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The in-plane effective electron mass (mi) in narrow Ga0.47In0.53As/InP quantum wells is strongly dependent
on the quantization energy. Cyclotron resonance in a series of quantum wells with well widths down to 15 Å
reveals a mass enhancement of up to 50% (mi50.065m0) over the bulk value of Ga0.47In0.53As. This effect is
caused by the nonparabolicity of the conduction band and wave function penetration into the barrier material.
Our experimental findings are in good agreement with calculations performed within the framework ofk–p
theory. We obtain an easy-to-use relation between the mass and the quantization energy
m0 /mi(e)5(121.96e/eV)/0.044.

Considerable progress in epitaxial growth techniques has
led to high-quality quantum well~QW! structures with a ter-
nary well material. State-of-the-art heterostructure devices
like QW lasers and high electron mobility transistors make
use of very narrow QW’s in GaxIn 12xAs/InP and
GaxIn 12xAs/GaAs systems.

1 Simulation and design of these
devices rely on an accurate determination of the basic band-
structure parameters such as the effective electron mass re-
sponsible for the optical properties and in-plane transport.

The effect of forming a QW is twofold:~i! The continuum
of bulk band states splits into subbands whose quantization
energies increase as the well width decreases.~ii ! Free mo-
tion of electrons is possible only in the plane of the QW. For
small quantization energies and small kinetic energies of the
electrons compared to the fundamental gap the subband en-
ergies and the subband dispersion can be described by the
effective mass of the bulk conduction band edge. For narrow
QW’s and narrow-gap materials, however, deviations from
this parabolic model become important, which can be de-
scribed by an energy-dependent effective massm* (e). The
axial symmetry of the QW allows for different masses for the
motion in the plane of the QW,mi(e), and perpendicular to
it, m'(e).

2 Due to its larger fundamental gap the barrier
material has a larger band-edge mass than the well material.
Therefore, in narrow QW’s with quantization energies com-
parable to the band offset, penetration of the subband wave
function into the barrier material becomes increasingly im-
portant.

Unlike the well-studied GaAs/AlxGa12xAs QW’s,
little is known about the band-structure effects in
Ga0.47In 0.53As/InP QW’s. In this work we present cyclotron
resonance~CR! data of the in-plane effective electron mass
mi in Ga0.47In 0.53As/InP QW’s for a wide range of well
widths down to only a few monolayers. In an earlier paper
our experiments were limited to rather wide wells3 but with
improved mobilities the narrow wells became accessible,
which are relevant in state-of-the-art heterostructure devices.
Conventional CR is obtained on doped samples while opti-
cally detected CR~ODCR! allows us to study also undoped
samples;4,5 i.e., we determinemi directly at the bottom of the
subband and filling effects can be neglected. A substantial
increase ofmi is observed for decreasing well width. The
experimental data are compared with calculations based on
two k–p models of different refinement. An analytical ex-
pression is given to relatemi to the electron quantization
energy, which can be derived from optical experiments.

The Ga0.47In 0.53As/InP samples were grown by low-
pressure metal-organic chemical vapor deposition.6 The well
widths vary from Lz5200 Å down to 15 Å. Part of the
samples aren-type modulation doped. As a bulk reference, a
1-mm Ga0.47In 0.53As epitaxial layer on InP is investigated.
Photoluminescence~PL! was excited with a 632.8-nm HeNe
laser ~5 mW! or a 514.5-nm Ar1 laser ~20 mW! through a
single optic fiber that also guided the luminescence light. By
its wider divergence the luminescence light was separated
from the laser beam, dispersed by a 0.25-m monochromator,

PHYSICAL REVIEW B 15 JANUARY 1996-IVOLUME 53, NUMBER 3

530163-1829/96/53~3!/1038~4!/$06.00 1038 © 1996 The American Physical Society



and detected by a Ge detector~North Coast!. CR was excited
in the far-infrared~FIR! at lFIR5118mm using a gas laser
system ~Edinburgh Instruments!. The FIR radiation was
modulated by means of a mechanical chopper at 27 Hz,
which allowed for lock-in detection of the resonant changes
in the PL. In addition, a Fourier transform infrared~FTIR!
spectrometer~Bruker! in combination with a Ge bolometer
was used. Superconducting magnets provided fields up to
15 T.

Typical ODCR signals are shown in Fig. 1~a! for QW’s
with well width Lz5200 Å ~nominally undoped!, 100 Å, and
80 Å. The latter two samples aren-type doped with carrier
concentrationsNn55.831011 and 6.031011 cm22, respec-
tively. For comparison we also show the spectrum of a 1-
mm epitaxial Ga0.47In 0.53As layer. PL was detected at the
recombination energy of the bound exciton and the intensity
is monitored with respect to the modulated FIR radiation.
When sweeping the magnetic field we observe a strong de-
crease of the PL intensity~shown as a positive signal here!.
The ODCR signal observed is up to 5% of the PL intensity. A
detailed study of the coupling mechanisms has been given
elsewhere.7 Due to the sensitivity of the ODCR method the
small number of photogenerated carriers in the undoped
samples is sufficient to observe these signals.

With decreasing well width the position of the resonances
strongly shifts towards higher magnetic field. Values for the
cyclotron mass mc are derived using the relation
mc5eBresl/2pc with c the speed of light~Système Interna-
tional units!. In the undoped samplesmc is determined di-
rectly at the bottom of the subband whereas in the doped
samples,mc is obtained at the Fermi energy.

Additional results are obtained by conventional CR for a
well with Lz540 Å andNn55.931011 cm22. In transmis-
sion geometry under conditions identical to the ODCR ex-
periment the resonance is observed at an even higher field
position @Fig. 1~b!#, shifting fromB54 T in the bulk mate-
rial to up to 5.7 T in the 40-Å well. This shift is accompanied
by an increase of the resonance line width, which can be
attributed to higher scattering rates in the narrow wells.8,9

A whole set of mass values is derived from a sample
containing several QW’s each grown under identical condi-
tions. This multiple single quantum well~MSQW! structure

contains wells withLz5100, 60, 30, and 15 Å with a dop-
ing layer symmetrically adjacent to each well separated by a
spacer~50 Å!. Conventional CR data were taken by a FTIR
spectrometer and the absorption is displayed in Fig. 2. The
FIR spectra are taken in the range of wave numbers
1/l580 – 300 cm21 and the magnetic field was stepped
from B55 T to 15 T withDB51 T. For ease of interpreta-
tion the abscissa is rescaled tomc5eBl/2pc. In each trace
several resonances are observed, which stem from the 100-,
60-, 30-, and 15-Å wells. To our knowledge the 15-Å-wide
QW studied here is the narrowest ternary QW to show CR.
With increasing field the resonances are resolved better as
the wave function shrinks. In the high-field region, distortion
of the line shapes and jumps towards lower masses are ob-
served for the two broader wells~100 and 60 Å!. Such an
effect is known to coincide with the depopulation of a Lan-
dau level. We thus estimate a carrier concentration
Nn'631011 cm22 for these two wells. Although every well
has an adjacent doping layer, no filling effects can be ob-
served in the narrow wells. This can result from the high
quantization energy and the band bending along the spacer
between dopants and well. These findings are further sup-
ported by PL experiments where no Fermi edge is observable
on a logarithmic scale.10 To derive effective mass values
mi the peak positions are linearly extrapolated to zero mag-
netic field.

All values ofmi are collected in Fig. 3 and plotted versus
the QW thickness. For zero well width the experimental
value for bulk InPm0*50.080m0 is also shown.4 The in-
crease ofmi compared to the bulk valuem0*50.044m0 is
dramatic. The highest observed mass ismi50.065m0 in the
15 Å well, which corresponds to an increase by almost 50 %.
Such a strong variation ofmi is of high relevance for the
interpretation of optical and transport experiments and de-
vice design. A similar strong mass enhancement has been
observed by Hendorferet al.11 in an asymmetric 20-Å
Ga0.8In 0.2As QW cladded by Al0.3Ga0.7As and GaAs.
Shubnikov–de Haas results by Wiesner12 and Schneider13

are included in Fig. 3.
In order to analyze the contributions of nonparabolicity

and penetration into the barrier we performed two calcula-

FIG. 1. ~a! ODCR ~shown as a positive signal! and ~b! con-
ventional CR of QW’s with different layer thicknesses. The
Ga0.47In0.53As bulk signal (1mm! is given for reference.

FIG. 2. CR absorption~shown as a positive signal! of a MSQW
sample containing QW’s withLz515, 30, 60, and 100 Å detected
by FTIR spectrometry in the range of 1/l580–300 cm21. The
abscissa is rescaled to the cyclotron massmc5eBl/2pc.
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tions within the framework ofk•p theory for zero magnetic
field. In the first approach we use the model of a square well
with finite barriers but with an energy-dependent effective
mass characterized by a modified Kane formula14,15

m0

m* ~e!
5112F1

2m0P
2
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1

1

Eg1D1e D . ~1!

Heree is the confinement energy of the lowest subband,P is
Kane’s momentum matrix element, andF accounts for cou-
pling to remote bands.16 Flux conserving boundary condi-
tions for the envelope functionf are used, i.e., we assume
continuity off and (1/m* )df/dz.

The effective massmi(e) for the in-plane motion can be
defined via the second derivative of the subband dispersion
en(ki). In a CR experiment, however, a finite perturbation is
applied by the magnetic and the dispersion is averaged over
the Landau level splitting equivalent to a finitedki . The
curvature of the band is thus experienced as the slope be-
tween the initial and final state. The effective mass is then
given by

1

mi~e!
5

1

\2ki

de

dki
. ~2!

This mass is frequently called the density-of-states effective
mass17 or the momentum effective mass. In the limitB→0
the cyclotron massmc equalsmi(e) evaluated at the Fermi
edge e5eF @ the subband edgee5en(ki50) in undoped
samples#. We thus compare measured cyclotron masses with
theoretical values formi(e) calculated by means of Eq.~2!.
We note that Eq.~2! is the relevant definition of an effective
mass for an interpretation of most optical and transport re-
lated experiments.

In the second approach we use an 838 k–p
Hamiltonian,18 which explicitly takes into account the off-
diagonalk–p coupling between the lowest conduction band
G6
c , the topmost valence bandG8

v, and the split-off valence
bandG7

v as well as remote band contributions of second or-

der in k. In momentum space the multicomponent envelope
function problem becomes a set of coupled integral equa-
tions, which we solve numerically by means of a quadrature
method.17 In this way we obtain subband dispersion curves
en(ki), which fully take into account nonparabolicity. Here
we are interested only in the lowest subbandn50. By means
of an analytic quadratic Brillouin zone integration scheme19

we then calculate frome0(ki) the density-of-states effective
massmi(e). Band parameters are taken from Ref. 20. How-
ever, according to our experimental findings the effective
massm0*50.044m0 is used for Ga0.47In 0.53As.

21

Figure 3 showsmi at the bottom of the lowest subband as
a function of the well widthLz . The results of the first ap-
proach are given by the solid line. The second calculation
yields the values indicated by open squares. Starting from
the bulk value of Ga0.47In 0.53As, mi strongly increases with
decreasingLz and smoothly approaches the InP bulk band
edge massm*50.080m0 for vanishing well width. For the
doped samples an additional mass enhancement is taken into
account by considering the effective mass at the Fermi en-
ergy. The dashed line in Fig. 3 corresponds to
Nn5631011 cm22. Both calculations give very similar re-
sults in the overlapping range from 25 to 200 Å. They ex-
plain the experimental findings ofmi very well.

The variation ofmi can be most clearly related to the
band structure by plottingmi versus the energy of the sub-
band edgee0(ki50) ~Fig. 4!. Note that both models predict
slightly different energies for the same well width. Our re-
sults ~solid line in Fig. 4! can be parametrized by

m0

mi~e!
5
m0

m0*
~12he!5

1

0.044S 121.96~4!
e

eVD . ~3!

We note that one has to distinguish the dependence ofmi on
the subband quantization energy given in Eq.~3! from the
energy dependence ofmi due to the in-plane motion. For a
fixed well width and each subbandn the effective massmi is
known to depend linearly one ~Refs. 17 and 22! while in Eq.
~3! 1/mi depends linearly one. The reason for the different
functional dependences is that in the former case the prob-
ability ratio for finding the electrons in the well and in the
barriers is basically independent ofe ~i.e., independent of

FIG. 3. The in-plane effective mass as a function of the well
width. Experimental values for undoped and doped samples are
given. Calculated results are indicated by a full line (Nn50),
dashed line (Nn5631011 cm22), both obtained with the modified
Kane formula, and open squares (838 Hamiltonian!. Experimental
data from Wiesneret al. ~Ref. 12! and Schneideret al. ~Ref. 13! is
also included~for error bars see original work!.

FIG. 4. The in-plane effective mass as a function of the calcu-
lated electron quantization energy. Symbols and lines correspond to
Fig. 3.
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ki) whereas this ratio varies with well width so that the sub-
band states are affected by the larger effective mass in the
barriers. This effect is in particular important due to the com-
paratively small conduction-band offsetDEc5224 meV in
Ga0.47In 0.53As/InP QW’s.3 For the same reason one cannot
compare our results with nonparabolicity parametersh,
which have been derived by analyzing intersubband transi-
tions inoneQW ~Refs. 23 and 24! or those reported for bulk
Ga0.47In 0.53As.

25

Equation ~3! gives a good approximation to our calcula-
tion within the whole energy range 0<e<DEc . A similar
expression was found from magnetoluminescence on a
doped 100-Å QW with a parameterh52.9(5) eV21 .23 It is
also a reasonable approximation to the theoretical analysis in
Ref. 26.

Equation ~3! can be used to determine the effective mass
directly from the optical properties of the structure. In an

experiment the energye is approximately given by the PL
energy of the electron–heavy-hole transition minus the bulk
band gap. Due to the light electron mass the electron quan-
tization energy accounts for about 90% of the observed en-
ergy shift whereas the quantization energy of the heavy-hole
states (e<42 meV atLz>40 Å! can be neglected.

In summary, we determined by CR the in-plane effective
electron massmi in Ga0.47In 0.53As/InP QW’s for a wide
range of well widths. We experimentally observe a very large
enhancement of about 50% in a 15-Å QW. The observation
of CR in such a narrow ternary QW is especially worth men-
tioning. The dependence ofmi on the quantization energy
can be parametrized by Eq.~3!. The effective massmi is
responsible for electron transport and optical properties.
Therefore these results can be of great importance for simu-
lation, design, and characterization of heterostructures and
devices based on Ga0.47In 0.53As/InP.
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10R. Küchler, G. Abstreiter, G. Bo¨hm, and G. Weimann, Semicond.

Sci. Technol.8, 88 ~1993!.
11G. Hendorfer, M. Seto, H. Ruckser, W. Jantsch, M. Helm, G.

Brunthaler, W. Jost, H. Obloh, K. Ko¨hler, and D. J. As, Phys.
Rev. B48, 2328~1993!.

12U. Wiesner, J. Pillath, W. Bauhofer, A. Kohl, A. Mesquida
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