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Local disorder and optical properties in V-shaped quantum wires:
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The exciton localization is studied in GaAs/GaAlAs V-shaped quantum WIB&R’s) by high spatial
resolution spectroscopy. Scanning optical imaging of different generations of samples shows that the localiza-
tion length has been enhanced as the growth techniques were improved. In the best samples, excitons are
delocalized in islands of length of the order ofudn, and form a continuum of one-dimensional states in each
of them, as evidenced by thé¢T dependence of the radiative lifetime. On the opposite, in the previous
generation of QWR'’s, the localization length is typically 50 nm and the QWR behaves as a collection of
guantum boxes. These localization properties are compared to structural properties and related to the
progresses of the growth techniques. The presence of residual disorder is evidenced in the best samples and
explained by the separation of electrons and holes due to the large built-in piezoelectric field present in the
structure.
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I. INTRODUCTION optical imaging spectroscopy technique. In particular the lo-
calization length is measure@ec. l). Its mean value is
The local disorder in semiconductor heterostructures ishown to be ten times larger than in the previous samples,
crucial for the understanding of their physical properties. Itand is much larger than the thermal de Broglie wavelength of
leads on a macroscopic point of view to two well-known the excitons(Sec. Il). These new QWR’s can therefore be
features in optical spectra: the inhomogeneous broadening ebnsidered as actual 1D systems even on a microscopic point
the transitions due to the size and/or composition fluctuaof view. This interpretation is supported by the study of the
tions, and the Stokes shift between photoluminescence anddiative lifetime as a function of temperature, which is
absorption spectra which is a signature of localization. Thenighly dependent on the dimensionality of the local density
major role of monolayer fluctuations of the heterointerfacesf states in the structuréSec. I\). Finally the delocalized
has first been identified in quantum wel®W’s),"* and is  excitons are shown to be more sensitive to the presence of a
even more important in quantum wiré@WR’s) due to the residual disorder in the structut8ec. \j.
increased number of interfaces involved in the electronic The nanostructures studied experimentally are undoped
confinement. The study of the local optical properties by5-nm-thick GaAs/GgsAl, 44As V-shaped QWR’s. They are
high spatial resolution spectroscopy, in far-fieldr in grown on 4um pitched V grooves formed on (001)
near-field*® allowed a better insight into the understanding +0.1° GaAs substrates by flow rate modulation epitaxy
of localization in these structures. which is a modified metal organic vapor phase epitaxy
In the best QWR structures grown up to now it has beenrechnique'®!! Their main features are a very strong lateral
shown that the random potential felt by the excitons anctonfinement leading to energy separation between subbands

induced by the structural disordecompletely localizes the yp to 60 meV, and a large optical anisotropy, characteristic of
excitons: the localization length is small and each minimumthe valence-band mixing in 1D structurés.

of the potential behaves as a “natural” quantum Beq that
the optical properties of the QWR can be interpreted as those
of a zero-dimensionabD) systent® The specific character- || |AGING THE DISORDER IN A QUANTUM WIRE
istics of a one-dimension&l D) system, especially its singu-
lar density of states, are therefore blurred out by the disorder. In order to understand exciton localization and its influ-
Until now delocalized excitons could only be observed atence on the spectroscopy and the dynamics of QW's or
some given positions of QWR samples as their structuraQWR'’s, we have to model and somehow measure the local-
properties were improvetippening the way to the achieve- ization potential felt by the excitons. It is characterized by
ment of actual 1D systems. two main quantities: its amplitudé,,. and its typical corre-

In this paper we investigate the localization properties oflation lengthL,.. V). can be related to macroscopic prop-
the recent generation of QWR’s and compare them to previerties like the Stokes shift or the half width of the photolu-
ous samples. The disorder is first studied by our scanningiinescence spectrum, under some assumptions on the shape
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of the potentiaf. Its value of 7—10 meV is quite independent
of the sample since it simply reflects the change of the con-
finement energy associated to monolayer fluctuations on the
heterointerfaces. On the contrary, the correlation lehgih

is closely related to the roughness of the interfaces and de-
pends much more on the growth conditions. This parameter
can only be evaluated through microscopic studies which
give access to the spatial extension of the excitonic states.

We recently developed an imaging technique in order to
study the localization effects in quantum wires. This is an
evolution of the microphotoluminescence.PL) experi-
ment, that we called scanning optical imaging spectroscopy.
It is the equivalent in far field to the scanning near-field
optical microscop¥SNOM). The sample is fixed on the cold
finger of a helium cryostat and cooled at 10 K. The laser
beam is focused on the sample by a microscope objective
with a large numerical apertui®.6) and the laser spot di-
ameter of 1um is diffraction limited. The luminescence is
analyzed through an imaging spectrometer coupled to a
liquid-nitrogen-cooled charge-coupled devig@CD) detec-
tor, and the spectral resolution is »&V. The excitation at
1.77 eV creates carriers in the higher-order bands of the wire
and not in the barriers. As the wires are separated pym
only one single wire is excited over Am in our experiment.
The excitation spot can be translated with respect to the
sample by moving the microscope objective with piezoelec-
tric actuators with a precision better than 200 nm. At each
position theu-PL spectrum is recorded. We obtain in this
way a high-resolution image along the wire axis as well as a
high resolution spectrum of a single QWR.

Figure 1 presents two such scanning images obtained on
two different generations of quantum wires—denoted previ-
ous and new generations hereafter—and two corresponding
u-PL spectra extracted from the images. The sample of the
previous generation studied in this work has already been the
subject of u-PL studie€ whereas the new generation is
much more recerf As it has been well known for a few
years® the emission spectrum is not uniform as the excitation
spot scans the wire, which means that the excitons are not
delocalized over the whole wire. Each bright spot corre-
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FIG. 1. Scanning optical images of a single wire of the previous

sponds to a local potential minimum along the wire axis(® and the new(c) generation of QWR'’s. The-PL intensity is
where excitons are trapped. Each peak has been attributed fepresented in gray levels. Typical-PL spectra, extracted from
the emission of the lowest-lying level in such a minimum. these images at the positions indicated by white arrows, are pre-
Two main differences can be distinguished between the tw§ented inb) and(d).

generations of QWR'’s(i) The spectra associated to each

localization sites are different: the peaks are very sharp foecould, however, not be resolved spatially because their ex-
the previous generation, and their linewidth could not betension is close to or smaller than the resolution.

resolved within our experimental resolution, whereas they These properties have been studied and compared more
are 1 meV broad in the case of the new generafibhThe  quantitatively through a statistical analysis of the images,
linear density of sites, estimated by counting the spots on thehich is described in detail in the Appendix. It allows us to
images, is of the order of 1am™? for the previous genera- define two mean properties of the localization sites in a given
tion of QWR’s, and 1um™? for the new one. We can there- sample: the mean spectrum and the mean spatial distribution
fore roughly estimate the extension of the sites to 100 nm foof its luminescence. They are presented in Fig. 2. In the
the previous generation, which is compatible with the valuespatial dimensiorfFig. 2(a)], the mean distribution of the
obtained fromu-PL excitation spectrdand to 1 um for the  luminescence emitted by one site has a full width at half
new generation. Moreover, some emitting sites are extendeatgiaximum (FWHM) of 0.8 um for the previous generation,
over distances larger than the spatial resolution of the microeorresponding to the spatial resolution of the microscope,
scope in the new samples, the spoatl5 uwm being, for  since the emitting sites are much smaller than the resolution
example, 3um long in Fig. 1c). Most of the emitting sites and can be considered as point sources. The larger FWHM
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a)

T3

Mean
PL spatial distribution

Position (um) FIG. 3. (a) Monolayer fluctuations of the interfaces between the
well and the barrier materials of the V-shaped wiit®; monolayer
b) steps induced by a misalignment of the V groove and the crystallo-

graphic directior{ 110].

schematically represented in FigaB These interfaces have
been identified on transmission electron microgra@isM)
and are locally flat at the atomic lev® but they present
monolayer steps which modify the confinement energy of the
excitons in the wire. We calculated that the energy fluctua-
tion associated to a monolayer step on the central {A68)
) 0 P 4 is about 9 meV, and the one for the lateral fad@%1) and
Energy (meV) _(111)_i_s equal to_3 meV. The_se fluctuations can be directly
identified on the images obtained on QWR'’s of the new gen-
FIG. 2. Statistical mean properties of the localization sites in theeration[Fig. 1(c)]: the 3-meV ones are the most frequéht
previous(open dots and new(plain dot$ generations of QWR’s: to 2 perum) whereas the larger onésbout 10 meV, like at
(@ mean spatial distribution of the emitted luminescertbemean  x=10 um) are fewer(1 every 5um). These values corre-
spectrum. The plain line is a fit by a Lorentzian line shape. spond to the linear density of monolayer steps on the lateral
and central facets, respectively, typically one step every 500
(1.2 um) obtained for the new generation is due to the ex-nm.
tension of the sites, which becomes comparable to the reso- Three main changes in the fabrication of the samples have
lution of the microscope and can be estimated asyl?  been developed in the past years. First of all, the chemical
—0.8 um=0.4 um. In the spectral domaifFig. 2b)], the etching of the patterned sample allowed us to get smoother
mean spectrum of the emitting sites for QWR'’s of the previ-heterointerfaces between the well and the barrier materials,
ous generation is very sharp as seen on individual spectras shown by atomic force microscop4FM) images'° Sec-
whereas the one for the new generation of QWR’s is perond, the arsenic source for the epitaxy has been changed and
fectly fit by a 1-meV-broad Lorentzian line, which is even tertiarybutylarsingTBAs) is now used instead of the very
more clearly evidenced by the perfect triangular shape of itsoxic arsine (AsH). This leads to a strong diminution of the
Fourier transform on a logaritmic scale over four decadesnonradiative recombination at room temperature, which is
shown in Fig. 8c). This broadening will be discussed in interpreted as the reduction of the impurity concentration in
more detail in Sec. V. the samplé'3 The last and most crucial parameter is the
The samples of the new generation are therefore of verynisalignment angled,, between the V groove drawn by li-

high quaIity_. For comparison, the Iongest_reported Ioca!izathography and the crystallographic directi¢pf10] [Fig.

tion length in V-groove QWR's as well as in any other kind 3(b)]. We performed scanning optical imaging spectroscopy
of GaAs quantum wires is of the order of 600 nm and hagyn samples grown in the same conditions but presenting dif-
been measured by SNOM only at one position of a giverferent misalignments. The statistical analysis revealed that
sample® the typical extensions of the localization sites in thethe linear density of emitting sites decreases from 4 to
sample studied in this work were of 10—50 nm, and are com4 um™1 as the anglé,, is decreased from 0.1° to less than
parable to those observed by our technique in the samples gfpo4° by improving the alignment procedure. This confirms
the previous generation. In the new generation of QWR’Sthat the localization length is governed in good samples by
the large localization length of 400 nm is a mean property ofhe distance between monolayer steps on the lateral inter-

largest observed emitting sites being 28 long. The con-  ¢rystallographic direction.

sequences of this improvement on the optical properties of
the excitons are discussed in the next section. 1l LOCALIZATION, EXCITONIC EIGENSTATES AND
The enhancement of the localization length of excitons in
. . DENSITY OF STATES
the wires has been related to the structural properties of the
samples. Indeed the localization of excitons is mainly due to The enhancement of the localization length in the wires
the monolayer fluctuations of the interfaces of the wire, asmplies not only a quantitative, but also a qualitative change

Mean PL spectrum

1
»

045319-3



GUILLET, GROUSSON, VOLIOTIS, WANG, AND OGURA PHYSICAL REVIEW B8, 045319(2003

a) 0D regime QW b)1D regime QWR quantum wells, where only one or two sharp peaks associ-
S ated to two well thicknesses &f and N+ 1 monolayers are
observed in the best sampfédn the case of QWR’s, mono-
layer fluctuations on each of the heterointerfaces of the V
give rise to a large number of possible configurations for the
” confinement, and therefore to an inhomogeneous broadening
of the photoluminescence spectra.

FIG. 4. Schematic representation of the eigenstates of the local- |t js here interesting to compare the different techniques
izat_ion potential in the previous generation _of QWRs, in the 0D ;5ed to study localization in QW’s and QWR'’s, and to un-
regime (Vjoc=9 meV, Li,.~30 nm) (&), and in the new genera- qarstand how they are adapted to specific localization re-
tion, in the 1D regime Yio;=9 meV, L o:~500 nm) (b). gimes. In this paper we present two methods: the scanning

imaging of the sample allows to directly measure the local-

ization length in the 1D regime QWR’s, when,. is com-
of their electronic properties. First of all, let us briefly con- parable to the resolution of the microscope. But in the 0D
sider the competition between the electron and hole localizaregime QWR'sL . is too small and only the linear density
tion and the Coulomb interaction. In both generations ofof localizing sites can be obtained from the images, which
QWR'’s, the amplitude of about 10 meV of the localization gives an upper limit|,.<1/n. In the OD regime QWR’s, we
potential is smaller than the exciton binding energy, which ishave shown in previous workghat the PL excitation spectra
of the order of 20 meV, and the localization length scale isof each quantum box allow us to determine their extension
larger than the exciton Bohr radiag=7 nm!* The local- from the energy separation between ground and excited
ization Hamiltonian can therefore be treated as a perturbatiostates. But this is only valid if the quantum boxes are inde-
on the free rigid exciton model, and the localization potentialpendent and if they contain two or more confined states, i.e.,
felt by the excitons is simply the average over the waveif roughly V,,.>%272/(2myL2 ). For smaller amplitude or
function of the exciton relative motiofi.e., overay) of the  typical length of the potential, the localized excitonic states
potential felt by electrons and holes. extend over a few potential minima if V.

We should also compare the localization lengj. of the <ﬁ2772/(2mx|_|200), and the eigenenergies are strongly spa-
excitons to their thermal de Broglie wavelengthy, tially correlated. This is known as the level repulsion. Re-
= 27h2ImykgT, where the exciton mageyx~0.18m, is  cently Idrissiet al. reported evidences for a level repulsion in
the sum of the electron and hole mas¥dsis equal to about QWR’s very similar to our OD regime QWRX.In our sta-

50 nm atT=10 K in the wires we have studied. Ilf, tistical analysis, we were able to extract the same autocorre-
>\, the energy difference between the eigenstates of thiation function[R.(E)] as they do, but we did not see any
localization potential, typicallyh2w2/2me,20C, is much  signature of this effect in our results. This can be explained
smaller than the thermal energgT and these eigenstates by two practical reasongi) the cusp in theR.(E) which is

can be approximated by a 1D continuum of excitons. In thecharacteristic of the level repulsion may be too small to be
opposite case, wheRy, is comparable to or larger than distinguished from the statistical noise in our case, even if
Lioc. only one or two localized states are populated at therwe averaged over a 3dm-long imagejii) our spatial reso-
mal equilibrium and the density of localized states is dis-lution is four times larger than the one of the SNOM experi-
crete. Since most of the microscopic properties of thement used in this work and is therefore much larger than the
excitons—relaxation, recombination—are determined by théocalization length, so that the spatial filtering of the corre-
local exciton density of states, the criteridvp,<L,,. deter-  lations is less efficient. But it could also reflect that our 0D
mines the one-dimensional character of the system. In theegime QWR’s fulfill the conditiorMoc>hZWZ/(ZmXLﬁ)C),
quantum wires of the previous generation, it is not fulfilled so that the quantum boxes can be considered as isolated and
and the optical properties are those of a collection of quanno level repulsion exists if only the ground states emit lumi-
tum boxes, as our previous studies of the exciton relaxatiomescence. This is supported by our full understanding of the
recombinatiof (cf. Sec. IV} and fine structufehave demon-  dynamics and spectroscopy of the excitons in 0D regime
strated; these wires are therefore said to be in the “OD reQWR’s (Ref. 8 as those of isolated quantum boxes.

gime.” On the contrary, in the new generation of QWR’s,

Arn<Lioc, SO that each localizing site can be considered as g RADIATIVE RECOMBINATION AND LOCALIZATION

small portion of quantum wire with a continuum of 1D REGIME

states; these sites are called “islands” in the following, in

analogy with the situation in quantum wells, and the QWR’s The optical property which depends at the most on the
are said to be in the “1D regime.” The two regimes are density of states is the radiative lifetimg, 4 . 1~?°Its depen-
schematically depicted in Fig. 4. dance on the temperature directly reflects the dimensionality

This interpretation is valid on a local point of view, as far of the exciton system,,4 scales aJ for quantum wellsy/T
as microscopic properties of the wires are concerned. On ®r perfect quantum wires, and is independent of temperature
macroscopic scale, the electronic properties are in both rder quantum boxes as soon lgsT is smaller than the energy
gimes inhomogeneously broadened of about 5—-10 meV dugeparation between the two first states of the quantum box.
to the variations of the confinement energy associated to In 0D regime QWR’s, the radiative lifetime has already
monolayer fluctuations. This is different from the situation inbeen studied inu-PL in previous work$. It is strongly de-

Energy
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- 1000 — radiative states: if\,,q<kgT,*®1°
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= 400 - . A J The intrinsic recombination time deduced from the experi-

2 _.‘I mental results below 30 K is?ad= 170+ 20 ps. It is compa-

g 300 4% Lo . rable to the value of 150 ps theoretically predicted by Citrin

8 in such wired®. We note that it is much larger than in QW'’s
! ' vt (a few 10 p$, as expected: for similar sizes, the 1D and 2D
10 25 50 75100 intrinsic lifetime should differ by a factax/ay .2° Moreover,

Temperature (K) the T dependence of,,4 shows that the excitons are lo-

cally at thermal equilibrium at the bottom of the band in each

FIG. 5. Temperature dependence of the radiative lifetime of 4sland. and their density of states averaged dug scales
single extended island in a 1D regime QWR. Two fits by/& like 1/\/E——EO.

dependence are presented by dotted lises text The transition around 40 K is not fully understood at the

moment, but two assumptions can be put forward: this tem-
- ._perature corresponds to the typical energy fluctuations along
pendent on the quantum box under study and is in fact Nhe wire axis(3 meV), so that the exciton density of states

yersely proportional to the length of the quantum box. It iScouId be increased above 3 meV leading to a diminution of
!ndependen.t of temperature below 20 K.‘ These resulis Wer%ad above 40 K with respect to the situation in a single
|_nterpreted in the following way: the typical energy S€Pardisy|ated island; the second possible hypothesis is that the
tion between the quantum box states, of 2-5 meV, is Iargefioupling between excitons and acoustic phonons becomes
thankgT, so that afT=10 K, only the ground state of the

. . strong above 50 K and could modify the exciton effective
guantum box is populated ang,, is independent of. The massgand/or their coherence tiffe. fy

osgillator strength of the ground state is proportional to'the Our results are comparable to those obtained by Akiyama
ratio of the coherence volume to the volume of the exciton,, 4; 20 ¢ they are more precise in the low-temperature
i i i ’21 i i - ? . . .
(rjelatwef T}Ot'lo n V\I(ave_ funlctloﬁi The latter one 'Sd mhdepen range where localization effects influence the dependence of
ent of the localization length sindg,c>ay, and the co- Trag ON T. Moreover, they extend over a wider range of tem-

herence volume is proportional to the _Iengtln,c of the_ perature and are not limited above 50 K by nonradiative
guantum box. So that the radiative lifetime at 10 K is in-

) _.recombination processes. The effect of localization in 0D
versely proportional to the length of the quantum box, as 'tregime QWR's has also been clearly evidenced by Oberli
has been measured experimentilly.

. . o et al, who observed and modeled the saturatiorrgf; be-
In 1D regime quantum wires, the radiative lifetime has, > K 23

been measured on several different wires and severa

samples, and is at 10 K independent of the island under

consideration within 10%. The results obtained on one island V- RESIDUAL DISORDER IN 1D-REGIME QUANTUM
as a function of temperature are presented in Fig. 5. The WIRES

island chosen in the presented results is extended oyan?2 The u-PL spectra of single islands present a broadening
according to the scanning optical image. The measurement apout 1 meV which has to be explained. The individual
are performed in the low-density regime, and in average ongpectra and even more clearly the mean spectrum obtained
exciton at the most is present in the excited island. The decay,, {he statistical analysigig. 2) exhibit a perfectly Lorent-
time of the PL is equal to the radiative lifetime since nonra-,ia line shape which is typical of an homogeneous broad-
diative recombination enters into play only above 200 K ingping of the transition. However, the measured linewidth cor-
these samples. r,,4 follows a T scaling law below 30 K responds to a dephasing tirfig for the excitons of the order
and above 50 K, which is characteristic of a 1D system. Weyf 3 picosecond. This dephasing time is too short to be asso-
do not observe any saturation af,y at low temperature cjated to intrinsic dephasing mechanisms: we measured a
down to 8 K, which is the lowest temperature we can achieveecombination time of the order of 300 ps and we calculated
in our w-PL cryostat. that the interaction with acoustical phonons leads to a
The \'T dependence of,,4 can be briefly explained in the dephasing time of 10 ps at=10 K for the excitons at the
following way: if we consider free excitons, only those with pottom of the band?
a wave vector smaller than the one of light=27/\ can We therefore have to consider other processes to explain
recombine radiatively, wher is the wavelength of light in  this broadening. A static disorder, such as the alloy disorder
the material. The radiative exciton states form a band whichn the barrier material or the atomic roughness of the inter-
spectral width is given by ,q=%2k?/2my~200 ueV, and  faces, would lead to a Gaussian inhomogeneous broadening
are assumed to have all the same recombination #fye  of the transition. But a dynamical disorder, like Coulomb
At low density, the excitons in the band follow a Boltzmann collisions with impurities or charges could be involved and
distribution and the effective radiative lifetime of the wire is explain the fast dephasing of excitons. A signature of this
given by the thermal equilibrium between radiative and non-disorder has been found in thePL spectra under very weak
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a) 0D regime QWR 1D regime QWR

p—

Separated electron
and hole

101 With Epiezo

Energy (meV)

Luminescence (arb. units)

Exciton relative motion x, -x, (nm)

p

d) P=0.01 W.cm] FIG. 7. (a) Effect of the piezoelectric field along the axis of the

wire in both localization regimegb) In the case of 1D regime

QWR's, the plain lines represent the potential felt by the relative

motion of the electron-hole pair without the piezoelectric figdly

1.630 1.635 1.640 1.645 Coulomb attraction and with it (Coulomb + constant electric

Energy (eV) field), in the referential of the center of motion; the wave function
of the unperturbed ground exciton state is also shown by dotted

FIG. 6. PL spectrum of a single extended island in a 1D regimdine.
QWR at very low excitation power.

fined in a given quantum box is only deformed by the field.

excitation. Figure 6 presents the spectrum of a single islan@his is schematically depicted in Fig(&. However, the
extended over um in a 1D regime QWR, as a function of piezoelectric field is not large enough to break an exciton if it
the excitation power. We should underline that the excitatioris already formed: the bound electron-hole state still exists.
power P, necessary to create one exciton in the excitatiomrAs shown in Fig. ), there are therefore two possible states:
spot every 300 p&he radiative lifetime al =10 K) is equal one bound exciton state centered ®vg-x,=0, and one
to 400 Wcm 2, as it has been measured in 0D and 1D re-separated electron-hole pair state for large electron-hole
gime QWR’s by studying the formation of a biexcitéfe* It separationsX,— X,>50 nm).
is 1000 times larger than the excitation power range pre- We can now explain the evolution of the spectrum with
sented in Fig. 6. We observe that the spectrum is composdtie excitation power: at the lowest power (0.01 Wdhn
of a main line, corresponding to the emission of the islandpnly one electron-hole pair is present in the island in a sepa-
and four side peaks associated to neighboring islands presemated state. The transition between the separated electron-
in the tails of the excitation spot. The main peak gets narhole pair state and the bound exciton state is probably ther-
rower as the excitation power is decreased, and it is nomally activated and occurs within a few hundreds of ns.
spectrally resolved at the lowest power—our resolution isThen the exciton recombines, leading to a sharp PL peak. As
100 peV in this experiment. This narrowing is therefore oc- the excitation power is increased, and during the linear re-
curing as one exciton is created every 500 ns in the islandyime until Pg is reached, a few separated pairs accumulate in
which is a crude estimation taking into account the powetthe island before they can form excitons, creating a back-
ratio betweenP, and the power range of the experimentsground of free carriers that scatter the excitons, and leading
presented in Fig. 6. The integrated intensity of the spectra it the broadening of the PL exciton line.
proportional to the excitation power, so that there is no new The homogeneous broadening of 1 meV of thePL
nonradiative recombination channel in this regime. Such lingeaks in the linear regimg@gelow Py) is therefore a signature
narrowing can only be explained if the electron and the holef a residual disorder, i.e., the Coulomb collisions between
are somehow spatially separated in the island since the réhe excitons and separated carriers. These collisions occur on
combination probability is proportional to the overlap of a timescale of 1 ps, much faster than the radiative lifetime of
their wave functions. excitons, leading to a fast dephasing and a Lorentzian line-

This charge separation is attributed to the large piezoeleshape. The delocalized character of excitons in 1D regime
tric field which exists along the axis of the wire as discussedQWR’s makes them more sensitive to the piezoelectric field.
in Ref. 25. The field is sufficient to separate electrons and his explains why the broadening was not observed in the
holes only in 1D regime QWR’s, in which the islands are spectra of quantum boxes in 0D regime QWR’s in the same
large enough, whereas in 0D regime QWR'’s the exciton conrange of excitation power.
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VI. CONCLUSION -20 0 20 40 0 40

By performing scanning optical imaging spectroscopy on 8 -—al) r L - 5 ' iB- It
different generations of QWR’s, we studied the disorder and 6 10°
especially the localization length of the excitons. In the best o F =
samples, excitons are delocalized over 400 nm in average & 4 [~ 102
and up to 2—3um in the most extended islands. Indeed 2 10°
QWR'’s exhibit a localization length much larger than the 0k
thermal de Broglie wavelength of the excitons, which there- 8 -b) Gaussi - 10°
fore form in each island a 1D quasicontinuum. On the oppo- o aussian 10° 3
site, in previous samples, the localization length is smaller Q. F line e
than the de Broglie wavelength and the optical properties of b d 102
the QWR'’s are those of a 0D system, i.e., a collection of ) 10°
quantum boxes. The 1D character of the local density of Y —— W\
states in the best samples is evidenced by measuring the 3 ) = 10°
temperature dependence of the radiative lifetime: it follows a e B Lorentzian 106X
\JT scaling law down to the lowest achieved temperat@re Sl N line e
K), whereas a saturation below 20 K has been observed in a1} 10~
previous works on 0D regime QWR’s. Finally we show that B 10°

; " . ; . 0

the excitons are more sensitive to the residual disorder in the . . = . VAT
structure as they get delocalized, and the presence of photo- ! ' ' IR
created charges separated by the built-in piezoelectric field 20 0 20 40 0 40
leads to a homogeneous broadening of the transitions in E (meV) s(mev’l)

u-PL spectra.
FIG. 8. (a) Spectral autoconvolutioR(E), (b) its spatially un-
correlated componenRy(E), and (c) the autocorrelatiorR.(E)
APPENDIX STATISTICAL ANALYSIS OF THE IMAGES =R(E) — Ry(E), in the case of the image of Fig(cdl of a QWR of

The scanning images of QWR’s provide us with an intui—.the.new generation. The fitted line shapksand(c) are presented
tive representation of the excitonic states along the wire, buf’ filled areas.
they also contain more quantitative informations. It is, for
example, very useful to obtain the spatial and spectral shape
of the bright spots of the image, i.e., the spatial distribution
and the spectrum of the localizing sites. However this cannot
be done in a proper way by extracting the cross sections gf,
one given bright spot because they all slightly overlap, as cag
be seen in Fig. 1. Moreover, such cross sections are specififiion 1t is represented in Fig(& with its Fourier transform
to the localizing site considered and are not representative (ﬁ

—_|E — 2 H H
all of them. We therefore analyzed the images by autocorre; (S)_lF(S'k_O).| , for _the imageFig. 1(c)] of a QWR Of.
L}_he new generation. It is the sum of two terms: a spatially

uncorrelated pamRy,(E) and a correlated ong.(E).
The uncorrelated autoconvolutigrig. 8b)] is equal to

The spectral autoconvolution is defined as
R(E)=((F(E" X)F(E-E’,X))e)x, (A2)

here(), denotes the average over the parametelt is the
atial average of the autoconvolution calculated at each po-

lation techniques, and calculated the mean spatial distrib
tion and the mean spectrum of the localizing sites.

In order to present the different calculated correlations,
we will suppose for simplicity that an image is composed of _ , ,
N spots with identical shapes but different amplitudgs at Ro(E)={(F(E".x)x(F(E-E".X))e" - (A3)
an energyE,, and a positiorx,,. The u-PL signalF(E,x) at

. . ot _ o 2 _
the positionx and the energyE can be written Its Fourier transform write®y(s) = (|F(s,k)|?). For a suf

ficiently large image l— ), it tends to the autoconvolution
of the macroluminescence  spectrum({D(E,x)),
FEX)=S A Us(E—E.) XUy (X—X =(IIN)Z,A,6(E—-E,). lts linewidth of 12 meV corre-
(Ex) ; nte( ) X U ) sponds to the inhomogeneous broadening of the PL spectrum
multiplied by \/2, as expected for a Gaussian shape.
The correlated part oR(E), called the autocorrelation

Fig. 8c)], is obtained as
whereug and u, are the spectral and spatial shapes of the[ 9- 8]

=[Ue(E) Xux(x)]®D(E,X), (A1)

spots, and (E,x) =2 ,A,0(E—E,) 6(x—Xx,) is the distribu- R(E)=R(E)—Ra(E Ad
tion of the spectral and spatial positions of the spots. Their (E)=R(E)~Ro(E). A4
Fourier transforms are notagk(s), Uy(k), andD(s,k), re-  In the limit of large images and if the energy, of the spots

spectively. Those three functions can be obtained by calcuare spatially uncorrelated, it tends to the autoconvolution of
lating the autoconvolutions of the imadge We will here  the spectral shapag(E) of the spots. In the case of the
focus on the spectral analysis, and the same study can lmmage in Fig. 1c), the auto-correlation is mainly composed
done in the spatial dimension. of a 2.2-meV-broad Lorentzian line corresponding to the au-
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toconvolution ofug and a few side peaks at9 meV, we suppose thaig is an even function oE, so thaif (s) is

+12 meV, WhICh reflect the correlations between the real. In the case considered in F|gCB the Lorentzian char-

energies of nelghborlng islands, i.e., the energy fluctuation&cter of the mean spectrum is even clearer on the Fourier

associated to monolayer fluctuations. transformRC(s) which is triangular over four decades in a
In order to evaluatauz(E), we calculated the “mean” logaritmic scale.

. - The same analysis can be reproduced in the spatial dimen-
spectrumf(E) of the islands, represented in Fig. 2, as thesion and provides us with the mean spatial distribution of the

inverse Fourier transform df,(s) = V|R.(s)|. Itis correctif  luminescence emitted by the islands.
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