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We studied the effect of microwavenw) irradiation on the low-temperature photoluminesce(fk) of
high-quality, modulation-doped, wide GaAs/[8a, ,As heterojunctiongHJ’s) containing a two-dimensional
electron gag2DEG), in the density range df.9—4)x 10 cm 2. The PL arises from excitons that recombine
radiatively in the GaAs buffer layer, far from the 2DEG which is confined close to the Ga&34Al,As
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 reso(ialigeR) 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.

[. INTRODUCTION 2DEG with photoexcited holes proved to be an effective op-
tical probe of the many-body interactions and their modifi-
A high-mobility two-dimensional electron g48DEG) is  cation under an applied magnetic fié¢fdThe 2DEG photo-
formed near the interface of a GaAsjAGa, ;As heterojunc-  luminescencéPL) spectral shape, intensity, and decay time
tion by electron transfer from the selectively dopedhave been shown to strongly depend on the 2DEG-hole
Al,Ga _,As barrier layer into the undoped GaAs buffer separatiort*~® Therefore, whether photoexcited holes are
layer! A number of basic physical phenomena have beeriree or bound and the degree of their localization are of cen-
found in the heterojunctions containing an “equilibrium” tral importance. In high-quality heterojunctioidJ’s) hav-
2DEG. The latter means that the 2DEG density and mobilitying a p-type GaAs buffer layer, the photoexcited electron-
do not change with varying the experimental conditions, andhole pairs are separated by the built-in HJ electric field that
there is no electron transfer between the 2DEG and thean spread throughout the entireide) buffer GaAs layer
nearby buffer and barrier layetm the dark and at low tem- The holes drift away from the interface and the electrons
peraturg. The 2DEG can be easily excited to a nonequilib-accelerate towards the interface where the 2DEG is located
rium state either with application of an in-plane electrical(Fig. 1). The 2D electron-hole separation might be so large
field or under photoexcitation of the 2D electrons to higher-that no 2DEG—free hole radiative recombination is observed
energy states by interband or intersubband radiationsince electron and hole wave functions barely overlap. In
whereby an electron energy distribution is modified. Theorder to study the 2DEG-hole PL in a HJ, the GaAs-buffer
2DEG driven into a nonequilibrium state exhibits a variety oflayer is intentionallyp-type d-doped in the vicinity of the
interesting phenomena, among which are modulation of lon2DEG* Without such a doping the PL spectrum of high-
gitudinal resistance by microwaymw) or far-infrared(FIR) quality, wide HJ's(with a GaAs buffer layer width exceed-
irradiation (photoconductivity-detected cyclotron and spining 100 nm is dominated by exciton recombination in the
resonances > and current, mw, or FIR-induced changes of GaAs buffer layef° Nevertheless, the PL lines exhibit some
the photoluminescencé&L).®~° Physical mechanisms pro- specific 2DEG features: PL intensity oscillations that corre-
ducing these changes are not well understobt®®and late with the 2DEG filling factor were observed under a mag-
therefore processes related to athertfradt) 2D electrons netic field applied perpendicularly to the HJ plditet®-2*pL
have to be explored. Recently, we observed a hysteretic cynodifications caused by a 2DEG heating were repdtiéd.
clotronlike resonancéCR) of a laterally confined 2DEG that These observations lead to conflicting interpretations of the
is heated by mw irradiatioht The hysteresis provides unam- PL lines origin in HJ’s. In the previous PL studies, the ef-
biguous evidence that the 2DEG density decreases with &cts of phonon emission and decreased 2DEG density that
moderate increase of the electron temperaliyre10—20 K.  accompany the nonequilibrium 2DEG state on the PL of the
Hot 2D electrons also emit nonequilibrium phontinfSthat ~ HJ's were not considered.
can affect the spectroscopic and dynamic properties of pho- In order to elucidate these issues we studied the PL spec-
toexcited heterostructures. troscopy of modulation-doped GaAs;&a, ,As HJ struc-
The low-temperature radiative recombination of thetures by varying the 2DEG densithpy cw optical depletion
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Photogeneration formed in the potential notch near this interfd€ég. 1). The

| } } | | 2DEG density and the dc mobility, measuredat 4 K, for

AlGaAs GaAs AlGaAs the vlarloyzs samples were in the range%D=(O.9—2.6)
(sL) x 10" em 2 and ug.=(2.2—4.5x 10° cn?/V sec, respec-

tively. All the studied samples show similar PL spectra and
mw modulation. Most of the data presented here were ob-
tained for one HJ, havinga,=2.6x10"cm 2 and pugc
=2.8x10° cn?/V sec. This sample was fabricated in the
form of a small, round mesa with a diameterast 0.7 mm

in order to ensure linearity of the mw absorption signal for
low mw power.

The sample was inserted in an 8-mm waveguide that was
short-circuited at one end. A 36 GHz Gunn diode was used
as a mw radiation source and the incident mw power was
varied in the range oP;,=103-10 mW. The sample was
immersed in liquid He or in cold He gas, and the temperature
was varied in the range df =1.8—25 K. An external mag-

FIG. 1. Schematic band and built-in electric field profiles of the netic field B was app“ed either perpendicu'ar'y to the HJ
HJ. Free excitons are formed in flat GaAs regidy) (they diffuse plane (for 2DEG cyclotron resonangeor parallel to it(al-
and drift in a built-in electric field towards the 2DEG. The exciton lowing a electron CR to occur only in thick layers such as
fjrag into the{ region by the phonon wind emitted from the 2DEG the GaAs buffer layer The magnetic field was slowly
is schematically shown. scanned {50 G/min back and forth in the range d&=0

—0.2 T. The sample was illuminated by laser ligfrom a
and its electron temperatutey mw irradiation. Applying a  He-Ne or a tunable dye lasethrough a pinhole in the wave-
perpendicular magnetic fielgsimultaneously with mw irra-  guide. The incident laser intensity was varied in the range
diation), a 2DEG dimensional magnetoplasma resonance =0.001-50 mW/crh The cw PL and its modifications
(DMPR) is detected by the resonant PL intensity quenchingwere analyzed by a standard spectroscopic technique. The
The latter shows a bistabilitthysteretic dependence on the my radiation transmitted by the sample and reflected from

applied magnetic fielthat corresponds exactly to the 2DEG the short-circuited end of the waveguide was measured as a
bistability observed in the mw absorption of the 2DEGVe  function of scanned magnetic fiel?

attribute the PL to the radiative recombination of excitons in
the GaAs buffer layer and the mw-induced PL spectral modi-
fications to the strong interaction between the spatially sepa-
rated buffer layer excitons and the 2DEG. This is an indirect
interaction that we propose to be mediated by the nonequi- An electron resonantly absorbs mw radiation of a fre-
librium phonons emitted by the hot 2DEG. quencyf = w/27, when the magnetic field satisfies the cyclo-
The paper is structured as follows: Section Il presents theon resonancéCR) condition w= wcg=eBcr/Mm*c, where
samples parameters and the experimental setup for the simyh* s the electron effective mass. Fér=36 GHz (used
taneous study of microwave transmission and PL spectrosere, the resonance field of free electrons in GaASBis;
copy. The experimental studies of the 2DEG DMPR and of=0.086 T. It is well known that the CR transforms into a
the PL spectral modifications under mw irradiation and apgimensional magnetoplasma resonar@®PR) with in-
plied magnetic field are presented in Secs. Ill and IV, respeccreasing electron densify.A similar DMPR was observed
tively. The dynamic processes occurring under HJ photoexand studied in the laterally confined 2DE&e the review in

citation and the PL lines Origin are discussed in Sec. V. Th@ef 2[9 When the electrons are confined to a mesa with a
interaction between the mw heated 2DEG and the excitongjiametera, DMPR takes place at a magnetic field given by

mediated by the nonequilibrium phonons, and the bistablity

Electric field

III. DIMENSIONAL MAGNETOPLASMA RESONANCE
OF THE 2DEG

observed in the PL intensity are considered in Sec. VI. Con- 37%echyp
; . . Br=Bep— ——, 3.1
clusions are given in Sec. VII. R=Bcr™ —5 (3.1
Il HETEROJUNCTION SAMPLES AND EXPERIMENTAL wherec is the avztirage d|electr|c constant valge of GaAs and
PROCEDURE free space {7) " By measuringBg we can find then,p

variation under varied experimental conditigiphotoexcita-

Several modulation-doped GaAs{AGa, /As HJ's grown  tion intensity and/or mw powerIn addition to then,p de-
by molecular beam epitaxy o1i001)-oriented, undoped termination, the resonance line shape is fitted to a Lorentzian
GaAs substrates were studied. An undoped GaAs buffethat yields the 2D electron momentum relaxation rate, and
layer (having a thickness of 1.am) is grown on a superlat- thus the CR mobilityucg, can be estimated.
tice that separates it from the substrate. An &a -As Figure 2 presents the mw transmission verBugraces
layer is grown on top of the buffer layer. It contains a Si- measured with a very low mw powet & K in the dark
doped layer that is separated from the GaAghSia, -As  (curve @ and under He-Ne laser illumination with increasing
interface by a spacer layer whose width varies in the rangg_values. The DMPR line shape fit of the trace obtained in
30—70 nm(in different samples The high-mobility 2DEG is  the dark, yieldBg=0.02 T anducr=1.25< 10° cn?/V sec.
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Bulk GaAs:
% o PLE:E, =1.5136eV
o PLE;E, =1.5145eV
o PL:

MW TRANSMISSION (rel. units)

| GaAs/AlGaAs HJ

; o PL, I;_=10'3W/cm2
o © 10°

v PLEiE, =1.5146 eV

lllumination with laser energ¥, >Eg,, the Al Ga /As en- 1.514 1.516 1.518 1.520
ergy gap, causes a 2DEG density decrease, namely, an opt E(eV)

cal depletion of the heterojunctidfi’®and it results in B

increase. It should be noted thRg shifts to 0.03 T under FIG. 3. PL and PL excitatiofPLE) spectra of the bulk GaAs

photoexcitation into the & FE state of GaAs(at E.  ang of the wide GaAs/AlGa_,As heterojunction structure at 2 K;
=1.5185 eV. From these experiments we conclude that op-the monitored PL energies,, are shown by arrows.

tical depletion is also caused by illumination with photon
energiesE <Egy,; however, its efficiency is much lower lower-energy lingFig. 4, left panel, curves c tg.aHowever,
than that under light witte, >E,. In the inset of Fig. 2 we under photoexcitation &, =1.5185 e\K Eq1 (below GaAs
plot Br(n,p) as computed using E@3.1). The experimen- band gap the integrated PL intensity increases nearly lin-
tally obtainedBg values determine the 2DEG density rangeearly with |, , the PL band aE, is stronger, and both PL
(marked in the figure insethat was achieved under optical lines are broadefcurve 9. We observe that both PL line-
depletion in our study. As the mw power increases thewidths are unaffected by the 2DEG density whep varies
DMPR shifts to higheBg and exhibits the hysteresis studied either in the different HJ'ghaving variousn,p) or by in-
and analyzed in Ref. 11. creasingl, (Fig. 2) as it would be expected if the PL bands
had resulted from the 2DEG.

At T, =2 K the PL spectral modification with increased
mw power is shown in Fig. 4, right panel. Increasing mw

All the studied HJ'’s having various 2DEG densities showpower at very lowl (curves c, clresults in an increased
similar PL spectra. Under the lowest photoexcitation intensiX-line intensity Jx) and a decreased intensity of the low-
ties and at the ambient temperatre=2 K, the PL spec- energy line. A further increase i, quenches the entire PL,
trum consists of two lines &,=1.5153 eV(marked X in  as shown in Fig. Ffor |_=0.03mW/cn3). The intensity of
Fig. 3) and atE,,=1.5146 eV. Their relative intensities vary the X line decreases by 6 times and its width increases from
from sample to sample. In order to identify the origin of 0.35 meV to 0.6 meV aP;,=4 mW (Fig. 4, curves a and
these lines, we compare in Fig. 3 the PL and its excitatioral). At T =4 K the X line always dominates in the PL
(PLE) spectra for the HJ with those of an undoped GaAsspectrum, its spectral linewidth is about 0.5-0.6 meV, and
layer of 10um thicknes$%2°The three PL lines of the bulk increasing the mw power causesla decrease without no-
GaAs are assigned to the free excit@fE), the exciton ticeable line broadening. Under higher He-Ne laser intensity
bound to a neutral dono®X, and the free hole-neutral the PL quenching with increasirg;, weakens(see Fig. 5,
donor, D°h, recombination(The latter is based on the dif- and the PL quench occurs only under resonant magnetic field
ferences between the PLE spectra monitoreB® and at  strength(Fig. 6).
D°h lines)?® Note, that theX PL bands and the PLE spectra  The mw-induced change of thé¢line intensity depends
of both samples are similar, and the PL and PLE line shapen a magnetic field. The main finding is an observation of
difference is likely to be due to the various GaAs layer thick-the 2DEG DMPR by means of the buffer layer Pln Figs.
ness in bulk and HJ samples. 6(a), 6(b), and &d) the Jx(B) dependencies are shown for

The integrated PL intensity of the studied HJ's shows ahe threeP;,. At low mw power one can see a complicated
superlinear increase with increasing He-Ne laser intensitpehavior ofJy(B) around the resonar@g. Below we will
and a simultaneous increase of tKeline relative to the see that this behavior results from thg dependence on the

PL intensity (arb units)

Al

FIG. 2. MW transmission vB at P;,=0.01 mW for photoexci- ﬁ §

tation of I, (mW/cn?): (a) 0, (b) 1073, (c) 1072, and (d) 10" . - 5 V%’Wimmmmm
Inset shows the calculated dependenc®gfin,p) [Eq. (3.)]; the
arrows indicate the available rangernof; for the studied sample.

IV. EXCITON PHOTOLUMINESCENCE
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PL intensity (rel. units)

¢ c1 ¢2 ;

FIG. 4. PL spectra of the HJ under various
experimental conditionsg, (eV), I, (W/cn?),
Pin (MW). (a) 1.96, 104, 0; (al) 1.96, 104, 4;
(b) 1.96, 10°®, 0; (¢) 1.519, 103, 0; (c1) 1.519,
1073, 0.5; (c2) 1.519, 102, 4. The PL spectra
(a2) and(c2) are normalized to those obtained in
the absence of mw irradiation.

1.515

1.516

1.514 1.515

Energy (eV)

1.516

absorbed mw power whely increases at the expense of the sion hysteresis is shown in the bottom of Figh)6
low energy PL bandsee Fig. 5. At increasedP;,, Jx(BR)
exhibits a clear resonant quenching. The latter follows thenagnetic field is applied parallel to the heterojunction plane.
Nn,p variations: At lowest He-Ne light intensifyFig. 6(a)] or
under photoexcitation &, =1.519 eV[Fig. 6(d)] when op- ¢ . )
tical depletion is weak ana,p is highest, the resonant dent ofB. In contrast, the exciton PL in the thick undoped

guenching is at lovBg, and it is very

intensgFigs. §a) and

6(d)]. With increasingl, the resonant quenching df oc-

The mw-induced PL modification is also studied when a

At B=0 theX-line PL intensity either increases or quenches
(see Fig. b under mw irradiation, but its value is indepen-

GaAs layer exhibits a clear resonant quenchingtically
detected cyclotron resonance B¢g) due to the effective

heating of free photoelectrons in bulk GaAsBat.%? In the

curs at higheBg, and the ratialy(B=0)/Jx(Br) decreases .
: . case of the HJ, the mw absorption by the 2DEG overwhelms
[Fig. 6(c)]. The resonari values strictly correspond to those that due to photoinduced electrons in the GaAs buffer layer,

of the DMPR. Thus, an optically detepted dimensional MaY9nd there are no observable changes in the mw transmission
petoplasma resonance O.f the 2DEG is observed by MONIOesusB since the in-plane magnetic field does not affect the
ing the X-band PL intensity. mw absorption by the 2DEG.

At more higherP;,, the Jy(B) dependencies exhibit a
hysteresis: they depend on whetf@increases or decreases. 4
The Jy(B) hysteresis loop is wide for high,p [Figs. 6d)
and @a)], namely, under photoexcition & <Eg, or under
very low He-Ne laser intensities. The hysteresis disappeart ok
for high I, values[Fig. 6(c)]. The X PL intensity demon-
strates a bistable behavior at the samg, B, andl, as the
hysteretic DMPR doe$. For comparison, the mw transmis-
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FIG. 6. Exciton PL intensity vdB monitored at the FE peak
energy for variou;, (mW): (&) I ~1x10"5W/cn? (He-Ne la-
ser excitation and P;,=0.2 (squarefs 0.5 (triangles; 2 (circles.
(b) 1,~5%10 ®W/cn? (He-Ne laser excitationand P;,=0.2
(squareg 0.5 (triangles; 2 (circles. (¢) P;,=2 and He-Ne laser
excitation atl, (W/cn?)=10"5 (squarey 10 * (triangles; 10 3
(circles. (d) Below band gap GaAs excitation anB;,=0.2
(squareg 0.5 (triangleg; 2 (circles. The mw transmission hyster-
esis is shown in the bottom @b).
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FIG. 5. Exciton PL intensity veP;, at three photoexcitation
intensities ().
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V. EXCITON FORMATION IN THE PHOTOEXCITED weakly varies withl| , the integrated PL intensity increases
HETEROJUNCTION linearly with I, and the IE PL intensity is highest.

A GaAs buffer layer of a high-quality, modulation-doped
HJ usually contains residual acceptor impurities with the
density of the order of #6—10"*cm™2. The built-in electric
field in such a HJ exists in the entirp;stype GaAs buffer It is known that electron heating in dc or mw electric
layer® Schematic band and built-in electric field profiles arefields affects the exciton PL intensity in undoped, bulk semi-
shown in Fig. 1. Free electron—hole pairs are photogeneratezbnductors and in undoped quantum wéfiSthe physical
practically homogeneously throughout the structure since theechanism of this PL modulation arises from the direct hot
light penetration length is aboutdm. These pairs bind into electron—holgor exciton interaction leading to a decreased
excitons in the GaAs layer flat band region situated far fronXciton formation probability or to exciton heating and ion-
the potential notctithe A region in Fig. 1, and these exci- i12ation as the electron temperature incredSekhe FE PL
tons diffuse or drift to the higher field region. Most of the MW-induced changes in HJ's containing a 2DEG cannot be

free electrons and holes photoexcited outside sheegion ~ €XPlained in these terms because of the following differ-
are separated by the built-in electric field: the holes driftences.(a) It arises from a hot 2DEG that is located far away

. from the FE’s.(b) It decreases as,p is reduced under in-
away from the HJ and the electrons drift towards the ZDEGtense He-Ne laser illuminatiofFigs. 5 and & () The 2DEG

In_shamples h?vmg a high Ica:rler T}Obt'“tt.y’ the (?[Ir]ec:rt(r)]n-holeQMPR and its bistability clearly show up in the mw-induced
(e. .) separation process 1asts a short ime so that the prof-p | modulation(Fig. 6). (d) PL mw-induced modulation
ability of a free, spatially |nd!regt exciton formation from the ;o'\ 01 effective compared to bulk GaAs and undoped GaAs
separated electron and hblis likely to be very low. The  5\\rs “Since we established that the PL is due to the free
recombination of the 2D electrons with holes photogenerategy -itons in the wide buffer layer we must explain how exci-
in the ALGa _,As layer and swept into the GaAs layer gives ons interact with the 2DEG situated far away.

rise to 2DEG Optica| depletIOHThe PL SpeCtrum of such a We propose that this interaction is mediated by low-
recombination should be spectrally redshifted with respect tenergy acoustic phonons that are ballistically propagating
the GaAs FE PL spectrum, and thg, variation should lead  from the mw-heated 2DEG over a long distanté>?°Such

to the spectral shift chandé.A fast hole drift in the HJ  nonequilibrium phonons were detected by using special
built-in electric field away from the 2D electrons results in bolometer¥ as well as by the exciton PL modulation in a Si
an inefficient 2DEG—free hole radiative recombination, andield-effect transistdf when the 2DEG was strongly heated
this PL is unlikely to be observed in high-quality HJ's hav- by the electric pulses. Below, we consider the physical pro-
ing a wide (above 100 nthGaAs buffer layer. cesses that can lead to exciton PL modification under 2DEG

Under low photoexcitation intensities, as long as the HJeating in HJ's.
built-in electric field is not significantly modified, two PL
channels originating from the free excitons should be consid- A. 2DEG temperature increase
ered:(a) GaAs free excitons anf) interface exciton$IE’s), As the 2DEG is subjected to an intense mw irradiation at
the excitons driven by the electric field gradient close to thgqyy T., its effective temperatur@, increases in order to
potential notch(Fig. 1).°°?° The IE’s are polarized by the palance the gained Joule power to the power of energy losses
electric field, and their energy is lower than that of thedue to phonon emission. THe, dependence on the gained
FE’s?® The total luminescence intensity should be weakpower per electron was widely studied, both theoreti¢fly
since the excitons can be formed frawh pairs only in the  and experimentally®33 It was shown for GaAs heterostruc-
small A region, where the bands are nearly flat. As the photures containing a 2DEG thak, reaches 15-20 K for a
toexcitation intensity increases the electron and hole separgained dc electric power of 16° W/electron aff | <2 K. In
tion results in decreased band ben&ﬁ@nd theA region  QW's, the similar estimate of, for the 2DEG heated by
widens. The total number of the formed excitons increasesw irradiation was obtained from the 2DEG—free hole PL
nonlinearly withl_, and fewer are driven towards the poten- spectrum analysi& At the highestP;,, used in our experi-
tial notch since the built-in electric field gradient decreasesments the absorbed mw power by the mesa containing the
Thus, asl_ increases we expect a superlinear rise of the2DEG does not exceed 0.1 mW, and from this we estimate
integrated PL intensity and a redistribution of the PL spec-T.<20 K. For a fixedP;, the strongest electron heating oc-
trum, with an increased FE PL intensity. curs atBg, thus, scanning magnetic field vari€s.

The experimental result&igs. 3 and #allow us to con- An effective heating of the 2DEG can also occur under
clude that the PL bands originate from the FE recombinatiorphotoexcitation of the HJ, in the absence of mw irradiation.
(at Ey) and from the IE recombinatiofat E,). An observa- Indeed, due to the built-in electric fie[it is of the order of
tion of the superlinear increase of the integrated PL intensity 0* \V/cm even under strong illumination of such a HRef.
and the PL spectral redistribution with increasing as well  19)], the photoelectron accelerating towards the notch, can
as the different PL behavior undeth pair photogeneration acquire a high energy and transfer it to the 2DEG. Each
(EL.=1.96 eV} and under direct FE generationE( electron transfers to the 2DEG an energy of the order of
=1.5185 eV support such an assignmedsee also Ref. 20  hQ~36 meV, the LO-phonon energy. Then, the gained
Indeed, under photoexcitation with, <E4; the FE's are power per electron in the 2DEG can be estimated from the
generated throughout the entire GaAs layer, and fewdilee following expression(similar to the case of quantum well
pairs are photogenerated, thus, the built-in electric fieldphotoexcitatiorf):

VI. THE INTERACTION OF NONEQUILIBRIUM
PHONONS WITH THE EXCITONS
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dE\ #4Ql aL The phonon-exciton interaction may be characterized by
<a> = e (6.1 an absorption cross sectianaveraged over the Maxwellian
2D exciton distributior?® For the case of the DP interactioa,
wherefiw, a, andL are the photon energy, absorption coef-can be estimated by using the averaged phonon absorption

ficient and GaAs buffer layer width, respectively. Here werate by electrongsee Eq.(3.4.9 in Ref. 36
assume that all electrons photogenerated in the buffer layer,

| aL/hw, reach the 2DEG. Fot =0.01W/cnf, al~1, 1 dN, EiM (hqs—2Ms?)?
— 1 -2 1 — —15 = ——= —
and nyp=2X 10 cm™?, Eq. (6.1 yields (dE/dt)=10 opp(Q) Vo dt  fpskT X M KT,
W, and it results inT,=5 K according to Ref. 33. Thus, a 6.2
moderate photoexcitation of the wide HJ might result in the ’
increased 2D electron temperature. We use the same expression for the excitdfisis the exci-
ton thermal velocity, and, is an effective deformational
B. Nonequi"brium phonons emission by a hot 2DEG pOtential for the eXCitonS. Tak|r51: 7 eV (the same as fOI’

the electron®), we geto(q~ke,)=10"3cn?. In the case
of the PA phonon-exciton interaction, the same cross section
form holds, whereE2 should be replaced bg?ps?K?/ kq?

The hot electrons af <20 K emit low-energy acoustic
phonons that travel ballistically at low temperatdté®3®

The spectral distribution of phonons emitted by hot 3D elec-(K2:4>< 10-3 is a dimensionless electromechanical cou-

trons was calculat(_e{‘f. I_n this case the energy and the mo ling constant for GaA&? and« is a dielectric constantFor
mentum conservation in the process of the electron-acoustic - 1 = 13
: . : g~Kexy=5x10°cm ! we getopg=5%10 *3cn?.
phonon interaction restricts the wave vectpand energy . S
£ h itted oh < JBKT . I72~1 2% 10F cm L The absorption of the nonequilibrium DP and PE phonons
ot the emitted phononsy= e - cm =, causes a small increase of the exciton temperature. From the
e=hsqg=<0.4 meV. Here, we sel,=20 K, m*=0.067mg;

s=5x10° cm/sec is the sound velocity. The phonons effec-power balance equation for the exciton temperallyg

tively interacting with the excitons &, =2 K haveq~Kegy To—T,
=\2kT M/A2~5x10° cm ¢, where  M=mg+m, oW=Kk , (6.3

~0.52m; is the exciton mass for GaAs. The population of v

the nonequilibrium low-energy phonons is proportional toone can obtaif,,— T, ~0.7 K at the phonon flux intensity
the electron density, and if it exceeds that of the equilibriumof W=0.1 W/cnt and for an exciton energy relaxation time
phonons, the nonequilibrium phonons affect the FEPY. 7 =2x 107105

For 2D electrons the restriction associated with the con- The FE PL band broadening observed under strong 2DEG
servation of the momentum component normal to the interheating(Fig. 4, right panelis likely to be due to this slight
face,q, , is relaxed so that the 2D electrons emit phononsexciton heating. In addition, the interface excitons are very
with g<g, +q;<m/D+qj, whereD is the width of the sensitive to the temperatut®?®and the exciton temperature
2DEG layer.q is obtained from the conservation of the increase affects the PL intensity redistribution. The latter is
momentum component parallel to the interfacej observed in the experimentBigs. 4 and b But, the strong
<\Begm*/%? , wheresr is a 2DEG Fermi energy. This FE PL quenching cannot be caused by such a temperature
extends the range of the available energies for phonon emigacrease or by the direct FE dissociation due to the phonon
sion, and the phonon emission rate as well as the electrombsorption. The phonons active in the latter process must
energy and momentum relaxation rates is enhanced in theave energies exceeding the exciton binding enétgyeV),
two-dimensional cas®®' Recently, calculations of the and such phonons are not emitted by the hot 2DEG .t
acoustic phonon emission rate by the hot 2DEG in GaAs-20 K.
were carried out®®° It was shown that the acoustic phonon  Another known effect of nonequilibrium phonons on the
emission due to the deformation potentilP) and piezo- PL is due to an exciton drag:>*>3'The forcef exerted by the
electric (PE) interaction with the 2D electrons is character- phonon flux on the exciton is given By
ized by specific spectral and angular distributidhs.

; fikeyo W

C. The effects of nonequilibrium phonons on the exciton PL hw

The nonequilibrium phonons are absorbed or scattered byhere 7 k,,= (2kT,M)¥? is an average momentum trans-
the excitongas well as by the free electrons and holde  ferred to each exciton anf is the average phonon energy.

excitons acquire energy and momentum resulting in excitoiThe force causes an exciton drag with a velocity

heating” and drag”® The effects of the nonequilibrium

phonons on the exciton PL were observed and analyzed in fr, oWty

bulk Si, CdS, and GaAs when the phonons were generated Vd:W* Ms ' (6.5

by a metal heater or from a hot spot appearing under strong

photoexcitation>2>"In contrast to these experiments, the Where 7, is an exciton momentum relaxation time for the
FE PL modulation studied here is observed at a much lowegxciton scattering by the PE and DP phonons.
absorbedmw) power W< 0.1 W/cn¥). It is due to the fact As follows from Eq.(6.5) V4 can exceed 510' cmi/s at
that the energy distribution of the phonons emitted by the hoW/~ 0.1 W/cnt. Here we user,,=D,,M/kT~10 °s, as it
2DEG matches quite we{hs shown abovyehe energyand is estimated using the exciton diffusion coefficiebt,,
momentur range where the effective phonon-exciton inter- ~100 cnf/s. The latter value is consistent with an estimate
action takes place. of m,, based on the measured electron mobility in pure GaAs

: (6.4
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at 2 K22 Note thatr, for the exciton scattering by the PE mw absorption sharply increaséhe mw transmission de-
phonons at low temperature may exceed the electron ma@reases aB=B,). A quantitative analysis of the nonlinear
mentum relaxation timé&“° DMPR has been done in Ref. 11. In the rangeBgk B

For bulk semiconductors it was shown that the exciton<B;, n,p has two different values, and therefore the phonon
drag leads to an increaséd® or decreased effective exci-  flux emitted by hot 2DEG is also bistable, being proportional
ton diffusion length, and the total exciton number in theto n,y. This gives rise to the FE PL hysteresis. The FE PL
sample changes as a result of the exciton recombination dntensity demonstrates a bistable behavior at the sape
the sample surfaces. We associate the strong FE PL quencB; andl, as in the hysteretic DMPRFig. 6). It is obvious
ing in the HJY's with an exciton drag by the phonon flux that the nonlinear mw transmission and magneto-PL inten-
towards the interface that is opposite to the 2DEG, and aity dependencies oB are differenf?
subsequent fast nonradiative recombination theétiee

{-GaAs region in Fig. 1 The FE PL intensity reduces if the VII. CONCLUSIONS
excitons with the drift velocityv reach the/-GaAs region
in a timet=§/V, that is less than a FE radiative timeg We found that the 2DEG driven into nonequilibrium state

~3x1079 s* Here & is the width of theA-GaAs region by resonantor nonresonaftmicrowave absorption strongly
where the excitons are mainly generated. Wedse0.5 um  affects the photoluminescence of high-quality, wide
since the strongest PL decrease is observed under the lowésaAs/ALGa _,As heterojunctions. The exciton PL intensity
photoexcitation intensityFig. 5 when theA-GaAs region is  responds to the changes in the nonequilibrium 2DEG param-
small. Thus, we get<10° s<rg, and conclude that the €ters. In particular, the PL bistability corresponding to the
exciton drag and fast nonradiative FE recombination in thedistable behavior of the 2DEG density under the nonlinear
buffer GaAsZ-region may result in the PL quenching. resonanck is observed. Our results show that the photolu-
A more sophisticated analysis should take into accounfinescence in such HJ's originates from excitons that re-
the spectral and angular distributions of the PE and DRombine radiatively in the GaAs buffer layer far from the
phonons emitted by the 2DE®° as well as the specific 2DEG, which is confined in the potential notch close to the
features of the PE phonon-exciton interactidrNote, that GaAs/AlGa ,As interface. Thus, the indirect interaction
the exciton interaction with lovg-vector PE phonons may appears between the excitons and the nonequilibrium 2DEG.
even increase the cross sectigHowever, we should take We propose that this interaction is mediated by the low-
into account that the exciton interaction reduces with in-energy nonequilibrium phonons emitted by the mw-heated

creasing PE phonon wavelengfth. 2DEG. The estimate shows that the exciton drag by the pho-
non wind due to the hot 2DEG is an appropriate physical
D. FE PL bistability mechanism leading to the mw-induced exciton PL change.

) ) We assume that the PL intensity oscillations observed in
Recently it was shown that the 2DEG density reducesyige HJ's with increasing magnetic fi€l'%2! may be
under moderate electron heating as a result of electron veg,,sed by a quantizing nonequilibrium phonon flux. Indeed,
tical transport in the QW structurélslt is the hysteretic MW iy the nonequilibrium (photoexciteld 2DEG the electron
DMPR in the laterally confined 2DEG that gives an unam-yansitions between Landau levels are accompanied by the
biguous evidence of the,p decrease. Qualitatively, the phonon emission, and the phonon flux intensity drastically
DMPR hysteresis can be explained as follows. When thgeflects the quantum nature of the electron stité3The
magnetic field increases and the DMPR evolveB@f the  exciton drag by the quantizing phonon flux may give rise to
electron temperature increases. The latter leads to a dene exciton PL intensity variations with increasing magnetic
creasedh,p, and the DMPR shifts to the high& [see Ed. field. We conclude that the presence of nonequilibrium
(3.1)]. At B;>Bg, a feedback mechanis(the decrease@l.  phonons has to be taken into account in many experiments

results in largen,p , in the DMPR shift to loweB, and ina  \where the 2DEG is driven into nonequilibrium state.
further T, decreasgstimulates a sharp drop df, (and a

sharp n,p increase¢ Thus, for B=B; on the ascending
branch,n,p returns to its value aB<Bg. When the mag-
netic field scans back, the electrons begin to be effectively We wish to thank Elisha Cohen and Arza Ron for many
heated just aB=B,<B; (whenB approaches t8g) since  helpful discussions. The research at the Technion was done
n,p on the descendant branch is higher than that on the as the Barbara and Norman Seiden Center for Advanced Op-
cendant branclieven atB<B;). The density of the heated toelectronics and it is supported by U.S.-IsréeB@EF) Grant

2D electrons decreases, the DMPR moves to lBeahd the  No. 509-501.
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