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Tunable polariton absorption of distributed feedback microcavities at room temperature

Tohru Fujita, Yoshihiro Sato, Tetsuya Kuitani, and Teruya Ishihara*
Department of Physical Electronics, Faculty of Engineering, Hiroshima University, 1-4-1 Kagamiyama,

Higashi-Hiroshima 739, Japan
~Received 13 November 1997; revised manuscript received 21 January 1998!

We have demonstrated well-separated tunable polariton absorption for a semiconductor-cavity composite
system in transmission measurements at room temperature. A distributed feedback microcavity of the fourth
order is fabricated by spin coating a self-organized inorganic/organic multiple quantum wells,
(C6H5C2H4NH3)2PbI4, on a corrugated quartz substrate with a period of about 0.7mm. By changing the
grating period or the incident angle, the absorption dips exhibit anticrossing behavior. Owing to the large
excitonic oscillator strength of the material, the polariton mode splitting is as large as 100 meV even at room
temperature. At the normal incidence, an exciton and a light form a strongly coupled standing wave, which
corresponds to a cavity polariton in Fabry-Perot semiconductor microcavities.@S0163-1829~98!10719-1#
nd
tr
it

th
e
li
ch
s
t

op

n
a
T

s
th

at
e

g

e
fo
at
l-
is
s
te
u
t.

i
e
n

ito

n
ith

ws.
uss
ow
ting
p-
ec.
d
e-
d in

lly
ng

he
f the
or-
, we
e-

-

rs.
ave
I. INTRODUCTION

Owing to the recent development of crystal growth a
nanofabrication techniques, we are now beginning to con
the spontaneous and stimulated emissions w
microcavities1,2 and/or photonic crystals,3 the structure of
which is characterized by the size of the light waveleng
Just as the exciton energy is controlled by the quantum-w
thickness, so too can the absorption energy and the coup
coefficient be tuned by the microcavity design. These te
niques may be employed to understand fundamental phy
of photon-matter interaction, and may be applicable
energy-effective, high-speed light emitters and nonlinear
tical switches.

Until recently, however, most of the research has bee
the weak-coupling regime, where the photon-matter inter
tion is treated as a perturbation to the uncoupled system.
strong-coupling regime was first reported by Weisbuchet
al.4 in 1992 for GaAs quantum wells~QW’s! in a Fabry-
Perot ~FP! microcavity; they observed two reflection dip
exhibiting anticrossing behavior as the cavity leng
changes, and interpreted it in terms of strongly coupled st
of an exciton and a photon in the cavity, or upper and low
cavity polaritons. So far the largest polariton splitting ener
observed in such a system is 9 meV for III-V,5 and 18 meV
for II-VI compounds,6 which seems to be too small to b
applied for device operations at room temperature. There
one needs to choose a material with large excitonic oscill
strength, and then an appropriate microcavity for it. A
though FP microcavities have been commonly utilized, d
tributed feedback~DFB! cavities may open new possibilitie
for application. These two types of cavities can be rela
thorough a Fourier transformation in space; still, it is intrig
ing to investigate polaritons in a DFB cavity in its own righ
There are few works for polaritons in DFB cavities; Kohlet
al.7 etched GaAs QW samples to form periodic structure
order to observe photoluminescence from the quantum-w
exciton polaritons. From a theoretical point of view, Tasso
and Bassani,8 and Citrin9 discussed the~weak! coupling be-
tween the electromagnetic field and one-dimensional exc
wires in the grating structures.
570163-1829/98/57~19!/12428~7!/$15.00
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In this paper, we will report on the DFB cavity polarito
absorption at room temperature for a semiconductor w
large oscillator strength. The paper is organized as follo
After describing the sample structures in Sec. II, we disc
what we expect in the experiments in Sec. III. Then we sh
transmission spectra under several conditions on the gra
pitch, incident angle, and polarization in Sec. IV, which su
port the existence of polaritons at room temperature. In S
V, we analyze the origin of polariton splitting for DFB an
FP microcavities. Finally, in Sec. VI we summarize our r
sults and conclude. A preliminary result has been reporte
Ref. 10.

II. SAMPLES

The structure of our DFB microcavity is schematica
shown in Fig. 1. This DFB cavity consists of quartz grati
substrate, an active material, and an overcoating film. T
grating was fabricated on a quartz substrate by means o
electron-beam lithography and dry etching techniques. In
der to dissipate electric charge accumulation at exposure
spin coated an electrically conducting film on a negativ
type resist film. Typical grating pitch (L), depth (h), line
and space ratio (L-S ratio!, and area are 0.7mm, 0.3 mm,
1:4, and 1.5 mm31.5 mm, respectively. The active mate
rial we used is (C6H5C2H4NH3)2PbI4 @bis-~phenethyl-
ammonium! tetraiodoplumbate~PEPI!# which is one of the
PbI4-based layered perovskite-type semiconducto
PbI4-based layered perovskite-type semiconductors h

FIG. 1. Structure of a DFB microcavity~not to scale!.
12 428 © 1998 The American Physical Society
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57 12 429TUNABLE POLARITON ABSORPTION OF DISTRIBUTED . . .
self-organized multiple quantum-well structure with t
@PbI6#42 layers as wells and organic alkylammonium laye
as barriers. Electron-hole pairs in the well combine stron
owing to the image charge effect by virtue of the large d
ference in dielectric constants between the wells and the
riers ~for example, «well56.1, «barrier53.22 in PEPI!. In
PEPI, therefore, exciton binding energy, oscillator streng
andL-T splitting are enormous: 220 meV, 0.5 per formu
unit, and 50 meV, respectively.11 Another benefit of these
materials is that a high-quality polycrystalline film on a su
strate can be easily obtained by spin coating its organic
lution. Thec axes of polycrystallines in a film are aligned
be perpendicular to the substrate plane. In the present ex
ments, we formed 0.03-mm-thick PEPI film in the grooves o
gratings by spin coating a solution of PEPI in dimeth
sulfoxicide, 80 mg/ml, at 6000 rpm. The sample thus p
pared can be regarded as an array of semiconductor w
Finally, we overcoat a 0.5-mm-thick polystyrene in xylene a
6000 rpm in order to keep the PEPI film away from oxyg
and moisture. The polystyrene film not only prevents PE
from degradation but also plays as an important role as fo
ing a waveguide, as will be mentioned later~see Sec. V C
below!. We formed six gratings on a quartz substrate w
grating pitchL ranging from 0.62mm to 0.72 mm every
20 nm, so that we can compare their transmission spe
under the same conditions.

III. PRELIMINARY DISCUSSION

Transmitted intensity of a light through the sample
measured as a function of the photon energy in our exp
ments. Let us fix the Cartesian coordinate so that the di
tion of the grating lines and the normal of the substrate
the y andz axes, respectively. Thex axis is the direction of
the periodic modification.

Figure 2 represents schematic dispersion relations for
polystyrene waveguide structure on a grating substrate.
virtue of the reciprocal lattice vector,

FIG. 2. Schematic dispersion relations of light propagat
along a film on the periodic substrate~solid lines! and their replicas
~dashed lines!. The guided-wave dispersion is neglected in the fi
ure for simplicity.\vc,m are themth-order cavity resonance ene
gies.
y
-
r-

,

-
o-

ri-

-
es.

I
-

tra

ri-
c-
e

e
y

Gm5
2p

L
m, wherem is an integer, ~1!

the original dispersion curves~solid lines! are folded to form
replicas~dashed lines!. An optical standing wave is formed
at the photon energy that satisfieskx2(2kx)5Gm . Let us
refer this energy to themth-order cavity resonance energ
hereafter:

\vc,m5
p\c

n* L
m, ~2!

wheren* 5ckx /v is the effective index of refraction for the
waveguide.

When a thin PEPI film is inserted between the polystyre
film and the grating substrate, an exciton in the PEPI la
strongly couples to the guided-wave mode to form polarito
as is schematically shown in Fig. 3~a!. WhenL;0.7 mm,
the fourth-order cavity resonance energy falls near the e
ton energyE052.4 eV; thenG62 brings the polariton anti-
crossing region into the light corn, which is accessible by
light in the free space. In Figs. 3~b!–3~d!, the polariton dis-
persions folded intokx;0 are shown for~b! DE,0, ~c!
DE50, and~d! DE.0, respectively. The detuning energy
defined asDE5\vc,42E0. When the incident beam is tilted
to thex direction by an angleu, it excites the guided-wave
mode withkx5k sinu, causing intensity loss in the transmi
sion spectrum at the corresponding energy. Thus we can
termine the dispersion curves experimentally. Atkx50, the
strongly coupled states are formed between an optical st
ing wave and an exciton in the DFB microcavities. Sin
these states are analogous to the cavity polaritons in FP

-

FIG. 3. Schematic polariton dispersion relations in a DFB m
crocavity~a! nearkx5n* E0 /\c and nearkx50 for ~b! DE,0, ~c!
DE50, and~d! DE.0, respectively. The solid lines are polarito
dispersion curves, and the dashed and thin lines are the uncou
guided-wave and exciton dispersion curves, respectively.
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12 430 57FUJITA, SATO, KUITANI, AND ISHIHARA
crocavities, we may call them ‘‘DFB cavity polaritons.’’ Th
coupling is the strongest when the cavity resonance en
coincides with the exciton absorption energy as shown
Fig. 3~c!. In the DFB microcavities, we can observe t
states with finitekx ~i.e., the states propagating along t
cavity axis!, to which there are no correspondences in the
microcavities.

IV. RESULTS

A. Normal incidence

Figure 4 shows the transmission spectra for normal in
dence of the DFB cavities withL50.62, 0.64, 0.66, 0.68
0.70, and 0.72mm, respectively. The polarization of the in
cident light isE' x̂ andE' ŷ in Figs. 4~a! and 4~b!, respec-
tively. On the top in Fig. 4~a! and 4~b!, we also show trans
mission spectra of a PEPI film on a quartz substrate with
cavity as a reference. First, we look at the spectrum forL
50.72 mm; the broad absorption band near 2.4 eV is
cribed to the lowest exciton of PEPI, and is mainly~about
3:1! polarized to the grating grooves. Since it is also obse
able for the film on a plain substrate, we call this dip t
excitonlike mode. On the other hand, the sharp dip
2.24 eV is observable only with the DFB cavity. We ref
this sharp dip to a cavitylike mode. AsL decreases, the
cavitylike mode shifts to the higher energies, broadens,
eventually connects to the broad dip at 2.4 eV forL
50.62 mm. Simultaneously, a broad dip at 2.4 eV forL
50.72 mm shifts to the higher energies, and connects to
sharp dip at 2.58 eV forL50.62 mm. For shorterL ’s ~L
50.66, 0.64, and 0.62mm) in Fig. 4~a!, we can see two

FIG. 4. Transmission spectra of samples at 300 K for norm

incidence. The polarization of the incident light is~a! E' x̂ and~b!

E' ŷ. The topmost spectra are for PEPI on a quartz substrate w
out grating structure. The lower spectra are for PEPI film on
grating with pitches ofL50.62, 0.64, 0.66, 0.68, 0.70, and 0.7
mm, respectively.
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cavitylike modes. These are ascribed to the lowest and n
higher order transverse modes in the waveguide~see Sec.
V C below!.

Figure 5 reproduces the positions of the dips in Fig. 4~a!
as a function ofDE. Dips due to the higher-order transver
modes are omitted for simplicity. In Fig. 5, we see that the
dips exhibit the anticrossing behavior between exciton a
cavity modes, which is similar to the cavity polariton dispe
sion observed in the FP microcavity. This behavior dem
strates that a guided-wave mode couples to an exciton
strongly that they form new eigenstates, which we refer to
DFB cavity polaritons. Closed circles and lozenges in Fig
correspond to the upper and lower branch of the DFB ca
polaritons, respectively. The mode splitting at resonanc
100 meV, which is much larger than 9 meV observed
the GaAs system’s. This is ascribed to the large excito
oscillator strength of PEPI. The polariton splitting could
larger than the one observed here, because the electric-
confinement factor was not optimized in the present exp
ments.

The small dips between the upper and the lower branc
are plotted as closed squares in Fig. 5. They may be ascr
to the transition to the bottom of the ‘‘original’’ uppe
branch polaritons, which were not affected by the recipro
lattice vectors. For polarizationE' ŷ, we did not find the
mode splitting between the upper and lower polariton mo
in this particular sample. Therefore we will show the resu
only for the polarization ofE' x̂ hereafter.

B. kx dependence

Next, we show theu dependence of the transmissio
spectra, with which we can investigate the coupling sta
with finite kx ~i.e., the polariton propagating along to th
cavity axis!. Figure 6 shows the transmission spectra forL
50.72 mm for severalu ’s ranging from 0° to 15°. The
polarization of the incident light is parallel to the gratin

l

h-
a

FIG. 5. Transmission dip positions in normal-incidence tra

mission spectra forE' x̂ as a function of cavity detuning energy
Dips due to the higher-order transverse modes are omitted for
plicity. Closed circles and diamonds correspond to the upper
lower branches of a DFB cavity polariton, respectively. Clos
squares correspond to the absorption of the upper branch polar
not affected by the reciprocal lattice vectors.
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line, E' x̂. For u50° (kx50), we observe only one cavit
dip. As the angleu increases, we observe that the dip sp
into two; one shifts to the higher energies and the other sh
to the lower energies. We call these modes the guided-w
like modes. When the blueshifting mode approaches
PEPI’s exciton absorption band at aroundu55°, the shift
saturates and approaches the exciton absorption peak as
totically. Simultaneously, a small dip marked by an arrow
Fig. 6 shifts to higher energies asu increases. This dip is
attributed to the upper branch polariton mode. All dips on
spectra are plotted in Fig. 7~a! as a function ofkx . Also
shown in Fig. 7 are the results for~b! L50.68 and~c!
0.62 mm. These are the experimental results that should
compared to Figs. 3~b!–3~d!; we conclude that the dips w
observed are readily ascribed to the well-defined polarito
room temperature.

In our measurements, the transmission dips tend to sm
at 2.422.5 eV. This may be ascribed to the fact that t
effective grating area is small because of the large abs
tion. In Fig. 7~a!, it is clearly seen that the exciton and th
guided-wave-like modes anticross nearkx560.15
3105 cm21 ~see the region marked by circles!. This guided-
wave polariton splitting is again 100 meV.

Although two dispersion curves cross atkx50 in the
schematic figure, Fig. 3, the experimental data exhibit a
of about 50 meV below exciton absorption. This gap cor
sponds to the so-called photonic band gap~PBG! and will be
discussed in Sec. V B.

C. ky dependence

When the incident beam is tilted to they direction by an
angle a, it excites the guided-wave mode with (kx , ky)

FIG. 6. Transmission spectra (L50.72 mm) for severalu ’s,
ranging from 0° to 15°. The polarization of the incident light

E' x̂.
ts
e-
e
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e

e
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ar
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p
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5(0, k sina). Because the wave thus excited is always
standing wave in thex direction, it is equivalent to tilting an
incident-angle in a FP microcavity.12 Neglecting the polar-
iton and the waveguide effects, the angular frequency of
cavity-resonance mode is given by

v5
c

n*
AS m

2p

L D 2

1~k sin a!2, ~3!

wherec is the light velocity in vacuum. When that cavit
mode approaches the exciton band, the dispersion curve
expected to exhibit an anticrossing behavior~the polariton
splitting!. Figure 8 shows thea dependence of the transmis
sion spectra forL50.7 mm. The polarization of the inciden
light is againE' x̂. We find that a cavitylike mode located a
2.3 eV atu5a50° shifts to the higher-energy side as i
creasing the anglea. The dip seen for 19°,a,30° at
2.4 eV may be ascribed to the absorption of the up
branch polariton, which is not affected by the reciprocal l
tice vectors as mentioned earlier. The dips are reproduce
Fig. 9~a! as a function ofky . The results forL50.72 mm
are shown in Fig. 9~b!. They demonstrate clearly that th
dispersion curves exhibit the polariton splitting. In bo
cases, the mode splittings are again about 100 meV. T
we observed a nearly equal amount of splitting in theL, the
kx , andky dependences of the absorption dip energy. Thi
reasonable, because in these experiments we are obse
the ‘‘replica’’ of the guided-wave polaritons via the recipro
cal lattice vectors.

FIG. 7. Transmission dip energy as a function ofkx for ~a! L
50.72 mm, ~b! L50.68 mm, and~c! L50.62 mm.



B
is
om

m
is
el
ex

in
lit-

der

the
or.

a
or

oton
is is
nu-
lit-
e

s to
te-
ng
ma-
ne
gth
ust
per
g.
As
-
en

lk
ing
ds
is
is

-
of
is

ric
are

s

our
eld

te

ion
as

is

12 432 57FUJITA, SATO, KUITANI, AND ISHIHARA
V. DISCUSSION

In this section, we first compare the polariton in our DF
microcavities with the one in FP microcavities, then we d
cuss the polarization dependence. Finally we give some c
ments on the DFB cavity structure.

A. Polariton splitting in DFB and FP microcavities

As mentioned above, the polariton splitting of PEPI fil
in our DFB cavity is about 100 meV. Although this value
much larger than 9 meV observed in GaAs quantum w
embedded in the FP microcavity, it is not as large as

FIG. 8. Transmission spectra (L50.70 mm) for severala ’s,
ranging from 0° to 50°. The polarization of the incident light

E' x̂.

FIG. 9. Transmission dip energy as a function ofky for ~a! L
50.70 mm and~b! L50.72 mm.
-
-

ls
-

pected from the large oscillator strength of the exciton
PEPI. Here, we will consider the reason. The polariton sp
ting, which is often referred to vacuum Rabi splitting,4 is the
energy difference between two eigenmodes that occur un
the strong coupling between an oscillator~exciton or atom!
state and a photon state. In bulk semiconductor crystals,
polariton splitting energy is defined for each wave vect
For the resonant wave vector,

\vPS5A2 \v0 DLT, ~4!

whereDLT is the longitudinal-transverse splitting energy in
bulk crystal, which is proportional to the excitonic oscillat
strength per unit volume, and\v0 is the transverse exciton
energy. As the crystal thickness becomes shorter, the ph
mode in the crystal becomes more discrete. But since th
nothing more than selecting a wave vector from the conti
ous dispersion in bulk, the magnitude of the polariton sp
ting in thin crystals is identical to the one in bulk. When th
thickness is comparable to the wavelength, it is analogou
a semiconductor FP microcavity. In reality, the active ma
rial does not fill the cavity, and the magnitude of the splitti
depends on the thickness and the location of the active
terial. Now, it is clear that the splitting never exceeds the o
in bulk, except for the enhancement of the oscillator stren
owing to the quantum size effect. In other words, we m
use a material with a large excitonic oscillator strength
unit volume in order to realize a large polariton splittin
Actually, by substituting appropriate parameters in the Ga
systems into Eq.~4!, we can obtain the cavity polariton split
ting observed experimentally. A similar discussion has be
given by Andreaniet al.13 The same is true in the DFB
microcavity, which can be seen as a periodically filled bu
crystal; the splitting energy is determined by an overlapp
integral of PEPI wires and the optical field, which depen
on a width of the grating and a thickness of PEPI film, and
never larger than the one in bulk. The splitting energy
estimated from Eq.~4! to be 500 meV for a PEPI bulk crys
tal, and the observed one in our DFB cavity is only 20%
it. It means that the confinement factor of the wave guide
about 20%, which is reasonable if the ratio of the dielect
constant in the waveguide and the thickness of the film
taken into account. Generally speaking,\vPScan be reduced
by the exciton damping energyG:

\v8PS5\vPSA12~G/\vPS!
2. ~5!

EstimatingG from the absorption width, we find that thi
correction is negligible in the present case.

B. Polarization dependence

Now we discuss some polarization dependences in
experimental results. Note that the electromagnetic fi
propagating along thex direction is modified by the periodic
structure. Therefore, we observe a transverse electric~TE!

mode for theE' x̂ polarization of the incident light and
transverse magnetic~TM! mode for E' ŷ in the normal-
incidence and the finiteu measurements. In the case of fini
a, TE and TM modes are mixed.

We first give our attention to the depth of the transmiss
dips. The dip due to TE mode is more than twice as deep
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the one due to TM mode. We have confirmed that the e
ton absorption does not depend on the polarization fo
PEPI film on the substrate without grating structures. T
exciton wave function is hardly modified by the confineme
effect due to the grating grooves, because its wid
;500 nm, is much larger than the exciton Bohr radi
1.7 nm. Then let us consider an anisotropic local field
duced by the grating structures. When the polarization
perpendicular to the grating lines,E' ŷ, it is expected that
the local electric field becomes much weaker in the groo
on account of the polarization charges, which results in
smaller absorption. This phenomena has been reporte
photoluminescence of an isolated GaAs quantum-well w
and explained by this mechanism.14

Next, we consider the energy position of the transmiss
dips, when the cavity resonance locates at lower energy
the exciton absorption. Figure 10 shows the transmiss
spectra for smallu ’s for ~a! E' x̂ and ~b! E' ŷ polarization
for L50.72 mm. The excitonlike dip locates lower in en
ergy forE' x̂ thanE' ŷ, which has not been observed in th
isolated GaAs quantum-well wire system mentioned abo
Then it is necessary to bear in mind that we do not obse
an exciton itself but a guided-wave polariton. Irrespective
the grating presence, excitons couple to the guided-w
mode and form the TE or TM guided-wave polaritons. Sin
the refractive index is larger in the TE mode than the T
one, the dispersion of the guided-wave mode is less stee
the former. By introducing the periodic structures, the d
persion curves are folded; the crossing point of the up
branch dispersion curves atkx50 should locate at lower en
ergy for the TE mode than the TM one. When we comp
u50° spectra for two polarizations, we find that the cavi
like mode, which is originated from the crossing point of t
lower branch dispersion, locates at higher energy for the

FIG. 10. Transmission spectra (L50.72 mm) at smallu ’s for

~a! E' x̂ and ~b! E' ŷ polarization.
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mode than for the TM mode, which at first glance contradi
our argument. We can understand this puzzle by inspec
the transmission spectra for finiteu. As clearly seen in Fig.
10, there is PBG atu50 (kx50); the higher-energy mode
~the bottom of the conduction band of PBG! couples only to
a photon withE' x̂, while the lower mode~the top of the
valence band! couples to a photon withE' ŷ. We have con-
firmed this selection rule by solving the wave equation
the fourth-order cavity resonance and considering the s
metry of the mode, which can couple to photons for tw
polarizations.

C. Structure dependence

Finally, we give some comments on the cavity structu
dependence of the polariton absorption. Our DFB cavity c
sists of a quartz grating substrate, a PEPI film as an ac
material and a polystyrene film. The polystyrene film do
not only prevent PEPI from degradation but also plays s
an important role as forming a waveguide. Actually, if we
not have the polystyrene film, we do not observe a we
defined cavity mode as is observed above. Since the poly
rene film has a refractive index of 1.59, which is larger th
those of air and quartz, it serves as a core layer of a s
waveguide with a PEPI film. The thicker the core layer
the more the electromagnetic field is confined in the c
~i.e., the confinement factor becomes larger!; we can control
the interaction between PEPI’s exciton and optical field.
order to confirm the formation of a waveguide, we have c
ried out the mode calculation for an asymmetric slab wa
guide. The refractive index of the clad and the core layer
assumed to benclad51 ~air! and 1.46~quartz substrate!, and
ncore51.59 ~neglecting the thin PEPI layer! and a thickness
of the core layer is measured by a profile meter to
0.50 mm. For simplicity, we neglected a dispersion of th
material and fixed the refractive indices as constants. A
result, we have found that the lowest TE and TM mod
exist above 0.71 eV and 0.91 eV, respectively. The cu
energy for the second-lowest modes is 2.68 eV a
2.89 eV, respectively. Thus, in the exciton resonance ene
at 2.4 eV, there is only one guided-wave mode for a giv
polarization. In order to prepare a sample without high
order transverse modes in the whole spectral range we m
sured, we could have used a thinner polystyrene film. It
however, rather difficult to optimize the thickness to have
deep fundamental dips and no higher modes.

In this paper, we have shown the results in the DFB m
crocavities whoseL-S ratio and a depth of the grating’
groove are 1:4 and 0.45mm, respectively. In this cavity, we
did not observe the anticrossing between the exciton and
cavity mode clearly forE' ŷ polarization as was mentione
above. But we have observed the polariton splitting even
that polarization when we used the DFB microcavity,
which case theL-S ratio and the depth of the grating’
groove are 1:2 and 0.15mm, respectively. This polariton
splitting is about 40 meV, which is smaller than 95 me
for E' x̂ polarization in the same cavity. Although the mod
splitting for E' x̂ polarization in this 0.15-mm-deep cavity is
nearly equal to that in 0.45-mm-deep cavity, the transmissio
dips due to the DFB cavity polaritons are seen much l
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clearly as shown in Fig. 4. Thus, the coupling states cha
remarkably due to the structure of the DFB cavity. On
other hand, we may utilize this sensitivity to control the co
pling strength of an exciton and a photon in a waveguide
well as that of a polariton and a photon outside. The syst
atic study of the system will help us to understand
exciton-photon interaction.

VI. CONCLUSION

Both in DFB and FP microcavities, we can modify t
cavity resonant energy and the exciton-photon coup
strength by controlling a cavity length. In other words,
polariton can be controlled by modifying boundary con
tions of light by these microcavities, just as the elect
wave function can be controlled by a potential profile in
semiconductor quantum well. In this paper, we have fa
cated the DFB microcavities with semiconductor film, whi
has a large excitonic oscillator strength. We have obse
the strongly coupled exciton-photon states, DFB cavity
laritons, in transmission measurements at room tempera
for the first time, to our knowledge. The polariton mo
splitting energy at resonance amounts to 100 meV eve
room temperature. The maximum of the polariton splitting
restricted by an excitonic oscillator strength of a mate
n

t

y
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ge
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h
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rather than the microcavity effect, except for the quantu
size effect. The large polariton splitting we observed refle
a large excitonic oscillator strength of PEPI. The DFB sy
tems can be viewed as a periodic array of resonant emitt
Actually, we have observed a directional emission in spa
resolved photoluminescence measurements.15

We have developed a versatile method for preparing
periodic structure of optical materials. We expect that it c
be utilized not only for the fundamental research but also
the new photonic devices.
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5R. Houdré, R. P. Stanley, U. Oesterle, M. Ilegems, and C. We

buch, Phys. Rev. B49, 16 761~1994!.
6P. Kelkar, V. Kozlov, H. Jeon, A. V. Nurmikko, C.-C. Chu, D. C

Grillo, J. Han, C. G. Hua, and R. L. Gunshor, Phys. Rev. B52,
R5491~1995!.

7M. Kohl, D. Heitmann, P. Grambow, and K. Ploog, Phys. Rev
42, 2941~1990!.

8F. Tassone and F. Bassani, Phys. Rev. B51, 16 973~1995!.
d

t.

s.

is-

.

B

9D. S. Citrin, IEEE J. Quantum Electron.29, 2117~1993!.
10T. Ishihara, T. Kuitani, Y. Sato, T. Fujita, and M. Yamanish

~unpublished!.
11T. Ishihara, inOptical Properties of Low Dimensional Materials,

edited by T. Ogawa and Y. Kanemitsu~World Scientific, Sin-
gapore, 1995!, Chap. 6, p. 288.
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