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Excitons at a single localized center induced by a natural composition modulation
in bulk Ga0.5In0.5P
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Optical properties of Ga0.5In0.5P grown by gas-source molecular beam epitaxy are reported. A strong optical
anisotropy due to the spontaneous lateral composition modulation of Ga and In was observed in macro- and
micro-photoluminescence~PL! spectra. The micro-PL study revealed that the PL band is composed of sharp
lines that arise from the radiative decay of excitons trapped at local potential minima caused by the composi-
tion modulation. Anisotropy in PL rise and decay times was also observed. The detection energy dependence
of the PL decay time is well explained by considering the relaxation process of excitons from shallow traps to
deep traps.
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I. INTRODUCTION

With the development of well-controlled fabrication tec
niques, ternary alloy semiconductors of III-V compou
have been extensively studied because of the fundame
interest and its technological potential. In particular, the
rect gap GaxIn12xP semiconductor is widely used for ligh
emitting devices in the red wavelength region. It is w
known that GaxIn12xP grown by a metal-organic vapo
phase epitaxy~MOVPE! system exhibits natural superlattic
ordering characterized by alternating Ga-rich and In-r
monolayers. By using this property, novel optodevices, s
as a low threshold laser and polarization switch, have b
proposed.1–3 From the basic viewpoint, the band-gap redu
tion and optical anisotropy induced by the compositi
modulation of Ga and In are interesting subjects.

Ga0.5In0.5P lattice-matched to a GaAs substrate is gen
ally used as the matrix for InP self-assembled quantum d
as well.4 Lately it was reported that Ga0.5In0.5P grown by a
gas-source molecular beam epitaxy~GS MBE! exhibits lat-
eral composition modulation, and that it causes a strong
tical anisotropy in InP self-assembled quantum dots.5–7 In
contrast to many reports of the natural superlattice forma
in bulk Ga0.5In0.5P, the study on the natural compositio
modulation has just begun.8 It is well known that lateral
composition modulation spontaneously occurs when a s
period superlattice is fabricated.9–12 Some authors have re
ported that the natural composition modulation arises eve
bulk ternary and quaternary alloy semiconductors, such
InAsxSb12x ~Ref. 13!, In12xGaxAsyP12y ~Ref. 14!, and
InxAl12xAs ~Ref. 15!. In order to understand the electron
structure of such systems, it is important to investigate
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optical properties from the microscopic point of view b
cause the crystal field potential fluctuates on the same s
as the composition modulation. This will also help to achie
a better understanding of carrier dynamics in self-assem
quantum dots or quantum wires embedded in a matrix w
lateral composition modulation.

In this paper, we report the optical properties
Ga0.5In0.5P in submicrometer region, and discuss the rel
ation process of excitons trapped at single localized cen
in the presence of potential fluctuation.

II. EXPERIMENTAL DETAILS

Growth of Ga0.5In0.5P was carried out on GaAs~001! sub-
strates using a GS MBE system.5 After the growth of a GaAs
buffer layer, a 500-nm-thick Ga0.5In0.5P layer was formed a
500 °C. Conventional macro-photoluminescence~PL! and
time-resolved PL measurements were performed using
ond harmonic pulses of a mode-locked Ti:sapphire laser w
pulse duration;5 ps and repetition rate 82 MHz. Th
specimen was immersed directly into superfluid He. T
sample PL was fed to a 50-cm single monochromator us
an optical fiber and detected by a liquid nitrogen coo
charge coupled device~CCD! camera. The spectral resolu
tion of this system is better than 0.3 meV. The measurem
system of the PL decay time is composed of a 25-cm s
tractive dispersion double monochromator and a synchros
streak camera. The time resolution of the system is abou
ps.

In order to measure the micro-PL (m-PL! spectra, micro
patterns were drawn on the sample by means
photolithography.16 After wet etching by HCl:H2O52:1 at
30 °C, the mesa size was reduced to aboutf1 mm. The
16 040 ©2000 The American Physical Society
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sample was set on a cold-finger of a liquid He flow-ty
cryostat, and then excited by a continuous wave~cw! Ar-ion
laser. The PL from the sample was collected using a mic
scope objective lens with a numerical aperture of 0.42,
analyzed by a 50-cm single monochromator and a CCD c
era.

III. RESULTS AND DISCUSSION

The thick and thin curves in Fig. 1~a! show the time inte-
grated macro-PL spectra observed at 2 K polarized along the

@11̄0# and @110# directions of the GaAs substrate, respe
tively. The PL peak from Ga0.5In0.5P measured under wea
excitation (2 nJ/cm2) was observed at 1.954 eV with a ban
width of 9.8 meV, which is the same as that observed un
weak cw Ar-ion laser excitation. The degree of linear pol
ization P defined by

P5
I [11̄0]2I [110]

I [11̄0]1I [110]

~1!

is 32% at the PL peak, whereI [11̄0] and I [110] are the PL
intensities observed for the@11̄0# and @110# polarizations,
respectively.

The band-gap energy of the completely disorde
Ga0.5In0.5P is 2.005 eV at 4 K,17 but the observed PL pea
energy is lower by about 50 meV than this value. Cro
sectional transmission electron microscopy~XTEM! re-
vealed that the optical anisotropy is due to alternative lat
composition modulation of Ga and In along the@110#

FIG. 1. ~a! Excitation power dependence of macro-PL spectra

2 K observed for the@110# and @11̄0# polarizations.~b! m-PL
spectra near the macro-PL peak in three different mesas. The
of the mesa isf; 1mm. The sharp PL lines observed around 1.
eV are considered to arise from excitons trapped at local min
formed due to spontaneous lateral composition modulation.
-
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direction,5 as schematically shown in Fig. 2~a!. The modula-
tion period is about 10–20 nm. The PL intensity is stro
when the observed polarization is along the modulat
planes, i.e., the@11̄0# direction. We prepared severa
samples grown at various temperatures, and found that
sample having smaller band gap, which indicates the sam
has large composition modulation, shows stronger opt
anisotropy.5

As shown in Fig. 1~a!, when the excitation power is in
creased by about 100 times, the PL peak energies sho
small but clear blueshift observed for both polarization co
stituents, 1.4 meV for the@11̄0# polarization and 2.2 meV
for the @110# polarization. These results suggest that the
peak from Ga0.5In0.5P arises from excitons trapped at loc
minima. In a low-dimensional system such as quantum d
as the excitation power is increased, lower-energy state
the confined exciton get occupied and the PL from
higher-energy exciton states becomes dominant. This
called state filling effect. A high-energy shift under hig
power excitation has been observed in some ternary a
systems.18,19 The degree of linear polarization under hig
power excitation is 36%, which is slightly higher than th
observed under weak excitation. This result suggests tha
higher-energy exciton states have a stronger optical an
ropy.

The local potential minima in the Ga0.5In0.5P is possibly
caused by the lateral composition modulation with a late
extension of a few tens of nanometers as mentioned ab
In the real system, the thickness of modulation planes
the modulation amplitude slightly differ from site to site
resulting in the fluctuation of the local potential minimum,
schematically shown in Fig. 2~b!.

In order to confirm directly the existence of local potent
minima, am-PL measurement was performed. Figure 1~b!
shows the polarization dependence of them-PL spectra ob-
served in three different mesas. The experiments were
formed under weak excitation in order to eliminate the st
filling effect since it causes the line broadening due

t

rea

a

FIG. 2. ~a! Schematic drawing of the Ga0.5In0.5P sample forming
the spontaneous lateral composition modulation. In-rich and
rich domains align alternately along the@110# direction. The modu-

lation planes are parallel to@11̄0# direction with the separation o
about 10–20 nm. For the optical measurements, the~001! surface
was used.~b! Schematic representation of the band structure. In
real system, the thickness of modulation planes and the modula
amplitude slightly differ from site to site, resulting in the fluctuatio
of the localized energies of the excitons. The excitons are con
ered to relax successively by phonon emission.



ig
on
ne
es
ns
ra

id
rg

s
ha
th

ila
th
ic
in
it

i.
s

th

Th

n

s

cay
-

PL

of

r
tion
PL

aser
rgy

ini-
by

fer

94
le .

ctra

e PL

16 042 PRB 61SUGISAKI, REN, NISHI, SUGOU, AND MASUMOTO
carrier-carrier interaction, and thus makes the result amb
ous. Very sharp PL lines, which resemble to excitons c
fined in single quantum dots, were observed with peak e
gies differing from mesa to mesa. We consider that th
distinct lines come from the radiative decay of excito
trapped at the local potential minimum formed by the late
composition modulation.20 The PL peak from the exciton
trapped at a shallow trap appears at the high-energy s
while that from deep center is observed at the low-ene
side.

As in the case of the macro-PL spectra, them-PL intensity
is always stronger when observed for the@11̄0# polarization.
Further, as marked by dotted lines, some PL lines seem
have different energy between the@11̄0# and@110# polariza-
tions. This result indicates that each localized center ha
anisotropic electronic structure, and an ensemble of the s
line gives the broad PL band and the optical anisotropy in
macro-PL spectra as shown in Fig. 1~a!.

From a comparison with a theoretical report by Matt
et al.,21 it is considered that the sharp PL lines come from
radiative recombination of electrons and holes at an In-r
site @see Fig. 2~b!#. The polarization dependence observed
this study agrees with their calculation, i.e., the PL intens
is strong when observed for the@11̄0# polarization. They
also mentioned that this system has a type I character,
direct in coordinate and momentum spaces, which is con
tent with fast PL decay times reported below~Figs. 3 and 4!.

Figure 3 shows temporal change of the PL intensity of
Ga0.5In0.5P band observed for the@11̄0# and@110# polariza-
tions. Each PL decay curve is normalized at the peak.
PL decay time of the Ga0.5In0.5P with the lateral composition
modulation is briefly reported in Ref. 22. The excitatio
power was reduced as much as possible@the same as the

FIG. 3. Polarized time-resolved PL curves observed at 1.
eV, 1.949 eV, 1.956 eV, and 1.962 eV. Data plotted by the circ

and solid lines were observed for the@110# and @11̄0# polariza-
tions, respectively.
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lower spectra of Fig. 1~a!#. Apparently, the PL decay time i
much faster than that in Ga0.5In0.5P containing the Cu-PtB
type natural superlattice.23,24A slight but certain polarization
dependence of the PL decay time is observed. The PL de
time observed for the@110# polarization is faster when ob
served above the PL peak energy of the Ga0.5In0.5P band,
while that observed for the@11̄0# polarization is faster when
observed at the low-energy side of the PL band.

By assuming a double exponential decay profile, the
decay timet fd andtsd and the rise timet r are estimated by
fitting the observed curve as

I ~ t !5@12exp~2t/t r!#@Af exp~2t/t fd!1Asexp~2t/tsd!#,
~2!

where,Af andAs are constants. Unfortunately, the origin
the slow decay component@exp(2t/tsd)# is not clarified yet.
Hereafter we discuss the fast decay component@exp
(2t/tfd)# of the PL decay profile.

As shown in Fig. 4~a!, the PL decay time observed fo
each polarization becomes gradually longer as the detec
energy is decreased. This is the typical behavior of the
decay time in localized excitons.19,25–27On the other hand,
the PL rise time observed at 1.962 eV was as fast as the l
pulse width, but it became slower as the detection ene
was decreased as shown in Fig. 4~b!. From these results, it is
concluded that the excitons trapped by a shallow local m
mum successively relax to deeper trap centers, probably
phonon emission@see Fig. 2~b!#.

This assumption is supported by the exciton trans
model.27–29 As shown by solid lines in Fig. 4~a!, the PL
decay timest fd observed for the@11̄0# and @110# polariza-

6
s FIG. 4. PL ~a! decay time and~b! rise time obtained using Eq
~2!. The thick and thin dotted curves are the macro-PL spe

observed for the@11̄0# and @110# polarizations, respectively. As
shown by the solid lines, the detection energy dependence of th
decay times can be well fitted using Eq.~3!.
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tions are well fitted using this model, which givest fd as a
function of emission energyE as

t fd~E!5
t rd

11exp@~E2Eem!/E0#
, ~3!

wheret rd represents the radiative lifetime andEem stands for
the characteristic energy that is analogous to the mob
edge. For simplicity, the density of states is assumed to
proportional to exp(2E/E0), i.e.,E0 is a measure of the dept
in the localized state. Rather good fittings were obtained
ing the following parameters:t rd51930680 ps, Eem
51.9515 eV60.5 meV, andE052.5460.4 meV for the
@110# polarization, and t rd51930650 ps, Eem
51.9493 eV60.4 meV, andE054.5960.4 meV for the

@11̄0# polarization.
The PL intensity is considered to be proportional to t

density of states. Since the estimatedE0 for the @11̄0# po-
larization is about twice larger than that for the@110# polar-
ization, the density of states for the@11̄0# polarization also
becomes higher. Therefore efficient radiative decay of e
tons is excepted when observed for the@11̄0# polarization.
This is qualitatively in good agreement with the resu
shown in Figs. 1~a! and 1~b!.
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IV. SUMMARY

We studied the optical properties of Ga0.5In0.5P grown by
means of a GS MBE. A strong optical anisotropy was o
served in macro- andm-PL spectra. From XTEM study, the
optical anisotropy is found to be due to the spontaneous
eral composition modulation of Ga and In. Them-PL study
revealed that the PL band is composed of many of sh
lines, which come from the radiative decay of excito
trapped at local potential minima. Anisotropy in the PL ri
and decay times was also observed. The detection en
dependence of the PL decay time is well explained by c
sidering the relaxation process of excitons from shall
traps to deep traps. All these observed results indicate
for the study on the relaxation process of excitons in t
system, it is important to consider the localized excitons d
to the anisotropic potential minima induced by the sponta
ous lateral composition modulation.

Note added in proof.Recently, some reports on the obse
vation of them-PL lines in bulk alloy semiconductors wer
published.30,31
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