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Condensation of bulk excitons on a magnetized two-dimensional electron gas in modulation-doped
heterojunctions
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The evolution of photoluminescen¢BL) spectra with increasing magnetic fielB€7 T) was studied in
high-mobility, wide GaAs/Af :Ga, ;As heterojunctiongHJ’s) at lattice temperatureg_ =1.9-25 K. The two-
dimensional electron-ga@DEG) density in the studied samples n§,=(0.9-3)x10' c¢m 2, and it was
varied with He-Ne laser illumination by optical depletion. B+ 0 the PL is completely dominated by exciton
recombination in the undoped GaAs layer. Bincreases this band shows a typical exciton diamagnetic shift.

For a filling factorv<2 a strong PL transformation is observed: the exciton PL intensity decreases and a new,
low-energy PL line abruptly appears and gains intensity at the expense of the exciton PL. We attribute this line
to the 2DEG-free hole recombination, and propose that its appearance in the HJ's results from an increased
free-exciton dissociation near the 2DEGiat2. Thus, the evolution of the bulk free exciton to 2DEG-free

hole PL with increasind is due to “condensation” of the bulk excitons on the magnetized 2DEG layer at

rv<2.
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The unique properties of a two-dimensional electron gagombination between a hole and 2D electrons from the low-
(2DEG) formed in a semiconductor heterostructure areest subband®*!These contradictions lead to speculations
widely studied by photoluminescenéBL) spectroscopy.>  on the nature of the SHJ PL within the entire rangeBof
Intrinsic, low-temperature PL resulting from the radiative re-Recently, new features of the magneto-PL spectra have been
combination of the 2D electrons with photoexcited freereported and interpreted as due to an increased overlap of the
holes, proved to be an effective optical probe of the many2D electron and photoexcited hole wave functions with in-

’ ; i £ 115,16 :
body interactions and their modification under an appliedc'€asing magnetic f'?'ﬂa- Thus, an understanding of the
magnetic fieldB.X~® The PL spectrum, intensity, and decay PL nature and transition from the bulk exciton to the 2DEG-
time have been shown to strongly depend on the 2DEG-holBOl€ PL with increasing as well as a study of many-body
(e-h) separatior” and various PL spectral anomalies nearef'fects on the intrinsic PL in the heterojunctions is required.
a filling factor v~1 were recently observed in modulation- We have performed a detailed magneto-PL study for a

doped quantum welléOW) where thee-h separation is de- series of high-quality, single-side modulation-doped
termined by the QW width or by the applied bias voltd§e.
Many optical studies were done on single heterojunctions
(SHJ'9 where the GaAs layer was intentionally-type
&-doped in the vicinity of the 2DEG, and the 2D electron
recombines with the hole bound to an accept®he result-

ing inhomogeneous broadening of tleEstrinsic PL line can
smear out the effects due to electron-electron or electron:
hole interactions in such SHJ's.

In high-quality GaAs/AlGaAs SHJ's withoup doping
(such as shown in the inset of Fig), lthe photoexcited
electron-hole pairs are rapidly separated by the built-in SHJ
electric field spreading over the entire undoped GaAs layer
(width >100 nm)!? The 2DEG-free hole separation be-
comes very large, and thetrinsic 2DEG-hole PL cannot be
observed. Indeed, &=0 andT,_ >2 K the PL spectrum of /"
such SHJ's is dominated by a narrow PL band &t  [_.-- -~
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Photoexcitation
EF1.56eV

=1.515 eV originating from free bulk exciton recombina- 1512 1513 1514 1515

tion in the GaAs layet ! It should be noted that some au- E (eV)

thors attributed this band to the recombination of a hole and

the 2D electron from the second subbar-*® However, FIG. 1. PL spectra of a wide GaAs/AlGaAs heterojunction ob-

under highB applied along the sample growth axis, the mag-served at, =0 (a) and 0.4 mWb). The bands and the processes in
netophotoluminescence shows a behavior specific of a rahe photoexcited HJ are schematically shown in inset.
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FIG. 2. (a). PL spectra aB=5 T for increasing, values.(b). FIG. 3. The PL-spectra recorded at 7 T in two light polarizations
PL spectra at, =0.1 mW and for severds values. The spectra are with different optical bias T=1.9 K). The vertical scales are dif-
vertically shifted for clarity ferent foroc~ ando™* polarizations.

spectrum consists of bands due to FE and localized excitons.

GaAs/Al sGa /As heterojunction(HJ) structures with a  The PL intensity of the latter depends on the sample quality.
variable 2DEG densityby cw optical depletiotf). The un-  As I, increases a new low-energy PL ba(&D-PL) arises.
doped GaAs layethaving widths of 1-1.54) was sepa- Increasingl, causes a blue shift and an intensity enhance-
rated from a Si-doped ALGa, 7As layer by a AbGay;As  ment of the 2D-PL band while the FE-PL intensity decreases.
As spacer 0f30—70 nm width. The 2DEG density and the The PL evolution with increasing atl, =0.1 mW is shown
dc mobility, measured af, =4 K for the various samples, in Fig. 2b). One can see that the 2D-PL band shifts to higher
are  nyp=(0.9-3)x10" cm?  and  wg.=(1-4)  energies faster than the FE-PL band does, and the 2D-PL
X 10° cn?/V sec, respectively. An external magnetic fid  intensity increases while that of the FE PL decreases. The
(up to 7 T) was applied perpendicularly to the HJ plane.  behavior of both circular polarized 2D-PL bands ( and

Two light beams from a chopped Ti-sapphire Bt  ¢") with increasing He-Ne laser intensity &=7 T is
=1.56 eV and a cw He-Ne lasers illuminate the sample. Thghown in Fig. 3. At 7 T and, =0 the 2D-PL band is already
light intensity of the former was;=(1-5) mW/cm 2. The  observed:; increasinty results in the 2D-PL blue shift. At
intensity of the defocused cw He-Ne beéoptical biagwas | ~1 mWw, botho™ ando® 2D-PL specta exhibit a large
varied in the rangé_ = (0.05-10) mW/crf. Then,p values  spectral broadening. Below, we will see that=1 at |,
under illumination were estimated from dimensional magne~1 mw.
toplasma resonancéDMPR) measurements performed on  The peak energy of the FE and 2D-PL bands as a function
the mesa samples:'’ n,, decreases by a factor of 2-3 of B is plotted in Fig. 4a) for threen,p values. The FE-PL
within the used range of . The modulated PL spectrum energy shows a diamagnetic shift that does not depend on
was measured by a standard spectroscopic technique. The RL, . The FE-PL bands in both~ ando* polarizations are
evolution with increasing® was studied in the same sample split into two lines(see Fig. 2as is observed for the bulk FE
for variousn, as controlled byt variation. All the studied  exciton? The 2D-PL energies shift linearly witB, however,
samples show similar PL spectraB#=0 and a similar evo- these shifts occur faster at lo® till the 2D-PL intensity
lution with increasingB. We discuss the experimental results grows. Figure %) displays the evolution of the integrated
for the HJ havingn,p=2.6x 10'* cm™2 under low-intensity  intensities] of both FE and 2D-PL bands wi. At a certain
Ti-sapphire laser illumination. The sample temperature wag value, the 2D-band PL abruptly appears and its intensity
varied in the range of =1.9-25 K. sharply grows while the FE-PL intensity decreases. The

At B=0, the PL spectra observed fijr=0 and 0.4 mW threshold of the 2D-PL appearance shifts to loBeas n,p
are presented in Fig. (turvesa andb, respectively. The PL  decreases by optical depletion.
spectrum at| =0 consists of a bulk free-excitafrE) band The temperature dependence of the PL spectra for a given
and a low-energy band due to interface-excitoir) I, is demonstrated é8=5 T in Fig. 5a); the dependence
recombinatior’”** Their relative intensities vary from J(T,) is plotted in Fig. %b). As T, increases the 2D-PL
sample to sample, with the FE intensity increasing undeintegrated intensity decreases while the FE PL increases, and
He-Ne laser illuminatior(curve b) or at higherT . It was  the 2D-PL band disappears at 20 K. ThusBasr T, varies,
showrt! that the PL redistribution as well as a superlinear FEa PL intensity redistribution between the FE-PL and 2D-PL
PL intensity increase witH, , are due to a variation of channels is observed.
the built-in electric field whenn,y decreases by optical The characteristic feature of the photoexcited SHJ having
depletion. an undoped GaAs layer, is the coexistence of free excitons in

The evolution of thec™ polarized PL spectra with in- the GaAs layer and a 2DEG near the HJ interface. Free
creasingl_ for B=5 T is shown in Fig. 2. Thel =0 electron-hole pairs are photogenerated practically homoge-
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FIG. 4. The peak energfg) and integrated intensit{b) depen-
dencies orB for the exciton ¥) and for the 2De-h PL. nyp: A
—2.6,0-1.8;0 —1.3x 10" cm 2. The dot-dash line ifia) shows

a linear dependendg(B):E=1.509+ 0.001B.
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In thick GaAs layers having a high-electron mobility at
low temperaturé® the exciton diffusion length L
=(D 1) ?=5%x10"2 cm exceeds the undoped GaAs layer
width, and the FE density is controlled by the boundary con-
ditions, namely, by the rate of exciton recombination or dis-
sociation at the AlGaAs-GaAs and GaAs-AlGaAs interfaces.
Here, we use an exciton diffusion coefficienD
=100 cnf/sec and an exciton lifetime,,=3x 10 °sec,
respectively'®

Under lowB, two PL channels originating from the free
excitons, should be considere@ GaAs free excitons and
(b) Interface excitons. The latter are excitons driven by the
electric-field gradient to the 2DEG and situated at the dis-
tance of 3—5 Bohr radii from the 2DEG. There, a shallow
potential minimum for the translational exciton motion is
formed due to the joint effect of the built-in electric field and
repulsive short-range forces at the interfate.

The low-energy PL band emerging at highgris unam-
biguously attributed to a free hole-2D-electron recombina-
tion from the lowest 2DEG subband. Indeed, this band shows
a typical linearE(B) dependence for higB with a slope of
1 meVIT [shown by dashed line in Fig.(d] that corre-
sponds to the standard electron effective masg
=0.068 m, (atB>3T) and the free hole mass of 0.048,.

The PL band is blue shifted with decreasing, due to the
decreased band-gap renormalization resulting from the
electron-electron interaction. We have estimatedntheval-

ues from the microwave DMPR on the mesa sample. Thus,
we obtain the same filling factar=2 for the 2D-PL thresh-

olds occurring at different, values(varied byl, ). Taking

modifications of thex~ ando* 2D-PL bandg(Fig. 3) occur

v=2 for the 2D-PL threshold we find that the strong spectral

at the filling factorv=1. Spectral peculiarities near=1
were previously reported for wide QW's, and these were

neously throughout the structure since the light penetratiottributed to a skirmion-hole radiative recombination when
length is about 1. Then, the electrons and holes are rap-the lower- and higher-energy spin state is completely full and
idly separated by the built-in electric field: the holes drift empty, respectively®’ Thus, the effect of changing of the
away from the HJ and the electrons drift towards the 2DEGLandau sublevel occupancy on the polarized PL spectra at
In the flat band region of the GaAs layer, electrons and holeg=1 is also clearly observed in the high-quality HJ's, how-
bind into excitons that diffuse and drift to the higher-field ever, in contrast to the QW's case, a large PL line broadening

region (see inset of Fig. 11
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FIG. 5. (a) PL spectra forB=5 T at various temperatureéb)

The integrated intensity of both PL bandsWs (I, =0.1 mW).

appears in botlr~ ando ™ polarizations(Fig. 3.

The remarkable threshold appearance of the 2D PL and
quenching of the FE PL as well as the reduction of the
2D-PL intensity with temperatur@vith an activation energy
of 1 meV) resemble the phase transition of the excitons into
an electron-hole liquid in bulk Ge and SiWe propose that
the interaction of the free excitons with the magnetized
2DEG results in an exciton dissociation near the 2DEG. The
experimental results lead to the conclusion that<at2, the
energy of the excitonic hole-2D-electron system becomes
lower than the exciton binding energy, so that the free exci-
ton dissociates into a 2D-electron and free hole. The hole is
self-localized in the potential well situated close to the
2DEG, and recombines with the 2DEG. The sharpness of the
transformation allows us to suggest that a nonequilibrium
phase transition of the excitons takes place near the interface
with the magnetized 2DEG at<2. Perhaps, a strong de-
crease of the 2D-electron Fermi energyet2 promotes
this transition. Recently, a hysteretic behavior of a 2D-PL
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intensity nearv=2 has been reported & <1 K, and, it tum wells*® It was speculated that the observed PL-intensity

is likely to point out the first order of such a transition. Note, "edistribution with increasing magnetic field is caused by an

that the transformation of the free excitons into 2D-electronincréase of the overlap of the electron-hole wave

: 13,15,16 o i
hole pairs can be phenomenologically considered as a Shag?]nctlons. dl—!owre]zver,_dlt Ea?prlobabli thfat theh h(_)les
increase of the exciton interface recombination ratevas otogenerated in the wide s layer, far from the inter-
<2 face, will appear near the 2DEQ. . _
At B values close to the threshold, the 2D-PL peak ener- The proposed model of “exciton condensation” explains
gies increase faster wit than at higheB [Fig. 4@)]. It is the appearance of free holes photogenerated homogeneously

likely to be due to a decrease of the hole-2DEG distance of! the wide _GaAs layer, near th_e ZDEG.' It also explains the
the formed system aB increases. Since the 2DEG-hole re- transformation of the bulk_exqton PL into the !ow-e_nergy
combination is spatially indirect, this may explain the fasterfree hole-2D-electron PL with increased magnetic fiéfy.
2D-PL energy shift and the strong PL intensity increase with4(b)]. as well as a reverse PL redistribution with increasing
B ambient temperaturgFig. 5b)].

' The PL intensity redistribution at<2 in HJ's was pre- In conclusion, a threshold changeover of the free exciton
viously reported31516At low B (»>2), the strongest PL to 2DEG-hole photoluminescgnce was observed=aR in
band has been attributed to the recombination of the photc;[—he GSAi/AIGaAS het'erc(;junc{‘tlons“. W% prop?se”th?ttﬁheboltl)(-
excited hole with the 2D electron from the second confinectS"Ved Phenomenon is due to a condensation: of the bu
state at the interface!*~1 This assignment is probably "¢€ €xcitons on the magnetized 2DEG layer and an exciton
wrong for the following reasons. The photoexcited holed|SSOC|at|on into 2D electron and hole. A detailed analysis of

X the exciton-magnetized-2DEG interaction as a function of

drifts from the interface at the distance of T0cm in a very their separation is needed for the theoretical justification of
short time of 10'°sec. (Here, we assume a lowest hole P ]
the observed phenomenon.

mobility—10° cn?/V sec and the lowest HJ electric field—
10 V/cm). Thus, the 2D-electron-free hole wave function  The research at the Technion was done in the Barbara and
overlap becomes negligible before the free hole-2DEG reNorman Seiden Center for Advanced Optoelectronics and
combination can occuthe radiative lifetime is larger than was supported by the Israel Science Foundationnded by

10 ¥sec). Another reason is the absence of any PL due tthe Israel Academy of Science and HumanitieB.M.A.
recombination of the 2D electron from the lowest subbandacknowledges support by a grant under framework of the
with a hole, in contrast to its dominance in wide GaAs quanKAMEA Program.
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