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COHERENT ELECTRON�HOLE BCS STATE:STUDY OF DYNAMICSP. P. Vasil'ev *Lebedev Physi
al Institute, Russian A
ademy of S
ien
es119991, Mos
ow, RussiaH. Kan, H. Ohta, T. HirumaCentral Resear
h Lab, Hamamatsu Photoni
s K. K.5000 Hiraku
hi, Hamakita City, 434, JapanSubmitted 26 July 2002The �rst experimental study of the evolution of a 
oherent ele
tron�hole (e�h) BCS-like state in bulk GaAs atroom temperature is presented. We demonstrate expli
itly that the total spontaneous emission from e�h pairslo
ated within the 
ondu
tion and valen
e bands approa
hes zero when the radiative re
ombination of the e�hBCS state o

urs. This 
on�rms that a vast majority of ele
trons 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 
oheren
e of ele
trons and holes of the BCS state preserves for a mu
h longertime 
ompared to the intraband relaxation time T2.PACS: 71.35.Lk, 42.50.FxEle
tron�hole (e�h) systems in semi
ondu
tors andtheir intera
tions with a resonant ele
tromagneti
 emis-sion have been among foremost topi
s in 
ondensedmatter physi
s for a long time. One of the most no-table features of su
h systems is their ability to formma
ros
opi
 quantum states under appropriate 
ondi-tions. For instan
e, depending on the e�h density, thema
ros
opi
 quantum state 
an be either the ex
itoni
Bose�Einstein 
ondensate or a 
ooperative e�h statethat is similar to the BCS state of the Cooper pairsin a super
ondu
tor [1℄. Semi
ondu
tors, in
ludingquantum-well stru
tures and mi
ro
avity stru
tures,whi
h are highly ex
ited with an opti
al emission, aregenerally 
onsidered as the most promising 
andidatesfor observation of these phenomena [2�5℄. The num-ber of publi
ations devoted to ex
itoni
 Bose 
onden-sates, their super�uidity, ex
itoni
 insulators, and a
rossover from Bose 
ondensation to BCS states rapidlyin
reased [6�9℄.In our re
ent papers [10; 11℄, we presented the �rstexperimental results of the investigation of spe
tral
hara
teristi
s of the radiative re
ombination 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 opti
al pumping, we used a strong
urrent inje
tion in a p�i�n semi
ondu
tor stru
ture fora
hieving very high e�h densities. The e�h 
on
entra-tions attained in our experiments were so high that theaverage interparti
le distan
e (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 ele
tron�light hole and ele
tron�heavy hole pairs, respe
tively. The 
olle
tive pairingof ele
trons and holes and their 
ondensation were re-sponsible for the spe
tral features of the observed emis-sion, in
luding a large spe
tral shift of the emission linepeak towards the longer wavelengths. Fitting of the op-ti
al spe
tra with some theoreti
al 
urves allowed us toestimate the order parameter � of the e�h quantumstate (the e�h pairing gap), whi
h proved to be about2 meV [10℄. We have also demonstrated that the orderparameter de
reases from 2.1 to 1.2 meV with in
reas-ing the e�h density, whereas the Fermi energy of thequasiparti
les lies in the range from 4 to 8 meV [11℄.The latter values are mu
h smaller than the Fermi en-ergy of ele
trons in GaAs (60�170 meV) at room tem-perature and 
arrier 
on
entrations (2�6) � 1018 
m�3351
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hieved 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 re
ombination of ele
trons andholes. The radiative de
ay of the e�h BCS state shouldexhibit basi
 features of the 
ooperative re
ombinationor superradian
e of an ensemble of quantum os
illators.Some 
hara
teristi
s of the 
ooperative emission of ele
-trons and holes have been reported previously [12�14℄.Be
ause the e�h BCS-like state possesses a ma
ros
opi
polarization and o

upies a sizeable portion of the a
-tive region of a semi
ondu
tor stru
ture, it should ex-pli
itly display the 
oherent intera
tion of the re
ombi-nation emission �eld with e�h pairs of the BCS state.By observing this 
oherent intera
tion, we 
an provethat e�h pairs lo
ated 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) dire
t measurements oftime-resolved spe
tra of the e�h BCS state re
ombina-tion emission utilizing a streak 
amera and a mono
hro-mator and (b) the fringe-resolved se
ond harmoni
 gen-eration (SHG) auto
orrelation. The former method al-lows us to �nd whi
h part of the e�h ensemble o

upieswhi
h energy pla
es in the bands and at what time in-tervals. The latter te
hnique allows measuring 
oherentproperties of the re
ombination emission.We use the same semi
ondu
tor stru
tures and thepumping te
hnique as in our previous work and theirdes
ription 
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 opti
al spe
tra were also dete
tedby the streak 
amera. In this 
ase, the emission fromthe samples was initially 
ollimated on a di�ra
tiongrating having 600 lines/mm. The beam de�e
ted atthe third di�ra
tion order was then fo
used on the in-put slit of the streak 
amera. This allows us to observeemission features in both time and frequen
y domains.The te
hnique is dis
ussed in detail in the book [15℄.Be
ause a typi
al duration of superradiant pulsesfrom semi
ondu
tor stru
tures lies in the femtose
ondrange [13; 14℄, we also use the auto
orrelation te
hniquebased on SHG for more pre
ise pulsewidth measure-ments. This method has a femtose
ond time resolu-tion and permits measurements of both amplitude andphase relationships of the emission under test with fem-tose
ond a

ura
y.
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1.451 eVFig. 1. Time-resolved spe
tra 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 opti
al spe
tra of aGaAs/AlGaAs p�i�n stru
ture in two typi
al regimes.Laser emission 
an be generated from the stru
turewhen 
urrent pulses with a not large enough amplitudeare applied on the ampli�er se
tions and zero reversebias is applied on the absorber se
tion of the stru
ture.A typi
al time-resolved opti
al spe
trum of lasing ispresented in Fig. 1a. Here, a photograph taken from352
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tron�hole BCS state : : :the streak 
amera s
reen is shown. The lasing startsfrom the relaxation os
illations (3�4 pulses in front ofthe tra
e), whi
h are quite typi
al of semi
ondu
torlasers. We note that the tra
e is quite narrow and its
enter is lo
ated at the same pla
e on the frequen
yaxis almost all the time. This means that the 
entralwavelength of the emission varies in time only slightly.Individual modes of the spe
trum are not resolved dueto a relatively poor spe
tral resolution of the di�ra
-tion grating. The photon energy of the spe
tral peakis around 1.424 eV. This value was measured using amono
hromator separately.A 
ompletely di�erent pi
ture is observed when thee�h BCS state is formed and femtose
ond superradiantpulses are generated as a result of its re
ombination.Figure 1b 
orresponds to this regime. The broad verti-
al stripe represents the ordinary spontaneous emissionof nonpaired ele
trons and holes, whereas the brightspot on the left is the superradiant pulse due to there
ombination of the e�h BCS state. Be
ause thepeak power of the superradiant pulse is typi
ally over104�105 times larger than the spontaneous ba
kground,its image on the pi
ture is misshapen due to the over-exposure. It is 
learly seen in Fig. 1b how the fem-tose
ond superradiant pulse develops from the spon-taneous emission. As the 
arrier density in
reases intime, the spontaneous re
ombination of ele
trons andholes o

urs at lower and lower frequen
ies (photon en-ergies) be
ause of the band gap shrinkage. When the
arrier density is su�
iently high, the de Broglie wave-lengths of individual e�h pairs start to overlap and thequantum-degenera
y 
riterion is ful�lled [10℄, the e�hBCS-like state develops. The phasing of wavefun
tionsof individual e�h pairs o

urs via the 
ommon ele
-tromagneti
 emission. The ma
ros
opi
 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 a
ross the spontaneous emissionat the time when the BCS state re
ombines. This im-plies that there are almost no ele
trons and holes withinthe bands that 
an re
ombine spontaneously. All theele
trons and holes are 
ondensed at the very bottomsof the bands and form the BCS state. During its ra-diative re
ombination, 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 re
all that the nonrenormalized bandgap in bulk GaAs at room temperature is 1.424 eV.We 
al
ulated the intensity of total spontaneousemission from ele
trons and holes o

upying energy le-vels inside the bands and plotted it against time. Fi-

204060
80100

Intensity,a.u.
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 approa
hes zerowhen the e�h BCS state is built and re
ombines. Itstemporal position is shown by the arrow.Su
h a dynami
 behavior is 
ompletely di�erentfrom lasing or spontaneous emission. For example,when lasing starts in a semi
ondu
tor laser stru
ture,the spontaneous emission power a
ross the entire fre-quen
y range 
lamps at the threshold level. It is notpossible to a
hieve any dip in the 
arrier distributionor to quen
h the spontaneous emission at neighborfrequen
ies due to ultrafast intraband relaxation pro-
esses. On the other hand, it is known [15℄ that inreal semi
ondu
tor lasers, e�h pairs de
ohere rapidlywith the typi
al time 10�100 fs. As a result, we �ndthat for typi
al 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 re
ombinesand photons are emitted from the stru
ture, very fewe�h pairs should be left in the stru
ture. That is ex-a
tly what we experimentally see as the dark horizontalstripe in the middle of Fig. 1b.Pre
ise measurements of the pulsewidth of superra-diant pulses allow us to estimate the typi
al lifetime ofthe e�h BCS state. Figure 3 presents an SHG intensityauto
orrelation of superradiant pulses. Its full width athalf maximum (FWHM) is around 460 fs. This value
orresponds to the a
tual pulsewidth between 290 and324 fs depending on the assumed pulse shape (Gaus-sian, se
h, or asymmetri
 exponential shapes) [15℄. It11 ÆÝÒÔ, âûï. 2 353
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Fig. 3. Intensity auto
orrelation of superradiantpulsesis worth to point out that the a
hieved pulsewidth ofsuperradiant pulses is an absolute re
ord among allultrashort pulses generated by semi
ondu
tor lasers,in
luding mode-lo
ked, Q-swit
hed, and gain-swit
heddevi
es. The SHG tra
e exhibits a pedestal of 1.5�2 pslong, whi
h originates from instabilities of the pulseshape and very large timing jitter. These are likely tobe determined by intrinsi
 quantum-me
hani
al �u
tu-ations of initial 
onditions of both the photon �eld ande�h system. Indeed, as noted in [7℄, the appearan
eof the large noise is a strong eviden
e for the presen
eof 
oheren
e in the e�h system. The noise amplitudeis known to be inversely proportional to the numberof statisti
ally independent entities in an e�h system.Thus, large noise observed experimentally implies thatonly a few entities exist in the ma
ros
opi
ally largeregions where the e�h BCS state is lo
ated.Unlike intensity auto
orrelations presented inFig. 3, where all phase information is lost in averaging,fringe-resolved or interferometri
 auto
orrelations 
anprovide some information about phase relationships ofthe emission under study. This te
hnique 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
 auto
orrelations of ultrashort pulsesgenerated by lasers have a single peak at zero timedelay [15℄. In the 
ase of mode-lo
ked pulses, there areadditional peaks with fringes separated by the 
avityround trip time.Figure 4 shows the experimental interferometri
 au-to
orrelation of superradiant pulses from a semi
ondu
-tor stru
ture where two regions with a very high e�hdensity are formed. The separation between the near-

0
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620�2�4�6 4Fig. 4. Interferometri
 auto
orrelation of superradiantpulses illustrating the 
oherent intera
tion 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 stru
ture 
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 tra
e re-sembles the beating of two os
illators and suggests thatthe 
oheren
y of intera
tion between the emission anddi�erent parts of the BCS state stays on for a few pi-
ose
onds while the pulse travels through the medium.Indeed, the very beginning of the re
ombination pulseindu
es a small ma
ros
opi
 polarization while spread-ing in the medium. This polarization a
ts as a sour
eto produ
e additional photon �eld that in turn 
reatesmore polarization. Dephasing pro
esses prevent estab-lishing the 
oheren
y of individual e�h pairs and theformation of the ma
ros
opi
 polarization. But if thenumber of e�h pairs is su�
iently large, the opti
algain in the medium 
an over
ome the dephasing [14℄and the phase transition of the e�h system into a 
o-herent BCS-like state 
an o

ur. In this 
ase, the BCSstate o

upies a sizeable portion of the sample and itsdeex
ited parts 
an then be reex
ited 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 ele
tron�hole BCS state : : :output radiation in the form of multiple peaks of theinterferometri
 auto
orrelation as presented in Fig. 4.We have pointed out earlier [10℄ that e�h intera
-tions within the 
ooperative state do not a�e
t the 
o-heren
e of individual ele
trons and holes, whi
h is quitesimilar to the Cooper pairs of a super
ondu
ting BCSstate. This means that relaxation pro
esses must bemu
h slower 
ompared to a system of non
orrelatede�h pairs. If we suppose that e�h pairs of the BCSstate de
ohere 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 pi
ose
onds
ale as shown in Fig. 4. The extremely long phase re-laxation time of ele
trons and holes of the BCS state
an be explained as follows.In 
ontrast to the Bose 
ondensation of ex
itons,whi
h o

urs spontaneously [6�9℄, the 
ondensation ofe�h pairs and formation of the BCS state in our 
ase is
aused by the resonant ele
tromagneti
 emission. Thepresen
e of the absorber se
tion in the semi
ondu
torstru
ture results in the absorption of the emission trav-elling through the stru
ture at all wavelengts ex
ept anarrow region at the very bottom of the bands. In thisregion of the longest possible wavelengths, we have netgain. The radiative re
ombination 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 ea
h otherand the opti
al �eld for some time. Be
ause of thevery fast intraband relaxation, ele
trons and holes fromupper energy levels in the bands o

upy the levels atthe bottom that happed to be free almost immedi-ately. At very high 
arrier 
on
entrations (larger than(3�4) � 1018 
m�3), all energy levels within the band30�60 meV from the bottom are o

upied by ele
trons.This implies that there is no pla
e within this bandfor an ele
tron of a bound pair if it be
omes free andbe
omes a fermion again instead of being a part of aboson. That is why the bound pairs are stable at roomtemperature. The number of su
h bound e�h pairs in-
reases in time as the opti
al �eld travels ba
k and forthbetween the fa
ets of the 
rystal. Be
ause the bosonsoriginate from the ele
trons and holes o

uping the low-est possible energy levels, their kineti
 energy is verylow. This explains the very small value of the Fermi en-ergy of the quasiparti
les mentioned above (less than8 meV). The detailed explanation of this phenomenonis the task of our forth
oming paper.In 
on
lusion, we present the �rst dire
t measure-ment of dynami
s of a 
oherent e�h BCS state in asemi
ondu
tor heterostru
ture at room temperature.We demonstrate experimentally that almost all ele
-

trons and holes are 
ondensed at the very bottoms ofthe bands when the BCS state is formed. A typi
allifetime of the e�h BCS state is measured to be about300 fs. The ma
ros
opi
 size of the BCS state resultsin the 
oherent intera
tion of the re
ombinationphoton �eld with e�h pairs of the 
ooperative state onthe pi
ose
ond time s
ale, the 
oheren
e of individualele
trons and holes being una�e
ted by their 
ollisions.The authors would like to thank Yu. V. Kopaev for
riti
al 
omments and fruitful dis
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