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The structure of the photon states and dispersion of cavity polaritons in semiconductor
microcavities with two-dimensional optical confinement~photon wires!, fabricated from planar
Bragg structures with a quantum well in the active layer, are investigated by measuring
the angular dependence of the photoluminescence spectra. The size quantization of light due to
the wavelength-commensurate lateral dimension of the cavity causes additional photon
modes to appear. The dispersion of polaritons in photon wires is found to agree qualitatively
with the prediction for wires having an ideal quantum well, for which the spectrum is
formed by pairwise interaction between exciton and photon modes of like spatial symmetry. The
weak influence of the exciton symmetry-breaking random potential in the quantum well
indicates a mechanism of polariton production through light-induced collective exciton states.
This phenomenon is possible because the light wavelength is large in comparison with
the exciton radius and the dephasing time of the collective exciton state is long. ©1998
American Institute of Physics.@S1063-7761~98!01210-4#
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1. INTRODUCTION

Semiconductor microcavities with imbedded quantu
wells are currently stimulating a growing interest among
searchers. They are intersting in connection with the fe
bility of monitoring and investigating the modification o
exciton properties as a result of the mixing of exciton sta
with cavity optical modes. In particular, exciton-photon i
teraction leads to Rabi splitting and modification of the d
persion of exciton and photon modes.1–5 The bulk of the
experimental papers report the interaction of light and ex
tons in cavities that imbed one or more quantum wells s
ated at antinodes of the optical electromagnetic field in
active layer of thicknessl or (3/2)l contained between two
Bragg mirrors.6–8 This geometry can be regarded as tw
dimensional~2D! both for excitons in a well and for light in
a Fabry–Perot cavity. In a planar microcavity optical m
mentum is not conserved in the direction perpendicular to
planes of the mirrors, whereas in a plane parallel to the m
rors the quasimomentum is a ‘‘good’’ quantum number, a
the photon mode has a completely defined dependence o
energyE on k. This dependence can be measured by reco
ing the reflection, transmission, or luminescence signa
various anglesf relative to the plane of the sample.7 The
planar quasimomentumk is related to the light momentum i
vacuumq by the equation

k5q sinf. ~1!
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Here the dispersion of light in the empty microcavity is d
scribed by the expression5,7

Ek5AEv
21ak2 , ~2!

whereEv is the energy of the vertical cavity mode, and t
coefficienta depends on the effective dielectric permittivit
In a microcavity containing quantum wells the energy of t
photon and exciton modes is modified by the interaction
excitons in the wells with light. In the presence of stro
exciton–photon coupling the exciton and photon dispers
branches are repulsive and can be described on the bas
the polariton model. The dispersion of a cavity polariton w
first measured in Ref. 7 from an analysis of the angular
pendence of the energies of the luminescence peaks at
excitation densities.

Papers have also been published very recently, desc
ing investigations of three-dimensionally~3D! optically con-
fined semiconductor microcavities, i.e., photon dots.9,10 In
these structures, with dimensions of the order of a few
crometers, light has been quantized in one dimension
means of Bragg mirrors and in the other two dimensions
a large difference in the refractive indices at t
semiconductor–vacuum boundary. The localization of lig
in such structures produces a discrete photon spectr
where the energy distance between modes increases a
size of the dot decreases. The dispersion of photon mo
does not occur in such a cavity.
© 1998 American Institute of Physics
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In this paper we report an investigation of the dispers
of polaritons and the role of exciton–photon interaction
microcavities with 2D light quantization. Such cavities a
aptly called photon wires. In photon wires 3D light confin
ment leads to the additional quantization of cavity pho
states over and above the quantization in planar cavities
in contrast with photon dots, all modes exhibit on
dimensional dispersion along the axis of the wire~x axis!.

A diagram of the size-quantization levels in a microca
ity of width Ly containing an ideal quantum well is shown
Fig. 1a. To simplify the diagram, only three exciton quan
zation levels (m50, 1, 2) and three photon state
(M0,M1,M2) situated below the exciton energy are sho
in the figure. Under conditions such that the light wavelen
is commensurate with the transverse dimensions of the
ity, the photon quantization energies attain several milliel
tron volts; on the other hand, owing to the large translatio
mass of the exciton, the energies of exciton states with
ferent numbersm (m5n21, wheren is the number of the
size-quantization level! differ only very slightly. Figure 1a
also shows the exciton and photon wave functions co
sponding to levels with different quantum numbers. T
wave functions of excitons and photons with identicalm
have the same symmetry.

Exciton–photon interaction in one-dimensional micr

FIG. 1. a! Diagram of the exciton and photon states in photon wires with
ideal quantum well; b! the same with quantum-well localization of exciton
by a random potential; c! schematic view of the sample, showing the plan
in which the anglesF andQ are plotted.
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cavities with an ideal quantum well will necessarily lead
the mixing of photon and exciton states having the sa
spatial symmetry. This means that as the wave vectorkx

increases, all photon modes whose energy at zero qu
momentum was lower than the exciton energy must make
anticrossing with an exciton mode of the same symmetr1!

For the case illustrated in Fig. 1a strong exciton–photon c
pling results in the formation of three lower (MmL) and
three upper (MmU) polariton modes.

In real quantum wells the localization of excitons by
random potential breaks the symmetry of the exciton sta
~Fig. 1b!. The influence of a random potential on the form
tion and radiative properties of polaritons in planar micr
cavities has been a topic of debate up to this point.11–13,15In
a system with broken spatial symmetry of the exciton sta
a light wave interacts with all excitons. In this case the pro
erties of the polariton states depend on the dephasing tim16

In photon wires, as opposed to planar microcavities, there
optical modes with different spatial symmetries. For this re
son the investigation of polariton phenomena in lo
dimensional microcavities offers deeper insight into t
mechanism underlying the interaction of light with excito
in a system with disorder. The experimental results obtai
in the present study suggest that the dispersion of polari
in the investigated one-dimensional microcavities coincid
with the expected dispersion for a resonator having an id
quantum well. The reasons for the weak influence of exci
localization in quantum wells will be discussed below.

The article is organized as follows: In Sec. 2 we descr
the method of preparation and the structure of the pho
wires, along with the experimental technique; in Sec. 3
discuss the structure, measured at high excitation density
the optical states in photon wires in the presence of w
exciton–photon interaction; in Sec. 4 we describe the va
tion of the exciton–photon interaction as the density of e
citons varies, along with the transition from the quantizati
of photon states to the quantization of polariton states
Sec. 5 we discuss the dispersion of polaritons in pho
wires in the presence of strong exciton–photon coupling
determined experimentally at low excitation densities.

2. THE SAMPLE AND EXPERIMENTAL TECHNIQUE

For the measurements we used a microcavity struc
grown by molecular-beam epitaxy. The active element of
microcavity comprises an In0.14Ga0.86As quantum well of
width 70 Å contained in a GaAsl-layer between two Bragg
mirrors. The active GaAs layer is wedge-shaped, makin
possible~by exciting luminescence at different points of th
sample! to vary the energy distance between the Fabry–P
mode and the exciton level. The Bragg mirrors, having be
than 99% reflectivity, consist of 17 and 21 AlAs/GaAs pa
~above and below the active layer, respectively!, where each
layer has a width equal tol/4. Arrays of photon wires hav-
ing widths from 4.2mm to 6.2mm were prepared by
electron-beam lithography and ion-beam etching. A poly
ethyl methacrylate PMMA 950 K electronic resist of thic
ness 1.5mm was deposited on the sample, and windows
the form of wires were opened in the resist by electron-be

n
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lithography. Next, an Al layer of thickness 1mm was
sprayed onto the entire sample, and explosion lithogra
was applied. The stenciled Al pattern then served as a m
for ion-beam etching. Etching was performed with 500-
Ar ions at a current density of 0.1 mA/cm2. Oblique low-
temperature etching is known to have the potential benefi
reducing radiation damage to structures.14 During etching,
therefore, the sample was tilted at a 75° angle relative to
direction of the ion beam and was precisely oriented in s
a way as to align the direction of incidence of the ions w
the wires. The sample was kept at a temperature of 7
during etching. Only the upper mirror of the microcavi
etched, leaving two or three pairs of AlAs/GaAs layers b
tween the untouched surfaces of the photon wires. A diag
of the sample is shown in Fig. 1c. Also shown in the figu
are the planes in which were measured the anglesQ andF
used in our description of the experimental results.

The dispersion of cavity polaritons was investigated
analyzing the angular dependence of the luminescence s
tra. The sample was placed in an optical cryostat in heli
vapor at a temperatureT55 K. Luminescence was excite
by a HeNe or Ar1 laser and was recorded by means o
0.5 m monochromator and a nitrogen-cooled CCD camera
laser beam modulator was used to avoid overheating of
sample at high excitation power.

3. PHOTON MODES IN A ONE-DIMENSIONAL MICROCAVITY

The quantization of light in a one-dimensional cav
causes a photon mode to split into states that have dispe
only in the direction of the axis of the wire~x axis!. The
photon mode energyMm can be described by th
expression9

Em~kx!5AEv
21

\2c2

«eff
Fkx

21
~m11!2p2

Ly
2 G . ~3!

Herem50, 1, . . . ,Ly is the width of the wire, and«eff is the
effective dielectric constant.9 Calculations also show that th
intensity maxima of the excited states of the one-dimensio
photon system are detected at nonzero anglesQ because of
the different symmetries of the field distribution in the cav
interior for different mode orders. In addition, it follow
from these calculations that forQ50° mode M0 has an
intensity maximum, and modeM2 has a local maximum.15

It has been shown8 that for high excitation densities th
mixing of exciton and photon modes in the cavity tends to
suppressed and does not influence the type of dispersio
the photon modes when the carrier density in the quan
well corresponds to the onset of an electron–hole plas
Consequently, the energies and dispersion of the cavity p
ton modes fork50 can be measured by analyzing the em
sion spectra recorded in the presence of a sufficiently h
excitation density.

Figure 2 shows luminescence spectra recorded for w
of width 4.2mm atF50° and at various detection anglesQ
for a high excitation density (P51600 W/cm2). For this ex-
citation density the carrier density created in the quant
well is greater than 1011cm22. At this density screening
plays a significant part, while exciton effects and, acco
y
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ingly, exciton–photon interaction tends to be suppressed
Fig. 2 photon modes with different quantum numbers
seen in all the spectra as strong, narrow lines. The ene
positions of the photon modes are indicated by vertical
rows. The wide line with a maximum in the vicinity o
1.413 eV, labelede2h, corresponds to a recombination pe
of a dense exciton system. As expected, the quantizatio
the system in a direction perpendicular to the axis of the w
renders the energies of the photon modes independent o
angleQ. At Q50° only odd mode orders (M1,M3, . . . ) are
strictly forbidden. Consequently, in addition to the grou
photon stateM0, a feature corresponding to modeM2 is
also visible in the luminescence spectrum atQ50°. As Q
increases, states corresponding to mode ordersm.0 succes-
sively appear and disappear~as the angle is further in
creased! in the luminescence spectra. It is evident from t
figure that optical modes up toM4 are clearly visible in the
spectra forQ<23°.

The inset to Fig. 2 shows the splittingsDEm05Em

2E0 between optical modes, measured for photon wires
various widths. The triangles in the inset correspond to sp

FIG. 2. Photoluminescence spectra for wires withLy54.2mm, recorded for
a high excitation density atF50° and various anglesQ. The vertical ar-
rows indicate the positions of modes with different quantum numbersm.
The electron–hole recombination peak is labelede-h. Inset: splitting
DEm05Em2E0 as a function of the mode orderm for wires of various
widths. The triangles correspond to splitting for a wire of width 4.2mm, the
diamonds correspond to 5.2mm, and the circles correspond to 6.2mm. Dark
symbols, which are joined by smooth curves to aid visualization, repre
the results of calculations according to Eq.~3! atkx50. Effective wire width
deff used for curve fitting:1! 5.2mm; 2! 6.4mm; 3! 7.6mm.
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tings for a wire of width 4.2mm, the diamonds correspond t
5.2mm, and the circles correspond to 6.2mm. It is evident
from the figure that the splitting of the photon modes d
creases as the width of the wire increases. We use Eq~3!
with kx50 to describe the splitting between optical mod
The role of the fitting parameter in this case is taken by
effective width of the wiredeff . In the inset to Fig. 2 the
calculations ofDEm0 according to~3! are represented b
dark symbols joined by solid lines. The value ofdeff used in
the calculations is given for each curve. It is evident from
figure that the behavior of the experimentally measured
pendence of the splitting on the width of the wire is quali
tively consistent with the calculations according to~3!. How-
ever, the values ofdeff are found to be greater than the tru
widths of the photon wires. We identify this discrepan
primarily with the fact that the Bragg mirrors left unetched
the very end in the regions between the photon wires pe
light to penetrate beyond the limits of the wires, and t
process, in turn, causes the effective width of the cavity
increase.

In photon wires light is not quantized in the direction
the wire axis. The energy of the photon modes is therefo
monotonic function of the quasimomentumkx . Figure 3
shows the luminescence spectra in wires of width 4.2mm,
recorded atQ518° for various anglesF. The spectra were

FIG. 3. Photoluminescence spectra for wires withLy54.2mm, recorded for
a high excitation density atQ518° and various anglesF. The vertical
arrows indicate the mode positions forF50°. The dashed curves represe
the positions of modesM0, M1, andM2, as functions of the angleF.
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recorded at a high excitation densityP51600 W/cm2, such
that exciton–photon interaction is suppressed. AtF50° two
strong, narrow lines corresponding to modesM1 andM2 are
visible in the spectrum against the background of the broa
electron–hole recombination line. All other modes are see
as weak features in the spectrum. The mode energies
F50° are indicated by vertical arrows. AsF increases, all
the photon modes shift toward the violet end. The dashe
curves in Fig. 3 represent the positions of modesM0, M1,
and M2 as the angleF is varied. Particularly noticeable in
the figure is the absence of anomalies in the behavior of t
energies of the optical modes when they intersect thee2h
recombination peak. This behavior is characteristic of th
suppression of interaction between light and carriers in qua
tum wells. The dispersion of photon modesM02M4 is
shown in Fig. 4. It is extracted from the luminescence spe
tra measured atQ50° and 18° over a wide range of angles
F. The large open circles indicate the energy of thee2h
recombination peak. As expected, its energy does not depe
on the quasimomentum. Dark symbols represent the me
sured dispersion of the photon modes. The energy of mo
M3 is shown only forkx,103 cm21, because for large
anglesF this line has poor resolution against the backgroun
of the rather strong, broade2h recombination line. The
solid curves represent the photon mode dispersion calcula

FIG. 4. Dispersion of photon modes of a wire withLy54.2mm for a high
excitation density. Dark symbols represent the measured photon mode
sitions. The light circles represent the position of the electron–hole recom
bination peak. The solid curves are calculated from Eq.~3!.
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from Eq. ~3!. The only fitting parameter used in the calcul
tions is the dielectric permittivity. It is evident form the fig
ure that the experimental curves are well described for«eff

510.9. As expected, this value differs markedly from« in
the GaAsl layer and is close to the average of the dielec
constants of AlAs~8.8! and GaAs~12.5!. Indeed, owing to
the low reflection coefficient at the boundary of the act
layer, light penetrates the Bragg mirrors to a depth of sev
GaAs/AlAs layers.

4. VARIATION OF EXCITON–PHOTON INTERACTION AS
THE DENSITY OF EXCITONS IS VARIED

Effects associated with exciton–photon interaction
comes more significant as the excitation density decrea
To illustrate the transition from the weak to the strong co
pling regime, we refer to Fig. 5. It shows the luminescen
spectra measured atQ510° andF50° in wires of width
6.2mm for various excitation densities. The angleQ510° is
chosen to achieve good resolution in the spectra simu
neously for all four optical modesM12M4, which are situ-
ated below the exciton energy of 1.413 eV. In Fig. 5 all fo
modes are seen as strong, narrow lines against the b
ground of the weaker, broad exciton line. As the excitat
density is decreased, all modes shift toward lower energ
The shifting of the peaks is reflected by the dashed curve

FIG. 5. Luminescence spectra of wires withLy56.2mm, recorded for vari-
ous excitation densities atQ510° andF50°. The dashed lines indicate th
variation of the photon mode positions. Inset: energies of photon modes
the exciton peak~light circles! as functions of the excitation density.
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the figure. The inset to the figure shows the dependenc
the mode energies on the excitation density.2! The repulsion
of the cavity modes from the exciton term is evidence of
repulsion of exciton and photon states, i.e., strong coup
between excitons and photons in the microcavity.3! The most
pronounced variation of the energy with decreasing exc
tion density is observed forM4, the mode closest to th
excitation level. As the distance between the photon m
and the exciton peak increases, the degree of repulsion
sides considerably~from 1 meV forM4 to 0.5 meV forM1).

The experimental pattern of states in photon wires c
be described in terms of quantized microcavity polarito
The formation of polariton states in photon wires is illu
trated in Fig. 6. We first consider a planar microcavity.
excitons and photons do not interact, they have a parab
dispersion law. The dashed curve in Fig. 6 shows the pho
dispersion, and the dashed curve represents the exciton
ergy level. The exciton energy depends weakly onk by vir-
tue of the large effective exciton massmex relative to the
photon massM p : mex;105M p ~Refs. 12 and 13!. Exciton–
photon interaction results in the production of a cavity pol
iton with a dispersion law described by the expression
two intersecting, interacting levels:16

EU,L
2 ~k!5

S26AS424Eex
2 ~k!Ep

2~k!

2
. ~4!

nd

FIG. 6. Diagram of the quantization of polaritons in a photon wire~see the
text!.
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Here EU,L(k) denotes the energies of the upper and low
branches of the polariton dispersion curve~with the plus or
minus sign, respectively!, Ep(k) and Eex(k) are the photon
and exciton mode energies without interaction,S25Eex

2 (k)
1Ep

2(k)1V2, andV is the splitting between the upper an
lower branches at resonance. The dispersion of polariton
represented by solid curves in Fig. 6. Far from resonance
lower branch of the polariton dispersion curve exhibits p
dominantly photon behavior for smallk and predominantly
exciton behavior for largek. The opposite pattern is encoun
tered for the upper branch. For largek its dispersion is close
to the dispersion of the photon mode without interaction. I
planar microcavity the dispersion of excitons, photons, a
polaritons is independent of direction in thexy plane.

The confinement of light in they direction by the
semiconductor–vacuum boundaries (LY is of the order of a
few mm! leads to quantization of the photon cavity mod
The lower quantized states (m50; 1, 2) without exciton–
photon interaction are represented by dashed horizontal
in Fig. 6. The splitting of the exciton levels due to size qua
tization is very small and is therefore not shown in Fig. 6

Polariton states corresponding to pair-interacting exci
and photon states with identical numbersm are formed in the
strong exciton–photon coupling regime. In this case eacm
corresponds to two polariton states, one for the lower bra
and one for the upper branch of the dispersion curve~solid
horizontal lines labeledMmU,L) in Fig. 6.

It is evident from Fig. 6, consistent with experiment, th
photon states situated below the exciton level (m50, 1 in the
figure! are shifted downward on the energy scale~indicated
by arrows in the figure!. The shift decreases when the num
ber m increases. Figure 6 shows that the more pronoun
decrease of the energy level withm52 is readily explained
within the context of polariton quantization by an increase
the effective mass of the polaritons as the exciton leve
approached. It is also evident from Fig. 6 that lateral qu
tization of the lower polariton branch in photon wires shou
produce a large number of levels in the vicinity of excit
resonance. These levels, in contrast with those w
m50, 1, are excitonlike; the smallness of the splitting mak
them spectrally unresolved.

We now consider the quantization of the upper polari
branch. It is evident from the figure that the energy of t
polariton stateM2U , which is situated far from the excito
level, differs only slightly from the energy of the photo
level with m52 in the noninteracting system. The latter r
sult is attributable to the large contribution of the phot
component to this polariton state. States near the bottom
the upper polariton branch (M0U , M1U) are shifted slightly
relative to the plateau as a result of the large polariton m
for smallk. This behavior is explained by the large contrib
tion of the exciton component to the polariton state. T
smallness of the splitting makes it impossible to reso
statesM0U and M1U in the luminescence spectrum fo
k50, but it will be shown in the next section that they can
distinguished by analyzing the polariton behavior for lar
kx .
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5. DISPERSION OF POLARITONS IN PHOTON WIRES IN THE
PRESENCE OF STRONG EXCITON–PHOTON COUPLING

To investigate the dispersion of polaritons in phot
wires we have conducted a series of luminescence meas
ments at a low excitation densityP5300 W/cm2 in wires of
width 4.2mm at various anglesF. Since different mode or-
ders are dominant in the spectra for different anglesQ, we
carried out the series of measurements at three angleQ
50°, 10°, 15°. One series is represented in Fig. 7, wh
shows luminescence spectra recorded atQ510° and several
anglesF. As in the case of high excitation density, the ph
ton modes shift toward higher energies asF increases. At
low excitation densities, however, the photon modes
through an anticrossing with the exciton peak. This feat
differs qualitatively from the high-density case~Fig. 4!,
which does not have any anomalies in the region of inters
tion of the photon modes and the exciton level. Moreover
is evident from Fig. 7 that the branches of modesM0 and
M1 situated below the exciton energy tend to the exci
level. For largeF a new line appears above the exciton pe
it can be ascribed to the upper branch of the polariton m
M1. The exciton peak~1.413 eV! scarcely alters its position
asF increases, but this is not too surprising in view of t
major contribution of excitons in the regions between wir

FIG. 7. Photoluminescence spectra for wires withLy54.2mm, recorded at
Q510° and various anglesF. The dashed lines indicate the positions
modesM0 andM1. The subscriptsL and U signify the lower and upper
branches of polariton dispersion.
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FIG. 8. Dispersion of polaritons in wires withLy54.2mm, ob-
tained from the luminescence spectra for a low excitation dens
The subscriptsL and U signify the lower and upper branches o
polariton dispersion. Dark symbols represent the polariton m
energies. The solid curves are calculated from Eq.~4!. The dashed
curves represent the photon mode dispersion determined f
measurements at a high excitation density.
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to the luminescence signal. The formation of the polari
modesM0U , M0L , andM2L is also observed in the othe
series of measurements atQ50° and 15°.

The observed anticrossing of exciton and photon sta
indicates the formation of microcavity polaritons. The pola
iton mode dispersion determined from an analysis of the
ergies of the spectral peaks in Fig. 7 is shown in Fig. 8. T
corresponding mode energies measured at high excita
density, when the interaction of light with excitons is su
pressed, are also shown~dashed curves! for comparison. A
comparison of the mode energies at low and high excita
densities shows that exciton–photon mixing has the effec
shifting cavity modes withE,Eex toward lower energies
and shifting modes withE.Eex toward higher energies. Thi
behavior is natural when each mode interacts with the e
ton state corresponding to it in terms of spatial symme
Consequently, to describe the experimental results for e
pair EmU,L(k) we have used Eq.~4!, replacing Ep(k),
Eex(k), andV by their counterparts for the givenmth mode:
Em(kx), Eex,m(kx), and Vm . We obtain the photon mod
energiesEm(kx) from the spectra at high energy density. W
then disregard the exciton quantization energies, i.e., we
sume thatEex,m5Eex51.413 eV for allm50, 1, 2. For low
mode ordersm (m5022) the splittingVm in wide photon
wires should not depend too strongly on the photon m
order, i.e., we can setV05V15V25V. We are thus left
with only the one fitting parameterV to describe severa
polariton branches in Eq.~4!. Better agreement between th
calculated curves and the experimental points is attained
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V53 meV. The corresponding fitted curves are shown
solid curves in Fig. 8. The magnitude of the interaction in t
case of photon wires is found to be slightly lower than in t
original planar microcavity. It has been determined fro
similar measurements of the luminescence spectra in a pl
microcavity thatV54 meV. The reduction ofV in wires is
most likely attributable to lowering of theQ of the structure
in etching of the planar microcavity.

The better agreement of the experimental polariton d
persion curves with those calculated on the assumption
interaction between exciton and photon states of like spa
symmetry indicates that exciton–photon interaction reta
essentially the same character as in a microcavity with
ideal quantum well, despite the fact that potential fluctu
tions in a real quantum well lead to the localization of ex
tons and induce breaking of the symmetry of their states
the structures we studied the localization range for excit
in a quantum well does not exceed 0.120.2mm, whereasLy

is an order of magnitude higher: 426 mm. To explain the
weak influence of a random potential for the indicated ra
of the characteristic dimensions, it must be assumed that
photon wire an optical mode induces a collective coher
state of excitons of like symmetry. This state is construc
from a large number of localized and free exciton states. T
interaction of light with such exciton modes results in t
formation of coherent polariton states. This kind of intera
tion mechanism is possible by virtue of the fact that the lig
wavelength is much greater than the exciton radius, so th
great many exciton states are excited coherently at the s
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time. It is obvious that the coherent state has a finite lifetim
owing to the scattering of excitons by the random poten
and phonons and because of exciton–exciton collisions.
polariton dispersion observed by us in photon wires indica
that the dephasing time of polariton states is at least gre
than the Rabi oscillation period (;0.4 ps!. This conclusion is
consistent with a measurement of the dephasing time of
citon states by the four-wave mixing method,17, where a
dephasing time of 12 ps has been determined for a l
density exciton system. The dephasing time decreases a
exciton density increases, accounting for our experiment
observed suppression of exciton–photon interaction at h
excitation densities.

6. CONCLUSION

In 2D optically confined semiconductor microcavitie
we have investigated the structure of the states of the pho
system and the dispersion of cavity polaritons in the prese
of strong exciton–photon coupling. Light is spatially co
fined in one dimension by a system of Bragg mirrors and
the other dimension by the semiconductor–vacuum bou
ary. The lateral confinement of the cavity leads to quanti
tion of the vertical cavity mode. The additional photon sta
have a maximum in the luminescence spectrum at var
values of the angleQ. At low excitation densities exciton–
photon coupling is fairly strong and results in the formati
of cavity polaritons. The experimental polariton dispersi
curves are in good agreement those calculated on the
sumption that interaction takes place only between pho
and exciton states of like spatial symmetry. Fluctuations
the random potential in the quantum wells break the spa
symmetry of the excitons but have little influence on t
dispersion of polaritons. Consequently, polaritons are p
duced in microcavities through collective coherent exci
states induced by the optical electromagnetic field. T
dephasing time of such states is much longer than the R
oscillation period. As the excitation density increases,
screening of exciton states and shortening of the depha
time have the effect of suppressing the strong excito
photon coupling regime.
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1!In reality, the boundary conditions on the side walls of the cavity differ

excitons and light, so that orthogonality is lost between the wave funct
of exciton and photon modes having different orders. As a conseque
the interaction of even~odd! exciton modes with all even~odd! photon
modes is allowed. However, interaction between modes of like orders m
be dominant.

2!The photon mode energies and the position of the exciton recombina
peak, which is not resolved as a distinct band in the spectra of Fig. 5, h
been determined by the application of a program for deconvolution of
spectral positions of peaks by fitting of the line shape.

3!The position of the exciton peak does not change, because the main
tribution to the exciton luminescence signal is from excitons that reco
bine in the region between the wires. In fact, the dimensions of th
regions exceeds the area of the photon wires, and the essentially
pletely etched Bragg mirrors are two or three orders of magnitude m
transparent both to the exciting laser beam and to exciton radiation.
obvious that exciton–photon interaction is not intensified by the cavity
the regions between wires, and the position of the exciton peak there
remains unchanged in transition from the weak to the strong excit
photon coupling regime.
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