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Near-field optical imaging and spectroscopy of a coupled quantum wire-dot structure
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A coupled GaAs/AlGaAs quantum wire~QWR!-dot sample grown by molecular beam epitaxy on a pat-
terned (311)A GaAs substrate is studied by near-field spectroscopy at a temperature of 10 K with a spectral
resolution of 100meV. The two-dimensional potential energy profiles of the sample including localized exci-
tonic states caused by structural disorder are determined in photoluminescence measurements with a spatial
resolution of 150 nm. One finds a potential barrier of 20 meV between the quantum wire and the embedding
quantum well~QW! on the mesa top of the structure. This is due to local thinning of the GaAs layer. In
contrast, the wire-dot interface results free of energy barriers. The spatial variation of the GaAs layer thickness
provides information on the growth mechanism determined by lateral diffusion of Ga atoms which is modeled
by an analytical model. By performing spatially resolved photoluminescence excitation measurements on this
wire-dot structure, we present a method for investigating carrier transport in low-dimensional systems: The dot
area is used as an optical marker for excitonic diffusion via QW and QWR states. The two-dimensional~2D!
and 1D diffusion coefficients are extracted as a function of the temperature and discussed.
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I. INTRODUCTION

The electronic and optical properties of low-dimension
semiconductor nanostructures are determined by
quantum-mechanical confinement of electronic wave fu
tions which results from a spatial variation of the band str
ture of the material on a nanometer length scale. Realiza
of quasi-one-dimensional~1D! and zero-dimensional con
finement, i.e., of quantum wires~QWR’s! and quantum dots
~QD’s!, is based on epitaxial growth of layered structures
which a controlled variation of material composition and
thickness as well as self-organized growth mechanisms
to quantum confinement. Scanning probe techniques suc
atomic force microscopy, scanning tunneling microscopy a
related techniques play an important role for thestructural
characterization of such nanostructures with atomic res
tion and enable the study ofsingle nanostructures. Optica
spectroscopy with subwavelength spatial resolution, e
confocal and near-field scanning optical microsco
~NSOM!, allow one to address single nanostructures and
study their electronic properties. Both single quantu
wires1–6 and quantum dots7–11 have been investigated i
steady-state experiments. The recent successful combin
of NSOM with time resolved techniques has opened the p
sibility to image carrier dynamics in single nanostructures
performing spaceand time resolved experiments.12–16

The optical properties of QWR’s are determined by qua
one-dimensional quantum confinement and by disord
induced fluctuations of the confinement potential.5 Both spa-
tially extended quasi-1D excitonic states and excito
localized in disorder-induced QD-like potential minima co
tribute to the overall luminescence spectrum, as was dem
strated recently for a GaAs/AlGaAs QWR structure gro
by molecular beam epitaxy on a patterned (311)A GaAs
substrate.17 In growing such structures, disorder is difficult
control and, thus, a random spatial distribution of localiz
0163-1829/2001/64~15!/155316~9!/$20.00 64 1553
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QD-like states occurs. For studying coupling mechanis
between different types of low-dimensional states, e.g.,
and 0D states, structures with a well-defined spatial arran
ment of QWR and QD are essential. In this paper, we st
the optical properties of a GaAs/AlGaAs nanostructure o
patterned (311)A GaAs substrate in which dotlike areas a
intentionally introduced at the intersection of adjacent QW
segments. We map the local confinement potentials by p
toluminescence NSOM and demonstrate distinctly differ
optical transition energies of the dot area and the QWR s
ments. The absence of a potential barrier between QWR
ments and dot area allows the dot to be used as a l
optical marker for carrier transport along the QWR. Diff
sive exciton transport is directly imaged, providing quanti
tive information on diffusion coefficients.

The paper is organized as follows. In Sec. II, the sam
structure and the experimental setup are described. In
III, we present the optical characterization of the structu
This section is divided in four parts.

~i! Overview of the optical properties of the sample: T
luminescence properties of QW, QWRs and dots are spat
and spectrally resolved.

~ii ! Investigation of growth dynamics: Starting from th
near-field PL optical images, a 2D topography of the str
ture with the single monolayer precision is derived. The
sults of an analytical model for explaining the self-orderi
of the quantum nanostructures are successfully comp
with the experimental findings.

~iii ! Characterization of the wire-dot interface: The optic
map of the sample allows one to establish that such a st
ture is suitable for transport experiment providing eviden
for electronic coupling between the wire and the dot regi

In Sec. IV, spatially resolved PLE measurements are p
formed in order to optically investigate exciton transpo
properties in a single QWR: Through the variation of t
distance between excitation spot and dot, detailed ins
©2001 The American Physical Society16-1
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into the drift-diffusive motion of excitons within the embed
ding QW and along the QWR are obtained. 2D and 1D d
fusion coefficients are extracted from the spatial profile
the PLE images along the QW and the QWR directio
respectively. Conclusions are presented in Sec. V.

II. EXPERIMENTAL

The GaAs/~AlGa!As nanostructure is grown by MBE o
patterned GaAs(311)A substrates. In such structures, QW
are formed due to the preferential migration of Ga ad-ato
from the mesa top and bottom towards one of the sidew
of mesa stripes oriented along@01-1#.18 The combination of
this growth mechanism with appropriate lithographic p
terning of the sample surface allows the controlled fabri
tion of novel nanostructures.19 In particular, a quantum wire
dot structure has been realized by growth of a zig-zag pat
with sidewalls alternatingly misaligned by1 or 230° from
@01-1#.20 The inset in Fig. 1~a! shows a schematic top view
of the structure. The sample consists of a nominally 3
thick GaAs QW layer clad between 50 nm Al0.5Ga0.5As bar-
riers. The upper barrier is covered by a 20 nm GaAs pro
tive layer.

Spatially resolved near-field spectroscopic experime
were performed at temperatures between 10 and 300 K,
a home-built near field optical microscope.21 For the optical
characterization of the sample the microscope is used in
illumination/collection geometry: the excitation laser~photon
energy 1.96 eV! is transmitted through the near-field fiber t
and the PL emitted from the sample is collected through
same fiber. High-energy resolution images are recorded
acquiring PL spectra at each tip position with af 550 cm
monochromator in conjunction with a liquid-nitrogen cool
back-illuminated charge-coupled-device~CCD! camera. We
achieve a combined spatial and spectral resolution of 150
and 100meV, respectively.

For the optical transport measurements, the microscop
used in the illumination geometry. A tunable narrow-ba
Ti:sapphire laser~bandwidth<200 meV! is coupled into the
fiber tip for the excitation. The PL emission from the samp
is collected in far-field through a conventional microsco
objective, dispersed in a 0.25-m double monochromator w
a spectral resolution of 1.2 meV and detected with a silic
avalanche photodiode. Spatially resolved images are
corded by scanning the probe tip over the sample.

Near-field fiber probes are made by chemically etch
single mode optical fibers.22 They are used in the
illumination/collection mode without metal coating. Whe
used in the illumination mode, the tips are coated with
50–100 nm thick aluminum layer.

III. RESULTS: LOCAL OPTICAL PROPERTIES,
POTENTIAL PROFILES AND GROWTH MECHANISM

A. Local optical properties

An overview far field PL spectrum@Fig. 1~a!# is recorded
with the tip positioned near the corner of the intersection
two inclined sidewalls and collecting the PL signal through
microscope objective. Three major emission peaks at 1
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1.67, and 1.72 eV and a weak shoulder at 1.74 eV are visi
Their spatial origin is revealed by the two-dimensional~2D!
near-field images shown in Fig. 1~b!. The emission at the
lowest energy~1.64 eV! originates from the corners of th
two intersecting sidewalls that point toward the mesa top.
these positions dotlike regions are formed. For detection
1.67 eV we find a homogeneous QWR emission along
entire length of the zig-zag sidewalls, interrupted around
position where the first image reveals dot formation. The
at 1.72 eV extends on both mesa top and bottom and o
nates from exciton recombination in the flat QW area. T
last image shows the spatial distribution of the PL signa
1.74 eV~the weak shoulder!. This emission region is locate
between the QWR~dark area in the upper part of the imag!
and the mesa top. The photon energy from this region
higher than both the QW and the QWR emissions, i.e., r
resents an energybarrier between the mesa top and th
QWR.12,23

FIG. 1. ~a! Far-field photoluminescence spectrum (T510 K) of
the coupled wire-dot structure recorded with a spatial resolution
3 mm by positioning the tip at the corner of the sidewall interse
tion. The arrows indicate the energies of the three main recomb
tion peaks and the energy of the shoulder used as detection ene
for the images in Fig. 1~b!; Inset: schematic of the structure.~b!
Normalized near-field PL images recorded at the detection ener
indicated in the figure and by arrows in Fig. 1~a!. Excitation with
HeNe laser~1.96 eV!
6-2
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In order to extract more details from the optical map, hi
spectral—and spatial—resolution images were recor
around the dot by restricting the scan region to an area
435 mm2 with a pixel of 100 nm. For this set of data P
spectra were recorded in the illumination/collection geo
etry as described in Sec. II.

Near-field spectra recorded with the tip located at the d
wire and well positions are shown in Figs. 2~a!–2~c!. The
emission band centered at 1.74 eV is also clearly reso
@Fig. 2~d!#. All the spectra show a set of sharp and inten
emission peaks with spectral widths that range from 100
350 meV. These sharp peaks are superimposed on b
background emissions. 2D near-field images, recorded a
spectral position of the sharp lines show that these PL c
tributions stem from regions resolution limited in size17

Thus, they are attributed to the emission from excitons loc
ized at local minima of the disordered nanostructure pot
tials. These fluctuations arise from a local roughness of
interface layers as well as from alloy fluctuations in the b
rier layers.10

Most of the sharp emission spikes originate from excito
localized in spatially distinct 0D islands. This is clearly r
solved in our experiments, as thetwo-dimensionalspatial
variations of the emission intensity from two spectrally d
tinct sharp spikes are clearly different even if the spa
separation of the corresponding 0D islands is less than
spatial resolution of our experiment. In general, the spec

FIG. 2. High-resolution near-field PL spectra recorded at~a! the
dot, ~b! wire, ~c! well, and~d! barrier positions;T510 K, excitation
energy51.96 eV, excitation density51010 cm22. The arrows indi-
cate the detection energy selected for the 2D images of Fig. 3.
each spectrum the signal is normalized to the maximum PL.
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fluctuations of the individual sharp emission lines bear o
little direct information about the statistical parameters
namely, the correlation length24,25—of the disoder potentia
that governs exciton localization in these nanostructures.
have recently demonstrated24 that such information can in
deed be very precisely obtained from a statistical analysi
the two-energy autocorrelation of such near-field spectra
detailed comparison of this autocorrelation function with
quantum theory of the exciton center-of-mass motion in
two-dimensional spatially correlated disorder potential
lows one to extract a correlation length of about 17 nm an
disorder strength of 5 meV for the quantum well region
our sample. This analysis also gives clear evidence fo
quantum-mechanical repulsion of exciton levels in the dis
dered quantum well and allows one to estimate the local
tion length of the exciton wave function. When the detecti
energy is tuned out of the sharp spectral and spatial re
nances, a completely different spatial variation of the
behavior is revealed. This is shown in Fig. 3, where we se
PL images at the representative energies indicated by arr
in Fig. 2. Both in the QWR and in the QW regions the spat
PL variation in the low energy part of the emission is
longer limited to our spatial resolution. The luminescen
originates from islands with an average extension of 40
600 nm in diameter as shown in Fig. 3, panels~a! and ~c!.
For detection energies in the high-energy part of the emiss
bands, a completely different situation appears. Here a
form PL distribution delocalized along the QWR axis@panel
~b!# or over the squared scan region@panel~d!# reveals the
existence of quasi-1D and -2D states for the QWR and
QW, respectively. Theoretical calculations of exciton sta
in a disordered quasi-1D and quasi-2D potential account w
for such observed simultaneous coexistence of delocal
and localized excitonic states~for more details, see Refs. 1
and 26!. Finally the image~e! shows the emission from th
barrier. In this case by tuning the detection energy throu
the whole emission band we always found PL emission
calized on big islands.

In order to summarize the optical properties of the sam
and the different PL spatial distributions, we plot~Fig. 4! the
PL intensity as a function of the detection energy and

or
-
nt

re-
in
FIG. 3. Two-dimensional high-energy
resolution images taken at 10 K and at differe
detection energiesA51.6643 eV;B51.674 eV;
C51.710 eV; D51.721 eV; E51.745 eV. The
detection energies are indicated with the cor
sponding labels in the images and with arrows
the spectra of Figs. 2~a!–2~d!.
6-3
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VALENTINA EMILIANI et al. PHYSICAL REVIEW B 64 155316
lateral distance between the QWR, located atX850, and the
fiber tip; the tip is moved perpendicular to the QWR ax
along the dashed line in Fig. 3.

The barrier region extends from 1.735 to 1.752 eV and
spatial distribution is peaked atX850.5 mm with a lateral
extension of.370 nm. The emission from the QW exten
from 1.70 to 1.73 eV. The signal from the mesa top side
slightly blue shifted in respect to that from the bottom sid
Finally the QWR emission extends from 1.665 to 1.685
and its lateral profile has a full width at half maximum
150 nm~our resolution!. Preliminary PLE experiments indi
cate that the lateral width of the confined region and
quasi-one-dimensional confinement energy of excitons
70 nm and 55 meV, respectively. This corresponds to a s
ting of about 7 meV between the two lowest electron s
bands.

B. Potential energy profiles and growth mechanism

In this section we demonstrate that the precise and
tailed information obtained from the near-field PL spec

FIG. 4. Spatially resolved PL spectrum. The PL Intensity
plotted as a function of the detection energyEdet and of the lateral
separation between the tip and the QWR located atX850.
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allows to gain insight into the growth dynamics of this com
plex nanostructure. As already discussed in Ref. 23,
change in the local emission energy originates mainly from
change in the local thickness of the GaAs layer. The ide
then to first derive a 2D map of the average exciton emiss
energy and then to evaluate from such a map an estima
two-dimensional variation of the local GaAs layer thickne

The average emission energyĒ(x,y) is extracted by sum-
ming, at each position of the tip, all the emission energ
weighted by the corresponding emission intensity

Ē~x,y!5

(
Ei51.61 eV

1.77 eV

I ~x,y,Ei !Ei

(
Ei51.61 eV

1.77 eV

I ~x,y,Ei !

, ~1!

where I (x,y,Ei) is the emission intensity at the positio
(x,y) and at the detection energyEi which ranges from 1.61
to 1.77 eV at a step of 65meV.

The extracted 2D matrix is shown in Fig. 5~a!. The pat-
terned regions correspond to portions of the sample wit
reduced luminescence yield(I of less than 10% of the maxi
mum luminescence yield. The plot highlights the pronounc
local decrease ofĒ along the QWR axis, and—even mor
pronounced—at the dot position. It also evidences the h
energy barrier region surrounding the zig-zag pattern on
mesa top side. The curve presented in Fig. 5~b! is a repre-

FIG. 5. ~a! Two-dimensional map of the average energy em

sion Ē(x,y) @Eq. ~1!#. ~b! Cross section along the dashed line
Fig. 5~a!.
6-4
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NEAR-FIELD OPTICAL IMAGING AND SPECTROSCOPY . . . PHYSICAL REVIEW B64 155316
sentative cross section through the 2D image@dashed line in
Fig. 5~a!#. On the mesa top the excitonic emission ene
increases respect to the flat QW area by almost 24 meV
a length scale of about 500 nm as it approaches the QW
On the contrary, on the mesa bottom the average emis
from the QW is at 1.715 eV and there is no evidence
barrier formation.

Using this information and a ratio of 1.5:1 for th
conduction–to–valence-band–offset energy in the 2D Ga
AlGaAs structure, a 2D map of the GaAs layer thickness
be directly calculated in the effective-mass approximat
with a finite-well model. The extra confinement arising fro
the further reduction in dimensionality in the wire and d
regions is neglected, therefore at these positions the extra
values for the GaAs layer thickness are slightly undere
mated by less than 0.1 nm.

The results of this calculation are shown in Fig. 6. The
QW area has an average thickness of 3.2 nm. As the Q
region is approached from the mesa top side, the ave
thickness goes down to 2.9 nm. This value corresponds
decrease of about one monolayer with respect to the flat
region. In the QWR region at the mesa sidewall the lo
thickness increases to.3.8 nm. In the dotlike region at th
intersection of two sidewalls the local GaAs layer thickne
is .4.4 nm. As already pointed out, no barrier and thus
further thinning is present on the mesa bottom side.

The thinning of the QW in proximity of the sidewall is
consequence of Ga adatom migration towards the side
during the growth process. This adatom migration gives
to the formation of a thicker GaAs region at the edge~QWR
formation! surrounded by thinner regions in the adjace
parts in the top and bottom areas.18 In this structure we ob-
serve a reduction of the QW thickness only on the mesa
side of the sidewall. This indicates that, during the Q
growth, migration of material occurs predominantly from t
mesa top side and suggests that a strong asymmetry o
diffusion coefficient in the mesa top and bottom areas exi

In order to clarify this point, we simulate the formation
the surface patterns during growth by using a simplified a

FIG. 6. 3D map of the GaAs layer thickness calculated from
average energy emission.
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lytical continuum model. Both diffusion current driven b
the spatial variation in the particle density and the drift c
rent driven by the gradient of the chemical potential are
cluded. Details of the simulations are given in the Append

In Fig. 7~a! is plotted the 2D simulation of the samp
thickness as obtained by solving Eq.~A5!. Figure 7~b! shows
the thickness profiles along the dashed and dot-dashed
in Fig. 7~a!. The increase of the GaAs layer at the sidew
and at the intersection of the sidewalls are visible. The as
metric barrier formation is also evident. In our simulation
this asymmetric barrier formation arises only if we assum
strongly asymmetric diffusion coefficient, such as the o
plotted in the same figure@Fig. 7~b!#. Assuming symmetric
diffusion coefficients, the barriers are symmetric on bo
sides. The results of this simulation are equivalent for

e

FIG. 7. ~a! 2D GaAs layer profile, calculated with the analytic
model presented in the Appendix.~b! Cross sections through Fig. 7
profile of the diffusion coefficient used in the calculation~solid line!
in arbitrary units.
6-5
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VALENTINA EMILIANI et al. PHYSICAL REVIEW B 64 155316
two orientations~1 or 230°!. In both cases we observe ba
rier formation on the top mesa side and dot formation at
corner. We can conclude that an asymmetric diffusion co
ficient accounts for the asymmetric barrier formation, wh
probably, in order to reproduce the preferential formation
dotlike regions at the corner facing the top side, an additio
difference in the surface tension for the two corners has to
included.

C. The wire-dot interface

As the height of the local barrier can strongly influen
the carrier transport within the sample,23 it is relevant to
establish whether potential barrier exists at this interface
correctly interpret the results from the transport experim
illustrated in the next section. We therefore investigate
restricted region around the dot of 232 mm2 with a pixel of
50 nm. Following the same procedure as for Fig. 5 we c
culate the average emission energy in this restricted reg
The result is plotted in Fig. 8~a!. It is evident that, within our
experimental accuracy, no barriers are detectable at the w
dot interface. This becomes even clearer by looking at
curve of Fig. 8~b!. Here the average energy is plotted alo
the coordinate Y9, which runs along the wire axis as ind
cated by the white arrows in Fig. 8~a!. The results highlight
that this novel nanostructure is highly suitable for optic

FIG. 8. ~a! Detail of the average excitonic emission on a 232
mm2 spot centered at the dot location.~b! Profile along the wire axis
@dashed line in Fig. 8~a!#.
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studies of carrier transport along the single QWR, where
dot area is used as an optical marker for ambipolar diffus
via QW and QWR’s states.

IV. RESULTS: NEAR –FIELD –OPTICAL TRANSPORT
MEASUREMENTS

To gain insight into the transport properties of the QW
we record near-field PLE images of the dot area. The n
field microscope is now used in the collection geometry:
laser beam is coupled into the fiber and the PL signa
collected in far field through a conventional microscope o
jective. A metal-coated aperture probe is used in these
periments. The detection energy is fixed at the dot emiss
~1.64 eV! and the excitation energy is varied. The tip
scanned over an area of 5.435.4 mm2 centered at the do
position. Images of the dot emission are taken at three e
tation energiesEex~QW!, Eex~QWR!, Eex~dot!, selected in
order to create carriers resonantly to the lowest QW, QW
and dot transitions. Figures 9~a!–9~c! illustrate the three dif-
ferent situations: First by tuning the excitation energy re
nant with the QW, carriers are created in the entire area c
ered by the tip scan range. The occurrence of
luminescence after QW excitation involves carrier diffusi
and trapping, i.e., a collection of carriers into the dot.
images recorded at the dot emission energy are thus expe
to have approximately a circular shape, centered at the
location, with a diameter proportional to the carriers diff
sion length in the well. In the second configuration@Fig.
9~b!# carriers are created resonantly with the wire, the spa
distribution of the dot PL signal is now expected to be elo
gated through the two QWR branches with a length prop
tional to the QWR diffusion length. Finally, for excitatio
resonant with the dot, the PL image is expected to reprod
the dot shape convoluted with the spatial resolution of
experiment Fig. 9~c!.

Figures 10~a! and 10~b!, show the experimental data ob
tained at 10 and 80 K, respectively. At low temperature@Fig.
10~a!#, independent of the excitation energy, the imag

FIG. 9. ~a!–~c! Schematic of the experimental configuratio
used for measuring diffusion in the QW and in the QWR. Images
the dot emission are taken at three excitation energiesEex~QW!,
Eex~QWR!, Eex~dot!: carriers are created resonantly with the Q
the QWR and the dot, respectively.
6-6
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show the PL spatially located on a narrow region around
dot. At 80 K, however, a different situation appears@Fig.
10~b!#. Depending on the excitation energy, the PL spa
distribution is strongly modified. It has a circular shape in t
case of the QW excitation and reveals broad tails that ext
exponentially into the wire region in the case of QWR ex
tation. Finally for excitation resonant with the dot we find t
image of the dot broadened by the spatial resolution.

In Figs. 11~a! and 11~b!, the spatial profiles of the PL a
80 K are extracted by the images reported in Fig. 10~b!. The
intensity of the PL is plotted~dots! versus the distance be
tween the tip and the dot (X), when the tip is moved within
the embedding QW@Fig. 11~a!# and along the QWR, respec
tively @Fig. 11~b!#. In both figures the PL intensity profile fo
Eex~dot! ~dashed lines! show the broadening of the resolu
tion.

In a steady-state diffusion model,27 the PL signalI dot(x) is
expected to decrease exponentially with increasing dista
from the dot:

I dot~x!}exp~2uXu/L !, ~2!

where L is the diffusion length andX the distance betwee
the tip and the dot. The data in Figs. 11~a! and 11~b! exhibit
this behavior. Values ofLQW56506100 nm and LQWR
56006100 nm are derived for the QW and QWR diffusio
length, respectively. From the low temperature data, wh
the spatial profile of the dot PL is limited by the spat
resolution, we extract for the diffusion lengthsLQW and
LQWR an upper limit of 120 nm.

From the observed diffusion lengths and the lifetim
tQW51.3 ns and tQWR51.5 ns, measured in a simila
structure,12 one can estimate the 2D and 1D diffusion c
efficientsDQW5LQW

2 /t, DQWR5LQWR
2 /(2t) and the corre-

sponding mobilitymQW and mQWR once the Einstein rela
tion m5eD/kBT is applied. The results are shown in Table
The value found for the 2D mobilitymQW is in good agree-
ment with the value reported in literature28 for excitonic
mobility in QW’s of similar thickness.

FIG. 10. Two-dimensional NSOM images recorded with
etched coated tip at~a! 10 K and~b! 80 K; the excitation energies
Eex(QW), Eex(QWR), Eex(dot) are selected in order to create ca
riers resonantly with QW, QWR, and dot; the detection energy
tuned at the dot PL peak.
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It has been shown that the experimentally observed
exciton mobility can be well described by the inclusion
three mechanisms: scattering by ionized impurities, sca
ing by acoustic phonons via the deformation potential a
polar-optical scattering. For small well widths~<8 nm! the
barrier-alloy scattering and the interface roughness scatte
have to be included also.28,29

Each of these scattering processes has a different temp
ture dependence. Scattering by acoustic phonons and p
optical scattering are expected to dominate at temperat
higher than 100 K and to determine a decrease of the exc
mobility with the rising of the temperature. The alloy sca

s

FIG. 11. Spatial profile of the dot luminescence at 80 K.~a!
Excitation energyEex(QW), tip moved in the QW region.~b! Ex-
citation energyEex(QWR), tip moved along the QWR axis. Dashe
lines: spatial resolution.

TABLE I. Exciton diffusion coefficients and mobilities obtaine
from the profiles of Fig. 11 and fits of Eq.~2!.

T510 K T580 K

DQW <0.1 cm2/s 3 cm2/s

DQWR <0.05 cm2/s 1.2 cm2/s

mQW <115 cm2/V s 435 cm2/V s

mQWR <60 cm2/V s 174 cm2/V s
6-7
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tering is expected to be temperature independent and y
an upper limit for the mobility in the temperature range b
tween 70 and 150 K. Finally the interface roughness sca
ing dominates in the low temperature range~10–100 K! and
give rise to an increase of the mobility with the rising of t
temperature. As a matter of fact it has been shown tha
mobility dependence on the temperature in this range
clear signature of the interface quality: For smooth interfa
the low temperature mobility is almost temperatu
independent.29

For QWR structures in the extreme quantum limit~EQL!,
the one dimensional character of the electrons and exc
motion is expected to give rise to a reduction in the scat
ing processes,30–32 with a consequent drastic increase of t
mobility. Nevertheless, when the wire width is reduced,
interface roughness scattering is expected to become inc
ingly important33 and the estimated values for the mobili
approach the 2D ones.

From the values reported in Table I, two main aspects
evident, first the similarity between the 2D and the 1D d
fusion coefficient and second the strong dependence, in
cases, on the temperature: the measured diffusion coeffic
at 80 K is more that 30 times higher than the correspond
low temperature one. We conclude that in both cases, mo
ties are dominated by interface scattering.

V. CONCLUSION

We have presented low temperature near field spec
scopic experiments on a novel coupled wire-dot structu
High spectral- and spatial-resolution PL provides evidence
both excitons localized at local potential minima of the stru
ture and in delocalized quasi-one-dimensional states. PL
ages at different detection energies reveal the existenc
distinct regions of the structure with characteristic spa
and quantum-mechanical features. An analysis of the n
field optical images gives potential energy profiles of t
structure. A potential barrier originating from local thinnin
of the GaAs layer by about 1 ML at the well-wire interfac
on the mesa top side has been detected. This indicates
during the growth process, migration of material occurs p
dominantly from the mesa top side. These results are w
simulated by using a drift-diffusive model with the inclusio
of an asymmetric diffusion coefficient.

We have presented a method for studying transpor
single QWRs where the dot area is used as an optical ma
for excitonic diffusion via QW and QWR states. This meth
allows one to measure under the same experimental co
tions both 2D and 1D diffusion coefficients. The measu
values for the diffusion coefficient and their dependence
the temperature suggest that in both the QW and QWR
gions scattering by interface roughness dominates the tr
port properties.
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APPENDIX

The growth of low-dimensional nanostructures on p
terned surfaces relies on the interplay between adatom
face diffusion and local variations in the surface chemi
potentialm. The growth ratesdz/dt are assumed to follow a
standard drift-diffusion equationdz/dt52V0¹W jW1G2z/t,
whereV0 is the atomic volume,j is the particle current,R is
the local growth rate in the absence of adatom drift-diffusio
and t the lifetime of the diffusing adatoms: The incide
atoms either diffuse to adjacent sites or get incorporated w
a rateR5n/t (n5particle density!. The particle current is
composed by two terms, a drift-currentj dr52nn¹m,34

driven by the gradient in the chemical potential (n5eD/kT,
wherek is the Boltzman constant andT the growth tempera-
ture! and a diffusion currentj d52D¹n,35 driven by the
spatial variation in the particle density.

In one spatial dimension,j, variations in the surface
chemical potentialm of the componenti of an alloy at the
growth temperatureT may be written as34

m i5m01@st~j!#2/2E1@g~u!1g9u!]k~j!1
kT

V0
ln xi~j!.

~A1!

Here st is the tangential surface stress,E the elastic
modulus,36 andxi the mole fraction.

For self-ordering of lattice-matched strain-free structur
the dominant term is the third one, which is related to t
surface curvaturek and involves the~orientation-dependent!
surface free energy.37 The second and the fourth one relate
respectively, to the surface stress and the entropy-of-mix
can be neglected.34

For the structures formed at the sidewall of pattern
GaAs~311!A substrates, the curvature-related contribution
m can be expressed by

m2m0}2exp@2~x2xc!2/s2#. ~A2!

Herexc denotes the center of the sidewall ands is related to
the sidewall width.

According to this model, the self-limited thickness profi
of a one-dimensional quantum wire structure is given by
steady-state solution (dz/dt50) of

dz/dt505D
]2z

]x2
1

]D

]x

]z

]x
1zn

]2m

]x2
1n

]m

]x

]z

]x

1z
]n

]x

]m

]x
1G2z/t. ~A3!

In the case of the growth zig-zag-patterned substrates
introduce the two-dimensional surface mobility:

m5m0 exp$2@x2xs~y!#2/s2%%m1exp@2~y2yc!2/s211#.

~A4!
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This assumption is justified by the prediction that th
‘‘growth selectivity’’ increases at the sidewall intersectio
~i.e., there is a local minimum inm!. We therefore keep form
the same Gaussian dependence alongx as in the 1D case and
we assume a Gaussian-shaped decrease inm at the intersec-
tion of the two sidewalls@the sidewalls are oriented under1
or 230° with respect to thex direction; xc(y) follows the
shape of the zig-zag pattern#.

Therefore Eq.~A3! transforms into
ie
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nd
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st

v
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rl
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dz/dt505D
]2z

]x2
1

]D

]x

]z

]x
1zn

]2m

]x2
1n

]m

]x

]z

]x

1z
]n

]x

]m

]x
1D

]2z

]y2
1

]D

]y

]z

]y
1zn

]2m

]y2

1n
]m

]y

]z

]y
1z

]n

]y

]m

]y
1G2z/t. ~A5!
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K. H. Ploog, J. Appl. Phys.85, 3576~1999!.

20J. Fricke, R. No¨tzel, U. Jahn, H.-P. Scho¨nherr, M. Ramsteiner, and
K. H. Ploog, J. Appl. Phys.86, 2896~1999!.

21G. Behme, A. Richter, M. Su¨ptitz, and Ch. Lienau, Rev. Sci
Instrum.68, 3458~1997!.

22P. Lambelet, A. Sayah, M. Pfeffer, C. Philipona, and F. Marqu
Weible, Appl. Opt.37, 7289~1998!.

23Ch. Lienau, A. Richter, G. Behme, M. Su¨ptitz, D. Heinrich, T.
Elsaesser, M. Ramsteiner, R. No¨tzel, and K. H. Ploog, Phys
Rev. B58, 2045~1998!.

24F. Intonti, V. Emiliani, Ch. Lienau, T. Elsaesser, V. Savona,
Runge, and R. Zimmermann, Phys. Rev. Lett.87, 076801
~2001!.

25H. Castella, and J. W. Wilkins, Phys. Rev. B58, 16 186~1998!.
26O. Di Stefano, S. Savastava, G. Martino, and R. Girlanda, Ap

Phys. Lett.77, 2804~2000!.
27The observation of excitonic recombination in the dot requi

that both electrons and holes reach the dot region. Under
present experimental condition we are thus sensitive to diffus
transport of electron-hole pairs.

28H. Hillmer, A. Forchel, S. Hansmann, M. Morohashi, E. Lope
H. P. Meier, and K. H. Ploog, Phys. Rev. B39, 10 901~1989!.

29H. Hillmer, A. Forchel, R. Sauer, and C. W. Tu, Phys. Rev. B42,
3220 ~1990!.

30H. Sakaki, Jpn. J. Appl. Phys., Part 219, L735 ~1980!.
31G. Fasol, Appl. Phys. Lett.61, 831 ~1992!.
32M. Oestreich, W. Ru¨hle, H. Lage, D. Heitmann, and K. Ploog

Phys. Rev. Lett.70, 1682~1993!.
33J. Motohisa and H. Sakaki, Appl. Phys. Lett.60, 1315~1992!.
34G. Biasiol and E. Kapon, Phys. Rev. Lett.81, 2962~1998!.
35A. Hartmann, L. Vescan, S. Dieker, and H. Lu¨th, J. Appl. Phys.

77, 1959~1995!.
36Q. Xie, A. Madhukar, P. Chen, and N. P. Kobayashi, Phys. R

Lett. 75, 2542~1995!.
37C. Herring, inThe Physics of Powder Metallurgy, edited by W. E.

Kingston ~McGraw-Hill, New York, 1951!.
6-9


