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COHERENT ELECTRON�HOLE BCS STATE:STUDY OF DYNAMICSP. P. Vasil'ev *Lebedev Physial Institute, Russian Aademy of Sienes119991, Mosow, RussiaH. Kan, H. Ohta, T. HirumaCentral Researh Lab, Hamamatsu Photonis K. K.5000 Hirakuhi, Hamakita City, 434, JapanSubmitted 26 July 2002The �rst experimental study of the evolution of a oherent eletron�hole (e�h) BCS-like state in bulk GaAs atroom temperature is presented. We demonstrate expliitly that the total spontaneous emission from e�h pairsloated within the ondution and valene bands approahes zero when the radiative reombination of the e�hBCS state ours. This on�rms that a vast majority of eletrons and holes available is ondensed at the verybottoms of the bands and forms the BCS state. An average lifetime of this state is measured to be around300 fs. We also show that the oherene of eletrons and holes of the BCS state preserves for a muh longertime ompared to the intraband relaxation time T2.PACS: 71.35.Lk, 42.50.FxEletron�hole (e�h) systems in semiondutors andtheir interations with a resonant eletromagneti emis-sion have been among foremost topis in ondensedmatter physis for a long time. One of the most no-table features of suh systems is their ability to formmarosopi quantum states under appropriate ondi-tions. For instane, depending on the e�h density, themarosopi quantum state an be either the exitoniBose�Einstein ondensate or a ooperative e�h statethat is similar to the BCS state of the Cooper pairsin a superondutor [1℄. Semiondutors, inludingquantum-well strutures and miroavity strutures,whih are highly exited with an optial emission, aregenerally onsidered as the most promising andidatesfor observation of these phenomena [2�5℄. The num-ber of publiations devoted to exitoni Bose onden-sates, their super�uidity, exitoni insulators, and arossover from Bose ondensation to BCS states rapidlyinreased [6�9℄.In our reent papers [10; 11℄, we presented the �rstexperimental results of the investigation of spetralharateristis of the radiative reombination of a tran-*E-mail: peter�mail1.lebedev.ru

sient BCS-like e�h state in bulk GaAs at room temper-ature. Instead of an optial pumping, we used a strongurrent injetion in a p�i�n semiondutor struture forahieving very high e�h densities. The e�h onentra-tions attained in our experiments were so high that theaverage interpartile distane (34�58Å) was about oreven smaller than the de Broglie wavelength of an e�hpair in GaAs at room temperature. The latter is about107 and 60Å for the eletron�light hole and eletron�heavy hole pairs, respetively. The olletive pairingof eletrons and holes and their ondensation were re-sponsible for the spetral features of the observed emis-sion, inluding a large spetral shift of the emission linepeak towards the longer wavelengths. Fitting of the op-tial spetra with some theoretial urves allowed us toestimate the order parameter � of the e�h quantumstate (the e�h pairing gap), whih proved to be about2 meV [10℄. We have also demonstrated that the orderparameter dereases from 2.1 to 1.2 meV with inreas-ing the e�h density, whereas the Fermi energy of thequasipartiles lies in the range from 4 to 8 meV [11℄.The latter values are muh smaller than the Fermi en-ergy of eletrons in GaAs (60�170 meV) at room tem-perature and arrier onentrations (2�6) � 1018 m�3351



P. P. Vasil'ev, H. Kan, H. Ohta, T. Hiruma ÆÝÒÔ, òîì 123, âûï. 2, 2003ahieved experimentally.It is obvious that in ontrast to the normal BCSstate of the Cooper pairs, any e�h BCS-like state is es-sentially unstable due to reombination of eletrons andholes. The radiative deay of the e�h BCS state shouldexhibit basi features of the ooperative reombinationor superradiane of an ensemble of quantum osillators.Some harateristis of the ooperative emission of ele-trons and holes have been reported previously [12�14℄.Beause the e�h BCS-like state possesses a marosopipolarization and oupies a sizeable portion of the a-tive region of a semiondutor struture, it should ex-pliitly display the oherent interation of the reombi-nation emission �eld with e�h pairs of the BCS state.By observing this oherent interation, we an provethat e�h pairs loated at di�erent parts of the stru-ture (or of the BCS state) have a ommon phase, i.e.,that they are oherent.In this paper, we present additional experimentalresults for properties of the transient e�h BCS-likestate. The main goal is to investigate the temporalbehavior and evolution of the ooperative state. Theobservations are based on (a) diret measurements oftime-resolved spetra of the e�h BCS state reombina-tion emission utilizing a streak amera and a monohro-mator and (b) the fringe-resolved seond harmoni gen-eration (SHG) autoorrelation. The former method al-lows us to �nd whih part of the e�h ensemble oupieswhih energy plaes in the bands and at what time in-tervals. The latter tehnique allows measuring oherentproperties of the reombination emission.We use the same semiondutor strutures and thepumping tehnique as in our previous work and theirdesription an be found elsewhere [10; 11℄. The outputemission was monitored in time domain using a single-shot streak amera with a temporal resolution about1.5 ps. Time-resolved optial spetra were also detetedby the streak amera. In this ase, the emission fromthe samples was initially ollimated on a di�rationgrating having 600 lines/mm. The beam de�eted atthe third di�ration order was then foused on the in-put slit of the streak amera. This allows us to observeemission features in both time and frequeny domains.The tehnique is disussed in detail in the book [15℄.Beause a typial duration of superradiant pulsesfrom semiondutor strutures lies in the femtoseondrange [13; 14℄, we also use the autoorrelation tehniquebased on SHG for more preise pulsewidth measure-ments. This method has a femtoseond time resolu-tion and permits measurements of both amplitude andphase relationships of the emission under test with fem-toseond auray.
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1.451 eVFig. 1. Time-resolved spetra of (a) lasing and (b)spontaneous emission and superradiant pulse. Thewidth of the spontaneous emission in Fig. 1b is so broadthat its high-energy tail is not shown due to the limitedinput aperture of the streak ameraFigure 1 shows time-resolved optial spetra of aGaAs/AlGaAs p�i�n struture in two typial regimes.Laser emission an be generated from the struturewhen urrent pulses with a not large enough amplitudeare applied on the ampli�er setions and zero reversebias is applied on the absorber setion of the struture.A typial time-resolved optial spetrum of lasing ispresented in Fig. 1a. Here, a photograph taken from352



ÆÝÒÔ, òîì 123, âûï. 2, 2003 Coherent eletron�hole BCS state : : :the streak amera sreen is shown. The lasing startsfrom the relaxation osillations (3�4 pulses in front ofthe trae), whih are quite typial of semiondutorlasers. We note that the trae is quite narrow and itsenter is loated at the same plae on the frequenyaxis almost all the time. This means that the entralwavelength of the emission varies in time only slightly.Individual modes of the spetrum are not resolved dueto a relatively poor spetral resolution of the di�ra-tion grating. The photon energy of the spetral peakis around 1.424 eV. This value was measured using amonohromator separately.A ompletely di�erent piture is observed when thee�h BCS state is formed and femtoseond superradiantpulses are generated as a result of its reombination.Figure 1b orresponds to this regime. The broad verti-al stripe represents the ordinary spontaneous emissionof nonpaired eletrons and holes, whereas the brightspot on the left is the superradiant pulse due to thereombination of the e�h BCS state. Beause thepeak power of the superradiant pulse is typially over104�105 times larger than the spontaneous bakground,its image on the piture is misshapen due to the over-exposure. It is learly seen in Fig. 1b how the fem-toseond superradiant pulse develops from the spon-taneous emission. As the arrier density inreases intime, the spontaneous reombination of eletrons andholes ours at lower and lower frequenies (photon en-ergies) beause of the band gap shrinkage. When thearrier density is su�iently high, the de Broglie wave-lengths of individual e�h pairs start to overlap and thequantum-degeneray riterion is ful�lled [10℄, the e�hBCS-like state develops. The phasing of wavefuntionsof individual e�h pairs ours via the ommon ele-tromagneti emission. The marosopi polarization isbuilding up at early stages of the leading edge of thesuperradiant pulse.Perhaps the most interesting feature of Fig. 1b is adark stripe that goes aross the spontaneous emissionat the time when the BCS state reombines. This im-plies that there are almost no eletrons and holes withinthe bands that an reombine spontaneously. All theeletrons and holes are ondensed at the very bottomsof the bands and form the BCS state. During its ra-diative reombination, photons having the minimumpossible energy are emitted. This energy is 1.396 eV inour ase, while the peak of the spontaneous emission isat 1.451 eV. We reall that the nonrenormalized bandgap in bulk GaAs at room temperature is 1.424 eV.We alulated the intensity of total spontaneousemission from eletrons and holes oupying energy le-vels inside the bands and plotted it against time. Fi-
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Time, ns1 2 3 4 5 60Fig. 2. Intensity of the spontaneous emission againsttime. The position of the superradiant pulse is shownby the arrowgure 2 presents this plot. It is learly seen how thespontaneous emission intensity almost approahes zerowhen the e�h BCS state is built and reombines. Itstemporal position is shown by the arrow.Suh a dynami behavior is ompletely di�erentfrom lasing or spontaneous emission. For example,when lasing starts in a semiondutor laser struture,the spontaneous emission power aross the entire fre-queny range lamps at the threshold level. It is notpossible to ahieve any dip in the arrier distributionor to quenh the spontaneous emission at neighborfrequenies due to ultrafast intraband relaxation pro-esses. On the other hand, it is known [15℄ that inreal semiondutor lasers, e�h pairs deohere rapidlywith the typial time 10�100 fs. As a result, we �ndthat for typial operating onditions, the ratio of thenumber of photons in the sample to the number of e�hpairs is Nphoton=Ne�h � 10�5�10�4 [16℄. But in thesuperradiant state, the photon �eld is linearly oupledto the order parameter and we have Nphoton=Ne�h � 1.This implies that when the e�h BCS state reombinesand photons are emitted from the struture, very fewe�h pairs should be left in the struture. That is ex-atly what we experimentally see as the dark horizontalstripe in the middle of Fig. 1b.Preise measurements of the pulsewidth of superra-diant pulses allow us to estimate the typial lifetime ofthe e�h BCS state. Figure 3 presents an SHG intensityautoorrelation of superradiant pulses. Its full width athalf maximum (FWHM) is around 460 fs. This valueorresponds to the atual pulsewidth between 290 and324 fs depending on the assumed pulse shape (Gaus-sian, seh, or asymmetri exponential shapes) [15℄. It11 ÆÝÒÔ, âûï. 2 353
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Fig. 3. Intensity autoorrelation of superradiantpulsesis worth to point out that the ahieved pulsewidth ofsuperradiant pulses is an absolute reord among allultrashort pulses generated by semiondutor lasers,inluding mode-loked, Q-swithed, and gain-switheddevies. The SHG trae exhibits a pedestal of 1.5�2 pslong, whih originates from instabilities of the pulseshape and very large timing jitter. These are likely tobe determined by intrinsi quantum-mehanial �utu-ations of initial onditions of both the photon �eld ande�h system. Indeed, as noted in [7℄, the appearaneof the large noise is a strong evidene for the preseneof oherene in the e�h system. The noise amplitudeis known to be inversely proportional to the numberof statistially independent entities in an e�h system.Thus, large noise observed experimentally implies thatonly a few entities exist in the marosopially largeregions where the e�h BCS state is loated.Unlike intensity autoorrelations presented inFig. 3, where all phase information is lost in averaging,fringe-resolved or interferometri autoorrelations anprovide some information about phase relationships ofthe emission under study. This tehnique enables usto prove experimentally that di�erent spatial regionsof the e�h BCS state are oherent or have the sameor oupled phases. First of all, we point out that allinterferometri autoorrelations of ultrashort pulsesgenerated by lasers have a single peak at zero timedelay [15℄. In the ase of mode-loked pulses, there areadditional peaks with fringes separated by the avityround trip time.Figure 4 shows the experimental interferometri au-toorrelation of superradiant pulses from a semiondu-tor struture where two regions with a very high e�hdensity are formed. The separation between the near-

0
4
6

Time delay, ps
SHGintensity,
a.u.
2

8

620�2�4�6 4Fig. 4. Interferometri autoorrelation of superradiantpulses illustrating the oherent interation of the pho-ton �eld with e�h pairs of the BCS stateest parts of the regions was less than 10 �m. The totallength of the struture orresponds to the round triptime about 3.1 ps. The oherent beating of the photon�eld is learly seen in Fig. 4. The shape of the trae re-sembles the beating of two osillators and suggests thatthe ohereny of interation between the emission anddi�erent parts of the BCS state stays on for a few pi-oseonds while the pulse travels through the medium.Indeed, the very beginning of the reombination pulseindues a small marosopi polarization while spread-ing in the medium. This polarization ats as a soureto produe additional photon �eld that in turn reatesmore polarization. Dephasing proesses prevent estab-lishing the ohereny of individual e�h pairs and theformation of the marosopi polarization. But if thenumber of e�h pairs is su�iently large, the optialgain in the medium an overome the dephasing [14℄and the phase transition of the e�h system into a o-herent BCS-like state an our. In this ase, the BCSstate oupies a sizeable portion of the sample and itsdeexited parts an then be reexited by a oherentemission from other regions of the ooperative state.This gives rise to the oherent ringing observed in the354



ÆÝÒÔ, òîì 123, âûï. 2, 2003 Coherent eletron�hole BCS state : : :output radiation in the form of multiple peaks of theinterferometri autoorrelation as presented in Fig. 4.We have pointed out earlier [10℄ that e�h intera-tions within the ooperative state do not a�et the o-herene of individual eletrons and holes, whih is quitesimilar to the Cooper pairs of a superonduting BCSstate. This means that relaxation proesses must bemuh slower ompared to a system of nonorrelatede�h pairs. If we suppose that e�h pairs of the BCSstate deohere at the same rate as in a normal bulkGaAs (more than 1013 s�1), then we would not ob-serve any beating of the photon �eld on a pioseondsale as shown in Fig. 4. The extremely long phase re-laxation time of eletrons and holes of the BCS statean be explained as follows.In ontrast to the Bose ondensation of exitons,whih ours spontaneously [6�9℄, the ondensation ofe�h pairs and formation of the BCS state in our ase isaused by the resonant eletromagneti emission. Thepresene of the absorber setion in the semiondutorstruture results in the absorption of the emission trav-elling through the struture at all wavelengts exept anarrow region at the very bottom of the bands. In thisregion of the longest possible wavelengths, we have netgain. The radiative reombination of e�h pairs leadsto the generation of long-wavelength photons that areampli�ed and in turn reate e�h pairs. These boundpairs are bosons and remain oherent with eah otherand the optial �eld for some time. Beause of thevery fast intraband relaxation, eletrons and holes fromupper energy levels in the bands oupy the levels atthe bottom that happed to be free almost immedi-ately. At very high arrier onentrations (larger than(3�4) � 1018 m�3), all energy levels within the band30�60 meV from the bottom are oupied by eletrons.This implies that there is no plae within this bandfor an eletron of a bound pair if it beomes free andbeomes a fermion again instead of being a part of aboson. That is why the bound pairs are stable at roomtemperature. The number of suh bound e�h pairs in-reases in time as the optial �eld travels bak and forthbetween the faets of the rystal. Beause the bosonsoriginate from the eletrons and holes ouping the low-est possible energy levels, their kineti energy is verylow. This explains the very small value of the Fermi en-ergy of the quasipartiles mentioned above (less than8 meV). The detailed explanation of this phenomenonis the task of our forthoming paper.In onlusion, we present the �rst diret measure-ment of dynamis of a oherent e�h BCS state in asemiondutor heterostruture at room temperature.We demonstrate experimentally that almost all ele-
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