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Photoluminescence study of lateral confinement energy in T-shaped InxGa12xAs quantum wires
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A study of high-quality InxGa12xAs T-shaped quantum wires~T-QWR’s! via photoluminescence spectros-
copy to characterize the lateral confinement effect is reported. The effective lateral confinement energy of
excitons in 3.5-nm-scale In0.17Ga0.83As/Al0.3Ga0.7As T-QWR’s is found to be as large as 34 meV. The value
has been examined in comparison with the previous results on GaAs/Al0.3Ga0.7As and GaAs/AlAs T-QWR’s.
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To study one-dimensional~1D! optical properties of
quantum wires~QWR’s!,1,2 T-shaped QWR’s~T-QWR’s!
have been developed via the cleaved edge overgrowth~CEO!
method with molecular-beam epitaxy~MBE!,3,4 in which the
1D electronic state is formed at the T intersection of t
parent quantum wells~QW’s!, namely, the first-growth QW
~QW1, thicknessa) for the ‘‘stem’’ part of letter ‘‘T,’’ and
the second-growth QW~QW2, thicknessb) for the ‘‘arm’’
part of it.

Early successful growth of a series of samples was r
ized in GaAs T-QWR’s with Al0.3Ga0.7As barrier ~shortly
denoted as GaAs/Al0.3Ga0.7As T-QWR’s!, which were used
in some systematic experiments for the physics of
excitons.5–9 However, the effective lateral confinement e
ergy of excitonsE1D-2D* , which represents the stability of 1D
excitons and is defined as the energy separation betwee
and 2D excitons, is only 18 meV in the 5-nm-sca
GaAs/Al0.3Ga0.7As T-QWR’s.9

It is to be noted that strong lateral confinement is imp
tant to realize remarkable 1D properties. The straightforw
way to enhance the effective lateral confinement ene
E1D-2D* in T-QWR’s is to enhance the quantization ener
EQ of the parent QW’s.~In the infinite barrier approxima
tion, these two quantities should be proportional.! For this
purpose, we need to increase barrier energy or to decr
well energy, rather than merely to reduce QW thickness. P
viously, we increased barrier energy by replacing
Al0.3Ga0.7As barrier with the AlAs barrier, and realize
E1D-2D* 538 meV.9–11

Now we investigate the effect of decreasing the well e
ergy by introducing InxGa12xAs. The points are, first, to
overcome the difficult growth of InxGa12xAs on the~110!
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surface and fabricate high-quality InxGa12xAs/Al0.3Ga0.7As
T-QWR’s, and, second, to establish a quantitative und
standing of the lateral confinement energy in T-QWR’s ma
of our material system.

In this paper we report a study of high-quali
InxGa12xAs/Al0.3Ga0.7As T-QWR’s and their lateral confine
ment energy, in comparison with the previous results
GaAs/Al0.3Ga0.7As and GaAs/AlAs T-QWR’s. Three 4-nm
scale In0.09Ga0.91As/Al0.3Ga0.7As T-QWR samples~samples
N12N3) and one 3.5-nm-scale In0.17Ga0.83As/Al0.3Ga0.7As
T-QWR sample~sampleN4) have been studied, which ar
schematically shown in the inset of Figs. 1 and 2.

The fabrication procedure12 of samplesN12N3 was as
follows. On a semi-insulating~001! GaAs substrate, we suc
cessively grew a 500-nm GaAs buffer layer, a 5-mm
Al0.3Ga0.7As layer, ten periods of 4-nm-thick In0.09Ga0.91As
multiple QW’s and 100-nm-thick Al0.3Ga0.7As barriers for
QW1, a 10-nm AlAs layer, a 5-mm Al0.3Ga0.7As layer, a
10-nm AlAs layer, and a 500-nm GaAs cap layer, by t
conventional MBE method under a constant substrate t
peratureTs of 560 °C, a V/III flux ratio of;2, and a GaAs
growth rate of 0.7mm/h. On thein situ cleaved~110! surface
of this wafer which was prepared by the method describe
Ref. 12, we then grew atTs5430 °C an In0.09Ga0.91As layer
of thicknessb for QW2, and a 2-ML-thick Al0.3Ga0.7As
cover layer; then, atTs5500 °C, a 10-nm-thick Al0.3Ga0.7As
barrier layer and a 10-nm-thick GaAs cap layer. The V/
flux ratio was 30, and the In0.09Ga0.91As growth rate was 0.5
mm/h. The growth condition of InxGa12xAs on the ~110!
surface was optimized by the repeated test growth and c
acterization, which was essential for the fabrication of t
InxGa12xAs T-QWR’s.13 Three samples were formed by th
same first growth and the three different CEO runs, chang
the parameterb around 4 nm.
3765 © 1998 The American Physical Society



w

e

3.

t o
%
te

a

O
-
e

the

the
e

ed

ned
PL
rgy,

he
e

tral
eV

ese

ns
e-

1
1D

5
in
re

the

tra
-

es
nd
ree
the
ne-

that

ed

on-
ed

we
ref-

-

y of
-

ple

PL

the

a

e

al

e

5

3766 57BRIEF REPORTS
The above structure parameters used in the MBE gro
are nominal. We calibrated the values ofa and b in the
photoluminescence~PL! experiment shown below, which ar
a54.1 nm andb53.5 ~sampleN1), 3.9 ~sampleN2), and
4.4 ~sampleN3) nm.

To realize stronger confinement, we also prepared a
nm-scale In0.17Ga0.83As/Al0.3Ga0.7As T-QWR sample as
sampleN4. Its fabrication procedure was the same as tha
samplesN12N3, except for the increased In content of 17
and the reduced QW thickness of 3.5 nm. The calibra
values ofa andb area53.7 nm andb53.4 nm.

Note that base structures formed by the first growth of
the samples are totally 1-mm-thick layers of QW1 and 5-
mm-thick Al0.3Ga0.7As layers on both sides, so that CE
makes a 1-mm-wide region with QWR’s sandwiched by 5
mm-wide QW2 regions, as schematically shown in the ins

FIG. 1. The spatially resolved PL spectra of three 4-nm-sc
In0.09Ga0.91As/Al0.3Ga0.7As T-QWR samples with identical QW1
thicknessa and different QW2 thicknessesb ~samplesN12N3
shown schematically in the inset! measured from above the~110!
CEO surface at 4 K with 633-nm excitation light from a He-Ne
laser. Solid curves show the PL spectra for the 1-mm-wide region
on QW1 and QWR’s, while the dashed curves show those for th
mm-wide regions of QW2.

FIG. 2. The spatially resolved PL spectra of the 3.5-nm-sc
In0.17Ga0.83As/Al0.3Ga0.7As T-QWR sample ~sample N4 shown
schematically in the inset! measured from above the~110! CEO
surface at 4 K with 633-nm excitation light from a He-Ne laser. Th
solid curve shows the PL spectra for the 1-mm-wide region on
QW1 and QWR’s, while the dashed curve shows those for the
mm-wide regions of QW2.
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of Figs. 1 and 2. Thus spatially resolved PL spectroscopy11,12

was possible for these respective regions from above
~110! CEO surface at 4 K, with 633-nm excitation light from
a He-Ne laser.

Figure 1 shows the spatially resolved PL spectra of
samplesN12N3. Solid curves show the PL spectra for th
1-mm-wide region on QW1 and QWR’s, while the dash
curves show those for the 5-mm-wide regions of QW2. The
origins of the three PL peaks in each sample were assig
to QW1, QW2, and QWR, as shown in the figure. The
peaks of QW1 in the three samples stay at the same ene
because the thicknessa is constant. On the other hand, as t
thicknessb is increased, the PL peaks of QW2 shift to th
low-energy side as well as those of QWR’s. The spec
linewidths of the three PL peaks were 15, 20, and 15 m
for QW1, QW2, and QWR in sampleN2, respectively. The
precise energy of each structure was determined by th
spectra.

The effective lateral confinement energy of excito
E1D-2D* in T-QWR’s is defined as the energy difference b
tween the QWR and the lower-energy QW between QW
and QW2, which represents the stabilization energy of
excitons. From the observed peak energies,E1D-2D* of
samplesN1, N2, andN3 were determined as 19, 28, and 1
meV, respectively. It reached a maximum of 28 meV
sampleN2, where the PL energies of QW1 and QW2 a
equal.

Figure 2 shows the spatially-resolved PL spectra of
3.5-nm-scale In0.17Ga0.83As/Al0.3Ga0.7As T-QWR samples
~samplesN4). Solid and dashed curves show the PL spec
for the 1-mm-wide region on QW1 and QWR’s, and the 5
mm-wide regions of QW2, respectively. Similarly to sampl
N12N3, three PL peaks assigned to QW1, QW2, a
QWR’s have been observed. The spectral linewidths of th
PL peaks were 13, 17, and 14 meV for QW1, QW2, and
QWR, respectively. The increased effective lateral confi
ment energy was realized in sampleN4, that wasE1D-2D*
534 meV.

These series of well-resolved PL spectra demonstrate
the designed high-quality InxGa12xAs T-QWR’s are avail-
able, as well as the previous GaAs T-QWR’s. A detail
microscopic characterization of these InxGa12xAs T-QWR’s,
to ensure the assignment, and more importantly to dem
strate the high uniformity of the samples, will be report
elsewhere.14

To investigate the lateral confinement of each sample,
performed supplementary PL measurements for bulklike
erence samples. From reference samples forN12N3, the
band-gap energiesEg at 4 K with no confinement were ob
tained for In0.09Ga0.91As on GaAs and Al0.3Ga0.7As, which
are 1.421 and 1.885 eV, respectively. Since the PL energ
QW1 in samplesN12N3 is 1.567 eV, the quantization en
ergy EQ and the band-gap discontinuityDEg for QW1 are
derived to be 146 and 464 meV, respectively. As for sam
N4, Eg of In0.17Ga0.83As on GaAs and Al0.3Ga0.7As are mea-
sured to be 1.344 and 1.901 eV, respectively. From the
energy 1.520 eV of QW1,EQ andDEg for QW1 are 176 and
557 meV, respectively.

These results are summarized in Table I, together with
values for the 5-nm-scale GaAs/Al0.3Ga0.7As ~sampleS1 in
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TABLE I. Summary of the experimental results for four kinds of T-QWR samples: the effective la
confinement energy of excitonsE1D-2D* , which is maximized when QW1 and QW2 have the same PL ene
the quantization energyEQ is the PL energy measured from the bulk band-gap energy in the QW’s, an
band-gap discontinuityDEg .

Unit N4 N2 S1 ~Ref. 9! S2 ~Ref. 9!

a ~nominal! nm 3.5 4 5 5
In content in well % 17 9 0 0
Al content in barrier % 30 30 30 100

E1D-2D* ~max.! meV 34 28 18 38
EQ meV 176 146 94 148
DEg meV 557 464 374 1590
ratio E1D-2D* /EQ % 19 19 19 26
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Ref. 9! and 5-nm-scale GaAs/AlAs T-QWR’s~sampleS2 in
Ref. 9!. The listed values ofE1D-2D* ~max.! are for T-QWR’s
where the energies of QW1 and QW2 are equal, andE1D-2D*
is maximized.

We should first point out, by comparingE1D-2D* in
samplesN4, N2, andS1, thatE1D-2D* is increased from 18 to
34 meV by increasing the In contentx and reducing the QW
thickness in InxGa12xAs/Al0.3Ga0.7As T-QWR’s. However,
we could not go overE1D-2D* 538 meV achieved in sampl
S2, or 5-nm-scale GaAs/AlAs T-QWR’s, with thes
samples.

It is interesting to see the ratioE1D-2D* /EQ shown in the
table. The ratio for two InxGa12xAs/Al0.3Ga0.7As T-QWR’s
~samplesN4 and N2) is about 19%, close to that for th
GaAs/Al0.3Ga0.7As T-QWR ~sampleS1), while that for the
GaAs/AlAs T-QWR~sampleS2) is as large as 26%.

In the infinite barrier and constant isotropic effectiv
mass approximation,E1D-2D* /EQ in balanced (a5b)
T-QWR’s should be constant~17% for a tentatively assume
electron mass of 0.067m0 and a hole mass of 0.4m0) without
excitonic effect, since all the single-particle energy levels
proportional to the inverse square of the wave-function s
With the enhanced excitonic effect in tightly confined
QWR’s, an increased ratio ofE1D-2D* /EQ should be observed

This argument approximately holds in samplesS1 and
S2. In fact, detailed analysis has shown that the slightly a
significantly enhancedE1D-2D* in samplesS1 andS2, respec-
tively, are caused by the slight and significant enhancem
of the exciton binding energy.9

However, the finite barrier effect should be more impo
tant in samplesN4 and N2, sinceEQ is already 30% of
DEg . We believe that this is the reason for the smaller v
ues ofE1D-2D* /EQ in samplesN4 andN2 than in sampleS2.
When narrow T-QWR’s are formed with a finite barrier, th
wave function tends to penetrate into the barrier. Thus
excitonic effect is not so enhanced as in higher barrier ca
Furthermore, even without the excitonic effect, the mo
calculation shows thatE1D-2D* becomes more saturated fo
increasedEQ in lower barrier cases.9,15

To investigate more quantitatively and gain physic
insight into the data, we assumed the followin
parameters,16–19 and calculated the energy levels based
the simple effective mass approximation: the electron eff
tive mass of 0.0647m0 (0.0626m0), the hole effective mass
e
e.

d

nt

-

l-

e
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l

l

n
-

of 0.367m0 (0.358m0) along@001#, and 0.682m0 (0.656m0)
along @110# in In0.09Ga0.91As (In0.17Ga0.83As) QW’s. The
conduction-band offset ratio was assumed to be 0
Though different choice of the band parameters giv
slightly different estimation of the values, the discuss
physics is almost unaffected.

With these assumptions, we are able to calibrate the th
nessesa and b with the observed PL peak energies, whi
turn out to bea54.1 nm ~samplesN12N3) b53.5 nm
~sampleN1), 3.9 nm~sampleN2), 4.4 nm~sampleN3), a
53.7 nm~sampleN4), andb53.4 nm~sampleN4), reason-
ably close to the nominal values.

Then we interpreted the PL spectral linewidths observ
in Figs. 1 and 2. The energy difference caused by monola
fluctuation of the QW thickness is about 15 meV/M
(1 ML50.283 nm! and 11 meV/ML for QW’s in samples
N4 and N2, respectively. Therefore, we estimate that t
thickness fluctuation of QW1 is about 1 ML, whereas that
QW2 is 1–2 ML in these samples, showing the reasona
good MBE growth on the~110! surface.

Next we calculated the electron wave-function widthsz

in QW1 as the root-mean-square expectation value of
electron position. The values ofsz in samplesN4, N2, S1,
andS2 are 5.2, 5.6, 6.3, and 4.3 nm, respectively. In spite
the fact that the actual widthsa andb of samplesN4 andN2
are smaller (3.524 nm! than those of sampleS2 (;5 nm!,
the wave-function widthsz is much larger, showing the fi
nite barrier effect discussed above. It is considered reas
able that the largestE1D-2D* is realized in sampleS2, in
which the wave-function size is smallest.

So far, we have not mentioned the effect of strain.20 Since
the lattice constant of InxGa12xAs is larger than that of
GaAs, the overgrown region on InxGa12xAs by CEO should
have expanding strain compared with the overgrown reg
on GaAs and AlyGa12yAs. In other words, the lattice in the
T-QWR region should be expanded and have a decrea
band-gap energy compared with QW1 and QW2 regio
which should contribute to enlargingE1D-2D* .

The question has been the magnitude of this contribut
There was a discussion whether the conduction-edge m
lation in QW2 grown 25 nm above the cleaved edge of 7
nm-thick In0.063Ga0.937As/GaAs QW1 is 30–40 meV or a
least two orders of magnitude less.20
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It turns out, in our result on sampleN2, where QW2 is
grown just on the cleaved edge of 4.1-nm-thi
In0.09Ga0.91As/Al0.3Ga0.7As QW1, that the magnitude of suc
contribution is far less than 10 meV. This is becau
E1D-2D* 528 meV in sampleN2 is increased fromE1D-2D*
518 meV in sampleS1 by only 10 meV, while the enhance
ment of E1D-2D* expected proportionally to the increase
EQ5146 meV in sampleN2 from EQ594 meV in sample
S1 is also about 10 meV. Note that the ratioE1D-2D* /EQ is
almost unchanged between samplesN2 andS1. Therefore,
E1D-2D* , increased by 10 meV, is dominantly caused by
increasedEQ , that is, the tightening of confinement. Sinc
the contribution of strain in sampleN2 is included in the 10
meV as the residual minor part, it is considered to be
more than a few meV. Further measurements and ana
should be necessary to resolve all possible contribution
E1D-2D* .21–24

We should finally remark the point that largeE1D-2D*
534 meV is achieved without introducing AlAs barriers
3.5-nm-scale In0.17Ga0.83As/Al0.3Ga0.7As T-QWR’s, though
it is slightly smaller thanE1D-2D* 538 meV in previously re-
ported 5-nm-scale GaAs/AlAs T-QWR’s. This point is im
portant, since the AlAs barrier has some drawbacks, e
.
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cially in fabricating QWR lasers.5,25,26 First, a separately
confined heterostructure is not possible, if an AlAs barrie
used to confine electrons. Second,in situ cleavage and layer
by-layer growth are more difficult with AlAs, and AlAs is
rather easily oxidized and degraded, compared w
Al0.3Ga0.7As. Third, to further increaseE1D-2D* , we have
more design flexibility left with InxGa12xAs, whereas further
reduction of QW thickness in a GaAs/AlAs QW results in
type-II structure, in which electrons are stabilized in theX
valley of AlAs.

In conclusion, a series of high-qualit
InxGa12xAs/Al0.3Ga0.7As T-QWR’s have been fabricated fo
the study of the effective lateral confinement energyE1D-2D* .
In 3.5-nm-scale In0.17Ga0.83As/Al0.3Ga0.7As T-QWR’s,
E1D-2D* is measured to be as large as 34 meV, where
wave-function penetration into the barrier region is sign
cant compared with the previously studied 5-nm-sc
GaAs/Al0.3Ga0.7As and GaAs/AlAs T-QWR’s. Further en
hancement ofE1D-2D* is possible by increasing the In or A
content in the present T-QWR’s.
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