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Raman scattering in strongly coupled organic semiconductor microcavities
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We report the observation of resonant Raman scattering in the strong coupling regime for a planar micro-
cavity containing cyanine dyeJ aggregates. The giant Rabi splitting between the polariton branches, resulting
from the very large exciton oscillator strengths, allows the observation of doubly resonant Raman scattering
where both incident and scattered photons are in resonance with the mixed exciton-cavity-mode states. Under
double resonance conditions the Raman signals are found to be very significantly enhanced, by factors up to
300, relative to noncavity organic films.

DOI: 10.1103/PhysRevB.63.121302 PACS number~s!: 78.30.Jw, 78.55.Kz, 71.36.1c
d
n
n

st
gl
s
d

m
th

n

t-
ke
ro

a
al
s
f
ity

s
a-
c

el
vit

-
-
tu

O
re
tte
s

rin
ub
t-

en-
ag-
t
per-
g

er-
ling

at-
of
of

nce
ec-
ob-
s is
ing
of
l is
ms

ere
n-

-
in

en
ity.
a-
ro-

eV
-
and
m-
re
lar
ture
als
Microcavities ~MC’s! strongly modify the spectral an
spatial distribution of photon fields in solid state systems a
as a result lead to major changes in the nature and efficie
of light-matter interaction processes. One of the manife
tions of such modifications is the occurrence of the stron
coupled exciton-photon modes termed cavity polariton1

The strong coupling regime has been achieved and studie
detail for inorganic semiconductor microcavities at low te
peratures where the damping of excitons is smaller than
characteristic~Rabi! splitting of polariton modes~usually
,10 meV!.1 Very recently strong coupling has been demo
strated for organic microcavities containing porphyrin2 and
cyanine dyes.3,4 Giant Rabi splittings up to 160 meV, resul
ing from the very large oscillator strengths of the Fren
excitons in the organic materials, have been reported f
room temperature reflectivity and photoluminescence~PL!
measurements. The very strong exciton-photon coupling,
hence high polariton stability, in combination with the sm
polariton density of states6 and high phonon scattering rate
relative to inorganics2,5 are likely to favor the observation o
bosonic nonlinear effects, currently of very high topical
for inorganic structures.7

Another class of effects arising due to the novel aspect
the light-matter interaction in microcavities is the modific
tion of the efficiency of Raman processes. Strong enhan
ments of Raman scattering efficiency due to photon fi
confinement have been reported for various kinds of ca
geometries and materials—for example, for CCl4 micron-
size droplets,8 for liquid benzene in piezoelectrically con
trolled Fabry-Perot cavities,9 and for high-finesse Fabry
Perot semiconductor microcavities with embedded quan
wells in both III-V ~Refs. 10–12!, and II-VI ~Ref. 13! mate-
rial systems. In Ref. 10, purely optical enhancement of L
phonon Raman scattering efficiency was reported, whe
in Refs. 11–13 polariton-mediated resonant Raman sca
ing was discussed in detail. The authors concentrated mo
on single-resonance experiments12,13 in which evidence for
the role of polaritons as intermediate states in the scatte
process was presented. By contrast, the conditions for do
resonant Raman scattering~i.e., when both incident and sca
tered photons are in resonance with polariton states! are not
0163-1829/2001/63~12!/121302~4!/$15.00 63 1213
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easily achievable for inorganic microcavities since the
ergy of optical phonons is much larger than achievable m
nitudes of Rabi splittings.14 As a result the doubly resonan
Raman experiments which have been reported were
formed for conditions where either ingoing or outgoin
channels were of pure photon character.11

In the present Rapid Communication, we report the obs
vation of resonant Raman scattering in the strong coup
regime in microcavities containing cyanine dyeJ aggregates.
The giant Rabi splitting allows doubly resonant Raman sc
tering experiments to be performed where the energies
both incident and scattered photons coincide with those
strongly mixed exciton-photon states. The double-resona
conditions are probed by tuning of both the angle of det
tion and the energy of the exciting laser. The difference
served in the width of the Raman profiles in the two case
explained in terms of the respective variations of the ingo
and outgoing transmission functions for the two types
experiment. A strong enhancement of the Raman signa
found by comparison with that observed from the same fil
but outside a microcavity.

The microcavity samples used in our investigations w
fabricated on a high-reflectivity dielectric Bragg mirror co
sisting of nine alternatingl/4 pairs of SixNy and SiO2 ~peak
reflectivity of 98% at 690 nm! deposited on a quartz sub
strate. A 180-nm-thick layer of the cyanine dye dispersed
a polyvinyl alcohol ~PVA! matrix was deposited by spin
coating on the dielectric mirror and a silver mirror was th
evaporated on the organic film to complete the microcav
We also studied noncavity PVA matrix films containing cy
nine dyes~of the same thickness, 180 nm, as those in mic
cavities! spin-coated onto a quartz substrate. TheJ aggre-
gates used in our work have a peak absorption at 1.85
with linewidth '50 meV.15 The angle-resolved PL and Ra
man scattering experiments were performed using HeNe
tunable cw Ti-sapphire lasers. A projector lamp was e
ployed for reflectivity characterization. The samples we
placed in the vacuum space of a cryostat with wide angu
access. Experiments were carried out over the tempera
range 60–300 K. The reflectivity, PL, and Raman sign
were detected using a charge-coupled device~CCD! detector
coupled with a 50-cm single spectrometer.
©2001 The American Physical Society02-1
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Solid symbols in Fig. 1~a! show the polariton dispersio
obtained from the angle-resolved reflectivity measureme
at 300 K ~the angle of detection,F, is measured from the
normal to the sample surface!. A large Rabi splittingV
588 meV is deduced from fitting of the dispersion cur
~solid lines! to a simple two-level exciton-cavity mode
From the fitting it is deduced that this particular sample h
a small negative detuningD5EC(F50)2EX(F50) of un-
coupled cavity~C! and exciton~X! modes of order 1.6V. The
same dispersion is also deduced from the PL studies@open
symbols in Fig. 1~a!#. When using nonresonant high-ener
excitation~with a HeNe laser atEHeNe'1.95 eV!, the PL at
room temperature close toF'F res @F res is determined by
EC(F res)2EX(F res)'0] is observed only from the lowe
polariton branch since emission from the upper branch
suppressed due to rapid relaxation of the polaritons to low
energy states.3 However, for negative detuning fo
F,F res , as the exciton fraction of the lower branch d

FIG. 1. ~a! Polariton mode dispersion measured from reflectiv
~circles! and PL~squares and triangles for nonresonant and reso
excitation into the LP branch, respectively!. The calculated polar-
iton ~uncoupled photon and exciton! dispersion is shown by the
solid ~dashed! lines. ~b! PL spectrum recorded atF525° for non-
resonant excitation. Lower and upper polariton peaks are denote
LP and UP, respectively.
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creases, relaxation into the lower branch states becomes
probable,16 with the result that the two-peaked spectrum
seen. This is shown in Fig. 1~b! where a nonresonantly ex
cited PL spectrum at 300 K andF525° for the same nega
tive detuning as Fig. 1~a!, is presented. Two peaks with line
widths of about 25~LP! and 50~UP! meV are observed.

Additional features appear in the spectrum when reson
excitation into the lower polariton branch is employed usi
a tunable Ti-sapphire laser.17 In these measurements the las
beam is incident on the sample surface at a particular a
Q534° @see the Fig. 2~a! inset#, and the energy of the inci
dent photons is fixed to the energy of the polariton state
that angle~with k5v/c sinQ, wherev is the photon fre-
quency!. Figure 2~a! shows a series of spectra recorded
T5120 K at various angles of detection,F, under these
conditions of resonant excitation@the energies of the PL
maxima are plotted as the open triangles in Fig. 1~a! ~Ref.
18!#. In contrast to the case of nonresonant excitation ad
tional very sharp features are observed in the spectra at 1
and 1.699 eV. Most importantly their energies are indep
dent of the collection angle, with the strongest sharp l
occurring at an energy of 73.4 meV below the laser line. T
conditions realized in this experiment are shown schem
cally in the diagram of Fig. 3 by solid arrows.

To determine the origin of the sharp peaks, spectra w
then recorded for fixed angles of excitation and detecti
but varying the energy of the laser, thus tuning it throu

FIG. 3. Schematic diagram of the resonant Raman scatte
experiments.
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FIG. 2. ~a! and ~b! LP emission spectra re
corded at 120 K for resonant excitation into th
LP branch atQ534°. ~a! Detection at 0<F
<18°; Elaser is constant.~b! Detection atF
59°; Elaser is varied. ~c! Excitation atQ'0°
detection at 28°<F<32.5° at 300 K;Elaser is
constant.
2-2



at

n
rim

t
s
e
se
b

, i
id
as
e

hig
tio
e
8

m
a

i.e
r
n
es
e
f

d

o-
ob
es
ar
tu
a

e

gi
b

l
t

he

s
ig
h
.
n
a

to
te

a
to

on
les

s is

hich
t the
nt
tion
s
-
the
er
ved
of

oss

-
ely.
e-

eir
the

and
ered

s

as a
n
in
an
de-

n

fil-
b-

nal

le-

tion

RAPID COMMUNICATIONS

RAMAN SCATTERING IN STRONGLY COUPLED . . . PHYSICAL REVIEW B63 121302~R!
resonance with the LP branch. Such spectra recordedT
5120 K are presented in Fig. 2~b!. In this experiment the LP
PL peak energy is constant, since the angle of detectio
fixed. By contrast, the energies of the sharp lines supe
posed on the much broader PL peak depend strongly on
laser energy. The energy separation between these peak
the laser is constant with a separation below the laser lin
(2)73.4 meV being found for the strongest line. The la
tuning experiment is represented in the diagram of Fig. 3
the dashed arrows.

The constant energy separation from the laser energy
dependent of laser energy and angle of detection, prov
strong evidence that the sharp features arise from an inel
scattering process—namely, Raman scattering. Further
dence to support this conclusion is presented in Fig. 2~c!.
The figure shows polariton emission spectra recorded at
temperature 300 K under conditions of resonant excita
into the LP branch atQ'0° at an energy of 1.707 eV. Her
PL emission is now observed at energies up to nearly
meV above the excitation energy, due to the large ther
energy of equilibrium polaritons at 300 K. Surprisingly,
relatively weak sharp feature is observed at 1.781 eV—
at an energy173.4 meV above the laser energy. This sha
feature arises from anti-Stokes Raman scattering, the pho
population being sufficient at 300 K to allow the anti-Stok
companion of the Stokes features observed at lower temp
ture in Figs. 2~a! and 2~b! to be detected. The combination o
the results in Figs. 2~a!, 2~b!, and 2~c! thus provides firm
evidence for the attribution of the sharp features observe
Raman scattering processes.

It is important to note that in contrast to inorganic micr
cavities where strong coupling effects are only easily
served atT,100 K due to the small exciton binding energi
and Rabi splittings, the polaritons in organic structures
stable at room temperature and above. This high-tempera
stability permits the observation of the anti-Stokes reson
Raman process in a strongly coupled microcavity.

Comparison of the above results with Raman spectra m
sured from a noncavity sample~PVA film containing cya-
nine dye! shows very close agreement between the ener
measured in the two cases. The two peaks discussed a
and many other Raman features~energies in the range from
tens to hundreds of meV! from the monomer vibrationa
modes of cyanine dyes are discussed elsewhere in
literature.19 Here we only present detailed results for t
strongest Raman features.

As clearly seen in Figs. 2~a! and 2~b! the intensities of the
Raman signals depend strongly on the relative energie
the polariton PL features and the Raman lines. In both F
2~a! and 2~b!, the Raman intensities are maximum when t
lines are in resonance with the polariton emission peaks
Fig. 2~a!, the excitation is in resonance with the polarito
branch at 34°. Thus for detection at 10.5° where the Ram
intensity is maximum, both incident and scattered pho
energies coincide with specific lower polariton branch sta
and thus the double-resonance condition is achieved~the
thick arrow in the diagram of Fig. 3!. Similarly for Fig. 2~b!,
where the laser energy is tuned, the maximum in Ram
intensity is found when both the laser and scattered pho
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are resonant with the polariton dispersion curves. Based
these results, we now plot the resonant Raman profi
shown in Fig. 4, where the intensity of the Raman feature
plotted as a function of the energy difference (DEDR) be-
tween the observed Raman signal and the energy for w
exact double resonance is obtained. The circles represen
results of Fig. 2~a! when the ingoing channel is held consta
and the outgoing channel is probed by tuning the detec
angle. In contrast, for Fig. 2~b!, where the laser energy i
tuned ~triangles in Fig. 4! both ingoing and outgoing reso
nance conditions are changed. It is notable in Fig. 4 that
Raman profile for the case of angle tuning is broad
than that where the laser energy is varied. The obser
difference can be easily understood on the basis
a simplified analysis using the expression for the cr
section of polariton-mediated Raman scattering:11–13,20

spol}Ti PphononTs .Here Ti and Ts are transmission func
tions for the incident and scattered photons, respectiv
Pphonon is the probability of phonon-mediated scattering b
tween initial and final polariton states, proportional to th
exciton fractions. Here the scattering process is treated as
result of three successive steps:~i! transmission of a photon
into the sample and conversion to a polariton,~ii ! phonon-
mediated scattering from one polariton state to another,
~iii ! subsequent propagation and transmission of the scatt
polariton and conversion to an external photon.

In the case of angle tuning@Fig. 2~a!#, Ti is held constant
while Ts and Pphonon are varied. Over the range of angle
studied, the change inspol due to the change inPphonon is
relatively small @Pphonon(F521°)'1.4Pphonon(F50°)#,
and thus the angle tuning can be considered effectively
filter function ~corresponding to the polariton transmissio
function! being scanned in energy, leading to a variation
the conversion efficiency of the scattered polariton into
external photon. The Raman profile in this case is thus
termined mainly by the variation ofTs(DEDR). In the case of
laser tuningPphonon is constant since the same two polarito
states are always probed. However, bothTi andTs are var-
ied. In this case, both incident and scattered photons are
tered by the polariton transmission functions. The profile o
tained from the laser tuning experiment is thus proportio

FIG. 4. Resonant Raman profiles relative to the doub
resonance condition obtained using angle~circles! and laser~tri-
angles! tuning. The lines show the curves calculated using equa
for Raman efficiency presented in text.
2-3
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to Ts(DEDR)3Ti(DEDR). To describeT(DEDR) we have
used Lorenzian functions. In order to fit the experimen
results, Lorenzians with full widths at half maximum
~FWHM! of 16 and 18 meV were employed forTs andTi ,
respectively. The results of the fitting are shown by the lin
in Fig. 4. The magnitude of the fitting parameter forTs is in
good agreement with the width of the PL detected at smaF
('15 meV!, providing confidence in the procedure.21 It is
also notable that to obtain a good fit to the Raman profile
the case of the laser tuning a larger linewidth forTi of 18
meV had to be used. This is consistent with the increas
the PL linewidth withF observed due to the stronger mixin
of the cavity mode with the broader exciton mode at hig
angle.3

As discussed above, the modification of light-matter int
actions achieved in microcavities is expected to lead to
nificant enhancement of Raman efficiencies compared to
same films outside a microcavity. To investigate this we
corded Raman spectra from noncavity PVA films contain
cyanine dyeJ aggregates using Ti-sapphire laser excitat
tuned to an energy close to that used in the experim
above. The Raman scattering efficiency in the microcavi
~characterized by a finesseQ'50) under double-resonanc
conditions was found to be about 300 times larger than
for the noncavity sample. The enhancement of the Ram
efficiency depends on the relative location and spatial ex
of the active media and the maximum of the photonic field
the structure. Enhancements up to 104 were reported for
high-finesse inorganic samples (Q'300 and 2000!,10,22 103

enhancement was reported for aQ'250 cavity containing
liquid benzene,9 and 80 was found for an inorganic half ca
ity (Q'45).22 We thus conclude that the enhancement fac
obtained from our experiments is in reasonable agreem
with those reported previously.
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The cavity-induced enhancement of the efficiency of
Raman scattering observed in our experiments is particul
interesting for investigations of nonlinear Raman process
Recent studies of resonant Raman scattering in conjug
polymer thin films have exhibited nonlinear character un
high-power pulsed laser excitation.23 Although the threshold
for nonlinear Raman gain was about one order of magnit
larger than that for spectrally narrowed emission, the slop
the Raman amplification was significantly steeper. T
strong enhancements of Raman efficiencies found in
present work suggest very interesting possibilities for inv
tigations of organic microcavities under resonant pulsed
citation. The high potential of such experiments is furth
supported by the fact that emission fromJ aggregates can
show superradiance.24

In conclusion, doubly resonant Raman scattering me
ated by polariton states has been observed in organic s
conductor microcavities with active regions formed fro
J-aggregated cyanine dye molecules. The Raman proce
identified as arising from inelastic light scattering involvin
vibrational modes of theJ aggregates. The Raman signa
from the microcavities have been found to be up to 300 tim
stronger than for the same organic layers outside a cav
The present results point the way to possibilities for the
vestigation of nonlinear Raman processes in stron
coupled microcavities using high levels of resonant puls
laser excitation.
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