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Luminescence of coupled quantum wells: Effects of indirect excitons
in high in-plane magnetic fields

M. Orlita,* R. Grill, and M. Zvara
Institute of Physics, Charles University, Ke Karlovu 5, CZ-121 16 Prague 2, Czech Republic

G. H. Dohler and S. Malzer
Institute fuir Technische Physik I, Universitat Erlangen-Nurnberg, D-91058 Erlangen, Germany

M. Byszewski
Grenoble High Magnetic Field Laboratory, Boite Postale 166, F-38042 Grenoble Cedex 09, France

J. Soubusta
Joint Laboratory of Optics, Palacky University, 17. listopadu 50, CZ-772 07 Olomouc, Czech Republic
(Received 19 January 2004; revised manuscript received 5 April 2004; published 20 August 2004

Luminescence measurements of a Gal,As/GaAs double quantum well in in-plane magnetic fields up to
22 T are reported. The properties of spatially direct and indirect excitons are studied. We show that the strong
indirect exciton luminescence survives in samples with low nonradiative recombination up to high in-plane
magnetic fields. This contrasts with previously published results, where its strong suppression, observed for
magnetic fields as low as of 10 T, was explained by the exciton center-of-mass momentum conservation. We
attribute the discrepancy to a relatively low nonradiative recombination in the studied sample in comparison
with the radiative recombination of localized indirect excitons.
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I. INTRODUCTION e is the electron charge. For many experimental conditions,

the Boltzmann statistics can be used for the description of
aII(E)V\c/)su?:)er ?ﬁ:n;z:gngl[[;gs\?g (;igrnetif:t;haeﬁgr%iz;ei:lh?; EEhe IX gas, in_stead of th_e Bose-Einst_ein distribu_tion. Taking
. : . account of this assumption, the density of IX with CM mo-
transition from two+2D) to three-dimensiongBD) systems. : . .
In particular, a lot of attention has been paid to excitons, i.e_mentuszO decreases as a Gaussian function of the in-

to the coupled electron-hole excitations. The DQW enable?lane magnetic field: eXpezdzBf/ZMkBT), where kg is
the formation of a spatially indirect excitoiX) when an BoI'Fzmann constant an't_l represents th_e IX gas temperature.
electron and a hole are located in opposite wells. The spatidPWing to the conservation of the particle’s momentum, only
separation leads to their very long lifetime%psually 3 or-  the excitons withiK~0 can be optically active and thus the
ders of magnitude longer than for intrawédlirect) excitons  IX radiative recombination is strongly suppressed by the in-
(DX). Another special feature of excitons is their bosonicplane magnetic field. This effect was discussed theoretically
character. Thus, the gas of free excitons behaves according ity Gorbatsevich and TokatfySimultaneously, the energy of
Bose-Einstein statistics and in the case of long-living IXs alX optical transitions increases quadratically with the mag-
transition to a Bose-Einstein condensate is predicted at lowetic field by the amount oézdzBf/ZM. This simple model
temperatures. Recent experiméntsn this field are very was used by Parlangedt al* to explain their photolumines-
promising. cence(PL) measuremenfsThe authors observed the qua-
The spatial separation of electrons and holes in differengiratic shift of the IX energy and the Gaussian suppression of
wells leads in the in-plane magnetic fieg to a shift of the  the IX PL intensity with the magnetic field, and achieved a
IX ground state to a finite center-of-magSM) momentum  very good quantitative agreement between the simple theory
in k space. Thus, the IX becomes indirect in the real, as welhng their experiment. However, the Gaussian quenching of
as in the reciprocal, space. The exciton dispersion in thehe |x PL intensity is based on an assumption that the IX
DQW plane remains parabolic, but its minimum is d'Splaceddensity remains unaffected [, and this is fulfilled only

For the magnetic fieldB=(0,8,0) with the gaugeA  \ hen the nonradiative recombination is dominant and inde-

=(Byz,0,0) we get the indirect exciton dispersion, pendent of the magnetic field. Otherwise, the 1X density has
5 5 to increase with magnetic field, i.e., together with a decrease

E(K K,) =E +h—[(K _iﬂ) +K2} 1) of the radiative recombination probability of the free IXs.

TR T oMY 4 Y|’ The simple model is then no more valid and the IX PL in-

tensity is governed by the variation of the radiative, as well
where d represents the center-to-center distance of wellsis the nonradiative, decay rates. The IX luminescence in in-
when the intrawell Stark effect is neglectéj.andM denote  plane magnetic fields was also studied by Butbal® Even
the IX energy at rest and its in-plane mass, respectively, anthough the paper is primarily devoted to the time-resolved IX
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FIG. 1. The schematic picture of a sample studied under the 15V
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photoluminescence, the quadratic shift of IX energy was 30V
evaluated from time-integrated PL spectra according to

€?d?B?/2M. Also the strong IX PL quenching was clearly 40V
observed and qualitatively described. IXT 5.0V

1.59 1.60 1.61 1.62
Il. EXPERIMENT Energy (eV)

The PL measurements were carried out on a FIG. 2. PL spectra for selected negative bias at zero magnetic
Ga,_Al,As/GaAs sample schematically depicted in Fig. 1,field. The corresponding voltages are indicated. The inset depicts
and prepared by molecular-beam epitaxy. The growth startei@itegral PL intensity vs applied bias f@ =0 andB;=20 T. The
on ann-doped substrate at a temperature of 600 °C with alues in the inset are normalized to zero bias for both magnetic
500-nm-wide n-doped GaAs region(Si, 1.4x 10€cm3)  fields.
followed by n-doped and intrinsic GgAlgsAs layers
with thicknesses of 300 and 500 nm, respectively. Theensured a good temperature stability at 4.2 K. All measure-
growth was continued with a 5-nm-thickp-§ layer  ments were performed in a resistive solenoid in the Voigt
(C, 3x 10 cm™®) and 100 nm of an intrinsic region, both configuration up to the magnetic field of 22 T.
from Gg-AlgsAs. Afterwards, three symmetric GaAs
DQWs separated always by 100 nm of Gal, sAs layers
were added. Each DQW consists of 4 MML=atomic [ll. RESULTS AND DISCUSSION
monolayey of AlAs central barrier separating two quantum
wells with the same width of 35, 26, or 18 ML, respectively.  Figure 2 shows the PL spectra for selected values of bias
Further Gg-Alg4As layers were grown as follows: 100-nm U,, taken atB,=0. The depicted spectra, as well as others
intrinsic, 5-nmn-4& layer (C, 4x 107 cm™3), 500-nm intrin-  presented in this paper, are related to the 18-ML-wide
sic, and 300-nnp doped(C, 1.4x 108 cm3). The structure (=5 nm) DQW only. The remaining wells exhibited similar
was closed by a 20-nm-widpe-doped (C, 2X 108 cm3) results. The appliedl,, tilts the DQW and a characteristic
GaAs cap. The sample was photolithographically processededshift of IX (interwell) transition for the increasing nega-
i.e., the structure was mesa etched isolated and selectivetive bias is observed, whereas the DX energy remains almost
contacted to the bottom and topp regions. Hence, the unaffected. These results are analogous to those published
DQWs can be tilted by the perpendicular electric field whenpreviously! where PL of the same structure was studied at
a bias is applied to these contacts. Taking account of thbigher temperatures. The flatband regime was observed for a
distance of 1.45um between thep andn contacts, the bias small forward biasJ,,=+0.5 V, where more complex PL
change ofAU,,=1 V represents the change of the electricspectra were obtained, probably related to the formation of
field 6.9 kV/cm on the DQW. The compensatidglayers charged excitons-triongnot shown in this papégr These
allow us to achieve a DQW flatband position for a relatively charged complexes were also identified in the PL spectra of
small bias voltage. the 35-ML (=10 nm) DQW in this sample under different

The sample was excited by a Ti:sapphire laser with theexperimental condition.For the bias in the range of
power density~100 mW/cn? at the photon energy 1.75 eV, -3.0 V< Upn<<-1.0V, both IX and DX transitions are
i.e., below the band gap of @@lysAs at low temperature. present in the PL spectra. The IX redshift is saturated for
Fiber optics were used for the excitation, as well as for theJ,,<-4.0 V. This effect can be explained by a screening of
signal collection. The PL spectra were analyzed by a singlethe external electric field caused by IXs with sufficiently
grating monochromator and detected by a cooled chargkigh densityn,x. The fact that this saturation point appears in
coupled camera. The helium bath cryostat that we usedifferent DQWs for other biabl,,, and that the energy of the
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FIG. 4. The exciton peak energy for selected bigg,. The
dotted line shows the parabolic DX shift 0.0065 ma¥x BZ The
dashed and dash-dotted lines represent the theoretical IX energy
shift according toe?d?B?/2M for the exciton mass 0.2, and
0.42m,, respectively. Other lines serve as a guide for the eye only.
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of direct excitons declines relatively to the IX peak. For
159 160 161 1.62 comparison, we can estimate the Gaussian suppression of 1X
Energy (eV) peak intensity according to the simple mddsketched in the

Introduction. However, we stress that its validity conditions

FIG. 3. The PL spectra in the dependence on the in-plane magé t fulfilled f | ith | diati
netic fieldsB, for two selected biases, —2.0 and -4.0 V. The corre- re not fuflilied for our sample with a low nonradiative

sponding field$3, are depicted near the curves. The inset shows thedecay rate. The estimated intensity decreas® =20 T then

total PL intensity; values are normalized to zero magnetic field. The/aries within an interval of 1%5-1C°, due to the uncertainty
temperature wag, =42 K. in the exciton mass and the IX temperature. The values

M=0.42m, and 0.2Iny (my is the bare electron maswere

used for the exciton mass in Refs. 4 and 6, respectively, and
IX transition strongly depends on excitation intensjtyot  in both cases in agreement with their experiments. The IX
shown in this papgr supports this interpretation. The simple temperature is possibly higher than the lattice temperature
formula for the electric field in a plate capaciteny /ey,  Tar=4.2 K, but we suppose that the temperature does not
where ¢, and ¢, are the vacuum and relative permittivities, €xceed 10 K, owing to high cooling rates of indirect
respectively, allows us to estimate the lower limit of IX con- exciton§ o
centrationny, =5x 101 ¢ 2 for U,,<—4.0 V. The inset of We will now show that apart from the nonradiative and
Fig. 2 contains the integral PL intensity fBy=0 and 20 T as free 1X recombination, another_ radiative recomblnatlon_
a function ofU,,, normalized toU,,=0. The integral inten- channel must be present to explain our measurements. As is

sity remains close to unity even for higher negative biauss.hown in the insets of Flg_s. 2.and 3, the integral PI.‘ Intensi-
when the radiative recombination lifetime of the IX is ties are almost magnetic-field independent and are influenced

strongly enhanced. Hence, we can conclude that the nonr nly weakly by the applied electric field. Hence, the nonra-

. . ] . . iative recombination must be small. The probability of free
diative recombination rate is very small in comparison to theI

radiative one. The dominant radiative recombination and a|SﬂX radiative recombination wittk =0 is nearly magnetic-
: eld independeritand thus the intensity of the IX peak is
the small full width at half maximungfFWHM) ~2 meV of P y p

° governed predominantly by the number of 1Xs at the corre-
the DX peak at 4.2 K(for IX FWHM=2.5-4 me\j are pa-  ghonding energy level. If no other radiative channel were
rameters that are characteristic for good quality samples, angtesent an increase of the IX density, by the factor

thus the PL spectra can be compared to those published Ekp(ezdzBfIZMkBT) would be necessary to maintain the in-
Refs. 4 and 6. _ o tegral PL intensity constant. However, such a high IX density
Flgur_e 3 summarizes the PL spectra measured in m—plan@nore than 18 cm™2 at U,n=-4.0 V in higher magnetic
magnetic fields of up t@®=22 T forUp,=-2.0 and -4.0 V.  fields) would cause a strong effective screening of the exter-
The integral intensities of these spectra have been plotted ifal electric field, resulting in a decrease of DQW tilting, and
the inset of this figure. The magnetic fiel) causes a blue- thus also in a strong blueshift of the IX peak. This is in
shift of the IX peak, but no intensity degradation is presentcontradiction with the experimentally determined IX maxima
contrary to previously published resut$. Moreover, the PL  depicted in Fig. 4 for several valuds,, Hence, the IX
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luminescence observed in high in-plane magnetic fields carlew nonradiative recombination, the lifetime change affects
not be related to the recombination of optically active freepredominantly the IX density. This effect becomes important
IXs (i.e., with the CM momentunK~0) only. Therefore, close to the saturation poitd,,=<-4.0 V, where the small
another radiative recombination channel must be found. Alchanges in the IX density probably lead to different screen-
though the repulsive interaction between IXs partiallyings of the external electric field and thus to different IX
screens the potential fluctuatiohsie suppose that the local- Peak shifts. This can be clearly seenBat-12 T, when the
ization of the IXs plays a crucial role in the recombination PL maxima forU,,=-4.0 and -5.0 V appear at a higher
process. In high magnetic fields, when the optical recombienergy than foty,,=-3.0 V. This blue shift of IX energy
nation of IX with a nonzero CM momentum is forbidden, the could be also supported by a possible charging of the DQW
radiative recombination of localized IXs becomes dominantdue to an exciton dissociation and electron tunneling out of
whereas the nonradiative channel still seems to be negligibléhe structure. Thus, although the shift for,,=-4.0 and
The localized IX wave function is widely spread in tkhe 5.0 V is roughly comparable to the theoretical shift for the
space. Hence, the CM momentum conservation can be r&xciton with the mass=0.42n,, we assume that it is of
laxed. The IX CM localization within the radius of 5 nm another origin than the plotted theoretical curve.
corresponds to the spread of wave functibii= 0.2 nntl The shift of IX maxima withB; should be compared to the
that is comparable with the shik,=edB/# of the IX dis- results published by Butoet al® They determined the IX
persion paraboldl) induced by the in-plane magnetic field mass as a function of the perpendicular magnetic field from
BHzZO T. So we assume that a certain number of I1Xs belhe quadratic shift of the IX peak in the additionally applled
comes localized and therefore optically active also in highmagnetic field in the in-plane direction. They based the ex-
magnetic fields. This localization seems to be present, alciton mass evaluation on the simple relatigga®B/2M. In
though our sample shows properties characteristic for a highur case, owing to the localization of indirect excitons, the
quality structure. We interpret this fact as a result of a verylX peak shift is influenced by the magnetic- and electric-
low nonradiative recombination rate that leads to an enfield-induced changes of their localization energy and is
hancement of IX lifetime and thus supports the IX localiza-smaller than the shift of free IX energy observed by Butov
tion. So, the very low nonradiative recombination rate in oural-? Using of the simple formula would thus lead to an over-
structure seems to be responsible for results different frongstimation of the IX mass.
those published previousty®

A clearly noticeable feature of our luminescence spectra is
the low-energy tail of the IX peak developing with increas- IV. CONCLUSION
ing magnetic field. We suppose that it is related to lower-
lying localized IX states. We think that this interpretation is We have shown that the IX peak can survive in PL spectra
also supported by the PL measurements in Ref. 6, where @&f good quality sample even in high in-plane magnetic fields.
strong damping of théunbound IX peak in higher magnetic The low rate of nonradiative recombination supports the lo-
fields was observed while the low-energy tail survived. How-calization of long-living IXs that enables their radiative re-
ever, this effect was not discussed in detail there. combination also in high magnetic fields. On the contrary,

Some attention should be paid to Fig. 4. The peakhe higher nonradiative recombination rate reduces the time
maximum shift forU,,=0.0 V, i.e., for DX transition, is ap- available for the IX localization and thus effectively de-
proximately quadratic in magnetic fieldAE=0.0065 creases the probability of radiative recombination in high
meV/T2 X BHZ, and corresponds to the commonly observedn-plane magnetic fields.
diamagnetic shift® of a DX. The shift forU,,=-1.0V is We conclude that the dominating radiative recombination
significantly higher, but this is caused by the mixing betweerof localized indirect excitons does not allow us to observe
the IX and DX states induced bg,. The PL maxima for the quenching of IX luminescence and the quadratic shift of
Upn=-2.0 V correspond to the pure IX transition. The mea-their energy in the in-plane magnetic field that were reported
sured IX peak shifts can be compared to theoretical curve Refs. 4—6 and 9. The possibility of an exciton dispersion
for free IXs, simultaneously plotted in Fig. 4. These curvesengineering®° would then be limited in these kinds of
were obtained using the formutd?B?/2M for the electron-  samples.
hole distanc&l=22 ML (=6.2 nm and for two different val-
ues of the exciton ma$8 M=0.42n, and 0.2in,. For com-
parison, the DX transition was chosen as the reference ACKNOWLEDGMENTS
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