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The cyclotron motion of electrons in coupled-well AlGaAs/GaAs superlattices is investigated by pho-
toluminescence of conduction-band to acceptor transitions in magnetic fields up to 13 T, applied either
parallel or perpendicular to the layers. For parallel fields, three different regimes are observed as the ra-
tio of the cyclotron radius to the superlattice period is reduced, namely, tunneling cyclotron motion
within the miniband, miniband breakdown, and finally a transition from electric to magnetic quantiza-
tion. A fully quantum-mechanical calculation agrees well with experiment.

PACS numbers: 73.20.Dx, 73.40.Kp, 78.55.Cr, 78.65.Fa

Semiconductor superlattices, by virtue of their widely
tunable properties, offer the unique opportunity to ex-
plore physical phenomena that are typically not accessi-
ble in naturally occurring solids. Notable examples are
the possibility of achieving Bloch oscillation or related
negative differential conductivity effects,' the observa-
tion of Wannier-Stark ladders under strong applied elec-
tric fields,? and the behavior of cyclotron orbits in a lay-
ered structure when the magnetic length becomes com-
parable to the layer period.® Here we focus on the last
of these phenomena, i.e., the physics of cyclotron motion
in the presence of a periodic one-dimensional superlattice
potential, whose period may be made smaller than,
larger than, or comparable to the orbit diameter. The
study of this cyclotron motion provides critical insight
into the miniband structure and related vertical transport
phenomena in the superlattice.

Previous investigations of cyclotron motion in super-
lattices have employed either photoluminescence (PL)
excitation spectroscopy of exciton states®* or far-
infrared cyclotron resonance involving only electrons in
the minibands.>~” In both experiments, the Landau lev-
els were found to be essentially unperturbed from bulk-
GaAs-like behavior for fields perpendicular to the lay-
ers.>”’ For parallel fields, however, a heavier cyclotron
mass is observed for Landau levels remaining within the
original miniband, while at higher energies the levels be-
come dispersive and strongly dependent on the position
of the orbit center with respect to the wells and bar-
riers.>”” This behavior is in agreement with numerical
solutions of Schrodinger’s equation, as originally dis-
cussed by Maan.*

While these experiments yielded considerable insight
into the relationship between cyclotron motion and mini-
band structure, the experimental techniques themselves
complicate the quantitative interpretation of the results.
In excitation spectroscopy, the holes involved in the exci-
ton states contribute to the observed diamagnetism in

ways that are extremely complex, due to the degenerate,
anisotropic nature of the valence band. Moreover, the
excitonic binding also affects the observed diamagnetism
(especially for the lowest level), and spin splittings of the
electron and hole should be considered in the analysis.
Cyclotron resonance is affected by interactions with
plasmon modes, which are highly complex in superlat-
tices.>’ Also, complicated experimental techniques such
as employing ratios of spectra or electric-field modula-
tion (which might affect the miniband transport?) are
necessary>~’ and only the joint density of states between
Landau levels can be probed.

In the following, we propose and demonstrate a novel
scheme that circumvents many of the limitations of the
other experimental techniques, while providing a highly
complementary viewpoint. The technique consists in ob-
serving the PL from recombination of electrons in the
lowest Landau level(s), where they reside by virtue of
thermalization, with holes localized on acceptors near
the center of the GaAs wells (denoted e-A4° transitions).
These holes have completely negligible diamagnetism,®
and their spin splittings are known exactly from studies
on bulk GaAs.® The experimental behavior of the elec-
tron Landau levels can therefore be determined unam-
biguously from the e-4° peak positions. Complications
due to the valence band, excitons, and plasmons are
avoided, the experiments are easily performed, and we
can isolate the behavior of individual Landau levels (al-
though only the lowest is typically observable).

Possible complications in this scheme include the pres-
ence of both donor-to-acceptor (D%-A4°) and e-A4° peaks
in the spectra,® and the well-known dispersion in the ac-
ceptor binding energy as a function of position along the
growth axis.®!'? These effects are minimized by perform-
ing the measurements at moderately elevated tempera-
tures (15-25 K), where the D°-4° peaks are suppressed
by thermal ionization of the donors, and differential
thermal ionization of the shallower barrier acceptors en-
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TABLE I. Target and measured superlattice parameters.

Period (A) Well width (&) Barrier width (&) Ave. Al content Al content in barriers
Target Meas. Target Meas. Target Meas. Target Meas. Target Meas.
100 90 80 64 20 26 0.06 0.062 0.3 0.21
200 153 180 135 20 18 0.03 0.029 0.3 0.25
600 550 590 540 10 10 0.005 0.0049 0.3 0.27

sures that we observe only e-A4° transitions for acceptors
in the center of the wells.” The pronounced maximum in
the acceptor binding-energy density of states for accep-
tors in this location further ensures a well-defined peak.’

The samples were grown by atmospheric-pressure or-
ganometallic chemical vapor deposition (OMCVD).
They consist of approximately 6-um-thick GaAs/
AlGaAs superlattices, whose target layer thicknesses and
compositions are given in Table I. The actual layer
thicknesses were determined by transmission electron
microscopy (TEM). The average Al content in the sam-
ples was determined using a novel secondary-ion mass-
spectroscopy (SIMS) technique for composition deter-
mination relative to a standard sample using O;% bom-
bardment.'! The Al compositions of the barriers were
estimated from the combination of the TEM and SIMS
results, and are shown in Table I. The samples are n
type with a carrier concentration of a few x10'> ¢cm 73,
due to residual donor doping (mainly in the barriers).

In Fig. 1 we plot the e-4° peak positions for the 90-
A-period superlattice for both parallel and perpendicular
fields, together with linear fits to the data points. In both
cases the spectra were recorded in o polarization
(Am; = =% 1), with BIK100); the excitation intensity was
about 2.8 mW/cm? at 1.581 eV from a dye laser.
Temperature-dependent spectra demonstrating the e-A4°
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FIG. 1. Positions of the e-A4° peaks for the 90-A-period su-
perlattice, for fields parallel (circles) and perpendicular (trian-
gles) to the layers, and linear fits to the data in each case (solid
lines).

nature of the peaks observed under the present condi-
tions were shown in Ref. 9. The actual magnetic-
field-dependent spectra of the D% A4° and e-4° peaks
are omitted here for brevity, but will be published else-
where. At low field the peak position increases sub-
linearly with field, due to the change in the miniband
density of states from three dimensional (~E '/2) to one
dimensional (~E ~'2);® the width of this region de-
pends on the temperature. The data points for 3 T and
above show a linear dependence on field within the ex-
perimental accuracy for both field orientations, but with
distinctly different slopes. The peak positions E peax in
the linear range can be modeled by

Epeak=E,+AE+(n+ $)ho+g.mjupB
+gnmjnupB —E 4,

where E, is the band gap of bulk GaAs, AE is the
confinement energy of electrons relative to bulk GaAs at
B=0, n is the Landau-level index, . is the cyclotron
frequency (=eB/mZF, where m¥ is the appropriate cy-
clotron mass), g, and g, are the g values of electrons and
holes, mj, and m;, are the z components of the intrinsic
electron and hole angular momenta, up is the Bohr mag-
neton, and E 4 is the energy of the acceptor level at the
center of the wells with respect to the valence-band edge
of bulk GaAs. The allowed combinations of m; values,
and corresponding oscillator strengths and g values, are
given in Ref. 8.

For these data, we have verified using line-shape cal-
culations that it is a reasonable approximation to ignore
the effects of the spin splittings on the slope of the peak
position of the total line shape as a function of field. The
slopes then give cyclotron masses of 0.0678 and 0.0816
with the field perpendicular and parallel to the layers, re-
spectively. For the perpendicular field the mass is indis-
tinguishable from that observed for bulk GaAs in a simi-
lar experiment, 0.0677.% This agreement is not surpris-
ing, since in this geometry the electrons execute cyclo-
tron motion mainly within the GaAs wells.

For the parallel field, the lowest Landau level remains
well within the first miniband, since its width is calculat-
ed'>!’ to be 30 meV and the e-4° peak shift at 12 T is
only 8.5 meV. The cyclotron mass in this geometry is
the geometric mean of the superlattice tunneling mass
and the in-plane mass.® The tunneling mass is thus
(0.0816)2/0.0678 =0.098. We compare this result to the
value 0.091 for the bottom of the miniband, determined
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from the dispersion relation given by Bastard,'? neglect-
ing nonparabolicity and using the measured sample pa-
rameters in Table I. The small discrepancy is probably
due to the neglect of spin splittings. These results
demonstrate a clear and direct measurement of the tun-
neling mass in a superlattice miniband, unencumbered
by excitonic or plasmon effects.

A completely different behavior is observed for the
550-A-period sample, as shown in Fig. 2. Since the tem-
perature favors thermalization into the lowest (— 3, &
spin component in this case (which is well resolved), we
allow for the Zeeman energy of that component in com-
puting the cyclotron masses from the straight-line fits.
We obtain 0.066 for the mass in both orientations for
B =3 T. The cyclotron radius varies from 148 A at 3 T
to 74 A at 12 T, so that orbits near the center of the
wells (which dominate the density of states, particularly
when thermalization is considered), do not feel the bar-
riers in this range. Thus, the observation of the bulk
GaAs mass in both field orientations is entirely reason-
able. The peak shift in a 3-T parallel field is already
greater than the 0.5-meV width of the lowest miniband,
so the miniband picture is of no use in describing the cy-
clotron motion in this regime. In fact, the shrinking of
the cyclotron orbit in the parallel field has led to a transi-
tion from “electric” quantization of the energy levels (at
B=0) to completely “magnetic’ quantization (B =3 T),
in which the barriers no longer affect the wave functions.

The anisotropy in the peak positions as a function of
orientation is due to the destruction of the miniband
structure and related confinement energy by the parallel
field, while the perpendicular field does not affect it. The
difference between the e-4° peak energies at high field
therefore gives a direct measure of the electron con-
finement energy at the bottom of the first miniband. In
Fig. 2 this energy is 0.9 meV, in fair agreement with the
value 1.4 meV calculated for the bottom of the mini-
band. The discrepancy may be related to uncertainties
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FIG. 2. As Fig. I, for the 550-A-period superlattice.
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in band offsets, sample parameters, etc.

In the intermediate regime, where the cyclotron-orbit
diameter is comparable to the superlattice period, neither
of the above simple pictures applies. A complicated,
nonlinear dependence of peak position on energy is anti-
cipated for parallel fields, and in fact is observed for the
153-A-period superlattice, as shown in Fig. 3. While the
peak shift remains nominally within the lowest miniband
(9 meV wide) for most of the field range studied, numer-
ical calculations show that the lowest Landau level devel-
ops significant dispersion at several T, which becomes
pronounced at 12 T. (This effect may result from the
second Landau level exiting the miniband.) We have
therefore performed a detailed calculation of the line
shape and peak shift as a function of field, which is
briefly outlined below.

The PL line shape can be calculated using Fermi’s
“golden rule” as

In(ho) « [ g(E)f(EYPE)fE. )| AOPSE)E

where Ip (hw) is the intensity as a function of photon
energy; E=hw—E;+E, is the energy of an electron
with respect to the GaAs conduction-band edge E,; E 4
is a function of the location x; of the acceptor along the
growth axis; g(E) is the electron density of states in the
field; f(E)=e ~*s7 is the Boltzmann occupation factor
for the electron states; P(E ) is the acceptor-level ener-
gy density of states determined from E 4(x;), assuming a
uniform distribution along the growth axis; f'(E ) is the
probability of an acceptor level E,4 being occuﬁpied by a
hole, which we take proportional to (14 Ce ~E4/%eT) =1,
to allow for thermal depopulation of the shallower accep-
tor levels (C is an adjustable parameter); (e|4°) is the
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FIG. 3. As Fig. 1, but for the 153-A-period superlattice.
The solid lines are the theoretical calculation described in the
text, using a cyclotron mass for perpendicular fields of
0.0653my, a rigid shift of 1.9 meV to higher energy, a Gauss-
ian FWHM =28 meV in the convolution of g(E), and
C=3x10%in f'(E4).
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matrix element; and 8(---) is the energy-conserving
Dirac & function. The distribution of acceptor ions along
the growth axis is not actually uniform, as assumed
above; in fact, most of the acceptors are located in the
AlGaAs barriers.® However, the present experimental
data involve only the acceptors near the centers of the
GaAs wells, since the shallower acceptors in or near the
barriers are differentially ionized at the measurement
temperature. The assumption of a uniform distribution
within the GaAs layers should be reasonable.

We calculate E 4(x;) variationally, as will be described
elsewhere. For parallel fields, g(E) is computed from
the Landau-level energy as a function of orbit center po-
sition, as determined from a numerical solution of
Schrodinger’s equation for the sum of the electrostatic
and magnetic field-induced potentials.* The finite
width of the barriers and appropriate matching of the
wave functions at the interfaces'? are included. For per-
pendicular fields, the miniband dispersion relation yields
g(E) directly. For both orientations, g(E) includes spin
splittings and is broadened by convolution with a Gauss-
ian, to account for scattering effects.

In applying the calculation, we adjust the width of the
Gaussian used to convolute g(E) and the parameter C in
f'(E 4) to fit the line shape of the spectrum at the highest
field in the perpendicular geometry. The peak positions
are then fitted as a function of field, treating the cyclo-
tron mass in this geometry and a small rigid shift of all
the calculated peaks as adjustable parameters. The peak
positions in the parallel geometry are then calculated us-
ing the parameters determined from the perpendicular
case, with no new fit parameters. The results for the
153-A-period superlattice are shown as the solid lines in
Fig. 3; the agreement with experiment is seen to be ex-
cellent. We thus confirm that the nonlinear field depen-
dence of the cyclotron energy can be accurately modeled
in the miniband breakdown regime.

In conclusion, we have shown that the magnetic-field
dependence of miniband-to-acceptor transitions in a
GaAs/AlGaAs superlattice provides a sensitive and easi-

ly analyzed probe of cyclotron motion and related issues
in miniband transport. We measured the vertical trans-
port mass in the miniband tunneling regime, demonstrat-
ed the complete destruction of the miniband structure for
magnetic lengths much shorter than the superlattice
period, and obtained excellent agreement between theory
and experiment in the intermediate regime involving the
onset of miniband breakdown. This technique should
find significant future applications, e.g., in measuring
tunneling masses as a function of barrier height and
width, and in exploring such issues as I'-X mixing in
short-period superlattices, etc.
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