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We observe resonant enhancement of the microcavity exciton-polariton emission by more than three orders
of magnitude when the excitation laser is tuned to a single longitudinal-optical-phonon energy above the
polariton energies. Our finding provides a scheme to efficiently populateki50 polaritons which bypasses the
slow-acoustic-phonon thermalization process.
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Microcavity light emitting devices based on quantum well
excitons as a gain medium have the potential of being very
fast because of the fast (;10 ps! exciton radiative lifetime1

and of having high quantum efficiency because of microcav-
ity confinement.2 Nevertheless, in practice the speed of such
devices is slow because of slow carrier thermalization time
of the order of 200 to 500 ps. Since only theki.0 ~in plane
k vector! exciton is optically active, hot excitons with large
ki must first thermalize before emission of radiation. For any
current injection device which initially creates hot excitons,
the slow thermalization time severely limits the performance
of the device. The problem is how to efficiently and rapidly
populateki.0 optically active excitons. One possible solu-
tion is to inject carriers at one longitudinal-optical~LO!-
phonon energy above the exciton resonance since the
electron-LO phonon scattering time is subpicosecond.3

Recently enhanced Raman scattering in a planar semicon-
ductor microcavity has been observed where the excitation
laser is tuned below the lowest-order heavy-hole exciton
transition ~virtual excitation Raman scattering!.4 The en-
hancement of the light-matter interaction by the presence of
the microcavity should lead not only to an enhanced Raman
cross section for the virtual excitation but also should lead to
enhanced Raman transition for real excitation at above the
resonance. The real excitation with LO-phonon emission is
particularly interesting for the applications to enhanced spon-
taneous emission coupling efficiency2 b and exciton-
polariton boser5 because of its high-energy selectivity and
large cross section. The normal modes of the microcavity
system in a strong coupling regime are the microcavity ex-
citon polaritons.6,7 In this paper we report the first experi-
mental result showing enhanced polariton emission where
the excitation laser is tuned one LO-phonon energy above
the ki50 microcavity polariton energy. Aside from the in-
crease in emission intensity caused by the LO-phonon reso-
nance condition of the microcavity, we find that~i! selective
excitation of upper- and lower-energy polariton branches can
be achieved by tuning the laser wavelength,~ii ! unlike the
bulk, the LO-phonon line is strongly angular dependent due
to the microcavity polariton dispersion effect, and~iii ! the
competition of acoustic and LO-phonon relaxation processes
is evident in the polariton PL spectra at low temperature.

The microcavity sample is grown by molecular-beam
epitaxy and has 19~30! pairs of Bragg reflectors made of
Al 0.15Ga0.85As and AlAs on top~bottom! and a single 20 nm
GaAs quantum well~QW! at the center of thel cavity. The
Al 0.3Ga0.7As cavity buffer layer is tapered in one direction
so that the cavity resonance energy varies with sample posi-
tion, while the QW exciton energy is constant. Reflectivity
and photoluminescence~PL! measurements are made at 4.5
K with a tungsten lamp and a CW tunable single mode
Ti:sapphire ring laser, respectively. Both the laser and the
white light passed through a 10mm diameter pinhole that is
imaged~1:2! onto the sample at an angleu from the normal
direction. Reflectivity is measured at normal incidence
(u50). Emission is collected at an anglea from the cavity
normal direction using a fiber bundle~radius5100 mm!
coupled to a spectrometer situated 2 cm away from the
sample~Fig. 1!. All measurements are taken at an excitation
density of ;109 cm22 well below the exciton saturation
density of 1011 cm22.8 We have verified that the emission
spectra is unchanged and the emission intensity is linear over
two orders of magnitude of excitation power so that the en-
hanced emission is neither a consequence of nonlinear satu-
ration effect nor a final-state stimulation effect.

Figure 2~a! shows the microcavity exciton polariton reso-

FIG. 1. Schematic diagram showing the resonance enhanced
polariton emission by emission of a single LO phonon. The polar-
iton can also thermalize by multiple emissions of acoustic phonons.
Also shown is the experimental configuration.
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nances for the lowest-order heavy-hole~HH! and light-hole
~LH! excitons as a function of sample position, which are
taken by the reflectivity measurement. Figure 2~b! shows the
angular dispersion9 of the three polaritons branches at a fixed
sample position, which are taken by the photoluminescence
~PL! measurement. The resonances are found by fitting re-
flectivity and PL spectra with superposition of Lorentzians.
The solid curves show the theoretical calculations using an
extended model from Ref. 10 that takes into account the
presence of the LH exciton. The dashed curves show the
corresponding bare states with no exciton-photon coupling.
The observed HH and LH splittings of 1.5 nm~3 meV! and
1 nm ~2 meV! agree well with theoretical values of the os-
cillator strength for the 1s exciton.11 In general, the polariton
linewidth is a function of exciton-cavity detuning, the bare
cavity linewidth, homogeneous linewidth of the bare exciton
and the inhomogeneous linewidth of the exciton.

Neglecting polariton effects, the microcavity Fabry-Perot
resonance as a function of external~air! incident angleu is

EFP~u!5
\c

l0
@12n22sin~u!2#21/2 ~1!

where n is the effective index of the cavity spacer layer
and l0 is the resonance vacuum wavelength at the normal
direction @the microcavity photon curve in Fig. 2~b!#.
We consider the resonance exciton whereEFP(u)
5Elaser5Ep(ki.0)1ELO , where Elaser, Ep(ki.0), and
ELO are the energies of the excitation laser,ki.0 polariton
state and longitudinal-optical phonon, respectively. Figures
3~a!–3~c! shows the PL spectra measured in the normal di-
rection, a50 (ki50), for position A ~Fig. 2! at different
excitation laser wavelengths. The resonance condition given
by Eq. ~1! is maintained for each excitation wavelength by
tuning the incident excitation angleu.45° to 54°. Experi-
mentally, maximal emission is obtained when the laser is
tuned near 33.7 meV5ELO above the polariton resonances.

The value of 33.7 meV indicates that the increase in emis-
sion is caused by resonant emission of QW GaAs LO pho-
non through the Fro¨lich interaction.12 Figures 3~a! and 3~b!
shows the PL for the case where the laser isELO above the
lower- and upper-energy HH exciton polariton at 812.8 nm
~1.527 eV! and 810.6 nm~1.531 eV!, respectively. Enhanced
emission from the polariton state is observed when the exci-
tation laser isELO larger than the respective polariton en-
ergy, showing that one can selectively create a nonequilib-
rium polariton population simply by tuning the excitation
laser. Depending on the laser wavelength, either the upper or
lower-energy polariton emission can be dominant. In gen-
eral, we find that the emission from the LH exciton polariton
at 809 nm~1.534 eV! is weak in comparison with the HH
exciton polaritons.

Figure 3~c! shows the absorption spectrum at the same
sample position. Comparison of Figs. 3~b! and 3~c! shows
that the PL is redshifted with respect to the absorption by 0.3
nm ~0.6 meV!, and this is attributed to the inhomogeneous
broadening of the QW exciton. A similar redshift is observed
in the PL and absorption measurements shown in Fig. 2.
Figure 3~d! shows the spectrally integrated emission from
the upper HH polariton state as a function of the excitation
wavelength at a fixed sample position while maintaining the
resonant excitation condition~1!. Experimentally, this is
achieved by maximizing the emission in the normal direction
by angular tuning. The sample is oriented such that the slight
beam displacement caused by angular tuning is along the
least tapered direction. The resonant enhancement of the po-
lariton emission by more than three orders of magnitude was
observed. By monitoring the spectra, we have carefully
checked that the change of emission intensity is not due to an
inadvertent change of excitation spot position as the excita-
tion angle is optimized.

The population at the HH exciton polariton withki.0 is

FIG. 2. Anticrossing of LH and HH microcavity polaritons ob-
served as a function of cavity-exciton detuning~a! by varying the
excitation position and~b! by changing the observation anglea and
fixing the sample position. Solid lines show the theory using an
exciton oscillator strength of fHH~LH!52831025 Å22

(13.231025 Å22). Dashed lines show the energy of the bare exci-
tons and photon states.

FIG. 3. PL spectra of the HH polariton taken at position A of
Fig. 2 when the laser is tunedELO above the~a! lower-energy and
~b! upper-energy HH polariton resonances.~c! Absorption spectra
taken at the same sample position.~d! Integrated spectral emission
from the upper HH exciton polariton as a function of laser wave-
length.
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created by thermalization of a hot electron-hole pair~e-h!
with large ki by multiple acoustic-phonon emission or a
single LO-phonon emission. The efficiency in creating a
ki50 polariton by the multiple acoustic phonon emission
process is very low since the intermediate states after each
emission of an acoustic phonon has a finite probability to
emit photons out of the cavity, i.e., most of the photons go to
nonradiative decay or tokiÞ0. We attribute the enhanced
polariton emission in the normal direction~over three orders
of magnitude compared to the off-resonant excitation! to the
elimination of intermediate photon emission associated with
the acoustic phonon process and directed to oblique angles
(kiÞ0). The microcavity polariton dispersion ensures that
the LO-phonon emission results in a final state with small
transverse wave vector. Considering only the LO-phonon
emission, the dominant relaxation process is hot electron-
hole relaxation to polariton. Initially, a hot electron~e! and
hole ~h! pair is created. The hot electron-hole pair then emits
one LO phonon and forms a polariton~Fig. 1!. The e-h
continuum state at the polariton branch oneELO above the
band bottom is resonantly enhanced by the microcavity.
There are two relevant processes involving LO-phonon emis-
sion. The first transition process starts from a real energy
broadenede-h population, which relaxes to the polariton
through LO- phonon emission~hot luminescence!. The sec-
ond is phase conserving and can be described by third-order
perturbation theory~Raman process!13,14which has a rate

I ~E,u,a!}(
i , f

U ^0uH intu i &^ i uHphononu f &^ f uH int8 u0&

~Elaser2Ei1 iG i !~E2Ef1 iG f !
U2

3d~Elaser2E2ELO! ~2!

where H int5g(a†be,kbh,2k1abe,k
† bh,2k

† ), H int8 5g8(a8†C
1a8C†), and Hphonon5k(be,k

† bh,2k
† BC1be,kbh,2kB

†C†)
are e-h–photon, polariton-photon, ande-h–LO-phonon-
polariton interactions, respectively.a, a8, be(h) , B, andC
are destruction operators for the pump photon, emitted pho-
ton, electron~hole!, LO phonon, and polariton.g, g8, and
k are effective coupling constants that are proportional to the
overlap of the wave functions of the quasiparticles.E is the
energy of the emitted photon. For the triply resonant case
where Elaser.EFP(u)5Ei , E.Ep(ki50)5Ef , and
Elaser.E1ELO and for large cavity-exciton detuning such
that only one polariton state is relevant, Eq.~2! simplifies to

I ~E!}U 1

~Elaser2EFP~u!1 iGcav!~E2Ep~ki.0!1 iGp!
U2

3
1

~Elaser2E2ELO!21G2 ~3!

where we replace thed function with a Lorentzian to account
for intermediate state dephasingG i using one effective level
u i &5uhot electron and hole& and an effectiveG. We note that
Eq. ~3! describes also the first process, as it contains initial
state coupling efficiency~FP transmission!, the final-state
coupling efficiency~polariton emission!, and an intermediate
energy broadening in the third term.G effectively accounts
for both Raman and luminescence intermediate-state broad-
ening which is caused by the finite LO-phonon lifetime and
by the broadening of thee-h pair by Coulomb scattering,

respectively. This is in contrast to the resonant Raman scat-
tering ~virtual! in Ref. 4 whereG;0 and the linewidth is
limited by the LO-phonon linewidth only. In the virtual Ra-
man process, the input photon creates a LO phonon and a
output Stokes photon almost instantaneously after its absorp-
tion. The lifetime of the LO phonon is of the order of 7 ps
~0.05 meV! at 77 K ~Ref. 15! and 3.5 ps~0.1 meV! at room
temperature16 and leads to a narrow Stokes line. For bulk
polariton, the resonant Raman line had been observed to be-
come indistinct with the PL process at resonance.17 The en-
hanced polariton emission shown in Fig. 3~d! occurs when
Elaser5E1ELO and E5Ep(ki.0), i.e., when all the de-
nominators in Eq.~3! are minimized~triple resonances!, and
is similar to the enhanced Raman scattering observed in Ref.
4 whereElaser5ES1ELO and Elaser.Ef(ki.0). E5ES is
the energy of the LO-phonon line. Equation~3! shows that
the peak of the emission is in general a function ofEp and
Gp of the final polariton state. For the cases,Gp@G,
Gp5G, and Gp!G, the emission peak is located at
Epeak5Elaser2ELO , @Elaser2ELO1Ep(ki.0)#/2, and
Ep(ki.0), respectively. Hence, forGp<G the LO-phonon
line position is a strong function of the final polariton energy
Ep . This resonance pulling effect is observed from the spec-
tra of the polariton emission and the LO-phonon line mea-
sured at different emission anglea.

Figure 4~a! shows the spectra taken at position B~Fig. 2!
where the lower HH polariton peak is photonlike, i.e., the
photon component of the lower HH polariton is greater than
the corresponding exciton component. Note that the data are
not taken at the resonant condition given by Eq.~1!, but are
slightly detuned. By tuning the pump laser wavelength, the
LO phonon line can be observed separately from the polar-
iton emission peak to shift from the longer-wavelength side

FIG. 4. ~a! Spectra taken at different anglesa at positionB of
Fig. 2 at a fixed excitation power and laser wavelength of 797 nm
~1.557 eV!. ~b! The integrated intensity of the polariton~triangle!
and LO-phonon peaks~circle! is taken by fitting to Lorentzian as a
function of a. ~c! The peak positions of the polariton and LO-
phonon peaks for differenta. Solid line shows the theoretical cal-
culation using the single intermediate state approximation Eq.~3!
(G51.7 meV,Gp51 meV!.
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to the shorter-wavelength side of the polariton peak. The
intensity of the separate LO-phonon line can be smaller than
or comparable to that of the polariton PL depending on the
detuning. For finite detuning, the emission from the polariton
peak is primarily caused by the acoustic phonon relaxation
process. Figure 4~b! shows the spectrally integrated intensity
of the polariton and LO-phonon line as a function of angle
a. The value ofDaFWHM55° ~where FWHM is full width at
half maximum! agrees well with the emission angle of the
microcavity calculated by using the simple relation
DlFWHM /l05(DaFWHM/2n)

2 and a measured bare cavity
linewidth of 0.25 nm~0.5 meV!. This suggests that the width
of the emission lobe of the polariton is primarily a function
of the cavity reflectivity and geometry and not a function of
the polariton population at differentki . Figure 4~c! shows
the peak position of the LO-phonon line at different obser-
vation angles. The position of the LO-phonon line is strongly
dependent on the position of the polariton state for a fixed
angle. The solid curve is calculated using Eq.~3! and quali-
tatively describes the location of the polariton and LO-
phonon peaks. Note that this is very different from the po-

lariton process in bulk where there is no conservation of
photon momentum alongkz ~normal to interface!. For the
Raman process, the emission spectrum is within a solid an-
gular cone. For a two-dimensional microcavity system,kz is
quantized, and the emission spectrum is highly angular de-
pendent as shown in Fig. 4~c!.

In conclusion, the intensity of the microcavity exciton po-
lariton emission can be resonantly enhanced by over three
orders of magnitude when the excitation laser is tuned at an
energyELO above the polariton states. The PL shows a non-
equilibrium distribution of polariton and allows a clearer
identification of the position of the polariton resonances. We
have measured the angular PL for the LH and HH polari-
tons, and the results fit well with theoretical polariton disper-
sion. Utilization of the LO-phonon emission process allows
the efficient population ofki50 polariton and has potential
in application of excitonic light emitting device.
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