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The low-temperature photoluminescence �PL� of GaAs/AlGaAs quantum wells and heterojunctions contain-
ing a high mobility two-dimensional electron gas �2DEG� is studied under microwave �mw� irradiation of
36 GHz. The analysis of the mw-modulated PL �MPL� spectra allows us to elucidate the effects of mw
radiation on the 2DEG. For low magnetic field strengths �B�0.5 T�, we show that the MPL spectral shape is
due to energy redistribution of the photoexcited holes, as affected by the mw-heated 2DEG. For the mechanism
that causes the nonequilibrium hole-energy redistribution, we propose that it is the interaction of the holes with
low-energy acoustic phonons emitted by the mw-heated 2DEG. This underlying physical mechanism gives rise
to the optically detected 2DEG cyclotron resonance at low B. For B�0.5 T, optically detected resonances are
observed at B values that depend on the 2DEG density, and they occur near integer electron filling factors. We
argue that these resonances result from a slight 2DEG density increase under mw irradiation with a concurrent,
low-energy PL spectral shift due to small band-gap narrowing.
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I. INTRODUCTION

The radiative recombination of a two-dimensional elec-
tron gas �2DEG� with photoexcited free holes in modulation-
doped GaAs/AlGaAs quantum wells �MDQW’s� gives rise
to photoluminescence �PL� whose spectrum is an effective
tool for the study of 2DEG properties. With increasing mag-
netic field, applied perpendicularly to the 2DEG layer �B��,
the low-temperature PL spectrum reflects the electron distri-
bution among Landau levels �LLs� and peculiarities due to
the integer and fractional quantum Hall effect.1 For electron
filling factor �=2�LB

2n2D�1 �n2D is the 2DEG density, LB
the magnetic length� additional, high-energy bands appear in
the PL spectrum of MDQW’s,2 and these were recently in-
tensively studied.3–5

The effectiveness of PL spectroscopy is further enhanced
by modulating it by microwave �mw� irradiation. The basic
process of mw-induced PL changes in semiconductors is
electron heating due to mw absorption by free electrons,6 so
that the electron temperature Te exceeds the lattice tempera-
ture TL.7 A variety of secondary processes are induced by the
heated electrons, among them emission of low-energy acous-
tic phonons,8–10 2DEG density variation,11 and lattice tem-
perature increase �bolometric effect�.

Under B�, strong absorption occurs when the mw fre-
quency matches the cyclotron or spin resonances. Then, the
Te dependence on B� follows the resonances, and a resonant
enhancement of the mw-modulated PL �MPL� intensity oc-
curs. The MPL intensity dependence on B� is often used to
observe various optically detected resonances �ODR’s�: cy-
clotron, dimensional magnetoplasma,10–13 and composite fer-
mion and electron spin resonances.14 These resonances allow
the determination of the effective masses, density, and spin
of the involved 2DEG states �quasiparticles�. Under intense
mw irradiation, a remarkable modification of the ODR line
shape and the mw-induced PL bistability were observed.10,11

It is therefore clear that an identification of the processes
that the 2DEG-photoexcited hole system undergoes under
mw irradiation is required to understand the variety of phe-
nomena observed in mw-modulated PL spectroscopy. In par-
ticular, the physical processes giving rise to ODR’s, which
were observed in the spectrally integrated MPL intensity de-
pendence on B�

14,15 should be studied. It is important to
notice that the recently discovered mw-induced resistance
oscillations �MIRO’s� have stimulated great interest in the
underlying physics of the 2DEG interaction with microwaves
�Ref. 16 and references therein�.

In the following, we present an investigation of the mw-
induced PL changes that are observed with increasing mag-
netic field and mw power in GaAs/AlGaAs MDQW’s and
heterojunctions �HJ’s� containing a 2DEG of various density
and very high mobility. In this way we elucidate the physical
mechanisms giving rise to various optically �or
resistivity16–18� detected resonances. Since the PL spectrum
for MDQW is well described by a convolution of the 2DEG
energy distribution function with that of free holes, important
information on the mw-induced changes in the 2DEG prop-
erties was obtained from the analysis of MPL spectra.

A general impression of the mw-irradiation effects on the
PL spectrum can be obtained from Fig. 1. Here, the evolution
of the PL �Figs. 1�a� and 1�c�� and MPL �Figs. 1�b� and 1�d��
spectrum with increasing B� is demonstrated. In the low-
field range �B��0.5 T� the modulation depth is largest at
the 2DEG cyclotron resonance, and the entire PL spectrum is
mw modulated, mostly in the low-energy part of the spec-
trum �Fig. 1�b��. In Sec. III, we discuss the MPL at low B�

and show that it originates in a hole redistribution in the top
valence subband, due to mw heating of the 2DEG. In addi-
tion, optically detected resonances are discussed in Sec. IV.

For higher magnetic field �B��0.5 T�, mw-induced PL
changes are observed only under intense mw irradiation
�Pmw�0.5 mW� and the MPL spectrum reveals a low-energy

PHYSICAL REVIEW B 74, 245310 �2006�

1098-0121/2006/74�24�/245310�9� ©2006 The American Physical Society245310-1

http://dx.doi.org/10.1103/PhysRevB.74.245310


shift of the PL spectrum �Fig. 1�d��. We attribute this shift to
a very small band-gap energy narrowing ��Eg� and further
propose that �Eg results from a mw-induced 2DEG density
increase15 �band-gap renormalization term�.19 A possible
source of additional electrons is the impact ionization of im-
purities that reside in the AlGaAs-barrier layer �or interface�
by mw-heated electrons in the barrier �or in the parallel
conducting-doped layer�.20 One can also see that the PL and
MPL peak intensities in Figs. 1�c� and 1�d� vary in a differ-
ent way within some B� ranges, and new resonances appear
in the dependence of the MPL signal on B�.15

The nature of the MPL spectrum at B��0.5 T is consid-
ered in Sec. V. Then, the MPL intensity dependence on B�

giving rise to the ODR’s �for B��0.5 T� is discussed �Sec.
VI�. Conclusions are given in Sec. VII.

II. EXPERIMENTAL DETAILS

Several single, modulation-doped GaAs/AlGaAs QW’s
with well widths of 20–40 nm and HJ’s were studied. These
samples were grown by molecular beam epitaxy on �001�
GaAs wafer. The �-Si-doped layer is separated from the
GaAs/AlGaAs interface by a AlGaAs spacer whose width
varies in the range 50–100 nm for different samples. The
2DEG density �n2D� range was 0.2�1011–2�1011 cm−2 and
its mobility was 	e= �2–5��106 cm2/ �V sec� at 2 K.

The sample, of a typical size of 1–3 mm, was inserted
inside a short-circuited 8-mm waveguide, at the maximum of
the mw electric field, which was directed in the 2DEG plane.
�A schematic description of the pertinent directions is shown
in the inset of Fig. 2�. The waveguide was mounted inside a
superconducting solenoid. The external magnetic field �B
�7 T� was applied either perpendicularly to the 2DEG layer
�B�� or in parallel to it �B��. The sample was immersed in
liquid He, and the experiments were done at TL=1.9 K. A
Gunn diode provided mw radiation at a frequency of 36 GHz

�
i�2.3�1011 sec−1�. The output power was attenuated so
that the incident power Pmw was varied from 10 	W to
20 mW. A Ti-sapphire laser with photon energy EL
=1.56 eV �below the AlGaAs-barrier band gap� illuminated
the sample through a small hole in the waveguide. The ex-
citing light intensity was low ��0.1 W/cm2�. The circularly

FIG. 1. PL �a�, �c� and MPL
�b�, �d� spectral evolution for 20-
nm-wide MDQW �n2D=0.9
�1011 cm−2� under B�. �b� Low-
B� range and Pmw=0.4 mW. �d�
High B�, Pmw=2 mW. The sign
of the MPL signals ��b� and �d�� is
reversed in order to directly com-
pare the MPL and PL peak inten-
sity dependences on B�. The PL
and MPL scales are given in rela-
tive units.

FIG. 2. �a� PL spectra under BC=86 mT for Pmw=0 �open
circles� and Pmw=0.02 mW �solid line�. �b� mw-modulated PL
�MPL� spectra under Pmw=0.02 mW for B�=30 mT �1�, 120 mT
�2�, and 70 mT �3� and 86 mT �at electron CR� �4�. Inset: schemati-
cally depicted geometry of the experiment. The PL and MPL inten-
sities are in relative units with the ratio number written at the
bottom.
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polarized ��− or �+� PL was analyzed by a double-grating
spectrometer with a spectral resolution of 0.03 meV. The PL
spectra were detected with a cooled charge-coupled-device
�CCD� camera, and the mw-modulated PL spectrum was ob-
tained as the difference of two successive PL spectra, in the
presence and in the absence of mw irradiation.14

III. MICROWAVE MODULATED PL BY 2DEG HEATING:
THE ROLE OF NON-EQUILIBRIUM PHONONS

A. Experimental results

Figure 2 displays several PL and MPL spectra of a single-
side modulation-doped QW �25 nm wide� having n2D�1.8
�1011 cm−2. In Fig. 2�a�, the 2DEG-free hole PL spectra
obtained with and without mw irradiation are shown. The
spectral width of the PL band is 6.2 meV, and this value is
close to the 2DEG Fermi energy EF. The MPL spectra were
measured under incident mw power of �20 	W at several
B� values: B��BC, B��BC and B��BC where BC

=me
*c
i /e=86 mT is the B� value for the electron cyclotron

resonance �CR� in GaAs. �me
* is the electron effective mass, c

the light velocity�. The mw-modulated PL amplitude is high-
est at BC, while it is �1% of the PL peak intensity out of the
CR �at B�=30 mT�. These are the lowest mw-induced PL
changes that were detectable by subtracting two successive
PL spectra �such as those shown in Fig. 2�a��.

In Fig. 3, the MPL and PL spectra of a two-sided
modulation-doped 20-nm-wide QW sample that has a 2DEG
density n2D�1�1011 cm−2 are shown for B� �a� and for
in-plane B� �b�. The 2DEG-free hole PL spectral width is
3.3 meV, a value �EF. For B�, the MPL spectra were mea-
sured under Pmw=50 	W at three B� values, and for B�, Pmw
was �100 	W.

The MPL spectra in Figs. 2 and 3�a� show a PL intensity
decrease in the low-energy part of the spectrum �negative
MPL signal� and its increase at higher photon energies. The
MPL spectrum spreads to higher photon energies either with
increasing mw power or at BC when the mw absorption by
the 2DEG is the highest. These features of the MPL spectra,
in particular the largest modulation depth of the PL at the
electron cyclotron resonance condition, indicate that the ba-
sic effect of mw irradiation is due to the 2DEG mw absorp-
tion. It leads to an increase of the 2DEG temperature Te.

It should be noted that the spectrally integrated MPL sig-
nal is nearly zero. This means that the 2DEG recombines
mainly radiatively and the mw-induced PL changes are not
due to activation of nonradiative recombination channels
�as is often observed in undoped QW’s or bulk
semiconductors6�.

If mw irradiation would affect a Te increase alone, then
the expected MPL signal would be observed only in the
spectral range around EF since all the electron states with
energy E�EF are occupied. However, this is not observed
for the high-density sample, as seen in Fig. 2�b�. For the
low-density sample, only a minor PL change �such as the
small dip in the positive background just below EF and the
tail extending above EF� is seen under higher Pmw or for
fields around BC �middle MPL spectrum in Fig. 3�.

The strongest mw-induced PL modulation signals occur at
energies much below EF, and actually the MPL spectrum
spreads over the entire PL energy range �Figs. 2 and 3�. At
low PL energies, the electrons occupying states with E�EF
participate in the optical transitions. These are not affected
by mw heating, and we thus conclude that the energy redis-
tribution of the photoexcited holes along the dispersion curve
of the hh1 valence subband gives rise to the observed MPL
spectrum. The strongest modulation occurs at BC when the
mw heats mainly the 2DEG. Therefore, hole redistribution is
caused by energy transfer from the hot 2DEG, and it is an
indirect �secondary� effect of mw irradiation on the PL.

More information on the hole-energy redistribution in-
duced by mw irradiation is obtained by studying the MPL
under a magnetic field applied in parallel to the 2DEG. Re-
cently, we showed that the 2DEG PL spectrum is modified
with increasing B� and the PL intensity near EF increases.21

Figure 3�b� shows the evolution of the PL �circles� and MPL
�solid curves� spectra with increasing B�. A pronounced ef-
fect of B� on the MPL spectrum is observed, although the
2DEG temperature is not affected by B� �which is parallel to
the mw electric field�. In particular, a MPL dip appears near
EF at B�=6.5 T and the MPL amplitude decreases with B�.
The reason for such PL changes is that the electrons of E
�EF can recombine with valence holes of various energies
due to the relative shift of the conduction- and valence-band
dispersion curves under B�.

21 Then, the energy and amount of
valence holes available for recombination with the electron
vary with B�, so that the PL at any photon energy depends on
the energy-averaged hole redistribution. Below, we will
compare these experimental findings with calculated MPL
spectra.

The MPL spectra obtained under both B� and B� are ex-
plained by the energy redistribution of valence holes: the
low-energy hole population decreases while the high-energy

FIG. 3. �a� PL �open circles� and MPL spectra of a 20-nm-wide
MDQW for three B� values at Pmw=0.05 mW and TL=1.9 K. �b�
In-plane magnetic field: PL and corresponding MPL spectra at
Pmw=0.1 mW for several B� values. The spectra are vertically
shifted for clarity.
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one increases. We shall examine this proposition by calculat-
ing first the MPL spectrum and then considering the mecha-
nism responsible for energy transfer from the heated 2DEG
to the holes.

B. Numerical simulation of the PL and MPL spectra:
Nonthermal photoexcited hole distribution

We use a simplified model for calculating the PL spec-
trum that arises from the radiative recombination of the
2DEG with holes in a single, parabolic valence subband
�hh1�. In the case of direct optical transitions, the PL spec-
trum is well described by the product of the electron and hole
distribution functions. Taking into account an energy-
independent joint density of states D�
�=1/2
+1/� arctan��
−Eg� /��� with a broadening parameter �,
the PL intensity at photon energy 
=Eg+�e+�h is22

I�
� � D�
�f��e�f��h� . �1�

Here Eg, �e, and �h are the band gap and electron and hole
in-plane energy, respectively. f��e� and f��h� are the Fermi
distribution function for 2D electrons and the Boltzmann dis-
tribution function for nondegenerate �low-density� photoex-
cited holes. The distribution functions are characterized by
effective temperatures for the electrons �Te� and the holes
�Th�. The direct optical transitions with a given 
 occur at
ke= kh=2	�
−Eg�1/2. Here 1/	=1/me+1/mh is the re-
duced electron-hole effective mass with the effective electron
mass value of me=0.0665m0 and the effective heavy-hole
mass in the hh1 subband mh=0.35m0. The energies in Eq. �1�
are �e=	 /me�
−Eg�, and �h=	 /mh�
−Eg�. The PL

spectrum of the MDQW’s is well fitted by Eq. �1� for 2DEG
densities above n2D=5�1010 cm−2, since then the electron-
hole interaction is screened by the 2DEG and its contribution
can be left out.

Figure 4�a� shows the experimentally measured PL spec-
trum at TL=1.9 K �Pmw=0, circles�, which is fitted with the
calculated spectrum �solid line� using Eq. �1� with �
=0.25 meV. In the absence of mw irradiation, such a fitting
procedure gives the proper n2D value and the extracted Te

0

=1.9 K while Th
0=2.55 K, which exceeds Te

0 and TL. This is
interpreted as a result of a nonequilibrium distribution of
photoexcited holes. It is further supported by the observation
of PL bands due to the transitions between electrons in oc-
cupied Landau levels �marked with nLL=1,2 ,3 , . . . in Fig.
1�c�� and high-energy, nonthermalized holes that occupy the
corresponding valence-band Landau levels.23

At low temperature, the energy relaxation of photoexcited
holes occurs by emission of low-energy acoustic phonons.
The lifetime associated with this process exceeds the 2DEG-
hole radiative lifetime �due to the small e-h separation in
MDQW’s�.1 Thus, the photoexcited holes recombine with the
2DEG before the Boltzmann distribution function corre-
sponding to the ambient TL is established, and Th in Eq. �1�
has the sense of an “effective temperature.” In contrast, Te is
established much faster due to the scattering of photoexcited
�or mw-heated� electrons within the 2DEG, and the 2DEG
distribution can be well characterized by Te. For low photo-
excitation intensities and in the absence of mw irradiation,
Te

0�TL.
As the 2DEG gains energy from the mw electric field, Te

can easily exceed TL.7 This results from the low rate of
2DEG energy losses by acoustic phonon emission at low
lattice temperature. We assume that the mw effect on the PL
comes from the increased Te and accompanying increase of
the effective Th.

In order to simulate the MPL spectrum, several PL spectra
were calculated in which Te and Th vary, and then, these
were subtracted from the spectrum that gives the best fit to
the observed PL in the absence of mw irradiation. The spec-
tra were calculated imposing the condition that they maintain
the same integrated intensity �namely, a 100% quantum effi-
ciency�. The result is a series of calculated MPL spectra as
shown in Fig. 4�a�. It can be clearly seen by comparing the
calculated MPL spectra with the experimental spectra in Fig.
3�a�, that increasing Te alone �namely, the sole effect of mw
irradiation is heating of the 2DEG� does not reproduce the
correct MPL spectral shape. In particular, the MPL1 spec-
trum in Fig. 4�a� was calculated for Te−TL=0.3 K while
maintaining a fixed Th

0. On the other hand, the MPL spectra
calculated with Te−TL=0.3 K and Th=2.8 K and 3 K
�dashed and dash-dotted lines in Fig. 4�a�� reproduce quite
well the main features of the observed MPL spectra as one
can conclude from comparing Figs. 2�a� and 3�a� with Fig.
4�a�.

In the case of parallel B�, a similar simulation procedure
for the MPL spectra was performed by using Eq. �4� of Ref.
21. Figure 4�b� displays the simulated PL �in the absence of
mw� and the MPL spectra for three B� values assuming Te
=2.4 K and Th=3 K, which do not vary with B�. One can
conclude that the calculated MPL spectral evolution reflects

FIG. 4. �a� The measured PL spectrum �Pmw=0� at TL=1.9 K
�open circles� and the calculated one �solid line� for Te=TL, Th

0

=2.55 K. The MPL1, MPL2, and MPL3 spectra are calculated for
Te−TL=0.3 K and Th=2.55 �=Th

0�, 2.8, and 3 K, respectively. �b�
Calculated PL and MPL spectra for three in-plane B� values. Te

−TL=0.5 K and Th=3 K �these temperatures are higher than that in
�a� since the MPL spectra for B� were obtained at higher Pmw; see
Fig. 3�.
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the main peculiarities seen in the MPL spectra obtained at
Pmw=0.1 mW �Fig. 3�b��. In particular, the appearance of a
dip near EF and the MPL amplitude decrease with increasing
B� are well simulated. Still, a perfect fit cannot be obtained
by just varying the effective Th, and this indicates that the
assumed Bolzmann distribution for the holes is not an accu-
rate approximation. It should be underlined that the observed
MPL spectra cannot be fitted by varying only Te.

Presenting the experimental spectra together with the
simulated MPL spectra allows us to conclude that it is the
hole-energy redistribution that is mostly responsible for the
observed PL changes—namely, for the spectral MPL line
shape under mw heating of the 2DEG. The question is how is
the hole energy redistribution affected by mw irradiation?

Direct mw heating of valence holes �under the low Pmw

used� is negligible due to the large hole effective mass and,
thus, to the much lower hole mobility. Direct inelastic scat-
tering of holes with hot electrons �having wave vectors near
kF� is inefficient for a degenerate 2DEG,24 in particular for
the asymmetric MDQW structures where the 2DEG and
holes are spaced apart.

Thus, in a steady state, all mw power gained by the 2DEG
is dissipated by emission of acoustic phonons. The charac-
teristic energy of the acoustic phonons emitted by the 2DEG
at Te�10 K is ��S�2EFme�0.5�0.2–0.3 meV �S is the
sound velocity�.25 At low temperature, these nonequilibrium
low-energy phonons propagate ballistically throughout the
sample, maintaining a nonequilibrium energy distribution
since their lifetime �b is determined only by the phonon scat-
tering on the sample boundaries: �b�L /S�10−7 sec �for the
characteristic sample size L=0.5 mm�. Thus, the population
of the low-energy acoustic phonons significantly exceeds the
equilibrium one.25,26

The nonequilibrium phonons are subsequently absorbed
by the valence holes, and this causes the nonequilibrium hole
redistribution. A similar effect of nonequilibrium phonons on
the distribution function of carries was theoretically consid-
ered in Ref. 27. Thus, we propose that an indirect 2DEG-
hole interaction mediated by the nonequilibrium phonons re-
sults in a hole-energy redistribution, and therefore, the
population of low-energy hole states decreases while that of
higher-energy ones increases, as the MPL spectrum reveals.

The proposed mechanism is specific to the 2DEG since
the nonequilibrium phonon flux is proportional to the 2DEG
density. In contrast, at low electron density or for undoped
semiconductors, direct hot electron-exciton �hole� scattering
is responsible for the observed mw-induced PL changes.6

Therefore, it is proposed that nonequilibrium phonons
play an important role in all cases where 2DEG heating oc-
curs �such as intense interband or intersubband light absorp-
tion, under dc current flow or mw irradiation�. In particular,
they should be taken into account in the physical mecha-
nisms giving rise to the recently studied mw-induced resis-
tance oscillations.16 The latter are usually observed at mw
powers considerably higher than the Pmw values of
10–20 	W used here and that induce the PL changes due to
the generation of nonequilibrium phonons by the mw-heated
2DEG.

IV. OPTICALLY DETECTED RESONANCES

It is well known that mw absorption by electrons exhibits
an electron CR at BC.28 The CR transforms into a dimen-
sional magnetoplasma resonance �DMPR� with increasing
electron density.28,29 For the 2DEG, the DMPR field is BR
=BC�1−Len2Dc /
i�aBC� where L, �, and a are the numerical
depolarization factor, the dielectric constant, and the charac-
teristic length of the sample, respectively. The DMPR is very
useful for contactless 2DEG study.11,13 Under intense mw
irradiation, it is accompanied by a resonant Te�B�� depen-
dence. The strongest mw-induced PL changes are observed
at the electron DMPR, and various other resonances of the
2DEG were investigated by an optical detection
technique.10–15

In this method, the absolute value of the MPL intensity is
integrated within some spectral window �or over the entire
MPL spectrum� and the resulting integrated MPL amplitude
�MPLA� is plotted as a function of B�. The inset of Fig. 5
shows MPLA �B�� traces obtained for three different spec-
tral windows. Each displays a strong optically detected elec-
tron DMPR and additional lower-field resonances due to
other DMPR modes or DMPR subharmonics.13 These addi-
tional resonances are observable by ODR spectroscopy due
to the strong nonlinear dependence of the MPL intensity �and
its spectrum� on mw-absorbed power. Moreover, as B�

sweeps through the resonance, the MPL spectrum is modified
�see Figs. 2 and 3�, and the ODR line shape �even its posi-
tion� depends on the spectral window in which the MPLA
�B�� trace was obtained as can be seen in the inset of Fig. 5.

For B��BR, the MPL intensity decreases, as can be de-
duced by comparing the scales of Figs. 1�b� and 1�d� �see
also curves 1 and 1a in Fig. 5�. This is due to the reduced mw
absorption by the 2DEG and, consequently, to less 2DEG
heating. In the classical Drude approach, the electron mw
absorption decreases as 1/ �	eB��2 �where 	e is the 2DEG
mobility�. In the quantum mechanical approach, which ap-
plies at high B�, this decrease is due to a reduced overlap
between the broadened Landau levels. For example, at
B�=0.5 T, the inter-Landau level LL energy spacing is

FIG. 5. Integrated MPL amplitude �MPLA� dependence on B�.
The inset shows the MPLA traces near the ODCR field. The MPLA
traces 1, 2, and 3 are obtained by integrating the MPL amplitude
over the entire spectrum and over the low-energy �negative� and the
high-energy �positive� parts of the MPL spectrum, respectively �as
can be seen in Fig. 3�a��.
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�6 times larger than the mw-photon energy at 36 GHz. As
shown by curve 1 in Fig. 5, the MPL intensity is greatly
reduced ��100 fold� for B��0.3 T. Thus, the mw-
modulated PL signal was less than 1% of the PL intensity �at
Pmw�0.2 mW�.

In order to observe mw-induced effects at higher B�

�above 0.5 T�, mw-irradiation power Pmw�0.5 mW was
used. Then, the absolute value of the MPL signal integrated
over the entire MPL spectrum �MPLA vs B� dependence�
reveals several weak resonance bands that appear at certain
B� values on the fluctuating background �at B1 and B2 values
in Fig. 5�.15 In Fig. 1�d�, the resonant enhancements of the
MPL peak intensity are also seen.

These resonant mw-induced PL changes detected by the
MPLA trace cannot be attributed to 2DEG heating since mw
absorption by the magnetized 2DEG is very low. A weak
2DEG heating might come from mw-induced hopping con-
ductivity between localized states, which was observed in
low-mobility samples.30

In general, 2DEG spin resonance bands can be observed
at certain B� values, on the weak mw-induced background,
by using the ODR technique.14,31 Similar behavior of mw-
modulated signals versus B� is observed in the case of
resistance-detected 2DEG spin resonance17,18 or in the opti-
cally detected mw-induced spin resonance in bulk
semiconductors.32 Such a background results from the mw
heating of the low-mobility electrons,32 but this is not the
case for the high-mobility 2DEG. Thus, the nature of the
mw-induced PL changes at high B� should be examined in
order to identify the MPLA resonance bands and to under-
stand the origin of the strong fluctuating MPLA background
�curve 1a in Fig. 5�.

V. mw-INDUCED PL CHANGES AT HIGH B

The origin of the mw-induced PL modulation observed
for B��0.5 T is identified by analyzing the MPL spectra. In
Fig. 6, the PL and MPL spectra of 25-nm-wide MDQW
�n2D=0.7�1011 cm−2� for several B� values and under
Pmw�1 mW are presented. At B�=0.5 T, the mw-
modulated amplitude is �20% of the PL intensity, and it
mainly reflects the mw-induced broadening of the PL lines
corresponding to recombination from NLL=0, 1, 2 Landau
levels. We attribute this broadening to a slight 2DEG heating
still occurring at high mw power ��1 mW�. With increasing
B�, the PL line broadening diminishes and the mw-
modulation depth decreases since mw absorption reduces
with B�.

At B��2 T, the PL spectrum is due to the 2DEG-hole
transitions between the lowest e-h Landau levels and the
mw-modulation depth is less than �5%. Then, the MPL
spectra at 2, 3.5, and 6.4 T show a small positive signal in
the low-energy part and a large negative signal in the high-
energy part of the spectrum. This means that the PL line
shifts to lower photon energy by 0.02–0.08 meV. At B�

=6.4 T ���0.5�, an additional high-energy PL band �H
band5� is seen in the PL spectrum and the entire PL spectrum
is shifted under mw irradiation �Fig. 6�. The MPL spectra of
the 20-nm-wide MDQW show similar behavior �Fig. 1�d��.

The mw-induced PL energy shift is very small, and it can
be clearly detected only for narrow PL lines in high-quality
samples. Moreover, only the PL lines due to the 2DEG-hole
recombination exhibit such a redshift, it is not observed in
the excitonlike transitions. Figure 7�b� displays the PL and
MPL spectra for the low-density 33-nm-wide MDQW �n2D

=2.5�1010 cm−2� where excitonlike �charged and neutral

FIG. 6. The MPL and PL spectra for several B� values and at
Pmw=1 mW. Vertical scales show the relative values of the MPL
and PL intensities �left and right scale, respectively�.

FIG. 7. �a� PL �open circles� and MPL spectra for heterojunction
at B�=4.1 and 4.8 T �solid and dotted lines, respectively�. �b� The
PL and MPL spectra of a low-density 33-nm-wide MDQW at B�

=4 T. Pmw=1 mW.
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excitons Xt
− and X0� and 2DEG PL bands coexist at B�

�3.5 T ���0.5�.3–5 The MPL spectrum shows that the
2DEG �and H� PL bands are affected differently by mw ir-
radiation as compared to the Xt

− and X0 bands. The former
show a shift while the charged �and neutral� exciton PL lines
exhibit only a decreased PL intensity ��10% � under mw
irradiation. It is worth noting that similar PL spectral shifts
were previously observed when n2D was varied by optical
depletion, and the different response of the excitonic and
2DEG PL to the n2D variation was explained by the appear-
ance of 2DEG puddles in photoexcited MDQWs.5

This difference in the MPL spectra for both transitions is
clearly observed in the single heterojunction. Its spectrum
consists of a low-energy PL band due to the 2DEG which
occupies the lowest Landau level and of high-energy PL
lines due to bulk excitons in the GaAs buffer layer.33 The
MPL spectra in Fig. 7�a� �solid and dotted lines� show a
low-energy shift for the 2DEG PL band, while the exciton
PL lines do not shift. The inset of Fig. 7�a� displays an en-
larged part of the PL spectra in the presence �dashed line�
and in the absence �circles� of mw irradiation, and it demon-
strates how small the mw-induced PL shift is. The exciton
PL is practically unaffected by mw at high B� ��1 T�, and
this is evidence of negligible 2DEG mw heating.10 On the
other hand, a redshift of the 2DEG PL band was observed for
samples with a higher 2DEG density,33 and thus we conclude
that the mw-induced PL shift comes from a slight 2DEG
density increase. It is worth noticing, that the MPL peak
intensity does not vary proportionally to the PL as B� in-
creases �one can see this by comparing the PL and MPL
spectra for two B� values in Fig. 7�a��. This means that the
mw-induced spectral PL shift is sensitive to the B� value and
it slightly decreases with B�.

We attribute the spectral redshift to a 2DEG density in-
crease that is induced by intense mw irradiation �Pmw

�0.5 mW�.15 The increased n2D leads to a small band-gap
energy reduction that results from an increased electron-
electron-interaction �band-gap renormalization effect19�. As
is seen from Figs. 6 and 7 the mw-induced redshift of the PL
spectrum is less than 0.1 meV. From this value of �Eg, the
estimated increase in n2D �Ref. 19� is less than 3
�109 cm−2 �at Pmw=1 mW�. It should be noted that at low
B�, when 2DEG mw heating is most effective, the 2DEG
density can be reduced under mw irradiation.11

The mw-induced n2D increase is likely caused by injection
of additional electrons from the AlGaAs barrier layer or from
the GaAs/AlGaAs interface. These electrons appear in the
QW as a result of impact ionization of impurities that reside
in the barrier layer �or interface� by residual �in the parallel
�-doped layer� or photoexcited electrons that are mw
heated.20 Since the mobility of electrons in the barrier layer
is low, such a heating occurs only under increased Pmw and it
decreases slightly with B�.

In our previous study of mw absorption in undoped pho-
toexcited GaAs heterostructures we observed a mw-induced
avalanche impurity breakdown as the mw power exceeds the
threshold value of 0.5–1 mW.20 In the present experiments,
the MPL peak intensity increases superlinearly with Pmw �see
also Ref. 14�. This signifies a nonlinear dependence of the

injected electron density on mw power, and it is typical of
avalanche impurity breakdown. The proposed mechanism of
electron injection due to impurity impact ionization is ex-
pected to cause a strongly fluctuating MPL signal, and this
explains the origin of the fluctuating MPLA background seen
in curve 1a in Fig. 5.

Therefore, at Pmw�0.5 mW, the main mw effect on the
magneto-PL is attributed to the mw-induced n2D change. At
Pmw�0.5 mW, the PL mw-modulation depth was less than
1% �for B�1 T�, and this restricted detection of mw-
induced PL modulation at lower Pmw.

We also note that the MPL line shape shown in Figs. 6
and 7 was the same for both �−- and �+-PL components.
This eliminates the possibility that the observed MPL is due
to a mw-induced electron spin flip that results from the elec-
tron interacting with the mw–magnetic-field component.17

Electron spin flip would have resulted in a �−-PL intensity
decrease accompanied by a �+-PL intensity increase which is
not observed.

VI. NATURE OF THE mw-INDUCED ODR AT HIGH B

It is left now to explain the origin of the resonance bands
observed in the MPLA dependence on B� at high fields
�Figs. 1�d�, 5, and 8�. In order to do so we combine in Fig. 8
the fan diagram of the PL peak energy �open circles� and the
MPLA traces �solid and dashed curves�, both plotted as a
function of B�. In order to appreciate the effect of Landau-
level filling, the fan diagram is appended by a contour plot
using a three 3-grade gray scale for the PL intensity. The PL
energy and the MPLA trace shown by the solid curve were
obtained under photoexcitation below the AlGaAs barrier
layer �Ti:sapphire laser�. One can see that the resonances in
the MPLA trace, the ODR fields, are close to the B� values
corresponding to even-integer electron filling factors: �

FIG. 8. Contour PL plot �gray scale�, PL peak energy �open
circles�, and MPLA dependence �a and b curves� on B� for a 20-
nm-wide MDQW �the same as in Fig. 3�, Pmw=1 mW. The straight
dashed lines are the best fit to the Landau-level behavior: E=Eg

+ 
c�nLL+1/2� where nLL is the integer LL number and
�
c /2� /B�=0.00096 eV/T. The filling factors � are shown on the
top.
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�2,4 ,6 ,8. The MPLA trace shown by the dashed curve was
obtained under illumination by an He-Ne laser when n2D was
reduced by optical depletion.1,5 The ODR’s are shifted as the
� values move to lower B� with decreasing n2D. Several
studied MDQW samples having various n2D show the ODR’s
occurring in the vicinity of even �.15

We propose that the MPLA resonance bands appear at B�

values for which the magneto-PL spectrum responds most
sensitively to the 2DEG density variation. In other words, the
MPL intensity increases when the mw-modulated n2D causes
the largest change in the PL spectrum. It usually occurs in
the vicinity of integer � values, so that a slight change in n2D
gives rise to significant PL spectral changes.

In order to verify this, the B� derivative of the
magneto-PL spectra was numerically obtained: each PL spec-
trum measured at B� was subtracted from that measured at
B�+�B� �where �B� is equal to 0.01 T�. Then, these
B�-modulated spectra were integrated and the obtained am-
plitudes were plotted as MPLA vs B�. This procedure repro-
duces the PL spectral shift to lower B� with increasing n2D,
as was observed in our previous study.5 Such a procedure
generates the “fake” ODR’s that are similar to those obtained
under mw irradiation.

Thus, we conclude that the MPLA resonance bands
emerge at the B� values where the energy of the 2DEG-hole
system is most sensitive to a variation of n2D. For instance,
any kinks in the fan diagram or the 2D-electron redistribu-
tion between LL’s near integer � values can generate these

fake ODR’s when mw irradiation affects the 2DEG param-
eters.

VII. CONCLUSIONS

Microwave irradiation of heterostructures containing a
2DEG gives rise to changes in the low-temperature PL spec-
trum. At low B, when mw radiation of Pmw�20 	W heats
the 2DEG, the MPL spectra reveal a hole-energy redistribu-
tion. For the mechanism that causes this redistribution, we
propose that it is the interaction of the holes with nonequi-
librium, low-energy acoustic phonons emitted by the mw-
heated 2DEG. This underlying physical mechanism is re-
sponsible for the optically detected 2DEG cyclotron
resonance at low B. At higher B�, as the 2DEG heating
becomes inefficient, the mw-induced effect on the PL spec-
trum results from a 2DEG density increase due to electron
injection from the AlGaAs barrier layer. This n2D increase
leads to a low-energy magneto-PL spectral shift and can
simulate optically detected resonances in the MPLA depen-
dence on B�.
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