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Using various methods of optical spectroscopy, we have investigated the influence of localization on the
optical properties of CuRitype ordered (AJsGas)gsdNg.ad”- 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 CuPg-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 emigsmrng
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 102kWécm
have identified global state filling which results in stimulated emission.

I. INTRODUCTION effects are not very pronounced in disordered
(Aleai—x)0.52|n0.48P-

Exciton localization in disordered semiconductors is a Depending on the growth conditions, the randomness of
widely studied phenomenon which influences the opticaF_he distripution of the cations can be vio_Iated and the mate-
properties of these material systems significantly. Most studi@l acquires an ordered phas&he most important type of
ies focus on two model systemé) mixed crystals with °rdered phase is the so-called GuBjipe ordering. In a

alloy disorder; and(b) quantum-well systems with well CuPg-type ordered structure, the cation planes alternate as

width fluctuations and, in some cases, additional alloy disorAI/Ga and In rich, approximating a monolayer superlattice

der. The reason for localization in such disordered systems &°N9 th6e_8[111] (variant ) or [111] (variant 1)

the existence of a fluctuating potential. In the case of alloyfiréctions: _ o

disorder, these fluctuations are produced by spatial variation A,S a consequence of this orslermg—lnduced symmetry re-
of the band gap. In quantum-well systems, fluctuations of th uction, the fourfold degeneralig valence-band state of the

well width and hence the quantization energy provide anzlnc-blende crystali.e., the disordered phaseplits into two
additional source of potential variations.

twofold degenerate states of symmetiy,s and T'Y,
At low temperatures, excitons are localized in local po_respectivelyg.’10 Since the matrix elements for optical transi-
tential minima. The efficiency of this localization process

tions depend on light polarization, the ordered material ex-
depends on the ratio between the correlation length of the

hibits optical anisotropy.*!
. o . . L With respect to localization, we have to take into account
fluctuating potential, i.e., the “size” of the potential minima,
and the excitonic Bohr radius, i.e., the “size” of the

that real crystals are not homogeneously ordered, but exhibit
14 . R, domainlike microstructures with antiphase boundaries
exciton: ™" For example, if the Bohr radius is significantly (APB's). While the actual morphology depends on all
larger than the correlation length, localization is partly coun-y o\ th parameters, the substrate orientation is of particular
terbalanced by averaging over many potential minima.  importance since it is decisive for variant selectidr* The
Although rarely discussed in this context, the quaternanjnhomogeneity of the microstructure can be considered as
semiconductor alloy (AlGa,—x)osdnosd is very suitable  ordering-induced disordewhich involves potential fluctua-
for an investigation of localization effects. In the disorderedtions. We consider the size of the ordered domains as a mea-
phase, i.e., for a completely random distribution of thesure for the correlation length of these fluctuations. Typical
group-lll atoms(cationg on their sublattice, this material domain sizes range from a few nanometers to several
exhibits localization as a consequence of alloy disordermicrometers? and, hence, the correlation length is generally
However, since the excitonic Bohr radius in 1lI-V com- larger than in disordered crystals. As a consequence, ordered

pounds is very large in comparison to the correlation length(Al,Ga; _,)gsdng 4P exhibits pronounced localization
which is of the order of a few lattice constants, localizationeffects.
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Localization in ordered Gadng.adP or
(AL Ga, ) 0.5dNg 4 Manifests itself as an inhomogeneously
broadened emission band which occurs energetically below
the absorption resonance, and exhibits several characteristic
properties such as a blueshift with increasing excitation in-
tensity and very long decay timé%.In spatially resolved
experiments it has been found that the low-energy emission
is at least partly composed of very narrow lines which cor-
respond to single excitonic stat¥s.

These localized states have often been correlated to the
APB’s ®1%put Smithet al1® found that APB’s cannot be the
only origin of the typical low-energy emission. Obviously,
localization and thus the properties of the low-energy emis-
sion strongly depend on the actual type of microstructure
which can be identified in detail by transmission electron
microscopy(TEM) and x-ray-diffraction methods. FIG. 1. Schematical representation of the nanostructures ¢f the

In the present work we compare structural and opticasample(above and thes sample(below). The In(Al/Ga) planes are
investigations of different (A)Gays)osdNoad Samples represgnted as solidlashedl lines. The circles indicate the size of
which have been grown simultaneously. Since the substraf@? exciton.
orientations are different, the samples exhibit completely dif-
ferent microstructures. The microstructures had been identsample with a very short correlation length $ample was
fied in great detail by TEMRef. 20 and x-ray-diffraction  grown on a GaA®01) substrate misoriented by 10° toward
methods, and the correlation between structural peculiaritiefl 11}A. This sample therefore contains both ordering vari-
and localization effects is discussed. Using a large variety onts with equal volume fractions. In contrast, the substrate of
spectroscopy methods we show that the optical properties athe sample with a larger correlation lengths@mple is mis-
characterized to a very high extent by localization. In par-oriented by 3° toward111}B, and thus one ordering variant
ticular, localization modifies the ordering-induced aniso-is preferred.
tropy. Using conventional and high resolution transmission elec-

This paper is organized as follows. In Sec. Il the micro-tron microscopy, we identified the morphology of the
structures of the samples are presented. Since structural isamples down to a length scale of a few nanométe&ince
homogeneities occur on a length scale of a few nanometerthe details of the identified nanostructures and the respective
the termmicrostructureis replaced byianostructurén what  experiments are described in Ref. 20, only a short summary
follows. The different optical methods which have been ap-of the experimental findings shall be given here. While the
plied are the subject of Sec. Ill. In Sec. IV we compare twonanostructure of the sample is characterized by very small
(AlpsGay5osdngsd layers with different nanostructures domains containing each ordering variant, theample ex-
with respect to the significance of typical localization effects.hibits a nearly regular succession of platelike domains. The
As a consequence of the particular type of nanostructure onguppressed variant occurs in 1-2-nm thin domains which
sample exhibits pronounced localization effects. For thiseparate the more extended domains of the preferred variant,
sample the ordering-induced optical anisotropy is affected byand form antiphase boundaries between them. The domains
localization, and exhibits a typical spectral dependence. Thisf the preferred variant have a thickness~0f0 nm. While
is the subject of Sec. V. Since the absolute number of localthis value is comparable to the excitonic Bohr radius of the
ized states is always small compared to the extended statasaterial, the structural correlation length of theample is
state filling plays an important role in localized systems,found to be 1-2 nm, and thus much smaller than the exci-
even for relatively low excitation intensities. In Sec. VI we tonic Bohr radius. This is illustrated in Fig. 1, where the
compare state-filling effects in different regimes of excitationnanostructures of the samples are depicted schematically.
intensity. State filling results in population inversion and, Since exciton localization in inhomogenous structures de-
consequently, stimulated emission. The paper is summarizgsends strongly on the ratio between the length scale of the
in Sec. VII. potential fluctuations and the excitonic Bohr radius, the dif-
ferent structural correlation lengths of the two samples result
in a different significance of localization effects. This is de-
scribed in detail in Sec. IV. In Sec. Il we first present some

We have investigated (&Ba_,)os4No4dP layers which details of the optical experiments.
were grown under different conditions. In the following we
concentrate on two different samples which are typical for
different regimes of correlation length. The nanostructure of
these samples has been determined in great detail. The two Polarized, spatially integrated measurements of the pho-
layers have a thickness of 1.,am, and were grown simul- toluminescencé€PL) were carried out using the 514.5-nm
taneously in a horizontal atmospheric pressure metal-organimne of an Ar" laser as the excitation source. In order to
vapor-phase-epitaxy reactor on differently oriented sub-avoid errors produced by any polarization dependence of the
strates’ The growth temperature, growth rate, and V/IIl detection system, a polarization filter was placed in the de-
flow ratio were 700 °C, 2.@/h, and~40, respectively. The tection beam. The detected polarization was selected using a

II. NANOSTRUCTURE OF THE SAMPLES

IIl. EXPERIMENTAL METHODS
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doublg frgsnel rhomb. As det_ection system we have uged i s 'I ' @ - m-- Line Width (FWHM) ] -12
combination of a 64-cm grating spectrometer and a diode | SS' ta@"lpe ] 28 a.. Stokes Shift
array. The spectral resolution wasl meV. In order to polatim 26} (b) LR
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control the sample temperature between 5 and 300 K, a he_ | x219 1 24l S
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microscope. With this setup a spatial resolution better than 20K 9 S 122
1 um was achieve® A cooled charge-coupled-device 1.4 8K| 12 A 124
(CCD) camera with a 75-cm grating spectrometer was usec L, . , i . : :
as detection system. The spectral resolution of this systen 2'26Phot%'r218Ener2gj?/o(eV) 0 Tg?nper“a%ure?o}()

was better than 8QueV. A temperature control between 5
and 100 K was achieved using a helium flow cryostat. FIG. 2. (a) Normalizedu-PL spectra of thes sample recorded
For the high excitation experiments we used the pulses dbr different temperatures. The normalization factors are given with
a dye lase(Coumarin 153 pumped by a frequency tripled respect to the 8-K spectrurth) Linewidth [full width at half maxi-
Nd:YAG (yttrium aluminum garngtlaser. The pulse dura- mum (FWHM)] and Stokes shift of the envelope emission line as
tion was 3—4 ns, and the excitation wavelength 520—-530 nnfunctions of lattice temperature. The zero Stokes shift corresponds
Intensities of up to several MW/dmwere achievable with to the absorption resonance determined by PLE at low temperature
this setup. The high-excitation PL was measured in back(not shown. The temperature dependence of the band gap was
scattering geometry using the same detection system as fi¥tracted from single trackable lines in thePL spectra.

the case of the spatially integrated PL. energies. At 60 K most of all excitons are delocalized, and
only the deepest sharp lines remain. Due to the increasing
importance of nonradiative recombination, which is caused
by the increased exciton mobility, the quantum efficiency
decreases significant[yee the normalization factors in Fig.
As a consequence of localization the PL spectra of disor2(a)].
dered materials exhibit a characteristic dependence on lattice Since the structural correlation length of theample is
temperature. In particular, the thermally activated redistribucomparable to the exciton Bohr radius, localization effects
tion of excitons within the tail of localized states manifestshave a much more pronounced influence on the optical prop-
itself as a nonmonotonic dependence of the PL peak energsrties of this sample. For example, low-temperatur®L
on temperaturé®~%® Starting from low temperatures of less spectra recorded af=5 K are characterized by narrow
than 10 K, the emission first exhibits a redshift with increas-lines which occur over the whole energy range of the emis-
ing temperature. This redshift is produced by thermally actision (see Fig. 7. Furthermore, the examination of the spa-
vated occupation of deeper localized states. With further intially integrated PL yields that both linewidth and Stokes
creasing temperature the occupation of delocalized stateshift are much larger than in the case of theample. In
gains increasing influence, and the emission maximum shiftsrder to determine the band-gap energy, we performed pho-
to higher photon energies. Above moderate temperatures ¢dluminescence excitatioPLE) measurements at low tem-
~100 K this blueshift is counterbalanced by a temperatureperatures. The temperature dependence of the band gap was
induced band-gap reduction which is insignificant for low extracted by the temperature induced shift of single trackable
temperature$’ This stype behavior of the spectral position lines in the temperature-dependenPL experiments. How-
of the emission maximum is characteristic of disordered sysever, this procedure works only up to temperatures of
tems. ~80 K, since the low quantum efficiency requires integra-
In the case of thes sample, temperature-dependenPL  tion times that are too long. In order to determine the band-
measurements clearly demonstrate thermally activated redigap at higher temperatures, we have used the spectral depen-
tribution processeésee Fig. 2 Since the structural correla- dence of the optical anisotropy. This is described in Sec.
tion length of this sample is significantly shorter than theV A.
exciton Bohr radius, localization effects are not much more The stype dependence of the PL maximum position on
pronounced than, for example, in a disordered semiconductaemperature is clearly discernible in Fig. 3. Above 100 K the
alloy. The u-PL spectra at low temperatures are thereforeredshift is produced by the temperature dependence of the
almost smooth, indicating that the main contributions to theband gap. As for the sample, the nonmonotonous behavior
PL stem from delocalized or nearly delocalized states. Howfor lower temperatures is the result of thermally activated
ever, a temperature increase up to about 40 K leads to redistribution processes. However, a closer examination of
drastic change of the.-PL properties. On the low-energy the line parametertsee Figs. 2 and)3yields an important
side, sharp emission lines corresponding to single-excitodifference between the two samples. While for heample
states occur. The occupation of these deeper localized statdee linewidth increases monotonically over the whole tem-
produces a small redshift of the emission maximum and gerature range, i.e., in particular above the temperature
significant broadening of the envelope PL line. A furtherwhich is sufficient for the occupation of delocalized states,
increase of temperature favors the occupation of delocalizethe linewidth of thel sample exhibits a local maximum at
states and the emission maximum shifts to higher photod00 K. The line shape at this temperature indicates that the

IV. INFLUENCE OF THE NANOSTRUCTURE ON THE
SIGNIFICANCE OF LOCALIZATION EFFECTS
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A. High-energy side: effect of band mixing

With increasing temperature the occupation of higher en-
ergy states wittk# 0 gains increasing influence. For optical
transitions between conduction- and valence-band states with
k#0, the anisotropy depends dnand thus deviates from
the value of 3. This is a consequence of valence-band mix-
ing. In order to investigate thke dependence of\, we con-

30} sider ordering as chemical strain as done by Wei and

212 216 220 224 0 50 100 150 200 250 Zunger® and assume that the degree of ordering is not too
Photon Energy (eV) Temperature (K) high. Then one can neglect the coupling between the upper
valence band'y and the split-off band'¥ which is split due

to spin-orbit interaction. In this case the ordering-induced

yyalence-band splitting,,(0) at thel point is given by*
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FIG. 3. (a) PL spectra of thd sample recorded for different
temperaturedb) Linewidth (FWHM) and Stokes shift as functions
of temperature. Below 80 K the Stokes shift was determined b
u-PL as in the case of the sample. Above 80 K the band-gap B
energy was obtained by the maximum of the anisotropy. A(0)= 2\/§|dvexy|’ @)

where ¢, is the off-diagonal element of the strain tensor,
and d, stands for the hole deformation potential. In the fol-
lowing we ignore exciton effects, and calculate the probabili-

I d a hiah In Sec. V/ ties of the interband optical transitions which are defined by
a lower-energy type and a higher-energy type. In Sec. V W,  marix elements of the electron-photon interaction
show that the ordering-induced anisotropy is modified as %amiltonian

consequence of contributions from the lower-energy type o
localized states.

emission is composed of at least two separated contribution
This is a first indication for the existence of two different
types of localized states in this particular nanostructure, i.e

Wie:|<¢’c|ep| ‘r/fiv>|2' 2
V. SPECTRAL DEPENDENCE In Eqg. (2), f) is the momentum operator, amrds the polar-
OF THE OPTICAL ANISOTROPY ization vector; the wave functiong, and i;, refer to the

. C V. H-

In Sec. IV we demonstrated that the optical properties Oﬁondl:cnoln r:)tand:f rz]and thi \1alence bar}[‘[.'i ,I an_lc_jk: _I’lh ¢
thel sample are strongly modified by localization effects. In eno ?S \ght an h eavlyk OIS, Tespec '\ée Y. d ]E ede% ron
order to investigate the influence of localization which re_v;/]ave .Uﬂ;)tIOI’IIS/IC a!esn € symmetry, and are defined by
sults from the particulamanostructureon the ordering- the spin unc_tlonapc—|8>a,|s>/3. For nonzero momentum
induced anisotropy, which is a consequence of a Gt k as .weII as in th(_e presence _of Qeformatlons, the hole wave
crystal structure we have determined the spectral depen_functlonswiv are linear combinations of the basis functions
dence of the optical anisotropy. |3,i,), with k- and strain-dependent coefficieAtsOne can

As a consequence of the lower symmetry of ordered cryscheck, in particular, that fdr111] or [111] strain, the hole
tals, the fundamental optical transition between fig  Wwave functions are given by
conduction-band andl“}(5 valence-band states is forbidden 33 31 3 3
for light polarization parallel to the ordering direction. For . —B.|HI= =)F[G— -z - _=z
. L. . dflv BI H ’ +[G Alh(k)] +1 ’ .
light emission alon§001] (corresponding to the usual geom- 2°2 2°2 2" 2
etry of a PL experiment [110] (X) and[110Q] (Y) are the )
polarization directions of maximum and minimum intensity, with the Luttinger parameters, 5, the coefficientsH, G,
respectively. In the following the ratib /Iy between maxi-  and| are given by
mum and minimum intensity is denoted as anisotrépy

If there is no epitaxial strain, the above mentioned selec- H=2\/§y3kz(ky+ikx)+duexy(1—i),
tion rule yields the valué =3 for transitions ak=0.° These
optical transitions correspond to one particular photon en- 1
ergy equal to the fundamental band-gap eneljy For G=—272[k§——
higher-energy transitions, i.e., transitions with nonzero mo-

5 (KK

mentumk, the optical anisotropy is modified as a conse- > 2 A )
qguence of the complicated structure of the upper valence I= \/5[_7’2(kx_ky_z'kxky)]‘”dvfxy' (4)
band FX in a disordered system. These modifications arey,, k-dependent valence-band splitting is
discussed in Sec. VA.
As men_ti_oned abov_e_, th_e low-energy Ioc_alized states pro- An(K)=2JGZH[AP+[I]?, (5)
duce additional modifications of the optical anisotropy.
These modifications on the low-energy side of the spectra arend for the coefficient8; we obtain
discussed in Sec. VB. In Sec. VC we compare the spectral
dependence of the anisotropy which was obtained experi- Bi=[2(An(K) FG)A (k) ]¥2 (6)
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' ' ' ] tion of ordering to the anisotropy is exceeded by the effect of

3.0 the ALC’s. This will be shown in Sec. VC.

25l In Ref. 34 nonstrained single quantum dots of elliptical
§: shape, with the main axes along the main cubic 446§},
£20 were considered. The confinement was modeled via a har-
2 monic potential with three different eigenfrequencieg,
< 1.5 wy, and w,. Then the effective-mass Hamiltonian for the

10l electron is a three-dimensional harmonic oscillator, and the

' wave functions are defined by the three quantum numbers
0.0 05 1.0 15 Ny, Ny, andN,. The hole Hamiltonian can be written in the
(Ra-E /A, (0) form Hp =Hg+H,, where the term#is and H, represent

FIG. 4. Calculated anisotropy as a function of kinetic energy.the spherlc_al and cu_b|c parts, reSpeCt'YeIY' In the spherical
The valence-band splitting at thizpoint is denoted ad (0), and approximation, the eigenvalues idf are similar to those for

E, is the band-gap energy. The reduced magss0.07, and the the electron. However, each hole state with a given set of
Luttinger constant isy,= 1. quantum numbers is fourfold degenerate. The nonspherical

part of the Luttinger HamiltonianH., breaks this degen-
In Egs.(3) and(6) the upper sign corresponds to the heavy-€racy. Both states with equal quantum numbers_ and states
hole states and the lower one to the light-hole states, if th&ith different quantum numbers are mixed by the interaction
product d,e,,<0 as assumed for CuRtype ordered part H.. If the ellipticity of the quantum do'g is small, ghe
(A1, Gay,_,)o5dNg 48P Crystals. effect of H. can bg calculated using the Wwdin mgthod?

The transition probabilitieEEq. (2)] calculated with func- ~ Then, the interaction of the degenerate states is included ex-
tions (3)—(6) arek dependent. This dependence can be conactly, and the interaction of the states with different eigen-
verted into an energy dependence using the momentum ary@lues is treated as a perturbation.
energy conservation law. In the spherical approximatjgn Herein we consider nonspherical quantum dots whose
=y,, averaging over all values df reduces to averaging main axes are oriented alorid10] (X), [110] (Y), and
over all directions ok. When the photon energy is smaller [001] (Z). The lengths of the cross-sectional axes are de-
thanE,+ Aj(0), only transitions into heavy-hole states are noted asL; (i=X,Y,Z) and the nonspherical shape is de-
possible. In this case the optical anisotropy, which is identi-scribed by the ratioge=(Lx/Ly)? and 8=(Lx/L;)?. We
fied by the ratio of the probabilitied/y andW,, is given by  focus our attention on the optical transitions from the upper-
A(hw)=Wy(how)/Wy(hw). For higher photon energies most valence-band state to the lowest conduction-band state
there are additional transitions into light-hole states, and wavith {N,,N, ,N,}=0.

obtain As an example we consider a quantum dot which is
slightly elongated along thgl10] direction, i.e.,a<1 and

Alhe)= Whx(fiw) +Wx(hw) @) a< 3. One can show that in this case the Bloch part of the

(ho)= Why(how)+Wy(hio) wave function of the uppermost valence band state is the

_ o _ o following linear combination of the basis statesj,),
The result of this calculation is depicted in Fig. 4. We have

performed the calculation with the valugs=0.07 andvy, 1
=1 for the reduced mass and the Luttinger parameter, re- ==
spectively. These values are typical for @Gang . 2° N
though the exact values for (fdG&)s)gs5JdngadP are not
known. Starting from the value 3 &=0 the anisotropy
decreases monotonically with increasitkinetic) energy. At
the energyEy,=E4+ Aj,(0), contributions from light-hole 6=VQ7+M?, N=2Vé(5+Q), ©
transitions lead to an abrupt decrease to values close to
Similar results have previously been found by Bir and
lvchenko® but in the case of hexagonal crystals.

, ()

33 3 1
(Q+9)5.5) M5 73

where

%\hd the coefficient® andM are given by

Q=7x(28—a-1), M=\3y(l-a). (10

B. Low-energy side: effect of localization For the transition probabilities which are given by Ef),
Localized states can be considered as local potentiake obtain

minima for excitons. In the following we show that emission
from these minima is anisotropic if their geometrical shape is r Vs ]
nonspherical. Therefore we call these potential minima an- (286—1-a)—3—(1—a)
isotropic localization centef@\LC’s). As a simple model we Wy=——| 1+ _ Y3 . (1)
consider quasi-zero-dimensional cent@gantum dots and 3 | 20 _
discuss the influence of the nonspherical shape on the optical
anisotropy. For other materials, polarized emission from r s T
nonspherical localization centefguantum dots were ob- 2B—1—a)+3—(1—a)
served experimental§} 3 CuPg-type ordering is neglected Wy=—| 1+ _ s ,
in this section. Actually, this is justified since the contribu- 3 206
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' ' significantly smaller than 1. This stands definitely in contra-
3F  I-Sample e 100 K| diction to the ordering-induced anisotropy, i.e., for the deep-
; ‘MM 5K est states CuRttype ordering is not the origin of the anisot-
g 2r V‘W :L‘.%“wn | ropy. . . . .
8 i 160 K We explain this experimental result by the existence of
s 290 K ALC's. Deeply localized centers in ordered §zgng 48P (of-
1 ten called quantum dotswere reported by Kopt all®
Kops et al. attributed these quantum dots to In-rich clusters
0 occurring at the antiphase boundaries. In the present case the

212 216 220 224

Photon Energy (eV) ALC’s may be correlated to In-rich clusters which occur in

the particular nanostructure of thesample. Since they do
FIG. 5. Spectral dependence of the anisotropy obtained by podot occur in thes sample, we conclude that the formation of

larized PL ( sample for different temperatures. these clusters requires a minimum domain size. As described

in Sec. V B, a small elongation of the potential minima along

[110Q] is sufficient to produce the observed anisotropy.
: In the particular nanostructure of theample, we have at

least two types of localized states. Anisotropic localization
The ratioy,/y3 describes the degree of warping for ig,  centers which may be correlated to In-rich clusters dominate
valence band, and the low-energy end of the emission. On the high-energy end
> at low temperatures, the anisotropy is consistent with order-
(1- ) (12) ing. In this energy range localization is caused by fluctua-
tions of the degree of ordering. We explain the spectral de-
pendence ofA at lower temperatures by the coexistence of

axis ratios. The results above are similar to those obtained i rdering and clustering in this particular nanostructure. Fur-
Ref. 34. However, due to the change of the quantum-do ermore, this coexistence explains the temperature depen-

orientation, the warping factor appears in Efl). Usually, dence of the Iipewidth which was mentipned above. At .100
the warping effect is small, and the ratjg/y5 is close to 1. K the contributions of clusters and orqlerlng-relateq I'ocallzed
For example, in the case of InP crystals, the Luttinger paStates are comparable, and thus the linewidth exhibits a local
rameters are,,=1.6 andys=1.7—2.3?° This yields a warp- maximum. For lower temperatures ALC’s dominate, and
ing factor of=1.07—1.4. It is important to note that, accord- above 100 K ordering-related states are more important.

ing to Eq. (11), the warping is not the reason for the With increasing temperature the exciton mobility in-
considered anisotropy, but only the nonspherical shape. Acreases, i.e., excitons become delocalized and thus free states
tually, for =1, Eq. (11) yields equal probabilitiesVy,  with k#0 contribute to the PL. As expected, the anisotropy

W, Ll 1
=3

_(2-1-w)

5= \/(2ﬂ—1—a)2+ 3(2
V3

Evidently, the transition probabilities depend only on the

=Wy . decreases with increasing photon energy. However, the
If we take, for simplicity, the spherical approximation abrupt jump atE, predicted by the calculation described
v,=1v5 and assume thag#=1, we obtain above (see Fig. 4 has not been observed in experiment,

since the band gap and thus the valueEgfexhibit spatial
fluctuations. If we compare the anisotropy spectra for 160
and 220 K, two main features become obvious. On the one
— hand, ALC-related recombination loses importance. While at
i.e., a(smal) elongation alond 110] produces a strong an- 160 K the anisotropy on the low-energy end approachés 1,
isotropy A=Wy /Wy=0.25. Note thai is smaller than 1in  qoeg not fall far below the value of 2 at 220 K. On the other
this particular case, while it is always larger than 1 in thepang  the contribution of light-hole states gains increasing

PI?

2
WY:§|P|2: WX:Tr (13

case of CuRgtype ordering. importance. Therefore, the anisotropy disappears, i.e., ap-
_ proaches 1 on the high-energy end for 220 K, but not yet for
C. Experimental results 160 K. In addition, light-hole contributions are responsible

For some selected spectra of Fig. 3 the correspondinipr the decrease of the maximum anisotropy with tempera-
spectral dependence of the anisotrépig depicted in Fig. 5.  ture.
For T=5 K, A increases monotonically with increasing Above 100 K the spectral dependencefois nonmono-
photon energy, and reaches its maximum value-@5 on  tonic, exhibiting a local maximum. This maximum separates
the high-energy end of the emission line. This value is closdocalized from extended states, and its spectral position is
to the theoretical value of 3. Unlike the corresponding emistherefore attributed to the mobility edge which can be as-
sion line [see Fig. 8], the anisotropy spectrum remains sumed to be the fundamental band edge of the localized sys-
almost constant if the temperature is increased up to 50 Kiem. Hence, for temperatures above 100s€e Fig. 3, we
Hence the origin of the redshift of the emission is unambigu-have defined the Stokes shift as the energy difference be-
ously attributed to a thermally activated exciton redistribu-tween the emission maximum and anisotropy maximum. The
tion within the same type of localized states. The main dif-delocalization and increasing occupation of higher-energy
ference between &5 K and 50-K anisotropy spectra can be states including light-hole states is reflected by the positive
found on the low-energy end, where the anisotropy at 50 K isign of the Stokes shift above 100 (Kee Fig. 3.
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FIG. 6. (a) PL spectra of thd sample recorded for different : : : : :
excitation intensities: 0.4 mW/chidashed ling 3.5 W/cnt (dot- 2.180 2'1F?ﬁot§;%Onerzgllg(‘r’evﬁ'zoo
ted line; and 12.5, 25, and 400 kW/&ngsolid line). (b) PL maxi-
mum position as a function of excitation intensity. FIG. 7. (a) u-PL spectra of thé sample recorded for different
excitation intensities(b) Parts of theu-PL spectra for two different
VI. STATE FILLING excitation intensities. The blueshift of the total emission is not

aused by a blueshift of single lines. With increasing intensity, lines

With increasing excitation intensity both s_amples exhibity the low-energy side decrea@. On the high-energy side, addi-
a blueshift of the emission. While this effect is weak for theonaj lines pop ugb), or existing lines increast).

s sample, it is very pronounced in the case of thmample.

Figure 6 shows PL spectra for different excitation intensitieSsjgn intensities are depicted. As can be seen very clearly in
If we look at the spectral position of the emission maximum,:ig. 7(b), the lines on the low-energy side decrease with
as a function of excitation intensity, we can distinguish be-increasing excitation, while the lines on the high-energy side
tween two excitation regimesee Fig. 6. The blueshift in ain increasing importance.

the low-intensity regime saturates for several hundred Therefore, we can exclude the screening of internal fields
kWi/cn?. In the high-intensity regime above 10 kW/nan a5 origin of the moving emission. We attribute the blueshift
initial - strong  blueshift is followed by saturation at to g |ocal state filling including the occupation of excited
~100 kw/ent. In the following we show that state filling is states in each anisotropic localization center. However, the
the origin of the blueshift. This filling takes place in two thermal redistribution described above has been observed for
steps. We discuss these two steps corresponding to the tvl intensities in this low-excitation regime, i.e., there is no
excitation regimes separately. global state filling for these intensities.

A. Low intensities: Local filling and moving emission B. High intensities: Global state filling

For ordered Ggsdng 4P it was reported very frequently In contrast to the low-intensity regime, a closer examina-
that the low-energy emission exhibits a characteristic bluetion of the spectra in the high-excitation regime yields that
shift with increasing excitation intensity:*¢3"This phenom-  the line shape remains almost constant when the intensity is
enon was sometimes calledoving emissianlt was sug- increased? In this regime we assume that the ALC's are
gested that internal electric fields are the reason for thisaturated, and that filling of shallower ordering-related local-
behavior. In particular, ordering-induced piezoelectric fields,zed states takes place. This global filling prevents any ther-
in combination with a fluctuating potential which is causedmal redistribution. As shown in Fig. 8, no thermally acti-
by the inhomogeneous microstructyr@nostructurelead to  vated redshift is observed for an intensity of 900 kWicm
a spatial separation of electrons and holes. As a consequenge further increase of the optical pump power leads to the
the emission is redshifte@juantum-confined Stark efféft,  occurence of stimulated emissioh.
and the decay times are very long. With increasing excitation

intensity screening of the internal fields leads to an attenua- VII. SUMMARY
tion of the quantum-confined Stark effect, and thus to a blue-
shift of the emission. Using photoluminescenc@dL), microphotoluminescence

Microphotoluminescence is a convenient method to checku-PL), and high-excitation spectroscopy we have investi-
this proposal. If this was correct, one should observe singlgated the influence of localization on the optical properties of
lines which shift to the blue with increasing excitation inten- ordered (A} G& 5)o.54Ng 4g”. Localization is caused by po-
sity, since these lines correspond to single localized stateential fluctuations which occur in inhomogeneous micro-
which shift to higher energies as a consequence of screeningtructures (nanostructurgs Such structures are always
However, we have not found any single line which exhibitsformed in CuP§-ordered crystals. The significance of local-
this behavior. In Fig. ® wu-PL spectra for different excita- ization effects depends strongly on the particular type of mi-
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Excitation ";tensity 'I Samol ' partigular, the pqlarization of the emissi_on from the deepest

900 KW/om? \\ -Sample localized states is not affected by ordering. These states oc-

'é-* S cur as anisotropic localization centers and may be correlated
g P r\\\\ to nonspherical In-rich clusters which are present in this par-
= ,//// SN . 60K ticular nanostructure. The anisotropic localization centers
@ \ \;B“K dominate the emission for low temperatures and low-

E y N excitation intensities.

B 5K In addition, we have calculated the anisotropy of transi-

YT 550 254 2528 tions'from higher-energy extended states which are oc_cupied
Photon Energy (eV) for high temperatures. We have found that the maximum

anisotropy of thg001] emission is located at the mobility
FIG. 8. PL spectra of thé sample recorded at 900 kW/ém  edge. For temperatures above 100 K we can therefore deter-
The emission remains almost constant with increasing temperaturgnine the mobility edge energy by measuring the spectral
since thermally activated redistribution is block@dbbal state fill- dependence of the optical anisotropy.
ing). With increasing excitation intensity localized states are

) filled. This process evolves in two steps. At lower intensities
crostructurenanostructurg especially on the structural cor- he clusters are filled, and excited, cluster-related, states are

relation length. In order to verify this we have compared twoqccpied. This local state filling leads to a blueshift of the

samples which were grown simultaneously, but on differ-oission which saturates for moderate intensities of several
ently oriented substrates. As a consequence of the substraifijreds of kwicr Further increasing the intensity results
orientation, the nanostructures of the samples are completely 5 giopaj state filling connected with a strong blueshift with
different. One sample exhibits very pronounced localization,reasing intensity. In this intensity range thermally acti-
effects, and the other shows only weak modifications of thg 5iaq redistribution processes are blocked.

optical properties.

For both samples we have found thermally activated ex-
citon redistribution in temperature-dependent PL anéL
experiments. The thermally activated occupation of deeply
localized states at moderate temperature is followed by the We wish to thank D. J. Mowbray and C. C. Button for
occupation of extended states at higher temperatures. Asfeuitful cooperation. In addition, we thank E. Weckert, S.
consequence, the position of the emission maximum exhibit&inder, W. Send, and D. Gerthsen for the characterization of
an s-type behavior for increasing temperature. the samples which has been performed by x-ray diffraction

For the sample with strong localization effects, theand transmission electron microscopy. This work was sup-
ordering-induced anisotropy is modified by localization. Inported by the Deutsche Forschungsgemeinschatt.
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