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Photoluminescence hysteresis of the optically detected cyclotron-like resonance
of a two-dimensional electron gas
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A significant reduction of the two-dimensional electron gas~2DEG! densityn2D in a modulation doped
GaAs/AlGaAs quantum well is observed when the 2D-electrons are heated by microwave~mw! irradiation at
1.8 K. A dependence ofn2D on the effective electron temperatureTe leads to a remarkable hysteresis of the
optically detected dimensional magnetoplasma~cyclotronlike! resonance, namely, to a bistability of the 2DEG-
free hole photoluminescence~PL! spectrum as the magnetic field is scanned back and forth. Then2D andTe

values for the nonequilibrium 2DEG are obtained from the PL spectrum analysis. The PL time-resolved study
shows thatn2D depends on the mw pulse duration and has a long recovery time;1022 sec. This phenomenon
is attributed to an increased vertical transport of the warm electrons out of the quantum well.
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A high mobility two-dimensional electron gas~2DEG! in
a semiconductor modulation doped quantum well~MDQW!
and heterojunction~HJ! can be easily heated by dc curren
far-infrared ~FIR!, microwave ~mw! or visible irradiation,
and its low-temperature properties are thereby modified. T
was observed in several cases: a breakdown of the qua
Hall effect with increasing dc current,1 a change in the 2DEG
magnetoresistance under FIR or mw irradiation,2–4 and the
effects of increased light or FIR/mw intensities on the 2DE
photoluminescence.5–8 These phenomena were interpreted
caused by an increased electron temperature of the 2DE

Recently, a hysteresis of the dimensional magnetopla
~cyclotronlike! resonance~DMPR! was observed in quantum
heterostructures containing a laterally confined 2DEG.9 It is
well known that the cyclotron resonance~CR! transforms
into a DMPR with increasing electron density~if the elec-
trons are spatially confined in a small area with dimensio
a, less than the mw radiation wavelength!.10,11 The resonant
magnetic field strengthBR is shifted from the classical elec
tron CR valueBCR :

BR5BCR23p2ecn
2D

/2kva.

Here, v is the mw frequency;BCR5vm* c/e; k is the
average dielectric constant value of the sample and
space. A remarkable feature of the DMPR is
BR-dependence onn2D . By measuringBR one can measure
the n2D-value in a nonequilibrium state, for example, und
photoexcitation intensity variation. This approach has b
used in studying the PL spectral evolution from a 2DEG st
to excitons whenn2D was varied by optical depletion.8,12,13

At the resonant magnetic fieldBR , the electrons gain the
largest energy amount from the mw radiation and, thus, re
the highestTe under intense mw power. The observ
DMPR hysteresis was interpreted9 as a nonlinear resonanc
resulting from a decrease ofn2D with increasing electron
heating. The developed model of the DMPR hysteresis
lowed for a phenomenological relation betweenn2D and the
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absorbed mw power causing the electron heating.9 However,
the dependence ofn2D on Te cannot be reliably extracted
from the mw absorption experiments, since the linesh
of the nonlinear DMPR is determined by bothn2D and
Te values.

The heated 2DEG goes through several nonequilibri
regimes. At low temperatures, the energy gained by the e
tron is rapidly redistributed within the 2DEG due to the ve
efficient electron-electron~hole! scattering. On the othe
hand, the cooling of the warm 2DEG occurs by emission
low-energy acoustic phonons that is not efficient for the
generate 2DEG at low temperature.14 Consequently, the
2DEG temperatureTe becomes higher than the lattice tem
peratureTL , and, simultaneously, the density of nonequili
rium acoustic phonons increases. After the electron heatin
turned off,Te relaxes with a characteristic energy relaxati
time of the order of 1029 sec, while the lifetime of the non
equilibrium acoustic phonons generated by the warm 2DE
is determined by their ballistic propagation through the en
sample and their leaving into liquid He. The latter lifetime
of the order of 1026 sec.15

The specific feature of a GaAs/AlGaAs quantum hete
structures that allows a change inn2D with Te , are the AlAs
or AlGaAs layers adjacent to the 2DEG. Under electron he
ing, a redistribution of the nonequilibrium 2D-electrons b
tween the QW and resonant~or nearly resonant! impurity
states in the spacer or in the doping AlGaAs layers can oc
by an electron vertical tunneling~probably, assisted by non
equilibrium acoustic phonons!. As the electron heating is
turned off, the electrons return into the QW, and the expec
recovery time can be quite long. In a number of experime
with a nonequilibrium 2DEG~Refs. 2, 3, and 16! relaxation
times of 102421021 sec were observed. However, the
long times were not convincingly explained.

Here we report on the photoluminescence~PL! study in a
modulation doped GaAs/AlGaAs quantum well subjected
mw electron heating. The PL of the studied samples is du
©2001 The American Physical Society06-1
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FIG. 1. The 2DEG-free hole
PL spectra of the 25 nm MDQW
with n2D52.331011 cm22 ~solid
lines! and the fitted PL spectra
~dash lines!. ~a! vs cw Pin . ~b! vs
lattice temperatureTL . ~c! The PL
spectra 1, 2~shown by circles!
and 3 are measured under cwPin

50, 0.1, and 10 mW, respec
tively; 4 and 5 at 10 mW mw
pulse having tp51025 and 2.8
31023 sec, respectively.
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the 2DEG-free hole radiative recombination. The 2DE
heating modifies the PL spectrum, and the PL change is
hanced at the resonant magnetic field. This is the basis o
optically detected resonance~ODR! technique. In the case o
DMPR, the resonant PL modifications can be caused by
n2D as well asTe variations, and this allows us to observe
hysteretic optically detected DMPR. We use pulse modula
mw heating and time-resolved PL detection techniques
order to investigate the different processes that are relate
electron heating. The optically detected DMPR is studied
a function of the mw power and of the mw pulse durationtp .
The 2DEG parametersn2D and Te are reliably estimated
from the analysis of the 2DEG-free hole PL spectrum, a
the dependence ofn2D on Te is obtained. A long recovery
time (;1022 sec) of the decreasedn2D is observed.

The MDQW samples were grown by molecular-beam
itaxy, and they have the following layer structure: a 500 n
thick GaAs buffer, a 3/10 nm GaAs/Al0.33Ga0.67As superlat-
tice ~100 periods!, a 25 nm-thick GaAs QW, a 80 nm-thic
Al0.33Ga0.67As spacer layer, a 350 nm-thick Si-dope
Al0.33Ga0.67As layer, and a 10 nm-thick GaAs cap laye
The 2DEG densities and dc mobilities for samples fro
several different wafers, varied in the rangesn2D
5(1.1–2.4)31011 cm22 andmdc5(124)3106 cm2/V sec
at 4 K. The samples were fabricated in the form of rou
mesas~0.5–0.7 mm in diameter! that contain a laterally con
fined 2DEG. Large area samples 232 mm2 were also stud-
ied. The sample was inserted in an 8-mm waveguide.
mw power from a 36 GHz Gunn-diode varied in the range
Pin5(1023250) mW, and it was modulated by a p-i-n d
ode. The mw pulse durationtp and the repetition frequenc
f 5Tp

21 were controlled in the range of (1027–1022) sec
and (102–105) Hz, respectively. The magnetic fieldB was
applied perpendicularly to the sample plane, while the m
electric field was in the plane. The sample was photoexc
at 1.56 eV with Ti-sapphire laser light, and the incident
tensity was kept below 1023 W/cm2. The PL was detected
with a spectrometer equipped with a photomultiplier. Tim
resolved PL experiments were performed by using a pho
counter with a variable gate (u). The sample temperatureTL
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was varied in the range 1.7–30 K, however, the mw irrad
tion experiments were performed with the sample immer
in liquid He at 1.8 K.

Figure 1~a! displays PL spectra obtained under the low
photoexcitation intensity~that does not affect the PL spec
trum!, at B50 and at severalPin values. PL spectra taken a
various lattice temperatures are shown in Fig. 1~b!. A com-
parison between Figs. 1~a! and 1~b! reveals an essential dif
ference between the PL spectral modification with increa
TL and with increasedPin at TL51.8 K: the PL spectra are
blue-shifted and become narrower with increasingPin .
Since the PL of the studied high quality MDQW originat
from the 2DEG-free hole radiative recombination it is
evidence that the observed PL modification under cw m
irradiation can result from bothTe andn2D changes.

In order to exclude the PL spectral modification that
due to the increasedTe , the PL spectra were measure
within the gateu5331023 sec after an intense mw puls
irradiation of Pin510 mW @see time diagram in Fig. 1~c!#.
Such PL spectra~curves 4 and 5! are shown in Fig. 1~c! for
mw pulse of tp51025 sec and 231023 sec ~with a pulse
cycle Tp5731023 sec), respectively. These spectra sho
be compared with those obtained under cw mw power
Pin50, 0.1, and 10 mW~spectra 1, 2, and 3, respectively!.17

A remarkable PL modification occurs with increasingtp ,
namely, the spectrum 5~taken at long mw pulses! is blue-
shifted and narrow when compared with the spectrum 4. T
indicates that the mw pulse causes an2D decrease which
does not recover during the time interval ofTp2tp ~of the
order 1022 sec) after the pulse turns off. We found that t
n2D value that determines the PL spectrum, decreases
increasingtp until it reaches the same value as observ
under cw mw irradiation~see below!. The n2D vs tp depen-
dence varies withTp , and this allows us to estimate th
characteristic relaxation times for the processes of then2D
decrease and recovery.18

Figure 2 shows an optically detected DMPR for t
MDQW mesa of 0.5 mm diameter. The PL intensity
Emon51.517 eV is measured as a function of the magne
6-2
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field ~B! when B is slowly scanned back and forth. Th
u-gated PL is taken after termination of mw irradiatio
pulses at severaltp (Pin51 mW). Under short mw pulses
the ODR occurs atBR50.035 T and it is similar to tha
observed at low cw mw power of 0.01 mW,12,13as a result of
the mw power leakage.17 At tp.231025 sec, the PL inten-
sity exhibits a hysteretic dependence onB with sharp discon-
tinuities in both hysteresis branches. The hysteresis lo
become wider with increasedtp , and the PL hysteresis a
tp51023 sec is similar to that observed under cwPin
51 mW. Also, the appearance of two loops is due to
complexity of the nonlinearity.9

The PL spectra obtained under the ODR conditions
presented in Fig. 2~b!. A clear difference exists between th
PL spectra measured for the sameB within the hysteresis
loop: on the up-going branch~curve 2! and then, on the
down-going branch~curve 3!. Thus, the hysteresis of the P
lineshape unambiguously shows the 2DEG density decr
under the electron heating on the up-going branch.

The PL hysteresis is also observed under cw mw irrad
tion. However, the presence of hot electrons as well as of
nonequilibrium phonons makes the observation and inter
tation of the experiment more complicated.18 The combined
time-resolved technique allowed us to measure the PL h
teresis and to estimaten2D in the absence of the hot electron
and of the nonequilibrium phonons since bothTe and non-
equilibrium acoustic phonon population has completely
laxed before the PL-gating.

The PL spectra were fitted by a simple, noninteract
electrons model19 in order to obtainn2D andTe parameters
of the nonequilibrium 2DEG subjected to mw heating as w
as at an equilibrium with a highTL . The fitted spectra shown
in Figs. 1 and 2, yield then2D , Te and the renormalized ban
gap Eg values that are presented in Fig. 3. As one can
n2D andEg do not vary with lattice temperatureTL . In con-
trast, then2D and Eg values for the mw heated nonequilib
rium 2DEG vary with the 2DEG effective temperatureTe .
TheTe values were estimated from the PL spectra measu

FIG. 2. ~a! ODR atPin51 mW and at various mw pulse dura
tion tp . Hysteretic curves are vertically shifted for clarity.~b! PL
spectra obtained at two hysteresis branches~solid lines! and
the fitted PL spectra~dash lines! with n2D and Te values shown
in Fig. 3.
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under cw mw irradiation at variousPin @e.g., curve 3 of Fig.
1~c!#, while n2D were obtained from the time-resolved P
spectra measured with delay of 231023 sec after the mw
pulse of 2.831023 sec terminated@e.g., curve 5 of Fig.
1~c!#. As the shorter mw pulse is used the PL spectrum
shifted to lower energy@curve 4 of Fig. 1~c!#, and then2D
value increases. It should be noted thatTe values extracted
from the fitting of the gated PL spectra are slightly high
thanTL51.8 K due to the mw leakage.17

The estimated 2DEG parameters on both hyster
branches@extracted from Fig. 2~b!# are also given in Fig. 3.
We conclude thatn2D decreases by;40% on the up-going
hysteresis branch when the temperature of the mw he
2DEG reachesTe;15 K. As the magnetic field is scanne
Te increases due to the DMPR, andn2D decreases. Since th
DMPR positionBR depends onn2D the nonlinearity of the
absorbed mw power arises, and this leads to the obse
hysteresis.9

We thus have a conclusive proof of a long-lived 2DE
density decrease when the high mobility 2DEG is driven in
a nonequilibrium state by heating the electrons. Now,
propose that this decrease occurs by a warm electron ver
tunneling out of the QW into the electronic states in t
layers surrounding the QW. Since the time of the direct el
tron tunneling between the 2DEG and Si-doped layer~sepa-
rated by a 80 nm-thick spacer layer! in the studied samples i
extremely long, some other vertical transport chann
should be considered. Among them one may consider e
tron tunneling through impurity clusters or redistribution
the heated 2DEG electrons over deep impurities~e.g., DX-
centers! in the AlGaAs spacer layer.

The nonlinear dependence ofn2D on Te ~Fig. 3! is an
inherent property of the nonequilibrium 2DEG since there
no such dependence with increasedTL ~for the equilibrium
state!. This strong nonlinearity can result from the electr
vertical tunneling assisted by the nonequilibrium acous

FIG. 3. The 2DEG parameters obtained by fitting the measu
PL spectra.), ( and n, L are theEF53.63(n2D/1011) and Eg

values for lattice and mw heating, respectively. The circles deno
by d and u correspond to the values ofEF and Te at B50.045 T
extracted from the PL spectra 2 and 3 of Fig. 2~b! ~on the down and
up-going hysteresis branches, respectively!.
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phonons,20 as well as from a redistribution of the built-in H
electric field with decreasingn2D .

In conclusion, we have observed a hysteresis of the
electron-free hole PL intensity and spectrum in laterally c
fined GaAs/AlGaAs MDQW. The hysteresis is a new ma
festation of the 2DEG nonlinear dimensional magnetoplas
resonance induced by intense microwave irradiation. T
time-resolved study of the PL change under the optica
detected DMPR as well as atB50, reveals a decrease of th
2DEG density with increasing the 2D-electron temperatu
r-
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A long recovery time of the density change is observed.
attribute this phenomenon to a modification of electron v
tical transport processes in the heterostructure under hea
of the 2DEG.
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