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Abstract. Surface-patterning technologies have enabled the improvement of currently existing
light-emitting diodes (LEDs) and can be used to overcome the issue of low quantum efficiency of
green GaN-based LEDs. We have applied nanosphere lithography to fabricate nanopillars on
InGaN∕GaN quantum-well LEDs. By etching through the active region, it is possible to improve
both the light extraction efficiency and, in addition, the internal quantum efficiency through the
effects of lattice strain relaxation. Nanopillars of different sizes are fabricated and analyzed using
Raman spectroscopy. We have shown that nanopillar LEDs can be significantly improved by
applying a combination of ion-damage curing techniques, including thermal and acidic treat-
ment, and have analyzed their effects using x-ray photoelectron spectroscopy. © 2015 Society
of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JNP.9.093062]
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1 Introduction

The III-nitride-based light-emitting diodes (LEDs) have demonstrated very high efficiencies for
blue emission wavelengths1 and shown great potential for achieving energy efficiency for the
entire visible spectrum. However, the internal quantum efficiency (IQE) suffers a significant
decrease when moving toward emission wavelengths longer than blue.2 Much effort has
been made during last decade to improve the efficiency of InGaN-based LEDs through either
the IQE or light extraction efficiency (LEE). Due to the high refractive index contrast between
GaN and air, much of the light is trapped inside the LED epistructure; by employing surface
texturing, the LEE can be improved. Surface roughening on the p-GaN surface has been inves-
tigated using chemical or laser etching to form roughness heights in the range of 5 to 20 nm,
improving the wall-plug efficiency.3,4 When nanostructures are fabricated on the n-GaN surface
after removing the sapphire substrate, it is possible to achieve larger structures due to larger etch
depths, and it has been reported that an output power increase by a factor of 2 to 3 could be
obtained with feature sizes on the order of 500 nm.5

As opposed to random surface patterning, fabricating periodic and ordered nanostructures
would allow a higher degree of control over the dimensions. Photonic crystal (PhC) structures
are one example of nanopatterning that can improve light extraction by inhibiting lateral
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propagation of light in the crystal and offer the possibility of modifying the IQE through the
Purcell effect. PhC hole-pattern structure has been demonstrated on the p-GaN layer without
penetrating the active region, showing improved output power.6,7 PhC structure has also
been investigated using a tunnel junction LED to enhance current spreading through the
PhC region, with a resulting extraction efficiency improvement of factor 1.5.8 For flip-chip
LED design, the PhC structure needs to be formed on the n-GaN side, which has also been
demonstrated.9 The formation of nanostructures is not limited to the epilayers. Recently, attempts
have been made to improve the device efficiency by fabricating PhC structures on a postgrowth
deposition layer without modifying the epilayers, which avoids the disadvantage of active region
damage from reactive-ion etching (RIE) processes.10–12

Simply etching the n-GaN or p-GaN layer to form nanostructures would not significantly
modify the fabrication steps required to make ohmic contacts. There is, however, a greater poten-
tial for improved efficiency by etching through the active region to induce strain relaxation and
weaken the quantum-confined Stark effect (QCSE).13–22 Compared to blue, green InGaN quan-
tum-well structures have a higher strain due to larger lattice mismatch as the InN mole fraction is
increased.23 The strain relaxation effects and the resulting IQE improvement are therefore
expected to be higher for long-wavelength quantum-well emitters.

Fabricating nanostructures to induce strain relaxation can be achieved in several ways,
including cost-effective techniques such as the use of self-assembled metal nanoparticles as
etch mask16–18 or nanosphere lithography (NSL).19–22,24,25 The latter has the advantage of pro-
viding some degree of control over the periodicity and structure size in addition to the pos-
sibility of maximizing the active region fill factor. Early attempts at fabricating nanopillar
structures using NSL with closely packed polystyrene (PS) nanospheres have employed
metal templates formed in the interstices of the nanospheres, as etch mask.24 Another approach
is direct use of PS nanospheres as the masking material, whereby nanopillar structures can be
formed through an RIE process and the pillar diameter can be varied by oxygen plasma etching
of nanospheres.25

For InGaN∕GaN LED epistructures, the effects of nanostructure size on strain relaxation and
photoluminescence (PL) improvement have been investigated using periodic structures.13–15

Various RIE damage-curing techniques have been tested including thermal annealing,13 KOH
to etch damaged side-walls,15,18,21 and HCl treatment,17,18 all exhibiting improved PL compared
to as-etched samples.

In this work, we employ NSL in fabricating nanopillars on green LED epistructures, and
Raman spectroscopy is used to confirm that strain relaxation takes place after nanopillar etching.
We investigate two different post-etch damage curing techniques, i.e., rapid thermal annealing
(RTA) and HCl chemical treatment, and how they can be combined to yield even greater
improvement. We also consider how the treatments depend on nanopillar sizes.

2 Fabrication

The LED epitaxial structure was grown on a c-plane flat sapphire substrate by metal-organic
chemical vapor deposition. Approximately 20-nm-thick low temperature GaN buffer layer was
deposited followed by 2 μm u-GaN layer and 3 μm n-GaN:Si. Then, five periods of InGaN∕GaN
superlattice followed by five periods of InGaN∕GaN multiple quantum-well (MQW) active
region were grown. A 150 nm thick p-GaN:Mg and a 1 nm p-InGaN capping layer were
then grown. For the NSL process, we deposited 150 nm SiO2 by means of plasma-enhanced
chemical vapor deposition. PS nanospheres with a diameter of 490 nm were used as templates for
the patterning. To improve the hydrophilic properties of the substrate surface (top SiO2 layer),
the samples were exposed to oxygen plasma for 10 min. The PS nanosphere suspension con-
sisted of 10% solids in aqueous solution (from Fisher Scientific ApS). The nanosphere suspen-
sion was then spin coated on the samples, applying several parameters.26,27 We employed
a two-step spin-coating process with a fast spin to spread the nanospheres, followed by a slow
spin for drying. Our optimized parameters were a spin for 10 s at 2200 rpm with 600 rpm∕s,
followed by 30 s at 1000 rpm with 200 rpm∕s. We used a drop of 10 μL on a 1 × 1 cm chip size.
Using these parameters, a closely packed monolayer of PS nanospheres was obtained.
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To investigate different sizes of nanopillars, the PS nanospheres were shrunk to different sizes
using oxygen plasma RIE, then an RIE process with CHF3∕N2 chemistry at 50-W radio fre-
quency (RF) power was used to etch the SiO2. It is important that the plasma does not contain
O2 to avoid etching the PS nanospheres. Inductively coupled plasma (ICP) (RIE Plasmalab-100
system from Oxford Instruments) was then used to etch InGaN∕GaN layers with Cl2∕Ar chem-
istry, where SiO2 and the remaining PS nanospheres acted as etch mask. Process parameters were
400∕75 W of ICP/RF power, 20∕3 sccm flow rate of Cl2∕Ar, 5-mTorr process pressure, and 23°
C platen temperature. Samples were etched for 3.5 min, and the obtained structure heights were
in the range of 570 to 610 nm. After ICP etching, possible remnants of the PS nanospheres were
cleaned using acetone followed by oxygen plasma etching. Subsequently, the SiO2 layer was
removed by 5% hydrofluoric acid (HF) wet etching. Damage-curing treatments, including RTA
and HCl, were then applied at this step of the process. A schematic overview of the process is
shown in Fig. 1.

3 Results and Discussions

The process of SiO2 etching is not entirely harmless against the PS nanospheres. The selectivity
of nanosphere diameter shrinking relative to SiO2 etch-rate is approximately 1∶3. This leads to
SiO2 nanopillars with angled side-walls, which are transferred to GaN nanopillars. As shown in
the scanning electron microscope (SEM—Zeiss Supra V40 with 5 kVelectron energy) images of
Fig. 2, this effect is not severing due to the chosen thickness of SiO2. It was not performed in this
work, but if desired, a short KOH treatment can be applied to the InGaN∕GaN nanopillars as
anisotropic etching to produce vertical side-walls.15 Four different samples were fabricated, each
with a different nanopillar diameter. For three of the samples (A to C), the PS nanospheres were
shrunk prior to SiO2 etching, and for the fourth sample (D), the nanospheres remained as depos-
ited and closely packed. As such, the different InGaN∕GaN nanopillar top-surface diameters for
samples A to D were 220, 360, 430, and 490 nm, respectively.

Fig. 1 Nanopillar fabrication process using nanosphere lithography. The SiO2 layer is deposited
prior to nanosphere (NS) spin-coating to serve as an etch mask for GaN etching. Reactive-ion
etching (RIE) is used to shrink the NS size and form SiO2 nanopillars, which is then transferred
to GaN by an inductively coupled plasma (ICP)–RIE process. Acetone and hydrofluoric acid (HF)
are used to remove the nanospheres and the SiO2 layer.

Fig. 2 Scanning electron microscopy (SEM) images showing (a) SiO2 nanopillars with PS nano-
spheres. (b) Bird-eye view of the etched InGaN∕GaN nanopillars and (c) the cross-sectional profile
with remaining SiO2 mask on top of the pillars.
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After ICP etching and removal of SiO2 together with PS nanospheres, PL measurements were
conducted using a 405-nm excitation laser. The excitation and detection (using an Instruments
Systems CAS 140CT Spectrometer) were from the sapphire side of the samples. The PL spectra
of samples B and C are shown in Fig. 3, where all the intensities are normalized to the reference
(as-grown) sample peak value. As mentioned previously, the ICP etching process of
InGaN∕GaN causes damage to the MQWs. To investigate the effects of different damage-curing
techniques, we first performed RTA for 10 min at 500°C on sample B. The result is shown in
Fig. 3(a), where PL intensity is enhanced compared to the as-etched nanopillar sample with
an integrated PL enhancement ratio of 1.96. Succeeding the RTA process by a 1-h HCl treatment
at room temperature further enhanced the PL. The combination of RTA-HCl treatment resulted in
an enhancement by a factor of 2.82. On sample C, we first investigated the effect of HCl treat-
ment alone, and the result was an enhancement by a factor of 1.57 relative to the as-etched
sample. Following the HCl treatment by RTA did not show a significant improvement, as
shown in Fig. 3(b). Apparently, the sequence of these damage-curing techniques is important
when considering PL improvement and the combination provides a better result than either of
them separately. This is witnessed by performing the RTA–HCl process on sample C and by
observing a higher enhancement compared to the HCl–RTA case [Fig. 3(b)].

From the PL spectra of Fig. 3, it is noticed that the emission peak is blue-shifted compared to
the as-grown sample, and this is an indication of strain relaxation. To further consolidate
the strain relaxation effects, Raman spectra were measured using a Thermo Scientific Raman
DXR microscope. The excitation laser wavelength was 780 nm focused to a spot size of 3.1 μm
with 20 mW power. The Raman spectra of the samples are shown in Fig. 4. Considering the

(a) (b)

Fig. 3 (a) Photoluminescence (PL) spectra of sample B after formation of nanopillars (ICP-etch),
after thermal annealing (RTA) and a combination of thermal annealing followed by 1-h HCl treat-
ment. (b) The PL spectrum of sample C and the effects of different damage curing techniques.
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Fig. 4 Raman spectra of the samples A to D after nanopillar formation compared to the as-grown
sample.
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E2 (high) phonon mode of GaN, we notice that the peaks of the etched samples are located
around 569 cm−1, whereas the reference sample has its E2 (high) peak at 571 cm−1. The E2

phonon-mode peak shift toward lower energy affirms that strain relaxation has taken place
in the InGaN∕GaN MQWs.22,28,29

To further understand the effects of different treatments, we performed x-ray photoelectron
spectroscopy (XPS) measurements using a Thermo K-Alpha system from Thermo Scientific
with an Al K-Alpha source. The pass energy was set to 200.0 eV for the survey scan and
50.0 eV for high resolution scans. The reference peak energy is C 1s, C─C peak at
284.4 eV. A survey scan spectra is shown in Fig. 5(a). Comparing the as-etched sample spectrum
with that of the reference, one difference to note is the F 1s peak at 685 eV, indicating the pres-
ence of fluorine contaminants, and is more clearly resolved in Fig. 5(b). Fluorine contaminants
could have been introduced during the CHF3-based RIE process, although their trace is elim-
inated either by thermal annealing or HCl treatment. Significant Cl 2p and Cl 2s peaks are
present in the HCl-treated sample, as shown in Fig. 5(c). It appears that the Cl2-based ICP–
RIE etching of InGaN∕GaN is not introducing similar levels of chlorine contaminants as the
HCl treatment is. It has been known that HCl cleaning of GaN helps eliminate oxygen contam-
inants but leaves significant traces of chlorine, however the benefit of Cl is that it can tie up
nitride dangling bonds and make the surface more resistant to reoxidization.31 Since the as-
grown sample has an InGaN capping layer, In 3d5∕2 and In 3d3∕2 core level peaks are measure-
able around binding energies of 444.8 and 452.2 eV, respectively, as seen from Fig. 5(d). The
peak at 444.8 eV is likely due to indium native oxides (In2O3).

32 The two In 3d peaks vanish
when the as-etched sample is cleaned in 5% HF to remove the SiO2 mask. When the etched
sample is exposed to air over a prolonged time, indium native oxides will be formed on the
exposed surface of the InGaN well. It is, therefore, imperative that the nanopillar side-walls
are protected, e.g., through a passivation layer. The thermal annealing and HCl treatments
can also, by themselves, remove the native oxides (not shown). Figure 5(d) shows the combined
effect of RTA–HCl treatment.

In Fig. 5(e), we consider the O 1s core level peak, which for the reference is deconvolved into
three peaks at 530.4, 531.5, and 532.9 eV. For the as-etched sample, the lowest binding energy
could not be resolved. The O 1s binding energy at 530.4 eV can be due to indium native oxides,
In2O3.

32 The disappearance of this peak from the etched sample spectrum agrees with the find-
ings from the In 3d spectra, where indium oxide has no trace for the as-etched sample. To under-
stand why the peak disappears, we note that the as-etched sample has been treated with HF to
remove SiO2 mask. The HF treatment is expected to have etched away indium oxides, hence
leaving no trace in the XPS spectra. The binding energy at 531.5 eV can be ascribed to chemi-
sorbed oxygen atoms forming gallium oxides, Ga2O3, while the higher binding energy is likely
due to O–H bonding from OH species.31–35

(a)

(b) (c)

(d)

( )

(eV) (eV)

(eV) (eV)

(e)

Fig. 5 (a) X-ray photoelectron spectroscopy spectra and highlights of notable differences between
reference, etched, and surface-treated samples. The strong peaks near 400 eV are from Ga LMM
Auger transitions.30 (b) F 1s spectra, (c) Cl 2p and Cl 2s spectra and (d) In 3d spectra are shown
for reference, etched and RTA–HCl treated samples. (e) O 1s spectra and peak deconvolution into
three components for different samples. The as-etched spectra are shown after removing
the SiO2 masking layer using HF.
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It is seen that the RTA–HCl treatment has left no trace of the 531.5 eV peak, indicating the
removal of gallium oxides. The suppression of the O 1s peak was not achieved by the thermal
annealing process alone, as happened to be case with the HCl treatment alone [Fig. 5(a)]. From
these considerations, it would appear that HCl treatment outperforms thermal annealing, yet the
combination of the treatments accomplishes a better result as witnessed by the PL emissions. An
explanation could be that the wet chemical treatment of HCl only acts on the surface of the
nanopillars, while RIE-induced damage and contaminants in the interior of the structures remain
unaffected. Thermal annealing, on the other hand, will also affect the interior of the nanopillars
and have the possibility of out-diffusing contaminants, and in this regard, it might have been
advantageous to thermally anneal at higher temperatures.13 This was not tested because we
wanted to avoid annealing the samples at temperatures similar to or above the epilayer growth
temperature. The combination of thermal annealing and HCl treatment is therefore expected to
first cure interior damages and diffuse contaminants to the surface, while the HCl treatment
thereafter cures the surface.

The damage-curing technique of thermal annealing followed by HCl treatment was then
applied to samples A to D, and their PL spectra following this treatment are recorded in
Fig. 6(a). Compared to the as-etched spectra, all samples demonstrate improved PL emission
after the treatment. The integrated PL enhancements after nanopillar formation (post-ICP) and
after the RTA–HCl treatment (total enhancement) are given in Table 1. The PL intensity is seen to
increase from samples A to C, which is not a significant result considering that the active region
fill factor increases from A to C due to diameter variations with a fixed pitch. By contrast, sample
D with the largest fill factor demonstrates the lowest PL intensity peak. The inset of Fig. 6(a)
shows a titled SEM view of sample D, where most nanopillars are seen to be connected to neigh-
boring pillars. The connections can be expected to reduce the strain relaxation effects in the
MQWs, and therefore, despite having the largest fill factor, the PL intensity of D is the weakest
among the different samples.

Table 1 Sample characteristics and integrated photolouminance (PL) ratios.

Sample NP-diameter (nm)
Emission CM
blue shift (nm)

Post-ICP
enhancement

RTA–HCl
enhancement

Total
enhancement

A 205 17.9 0.88 2.93 2.59

B 350 14.4 2.61 2.82 7.38

C 425 12.5 3.19 2.51 8.03

D 490 5.8 0.95 2.14 2.03

Note: ICP, inductively coupled plasma; RTA, rapid thermal annealing.

)( )(

(a) (b)

Fig. 6 (a) PL spectra of the samples after RTA–HCl treatment. Inset shows SEM images of sam-
ples C and D. (b) The integrated PL enhancements relative to the as-etched samples against
nanopillar diameters. Inset is the angle-resolved PL for samples A to D.
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Blue shifts of the emission peaks are observed for all the etched samples relative to the
reference indicating a reduced QCSE and strain relaxation. However, the amount of blue shift
decreases with increasing nanopillar diameter (see Table 1), implying a higher strain relaxation
with smaller nanopillar sizes, in agreement with earlier investigations.14 We notice here that
sample D demonstrates a smaller blue shift compared to the others (see Table 1), which gives
another indication that strain relaxation effects are inhibited due to the connections between the
nanopillars.

The enhancement due to RTA–HCl treatment (relative to as-etched samples) is shown in
Fig. 6(b) for various sizes of nanopillars present in different samples. The included errorbars
are estimated from a 2% uncertainty in the PL intensities. The total enhancement factors relative
to the as-grown sample are listed in Table 1. Sample C demonstrated an integrated PL enhance-
ment by a factor of 8, the highest among all the samples. However, we notice from Fig. 6(b) that
the damage-curing treatment is more effective for smaller sized nanopillars. The enhancement
for sample Awith a pillar diameter of 205 nm is around a factor of 2.9, while that of the sample C
is around 2.5. This trend could be due to more damage being introduced by the RIE processes
when forming nanopillars of smaller diameter and thereby etching larger portions of the
InGaN∕GaN material. In such a scenario, the RTA–HCl treatment has a larger damage curing
potential. However, since smaller nanopillars have a larger side-wall relative to the MQW area,
another explanation could be that the HCl treatment has the possibility of reaching a larger
surface area of the MQW side-walls relative to the MQW area on a single nanopillar. Larger
nanopillars will have a smaller percentage of MQWs exposed from the side-walls of a single
nanopillar, and therefore less damage can be cured by the HCl treatment.

The inset of Fig. 6(b) shows the far-field emission patterns. As a figure of merit (FOM) for
the directionality, we estimate the percentage of power emitted inside a cone of 30 deg centered
on the normal emission direction, which for the reference sample is 44%. The FOM for samples
B and C are 59% and 60%, respectively, while sample A demonstrates the highest FOM of
65%. Not only did sample D show the weakest PL emission but also a poor directionality with
a FOM of 55%. Small pillar sizes seem to be favorable when high directionality is desired.

4 Conclusion

We fabricated nanopillar structures on InGaN∕GaNMQW LED using NSL and investigated the
optical properties of different sized nanopillar structures. We could confirm that post-RIE dam-
age treatment is critical for the optical performance of the LED, and in addition found that by
combining two damage treatment methods, i.e., thermal annealing and HCl treatment, the PL
improvement is better than either method applied separately. The order of these treatments is also
of significance, with RTA–HCl resulting in a better performance than HCl–RTA. By using ther-
mal annealing followed by HCl acidic treatment, an enhancement by a factor of 8 could be
obtained relative to the as-grown sample. We also found that the RTA–HCl treatment was
more effective for samples with smaller nanopillar diameters, i.e., when more of the active region
had been etched away.
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