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Exciton-polariton lasing and amplification based on exciton-exciton scattering in CdTe microcavity
quantum wells
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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(constNexc

2 ), whereNexc 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(constNexc). @P.G. Savvidiset al., Phys. Rev. Lett.84, 1547~2000!#.

DOI: 10.1103/PhysRevB.65.165314 PACS number~s!: 71.36.1c, 42.55.Sa
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I. INTRODUCTION

The optical laser and the atom laser are examples of
profound analogies between electromagnetic waves an
Broglie ~matter! waves. A composite massive bosonic p
ticle, such as a neutral atom or an exciton, can be ampli
by the so-called final state stimulation. It is well known th
there are two types of amplifiers for electromagnetic wav
a negative-conductance amplifier and a nonline
susceptance amplifier. A negative-conductance amplifie
based on an incoherent gain element, for which a laser
plifier is a classic example. A nonlinear-susceptance am
fier is based on coherent wave mixing between a pum
signal, and an idler, for which a parametric amplifier is
classic example. Recently, Bose-Einstein condensates o
kali atoms,1,2 and coherent exciton-polaritons produced by
pump laser,3 illuminated by a different frequency probe las
beam, were used to demonstrate the second-type amp
that is, phase-coherent parametric amplification of ma
waves. Matter-wave amplification of the first type is yet to
demonstrated but very attractive. In particular for an ex
tonic system, electrically injected incoherent excitons4 can
construct an amplifier and laser without requiring a coher
pump laser. Earlier work on optically inactive excitons
CuO2 utilized the relatively slow phonon scattering proce
so that the observed gain is very small.5

Microcavity exciton-polaritons6 are the strongly coupled
quasi-particles formed by a photon mode confined by a
crocavity and an exciton mode enclosed by a quantum w
A proposed polariton laser, which converts a nonequilibri
reservoir of excitons into a ground state lower polariton~LP!
by acoustic phonon scattering,7,8 has the same and funda
mental problem as in CuO2 of a slow phonon emission rat
compared to a relatively fast polariton decay rate.9,10 The
exciton-exciton scattering process, combined with the aco
0163-1829/2002/65~16!/165314~7!/$20.00 65 1653
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tic phonon scattering process, was recently proposed
means of efficiently converting initially injected reservoir e
citons, in a large in-plane wave vector (ki) region outside of
the strong coupling regime, into bottleneck LPs with
smaller ki ~Ref. 11! @see Fig. 1~a!#. The formation of the
polariton reservoir shown in Fig. 1~a! is due to a thermaliza-
tion process which depends on acoustic phonon and exc
exciton scattering from the initial resonantly injected pola
iton population. The bottleneck effect is due to the inhibit
relaxation of polaritons from the reservoir to the strong
coupled region, because of the reduced density of state
the small in-plane momentum lower polaritons. Because
this reduced relaxation rate, and relatively long radiative li
time, polaritons in the reservoir can accumulate to form
phase space density large enough to achieve polariton la
The final state stimulation effect in the exciton-exciton sc
tering process was observed with the presence of an e
nally injected ground state LP in GaAs microcavities,12 but
the observed gain was negligibly small, and exciton blea
ing occurs before spontaneous polariton lasing happens.
rate of exciton-exciton scattering is material dependent,
for small momentum exchange, is dominated by the
change interaction:11

Rexc-exc}uM u2nexc
2 }EB

2aB
4nexc

2 , ~1!

whereM is the matrix element of electron-electron and ho
hole exchange interactions,nexc is the exciton density,EB is
the exciton binding energy, andaB is the exciton Bohr ra-
dius. For typical parameters of quantum well excitons,
rate of exciton-exciton scattering evaluated at the exci
saturation density, defined bynexc

sat'0.117/(paB
2), is 9 times

larger in the CdTe system compared to that of GaAs.13
©2002 The American Physical Society14-1
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In contrast to the present polariton laser and ampli
based on the exciton-exciton scattering among incohe
bottleneck polariton populations, the recent experiments
parametric polariton amplifiers3 utilize the coherent four-
wave mixing process between two pump, signal, and id
waves, as shown in Fig. 1~b!. Energy and momentum mus
be conserved between the initial and final states in the co
ent process. The maximum incident angleuM of the pump
beam, which satisfies the energy and momentum conse
tion laws, is for CdTe aboutuM'13.5°, and the signal stat
emission angle is in the range of 0 to 5°.14 If the pump angle
up becomes larger thanuM , which is the case in our exper
ment (up'25°), such a coherent four-wave mixing proce
disappears and the injected excitons thermalize to the bo
neck polariton by elastic and inelastic scattering proces
shown in Fig. 1~a!.

In this paper we demonstrate spontaneous lasing

FIG. 1. ~a! The operational principle of an exciton-polarito
laser, in which optically excited excitons are transferred and p
up in the bottleneck regime by the exciton-exciton scattering p
cess and the exciton-acoustic phonon scattering process. The a
the dark filled circles indicates the population at a particularki . The
bottleneck polaritons acquire a maximum population because
reduced thermalization rate into lower energy polaritons due to
reduced density of states and a relatively long radiative lifetime
to reduced photon admixture.~b! The basic scheme of a parametr
polariton amplifier based on the coherent four-wave mixing proc
between two pump, signal, and idler waves.
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high-gain amplification of bottleneck polaritons, based
incoherent and quasiequilibrium polariton reservoirs in Cd
microcavities. By utilizing optical pump and probe las
beams, we show that the gain mechanism is not cohe
four wave mixing, but rather, real excited exciton-excit
scattering.

II. LASING EXPERIMENTS

We used a microcavity sample grown by solid-source m
lecular beam epitaxy in the II-VI materials system. The e
tire microcavity structure is monolithic, including th
distributed-Bragg reflector~DBR! mirrors, spacer layers, an
quantum wells. The sample has two 80 Å CdTe quant
wells at the center, antinode position of th
l/2 Cd0.6Mg0.4Te cavity region. The DBR mirrors are mad
of alternating index l/4 layers of Cd0.75Mn0.25Te and
Cd0.4Mg0.6Te, with 16.5~20! pairs on the top~bottom!. The
normal-mode splitting at zero detuning is 8.4 meV. Duri
the experiments, the sample temperature is maintainedT
54.5 K in a liquid helium cryostat.

Figure 2~a! shows the bottleneck polariton emission inte
sity, measured at the detection angle of 13° in air, versus
total exciton reservoir population, created by the pump la
pulse. The pump beam is from a mode-locked Ti:Al2O3 laser
with a pulse duration of 1 ps and a repetition rate of 76 MH
The maximum pump power is about 40 mW in this expe
ment. These results are similar to earlier nonlinear photo
minescence measurements on II-VI samples,15,16 and on
III-V samples.17 The exciton at an in-plane wave vector
ki53.53104 cm21 ~incident angleup525° in air!, a region
where the LP is nearly entirely excitonic in character, is e
cited by the pump laser. We monitor the bottleneck LP em
sion at approximatelyki51.83104 cm21 ~emission angle
of 13° in air!. For a small initial exciton population, th
observed emission is dominated by LP’s created via acou
phonon emission, leading to a linear dependence in the i
grated LP emission as a function of initial exciton popu
tion. As the initial exciton population is increased abo
about 93105 excitons/pulse,18 a polariton laser threshold i
observed. The corresponding exciton density is appro
mately 731010 cm22,18 which is nearly an order of magni
tude smaller than the saturation density of 531011 cm22 for
CdTe QW excitons. The observed LP emission intensity c
responds to a LP population per transverse mode equa
;1 at the threshold,18 which suggests the nonlinear increa
of the LP emission intensity is related to the onset of boso
final state stimulation. To model the results shown in F
3~a!, we use the coupled discrete rate equations for the
with different in-plane momenta,11 with the CdTe parameter
for the exciton-exciton and exciton-acoustic phonon scat
ing coefficients~solid line!.

By using angular-resolved detection, we can map out
energy versus in-plane momentum for the LP, shown in F
2~b! and 2~c!. The detector is now swept over a range
emission angles to measure the polariton emission spect
a function of angle. Below laser threshold, in Fig. 2~b!, the
bottleneck emission from the LP is seen at large in-pla
wave vector, centered at aboutki533104 cm21 ~emission
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EXCITON-POLARITON LASING AND AMPLIFICATION . . . PHYSICAL REVIEW B65 165314
FIG. 2. ~Color! ~a! Integrated bottleneck LP emission intensity as a function of initial exciton population. The open circles indica
experimental data, while the solid line indicates the theoretical prediction. Slope one is shown in the dotted line, slope two is indi
the dashed line, while the dot-dashed line indicates a bottleneck polariton population ofNLP51. ~b! The polariton spectra taken as a functio
of in-plane wave vector. The system is below laser threshold, and the solid line indicates the LP dispersion relation, the dashed line
the bare photon dispersion, and the dot-dashed line indicates the experimentally measured LP dispersion.~c! The polariton spectra taken a
a function of in-plane wave vector. The system is above the laser threshold, and the solid line indicates the LP dispersion relation, t
line indicates the bare photon dispersion, and the dot-dashed line indicates the experimentally measured LP dispersion.~d! The LP emission
intensity versus in-plane wave vector for the pump rates below~squares! and above~circles! laser threshold. LP emission intensities a
normalized to the input pump power.
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angle of 21° in air!. Above the laser threshold, the LP pop
lation is peaked at aboutki523104 cm21 ~emission angle
of 14° in air!. As the pump power is increased to past t
laser threshold, the maximum of the LP emission continua
shifts towards smallerki , as shown in Fig. 2~c!. This effect
is predicted by the rate equation theory.11 The theoretical
dispersion curves for the cavity photon and LP are plotted
Figs. 2~b! and 2~c! ~dashed and solid lines, respectively!.
Also plotted on these figures are the experimental LP dis
sions~dot-dashed lines!, obtained from the peak energies
the polariton distribution at each in-plane wave vector. T
experimental and theoretical dispersions for the LP matc
within approximately 1 meV over the entire range of i
plane wave vectors measured. It is clear from the effec
16531
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mass of the lasing modem5\2ki(dE/dki)
21@mph ~cavity

photon effective mass!, that the observed nonlinear emissio
is not a normal photon laser but a polariton laser. The
emission intensity versus emission angle is plotted in F
2~d! for the pump rates below and above threshold. Note t
the bottleneck emission is symmetric, that is,NLP,1k
'NLP,2k . This is a unique and unambiguous signature
the polariton laser based on incoherent exciton-polariton
ervoirs @see Fig. 1~a!#. In the parametric polariton amplifier
the emission is strongly asymmetric@see Fig. 1~b!#, that is,
NLP,1k@NLP,2k .19

The dispersion of the polariton laser also shows that
lasing is not due to localized excitons. The reason for thi
that the measured dispersion clearly features the effec
4-3
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R. HUANG et al. PHYSICAL REVIEW B 65 165314
mass of the polariton. If the lasing were due to localiz
excitons, the dispersion would be constant in energy beca
the energy of a localized exciton on this scale is constan
a function of wave vector.

III. AMPLIFICATION EXPERIMENTS

In order to demonstrate the amplification process, we p
formed experiments probing the gain near the polariton la
threshold. We use a pump and probe set up, in which a p
pulse excites the large in-plane momentum excitons i
similar manner to the experiments described above.
pump and probe pulses are produced by the Ti:Al2O3 laser
pulse~with a pulse width of 200 fs! by spectral filtering with
two gratings, and are independently tunable in center
quency. The probe pulse is filtered such that it has a narro
bandwidth than the pump pulse. The pump bandwidth
about 3 meV, and selectively excites the excitons withki

FIG. 3. The reflected probe intensity as a function of input pro
power for three different total exciton populations: circles,Nexc

53.43106 excitons/pulse, squares,Nexc51.63106 excitons/pulse,
and diamonds,Nexc54.13105 excitons/pulse. The solid lines rep
resent the numerical integration of the rate equation 2. Inset:
served probe spectra for pump only, probe only, and simultane
pump and probe excitation.
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53.53104 cm21 ~incident angleup525° in air!. The probe
bandwidth is about 0.6 meV, and selectively excites
bottleneck LP near its lasing energy ofE51.636 eV, and at
an in-plane wave vector ofki51.83104 cm21 ~or u
513°). The probe beam then produces a narrow bandw
bottleneck LP population, which is amplified by the su
rounding LP populations. Both pump and probe beams
horizontally polarized, so that there is no selective exci
spin excitation. The detector is positioned to detect the
flected probe beam from the sample.

The detected spontaneous emission spectrum, induce
the pump beam, is shown in the leftmost inset of Fig.
labeled ‘‘pump only.’’ In the center inset, the detected pro
signal is shown, corresponding to the situation where
pump beam is blocked. This spectrum is labelled ‘‘pro
only.’’ When both pump and probe are incident on t
sample, with zero time delay between the pump and
probe, a large amplification of the probe beam is observ
This amplified probe spectrum is shown in the right mo
inset of Fig. 3.

In Fig. 3, main figure, we plot the reflected probe em
sion intensity when the incident probe beam excites
bottleneck LP state. The three different initial exciton pop
lations are chosen close to the polariton laser threshold.
pump and probe pulses have zero time delay between t
for this measurement. We see that the reflected probe in
sity is linear as a function of input probe intensity, and th
saturates at larger probe powers. The linearity of the reflec
probe intensity as a function of input probe intensity is
signature of final state stimulation. The dynamics of t
bottleneck LP population is modeled by11

dNLP

dt
5PLP2

NLP

tLP
1aLPNexc~11NLP!1bLPNexc

2 ~11NLP!,

~2!

wheretLP is the LP lifetime,PLP is the external injection rate
of the LP,aLP547 1/s is the acoustic phonon scattering ra
from the exciton-polariton reservoir, andbLP50.45 1/s is the
exciton-exciton scattering rate from the exciton-polarit
reservoir. We find that the gain is nearly independent of
LP injection ratePLP . As PLP is increased beyond a certa
value, gain saturation occurs, and the system enters into
nonlinear regime. When the LP mode occupation num
becomes comparable to the initial exciton population,
exciton states become depleted, reducing the stimulated
tering rate into the LP final state.

Next, to probe the physical origin of the gain, we sho
measurements of the gain dependence on the pump pow
Fig. 4~a!, the gain as a function of pump power is plotte
The gain follows an exponential-type dependence which
well reproduced by the rate equation model~solid line!. As
shown in Figs. 4~b! and 4~c!, the gainG is proportional to
exp(constNexc

2 ) in the high-gain regime, andG21 is pro-
portional to (constNexc

2 ) in the low-gain regime. These ex
perimental results directly indicate that the gain is provid
by the real excited two-body exciton-exciton scattering p
cess.
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EXCITON-POLARITON LASING AND AMPLIFICATION . . . PHYSICAL REVIEW B65 165314
FIG. 4. ~a! Gain as a function of pump powe
for two different probe power densities: circle
probe power density 23104 mW/cm2 and
squares, 900 mW/cm2. Solid line indicates rate
equation solution.~b! Log-log plot for gain-1 as a
function of initial exciton population, with same
data as in~a!. This plot is restricted to the low
gain regime. Solid line has a slope of 2, whic
indicates that gaing'11const Nexc

2 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 thatg'exp(constNexc

2 ) in
the high gain regime.
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The exp(constNexc
2 ) dependence of the gain is conclusi

evidence for the gain mechanism of real excited excit
exciton scattering from incoherent and quasiequilibriu
exciton-polariton distributions. This mechanism is distinc
different from the polariton parametric amplification proce
based on coherent four wave mixing.3 In this case, the para
metric gain is proportional to the pump intensity, that is,g
}exp(constNexc).

The difference between coherent four wave mixi
and real excitation exciton-exciton scattering is analog
to the difference between an optical parametric ampli
and a laser amplifier. This difference manifests in t
exp(const uEpu) gain dependence of the optical paramet
amplifier, in contrast to the exp(constuEpu2) gain depen-
16531
-
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dence of the laser amplifier, whereuEpu is the pump laser
amplitude. The physical reason for this distinction is that
the laser amplifier, real absorption of the pump photon
curs by a phase breaking transition. In the optical parame
amplifier, the pump photon is only virtually absorbed a
split into signal and idler photons by the parametric amplifi
medium. The parametric gain only exists for the time du
tion the pump and probe pulses overlap,20,3 For the laser
amplifier, the gain persists after the pump pulse has tur
off, up to a time constant determined by the reserv
exciton-polariton lifetime. Parametric amplification can
considered to be frequency conversion of photons resona
enhanced by polaritons, while laser amplification involv
real absorption of photons followed by real scattering
4-5
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R. HUANG et al. PHYSICAL REVIEW B 65 165314
exciton-polaritons. The exp(constuEpu2) gain dependence
also shows the difference between the polariton laser ba
on incoherent exciton-exciton scattering and a conventio
photon laser, in which the gain dependence
exp(const uEpu).

In Fig. 5, we plot the experimentally measured gain a
function of time delay between pump and probe. The ti
dependence of the gain clearly features an asymmetry a
zero time delay, and is characterized by a relatively fast
and then a relatively slow exponential decay. The expon
tial decay is due to the fact that the bottleneck polarito
have a characteristic decay time. The bottleneck polar
decay time has been measured separately by monitoring
emission directly using a streak camera. The solid dots
Fig. 5 represent the measured bottleneck polariton emis
intensity as a function of time. The characteristic decay ti
is approximately 114 ps. The gain, however, has a chara
istic decay time of approximately 57 ps in the small ga
regime. The difference of a factor of 2 in the decay times
due to theNexc

2 quadratic dependence of the gain mechanis
We also note that the time dependence clearly indica

that the amplification is not provided by a coherent fo
wave mixing process. In coherent four wave mixing, the g
decays with a time constant that is given by the convolut
of the pump and probe pulses, since the exciton depha
time is comparable to or shorter than the pulse duration
few picoseconds.21 The convolution of the pump and prob
pulses used in the present experiment amounts to 10
which is much less than the exponential decay time of 57
observed in the experiment, as shown in the dashed lin
Fig. 5.

IV. DISCUSSION

It is important to consider alternative possible origins
the gain in the polariton laser. We can rule out localiz
excitons, which have been observed in Ref. 22, as the
sible origin of the polariton gain. In Fig. 2~c!, we can esti-

FIG. 5. Gain21 as a function of time delay. Experimental
measured gain is in open circles. In the same plot, the intensity
function of time for the bottleneck LP is shown in solid dots. So
lines indicate exponential decay curves of 114 and 57 ps.
dashed line indicates the convolution of the pump and the pr
pulse envelopes for comparison.
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mate the ratio of the bottleneck polariton mass to the ca
photon massr 5mLP,k523104 cm21 /mph ,k50'4.3 ~calculated
from the experimental LP dispersion!, as we would expect
for a bottleneck polariton laser. In the case ofr 51, we have
a photon laser, and in the case ofr .103, we have a direct
exciton~free or localized! laser. In our case,r'4.3 indicates
directly that this is a polariton laser, and not cavity filter
localized exciton emission, as reported in Ref. 22. In ad
tion, our observation of stimulated polariton emission in t
bottleneck region apparently differs from that in Ref. 23,
which final state stimulation is observed to arise atki50. A
possible reason for this is that according to the rate equa
analysis, for zero cavity detuning, the stimulated emiss
originates at the bottleneck region, and migrates towardki
50 for larger pumping powers. In fact, we have observ
this same trend in our experiments at larger pumps. I
possible that in Ref. 23, the normalized pump power
quantum well is higher than that used in our experiment.

The linear dependence of the reflected probe intensity
the incident probe intensity demonstrates that this phen
enon is due to the stimulated exciton-exciton scatteri
where the final state LP population induced by the pro
pulse stimulates more scattering into the final LP state. T
dependence of the gain on the pump power demonstrates
the microscopic origin of the gain is the binary collisio
process of real excited exciton-exciton scattering. This
pendence on pump power also rules out localized exc
involvement in the gain, as the exciton-exciton scatter
involves only free excitons. The time delay dependence
the gain further confirms the mechanism of exciton-exci
scattering, in that the exponential decay time constant of
gain is one half the exponential decay time constant of
bottleneck polaritons. The time delay dependence also h
lights the distinct difference between this gain mechani
and previously observed coherent four wave mixing,3,21 be-
cause the decay time of the gain is much longer than
excitation pulse durations. Because of the large excit
exciton scattering rate in CdTe, we are able to observe
high gain amplification of bottleneck polaritons.

We consider the possibility of a low threshold, electrica
pumped polariton laser based on real excited exciton-exc
scattering. The proposed structure is a microcavity quan
well, in which a tunnel junction is fabricated so that bottl
neck polaritons can be formed directly in the central qu
tum well by resonant tunnelling.4 Using GaAs parameters fo
the polariton laser,24 the threshold exciton density is 5
3109 cm22, which corresponds to the threshold excito
population for a square 1mm device of Nexc550. If the
bottleneck polariton lifetime is 190 ps,12 the threshold tunne
current is 42 nA. This threshold current is much smaller th
that in a standard InGaAs/GaAs VCSEL, where thresh
currents are about 50mA for the same device dimension. A
standard VCSEL requires the population inversion betw
the conduction and valence bands, while a bottleneck po
iton laser does not need the population inversion. The po
iton laser in GaAs and CdTe can only operate at low te
peratures because the exciton binding energy is relativ
small in these material systems. However, one can specu
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that improvements in the wide-band-gap materials, in wh
the exciton binding energy is relatively large so that the
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citon is stable at room temperature, might allow for roo
temperature operation of a bottleneck polariton laser.
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