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Transport properties in asymmetric InAsÕAlSbÕGaSb electron-hole hybridized systems
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Transport properties in asymmetric InAs/GaSb and InAs/AlSb/GaSb heterostructures sandwiched by Al-
GaSb layers were studied. For the InAs/GaSb structures, partially compensated quantum Hall effects arising
from the electron-hole hybridization were observed. By changing the thickness of each layer, the energy
positions of the conduction band and the valence band can be controlled independently. In InAs/AlSb/GaSb
structures, we tried to control the hybridization strength by varying the AlSb barrier thickness. Magnetoresis-
tance measurements, in which the magnetic field was applied perpendicular and parallel to the surface, and
cyclotron resonance~CR! measurements show that there is a clear transition from the electron-hole-hybridized
system to the electron-hole-independent system. The transition point appeared at around the 2-nm-barrier
thickness in all experiments, suggesting a dominant role of the overlap of electron and hole wave functions.
According to the absorption peak shapes in the CR measurements, the hybridized system can be further
classified as strongly hybridized or weakly hybridized. Only in the weakly hybridized system was the
Shubnikov–de Haas–like oscillation due to the short-range scattering by the hole potential observed in the
electron CR absorption peak.

DOI: 10.1103/PhysRevB.67.195319 PACS number~s!: 73.43.Qt, 73.61.Ey, 76.40.1b
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I. INTRODUCTION

In InAs/GaSb heterostructures with an appropriate la
thickness, the conduction band in the InAs and the vale
band in the GaSb overlap. When the Fermi level lies in
overlap region, electrons in the InAs and holes in the Ga
coexist proximately. This system is of great interest w
respect to the electron-hole band hybridization and Coulo
interaction. Hybridization of the conduction band and t
valence band makes a minigap at the crossing point du
the interband mixing,1 so the system is called the hybridize
system. The InAs/GaSb system is also expected to exh
unique physics theoretically, such as an excitonic insula
phase, Bose-Einstein condensation of excitons, and supe
idity of carriers in semiconductors.2–8 A large number of
theoretical and experimental studies have been performe
this system over the past two decades.9–21 In addition to the
physics interests, InAs/GaSb systems are expected to
important device applications such as interband tun
diodes9 and midinfrared optical devices.10,11A lot of remark-
able characteristics, different from those of simple tw
dimensional electron or hole systems, have been obser
Regarding the magnetotransport properties observed so
the most remarkable feature is the partially compensa
quantum Hall effect~QHE!.12–15When the Landau-level fill-
ing factors of electrons and holes (ne and nh) are integers
simultaneously, the longitudinal resistance (Rxx) becomes
zero, and the Hall resistance (Rxy) is quantized by
the difference in the Landau-level filling factorsRxy
5h/e2une2nhu.12 However, the principle of the unique QH
0163-1829/2003/67~19!/195319~8!/$20.00 67 1953
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has not been clarified yet. Recently, in the case of an alm
equal number of electrons and holes, zero-Hall resista
was observed whenne andnh became the same integers.13–15

When the magnetic field is applied parallel to the surface,
conduction and the valence band separate from each oth
k space and the transition from the hybridized band struc
to the truly semimetallic band structure can be observed.16,17

In addition to the magnetoresistance measurements, cy
tron resonance~CR! measurements have been performed a
some characteristics have been discussed in connection
the hybridized band structures.18–21

These phenomena should strongly depend on the elec
hole hybridization. It is important to control the hybridiza
tion strength to investigate the hybridized system in m
detail and realize the new physics phenomena mentio
above. The most suitable way to do this is to insert an A
barrier layer between the InAs and the GaSb layers. T
AlSb layer acts as a barrier for both the InAs conducti
band and the GaSb valence band. However, few about
experimental results on the transport properties in In
AlSb/GaSb structures have been reported.21,22 One of the
reasons seems to be difficulty in treating an aluminum sou
in a metal-organic vapor-phase-epitaxy~MOVPE! system,
although MOVPE system enables us to supply high-qua
InAs/GaSb heterostructures.

In most previous experimental reports on hybridized s
tem, an InAs layer is sandwiched by GaSb layers.12–15 Such
symmetric structures have some advantages in that the s
metric potential profile makes the band calculation simp
and the electron density can be reduced to the point whe
©2003 The American Physical Society19-1
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is almost equal to the hole density. However, symme
structures also have some disadvantages. There remain
possibility that two GaSb layers with unequal hole densit
make the properties complicated. In terms of the crys
growth mechanism, growing an InAs layer on a GaSb la
and growing a GaSb layer on an InAs layer are quite diff
ent. Moreover, interface effect caused by the insertion of t
AlSb layers on both sides of the InAs layer makes the pr
erties more complicated. In addition, considering device
plications, ap-n-p structure is not suitable for the device
with a p-n junction. In contrast, for asymmetric structure
such as InAs/GaSb structures sandwiched by AlGaSb lay
holes are definitely confined in one GaSb layer. By vary
the thickness of each layer, the electron and hole confi
ment energies can be controlled independently. The free
of the band design is expanded, including the modulat
doping to the AlGaSb layers. In addition, the structures
applicable top-n, and optical devices.

We adopted asymmetric InAs/~AlSb!/GaSb structures
grown by molecular beam epitaxy~MBE! to investigate the
dependence of the transport properties on the electron-
coupling strength.20 In first half of this paper, we present th
transport properties in asymmetric InAs/GaSb structures
which each layer has different thickness. In the latter part,
present variations on the transport properties in asymme
InAs/AlSb/GaSb structures with a different AlSb thicknes
The magnetoresistance measurements with the mag
field applied parallel and perpendicular to the surface and
cyclotron resonance~CR! measurements were performe
We discuss the critical point of the transition from the h
bridized system to the electron-hole-independent system.
cording to the absorption peak shapes in the CR meas
ments, the hybridized system can be further classified
strongly hybridized or weakly hybridized. Only in th
weakly hybridized system was the Shubnikov–de Haa
~SdH–! like oscillation observed in the electron CR abso
tion peak. We also discuss the origin of the oscillation.

II. SAMPLES AND EXPERIMENTAL PROCEDURES

InAs/~AlSb!/GaSb structures with various electron-ho
coupling were grown by MBE. In the MBE method, AlS
can be grown to one-atomic-layer accuracy. The main st
tures, InAs/~AlSb!/GaSb, are sandwiched between AlGa
barriers.

A schematic of the sample structure is shown in Fig.
First, a GaAs buffer layer was grown on a semi-insulat
GaAs substrate. Next, a 200-nm AlSb layer, 10 periods
25-nm GaSb/ 25-nm AlSb superlattice, a 500-n
Al0.7Ga0.3Sb layer, 10 periods of 25 nm-GaSb/ 25 nm-AlS
superlattice, and a 50 nm-Al0.7Ga0.3Sb layer were grown.
Then, a GaSb layer, an AlSb barrier layer~in the case of the
InAs/AlSb/GaSb structures! and an InAs layer were grown
successively. Finally, a 25-nm Al0.7Ga0.3Sb layer and a 5-nm
GaSb cap layer were grown. All layers were nominally u
doped. The interface on the both sides of the InAs layer w
controlled so that it would be InSb-like.23

The schematic energy band diagram of InAs/~AlSb!/GaSb
heterostructures is shown in Fig. 2. For InAs/GaSb str
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tures, two series of samples were made. In one, samples
18-nm wide InAs with GaSb ranging from 12- to 24-nm.
the other, they have 18-nm GaSb with InAs ranging from 1
to 30-nm wide. For InAs/AlSb/GaSb structures, the AlS
barrier thickness was varied from 0.3 to 3.6 nm for t
18-nm InAs layer and the 18-nm GaSb layer. When the c
finement energy is ignored, the overlap of the InAs cond
tion band and the GaSb valence band is 0.15 eV. And the
quantization in the InAs and the GaSb quantum wells
duces the band overlap. In principle, due to the elect
transfer from the GaSb to InAs, the electron density in
InAs should be equal to the hole density in the GaSb. In t
case, the Fermi level lies in the minigap and the syst
becomes an insulator. However, in reality, due to the surf
potential and the interface defects in the structure, the Fe
level is raised. As a result, the electron density in the InAs
much higher than the hole density in the GaSb.

The transport properties were measured in a cryosta
1.6 K with a superconducting magnet of up to 15 T. Hall b
structures with a width of 50mm and a voltage probe inter
val of 180mm were used for the transport measurement.
the magnetoresistance measurement and the two termina
sistance measurement. The current was 1-mA dc. No signifi-
cant changes were observed between the dc measurem
and the ac lock-in measurements. For the CR measurem

FIG. 1. A schematic of the sample structure. The InAs/~AlSb!/
GaSb structure is sandwiched by Al0.7Ga0.3Sb barriers. All layers
are undoped. The interfaces on the both sides of the InAs laye
InSb like.

FIG. 2. A schematic energy band diagram of the samples.
overlap of the conduction band in the InAs and the valence ban
the GaSb is 0.15 eV. Due to the surface and the interface effe
electrons confined in the InAs layer have larger density than h
in the GaSb layer. The correlation strength between the elect
and holes is controlled by the thickness of the AlSb barrier.
9-2
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TRANSPORT PROPERTIES IN ASYMMETRIC . . . PHYSICAL REVIEW B 67, 195319 ~2003!
absorption spectra of far-infrared~FIR! laser emissions from
methanol in a cavity pumped by a CO2 laser were measure
as a function of the magnetic field. A Putley-type InSb F
detector was used.

III. RESULTS AND DISCUSSION

A. InAsÕGaSb heterostructures

First, we discuss the experimental results obtained
InAs/GaSb heterostructures. The overlap between con
tion and valence bands was modified by the quantum-w
thickness through the size quantization effect. Figure
shows typical magnetoresistance characteristics measure
InAs/GaSb samples. The magnetic field was applied perp
dicular to the surface. For the sample with 12-nm InAs a
18-nm GaSb layers, the QHE clearly shows the characte
tics of the single carrier~electron! system@Fig. 3~a!#. The
plateaus inRxy are quantized byh/e2ne , andRxx becomes
zero in the high magnetic field region whenne(5nh/eB) is
an integer, wheren is the electron density. The estimatedn
and the electron mobility (me) are 5.931015 m22 and
3.0 m2 V21 s21, respectively. For a sample with 18-nm InA
and 30-nm GaSb layers, the QHE shows the characteri
of the hybridized system@Fig. 3~b!#. The electron mobility is
much larger than the hole mobility and the electron den
is larger than the hole density. Therefore,Rxx is mainly
governed by the electrons. The Shubnikov–de Haas~SdH!

FIG. 3. Typical results of the magnetoresistance measureme
InAs/GaSb samples when the magnetic field was applied per
dicular to the surface. By changing each layer thickness, the sy
can change from the single-carrier system and the hybridized
tem. QHE’s show clear characteristics of the single-carrier~elec-
tron! system~a! ~InAs:12nm/GaSb:18 nm!, whereRxy is quantized
by ne , and the hybridized system~b! ~InAs:18 nm/GaSb:30 nm!,
whereRxy is quantized byune2nhu.
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oscillation inRxx givesn511.431015 m22. At 10 T, where
ne54, Rxx becomes zero, but the plateau inRxy is quantized
by the total filling factorn53. Therefore,nh51 is expected
at the field.12 Using the above electron density, accurate
estimated from the SdH oscillation, and the hole dens
roughly estimated from the quantized Hall plateau, t
classical fitting in the low magnetic field was performe
to estimate the electron and hole mobilities, and obtai
more accurate hole density.24 For this sample, the result
are n511.431015 m22, me54.6 m2 V21 s21, p53.8
31015 m22, mh50.4 m2 V21 s21, wherep is the hole den-
sity andmh is the hole mobility.

In the above estimation, the premise is existence of ho
and electrons. The outer circlelike orbit on the Fermi surfa
mainly coming from the InAs conduction band, is regard
as an electron orbit and the inner warped orbit, mainly co
ing from the GaSb valence band, is regarded as a hole o
@at the crossing point on the Fermi level in Fig. 6~a!#. When
the Fermi level lies much higher than the minigap~our case!,
carriers behave as those in the original conduction and
lence bands. If we consider the hybridization effect, the
fect should be included in the mobilities estimated from t
classical fitting. If the Fermi level approached to the min
gap, a strong hybridization effect on the densities and m
bilities would be expected.

Figure 4 shows electron and hole densities obtained
InAs/GaSb systems when the GaSb layer thickness was fi
to 18 nm and the InAs layer thickness was changed~a! and
vice versa~b!. The Fermi level was assumed to be pinned
a certain potential by the interface states at the InAs/AlGa
interface. As the InAs thickness increases, the confinem
energy of electrons decreases. Therefore, the conduc
band bottom becomes much lower and the electron den
increases. In the macroscopic view, the total charge sho
be neutral. As the electron density increases, the hole den
should also increase due to the Coulomb attraction. Ho
ever, the change of the charge balance at the InAs/G
interface, which contains defects and other problems, p
vents holes increasing. As a result, the gain of the hole
less than that of the electrons. The hole density decreas
the samples having InAs more than 24-nm wide. Althou
the reason for this is not clear, a complex carrier balan

in
n-
m
s-

FIG. 4. Electron and hole densities as a function of InAs
GaSb layer thickness.~a! GaSb thickness is fixed at 18 nm.~b! InAs
thickness is fixed at 18 nm. When the InAs layer or the GaSb la
thickness is decreased, the system becomes the single-carrie
tem, due to the enhancement of the confinement energy.
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TABLE I. Electron and hole densities and mobilities of InAs/AlSb/GaSb samples. The thickness
InAs layer and the GaSb layer is 18 nm. The AlSb layer thickness is changed.

Sample AlSb thickness~nm! n(31015 m22) me(m
2 V21 s21) p(31015 m22) mh(m2 V21 s21)

A0 0 9.5 1.1 1.6 0.4
A1 0.3 12.5 1.1 5.0 0.5
A2 0.6 13.7 3.1 5.8 0.4
A3 1.0 14.6 4.0 6.1 0.5
A4 1.8 14.9 13.3 5.6 1.1
A5 3.6 14.5 12.0 6.8 1.1
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including band bending, might be induced. In the case of F
4~b!, the Fermi level is also pinned at the InAs/AlGaSb i
terface. As the GaSb layer thickness increases, the con
ment becomes smaller. Therefore, the hole density increa
The carrier balance change at the InAs/GaSb interface
cels this hole density increase out so that the electron den
is kept almost constant. In both series, the holes
quenched when the InAs or the GaSb layer becomes thin
Halvorsenet al. calculated the energies of AlSb/InAs/GaS
AlSb structures.10 However, a precise comparison betwe
experiments and calculation is difficult because of the diff
ence in layer parameters and, moreover, because the im
tant role of interface states is usually neglected in the ca
lation. Here, we roughly compare experimental results w
the calculated energies in AlSb/InAs/AlSb and in AlS
GaSb/AlSb quantum wells.10 A comparison between the con
duction band bottom of the AlSb/InAs~12 nm!/AlSb quan-
tum well (E1) and the valence band top of the AlSb/Ga
~18 nm!/AlSb quantum well (H1) reveals thatE1 lies higher
than H1. This indicates, the coexistence of electrons a
holes is broken. However, when we compare the AlSb/In
~18 nm!/AlSb quantum well and the AlSb/GaSb~12 nm!/
AlSb quantum well, we findE1 lies underH1. Considering
the electron accumulation in the InAs, it is expected that
Fermi-level goes aboveH1. The transition between th
hybridized system and the two-dimensional electron s
tem in our results almost agrees with the simple theoret
calculation.

B. InAsÕAlSbÕGaSb heterostructures

To measure the effect of the AlSb barrier insertion,
selected InAs~18 nm!/GaSb~18 nm! as the starting sampl
and varied the AlSb barrier layer. The electron and hole d
sities and mobilities of InAs/AlSb/GaSb samples, estima
from the magnetoresistance characteristics in a high field
the classical fits in a low field, are shown in Table I. Figur
5~a!–5~c! show the typical results of the magnetoresistan
measurements for the samples with 0-, 1.8-, and 3.6-nm A
barrier layers, respectively. The characteristics of the hyb
ized system are conserved, when the AlSb barrier is up to
nm. When both electron and hole Landau-level filling facto
are close to integers, the great minima inRxx and the pla-
teaulike structures inRxy quantized by the integerune2nhu
were observed. For example, in Fig. 5~a!, there is a great
minimum in Rxx and Rxy situates aroundh/3e2 at 9.8 T,
wherene54 andnh51. In Fig. 5~b!, at 10.2 T,Rxx has a
19531
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minimum andRxy is situated ath/3e2, wherene56 andnh
53. However, for the sample with a 3.6 nm barrier, a tw
dimensional electron systemlike periodic oscillation and
large oscillation inRxy synchronized by theRxx oscillation
were observed. When the thick AlSb barrier is inserted,
electrons and the holes are separated from each other

FIG. 5. Typical results of the magnetoresistance measurem
in InAs/AlSb/GaSb heterostructures.~a! Without an AlSb barrier,
~b! 1.8-nm AlSb barrier,~c! 3.6-nm AlSb barrier. For a barrier of up
to a 1.8 nm, the hybridized system is conserved, i.e.; great min
were observed inRxx ~arrowed! andRxy is almost totally quantized
by une2nhu when bothne andnh become integers.
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TRANSPORT PROPERTIES IN ASYMMETRIC . . . PHYSICAL REVIEW B 67, 195319 ~2003!
behave independently. It is expected that the system is
longer the hybridized system, but the electron-ho
independent system instead. When the electron and the
QHEs occur simultaneously and independently, the dif
ence of the Hall voltages causes current to flow along
transverse direction. Therefore,Rxx diverges from zero resis
tance due to the Hall conductance matrix element (sxy), and
Rxy is affected repeatedly.

In addition to the magnetoresistance measurement
which the magnetic field was applied perpendicular to
surface, we measured the two-terminal resistance, appl
the magnetic field parallel to the surface. Using this meas
ment, the existence of the minigaps was confirmed. Figu
shows schematic diagrams of the dispersion relations with
a magnetic field~a! and with a parallel magnetic field~b!.
When the barrier is thin enough, the conduction band and
valence band are hybridized and the minigaps appear a
crossing points. Without a magnetic field, the Fermi level l
above the minigaps because there are many more elec
than holes@Fig. 6~a!#. Applying the magnetic field (Bi) in
the @010# direction, the conduction band and the valen
band separate. The relative separation between them (dk) is
given by

dkx5
eBi^z&

\
, ~1!

where ^z& is the distance between the average positions
the electrons and the holes in real space. At a certain m
netic field, a part of the minigaps goes through the Fer
level, and a resistance maximum is expected@Fig. 6~b!#.17,25

We simulated the minigap size dependence of the resist
changes as a function of the magnetic field using the s
method used by Lakrimiet al.17 The upper inset in Fig. 7
shows the typical simulated resistance withD517 meV, and
Fig. 7 shows the peak positions of the resistance maxim
the magnetic field as a function ofD deduced from the simu
lation, whereD is the coupling energy related to the miniga
size and is the energy separation at the crossing point o

FIG. 6. Schematic diagram of electron and hole dispersion r
tions in hybridized band structures without a magnetic field~a! and
with a magnetic field parallel to the surface~b!. In the hybridized
system, minigaps appear at the crossing points of the conduc
band and the valence band. When the parallel magnetic fiel
applied, the conduction band and the valence band separate. W
the minigap goes through the Fermi-level, a resistance maximu
expected.
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original conduction and the valence bands ink space.17 For
the valence band, dispersion parameters of bulk mate
were used. Other parameters were estimated as for the
barrier sample, where the electron effective massme
50.048m0, as evaluated by the CR measurement~discussed
later!, the Fermi energy from the conduction band botto
EF

e547.4 meV, and the Fermi-energy from the valence ba
top EF

h52.1 meV. The^z& was set to 18 nm, which is the
distance between centers of the InAs layer and the G
layer. The temperature was set to 4.2 K considering an
equate broadening. In the case of smallD, the peak positions
are identified as the crossing points of the original cond
tion and valance bands. With increasingD, the peak shifts
lower in the magnetic field. In the case of largeD, the
resistance has a maximum at 0T and the peak changes
shoulder near 0 T.

Taking the results of the simulation into consideration,
discuss the experimental results. Figure 8 shows the exp
mental results for each sample. The magnetic field is app
to the@010# direction. For samples having thin barriers up
1.8 nm the resistance has a maximum at a certain magn
field ~arrows in Fig. 8!. This shows the existence of the min
gaps. The thinner the barrier becomes, the lower in the m
netic field the position of the maximum shifts. This is eas
understood as the minigaps becoming larger with decrea
barrier thickness. By comparing the simulation with the e
perimental result for the no-barrier sample,D is estimated to
be 18 meV. When the original conduction band is steep
the valence band is gradual, the discrepancy ofD from the
minigap size becomes large~see the lower inset of Fig. 7!.
Considering this effect, the real minigap is expected to
about half ofD. However, this value is still too large com
pared with the reported value.1,17 Although the reason is no
completely clear, this discrepancy can be explained to so
extent by taking into account the larger distance betw

a-

on
is
en
is

FIG. 7. Simulated resistance maximum peak positions in
magnetic field as a function of the coupling energyD related to the
minigap size. The upper inset shows the typical simulated resista
changes withD518 meV. A magnetic field applied in the@010#
direction is assumed. The lower inset shows the discrepancy
tweenD ~the energy difference at the crossing point of the band
k space! and the real minigap size~the energy difference betwee
the minimum in the upper band and the maximum in the lower b
in the @110# direction!. When the original conduction band is stee
and the valence band is gradual, the discrepancy becomes larg
9-5
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electrons and holes.26 Compared with other samples, the n
barrier sample has many more electrons than holes.
means that the charge transfer from the GaSb layer to
InAs layer is small and electrons are mainly provided fro
the neighboring AlGaSb barrier and the InAs/AlGaSb int
face defects. As a result, ionized donors at the interface
tract electrons separating from holes. Therefore,^z& in the
experiment should be larger than 18 nm and the corresp
ing minigap should be smaller. Furthermore, the large ani
ropy of the valence band may affect the discrepancy, beca
EF

h is compatible with minigaps.
Assuming the minigap size for the 1.8-nm barrier sam

close to zero and the first crossing at 7.7 T with the para
eters for the 1.8-nm sample ofEF

e581.1 meV, EF
h

57.2 meV, andme50.044m0, we obtain̂ z&516 nm. This
must be because the electrons and the holes are close to
other due to the Coulomb attraction. These experimenta
sults show that thêz& value changes from 16 to 30 nm
depending on the charge balance between electrons, h
and interface charges. The effect of the AlSb barrier thi
ness is less important because the barrier thickness is m
smaller than the thickness of the InAs and GaSb layers.

In contrast with the thin-barrier samples, the sample w
a 3.6-nm barrier shows little resistance change. The re
tance simply increases as a function of the magnetic fi
though the electron and the hole densities are almost
same as those of the sample with a 1.8-nm barrier. T
means there is no band hybridization and that the conduc
band in the InAs and the valence band in the GaSb e
independently. It is noteworthy that the band hybridizati
disappears at AlSb barrier thickness between 1.8 and 3.6

FIG. 8. Two-terminal resistances in InAs/AlSb/GaSb hete
structures. When the magnetic field is applied parallel to the
face, the@010# direction. For up to a 1.8-nm barrier, the resistan
maxima were observed~arrows!, suggesting the existence of th
minigap. For the 3.6-nm barrier sample, the resistance is l
changed. The measured two-terminal resistances is affected b
contact resistance of the Ohmic contacts and deviates from th
sistance value estimated from the carrier densities and mobilitie
B50.
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which is the thickness range where the partially compensa
quantum-Hall effect also disappears~Fig. 5!.

The transition between the hybridized system and the
dependent system also appears in the CR measurements
ure 9 shows the FIR absorption spectra as a function of
magnetic field. The radiated laser wavelength was 119mm.
Absorption peaks around 3.9 T are due to the electron cy
tron resonance. The effective mass (mCR* ) estimated from the
results is 0.043m0 ~3.6-nm AlSb! ;0.048m0 ~no barrier!.
The value for InAs bulk (mbulk* ) is 0.023m0. The large con-
duction band nonparabolicity due to the confinement ma
the effective mass much larger. We roughly estimate ene
dependence of the effective mass@m* (E)#, assuming an in-
finite InAs quantum well, as

m* ~E!5mbulk* S 11
2E

Eg
D ,

where E5E01EF
e , E0(5\2p2/2mbulk* L2) is the confine-

ment energy of the lowest subband andL ~518 nm! is the
InAs layer thickness.27 The InAs band gap energyEg
5360 meV is used. Then,

m* ~E!50.035 m0 ~no barrier!

;0.040 m0 ~3.6-nm AlSb!

is obtained, the value of which depends on the electron d
sity estimated in Table I. The measured effective masses
larger than the calculated ones. A lot of factors make
effective mass larger: an effective electron layer thickn
smaller thanL due to the band bending, band hybridizatio
strain for the lattice mismatch, and penetration of the el
tron wave function to the barriers.18,19,21,28,29In our experi-
ments, the effective mass became larger with decrea

-
r-

e
the
re-
at

FIG. 9. FIR absorption spectra in InAs/AlSb/GaSb heterostr
tures. Absorption peaks around 3.9 T is due to electron CR. Up
1.8-nm barrier~excluding the no-barrier sample!, oscillating behav-
ior in the CR peak due to the short-range scattering was obser
For the 3.6-nm-barrier sample, a sharp CR peak without oscilla
was observed.
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AlSb barrier thickness, suggesting the important role of
band hybridization effect on the enhanced nonparabolicity
the conduction band.

For thin-barrier samples of up to 1.8 nm~excluding the
no-barrier sample!, oscillating behavior was observed in th
CR absorption peak. In these samples, the electron and
bands are weakly hybridized, so we classified them
weakly hybridized. The oscillation does not appear for
3.6-nm-barrier sample . To investigate the origin of the
cillation in the CR absorption peak, FIR absorption spec
with a different wavelength were measured. Figure 10 sho
the FIR absorption spectra for the 0.3-nm-barrier sam
with 163- and 119-mm radiations.Rxx without radiation is
also plotted. The oscillation on the CR absorption peak
consistent with the SdH oscillation inRxx and turns over at
the center of the absorption peak. This phenomenon
known as short-range scattering and observed in Si-inver
structures.30,31 Vasilyev et al. observed similar oscillation in
GaSb/InAs/GaSb quantum wells.22 They concluded that the
scattering is caused by the potential coming from the in
face roughness, although they mentioned the possibility
it is caused by the screened hole potential. In our case, h
ever, the oscillation was observed for samples with up t
1.8-nm barrier and not observed for that with the 3.6-
barrier. The conditions of the interfaces are almost the sa
for the 1.8-nm- and 3.6-nm-barrier samples. Therefore,
can neglect interface roughness as the origin of the osc
tory behavior. The most plausible explanation is elect
scattering by hole potential. The Fermi wavelength of
electron withn.1431015 m22 is 21 nm and the average
hole separation withp.531015 m22 is 14 nm. The match-
ing between electron wavelength and hole separation ind
strong electron scattering due to a potential fluctuation or
nating from holes. This scattering may be enhanced when
electron wave is pushed to the hole potential, i.e., the ove
between electron and hole wavefunctions is large. As m
tioned earlier, the results of the magnetoresistance meas
ments when the magnetic field was applied parallel or p
pendicular to the surface show little electron-hole coupl

FIG. 10. FIR absorption spectra of the 0.3-nm-AlSb barr
sample radiating different FIR lines.Rxx is also plotted. The oscil-
lation period in the CR absorption peaks is consistent with the
tegernes in the SdH oscillation and the oscillation turns over at
peak center.
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for the 3.6-nm-barrier sample, suggesting small scattering
the hole potential. There was also no oscillation in the C
absorption peak for the no-barrier sample, classified as
strongly hybridized system. Although the reason is not cle
there are several possibilities. In the no-barrier sample,
coupling between electrons and holes is very strong
there appears a large minigap. Such band hybridization m
make the oscillation broader. Carriers in the system may
be treatable under the concept of electrons and holes
longer. In addition, removal of the AlSb barrier makes a lar
difference in the interface characteristics. Both electron a
hole densities decrease and the mobilities also decrease
SdH oscillation is not well resolved for the no-barrier samp
@in Fig. 5~a!#. Therefore, it is also expected that the imperfe
Landau-level splitting makes the oscillation less clear.

IV. CONCLUSIONS

We made asymmetric InAs/GaSb and InAs/AlSb/Ga
heterostructures sandwiched by AlGaSb layers grown
MBE and measured the magnetoresistance and CR abs
tion. For the InAs/GaSb heterostructures, a clear parti
compensated QHE that is the same as that reported for G
InAs/GaSb quantum wells was observed. By varying ea
layer thickness, the energy positions of the conduction b
and the valence band can be controlled independently.
transport characteristics change from those of the hybridi
system to those of the two-dimensional electron system.
the InAs/AlSb/GaSb heterostructures, the strength of the
bridization is controlled by the AlSb barrier thickness. T
system is classified as strongly hybridized, weakly hybr
ized, or a electron-hole-independent systems. In the inde
dent system for samples with an AlSb barrier more th
2-nm thick, all experimental results show the carriers mo
independently without the hybridization effect. The magn
toresistance measurement with the magnetic field paralle
the surface shows no minigap. In the CR measuremen
sharp absorption peak coming from the electron CR was
served. In the strongly hybridized system for the sam
without an AlSb barrier, the transport properties show
characteristics of the hybridized system. A partially compe
sated QHE was observed, and a large maximum in the m
netoresistance with the magnetic field parallel to the surf
was observed. A broad absorption peak due to the elec
cyclotron resonance was observed. In the weakly hybridi
system for samples with a thin AlSb barrier, the characte
tics of the hybridized system shown in the magne
resistance measurements are conserved. In the CR mea
ments, the Shubnikov–de Haas–like oscillation due to
short-range-scattering by the hole potential was observe
the electron CR absorption peak.
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