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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 wirdQWR)-dot sample grown by molecular beam epitaxy on a pat-
terned (311A GaAs substrate is studied by near-field spectroscopy at a temperature of 10 K with a spectral
resolution of 100ueV. 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-dime(&®nal
and 1D diffusion coefficients are extracted as a function of the temperature and discussed.
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[. INTRODUCTION QD-like states occurs. For studying coupling mechanisms
between different types of low-dimensional states, e.g., 1D
The electronic and optical properties of low-dimensionaland 0D states, structures with a well-defined spatial arrange-
semiconductor nanostructures are determined by thment of QWR and QD are essential. In this paper, we study
guantum-mechanical confinement of electronic wave functhe optical properties of a GaAs/AlGaAs nanostructure on a
tions which results from a spatial variation of the band strucpatterned (3114 GaAs substrate in which dotlike areas are
ture of the material on a nanometer length scale. Realizatiomtentionally introduced at the intersection of adjacent QWR
of quasi-one-dimensionallD) and zero-dimensional con- segments. We map the local confinement potentials by pho-
finement, i.e., of quantum wirdQWR’s) and quantum dots toluminescence NSOM and demonstrate distinctly different
(QD’s), is based on epitaxial growth of layered structures inoptical transition energies of the dot area and the QWR seg-
which a controlled variation of material composition and/orments. The absence of a potential barrier between QWR seg-
thickness as well as self-organized growth mechanisms leatients and dot area allows the dot to be used as a local
to quantum confinement. Scanning probe techniques such agtical marker for carrier transport along the QWR. Diffu-
atomic force microscopy, scanning tunneling microscopy andgive exciton transport is directly imaged, providing quantita-
related techniques play an important role for 8tauctural  tive information on diffusion coefficients.
characterization of such nanostructures with atomic resolu- The paper is organized as follows. In Sec. Il, the sample
tion and enable the study afngle nanostructures. Optical structure and the experimental setup are described. In Sec.
spectroscopy with subwavelength spatial resolution, e.glll, we present the optical characterization of the structure.
confocal and near-field scanning optical microscopyThis section is divided in four parts.
(NSOM), allow one to address single nanostructures and to (i) Overview of the optical properties of the sample: The
study their electronic properties. Both single guantumluminescence properties of QW, QWRs and dots are spatially
wires'® and quantum dofs!! have been investigated in and spectrally resolved.
steady-state experiments. The recent successful combination (ii) Investigation of growth dynamics: Starting from the
of NSOM with time resolved techniques has opened the posaear-field PL optical images, a 2D topography of the struc-
sibility to image carrier dynamics in single nanostructures byture with the single monolayer precision is derived. The re-
performing spaceand time resolved experiment3-16 sults of an analytical model for explaining the self-ordering
The optical properties of QWR'’s are determined by quasi-of the quantum nanostructures are successfully compared
one-dimensional quantum confinement and by disordemwith the experimental findings.
induced fluctuations of the confinement poterttiBloth spa- (iii ) Characterization of the wire-dot interface: The optical
tially extended quasi-1D excitonic states and excitongmap of the sample allows one to establish that such a struc-
localized in disorder-induced QD-like potential minima con-ture is suitable for transport experiment providing evidence
tribute to the overall luminescence spectrum, as was demotfer electronic coupling between the wire and the dot region.
strated recently for a GaAs/AlGaAs QWR structure grown In Sec. IV, spatially resolved PLE measurements are per-
by molecular beam epitaxy on a patterned (311paAs formed in order to optically investigate exciton transport
substraté’ In growing such structures, disorder is difficult to properties in a single QWR: Through the variation of the
control and, thus, a random spatial distribution of localizeddistance between excitation spot and dot, detailed insight
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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 dif-
fusion coefficients are extracted from the spatial profile of
the PLE images along the QW and the QWR directions,
respectively. Conclusions are presented in Sec. V.

IIl. EXPERIMENTAL

PL Intensity

The GaAs(AlGa)As nanostructure is grown by MBE on
patterned GaAs(31A) substrates. In such structures, QWRs
are formed due to the preferential migration of Ga ad-atoms . \
from the mesa top and bottom towards one of the sidewalls 1.68 1.70 1.72 1.74 1.76
of mesa stripes oriented alofi§1-1].® The combination of Detection Energy (eV)
this growth mechanism with appropriate lithographic pat- @)
terning of the sample surface allows the controlled fabrica-
tion of novel nanostructuré$.In particular, a quantum wire-
dot structure has been realized by growth of a zig-zag pattern
with sidewalls alternatingly misaligned by or —30° from
[01-1].%° The inset in Fig. X(a) shows a schematic top view
of the structure. The sample consists of a nominally 3 nm
thick GaAs QW layer clad between 50 nmyAGa, sAs bar-
riers. The upper barrier is covered by a 20 nm GaAs protec-
tive layer.

Spatially resolved near-field spectroscopic experiments
were performed at temperatures between 10 and 300 K, with
a home-built near field optical microscoffeFor the optical
characterization of the sample the microscope is used in the
illumination/collection geometry: the excitation lagphoton
energy 1.96 eVis transmitted through the near-field fiber tip
and the PL emitted from the sample is collected through the
same fiber. High-energy resolution images are recorded by ()
acquiring PL spectra at each tip position withf &50 cm
monophromator in conjunction with a_Iqu|d-n|trogen cooled the coupled wire-dot structure recorded with a spatial resolution of
back-illuminated charge-poupled—dew(@CD) camera. We 5 um by positioning the tip at the corner of the sidewall intersec-
achieve a combined $pat|al and spectral resolution of 150 NYon. The arrows indicate the energies of the three main recombina-
and 100ueV, respectively. _ tion peaks and the energy of the shoulder used as detection energies

For the optical transport measurements, the miCrosCope 3 the images in Fig. (b); Inset: schematic of the structuréh)
used in the illumination geometry. A tunable narrow-bandnormalized near-field PL images recorded at the detection energies
Tizsapphire lasefbandwidth<200 ueV) is coupled into the  indicated in the figure and by arrows in Figial Excitation with
fiber tip for the excitation. The PL emission from the sampleHeNe laser(1.96 eV)
is collected in far-field through a conventional microscope

objective, dispersed in a 0.25-m double monochromator with g7 and 1.72 eV and a weak shoulder at 1.74 eV are visible.
a spectral resolution of 1.2 meV and detected with a siliconrpgir spatial origin is revealed by the two-dimensio(2iD)
avalanche photqdiode. Spatial'ly resolved images are r6yegr-field images shown in Fig(t). The emission at the
corded by scanning the probe tip over the sample. _ lowest energy(1.64 eV} originates from the corners of the

~ Near-field fiber probes aég made by chemically etchingyyq intersecting sidewalls that point toward the mesa top. At
single mode optical fibers. They are used in the these positions dotlike regions are formed. For detection at
illumination/collection mode without metal coating. When 1 g7 v we find a homogeneous QWR emission along the
used in the illumination mode, the tips are coated with &ntjre length of the zig-zag sidewalls, interrupted around the

Mesa Bottom

FIG. 1. (a) Far-field photoluminescence spectrum=10 K) of

50-100 nm thick aluminum layer. position where the first image reveals dot formation. The PL
at 1.72 eV extends on both mesa top and bottom and origi-

Ill. RESULTS: LOCAL OPTICAL PROPERTIES, nates from exciton recombination in the flat QW area. The
POTENTIAL PROFILES AND GROWTH MECHANISM last image shows the spatial distribution of the PL signal at

1.74 eV(the weak shoulder This emission region is located
between the QWRdark area in the upper part of the image

An overview far field PL spectrurfFig. 1(a)] is recorded and the mesa top. The photon energy from this region is
with the tip positioned near the corner of the intersection ofhigher than both the QW and the QWR emissions, i.e., rep-
two inclined sidewalls and collecting the PL signal through aresents an energparrier between the mesa top and the
microscope objective. Three major emission peaks at 1.64QWR %%

A. Local optical properties
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1 @ Dot |) aWR o oW ia) Barrior f_Iuctua_tions _of the in_dividual sharp emi_ssi_on lines bear only
E little direct information about the statistical parameters—
namely, the correlation length?>—of the disoder potential
that governs exciton localization in these nanostructures. We
have recently demonstratécthat such information can in-
164 1.65 1.66 1.66 167 1.68 1.71 1.72 1.73 1.73 1.74 1.75 deed be very precisely obtained from a statistical analysis of
the two-energy autocorrelation of such near-field spectra. A
detailed comparison of this autocorrelation function with a
FIG. 2. High-resolution near-field PL spectra recordetipthe ~ quantum theory of the exciton center-of-mass motion in a
dot, (b) wire, (c) well, and(d) barrier positionsT =10 K, excitation ~ two-dimensional spatially correlated disorder potential al-
energy=1.96 eV, excitation density10' cm™2 The arrows indi-  lows one to extract a correlation length of about 17 nm and a
cate the detection energy selected for the 2D images of Fig. 3. Fafisorder strength of 5 meV for the quantum well region of
each spectrum the signal is normalized to the maximum PL. oyr sample. This analysis also gives clear evidence for a
quantum-mechanical repulsion of exciton levels in the disor-
In order to extract more details from the optical map, highdered quantum well and allows one to estimate the localiza-
spectral—and spatial—resolution images were recordetion length of the exciton wave function. When the detection
around the dot by restricting the scan region to an area oénergy is tuned out of the sharp spectral and spatial reso-
4x5 um? with a pixel of 100 nm. For this set of data PL nances, a completely different spatial variation of the PL
spectra were recorded in the illumination/collection geom-behavior is revealed. This is shown in Fig. 3, where we select
etry as described in Sec. Il. PL images at the representative energies indicated by arrows
Near-field spectra recorded with the tip located at the dotin Fig. 2. Both in the QWR and in the QW regions the spatial
wire and well positions are shown in Figs@a2-2(c). The PL variation in the low energy part of the emission is no
emission band centered at 1.74 eV is also clearly resolvetbnger limited to our spatial resolution. The luminescence
[Fig. 2d)]. All the spectra show a set of sharp and intenseoriginates from islands with an average extension of 400—
emission peaks with spectral widths that range from 100 t&00 nm in diameter as shown in Fig. 3, pan&sand (c).
350 ueV. These sharp peaks are superimposed on brodeor detection energies in the high-energy part of the emission
background emissions. 2D near-field images, recorded at tHeands, a completely different situation appears. Here a uni-
spectral position of the sharp lines show that these PL corform PL distribution delocalized along the QWR ajjmnel
tributions stem from regions resolution limited in siZe. (b)] or over the squared scan regifanel(d)] reveals the
Thus, they are attributed to the emission from excitons localexistence of quasi-1D and -2D states for the QWR and the
ized at local minima of the disordered nanostructure potenQW, respectively. Theoretical calculations of exciton states
tials. These fluctuations arise from a local roughness of thé a disordered quasi-1D and quasi-2D potential account well
interface layers as well as from alloy fluctuations in the barfor such observed simultaneous coexistence of delocalized
rier layerst’ and localized excitonic statéfor more details, see Refs. 17
Most of the sharp emission spikes originate from excitonsand 26. Finally the image(e) shows the emission from the
localized in spatially distinct OD islands. This is clearly re- barrier. In this case by tuning the detection energy through
solved in our experiments, as theo-dimensionalspatial  the whole emission band we always found PL emission lo-
variations of the emission intensity from two spectrally dis-calized on big islands.
tinct sharp spikes are clearly different even if the spatial In order to summarize the optical properties of the sample
separation of the corresponding OD islands is less than thand the different PL spatial distributions, we p{fig. 4) the
spatial resolution of our experiment. In general, the spectraPL intensity as a function of the detection energy and the

PL

(=

Energy (eV)

PL (a.u)

A=1.6643 eV
B=1.674 eV
C=1.710eV
- B p-1721ev FIG. 3. Two-dimensional high-energy-
- 0 E=1.745eV resolution images taken at 10 K and at different

detection energied=1.6643 eV;B=1.674 eV;
C=1.710eV;D=1.721 eV; E=1.745 eV. The
detection energies are indicated with the corre-
sponding labels in the images and with arrows in
the spectra of Figs.(3)—2(d).

Tip Position (um)

Tip Position (um)

155316-3



VALENTINA EMILIANI et al. PHYSICAL REVIEW B 64 155316

@|E (ev)

j% y -1.75

2 B &5

500 nm VA
—

2

1.655 QWR
Barrier
)

!

Q

Mesa Bottom

Mesa Top

N\

W)

Mesa bottom

PL (a.u) 1744

¢

E,. (V)

lLu 1.70 + .\0
\.

/ \
31.72—.H /. »
|

1.68- |
)

T ¥ 1 x 1 L] T ®
2 3 4 5
Tip Position (um)

o
-

FIG. 5. (a) Two-dimensional map of the average energy emis-
sion E(x,y) [Eq. (1)]. (b) Cross section along the dashed line in
Fig. 5a).

allows to gain insight into the growth dynamics of this com-
plex nanostructure. As already discussed in Ref. 23, the
change in the local emission energy originates mainly from a
) __ change in the local thickness of the GaAs layer. The idea is
FIG. 4. Spatially resolved PL spectrum. The PL Intensity ishap to first derive a 2D map of the average exciton emission
plotted as a function of the detection eneilgy,; and of the lateral energy and then to evaluate from such a map an estimate of
separation between the tip and the QWR locatel'at 0. two-dimensional variation of the local GaAs layer thickness.

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

lateral distance between the QWR, locate& at 0, and the
fiber tip; the tip is moved perpendicular to the QWR axis,
along the dashed line in Fig. 3.

The barrier region extends from 1.735 to 1.752 eV and its 1.77 eV
spatial distribution is peaked &’ =0.5 um with a lateral E 1(x,y,E)E,
extension of=370 nm. The emission from the QW extends _ E=Téiev
from 1.70 to 1.73 eV. The signal from the mesa top side is E(X,Y)= —177ev , (1)
slightly blue shifted in respect to that from the bottom side. E 1(x,Y,E)
Finally the QWR emission extends from 1.665 to 1.685 eV Ei=161eVv

and its lateral proﬂ!e has a fl.J” width at half maximum .Of where 1(x,y,E;) is the emission intensity at the position
150 nm(our resolution. Preliminary PLE experiments indi- (x,y) and at the detection energy which ranges from 1.61
cate that the lateral width of the confined region and th 0’])_/ 77 eV at a step of 6ReV. 9 '
guasi-one-dimensional confinement energy of excitons are The extracted 2D matrix is shown in Fig(e. The pat-

70 nm and 55 meV, respectively. This corresponds to a S'p“tt'erned regions correspond to portions of the sample with a

ting of about 7 meV between the two lowest electron subygy,ced jyminescence yieRl of less than 10% of the maxi-

bands. mum luminescence yield. The plot highlights the pronounced
B. P ial i q h hani local decrease oE along the QWR axis, and—even more
- Potential energy profiles and growth mechanism pronounced—at the dot position. It also evidences the high

In this section we demonstrate that the precise and desnergy barrier region surrounding the zig-zag pattern on the
tailed information obtained from the near-field PL spectramesa top side. The curve presented in Figdp) %s a repre-

155316-4



NEAR-FIELD OPTICAL IMAGING AND SPECTROSCOPY ... PHYSICAL REVIEW B4 155316

1200 = GaAs layer
g Thickness
1000 453
8 4.2nm
= -
—44 800 [
E Il 28nm
g E 600
£ >
g 400
&
(2]
é 200
0
0 100 200 300 400 500 600
FIG. 6. 3D map of the GaAs layer thickness calculated from the X {om)
average energy emission. 45 10
sentative cross section through the 2D impdmshed line in (b)_
Fig. 5@]. On the mesa top the excitonic emission energy
increases respect to the flat QW area by almost 24 meV over " -8
a length scale of about 500 nm as it approaches the QWR. E 404 fl
On the contrary, on the mesa bottom the average emission = |
from the QW is at 1.715 eV and there is no evidence for § 5 6 .
barrier formation. < g &
Using this information and a ratio of 1.5:1 for the 2 i S
conduction—to—valence-band—offset energy in the 2D GaAs/ T 354 ! - s 3
AlGaAs structure, a 2D map of the GaAs layer thickness can % .: | g
be directly calculated in the effective-mass approximation ‘@ ! ! 2
with a finite-well model. The extra confinement arising from - -———<u L 5 B
the further reduction in dimensionality in the wire and dot o ,"'.‘ /" ] (@)
regions is neglected, therefore at these positions the extracted 3.0 v
values for the GaAs layer thickness are slightly underesti- 0
L]

mated by less than 0.1 nm.

The results of this calculation are shown in Fig. 6. The flat
QW area has an average thickness of 3.2 nm. As the QWR X (nm)
region is approached from the mesa top side, the average _ ) )
thickness goes down to 2.9 nm. This value corresponds to a F'C- 7- (8 2D GaAs layer profile, calculated with the analytical
decrease of about one monolayer with respect to the flat QW‘Od.el presentgd n the Appgnd(h) Cross sections through Fig. 7;
region. In the QWR region at the mesa sidewall the Iocaprofllg of the d_lffusmn coefficient used in the calculati@olid line)
thickness increases 3.8 nm. In the dotlike region at the In arbitrary units.
intersection of two sidewalls the local GaAs layer thickness
is =4.4 nm. As already pointed out, no barrier and thus ndytical continuum model. Both diffusion current driven by
further thinning is present on the mesa bottom side. the spatial variation in the particle density and the drift cur-

The thinning of the QW in proximity of the sidewall is a rent driven by the gradient of the chemical potential are in-
consequence of Ga adatom migration towards the sidewatlluded. Details of the simulations are given in the Appendix.
during the growth process. This adatom migration gives rise In Fig. 7(a) is plotted the 2D simulation of the sample
to the formation of a thicker GaAs region at the ed@¥WR  thickness as obtained by solving E45). Figure 1b) shows
formation surrounded by thinner regions in the adjacentthe thickness profiles along the dashed and dot-dashed lines
parts in the top and bottom aredn this structure we ob- in Fig. 7(a). The increase of the GaAs layer at the sidewall
serve a reduction of the QW thickness only on the mesa topnd at the intersection of the sidewalls are visible. The asym-
side of the sidewall. This indicates that, during the QWmetric barrier formation is also evident. In our simulations,
growth, migration of material occurs predominantly from thethis asymmetric barrier formation arises only if we assume a
mesa top side and suggests that a strong asymmetry of tis¢rongly asymmetric diffusion coefficient, such as the one
diffusion coefficient in the mesa top and bottom areas existlotted in the same figurgFig. 7(b)]. Assuming symmetric

In order to clarify this point, we simulate the formation of diffusion coefficients, the barriers are symmetric on both
the surface patterns during growth by using a simplified anasides. The results of this simulation are equivalent for the

— T
0 100 200 300 400 500 600
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f 1.70
[ 1.69
[ 1.68 =~
S 2
1.67 1
[ 1.66
s (c) Eex(Dot)
1.65
FIG. 9. (a—(c) Schematic of the experimental configuration
used for measuring diffusion in the QW and in the QWR. Images of
1.68 -'o\"“ the dot emission are taken at three excitation energig€QW),
° o.o"'cq E.(QWR), E.(dot): carriers are created resonantly with the QW
< ° ’. the QWR and the dot, respectively.
2 s &
m 128 ‘. ° studies of carrier transport along the single QWR, where the
| s dot area is used as an optical marker for ambipolar diffusion
(b) via QW and QWR’s states.
1.64 —
-10 -05 00 0.5 1.0 IV. RESULTS: NEAR —FIELD —OPTICAL TRANSPORT
Y" (um) MEASUREMENTS

To gain insight into the transport properties of the QWR,
we record near-field PLE images of the dot area. The near-
field microscope is now used in the collection geometry: the
laser beam is coupled into the fiber and the PL signal is
_ ] collected in far field through a conventional microscope ob-
two orientations(+ or —30°). In both cases we observe bar- jective. A metal-coated aperture probe is used in these ex-
rier formation on the top mesa side and dot formation at thg)eriments. The detection energy is fixed at the dot emission
corner. We can conclude that an asymmetric diffusion coeft1 64 e\) and the excitation energy is varied. The tip is
ficient accounts for the asymmetric barrier formation, whilescanned over an area of %%.4 um? centered at the dot
probably, in order to reproduce the preferential formation ofposition. Images of the dot emission are taken at three exci-
dotlike regions at the corner facing the top side, an additionajation energiesE. (QW), E.(QWR), E(dot), selected in
difference in the surface tension for the two corners has to berder to create carriers resonantly to the lowest QW, QWR,
included. and dot transitions. Figures®—-9(c) illustrate the three dif-

ferent situations: First by tuning the excitation energy reso-
nant with the QW, carriers are created in the entire area cov-
C. The wire-dot interface ered by the tip scan range. The occurrence of dot

As the height of the local barrier can strongly inﬂuencelummesce.nce _after QW excitation mvo_lves.carrler diffusion
and trapping, i.e., a collection of carriers into the dot. PL

the carrier transport within the sampitit is relevant to images recorded at the dot emission energy are thus expected

establish whether potential barrier exists at this interface t . :
. . 0 have approximately a circular shape, centered at the dot
correctly interpret the results from the transport experimen

) . . X ) ocation, with a diameter proportional to the carriers diffu-
illustrated in the next section. We therefore investigated Rion length in the well. In the second configuratifffig.
restricted region around the dot ok2 pum? with apixel of  gp)] carriers are created resonantly with the wire, the spatial
50 nm. Following the same procedure as for Fig. 5 we calyistribution of the dot PL signal is now expected to be elon-
culate the average emission energy in this restricted regior@ated through the two QWR branches with a length propor-
The result is plotted in Fig.(@). It is evident that, within our  tjonal to the QWR diffusion length. Finally, for excitation
experimental accuracy, no barriers are detectable at the wirgesonant with the dot, the PL image is expected to reproduce
dot interface. This becomes even clearer by looking at theéne dot shape convoluted with the spatial resolution of the
curve of Fig. 8b). Here the average energy is plotted alongexperiment Fig. &).

the coordinate Y, which runs along the wire axis as indi- Figures 10a) and 1@b), show the experimental data ob-
cated by the white arrows in Fig(&@. The results highlight tained at 10 and 80 K, respectively. At low temperaflig.
that this novel nanostructure is highly suitable for optical10(a)], independent of the excitation energy, the images

FIG. 8. (a) Detail of the average excitonic emission on &2
um? spot centered at the dot locatigh) Profile along the wire axis
[dashed line in Fig. @&].
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FIG. 10. Two-dimensional NSOM images recorded with a
etched coated tip at) 10 K and(b) 80 K; the excitation energies o ' ! !
E(QW), Ec(QWR), E.,(dot) are selected in order to create car- ‘e Eex(QWR)
riers resonantly with QW, QWR, and dot; the detection energy is - 4
tuned at the dot PL peak. E

show the PL spatially located on a narrow region around the
dot. At 80 K, however, a different situation appe#Fsg.
10(b)]. Depending on the excitation energy, the PL spatial .
distribution is strongly modified. It has a circular shape in the (b) :
case of the QW excitation and reveals broad tails that extend el el
exponentially into the wire region in the case of QWR exci- 00 05 1.0 15 20
tation. Finally for excitation resonant with the dot we find the Tip Position (um)
image of the dot broadened by the spatial resolution.
In Figs. 11a) and 11b), the spatial profiles of the PL at FIG. 11. Spatial profile of the dot luminescence at 80(&.
80 K are extracted by the images reported in FighlOThe  Excitation energyE.(QW), tip moved in the QW regior(b) Ex-
intensity of the PL is plotteddots versus the distance be- Citation energye.(QWR), tip moved along the QWR axis. Dashed
tween the tip and the dotX), when the tip is moved within lines: spatial resolution.
the embedding QWFig. 11(a)] and along the QWR, respec-
tively [Fig. 11(b)]. In both figures the PL intensity profile for It has been shown that the experimentally observed 2D
E.,(dot) (dashed linesshow the broadening of the resolu- exciton mobility can be well described by the inclusion of
tion. three mechanisms: scattering by ionized impurities, scatter-
In a steady-state diffusion mod€lthe PL signal 4(x) is  ing by acoustic phonons via the deformation potential and
expected to decrease exponentially with increasing distangeolar-optical scattering. For small well widtlis<8 nm) the
from the dot: barrier-alloy scattering and the interface roughness scattering
have to be included als§:?°
Each of these scattering processes has a different tempera-
@ ture de i i -
pendence. Scattering by acoustic phonons and polar
) o ) optical scattering are expected to dominate at temperatures
where L is the diffusion length an¥ the distance between pjgher than 100 K and to determine a decrease of the exciton

the tip and the dot. The data in Figs.(alland 11b) exhibit  mnopility with the rising of the temperature. The alloy scat-
this behavior. Values ofloy=650+100 nm andLgwr

=600x=100 nm are derived for the QW and QWR diffusion
length, respectively. From the low temperature data, wher
the spatial profile of the dot PL is limited by the spatial
resolution, we extract for the diffusion lengths,, and

PL Intensity
)

| got( X) < exp( —[X|/L),

TABLE I. Exciton diffusion coefficients and mobilities obtained
?rom the profiles of Fig. 11 and fits of EQR).

S T=10 K T=80 K

Lowr an upper limit of 120 nm.

From the observed diffusion lengths and the lifetime
Tow=1.3 ns and 7qur=1.5ns, measured in a similar Dgy <0.1 cnf/s 3 cnfls
structure'? one can estimate the 2D and 1D diffusion co-
efficients Dow=L5w/ 7, Dowr=Lowe/(27) and the corre-  Dgyg <0.05 cn¥/s 1.2 crd/s
sponding mobility uqw and uowr once the Einstein rela-
tion u=eD/kgT is applied. The results are shown in Table I. uqy <115 cnt/Vs 435 cnt/V's
The value found for the 2D mobilityzqy is in good agree-
ment with the value reported in literatdfefor excitonic LowR <60 cn?/V's 174 cn?/V's

mobility in QW’s of similar thickness.
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tering is expected to be temperature independent and yieldsiowledges the TMR program for financial support under

an upper limit for the mobility in the temperature range be-Proposal No. ERB4001GT975127.

tween 70 and 150 K. Finally the interface roughness scatter-

ing dominates in the low temperature rari@®—-100 K and APPENDIX

give rise to an increase of the mobility with the rising of the

temperature. As a matter of fact it has been shown that a The growth of low-dimensional nanostructures on pat-

mobility dependence on the temperature in this range is f#rned surfaces relies on the interplay between adatom sur-

clear signature of the interface quality: For smooth interfacdace diffusion and local variations in the surface chemical

the low temperature mobility is almost temperaturepotentialu. The growth rateslz/dt are assumed to follow a

independent® standard drift-diffusion equatiodz/dt=—QVj+G—2z/r,
For QWR structures in the extreme quantum litEQL),  where(}, is the atomic volume, is the particle currenR is

the one dimensional character of the electrons and excitothe local growth rate in the absence of adatom drift-diffusion,

motion is expected to give rise to a reduction in the scatterand 7 the lifetime of the diffusing adatoms: The incident

ing processe¥)*?with a consequent drastic increase of theatoms either diffuse to adjacent sites or get incorporated with

mobility. Nevertheless, when the wire width is reduced, thea rateR=n/7 (n=particle density. The particle current is

interface roughness scattering is expected to become increassmposed by two terms, a drift-currefif,= —nvV u,3

ingly importanf® and the estimated values for the mobility driven by the gradient in the chemical potentia=eD/KT,

approach the 2D ones. wherek is the Boltzman constant aridthe growth tempera-
From the values reported in Table |, two main aspects areure) and a diffusion currenjy=—DVn,*® driven by the

evident, first the similarity between the 2D and the 1D dif- spatial variation in the particle density.

fusion coefficient and second the strong dependence, in both |n one spatial dimensioné, variations in the surface

cases, on the temperature: the measured diffusion coefficieghemical potentiaj of the component of an alloy at the

at 80 K is more that 30 times higher than the correspondingrowth temperaturd may be written a¥

low temperature one. We conclude that in both cases, mobili-

ties are dominated by interface scattering. ) , kT
wi= pot Lo (E]2E+[y(0)+ 7" 0)] k(&) + Q—Oln Xi(§).

V. CONCLUSION (A1)

We have presented low temperature near field spectrd €€ o is the tangential surface stresg, the elastic
modulus;” andx; the mole fraction.

scopic experiments on a novel coupled wire-dot structure.

High spectral- and spatial-resolution PL provides evidence of FOr Self-ordering of lattice-matched strain-free structures,
the dominant term is the third one, which is related to the

both excitons localized at local potential minima of the struc- . . .
ture and in delocalized quasi-one-dimensional states. PL jnurface curvatura and involves thetorientation-dependent
rface free energy. The second and the fourth one related,

ages at different detection energies reveal the existence . L
distinct regions of the structure with characteristic spatiaf€SPECtively, to the surface stress and the entropy-of-mixing,
and quantum-mechanical features. An analysis of the ne&2n P& neglectetf. .

field optical images gives potential energy profiles of the FOf the structures formed at the sidewall of patterned
structure. A potential barrier originating from local thinning G@AS(31DA substrates, the curvature-related contribution to
of the GaAs layer by about 1 ML at the well-wire interface # €an be expressed by

on the mesa top side has been detected. This indicates that 2, 2

during the growth process, migration of material occurs pre- P o — XL~ (X=XC)T/ o). (A2)
dominantly from the mesa top side. These results are wel4erexc denotes the center of the sidewall ands related to
simulated by using a drift-diffusive model with the inclusion the sidewall width.

of an asymmetric diffusion coefficient. According to this model, the self-limited thickness profile

~We have presented a method for studying transport ibf a one-dimensional quantum wire structure is given by the
single QWRs where the dot area is used as an optical mark@&feady-state solutiord¢/dt=0) of

for excitonic diffusion via QW and QWR states. This method

allows one to measure under the same experimental condi- 92z oD 9z Pu o oz

tions both 2D and 1D diffusion coefficients. The measured dZ/dt=0=D——+——+zv—+v—— —

values for the diffusion coefficient and their dependence on gx? IX X IX X X

the temperature suggest that in both the QW and QWR re- v I

gions scattering by interface roughness dominates the trans- +z— —+G—1z/7. (A3)

port properties. gx Ix

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

This work was supported by the Deutsche Forschungsge; — ,, expf —[x— x 2/ 52 exd — (V—v©)2/o2+1].
meinschaft(SFB296 and the European Union through the A= poexpl sl Huaexd = (y=yc) ]
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This assumption is justified by the prediction that the

“growth selectivity” increases at the sidewall intersection
(i.e., there is a local minimum ip). We therefore keep fon
the same Gaussian dependence aloag in the 1D case and
we assume a Gaussian-shaped decreageanthe intersec-
tion of the two sidewall$the sidewalls are oriented under
or —30° with respect to the direction; xc(y) follows the
shape of the zig-zag pattdrn

Therefore Eq(A3) transforms into

PHYSICAL REVIEW B4 155316

9%z 9D 9z Pu w9z
dZdt=0=D— +— — +zv——+p—_
Ix2  IX dXx Ix? dX dIX
dvdu 8’z ID oz P
+z——+D—+— —+zv—
Ix dx gy dy dy ay?
w9z v d
PN N Y (A5)
dy dy dy dy

*Present address: LEN@ aboratorio Europeo di Spettroscopie
non Linear), 1-50125 Firenze, Italy. emiliani@fi.infn.it
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