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Spatially separated intrinsic emission components in In,Ga,;_ N ternary alloys
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The characteristics of band-edge photoluminescence (PL) from Ga-rich In,Ga;_,N ternary-alloy epitaxial
layers with indium compositions of x=0.02, 0.03, 0.05, 0.06, and 0.09 have been comprehensively studied by
means of scanning near-field optical microscopy (SNOM) in addition to conventional macroscopic PL spec-
troscopy. The band-edge PL from the ternary alloys consisted of two intrinsic emission components, a strong
higher-energy component and a weak lower-energy component. The radiative recombination channels of the
two components were not independent of each other and thermal population of carriers took place between the
components. A spatial separation between the two components was clearly indicated by SNOM-PL measure-
ments. The higher-energy component corresponded to islandlike regions with diameters of several hundred
nanometers whereas the lower-energy component corresponded to dotlike regions with diameters of 50-80 nm.
In addition, the regions corresponding to the lower-energy component were surrounded by a local potential
maximum, which acted as a potential barrier for carriers between the higher- and the lower-energy components.
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I. INTRODUCTION

Light-emitting devices based on In,Ga;_ N ternary-alloy
semiconductors exhibit high quantum efficiency despite the
high density of threading dislocations in the device
structures.! To date, there has been considerable research car-
ried out on the optical properties of In,Ga,_, N epitaxial lay-
ers and quantum-well (QW) structures using various spectro-
scopic techniques in order to clarify the radiative
recombination mechanism responsible for the high quantum
efficiency. Based on experimental observations, the radiative
recombination process has been interpreted in terms of car-
rier or exciton localization at certain potential minima,>3
which results from indium compositional fluctuation.

To investigate the optical inhomogeneity associated with
compositional fluctuation and defect distribution in semicon-
ductor alloys and nanostructures, scanning near-field optical
microscopy (SNOM) is one of the most powerful tools be-
cause it allows subwavelength spatial resolution in photolu-
minescence (PL) measurements. Several studies on the spa-
tial mapping of the PL from In,Ga,_N epitaxial layers and
QWs have already been carried out using SNOM.*~1 In par-
ticular, Hitzel et al.'* reported on a comparison between
high- and low-efficiency In,Ga;_,N/GaN QWs. They ob-
served regions with larger band gap surrounding defects only
in high-efficiency QWs, and these regions were found to act
as barriers preventing carriers from recombining nonradia-
tively at defects. Very recently, Kaneta et al.'®investigated
the correlation between the nanoscopic optical and structural
properties of In,Ga;_,N/GaN QWs by means of SNOM and
atomic force microscopy (AFM). They also found that non-
radiative recombination centers in blue-emitting QWs were
surrounded by energy levels higher than those for radiative
recombination centers, and suggested that such potential dis-
tributions caused antilocalization of carriers to nonradiative
recombination centers, leading to high quantum efficiency in
the blue-emitting QWs.
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In addition to the studies on real devices based on QW
structures, it is also important to study the optical properties
of bulk or thick layers of In,Ga,_,N ternary alloys in order to
clarify the intrinsic properties of In,Ga;_N itself. We have
previously studied the optical characteristics of an In Ga;_ N
(x=0.08) ternary-alloy epitaxial layer.'”!8 Temperature-
dependent and time-resolved PL measurements allowed us to
determine that the band-edge PL consisted of two intrinsic
emission components.!” PL excitation (PLE) spectroscopy
revealed that the carriers responsible for the two emission
components were due to relaxation from the same excited
state.'® We have also studied the optical characteristics of
In,Ga,_,N ternary-alloy epitaxial layers with various indium
compositions (x=0.02, 0.03, 0.05, 0.06, and 0.09) by means
of optical-absorption (OA) spectroscopy.'® Temperature-
dependent OA measurements allowed us to observe a clear
absorption peak up to 300 K, which enabled us to determine
the temperature dependence of the Stokes shift. On the basis
of our results, it is clear that the radiative recombination
process responsible for the band-edge PL of Ga-rich
In,Ga,_,N ternary alloys cannot be explained solely by the
simple model of carrier localization due to alloy broadening,
which is applicable to most wide-gap II-VI semiconductor
ternary-alloy systems. The experimental observations sug-
gest the existence of some other mechanism for carrier local-
ization in In,Ga,_,N ternary alloys. It is important to identify
this mechanism in order to understand the radiative recom-
bination mechanism responsible for high quantum efficiency
in In,Ga,_N ternary alloys.

In the present work, we first studied the macroscopic op-
tical properties of Ga-rich In,Ga;_N ternary-alloy epitaxial
layers with indium compositions of x=0.02, 0.03, 0.05, 0.06,
and 0.09 by means of excitation-power-density-dependent
and temperature-dependent PL spectroscopy. We then inves-
tigated the spatial mapping of PL from the ternary alloys by
means of SNOM, under the illumination and collection hy-
brid mode. In particular, we focused on the spatial distribu-
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tion of near-field PL for the two intrinsic emission compo-
nents that dominated the band-edge PL of the ternary alloys.

II. EXPERIMENTAL PROCEDURE

The In,Ga;_,N epitaxial layers used in the present work
were grown by metal-organic vapor phase epitaxy, following
the deposition of 5-um-thick GaN buffer layers on patterned
c-plane sapphire substrates with parallel grooves along the
(11-20) direction. The dimensions of the patterned structure
were as follows: the width of both ridges and grooves was
3 um and the depth of grooves was 1.5 um. The thickness
of the In,Ga,_,N epitaxial layers was 90 nm and the indium
composition was varied from x=0.02 to 0.09. The indium
composition x in In,Ga;_,N epitaxial layers was estimated by
high-resolution x-ray diffraction measurements taking biax-
ial strain into consideration.? It was found from plan-view
scanning electron microscopy measurements that the distri-
bution of growth pits?! was random and was not correlated
with the substrate pattern. The density of growth pits in an
Ing05GagosN epitaxial layer was estimated to be 1.7
X 108 ¢cm™2. This value agreed with the threading dislocation
density of 1.5X10® cm™2, which was estimated by plan-
view cathodoluminescence (CL) of GaN epitaxial layers on
patterned sapphire substrates with the same dimensions men-
tioned above.?? The surface morphology was also evaluated
by means of AFM. The growth pit was also observed in AFM
images and the size was about 40-50 nm in diameter. The
root-mean-square (rms) roughness of the IngysGagosN epi-
taxial layer was 0.388 nm, which was obtained from a 2
X2 um? area including several growth pits. The rms rough-
ness decreased to 0.088 nm when a 500X 500 nm? area in-
cluding no growth pits was selected intentionally.

Macroscopic PL was measured using a 325 nm line of a
continuous-wave (cw) He-Cd laser as an excitation source.
PL spectra were detected by a liquid-nitrogen-cooled charge-
coupled-device camera in conjunction with a 50 cm single-
grating monochromator with a 2400 grooves/mm grating.
The spectral resolution was better than 0.05 nm (i.e., better
than 0.4 meV around 3.2000 eV). Near-field PL was mea-
sured using a NFS-330 near-field spectrometer (JASCO Co.,
Ltd.) under the illumination and collection hybrid mode.?* In
this case, both photoexcitation and PL detection were per-
formed through the same optical aperture at the apex of a
fiber probe. In this situation, the spatial resolution is limited
only by the aperture size. A 325 nm line of a cw He-Cd laser
was used as an excitation source. Near-field PL signals col-
lected by an apertured fiber probe were detected by a charge-
coupled-device camera in conjunction with a 30 cm single-
grating monochromator with a 2400 grooves/mm grating.
The spectral resolution was better than 0.23 nm (i.e., better
than 1.9 meV around 3.2000 eV).

III. EXPERIMENTAL RESULTS

A. PL spectra at 4 K

Figure 1 shows the PL spectra at 4 K taken from
In,Ga;_ N epitaxial layers with indium compositions of
(a) x=0.02, (b) x=0.03, (¢) x=0.05, (d) x=0.06, and (e)
x=0.09 under an excitation-power density of 45 W/cm?
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FIG. 1. Photoluminescence spectra at 4 K taken from In,Ga;_ N
epitaxial layers with indium compositions of (a) x=0.02, (b) x
=0.03, (c) x=0.05, (d) x=0.06, and (e) x=0.09 under an excitation-
power density of 45 W/cm?. Each spectrum is normalized at the
peak height of the higher-energy component.

The band-edge PL of each In,Ga,_,N epitaxial layer is domi-
nated by two emission components: a strong higher-energy
component and a weak lower-energy component. Each PL
spectrum is normalized at the peak height of the higher-
energy component. The ratio of the PL intensity of the lower-
energy component to that of the higher-energy component
decreases with increasing indium composition. The separa-
tion in energy between the higher- and the lower-energy
components increases with increasing indium composition
from 32 meV for x=0.02 to 60 meV for x=0.09. In addition,
weak PL is observable at the lower-energy side of the two
main emission components. The enlarged PL spectrum from
the Inj 1,Ga, ogN epitaxial layer is shown in Fig. 2. The spec-
trum shown in Fig. 2 is identical to the spectrum shown in
Fig. 1(a). At the lower-energy side of the two main emission
components, we observed two additional emission compo-
nents. On the basis of these PL-peak positions, these extra
components are attributed to longitudinal optical (LO)-
phonon replicas of the main emission components. The en-
ergy separation between the main PL component and its LO-
phonon replica for both the higher- and the lower-energy
components is about 93 meV. It should be noted that the PL
intensity of the LO-phonon replica for the lower-energy
component is stronger than that for the higher-energy com-
ponent. We also observed such LO-phonon replicas for the
four other samples with higher indium compositions.

B. Excitation-power-density dependence of PL spectra

Figure 3 shows the PL spectra at 4 K taken from the
Ing 13Gay 97N epitaxial layer under excitation-power densities
of (a) 0.00453, (b) 0.045, (c) 0.23, (d) 0.45, (e) 2.3, (f) 9.0, (g)
23, and (h) 45 W/cm?. Each PL spectrum is normalized at
the peak height of the higher-energy component. At an
excitation-power density of 0.0045 W/cm?, the PL spectrum
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FIG. 2. Enlarged photoluminescence spectrum at 4 K taken from
an Inj,GagogN epitaxial layer under an excitation-power density
of 45 W/cm?.

is dominated by the higher-energy component, and the
lower-energy component is negligibly weak. As excitation-
power density increases, the PL intensity of the lower-energy
component relative to that of the higher-energy component
increases rapidly up to 2.3 W/cm?. With further increase in
excitation-power density, it begins to decrease relative to the
higher-energy component. In addition, the lower-energy
component, along with its LO-phonon replica, shifts toward
higher energy with increasing excitation-power density. In
contrast, the position of the higher-energy component re-
mains constant.

Figures 4 and 5 show the excitation-power-density-
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FIG. 3. Photoluminescence spectra at 4 K taken from an
Inj 13Gay 97N epitaxial layer under excitation-power densities of (a)
0.0045, (b) 0.045, (c) 0.23, (d) 0.45, (e) 2.3, (f) 9.0, (g) 23, and (h)
45 W/cm?. Each spectrum is normalized at the peak height of the
higher-energy component.
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FIG. 4. Photoluminescence-peak photon energy of the higher-
energy component at 4 K taken from In,Ga;_ N epitaxial layers
with indium compositions of (a) x=0.02, (b) x=0.03, (c) x=0.05,
(d) x=0.06, and (e) x=0.09 as a function of excitation-power
density.

dependent PL-peak photon energy at 4 K of the higher- and
the lower-energy components, respectively, for In,Ga;_ N
epitaxial layers with indium compositions of (a) x=0.02, (b)
x=0.03, (c) x=0.05, (d) x=0.06, and (e) x=0.09. The PL-
peak position of the higher-energy component for all five
samples is almost constant and is independent of the
excitation-power density. In contrast, in all five samples, the
lower-energy component shifts toward higher energy with
increasing excitation-power density. The blueshift is larger
for the samples with higher indium compositions.
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FIG. 5. Photoluminescence-peak photon energy of the lower-
energy component at 4 K taken from In,Ga;_N epitaxial layers
with indium compositions of (a) x=0.02, (b) x=0.03, (¢) x=0.05,
(d) x=0.06, and (e) x=0.09 as a function of excitation-power
density.
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FIG. 6. Temperature dependence of photoluminescence spectra
taken from an Ing(sGajosN epitaxial layer from 4 to 300 K under
an excitation-power density of 45 W/cm?. Each spectrum is nor-
malized at the peak height of the higher-energy component.

C. Temperature dependence of PL spectra

Figure 6 shows the temperature dependence of the PL
spectra taken from the Ing (sGa, osN epitaxial layer from 4 to
300 K under an excitation-power density of 45 W/cm?.
Each PL spectrum is normalized at the peak height of the
higher-energy component. With increasing temperature from
4 K to about 70 K, the PL intensity of the lower-energy
component relative to that of the higher-energy component
increases gradually, and the lower-energy component be-
comes prominent. With further increase in temperature, it
begins to decrease and the PL spectrum at 300 K is domi-
nated again by the higher-energy component. Such tempera-
ture dependence indicates that the radiative recombination
channels of the two components are not independent of each
other and that thermal population of carriers between the two
components takes place. We observed a similar temperature
dependence of the PL spectra for the four other samples with
different indium compositions. Figure 7 shows the
temperature-dependent PL intensity ratio of the lower-energy
component (I o) relative to the higher-energy component
(Iygc) for three samples with indium compositions of (a) x
=0.02, (b) x=0.05, and (c) x=0.09. The ratio for each sample
is normalized at the maximum value. For the sample with the
indium composition of x=0.02, the ratio increases with in-
creasing temperature and reaches its maximum value at 40
K. Subsequently, the ratio decreases with further increase in
temperature. The temperature at which the ratio reaches its
maximum becomes higher with increasing indium composi-
tion, 75 K for x=0.05 and 110 K for x=0.09.

D. Near-field PL

The macroscopic PL measurements described above indi-
cate that the band-edge PL from In,Ga;_ N ternary alloys
consists of two intrinsic emission components. In order to
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FIG. 7. Temperature-dependent photoluminescence intensity ra-
tio of the lower-energy component relative to the higher-energy
component taken from three In,Ga,_,N epitaxial layers with indium
compositions of (a) x=0.02, (b) x=0.05, and (c) x=0.09.

study the spatial distribution of the PL, we performed
SNOM-PL measurements. Figure 8 shows near-field PL in-
tensity images at 36 K taken from In ,Ga;_N epitaxial layers
with indium compositions of (a) x=0.02, (b) x=0.03, (c) x
=0.05, (d) x=0.06, and (e¢) x=0.09 under the illumination
and collection hybrid mode using a fiber probe with an ap-
erture diameter of 110 nm. The images were obtained from a
2X2 um? area with a probing step of 50 nm. The near-field
PL intensity increases with increasing indium composition,
and the bright regions become larger and an islandlike dis-
tribution becomes prominent.

To further clarify the spatial distribution of the two emis-
sion components, the near-field PL intensity images moni-
tored at the PL-peak energy of both the higher- and the
lower-energy components are shown in Figs. 9(a) and 9(b),
respectively, for the sample with an indium composition of
x=0.05. The images shown in Figs. 9(a) and 9(b) are derived
from the image shown in Fig. 8(c). The higher-energy com-
ponent observed at 3.247 eV corresponds to islandlike re-
gions with diameters of several hundred nanometers. In con-
trast, the lower-energy component observed at 3.191 eV
corresponds to dotlike regions with diameters less than 100
nm, which is limited by the spatial resolution (aperture di-
ameter of 110 nm). In addition, the lower-energy component
is observed in the region where the intensity of the higher-
energy component is extremely weak, as shown in Figs. 9(a)
and 9(b) by the dashed circles. This observation unambigu-
ously indicates a spatial separation between the regions cor-
responding to the higher- and the lower-energy components.
A similar spatial separation was observed for the samples
with indium compositions of x=0.03, 0.06, and 0.09, al-
though it could not be clearly detected for the sample with an
indium composition of x=0.02. This is because, for the latter
case, the islandlike distribution is less pronounced owing to
the small potential fluctuation and small energy separation
between the higher- and the lower-energy components.

To gain a more detailed insight into the spatial distribution
of both components, we performed a similar SNOM mea-

195202-4



SPATIALLY SEPARATED INTRINSIC EMISSION...

—— 5(() nmM

PL INTENSITY (arb. units)

FIG. 8. (Color) Near-field photoluminescence intensity images
at 36 K taken from In ,Ga;_N epitaxial layers with indium compo-
sitions of (a) x=0.02, (b) x=0.03, (¢) x=0.05, (d) x=0.06, and (e)
x=0.09 under the illumination and collection hybrid mode using a
fiber probe with an aperture diameter of 110 nm. Each image is
obtained from a 2 X2 um? area with a probing step of 50 nm.
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FIG. 9. (Color) Near-field photoluminescence intensity images
at 36 K taken from an Inj(5GaggsN epitaxial layer under the illu-
mination and collection hybrid mode using a fiber probe with an
aperture diameter of 110 nm. Images (a) and (b) are obtained by
mapping the photoluminescence intensity of the higher- and the
lower-energy components, respectively.

surement under higher spatial resolution. Figures 10(a) and
10(b) show the near-field PL intensity images monitored at
the PL-peak energy of the higher- and the lower-energy com-
ponents, respectively, for the sample with an indium compo-
sition of x=0.05, taken at 25 K using a fiber probe with an
aperture diameter of 30 nm. The images were obtained from
a 600 X 600 nm? area with a probing step of 15 nm. As seen
in Fig. 10(b), the spatial extent of the regions corresponding
to the lower-energy component is about 50-80 nm. From
Fig. 10(a) it is also seen that the PL intensity of the higher-
energy component is weak in the region of not only the
bright spots of the lower-energy component themselves
(solid circles) but also the areas surrounding these spots
(dashed circles).

IV. DISCUSSION

In semiconductor ternary alloys, the energy states of
excitons are broadened inhomogeneously by alloy composi-
tional fluctuation. Initially created excitons are therefore
localized at the lower-energy states of the inhomogeneously
broadened exciton resonance. The first experimental evi-
dence of exciton localization by alloy fluctuation was
reported by Lai and Klein for indirect gap GaAs, P,
Subsequently, such localization has been studied for direct-
gap II-VI ternary alloys with anion substitution such as
CdS,_,Se, (Refs. 25 and 26) and with cation substitution

195202-5



YAMADA et al.

PL INTENSITY (arb. units)
-

=3

FIG. 10. (Color) Near-field photoluminescence intensity images
at 25 K taken from an Ing5Gay9sN epitaxial layer under the illu-
mination and collection hybrid mode using a fiber probe with an
aperture diameter of 30 nm. Images (a) and (b) are obtained by
mapping the photoluminescence intensity of the higher- and the
lower-energy components, respectively.

such as Zn;_,Cd,S (Ref. 27) systems. The general picture of
exciton motion in semiconductor ternary alloys has well
been explained as follows.”® At intraband excitation excitons
are created in the high density of states region and have a
kinetic energy far exceeding the amplitude of the crystal-
potential fluctuation. Such excitons do not see the potential
fluctuation and can be regarded as free particles. Therefore,
the excitons have a high probability of spatial migration.
Energy relaxation through the emission of phonons brings
the excitons into the energy region of random potential relief
where further energy relaxation and spatial migration are
possible only through tunneling into localized states with
lower energy. Namely, at kinetic energies comparable with
potential fluctuation, the spatial localization of excitons can
take place in the wells of the crystal potential. The states of
localized and delocalized (free or extended) excitons are
separated by some characteristic energy, the so-called mobil-
ity edge, which corresponds to the general Mott-Anderson
model in disordered systems. When the thermal energy (kg7)
becomes comparable to the localization energy of excitons,
the population of excitons changes from localized states to
delocalized (extended) states, at which point the excitons be-
have similarly to free excitons in binary materials.

In the case of In,Ga;_,N ternary alloys, our experimental
observations cannot be explained solely by the general
model of exciton localization mentioned above. One of the
most notable features is the existence of the two intrinsic

PHYSICAL REVIEW B 80, 195202 (2009)

emission components, that is, the strong higher-energy and
the weak lower-energy components. The two emission com-
ponents have the following features: first, the lower-energy
component has a strong LO-phonon coupling compared to
the higher-energy component. This is because the PL inten-
sity of the LO-phonon replica for the lower-energy compo-
nent is stronger than that for the higher-energy component,
though the PL intensity of the lower-energy component itself
is weaker than that of the higher-energy component.

Second, the excitation-power-density-dependent PL. mea-
surements indicate that the lower-energy component shifts to
higher energy with increasing excitation-power density, and
the PL intensity of the lower-energy component is saturated
at higher excitation-power density. Therefore, it is reasonable
to understand that the inhomogeneous broadening is larger
and the density of states is lower for the lower-energy com-
ponent than for the higher-energy component. In addition,
the PL intensity of the lower-energy component is extremely
weak at lower excitation-power density. This indicates that
the effect of nonradiative recombination for the lower-energy
component is larger than that for the higher-energy compo-
nent.

Third, based on the temperature dependence of the PL
spectra, it is reasonable to assume that the radiative recom-
bination channels of the two emission components are not
independent and that thermal population of carriers occurs
between the two components. It is found from the time-
resolved PL measurements that, just after excitation, an en-
ergy transfer from the higher-energy to the lower-energy
component takes place within several tens of picoseconds.!”
It is also found from the PLE measurement that the carriers
responsible for the two emission components are relaxed
from the same excited state.'® These experimental observa-
tions are consistent with the above-mentioned assignment
based on the temperature-dependent PL. measurements. Cho
et al.® reported that the temperature dependence of PL spec-
tra for InGaN/GaN QWs exhibited an abnormal peak shift
with a S-shaped character, as if the PL spectrum was a single
emission band. However, on the basis of the experimental
results mentioned above, such behavior does not originate
from the abnormal temperature dependence but is instead
due to the existence of the two intrinsic emission compo-
nents. Furthermore, the temperature-dependent OA results
indicate that the Stokes shift of both components is indepen-
dent of temperature above 100 K and is almost constant up to
RT." This suggests the strong localization of excitons, even
at RT.

Fourthly, the SNOM-PL measurements yield the impor-
tant result that there is a spatial separation between the
higher- and the lower-energy components. In particular, the
PL intensity of the higher-energy component is weak not
only at the bright spots corresponding to the lower-energy
component but also in surrounding areas. In the SNOM-PL
measurements under the illumination and collection hybrid
mode, when the microscopic area of local potential minima
is measured, most of the photogenerated carriers remain un-
der the probing aperture. In this case, the detected PL inten-
sity is strong. In contrast, when the microscopic area of local
potential maxima is measured, most of the photogenerated
carriers immediately relax to local potential minima, that is,

195202-6



SPATIALLY SEPARATED INTRINSIC EMISSION...

outside of the probing aperture, and the detected PL intensity
is weak. Therefore, we consider that regions corresponding
to the lower-energy component, with dimensions of 50-80
nm, are surrounded by local potential maxima as shown in
Fig. 10(a) by the dashed circles. This implies that a potential
barrier exists between regions corresponding to the higher-
and the lower-energy components. Such a potential barrier
is related to the thermal population of carriers between the
two emission components, as observed in the temperature-
dependent PL spectra shown in Fig. 6. Then, the height of
the potential barrier seems to become higher with increasing
indium composition because the temperature at which the PL
intensity ratio (I;gc/lygc) reaches its maximum becomes
higher, as shown in Fig. 7.

On the basis of these findings, it is interesting to consider
the possible origin of the higher-energy component. It is rea-
sonable to understand that excitons in In,Ga;_,N ternary al-
loys are subject to localization due to alloy disorder, which
results in the inhomogeneous broadening of the exciton den-
sity of states. However, it should be noted again that the
radiative recombination process for the band-edge PL from
In,Ga,_,N ternary alloys cannot be explained solely by this
simple model, as evidenced by the temperature-independent
Stokes shift.!” If exciton localization originates from inho-
mogeneous broadening due to compositional fluctuation, the
Stokes shift should gradually decrease with increasing tem-
perature because of the thermal population of excitons from
localized to extended states. However, it is found that the
Stokes shift observed above 100 K is almost constant up to
RT and increases with indium composition from 19 meV for
the sample with x=0.02 to 34 meV for the sample with x
=0.09. This indicates that there is another mechanism of ex-
citon localization in addition to inhomogeneous broadening.
One probable mechanism involves strong hole
localization.3*3! Using empirical pseudopotential calcula-
tions, Bellaiche ef al. reported that alloying of GaN with
indium-induced localization in the hole wave function, reso-
nating within the valence band. They pointed out that the
hole localization occurred even with a perfectly homoge-
neous indium distribution, and that such an unusual effect
could explain the exciton localization simultaneously.®
Therefore, it is possible that exciton localization due to alloy
disorder is effectively enhanced by the strong hole localiza-
tion in In,Ga;_ N ternary alloys. Such an enhancement re-
sults in the strong exciton localization evidenced by the
temperature-independent Stokes shift.

Next, we consider the origin of the lower-energy compo-
nent. There have been several reports concerning the relation
between dislocations and compositional inhomogeneity. Sato
et al.’? studied the compositional inhomogeneity of InGaN
layers by means of CL and energy-dispersive x-ray spectros-
copy and reported that dislocations played a key role in pro-
ducing compositional inhomogeneity in InGaN layers. Dux-
bury et al. directly measured phase segregation in InGaN
quantum wells by means of spatially resolved energy-
dispersive x-ray analysis in a dedicated scanning transmis-
sion electron microscope and reported that indium fluctua-
tions became increasingly pronounced in the vicinity of
dislocations. Chen et al.3* observed spontaneous formation
of nanometer-size compositional fluctuations on InGaN sur-
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faces by means of scanning tunneling microscopy. In the
present context, we consider that increased indium incorpo-
ration around threading dislocations, that is, the formation of
local indium-rich regions with diameters of 50-80 nm results
in the creation of deeply localized states for excitons, and
that these states are responsible for the lower-energy compo-
nent. Namely, the lower-energy component originates from
deep exciton localization at the regions of increased indium
incorporation around threading dislocations. This assignment
is supported by the fact that the density of dotlike regions
corresponding to the lower-energy component is estimated to
be 2.0 X 108 cm™2, which is in good agreement with the den-
sity of growth pits (1.7 X 103 cm™) as well as the density of
threading dislocations (1.5X 10% cm™). The assignment is
consistent with the fact that the lower-energy component has
a strong LO-phonon coupling compared to the higher-energy
component, as shown in Fig. 2 because the exciton LO-
phonon coupling is enhanced by exciton localization.®® It is
also consistent with the fact that the density of states for the
lower-energy component is thought to be lower than that for
the higher-energy component, and that the effect of the non-
radiative recombination process for the lower-energy compo-
nent is thought to be larger than that for the higher-energy
component.

Furthermore, there have been several SNOM studies on
the formation of local potential barriers around defects in
In,Ga,_,N ternary-alloy systems.'*!¢ In particular, Hangle-
iter et al.’® reported the formation mechanism of local poten-
tial barriers in In,Ga;_N/GaN QWs. They explained that
hexagonal V-shaped pits decorating the threading disloca-
tions exhibited sidewall quantum wells with reduced thick-
ness and higher band gap thus leading to a potential barrier
around every defect. In the case of our In,Ga;_ N thick lay-
ers (90 nm), however, a different mechanism is needed to
explain the formation of local potential barriers. The mecha-
nism is not clear at the present stage. One probable mecha-
nism involves strain due to lattice distortion caused by the
formation of local indium-rich regions. It is possible that
such strain results in the formation of the potential barrier
which surrounds the regions corresponding to the lower-
energy component, that is, the local indium-rich regions.

V. CONCLUSIONS

We have studied the characteristics of band-edge PL from
Ga-rich In,Ga;_\N ternary-alloy epitaxial layers using
SNOM in addition to conventional macroscopic PL spectros-
copy. The band-edge PL from the ternary alloys consisted of
two intrinsic emission components. The spatial separation
between the two components was clearly indicated by
SNOM-PL measurements. Regions corresponding to the
higher-energy component had an islandlike distribution with
diameters of several hundred nanometers whereas regions
corresponding to the lower-energy component were dotlike
with diameters of 50-80 nm. The lower-energy component
originated from deep exciton localization at the regions of
increased indium incorporation around threading disloca-
tions. Therefore, the spatially separated two emission com-
ponents resulted from different indium incorporation close to
and far from threading dislocations. In addition, the regions
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corresponding to the lower-energy component were sur-
rounded by local potential maxima, which acted as a poten-
tial barrier for carriers between the higher- and the lower-
energy components.
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