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Exciton localization in InxGa12xN was studied. At 2 K, the time-integrated photoluminescence~PL! spec-
trum showed a Stokes shift from the absorption shoulder and broadening at the lower photon energy side.
Site-selectively excited PL measurements determined the mobility edge. The exciton relaxation processes were
studied by use of time-resolved PL spectroscopy. The PL decay time increased with the decrease of the
detection-photon energy, indicating the dynamical features of exciton localization. In addition, we observed
localized exciton luminescence turned into stimulated emission just below the mobility edge.
@S0163-1829~98!51004-1#

I. INTRODUCTION

Recently, III-V nitride compound semiconductors have
been recognized as very important materials for fabricating
short-wavelength-emitting devices such as light-emitting di-
odes~LED’s! and laser diodes~LD’s! in the ultraviolet/blue
region. InxGa12xN is a promising material for light-emitting
devices because its direct band gap energy varies from 1.9
eV ~band gap of InN! to 3.4 eV~band gap of GaN! with the
change of the alloy composition.1 InxGa12xN single quantum
wells and multiple quantum wells have already been used as
the active layer for blue/green LED’s and blue LD’s.2–4 Lo-
calized excitons have been proposed to give a major sponta-
neous emission in InxGa12xN.5–8 However, fundamental op-
tical properties of InxGa12xN have not been studied
substantially. Therefore it is necessary to study the properties
of the optical transition and their dynamics in InxGa12xN
ternary alloys. This study provides better understanding of
not only fundamental optical properties, but also lasing
mechanisms.

In ternary alloys, the effect of disorder on electronic states
of materials can be observed in the band edge region through
the broadening of optical spectra due to formation of the
band tail states.9–12The band tail states lead to exciton local-
ization, which strongly influences recombination and trans-
port properties of materials. Furthermore, the localized exci-
tons can contribute to the optical gain, because the low-
density tail states are easily occupied by the moderate
pumping.13–15 In this case the relative energy position be-
tween the mobility edge and the optical gain is an important
parameter for judging whether the excitons or the localized
excitons contribute to the optical gain.

In this paper, we investigated photoluminescence~PL! of
single-layer InxGa12xN grown by metal-organic chemical
vapor deposition~MOCVD!, and discussed the exciton re-
laxation processes. In addition, we determined the exciton
mobility edge and observed stimulated emission just below
the mobility edge in surface emitting configuration.

II. EXPERIMENTAL PROCEDURE

The samples used in this study were grown by MOCVD
on sapphire substrates with GaN buffer layers. Trimethylgal-
lium ~TMGa!, trimethylindium~TMIn! and ammonia~NH 3)
were used as Ga, In, and N sources, respectively. Sample 1
consists of an undoped single-layer In0.08Ga0.92N 360 nm
thick on a GaN layer 1mm thick, and is covered by a GaN
cap layer 50 nm thick. Sample 2 consists of an undoped
single-layer In0.14Ga0.86N 200 nm thick on a GaN layer 1.5
mm thick. The InxGa12xN layer was deposited at tempera-
ture ranging from 700 to 800 °C. The samples were directly
immersed in superfluid helium at 2 K.

Site-selectively excited PL measurement and time-
resolved PL spectroscopy were performed by use of second-
harmonic pulses of a mode-locked Ti:sapphire laser pumped
by a cw Ar1 laser. The pulse duration and repetition rate
were about 2 ps and 82 MHz, respectively. The photon en-
ergy of the laser output can be tuned from 1.5 to 1.7 eV to
give second-harmonic pulses ranging from 3.0 to 3.4 eV. For
the time-resolved PL spectroscopy, a synchroscan streak
camera in conjunction with a subtractive dispersion double
monochromator was used. The time resolution was about
;30 ps. In order to make assignment of emissions under the
high-density excitation, second-harmonic pulses of the
Ti:sapphire regenerative amplifier output were used as the
excitation source. The pulse duration and repetition rate were
300 fs and 200 kHz, respectively.

III. RESULTS AND DISCUSSION

In ternary alloys, the spatial potential fluctuations due to
composition fluctuations can localize excitons. The density
of localized states is considered to be approximated by an
exponential tail.9 In order to determine the mobility edge, we
took PL spectra by changing the excitation photon energy.
Figure 1 shows the PL spectra of sample 1 measured at dif-
ferent excitation photon energies~3.122;3.305 eV!. The PL
peak position depends on the excitation photon energy, as is
shown in the inset of Fig. 1. Above 3.175 eV, the PL peak
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does not move with the change of the excitation photon en-
ergy. Then, the PL peak is located at 3.13 eV and a full
width at half-maximum~FWHM! is about 95 meV. The PL
spectra are broadened toward the lower photon energy side.
Below 3.175 eV, the PL peak shows a redshift with the de-
crease of the excitation photon energy. We can determine the
mobility edge from the results of Fig. 1 and it is located at
3.175 eV.

The energy- and time-resolved PL of sample 1 was shown
in Fig. 2~a!. The excitation photon energy is 3.382 eV, which
is lower than the band gap of the GaN layer. In this condi-
tion, we can discuss the carrier dynamics only in the
InxGa12xN layer. The closed squares in Fig. 2~a! indicate the
PL center of gravity as a function of time. It shifts toward
lower photon energy as time proceeds. After 200 ps, the
decrease rate of photon energy slows down and is 13107

eV/s. The energy loss goes on during the carrier lifetime.
The PL decay can be described nearly by a single-
exponential decay function as shown in Fig. 2~c!. The decay
time of PL increases with the decrease of the detection pho-
ton energy.

The experimental results are interpreted by an energy re-
laxation model for localized excitons. The relaxation pro-
cesses of localized excitons are explained as follows. After
the intraband excitation, excitons are formed in the extended
states and have a kinetic energy far exceeding the amplitude
of potential fluctuations. Such excitons can be regarded as
free composite particles and have a high probability of spa-
tial migration. The excitons relax quickly into the localized
states where further relaxation and spatial migration are pos-
sible only through the tunneling between the localized states.
The relaxation rate for such a process strongly depends on
the density of available final states with lower energy and
decreases quickly with the decrease of energy within the tail
due to the low density of the final states. The decay rate of
localized excitons is expressed by radiative recombination
decay rate plus relaxation rate to the lower-energy states.
Therefore, the decay time increases with the decrease of the
detection photon energy and the center of gravity of PL
shifts toward lower energy as time proceeds.

When In concentrationx increases, the band gap is ex-
pected to become smaller and the spectral broadening is ex-
pected to become larger. Figure 3 shows the energy depen-
dence of the PL decay time in both of samples@Fig. 3~a! for
sample 1 and~b! for sample 2# under the low-density exci-
tation ~picosecond-pulse excitation!. The absorption~dashed
lines! and the PL spectra~solid lines! were modulated by
Fabry-Perot interference effects of thin films, but we got rid
of the Fabry-Perot modes and restored the intrinsic spectra
by simple calculation. The mobility edgeEme of sample 2
(x50.14: Eme53.07 eV! is lower than that of sample 1
(x50.08: Eme53.175 eV!. The absorption shoulder and the
PL peak of sample 2 are also located at the lower photon
energy side than those of sample 1. The PL spectrum of
sample 2 is broader than that of sample 1~full widths at
half-maximum are 95 meV for sample 1 and 200 meV for
sample 2!. Below the mobility edge, the absorption spectra
for both samples are considered to be approximated by

D~E!5AexpS E2Eme

e
D , ~1!

where D(E) is the optical density spectrum, ande is the
characteristic energy indicating the broadening of the tail
state. The absorption tails are well fitted by the expression as
shown in Fig. 3. The fitting parameters aree521 meV and
A50.31 for sample 1 ande593 meV andA50.51 for
sample 2. Thus, these optical properties of InxGa12xN alloys

FIG. 2. ~a! A contour map of the energy- and time-resolved PL
intensity of sample 1 (x50.08!. Closed squares show the PL center
of gravity as a function of time.~b! Time-integrated PL spectrum.
~c! Temporal change of the PL observed at 3.08, 3.12, 3.16, and
3.20 eV@indicated by arrows in~b!#.

FIG. 1. PL spectra of sample 1 (x50.08! under the site-selective
excitation ~3.122;3.305 eV!. Closed circles show the PL peaks.
The inset shows the PL peak energy as a function of the excitation
photon energy.
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are consistent with the compositional disorder model. The
exciton localization is caused by the compositional fluctua-
tion for both samples.

As the density of localized states in the band tail is lower
than that of the extended band states, it can be easily filled by
optical pumping. If the optical gain coming from the filled
localized states exceeds the light propagation loss, stimulated
emission sets in. This phenomenon has been observed in
II-VI compound semiconductors.13–15In InxGa12xN, the ori-
gin of stimulated emission is a very interesting issue, but it
has not been clarified yet. Although localized excitons have
recently been proposed contributing to the lasing mechanism
for InxGa12xN LD’s,6,8 there is so far no direct experimental
support for this claim. The ambiguity mainly comes from the
lack of the experimental determination of the mobility edge.
In the above procedures, we successfully determined the mo-
bility edge. Further, we have studied the stimulated emission
from the InxGa12xN layer. Under the high-density excitation,
we could observe stimulated emission in the surface emitting
configuration. Figure 4 shows the excitation intensity depen-
dence of time-integrated PL spectra of sample 2. The exci-
tation photon energy is 3.323 eV. When the excitation en-
ergy density is 2.5mJ/cm2, the PL spectrum has a broad
emission band. The peak is located at 3.01 eV and FWHM is
about 200 meV. The PL decay is nearly a single-exponential
decay as shown in Fig. 5~a!. The decay time of PL increases
with the decrease of the detection photon energy, which is
similar to the feature of decay time under the picosecond-
pulse excitation. Increasing the excitation energy density, the

PL intensity increases linearly below the threshold~I th510.5
mJ/cm2). On the other hand, above the threshold, a superlin-
early grown sharp emission band appeared. It is located at
3.03 eV, which is just below the mobility edge and its
FWHM is about 30 meV under the excitation energy density
of I ex525 mJ/cm2. The decay time of the emission is less
than;30 ps, the time resolution of the experiment, as shown
in Fig. 5~b!. The temporal trace indicates a change from
spontaneous emission to stimulated one. The stimulated
emission shows a slight redshift with the increase of the ex-
citation energy density.

We consider that the stimulated emission from the
InxGa12xN layer comes from the localized excitons because
the stimulated emission is observed just below the mobility
edge. The reason why the optical gain is largest just below
the mobility edge can be explained as follows. The photoge-
nerated excitons lose their energy quickly, when the exciton
energy is higher than the mobility edge. This is because the
excitons can find easily the lower-energy states by their mi-

FIG. 3. ~a! Absorption ~a dashed line! and PL ~a solid line!
spectra of sample 1 (x50.08!. They are gotten rid of by the Fabry-
Perot modes and are restored by calculation. Closed circles show
the decay time observed at various photon energies. The absorption
tail is fitted by Eq.~1! in the text. ~b! Same as~a! for sample 2
(x50.14!.

FIG. 4. PL spectra of sample 2 for different excitation energy
densities. The Fabry-Perot modes are eliminated by calculation. The
inset shows the excitation intensity dependence of the PL intensity.
The stimulated emission appears atI th510.5mJ/cm2.

FIG. 5. ~a! Time-resolved PL under the low-density excitation
I ex52.5 mJ/cm2. ~b! Time-resolved PL under the high-density ex-
citation I ex525 mJ/cm2.
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gration. On the other hand, the exciton energy relaxation
becomes slow, because the energy relaxation mode turns to
tunneling between the low-density localized exciton states.
The potential depth and barrier depend on the concentration
of In, which changes with the change of the spatial position.
The photogenerated excitons are localized at the positions
where the exciton energy decreases and passes through the
mobility edge. As a result, localized excitons occupy every
localized tail state equally. As the first approximation, the
energy distribution function of excitons is represented nei-
ther by Fermi distribution function nor by the Boltzmann
function, but by a constant. Then, the optical gain has the
maximum value just below the mobility edge and has the tail
in the lower-energy side. The asymmetric optical gain spec-
trum increases with the increase of the excitation energy den-
sity. The optical gain decays fast at the higher-energy side,
but slow at the lower-energy side. This is because the rather
slow energy relaxation between the localized exciton states
takes place. Therefore, the total gain shows up just like a
redshift with the increase of the excitation energy density.

Although the above mentioned scenario is rather crude, the
observed features are well understood by the scenario.

IV. CONCLUSION

We studied the exciton localization in single-layer
InxGa12xN grown by MOCVD, by use of the site-selectively
excited PL measurement and the time-resolved PL spectros-
copy. The mobility edges of samples were determined at
3.175 eV for sample 1 (x50.08! and 3.07 eV for sample 2
(x50.14!, respectively. The feature of the decay time under
low-density excitation was interpreted by the exciton local-
ization to the band tail states. Under the high-density excita-
tion, we observed the surface mode stimulated emission just
below the mobility edge. The decay time was less than;30
ps. The stimulated emission is attributed to the localized ex-
citons. However, the optical gain mechanism is not still clear
enough because of the lack of the optical gain spectra data.
In order to understand the optical gain mechanism, more
detailed experimental and theoretical analyses are required.
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