
PHYSICAL REVIEW B 15 FEBRUARY 1997-IIVOLUME 55, NUMBER 8
Effects of band offset and nonparabolicity on the effective mass of two-dimensional electron
gases in modulation-d-doped Ga0.47In0.53As-based heterostructures
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We present an investigation of electronic and optical properties of two-dimensional electron gases confined
in modulation-d-doped Ga0.47In0.53As-based heterostructures by Shubnikov–de Haas measurement and opti-
cally detected cyclotron resonance~ODCR!. Quantum oscillations clearly show the occupation of the first two
subbands. The values of the effective masses obtained from ODCR measurements are considerably higher than
the bulk data by 20–50 %. The theoretical prediction of the effect of nonparabolicity is insufficient to explain
the experimental results. By choosing heterostructures with a very large difference in the conduction-band
offset, we clearly show that this discrepancy can be attributed to the effect of wave-function penetration into
the barrier material.@S0163-1829~97!02608-8#
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The value of effective mass is a very important parame
in the determination of semiconductor properties, such
mobility, transport properties, electronic states, and opt
transitions. InxGa12xAs-based quantum structures are
great interest for applications in high-speed electronic
optoelectronic devices. To date, the realization of high tw
dimensional carrier concentration in this material system
been reported.1–4 The effective mass used in the calculati
of various transport properties of such structures is often
proximated by the corresponding value for bulk materia1

However, this assumption becomes less valid with increas
Fermi energy. It is known, for instance, that the in-pla
effective masses are expected to exceed the bulk values
siderably due to the increasing effect of band nonparaboli
at higher Fermi energy.5,6 The experimental verification o
these effects is of great importance. Even though sev
reports have been devoted to the study of this problem,
effective mass including nonparabolic correction is alwa
less than the experimental result.7–11 It has been pointed ou
that this discrepancy can be attributed to the effect of
wave-function penetration into the barrier;9,11 however, there
is still no clear evidence to demonstrate the penetration
fect. In this paper we present direct measurements of
in-plane effective mass of the two-subband occupied elec
gas in modulation-d-doped Ga12xInxAs-based heterostruc
tures with a very large difference of conduction-band off
by using far-infrared~FIR! optically detected cyclotron reso
nance~ODCR!. We are able to directly resolve the contrib
tion of band nonparabolicity and the wave-function pene
tion into the barrier to the enhanced effective masses.

The modulation-d-doped In0.53Ga0.47As heterostructures
studied in this work were grown by molecular beam epita
on semi-insulating Fe-doped InP substrates. One consis
350 nm of In0.52Al0.48As, 50 nm of In0.53Ga0.47As quantum
well layer, 36 nm of In0.52Al0.48As, capped by 5 nm of GaAs
The other is 80 nm of AlAs0.56Sb0.44, 50 nm of
In0.53Ga0.47As, and 26 nm of AlAs0.56Sb0.44. In addition, a
220-nm In0.52Al0.48As buffer layer was added on the botto
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and another 12.5-nm In0.52Al0.48As layer was placed on the
top before the GaAs cap. The silicond-doped layer is 6 nm
away from the In0.53Ga0.47As layer with a doping concentra
tion of about~3–4!31012 cm22 for both samples. Therefore
the InxGa12xAs heterostructures have the same well para
eters@e.g.,Nd5~3–4!31012 cm22, s56 nm, andLz550 nm#,
but have very different conduction-band offsets. For t
In0.52Al0.48As/In0.53Ga0.47As heterostructure, the conduction
band offset is DEc50.586 eV,12 and for the
AlAs0.56Sb0.44/In0.53Ga0.47As heretostructure, it has
DEc51.75 eV.13 In these two heterostructures, because o
one barrier of the quantum well is doped, the symme
square well turns into a triangular well due to band bend
at the interface. Thus most electrons transferred from
doped barrier are confined in the triangular well, and
undoped barrier hardly contributes to the confinement of
electrons.

The electronic properties of the studied heterostructu
were characterized by Shubnikov–de Haas~SdH! measure-
ments. This measurement can be used to determine the
vidual electron concentrations of a multiple carrier syste
Also, it can provide the evidence to show the occupation
two-dimensional electron gas~2DEG! in the first two sub-
bands in our studied samples, which is important for o
ODCR measurement. The SdH measurements of
InAlAs/InxGa12xAs and AlAsSb/InxGa12xAs heretostruc-
tures are shown in Figs. 1~a! and 1~b!, respectively. Each
spectrum clearly exhibits two oscillations corresponding
the occupation of the first and second subbands. From
fast Fourier transform spectrum, the electron concentrati
obtained in the InAlAs/InxGa12xAs heterostructure are 17.
and 3.631011 cm22 for the first and second subband, respe
tively. For the AlAsSb/InxGa12xAs heterostructure, the elec
tron concentrations of the first and second subbands are
and 6.531011 cm22, respectively. Using the effective mass
obtained from our ODCR measurements, the calcula
Fermi energies of the InAlAs/InxGa12xAs heterostructure are
EF0570 meV andEF1518 meV for the first and secon
5235 © 1997 The American Physical Society
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subband, respectively, whileEF05103 meV andEF1531
meV for the AlAsSb/InxGa12xAs heterostructure. In the cal-
culation of each Fermi energy, the assumption of a const
effective mass has been made. Because the band structur
the materials studied here are nonparabolic, one may exp
that the calculated values are higher than the actual Fe
energies. However, according to the previous reports
InxGa12xAs heterostructures,14,15 the calculated results are
consistent with the measured Fermi energies. We thus
lieve that the assumption of a constant effective mass is
ceptable.

The effective mass for each subband was determined
ODCR measurements. In an ODCR measurement, cyclot
resonance~CR! is detected by observing changes in phot
luminescence~PL! caused by cyclotron heating or cyclotron
induced impact ionization of bound carriers.16–18 Thus CR
detection can employ the advantages of using highly sen
tive optical detectors, and it can be studied in a thin epitax
layer. In our measurements, the PL signals were perform
using an Ar ion laser. The sample was placed in a 7-T s
perconducting magnet. The luminescence signal was d
persed by a 0.5-m monochromator and detected by a liqu
nitrogen-cooled Ge detector. For the ODCR experiment, t
sample was simultaneously irradiated by a CO2-pumped FIR
laser working at 118.8mm. The FIR radiation was guided by
mirrors to the sample and was modulated by a mechani
chopper. A detailed description of the apparatus has be
given elsewhere.19

The ODCR spectra of the same InAlAs/InxGa12xAs het-
erostructure have been reported in our recent publication20

Here, we will briefly summarize the result. It was found tha
the ODCR signal is structured by quantum oscillation

FIG. 1. The magnetoresistance (Rxx) plotted against the mag-
netic field~a! for the Al0.48In0.52As/Ga0.47In0.53As heterostructure at
4.2 K, ~b! for the AlAs0.56Sb0.44/In0.53Ga0.47As heterostructure at 5
K.
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which are induced by the crossing between the Landau le
of the 2DEG and the Fermi level. The spectrum contains t
sets of oscillations, corresponding to an occupation of
first two subbands. The electron concentrations dedu
from the period of 1/B are 19 and 4.731011 cm22 for the first
and second subbands, respectively, which are in good ag
ment with the SdH result. The ODCR spectrum can be fit
quite well by two classical Lorentzian functions, from whic
the CR fields can be determined. The effective masses
tained from the CR fields at 4.3 K are 0.060me60.001me
and 0.049me60.001me for the first and second subband, r
spectively. This result is consistent with the measuremen
conventional FIR Fourier transform CR experiment for
sample cut from the same wafer.21 To confirm that the car-
riers are two dimensional, a tilted angle experiment has b
performed, and it shows that the CR line shifted w
B cosu.21 The values of the effective masses obtained
considerably higher than the band-edge value
m*50.041me in the undoped bulk In0.53Ga0.47As material
measured under the same experimental condition.19

To interpret the enhancement of the effective masses,
first consider the effect of band nonoparabolicity. Quanti
tively, the fact that the effective mass of the first subband
heavier than that of the second subband can be unders
according to the concept of nonparabolicity. Figure 2 sho
the schematic diagram of the heterojunction triangular pot
tial profile and the wave functions of the first and seco
subbands. On the average, the electrons in the first sub
are closer to the interface and in turn effectively at high
energy from the band edge, thus they will have a more
hanced mass than the electrons in the second subband
quantitative evaluation of band nonparabolicity in a triang
lar well can be obtained according to Ando formulation,22

Dm* /m*5@114~^K& i1EFi !/Eg#
1/221, ~1!

where ^K& i and EFi are the kinetic energy and the Ferm
energy in thei th subband, respectively, and^K& i is given
approximately asEi /3 for the triangular well.Ei is the en-

FIG. 2. The schematic diagram of the electronic structure
wave functions of a triangular well.c0 and c1 are the envelope
wave functions of the first and second subbands, respectively.
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ergy of thei th subband, andEg is the energy gap. If we take
the values of the Fermi energiesEF0570 meV andEF1518
meV, from our SdH measurements,Eg50.81 eV,23 and the
minimum energy of the first subbandE0 is approximately
equal to 110 meV as calculated from the simple Hart
expression,7,24 the estimated effective masses are 0.051me

and 0.048me for the first and second subband, respective
If we take the carrier concentrations for the sample un
illumination obtained from the ODCR measurement or fro
our previous publication,25 the estimated effective masses f
the first and second subband are enhanced by a
0.0005me compared with the result for the sample witho
illumination. Thus the effect of illumination can be ne
glected. The fact that the effective mass of the first subb
is heavier than that of the second subband can be expla
quite well, however, the experimental value of the first su
band is significantly heavier than that of the theoretical p
diction. If we adapt the concept of the penetration of t
wave function into the barrier material, the significant dev
tion of the effective mass of the first subband from the n
parabolic correction can be understood according to the s
matic diagram shown in Fig. 2. Because the electrons in
first subband are closer to the interface their wave func
has a larger penetration into the barrier layer, and hence
will have a more enhanced mass than the electrons in
second subband. In order to confirm the important role of
wave-function penetration on the determination of the eff
tive mass, we perform the same experiments on a sim
structure, but the In0.52Al0.48As barrier layer is now replace
by an AlAs0.56Sb0.44 layer. This replacement will change th
conduction-band offset from 0.586 to 1.75 eV. Since
wave-function penetration into the barrier material decrea
with increasing barrier height, we shall expect that the lar
barrier height will result in a smaller enhanced effecti
mass under the condition of the same carrier concentrat

The near-band-edge photoluminescence spectrum of
AlAsSb/InxGa12xAs sample consists of a broad line locat
at 0.793 eV, which may be attributed to the unresolved c
tributions of free excitons, bound excitons, and/or donor-
free-hole recombinations.26,27 The FIR-induced PL chang
monitored at the peak energy as a function of magnetic fi
is shown in Fig. 3. Again, a strong ODCR signal is observ
but the quantum oscillations are much less pronounced
that in the InAlAs/InxGa12xAs heterostructure. It probabl
indicates that the InAlAs/InxGa12xAs heterostructure has
better sample quality. Figure 3 also shows the ODCR spe
at different temperatures, which clearly show that the rela
CR amplitude of the second subband to that of the first s
band increases with increasing temperature. Each CR s
trum can also be fitted quite well by two Lorentzian fun
tions. From the CR fields at 5 K, the obtained effecti
masses of the first subband and second subband
0.057me60.001me and 0.050me60.002me , respectively.
Using Eq.~1!, the theoretical values of the effective mass
including the effect of nonparabolicity for the first and se
ond subbands are 0.054me and 0.050me , respectively. These
values are in good agreement with the experimental res
Similar to the InAlAs/InxGa12xAs sample, we can also est
mate the effect of illumination. In a previous report,25 illu-
minating the AlAsSb/InxGa12xAs sample at 4.2 K, the car
rier concentrations increase from 26.8 to 30.131011 cm22
e
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and from 6.5 to 7.331011 cm22 for the first and second sub
band, respectively. Using the increased carrier concentrat
by illumination, the estimated effective masses can only
enhanced by 0.0008me and 0.0004me for the first and second
subband, respectively, when compared with the result for
sample without illumination. Thus, as in th
InAlAs/InxGa12xAs sample, the effect of illumination is
negligible. It is interesting to note that the carrier concent
tion of the AlAsSb/InxGa12xAs sample is higher than that o
the InAlAs/InxGa12xAs sample, thus according to the effec
of nonparabolicity or band filling, the former sample shou
have a more enhanced effective mass of the Fermi electr
which is in contrast with the experimental result for the fi
subband. However, this reversed behavior is consistent
the prediction of the effect of the wave-function penetrati
into the barrier material. Because the main difference
tween the InAlAs/InxGa12xAs and AlAsSb/InxGa12xAs het-
erostructures is that the latter sample has a much la
conduction-band offset, it has a much less enhanced effec
mass due to the effect of the wave-function penetration i
the barrier. We therefore can conclude that the enhan
effective masses of the 2DEG in the AlAsSb/InxGa12xAs
heterostructure studied here are mainly induced by the ef
of band nonparabolicity because of its large conduction-b
offset. The wave-function penetration into the barrier ma
rial does play a very important role in the determination
the effective mass for the InAlAs/InxGa12xAs heterostruc-
ture due to its small conduction-band offset.

In summary, we have attempted to resolve the origins
the enhancement of the effective mass in two-subband o
pied 2DEG systems. Using the ODCR technique, quite
ferent effective masses associated with the first and sec
subbands are obtained. It is found that even though the th
retical calculation including band nonparabolicity can a
count for the fact of the effective mass of the first subba
being heavier than that of the second subband, it fails
predict the large value of the first subband. This discrepa
is attributed to the effect of the wave-function penetrati
into the barrier material. We have clearly demonstrated
effect by performing the same experiments on heterost
tures having a very large difference of conduction-band o

FIG. 3. The ODCR spectra of the AlAs0.56Sb0.44/In0.53Ga0.47As
heterostructure at different temperatures.
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set. It is concluded that except for the effect of band non
rabolicity, the wave-function penetration into the barr
material does play a very important role in the determinat
of the enhanced effective mass.
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