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Transport properties in asymmetric InAs/AISb/GaSb electron-hole hybridized systems

Kyoichi Suzuki
NTT Basic Research Laboratories, NTT Corporation, 3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa, 243-0198 Japan

Sen Miyashita
NTT Advance Technology Corporation, 3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa, 243-0198 Japan

Yoshiro Hirayama
NTT Basic Research Laboratories, NTT Corporation, 3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa, 243-0198 Japan
and CREST-JST, Kawaguchi-shi, Saitama, 331-0012 Japan
(Received 25 July 2002; revised manuscript received 17 January 2003; published 15 May 2003

Transport properties in asymmetric InAs/GaSh and InAs/AISb/GaSh heterostructures sandwiched by Al-
GaSh 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/AISb/GaSb
structures, we tried to control the hybridization strength by varying the AISb barrier thickness. Magnetoresis-
tance measurements, in which the magnetic field was applied perpendicular and parallel to the surface, and
cyclotron resonancéCR) 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.
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[. INTRODUCTION has not been clarified yet. Recently, in the case of an almost
equal number of electrons and holes, zero-Hall resistance
In InAs/GaSb heterostructures with an appropriate layewas observed when, and v, became the same integérs®®
thickness, the conduction band in the InAs and the valenc&/hen the magnetic field is applied parallel to the surface, the
band in the GaSb overlap. When the Fermi level lies in theconduction and the valence band separate from each other in
overlap region, electrons in the InAs and holes in the GaSl space and the transition from the hybridized band structure
coexist proximately. This system is of great interest withto the truly semimetallic band structure can be obseréd.
respect to the electron-hole band hybridization and Coulomin addition to the magnetoresistance measurements, cyclo-
interaction. Hybridization of the conduction band and thetron resonancéCR) measurements have been performed and
valence band makes a minigap at the crossing point due tsome characteristics have been discussed in connection with
the interband mixing,so the system is called the hybridized the hybridized band structuré%:?*
system. The InAs/GaSb system is also expected to exhibit These phenomena should strongly depend on the electron-
unique physics theoretically, such as an excitonic insulatohole hybridization. It is important to control the hybridiza-
phase, Bose-Einstein condensation of excitons, and superfltion strength to investigate the hybridized system in more
idity of carriers in semiconductofs® A large number of detail and realize the new physics phenomena mentioned
theoretical and experimental studies have been performed above. The most suitable way to do this is to insert an AlSb
this system over the past two decades.In addition to the  barrier layer between the InAs and the GaSb layers. The
physics interests, InAs/GaSh systems are expected to haydSbh layer acts as a barrier for both the InAs conduction
important device applications such as interband tunneband and the GaSb valence band. However, few about the
diodes and midinfrared optical devicé&:A lot of remark-  experimental results on the transport properties in InAs/
able characteristics, different from those of simple two-AlSb/GaSh structures have been repoftetf. One of the
dimensional electron or hole systems, have been observegbasons seems to be difficulty in treating an aluminum source
Regarding the magnetotransport properties observed so fan a metal-organic vapor-phase-epita@ylOVPE) system,
the most remarkable feature is the partially compensatedithough MOVPE system enables us to supply high-quality
quantum Hall effectQHE).1>"*>When the Landau-level fill- InAs/GaSb heterostructures.
ing factors of electrons and holeg(and v,) are integers In most previous experimental reports on hybridized sys-
simultaneously, the longitudinal resistancB,{) becomes tem, an InAs layer is sandwiched by GaSb layérd®Such
zero, and the Hall resistanceRy,) is quantized by symmetric structures have some advantages in that the sym-
the difference in the Landau-level filling factorR,,  metric potential profile makes the band calculation simpler
=h/e?|ve— vy|.12 However, the principle of the unique QHE and the electron density can be reduced to the point where it
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is almost equal to the hole density. However, symmetric 5-nm GaSb
structures also have some disadvantages. There remains the 25-nm AlGaSb
possibility that two GaSb layers with unequal hole densities ?Xi‘ssb)

make the properties complicated. In terms of the crystal GaSb

growth mechanism, growing an InAs layer on a GaSb layer 50-nm AlGaSb

and growing a GaSb layer on an InAs layer are quite differ- 10-period GaSb/AISb SL
ent. Moreover, interface effect caused by the insertion of thin 500-nm AlGaSb

AlISb layers on both sides of the InAs layer makes the prop- ]

erties more complicated. In addition, considering device ap- 2(1)8:53"2'1‘8(;331’/“51’ SL
plications, ap-n-p structure is not suitable for the devices 100-nm GaAs

with a p-n junction. In contrast, for asymmetric structures, SI GaAs Substrate

such as InAs/GaSb structures sandwiched by AlGaSb layers,
holes are definitely confined in one GaSb layer. By varying FIG. 1. A schematic of the sample structure. The IMAEb)/
the thickness of each layer, the electron and hole confing=aSh structure is sandwiched byAG ;Sb barriers. All layers
ment energies can be controlled independently. The freedo@® un_doped. The interfaces on the both sides of the InAs layer are
of the band design is expanded, including the modulatiodnSP like.
doping to the AlGaSb layers. In addition, the structures are
applicable top-n, and optical devices. tures, two series of samples were made. In one, samples have
We adopted asymmetric InA#ISb)/GaSb structures 18-nm wide InAs with GaSb ranging from 12- to 24-nm. In
grown by molecular beam epitaXBE) to investigate the the other, they have 18-nm GaSb with InAs ranging from 12-
dependence of the transport properties on the electron-hot@ 30-nm wide. For InAs/AISb/GaSb structures, the AlSb
coupling strengti° In first half of this paper, we present the barrier thickness was varied from 0.3 to 3.6 nm for the
transport properties in asymmetric InAs/GaSb structures id8-nm InAs layer and the 18-nm GaSb layer. When the con-
which each layer has different thickness. In the latter part, wéinement energy is ignored, the overlap of the InAs conduc-
present variations on the transport properties in asymmetrigon band and the GaSb valence band is 0.15 eV. And the size
InAs/AISb/GaSh structures with a different AISb thickness.quantization in the InAs and the GaSb quantum wells re-
The magnetoresistance measurements with the magnetitices the band overlap. In principle, due to the electron
field applied parallel and perpendicular to the surface and thi#ansfer from the GaSb to InAs, the electron density in the
cyclotron resonancéCR) measurements were performed. INAs should be equal to the hole density in the GaSb. In that
We discuss the critical point of the transition from the hy-case, the Fermi level lies in the minigap and the system
bridized system to the electron-hole-independent system. Adecomes an insulator. However, in reality, due to the surface
cording to the absorption peak shapes in the CR measur@otential and the interface defects in the structure, the Fermi
ments, the hybridized system can be further classified al¢vel is raised. As a result, the electron density in the InAs is
strongly hybridized or weakly hybridized. Only in the much higher than the hole density in the GaSb.
weakly hybridized system was the Shubnikov—de Haas— The transport properties were measured in a cryostat at
(SdH-) like oscillation observed in the electron CR absorp-1.6 K with a superconducting magnet of up to 15 T. Hall bar
tion peak. We also discuss the origin of the oscillation. ~ structures with a width of 5@m and a voltage probe inter-
val of 180 um were used for the transport measurement. For
the magnetoresistance measurement and the two terminal re-
IIl. SAMPLES AND EXPERIMENTAL PROCEDURES sistance measurement. The current wasAldc. No signifi-

InAs/(AISb)/GaSh structures with various electron-hole €8Nt changes were observed between the dc measurements
coupling were grown by MBE. In the MBE method, AlSb and the ac lock-in measurements. For the CR measurements,

can be grown to one-atomic-layer accuracy. The main struc-
tures, INAs(AISb)/GaSb, are sandwiched between AlGaSbh nAs (AISH) Gagp
barriers.

A schematic of the sample structure is shown in Fig. 1.
First, a GaAs buffer layer was grown on a semi-insulating
GaAs substrate. Next, a 200-nm AlISb layer, 10 periods of
25-nm GaSb/ 25-nm AISb superlattice, a 500-nm
Alg /Ga 5Sb layer, 10 periods of 25 nm-GaSh/ 25 nm-AISb
superlattice, and a 50 nm-/Ga, ;Sb layer were grown.
Then, a GaSb layer, an AlSb barrier layar the case of the
InAs/AISb/GaSh structuresand an InAs layer were grown

successively. Finally, a 25-nm fGa, sSb layer and a 5-nm FIG. 2. A schematic energy band diagram of the samples. The
GasSb cap layer were grown. All layers were nominally un-gverlap of the conduction band in the InAs and the valence band in
doped. The interface on the both sides of the InAs layer waghe GaSb is 0.15 eV. Due to the surface and the interface effects,
controlled so that it would be InSb-liké. electrons confined in the InAs layer have larger density than holes
The schematic energy band diagram of INfA$8b)/GaSb  in the GaSb layer. The correlation strength between the electrons
heterostructures is shown in Fig. 2. For InAs/GaSb strucand holes is controlled by the thickness of the AISb barrier.
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FIG. 4. Electron and hole densities as a function of InAs or
GasSb layer thicknesg$a) GaSb thickness is fixed at 18 niib) InAs
thickness is fixed at 18 nm. When the InAs layer or the GaSb layer
thickness is decreased, the system becomes the single-carrier sys-
tem, due to the enhancement of the confinement energy.
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oscillation inRy, givesn=11.4x 10'> m~2. At 10 T, where

ve=4, R,, becomes zero, but the plateauRp, is quantized
by the total filling factorv=3. Thereforep,=1 is expected
at the field*? Using the above electron density, accurately
estimated from the SdH oscillation, and the hole density
FIG. 3. Typical results of the magnetoresistance measurement irnoughly e_stl_mat_ed from the quan_tlze_d Hall plateau, the
InAs/GaSb samples when the magnetic field was applied perpenqlassm.:al fitting in the low magnetic ﬂe.lt.j. was performed
dicular to the surface. By changing each layer thickness, the systeﬁ‘? estimate the electron and hole ,mOb'“t'eS' and obtain a
can change from the single-carrier system and the hybridized sy§pore accurate h05Ie 9?”3%":” this sa_r?pl_el, the results
tem. QHE’s show clear characteristics of the single-cariééec- &€ 5r1=}21.4x 10" m~2, 71:“5214-6 nt'v °S p=3.8
tron) system(a) (InAs:12nm/GasSh:18 nipwhereR,, is quantized ~ * 10°m » r=0.4 nt v 'S7, wherep is the hole den-
by ve, and the hybridized systetb) (InAs:18 nm/GaSb:30 njm  Sity anduy, is the hole mobility.
whereR,, is quantized by ve— vy|. In the above estimation, the premise is existence of holes
and electrons. The outer circlelike orbit on the Fermi surface,
absorption spectra of far-infrard&IR) laser emissions from Mainly coming from the InAs conduction band, is regarded
methanol in a cavity pumped by a G@ser were measured @S @n electron orbit and the inner warped orbit, mainly com-
as a function of the magnetic field. A Putley-type InSb FIRING from the GaSb valence band, is regarded as a hole orbit
detector was used. [at the crossing point on the Fermi level in Figag. When
the Fermi level lies much higher than the minigapr casg,
carriers behave as those in the original conduction and va-
Ill. RESULTS AND DISCUSSION lence bands. If we consider the hybridization effect, the ef-
A. InAs/GaSh heterostructures fect s_houI(_JI _be included in tr_le mobilities estimated from_the
' classical fitting. If the Fermi level approached to the mini-
First, we discuss the experimental results obtained fogap, a strong hybridization effect on the densities and mo-
InAs/GaSh heterostructures. The overlap between condudilities would be expected.
tion and valence bands was modified by the quantum-well Figure 4 shows electron and hole densities obtained for
thickness through the size quantization effect. Figure 3nAs/GaSb systems when the GaSb layer thickness was fixed
shows typical magnetoresistance characteristics measured fiar 18 nm and the InAs layer thickness was changgdnd
InAs/GaSh samples. The magnetic field was applied perpervice versa(b). The Fermi level was assumed to be pinned at
dicular to the surface. For the sample with 12-nm InAs anda certain potential by the interface states at the InAs/AlGaSh
18-nm GasSb layers, the QHE clearly shows the characterisnterface. As the InAs thickness increases, the confinement
tics of the single carriefelectron system[Fig. 3@]. The energy of electrons decreases. Therefore, the conduction
plateaus inR,, are quantized by/e?v,, andR,, becomes band bottom becomes much lower and the electron density
zero in the high magnetic field region wheg(=nh/eB) is  increases. In the macroscopic view, the total charge should
an integer, whera is the electron density. The estimated be neutral. As the electron density increases, the hole density
and the electron mobility £,) are 5.9%10"°m 2 and should also increase due to the Coulomb attraction. How-
3.0 n?V s ! respectively. For a sample with 18-nm InAs ever, the change of the charge balance at the InAs/GaSh
and 30-nm GasSb layers, the QHE shows the characteristidaterface, which contains defects and other problems, pre-
of the hybridized systerfFig. 3(b)]. The electron mobility is  vents holes increasing. As a result, the gain of the holes is
much larger than the hole mobility and the electron densityless than that of the electrons. The hole density decreases in
is larger than the hole density. TherefolR,, is mainly the samples having InAs more than 24-nm wide. Although
governed by the electrons. The Shubnikov—de H&xiH)  the reason for this is not clear, a complex carrier balance,

B (T)

195319-3



KYOICHI SUZUKI, SEN MIYASHITA, AND YOSHIRO HIRAYAMA PHYSICAL REVIEW B 67, 195319(2003

TABLE |. Electron and hole densities and mobilities of InAs/AISb/GaSb samples. The thickness of the
InAs layer and the GaSbh layer is 18 nm. The AISb layer thickness is changed.

Sample  AISb thicknesgim) n(x10°m™2) u(m?V sl p(x10®°m2) u,(m?V-is?

AO 0 9.5 11 1.6 0.4
Al 0.3 125 11 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 11
A5 3.6 14.5 12.0 6.8 11

including band bending, might be induced. In the case of Figminimum andR,, is situated ah/3e?, wherev,=6 andvy,

4(b), the Fermi level is also pinned at the InAs/AlGaShb in- =3. However, for the sample with a 3.6 nm barrier, a two-
terface. As the GaSb layer thickness increases, the confindimensional electron systemlike periodic oscillation and a
ment becomes smaller. Therefore, the hole density increasdarge oscillation inR,, synchronized by th&,, oscillation

The carrier balance change at the InAs/GaSb interface canvere observed. When the thick AISb barrier is inserted, the
cels this hole density increase out so that the electron densiglectrons and the holes are separated from each other and
is kept almost constant. In both series, the holes are

quenched when the InAs or the GaSb layer becomes thinner. 15 15

Halvorsenet al. calculated the energies of AlSb/InAs/GaSh/ (@) 5

AISb structures? However, a precise comparison between InAs /GaSb h/2e ny_
experiments and calculation is difficult because of the differ- 1018 rm /18 nm 1o
ence in layer parameters and, moreover, because the impor- ;c?
tant role of interface states is usually neglected in the calcu- e
lation. Here, we roughly compare experimental results with ~
the calculated energies in AISb/InAs/AISb and in AISb/
GaSb/AISb quantum welf® A comparison between the con-
duction band bottom of the AISb/InA&2 nm)/AISb quan-
tum well (E1) and the valence band top of the AISb/GaSb
(18 nm/AISb quantum well H1) reveals thaE1 lies higher
than H1. This indicates, the coexistence of electrons and

holes is broken. However, when we compare the AlSh/InAs I&Ansn/l‘?}s; iu?la/?g om Reo oor
(18 nm/AISb quantum well and the AlSb/GaSii2 nm/ 104 ' R0
AISb quantum well, we findE1 lies undeH1. Considering
the electron accumulation in the InAs, it is expected that the
Fermi-level goes abovedil. The transition between the )
hybridized system and the two-dimensional electron sys- el 8ATn 6
tem in our results almost agrees with the simple theoretical R Yvess
calculation. 0 ————T—T—T——71+0

(b)

R,y (k@)

15 15
B. InAs/AISb/GaSb heterostructures ©

To measure the effect of the AISb barrier insertion, we InAs /AISb /GaSb
18 nm /3.6 nm /18 nm

selected INAY18 nm)/GaSh(18 nm as the starting sample 10+ Ry 10
and varied the AISb barrier layer. The electron and hole den-
sities and mobilities of InAs/AISb/GaSb samples, estimated
from the magnetoresistance characteristics in a high field and
the classical fits in a low field, are shown in Table I. Figures

5(a)—5(c) show the typical results of the magnetoresistance N VeT R
measurements for the samples with 0-, 1.8-, and 3.6-nm AlSb 0 ——r 40
barrier layers, respectively. The characteristics of the hybrid- 0 2 4 6 38 10 12 14
ized system are conserved, when the AISb barrier is up to 1.8 B (T)

nm. When both electron and hole Landau-level filling factors i 5. Typical results of the magnetoresistance measurements

are close to integers, the great minimaRp, and the pla- iy |nAs/AISb/GaSb heterostructure&@) Without an AlSb barrier,
teaulike structures iR, quantized by the integéwe—vh|  (b) 1.8-nm AISb barrier(c) 3.6-nm AISb barrier. For a barrier of up
were observed. For example, in Figiah there is a great to a 1.8 nm, the hybridized system is conserved, i.e.; great minima
minimum in R,, and R,, situates aroundh/3e® at 9.8 T,  were observed iR,, (arrowed andRy, is almost totally quantized
wherev,=4 andv,=1. In Fig. 5b), at 10.2 T,R,, has a by |v.— v, when bothv, and v, become integers.

Ryx (kQ)
Ry (k)
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FIG. 6. Schematic diagram of electron and hole dispersion rela- A(meV)
tions in hybridized band structures without a magnetic fieJdand _ _ ) - _
with a magnetic field parallel to the surfat®. In the hybridized FIG. 7. Simulated resistance maximum peak positions in the

system, minigaps appear at the crossing points of the conductiomagnetic field as a function of the coupling enetgyelated to the
band and the valence band. When the parallel magnetic field iglinigap size. The upper inset shows the typical simulated resistance
applied, the conduction band and the valence band separate. Whehanges withA =18 meV. A magnetic field applied in th®10]
the minigap goes through the Fermi-level, a resistance maximum igirection is assumed. The lower inset shows the discrepancy be-
expected. tweenA (the energy difference at the crossing point of the bands in
k space and the real minigap sizéhe energy difference between

behave |ndependent|y |t |S expected that the System |S n@e minimum in the upper band and the maximum in the lower band
longer the hybridized system, but the electron-hole-n the[110] direction). When the original_ conduction band is steep
independent system instead. When the electron and the hof@d the valence band is gradual, the discrepancy becomes large.
QHEs occur simultaneously and independently, the differ- ) )
ence of the Hall voltages causes current to flow along th@figinal conduction and the valence bandskispace. For
transverse direction. ThereforR,, diverges from zero resis- the valence band, dispersion parameters of bulk material
tance due to the Hall conductance matrix elemen), and were used. Other parameters were est|mateq as for the no-
R, is affected repeatedly. barrier sample, where the electron effectlve_ mass

In addition to the magnetoresistance measurements iy 0-0481o, as eyaluated by the CR measuren(eirﬂ;cussed
which the magnetic field was applied perpendicular to thd2e, the Fermi energy from the conduction band bottom

o .
surface, we measured the two-terminal resistance, applyingr=47-4 meV, and the Fermi-energy from the valence band

the magnetic field parallel to the surface. Using this measurd®P Ef=2.1 meV. The(z) was set to 18 nm, which is the
ment, the existence of the minigaps was confirmed. Figure @istance between centers of the InAs layer and the GaSb
shows schematic diagrams of the dispersion relations withod@yer. The temperature was set to 4.2 K considering an ad-
a magnetic fielda and with a parallel magnetic fielth). ~ equate broadening. In the case of smiglithe peak positions
When the barrier is thin enough, the conduction band and thare identified as the crossing points of the original conduc-
valence band are hybridized and the minigaps appear at tH#®n and valance bands. With increasig the peak shifts
crossing points. Without a magnetic field, the Fermi level liesower in the magnetic field. In the case of larde the
above the minigaps because there are many more electrofgsistance has a maximum at OT and the peak changes to a
than holegFig. 6(@)]. Applying the magnetic field) in ~ shoulder near O T. _ o _ _
the [010] direction, the conduction band and the valence Taking the results of the simulation into consideration, we
band separate. The relative separation between tt#nig  discuss the experimental results. Figure 8 shows the experi-
given by mental results for each sample. The magnetic field is applied
to the[010] direction. For samples having thin barriers up to
eB(2) 1.8 nm the resistance has a maximum at a certain magnetic
P N field (arrows in Fig. 8. This shows the existence of the mini-
gaps. The thinner the barrier becomes, the lower in the mag-
where(z) is the distance between the average positions ofietic field the position of the maximum shifts. This is easily
the electrons and the holes in real space. At a certain magmderstood as the minigaps becoming larger with decreasing
netic field, a part of the minigaps goes through the Fermibarrier thickness. By comparing the simulation with the ex-
level, and a resistance maximum is expedteig. 6b)].1"?®  perimental result for the no-barrier samplejs estimated to
We simulated the minigap size dependence of the resistand® 18 meV. When the original conduction band is steep and
changes as a function of the magnetic field using the samghe valence band is gradual, the discrepancy dfom the
method used by Lakrimet al!” The upper inset in Fig. 7 minigap size becomes largsee the lower inset of Fig.)7
shows the typical simulated resistance witk- 17 meV, and  Considering this effect, the real minigap is expected to be
Fig. 7 shows the peak positions of the resistance maxima iabout half ofA. However, this value is still too large com-
the magnetic field as a function af deduced from the simu- pared with the reported valde.” Although the reason is not
lation, whereA is the coupling energy related to the minigap completely clear, this discrepancy can be explained to some
size and is the energy separation at the crossing point of thextent by taking into account the larger distance between

Sk, =
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FIG. 8. Two-terminal resistances in InAs/AISb/GaSb hetero-  F|G. 9. FIR absorption spectra in InAs/AISb/GaSb heterostruc-
structures. When the magnetic field is applied parallel to the surtyres. Absorption peaks around 3.9 T is due to electron CR. Up to a
face, the[OlO] direction. For up to a 1.8-nm barrier, the reSiStance]_.S_nm barrie(exduding the no-barrier Samp]msci”aﬂng behav-
maxima were observetarrows, suggesting the existence of the jor in the CR peak due to the short-range scattering was observed.
minigap. For the 3.6-nm barrier sample, the resistance is littleror the 3.6-nm-barrier sample, a sharp CR peak without oscillation
changed. The measured two-terminal resistances is affected by thgs observed.
contact resistance of the Ohmic contacts and deviates from the re-
sistance value estimated from the carrier densities and mobilities @nich is the thickness range where the partially compensated
B=0. quantum-Hall effect also disappedfg. 5.

The transition between the hybridized system and the in-
electrons and hole.Compared with other samples, the no- dependent system also appears in the CR measurements. Fig-
barrier sample has many more electrons than holes. Thigre 9 shows the FIR absorption spectra as a function of the
means that the charge transfer from the GaSb layer to th@agnetic field. The radiated laser wavelength was A&®
InAs layer is small and electrons are mainly provided fromAbsorption peaks around 3.9 T are due to the electron cyclo-
the neighboring AIGaSh barrier and the InAs/AlGaSb inter-tron resonance. The effective massg) estimated from the
face defects. As a result, ionized donors at the interface atesults is 0.043n, (3.6-nm AISH ~0.048m, (no barriey.
tract electrons separating from holes. Theref@m, in the ~ The value for InAs bulk ) is 0.023m,. The large con-
experiment should be larger than 18 nm and the correspondlLiction band nonparabolicity due to the confinement makes
ing minigap should be smaller. Furthermore, the large anisotthe effective mass much larger. We roughly estimate energy
ropy of the valence band may affect the discrepancy, becausgiependence of the effective mdss* (E)], assuming an in-

E! is compatible with minigaps. finite InAs quantum well, as
Assuming the minigap size for the 1.8-nm barrier sample
close to zero and the first crossing at 7.7 T with the param- T E
e h m* (E)=mgl 1+ ,
eters for the 1.8-nm sample oEf=81.1 meV, Eg Eq

=7.2 meV, andn,=0.044m,, we obtain(z)=16 nm. This . ,
must be because the electrons and then<hgles are close to edliieTe E=Eot+EZ, Eo(=h?m?/2my,L?) is the confine-
other due to the Coulomb attraction. These experimental rdl'€nt energy of the lowest subband and=18 nm is the
sults show that thez) value changes from 16 to 30 nm MAS layer thicknes8! The InAs band gap energfg
depending on the charge balance between electrons, holes 360 MeV is used. Then,
and interface charges. The effect of the AISb barrier thick- e .
ness is less important because the barrier thickness is much m*(E)=0.035 m, (no barriey
smaller than the thickness of the InAs and GaSb layers. ~0.040 m, (3.6-nm AISh

In contrast with the thin-barrier samples, the sample with
a 3.6-nm barrier shows little resistance change. The resiss obtained, the value of which depends on the electron den-
tance simply increases as a function of the magnetic fieldsity estimated in Table |. The measured effective masses are
though the electron and the hole densities are almost thiarger than the calculated ones. A lot of factors make the
same as those of the sample with a 1.8-nm barrier. Thigffective mass larger: an effective electron layer thickness
means there is no band hybridization and that the conductiosmaller tharl due to the band bending, band hybridization,
band in the InAs and the valence band in the GaSb exisstrain for the lattice mismatch, and penetration of the elec-
independently. It is noteworthy that the band hybridizationtron wave function to the barriet&1%21229n our experi-
disappears at AlSb barrier thickness between 1.8 and 3.6 nmments, the effective mass became larger with decreasing
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10 for the 3.6-nm-barrier sample, suggesting small scattering by
the hole potential. There was also no oscillation in the CR
absorption peak for the no-barrier sample, classified as the
strongly hybridized system. Although the reason is not clear,
there are several possibilities. In the no-barrier sample, the
coupling between electrons and holes is very strong and
: there appears a large minigap. Such band hybridization may
i '1'2 N vt make the oscillation broader. Carriers in the system may not
TaAS/ALSh/GaSb be treatable under the concept of electrons and holes any
. 18 n0y0.3 nmy/18 om_| longer. In addition, removal of the AISb barrier makes a large
0 2 4 6 8 difference in the interface characteristics. Both electron and
B hole densities decrease and the mobilities also decrease. The
FIG. 10. FIR absorption spectra of the 0.3-nm-AlSb barrierS_dH.osciIIation is not wellllresolved for the no-barrigr sample
sample radiating different FIR line®,, is also plotted. The oscil- LN Fig. S@]. Therefore, it is also expected that the imperfect
lation period in the CR absorption peaks is consistent with the in-@ndau-level splitting makes the oscillation less clear.
tegerv,s in the SdH oscillation and the oscillation turns over at the
peak center. IV. CONCLUSIONS

AISb barrier thickness, suggesting the important role of then‘ We made asymmetric InAs/GaSb and INAS/AISb/GaSb

A . eterostructures sandwiched by AlGaSb layers grown by
band hybrld!zatlon effect on the enhanced nonparabolicity o BE and measured the magnetoresistance and CR absorp-
the conduction band.

For thin-barrier samples of up to 1.8 nfaxcluding the tion. For the InAs/GaSb heterostructures, a clear partially

barri e ilating behavi b din th compensated QHE that is the same as that reported for GaSh/
No-barrier sample osciliating behavior was observed in the IlnAs/GaSb quantum wells was observed. By varying each

ER gbsorption plflak'hmbth dese dsamples, thle eli_ctrdonﬂ?nd hOIgyer thickness, the energy positions of the conduction band
ands are weaxly hybridized, So we classilie €M 33nd the valence band can be controlled independently. The

\év%akly Bybr_ldlzed. Tlhe 9I_SC'.”at'0? d(:esthnot "?‘F’Peafr tfr?r thetransport characteristics change from those of the hybridized
-6-nm-barrier sample . 10 investigate the origin ot the OS'system to those of the two-dimensional electron system. For
cillation in the CR absorption peak, FIR absorption spectr

with a different wavelength were measured. Figure 10 showqh-e _InAg/AI_Sb/GaSb heterostructures, the_ strer_lgth of the hy-
the FIR ab i tra. for the 0.3- ) “barri IBr|d|zat|on is controlled by the AISb barrier thickness. The
© absorption spectra for the ©.s-nm-barrier samp eSystem is classified as strongly hybridized, weakly hybrid-
with 163- and 119"”“. raQ|at|ons.RXX without rad!atlon IS .ized, or a electron-hole-independent systems. In the indepen-
also _pIotted._The osmllatmn_on_the CR absorption peak IYent system for samples with an AISb barrier more than
consistent with the SdH 03(_:|Ilat|on Ryx af_‘d ums over at - 5 thick, all experimental results show the carriers move
the center of the absorption peak. This phenomenon Iﬁwdependently without the hybridization effect. The magne-

known as 32?”‘“”.‘”99 scattering and ot_)sgrved In SHINVErSiof osistance measurement with the magnetic field parallel to
structures®3! Vasilyev et al. observed similar oscillation in the surface shows no minigap. In the CR measurement, a

GaSb/InAs/Gasb quantum weffsThey concluded that the sharp absorption peak coming from the electron CR was ob-

scattering is caused by the potential coming from the inter'served. In the strongly hybridized system for the sample

_fa_ce roughness, although they mentiongd the possibility th‘%ithout an AISb barrier, the transport properties show the
itis caused by the screened hole potential. In our case, NOVy, o reristics of the hybridized system. A partially compen-
ever, the oscillation was observed for samples with up to 2ated QHE was observed, and a large maximum in the mag-
1-8‘9”‘ barrier anq not ObSGTVGd for that with the 3:6-NMyqtoresistance with the magnetic field parallel to the surface
barrier. The conditions of the interfaces are almost the sa as observed. A broad absorption peak due to the electron
for the 1.8-nm- and 3.6-nm-barrier samples. Therefore, W&yclotron resonance was observed. In the weakly hybridized

can neglect interface roughness as the origin of the OSCiIIas'ystem for samples with a thin AISb barrier, the characteris-

tory behavior. The most plausible explanation is electrorhcs of the hybridized system shown in the magneto-

s?at:ermg tt)ﬁ/ Eollixpféfyt'a_l'z '_I'h; 1Ferm| m&a;:alength of :nresistance measurements are conserved. In the CR measure-
electron withn= m "~ 1S nm an e average ments, the Shubnikov—de Haas-like oscillation due to the

. ar 5 =2 - - ; i
hole separation witjp=5x10""m"? is 14 nm. The .mat.ch short-range-scattering by the hole potential was observed in
ing between electron wavelength and hole separation mduce:ﬁe electron CR absorption peak

strong electron scattering due to a potential fluctuation origi-
nating from holes. This scattering may be enhanced when the
electron wave is pushed to the hole potential, i.e., the overlap
between electron and hole wavefunctions is large. As men- We thank Dr. Takaaki Mukai for his encouragement
tioned earlier, the results of the magnetoresistance measurgrroughout this work. This work was partly supported by the
ments when the magnetic field was applied parallel or perNEDO International Joint Research Programs “NTDP-98”
pendicular to the surface show little electron-hole couplingand “Nano-elasticity.”
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Ryx (k)

Transmission In(T/Tp) (arb. units)
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