-assisted molecular-beam epitaxy® or
growth of single-crystal GaN nanopillars by hybrid vapor-
phase epitaxy,'® synthesis of GaN nanocolumns using
carbon nanotubes as templates,'! producing of nanopillar
arrays by inductively coupled plasma-reactive ion etching
(ICP-RIE) without masks'?> or by e-beam patterning.'?
Each of these approaches is technologically quite chal-
lenging. To simplify the patterning process, it is possible
to produce nanoscale self-assembled nickel (Ni) dots
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serving as an etching mask on top of the LED surface by
choosing the correct Ni layer thickness, annealing time
and annealing temperature.'*

However, nanopillars made by top—down process can
be easily contaminated or damaged during the etching
processes,'® resulting in poor optical properties. Recently,
Zhu et al. have reported on etching damage of nanopil-
lar LEDs fabricated by using Ni dots and demonstrated
enhancement of photoluminescence (PL) intensity after
KOH treatment.? Unfortunately, the cause of the PL inten-
sity improvement due to the chemical treatment was
not clearly understood. Also, nanopillar structures out of
InGaN/AlInGaN based UV LED have not been so far
explored.

In this letter, we describe the fabrication of the UV
InGaN/AlInGaN nanopillar LED structures by using self-
assembled Ni dots. The effects of thermal annealing and
surface treatment of as-fabricated nanopillars on their PL
efficiency was investigated in detail. It was demonstrated
that the combination of these two treatments allows to
strongly suppress the detrimental influence of damage pro-
duced by dry etching.

2. EXPERIMENTAL DETAILS

The UV InGaN/AllnGaN LED was grown by MOCVD
on a c-axis sapphire (0001) substrate. Five In y,Gag N/
Al osIng o Gay o, N quantum wells (QWs) were sandwiched
between Si-doped thick n-GaN layer and 200 nm thick
Mg-doped p-GaN top cladding layer.

The UV LED nanopillar structure fabrication process
is illustrated by Figure 1. The first step was a 100 nm
SiO, interlayer deposition on top of the LED samples by
a plasma-enhanced chemical vapor deposition (PECVD)
technique. After the SiO, deposition, a 10 nm Ni layer
was deposited on SiO, interlayer by e-beam evaporation.
The Ni on SiO, interlayer LED samples were subsequently
subjected to rapid temperature annealing (RTA) under
flowing N, at 850 °C for 1 min to form self-assembled
Ni metal clusters. ICP etching was conducted to etch the
exposed SiO, film using the Ni nano dots as an etch mask.
The etching gas used was a mixture of the O, and CF,.
Then the MQW structure was further etched down to the
n-type GaN layer by the ICP etching with gas of Cl,.
Finally, the Ni/SiO, was removed by a buffered oxide
etchant to expose the InGaN/AlInGaN MQW nanopillars.

The samples were then divided into two batches and
subjected to different treatments. Firstly, the samples were
annealed in flowing N, at 900 °C by RTA (rapid ther-
mal annealing). Secondly, the fabricated nanopillars were
treated in KOH 0.1 mol (KOH:H,O) for 45 sec.

The morphology and shape of nanopillars was ana-
lyzed by field emission scanning electron microscope (FE-
SEM). The X-ray photoelectron spectroscopy (XPS) was
employed to examine the change of surface characteris-
tics caused by the chemical treatment. The PL spectra
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Fig. 1. Schematic diagram for the fabrication of UV nanopillar LED.

measurements were carried out to study the optical prop-
erties at each stage. In these measurements, a He—Cd laser
(325 nm) was used for excitation with power densities
up to 10 W/ecm?. The Raman spectroscopy measurements
were carried out at room temperature using the 514 nm
line of an Ar™ laser as an excitation source.

3. RESULTS AND DISCUSSION

Figure 2(a) shows the FE-SEM image of Ni nanodot
arrays formed on SiO,/LED structure after the RTA pro-
cess. The SiO, layer between the thin Ni layer and the

Fig. 2. (a) FE-SEM images of Ni nanodot arrays formed on SiO,/LED
and (b) UV nanopillar arrays with nanopillar diameter of 150-200 nm
and length of ~ 500 nm.
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LED surface helps to form highly dense and spherical
Ni nanodots by offering dewetting conditions for Ni film
during the annealing process. This is because, in con-
trast to the top GaN layer providing good wetting con-
ditions for the metal due to the high surface energy, the
SiO, layer is a stable oxidized substance that has a low
surface energy. Its lower surface energy provides better
conditions for the formation of a high density of metal
droplets. With the Ni nanodots/SiO, on the planar LED
template, the ICP etching was done to fabricate the verti-
cal and highly dense nanopillar LED arrays. Figure 2(b)
shows SEM image of UV nanopillar arrays with nanopil-
lar diameter of 150-200 nm and length of ~ 500 nm. The
nanopillar size was controllable by the Ni layer thickness,
the annealing time and temperature and the ICP etching
time.

During the fabrication of nanopillars, the sidewall of
nanopillar can experience serious surface damage from the
low-energy ions in ICP process plasma.'® Energetic ion
bombardment can create lattice defects, lead to the for-
mation of dangling bonds on the surface, or to the incor-
poration of the ions from the ICP plasma ambience into
the surface via ion implantation. These defects often act
as deep level states and produce compensation, trapping,
or recombination sites in the material.'” In order to take
full advantage of nanopillar LED approach, it is essential
to develop appropriate post-plasma etching treatments to
remove plasma damage generated in the nanopillar side-
walls. Below it is shown that high temperature annealing in
inert atmosphere followed by surface chemical treatment
in KOH solution can be very effective means to achieve
that goal.

Figure 3 shows the room temperature PL spectra taken
for conventional planar UV LED, UV nanopillar LED,
annealed UV nanopillar LED, and annealed UV nanopil-
lar LED with chemical treatment. As can be seen, the PL
intensity of the nanopillar LED is more than two times
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Fig. 3. PL spectra at room temperature for conventional UV LED, UV
nanopillar LED, and treated UV nanopillar LEDs.
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higher than that of conventional LED. The correspond-
ing PL peak energies were 3.311 and 3.298 eV, respec-
tively. As Zhu et al. previously discussed,” the increased
PL intensity is attributable to the light scattering at the
sidewalls of nanopillars and the increased overlap of the
electron and the hole wavefunctions. Indeed, the sidewalls
of the nanopillar play an important role in extracting light
efficiently. A larger surface area is desirable since it pro-
vides more pathways by which generated photons can
escape.'2 In strained nitride QWs, the piezoelectric field
decreases the overlap of the electron and the hole wave-
functions (i.e., the field tilts the energy bands of MQWs),
and reduces internal quantum efficiency. This compres-
sive strain in the MQWs can be effectively relieved in
nanopillar structures, resulting in the enhanced PL yield.
We note that the PL energy difference (EPL) is a measure
of strain built in the MQWSs. In this work using UV MQW
structure, the lattice mismatch between In (,Gaj N well
and AljsIng 0, Gag o N barrier was 0.6%, and the corre-
sponding EPL was 13 meV. On the other hand, in our
previous study using a blue LED structure,?® the lattice
mismatch between InGaN well and GaN barrier was 2.5%,
and the EPL was 64 meV. The full width at half maximum
(FWHM) of the PL peak is decreased from 119 meV for
the conventional UV LED to 96 meV for the UV nanopil-
lar LED (see Fig. 3). As the tilted energy band broadens
PL spectrum, the decreased PL linewidth for nanopillar
structure is an additive evidence of the strain reduction in
the MQWs.

As seen from Figure 3 high temperature annealing leads
to further increase of PL intensity compared to the con-
ventional UV LED structure. We attribute this improve-
ment to annealing of the dry-etching-induced near-surface
defects that act as nonradiative recombination centers. The
indirect confirmation is provided by the observed decrease
in strain after annealing, as evidenced by Raman spec-
tra measurements performed on as-etched and etched and
annealed samples. We were tracking the position of the
E, (high) mode known to be sensitive to strain, but not
to electron concentration.?! The E, (high) line frequency
has been reported to shift towards the higher frequency
region with increasing compressive strain at the rate of
2.9 cm~!/GPa.?!

Figure 4 shows Raman spectra taken for the spectral
region near the E, (high) line for the conventional UV
LED (568.5 cm™!), the UV nanopillar LED (568.2 cm™!)
and annealed UV nanopillar LED (567.9 cm™'), respec-
tively. A quite measurable lower frequency shift can
be clearly observed after annealing and the E, (high)
frequency of the annealed sample is very close to the fre-
quency of free-standing GaN that is presumably strain-
free.?> 2 We attribute this strain relaxation after annealing
to annihilation of defects produced at the surface of GaN
by plasma etching.

KOH etching after annealing leads to a further increase
of PL intensity, as shown in Figure 3. To better understand
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Fig. 4. Raman spectra for the spectral region near the E, (high) line
for the conventional UV LED, UV nanopillar LED and annealed UV
nanopillar LED.

the nature of the effect, we performed XPS measurements
on the annealed and chemically treated UV nanopillar
samples. The results are compared in Figure 5. An oxygen
related peak near 531 eV for photoelectrons due to transi-
tion from the O 1s state®* could be clearly seen in the as-
etched sample suggesting the formation of a native oxide
layer after etching which is not totally unexpected given
the etching ambience. Chemical treatment in KOH solution
obviously greatly decreases the oxygen related XPS sig-
nal manifesting effective removal of the oxide layer that is
most likely the native oxide GaO, known to have been
effectively removed by KOH treatment.?

Concomitant increase in PL intensity could then be due
to corresponding removal of the surface band bending at
the nanopilar sidewall. The effect of KOH treatment is
similar to the previously reported effect of HCI treatment®
and it could be suggested that the nature of the observed
PL increase is similar in both cases.

0 IS ----- With KOH treatment
— Without KOH treatment]

XPS intensity (arb. units)

526 528 530 532 534 536

Binding energy (eV)

Fig. 5. XPS spectra for the UV nanopillar LED with KOH treatments.
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4. CONCLUSION

In this study, we have fabricated 375 nm wavelength
InGaN/AlInGaN nanopillars light emitting diode (LED)
structures on c-plane sapphire. The UV nanopillar LED
structure was fabricated by using self-assembled Ni nano
mask. The height and diameter of nanopillars in these UV
LED structures were 500 nm and 150 nm, respectively.
The PL intensity of these as-etched nanopillar structures
was more than two times higher than for the conven-
tional UV LED structures, most likely due to increased
light extraction efficiency. The relaxation of residual strain
of the as-etched UV nanopillar LED structure could be
achieved by high temperature annealing and was accompa-
nied by substantial PL intensity increase due to annealing
of the surface damage defects produced by dry etching.
Additional KOH treatment after annealing led to further
increase of PL intensity (the PL intensity increase after this
two-stage treatment was by more than 7 times compared
to the standard structure). This PL intensity increase is
attributed to the removal of the native oxide layer formed
during dry etching, as evidenced by XPS measurements.
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