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GaAs/GagAl; _;As quantum wells and quantum wires were studied by microwave modulation of
the photoluminescence (MMPL) and optically detected cyclotron resonance (ODCR). It is shown
that the MMPL signal is enhanced under cyclotron resonance conditions of the electrons. The energy

transfer to the luminescence is thermal by heating the crystal lattice.

The ODCR experiments

allowed us to determine selectively the effective masses and mobilities of electrons confined in an 80-
A quantum well, in nominally 80-nm-wide quantum wires prepared by a shallow etching technique
structuring the 80-A quantum well, and an inversion channel formed at a superlattice/buffer layer

interface.

I. INTRODUCTION

Semiconductor samples prepared for the study of low-
dimensional phenomena consist in many cases of rather
complex layer structures. For example, if quantum wires
or quantum dots are the goal, they can be obtained by
reducing the dimensionality of a quantum well, but the
sample may still contain 2D and of course 3D structures.
These structures such as superlattices and buffer layers
are necessary due to various reasons, but can complicate
the investigations on the object of desire. Investigations
on such samples require therefore highly selective charac-
terization methods which have the ability to distinguish
between the different structures present in one sample.
Cyclotron resonance (CR) can determine carrier prop-
erties (effective masses and scattering times) with high
precision, but performing conventional CR experiments
one may run into problems since the absorption of the mi-
crowave (MW) or far-infrared (FIR) power of the whole
sample is measured. It can be advantageous to use op-
tically detected cyclotron resonance (ODCR) where the
effect of the applied MW- or FIR-power on specific photo-
luminescence bands is measured.’? Thus it may allow us
to separate the carrier properties of different structures
present in one sample. Furthermore this method has the
potential to obtain enhanced optical resolution compared
to photoluminescence (PL) measurements. The MW- or
FIR-power absorption of carriers under cyclotron reso-
nance conditions can lead to a selective enhancement
or quenching of different recombination channels being
unresolved in PL.375 For the energy transfer to the re-
combining carriers or particles (excitons) two processes
are under consideration: (a) impact ionization of bound
or localized excitons by free carriers accelerated in the
MW field,*%™® and (b) thermal coupling: the acceler-
ated free carriers release energy, i.e. heat, to the lattice
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which effects the PL.% A way to distinguish between these
two processes is to measure the response time of the sig-
nals on the applied MW. The optically detected impact
ionization (ODII) process is expected to be “fast,” i.e.,
in the order of the lifetime of the recombination (typi-
cally 1 nsec in type I quantum wells). The temperature
modulation effect was shown to be comparable “slow,”
in the psec range or below.?® Due to the ODII mech-
anisms some experiments are quoted in the literature
as ODII spectroscopy® ® whereas others performing the
same experiments call it more generally microwave mod-
ulation photoluminescence spectroscopy [MPL or MMPL
(Refs. 5 and 9)]. Most of the ODII/MMPL experiments
reported so far concentrate on undoped two- or three-
dimensional semiconductor structures.** This is actu-
ally another advantage of ODCR spectroscopy compared
to standard CR (without illumination of the sample),
the photocreation of carriers can substitute the otherwise
necessary doping of the material. One task of this paper
is to show that the MMPL spectroscopy can also be used
for the study of doped semiconductors. In (highly) doped
quantum wells the band-band recombination dominates
over the excitonic recombination, thus one may expect
that the effect of the applied microwaves is dominantly
thermal, i.e., heated carriers “modulate” the PL. It may
be speculated that this mechanism diminishes the selec-
tivity of the ODCR spectroscopy, because heating of the
carriers and the release of the energy to the lattice will
heat the complete sample and any of the radiative re-
combinations is influenced. However, we will show that
although the MMPL mechanism is thermal, the ODCR
still keeps its selectivity for different carrier gases present
in one sample being spatially separated less than 150 nm.
The paper is organized as follows: First we describe the
MMPL and ODCR features of the quantum well samples
prior to the etching process for the quantum wire forma-
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tion. These samples have been used to study the MMPL
mechanism acting on the quantum well luminescence.
Using microwaves (36 GHz) the cyclotron resonance of
the GaAs/Al,Ga;_,As material system occurs naturally
at rather low magnetic fields, which allows only a limited
resolution, thus we extended the experiments to FIR ra-
diation, which enhances the resolution significantly. The
same samples have been used to form quantum wires by
lateral modulation of the conduction and valence band
caused by holographic lithography and a shallow etching
process. The ODCR experiments reveal an increased CR
linewidth and increased effective electron mass for the
quantum wires compared to the corresponding quantum
well, which is an indication for 1D confinement effects.

II. SAMPLE DESCRIPTION AND
EXPERIMENTAL SETUP

The samples used in the experiments were remote
doped GaAs/Al,Ga;_,As single quantum wells grown
by molecular beam epitaxy. The layer sequence consists
of a 2-um GaAs buffer layer followed by a 8 times 150-A
Al 41Gag 50As/30-A GaAs superlattice. On top of the
superlattice, an 80-A GaAs quantum well was grown fol-
lowed by a 200-A undoped Alg 41 Gag 59As spacer layer, a
500-A 2x10'8-cm~3 Si-doped Alg 41 Gag.50As and a 100
A GaAs cap layer (see Fig. 1). In order to form quan-
tum wires by a lateral modulation of conduction and va-
lence bands, holographic lithography and shallow etch-
ing of the doped layer are applied to these quantum
well samples. The etching process is stopped inside the
Al,Ga;_,As spacer layer, so that surface defects are sep-
arated by more than 100 A from the quantum well. The
geometrical width of the wires is approximately 80 nm,
the period length 500 nm. For a detailed description of
the sample preparation see Ref. 15. For the MMPL and
ODCR experiments the sample was placed in a cylindri-
cal open-microwave resonator (TEg;; mode) immersed in
liquid helium and working at 36 GHz (8300 pum) with a
maximum power of 500 mW. Usually the power was re-
duced below 50 mW and amplitude modulated by a p-i-n
modulator. The resonator is placed in the center of a su-
perconducting split coil magnet generating fields up to 4
T. PL of the sample was excited with the 690-nm line of a
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FIG. 1. Schematic conduction band structure of the quan-
tum well samples used in the experiment.
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laser diode (5 mW) and spectrally dispersed by a SPEX
single monochromator and detected by a photomultiplier.
For the ODCR-FIR experiments, the detection system is
mainly the same, but the sample is here placed in the
center of a solenoid magnet (0-8.0 T) and the exciting
and emitted light is guided in an optical fiber. The FIR
light (118.8 ym) with a maximum power of 35 mW (cw)
is obtained from a CO; pumped Edinburgh Instruments
FIR laser; it is amplitude modulated by a mechanical
chopper.

III. RESULTS AND DISCUSSION
A. Microwave modulated photoluminescence

The PL of the samples was described in detail in Ref.
15, thus we concentrate in this paper on the properties
of relevance for the MMPL and ODCR experiments. To
illustrate the origin of the two dominant radiative recom-
binations observable in the quantum well sample (Fig. 2)
a self-consistent calculation of the conduction band edge
energy for the sample structure described in the previous
section is shown in Fig. 1. Electrons are localized in the
80-A quantum well in front of the superlattice and an
inversion channel is formed at the interface between the
superlattice and the buffer layer. Figure 2(a) shows a PL
spectrum. The recombination of the inversion channel is
located in the low-energy position and the PL of the 80-
A quantum well lies at 1.55 eV. On a logarithmic scale
of the PL intensity [inset in Fig. 2(a)] a high-energy tail
can be seen with a cutoff at the Fermi energy Fr. The
MMPL spectrum [Fig. 2(b)] reveals additional structure
in the inversion channel and the quantum well recom-
binations. For both PL bands the applied microwaves
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FIG. 2. (a) Photoluminescence spectrum of the remote
doped 80-A quantum well sample, showing the recombination
due to an inversion channel (low-energy side) and the recom-
bination of the quantum well. The inset shows the quantum
well luminescence on a logarithmic scale. (b) Corresponding
microwave modulated photoluminescence spectrum (36 GHz,
50 mW, T= 2 K).
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FIG. 3. Microwave modulated photoluminescence spec-
trum of the recombination of the 80-A quantum well measured
for three different microwave powers.

decrease the PL intensity and weakly increase it on the
high-energy side. The MMPL signal intensity of the spec-
trum in Fig. 2, which is taken at high MW powers, is
about 5% of the PL intensity. It should be noted that
this is quite low compared to studies on undoped quan-
tum wells, where effects of up to 80% were reported.®
The energy splitting between the positive and the nega-
tive peaks for the quantum well and the inversion chan-
nel MMPL strongly depends on the applied MW power.
Figure 3 shows the MMPL spectra of the quantum well
luminescence measured at various MW powers. Minima
and maxima of the signals shift to higher energies with
increasing MW powers and also the energy splitting in-
creases with increasing MW power. The MMPL signal
intensity increases lineary with increasing MW power. A
threshold MW power necessary for the observation of the
signal was not observed. The observation of such thresh-
old power would have given evidence that the mechanism
causing the MMPL signal is due to impact ionization, as
for this mechanism a certain strength of the MW electri-
cal field is required to enable impact ionization of carri-
ers from the valence to the conduction band [1.5 V/cm
were measured for the ionization of the excitons in GaAs
(Ref. 16)]. Another way to get insight in the mecha-
nism responsible for the MMPL signal is to measure the
response on the microwave on/off modulation frequency
(Fig. 4). The MMPL signal at 2 K keeps its intensity
up to frequencies of about 1 kHz, decreases up to 9 kHz,
and is no longer observable at higher frequencies. The
decay can be described by an exponential function where
the inverse of the frequency response corresponds to a
response time of 0.2 msec. DeLong and co-workers® have
studied various binary and ternary III-V semiconductors
and were able to explain the experimentally observed re-
sponse times down to a few usec in a thermal model.
Thus also the slow frequency response of the MMPL sig-
nal gives evidence that the underlying mechanism for the
observation of the MMPL signal is a thermal heating of
the lattice. Therefore it is interesting to compare the
MMPL spectrum to temperature modulated PL (TMPL)
spectra.®'7 To obtain the TMPL spectrum steady state
PL spectra were measured at various temperatures using
the same excitation conditions as for the MMPL exper-
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FIG. 4. Frequency response of the microwave modulated
photoluminescence signal.

iments. Then, the TMPL spectra were obtained by nu-
merically substraction of the PL spectra obtained at two
different temperatures. The result is shown in Fig. 5, the
TMPL spectrum exhibits all features of the MMPL spec-
tra. From a comparison of the intensities of the MMPL
and the TMPL signals it is possible to estimate the tem-
perature increase of the sample by the application of the
microwaves. It was found that the sample temperature
increases about 0.5 K by applying 50 mW MW power.
The frequency response and the power dependence of
the MW modulation of the quantum wire luminescence
is very similar to that of the quantum well PL. The spec-
tral dependence of the MMPL spectrum in comparison to
the PL spectrum of the quantum wire is shown in Fig. 6.
Two transitions are observed which have been previously
attributed to spatially direct and indirect transitions.'®
The stronger luminescence band on the high energy side
of the spectrum is dominantly due to spatially direct k-
conserving transitions of carriers located in the barriers
between the quantum wires (see inset in Fig. 6). The
linewidth is considerably smaller compared to the quan-
tum well luminescence due to the lower carrier density
in the sample caused by the etching for the wire forma-
tion which takes partly off the doped layer. The less
intense PL band on the low-energy side was attributed
to spatially indirect transitions between the conduction
band minima and the valence band maxima located in
the quantum well region forming the barriers between
the wires.15'® The indirect luminescence was observed
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FIG. 5. Photoluminescence spectra of the 80-A quantum
well taken at two temperatures (2 and 5 K) and spectra ob-
tained by numerical subtraction.
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FIG. 6. (a) Photoluminescence spectrum of the quantum

well sample after the etching process for the wire formation.
The inset shows schematically the potential modulation of the
valence and conduction bands in the quantum well and related
direct and indirect photoluminescence transitions. (b) Corre-
sponding microwave modulated photoluminescence spectrum.

to shift with decreasing excitation density towards lower
energies. This was explained by the separation of pho-
toexcited carriers which modifies the built-in lateral po-
tential. An increasing illumination density generates a
higher density of electrons and holes. The separation
of these carriers leads to a flattening of the modulation
due to electrostatic screening. The effective band gap
for the indirect transition increases and as a consequence
the indirect transition shifts, while the direct transition is
almost unaffected. The direct luminescence of the quan-
tum wire exhibits a derivative line shape in the MMPL
spectrum. The indirect transition shows only a decreas-
ing PL intensity upon the application of microwaves. The
increase of the MMPL spectrum at the low-energy side
is caused by the intense MMPL signal of the inversion
channel recombination.

As in the case of the quantum well luminescence, the
line shape of the MMPL spectrum of the quantum wire
can be well decribed by the temperature derivative of the
PL spectrum.

B. Optically detected cyclotron resonance

The dependence of the MMPL signal intensity on an
external magnetic field is shown in Fig. 7(a). For the
inversion channel PL as well as for the quantum well
luminescence the line shape of the MMPL signal as a
function of the magnetic field is that of a partly resolved
cyclotron resonance. The MMPL signal is not observable
at magnetic fields above 0.3 T. To confirm this observa-
tion we performed similar experiments using the FIR-
laser instead of the microwaves [Figs. 7(b) and 7(c)]. For
the inversion channel PL an extremly narrow cyclotron
resonance is observed [Fig. 7(b)]; For the quantum well
PL the resonance is broader [Fig. 7(c)]. Under resonance
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FIG. 7. Optically detected cylotron resonance spectra ob-
served: (a) on the quantum well luminescence using mi-
crowaves; (b) observed on the inversion channel recombina-
tion using far infrared (FIR) radiation; and (c) on the quan-
tum well using FIR radiation.

condition the FIR frequency wp equals the cyclotron an-
gular frequency w, = eB/m*, where e is the elementary
charge, B the magnetic field, and m* the effective mass.
Fits to the resonance lines [dashed lines in Figs. 7(b) and
7(c)] using the following equation:®

14+ (w(z, + (4.13)'7'2 Ne?r

P
x 1+ (w2 —w?)7T?]2 + 4wir2 m* ’

1)

where 7 is the carrier momentum relaxation time, P the
power absorbed and N the number of carriers, give for
the resonance of the inversion channel an effective mass
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FIG. 8. Optically detected cycloton resonance spectra ob-
served on the quantum wire luminescence: (a) using mi-
crowaves; (b) far-infrared radiation.



of m* = 0.068% 0.001 mg. A mobility can be deduced
from the resonance halfwidth at half maximum. For
the inversion channel it is pcr = er/m* = 380000 +
3000 cm?/Vs. On the quantum well PL m* = 0.075
+ 0.002mo and pcr = 60000 % 3000 cm?/Vs are ob-
served. The m* value observed on the inversion channel
PL is close to the value of electrons in bulk GaAs, the
difference to the effective mass of the electrons in the
quantum well can be explained by quantization and non-
parabolicity effects which increase m*.2% The 2D nature
of both resonances is proven by their variation with the
magnetic field orientation, which shows the typical cosine
behavior.2%2! The effective mass values determined by
ODCR are in good agreement to data obtained by magne-
totransport and Shubnikov—-de Haas measurements, how-
ever, the mobilities are about a factor of 2 lower com-
pared to those investigations.?? The reason is not com-
pletely understood but it may be due to the higher optical
and MW excitation densities used for the ODCR exper-
iment which may cause additional scattering. Using the
data obtained by the FIR-ODCR experiments and cal-
culating the expected resonance position and linewidth
for the microwave experiment the observed field position
and line shape is reproduced. The difference in m* for
the inversion channel compared to the quantum well is
not resolvable in the microwave experiment. It should
be noted that by fixing the magnetic field at resonance
position in the FIR-ODCR experiment and scanning the
optical detection wavelength similar spectra are obtained
as in the MMPL experiment using microwaves.

In contrast to the quantum well the microwave ODCR
signal measured on the quantum wire PL is extremely
broad and is detectable for fields up to 1.3 T [see
Fig. 8(a)]. At low fields the inversion channel resonance
is weakly superimposed. Assuming that the broad struc-
ture is due to a cyclotron resonance, a best fit gives m*
= 0.080 +0.004m( and pcr = 8000 £ 3000 cmz/Vs.
Again the FIR-ODCR experiment was helpful to con-
vince us that such a broad structure indeed originates
from a cyclotron resonance [Fig. 8(b)]. A signal is found
in the field range from 5.0 to 8.0 T, superimposed is the
narrow inversion layer resonance at 6.2 T. The dashed
line in Fig. 8(b) shows a calculation of the resonance po-
sition and half width expected for the FIR-ODCR signal
using the data obtained from the microwave experiments.
The resonance is expected to have its maximum at 7.5 T
with a half widtk of about 2 T. Thus in the FIR-ODCR
experiment only the low-field side could be detected due
to the limited strength of the magnetic field available for
the experiments.

Upon variation of the angle between the sample nor-
mal and the magnetic field direction the cyclotron reso-
nance measured on the quantum wire PL shows a similar
2D behavior as the resonances of the inversion channel
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and the quantum well. The resonance position shifts to
higher field values and the linewidth broadens due to
increasing interface scattering. For angles between the
magnetic field and the normal perpendicular to the sam-
ple surface larger than 30°, the resonance structure van-
ishes completely and only a field independent signal is de-
tected. Different ODCR features dependent on whether
the wires are oriented parallel or perpendicuar to the
magnetic field, as observed recently in serpentine super-
lattice quantum wire arrays,?® could not be observed.
However, the geometrical width of the wires studied in
that work was considerably smaller than the width of
the wires studied here. The cyclotron orbit parameter in
our MW experiments is about 150 nm, which is signifi-
cantly larger than the width of the quantum wires. Thus
we did not expect to observe 1D quantization effects in
these experiments. The potential modulation may only
introduce additional scattering, explaining the decrease
in mobility.

The FIR-ODCR experiments are more suitable to re-
veal such effects as the cyclotron orbit shrinks to 20
nm. It was shown that the modulation of a quantum
well potential by a one-dimensional, harmonic poten-
tial V(x) = Vycos(kz),k = p/a (a is the period length)
leads to a broadening of the Landau levels into Landau
bands.24:2% The broadening depends on the Landau level
number and causes an increasing CR linewidth and, de-
pending on the Fermi level position, an increased reso-
nance position. Both effects are observed in our ODCR
experiments which can be taken as evidence that 1D con-
finement effects are indeed observed. However, to date
more quantitative statements are not possible; experi-
ments using higher magnetic fields are necessary.

IV. CONCLUSIONS

It has been shown that cyclotron resonance of elec-
trons enhances the microwave modulated photolumines-
cence signal in doped GaAs/Al,Ga; ,As quantum well
and quantum wire samples. The energy transfer to the
luminescence is a slow process via heating of the lattice.
However, this optical detection of cyclotron resonance en-
ables the selective determination of the effective masses
and carrier mobilities on the radiative recombinations of
the quantum well, the quantum wire and an emission of
an inversion channel induced at the Al,Ga;_,As/GaAs
superlattice.
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