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Transition from direct to indirect band structure induced by the AlSb layer inserted
in the GaSb/AlSb quantum well

T. Wang,* F. Kieseling, and A. Forchel
Technische Physik, Universita¨t Würzburg, Am Hubland, D-97074 Wu¨rzburg, Germany

~Received 20 April 1998!

A 6.5-nm coupled double GaSb/AlSb quantum well separated by 1, 2, 3 or 4 monolayers AlSb has been
investigated by photoluminescence spectroscopy at a temperature of 2 K. When the AlSb layer thickness is
more than 1 monolayer~ML !, this system changes from direct to indirect energy-band structure, which is well
described by a model based on a finite potential well and transmission probability.
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GaSb/AlSb quantum wells are of great interest becaus
this material system a number of new quantization indu
phenomena have been observed, which are absent in
systems.1–6 GaSb is only barely a direct-gap semiconduct
The L valley is only about 85 meV above theG valley. The
effective mass of the electrons in theL valley is about 10
times higher than that in theG valley. When the well width is
less than about 4 nm, quantum confinement will push thG
valley above theL valley and the system changes from dire
to indirect band structure.4 In the field of transport propertie
and tunneling, the effective masses of carriers play an imp
tant role. Recently, some reports about GaSb/AlSb dou
barrier heterostructures have indicated that the anoma
I -V curve is related to the great difference of electron eff
tive mass in theG andL valley.7–9

In contrast to previous reports focusing on the si
induced transition from direct to indirect band structure, t
work, to our knowledge for the first time, shows that t
insertion of a AlSb layer in the center of a single quantu
well can also induce this band-structure change.

Investigation of the transition from direct to indirect ban
structure is a very interesting topic in this GaSb/AlSb s
tem. Based on this idea, this work designed a set of sam
that are a GaSb/AlSb single quantum well separated by
serting 1, 2, 3 or 4 monolayer AlSb in the center of the we
A suitable single quantum well structure should have a wi
Lz above theG/L crossover~i.e., well width.4 nm! and 1

2 Lz
should be below theG/L crossover. The thickness of th
AlSb layer is increased step by step until the single quan
well is completely divided into two single quantum wells.

The quantum well structures were grown on~001! GaAs
substrates. The substrates were cleaned, etched, mounte
heat cleaned as for homoepitaxial molecular-beam-epit
growth of GaAs. An AlSb layer is chosen as an intermedi
buffer because there exists an extremely wide window
good epitaxial growth of AlSb on GaAs. In a first step,
300-nm GaAs buffer layer was grown before a 200-nm Al
buffer, because the GaAs buffer layer can provide a g
surface for AlSb nucleation. Despite the large lattice m
match between AlSb and GaAs~;7%!, smooth epitaxy of
AlSb results after 200 nm, followed by a 6.5-nm single Ga
quantum well with an AlSb layer inserted in the center of t
well and a 40-nm AlSb barrier. Finally, the structure w
capped with a 10-nm GaSb layer in order to protect it fro
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oxidation. In order to obtain a mirrorlike surface, the ratio
@Sb#/@Ga# should be about 10. The growth temperature
AlSb nucleation layer and GaSb well are 610 and 585
respectively. The structures of these samples are show
Fig. 1, i.e., a single quantum well withn monolayers AlSb
~n51, 2, 3, 4; 1 monolayer is approximately 3.1 Å! inserted
in the middle.

Photoluminescence~PL! measurements were performe
at a temperature of 2 K. The samples were excited by
647-nm line of a cw Kr ion laser. As to the excitation powe
7.5 mW was used to excite the sample without an AlSb la
and the sample with a 1 ML AlSb layer, 110 mW was used
to excite the samples with a 2–4 ML AlSb layer because
intensities of these samples decrease greatly. The photol
nescence was dispersed by a 0.25-m monochromator an
tected by a liquid-nitrogen-cooled germanium detector an
lock-in amplifier.

The PL spectra of these samples are shown in Fig. 2.
the single quantum well without an AlSb layer, the situati
is very simple. Since this thickness is larger than required
the G/L crossover, the luminescence is due to a direct tr
sition. Therefore, the PL spectrum shows only one peak
corresponds to the transition between theG electron in the
n51 conduction subband and heavy hole in then51 va-
lence subband. Using the finite potential-well model, t
transition energy is calculated to be approximately 0.936

FIG. 1. The structures of coupled double quantum wells~n51,
2, 3, 4!.
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which agrees with the spectral position of the PL line
0.9367 eV. However, when the single quantum well is se
rated by insertingn monolayers AlSb layer in its center, th
exciton wave functions and the quantization effects ofG and
L electrons are modified differently due to the great diff
ence in their effective masses. In the photoluminesce
spectra shown in Fig. 2, for less than 2 ML AlSb, only o
peak appears. However, from the case of 2 ML AlSb, th
appears another weak peak the position of which is alm
independent of the thickness of the AlSb layer. The inten
of this peak increases with increasing thickness of the A
layer. When the AlSb layer reaches 4 ML, the strong pea
the high-energy position disappears.

The peaks at the high-energy position side are from
transition in theG valley in each spectrum while the peaks
the low-energy position are just from the transition in theL
valley. In order to explain the experimental results, first,

FIG. 2. Photoluminescence spectra of coupled double quan
wells separated by the AlSb layers of different thicknesses a
temperature of 2 K. When the AlSb layer is less than 2 ML,
excitation power is 7.5 mW. When the AlSb layer is more than
ML, the excitation power is 110 mW. The dashed line is a guide
the eye.
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electron wave functions in theL andG valleys are calculated
which are shown in Fig. 3. The effective masses and po
tial for the G and L electrons were taken from Ref. 10.
finite potential well model was used in this calculation. Fi
ure 3 gives the square of the electron wave functions in thL
andG valleys. In the case of the electron wave functions
the L valley, one can find that the coupling between tw
quantum wells with 1

2 Lz width decreases with increasin
AlSb thickness. In fact, from the case of 2 ML AlSb, th
coupling has already disappeared, which is clearly indica
in Fig. 3. It means that a 2 ML AlSb separates aLz-wide
single quantum well into two12 Lz-wide single quantum wells
without any coupling for the electrons in theL valley. But in
the case of the electron wave functions in theG valley shown
in Fig. 3, the coupling between two quantum wells s
works up to 4 ML AlSb. This results are attributed to th
transmission probability which is given by11

T}expF22a~2m0* !1/2~V2E!

\ G .
Here, a is the thickness of the barrier,m0* is the effective
mass of the carriers,V is the potential of the barrier,E is the
energy of carrier, and\ is Planck’s constant.

From this equation, it can be seen that the transmiss
probability decreases exponentially with the increase of
effective mass and thickness of the barrier. It is well kno
that the effective mass of the electron in theL valley is 10
times higher than that of the electron in theG valley. There-
fore, the transmission probability of the electrons in theL
valley decreases much more quickly than that of the e
trons in theG valley with increasing AlSb thickness.

This work also gives the calculations of the transition e
ergies that can compare with the PL results. The calcula
results are shown in Fig. 4.

The dashed lines correspond to the calculated transi
energies in theL andG valley described in detail in Fig. 4
The circle point~s! and the solid square point~j! corre-
spond to the transition energies in theG valley andL valley

m
a

o

FIG. 3. The square of electron wave functions in theL andG valley vs thickness of AlSb.
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from the PL spectra in Fig. 2, respectively. From above d
cussion, it is clear that this structures from the case of 2
AlSb are just two single quantum wells for the electrons
the L valley. Therefore, the calculations for the transition
the L valley is just transition energy of 3.25-nm-wide sing
quantum wells. It should not depend on the AlSb thickne
The transition energy of a 3.25-nm-wide GaSb well in theL
valley ~from n51 conduction subband→heavy hole in the

FIG. 4. Thickness of AlSb layer dependence of the transit
energies observed in the photoluminescence spectra. The c
represent the calculated transition energy of theG andL electrons.
-

-
L

s.

n51 valence subband! is calculated to be 1.01 eV. From
Fig. 4, it can be found that the position of the weak peaks
almost at 1.01 eV. From the calculation, one can also fi
that from the case of 2 ML AlSb the transition energies
smaller than that of the transitions in theG valley. This
means that the band structures from the case of 2 ML A
changes from direct to indirect.

The intensities of the PL also prove this above discussi
For the case of zero ML and 1 ML AlSb, the intensities
PL are very large, we used the excitation power of 7.5 m
From the case of 2 ML AlSb, the intensities of the PL d
crease very quickly. The used excitation power is increa
to 110 mW. Since the indirect transitions are associated w
the participation of phonons, the intensities should decre
greatly. From above discussion, one can definitely conclu
that 2 ML or more AlSb inserted in the middle of the 6.5
nm-wide quantum well can induce the transition from dire
band structure to indirect band structure.

In conclusion, we have investigated the photolumine
cence of coupled double quantum well separated by A
layer. When the AlSb layer thickness is above 1 ML, th
system changes from direct to indirect band structure. T
calculations based on a simple model are in good agreem
with the experimental results.

One of the authors~T.W.! would like to thank the Volks-
wagen Foundation for financial support.
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