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Near-field optical spectroscopy of localized and delocalized excitons in a single GaAs quantum wire
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Excitons in a GaAs quantum wire are studied in high-resolution photoluminescence experiments performed
at a temperature of about 10 K with a spatial resolution of 150 nm, and a spectral resolution\L.00/e
report an observation of quasi-one-dimensional excitons which are delocalized over a length of up to several
microns along the quantum wire. Such excitons give rise to a 10-meV broad luminescence band, representing
a superposition of transitions between different delocalized states. In addition, we find a set of sharp lumines-
cence peaks from excitons localized on a sub-150-nm length scale. Theoretical calculations of exciton states in
a disordered quasi-one-dimensional potential reproduce the experimental results.
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The interplay between localized and delocalized elec,- In this paper we report a near-field PL study of excitons
tronic excitations underlies the fundamental optical andconfined in a single GaAs QWR. By combining high spatial
transport properties of low-dimensional systems such as corand spectral resolution, we resolve the characteristic emis-
jugated polymers$ electrons at surfacésand semiconductor sion features of excitons in a complex quasi-1D disorder po-
nanostructures. In quasi-two-dimensioif2D) semiconduc- tential. We demonstrate the coexistence of single localized
tor quantum well¥QW'’s) and quasi-one-dimensional quan- excitons and of excitons that are delocalized over a length of
tum wires (QWR’s), the optical spectra in the range of the up to several microns along the QWR. Our experimental
fundamental band gap are determined by excitons showing f@sults are well reproduced by theoretical calculations of ex-
binding energy on the order of 10 meV which increases upoitonic states in a disordered QWR.
reducing the dimensionality of the semiconductor. In the We investigate a GaA@KIGa)As coupled QWR-dot
simplest picture, neglecting any structural disorder in a Qwhanostructure grown by molecular-beam epitaxy on a pat-
or QWR, such excitons are fully delocalized in space. Interned GaA1DA substrate. On the substrate, a 15-nm-
contrast to this expectation, extensive experiments with naf?igh mesa with sidewalls alternatingly misaligned ©0°
row QW's gave evidence of exciton localization in indi- With respect to th¢01-1] direction (zigzag patternis pre-
vidual minima of a disorder potential originating from struc- pared by wet chemical gtchmg. The QWR structure consists
tural imperfections of the materidf® Recent progress in of a nominally 3-nm-t_h|ck GaAs, QW layer clad between
optical microprobing by microphotoluminescencg-PL) 50-NMAL GaysAs barriers. QWR's are formed due to the

and near-field optical spectroscopy has allowed one to reEreferenhal migration of Ga adatoms from the mesa top and

. . . . ottom toward the sidewalls of the meSaresulting in a
solve the PL spectra from single localized excitons in QW's, g

o . N _ local increase of QW thickness up to 4.5 nm and a lateral
and QWR S, d|splay|ng.a set of sharp emission éwihen onfinement® Figure Xa) shows a schematic top view of the
recorded with a submicron spatial resolution. The spectr

- - - Sstructure in which the QWR follows the zigzag pattern. Ev-
envelopes an(_d spatla! propgrtles of sugh line spe(_:tra, whu_:gry 4.5 um two QWR segments merge with an angle of
reflect a quasi-zero-dimensional behavior of localized exci- e, Every other corner the mesa top surrounds the merging
tons, depend largely on the length scale of interface roughgf the quantum wires with an angle of 240°. At these posi-
ness in the particular system, and have been described Byns, an extra local accumulation of GaAs gives rise to the
detailed theoretical modets’:*° formation of dots. The confinement potential of this type of
So far, evidence of the coexistence of and the interplayQWR was studied in earlier photoluminescen@&) and
between localized and delocalized excitonic states has reshotoluminescence excitations measurem&ntd The lat-
mained scarce. Recent studies of thin QW's of substantiatral width of the confined region and the quasi-1D confine-
interface roughness hy-PL suggest the occurrence of both ment energy of excitons are 70 nm and 55 meV, respec-
types of excitons?! Spatially resolved PL studies on different tively.
QWR structure¥1*did not show evidence of delocalized A near-field scanning optical microscope for cryogenic
excitonic states, but suggested an optical behavior of QWR’temperatures was used in an illumination/collection geom-
arising from closely spaced localized, quasi-zero-etry with combined spatial and spectral resolutions of 150
dimensional excitons. This makes these QWR’s similar to aam and 100ueV, respectively. Spatially resolved images
chain of quantum dots. It thus seems particularly importantvere recorded by scanning the probe tip over the sample. For
to clarify the role that delocalized, truly 1D excitonic stateshigh-resolution measurements, the sample was excited with
play for the optical and transport properties of such nanoeither a HeNe lase{1.96 eV} or a tunable narrow-band Ti:
structures. sapphire lasetbandwidth<<200 ueV). PL spectra were re-
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As the combined spatial and spectral resolution is de-
creased below 200 nm/1Q@eV, the broad PL bands break
up into a set of sharp and intense emission peaks superim-

Mesa Bottom
Mesa Top

posed on a broad continuufiig. 2(@)]. The near-field PL
spectrum was recorded at a fixed position on the QWR. The
spectral widths of the PL peaks range from 200 to 2s¥.

Two-dimensional near-field images, recorded at the spec-
tral position of the sharp linefFig. 2(b)] show that these
luminescence contributions stem from regions resolution
limited in size. Thus they are attributed to the emission of
localized excitons out of local potential minima that arise
from monolayer-height fluctuations of the QWR profife.
When the detection energy is tuned to the low-energy side of
the broad continuunfout of the sharp resonangeshe PL
spatial distribution reveals the existence of regions with a

FIG. 1. (@) Schematic top view of the QWR-dot structure. The larger average extension of 400-600 nm in diamgfég.
lithographic patterning of the substrate gives rise to the formation o2(c)]. For detection energies in the high-energy part of the
a QWR and a dot at the corner of two intersecting sidewalls on theemission band, a completely different situation appears. Here
mesa top side(b) Far-field 10-K PL spectrum recorded near the dotthe two-dimensional imageld=ig. 2(d), detection at 1.674
position.(c) 2D PL images recorded at the detection energies of theaV/, and excitation at 1.96 gvndicate a uniform PL distri-
three peaks shown itb). bution delocalizedalong the QWR axis on a length scale of

more than 2um. An even larger extension is measured in the
corded at each tip position with fa= 50 cm monochromator region where the QWR’s are not interrupted by dfgy.
in conjunction with a cooled charge-coupled devicE ( 2(c), excitation at 1.70 €Y/ In this case the spatial distribu-
=77K, spectral resolution 10QeV). Aperture probes were tion of the PL signal extends over the whole QWR across the
made by chemically etching single mode optical fibers. corner.

In Fig. 1(b), we present an overview far field PL spectrum  Delocalized PL components are observed for a broad
taken in the QWR-dot area of the sampéxcitation at 1.96 range of detection energies. The corresponding spectral de-
eV). The origin of the three distinct PL peaks is evident frompendence is shown in Fig.(& by the dotted curve. The
spatially resolved measurements where the near-field prolshape of this spectrum is close to a Gaussian centered at
served for both excitation and near-field PL collect|&tig. 1.6740 eV with a full width at half maximum of 10 meV.
1(c)]. The first image, for excitation at 1.74 eV, shows theSimilar spectra were measured in different regions of the
uniform distribution of the PL signal from the surrounding sample, and are independent of the excitation photon energy
QW, centered at 1.720 eV. This component decreases the range between 1.70 and 2 eV.
strongly near the sidewall. The spatial distribution of the Figure 3 shows the power dependence of the near-field PL
scans recorded at 1.668 and 1.650 eV identifies QWR anspectra recorded at a fixed position on the QWR. The exci-
dot emission, respectiveliexcitation 1.70 e¥. The optical tation power was varied over more than three orders of mag-
spectra of the dot structure will be discussed in detail elsenitude with values betweeR=0.002 and 5.6uW, corre-
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FIG. 2. (a) (Solid line) near-field PL spectrum
of the QWR taken at 10 K at a fixed tip position
corresponding td2.5 um, 0.5 um) in (b)—(d).
(Circles spectral distribution of the spatially de-
localized PL contribution(b) Two-dimensional
near-field PL image taken at a fixed detection en-
ergy of E4.=1.6698 eV[sharp emission peak in
(a), excitation 1.96 eYwith a spectral resolution
of 100 weV. The spatial orientation of the QWR-
dot structure is indicated as a dotted line. Inset:
cross section through the 2D image along the
QWR axis X'. (c) Same as(b), with Egg
=1.6643¢eV. (d) Same as (b) with Egyg
=1.674eV (delocalized PL component (e
Near-field PL image taken &4.=1.674 eV(de-
localized PL componeptfor excitation at 1.70
eV at a different spatial positions on the sample
covering a corner where two QWRs are not inter-
rupted by dots.
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FIG. 3. Power dependence of the near-field QWR PL spectra > -80 . ! 1 L [
taken at 10 K. The excitation power is varied betwd&n 0.002 80 1
and 5.6uW. Note that the broad continuum assigned to the emis- E 0.0
sion of delocalized excitons contributes significantly to the PL spec- £ 0
tra even at the lowest excitation density. = D [ (d) 17.1 meV

4 . . . 0 200 400 600
X10°cm ™. Note that the broad continuum contributes sig- X (nm)
nificantly to the PL spectra even at the lowest excitation . Y . T .
density. —~ 10F(e) og ©O -

The PL spectra of the QWR observed in our experiments > 0.8 i 00 © © ]
reveal three emission components with distinctly different & =% [ e j
spectral and spatial feature$) a set of spectrally sharp PL %= 06} ©0go %0 ®© o © i
lines originating from individual strongly localized exciton - ) o °
sites with less than 150-nm diamet@i) a spectrally broader = 04 i 9380 2 & . |
component with a spatial extension of about 500 nm, and 02 0% o “e. :

(iii ) emission from excitons which are delocalized along the M

QWR over a length of up to several microns and cover a 0.0

10-meV range of emission energies. This delocalized com- o 19 20 30
Energy (meV)

ponent is present even at very low excitation densities, where
only a minor fraction of the available exciton states in the o )
QWR is populated and—thus—nonlinear effects of state FIG. 4. (6_11) Potent_lal distributionV[R=(x,y)] of the_exmton
and/or band filling can safely be neglected. COM potential of a disorder QWR along) and perpendiculaty)

The occurrence of the three PL components clearl)}o the QWR axis. The confinement potential is taken as 55 meV,

. . . with a lateral QWR width of 70 nm. The disorder potential is Gauss
demonstrates that disorder induced local variations of th%orrelated witho—=5 meV andL .= 20nm. Probability densities

1D conflnement potential of th? QWR and the mterplay(jjllb(R)F of representativéb) localized exciton wave functioiy

between localized and delocalized states play a central ;s oy () weakly delocalized excitonf,=12.9 meV, and
role for the electronic propert|es_ of this type of Q_WR_ (d) delocalized exciton€Ey=17.1 meV. (e) Absorption spectrum
structure. We performed a theoretical study of the excitonicicyjated for a 2:m-long QWR. The different contributions from

spectra in order to develop a quantitative understanding,cajized(open circlesand delocalized excitor(slosed circlesare
of the disordered QWR structure. In this model, we considehjghjighted.

a QWR oriented along the axis with a lateral confine-

ment potentialV(y) of a width of 70 nm and a confine-

ment energy of 55 meV, superimposed by a random|ystructures. Independent experimental evidence for the valid-
generated potentialFig. 4a)]. The random potential is ity of this assumption is obtained from the power-dependent

characterized by a Gaussian energy distribution of widttPL spectra(Fig. 3). These spectra show no signatures of
o and a Gaussian correlation function in space of correlcharged exciton transitiortS, that are expected in the limit
ation lengthL.. In the (x,y) plane, excitons are subject to 0>Ex, where electrons and holes localize separately.
local energy fluctuations both along the QWR a&i$ and For a disorder strength of a several meV, that is typical
perpendicular to ify). Following the procedure outlined in for the considered thin nanostructures, three typessoéx:
Ref. 9, the in-plane exciton center-of-mad&0OM) eigenen-  citon states are found in the QWR) excitons localized in a
ergies and wave functiong(R) [R=(X,Y) is the COM co- single potential minimuniFig. 4(b)] with a nearly Gaussian
ordinatg are calculated by numerically solving the two- shaped wavefunctiog/(R). The extension o#)(R) is de-
dimensional Schidinger equation for the COM motion fined byL. along the QWR axigx) and by the lateral width
within the local potential. As discussed in Ref. 19, this ap-of the potential minimum along. These localized excitons
proximation of a factorized COM motion is appropriate for couple strongly to light with a matrix elemenM
disorder strengths of less than 10 meV, i.e., the typical exci«D [dR#(R) (D is the optical dipole matrix element of the
ton binding energyEy in thin quantum-well and wire nano- excitonic 1s transition) and give rise to sharp emission peaks
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in the near-field spectra. The axial density of these localizedM ,|°N,, with N, being the average occupation ef In a
excitons is about 1/4., and they are distributed over an quasiequilibrium distribution of localized and delocalized
energy range of roughly® Comparison with the average excitons,N,, is determined by the energy of the exciton state
number and energy distribution of emission lines in Figs.and the temperaturg of the exciton gas. The overall width
2(a) and 3 allows one to approximate the free parameters odf the measured delocalized PL componfsitcles in Fig.

the model ad..=20nm ando=5 meV. (i) At low transi-  2(@] is well reproduced for a value dfg~30-40K, i.e.,

tion energies, we find several eigenstates with wave funcSomewhat higher than the lattice temperature of nominally
tions that extend over few local potential minina, thus show-L0 K. The elevated exciton temperature is due to the non-
ing extensions between 50 and 200 fFig. 4c)]. Their ~ 'esonant excitation with excess energies of several 10 meV
coupling to light is reduced with respect to that of localized (@S0 see Ref. 22

excitons. Comparison to experiment indicates that this class dA (:lommer]ntlshquld be malc_je O.nd tr?e sczlattermg Processes
of wave functions gives rise to the emission from localized"nd€rying the luminescence linewidths. At low temperatures
reqions extending bevond the spatial resolution of our eX_of the exciton gas, acoustic-phonon scattering represents the

9! Cin th Ig y tp f the PL {r i main inelastic relaxation mechanism. A calculation of scat-
penment in the fow-energy part of the Spectrimg. tering matrix elements with the exciton wave functions de-
2(c)]. (iii) We find a large density of about 10 states/

h delocalized al h ith rived in our model gives phonon emission times of 5-10 ps
(ummeV) that are delocalized along the QWR with wave- ., gelocalized exciton states for a lattice temperature of 10
function extensions between several 100 nm and seugnal

K. This corresponds to characteristic line broadenings of
t150—300,ueV. Such linewidths are larger than the energy

600 nm is shohwn 'r;],F'hgl' @. Th(la wa\%e f””Ct'or?,ShOf these gonaration between delocalized states, resulting in a broad
eigenstates show highly complex shapes which represey, .y reless emission band as observed in our measure-

disorder-induced interferences between a broad distributi0|:hents Phonon absorption times of localized excitons vary

of plane waves with momentui, centered around an av- gyong)y hetween the different minima of the disorder poten-

erag&(K,). The fraction of this distribution with momentum 5/ They are on the order of 10 to 30 ps at 10 K, corre-

K <Kma=Exn/fic (E,: is the exciton transition energy;  sponding to linewidths of 50-15peV, similar to what is
refractive index couples to light and contributes to absorp- ¢5und in the PL spectr®

tion and emission spectra with a matrix eleméhtthat is In conclusion, the coexistence of localized and delocal-
considerably reduced compared to that of localized excitom,oq excitons in a quasi-1D GaAs quantum wire was ob-
s_tatesz.l In the optical spectra, these delocalized states givegryeq in luminescence experiments with high spectral and
rise to a broad distribution of densely spaced weak resogpaiia| resolution. Excitons delocalized over a length of up to
nances. If the linewidth of the individual resonances iSgeyeral microns give rise to a broad luminescence band. In
broader than their energy separation, individual transitiong,nirast, excitons localized in minima of the quantum wire
are not resolved, and broad structureless bands occur in hgsorger potential lead to a set of narrow individual emission
absorption and—for sufficient thermal population of emitting jines Theoretical calculations of exciton states in a disorder
states—also in the PL spectrulie attribute the spectrally hoiential account for this behavior, and show that the ob-
broad and spatially delocalized luminescence in our néargered broad luminescence band consists of many individual
field measurements [Figs. 2(d) and 2(e)] to those delocalizegansjtions between delocalized states, each showing a spec-
excitons , tral broadening larger that the mutual energy separation.
In Fig. 4(e), the overall optical spectrum calculated from ¢qpling between localized and delocalized states plays an
the mode2I Is summarized. The square of the transition MOy portant role for exciton relaxation and for excitonic trans-
ment|M|* is plotted as a function of energy for both local- port along the quantum wire, where contributions from both
ized[componentsi) and(ii)] and delocalized exciton states. qiistic and diffusive motion are expected.
In agreement with our experiments, we find a broad quasi-
continuous contribution from transitions between delocalized This work was supported by the Deutsche Forschungsge-
states, superimposed by individual transitions between locameinschaft(SFB296 and the European Union through the
ized levels. Both contributions occur in a similar range ofEFRE  program and a Marie-Curie  Fellowship
transition energies. In the luminescence spectra, the relativeRB4001GT975127 for one of the authorgV.E.). We
contribution from individual eigenstatesis proportional to  gratefully acknowledge G. Cassabois for helpful discussions.
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