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The relaxation of lattice-mismatched strain by deep postetching was systematically investigated for
InGaN/GaN multiple quantum wells �MQWs�. A planar heterojunction wafer, which included an
In0.21Ga0.79N �3.2 nm�/GaN �14.8 nm� MQW, was etched by inductively coupled plasma dry
etching, to fabricate high-density nanopillar, nanostripe, and nanohole arrays. The etching depth was
570 nm for all nanostructures. The diameter of the nanopillars was varied from 50 to 300 nm, then
the mesa stripe width of the nanostripes and the diameter of the nanoholes were varied from 100 nm
to 440 nm and 50 nm to 310 nm, respectively. The effect of strain relaxation on various optical
properties was investigated. For example, in an array of nanopillars with diameter 130 nm and
interval 250 nm, a large blueshift in the photoluminescence �PL� emission peak from 510 nm
�as-grown� to 459 nm occurred at room temperature �RT�. PL internal quantum efficiency �defined
by the ratio of PL integral intensity at 300 K to that at 4.2 K� was enhanced from 34% �as-grown�
to 60%, and the PL decay time at 4.2 K was reduced from 22 ns �as-grown� to 4.2 ns. These results
clearly indicate the reduction of lattice-mismatched strain by postetching, which enhanced strain
reduction with decreasing nanopillar diameter down to a diameter of 130 nm, where the strain
reduction became saturated. The dependence of RT-PL decay time on nanopillar diameter was
measured, and the surface nonradiative recombination velocity was estimated to be 5.8
�102 cm /s. This relatively slow rate indicates a little etching damage. © 2010 American Institute
of Physics. �doi:10.1063/1.3369434�

I. INTRODUCTION

Nitride-based compound semiconductors have been rec-
ognized as a powerful direct band gap material for many
applications such as high-temperature/power electronic
devices1 and light emitting diodes �LEDs� and laser diodes
operating in the visible and UV ranges of the electromag-
netic spectrum.2,3 Generally, InGaN/GaN multiple quantum
wells �MQWs� are used as the active layers in nitride-based
visible light emitters.4,5 The peak wavelength and efficiency
of emission are strongly affected by the built-in internal elec-
tric field arising from the combination of spontaneous and
piezoelectric polarization in the quantum wells �QWs�;6 the
strong internal field tilts the band edge; thus, the quantum-
confined stark effect induces a redshift in the emission spec-
trum. At the same time, low internal quantum efficiency
�IQE� is caused by the reduced overlapping between the
electron and hole wave functions. Under the current injection
condition, however, the carrier-screening effect of the inter-
nal field restores the tilt of the band, bringing about a blue-
shift in the emission. The shift in the carrier-induced emis-
sion peak wavelength of the c-plane grown InGaN LED is
therefore of concern for device applications.

Several methods have been proposed to reduce the
strain-induced piezoelectric field in nitride-based QWs. The
strain reduction has been performed by growing a p-InGaN
layer on top of the active region7 or a QW with a composi-

tionally graded barrier layer,8 or by inserting a prestrain layer
prior to the growth of QWs,9,10 or by decreasing the QW
thickness.11 An alternative approach to circumvent the gen-
eration of an internal field is to perform growth on nonpolar
and semipolar planes.12 Several groups have recently re-
ported the fabrication of GaN based QWs with a reduced
strain-induced piezoelectric field using low-dimensional
nanostructures that produced a blueshift in the PL wave-
length. Two different approaches bottom-up and top-down,
are utilized to fabricate GaN based nanostructures. For ex-
ample, self-organized GaN nanocolumns13–15 have been fab-
ricated by the bottom-up approach. Presence of a low inter-
nal field in InGaN QW nanocolumn was reported.15 There
have also recently been many reports on adapting the top-
down approach to prepare nanostructures by a combination
of electron-beam lithography �EBL� and inductively coupled
plasma �ICP�/RIE etching,16,17 or by using nanoimprint
technology,18 as well as to fabricate nanopillars by direct
etching using a focused ion beam �FIB� �Refs. 19 and 20�
and nanoporous masking materials.21,22 Although strain re-
laxation and the consequent blueshift in the emission wave-
length were reported in these studies, the slight increase in
PL intensity, reduction in PL decay time, and the strain re-
laxation effect of postetching a nanostructure with an InGaN
QW observed in these studies are not systematically under-
stood yet. It was also pointed out that the fabrication process
can seriously damage the sample surface and lead to a sig-
nificant decrease in luminescence of the MQW, even after
optimized annealing.16 Recently, we have reported the opti-a�Electronic mail: kishino@katsumi.ee.sophia.ac.jp.
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cal properties of InGaN/GaN top-down nanopillars fabri-
cated by chemically assisted ion beam etching,23 in which
cylindrical shapes of nanostructure with diameters of 2 �m,
1 �m, or 500 nm were prepared. This experiment proved
that partial strain relaxation occurs at the free side wall but
strain remains in the middle of the pillar structures because
still a bit large diameter of nanopillar does not completely
relax the strain. Nevertheless the strain relaxation leads to an
enhanced radiative recombination rate.

In this article, the strain relaxation in an InGaN/GaN
MQW was investigated for various styles of top-down nano-
structure, i.e., nanopillar, nanostripe, and nanohole structures
with a dramatic downsizing the nanostructures into length
scale less than 100 nm. The nanostructures were fabricated
by ICP dry etching using a thick SiO2 mask to avoid the
formation of etching defects. The strain relaxation effect was
examined by performing microphotoluminescence ��-PL�
and time-resolved PL �TR-PL� measurements to estimate the
nonradiative surface recombination velocity. Furthermore,
the size dependence of the strain relaxation of the nanostruc-
tures was investigated by systematically varying the sizes of
the nanopillar, nanostripe, and nanohole structures.

II. EXPERIMENT

Five-period MQWs composed of 3.2-nm-thick
InxGa1−xN wells and 14.8-nm-thick GaN barriers capped by
a 15-nm-thick GaN layers were grown by metal organic
chemical vapor deposition on a 3-�m-thick Si-doped GaN
layer prepared on a �0001� sapphire substrate. The thickness
and average indium �In� composition were estimated from
the high-resolution x-ray diffraction rocking curve of the
�0002� plane reflection. The average In composition was
21% in each QW.

The InGaN/GaN MQW was etched through a nanopat-
tern mask. In the process, a 100-nm-thick SiO2 film was first
deposited by sputtering on the as-grown wafer to reduce the
etching damage and increase the selectivity of GaN etching.
Then a 5-nm-thick Ti conducting film was deposited by
evaporation to prevent the charging during EB exposure; fi-
nally, nanostructures were prepared through EBL followed
by ICP etching. Nanostructures with various stripe �different
interval �L� and mesa width �W��, hole, and pillar �different
L and diameter ���� configurations were prepared with a
depth of about 570 nm. Because the QWs were located at a
depth of 105 nm from the top surface, 570 nm etching is
sufficient to reach the underlying GaN:Si layer. The nanopil-
lars and nanoholes were prepared in a triangular lattice ar-
rangement. After the etching process, EBL resist and SiO2

were removed with a suitable etchant, then the dimensions
and density of the nanostructures were measured by scanning
electron microscope �SEM�. The emission properties were
observed at room temperature �RT=300 K� and a low tem-
perature �4.2 K� by �-PL measurements. Here, the samples
were excited by the 325 nm line of a He–Cd laser through a
�40�� objective lens with an excitation power of 1.8 mW;
the optical power was measured immediately above the
sample surface. The excitation power density was kept con-
stant for all measurements. The luminescence was collected
through the objective lens and transmitted through an optical
fiber to a spectrometer with an electrically cooled charge-
coupled device detector.

III. RESULTS AND DISCUSSION

Typical SEM images of five-well InGaN/GaN MQWs
with nanopillars, nanostripes, and nanoholes are shown in
Fig. 1. The nanopillar and nanohole densities were main-
tained in the range from 6.25�108 to 2.5�109 cm−2, when
the dimensions of the nanopillars, nanostripes, and the nano-
holes were varied over a wide range as shown in Table I. The
bird’s eye view SEM images show the fabrication of a
smooth side surface, and the estimated etching depth was
about 570 nm. All nanostructures were narrower at the top
than at the bottom, and the slope angle of the sidewalls was
87.5°.

Figure 2 shows a comparison of the RT-PL spectrum of
the as-grown planar MQW and nanopillar structures, where
nanopillar diameter was varied from 200 nm to 50 nm under
a constant period, L=250 nm. The PL peak wavelength of
the as-grown MQW sample was 510 nm, where as for the
nanopillars, a blueshift was observed with decreasing pillar
diameter ���; the PL wavelengths of the samples with �
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FIG. 1. Top and bird’s-eye-view SEM images of �a� and �d� nanostripe �L
=400 nm, W=210 nm�, �b� and �e� nanohole �L=500 nm, �
=200 nm�, and �c� and �f� nanopillar �L=250 nm, �=200 nm� samples.

TABLE I. Intervals and dimensions of the nanopillars, nanostripes, and nanoholes.

Stripe pattern Hole pattern Pillar pattern

Period, L
�nm�

Stripe width, W
�nm�

Period, L
�nm�

Diameter, �

�nm�
Period, L

�nm�
Diameter, �

�nm�

250 70–200 250 50–155 250 50–200
300 70–260 300 55–210 300 70–220
400 190–360 400 70–290 400 120–300
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=200, 160, 130, 80, and 50 nm were 482 nm, 475 nm, 459
nm, 459 nm, and 460 nm, respectively. Interestingly, when �
was below 130 nm, no further blueshift occurred. Thus, the
shortest peak wavelength attained was 459 nm, giving a
maximum blueshift ���� of 51 nm, but a marked decrease in
the PL intensity occurred with decreasing volume of the ac-
tive region. Note that the blueshift of 51 nm is much higher
than the values reported for randomly arranged FIB-etched
nanopillars19 and ICP-etched nanopillars/stripes.16,18,24 This
blueshift can be attributed to two factors such as: the strain
relaxation25,26 and the quantum size effect24,27 of the MQW.
However, the blueshift based on the quantum size effect is
negligibly small for nanopillars with large diameters of
above 15 nm.24 Thus, strain relaxation caused the
blueshift,16,17,23,28 proving that strain relaxation occurs for
nanopillars with diameters of 1 �m or less. Because samples
in this experiment possessed a smaller diameter of 50–200
nm, they should undergo greater strain relaxation in the
MQW region.

Similar strain relaxation was observed for the nanostripe
and nanohole structures, but the blueshift was small, prob-
ably because the occupation ratio of the etched sidewall, on
which the strain relaxation preferentially occurs, was small.
To take differences in configuration of the nanostructures
into account, the spatial occupation factor of the sidewall is:
Vsoc �sidewall length/unetched area� was defined. Figure 3
shows the blueshift ���� as a function Vsoc. �� increased
with Vsoc until Vsoc value reached 5.0�10−3 nm−1 �typi-
cally, nanopillars with �=130 nm and L=250 nm� but
above that, no change was observed, owing to the saturation
of the strain relaxation effect. Strain relaxation only occurs at
the area of the etched sidewall, thus, it is independent of the
configuration of the nanostructures; this experiment clarified
that the amount of strain relaxation is determined by Vsoc,
independent of the type of nanostructures. Figure 4 shows
PL intensity at RT as a function of Vsoc; note that the PL
intensity increased sharply up to a Vsoc of 1.3�10−3 nm−1

and then decreased abruptly. This phenomenon is explained
as follows. Below a Vsoc of 1.3�10−3 nm−1 an increase in
Vsoc enhances strain relaxation, which improves the emission
efficiency of the InGaN-MQW, thus increasing the light in-
tensity. However, when Vsoc increases above this value the

volume of the active region decreases substantially, reducing
the emission intensity. Below a Vsoc of 5.0�10−3 nm−1, the
strain relaxation effect probably increases the intensity but it
is overcome by the volume reduction effect but above this
value the strain relaxation effect is saturated, and, therefore,
the intensity decreased to below that of the original as-grown
planar sample owing to the volume reduction in the active
region. Thus, the PL intensity was maximized at Vsoc=1.3
�10−3 nm−1, at which for the nanopillar structure with L
=300 nm and �=200 nm, the PL intensity was enhanced
by a factor of about 8 compared with that of the as-grown
planar sample. Note that all data, including that for nanos-
tripe and nanoholes follow the same trend, as shown in Fig.
4, indicating that the configuration of the nanostructures did
not provide the difference in the PL intensity, which was
determined uniquely by the spatial occupation of the side-
wall.

The improvement in the PL intensity is understood as
follows. The strain relaxation restores the tilted band to the
flat band by increasing the overlapping between the electron
and hole wave functions, which increases the light oscillation
strength and enhances the radiative recombination rate. At
the same time, nanotexturing effect of the structures can en-
hance light extraction efficiency from InGaN QW. However,
as discussed in Ref. 23, no enhancement in light extraction is
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FIG. 2. �Color online� Comparison of PL spectra of as-grown planar sample
and InGaN/GaN MQW nanopillar with �=200 nm, 160, 130, 80, and 50
nm measured at RT.
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FIG. 3. �Color online� Measured blueshift ���� of the nanostructures with
relative to as-grown MQW as a function of Vsoc �spatial occupation of
etched sidewall�.
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FIG. 4. �Color online� PL intensity of the nanostructures as a function of
Vsoc �spatial occupation of etched sidewall�.
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projected when the InGaN QW is placed closely to the sur-
face, for example, in nanopillar with a very thin capping
layer �15 nm in thickness�.23

The temperature dependences of the PL integrated inten-
sity I�T� for the as-grown planar sample and nanopillar
sample with L=400 nm and �=250 nm were evaluated in
the temperature range from 300 to 4.2 K using an Oxford
Instruments cryostat system. The result is shown in Fig. 5,
where I�T� was normalized to unity at the lowest tempera-
ture. I�T� for the as-grown planar MQW and nanopillar
samples was almost constant at low temperatures and then
sharply decreased with increasing temperature above 100 K
and 175 K, respectively. This tendency indicates that the ac-
tivation temperature of the nonradiative process was higher
for the nanopillar sample, suggesting a higher IQE at RT.
PL-IQE is defined as the ratio of RT-PL integrated intensity
to that at the low temperature �4.2 K�, at which nonradiative
recombination processes are assumed to be completely
quenched.29,30 The PL-IQE was evaluated by varying the in-
cident power density of the excitation laser source from
1 �W /cm2 to 1.0 mW /cm2 and was maximized at
700 �W /cm2; the maximum PL-IQE at RT was about 34%
for the as-grown sample, and 60% for the nanopillar sample
with L=400 nm and �=250 nm. This enhancement in PL-
IQE was caused by the strain relaxation, and induced an
increase in the recombination probability of carriers.

Furthermore, the samples were evaluated by TR-PL mea-
surements at 4.2 K. Figure 6 shows the TR spectra of the
as-grown MQW and nanopillar samples �L=250 nm, and
�=130 nm�. Both PL time decay curves were fit to the fol-
lowing stretched exponential expression:31

I�t� = A1e�− t

�1
� + A2e�− t

�2
��

, �1�

where I�t� is PL intensity as a function of time t, �1 and �2

are recombination time constants, and � is a scaling param-
eter related to the dimensionality of the localizing centers
�here, �=0.7�.8,31,32

The fitting gave PL decay times of the as-grown planar
MQW and the nanopillar samples of 22 ns and 4.2 ns, re-
spectively. The dependence of PL decay time on nanopillar
diameter was investigated, and it was found that the decay
time is reduced with decreasing diameter and becomes satu-

rated at 4.2 ns when �=130 nm. From a numerical simula-
tion of the strain distribution of an InGaN quantum disk
embedded in a GaN nanopillar in the radial direction, the
strain relaxation of the quantum disk occurs at the side-wall
region at a depth of 10–20 nm from the side surface. Such a
strain distribution has previously been reported for GaN/
AlGaN nanocolumns33 and InGaN/GaN nanopillars.23 Note
that faster radiative recombination occurs in the strain-
relaxed region, and the diffusion length of carriers in InGaN
MQWs was reported to be between 100 and 200 nm.34 Fast
recombination at the sidewall region produces a radial carrier
distribution, which induces the driving force of carrier diffu-
sion from the nanopillar center to the side facet. Thus, from
the experimental results it can be understood that, when the
nanopillar diameter was less than 130 nm, almost all the
carriers were recombined with faster recombination in the
strain-relaxed sidewall with assistance as a result of carrier
diffusion. Actually, more complicated mechanism comes into
play in the emission because the carrier diffusion should be
analyzed under the radial energy distribution taking both the
strain relaxation induced energy-change and the surface en-
ergy pinning model into account. But the experimental re-
sults of Figs. 3 and 4 support that the carrier diffuses com-
pletely to the sidewall when the nanostructure sizes are
sufficiently small. But a precise analysis of emission mecha-
nism is remained in future. In addition to that, we notice that
the �-PL spectra of the nanopillar structures with diameter
less then 130 nm were completely separated from that of the
as-grown sample; thus, the emission at the center strain re-
gion was sufficiently suppressed. In fact, when the diameter
decreased to below 130 nm, no further blueshift in the PL
spectrum occurred �Fig. 3�.

In this section, the surface recombination process in the
nanopatterned MQW is discussed. Room temperature TR-PL
measurement was carried out for nanopillar structures with
different L �250 to 400 nm� and � �50 to 300 nm� to estimate
the decay time ��PL� using the stretched exponential fitting.
The decay process consisted of radiative and nonradiative
recombination; thus, the RT-PL decay time ��PL� is expressed
as35
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1

��PL�
=

1

��rad�
+

1

��nonrad�
, �2�

where ��rad� and ��non-rad� are the radiative and nonradiative
decay times, respectively. Also IQE is expressed in terms of
��rad� and ��nonrad� as

IQE =
��nonrad�

��rad� + ��nonrad�
. �3�

Using Eqs. �2� and �3� and the measured ��PL� and IQE
values, the radiative and nonradiative decay times were sepa-
rately evaluated. Figure 7 shows the estimated ��nonrad� as a
function of nanopillar diameter; ��nonrad� is linearly dependent
on the diameter, which clearly indicates that the surface re-
combination governs the decay process. It was also con-
firmed that nanostructures with different configurations, i.e.,
nanopillar, nanostripe, and nanohole, had the same recombi-
nation lifetime for the same sidewall spatial occupation.

For nanopillars with a cylindrical cross section, the non-
radiative surface recombination lifetime ��nonrad� can be writ-
ten as d / �4Vs�, where d is the pillar diameter and Vs is the
surface recombination velocity. This formula matches the ex-
pected surface recombination time for a filament with a
square cross section,26,36 but it differs from that for a planar
confinement structure ���nonrad�=T / �2Vs�� in which a planar
active layer of thickness T is bound by only two
surfaces/interfaces.37 Assuming that ���nonrad�=T / �4Vs�� ap-
plies to our InGaN MQW nanopillars with cylindrical cross
sections, the slope in Fig. 7 gives 1 / �4Vs�. Thus, from the
linear fitting of the data, the RT nonradiative surface recom-
bination velocity is estimated to be Vs=5.8�102 cm /s.
Note that this value is about one order smaller than that for
Si-doped GaN nanowires;26 it was as a factor of 20 smaller
than the reported value for undoped GaN epilayers,32 and
two orders of magnitude smaller than the reported value for
GaAs �Vs=1�106 cm /s�.38 And it was a factor of 2 smaller
than the value reported for an InGaN-based photonic crystal
structure.39 Therefore, the low surface recombination veloc-
ity and enhanced emission efficiency make the nanopillar
material a good candidate for nanoscale light-emitting-
device applications.

IV. CONCLUSIONS

High-density �6.25�108 to 2.5�109 cm−2� top-down
nanohole, nanostripe, and nanopillar InGaN/GaN MQW
structures were fabricated by ICP dry etching, where the lat-
eral dimensions of the nanostructures were varied over a
wide range with a constant height of 570 nm. The RT-PL
emission wavelength of the nanopillars with interval 250 nm
and diameter less then 130 nm was evaluated to be 459 nm,
indicating a blueshift of 51 nm relative to emission wave-
length of an as-grown planar MQW sample. The blueshift is
caused by the strain relaxation effect; the strain relaxation
improved the emission intensity by a factor of 8 and the
PL-IQE value from 34% to 60%, causing LT-PL decay time,
corresponding to the radiative lifetime, to be shortened from
20 ns to 4.2 ns. This improved PL property was obtained as
a result of suppressed internal field, which induced an in-
crease in the overlapping between electron and hole wave
functions, in addition to the improved light extraction ob-
tained by nanotexturing effect. It was also clarified that the
strain relaxation effect occurred independent of the type of
nanostructure, in which the amount of relaxation was deter-
mined only by the role of spatial occupation of the etched
sidewall. The nonradiative surface recombination velocity on
the etched sidewall of the InGaN MQW was evaluated to be
Vs=5.8�102 cm /s. This value is extremely low compared
with previously reported data. From these experiments, it can
therefore be concluded that the top-down approach to fabri-
cating nanostructures is applicable for the fabrication of In-
GaN based nanolight-emitting devices.
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