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The nanoscopic room temperature optical properties of single quantum wires are characterized by a combination of
near-field photoluminescence and photoluminescence excitation spectroscopy. Single GaAs quantum wires with a
50 nm lateral dimension are grown at the edge of 15 nm high mesa stripes on patterned GaAs(311) surfaces. Wire
formation relies on the preferential migration of Ga atoms from a GaAs layer on the mesa top and bottom
towards the sidewall. Spatially resolved photoluminescence spectra separate quantum wire and quantum well emis-
sion and image the diffusion of photoexcited carriers into the wires. Photoluminescence excitation spectra give
insight into the absorption spectrum of the wires and the spectral position of different interband transitions in the
one-dimensional carrier system. They allow the change in local thickness of the GaAs quantum well due to the
migration process to be monitored directly with subwavelength spatial resolution. Both the trapping of carriers into
the wire and the detrapping of carriers generated within the wire into the surrounding quantum well states are

separately resolved. © 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

Semiconductor nanostructures play an important role
in modern solid-state physics and are the basis of many
optoelectronic devices. Until recently, research has
mainly concentrated on quasi-two-dimensional struc-
tures like quantum wells (QW) and superlattices whose
electronic and optical properties are understood in
great detail. This includes the non-equilibrium
dynamics of carriers and excitons occurring on ultrafast
time scales. A further reduction of dimensionality to
one- and zero-dimensional structures is of interest both
from the viewpoint of fundamental physics and for
device applications. Several concepts have been intro-
duced to realize quasi-one-dimensional quantum wires
(QWRs). Photolithography and subsequent deep mesa
etching of QWs have been used to produce arrays of
QWRs with a QWR width of about 400 nm.! Other
systems make use of microstructured gate electrodes on
top of a quasi-two-dimensional electron gas to generate
a one-dimensional confinement. For instance, a laterally
periodic modulated gate has been introduced in GaAs/
AlGaAs heterojunctions, resulting in parallel 400-500
nm wide QWRs (For a review, see Ref. 2). Overgrowth
techniques®>~> and epitaxial growth on prestructured
substrates represent different approaches to realize one-
dimensional semiconductors of high structural quality.
In particular, QWRs on prestructured substrates show
favourable optical properties, e.g. substantial lumines-
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cence emission at room temperature. The growth of
GaAs/AlGaAs QWs on GaAs substrates that are pat-
terned with V-grooves results in a slight change of QW
thickness at the bottom of the groove and thus a one-
dimensional confinement of carriers over a width of
~50-100 nm.° Very recently, QWRs of ~50 nm
wide were formed along the sidewall of mesa stripes
grown by molecular beam epitaxy (MBE) on patterned
GaAs(311) substrates.”®

In most experiments, the electronic and optical
properties of ensembles of up to hundreds of QWRs
have been studied. In such cases, the optical spectra
show a substantial inhomogeneous broadening origin-
ating from size fluctuations within the QWR array. In
addition, there might be electromagnetic interactions
between neighbouring wires. Both effects make a char-
acterization of the one-dimensional behaviour quite dif-
ficult. The investigation of a single QWR by optical
techniques of very high spatial resolution avoids this
problem and should provide highly specific insight into
the one-dimensional carrier system. Near-field scanning
optical microscopy (NSOM) represents such a method
allowing for a spatial resolution in the 100 nm range.
Very recently, a first NSOM experiment on single
QWRs has been reported and an enhancement of
QW%—compared QW absorption was derived from the
data.

In this paper, we present the first NSOM study of
single sidewall quantum wires grown on patterned
GaAs(311) substrates. Both photoluminescence (PL)
and photoluminescence excitation (PLE) spectra are
measured at room temperature. The PL from the QWR
and the surrounding QW are clearly separated in spa-
tially resolved measurements, providing direct insight
into diffusion and trapping of photoexcited carriers into
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the QWR. The PLE measurements give the energy posi-
tion of the different QWR and QW transitions and
compare very well with theoretical calculations of the
one-dimensional band structure. Finally, our data
demonstrate the occurrence of fast carrier exchange
processes between QWR and QW driven by absorption
and emission of longitudinal optical phonons.

The paper is organized as follows. After a description
of our experimental techniques we recall results of
microluminescence measurements from Ref. 7, allowing
a first characterization of the different emission bands.
The main part of the paper is devoted to NSOM studies
of PL and PLE spectra and carrier exchange between
one- and two-dimensional states, and conclusions are
given in the final section.

EXPERIMENTAL

In NSOM, spatial resolution is achieved by transmit-
ting light through a nanometre-sized aperture located at
the end of a NSOM probe tip. The NSOM probe tips
were made by pulling single-mode optical fibres to a
sharp taper with a cone angle of 10° in a commercial
CO,-laser-based fibre puller (Sutter) and then coating
the taper with a 50-100 nm thick aluminium or gold
layer. The diameter of the aperture at the very end of
the taper was varied between <50 and >300 nm.

In this study, the near-field microscope was used in
two different modes of operation. In the excitation
mode [Fig. 1(a)], spatially resolved optical excitation of
the sample was achieved by transmitting the excitation
light through the aperture at the end of the NSOM
probe tip. Photoluminescence emitted by the sample
was then collected with a standard microscope objective
in reflection geometry. The PL was dispersed in a 0.22
m double monochromator and detected with a single-
photon-counting system based on a silicon avalanche
photodiode detector (Si-APD). In the collection mode
[Fig. 1(b)], the excitation laser was focused to a spot
size of ~50 pm and the PL was collected with the
NSOM fibre probe, spectrally dispersed and detected
with the Si-APD. In the experiments the PL is detected
as a function of the tip position whilst the sample,
which is mounted on a x-y-z-piezo, is scanned relative
to the probe tip. During the scan, the tip-to-sample dis-
tance was kept constant at 5 + 1 nm by adjusting the
z-piezo voltage using a modified version of the optical
shear force set-up proposed in Refs 10 and 11. Shear
force images, i.e. images of the z-piezo voltage as a func-
tion of tip position, give direct information about the
topography of the sample surface and were recorded
simultaneously with the near-field PL images. The
piezoscanner was software linearized and -calibrated
against a standard atomic force microscopy (AFM)
grating with a calibration error of less than +5%. The
scan range in these experiments was typically 10 x 10
pum?, and 100 x 100 or 200 x 200 data points were
recorded for each scan. A diode-pumped continuous
wave Cr3*:LiSAF laser (Time Bandwidth Products)
tunable between 810 and 860 nm and an HeNe laser
were used as excitation sources. The power of the exci-
tation light coupled into the fibre probe was ~3 mW
and that of the light transmitted through the fibre tip
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Figure 1. Schematic of the experimental set-up. Experiments
have been performed in two different modes of the near-field
microscope. (a) Excitation mode: spatially resolved excitation of
the sample is achieved by transmitting light through a nanometre-
sized aperture at the end of a near-field scanning optical micros-
copy (NSOM) probe tip. Photoluminescence is collected with a
microscope, spectrally resolved in a double monochromator and
detected with a single-photon-counting Si avalanche photodiode
(SPC). The sample is mounted on an x-y-z stage and scanned
relative to the tip. During the scan the tip to sample distance is
kept constant at 5 nm by using an optical shear force setup. (b)
Collection mode: after broad area excitation (laser focus diameter
~50 pm), spatially resolved photoluminescence is collected
through the NSOM fibre probe, spectrally dispersed and detected.

onto the sample varied between 10 and 100 nW,
depending on the tip diameter, when detected in the far
field. At these excitation powers, heating of the fibre
tip!? did not influence the experiments.

The resolution obtained with our near-field micro-
scope is demonstrated in Fig. 2. Shear force images
recorded with uncoated fibre probes with a tip diameter
of <30 nm gave a lateral resolution of better than 12
nm, as demonstrated by imaging the oxidized surface of

SURFACE AND INTERFACE ANALYSIS, VOL. 25, 583-592 (1997)



NEAR-FIELD OPTICAL SPECTROSCOPY OF SINGLE GaAs QUANTUM WIRES 585

1000 an ; ¢
E?ﬂ
= hw!
k=
T 10 |+_
12 nm

0
0 250 500 750 1000

0 Distance (nm) 1000 Distance (nm)

2000

=
5
i 50 nmh
: \y
= —
=l

0 4 0 " i

) ; 0 500 1000 1500 2000
0 Distance (nm) 2000

Distance (nm)

Figure 2. Resolution in near-field microscopy. (a) Topography of
a GaAs laser diode recorded using shear force microscopy. The
image was recorded with an uncoated tapered single-mode optical
fibre with a tip diameter of <30 nm. The tip-to-sample distance
was kept constant at 3 £1 nm. The lateral resolution is better than
12 nm, while the vertical resolution is better than 1 nm. (b)
Reflection mode imaging of a standard atomic force microscopy
(AFM) test grating. The distance between adjacent lines of the
grating is 463 nm. Laser light transmitted through a metal-coated
near-field scanning optical microscopy (NSOM) fibre probe with
an aperture of <560 nm is reflected off the grating surface, col-
lected with a microscope objective and detected with a photomul-
tiplier. The reflected light intensity is shown as a function of
tip position. A linescan along the line indicated in the
two-dimensional picture shows structures that are narrower than
50 nm.

a GaAs laser diode [Fig. 2(a)]. The vertical height
resolution in these experiments was better than 1 nm.
The optical resolution of our aluminium-coated tips
was tested by recording a reflection mode image of a
standard AFM test grating with a line spacing of 463
nm [Fig. 2(b)]. Here, laser light is transmitted through a
NSOM fibre probe with an aperture of <50 nm, reflec-
ted off the grating surface, collected with a microscope
objective and detected in the far field with a photomul-
tiplier. The reflected light intensity is shown as a func-
tion of the tip position. A linescan along the line
indicated in the two-dimensional picture shows struc-
tures that are narrower than 50 nm. We note that the
image contrast relies at least in part on topographic
changes of the surface structure.

The structure of the QWR sample studied here is
shown schematically in Fig. 3. The sample was grown
by MBE on patterned GaAs(311) substrates along the
sidewall of 15-20 nm high mesa stripes oriented along
[01-1]. In these structures the formation of a sidewall
QWR was found to arise from the preferential migra-
tion of Ga atoms from both the mesa top and the mesa
bottom towards the sidewall.!®> The GaAs substrate was
patterned by using optical lithography and wet chemi-
cal etching and covered with a 50 nm thick GaAs buffer
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Figure 3. Schematic of the sidewall quantum wire structure. The
sample is grown on a patterned GaAs(311) substrate with 15 nm
high mesa stripes oriented along the [01-1] direction. Formation
of GaAs quantum wires with a lateral dimension of 50 nm and a
vertical dimension of 12 nm is due to the preferential migration of
Ga atoms, as indicated by the dashed arrows, during the growth of
the 6 nm GaAs quantum well. The GaAs quantum well is sand-
wiched between two 50 nm AlGaAs layers. The structure is
capped with a 20 nm GaAs layer.

50 nm

layer, a 50 nm Al, ;Ga, sAs lower barrier layer and a
nominally 6 nm thick GaAs QW layer. At the sidewall
of the mesa, the Ga atom migration process develops a
smooth convex-curved surface profile enclosing thicker
wire-like regions of GaAs. This GaAs layer is covered
with a 50 nm Al, ;Ga, sAs upper barrier and a 20 nm
GaAs cap layer. The structure was characterized by
AFM, transmission electron microscopy (TEM) and
cathodoluminescence spectroscopy.’-*?

RESULTS AND DISCUSSION

Micro-photoluminescence spectroscopy and electronic
structure

Prior to performing near-field PL experiments, the
sample was characterized by micro-photoluminescence
(u-PL) spectroscopy in Ref. 7. In these experiments a
spatial resolution of ~1.5 um was obtained by using a
confocal imaging system and the sample was excited
with 1 mW output from an Ar™ laser emitting at 2.41
eV. For excitation of the flat part of the mesa structure
(Fig. 4(a), upper panel, dashed line) a p-PL spectrum
recorded at 8 K (dashed line) shows only one peak at
1.602 eV originating from the 6 nm thick QW. At room
temperature (300 K, Fig. 4(a), upper panel, solid line),
the reduced bandgap of the QW results in a red shift of
the emission spectrum. The room-temperature spectrum
of the QW exhibits two peaks, at 1.522 and 1.555 eV,
arising from the heavy and light hole-to-conduction
band transitions of the QW.

The low-temperature u-PL spectrum for sidewall
excitation (Fig. 4(a), lower panel, dashed line) shows two
well-separated peaks, at 1.540 and 1.605 eV. The peak
at 1.540 eV was assigned to QWR emission and that at
1.605 eV to emission from the adjacent QW. The large
energy difference between the QW and QWR emission
lines of ~62 meV indicates a pronounced confinement
of quasi-one-dimensional states that should be sufficient
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Figure 4. (a) Micro-photoluminescence (PL) spectra taken at
room temperature (solid lines) and 8 K (dashed lines) from the flat
part of the mesa (upper part) and at the sidewall (lower part). The
additional peaks in the sidewall spectra at 1.46 eV (300 K) and
1.54 eV (8 K) are assigned to the quantum wire structure. The
spatial resolution in these experiments was ~3 um. (b) Micro-
photoluminescence linescans at room temperature for detection at
the quantum well (1.522 eV, dashed line) and at the quantum wire
(1.46 eV, solid line) emission peak positions (from Ref. 7).

to keep photogenerated carriers within the wire struc-
ture even at room temperature. This is confirmed by the
observation of a strong QWR emission peak, spectrally
well separated from the QW emission, over the whole
temperature range from 8 K up to 300 K (room
temperature). In the sidewall spectrum for 300 K [Fig.
4(a), lower panel, solid line] three peaks are resolved.
The quantum wire emission at 1.46 eV is well separated
from the heavy-hole and light-hole QW peaks at 1.526
and 1.555 eV, respectively. We note that the heavy-hole
QW emission has its maximum intensity at 1.526 eV,
slightly blue-shifted relative to the corresponding peak
for flat area excitation.

A room-temperature p-PL linescan across the sample
[Fig. 4(b), solid line] shows a spatial peak of QWR
luminescence that is centred at the sidewall with a width
of ~3 pm. The width of this peak is mainly limited by
the spatial resolution of the confocal imaging system.
Detection of the QW emission (dashed line) shows that
the rise in QWR emission coincides with a decrease of
the QW emission intensity. This finding suggests that
the QWR emission arises from carriers photogenerated
within the QW, which then get trapped and recombine
within the QWR structure.

The results of the p-PL measurements are compared
to model calculations of the one-dimensional sub-band

© 1997 by John Wiley & Sons, Ltd.

structure of the QWR. The calculations are based on
the adiabatic approximation solution® of the two-
dimensional Schrédinger equation. In this perturbation
approach, the one-dimensional confinement results
from the variation of QW thickness on a length scale
much longer than the QW thickness itself, allowing a
separation of the different spatial coordinates. Such a
situation exists in our structures: cross-sectional TEM
images’ indicate that the thickness of the GaAs QW
varies between ~5.5 nm and 13 nm along the lateral
y-direction [Fig. 5(a), open circles]. This variation of
QW thickness extends over a range of > 100 nm, which
is much larger than the maximum QW thickness. The
room-temperature lateral confinement energies &(y)
(i = carrier type) at the lowest QW level were calculated
in the effective-mass approximation using a finite-well
model with AE /AE, = 0.67. In Fig. 5(a), the confine-
ment energies of electrons (solid circles), heavy holes
(solid squares) and light holes (solid triangles) are
plotted vs. the lateral coordinate y. The resulting lateral
potentials U,(y) were approximated by

Uly) = &(0) + [e(o0) — e(0)Jtanh*(y/2w) (1)

where w is a measure of the effective width of the lateral
well thickness variation. To reproduce the results
plotted in Fig. 5(a), a value of w = 28 nm was chosen.
The energy levels E; , of the quantum wire sub-bands n,
measured from the band edge of the bulk material, are
then given as'4

E; , = &{0) — (h*/2m;w?)
x<{—2n—-1)+1
+ {2m;w?[e(c0) — &(0)1/h}1/2)2,
n=1,23.. (2

Here, m; denote the respective effective masses. The cal-
culated QWR probability densities for the first three
electron levels are shown in Fig. 5(b), indicating the
lateral extension of the QW wavefunctions. For a QW
thickness of 5.5 nm, the adiabatic approximation pre-
dicts a transition energy for the first 1e — 1hh interband
transition of 1.610 eV at 8 K, which, considering a two-
dimensional excitonic binding energy of ~12 meV, is in
fair agreement with the p-PL experiment. For the QWR
the corresponding transition energy is 1.556 eV, again
somewhat larger than the observed value of 1.540 eV.
At room temperature, the calculated transition energies
are 1.516 eV for the flat arca QW and 1.462 eV for the
QWR. The predicted energies neglecting excitonic
effects are much closer to the experimentally observed
values than at low temperature.

We point out that the resolution of ~1.5 um
obtained with the confocal imaging used in the u-PL
experiments was not sufficient to record a PLE spec-
trum of the QWR sample because of the small geomet-
ric filling factor of the wires relative to the surrounding
QwW.

Near-field spectroscopy

Both PL and PLE spectra of the sample at room tem-
perature were investigated by near-field spectroscopy.
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Figure 5. (a) Energetics of the quantum wire structure. Cross-
sectional TEM images indicate that the thickness of the GaAs layer
varies along the lateral direction between ~5.5 nm and 13 nm
(open circles). The solid symbols denote the corresponding con-
finement energies for electrons (circles), heavy holes (squares)
and light holes (triangles). Dashed lines are model potentials cal-
culated from Eqn. (1). Lateral electron and heavy- and light-hole
sub-band levels calculated from Eqgn. (2) are shown as solid lines.
(b) Probability density |W |? of the electron wavefunction for the
first three confined levels on a linear gray scale in relation to the
shape of the quantum wire structure.

Spatially resolved measurements demonstrate that the
different emission bands originate from different areas
of the sample and give information on processes of
carrier diffusion and trapping. In the following, we first

© 1997 by John Wiley & Sons, Ltd.

present the PL results, followed by a discussion of the
PLE data and of the carrier exchange between QW and
QWR.

Spatially resolved PL measurements. In a first set of near-

field PL experiments, the sample was excited by an

HeNe laser (photon energy = 1.959 eV) transmitted

through a near-field probe with an aperture diameter of

<200 nm. The luminescence from the sample was col-
lected with a microscope objective in reflection
geometry. Excitation at 1.959 eV generates carriers in
high-lying states in both the QW and QWR, but not in
the AlGaAs barriers. The PL of the sample was detected
for various detection energies between 1.40 and 1.60 eV.

In Fig. 6, the detected PL intensity is plotted as a func-

tion of the tip position. The scan range in these images

is 8 um x § um, with a pixel of 0.1 pum. The images have
been recorded under identical excitation conditions and
the data are shown without filtering or normalization.

In these images, the black and white areas correspond

to zero and maximum PL intensity, respectively. The

images for detection energies of 1.45 and 1.47 eV clearly
show the correlation of the QWR emission with the
location of the wire. The emission appears relatively
homogeneous over the entire length of the QWR, con-

firming the high structural quality of the sample. A

detailed analysis, however, reveals slight non-

uniformities in the wire emission.

Images were also recorded with detection at higher
energies of 1.52-1.60 eV. Results are presented in Fig. 7,
which shows a plot of the PL intensity PL(E,,,, y) as a
function of detection energy E,., and as a function of tip
position along the lateral direction y, i.e. perpendicular
to the wire structure centred at y = 0. The spectrum
was recorded at 200 spatial positions, separated by 50
nm and 30 spectral positions between 1.43 and 1.59 eV.
The spectral resolution was ~ 1.5 nm (FWHM). Several
distinct regions are resolved in the spatially resolved PL
spectrum:

(1) The QWR emission PLqwy at 1.46 €V shows a pro-
nounced maximum around y = 0, i.e. at the location
of the QWR. However, there is a weaker component
of QWR luminescence observed for tip positions
well separated from the QWR. This spatially broad
QWR luminescence is resolved more clearly on a
PL linescan recorded at E4, = 1.46 eV, shown in
Fig. 8(a). The occurrence of this signal is related to
carrier diffusion, as will be discussed below.

(2) The PL emission from the GaAs QW centred at
1.522 eV is observed on the flat areas of the mesa
top and mesa bottom. The QW emission intensity
PL¢ ow(y) remains approximately constant for y
more than 3 pm on the mesa bottom and for y less
than —3 pm on the mesa top and decreases for tip
positions closer to the sidewall QWR, indicating an
efficient carrier capture into the wire.

(3) In addition to contributions (1) and (2), we observed
a peak in the near-field PL spectrum located at
y = 0 and spectrally centred at 1.526 €V, ie. at the
photon energy of QW emission. This is in sharp
contrast to the p-PL linescan for detection at 1.52
eV [Fig. 4(b), dashed line], which showed a minimum
of the PL signal at the location of the QWR struc-
ture. The near-field PL spectrum alone does not
contain enough information to assign this peak but
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Figure 8. (a) Near-field photoluminescence (PL) linescan for detection at 1.46 eV corresponding to the detection of quantum wire (QWR)
emission. The inset shows the wire emission linescan on a logarithmic scale. (b) Near-field photoluminescence linescan for detection at 1.52
eV corresponding to the detection of quantum well (QW) emission. Note the additional sidewall QW emission peak.

it will be shown below that it arises from an efficient
coupling between QWR and surrounding QW
states. A cross-section through the near-field PL
spectrum [Fig. 8(b)] at a detection energy of 1.522
eV, corresponding to the maximum of the flat area
QW emission, shows this additional QW emission
at the sidewall, which could not be resolved in the
p-PL experiments, in more detail.

The PL from the QWR shows a narrow peak at the
QWR centre and broad wings that extend beyond the
scan range of the experiment. This intensity distribution
is tentatively written as the sum of these two contribu-
tions PLGwr(Y) = PLyine(y) + PLpey(y). The first com-
ponent originates mainly from carriers generated
directly in the QWR and recombining there. As will be
shown below, QWR absorption should give rise to a
Gaussian-shaped peak of width ~300-400 nm
(FWHM). The second spatially extended signal is due to
carriers generated in the QW that subsequently diffuse
to the QWR and undergo recombination in its quasi-
one-dimensional states. As is shown on the logarithmic
plot in the inset of Fig. 8(a), the PL intensity of the
wings PLy;, () decays exponentially with distance as
PLyino(¥) = Awing €Xp(— |y |/Ld). Such an exponential
decay is expected for predominantly excitonic recombi-
nation.!®> The decay length Ld is 1.6 ym and is assigned
to the ambipolar diffusion length within the GaAs
QW. From this number and a GaAs hole mobility of

© 1997 by John Wiley & Sons, Ltd.

500 cm? V~! s 1,1¢ we estimate a carrier life-time in the
QW of ~2 ns.

The PL from the QW exhibits two contributions,
namely the flat area QW emission PL; qw(y), which
decreases as the excitation position approaches the
QWR centre, and the narrow peak PLow(y) at the
position of the QWR. The decrease of PL; qw(y)
towards the QWR position should arise at least in part
from the loss of carriers generated within the GaAs QW
due to capture and recombination within the QWR
structure. These carriers give rise to QWR luminescence
and the decrease of PL;_qw should thus be proportional
to the increase of the diffusive part of the QWR signal,
PLyjng, i€ PLegw(y)oc1l—a exp(—|y|/Ld), with
Ld = 1.6 um. Within reasonable accuracy, the shape of
the PL line-scan [Fig. 8(b)] for QW detection and
|y| > 1 pm is reproduced by such an exponential rise if
a(y > 0) is taken to be ~30% larger than a(y < 0), in
order to account for the pronounced asymmetry of
PL¢ qw(y)-

A comment should be made on the carrier concentra-
tion in the near-field experiments. For a rough estimate
we assume that ~100 nW are incident on the GaAs
layer and that 2% of the incident photons are absorbed.
Then, ~5 x 10° carriers per second are created within
the GaAs layer. The mean carrier lifetime is typically of
the order of 500 ps, so only a few photoexcited carriers
are present simultaneously within the GaAs layer.
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Photoluminescence excitation spectra. Until now, the PLE
spectra of sidewall QWRs have not been determined. In
the following, we present spatially and spectrally resolv-
ed PLE measurements. A near-field PLE spectrum
PLE(E,,, y) as a function of excitation energy E., and
tip position y is shown in Fig. 9. Here, the sample was
again locally excited by transmitting light through the
near-field probe and the far-field luminescence was dis-
persed in a double monochromator with a spectral
resolution of 1.2 nm (FWHM). The data in Fig. 9 were
recorded at a detection energy of 1.459 eV, ie. at the
maximum of the QWR emission. The tip was scanned
along the lateral y-direction perpendicular to the wire
structure at a rate of 2 pm s~ !. One hundred linescans
were accumulated at each of the 17 spectral excitation
positions between 1.44 and 1.53 eV. No spectra were
recorded between 1.455 and 1.462 eV because of the
overlap with the detection window. The PLE signal is
plotted at 100 spatial positions between —5 pm and 5
um, separated by 0.1 um. The most prominent feature of
the near-field PLE spectrum is the narrow structure
around y = 0, i.e. at the location of the QWR, for exci-
tation energies between 1.46 and 1.53 eV. Here, carriers
excited in the QWR give rise to luminescence and, con-
sequently, the intensity of the PLE spectrum at y = 0 is
directly related to the absorption spectrum of the QWR.
In Fig. 10(a) the PLE spectrum at y = 0 is shown. This
room-temperature spectrum is quite broad, extending
from 1.445 to 1.53 eV. The maximum around 1.50 eV is
considerably blue-shifted compared to the QWR emis-
sion occurring at 1.459 eV [Fig. 4(a)]. A comparison
with the calculations outlined above, however, indicates
that the lowest QWR transition (1e — 1hh) is quite close
to the position of the QWR luminescence [arrow at
1.462 eV in Fig. 10(a)]. The calculations suggest that the
increase of the PLE spectrum towards higher photon
energies is related to absorption on several overlapping
interband transitions between the heavy and light hole
and the corresponding conduction sub-bands of the
QWR (arrows at higher photon energies). A more
detailed analysis of the spectrum will be given once
results at lower temperatures have been obtained.

A linescan across the QWR structure at a fixed exci-
tation energy of 1.48 eV and a detection energy of 1.46
eV is shown in Fig. 10(b), lower panel. This excitation
energy is well below the bandgap of the 6 nm flat area
QW, and carrier generation occurs only through reso-
nant excitation of the QWR. The spatial width of the
PLE signal is ~260 nm (FWHM) and even though the
experiment has been repeated several times with NSOM
fibre probes of different apertures, we were not able to
record a PLE linescan with a significantly better spatial
resolution. We therefore believe that the width of the
QWR PLE signal is not given by the aperture size of
the NSOM fibre probe but by the intrinsic properties of
the QWR sample. This is supported by a simple esti-
mate. The QWR is covered by a 50 nm AlGaAs barrier
and a 20 nm GaAs cap layer with a refractive index of
~3.5. This corresponds to a vacuum penetration length
of ~250 nm, which the light transmitted through the
fibre probe has to traverse before reaching the QWR.
The maximum attainable resolution should be of the
order of this vacuum penetration length and thus ~250
nm. This estimate is supported by beam propagation
simulations.'” Several linescans for fixed excitation

© 1997 by John Wiley & Sons, Ltd.

energies between 1.47 and 1.51 eV were analysed and
could all be fitted to a Gaussian line-shape of width
300-400 nm (FWHM).

Two additional peaks located on the mesa top and
bottom are resolved in the spatially resolved near-field
PLE spectrum for excitation energies between 1.51 and
1.53 eV (Fig. 9). These arise from absorption within the
flat area GaAs QW. The generated carriers diffuse
within the QW and eventually get trapped and recom-
bine radiatively within the quantum wire. The spectral
shape of a cross-section through the PLE spectrum at a
fixed tip position is closely linked to the absorption
spectrum of the flat area QW (not shown). Based on the
exponential decay of the diffusive part of the near-field
PL spectrum PLy;,,, one would expect an exponential
decrease of the QW PLE signal PLEgw(y)
exp(— | y|/Ld) with a diffusion length of 1.6 um. A line-
scan at a fixed excitation energy of 1.52 eV and a detec-
tion energy of E,,, = 1.46 eV [Fig. 10(b), upper panel]
shows that such behavior is evidently not found. While
the PLE signal indeed increases with decreasing dis-
tance for |y| > 2 pm, the signal does not continue to
increase for shorter distances to the QWR region. In
fact, a strong asymmetric decrease of the PLE signal is
observed as the excitation source approaches the wire.
While the PLE signal decreases gradually on the mesa
top (—2 pm < y <0), a much stronger and abrupt
decrease is observed on the mesa bottom for distances
of <1.2 um away from the wire centre. Here the PLE
signal decreases almost to zero at y = 0.6 pum. This
signal decrease is obviously not due to a decrease of the
transport properties in this narrow region around the
wire because carriers generated at much longer dis-
tances from the wire can effectively reach the wire struc-
ture.

Instead, the strong signal decrease is related to a
decrease of absorption in this region. The migration of
Ga atoms towards the sidewall, i.e. the process under-
lying the formation of the QWR during MBE growth,
results in a thinning of the GaAs QW in the neighbor-
hood of the wire. A reduced QW thickness corresponds
to a smaller absorption coefficient and thus less-efficient
carrier generation. On top of this effect, there should be
a blue shift of the absorption edge of the thinner QW,
also resulting in a weaker excitation of PL. Our results
suggest that the mesa top and bottom are affected dif-
ferently by the Ga atom migration. While on the mesa
top the thinning extends over a larger region of almost
2 um, the thinning is restricted to a much narrower
region of ~1 um on the mesa bottom. On the mesa top
the asymmetric thinning increases gradually with
decreasing distance from the wire, while on the mesa
bottom it occurs more abruptly and is more pro-
nounced, as is evidenced by the low PLE signal at
y =0.6 ym and by the sharp PLE signal rise between
0.6 and 1.0 um. We note that the near-field PLE signal
for near-resonance QW excitation is very sensitive to
small fluctuations of the QW thickness and allows such
fluctuations to be resolved with high spatial resolution.
This is evidenced, for example, by the narrow <300 nm
wide peak in the PLE signal shown in Fig. 10(b) at
y =12 pm.

Carrier exchange between QWR and QW states. So far, we
have not addressed the origin of the narrow peak in the
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Figure 10. (a) Near-field room-temperature photoluminescence excitation (PLE) spectrum of the sidewall quantum wire (QWR) structure
at a detection energy of 1.46 eV. The energetically lowest intersub-band transitions as obtained from the adiabatic approximation model
calculations are indicated by black arrows. (b) Near-field room-temperature PLE linescans for excitation at 1.52 and 1.48 eV, respectively.
The spatial resolution of the QWR PLE linescan of ~300 nm is limited by the finite thickness of the 50 nm AlGaAs barrier and the 20 nm

GaAs cap layer, as described in text. QW = quantum well.

near-field PL spectrum centred at E,., = 1.526 eV [Fig.
8(b)]. We will now present two experiments that clarify
this point. First, Fig. 11 shows a spatially resolved near-
field PL spectrum recorded for near-resonant QWR
excitation at E. = 1.50 eV. This excitation energy is
well below the flat area QW bandgap, so that carrier
generation arises only through QWR absorption. Two
emission peaks are observed, the quantum wire lumi-
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nescence centred at 1.46 eV and a second stronger peak
centred at 1.526 eV, i.e. at higher photon energies than
the excitation. The position of this high-energy PL peak
coincides with the QW emission. A cross-section
through the PL spectrum in Fig. 11 at y = 0 is similar
to the QWR PL spectrum for excitation at 1.959 eV, i.e.
well above the QW bandgap. This presents strong evi-
dence that the QW peak found for excitation below the
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Figure 11. Near-field photoluminescence (PL) spectrum for resonant spatially resolved quantum wire (QWR) excitation at 1.5 eV. The tip
was scanned along the lateral direction perpendicular to the wire structure. The PL signal (in arbitrary units) is plotted as a function of
detection energy and tip position along the lateral direction perpendicular to the wire structure. The colour red corresponds to high, while
purple corresponds to low PL intensity. Note the strong luminescence at the flat-area quantum well (QW) emission energy.

QW bandgap arises from a strong coupling between
QWR and surrounding QW states. At room tem-
perature, a fraction of the carriers generated within the
QWR are promoted to higher energetic levels above the
bandgap of the surrounding QW, where some of them
recombine to give QW luminescence. Such a decapture
process requires interaction with phonons or other exci-
tations of the lattice in order to provide the energy for
carrier transfer to QW states of higher energy. Very
recent experiments at different sample temperatures
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Figure 12. Collection mode near-field scanning optical micros-
copy (NSOM) linescan for resonant quantum wire (QWR) excita-
tion at 1.5 eV and detection at the flat-area quantum well emission
peak at 1.525 eV. The arrow denotes the position of the sidewall
quantum wire as obtained from simultaneously recorded shear
force images.
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indicate that absorption of longitudinal optical phonons
represents the main mechanism of carrier decapture.
These results will be discussed in detail elsewhere.

Our interpretation of the data is further supported by
resonantly exciting the QWR and spatially resolving the
emission of this high-energy QW peak. This is done by
using the near-field microscope in the collection mode.
The QWR is excited at 1.494 eV and the resulting PL at
1.531 eV, close to the maximum of the flat-area QW
emission, is collected through the near-field probe. The
size of the excitation spot in this experiment is ~50 um
and the spatial resolution is ~300 nm, as defined by the
sample structure. A near-field PL linescan along the y-
direction, perpendicular to the wire direction (Fig. 12),
shows a pronounced minimum of the PL signal near
y = 0. This minimum in the PL signal extends over a
range of ~2.5 um from about —1 to 1.5 pm. The PL
signal has a maximum on the flat-area mesa top and
bottom ~ 1.5 pm away from the sidewall QWR and
then decreases for larger distances (not shown). The
interpretation of the experiment is straightforward. Car-
riers are generated within the QWR and are then
excited into QW states. Radiative recombination within
the QW does not occur within the thinner region near
the sidewall but only in the flat, QW region located at
>1 pm away from the sidewall QWR. The increase of
the bandgap energy in the thinner QW region causes a
carrier drift into the lower bandgap unmodified flat QW
area where recombination can occur. The decrease in
PL signal for distances |y| > 2 pum is due to the finite
ambipolar diffusion length in the GaAs QW of 1.6 um.
The collection mode PL signal in Fig. 12 shows an
additional weak peak centred at y = 0. This is due to
radiative QWR recombination and arises from the high-
energy wing of the QWR PL spectrum.
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SUMMARY AND CONCLUSIONS

In this paper, we demonstrate the potential of near-field
photoluminescence spectroscopy for characterizing the
microscopic properties of semiconductor nanostructures
with sub-wavelength resolution at room temperature. A
combination of excitation-mode near-field PL and PLE
spectroscopy and spatially resolved collection mode
luminescence imaging was used in order to characterize
the nanoscopic optical properties of quasi-planar QWR
structures formed at the edges of patterned mesa struc-
tures on high-index GaAs surfaces. In these samples a
12 nm thick wire-like structure with a lateral width of
~50 nm is formed. The PLE and PL spectra of this
wire structure were obtained with a spatial resolution of
~300 nm, which is defined by the layer structure of the
particular device. Spatially resolved PL spectra separate
QWR and QW and directly image the diffusion of pho-
toexcited barriers into the QWR. Photoluminescence
excitation spectra monitor the absorption spectra of the
wires and the spectral positions of different interband
transitions in the one-dimensional carrier system. More-
over, they provide direct information about the local
thickness of the GaAs QW. In the region adjacent to
the wire, the specific growth mode causes a pronounced
decrease in well thickness and a corresponding increase
in bandgap energy of the GaAs QW layer. Near-field

PLE spectroscopy for near-resonance excitation is
shown to be particularly sensitive to such changes of the
QW thickness and allows them to be resolved with sub-
wavelength spatial resolution.

Evidence is found for a strong coupling between
QWR and surrounding QW states. For carrier gener-
ation within the QWR a strong luminescence from the
flat-area GaAs QW layer is observed, indicating the effi-
cient population of QW states at room temperature.
Such decapture processes are of fundamental impor-
tance for the successful fabrication of QWR lasers at
room temperature. Here, time- and spatially resolved
near-field spectroscopy shall give detailed insight into
the dynamics of the coupling between one- and two-
dimensional states.

Finally, we would like to state that, even though the
resolution in our experiments was limited to ~300 nm,
the information about the optical properties of the
QWR sample that could be gained by using near-field
microscopy was significantly more detailed than that
obtained by using a state-of-the art confocal imaging
system. We think that near-field photoluminescence
spectroscopy promises to become an invaluable tool for
monitoring the nanoscopic optical properties of semi-
conductor heterostructures, in particular for structures
located near the surface, where a resolution well below
100 nm should be possible. Such experiments are cur-
rently under way in our laboratory.
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