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Spatially resolved photoluminescence �PL� of InGaN/GaN/AlGaN-based quantum-well-structured
light-emitting diodes �LEDs� with a yellow-green light �530 nm� and an amber light �600 nm� was
measured by using confocal microscopy. Submicron-scale spatial inhomogeneities of both PL
intensities and spectra were found in confocal micro-PL images. We also found clear correlations
between PL intensities and peak wavelength for both LEDs. Such correlations for yellow-green and
amber LEDs were different from the reported correlations for blue or green LEDs. This discrepancy
should be due to different diffusion, localization, and recombination dynamics of electron-hole pairs
generated in InGaN active layers, and should be a very important property for influencing the optical
properties of LEDs. In order to explain the results, we proposed a possible carrier dynamics model
based on the carrier localization and partial reduction of the quantum confinement Stark effect
depending on an indium composition in InGaN active layers. By using this model, we also
considered the origin of the reduction of the emission efficiencies with a longer emission
wavelength of InGaN LEDs with high indium composition. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2037869�

I. INTRODUCTION

Currently, InGaN/GaN quantum-well- �QW� structured
light-emitting diodes �LEDs� with several visible spectral re-
gions have been fabricated and used widely.1–4 At the blue
spectrum region, the external quantum efficiency ��ext� of the
LED has achieved 20% at room temperature in spite of high
threading dislocation �TD� density �108–1010 cm−2�. More-
over, a white light LED, in which a blue LED is combined
with a yellow phosphor, has been commercialized and offers
a replacement for conventional incandescent and fluorescent
light bulbs.5 However, luminous efficacies of commercial
white LEDs �25 lm/W� have been still lower than that of
fluorescent tubes �75 lm/W�. Thus, the most important re-
quirement for competitive LEDs for solid-state lighting is the
enhancement of quantum efficiency of emission. In order to
achieve such development, we have to elucidate and under-
stand the important factors that determine the optical prop-
erties of InGaN LEDs.

Recently, it has become known that microscopic inho-
mogeneities of the optical properties of InGaN active layers
are very important for emission efficiencies.6–8 The micro-
scopic spatial inhomogeneities of the optical properties
should be generated by a fluctuation of indium composition
by a phase separation in InGaN layers. The carriers, created
by electron injection or photoexcitation, are localized in
small volumes of indium-rich areas in InGaN,6–8 and hin-

dered to be trapped in nonradiative recombination centers
�localization model�.9,10 Another important feature of the
emission mechanics of InGaN/GaN is the quantum confine-
ment Stark effect11–13 �QCSE� which results from strong pi-
ezoelectric fields �FPZ� in strained InGaN QWs.14,15 Strain
induces change in the energy-band diagrams of InGaN sepa-
rating electron-hole pairs and decreasing the emission effi-
ciencies. The QCSE becomes more effective with an increas-
ing indium composition in InGaN QWs. Avoiding QCSE is
crucially important for higher performance LEDs. Recently,
FPZ values across the QW of the order of 1.4 MV/cm were
confirmed in amber InGaN single QW LEDs.16 Local pro-
files of the QCSE due to the spatial inhomogeneity of the
indium composition are also expected to be a very important
factor of the optical properties.

While a microscopic photoluminescence �PL� spectros-
copy has been used to characterize such microscopic optical
properties, the spatial resolutions of micro-PL were limited
by the diffraction limit of the light wave. Recently, a
cathodoluminescence17–19 �CL� or a scanning near-field opti-
cal microscopy20–25 �SNOM� has been used as a powerful
alternative method to obtain optical images of InGaN/GaN
in a submicrometer scale. However, spatial resolutions of CL
and SNOM are still limited by the diffusion lengths of car-
riers. At room temperature, carrier diffusion length becomes
large and the spatial resolutions of the CL and SNOM be-
come low, though the optical properties of such materials at
room temperature are much more important than those at low
temperatures for applications to optical devices.

Quite recently, we have reported the observation of the
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submicron-scale PL images and spectra of an
InGaN/GaN-based LED wafer by using confocal
microscopy.26 A confocal optical system enables a highly
spatial resolution beyond the diffraction limit of a light
wave.27,28 Previously, confocal microscopy has been used to
measure spatially resolved Raman spectroscopy to character-
ize the stresses29,30 and inhomogeneities of the yellow band
emission31 of a GaN crystal. O’Donnell et al. have published
confocal microscopic images of InGaN/GaN with a much
larger scale.32,33 We have showed that confocal microscopy
is a very powerful and convenient technique to observe the
submicron-scale optical properties of InGaN-based LED and
other optical devices.26

In this paper, we focus our attention to the confocal
micro-PL measurement of InGaN-based LEDs with high in-
dium composition, which has yellow-green or amber wave-
length emission. One of the problems of the InGaN-based
LED is the remarkable reduction of the emission efficiency
of InGaN with high indium composition.3,4 The light output
of the InGaN-based LED with yellow-green, yellow, or red
wavelength emission has been very dark, although the reason
for this is still unknown. Until now, there have been many
reports about the spatially resolved PL studies for InGaN-
based LEDs with bright blue or green emission. However,
similar studies for LEDs with high indium compositions so
far have not been studied in spite of the importance for wider
applications of LEDs. Here, we measured the spatial profiles
of the optical properties of LEDs with yellow-green or amber
emission. We compared the results with the previous studies
for LEDs with blue emission and considered the origin of the
reduction of the emission efficiencies of InGaN LEDs with
high indium compositions.

II. EXPERIMENT

The samples of InGaN/GaN/AlGaN-based LED wafers
with yellow-green light and amber light were grown by a
metal-organic chemical-vapor deposition �MOCVD� method
on a �0001� C-face sapphire substrate. The device structures
consisted of a 30-nm GaN buffer layer, a 5-�m-thick layer
of n-type GaN:Si, a 3-nm-thick active layer of undoped In-
GaN, a 60-nm-thick layer of p-type AlGaN:Mg, and a 150
-nm-thick layer of p-type GaN:Mg.

The PL spectra of InGaN-based LED with yellow-green
and amber emissions are shown in Fig. 1�a�. For reference,
PL spectrum of the same structured LED wafers with blue
emission is also shown together. The PL peak wavelengths of
blue, yellow-green, and amber LEDs are 480, 530, and
600 nm, respectively. From these peak wavelengths, the in-
dium compositions of blue, yellow-green, and amber LEDs
are roughly estimated to 15%, 30%, and 45%, respectively
by using the indium-composition-dependent PL spectra.34

�ext values of yellow-green LED and amber LED driven un-
der 20 mV were reported as 7% and 3%, respectively.3,4 The
PL lifetimes of yellow-green and amber samples are reported
as 16 and 28 ns, respectively, by the time-resolved PL
measurement.35 Figure 1�b� shows the Arrhenius plots of the
integrated PL intensities for blue, yellow-green, and amber
LEDs. The integrated PL intensities are constant in a low-

temperature region, and then decrease gradually with in-
creasing temperature. In such a case, the internal quantum
efficiency ��int� of emission can be estimated by assuming
that �int is nearly equal to unity at low temperature �20 K�.
�int are estimated to be 35%, 30%, and 18% for blue, yellow-
green, and amber LEDs, respectively.

The experimental setup of a confocal microscopy is
shown in Fig. 2. A confocal microscopy system manufac-

FIG. 1. �a� PL spectra of the InGaN/GaN/AlGaN-based LED wafers with
blue, yellow-green, and amber light emissions. �b� Arrhenius plots of the PL
intensities integrated over the emission spectra. PL-integrated intensities at
20 K were normalized to 1.

FIG. 2. Experimental setup of the confocal micro-PL measurement.
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tured by Tokyo Instrument �Nanofinder�36 is used with a
�100 objective lens �numerical aperture NA=0.95, F
=1.8 mm�. A cw beam from a 488-nm line of an Ar+ laser at
0.5 mW is used as the excitation beam. The focal size of the
laser beam is 300 nm under these conditions. PL signals
emitted from the samples are focused again on a small pin-
hole �8.5 �m� and the signals that passed through this pin-
hole are detected using a charge-coupled device �CCD� de-
tector with a monochromator. The lateral spatial resolution of
this system is about 200 nm.36 The measurement is per-
formed at room temperature �23 °C�.

III. RESULT AND DISCUSSION

A. Confocal microscopic images

Figure 3 shows the optical configuration of the confocal
microscopy and the sample structure of InGaN-based LED.
The excitation laser was focused around the upper layer re-
gion which includes the InGaN active layer of the LED
structure. Carriers were created within an excitation spot size
�300 nm� and diffused within the carrier diffusion length
�200–600 nm for InGaN/GaN �Refs. 37–39��. PL was emit-
ted by carrier recombination within the carrier diffusion
length. Even if the excitation spot sizes of CL and SNOM
were on the nanometer scale, the obtained optical images
were broadened with an increasing carrier diffusion length.
Using confocal microscopy, the PL emitted within the spot
size can pass the pinhole and be detected. On the other hand,
the PL emissions which came from outside the excitation
spots cannot pass the pinhole and cannot be detected.

Figures 4 and 5 show the confocal microscopic images
of the PL intensity mapping �a� and the PL peak wavelength
mapping �b� by scanning a 5�5-�m2 area taken for InGaN-
based LEDs with yellow-green and amber emissions, respec-
tively. We found fine islandlike structures within the range of
approximately 0.2–1 �m in both PL intensities and peak

wavelength. The relative PL intensity was fluctuated from 10
to 30 and the peak wavelength was fluctuated from
515 to 535 nm for yellow-green LED, while the relative PL
intensity was fluctuated from 5 to 17 and the peak wave-
length was fluctuated from 590 to 630 nm for the amber
LED. From the clearness of the fine structures in these im-
ages, the spatial resolution was estimated at about 200 nm,
which was much smaller than the carrier diffusion length at
room temperature ��600 nm�.39 These high spatially re-
solved PL images should be attributed to the advantage of
the confocal microscopy, i.e., the diffraction-limit-free and
the detection areas smaller than the carrier diffusion length.
Such clear images have not been obtained at room tempera-
ture by a usual microscope, even when using the CL mea-
surement at room temperature40,41 or SNOM with illumina-
tion or collection operation.20–22 Quite recently, our group
succeeded in obtaining the highly resolved PL images by
using the SNOM with illumination-collection mode.23,24 In
this method, both excitation and detection were operated
through the same optical fiber tip. The similar highly re-
solved PL image is obtainable by using the confocal micros-
copy, while the experimental setup and operation are much
easier.

The observed submicron-scaled PL inhomogeneities
should be due to the spatial fluctuation of the energy band
gap, which is mainly created by the spatial distribution of
indium composition in InGaN active layers. We found that
the correlation between the PL intensity �Fig. 4�a�� and peak
wavelength �Fig. 4�b�� of the yellow-green LED was not so
clear. We have already reported the similar behavior of
yellow-green LED probed by the SNOM measurement23 and
confocal microscopy.26 In this case, the areas of long PL
wavelength �small PL peak energy� correspond to indium-
rich areas. On the other hand, we can notice much clearer
correlation between Figs. 5�a� and 5�b� for the amber LED.
The points with strong PL intensities have shorter PL wave-
lengths, while the points with weak PL intensities have
longer PL wavelengths. In our recent report, a clear correla-
tion has been reported between the PL intensity and the
wavelength in spatially resolved PL images of blue LEDs by
using SNOM.24 In the case of blue LED, the areas of strong
PL intensity correspond to those at long PL wavelength. The
tendencies of PL intensity-peak correlations observed for the
yellow-green and amber LEDs were quite different. This dis-
crepancy should be due to the different behaviors of the car-
rier dynamics in active layers. The detailed relationship be-
tween the PL properties and the carrier dynamics will be
discussed in the later section.

B. Submicron-scale PL spectra

Figure 6 shows the submicron-scale PL spectra of �a�
yellow-green and �b� amber LEDs at positions A–E marked
in Figs. 3 and 4, respectively. We obtained the PL spectra
with various intensities and peak wavelengths at each posi-
tion. The spatial resolution of these spectra is about 200 nm.
The obtained PL spectra have a broad linewidth, which are
about 30 nm �135 meV� for the yellow-green emission and
50 nm �175 meV� for the amber emission. These values of

FIG. 3. Optical configuration of the confocal microscope and the sample
structure of the InGaN-based LED wafer.
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linewidth are smaller than those of the macroscopic spectra
shown in Fig. 1�a�. However, these values are much larger
than the reported PL linewidth of the blue LED �11.6 meV�
probed by the SNOM with 30-nm spatial resolution at
18 K.24 The broadening of the obtained PL spectra of
yellow-green and amber emissions should be due to the in-
homogeneous broadening. PL spatial inhomogeneities
smaller than the spatial resolution �200 nm� of our confocal
microscope may exist. Such smaller structures should act as
the localization center of the carriers or electron-hole pair in
the active layers. Another possible reason for the broad spec-
tra is the thermal effect. The reported narrow linewidth
�11.6 meV� was measured at low temperature �18 K�, while
our results were measured at room temperature. The thermal
energy of the carriers at room temperature �26 meV� may be
larger than the localization energy in active layers. Thus,
many carriers are not localized in active layers at room tem-
perature. For both reasons, our obtained spectra have a broad
linewidth.

Figure 7 shows the relationship between the PL peak
intensities and wavelength at 100 arbitrarily selected points
including positions A–E in Figs. 4 and 5. The PL peak
intensity-wavelength correlation of blue LEDs obtained pre-
viously by SNOM measurement24 was also plotted in Fig.
7�a�. In this figure, a clear increase along the wavelength was
obtained. The tendency has been reported by Itoh et al. for
LEDs in the green wavelength region around 510 nm by us-

ing SNOM measurement with electrical pumping.25 Such PL
peak intensity-wavelength correlation has been well inter-
preted by using the carrier localization model. The created
carriers diffuse and localize into the minimum-energy region,
which is attributed to the fluctuations of the indium compo-
sition in the InGaN active layers. Quite recently, the spatially
localized dynamics of carriers in InGaN have been observed
directly by using the time-resolved SNOM measurement.42

Such carrier localization dynamics is a very important fea-
ture of InGaN in the low indium composition regions �blue-
green emission�. This localization process should be the
main origin for the high emission efficiency of blue or green
LEDs.

Here, we found a quite different behavior of the PL peak
intensity-wavelength correlation of yellow-green and amber
LEDs in Fig. 7. The correlation of yellow-green LED looked
normally distributed �Fig. 7�b��, while that of amber LED
seemed to be simply decreasing along the wavelength �Fig.
7�c��. The correlation of amber LED is quite opposite to that
reported for blue or green LEDs.24,25 This may suggest that
the lower-energy regions in the active layer of amber LED
should not be as effective as the localization center of the
carriers. The critical point on the wavelength of these two
types of correlations is around 520 nm, as shown in Fig.
7�b�. At the wavelength regions shorter than 520 nm, the PL
intensities become larger with an increasing wavelength. At
the wavelength regions longer than 520 nm, the PL intensi-
ties become smaller with the increasing of wavelength. This

FIG. 4. �Color� Peak intensity mapping �a� and peak wavelength mapping
�b� of the PL by scanning a 5�5-�m2 area using the confocal microscope
taken for InGaN-based LED with yellow-green emission at room
temperature.

FIG. 5. �Color� Peak intensity mapping �a� and peak wavelength mapping
�b� of the PL by scanning a 5�5-�m2 area using the confocal microscope
taken for InGaN-based LED with amber emission at room temperature.
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tendency should be related to the reduction of emission effi-
ciencies of InGaN LEDs with high indium composition.

C. Dynamics model of electron-hole pair

In order to explain the results, we considered the pos-
sible dynamics and mechanism by using both carrier local-
ization model and QCSE model. Figure 8 shows the indium-
composition-dependent diffusion, localization, and
recombination dynamics of electron-hole pairs in InGaN ac-
tive layers. Both the conduction- and valence-band structures
of InGaN active layers should be spatially fluctuated due to
the spatial distribution of the indium composition. Figure
8�a� shows the band structure under low indium doping �blue
or green LED�. In this case, indium composition is lower
�around a few tens percent� than the gallium composition,
and the indium-rich areas are quite smaller than the indium-
poor areas in InGaN. Then, the spatial fluctuations of the
indium-rich areas can act as the localization center of carri-
ers, and the probability of the radiative recombination of
electron-hole pairs becomes higher at these areas �emission
centers�. The delocalized carriers in the indium-poor areas
have a low probability of radiative recombination and mi-
grate to the indium-rich areas or go to the nonradiative center
to be lost as heat. This is well known as carrier localization
model.

On the other hand, the band structure under the high
indium composition �yellow or amber LED� should be dif-
ferent. In this case, indium composition is as high as the
gallium composition, and the indium-rich areas become as
large as in size comparable to the indium-poor areas, while
become much larger than low indium-doped InGaN as
shown in Fig. 8�b�. Then, the carriers in indium-rich areas

are not localized and can diffuse easily. Thus, indium-rich
areas should not act as the emission centers and the probabil-
ity of radiative recombination becomes lower in the InGaN
active layers.

Moreover, the QCSE effect should be dominant in amber
LEDs. It reduces the electron-hole wave-function overlap,
decreases the probability of radiative recombination �Fig.
8�c��, and increases in PL lifetime. In the indium-rich areas,
the internal electric fields are screened by the higher densi-

FIG. 6. Spatially resolved PL spectra of InGaN-based LEDs with yellow-
green emission �up� and amber emission �down� at room temperature at
positions A–E marked in Figs. 4 and 5.

FIG. 7. Correlation between the PL peak wavelength and intensity at 100
arbitrarily chosen points of InGaN-based LEDs with �a� blue emission �mea-
sured by SNOM in Ref. 24�, �b� yellow-green emission in Fig. 4, and �c�
amber emission in Fig. 5.
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ties of generated carriers. Thus, QCSE is reduced �Fig. 8�d��.
The spatial variation of the measured PL peak wavelength
�Fig. 5�b�� can be attributed to the blueshift of the PL peak
by the partial screening of the QCSE. In this case, the areas
of short PL wavelength correspond to those of high carrier
density �indium-rich� areas. This can explain the opposing
PL intensity-peak correlations of InGaN with high indium
compositions. If the FPZ in the indium-rich areas is screened
and the effective band gap becomes larger than that of the
surrounding areas, carriers may diffuse away from the
indium-rich areas. Previously, it was reported that the FPZ

screening increases recombination rates.16 Recently, Walter-
elt et al. developed piezoelectric-field-free GaN/AlGaN QW
grown on the M plane of a GaN substrate and observed about
ten-times faster PL decay.43 Such fast recombination rates in
screened areas may prevent carrier diffusion from the
indium-rich areas.

Similar partial FPZ screening effect may contribute to
blue LEDs with lower indium composition. Recently, Omae
et al. succeeded in separating the localization and internal
electric-field effects by transient absorption spectra probed

with an ultrafast pump and probe measurement.44,45 It was
found that the QCSE depends on the QW thickness and in-
dium composition, and only the localization effect was ob-
served in blue InGaN/GaN with �5-nm QW thickness.45

Therefore, we conclude that the localization effect is domi-
nant for our blue LEDs, whereas the QCSE is dominant for
amber LEDs. The critical point of each effect was observed
for the yellow-green LED around 520 nm.

The different behaviors of localization and QCSE dy-
namics of electron-hole pairs in InGaN active layers should
be the reason for different optical properties with several
indium compositions. The delocalization of carriers in larger
indium-rich areas and reducing the electron-hole wave-
function overlapping by the QCSE should be the main reason
of the reduction of the emission efficiencies of LEDs with a
longer emission wavelength. This reduction has been often
explained by the low crystal quality of the high indium com-
position and activation of the nonradiative recombination
centers. However, recently we have found that the nonradia-
tive recombination lifetime ��non� of electron-hole pairs in
amber LED ��non=35 ns� is longer than that in yellow-green
LED ��non=23 ns�.35 This means that the nonradiative re-
combination processes in amber LED are not as active as in
yellow-green LED. We have also found that the radiative
recombination lifetime ��rad� in amber LED ��rad=156 ns� is
much slower than that in yellow-green LED ��rad=51 ns�.35

This suggests that the reason for the low efficiencies of In-
GaN LEDs with high indium composition is not due to the
increasing of the nonradiative recombination, but due to the
decreasing of the radiative recombination by the remarkable
QCSE in the InGaN active layer. Such a difference of the
carrier dynamics should be attributed to the different spatial
inhomogeneities and indium compositions of InGaN active
layers. The submicron-scale spatial inhomogeneity of the op-
tical properties observed here is a very important factor but
has been very difficult to observe experimentally. The con-
focal microscope is a powerful technique for such
submicron-scale measurement.

IV. CONCLUSION

Submicron-scale spatial inhomogeneities of the optical
properties of the InGaN/GaN/AlGaN-based LEDs with
yellow-green and amber emissions were observed and com-
pared by using a confocal microscope. We found a clear
difference of correlation between PL intensities and peak
wavelengths for each LED. It has been reported for blue and
green LEDs that the PL intensity becomes larger with an
increasing wavelength. However, we found that the PL peak
intensity-wavelength correlation of amber LED was quite
opposite to the reported behaviors of blue or green LEDs.
The PL intensity of amber LED becomes smaller with an
increasing wavelength. The correlation of yellow-green LED
looked like the normal distribution shape with a maximum
near 520 nm. We explained such discrepancy by using the
model based on both localization and QCSE of electron-hole
pairs in InGaN. Under the low indium doping up to a few
tens percent the sizes of the indium-rich areas are small and
act as the localization center of carriers. But under the high

FIG. 8. Schematic band diagrams of in-plane fluctuation and diffusion, lo-
calization, and recombination dynamics of electron-hole pairs in InGaN ac-
tive layers which have �a� low indium composition �blue or green emission�
and �b� high indium composition �amber emission�. �c� Schematic band
diagram strained by strong piezoelectric field along the growth direction. �d�
Partial reduction of QCSE by bond filling at the high-density regions of
generated electron-hole pairs.
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indium composition over around 30%, the sizes of the
indium-rich areas become larger and do not act as the carrier
localization center and partial QCSE becomes much effec-
tive. Such different carrier dynamics should be the reason for
the reduction of the emission efficiencies of LEDs with a
longer emission wavelength. We found that the various spa-
tial distributions of the optical properties of InGaN depended
on the indium composition. Based on these results, we pro-
pose that controlled artificial spatial inhomogeneity in InGaN
active layer should be more effective than making the crystal
quality higher by reducing the dislocation density in order to
improve the emission efficiency of InGaN LEDs with high
indium composition.
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