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Influence of localization on the optical properties of ordered„Al0.5Ga0.5…0.52In0.48P

U. Dörr, R. Lutz, E. Tsitsishvili,* and H. Kalt
Institut für Angewandte Physik, Universita¨t Karlsruhe, D–76128 Karlsruhe, Germany

~Received 23 March 2000; revised manuscript received 25 July 2000!

Using various methods of optical spectroscopy, we have investigated the influence of localization on the
optical properties of CuPtB-type ordered (Al0.5Ga0.5)0.52In0.48P. Localization results from the formation of
inhomogeneous domainlike microstructures during the growth of the ordered material. We compare different
samples which were grown simultaneously, but on differently oriented GaAs substrates. The samples exhibit
completely different microstructures which were investigated in great detail by transmission electron micros-
copy and x-ray measurements. Typical localization effects like inhomogeneous broadening of the photolumi-
nescence and the Stokes shift between photoluminescence and absorption are very pronounced if the structural
correlation length is comparable to the exciton Bohr radius. In this case we have found two different types of
localized states, i.e., one type at higher energies close to the band edge, and one at lower energies well below
the band gap. The latter is attributed to anisotropic localization centers which are not significantly influenced
by CuPtB-type ordering. These centers produce modifications of the ordering-induced anisotropy of the pho-
toluminescence. This phenomenon yields the possibility to obtain the mobility edge energy from the spectral
dependence of the optical anisotropy. In temperature-dependent experiments, we have identified thermally
activated exciton redistribution processes both within the localized states and from localized to extended states.
If the excitation intensity is increased, state-filling effects produce a blue shift of the emission~moving
emission!. Using microphotoluminescence we demonstrate that this blueshift is not caused by a shift of single
states but only by a change of their spectral weights. For high-excitation intensities above 10 kW/cm2, we
have identified global state filling which results in stimulated emission.
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I. INTRODUCTION

Exciton localization in disordered semiconductors is
widely studied phenomenon which influences the opti
properties of these material systems significantly. Most st
ies focus on two model systems:~a! mixed crystals with
alloy disorder; and~b! quantum-well systems with wel
width fluctuations and, in some cases, additional alloy dis
der. The reason for localization in such disordered system
the existence of a fluctuating potential. In the case of al
disorder, these fluctuations are produced by spatial variat
of the band gap. In quantum-well systems, fluctuations of
well width and hence the quantization energy provide
additional source of potential variations.

At low temperatures, excitons are localized in local p
tential minima. The efficiency of this localization proce
depends on the ratio between the correlation length of
fluctuating potential, i.e., the ‘‘size’’ of the potential minima
and the excitonic Bohr radius, i.e., the ‘‘size’’ of th
exciton.1–4 For example, if the Bohr radius is significant
larger than the correlation length, localization is partly cou
terbalanced by averaging over many potential minima.

Although rarely discussed in this context, the quatern
semiconductor alloy (AlxGa12x)0.52In0.48P is very suitable
for an investigation of localization effects. In the disorder
phase, i.e., for a completely random distribution of t
group-III atoms~cations! on their sublattice, this materia
exhibits localization as a consequence of alloy disord
However, since the excitonic Bohr radius in III-V com
pounds is very large in comparison to the correlation leng
which is of the order of a few lattice constants, localizati
PRB 620163-1829/2000/62~23!/15745~9!/$15.00
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effects are not very pronounced in disorder
(Al xGa12x)0.52In0.48P.

Depending on the growth conditions, the randomness
the distribution of the cations can be violated and the ma
rial acquires an ordered phase.5 The most important type o
ordered phase is the so-called CuPtB-type ordering. In a
CuPtB-type ordered structure, the cation planes alternate
Al/Ga and In rich, approximating a monolayer superlatti
along the @11̄1# ~variant I! or @ 1̄11# ~variant II!
directions.6–8

As a consequence of this ordering-induced symmetry
duction, the fourfold degenerateG8

V valence-band state of th
zinc-blende crystal~i.e., the disordered phase! splits into two
twofold degenerate states of symmetryG4,5

V and G6
V ,

respectively.9,10 Since the matrix elements for optical trans
tions depend on light polarization, the ordered material
hibits optical anisotropy.9–11

With respect to localization, we have to take into accou
that real crystals are not homogeneously ordered, but exh
domainlike microstructures with antiphase boundar
~APB’s!. While the actual morphology depends on a
growth parameters, the substrate orientation is of partic
importance since it is decisive for variant selection.12–14The
inhomogeneity of the microstructure can be considered
ordering-induced disorderwhich involves potential fluctua-
tions. We consider the size of the ordered domains as a m
sure for the correlation length of these fluctuations. Typi
domain sizes range from a few nanometers to sev
micrometers,15 and, hence, the correlation length is genera
larger than in disordered crystals. As a consequence, ord
(Al xGa12x)0.52In0.48P exhibits pronounced localizatio
effects.
15 745 ©2000 The American Physical Society
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Localization in ordered Ga0.52In0.48P or
(Al xGa12x)0.52In0.48P manifests itself as an inhomogeneou
broadened emission band which occurs energetically be
the absorption resonance, and exhibits several characte
properties such as a blueshift with increasing excitation
tensity and very long decay times.16 In spatially resolved
experiments it has been found that the low-energy emis
is at least partly composed of very narrow lines which c
respond to single excitonic states.17

These localized states have often been correlated to
APB’s,18,19but Smithet al.15 found that APB’s cannot be th
only origin of the typical low-energy emission. Obviousl
localization and thus the properties of the low-energy em
sion strongly depend on the actual type of microstruct
which can be identified in detail by transmission electr
microscopy~TEM! and x-ray-diffraction methods.

In the present work we compare structural and opti
investigations of different (Al0.5Ga0.5)0.52In0.48P samples
which have been grown simultaneously. Since the subst
orientations are different, the samples exhibit completely
ferent microstructures. The microstructures had been ide
fied in great detail by TEM~Ref. 20! and x-ray-diffraction
methods, and the correlation between structural peculiar
and localization effects is discussed. Using a large variet
spectroscopy methods we show that the optical properties
characterized to a very high extent by localization. In p
ticular, localization modifies the ordering-induced anis
tropy.

This paper is organized as follows. In Sec. II the mic
structures of the samples are presented. Since structura
homogeneities occur on a length scale of a few nanome
the termmicrostructureis replaced bynanostructurein what
follows. The different optical methods which have been a
plied are the subject of Sec. III. In Sec. IV we compare t
(Al0.5Ga0.5)0.52In0.48P layers with different nanostructure
with respect to the significance of typical localization effec
As a consequence of the particular type of nanostructure
sample exhibits pronounced localization effects. For t
sample the ordering-induced optical anisotropy is affected
localization, and exhibits a typical spectral dependence. T
is the subject of Sec. V. Since the absolute number of lo
ized states is always small compared to the extended st
state filling plays an important role in localized system
even for relatively low excitation intensities. In Sec. VI w
compare state-filling effects in different regimes of excitati
intensity. State filling results in population inversion an
consequently, stimulated emission. The paper is summar
in Sec. VII.

II. NANOSTRUCTURE OF THE SAMPLES

We have investigated (AlxGa12x)0.52In0.48P layers which
were grown under different conditions. In the following w
concentrate on two different samples which are typical
different regimes of correlation length. The nanostructure
these samples has been determined in great detail. The
layers have a thickness of 1.5mm, and were grown simul-
taneously in a horizontal atmospheric pressure metal-org
vapor-phase-epitaxy reactor on differently oriented s
strates.21 The growth temperature, growth rate, and V/
flow ratio were 700 °C, 2.5m/h, and;40, respectively. The
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sample with a very short correlation length (s sample! was
grown on a GaAs~001! substrate misoriented by 10° towar
$111%A. This sample therefore contains both ordering va
ants with equal volume fractions. In contrast, the substrat
the sample with a larger correlation length (l sample! is mis-
oriented by 3° toward$111%B, and thus one ordering varian
is preferred.

Using conventional and high resolution transmission el
tron microscopy, we identified the morphology of th
samples down to a length scale of a few nanometers.20 Since
the details of the identified nanostructures and the respec
experiments are described in Ref. 20, only a short summ
of the experimental findings shall be given here. While t
nanostructure of thes sample is characterized by very sma
domains containing each ordering variant, thel sample ex-
hibits a nearly regular succession of platelike domains. T
suppressed variant occurs in 1–2-nm thin domains wh
separate the more extended domains of the preferred var
and form antiphase boundaries between them. The dom
of the preferred variant have a thickness of;10 nm. While
this value is comparable to the excitonic Bohr radius of
material, the structural correlation length of thes sample is
found to be 1–2 nm, and thus much smaller than the e
tonic Bohr radius. This is illustrated in Fig. 1, where th
nanostructures of the samples are depicted schematicall

Since exciton localization in inhomogenous structures
pends strongly on the ratio between the length scale of
potential fluctuations and the excitonic Bohr radius, the d
ferent structural correlation lengths of the two samples re
in a different significance of localization effects. This is d
scribed in detail in Sec. IV. In Sec. III we first present som
details of the optical experiments.

III. EXPERIMENTAL METHODS

Polarized, spatially integrated measurements of the p
toluminescence~PL! were carried out using the 514.5-nm
line of an Ar1 laser as the excitation source. In order
avoid errors produced by any polarization dependence of
detection system, a polarization filter was placed in the
tection beam. The detected polarization was selected usi

FIG. 1. Schematical representation of the nanostructures ofl
sample~above! and thes sample~below!. The In~Al/Ga! planes are
represented as solid~dashed! lines. The circles indicate the size o
an exciton.
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double fresnel rhomb. As detection system we have use
combination of a 64-cm grating spectrometer and a di
array. The spectral resolution was;1 meV. In order to
control the sample temperature between 5 and 300 K, a
lium bath cryostat with integrated heating was used.

Spatial restricted measurements of the photoluminesce
(m-PL) were performed using a microscope objective in
detection beam. Spatial restriction of the detection spot
realized by a pinhole in the intermediate image plane of
microscope. With this setup a spatial resolution better t
1 mm was achieved.22 A cooled charge-coupled-devic
~CCD! camera with a 75-cm grating spectrometer was u
as detection system. The spectral resolution of this sys
was better than 80meV. A temperature control between
and 100 K was achieved using a helium flow cryostat.

For the high excitation experiments we used the pulse
a dye laser~Coumarin 153! pumped by a frequency triple
Nd:YAG ~yttrium aluminum garnet! laser. The pulse dura
tion was 3–4 ns, and the excitation wavelength 520–530
Intensities of up to several MW/cm2 were achievable with
this setup. The high-excitation PL was measured in ba
scattering geometry using the same detection system a
the case of the spatially integrated PL.

IV. INFLUENCE OF THE NANOSTRUCTURE ON THE
SIGNIFICANCE OF LOCALIZATION EFFECTS

As a consequence of localization the PL spectra of dis
dered materials exhibit a characteristic dependence on la
temperature. In particular, the thermally activated redistri
tion of excitons within the tail of localized states manifes
itself as a nonmonotonic dependence of the PL peak en
on temperature.23–26 Starting from low temperatures of les
than 10 K, the emission first exhibits a redshift with increa
ing temperature. This redshift is produced by thermally a
vated occupation of deeper localized states. With further
creasing temperature the occupation of delocalized st
gains increasing influence, and the emission maximum sh
to higher photon energies. Above moderate temperature
;100 K this blueshift is counterbalanced by a temperatu
induced band-gap reduction which is insignificant for lo
temperatures.27 This s-type behavior of the spectral positio
of the emission maximum is characteristic of disordered s
tems.

In the case of thes sample, temperature-dependentm-PL
measurements clearly demonstrate thermally activated re
tribution processes~see Fig. 2!. Since the structural correla
tion length of this sample is significantly shorter than t
exciton Bohr radius, localization effects are not much m
pronounced than, for example, in a disordered semicondu
alloy. The m-PL spectra at low temperatures are theref
almost smooth, indicating that the main contributions to
PL stem from delocalized or nearly delocalized states. Ho
ever, a temperature increase up to about 40 K leads
drastic change of them-PL properties. On the low-energ
side, sharp emission lines corresponding to single-exc
states occur. The occupation of these deeper localized s
produces a small redshift of the emission maximum an
significant broadening of the envelope PL line. A furth
increase of temperature favors the occupation of delocal
states and the emission maximum shifts to higher pho
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energies. At 60 K most of all excitons are delocalized, a
only the deepest sharp lines remain. Due to the increa
importance of nonradiative recombination, which is caus
by the increased exciton mobility, the quantum efficien
decreases significantly@see the normalization factors in Fig
2~a!#.

Since the structural correlation length of thel sample is
comparable to the exciton Bohr radius, localization effe
have a much more pronounced influence on the optical p
erties of this sample. For example, low-temperaturem-PL
spectra recorded atT55 K are characterized by narrow
lines which occur over the whole energy range of the em
sion ~see Fig. 7!. Furthermore, the examination of the sp
tially integrated PL yields that both linewidth and Stok
shift are much larger than in the case of thes sample. In
order to determine the band-gap energy, we performed p
toluminescence excitation~PLE! measurements at low tem
peratures. The temperature dependence of the band gap
extracted by the temperature induced shift of single tracka
lines in the temperature-dependentm-PL experiments. How-
ever, this procedure works only up to temperatures
;80 K, since the low quantum efficiency requires integ
tion times that are too long. In order to determine the ba
gap at higher temperatures, we have used the spectral de
dence of the optical anisotropy. This is described in S
V A.

The s-type dependence of the PL maximum position
temperature is clearly discernible in Fig. 3. Above 100 K t
redshift is produced by the temperature dependence of
band gap. As for thes sample, the nonmonotonous behavi
for lower temperatures is the result of thermally activat
redistribution processes. However, a closer examination
the line parameters~see Figs. 2 and 3! yields an important
difference between the two samples. While for thes sample
the linewidth increases monotonically over the whole te
perature range, i.e., in particular above the tempera
which is sufficient for the occupation of delocalized stat
the linewidth of thel sample exhibits a local maximum a
100 K. The line shape at this temperature indicates that

FIG. 2. ~a! Normalizedm-PL spectra of thes sample recorded
for different temperatures. The normalization factors are given w
respect to the 8-K spectrum.~b! Linewidth @full width at half maxi-
mum ~FWHM!# and Stokes shift of the envelope emission line
functions of lattice temperature. The zero Stokes shift correspo
to the absorption resonance determined by PLE at low tempera
~not shown!. The temperature dependence of the band gap
extracted from single trackable lines in them-PL spectra.
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emission is composed of at least two separated contributi
This is a first indication for the existence of two differe
types of localized states in this particular nanostructure,
a lower-energy type and a higher-energy type. In Sec. V
show that the ordering-induced anisotropy is modified a
consequence of contributions from the lower-energy type
localized states.

V. SPECTRAL DEPENDENCE
OF THE OPTICAL ANISOTROPY

In Sec. IV we demonstrated that the optical properties
the l sample are strongly modified by localization effects.
order to investigate the influence of localization which
sults from the particularnanostructureon the ordering-
induced anisotropy, which is a consequence of a CuPtB-type
crystal structure, we have determined the spectral depe
dence of the optical anisotropy.

As a consequence of the lower symmetry of ordered c
tals, the fundamental optical transition between theG6

C

conduction-band andG4,5
V valence-band states is forbidde

for light polarization parallel to the ordering direction. F
light emission along@001# ~corresponding to the usual geom
etry of a PL experiment!, @110# ~X! and @ 1̄10# ~Y! are the
polarization directions of maximum and minimum intensi
respectively. In the following the ratioI X /I Y between maxi-
mum and minimum intensity is denoted as anisotropyA.

If there is no epitaxial strain, the above mentioned sel
tion rule yields the valueA53 for transitions atk50.9 These
optical transitions correspond to one particular photon
ergy equal to the fundamental band-gap energyE0. For
higher-energy transitions, i.e., transitions with nonzero m
mentumk, the optical anisotropy is modified as a cons
quence of the complicated structure of the upper vale
band G8

V in a disordered system. These modifications
discussed in Sec. V A.

As mentioned above, the low-energy localized states p
duce additional modifications of the optical anisotrop
These modifications on the low-energy side of the spectra
discussed in Sec. V B. In Sec. V C we compare the spec
dependence of the anisotropy which was obtained exp

FIG. 3. ~a! PL spectra of thel sample recorded for differen
temperatures.~b! Linewidth ~FWHM! and Stokes shift as function
of temperature. Below 80 K the Stokes shift was determined
m-PL as in the case of thes sample. Above 80 K the band-ga
energy was obtained by the maximum of the anisotropy.
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mentally with the theoretical considerations of Sec. V A a
V B.

A. High-energy side: effect of band mixing

With increasing temperature the occupation of higher
ergy states withkÞ0 gains increasing influence. For optic
transitions between conduction- and valence-band states
kÞ0, the anisotropy depends onk and thus deviates from
the value of 3. This is a consequence of valence-band m
ing. In order to investigate thek dependence ofA, we con-
sider ordering as chemical strain as done by Wei a
Zunger,9 and assume that the degree of ordering is not
high. Then one can neglect the coupling between the up
valence bandG8

V and the split-off bandG7
V which is split due

to spin-orbit interaction. In this case the ordering-induc
valence-band splittingD lh(0) at theG point is given by11

D lh~0!52A3udvexyu, ~1!

where exy is the off-diagonal element of the strain tenso
anddv stands for the hole deformation potential. In the fo
lowing we ignore exciton effects, and calculate the probab
ties of the interband optical transitions which are defined
the matrix elements of the electron-photon interact
Hamiltonian

Wie5u^ccuep̂uc iv&u2. ~2!

In Eq. ~2!, p̂ is the momentum operator, ande is the polar-
ization vector; the wave functionscc and c iv refer to the
conduction bandG6

C and the valence bandG8
V ; and i 5 l ,h

denotes light and heavy holes, respectively. The elec
wave functionscc haves-like symmetry, and are defined b
the spin functionscc5uS&a,uS&b. For nonzero momentum
k as well as in the presence of deformations, the hole w
functionsc iv are linear combinations of the basis functio
uJ,i z&, with k- and strain-dependent coefficients.28 One can
check, in particular, that for@11̄1# or @ 1̄11# strain, the hole
wave functions are given by

c iv5BiFHU32 ,
3

2L 7@G2D lh~k!#U32 ,
1

2L 1IU32 ,2
3

2L G .
~3!

With the Luttinger parametersg2,3, the coefficientsH, G,
and I are given by

H52A3g3kz~ky1 ikx!1dvexy~12 i !,

G522g2Fkz
22

1

2
~kx

21ky
2!G ,

I 5A3@2g2~kx
22ky

222ikxky!#1 idvexy , ~4!

the k-dependent valence-band splitting is

D lh~k!52AG21uHu21uI u2, ~5!

and for the coefficientsBi we obtain

Bi5@2~D lh~k!7G!D lh~k!#1/2. ~6!

y
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In Eqs.~3! and~6! the upper sign corresponds to the heav
hole states and the lower one to the light-hole states, if
product dvexy,0 as assumed for CuPtB-type ordered
(Al xGa12x)0.52In0.48P crystals.

The transition probabilities@Eq. ~2!# calculated with func-
tions ~3!–~6! arek dependent. This dependence can be c
verted into an energy dependence using the momentum
energy conservation law. In the spherical approximationg2
5g3, averaging over all values ofk reduces to averaging
over all directions ofk. When the photon energy is smalle
thanEg1D lh(0), only transitions into heavy-hole states a
possible. In this case the optical anisotropy, which is ide
fied by the ratio of the probabilitiesWX andWY , is given by
A(\v)5WX(\v)/WY(\v). For higher photon energie
there are additional transitions into light-hole states, and
obtain

A~\v!5
WhX~\v!1WlX~\v!

WhY~\v!1WlY~\v!
. ~7!

The result of this calculation is depicted in Fig. 4. We ha
performed the calculation with the valuesm50.07 andg2
51 for the reduced mass and the Luttinger parameter,
spectively. These values are typical for Ga0.52In0.48P,29

though the exact values for (Al0.5Ga0.5)0.52In0.48P are not
known. Starting from the value 3 atk50 the anisotropy
decreases monotonically with increasing~kinetic! energy. At
the energyE05Eg1D lh(0), contributions from light-hole
transitions lead to an abrupt decrease to values close
Similar results have previously been found by Bir a
Ivchenko,30 but in the case of hexagonal crystals.

B. Low-energy side: effect of localization

Localized states can be considered as local poten
minima for excitons. In the following we show that emissio
from these minima is anisotropic if their geometrical shape
nonspherical. Therefore we call these potential minima
isotropic localization centers~ALC’s!. As a simple model we
consider quasi-zero-dimensional centers~quantum dots!, and
discuss the influence of the nonspherical shape on the op
anisotropy. For other materials, polarized emission fr
nonspherical localization centers~quantum dots! were ob-
served experimentally.31–33CuPtB-type ordering is neglected
in this section. Actually, this is justified since the contrib

FIG. 4. Calculated anisotropy as a function of kinetic ener
The valence-band splitting at theG point is denoted asD lh(0), and
Eg is the band-gap energy. The reduced mass ism50.07, and the
Luttinger constant isg251.
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tion of ordering to the anisotropy is exceeded by the effec
the ALC’s. This will be shown in Sec. V C.

In Ref. 34 nonstrained single quantum dots of elliptic
shape, with the main axes along the main cubic axes$100%,
were considered. The confinement was modeled via a
monic potential with three different eigenfrequenciesvx ,
vy , and vz . Then the effective-mass Hamiltonian for th
electron is a three-dimensional harmonic oscillator, and
wave functions are defined by the three quantum numb
Ny , Ny , andNz . The hole Hamiltonian can be written in th
form HG8

5Hs1Hc , where the termsHs and Hc represent
the spherical and cubic parts, respectively. In the spher
approximation, the eigenvalues ofHs are similar to those for
the electron. However, each hole state with a given se
quantum numbers is fourfold degenerate. The nonsphe
part of the Luttinger Hamiltonian,Hc , breaks this degen
eracy. Both states with equal quantum numbers and st
with different quantum numbers are mixed by the interact
part Hc . If the ellipticity of the quantum dot is small, th
effect of Hc can be calculated using the Lo¨wdin method.35

Then, the interaction of the degenerate states is included
actly, and the interaction of the states with different eige
values is treated as a perturbation.

Herein we consider nonspherical quantum dots wh
main axes are oriented along@110# (X), @ 1̄10# (Y), and
@001# (Z). The lengths of the cross-sectional axes are
noted asLi ( i 5X,Y,Z) and the nonspherical shape is d
scribed by the ratiosa5(LX /LY)2 and b5(LX /LZ)2. We
focus our attention on the optical transitions from the upp
most valence-band state to the lowest conduction-band s
with $Nx ,Ny ,Nz%50.

As an example we consider a quantum dot which
slightly elongated along the@ 1̄10# direction, i.e.,a,1 and
a,b. One can show that in this case the Bloch part of
wave function of the uppermost valence band state is
following linear combination of the basis statesuJ, j z&,

cv5
1

N F ~Q1d!U32 ,
3

2L 1MU32 ,2
1

2L G , ~8!

where

d5AQ21M2, N52Ad~d1Q!, ~9!

and the coefficientsQ andM are given by

Q5g2~2b2a21!, M5A3g3~12a!. ~10!

For the transition probabilities which are given by Eq.~2!,
we obtain

WX5
uPu2

3
F 11

~2b212a!23
g2

g3
~12a!

2d̃
G , ~11!

WY5
uPu2

3
F 11

~2b212a!13
g2

g3
~12a!

2d̃
G ,

.
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WZ5
uPu2

3 F12
~2b212a!

d̃
G .

The ratiog2 /g3 describes the degree of warping for theG8v
valence band, and

d̃5A~2b212a!213S g2

g3
D 2

~12a!2. ~12!

Evidently, the transition probabilities depend only on t
axis ratios. The results above are similar to those obtaine
Ref. 34. However, due to the change of the quantum-
orientation, the warping factor appears in Eq.~11!. Usually,
the warping effect is small, and the ratiog2 /g3 is close to 1.
For example, in the case of InP crystals, the Luttinger
rameters areg251.6 andg351.7–2.3.29 This yields a warp-
ing factor of.1.07–1.4. It is important to note that, accor
ing to Eq. ~11!, the warping is not the reason for th
considered anisotropy, but only the nonspherical shape.
tually, for a51, Eq. ~11! yields equal probabilitiesWX
5WY .

If we take, for simplicity, the spherical approximatio
g2.g3 and assume thatb.1, we obtain

WY5
2

3
uPu2, WX5

uPu2

6
, ~13!

i.e., a ~small! elongation along@ 1̄10# produces a strong an
isotropyA5WX /WY50.25. Note thatA is smaller than 1 in
this particular case, while it is always larger than 1 in t
case of CuPtB-type ordering.

C. Experimental results

For some selected spectra of Fig. 3 the correspond
spectral dependence of the anisotropyA is depicted in Fig. 5.
For T55 K, A increases monotonically with increasin
photon energy, and reaches its maximum value of;2.5 on
the high-energy end of the emission line. This value is cl
to the theoretical value of 3. Unlike the corresponding em
sion line @see Fig. 3~a!#, the anisotropy spectrum remain
almost constant if the temperature is increased up to 50
Hence the origin of the redshift of the emission is unambi
ously attributed to a thermally activated exciton redistrib
tion within the same type of localized states. The main d
ference between the 5 K and 50-K anisotropy spectra can
found on the low-energy end, where the anisotropy at 50 K

FIG. 5. Spectral dependence of the anisotropy obtained by
larized PL (l sample! for different temperatures.
in
ot

-

c-

g

e
-

K.
-
-
-

is

significantly smaller than 1. This stands definitely in cont
diction to the ordering-induced anisotropy, i.e., for the de
est states CuPtB-type ordering is not the origin of the aniso
ropy.

We explain this experimental result by the existence
ALC’s. Deeply localized centers in ordered Ga0.52In0.48P ~of-
ten called quantum dots! were reported by Kopset al.19

Kops et al. attributed these quantum dots to In-rich cluste
occurring at the antiphase boundaries. In the present cas
ALC’s may be correlated to In-rich clusters which occur
the particular nanostructure of thel sample. Since they do
not occur in thes sample, we conclude that the formation
these clusters requires a minimum domain size. As descr
in Sec. V B, a small elongation of the potential minima alo

@ 1̄10# is sufficient to produce the observed anisotropy.
In the particular nanostructure of thel sample, we have a

least two types of localized states. Anisotropic localizati
centers which may be correlated to In-rich clusters domin
the low-energy end of the emission. On the high-energy
at low temperatures, the anisotropy is consistent with ord
ing. In this energy range localization is caused by fluctu
tions of the degree of ordering. We explain the spectral
pendence ofA at lower temperatures by the coexistence
ordering and clustering in this particular nanostructure. F
thermore, this coexistence explains the temperature de
dence of the linewidth which was mentioned above. At 1
K the contributions of clusters and ordering-related localiz
states are comparable, and thus the linewidth exhibits a l
maximum. For lower temperatures ALC’s dominate, a
above 100 K ordering-related states are more important.

With increasing temperature the exciton mobility i
creases, i.e., excitons become delocalized and thus free s
with kÞ0 contribute to the PL. As expected, the anisotro
decreases with increasing photon energy. However,
abrupt jump atE0 predicted by the calculation describe
above ~see Fig. 4! has not been observed in experime
since the band gap and thus the value ofE0 exhibit spatial
fluctuations. If we compare the anisotropy spectra for 1
and 220 K, two main features become obvious. On the
hand, ALC-related recombination loses importance. While
160 K the anisotropy on the low-energy end approachesA
does not fall far below the value of 2 at 220 K. On the oth
hand, the contribution of light-hole states gains increas
importance. Therefore, the anisotropy disappears, i.e.,
proaches 1 on the high-energy end for 220 K, but not yet
160 K. In addition, light-hole contributions are responsib
for the decrease of the maximum anisotropy with tempe
ture.

Above 100 K the spectral dependence ofA is nonmono-
tonic, exhibiting a local maximum. This maximum separa
localized from extended states, and its spectral position
therefore attributed to the mobility edge which can be
sumed to be the fundamental band edge of the localized
tem. Hence, for temperatures above 100 K~see Fig. 3!, we
have defined the Stokes shift as the energy difference
tween the emission maximum and anisotropy maximum. T
delocalization and increasing occupation of higher-ene
states including light-hole states is reflected by the posi
sign of the Stokes shift above 100 K~see Fig. 3!.
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VI. STATE FILLING

With increasing excitation intensity both samples exhi
a blueshift of the emission. While this effect is weak for t
s sample, it is very pronounced in the case of thel sample.
Figure 6 shows PL spectra for different excitation intensiti
If we look at the spectral position of the emission maximu
as a function of excitation intensity, we can distinguish b
tween two excitation regimes~see Fig. 6!. The blueshift in
the low-intensity regime saturates for several hund
kW/cm2. In the high-intensity regime above 10 kW/cm2, an
initial strong blueshift is followed by saturation a
;100 kW/cm2. In the following we show that state filling is
the origin of the blueshift. This filling takes place in tw
steps. We discuss these two steps corresponding to the
excitation regimes separately.

A. Low intensities: Local filling and moving emission

For ordered Ga0.52In0.48P it was reported very frequentl
that the low-energy emission exhibits a characteristic bl
shift with increasing excitation intensity.16,36,37This phenom-
enon was sometimes calledmoving emission. It was sug-
gested that internal electric fields are the reason for
behavior. In particular, ordering-induced piezoelectric fiel
in combination with a fluctuating potential which is caus
by the inhomogeneous microstructure~nanostructure! lead to
a spatial separation of electrons and holes. As a consequ
the emission is redshifted~quantum-confined Stark effect38!,
and the decay times are very long. With increasing excita
intensity screening of the internal fields leads to an atten
tion of the quantum-confined Stark effect, and thus to a bl
shift of the emission.

Microphotoluminescence is a convenient method to ch
this proposal. If this was correct, one should observe sin
lines which shift to the blue with increasing excitation inte
sity, since these lines correspond to single localized st
which shift to higher energies as a consequence of screen
However, we have not found any single line which exhib
this behavior. In Fig. 7~a! m-PL spectra for different excita

FIG. 6. ~a! PL spectra of thel sample recorded for differen
excitation intensities: 0.4 mW/cm2 ~dashed line!; 3.5 W/cm2 ~dot-
ted line!; and 12.5, 25, and 400 kW/cm2 ~solid line!. ~b! PL maxi-
mum position as a function of excitation intensity.
t
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tion intensities are depicted. As can be seen very clearl
Fig. 7~b!, the lines on the low-energy side decrease w
increasing excitation, while the lines on the high-energy s
gain increasing importance.

Therefore, we can exclude the screening of internal fie
as origin of the moving emission. We attribute the bluesh
to a local state filling including the occupation of excite
states in each anisotropic localization center. However,
thermal redistribution described above has been observe
all intensities in this low-excitation regime, i.e., there is
global state filling for these intensities.

B. High intensities: Global state filling

In contrast to the low-intensity regime, a closer examin
tion of the spectra in the high-excitation regime yields th
the line shape remains almost constant when the intensi
increased.39 In this regime we assume that the ALC’s a
saturated, and that filling of shallower ordering-related loc
ized states takes place. This global filling prevents any th
mal redistribution. As shown in Fig. 8, no thermally ac
vated redshift is observed for an intensity of 900 kW/cm2.
A further increase of the optical pump power leads to
occurence of stimulated emission.39

VII. SUMMARY

Using photoluminescence~PL!, microphotoluminescence
(m-PL), and high-excitation spectroscopy we have inve
gated the influence of localization on the optical properties
ordered (Al0.5Ga0.5)0.52In0.48P. Localization is caused by po
tential fluctuations which occur in inhomogeneous mic
structures ~nanostructures!. Such structures are alway
formed in CuPtB-ordered crystals. The significance of loca
ization effects depends strongly on the particular type of

FIG. 7. ~a! m-PL spectra of thel sample recorded for differen
excitation intensities.~b! Parts of them-PL spectra for two different
excitation intensities. The blueshift of the total emission is n
caused by a blueshift of single lines. With increasing intensity, lin
on the low-energy side decrease~a!. On the high-energy side, add
tional lines pop up~b!, or existing lines increase~c!.
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crostructure~nanostructure!, especially on the structural cor
relation length. In order to verify this we have compared t
samples which were grown simultaneously, but on diff
ently oriented substrates. As a consequence of the subs
orientation, the nanostructures of the samples are comple
different. One sample exhibits very pronounced localizat
effects, and the other shows only weak modifications of
optical properties.

For both samples we have found thermally activated
citon redistribution in temperature-dependent PL andm-PL
experiments. The thermally activated occupation of dee
localized states at moderate temperature is followed by
occupation of extended states at higher temperatures.
consequence, the position of the emission maximum exh
an s-type behavior for increasing temperature.

For the sample with strong localization effects, t
ordering-induced anisotropy is modified by localization.

*Permanent address: Institute for Cybernetics, Academy of
ences, S. Euli 5, 380086 Tbilisi, Georgian Republic.
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