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We describe experiments demonstrating an exciton-polariton laser and amplifier based on an incoherent
exciton-polariton reservoir in CdTe microcavity quantum wells. The gain mechanism is real excited exciton-
exciton scattering, in which excitons created at large in-plane wave vectors are thermalized and accumulate at
the bottleneck lower polariton states at smaller in-plane wave vectors. Because the exciton-exciton scattering
rate for CdTe at the saturation density is higher than that for GaAs, the threshold for spontaneous polariton
lasing is more easily reached in the case of CdTe with respect to GaAs. We demonstrate a high-gain amplifi-
cation of bottleneck lower polaritons close to the lasing threshold. By performing a pulsed pump and probe
experiment, we observe unambiguous evidence of real excited exciton-exciton scattering gain in the form of
exp(consiNZ, ), whereN,,. is the exciton-polariton reservoir population. This result is in sharp contrast to the
recently demonstrated parametric polariton amplifier based on virtual coherent four wave mixing, in which
gain is proportional to exp(conk, ). [P.G. Savvidist al, Phys. Rev. Lett84, 1547(2000].
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[. INTRODUCTION tic phonon scattering process, was recently proposed as a
means of efficiently converting initially injected reservoir ex-

The optical laser and the atom laser are examples of theitons, in a large in-plane wave vectdy) region outside of
profound analogies between electromagnetic waves and dke strong coupling regime, into bottleneck LPs with a
Broglie (mattey waves. A composite massive bosonic par-smallerk; (Ref. 1) [see Fig. 1a)]. The formation of the
ticle, such as a neutral atom or an exciton, can be amplifiegolariton reservoir shown in Fig.(d) is due to a thermaliza-
by the so-called final state stimulation. It is well known thattion process which depends on acoustic phonon and exciton-
there are two types of amplifiers for electromagnetic wavesexciton scattering from the initial resonantly injected polar-
a negative-conductance amplifier and a nonlineariton population. The bottleneck effect is due to the inhibited
susceptance amplifier. A negative-conductance amplifier iselaxation of polaritons from the reservoir to the strongly
based on an incoherent gain element, for which a laser ancoupled region, because of the reduced density of states of
plifier is a classic example. A nonlinear-susceptance amplithe small in-plane momentum lower polaritons. Because of
fier is based on coherent wave mixing between a pump, this reduced relaxation rate, and relatively long radiative life-
signal, and an idler, for which a parametric amplifier is atime, polaritons in the reservoir can accumulate to form a
classic example. Recently, Bose-Einstein condensates of ghhase space density large enough to achieve polariton lasing.
kali atoms? and coherent exciton-polaritons produced by aThe final state stimulation effect in the exciton-exciton scat-
pump lasef illuminated by a different frequency probe laser tering process was observed with the presence of an exter-
beam, were used to demonstrate the second-type amplifigrally injected ground state LP in GaAs microcavitlédut
that is, phase-coherent parametric amplification of mattethe observed gain was negligibly small, and exciton bleach-
waves. Matter-wave amplification of the first type is yet to being occurs before spontaneous polariton lasing happens. The
demonstrated but very attractive. In particular for an exci-rate of exciton-exciton scattering is material dependent, and
tonic system, electrically injected incoherent excifonan  for small momentum exchange, is dominated by the ex-
construct an amplifier and laser without requiring a coherenchange interactioft
pump laser. Earlier work on optically inactive excitons in
CuG, utilized the relatively slow phonon scattering process
so that the observed gain is very sniall. Rexcexé|M|?n2, < E3agn,., (60

Microcavity exciton-polaritorfsare the strongly coupled
quasi-particles formed by a photon mode confined by a mi-
crocavity and an exciton mode enclosed by a quantum wellwhereM is the matrix element of electron-electron and hole-
A proposed polariton laser, which converts a nonequilibriumhole exchange interactions,,. is the exciton densityEg is
reservoir of excitons into a ground state lower polarifoR)  the exciton binding energy, anaj is the exciton Bohr ra-
by acoustic phonon scatterid§,has the same and funda- dius. For typical parameters of quantum well excitons, the
mental problem as in CuQof a slow phonon emission rate rate of exciton-exciton scattering evaluated at the exciton
compared to a relatively fast polariton decay rat®The saturation density, defined by3~0.117/(ra3), is 9 times
exciton-exciton scattering process, combined with the acougarger in the CdTe system compared to that of G&As.
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(@) AEnergy high-gain amplification of bottleneck polaritons, based on
incoherent and quasiequilibrium polariton reservoirs in CdTe
microcavities. By utilizing optical pump and probe laser
beams, we show that the gain mechanism is not coherent
four wave mixing, but rather, real excited exciton-exciton
scattering.

II. LASING EXPERIMENTS

_ We used a microcavity sample grown by solid-source mo-
scatieting  external lecular beam epitaxy in the 1I-VI materials system. The en-

pump . . . . L. . .

tire microcavity structure is monolithic, including the

distributed-Bragg reflectqiDBR) mirrors, spacer layers, and
quantum wells. The sample has two 80 A CdTe quantum
wells at the center, antinode position of the
N2 CdygMgg.4Te cavity region. The DBR mirrors are made
of alternating indexA/4 layers of Cg-gMngyosTe and
Cdy /Mgp eTe, with 16.5(20) pairs on the togbottom). The
normal-mode splitting at zero detuning is 8.4 meV. During
the experiments, the sample temperature is maintaindd at
=4.5 Kin a liquid helium cryostat.

Figure 2a) shows the bottleneck polariton emission inten-
sity, measured at the detection angle of 13° in air, versus the
total exciton reservoir population, created by the pump laser
pulse. The pump beam is from a mode-locked Tj@y laser
with a pulse duration of 1 ps and a repetition rate of 76 MHz.
o The maximum pump power is about 40 mW in this experi-
signal pump ment. These results are similar to earlier nonlinear photolu-
»  minescence measurements on [I-VI sampte$, and on
I l1I-V samples!’ The exciton at an in-plane wave vector of
_ o _ ~ kj=3.5x10" cm* (incident angleg, = 25° in ain), a region
FIG. 1. (a) The operational principle of an exciton-polariton where the LP is nearl ; Hanie i ; _

_ _ i ! _ _ y entirely excitonic in character, is ex
Iasgr, in which optically gxmted eXC|ton§ are tra.msferred apd p'ledcited by the pump laser. We monitor the bottleneck LP emis-
up in the bottlengck regime by the excnon-e_xcnon scattering pro-si?n at approximately(”= 1.8x10" cm™! (emission angle
cess and the exciton-acoustic phonon scattering process. The area

the dark filled circles indicates the population at a partickjaThe OCL 13 IQ an)_. F_or a ;ma.” Irt"t:jalb e)t(;t,on po?uollatl_on, the fi
bottleneck polaritons acquire a maximum population because of Qoserved emission 1S dominated by S created via acoustic

reduced thermalization rate into lower energy polaritons due to th&10N0N emission, leading to a linear dependence in the inte-
reduced density of states and a relatively long radiative lifetime du@f@t€d LP emission as a function of initial exciton popula-
to reduced photon admixturéb) The basic scheme of a parametric 1ON- AS the initial exciton 8p0pU|at'9n is increased above
polariton amplifier based on the coherent four-wave mixing proces@Pout 9< 10° excitons/pulsé’ a polariton laser threshold is
between two pump, signal, and idler waves. observed. The corresponding exciton density is approxi-

mately 7< 10'° cm™ 2,8 which is nearly an order of magni-

In contrast to the present polariton laser and amplifietude smaller than the saturation density of 50'* cm™2 for
based on the exciton-exciton scattering among incoherer@dTe QW excitons. The observed LP emission intensity cor-
bottleneck polariton populations, the recent experiments ofesponds to a LP population per transverse mode equal to
parametric polariton amplifietsutilize the coherent four- ~1 at the threshold which suggests the nonlinear increase
wave mixing process between two pump, signal, and idleof the LP emission intensity is related to the onset of bosonic
waves, as shown in Fig.(d). Energy and momentum must final state stimulation. To model the results shown in Fig.
be conserved between the initial and final states in the coheB(a), we use the coupled discrete rate equations for the LP
ent process. The maximum incident anglg of the pump  with different in-plane moment#,with the CdTe parameters
beam, which satisfies the energy and momentum conservéosr the exciton-exciton and exciton-acoustic phonon scatter-
tion laws, is for CdTe abou,,~13.5°, and the signal state ing coefficients(solid line).
emission angle is in the range of 0 to 5*If the pump angle By using angular-resolved detection, we can map out the
6, becomes larger thaéy, , which is the case in our experi- energy versus in-plane momentum for the LP, shown in Figs.
ment (9,~25°), such a coherent four-wave mixing process2(b) and 2c). The detector is now swept over a range of
disappears and the injected excitons thermalize to the bottl@mission angles to measure the polariton emission spectra as
neck polariton by elastic and inelastic scattering processes function of angle. Below laser threshold, in FigbR the
shown in Fig. 1a). bottleneck emission from the LP is seen at large in-plane

In this paper we demonstrate spontaneous lasing andtave vector, centered at abdyt=3x10* cm™*! (emission

| |
LP bottleneck strong coupling LP bottleneck k
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FIG. 2. (Color) (a) Integrated bottleneck LP emission intensity as a function of initial exciton population. The open circles indicate the
experimental data, while the solid line indicates the theoretical prediction. Slope one is shown in the dotted line, slope two is indicated by
the dashed line, while the dot-dashed line indicates a bottleneck polariton populaigs=ot . (b) The polariton spectra taken as a function
of in-plane wave vector. The system is below laser threshold, and the solid line indicates the LP dispersion relation, the dashed line indicates
the bare photon dispersion, and the dot-dashed line indicates the experimentally measured LP digperkimpolariton spectra taken as
a function of in-plane wave vector. The system is above the laser threshold, and the solid line indicates the LP dispersion relation, the dashed
line indicates the bare photon dispersion, and the dot-dashed line indicates the experimentally measured LP dfpEngdiP emission

intensity versus in-plane wave vector for the pump rates békmuares and abovecircles laser threshold. LP emission intensities are
normalized to the input pump power.

angle of 21° in aix. Above the laser threshold, the LP popu- mass of the lasing mode]:hzk‘ (dE/d kH)*1> Mpn (cavity
lation is peaked at abol=2X 10* cm ! (emission angle photon effective magsthat the oLserved nonlinear emission
of 14° in ain. As the pump power is increased to past theis not a normal photon laser but a polariton laser. The LP
laser threshold, the maximum of the LP emission continuallyemission intensity versus emission angle is plotted in Fig.
shifts towards smallek;, as shown in Fig. @). This effect 2(d) for the pump rates below and above threshold. Note that
is predicted by the rate equation thedfyThe theoretical the bottleneck emission is symmetric, that Sy p .
dispersion curves for the cavity photon and LP are plotted ir=N p _. This is a unique and unambiguous signature of
Figs. 2b) and Zc) (dashed and solid lines, respectively the polariton laser based on incoherent exciton-polariton res-
Also plotted on these figures are the experimental LP disperervoirs[see Fig. 18)]. In the parametric polariton amplifier,
sions(dot-dashed lines obtained from the peak energies of the emission is strongly asymmetfisee Fig. 1b)], that is,

the polariton distribution at each in-plane wave vector. TheN p ;> NLF,V,k.19

experimental and theoretical dispersions for the LP match to The dispersion of the polariton laser also shows that the
within approximately 1 meV over the entire range of in- lasing is not due to localized excitons. The reason for this is
plane wave vectors measured. It is clear from the effectivéhat the measured dispersion clearly features the effective
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x10° . . . . . =3.5x10" cm* (incident angleg,= 25° in ai. The probe
bandwidth is about 0.6 meV, and selectively excites the
bottleneck LP near its lasing energy b 1.636 eV, and at
an in-plane wave vector ok =1.8x10" cm' (or 6
=13°). The probe beam then produces a narrow bandwidth
bottleneck LP population, which is amplified by the sur-
rounding LP populations. Both pump and probe beams are
horizontally polarized, so that there is no selective exciton
spin excitation. The detector is positioned to detect the re-
flected probe beam from the sample.

The detected spontaneous emission spectrum, induced by
the pump beam, is shown in the leftmost inset of Fig. 3,
labeled “pump only.” In the center inset, the detected probe

ILP [Counts/sec]

0 05 1 5 2 25 3, signal is shown, corresponding to the situation where the
Probe Power Density [mW/cn] x10 pump beam is blocked. This spectrum is labelled “probe
ssX10 Xt o oeex10t , only.” When both pump and probe are incident on the
Pump only Probe only PumpsProbe sample, with zero time delay between the pump and the
° 1 9 1 9 ] probe, a large amplification of the probe beam is observed.
as| 1 st 1 ast ] This amplified probe spectrum is shown in the right most
A | | inset of Fig. 3.
In Fig. 3, main figure, we plot the reflected probe emis-
asf 1 ssf 1 a5t 1 sion intensity when the incident probe beam excites the
. sl | | | bottleneck LP state. The three different initial exciton popu-
g lations are chosen close to the polariton laser threshold. The
o2s5f 1 2% 1 29 ] pump and probe pulses have zero time delay between them
ol I - {2 1 for this measurement. We see that the reflected probe inten-
sity is linear as a function of input probe intensity, and then
' il ' saturates at larger probe powers. The linearity of the reflected
1t 1 1t 1 it 1 probe intensity as a function of input probe intensity is a
o5k 1 a8l 1 ol ] signature of final state stimulation. The dynamics of the
A bottleneck LP population is modeled By
L 0

0 0 L
1.62 1.63 1.64 1.62 1.63 1.64 1.62 1.63 1.64
Energy [eV]

dN
FIG. 3. The reflected probe intensity as a function of input probe d—tLP =Pp— T—LP +apNexd 1+ N p)+ prNgxc(lJr Nip),
power for three different total exciton populations: circlé,. LP o
=3.4x10P excitons/pulse, squarell,,.~1.6x 10° excitons/pulse, (2)
and diamondsN.,.=4.1x 10° excitons/pulse. The solid lines rep-
resent the numerical integration of the rate equation 2. Inset: Obwherer pis the LP lifetime P is the external injection rate
served probe spectra for pump only, probe only, and simultaneougf the LP,a, p=47 1/s is the acoustic phonon scattering rate
pump and probe excitation. from the exciton-polariton reservoir, aigs=0.45 1/s is the
exciton-exciton scattering rate from the exciton-polariton
mass of the polariton. If the lasing were due to localizedreservoir. We find that the gain is nearly independent of the
excitons, the dispersion would be constant in energy becaudé® injection rateP,p. As P is increased beyond a certain

the energy of a localized exciton on this scale is constant a¢alue, gain saturation occurs, and the system enters into the
a function of wave vector. nonlinear regime. When the LP mode occupation number

becomes comparable to the initial exciton population, the
exciton states become depleted, reducing the stimulated scat-
tering rate into the LP final state.

In order to demonstrate the amplification process, we per- Next, to probe the physical origin of the gain, we show
formed experiments probing the gain near the polariton lasemeasurements of the gain dependence on the pump power. In
threshold. We use a pump and probe set up, in which a pumpig. 4(@), the gain as a function of pump power is plotted.
pulse excites the large in-plane momentum excitons in d&he gain follows an exponential-type dependence which is
similar manner to the experiments described above. Thwell reproduced by the rate equation mod&dlid line). As
pump and probe pulses are produced by the TAllaser  shown in Figs. 4) and 4c), the gainG is proportional to
pulse(with a pulse width of 200 fsby spectral filtering with exp(constN2,) in the high-gain regime, anG—1 is pro-
two gratings, and are independently tunable in center freportional to (constNéXC) in the low-gain regime. These ex-
quency. The probe pulse is filtered such that it has a narrowgserimental results directly indicate that the gain is provided
bandwidth than the pump pulse. The pump bandwidth idy the real excited two-body exciton-exciton scattering pro-
about 3 meV, and selectively excites the excitons wkith  cess.

IIl. AMPLIFICATION EXPERIMENTS
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Gain
Gain

FIG. 4. (a) Gain as a function of pump power
for two different probe power densities: circles,
probe power density 210 mW/cn? and
squares, 900 mW/ct Solid line indicates rate
107 — — 107 — v equation solution(b) Log-log plot for gain-1 as a
10 N Texcions pulse™] 10 N lxcitons putse”] function of initial exciton population, with same

e e data as in(a). This plot is restricted to the low
o 10 y ' y gain regime. Solid line has a slope of 2, which
(© indicates that gaig~ 1+ const N2, in the small
gain region.(c) Semilog plot for gain as a func-
tion of the squared initial exciton population, re-
stricted to the high gain regime. Solid line is lin-
ear, which indicates thag~exp(constNZ2,) in
the high gain regime.

A
10° 10° 0 2 4 8 8

; -1 2 PR
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1
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The exp(constN2, ) dependence of the gain is conclusive dence of the laser amplifier, whelE,| is the pump laser
evidence for the gain mechanism of real excited excitonamplitude. The physical reason for this distinction is that in
exciton scattering from incoherent and quasiequilibriumthe laser amplifier, real absorption of the pump photon oc-
exciton-polariton distributions. This mechanism is distinctly curs by a phase breaking transition. In the optical parametric
different from the polariton parametric amplification processamplifier, the pump photon is only virtually absorbed and
based on coherent four wave mixifdn this case, the para- split into signal and idler photons by the parametric amplifier
metric gain is proportional to the pump intensity, thatds, medium. The parametric gain only exists for the time dura-
cexp(const Neyg) . tion the pump and probe pulses overfdp,For the laser

The difference between coherent four wave mixingamplifier, the gain persists after the pump pulse has turned
and real excitation exciton-exciton scattering is analogousff, up to a time constant determined by the reservoir
to the difference between an optical parametric amplifierexciton-polariton lifetime. Parametric amplification can be
and a laser amplifier. This difference manifests in theconsidered to be frequency conversion of photons resonantly
exp(const|Ep|) gain dependence of the optical parametricenhanced by polaritons, while laser amplification involves
amplifier, in contrast to the exp(con$Ep|2) gain depen- real absorption of photons followed by real scattering of
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10° — . . . . . . mate the ratio of the bottleneck polariton mass to the cavity
photon mass =My p x—2x10¢ cm-1/Mph x=0~4.3 (calculated
from the experimental LP dispersipras we would expect
for a bottleneck polariton laser. In the caseref1, we have
a photon laser, and in the caserof 10°, we have a direct
exciton(free or localizegllaser. In our case,~4.3 indicates
directly that this is a polariton laser, and not cavity filtered
localized exciton emission, as reported in Ref. 22. In addi-
tion, our observation of stimulated polariton emission in the
bottleneck region apparently differs from that in Ref. 23, in
which final state stimulation is observed to aris&gt 0. A
L . . . AN possible reason for this is that according to the rate equation
B A analysis, for zero cavity detuning, the stimulated emission
. . . . originates at the bottleneck region, and migrates tow&yds
FIG. 5. Gain—1 as a function of time delay. Experlmentally =0 for |arger pump|ng powers. In fact, we have observed
measured gain is in open circles. In the same plot, the intensity as@is same trend in our experiments at larger pumps. It is
I_““Ct"_)nd?f tlme for the ?O}tlgne‘:k LPis Sho‘?"lﬂ”"g d5°7ts' SO'_:_(:] ossible that in Ref. 23, the normalized pump power per
ines indicate exponential decay curves o an pS. uantum well is higher than that used in our experiment.
dashed line indicates the convolution of the pump and the probe . . .
: The linear dependence of the reflected probe intensity on
pulse envelopes for comparison. e . . .
the incident probe intensity demonstrates that this phenom-

exciton-polaritons. The exp(consE.|?) gain dependence enon is due to the stimulated exciton-exciton scattering,
. o ; S
also shows the difference between the polariton laser basef’ere the final state LP population induced by the probe

on incoherent exciton-exciton scattering and a conventiondfUlS€ stimulates more scattering into the final LP state. The
photon laser, in which the gain dependence isdependence of the gain on the pump power demonstrates that

exp(const|E,|). the microscopic origin of the gain is the binary collision

In Flg 5, we p|0t the experimenta”y measured gain as eproceSS of real excited exciton-exciton Scattering. This de-
function of time delay between pump and probe. The timg?endence on pump power also rules out localized exciton
dependence of the gain clearly features an asymmetry aboiitvolvement in the gain, as the exciton-exciton scattering
zero time delay, and is characterized by a relatively fast riséhvolves only free excitons. The time delay dependence of
and then a relatively slow exponential decay. The exponen‘,he gain further confirms the mechanism of exciton-exciton
tial decay is due to the fact that the bottleneck polaritonsscattering, in that the exponential decay time constant of the
have a characteristic decay time. The bottleneck polaritogain is one half the exponential decay time constant of the
decay time has been measured separately by monitoring tt@ttieneck polaritons. The time delay dependence also high-
emission directly using a streak camera. The solid dots ifights the distinct difference between this gain mechanism
Fig. 5 represent the measured bottleneck polariton emissioand previously observed coherent four wave mixiigbe-
intensity as a function of time. The characteristic decay timecause the decay time of the gain is much longer than the
is approximately 114 ps. The gain, however, has a charactegxcitation pulse durations. Because of the large exciton-
istic decay time of approximately 57 ps in the small gaineXCiton scattering rate in CdTe, we are able to observe the
regime. The difference of a factor of 2 in the decay times ighigh gain amplification of bottleneck polaritons.
due to thd\jgxcduadratic dependence of the gain mechanism. We consider the pOSSIbI'Ity of a low threshold, electrically

We also note that the time dependence clearly indicateBUmped polariton laser based on real excited exciton-exciton
that the amplification is not provided by a coherent fourscattering. The proposed structure is a microcavity quantum
wave mixing process. In coherent four wave mixing, the gainwell, in which a tunnel junction is fabricated so that bottle-
decays with a time constant that is given by the convolutior'€ck polaritons can be formed directly in the central quan-
of the pump and probe pulses, since the exciton dephasirigm well by resonant tunnellingUsing GaAs parameters for
time is comparable to or shorter than the pulse duration of 1€ polariton lasef; the threshold exciton density is 5
few picosecondé! The convolution of the pump and probe X 10° cm™?, which corresponds to the threshold exciton
pulses used in the present experiment amounts to 10 pBopulation for a square km device of Ng,=50. If the
which is much less than the exponentia| decay time of 57 pgottleneck polariton lifetime is 190 ﬁ%,the threshold tunnel
observed in the experiment, as shown in the dashed line jgurrent is 42 nA. This threshold current is much smaller than
Fig. 5. that in a standard InGaAs/GaAs VCSEL, where threshold

currents are about 50A for the same device dimension. A
IV DISCUSSION standard VCSEL requires the population inversion between
the conduction and valence bands, while a bottleneck polar-

It is important to consider alternative possible origins ofiton laser does not need the population inversion. The polar-
the gain in the polariton laser. We can rule out localizediton laser in GaAs and CdTe can only operate at low tem-
excitons, which have been observed in Ref. 22, as the poperatures because the exciton binding energy is relatively
sible origin of the polariton gain. In Fig.(®), we can esti- small in these material systems. However, one can speculate
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that improvements in the wide-band-gap materials, in whictciton is stable at room temperature, might allow for room
the exciton binding energy is relatively large so that the extemperature operation of a bottleneck polariton laser.
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