
ÆÝÒÔ, 2001, òîì 119, âûï. 2, ñòð. 301�308  2001COULOMB EFFECTS IN SPATIALLY SEPARATED ELECTRONAND HOLE LAYERS IN COUPLED QUANTUM WELLSL. V. Butov ab, A. Imamoglu a, K. L. Campman a, A. C. Gossard aa Department of Eletrial and Computer Engineering and Center for Quantized Eletroni Strutures (QUEST),University of California, Santa Barbara, CA 93106, USAb Institute of Solid State Physis, Russian Aademy of Sienes142432, Chernogolovka, Mosow distrit, Russia Department of Physis, University of California, Santa Barbara, CA 93106, USASubmitted 7 June 2000We report on the (magneto-) optial study of many-body e�ets in spatially separated eletron and hole layersin GaAs/AlxGa1�xAs oupled quantum wells (CQWs) at low temperatures (T = 1:4 K) for a broad range ofeletron�hole densities. Coulomb e�ets were found to result in an enhanement of the indiret (interwell)photoluminesene (PL) energy with inreasing the eletron�hole density both for zero magneti �eld and athigh �elds for all Landau level transitions; this is in ontrast to the eletron�hole systems in single quantumwells (QWs) where the main features are explained by the band gap renormalization resulting in a redution ofthe PL energy. The observed enhanement of the ground state energy of the system of the spatially separatedeletron and hole layers with inreasing the e�h density indiates that the real spae ondensation to dropletsis energetially unfavorable. At high densities of separated eletrons and holes, a new diret (intrawell) PLline has been observed: its relative intensity inreased both in PL and in absorption (measured by indiret PLexitation) with inreasing density; its energy separation from the diret exiton line �ts well to the X� andX+ binding energies previously measured in single QWs. The line is therefore attributed to diret multipartileomplexes.PACS: 71.35.-y 1. INTRODUCTIONMany-body interations in neutral eletron�hole(e�h) systems in semiondutor quantum wells (QWs)lead to renormalization e�ets [1℄ that were extensivelystudied in single quantum wells (SQWs) in the past.In partiular, the main experimental features were ex-plained by the band gap renormalization that results ina redution of the ground state energy with inreasingthe e� h density (see Ref. [2℄ and referenes therein).In this paper, we study many-body e�ets in a sys-tem of spatially separated eletron and hole layers atzero and �nite magneti �elds perpendiular to theQW plane. Due to the long radiative reombinationtimes, the e � h temperatures an be muh lower inthis system than those ahieved in single-layer e � hsystems. In partiular, this unique property may en-able the observation of a number of predited olletivephenomena [3�10℄. The major di�erene of many-bodye�ets in spatially separated eletron and hole layers

ompared to single-layer e� h systems is the asymme-try between the e � e and e� h interations. In a setof papers, this asymmetry has been predited to resultin the instability of the uniform exiton phase at lowtemperatures [5; 6; 10℄. In partiular, ondensation toan exiton liquid has been predited for small interlayerseparation: for 1:1a2 < d < 1:9a2, the liquid was pre-dited to be metastable, while for d < 1:1a2, the liquidwas predited to be in the ground state (a2 = ~2"=2me2is the 2D exiton radius, " is the dieletri onstant,m is the redued exiton mass, and a2 � 6:5 nm forGaAs QWs) [10℄. On the ontrary, in another set ofpapers, the repulsive interation between the indiret(interwell) exitons at low densities and the eletro-stati term originating from the eletri �eld betweenthe separated eletron and hole layers at high densi-ties was predited to stabilize the uniform phase in thesystem of separated eletron and hole layers [7�9℄.The spatially separated e � h system with thephotoexitation-ontrolled e � h density is realized in301



L. V. Butov, A. Imamoglu, K. L. Campman, A. C. Gossard ÆÝÒÔ, òîì 119, âûï. 2, 2001eletri �eld tunable oupled quantum wells (CQWs)(see Ref. [11℄ and referenes therein). The e�ets ofexiton�exiton interations at low exiton densities(. 1010 m�2) were studied earlier [12℄: an enhane-ment of the exiton energy with density both at zeroand �nite magneti �elds has been observed and inter-preted in terms of the net repulsive interation betweenindiret exitons (whih are dipoles oriented in the z-diretion).In this paper, we report on the experimental studyof the system of spatially separated eletron and holelayers in GaAs/AlxGa1�xAs CQW in the broad rangeof e � h densities, up to the maximum possible e � hdensities orresponding to the omplete sreening ofthe external eletri �eld in the z-diretion (this maxi-mum density depends on the applied eletri �eld andreahes more than 2 � 1011 m�2 for the present exper-iments). The e � h density was ontrolled by the ex-itation density and by the exitation energy throughthe absorption variation. The maximum density e� hsystem with the minimum e�etive temperature wasahieved at the exitation resonant to the diret (in-trawell) exiton states. The experimental data suggestthat the system of separated eletrons and holes is uni-form with the ground state energy inreasing with thee�h density; these data, therefore, do not support thepredited ondensation to the liquid state in the entirerange of e� h densities that we studied.The eletri �eld tunable n+ � i � n+GaAs/AlxGa1�xAs CQW strutures were grownby moleular beam epitaxy. A sketh of the banddiagram of the strutures is shown in the inset toFig. 1. The i-region onsists of two 8 nm GaAsQWs separated by a 4 nm Al0:33Ga0:67As barrierand surrounded by two 200 nm Al0:33Ga0:67As bar-rier layers. The n+-layers are Si-doped GaAs withNSi = 5 � 1017 m�3. The seond sample has thesame design, exept for the QW widths that are equalto 15 nm. The data throughout the paper refers tothe 8�4�8 nm CQW sample if not spei�ed. Theeletri �eld in the z-diretion is monitored by theexternal gate voltage Vg applied between n+-layers(see Ref. [12℄ for details).Beause the eletron Fermi level in the n+-GaAslayers is onsiderably below the eletron energies in theGaAs QWs, the QWs are nominally empty in the ab-sene of photoexitation (the onentration of the resid-ual impurities in the QW region is unknown; however,it is ertainly below the Mott density to provide freeeletron or hole gases in the QWs and below the densityof photoexited arriers in the CQWs studied). In mostof the experiments, arriers were photoexited by tun-
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ÆÝÒÔ, òîì 119, âûï. 2, 2001 Coulomb e�ets in spatially separated eletron : : :z-diretion F = Vg=d0, where d0 is the i-layer width.The exitation density dependene of the PL spetrumin the indiret regime is shown in Fig. 1. The exita-tion energy Eex = 1615 meV is su�iently below thebarrier energy to ensure the e � h photoexitation di-retly in QWs. The diret and indiret transitions areidenti�ed by the PL kinetis and gate voltage depen-dene: the diret PL line has a short PL deay timeand its position is pratially independent of Vg , whilethe indiret PL line has a long PL deay time and shiftsto lower energies with inreasing Vg (in the low-densityexitoni regime, the shift magnitude is given by eFd,where d � 11:5 nm is lose to the mean separationbetween the eletron and hole layers) [11; 12℄.Figure 1 shows that the indiret PL line monotoni-ally shifts to higher energies with inreasing the e� hdensity; this orresponds to an inrease of the gro-und-state energy of the spatially separated e�h system.At high e� h densities, the energy shift is determined1) by the exhange and orrelation energies, whih re-sults in a redution of the energy [1℄, and 2) by theeletri �eld between the separated eletron and holelayers, whih partially ompensates for external ele-tri �eld and thereby results in an inrease of the en-ergy [7, 9℄. The latter ontribution to the nonlinear en-ergy shift is a unique feature of the system of spatiallyseparated eletron and hole layers and an be estimatedusing the plate apaitor formula ÆE = 4�nehe2d=",where neh is the e � h density. The observed inreaseof the ground state energy of the spatially separatede � h system is opposite to the ase of e � h plasmain SQWs, where exhange and orrelation terms re-sult in the redution of the energy (an e�et knownas the band-gap renormalization [1, 2℄). Therefore, inCQWs studied here, the eletrostati term dominatesover the exhange and orrelation terms. In partiular,the observed enhanement of the ground-state energyof the system of the spatially separated eletron andhole layers with inreasing the e � h density indiatesthat the real spae ondensation to droplets is energet-ially unfavorable and orresponds to the theoretialpreditions of Refs. [7; 9℄. On the ontrary, the on-densation to the exiton liquid predited in Ref. [10℄ isnot supported by the present experiment (we note thatfor the CQW studied, we have d � 1:77a2, whih mustorrespond to the metastable exiton liquid phase a-ording to Ref. [10℄). Indeed, if the exiton liquid werethe ground state, the e� h density and hene, the PLshape and energy should be �xed and independent ofthe exitation density; this does not orrespond to theexperimental data (Fig. 1).The lowest estimate of the e�h density an be ob-
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ÆÝÒÔ, òîì 119, âûï. 2, 2001 Coulomb e�ets in spatially separated eletron : : :The Du line orresponds to the diret heavy hole (HH)1s exiton, X . In CQWs, the formation of hargedomplexes is promoted in the indiret regime beauseof the interwell harge separation and the orrespond-ing realization of the harge on�guration, where theeletron (hole) is surrounded by a dominant number ofholes (eletrons) in the left (right) QW, see the shemeof Fig. 4. Indeed, the Dl line vanishes for the symmet-ri harge distribution at Vg = 0. We note that twodiret lines ould be alternatively asribed to reombi-nation from two QWs of slightly di�erent widths (seethe inset to Fig. 1). This alternative interpretation isdisarded beause the lower diret line is absent in theabsorption at low exitation densities (Fig. 3).With inreasing the e�h density, the Dl line shiftsto lower energies. This behavior of the intrawell opti-al transition orresponds to the band-gap renormal-ization in SQWs [1; 2℄ and is qualitatively disussed inwhat follows (for simpliity, we disuss the intrawellPL transitions in the right QW with exess eletrons,the transitions in the left QW are haraterized by asimilar density dependene). At high e � h densities,more than one exess eletrons are in the viinity ofthe photoexited or reombining exiton. In the denselimit, the diret PL is desribed by the orrelation ef-fets in the 2D eletron gas and the hole in the rightQW and the 2D hole gas in the left QW. The PL en-ergy of the 2D eletron gas is redued with inreasingthe eletron density beause of the band-gap renormal-ization [1℄. The presene of the separated 2D hole gasin the left QW must further inrease the PL energy re-dution due to the exhange interation with the holein the right QW. In CQWs therefore, similarly to theSQW ase, the intrawell PL energy must be reduedwith inreasing the density due to the band-gap renor-malization. This orresponds to the experimental data(Fig. 1). We note that the X� omplex is the low-density limiting ase of the orrelations of 2D eletrongas with a hole.The orret determination of the X� and X+ om-plex binding energies must be done at the lowest e� hdensities to avoid the e�et of extra (more than one)exess arriers ourring in the viinity of the photoex-ited or reombining exiton (see above). The bind-ing energy of the omplexes was determined from thesplitting between the Du and Dl lines at low exitationdensity Wex = 0:5 W/m2 �tting the diret PL by twoGaussians (see the inset to Fig. 2). The evaluation ofthe data at the lower exitation densities results in thelose values but is less aurate due to noise. The ob-tained binding energy of the omplexes is 1.9 meV forthe 8�4�8 nm CQW and 1.5 meV for the 15�4�15 nm

CQW. These values are onsistent with the earlier re-ported X� and X+ binding energies in the 2D eletron(hole) gas in modulation doped GaAs SQWs: 1 meVfor X+ in 30 nm QW [13℄; 1.1 and 0.9 meV for X�in 22 and 30 nm QWs, respetively [14℄; 1.15 meV forX� and 1.25 meV for X+ in 20 nm QW [15℄; 2 meVfor X� in 9.1 nm QW [16℄. The X� and X+ bind-ing energies inrease with reduing the QW thiknessbeause of the enhaned Coulomb orrelations, whihis onsistent with theoretially predited inrease ofthe omplex stability with redued dimensionality [17℄.The binding energies of X� and X+ for the same QWwidth are lose to eah other [13�15; 17℄. The mea-sured omplex binding energy values 1.9 and 1.5 meVfor the respetive 8 and 15 nm QWs �t well to theX� and X+ binding energy dependene on the QWwidth [13�17℄ (see the lower plot of Fig. 4). Reently,the binding energy of X+ in the CQW struture with8 nm QWs was reported to be 3 meV [18℄; this value isalso presented in Fig. 4. The di�erene in the bindingenergies observed in the CQWs with similar well andbarrier widths (ompare Ref. [18℄ and the present pa-per) is likely to be related to the larger amplitude ofthe in-plane random potential in the sample studied inRef. [18℄, whih is revealed in the larger PL linewidth:similarly to the ase of SQWs [13�16℄, trions are mostlikely loalized in CQWs by in-plane potential �utua-tions; larger amplitude of potential �utuations resultsin a redution of the arrier loalization area. This ad-ditional arrier on�nement must enhane the Coulomborrelations and, therefore, the omplex stability.The absorption line at � 17 meV above the diret1s HH exiton orresponds to the diret light hole (LH)exiton (see setion 3), while the shoulder at � 10 meVabove the diret 1s HH exiton orresponds to the on-set of the diret exited HH exiton states 2s; 3s; ::: andthe HH free arrier absorption edge. This indiates adiret HH exiton binding energy about 10 meV.Figures 2 and 3 show that the energy of the indi-ret PL line is loked to its intensity: M1(Eex) varies inphase withM0(Eex). This is onsistent with the exita-tion density dependene of the indiret PL line (Fig. 1and the exitation density dependene in Fig. 3a) andorresponds to the enhanement of the ground-stateenergy of spatially separated eletrons and holes withinreasing the e � h density (see above). The densitydepends on the exitation energy due to the absorptionvariation.
6 ÆÝÒÔ, âûï. 2 305



L. V. Butov, A. Imamoglu, K. L. Campman, A. C. Gossard ÆÝÒÔ, òîì 119, âûï. 2, 20013. SPATIALLY SEPARATED ELECTRON ANDHOLE LAYERS AT HIGH MAGNETICFIELDSCoulomb orrelation e�ets in the PL spetra ofspatially separated eletron and hole layers at perpen-diular magneti �eld are onsidered in this setion.Figure 5 presents the exitation energy dependene ofthe indiret PL line position and the integrated indiretPL intensity vs exitation density at B = 9 T. Thesedependenes are analogous to those at B = 0 presentedin Fig. 3. At B = 9 T, the diret magnetoexitonlines dominate the absorption. They are identi�ed bytheir magneti �eld dependene presented in the insetto Fig. 5. The energy of the diret magnetoexiton isED(N;B) = Eg+(N+1=2)~!�ED(N;B), where Eg isthe energy gap inluding the eletron and hole on�ne-ment energies in the CQW, ~! is the sum of the ele-tron and hole ylotron energies, N is the Landau levelnumber, and ED is the diret exiton binding energy;at high magneti �elds, ED � 1=lB and redues withN , where lB = p~=eB is the magneti length [19℄.At high magneti �elds, similarly to the zero-�eld ase,the energy of the indiret PL inreases with inreasingthe e� h density in the entire density range (ompareFigs. 3a and 5a). This is observed both with inreasingexitation density and with inreasing absorption (seethe Wex and Eex dependenes of Fig. 5a).At high exitations, neutral dense magnetoplasmaof spatially separated eletrons and holes, indiret mag-netoplasma, is realized: several optial transitions be-tween oupied Landau levels of spatially separatedeletrons and holes (LL indiret transitions) are ob-served in the PL spetra and identi�ed by their mag-neti �eld dependenes (the left inset to Fig. 6). Hotdiret PL is also observed (the left inset to Fig. 6).Higher Landau level transitions appear in PL spetrawith inreasing exitation density beause of the onse-quent oupation of the higher Landau levels (the rightinset to Fig. 6).The energies of all the indiret LL transitions inindiret magnetoplasma monotonially inrease withinreasing the e � h density (Fig. 6)2). This is op-2) The rate of the indiret PL energy enhanement redueswith inreasing the exitation density (Fig. 6). The origin ofthis is likely to be related to a sublinear inrease of neh withWex. At a higher exitation density, the internal eletri �eldbetween the eletron and hole layers is smaller beause of thearrier sreening of the external eletri �eld (see above); at thesmaller eletri �eld, the reombination time of interwell PL be-omes shorter [11℄, whih results in a smaller density of photoex-ited arriers for the �xed exitation density (in addition, at highWex & 20 W/m2, the e� h reombination time is redued alsodue to the enhanement of the diret reombination).
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posite to the density dependene of diret LL transi-tions in SQWs where the uppermost oupied (Nth)LL transition energy is independent of the e � h den-sity in the range of �lling fators N < �=2 < N + 1and is redued with inreasing the e�h density every-where outside this range beause of the band gap renor-malization [20℄. The density dependene of diret LLtransitions in SQWs is quantitatively well explained:for the uppermost oupied LLs, eletrons and holes306



ÆÝÒÔ, òîì 119, âûï. 2, 2001 Coulomb e�ets in spatially separated eletron : : :

0 100 2001535
1555
1575
1595

0 20

0 6

15351555
15501570

Wex, W/m2

PLLinePositio
n,meV

B = 3:3 TVg = 1:8 V
I1I0
D1D0

D2 I0 1525
B = 3:3 T

I0I1

PLIntensityWex = 20 W/m2D1D3I3 I2 I1 Eex, meVD0 60 W/m2 D1I0 I0 I1�50 D00.2 W/m2B, T 1575

Fig. 6. Exitation density dependene of the main diret(D) and indiret (I) PL line positions at Tbath = 1:4 K,B = 3:3 T, Vg = 1:8 V, and Eex = 1615 meV. Thelow Wex region is expanded in the lower inset. Left in-set: Magneti �eld dependene of the main D and IPL line positions at Tbath = 1:4 K, Vg = 1:8 V, andWex = 20 W/m2. Upper right inset: PL spetra atWex = 0:2 and 60 W/m2, Tbath = 1:4 K, B = 3:3 T,and Vg = 1:8 Vbind into magnetoexitons3) that are noninterating inthe high-magneti-�eld limit beause of the ompen-sation between repulsion at small distanes aused bythe Pauli exlusion priniple and attration at largedistanes aused by the exhange interation [21; 22℄;for the �lled e and h LLs (�=2 > N + 1) or empty LLs(�=2 < N), the transition energy is redued beausethe exhange interation is not ompensated [20; 23℄.The energy independene of the diret magnetoex-iton energy from density in SQWs originates from thesymmetry of the e� e and e�h interation [21; 22℄. InCQWs, the interation is strongly asymmetri. The3) Note that the sreening of the magnetoexiton in a denselow-temperature magnetoplasma is suppressed ompared to thezero �eld ase: in partiular, in the high-magneti-�eld limit,the arriers at the ompletely �lled LLs do not partiipate inthe sreening of magnetoexitons at the uppermost oupied LL[20�23℄.

asymmetry is the basis of two opposite theoretialmodels. Aording to the �rst model, the uniformmagnetoexiton phase is unstable at low tempera-tures [5, 6, 10℄ and, in partiular, the ondensation tothe exiton liquid is expeted [10℄; aording to the se-ond model, the repulsive interation between the indi-ret magnetoexitons stabilizes the uniform gas phaseand the indiret magnetoexiton energy monotoniallyinreases with density [7℄. The experimentally observedenhanement of the magnetoexiton energy with den-sity supports the seond model, and, in partiular, in-diates the dominane of the eletrostati term over theexhange term for the spatially separated eletron andhole layers (as in the zero-�eld ase, see Se. 2).4. CONCLUSIONSMany-body e�ets in spatially separated eletronand hole layers in oupled quantum wells were foundto result in an enhanement of the indiret PL energywith inreasing the e�h density both for zero magneti�eld and at high �elds for all Landau level transitionsin the entire range of e � h densities. This behavioris opposite to the ase of eletron�hole systems in sin-gle QWs, where the main features are explained by theband gap renormalization resulting in a redution ofthe PL energy. The density dependene of the indiretPL energy is explained by the dominane of the eletro-stati term originating from the eletri �eld betweenthe separated eletron and hole layers; this redues thenet loal eletri �eld and results in an inrease of theenergy. The observed enhanement of the ground-stateenergy of the system of the spatially separated eletronand hole layers with inreasing the e � h density in-diates that the real spae ondensation to droplets isenergetially unfavorable.At high densities of separated eletrons and holes,a new diret (intrawell) PL line has been observed;its relative intensity inreased both in PL and inabsorption (measured by indiret PL exitation) withinreasing the e � h density. It is therefore attributedto diret multipartile omplexes. The measuredomplex binding energy values 1.9 and 1.5 meV forthe studied 8 and 15 nm QWs, respetively, �t well tothe previously reported X� and X+ binding energydependene on the QW width.We aknowledge support from NSF Center forQuantized Eletroni Strutures (QUEST), INTAS, theRussian Foundation for Basi Researh, and the Pro-gramme �Physis of Solid State Nanostrutures� from307 6*
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