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Photoluminescence from metastable states in long-range ordered„Al0.5Ga0.5…0.51In0.49P
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Engineering, Faculty of Engineering, Kobe University, Rokkodai 1-1,
Nada, Kobe 657, Japan
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We have investigated photoluminescence of long-range ordered~Al0.5Ga0.5!0.51In0.49P grown by metalor-
ganic vapor-phase epitaxy on GaAs~001! and GaAs~115!A. Photoluminescence spectra were measured as
functions of temperature and delay time. The fundamental edge luminescence from~Al0.5Ga0.5!0.51In0.49P on
GaAs~001! shifts to the lower-energy side about 120 meV at 11 K due to the long-range ordering, relative to
the luminescence from theG conduction-band valley in the disordered alloy. TheG luminescence of
~Al0.5Ga0.5!0.51In0.49P appears at lower energy than the indirect luminescence from theX valley. These obser-
vations give clear evidence that the ordering causes the band gap to change from indirect to direct. In the
temperature dependence of the photoluminescence~PL! peak energy, there are three regions divided by a local
minimum and a local maximum. Below the temperature showing the local minimum, the temperature depen-
dence of the PL intensity is characteristic of the localization of photoexcited carriers. The origin of the
localization is the band-gap fluctuation. The temperature dependence of the PL intensity shows thermal acti-
vation between the temperatures showing the local minimum and the local maximum in the PL energy. The
activation energy is proportional to the energy shift at the local minimum. In time-resolved PL measurements
at low temperatures, we observed a delayed emission due to the electrons trapped at metastable states. The
delayed component was only observed below 15 K and the delay time varies with temperature.
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I. INTRODUCTION

Many alloy semiconductors spontaneously form super
tice structures when grown epitaxially.1 In particular, the
electronic band structures in long-range orde
~Al xGa12x!yIn12yP alloys have been investigated by optic
measurements and theoretical calculations.1–19 CuPt-type
long-range ordering appears in~Al xGa12x!yIn12yP alloys
grown on GaAs~001! substrates by metalorganic vapor-pha
epitaxy ~MOVPE!. The ordered structure is equivalent to
monolayer superlattice alternating~Al xGa12x!- and In-rich
atomic planes along the@11̄1# or @1̄11# direction. The degree
of ordering depends on growth conditions, such as gro
temperature, gas-flow ratio of column V and III sources, a
substrate orientation. In the ordered superlattice,
conduction-band minimum~CBM! at theL point is folded
into the G point, because of the doubling periodici
along the@11̄1# or @1̄11# direction. A coupling between theG
and the folded band,G(L), reduces the band-gap energ
The magnitude of the band-gap reduction~BGR! is a
function of order parameterh that is defined as
~Al xGa12x!0.51h/2In0.52h/2P/~Al xGa12x!0.52h/2In0.51h/2P. For
h51, the completely ordered case, the structure
~Al xGa12x!P/InP, the cation sublattice is composed of alt
nating~Al xGa12x! and~In! planes. Forh50, the completely
random case, each plane of the cation sublattice has the
position ~Al xGa12x!0.5In0.5. The energy of theG(L) band in
ordered~Al xGa12x!0.5In0.5P alloys withx,0.6 is higher than
that of theG band.1–19 By utilizing the BGR in ordered al-
loys, we can produce a new direct gap~Al xGa12x!0.5In0.5P,
when the energy of the reducedG band crosses theX band.19

On the other hand, it is well known that epitaxially grow
550163-1829/97/55~7!/4411~6!/$10.00
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ordered alloys are comprised of many domains with vary
values of the order parameter.20–26A distribution of the order
parameter in the epitaxial film causes a fluctuation of
band-gap energy in real space. In recent reports, photolu
nescence~PL! properties related to this band-gap fluctuati
were observed in long-range ordered GaxIn12xP.

20–26 The
PL-peak energy shifts to higher energy, when the excitat
intensity is increased.20 This is caused by band-filling effect
within the fluctuating band structure. It was found in tim
resolved PL measurements that a long lifetime compon
~;8ms! appears even in direct-gap Ga0.5In0.5P because of the
recombination between spatially separated centers.21 At low
temperatures~,30 K!, the temperature dependence of t
PL-peak energy shows a local minimum,22 because the pho
toexcited carriers are localized at metastable states cause
the fluctuating band structure. Grossmannet al. clearly ob-
served a fluctuating band structure in partially order
Ga0.52In0.48P by using picosecond four-wave mixin
experiments.23 The magnitude of the fluctuation depends
the order parameter and is maximum at an order paramet
0.5.24 For example, a fluctuation of order parameter was
timated to be about60.05 in Ga0.5In0.5P with order param-
eter of 0.58.25

In this study, we investigated localization effects of ph
toexcited carriers due to fluctuating band structures of
dered ~Al0.5Ga0.5!0.51In0.49P alloys on GaAs~001! and
GaAs~115!A by PL and time-resolved PL spectroscopie
The temperature dependence of the PL intensity reveals
calized states caused by the fluctuating band structure.
magnitude of the fluctuation depends on the order parame
From the temperature dependence of PL intensity, we fo
that long-range ordering enhances quantum efficiency
4411 © 1997 The American Physical Society
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transitions from localized states. From time-resolved
measurements, we found a delayed emission relating to e
trons trapped at metastable states corresponding to
G6c-G4v,5v PL peak. The delay time increases with decre
ing temperature below 15 K.

II. EXPERIMENT

Epitaxial thin films of ~Al0.5Ga0.5!0.51In0.49P were grown
on n1-type GaAs~001! and GaAs~115!A substrates by
MOVPE. Source gases for the group-III elements were tr
ethylaluminum, trietylgallium, and trimetylindium. Th
source gas for P was phosphine. The growth temperature
the total gas pressure were 670 °C and 30 Torr, respectiv
The V/III ratio of the source gases was 122. The Al/Ga co
position ratio of the films was determined by tuning the g
flow ratio of trimethylaluminum and trietylgallium. Sinc
films on GaAs~001! and on GaAs~115!A were grown simul-
taneously in each deposition, the Al/Ga ratio in the films w
the same in both samples.19 The Al/Ga ratio was verified by
measuring the optical band gap of a Zn-doped random a
on GaAs~001!. The film thickness was 1.8mm. From analy-
ses of double crystal x-ray diffraction, the horizontally latti
mismatch was withinDa/a50.1%, whereDa and a are
ua~GaAs!-a@~Al xGa12x!yIn12yP#u anda~GaAs!, respectively.
a is the horizontal lattice constant. The degree of atom
ordering was controlled by the orientation of the substrate
ordered Ga0.5In0.5P, it was confirmed that the degree of o
dering depends on the substrate tilt angle from the~001!
plane by measurements of the PL peak energies.12 The PL
peak energy monotonically increases when the tilt angl
increased from the~001! to the @111#A direction. From
transmission-electron diffraction ~TED! observation,
~Al0.5Ga0.5!0.51In0.49P GaAs~001! shows super-reflection
spots at~21

2,
1
2,

1
2! and~12, 21

2,
1
2!. These spots correspond

the CuPt-type ordered structure. On the other hand, in
TED observation of~Al0.5Ga0.5!0.51In0.49P/GaAs~115!A, such
super-reflection spots do not appear, though the electr
flectance ~ER! spectrum does show a valence-ba
splitting.19 In this paper, we call the~Al0.5Ga0.5!0.51In0.49P
alloys on GaAs~001! and GaAs~115!A strongly ordered~so!
~Al0.5Ga0.5!0.51In0.49P and weakly ordered ~wo!
~Al0.5Ga0.5!0.51In0.49P, respectively.

We measured time-resolved PL spectra and PL intens
with a gated photon-counting system. The gate width was
ns. The measurement temperature was 11 to 300 K.
excitation light source was the 488 nm line of an Ar1 laser.
In the time-resolved PL measurements, an acousto-o
modulator was used to generate pulse excitation. The p
width and repetition frequency were 30 ns and 2.5 kHz,
spectively. The exciting energy per pulse of the Ar1 laser
was ;350 nJ/cm2 ~8.631011 photons/cm2!. This energy is
low enough to avoid heating the specimen.27

III. RESULTS AND DISCUSSION

A. Temperature dependence of PL spectra

Figure 1 shows PL spectra of wo- an
so-~Al0.5Ga0.5!0.51In0.49P alloys at 11 K. The PL from the
wo-~Al0.5Ga0.5!0.51In0.49P in Fig. 1~a! shows two peaks a
2.28 and 2.31 eV labeled byX andG, respectively. Since the
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ER energy matches the peak at 2.31 eV,19 the 2.31-eV signal
corresponds toG6c-G4v,5v luminescence. The PL peak a
2.28 eV corresponds to a zero-phonon line of theX6c-G4v,5v
luminescence. For the so-~Al0.5Ga0.5!0.51In0.49P, the PL en-
ergy at 2.19 eV labeled byG in Fig. 1~b! matches the ER
peak.19 The G6c-G4v,5v transition energy is reduced abo
120 meV by long-range ordering in the so alloy. These
sults show that the~Al0.5Ga0.5!0.51In0.49P changes to a direct
gap material because of the ordering-induced BGR at thG
point. The full widths at half maximum of theG6c-G4v,5v
luminescence are about 24 and 55 meV for wo- a
so-~Al0.5Ga0.5!0.51In0.49P, respectively. The width is larger fo
so-~Al0.5Ga0.5!0.51In0.49P. The width increases with increasin
ordering, which is also observed in GaxIn12xP. The increase
in the width is caused by band-gap fluctuations in the
dered films.20,24,26

Figure 2 shows the temperature dependencies of the
peak energies corresponding to the transition fromG6c to the
valence-band maximum~VBM !. Closed and open circles de
note the data for wo- and so-~Al0.5Ga0.5!0.51In0.49P, respec-
tively. Each dependence shows a local minimum and a lo
maximum. These trends are the same as the case in ord
Ga0.5In0.5P.

22,24,26 However, the magnitude of the energ
shift at the local minimum in Fig. 2 is large even for the w
alloy. For both samples, there are three regions divided
the local minimum and maximum. The regions are shown
Fig. 2. The local minimum for wo-~Al0.5Ga0.5!0.51In0.49P is at
25 K. On the other hand, the minimum fo
so-~Al0.5Ga0.5!0.51In0.49P is at 60 K. As discussed below, th
PL in region I shows behavior of characteristic luminescen
from localized states caused by a spatial band-gap fluc
tion. In the temperature range from the local minimum to
K for wo-~Al0.5Ga0.5!0.51In0.49P @to 120 K for
so-~Al0.5Ga0.5!0.51In0.49P# ~region II!, the localized carriers
populate higher-energy states. The PL peak energy follo
the well-known temperature dependence of the band
above 50 and 120 K for wo- and so-~Al0.5Ga0.5!0.51In0.49P,
respectively~region III!. The solid and dashed lines in Fig.
are the band-gap energies estimated for wo- a
so-~Al0.5Ga0.5!0.51In0.49P by nonlinear least-squares fitting o

FIG. 1. PL spectra of~Al0.5Ga0.5!0.51In0.49P on ~a! GaAs~115!A
and ~b! GaAs~001!. Measurement temperature is 11 K. The arro
labeled byX or G shows the PL component due to theX or G
conduction band, respectively.
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55 4413PHOTOLUMINESCENCE FROM METASTABLE STATES IN . . .
our data by the functionEg(T)5Eg02aT2/(b1T). Here,
Eg0 the band-gap energy at 0 K,a, andb are fitting param-
eters. The band-gap fluctuation causes the PL peak ener
deviate from theEg02aT2/(b1T) function form. The red-
shift energy, which is defined as the difference between
observed PL peak andEg02aT2/(b1T) at the local mini-
mum, is 48~75! meV for wo~so! -~Al0.5Ga0.5!0.51In0.49P. This
result shows that the band-gap fluctuation increases with
creasing order parameter.

We believe that the magnitude of the redshift at the lo
minimum of the PL in region I is mainly determined by th
band-gap fluctuation. However, other effects such
valence-band splitting and the spatial fluctuation of
Al/Ga mole fraction can also contribute to the redshift.
periodic crystal field in the ordered superlattice splits
fourfold degenerateG8v at the VBM into two doubly degen
erate bands represented byG4v,5v andG6v. Therefore, the PL
peak energy depends on the population of photogener
holes at theG4v,5v andG6v points. In our recent study of th
valence-band splitting~VBS! of ~Al0.5Ga0.5!0.51In0.49P using
ER measurements, the VBS energies of wo- a
so-~Al0.5Ga0.5!0.51In0.49P are about 30 and 50 meV
respectively.19 Though the VBS energies are larger than th
mal energies in these experiments, the potential fluctua
may produce a contribution of the valence-band splitting
the redshift. TheG6c energy is more sensitive to the relativ
mole fraction of Al/Ga than theX6c energy.

19 If the spatial
fluctuation of the mole fraction were large, then the spec
line width of theG6c luminescence would be larger than th
of theX6c luminescence. However, the experimental resu
shown in Fig. 1~a! do not show an increased linewidth fo
the G6c peak. Therefore, the fluctuation of the Al/Ga mo
fraction does not appear to contribute to the redshift.

To investigate the temperature dependence of the PL
tensity in region I, we used anI 0/I (T)21 versusT plot,
where I 0/I (T)21 corresponds to the relative probability
nonradiative to radiative recombination and can be fit
within some temperature range to exp~T/T0!.

28 T0 is a char-

FIG. 2. Temperature dependences of PL-peak energies
~Al0.5Ga0.5!0.51In0.49P on GaAs~115!A ~closed circle! and
GaAs~001! ~open circle!. Solid and dashed lines are calculated
least-squares approximations ofEg02aT2/(b1T).
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acteristic temperature reflecting a temperature dependen
quantum efficiency of transitions from localized states.I (T)
is the PL intensity at a temperatureT and I 0 is the intensity
at the low-temperature limit.22 In this plot, a linear relation-
ship betweenT and ln$I 0/I (T)21% denotes the localization
of photoexcited carriers. Figure 3 plotsI 0/I (T)21 as a func-
tion of T for wo- and so-~Al0.5Ga0.5!0.51In0.49P. The
I 0/I (T)21 curves for both wo- and so-~Al0.5Ga0.5!0.51In0.49P
follow exp~T/T0! in the region I. The PL in this region
comes from localized states caused by the fluctuating po
tial. T0 for wo- and so-~Al0.5Ga0.5!0.51In0.49P estimated from
Fig. 3 is 1.6 and 3.6 K, respectively. This result indicates t
radiative recombination is enhanced by the long-range or
ing. For ordered Ga0.5In0.5P, it was reported thatI 0/I (T)21
is proportional to exp~T/T0! below 30 K, and thatT0 is 7.5
K.22 SinceT0 relates to degree of ordering, the change ofT0
is caused by the different localized states in the wo and
alloys. The reason whyT0 of ordered Ga0.5In0.5P is larger
than that of~Al0.5Ga0.5!0.51In0.49P alloys is that theG ~direct-
gap! conduction-band minimum is much lower than theX
~indirect-gap! conduction-band minimum in Ga0.5In0.5P,
while the energies ofG and X minima are similar in the
~Al0.5Ga0.5!0.51In0.49P alloys. Therefore,X-band lumines-
cence is significant in the~Al0.5Ga0.5!0.51In0.49P alloys but
negligible in Ga0.5In0.5P. The X-band luminescence is
quenched by nonradiative recombination at lower tempe
ture ~smaller value ofT0! than is theG-band luminescence.

Figure 4 shows Arrhenius plots of the PL intensitie
Closed and open circles indicate data for wo- a
so-~Al0.5Ga0.5!0.51In0.49P, respectively. The plots are propo
tional to 1/T in region II. An activation energy in this plo

or

FIG. 3. Temperature dependence ofI 0/I (T)21, whereI (T) and
I 0 are the measured intensity and the intensity at the lo
temperature limit, respectively. Closed and open circles corresp
to ~Al0.5Ga0.5!0.51In0.49P on GaAs~115!A and GaAs~001!, respec-
tively. Solid and dashed lines are calculated by least-squares
proximations ofI 0/I (T)21.
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4414 55YAMASHITA, KITA, NAKAYAMA, AND NISHINO
corresponds to the magnitude of potential fluctuation. Fit
activation energies for wo- and so-~Al0.5Ga0.5!0.51In0.49P are
31.960.9 and 69.062.8 meV, respectively. We believe tha
the differences between the fitted activation energies fr
Fig. 4, and the redshifts at the local minimum of the PL fro
Fig. 2, correspond to the effects of the valence-band s
ting. The temperature dependence of the intensity has
Arrhenius form only in region II, not in regions I and III. In
region I, the photoexcited carriers are localized at low
energy states in the fluctuated band as indicated by Fig. 2
region III the photoexcited carriers completely escape fr
the localized states.

B. Time-resolved PL spectra

Figure 5 shows time-resolved PL spectra of~a! wo- and
~b! so-~Al0.5Ga0.5!0.51In0.49P at 11 K. We observed decays
the intensities of the PL components shown in Figs. 1~a! and
1~b!. The decays at 2.28 and 2.31 eV in Fig. 5~a! correspond
to the X and G PL peaks, respectively, in
wo-~Al0.5Ga0.5!0.51In0.49P. Both decays in Fig. 5~a! show long
lifetime components corresponding to indirect transitio
Moreover, we found a delayed component around 2ms in the
decay profile 2.31 eV, but not in the 2.28-eV decay profi
The decay of so-~Al0.5Ga0.5!0.51In0.49P in Fig. 5~b!, on the
other hand, shows a fast lifetime which is smaller than
instrumental time resolution of 30 ns in this experiment. T
fast lifetime is evidence for the direct characters of the lum
nescence transition. The decays at 2.28 and 2.31 eV in
5~a! can be fitted to a double-exponential function given
Af exp(2t/t f)1As exp~2t/ts!,

27 except for the delayed
component mentioned above. Here,tf and ts are the decay
lifetimes of the fast and slow components, respectively.tf

FIG. 4. Arrhenius plots of PL intensities. Closed and op
circles correspond to~Al0.5Ga0.5!0.51In0.49P on GaAs~115!A and
GaAs~001!, respectively. Solid and dashed lines are calculated
least-squares approximations of exp(E/kT).
d

m
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~ts! obtained by a least-squares approximation is 0.46~3.06!
ms. The dashed lines are the calculated double-expone
functions. Since the photoexcited electron lifetime at theG
point is much shorter than that at theX point, excited elec-
trons at theG point relax rapidly to theX point. Therefore, in
general we would not expect to observe theG-to-valence-
band luminescence in the indirect-gap semiconductors. H
ever, if there is mixing between theG andX electronic states,
then carriers will be excited and/or scattered from theX
point to theG point. In this case,G-to-valence-band lumines
cence will be produced by carriers transferred from theX
band, and theG-luminescence lifetime will be almost th
same as the lifetime of the indirectX-band luminescence
The observed long lifetime of theG ~2.31 eV! luminescence
thus reveals the presence ofG-X mixing in
wo-~Al0.5Ga0.5!0.51In0.49P. The optical property ofG6c decay
is similar to X6c. We observed a phonon replica of th
longitudinal-optical phonons at theG point at the lower-
energy side of the 2.28-eV band.19 This indicates thatG-X
scattering occurs in wo-~Al0.5Ga0.5!0.51In0.49P, because of
mixing between theX6c andG6c bands.

The delayed emission in the decay profile at 2.31 eV w
observed only below 15 K, i.e., in region I, where the ele
trons are localized by the band-gap fluctuations. If we
sume that the delayed component comes from metast
states, an escape probabilityPe is given by
Pe51/tD5n exp~2ED/kT!.29 Here,tD is the delay time as
indicated by the arrow in Fig. 5~a!, n is the attempt-to-escap
frequency, andED is the mean energy separation betwe
the metastable states. As shown in Fig. 6,ED andn obtained
from a least squares fit are 1.2460.03 meV and 1.523106

s21, respectively. These results indicate that electrons tra
fer from theX6c CBM to theG6c CBM via the metastable
states with the mean energy separation of 1.24 meV.

IV. CONCLUSIONS

A systematic investigation of photoluminescence in lon
range ordered ~Al0.5Ga0.5!0.51In0.49P alloys grown by
MOVPE on GaAs~001! and GaAs~115!A has been per-
formed. PL spectra indicate that~Al0.5Ga0.5!0.51In0.49P alloys
on GaAs~001! and GaAs~115!A are strongly and weakly or
dered, respectively. The fundamental edge luminesce
from ~Al0.5Ga0.5!0.51In0.49P on GaAs~001! shows BGR about

y

FIG. 5. Time-resolved PL spectra of~Al0.5Ga0.5!0.51In0.49P on
~a! GaAs~001! and ~b! GaAs~115!A at 11 K. Detected energie
correspond to the PL-peak energies shown in Fig. 1. Dashed lin
a double-exponential function.
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120 meV at 11 K due to the long-range ordering. This lum
nescence appears at the lower energy than the indirect l
nescence from theX valley. In the temperature dependen
of the PL-peak energy, there are three regions divided b
local minimum and a local maximum. Below the temperatu
showing the local minimum,I 0/I (T)21 is proportional to
exp~T/T0!, where I (T) is the luminescence intensity. Th
result is explained by the localization of photoexcited ca
ers. The origin of the localization is potential fluctuations
the epitaxial films due to the ordering. Estimated values

FIG. 6. Temperature dependence of escape probability
~Al0.5Ga0.5!0.51In0.49P on GaAs~115!A. The vertical axis shows
logarithm of escape probability. The probabilities were estima
by the delay time indicated by an arrow in Fig. 5. Dashed line
calculated by a least-squares approximation ofPe51/tD
5v exp~2ED/kT!.
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T0 for the weakly and strongly ordered~Al0.5Ga0.5!0.51In0.49P
are 1.6 and 3.6 K, respectively. This result indicates that
quantum efficiency is enhanced by the long-range order
The PL intensities show thermal activation between the te
peratures showing the local minimum and maximum of
peak energies. In the thermally activated region, the act
tion energies for the weakly and strongly order
~Al0.5Ga0.5!0.51In0.49P are 31.960.9 and 69.062.8 meV, re-
spectively, similar to the energy shift of the PL-peak ener
at the local minimum.

In the time-resolved PL measurements for the weakly
dered~Al0.5Ga0.5!0.51In0.49P, the decays at theX and G PL
peaks show long lifetime components corresponding to in
rect transitions. This result indicates that photoexcited e
trons at theG6c band are populated from theX6c band. Fur-
thermore, we observed a delayed emission which was
observed in ordered Ga0.5In0.5P and is attributed to electron
trapped at metastable states. The delayed component
only observed below 15 K, and the delay time increases w
decreasing temperature. The temperature dependence o
delay time suggests that electrons transfer from theX6c CBM
to theG6c CBM via the metastable states with a mean ene
separation of 1.24 meV.
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