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Photoluminescence excitation spectra have been measured on a series of T-shaped quantum-wire~T-QWR!
samples fabricated by the cleaved-edge overgrowth method with molecular-beam epitaxy, in which the lateral
confinement is systematically changed. We have successfully evaluated the absorption area intensity of one-
dimensional~1D! excitons, and found the concentration of oscillator strength into 1D exciton states with
increased lateral confinement.@S0163-1829~96!50924-0#

Oscillator strength of one-dimensional~1D! excitons in
quantum wires~QWR’s! has been one of the main subjects
in the optical properties of semiconductor low-dimensional
structures. Such study is particularly motivated by the ex-
pected concentration of oscillator strength into the lowest
exciton state in QWR’s as a result of the 1D electronic den-
sity of states concentrated at the low-energy edge1 and the
efficient Coulomb interaction among the carriers tightly
confined.2,3

The direct investigation of oscillator strength requires
measurement of absorption and/or reflection intensity of
QWR’s, which, however, are difficult because of the small
volume of the QWR structures. To attack this problem
within photoluminescence~PL! and PL excitation~PLE!
spectroscopy with higher sensitivity, careful study compar-
ing a systematic series of QWR samples is required, since we
can only partly know the relative intensities of the oscillator
strength from these measurements. We report, in this paper,
the structure dependence of PLE for three typical QWR
samples, in which the lateral confinement is systematically
changed. We have found the concentration of oscillator
strength into 1D exciton states with increased lateral confine-
ment.

For such systematic investigation, the T-shaped QWR~T-
QWR! structure fabricated by the cleaved-edge overgrowth
~CEO! method with molecular-beam epitaxy4 ~MBE! has the
following advantages. Since the T-QWR’s are defined by the
two kinds of quantum wells~QW’s! formed separately with
well-established MBE layer-growth technique, T-QWR’s
with arbitrary combination of QW’s are possible to
fabricate.4–6 Furthermore, the precise characterization tech-
nique of structures, energy levels, and wave functions has
been established for T-QWR’s.6,7 As for PLE of T-QWR’s,
we have so far studied one sample in detail,7 which is a
5-nm-scale GaAs T-QWR structure with AlAs barriers real-
izing tight lateral confinement. We clarified the confinement-
induced optical anisotropy in T-QWR’s. With a systematic
series of samples, we now go to the interesting problem of
the oscillator strength of 1D excitons.

The three T-QWR samples (A–C) studied here were fab-
ricated by the CEO method with MBE. The inset of Fig. 1
shows the schematic structure of our T-QWR samples. The
T-QWR’s are formed at the intersection of multiple QW’s

~denoted as QW1! grown in the first MBE growth on a GaAs
~001! substrate and a QW~denoted as QW2! overgrown as
the second MBE growth on a~110! surface prepared byin
situ cleavage. All the QW layers are of GaAs, while the
barrier layers are of Al0.3Ga0.7As, which is denoted in short
form as the GaAs/Al0.3Ga0.7As structure. In making this se-
ries of samples, we performed the first growth simulta-
neously on one wafer and cut it into small pieces, on which
three runs of CEO were done changing the overgrown-QW
thickness. Therefore, the three samples have identical
multiple-QW structure, which consists of 200 periods of
QW1 with thicknessa55.2 nm and barriers with thickness
c531 nm. On the other hand, the thicknessb of the over-
grown QW’s ~QW2! is changed asb54.8 nm in sampleA,
b56.9 nm in sampleB, andb510 nm in sampleC. More
detailed description of sample preparation is given
elsewhere.6

For these samples, we performed polarization-dependent

FIG. 1. PL ~thin curves! and PLE~thick curves! spectra mea-
sured at 4 K for sampleA ~GaAs/Al0.3Ga0.7As T-QWR’s, a55.2
nm, b54.8 nm!. The polarization of the light for detection in PL
and excitation in PLE was parallel (i , solid curves! or perpendicu-
lar (', broken curves! to the T-QWR’s. The magnified PLE spectra
by a factor of 20 are shown for the low-energy region. The inset
shows the schematic structure of the T-QWR sample. Multiple
QW’s ~QW1! are firstly grown on a GaAs~001! substrate and then
cleavedin situ to prepare a fresh~110! surface, on which QW2 is
secondly grown. The T-QWR states are formed at the T-junction
parts of QW1 and QW2.
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PL and PLE measurements at 4 K with a cw titanium sap-
phire laser and a conventional micro-PL setup which is de-
scribed in detail in a separate paper.7 The photoexcitation
and the detection were made along the@110# direction via the
~110! surface in the backward-scattering geometry under the
normal-incidence condition. Note that the polarization of de-
tected light was analyzed in the PL measurements, while that
of excitation light was selected in the PLE measurements.
We denote polarization along@11̄0# ~@001#! as i ('), since
@11̄0# ~@001#! is parallel~perpendicular! to the T-QWR’s and
the QW1 layers.

Figures 1–3 show PL and PLE spectra of samplesA–C
with the different QW2 thicknessb. In each figure, a pair of
peaks shown by thin curves in the low-energy region show
the PL spectra of the 1D excitons confined in T-QWR’s, and
a pair of thick curves in the higher-energy region show their
PLE spectra. The low-energy part of the PLE spectra mag-
nified by a factor of 20 are also shown. In each pair of
spectra, the solid curve is obtained for the polarization par-
allel to the T-QWR’s, whereas the broken curve is for the
polarization perpendicular to the T-QWR’s. In the measure-
ments for both polarizations, the detection sensitivity and the

excitation intensity were kept constant. Furthermore, we set
the scale of PLE spectra common among Figs. 1–3, as will
be proven later. Thus, we can compare all the PLE intensities
among Figs. 1–3.

Figure 1 shows the PL and PLE spectra of sampleA
~GaAs/Al0.3Ga0.7As T-QWR’s, a55.2 nm,b54.8 nm!. As
indicated in the figure, the PL peaks at 1.602 eV and the
lowest-energy PLE peaks at 1.606 eV are from the lowest
exciton state at T-QWR’s, while the larger PLE peaks at
1.627 eV and 1.651 eV are the heavy-hole~HH! and light-
hole ~LH! exciton states in QW1, respectively.8 Such large
contributions of QW1 to the PLE spectra of T-QWR’s are
caused by a plentiful carrier flow from QW1 to T-QWR’s.
Structures associated with QW2 were not observed since
they are located in the energy region higher than that of
QW1 and are overshadowed by the much larger contribu-
tions of QW1. The strong polarization anisotropy observed
in QW1 agrees well with the well-known optical anisotropy
of HH and LH excitons in standard~001! QW’s observed
from the~110! cleaved surface,9 and that in T-QWR’s agrees
also well with our previous study on the GaAs/AlAs T-QWR
sample (a55.3 nm,b54.8 nm!.

Note here that these general features in Fig. 1 are similar
to those of the GaAs/AlAs T-QWR sample previously re-
ported in detail. This is because of the similarity in the pa-
rametersa andb, though the confinement is weaker due to
the lower barriers in the present sampleA. Due to the better
heterointerface quality in the present GaAs/Al0.3Ga0.7As
T-QWR’s, however, their PL and PLE spectra are sharper,
and the Stokes shift is smaller, than the GaAs/AlAs T-QWR
sample of similar size. The PL linewidth~full width of half
maximum! was 8.5 meV and the Stokes shift was 4 meV,
representing the high quality of the sample. The effective
lateral confinement energy of excitonsE1D22D* , which is de-
fined as the energy difference between the 1D exciton in
T-QWR’s and the lowest 2D exciton in either QW1 and
QW2, is found to be 21 meV in PLE spectra.

Figure 2 shows the PL and PLE spectra of sampleB
~GaAs/Al0.3Ga0.7As T-QWR’s, a55.2 nm, b56.9 nm!.
Similarly to Fig. 1, the PL peaks at 1.575 eV and the lowest-
energy PLE peaks at 1.578 eV are from the HH exciton state
in T-QWR’s, and the structure above 1.620 eV with two PLE
peaks are from the HH and LH exciton states in QW1.8 The
values of the PL linewidth and the Stokes shift of T-QWR’s
are smaller, 6.2 meV and 3 meV, respectively. Since the
QW2 thicknessb is increased in sampleB, the PLE peaks of
HH excitons in QW2 and the LH excitons in T-QWR’s are
also observed, as indicated in the figure. Thus, the effective
lateral confinement energy of excitonsE1D22D* is now given
by the energy distance between PLE peaks of QW2 and
T-QWR’s, and is found to be decreased to 14 meV, which
shows that the T-QWR states take on 2D character.

The PL and PLE of HH excitons in T-QWR’s is stronger
for the parallel polarization, in agreement with our previous
study. The PLE of LH excitons in T-QWR’s shows opposite
polarization dependence. These tendencies in optical anisot-
ropy in T-QWR’s are as expected and close to that in QW1,
since the directions of confinement and free motion are com-
mon between T-QWR’s and QW1.

We should note that the PLE intensity of HH excitons in
T-QWR’s is comparable with that of QW2,10 where their

FIG. 2. PL ~thin curves! and PLE~thick curves! spectra mea-
sured at 4 K for sampleB ~GaAs/Al0.3Ga0.7As T-QWR’s, a55.2
nm, b56.9 nm! for polarizations parallel (i , solid curves! and per-
pendicular (', broken curves! to the T-QWR’s.

FIG. 3. PL ~thin curves! and PLE~thick curves! spectra mea-
sured at 4 K for sample C~GaAs/Al0.3Ga0.7As T-QWR’s, a55.2
nm, b510 nm! for polarizations parallel (i , solid curves! and per-
pendicular (', broken curves! to the T-QWR’s. The PLE intensity
for the continuum state of QW2 indicated by an arrow gives a
measure of the absorption probability of 1.3%.
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area-intensity ratio is about 1:2. This ratio is to be compared
with the following geometrical factors. The period of QWR’s
is given bya1c536 nm, in which the wave functions of 1D
excitons in T-QWR’s are bounded at the T-junction parts to
have some reduced lateral size. On the other hand, the 2D
excitons denoted as QW2 are not bounded, but are extended
over the period of 36 nm. Since the lateral size of 1D exci-
tons is less than 18 nm, the PLE area-intensity ratio of 1/2 is
larger than the geometrical size ratio for the 1D and 2D
excitons. Also note that the period of 36 nm is much smaller
than the carrier diffusion length in QW’s (;mm!, so that all
the carriers generated at QW2 are quickly captured into
T-QWR’s. In such a case, the PLE intensity is proportional
to the absorption intensity, and their energy-integrated area
intensities are proportional to the oscillator strength. There-
fore, the enhanced and reduced PLE area intensities of
T-QWR’s and QW2 compared with the geometrical factors
suggest that the oscillator strength of excitons in QW2 is
transferred to those in T-QWR’s.

Figure 3 shows the PL and PLE spectra of sampleC
~GaAs/Al0.3Ga0.7As T-QWR’s, a55.2 nm, b510 nm!.
Since the QW2 thicknessb is further increased, the PLE
peaks of HH and LH excitons in T-QWR’s, QW2, and QW1
are all observed, as indicated in the figure. Both the PL line-
width and the Stokes shift of this T-QWR are smaller, 5.1
meV and 3 meV, respectively. As for the structures marked
as QW2, they are attributed to the excitons delocalized over
QW2; the lower two peaks at 1.563 eV and 1.566 eV to HH
excitons, while the upper unclear structures marked at 1.585
eV and 1.592 eV to LH excitons. Details of their origin and
their polarization dependence are not known. The effective
lateral confinement energy of excitonsE1D22D* is further de-
creased to 6 meV in PLE spectra, which shows that the
T-QWR states are getting closer to QW2 states both in their
energy and wave function.

It is interesting to point out that the PLE structure below
1.620 eV is from the step-function-like 2D density of states
of QW2 except for the excitonic peaks at the low-energy
edges, where the weakened excitonic peaks of QW2 and the
strong excitonic peaks of T-QWR’s are observed. This again
demonstrates that the oscillator strength of excitons in QW2
is transferred to those in T-QWR’s. As for the continuum
state showing the 2D density of states of QW2, the absorp-
tion probability is known to be 1.3%,11 which is indicated by
an arrow in the figure. As already mentioned above, all the
carriers absorbed by T-QWR and QW2 states are supposed
to flow into the lowest exciton state in T-QWR’s by the same
efficiency, the PLE intensities of T-QWR and QW2 are pro-
portional to the absorption probability. Therefore, the ab-
sorption probability of 1.3% for the continuum state of QW2
is a useful standard in evaluating the absorption probability
at T-QWR’s, which we discuss below.

The central issue of this paper is the comparison of the
PLE peak intensities among Figs. 1–3, especially for HH
excitons in T-QWR’s. It is true that PLE signal intensities
depend on all the absorption, energy relaxation, and/or car-
rier migration processes, and the detection condition of PL,
which can be different in the three figures. Note, however,
that the first growth parts with QW1 in samplesA–C are cut
from the same wafer and have identical properties, and hence
that the carrier supply from QW1 to T-QWR’s is identical

for the three samples. Thus, we can compare the relative PLE
intensities of the overgrown parts in the three samples, by
setting the scale of PLE spectra in Figs. 1–3 such that the
PLE structures of QW1 have common amplitude. Further-
more, the PLE intensity for the continuum state of QW2
indicated by an arrow in Fig. 3 gives the standard of the
absorption probability of 1.3%.11 Therefore, we can evaluate
absolute absorption probabilities at T-QWR’s from the PLE
intensities in Figs. 1–3.

The peak absorption probabilities of HH excitons in
T-QWR’s in the three figures are then evaluated to be 2.7%,
2.9%, and 3.0%, for samplesA, B, andC, respectively, all
with the T-QWR period of 36 nm. Multiplying the linewidth,
we obtain the absorption area intensities of three samples,
which are 23% meV, 18% meV, and 15% meV, respectively,
and are plotted in Fig. 4. This shows that the oscillator
strength is largest in sampleA, which is with the strongest
lateral confinement among the three samples. Note that the
lateral size of the exciton wave function is smallest in sample
A, or that the cross-sectional area for the incident light is
smallest, which should contribute toreducethe PLE inten-
sity. That is to say, if we normalize the obtained relative
oscillator strength by the cross-sectional area for the incident
light, we obtain significant enhancement of the local oscilla-
tor strength in sampleA. We can conclude that the oscillator
strength is not only enhanced, but also highly concentrated
spatially at the T-junction part, when the lateral confinement
is strong.

The lateral sizes of exciton wave functions in T-QWR’s
and QW2 in respective samples are not yet quantitatively
evaluated. Thus, we are not able to normalize the observed
oscillator strength with the sizes to quantify the local oscil-
lator strength concentrated to the T-QWR’s and to compare
it with that of QW2. In addition, no theoretical model is
currently available to quantitatively explain the increased os-
cillator strength with lateral confinement and the oscillator
strength transfer from QW2 to T-QWR’s. Hence, the quan-
titative analyses as well as the physical interpretation on the
concentration of oscillator strength are the subject of future
study.

FIG. 4. The enhancement of absorption area intensity of HH
excitons in T-QWR’s with reduced QW2 thicknessb, observed in
samplesA, B, andC ~QW1 thicknessa55.2 nm, QWR period
a1c536 nm!. Since lateral confinement is stronger for smallerb,
the lateral size of the exciton wave function, and hence the cross-
sectional area for the incident light, are smaller for smallerb. Thus,
the local oscillator strength obtained by normalizing each datum by
the lateral size is to be significantly enhanced for smallerb.
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We comment here on the recent PLE work on 10-nm-
scale or even smaller QWR’s with strong lateral confine-
ment. Previously, PLE measurements of such small QWR’s
have been difficult, because their PLE peaks tend to broaden
and overlap with other spectral structures. Only recently,
clear PLE spectra of such QWR’s have appeared thanks to
the improvements in the quality of QWR samples7,12 or in
characterization technique.10 For the quantitative analysis of
the oscillator strength of QWR’s with PLE, however, sys-
tematic study on a series of high-quality samples is required.
We believe that the present work on T-QWR’s is the first
demonstration to evaluate the absorption probability of 1D
excitons in semiconductor QWR’s.

In conclusion, three typical T-QWR samples were fabri-
cated by the CEO method, in which the lateral confinement
is systematically changed. We have studied these samples
with PLE spectroscopy, and found that the oscillator strength
of the 1D exciton states is enhanced and spatially concen-
trated with increased lateral confinement. The absorption
area intensity was 23% meV for the lowest HH excitons in
GaAs/Al0.3Ga0.7As T-QWR’s formed by the 5.2-nm- and
4.8-nm-thick QW’s with a period of 36 nm.
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