
PHYSICAL REVIEW B 15 OCTOBER 2000-IVOLUME 62, NUMBER 15
Dimensional magnetoplasma resonance detected by free-exciton photoluminescence
in modulation-doped GaAsÕAl xGa1ÀxAs heterojunctions

B. M. Ashkinadze and E. Linder
Solid State Institute, Technion-Israel Institute of Technology, Haifa 32000, Israel

V. Umansky
Braun Center for Submicron Research, Weizmann Institute, Rehovot, Israel

~Received 18 May 2000!

We studied the effect of microwave~mw! irradiation on the low-temperature photoluminescence~PL! of
high-quality, modulation-doped, wide GaAs/AlxGa12xAs heterojunctions~HJ’s! containing a two-dimensional
electron gas~2DEG!, in the density range of~0.9–4)31011 cm22. The PL arises from excitons that recombine
radiatively in the GaAs buffer layer, far from the 2DEG which is confined close to the GaAs/AlxGa12xAs
interface. We observe that the exciton PL is affected by a mw heating of the 2DEG: the mw-induced PL
intensity change increases with increasing 2DEG density as well as under a perpendicular magnetic field that
corresponds to the 2DEG dimensional magnetoplasma resonance~DMPR! condition. Moreover, the exciton PL
intensity shows a bistability at magnetic field strengths that are close to those observed in the DMPR mw
absorption. The mw-induced PL modulation effects are interpreted as being due to the interaction of the
excitons with low-energy, ballistically propagating acoustic phonons that are emitted by the mw-heated 2DEG.
The exciton PL quenching is associated with an exciton drag by the phonon flux towards the opposite HJ
interface where the excitons recombine nonradiatively. The rate of phonon emission is determined by the
2DEG state, and thus the exciton PL responds to the changes of the 2DEG parameters.
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I. INTRODUCTION

A high-mobility two-dimensional electron gas~2DEG! is
formed near the interface of a GaAs/Al0.3Ga0.7As heterojunc-
tion by electron transfer from the selectively dop
Al xGa12xAs barrier layer into the undoped GaAs buff
layer.1 A number of basic physical phenomena have be
found in the heterojunctions containing an ‘‘equilibrium
2DEG. The latter means that the 2DEG density and mob
do not change with varying the experimental conditions, a
there is no electron transfer between the 2DEG and
nearby buffer and barrier layers~in the dark and at low tem
perature!. The 2DEG can be easily excited to a nonequil
rium state either with application of an in-plane electric
field or under photoexcitation of the 2D electrons to high
energy states by interband or intersubband radiat
whereby an electron energy distribution is modified. T
2DEG driven into a nonequilibrium state exhibits a variety
interesting phenomena, among which are modulation of l
gitudinal resistance by microwave~mw! or far-infrared~FIR!
irradiation ~photoconductivity-detected cyclotron and sp
resonances!,2–5 and current, mw, or FIR-induced changes
the photoluminescence~PL!.6–9 Physical mechanisms pro
ducing these changes are not well understood,2,4,6,8,10 and
therefore processes related to athermal~hot! 2D electrons
have to be explored. Recently, we observed a hysteretic
clotronlike resonance~CR! of a laterally confined 2DEG tha
is heated by mw irradiation.11 The hysteresis provides unam
biguous evidence that the 2DEG density decreases wi
moderate increase of the electron temperatureTe510–20 K.
Hot 2D electrons also emit nonequilibrium phonons12,13 that
can affect the spectroscopic and dynamic properties of p
toexcited heterostructures.

The low-temperature radiative recombination of t
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n

y
d
e

-
l
-
n,
e
f
-

f

y-

a

o-

2DEG with photoexcited holes proved to be an effective o
tical probe of the many-body interactions and their mod
cation under an applied magnetic field.14 The 2DEG photo-
luminescence~PL! spectral shape, intensity, and decay tim
have been shown to strongly depend on the 2DEG-h
separation.14–18 Therefore, whether photoexcited holes a
free or bound and the degree of their localization are of c
tral importance. In high-quality heterojunctions~HJ’s! hav-
ing a p-type GaAs buffer layer, the photoexcited electro
hole pairs are separated by the built-in HJ electric field t
can spread throughout the entire~wide! buffer GaAs layer.19

The holes drift away from the interface and the electro
accelerate towards the interface where the 2DEG is loca
~Fig. 1!. The 2D electron-hole separation might be so lar
that no 2DEG–free hole radiative recombination is obser
since electron and hole wave functions barely overlap.
order to study the 2DEG-hole PL in a HJ, the GaAs-buf
layer is intentionallyp-type d-doped in the vicinity of the
2DEG.14 Without such a doping the PL spectrum of hig
quality, wide HJ’s~with a GaAs buffer layer width exceed
ing 100 nm! is dominated by exciton recombination in th
GaAs buffer layer.20 Nevertheless, the PL lines exhibit som
specific 2DEG features: PL intensity oscillations that cor
late with the 2DEG filling factor were observed under a ma
netic field applied perpendicularly to the HJ plane;8,9,16,21PL
modifications caused by a 2DEG heating were reported6–9

These observations lead to conflicting interpretations of
PL lines origin in HJ’s. In the previous PL studies, the e
fects of phonon emission and decreased 2DEG density
accompany the nonequilibrium 2DEG state on the PL of
HJ’s were not considered.

In order to elucidate these issues we studied the PL s
troscopy of modulation-doped GaAs-AlxGa12xAs HJ struc-
tures by varying the 2DEG density~by cw optical depletion!
10 310 ©2000 The American Physical Society
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and its electron temperature~by mw irradiation!. Applying a
perpendicular magnetic field~simultaneously with mw irra-
diation!, a 2DEG dimensional magnetoplasma resona
~DMPR! is detected by the resonant PL intensity quenchi
The latter shows a bistability~hysteretic dependence on th
applied magnetic field! that corresponds exactly to the 2DE
bistability observed in the mw absorption of the 2DEG.11 We
attribute the PL to the radiative recombination of excitons
the GaAs buffer layer and the mw-induced PL spectral mo
fications to the strong interaction between the spatially se
rated buffer layer excitons and the 2DEG. This is an indir
interaction that we propose to be mediated by the none
librium phonons emitted by the hot 2DEG.7

The paper is structured as follows: Section II presents
samples parameters and the experimental setup for the s
taneous study of microwave transmission and PL spect
copy. The experimental studies of the 2DEG DMPR and
the PL spectral modifications under mw irradiation and
plied magnetic field are presented in Secs. III and IV, resp
tively. The dynamic processes occurring under HJ photo
citation and the PL lines origin are discussed in Sec. V. T
interaction between the mw heated 2DEG and the excito
mediated by the nonequilibrium phonons, and the bistab
observed in the PL intensity are considered in Sec. VI. C
clusions are given in Sec. VII.

II. HETEROJUNCTION SAMPLES AND EXPERIMENTAL
PROCEDURE

Several modulation-doped GaAs/Al0.3Ga0.7As HJ’s grown
by molecular beam epitaxy on~001!-oriented, undoped
GaAs substrates were studied. An undoped GaAs bu
layer ~having a thickness of 1.5mm! is grown on a superlat
tice that separates it from the substrate. An Al0.3Ga0.7As
layer is grown on top of the buffer layer. It contains a S
doped layer that is separated from the GaAs/Al0.3Ga0.7As
interface by a spacer layer whose width varies in the ra
30–70 nm~in different samples!. The high-mobility 2DEG is

FIG. 1. Schematic band and built-in electric field profiles of t
HJ. Free excitons are formed in flat GaAs region (D); they diffuse
and drift in a built-in electric field towards the 2DEG. The excito
drag into thez region by the phonon wind emitted from the 2DE
is schematically shown.
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formed in the potential notch near this interface~Fig. 1!. The
2DEG density and the dc mobility, measured atTL54 K, for
the various samples were in the rangesn2D

0 5(0.9–2.6)
31011cm22 and mdc5(2.2– 4.5)3106 cm2/V sec, respec-
tively. All the studied samples show similar PL spectra a
mw modulation. Most of the data presented here were
tained for one HJ, havingn2D

0 52.631011cm22 and mdc

52.83106 cm2/V sec. This sample was fabricated in th
form of a small, round mesa with a diameter ofa50.7 mm
in order to ensure linearity of the mw absorption signal
low mw power.

The sample was inserted in an 8-mm waveguide that
short-circuited at one end. A 36 GHz Gunn diode was u
as a mw radiation source and the incident mw power w
varied in the range ofPin51023–10 mW. The sample was
immersed in liquid He or in cold He gas, and the temperat
was varied in the range ofTL51.8–25 K. An external mag-
netic field B was applied either perpendicularly to the H
plane ~for 2DEG cyclotron resonance!, or parallel to it~al-
lowing a electron CR to occur only in thick layers such
the GaAs buffer layer!. The magnetic field was slowly
scanned (;50 G/min! back and forth in the range ofB50
20.2 T. The sample was illuminated by laser light~from a
He-Ne or a tunable dye laser! through a pinhole in the wave
guide. The incident laser intensity was varied in the ran
I L50.001– 50 mW/cm2. The cw PL and its modifications
were analyzed by a standard spectroscopic technique.
mw radiation transmitted by the sample and reflected fr
the short-circuited end of the waveguide was measured
function of scanned magnetic field.11,22

III. DIMENSIONAL MAGNETOPLASMA RESONANCE
OF THE 2DEG

An electron resonantly absorbs mw radiation of a f
quencyf 5v/2p, when the magnetic field satisfies the cycl
tron resonance~CR! conditionv5vCR5eBCR /m* c, where
m* is the electron effective mass. Forf 536 GHz ~used
here!, the resonance field of free electrons in GaAs isBCR
50.086 T. It is well known that the CR transforms into
dimensional magnetoplasma resonance~DMPR! with in-
creasing electron density.23 A similar DMPR was observed
and studied in the laterally confined 2DEG~see the review in
Ref. 24!. When the electrons are confined to a mesa wit
diametera, DMPR takes place at a magnetic field given b

BR5BCR2
3p2ecn2D

2kva
, ~3.1!

wherek is the average dielectric constant value of GaAs a
free space (;7).24 By measuringBR we can find then2D
variation under varied experimental conditions~photoexcita-
tion intensity and/or mw power!. In addition to then2D de-
termination, the resonance line shape is fitted to a Lorentz
that yields the 2D electron momentum relaxation rate, a
thus the CR mobility,mCR , can be estimated.

Figure 2 presents the mw transmission versusB traces
measured with a very low mw power at 2 K in the dark
~curve a! and under He-Ne laser illumination with increasin
I L values. The DMPR line shape fit of the trace obtained
the dark, yieldsBR50.02 T andmCR51.253106 cm2/V sec.
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Illumination with laser energyEL.Eg2, the Al0.3Ga0.7As en-
ergy gap, causes a 2DEG density decrease, namely, an
cal depletion of the heterojunction,14,19 and it results in aBR
increase. It should be noted thatBR shifts to 0.03 T under
photoexcitation into the 2S FE state of GaAs~at EL
51.5185 eV!. From these experiments we conclude that o
tical depletion is also caused by illumination with phot
energiesEL,Eg2; however, its efficiency is much lowe
than that under light withEL.Eg2. In the inset of Fig. 2 we
plot BR(n2D) as computed using Eq.~3.1!. The experimen-
tally obtainedBR values determine the 2DEG density ran
~marked in the figure inset! that was achieved under optic
depletion in our study. As the mw power increases
DMPR shifts to higherBR and exhibits the hysteresis studie
and analyzed in Ref. 11.

IV. EXCITON PHOTOLUMINESCENCE

All the studied HJ’s having various 2DEG densities sh
similar PL spectra. Under the lowest photoexcitation inten
ties and at the ambient temperatureTL52 K, the PL spec-
trum consists of two lines atEx51.5153 eV~marked X in
Fig. 3! and atEb51.5146 eV. Their relative intensities var
from sample to sample. In order to identify the origin
these lines, we compare in Fig. 3 the PL and its excitat
~PLE! spectra for the HJ with those of an undoped Ga
layer of 10mm thickness.20,25 The three PL lines of the bulk
GaAs are assigned to the free exciton~FE!, the exciton
bound to a neutral donor,D0X, and the free hole-neutra
donor,D0h, recombination.~The latter is based on the dif
ferences between the PLE spectra monitored atD0X and at
D0h lines.!25 Note, that theX PL bands and the PLE spect
of both samples are similar, and the PL and PLE line sh
difference is likely to be due to the various GaAs layer thic
ness in bulk and HJ samples.

The integrated PL intensity of the studied HJ’s show
superlinear increase with increasing He-Ne laser inten
and a simultaneous increase of theX line relative to the

FIG. 2. MW transmission vsB at Pin50.01 mW for photoexci-
tation of I L (mW/cm2): ~a! 0, ~b! 1023, ~c! 1022, and ~d! 1021.
Inset shows the calculated dependence ofBR(n2D) @Eq. ~3.1!#; the
arrows indicate the available range ofn2D for the studied sample.
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lower-energy line~Fig. 4, left panel, curves c to a!. However,
under photoexcitation atEL51.5185 eV,Eg1 ~below GaAs
band gap! the integrated PL intensity increases nearly l
early with I L , the PL band atEb is stronger, and both PL
lines are broader~curve c!. We observe that both PL line
widths are unaffected by the 2DEG density whenn2D varies
either in the different HJ’s~having variousn2D) or by in-
creasingI L ~Fig. 2! as it would be expected if the PL band
had resulted from the 2DEG.

At TL52 K the PL spectral modification with increase
mw power is shown in Fig. 4, right panel. Increasing m
power at very lowI L ~curves c, c1! results in an increased
X-line intensity (JX) and a decreased intensity of the low
energy line. A further increase inPin quenches the entire PL
as shown in Fig. 5~for I L50.03 mW/cm2). The intensity of
the X line decreases by 6 times and its width increases fr
0.35 meV to 0.6 meV atPin54 mW ~Fig. 4, curves a and
a1!. At TL54 K the X line always dominates in the PL
spectrum, its spectral linewidth is about 0.5–0.6 meV, a
increasing the mw power causes aJX decrease without no
ticeable line broadening. Under higher He-Ne laser inten
the PL quenching with increasingPin weakens~see Fig. 5!,
and the PL quench occurs only under resonant magnetic
strength~Fig. 6!.

The mw-induced change of theX-line intensity depends
on a magnetic field. The main finding is an observation
the 2DEG DMPR by means of the buffer layer PL.7 In Figs.
6~a!, 6~b!, and 6~d! the JX(B) dependencies are shown fo
the threePin . At low mw power one can see a complicate
behavior ofJX(B) around the resonantBR . Below we will
see that this behavior results from theJX dependence on the

FIG. 3. PL and PL excitation~PLE! spectra of the bulk GaAs
and of the wide GaAs/AlxGa12xAs heterojunction structure at 2 K
the monitored PL energiesEm are shown by arrows.
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FIG. 4. PL spectra of the HJ under variou
experimental conditions:EL ~eV!, I L (W/cm2),
Pin ~mW!. ~a! 1.96, 1024, 0; ~a1! 1.96, 1024, 4;
~b! 1.96, 1025, 0; ~c! 1.519, 1023, 0; ~c1! 1.519,
1023, 0.5; ~c2! 1.519, 1023, 4. The PL spectra
~a1! and~c2! are normalized to those obtained
the absence of mw irradiation.
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absorbed mw power whenJX increases at the expense of t
low energy PL band~see Fig. 5!. At increasedPin , JX(BR)
exhibits a clear resonant quenching. The latter follows
n2D variations: At lowest He-Ne light intensity@Fig. 6~a!# or
under photoexcitation atEL51.519 eV@Fig. 6~d!# when op-
tical depletion is weak andn2D is highest, the resonan
quenching is at lowBR , and it is very intense@Figs. 6~a! and
6~d!#. With increasingI L the resonant quenching ofJX oc-
curs at higherBR , and the ratioJX(B50)/JX(BR) decreases
@Fig. 6~c!#. The resonantB values strictly correspond to thos
of the DMPR. Thus, an optically detected dimensional m
netoplasma resonance of the 2DEG is observed by mon
ing theX-band PL intensity.

At more higherPin , the JX(B) dependencies exhibit
hysteresis: they depend on whetherB increases or decrease
The JX(B) hysteresis loop is wide for highn2D @Figs. 6~d!
and 6~a!#, namely, under photoexcition atEL,Eg2 or under
very low He-Ne laser intensities. The hysteresis disappe
for high I L values@Fig. 6~c!#. The X PL intensity demon-
strates a bistable behavior at the samePin , B, andI L as the
hysteretic DMPR does.11 For comparison, the mw transmis

FIG. 5. Exciton PL intensity vsPin at three photoexcitation
intensities (I L).
e

-
r-

rs

sion hysteresis is shown in the bottom of Fig. 6~b!.
The mw-induced PL modification is also studied when

magnetic field is applied parallel to the heterojunction pla
At B50 theX-line PL intensity either increases or quench
~see Fig. 5! under mw irradiation, but its value is indepen
dent of B. In contrast, the exciton PL in the thick undope
GaAs layer exhibits a clear resonant quenching~optically
detected cyclotron resonance atBCR) due to the effective
heating of free photoelectrons in bulk GaAs atBCR .22 In the
case of the HJ, the mw absorption by the 2DEG overwhe
that due to photoinduced electrons in the GaAs buffer lay
and there are no observable changes in the mw transmis
versusB since the in-plane magnetic field does not affect
mw absorption by the 2DEG.

FIG. 6. Exciton PL intensity vsB monitored at the FE peak
energy for variousPin ~mW!: ~a! I L;131026 W/cm2 ~He-Ne la-
ser excitation! and Pin50.2 ~squares!; 0.5 ~triangles!; 2 ~circles!.
~b! I L;531026 W/cm2 ~He-Ne laser excitation! and Pin50.2
~squares!; 0.5 ~triangles!; 2 ~circles!. ~c! Pin52 and He-Ne laser
excitation atI L (W/cm2)51025 ~squares!; 1024 ~triangles!; 1023

~circles!. ~d! Below band gap GaAs excitation andPin50.2
~squares!; 0.5 ~triangles!; 2 ~circles!. The mw transmission hyster
esis is shown in the bottom of~b!.
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V. EXCITON FORMATION IN THE PHOTOEXCITED
HETEROJUNCTION

A GaAs buffer layer of a high-quality, modulation-dope
HJ usually contains residual acceptor impurities with
density of the order of 1013– 1014cm22. The built-in electric
field in such a HJ exists in the entire,p-type GaAs buffer
layer.19 Schematic band and built-in electric field profiles a
shown in Fig. 1. Free electron–hole pairs are photogener
practically homogeneously throughout the structure since
light penetration length is about 1mm. These pairs bind into
excitons in the GaAs layer flat band region situated far fr
the potential notch~the D region in Fig. 1!, and these exci-
tons diffuse or drift to the higher field region. Most of th
free electrons and holes photoexcited outside theD region
are separated by the built-in electric field: the holes d
away from the HJ and the electrons drift towards the 2DE
In samples having a high carrier mobility, the electron-h
(e-h) separation process lasts a short time so that the p
ability of a free, spatially indirect exciton formation from th
separated electron and hole8 is likely to be very low. The
recombination of the 2D electrons with holes photogenera
in the AlxGa12xAs layer and swept into the GaAs layer giv
rise to 2DEG optical depletion.14 The PL spectrum of such
recombination should be spectrally redshifted with respec
the GaAs FE PL spectrum, and then2d variation should lead
to the spectral shift change.14 A fast hole drift in the HJ
built-in electric field away from the 2D electrons results
an inefficient 2DEG–free hole radiative recombination, a
this PL is unlikely to be observed in high-quality HJ’s ha
ing a wide~above 100 nm! GaAs buffer layer.

Under low photoexcitation intensities, as long as the
built-in electric field is not significantly modified, two PL
channels originating from the free excitons should be con
ered:~a! GaAs free excitons and~b! interface excitons~IE’s!,
the excitons driven by the electric field gradient close to
potential notch~Fig. 1!.20,26 The IE’s are polarized by the
electric field, and their energy is lower than that of t
FE’s.26 The total luminescence intensity should be we
since the excitons can be formed frome-h pairs only in the
small D region, where the bands are nearly flat. As the p
toexcitation intensity increases the electron and hole sep
tion results in decreased band bending,19 and theD region
widens. The total number of the formed excitons increa
nonlinearly withI L , and fewer are driven towards the pote
tial notch since the built-in electric field gradient decreas
Thus, asI L increases we expect a superlinear rise of
integrated PL intensity and a redistribution of the PL sp
trum, with an increased FE PL intensity.

The experimental results~Figs. 3 and 4! allow us to con-
clude that the PL bands originate from the FE recombina
~at Ex) and from the IE recombination~at Eb). An observa-
tion of the superlinear increase of the integrated PL inten
and the PL spectral redistribution with increasingI L , as well
as the different PL behavior undere-h pair photogeneration
(EL51.96 eV! and under direct FE generation (EL
51.5185 eV! support such an assignment~see also Ref. 20!.
Indeed, under photoexcitation withEL,Eg1 the FE’s are
generated throughout the entire GaAs layer, and few freee-h
pairs are photogenerated, thus, the built-in electric fi
e
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weakly varies withI L , the integrated PL intensity increase
linearly with I L , and the IE PL intensity is highest.

VI. THE INTERACTION OF NONEQUILIBRIUM
PHONONS WITH THE EXCITONS

It is known that electron heating in dc or mw electr
fields affects the exciton PL intensity in undoped, bulk sem
conductors and in undoped quantum wells.27 The physical
mechanism of this PL modulation arises from the direct
electron–hole~or exciton! interaction leading to a decrease
exciton formation probability or to exciton heating and io
ization as the electron temperature increases.28 The FE PL
mw-induced changes in HJ’s containing a 2DEG cannot
explained in these terms because of the following diff
ences:~a! It arises from a hot 2DEG that is located far aw
from the FE’s.~b! It decreases asn2D is reduced under in-
tense He-Ne laser illumination~Figs. 5 and 6!. ~c! The 2DEG
DMPR and its bistability clearly show up in the mw-induce
FE PL modulation~Fig. 6!. ~d! PL mw-induced modulation
is more effective compared to bulk GaAs and undoped Ga
QW’s. Since we established that the PL is due to the f
excitons in the wide buffer layer we must explain how ex
tons interact with the 2DEG situated far away.

We propose that this interaction is mediated by lo
energy acoustic phonons that are ballistically propaga
from the mw-heated 2DEG over a long distance.12,13,29Such
nonequilibrium phonons were detected by using spe
bolometers12 as well as by the exciton PL modulation in a
field-effect transistor13 when the 2DEG was strongly heate
by the electric pulses. Below, we consider the physical p
cesses that can lead to exciton PL modification under 2D
heating in HJ’s.

A. 2DEG temperature increase

As the 2DEG is subjected to an intense mw irradiation
low TL , its effective temperatureTe increases in order to
balance the gained Joule power to the power of energy lo
due to phonon emission. TheTe dependence on the gaine
power per electron was widely studied, both theoretically30,31

and experimentally.32,33 It was shown for GaAs heterostruc
tures containing a 2DEG thatTe reaches 15–20 K for a
gained dc electric power of 10213 W/electron atTL,2 K. In
QW’s, the similar estimate ofTe for the 2DEG heated by
mw irradiation was obtained from the 2DEG–free hole P
spectrum analysis.34 At the highestPin used in our experi-
ments the absorbed mw power by the mesa containing
2DEG does not exceed 0.1 mW, and from this we estim
Te<20 K. For a fixedPin the strongest electron heating o
curs atBR , thus, scanning magnetic field variesTe .

An effective heating of the 2DEG can also occur und
photoexcitation of the HJ, in the absence of mw irradiatio
Indeed, due to the built-in electric field@it is of the order of
103 V/cm even under strong illumination of such a HJ~Ref.
19!#, the photoelectron accelerating towards the notch,
acquire a high energy and transfer it to the 2DEG. Ea
electron transfers to the 2DEG an energy of the order
hV'36 meV, the LO-phonon energy. Then, the gain
power per electron in the 2DEG can be estimated from
following expression~similar to the case of quantum we
photoexcitation34!:
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K dE

dt L .
\VI LaL

n2D\v
, ~6.1!

where\v, a, andL are the photon energy, absorption coe
ficient and GaAs buffer layer width, respectively. Here w
assume that all electrons photogenerated in the buffer la
I LaL/\v, reach the 2DEG. ForI L50.01 W/cm2, aL;1,
and n2D5231011cm22, Eq. ~6.1! yields ^dE/dt&510215

W, and it results inTe.5 K according to Ref. 33. Thus,
moderate photoexcitation of the wide HJ might result in
increased 2D electron temperature.

B. Nonequilibrium phonons emission by a hot 2DEG

The hot electrons atTe,20 K emit low-energy acoustic
phonons that travel ballistically at low temperature.12,29,35

The spectral distribution of phonons emitted by hot 3D el
trons was calculated.36 In this case the energy and the m
mentum conservation in the process of the electron-acou
phonon interaction restricts the wave vectorq and energy«
of the emitted phonons:q<A8kTem* /\2'1.23106 cm21,
«5\sq<0.4 meV. Here, we setTe520 K, m* 50.067m0 ;
s553105 cm/sec is the sound velocity. The phonons effe
tively interacting with the excitons atTL52 K haveq;kex

5A2kTLM /\2'53105 cm21, where M5me1mh
;0.52m0 is the exciton mass for GaAs. The population
the nonequilibrium low-energy phonons is proportional
the electron density, and if it exceeds that of the equilibri
phonons, the nonequilibrium phonons affect the FE PL.35,37

For 2D electrons the restriction associated with the c
servation of the momentum component normal to the in
face,q' , is relaxed so that the 2D electrons emit phono
with q<q'1qi,p/D1qi, where D is the width of the
2DEG layer.qi is obtained from the conservation of th
momentum component parallel to the interface:qi
<A8«Fm* /\2 , where «F is a 2DEG Fermi energy. This
extends the range of the available energies for phonon e
sion, and the phonon emission rate as well as the elec
energy and momentum relaxation rates is enhanced in
two-dimensional case.30,31 Recently, calculations of the
acoustic phonon emission rate by the hot 2DEG in Ga
were carried out.38,39 It was shown that the acoustic phono
emission due to the deformation potential~DP! and piezo-
electric ~PE! interaction with the 2D electrons is characte
ized by specific spectral and angular distributions.39

C. The effects of nonequilibrium phonons on the exciton PL

The nonequilibrium phonons are absorbed or scattere
the excitons~as well as by the free electrons and holes!. The
excitons acquire energy and momentum resulting in exc
heating37 and drag.29 The effects of the nonequilibrium
phonons on the exciton PL were observed and analyze
bulk Si, CdS, and GaAs when the phonons were gener
by a metal heater or from a hot spot appearing under str
photoexcitation.13,35,37 In contrast to these experiments, th
FE PL modulation studied here is observed at a much lo
absorbed~mw! power (W,0.1 W/cm2). It is due to the fact
that the energy distribution of the phonons emitted by the
2DEG matches quite well~as shown above! the energy~and
momentum! range where the effective phonon-exciton inte
action takes place.
-

er,

e

-

tic

-

f

-
r-
s

is-
on
he

s

by

n

in
ed
g

er

t

-

The phonon-exciton interaction may be characterized
an absorption cross sections averaged over the Maxwellian
exciton distribution.29 For the case of the DP interaction,s
can be estimated by using the averaged phonon absorp
rate by electrons@see Eq.~3.4.4! in Ref. 36#:

sDP~q!5
1

VT

dNq

dt
5

E1
2M

\rskTL
expS 2

~\qs22Ms2!2

8Ms2kTe
D .

~6.2!

We use the same expression for the excitons:VT is the exci-
ton thermal velocity, andE1 is an effective deformationa
potential for the excitons. TakingE157 eV ~the same as for
the electrons22!, we gets(q'kex)>10213cm2. In the case
of the PA phonon-exciton interaction, the same cross sec
form holds, whereE1

2 should be replaced bye2rsL
2K2/kq2

(K25431023 is a dimensionless electromechanical co
pling constant for GaAs,22 andk is a dielectric constant!. For
q'kex553105 cm21 we getsPE55310213cm2.

The absorption of the nonequilibrium DP and PE phono
causes a small increase of the exciton temperature. From
power balance equation for the exciton temperatureTex ,

sW5k
Tex2TL

tp
, ~6.3!

one can obtainTex2TL'0.7 K at the phonon flux intensity
of W50.1 W/cm2 and for an exciton energy relaxation tim
tp>2310210 s.40

The FE PL band broadening observed under strong 2D
heating~Fig. 4, right panel! is likely to be due to this slight
exciton heating. In addition, the interface excitons are v
sensitive to the temperature,20,26 and the exciton temperatur
increase affects the PL intensity redistribution. The latte
observed in the experiments~Figs. 4 and 5!. But, the strong
FE PL quenching cannot be caused by such a tempera
increase or by the direct FE dissociation due to the pho
absorption. The phonons active in the latter process m
have energies exceeding the exciton binding energy~4 meV!,
and such phonons are not emitted by the hot 2DEG atTe
;20 K.

Another known effect of nonequilibrium phonons on th
PL is due to an exciton drag.29,35,37The forcef exerted by the
phonon flux on the exciton is given by29

f 5
\kexsW

\v
, ~6.4!

where \kex5(2kTLM )1/2 is an average momentum tran
ferred to each exciton and\v is the average phonon energ
The force causes an exciton drag with a velocity

Vd5
f tm

M
'

sWtm

Ms
, ~6.5!

where tm is an exciton momentum relaxation time for th
exciton scattering by the PE and DP phonons.

As follows from Eq.~6.5! Vd can exceed 53104 cm/s at
W;0.1 W/cm2. Here we usetm>DexM /kT'10210 s, as it
is estimated using the exciton diffusion coefficientDex
;100 cm2/s. The latter value is consistent with an estima
of tm based on the measured electron mobility in pure Ga
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at 2 K.22 Note thattm for the exciton scattering by the P
phonons at low temperature may exceed the electron
mentum relaxation time.35,40

For bulk semiconductors it was shown that the exci
drag leads to an increased29,35 or decreased37 effective exci-
ton diffusion length, and the total exciton number in t
sample changes as a result of the exciton recombination
the sample surfaces. We associate the strong FE PL que
ing in the HJ’s with an exciton drag by the phonon flu
towards the interface that is opposite to the 2DEG, an
subsequent fast nonradiative recombination there~the
z-GaAs region in Fig. 1!. The FE PL intensity reduces if th
excitons with the drift velocityVd reach thez-GaAs region
in a time t5d/Vd that is less than a FE radiative time,tR
'331029 s.41 Here d is the width of theD-GaAs region
where the excitons are mainly generated. We setd<0.5 mm
since the strongest PL decrease is observed under the lo
photoexcitation intensity~Fig. 5! when theD-GaAs region is
small. Thus, we gett<1029 s,tR , and conclude that the
exciton drag and fast nonradiative FE recombination in
buffer GaAsz-region may result in the PL quenching.

A more sophisticated analysis should take into acco
the spectral and angular distributions of the PE and
phonons emitted by the 2DEG,38,39 as well as the specific
features of the PE phonon-exciton interaction.35 Note, that
the exciton interaction with low-q-vector PE phonons ma
even increase the cross section.~However, we should take
into account that the exciton interaction reduces with
creasing PE phonon wavelength.35!

D. FE PL bistability

Recently it was shown that the 2DEG density redu
under moderate electron heating as a result of electron
tical transport in the QW structures.11 It is the hysteretic mw
DMPR in the laterally confined 2DEG that gives an una
biguous evidence of then2D decrease. Qualitatively, th
DMPR hysteresis can be explained as follows. When
magnetic field increases and the DMPR evolves atBR , the
electron temperature increases. The latter leads to a
creasedn2D , and the DMPR shifts to the higherB @see Eq.
~3.1!#. At B1@BR , a feedback mechanism~the decreasedTe
results in largern2D , in the DMPR shift to lowerB, and in a
further Te decrease! stimulates a sharp drop ofTe ~and a
sharp n2D increase!. Thus, for B>B1 on the ascending
branch,n2D returns to its value atB!BR . When the mag-
netic field scans back, the electrons begin to be effectiv
heated just atB5B2,B1 ~whenB approaches toBR) since
n2D on the descendant branch is higher than that on the
cendant branch~even atB,B1). The density of the heate
2D electrons decreases, the DMPR moves to meetB, and the
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mw absorption sharply increases~the mw transmission de
creases atB5B2). A quantitative analysis of the nonlinea
DMPR has been done in Ref. 11. In the range ofB2,B
,B1 , n2D has two different values, and therefore the phon
flux emitted by hot 2DEG is also bistable, being proportion
to n2D . This gives rise to the FE PL hysteresis. The FE
intensity demonstrates a bistable behavior at the samePin ,
B, and I L as in the hysteretic DMPR~Fig. 6!. It is obvious
that the nonlinear mw transmission and magneto-PL int
sity dependencies onB are different.22

VII. CONCLUSIONS

We found that the 2DEG driven into nonequilibrium sta
by resonant~or nonresonant! microwave absorption strongly
affects the photoluminescence of high-quality, wi
GaAs/AlxGa12xAs heterojunctions. The exciton PL intensi
responds to the changes in the nonequilibrium 2DEG par
eters. In particular, the PL bistability corresponding to t
bistable behavior of the 2DEG density under the nonlin
resonance11 is observed. Our results show that the photo
minescence in such HJ’s originates from excitons that
combine radiatively in the GaAs buffer layer far from th
2DEG, which is confined in the potential notch close to t
GaAs/AlxGa12xAs interface. Thus, the indirect interactio
appears between the excitons and the nonequilibrium 2D
We propose that this interaction is mediated by the lo
energy nonequilibrium phonons emitted by the mw-hea
2DEG. The estimate shows that the exciton drag by the p
non wind due to the hot 2DEG is an appropriate physi
mechanism leading to the mw-induced exciton PL chan
We assume that the PL intensity oscillations observed
wide HJ’s with increasing magnetic field8,9,16,21 may be
caused by a quantizing nonequilibrium phonon flux. Inde
in the nonequilibrium~photoexcited! 2DEG the electron
transitions between Landau levels are accompanied by
phonon emission, and the phonon flux intensity drastica
reflects the quantum nature of the electron states.42,43 The
exciton drag by the quantizing phonon flux may give rise
the exciton PL intensity variations with increasing magne
field. We conclude that the presence of nonequilibriu
phonons has to be taken into account in many experim
where the 2DEG is driven into nonequilibrium state.
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