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The optical properties of InGaN/GaN quantum wells, which were nanopatterned into cylindrical

shapes with diameters of 2 �m, 1 �m, or 500 nm by chemically assisted ion beam etching, were

investigated. Photoluminescence �PL� and time-resolved PL measurements suggest inhomogeneous

relaxation of the lattice-mismatch induced strain in the InGaN layers. By comparing to a strain

distribution simulation, we found that partial stain relaxation occurs at the free side wall, but strain

remains in the middle of the pillar structures. The strain relaxation leads to an enhanced radiative

recombination rate by a factor of 4–8. On the other hand, nonradiative recombination processes are

not strongly affected, even by postgrowth etching. Those characteristics are clearly reflected in the

doughnut-shape emission patterns observed by optical microscopy. © 2010 American Institute of

Physics. �doi:10.1063/1.3280032�

I. INTRODUCTION

Extensive scientific and technological efforts have been

devoted to optoelectronic devices based on III-nitride semi-

conductors, which have led to dazzling blue light-emitting

diodes with a record external quantum efficiency of 75.5%.
1

Although the In composition in InGaN quantum well �QW�

active layers can control the emission wavelength, the emis-

sion efficiency drastically decreases beyond the blue-green

spectral range. This so-called green gap issue is due to two

major factors: the potential fluctuations and quantum con-

finement Stark effect �QCSE�. Using scanning near field op-

tical microscopy �SNOM�
2–4

and confocal laser scanning

microscopy,
5

we have investigated the emission mechanisms

of InGaN QWs, and found that their optical properties

strongly depend on submicron-scale potential fluctuations.

Quite recently, we have developed nanospectroscopy

based on SNOM and atomic force microscopy.
4

This newly

developed technique to assess violet, blue, and green emit-

ting QWs has revealed that in blue-emitting QWs, potential

fluctuations prevent threading dislocations �TDs� from cap-

turing carriers/excitons. In contrast in green-emitting QWs,

potential fluctuations are associated with newly introduced

TDs. Carriers/excitons with a radiative lifetime, �r, elongated

by the QCSE easily diffuse to such TDs and recombine non-

radiatively. Therefore, one promising way to increase the lu-

minescence intensity in the green spectral range is to shorten

the diffusion length of carriers/excitons, which corresponds

to a reduction in �r. Thus, the stronger luminescence is a

consequence of a better internal quantum efficiency, which is

described as �1+�r /�nr�
−1, where �nr is a nonradiative recom-

bination lifetime.

Of the several proposals to promote radiative recombi-

nation, such as nonpolar/semipolar QWs
6–9

and

plasmonics,
10

nanostructures are one of the most promising

approaches because the free side wall may relax the strain in

QWs, and consequently, suppress the QCSE.
11–19

In particu-

lar, InGaN/GaN nanocolumns, which are self-formed by mo-

lecular beam epitaxy, do not involve TDs
11,12

and show a

very fast �r due to strain relaxation in InGaN QWs.
16

To date,

the sizes and positions of nanocolumns are well controlled

by selective area growth,
17

and the homogeneity has drasti-

cally been improved.
18

On the other hand, nanorings and

nanopillars are constructed from conventional planar QWs

by postgrowth processes.
13,14,19

This top-down approach can

be advantageous over the above-mentioned bottom-up ap-

proach because arbitrary structures can be fabricated at arbi-

trary positions, allowing well-established growth on the

�0001� plane. Moreover, this approach will pave the way

toward controlled artificial spatial inhomogeneity in InGaN

light-emitting layers, which was proposed in Ref. 5 as an

effective way to improve emission efficiency and, further-

more, to create novel functionality. However, to date, radia-

tive and nonradiative recombination processes have yet to be

thoroughly studied for bottom-up and top-down nanostruc-

tures. Particularly for top-down nanostructures, the genera-

tion of nonradiative recombination centers by postgrowth

processes is a major concern. Herein the details of the re-

combination dynamics in InGaN/GaN nanopillars fabricated

from planar QWs by chemically assisted ion beam etching

�CAIBE� are investigated. It is demonstrated that CAIBE

does not generate a nonradiative pathway, which enables the

intrinsic properties of nanopillars to be extracted. Optical

characterizations and theoretical considerations revealed that

the lattice-mismatch induced strain is relaxed around the free

side wall, whereas it remains around the middle of nanopil-

lars, which lead to their unique optical properties.
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II. NANOPILLAR FABRICATION

Initially, GaN was grown on a sapphire �0001� substrate

using metalorganic vapor phase epitaxy. Then a 3-nm-thick

InGaN single QW �SQW� and a 10-nm-thick GaN capping

layer were grown on GaN. The In composition was 25%,

unless stated. Cylindrical nanopillars with diameters of

2 �m, 1 �m, and 500 nm were fabricated ex situ. The pat-

terns were defined into a 200-nm-thick polymethylmethacry-

late resist spun onto the samples and exposed to a field emis-

sion electron beam lithography system. After lithography, the

beam patterns were transferred into the samples using

CAIBE. CAIBE employs both chemical and physical etching

processes. Thus, anisotropic but fast etching is possible un-

der gentle conditions.
20

In this study, Xe was used for sput-

tering, while Cl2 was used for chemical etching. The etched

depth was 150 nm. Therefore, the side wall of the SQW was

exposed to air. Figure 1 displays scanning electron micros-

copy �SEM� images of a fabricated nanopillar sample with a

diameter of 500 nm. It is confirmed that well-defined struc-

tures are fabricated even for this minimum diameter.

III. RADIATIVE RECOMBINATION PROCESSES
AFFECTED BY STRAIN RELAXATION AROUND THE
FREE SIDE WALL

A. Optical characterizations

Figure 2 shows a fluorescent microscopy image of nano-

pillars with a 2 �m diameter acquired at room temperature

�RT�. The image was taken at the surface normal. Details of

the emission pattern are discussed in Sec. V. As seen in Fig.

2, 8�8 nanopillars were fabricated within a 30�30 �m2

square region, which was surrounded by an unprocessed re-

gion involving the planar SQW. Obviously, the emission

from the nanopillars was much stronger than that from the

planar SQW, even though the nanopillar fabrication de-

creased the emission area. Similar trends were observed for

nanopillars with different diameters. Contrary to conven-

tional III-V semiconductors, such as GaAs, where post-

growth processes typically cause damage and degrade the

emission properties, the external quantum efficiency was

drastically improved for our InGaN/GaN nanopillars. This

finding suggests that the surface recombination velocity of

�In�GaN is very slow not only for the self-formed

nanocolumns
16

but also for the nanopillars. �The influence of

the nanopillar fabrication on the nonradiative recombination

rate is quantified in Sec. IV.� However, the mechanisms caus-

ing the striking difference between conventional III-V and

nitride semiconductors have yet to be clarified.

The emission intensity is generally determined as the

product of the internal quantum efficiency and light extrac-

tion efficiency. Therefore, to identify which factors play

larger roles in the increased emission intensity observed in

Fig. 2, photoluminescence �PL� measurements were per-

formed at 4.2 K and RT under selective excitation by a fre-

quency doubled Ti:sapphire laser emitting at 400 nm. The

excitation spots were adjusted using confocal microscopy in

order to assess a single nanopillar while maintaining an ex-

citation carrier density of 8.0�1017
/cm3. Figure 3 shows the

PL spectra at 4.2 K with the emission intensities normalized

by the emitting areas. The PL integrated intensities were

nearly the same for all samples, indicating that there is not a

difference in the light extraction efficiencies among the

samples. This was supported by fluorescent microscopy per-

formed at 4.2 K, where the emission intensity was rather

independent of the sample structures including the planar

SQW. Our finite-difference time-domain �FDTD� simulation

suggests that thicker GaN capping layers increase the light

extraction efficiency, especially to the near-normal direction.

Hence, the thin capping layer in the present nanopillar �10

nm� did not affect the light extraction efficiency. At RT, on

the other hand, compared to the planar SQW, the PL inte-

grated intensities increased by factors of 3.3, 7.7, and 6.6 for

500 nm 100 nm

(a) (b)

FIG. 1. �a� Bird’s eye view of InGaN/GaN nanopillars observed by SEM

and �b� the magnified image. Pillar diameter is 500 nm.

FIG. 2. �Color online� Fluorescent microscopy image observed at the sur-

face normal of nanopillars. Image is acquired at RT and the pillar diameter

is 2 �m.
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FIG. 3. �Color online� PL spectra of a planar SQW and nanopillars with

diameters of 2 �m, 1 �m, and 500 nm acquired at 4.2 K.
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�2 �m, �1 �m, and �500 nm nanopillars, respectively.

These increases can be attributed to the improved internal

quantum efficiencies.

Figure 3 shows another interesting characteristic in the

PL spectra. The PL of the planar SQW consisted of a single

peak at 2.34 eV. However, nanopillar fabrication produced an

additional peak, and smaller nanopillars shifted it toward

higher energies. As deduced from the similar structure of

self-formed nanocolumns,
16

the nanopillar structure may re-

lax the strain in the InGaN well layers. For fully strained

In0.25Ga0.75N on unstrained GaN, the estimated internal elec-

tric field due to piezoelectric and spontaneous polarizations

was 2.54 MV/cm. If this electric field is completely elimi-

nated, then the PL peak should shift from 2.34 to 2.70 eV.

Thus, Fig. 3 indicates that the relaxation is not uniform, and

that regions with different degrees of relaxation coexist

within a nanopillar SQW.

To demonstrate the internal electric field reduced by the

strain relaxation, the excitation density dependence of the PL

peak position was assessed. It was found that the increase in

the photogenerated carrier densities from 2�1016 to 8

�1018
/cm3 caused blueshifts of 110, 50, 30, and 10 meV for

the planar SQW, �2 �m, �1 �m, and �500 nm nanopil-

lars, respectively. Because the samples were on the same

wafer, the degree of state filling should be the same. There-

fore, the observed decrease in the blueshift can be attributed

to the reduced internal electric field, and the smaller blueshift

for smaller nanopillars suggests that the partial strain relax-

ation is promoted by the size reduction.

Furthermore, the strain relaxation should increase the

overlap between electron and hole wave functions, and con-

sequently, heighten the radiative recombination rate. This as-

sertion was confirmed by time-resolved PL �TRPL� measure-

ments performed at 4.2 K for ensembles of nanopillars. The

laser used was the same as that for the above experiments,

but the excitation density was 6.7�1016
/cm3. Figure 4

shows the PL decays �I�t�� at the PL peaks where the sym-

bols are the experimental data and the lines are the results of

fits with double exponential curves described by I�t�

=A1 exp�−t /�1�+A2 exp�−t /�2�. A1 and �1 �A2 and �2� are for

the faster �slower� decay component. The fitting errors in

terms of the reduced �-square value were 2.0, 6.0, 3.7, and

11.7 for the planar SQW, �2 �m, �1 �m, and �500 nm

nanopillars, respectively. For the planar SQW, single expo-

nential fit, that is, A2=0, provided the best fit with �1

=210 ns, which represented the radiative recombination life-

time. For the nanopillar samples, smaller pillars had faster

decay components. �Note that the radiative recombination

lifetime is the reciprocal of the radiative recombination rate.�

Furthermore, it is interesting to compare the ratio of the two

decay components: A1 /A2=1.2 for �2 �m, 1.5 for �1 �m,

and 2.0 for �500 nm. That is, the faster decay, which had a

lifetime of a few tens ns, became more dominant as the nano-

pillar diameter decreased. On the other hand, the slower de-

cay times in the nanopillars are closer to the radiative life-

time of the planar SQW �210 ns�. These findings led us to the

conclusion that the faster decays of the nanopillars are due to

radiative recombination in strain-relaxed regions but the

slower decays are due to radiative recombination in strained

regions. Hence, the decays reflect the inhomogeneous strain

relaxation in the nanopillars suggested by PL in Fig. 3. The

observed fast decay lifetimes of 44, 32, and 27 ns for the

�2 �m, �1 �m, and �500 nm nanopillars indicate that the

radiative recombination rates are enhanced by factor of 4.8,

6.6, and 7.8, respectively, via the strain relaxation.

B. Discussion

To support the above experimental results, the

polarization-induced electric field, the square overlap of the

electron and hole wave functions, and the transition energy

were calculated as a function of strain in 3-nm-thick

In0.25Ga0.75N /GaN SQWs. It was assumed for simplicity that

GaN is always unstrained, whereas In0.25Ga0.75N can be

strained irrespective of the lattice mismatch. Therefore, only

the InGaN layers involve electric fields. The piezoelectric

polarization was first evaluated as a function of strain, and

then, the internal electric field was deduced with considering

the contribution from the spontaneous polarization. The ob-

tained internal electric field determined the band profile of

the 3-nm-thick In0.25Ga0.75N /GaN SQW, for which electron

and hole wave functions, their square overlap, and transition

energy were calculated.

Figure 5 shows the results. The in-plane strain ��xx

=�yy� for fully strained In0.25Ga0.75N on GaN is �2.65% and

the closed circle in Fig. 5�a� denotes the corresponding

square overlap. Because square overlaps of the electron and

hole wave functions are inversely proportional to radiative

lifetimes, this plot represents the radiative lifetime of the

planar SQW �210 ns� and relates the experimentally esti-

mated radiative lifetime to the calculated square overlap, as

indicated by two vertical axes on the left hand side of Fig.

5�a�. Then, from the experimentally observed variation of the

radiative lifetimes due to the nanopillars �Fig. 4�, the open

circles in Fig. 5�a� are determined on the square overlap

0 100 200 300 400

Decay time (ns)

P
L
in
te
n
s
it
y
(l
o
g
,
a
rb
.
u
n
it
s
)

planar SQW

τ1 = 27 ns

φφφφ2 µµµµm

φφφφ1 µµµµm

φφφφ500 nm4.2 K

τ1 = 32 ns

τ1 = 44 ns

τ1 = 210 ns

τ 2 = 66 ns

τ 2 = 102 ns

τ 2 = 108 ns

FIG. 4. �Color online� PL decay curves acquired at the PL peaks for planar

SQW and nanopillars at 4.2 K.
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curve, and correspondingly, the strains are estimated to be

�1.54%, �1.30%, and �1.16% for �2 �m, �1 �m, and

�500 nm nanopillars, respectively.

Using the estimated strains, the calculated internal elec-

tric fields are 2.54, 1.51, 1.27, and 1.15 MV/cm for the pla-

nar In0.25Ga0.75N QW, �2 �m, �1 �m, and �500 nm

nanopillars, respectively, which can also be confirmed in Fig.

5�a�. The calculations quantify the partial strain relaxation,

which was suggested in Fig. 3. The residual electric field

should cause the QCSE. Figure 5�b� compares the calculated

transition energy �solid curve� and PL peak positions �sym-

bols�. The calculation considers the exciton binding energies,

which are 22 meV for the planar SQW and 28 meV for the

�500 nm nanopillars. �How to calculate the exciton binding

energy can be found in Ref. 21.� The calculation agrees well

with the experimental data, supporting the current analysis

for the strain and related optical properties.

C. Simulation of strain distribution in InGaN/GaN
nanopillars

To support the above mentioned in-plane strain reduc-

tion, a simulation was performed by solving the strain tensor

equation via the finite elemental method. Figure 6 shows the

result for a 3-nm-thick In0.25Ga0.75N with 200 nm pillar di-

ameter. In the middle of the pillar, the in-plane strain ��xx

=�yy� in InGaN is about �2.6%, which corresponds to fully

strained In0.25Ga0.75N on GaN. On the other hand, the free

side wall relaxes the strain to �1.5% to �1.0%. It was con-

firmed that nanopillars with diameters larger than 200 nm do

not change the degree of strain relaxation at the side wall,

which is why we selected �200 nm for the calculation to

reduce the calculation time without degrading the accuracy.

As shown in Fig. 6, the strain distribution is not uniform,

which is consistent with the PL and TRPL experiments �Figs.

3 and 4�. Furthermore, the calculated degree of strain reduc-

tion at the side wall agrees quite well with the experimen-

tally derived results from TRPL. Such an inhomogeneous

strain distribution has previously been reported for GaN/

AlGaN and InGaN/GaN nanopillars.
15,19

It is noteworthy that

the enhanced radiative recombination rate at the side wall

may cause doughnut-shape emission patterns, which are dis-

cussed in more detail in Sec. V

IV. RADIATIVE AND NONRADIATIVE RECOMBINATION
AT RT: INFLUENCE OF POSTGROWTH
NANOPILLAR FABRICATION

To assess radiative and nonradiative recombination pro-

cesses at RT, temperature dependence PL and TRPL mea-

surements were performed. Assuming the internal quantum

efficiency at low temperatures is nearly 100%, the PL inten-

sity ratio between 4.2 K and RT, IRT / I4.2 K, can be regarded

as the internal quantum efficiency, �1+�r /�nr�
−1, at RT. This

assumption seems valid because the PL intensity remained

unchanged below 50 K; if nonradiative processes are not

negligible, then the PL intensity should be weakened by

higher temperatures. On the other hand, the PL decay ex-

pressed as �PL
−1 =�r

−1+�nr
−1 was measured at RT by TRPL. Us-

ing the experimentally obtained IRT / I4.2 K and �PL at RT, then

�r and �nr can be evaluated.

Table I summarizes the results. For all samples, the es-

timated radiative recombination lifetime ��r� is longer than

that at 4.2 K �Fig. 4�, reflecting the temperature-dependence

of radiative recombination of excitons in low-dimensional

structures. Comparing all the samples indicates that the

nanopillars shorten the radiative lifetimes; that is, the radia-

tive recombination rates are heightened by factors of 1.9, 4.7,

and 5.3 for the �2 �m, �1 �m, and �500 nm nanopillars,

respectively. The enhancement factors differ slightly from
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x is along the diameter.

TABLE I. Summary of the temperature dependence PL and TRPL measure-

ments. Intensity ratio between 4.2 K and RT �IRT / I4.2 K� and decay time for

TRPL at RT ��PL� are experimental results, whereas �r and �nr are calculated.

IRT / I4.2 K

�%�

�PL

�ns�

�r

�ns�

�nr

�ns�

Planar SQW 0.9 3.7 463 3.7

�2 �m 3.0 7.2 240 7.4

�1 �m 7.0 6.9 99 7.4

�500 nm 6.0 5.3 88 5.6
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those at 4.2 K. Although the reason is unclear, it is likely

related to the difference in the dimensionality of the ther-

mally populated excitons for various nanopillars.

On the other hand, the nonradiative recombination life-

time ��nr� does not clearly depend on the structures, as shown

in Table I. Consequently, nanopillar formation improves the

internal quantum efficiency. The major concern of nanostruc-

tures fabricated by postgrowth processes is surface damages

induced by the process. However, current analysis of the

nonradiative recombination processes strongly suggests that

in the InGaN/GaN nanopillars fabricated by CAIBE, the re-

combination velocity at the processed surface is negligibly

slow compared to other recombination processes.

V. DOUGHNUT-SHAPE EMISSION PATTERNS

The doughnut-shape strain distribution revealed in Fig. 6

and radiative/nonradiative recombination processes affect the

emission patterns. Figures 7�a� and 7�b� display fluorescent

microscopy images, while Figs. 7�c�–7�f� are mappings of

emission intensity �Figs. 7�c� and 7�d�� and wavelength

�Figs. 7�e� and 7�f�� obtained by confocal microscopy for

�2 �m nanopillars. Figures 7�a�, 7�c�, and 7�e� were ac-

quired at RT, while Figs. 7�b�, 7�d�, and 7�f� were acquired at

4.2 K. For PL by confocal microscopy, the excitation source

was a frequency doubled Ti:sapphire laser emitting at 400

nm and the spatial resolutions were 500 nm at RT and 800

nm at 4.2 K.

The emission wavelengths at RT and 4.2 K similarly

distribute in doughnut shapes, as recognized in Figs. 7�e� and

7�f�; the area for longer emission wavelength is surrounded

by the area for shorter emission wavelength. Those observa-

tions are well accounted for by the doughnut-shape strain

distribution �Fig. 6�. That is, the strain relaxation at the side

wall reduces QCSE and shortens the emission wavelength.

Longer-wavelength emission observed outside the nanopillar

is probably due to light scattering within the sample, and the

emission intensity is negligibly weak, as supported by Figs.

7�c� and 7�d�.

In contrast, the fluorescent microscopy images revealed

considerably different emission patterns for RT and 4.2 K

�Figs. 7�a� and 7�b��; at RT, the emission intensity is distrib-

uted in doughnut shapes, whereas at 4.2 K, it is rather uni-

form in spite of the presence of the strain distribution. Those

observations are confirmed by the mappings of single nano-

pillars by confocal microscopy �Figs. 7�c� and 7�d��. To un-

derstand the difference in the emission patterns at RT and 4.2

K, temperature-dependent physics have to be considered and

we found that carrier/exciton recombination processes can

well account for the phenomena. The PL intensity, IPL, is

determined by competition between radiative and nonradia-

tive recombination processes and can be expressed by IPL

=G / �1+�r /�nr�, where G is the generation rate of carriers/

excitons by laser excitation. This equation tells us that at low

temperatures where nonradiative recombination processes

are negligible �i.e., 1 /�nr�0�, IPL becomes independent of �r.

This is consistent with Figs. 7�b� and 7�d�. At RT, on the

other hand, both �r and �nr may contribute to IPL. As listed in

Table I, �nr is not affected by the nanopillars, whereas �r is

drastically shortened by smaller nanopillars. Thus, the PL

intensity is strengthened around the side wall where the

strain is relaxed to shorten �r, and the doughnut-shape emis-

sion patterns are observed.

VI. RED-EMITTING NANOPILLARS

In this section, we discuss red-emitting nanopillars with

a 4-nm-thick In0.30Ga0.70N SQW and a 120-nm-thick GaN

capping layer. The purpose to assess these red-emitting nano-

pillars is twofold; one is to provide supporting data for strain

relaxation phenomena in nanopillars using a different struc-

ture, and the other is to demonstrate the effect of capping

layers on the light extraction.

Figure 8 displays PL spectra of the red-emitting planar

SQW, �2 �m and �500 nm nanopillars at 4.2 K. The exci-

tation conditions were the same as those for Fig. 3. The

emission intensities were normalized by the emitting areas

but were significantly structure-dependent, different from

those of the green-emitting nanopillars. The cause of this

observation is the light extraction, which is discussed later.

Concerning the emission peak energy, the blueshift by the

nanopillar fabrication suggests the strain relaxation. The de-

grees of the shift in the red-emitting nanopillars are slightly

larger than those in the green-emitting nanopillars, which

may be accounted for by a wider well in the red-emitting

nanopillars. Although two emission components due to the

strain-relaxed and strained regions could not be well re-

508 519
Wavelength (nm)

505 509

(a)

(e) (f)

(b)

Intensity (arb. units)

(c) (d)

FIG. 7. �Color� �a� fluorescent microscopy image, �c� emission-intensity

mapping, and �e� emission-wavelength mapping of �2 �m nanopillars ac-

quired at RT, while �b�, �d�, and �f� are those acquired at 4.2 K. The scale bar

for fluorescent microscopy ��a� and �b�� represents 2 �m and that for map-

pings by confocal microscopy ��c�–�f�� represents 500 nm. The dotted

circles in �c�–�f� designate the nanocolumn positions.
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solved, the line widths, which were roughly evaluated from

the envelopes of the spectra, increased from 135 meV for the

planar SQW to 170 meV for the �2 �m nanopillar, and

then, decreased to 135 meV for the �500 nm nanopillar.

This variation suggests that the �2 �m nanopillar involves

multiple components in its spectrum but a larger line width

prevented it from being resolved. The presence of multiple

components is also supported by the spectrum of the

�500 nm nanopillar, as the spectrum has a tail on the lower

energy side.

TRPL measurements were also performed. The radiative

lifetimes at 4.2 K were drastically shortened from 653 ns for

the planar SQW to 130 and 85 ns for �2 �m and �500 nm

nanopillars, respectively. The respective in-plane strains

were estimated to be �3.16%, �2.40%, and �2.18% and

well explain the blueshift of the PL peak positions in Fig. 8.

One of the direct consequences of the shortened radiative

lifetimes is improvements in the internal quantum efficiency.

Figure 9 shows the Arrhenius plots of the PL integrated in-

tensities. The intensity ratios between RT and 10 K were 4%,

17%, and 18% for the planar SQW, �2 �m, and �500 nm

nanopillars, respectively, assuring the improved internal

quantum efficiency in the nanopillars.

Thus, the strain-relaxation related phenomena observed

in the red-emitting nanopillars are essentially the same as

those for the green-emitting nanopillars, strongly suggesting

that the current experimental results and their interpretations

can be generalized. On the other hand, the light extraction

properties can significantly be affected by the capping layer

thickness. As mentioned above, the FDTD simulations have

predicted that thicker capping layers enhance light extraction

toward the surface normal. In fact, for the green-emitting

nanopillars with a 10 nm capping layer, Fig. 3 demonstrates

that the PL intensity at 4.2 K is rather insensitive to the pillar

diameters, suggesting that light extraction is not affected by

the pillar fabrication due to the very thin capping layer. In

contrast, for the red-emitting nanopillars with a 120 nm cap-

ping layer, the PL intensity normalized by the emitting area

increases by factors of 3.8 and 14.3 for �2 �m and

�500 nm nanopillars, respectively, at 4.2 K, as shown in

Figs. 8 and 9. Furthermore, Fig. 9 indicates that these factors

remain unchanged up to 50 K. Such temperature indepen-

dence implies that nonradiative processes are not activated in

this low temperature range, and the intensity difference can

chiefly be ascribed to the difference in light extraction effi-

ciency. �For more precise evaluation of the light extraction

efficiency, an integrating sphere must be used because the

current PL setup using an objective lens with a numerical

aperture of 0.60 preferentially collect the PL signal normal to

the surface.� When the capping layer is thick, smaller nano-

pillars have stronger PL intensities because nanopillars with

a higher aspect ratio can act as better waveguides directing

toward the surface normal. Furthermore, fluorescent micros-

copy images of these red-emitting nanopillars acquired at 4.2

K confirm the strengthened emission for smaller nanopillars

even at low temperatures.

VII. SUMMARY

In summary, we investigated InGaN/GaN nanopillars

formed from a planar SQW by CAIBE. It is confirmed that

CAIBE does not seriously induce nonradiative recombina-

tion centers, which enabled the intrinsic properties of the

nanopillars to be extracted. The calculations and the experi-

mental results by PL and TRPL consistently show that the

compressive strain in InGaN QWs is relaxed mainly at the

free side wall. Consequently, the radiative recombination rate

is enhanced at the free side wall by a factor of 4–8, which

indicates that nanopillars can control radiative recombination

processes.
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