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In- and out-going resonant Raman scattering from the cavity polaritons
of semiconductor quantum microcavities
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We present a resonant Raman scattering study of an on-resonance semiconductor quantum microcavity.
Clear evidence for polariton mediation of the resonant Raman process in a microcavity is obtained. Two
resonant peaks are observed in the out-going channel, arising from the upper and lower resonantly coupled
exciton-photon~polariton! modes of the system. The resonant enhancement from the upper polariton state is
much weaker than that of the lower state, due to the shorter dephasing time of the former. In the in-going
channel, by contrast, only a single resonant peak is observed. We interpret this as arising from the much larger
carrier density created by the photoexcitation, which for the in-going case is resonant in energy with the
polariton states. The high carrier density leads to screening of the excitons, and decoupling of the excitonic and
photonic states.@S0163-1829~97!02644-1#
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There is considerable contemporary interest in the phy
of semiconductor quantum microcavities~QMC’s! resulting
from the ability to control both the electronic and photon
states in the same structure.1–5 In QMC’s the photonic states
along the growth direction (z) are defined by a Fabry-Pe´rot
resonator @formed from distributed Bragg reflector
~DBR’s!#, with quantum wells~QW’s! embedded within the
cavity to determine the lowest-energy excitonic behav
Both exciton and photon states are quantized alongz, with a
quasi-continuum of wave-vector states occurring for phot
and excitons within the planes of the QMC and QW’s,
spectively. The structures are designed to produce de
eracy between the excitonic and photonic states.1–5 In the
resonance regime, the exciton and photon states are stro
coupled for each in-plane wave vector (ki) ~the vacuum-
Rabi coupling!, leading to the formation of so-called cavit
polaritons.1,3 On resonance, the upper and lower polarit
states contain equal components of the exciton and ph
states of the QW and cavity, respectively.

In this paper we present clear evidence for polariton m
diation of the resonant Raman scattering~RRS! process in a
QMC. Unlike a number of optical techniques used pre
ously to study QMC’s@such as reflectivity1,2,4,5and photolu-
minescence~PL! ~Ref. 3!#, resonant Raman scattering, th
subject of the present work, is a coherent technique. I
sensitive to the damping of the resonant state, and as
show can be used to obtain information about polari
dephasing in a QMC. We observe RRS for both the o
going and in-going channels where the scattered and l
photons, respectively, are in resonance with the polariton

Raman scattering from semiconductors, particula
QW’s, is conventionally considered as a third-order proc
in which a photon is absorbed by the crystal, an exciton
created, the exciton is scattered with the creation or ann
lation of a phonon, and finally the exciton is annihilate
leading to photon emission.6 The three interactions~two
560163-1829/97/56~19!/12429~5!/$10.00
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exciton-photon and one exciton-phonon! are treated within
third-order perturbation theory, the dominant contribution
the Raman scattering efficiency under near-resonant co
tions being given by

W}(
u,v

U^0uHphotonuv&^vuHphononuu&^uuHphotonu0&
~Ev2\vs1 iGv!~Eu2\v l1 iGu!

U2

. ~1!

u0& is the ground state of the crystal,uu& and uv& are in-
termediate excitonic states, of energiesEu andEv and homo-
geneous linewidthsGu andGv , Hphoton is the exciton-photon
Hamiltonian, andHphononis the exciton-phonon Hamiltonian
\v l and \vs are the energies of the incident and scatte
photons, respectively, which are separated by one pho
energy. Equation~1! exhibits resonances when\v l5Eu or
\vs5Ev ~in-going or out-going resonance!, with resonant
Raman efficiencies proportional to eitherGu

22 or Gv
22 in the

two cases.
However, in the case where the excitons and photons

strongly coupled to form polaritons, the use of perturbat
theory to describe the exciton-photon interaction is no lon
soundly based. Instead, in the strong-coupling limit, as d
cussed previously for bulk semiconductors in the late 19
and 1970s,7–9 the Raman process should instead be descri
as a first-order scattering process between the initial and
polariton states~c i and c f , respectively!, with the Raman
efficiency given by

W}
TiTf

vg
^c i uHphoton* uc f&r f , ~2!

where Ti is a transmission coefficient that describes t
transformation of an external photon into an internal pol
iton and Tf describes the reverse process,Hphonon* is the
polariton-phonon Hamiltonian that couples the exciton fra
tion of the polariton mode to the phonons,vg is the group
velocity of the initial state polaritons, andr f is the density of
12 429 © 1997 The American Physical Society
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polariton final states. The above treatment, although havin
sounder physical basis than the third-order perturba
theory,10 nevertheless has its limitations. In particular
treats the polaritons as eigenstates of the system~stationary
states! that do not decay into other states, making the rig
ous inclusion of dephasing or damping difficult. Althoug
we present strong evidence for polariton mediation of o
going RRS, where the scattered photon is in resonance
the polariton states, we find that the Raman cross section
very different for the two polariton modes~since the dephas
ing is very different!, a result that is not explicable within th
first-order scattering theory of Eq.~2!. For the in-going Ra-
man channel we find no evidence for polariton, as oppose
exciton, mediation of RRS, probably because of the hig
laser intensities in this case, which lead to screening of
exciton-photon interaction.

The structure studied was grown by metalorganic che
cal vapor deposition, and consisted of al GaAs cavity, con-
taining three 100-Å In0.13Ga0.87As quantum wells.5 The well
width was designed to match the wavelength of the lowe
energy excitonic state with the cavity length at the expe
mental temperature of 1.7 K. The wells were positioned c
trally at the antinode of the cavity photon field. The cav
was defined by two DBR’s, each consisting of 20 periods
l/4 AlAs and Al0.13Ga0.87As. These were dopedn and p
type, subjecting the cavity to a small in-built electric field
;104 V cm21. Such small fields have only a limited influ
ence on Raman scattering,11 but were found to lead to sig
nificant quenching of the PL, by over one order of magnitu
compared to PL intensities measured from contacted sam
biased to flat band conditions. The relative quenching of
PL facilitates greatly the study of out-going RRS, where
Raman signals are degenerate with the PL. Resonant Ra
PL, and reflectivity measurements were performed with
tunable Ti-sapphire laser, optically pumped by an Ar1 laser.
The reflectivity was measured with a Si photodiode, wh
the other optical spectra were detected using a triple s
trometer and charge-coupled device camera. In all cas
backscattering geometry at normal incidence was emplo
with an incident laser power density of approximate
100 W cm22 for the Raman measurements.

Although the sample was not intentionally inhomog
neous, the small variation in growth parameters across
wafer led to a variation in the exciton-photon detuning, p
dominantly due to the change in energy of the cavity pho
mode. Consequently, we were able to select a region
which resonance occurred very close to normal inciden
corresponding to zero in-planeki . The on-resonance cond
tions for the region of the sample studied are confirmed
the lowest power reflectivity spectrum of Fig. 1~a!, at
0.32 W cm22, where two reflectivity dips of near equal am
plitude from the twoki50 polariton states are observed.1,4,5

In Figs. 2~a! and 2~b! we present a series of Raman spe
tra for the out-going and in-going resonant channels, resp
tively. In both cases a sharp Raman peak, 36.5 meV from
laser line, appears on the PL background. For in-going re
nance the PL arises from an LO phonon satellite of se
tively excited PL, and for the out-going resonance it aris
from emission from the lower and upper polariton stat
with peak separation of approximately 6 meV, the same
observed in reflectivity in Fig. 1~a!. Figure 2 also shows the
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resonant Raman profiles~RRP’s!, where the intensity of the
Raman peak is plotted as a function of the scattered pho
energy. The horizontal scales for the in-going and out-go
measurements are offset by exactly one LO phonon ene
~36.5 meV! so that they can be compared directly. In a p
vious report of Raman scattering from a QMC~Ref. 12! a
number of phonons were observed at energies below 3
meV due to modes with nonzero in-plane wave vector. In
present experimental geometryki50, so that only the zone
center GaAs-like LO vibration is observed.13

Considering first the measurements in the outgoing ch
nel, the laser is tuned to one phonon energy above the po
iton energies. Resonant enhancement of the RRP is obse
at the energies of both the upper and lower polaritons,
with the resonance of the upper state a factor of;9 weaker
than that of the lower state.14 The observation of such a
two-peak structure in the RRP, with the same peak ener
as observed in the low power reflectivity spectrum of Fig
and in the PL spectra of Fig. 2~a!, immediately provides
evidence for the involvement of polariton properties in t
Raman process. However, since the out-going transmis
factor Tf of Eq. ~2! will exhibit two peaks in the polariton
region, corresponding to the two polariton dips seen in
flectivity, it is difficult to conclude whether the probabilit
for Raman scattering within the QMC, given by th
^c i uHphonon* uc f&r f term of Eq. ~2!, is also two peaked, a
would be expected for polariton mediation of RRS. Ho
ever, the strongly differing intensities of the Raman cro

FIG. 1. Power-dependent reflectivity measurements. The po
densities are approximate, with an estimated620% error. With
increasing power the vacuum Rabi splitting between the two po
iton branches decreases, until for powers greater t
;100 W cm22 only one peak is visible, due to exciton screening
high power density.
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sections at the energies of the two polariton modes does
vide conclusive evidence for polariton mediation of the R
man process. In reflectivity the two modes have eq
strength and thus theTf factor must be the same for the tw
modes. Hence if the resonant Raman process involved
uncoupled excitonic states and was simply modulated by
transmission factor, two peaks of equal strength would
expected in the RRP.

The much weaker intensity of the upper branch in
RRP instead finds a natural explanation if polariton med
tion of the Raman process within the QMC is important. W
ascribe the weak Raman cross section for the upper bra
relative to that for the lower branch to the more rap
dephasing of polaritons in the upper branch compared
those in the lower branch. Raman scattering being a cohe
process is sensitive to the dephasing~scattering! times of
polaritons in the final or initial states. Such dephasing le
to loss of coherence and reduction of the Raman signal.
dephasing time is expected to be shorter for the upper bra
since it is resonant with higher bound and continuum ex
tonic states, as well as with higherki states from the lower
branch, thus permitting disorder-induced elastic scatte
processes for the upper branch. By contrast such scatte

FIG. 2. Individual Raman measurements, and the resonant
man profiles~RRP’s! for both the out-going~a! and in-going~b!
resonances. In both cases the sharp Raman peaks are superim
on a PL background. Both RRP’s are plotted as a function of
scattered photon energy. However, the horizontal scales for the
cases are rigidly shifted by the LO phonon energy of 36.5 meV
allow direct comparison. The individual Raman measurements h
been scaled for clarity of presentation.
ro-
-
l

ly
e
e

e
-

ch

to
nt

s
he
ch
i-

g
ing

cannot occur for the nearki50 lower branch polaritons
However, as remarked on earlier, such dephasing or dam
processes cannot be included rigorously within the first-or
treatment of Eq.~2!. It is worth commenting that the third
order treatment of Eq.~1! does include initial- and final-stat
damping, although at the expense of treating the excitons
photons as decoupled, which as discussed above is unj
fied in the strong-coupling regime; the homogeneous li
widths Gu,v in the denominator are inversely proportional
the dephasing time, with a short dephasing time correspo
ing to a small Raman cross section for the upper branch

Clearly a complete theory of RRS for cavity polariton
including the effects of final state dephasing, is required
order to account fully for the present results.15 However, in
the absence of such a description, we emphasize that a
lariton description including final-state dephasing does c
ture the essential physics of the process, and accounts q
tatively for the relative intensities of the two features in t
RRP. We note also that the influence of disorder-induc
scattering, predominantly from the upper polariton branch
excitonic excited or continuum states,2 or to finite ki lower
branch polariton states16 has been proposed in the literatu
to account for the larger linewidth of the on-resonance
flectivity dip for the upper relative to the lower polarito
state.2 Our coherent Raman measurements support this c
clusion.

Turning now to the in-going resonance, the most nota
feature of Fig. 2~b! is that the in-going RRP displays only
single peak, which after correction for the phonon ene
lies between the two peaks observed in the out-going c
The observation of the single peak is unexpected since
mechanisms for the in- and out-going resonances are
pected to be closely related.

We believe that the difference between the Raman p
files in the two cases arises from the very different transm
sion factors of the cavity for incident photons in the in-goi
and out-going resonant conditions. For the out-going re
nance, the incident photons are at an energy for which
cavity reflectivity is extremely high~;99.5%; see Ref. 17!,
so that only a small fraction of the incident photons enter
cavity, resulting in a very small photoexcited carrier dens
~,109 cm22 for a polariton lifetime of 100 ps!. For in-going
resonance, however, the incident photon energy corresp
to allowed optical states of the cavity~with an experimen-
tally measured transmission of around 50%!, leading to a
much larger photoexcited carrier density~;1011 cm22—see
below!. Houdréet al.18 have reported PL measurements th
demonstrate that at carrier densities sufficiently high
screen the excitons, the exciton-photon interaction is sign
cantly reduced. This reduction occurs because the inte
tion, expressed in terms of the vacuum-Rabi splitting b
tween the polariton branches, is proportional to (f osc)

1/2,
where f osc is the exciton oscillator strength.1,5,18 Beyond a
saturation density~estimated in Ref. 18 to be 431010 cm22!,
exciton screening, and the consequent sharp reductio
f osc, leads to decoupled excitons and photons, character
by a crossing~as opposed to an anticrossing! between the
exciton and photon dispersion curves.

For the outgoing resonance condition, the reflectiv
curve of Fig. 1~a! ~measured under similar excitatio
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12 432 56W. R. TRIBE et al.
conditions17!, and the two-peaked PL background of Figu
2~a!, confirm that the excitons and photons are stron
coupled, as expected at the low carrier density
,109 cm22. For in-going conditions, however, the carrie
density exceeds the saturation value, and the resultant c
ing between the excitons and photons produces only a si
resonant peak, at an energy between the two in the out-g
case. Assuming a polariton lifetime of 100 ps,19 a carrier
density for the in-going case of 1011 cm22 is estimated, con-
sistent with this explanation. Further support for this inte
pretation is obtained from the power-dependent reflectiv
measurements of Figs. 1~b!–1~f!. If the excitons and photons
decouple, a transition from the distinctive two dip reflectivi
at low laser powers to a single dip at an intermediate ene
at high laser powers is expected. This behavior is s
clearly in Figs. 1~c!–1~f!, with a transition to a single domi-
nant peak occurring for power densities between 48 a
153 W cm22, comparable to that used for the ingoing Ram
measurements. Furthermore the energy of the single dip
relates closely with the energy of the ingoing RRP pe
further substantiating our interpretation of the form of t
RRP.
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In conclusion, we have performed resonant Raman m
surements on an on-resonance semiconductor QMC,
have obtained clear evidence for polariton mediation of
Raman process in the out-going channel. The weak inten
of the upper polariton branch in the coherent Raman m
surements provides clear evidence for more rapid polar
dephasing in the upper state. In the in-going channel, on
single resonance peak is observed. This behavior is attrib
to screening of the excitons due to the larger photoexc
carrier density for ingoing resonance.

Finally we note that since this paper was submitted,
other report of RRS from cavity polaritons has be
published.20 Measurements in the in-going channel on
were reported with only one resonance feature being
served in the Raman profile, in agreement with the pres
work. This was tentatively attributed to possible contrib
tions from weakly coupled excitons, damping, orki partial
nonconservation.
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