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Condensation of bulk excitons on a magnetized two-dimensional electron gas in modulation-dope
heterojunctions
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The evolution of photoluminescence~PL! spectra with increasing magnetic field (B<7 T) was studied in
high-mobility, wide GaAs/Al0.3Ga0.7As heterojunctions~HJ’s! at lattice temperaturesTL51.9–25 K. The two-
dimensional electron-gas~2DEG! density in the studied samples isn2D

0 5(0.9–3)31011 cm22, and it was
varied with He-Ne laser illumination by optical depletion. ForB50 the PL is completely dominated by exciton
recombination in the undoped GaAs layer. AsB increases this band shows a typical exciton diamagnetic shift.
For a filling factorn<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 2DEG atn<2. Thus, the evolution of the bulk free exciton to 2DEG-free
hole PL with increasingB is due to ‘‘condensation’’ of the bulk excitons on the magnetized 2DEG layer at
n<2.

DOI: 10.1103/PhysRevB.65.073311 PACS number~s!: 78.55.Cr, 73.40.Kp
ga
r

e
ee
ny
ie
y
o
a

n-

.
on

n

ro

H
ye

e-

a-
-

an

g
r

w-
ns

een
f the
in-
e
G-
y
d.

r a
ed

b-
in
The unique properties of a two-dimensional electron
~2DEG! formed in a semiconductor heterostructure a
widely studied by photoluminescence~PL! spectroscopy.1–3

Intrinsic, low-temperature PL resulting from the radiative r
combination of the 2D electrons with photoexcited fr
holes, proved to be an effective optical probe of the ma
body interactions and their modification under an appl
magnetic fieldB.1–8 The PL spectrum, intensity, and deca
time have been shown to strongly depend on the 2DEG-h
(e-h) separation,4–7 and various PL spectral anomalies ne
a filling factor n'1 were recently observed in modulatio
doped quantum wells~QW! where thee-h separation is de-
termined by the QW width or by the applied bias voltage4,6

Many optical studies were done on single heterojuncti
~SHJ’s! where the GaAs layer was intentionallyp-type
d-doped in the vicinity of the 2DEG, and the 2D electro
recombines with the hole bound to an acceptor.1 The result-
ing inhomogeneous broadening of thisextrinsicPL line can
smear out the effects due to electron-electron or elect
hole interactions in such SHJ’s.

In high-quality GaAs/AlGaAs SHJ’s withoutp doping
~such as shown in the inset of Fig. 1!, the photoexcited
electron-hole pairs are rapidly separated by the built-in S
electric field spreading over the entire undoped GaAs la
~width .100 nm).12 The 2DEG-free hole separation b
comes very large, and theintrinsic 2DEG-hole PL cannot be
observed. Indeed, atB50 andTL.2 K the PL spectrum of
such SHJ’s is dominated by a narrow PL band atE
.1.515 eV originating from free bulk exciton recombin
tion in the GaAs layer.9–11 It should be noted that some au
thors attributed this band to the recombination of a hole
the 2D electron from the second subband.5,14–16 However,
under highB applied along the sample growth axis, the ma
netophotoluminescence shows a behavior specific of a
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combination between a hole and 2D electrons from the lo
est subband.5,13,14,16These contradictions lead to speculatio
on the nature of the SHJ PL within the entire range ofB.
Recently, new features of the magneto-PL spectra have b
reported and interpreted as due to an increased overlap o
2D electron and photoexcited hole wave functions with
creasing magnetic field.15,16 Thus, an understanding of th
PL nature and transition from the bulk exciton to the 2DE
hole PL with increasingB as well as a study of many-bod
effects on the intrinsic PL in the heterojunctions is require

We have performed a detailed magneto-PL study fo
series of high-quality, single-side modulation-dop

FIG. 1. PL spectra of a wide GaAs/AlGaAs heterojunction o
served atI L50 ~a! and 0.4 mW~b!. The bands and the processes
the photoexcited HJ are schematically shown in inset.
©2002 The American Physical Society11-1
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GaAs/Al0.3Ga0.7As heterojunction~HJ! structures with a
variable 2DEG density~by cw optical depletion12!. The un-
doped GaAs layer~having widths of 1 –1.5m) was sepa-
rated from a Si-doped Al0.3Ga0.7As layer by a Al0.3Ga0.7As
As spacer of~30–70! nm width. The 2DEG density and th
dc mobility, measured atTL54 K for the various samples
are n2D5(0.9–3)31011 cm22 and mdc5(124)
3106 cm2/V sec, respectively. An external magnetic fieldB
~up to 7 T! was applied perpendicularly to the HJ plane.

Two light beams from a chopped Ti-sapphire atEi
51.56 eV and a cw He-Ne lasers illuminate the sample. T
light intensity of the former wasI i5(1 –5) mW/cm22. The
intensity of the defocused cw He-Ne beam~optical bias! was
varied in the rangeI L5(0.05–10) mW/cm2. Then2D values
under illumination were estimated from dimensional mag
toplasma resonance~DMPR! measurements performed o
the mesa samples:11,17 n2D decreases by a factor of 2–
within the used range ofI L . The modulated PL spectrum
was measured by a standard spectroscopic technique. Th
evolution with increasingB was studied in the same samp
for variousn2D as controlled byI L variation. All the studied
samples show similar PL spectra atB50 and a similar evo-
lution with increasingB. We discuss the experimental resu
for the HJ havingn2D52.631011 cm22 under low-intensity
Ti-sapphire laser illumination. The sample temperature w
varied in the range ofTL51.9–25 K.

At B50, the PL spectra observed forI L50 and 0.4 mW
are presented in Fig. 1~curvesa andb, respectively!. The PL
spectrum atI L50 consists of a bulk free-exciton~FE! band
and a low-energy band due to interface-exciton~IE!
recombination.9–11 Their relative intensities vary from
sample to sample, with the FE intensity increasing un
He-Ne laser illumination~curve b) or at higherTL . It was
shown11 that the PL redistribution as well as a superlinear
PL intensity increase withI L , are due to a variation o
the built-in electric field whenn2D decreases by optica
depletion.

The evolution of thes2 polarized PL spectra with in
creasingI L for B55 T is shown in Fig. 2~a!. The I L50

FIG. 2. ~a!. PL spectra atB55 T for increasingI L values.~b!.
PL spectra atI L50.1 mW and for severalB values. The spectra ar
vertically shifted for clarity.
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spectrum consists of bands due to FE and localized excit
The PL intensity of the latter depends on the sample qua
As I L increases a new low-energy PL band~2D-PL! arises.
IncreasingI L causes a blue shift and an intensity enhan
ment of the 2D-PL band while the FE-PL intensity decreas
The PL evolution with increasingB at I L50.1 mW is shown
in Fig. 2~b!. One can see that the 2D-PL band shifts to high
energies faster than the FE-PL band does, and the 2D
intensity increases while that of the FE PL decreases.
behavior of both circular polarized 2D-PL bands (s2 and
s1) with increasing He-Ne laser intensity atB57 T is
shown in Fig. 3. At 7 T andI L50 the 2D-PL band is already
observed; increasingI L results in the 2D-PL blue shift. At
I L'1 mW, boths2 and s1 2D-PL specta exhibit a large
spectral broadening. Below, we will see thatn.1 at I L
'1 mW.

The peak energy of the FE and 2D-PL bands as a func
of B is plotted in Fig. 4~a! for threen2D values. The FE-PL
energy shows a diamagnetic shift that does not depend
n2D . The FE-PL bands in boths2 ands1 polarizations are
split into two lines~see Fig. 2! as is observed for the bulk FE
exciton.9 The 2D-PL energies shift linearly withB, however,
these shifts occur faster at lowB till the 2D-PL intensity
grows. Figure 4~b! displays the evolution of the integrate
intensitiesJ of both FE and 2D-PL bands withB. At a certain
B value, the 2D-band PL abruptly appears and its inten
sharply grows while the FE-PL intensity decreases. T
threshold of the 2D-PL appearance shifts to lowerB asn2D
decreases by optical depletion.

The temperature dependence of the PL spectra for a g
I L is demonstrated atB55 T in Fig. 5~a!; the dependence
J(TL) is plotted in Fig. 5~b!. As TL increases the 2D-PL
integrated intensity decreases while the FE PL increases,
the 2D-PL band disappears at 20 K. Thus, asB or TL varies,
a PL intensity redistribution between the FE-PL and 2D-
channels is observed.

The characteristic feature of the photoexcited SHJ hav
an undoped GaAs layer, is the coexistence of free exciton
the GaAs layer and a 2DEG near the HJ interface. F
electron-hole pairs are photogenerated practically homo

FIG. 3. The PL-spectra recorded at 7 T in two light polarizatio
with different optical bias (T51.9 K). The vertical scales are dif
ferent fors2 ands1 polarizations.
1-2
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neously throughout the structure since the light penetra
length is about 1m. Then, the electrons and holes are ra
idly separated by the built-in electric field: the holes dr
away from the HJ and the electrons drift towards the 2DE
In the flat band region of the GaAs layer, electrons and ho
bind into excitons that diffuse and drift to the higher-fie
region ~see inset of Fig. 1!.

FIG. 4. The peak energy~a! and integrated intensity~b! depen-
dencies onB for the exciton (¹) and for the 2De-h PL. n2D :n
22.6;s21.8;L21.331011 cm22. The dot-dash line in~a! shows
a linear dependenceE(B):E51.50910.001B.

FIG. 5. ~a! PL spectra forB55 T at various temperatures.~b!
The integrated intensity of both PL bands vsTL (I L50.1 mW).
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In thick GaAs layers having a high-electron mobility
low temperature,18 the exciton diffusion length L
5(Dtex)

1/2.531023 cm exceeds the undoped GaAs lay
width, and the FE density is controlled by the boundary co
ditions, namely, by the rate of exciton recombination or d
sociation at the AlGaAs-GaAs and GaAs-AlGaAs interfac
Here, we use an exciton diffusion coefficientD
.100 cm2/sec and an exciton lifetimetex.331029 sec,
respectively.19

Under low B, two PL channels originating from the fre
excitons, should be considered:~a! GaAs free excitons and
~b! Interface excitons. The latter are excitons driven by
electric-field gradient to the 2DEG and situated at the d
tance of 3–5 Bohr radii from the 2DEG. There, a shallo
potential minimum for the translational exciton motion
formed due to the joint effect of the built-in electric field an
repulsive short-range forces at the interface.10

The low-energy PL band emerging at higherB, is unam-
biguously attributed to a free hole-2D-electron recombin
tion from the lowest 2DEG subband. Indeed, this band sho
a typical linearE(B) dependence for highB with a slope of
1 meV/T @shown by dashed line in Fig. 4~a!# that corre-
sponds to the standard electron effective massme
50.068 m0 ~at B.3T) and the free hole mass of 0.045m0.
The PL band is blue shifted with decreasingn2D due to the
decreased band-gap renormalization resulting from
electron-electron interaction. We have estimated then2D val-
ues from the microwave DMPR on the mesa sample. Th
we obtain the same filling factorn.2 for the 2D-PL thresh-
olds occurring at differentn2D values~varied byI L). Taking
n.2 for the 2D-PL threshold we find that the strong spect
modifications of thes2 ands1 2D-PL bands~Fig. 3! occur
at the filling factorn.1. Spectral peculiarities nearn.1
were previously reported for wide QW’s, and these we
attributed to a skirmion-hole radiative recombination wh
the lower- and higher-energy spin state is completely full a
empty, respectively.4,6,7 Thus, the effect of changing of th
Landau sublevel occupancy on the polarized PL spectr
n.1 is also clearly observed in the high-quality HJ’s, ho
ever, in contrast to the QW’s case, a large PL line broaden
appears in boths2 ands1 polarizations~Fig. 3!.

The remarkable threshold appearance of the 2D PL
quenching of the FE PL as well as the reduction of t
2D-PL intensity with temperature~with an activation energy
of 1 meV! resemble the phase transition of the excitons i
an electron-hole liquid in bulk Ge and Si.20 We propose that
the interaction of the free excitons with the magnetiz
2DEG results in an exciton dissociation near the 2DEG. T
experimental results lead to the conclusion that atn<2, the
energy of the excitonic hole-2D-electron system becom
lower than the exciton binding energy, so that the free ex
ton dissociates into a 2D-electron and free hole. The hol
self-localized in the potential well situated close to t
2DEG, and recombines with the 2DEG. The sharpness of
transformation allows us to suggest that a nonequilibri
phase transition of the excitons takes place near the inter
with the magnetized 2DEG atn<2. Perhaps, a strong de
crease of the 2D-electron Fermi energy atn<2 promotes
this transition. Recently, a hysteretic behavior of a 2D-
1-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 073311
intensity nearn.2 has been reported atTL,1 K,16 and, it
is likely to point out the first order of such a transition. No
that the transformation of the free excitons into 2D-electr
hole pairs can be phenomenologically considered as a s
increase of the exciton interface recombination rate an
<2.

At B values close to the threshold, the 2D-PL peak en
gies increase faster withB than at higherB @Fig. 4~a!#. It is
likely to be due to a decrease of the hole-2DEG distance
the formed system asB increases. Since the 2DEG-hole r
combination is spatially indirect, this may explain the fas
2D-PL energy shift and the strong PL intensity increase w
B.

The PL intensity redistribution atn<2 in HJ’s was pre-
viously reported.13,15,16At low B (n.2), the strongest PL
band has been attributed to the recombination of the ph
excited hole with the 2D electron from the second confin
state at the interface.5,14–16 This assignment is probabl
wrong for the following reasons. The photoexcited ho
drifts from the interface at the distance of 1025 cm in a very
short time of 10210sec. ~Here, we assume a lowest ho
mobility—103 cm2/V sec and the lowest HJ electric field—
102 V/cm). Thus, the 2D-electron-free hole wave functi
overlap becomes negligible before the free hole-2DEG
combination can occur~the radiative lifetime is larger than
10210sec). Another reason is the absence of any PL du
recombination of the 2D electron from the lowest subba
with a hole, in contrast to its dominance in wide GaAs qua
n
to
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tum wells.4,6 It was speculated that the observed PL-intens
redistribution with increasing magnetic field is caused by
increase of the overlap of the electron-hole wa
functions.13,15,16 However, it is improbable that the hole
photogenerated in the wide GaAs layer, far from the int
face, will appear near the 2DEG.

The proposed model of ‘‘exciton condensation’’ explai
the appearance of free holes photogenerated homogene
in the wide GaAs layer, near the 2DEG. It also explains
transformation of the bulk exciton PL into the low-energ
free hole-2D-electron PL with increased magnetic field@Fig.
4~b!# as well as a reverse PL redistribution with increasi
ambient temperature@Fig. 5~b!#.

In conclusion, a threshold changeover of the free exci
to 2DEG-hole photoluminescence was observed atn<2 in
the GaAs/AlGaAs heterojunctions. We propose that the
served phenomenon is due to a ‘‘condensation’’ of the b
free excitons on the magnetized 2DEG layer and an exc
dissociation into 2D electron and hole. A detailed analysis
the exciton-magnetized-2DEG interaction as a function
their separation is needed for the theoretical justification
the observed phenomenon.
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