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Weak and strong coupling of photons and excitons in photonic dots

T. Gutbrod, M. Bayer, A. Forchel, and J. P. Reithmaier
Technische Physik, Universita¨t Würzburg, Am Hubland, D-97074 Wu¨rzburg, Germany

T. L. Reinecke
Naval Research Laboratory, Washington, D.C. 20375

S. Rudin
U.S. Army Research Laboratory, Adelphi, Maryland 20856

P. A. Knipp
Christopher Newport University, Newport News, Virginia 23606

~Received 9 July 1997; revised manuscript received 12 January 1998!

The weak- and strong-coupling regimes of photons and excitons in photonic dots are studied by photolu-
minescence spectroscopy. Because of the three-dimensional confinement, the optical mode spectrum is split
into a set of discrete states in these structures. The energies of the photon states are studied as a function of the
dot size and shape. Further, we investigate the formation of cavity polaritons in photonic dots. The Rabi
splitting between the polariton branches is found to depend on the lateral size of the dots and on the photon
mode. These dependences are related by calculations to changes of the exciton-photon coupling resulting from
photon confinement.@S0163-1829~98!00916-3#
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I. INTRODUCTION

Semiconductor microcavities~MC’s! are powerful tools
for studying fundamental problems in light-matt
interaction.1,2 These structures consist of single or multip
quantum wells ~QW’s! sandwiched between two high
quality Bragg reflectors~BR’s!, which confine the photons
along the direction normal to the BR’s. The electronic ex
tations are controlled by the parameters of the QW’s, e
width and composition. The optical modes, on the ot
hand, depend on the properties of the entire MC such
cavity length and composition of the mirrors. Thus the pro
erties of the electronic and photonic excitations can be c
trolled separately by the structural design. This can lead,
example, to enhanced light-matter interaction or to a red
tion of the spontaneous emission.1–8

The regimes of both weak and strong coupling betwe
photonic and electronic excitations occur in these system
the weak-coupling case one of the excitations couples
continuum of states of the other excitation. Then the inter
tion is described by Fermi’s golden rule and gives rise t
linewidth and dissipation. In the regime of strong couplin
the photonic and electronic~here excitonic! excitations are
fully discretized. Then the eigenstates of the system
mixed exciton-photon states, the so-called cavity polarito
which are split in energy. The energy splitting correspond
the vacuum Rabi splitting in atomic physics.9,10

In previous work on semiconductor MC’s the photo
were confined only in the direction parallel to the grow
direction and both the excitons and the photons have c
tinuous spectra corresponding to motion in the QW pla
Recently, photonic dots~PD’s! have been fabricated, in
which the photonic modes are confined in all three dir
tions: in the vertical direction by the BR’s and along t
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lateral directions due to the large discontinuity of the refra
tive index at the dot sidewalls.11,12

In the present work we first describe in Sec. II the pho
nic dot samples used in the present experiments. In Sec
the mode spectrum of PD’s is studied in the weak-coupl
regime of excitons and photons. In particular, we discuss
dependence of the energies of the optical modes on the
size and shape. In addition, we study the strong-coup
regime of excitons and photons in Sec. IV. Quasi-ze
dimensional polariton-like states are formed due to
strong coupling of the ground-state heavy-hole exci
(1shh! with several confined photon modes. We investig
the size and mode dependence of the Rabi splitting in PD
The experimental results are compared with the results
detailed numerical calculations.

II. EXPERIMENT

The MC layer structure used to fabricate the PD’s w
grown by molecular-beam epitaxy. Thel cavity consists of a
251-nm-wide GaAs layer in the center of which a 7-nm-wi
In0.14Ga0.86As single QW is embedded. This structure
sandwiched between two BR’s consisting of 19 quarter-w
stacks of GaAs/AlAs layers on top and 21 at the bottom~on
top of the substrate!. In order to obtain three-dimensiona
photon confinement, arrays of square and circular photo
dots were fabricated:12 The shape of the dots was defined
electron-beam lithography and the pattern was transfe
into the semiconductor by dry etching. Details of the fab
cation process have been given earlier.13 The cavity was
etched through the top BR and the GaAsl cavity down to
the top of the bottom BR.

Figure 1 shows scanning electron micrographs of arr
of square and circular photonic dots. The diameter of
9950 © 1998 The American Physical Society
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57 9951WEAK AND STRONG COUPLING OF PHOTONS AND . . .
circular dots is 2.7mm and the lateral size of the square do
is 2.7mm. On top of the structures the upper mirror consi
ing of alternating GaAs and AlAs layers can be seen f
lowed by the GaAsl cavity. The lower mirror remains ba
sically unetched except for about one to two layers of GaA
AlAs. The lateral spacing between adjacent dots was so la
that coupling effects between the dots can be excluded.

The samples were mounted into the variable temperat
insert (1.8 K<T<200 K! of an optical magnetocryosta
(B<8 T!. The measurements were performed in Farad
configuration. An Ar1 laser~514.5 nm! was used for optical
excitation. The emitted light was dispersed by a monoch
mator (f 50.6 m! and detected by a charge-coupled-devi
camera.

III. WEAK-COUPLING REGIME:
PHOTON MODE SPECTRUM

First, we study the spectrum of optical modes in PD
where the energy separation between the photon and the
citon is large. In this off-resonance case the excitations
only weakly coupled. Figure 2 gives photoluminescen
~PL! spectra of square@Fig. 2~b!# and circular@Fig. 2~c!#
PD’s with varying sizes atT52 K. In order to resolve also

FIG. 1. Scanning electron micrographs of~a! square and~b!
circular photonic dots with sizes of 2.7mm and diameters of 2.7
mm, respectively.
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weak spectral features the intensity is shown on a logar
mic scale. For comparison, the spectrum of a tw
dimensional reference sample is also shown@Fig. 2~a!#. The
main feature in this reference spectrum is the emission fr
the photon mode at an energy of aboutE051.395 eV. The
mode corresponds to the sharp decrease of the reflectivi
the center of the stop band of the vertical resonator. A bro
ening of the spectral line to higher energies is observed:
luminescence is collected within a finite solid angle, so t
also emission from photon states with finite wave number
the cavity plane is detected and this emission causes
asymmetry of the emission line. The exciton emission is
shown in Fig. 2. It is located about 20 meV above the pho
mode atE51.415 eV and due to this large exciton-photo
detuning strong-coupling effects can be neglected.

In contrast to the reference sample, the emission spe
of the PD’s consist of a set of sharp lines that originate fr
the discretization of the continuum of photon states in
cavity due to the lateral photon confinement.14 Two features
can be noted. First, the modes shift continuously to hig
energies with decreasing dot size. For example, in the sq
dots the ground photon state in 2.7-mm-wide PD’s is shifted
by about 2.5 meV to higher energies. Second, the ene
splitting between the different confined modes increases w
decreasing size. The mode energies in the circular dots
crease more strongly with decreasing size than those in
rectangular dots. For example, for the first excited pho
state of 2.7-mm PD’s a high-energy shift of about 5 meV
observed in square dots in comparison to 8 meV in circu
dots with this diameter.

FIG. 2. PL spectra of PD’s with varying lateral sizes recorded
the weak-coupling regime of excitons and photons. The spectr
~b! square dots and~c! circular dots are shown. For comparison w
also show~a! the spectra of a two-dimensional reference sampl
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9952 57T. GUTBRODet al.
The lateral size dependence of the mode energies is s
marized in Fig. 3, where the energies of the photon mo
are shown versus dot size for both types of cavities. T
symbols give the experimental data from PL experiments
square@Fig. 3~a!# and circular@Fig. 3~b!# dots. In order to
understand quantitatively the lateral confinement effects,
have made detailed calculations of the modes of these c
ties. The spatial variations of the fields in the growth dire
tion (z) correspond to an energy;1.4 eV and are consider
ably greater than those in the lateral directions (x,y), which
correspond to the lateral confinement energies. Thus we
the fields to be separable as a product of a function ofz times
a function of (x,y). For the motion in thez direction a trans-
fer matrix calculation is used. For that in the (x,y) plane
numerical calculations using a ‘‘boundary element metho
which we have recently developed,15–17 have been made
The modes are nearly transverse with the electric field ly
mainly in the (x,y) plane and are doubly degenerate cor
sponding to two polarizations. The modes (nx ,ny,0) can be
characterized as having (nx ,ny) nodes in the (x,y) direc-
tions. The zero indicates the vertical field distribution in t
l cavity.13 In order to account for the effect of the field
penetrating into the unetched mirrors below the active
gion, the confinement energies are taken to be the averag
calculations for a system that has been etched comple
through the substrate and that for an unetched sys
weighted by the square of the electric fields in the etched
unetched regions, with the weights taken from the trans

FIG. 3. Energies of the photon states in square and circular P
as a function of the lateral size or diameter, respectively. Sym
give the experimental data, and lines the results of numerical
culations as described in the text.
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matrix calculations. The results are given by the solid lines
Fig. 3.

Figure 4 gives the ground-state electric-field distributio
in the photonic dot plane of square cavities for two cav
sizes: 0.4mm @Fig. 4~a!# and 1.2mm @Fig. 4~b!#. The field is
polarized along thex direction. Only one-quarter of the cav
ity is shown, whose boundaries are indicated by the do
lines. For larger sized cavities the fields are fairly well co
tained in the cavity. From the calculations we find that
lowest order in the parameterk0L the states are represente
by a model in which the cavity walls are taken to be p
fectly reflecting and for which the energies of the modes
given by

Enx ,ny
5AE0

21
\2c2

«
~kx,nx

2 1ky,ny

2 !, ~1!

where E05\ck0 /A« is the energy of the unetched cavi
with k0 being the corresponding wave vector. Here the l
eral wave numbers are given by the simple conditionki ,ni

5p(ni11)/L, wherei 5x,y; ni50,1, . . . , andL is the lat-
eral cavity size. In Fig. 3~a! we show the calculated energie

’s
ls
l-

FIG. 4. Contour plots of the electric-field distributions in th
cavity planes for square PD’s with lateral sizes of~a! 0.4 mm and
~b! 1.2 mm. Only one-quarter of the cavity plane is shown and t
boundaries of the PD are indicated by the dotted lines.
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57 9953WEAK AND STRONG COUPLING OF PHOTONS AND . . .
for the seven lowest optical modes with lateral eigenval
(nx ,ny,0) in order of increasing energy. These modes
(0,0,0), (1,0,0), (1,1,0), (2,0,0), (2,1,0), (3,0,0), and
nally (2,2,0).

The corresponding formula for the circular cavities w
perfectly reflecting sidewalls is

E5AE0
21

\2c2

«

xnw ,nr

2

R2
, ~2!

where xnw ,nr
is the nr th zero of the Bessel function

Jnw
(xnr ,nw

r /R).18 R is the radius of the circular dot. Th
calculated energies are shown in Fig. 3~b!. Here the seven
lowest states (nr ,nw,0) are (1,0,0), (1,1,0), (1,2,0), (2,0,0
(2,1,0), (2,2,0), and (3,0,0).

In the case of the square dots the results of the deta
calculations given here account well for the experimen
data. In the case of the circular dots we observe a splittin
the excited states, as indicated by the full symbols and
open circles. The splitting between these states incre
with decreasing dot size. From electron microscopy we fi
that the dots are slightly elliptical with the main axis of th
ellipsoids about 0.2mm longer than the other independe
axis of the dot. This breaks the circular symmetry of the d
and leads to a splitting of the excited states.

IV. STRONG-COUPLING REGIME:
FORMATION OF POLARITONS

The case of strong coupling of excitons and photons w
both modes come into resonance has been studied. The
states hybridize and form cavity polaritons that repel e
other in energy. Strongly coupled cavity polaritons ha
been observed in two-dimensional MC’s.1,2 In this case the
coupling occurs between photon and exciton modes
have the same wave vectork parallel to the direction of
motion in a manner similar to a bulk polariton. It has be
shown that cavity polaritons exist up to room temperat
due to the enhanced exciton binding energy in the QW’19

In addition, the Rabi splitting can be modified by applyin
electric or magnetic fields to the heterostructure.20,21

In order to obtain the resonance condition, variations
the dimensions of the vertical cavity across the sample h
been used.1 They can cause a strong variation of the pho
mode energy. In addition, angle-resolved studies may
used, from which one obtains the in-plane dispersion of
polariton branches.2 Another approach is to vary the samp
temperature, which changes the exciton energy, while
energies of the photon modes have only a comparativ
weak dependence on temperature. In our work, in orde
obtain the exciton-photon resonance in PD’s, we have va
the sample temperature. In these laterally confined struct
angle-resolved studies cannot be used because, as a res
the three-dimensional confinement, the photon states hav
in-plane dispersion. For a given mode the energy does
depend on the angle under which the emission is detect

For these investigations the system parameters in the
patterned sample have been chosen in such a way that a
temperatures (T<50 K! the exciton-photon detuning is;10
meV and the polariton branches are still well separated
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energy. Then one branch is excitonlike and the other on
photonlike. To discretize the spectrum of electronic exci
tions a magnetic fieldB is applied normal to the QW. The
exciton wave functionCX is squeezed byB and thus the
exciton oscillator strengthf 0 is increased, which is given by
f 0}uCX(rWe5rWh)u2. HererWe andrWh are the coordinates of th
electron and hole.

Figure 5 shows PL spectra of a PD with a lateral size
2.7 mm for varying temperatures~increasing from bottom to
top! at B56 T. The low-temperature spectrum (T550 K!
consists of three main spectral features. The broadban
E51.413 eV corresponds to the 1shh exciton. The two fea-
tures on the low-energy side of 1shh correspond to the
ground-state photon~0,0,0! and the first excited photon
~1,0,0!, which is degenerate with~0,1,0!. The weak feature
on the high-energy side of 1shh is due to the second excite
photon state~1,1,0!.

With increasing temperature the band gap
In0.14Ga0.86As decreases, but the energies of the pho
modes are nearly independent of temperature. Thus,
increasing temperature the exciton mode can be brought
sequently into resonance with each of the lower-lying pho
modes and these modes anticross as observed in Fig. 5
temperatures of about 70 K the exciton mode comes
resonance with the first excited photon modes~0,1,0! and
~1,0,0!. At higher temperatures we observe the anticross
of the exciton and the ground photon mode~0,0,0!. The Rabi
splitting between the polariton branches is about 2.1 meV
the ~0,0,0! resonance and 1.7 meV for the degenerate~1,0,0!
and ~0,1,0! resonances.22

FIG. 5. PL spectra of a square PD with a size of 2.7mm at B
56 T for varying temperatures~increasing from bottom to top!.
The spectra were recorded by using low excitation powers of
W cm22.
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Figure 6 shows the transition energies observed in 2
mm-wide PD’s as functions of temperature atB58 T. At
this higher magnetic field the energy of the exciton is shif
to higher values so that also the~1,1,0! photon state lies
below 1shh at low temperatures. Then three anticrossin
are observed with increasing temperature. The Rabi split
increases with increasing oscillator strength10 and therefore
its values are larger at 8 T than those at 6 T. The resonan
with the ~0,0,0! photon state has a splitting of about 2.3 me
and that with the~1,0,0! photon state a splitting of 1.9 meV
The energy splitting of the resonance of 1shh with the
~1,1,0! photon mode is 1.5 meV. After anticrossing, the p
lariton branches exchange character, i.e., the branch of lo
energy is now excitonlike and that of higher ener
photonlike.23

Figure 7 gives the temperature variation of the transit
energies in a PD with a lateral size of 1.2mm at B58 T.
Due to the increased lateral confinement of the photon
comparison to the 2.7-mm-wide PD’s, the photon states a
shifted to higher energies. Only one photon state, the gro
state~0,0,0!, has an energy below 1shh at low temperatures
Consequently, only one anticrossing can be observed
increasing temperature. The anticrossing occurs at aboT
590 K and the Rabi splitting is 2.0 meV.

From Figs. 6 and 7 two noteworthy features can be se
First, the Rabi splitting in the PD’s decreases with decre
ing lateral size. AtB58 T it is 2.3 meV for the anticrossing
involving the ground photon mode in the 2.7-mm-wide cavi-
ties, whereas it is 2.0 meV in the 1.2-mm-wide cavities. Sec-
ond, for cavities with a fixed lateral size the splitting betwe
the polariton branches decreases for higher photon state
noted above for the 2.7-mm-wide PD’s.

The experimentally observed Rabi splittings of seve

FIG. 6. Transition energies of the photon and exciton sta
versus temperature in PD’s with lateral sizes of 2.7mm atB58 T.
7-

d

s
g

-
er

n

in

d

th

n.
s-

n
as

l

polariton branches in PD’s with lateral sizesL ranging from
4.7 mm down to 1.2mm are shown in Fig. 8~a! by symbols
@squares for the~0,0,0!, circles for the~0,1,0! and~1,0,0!, and
triangles for the~1,1,0! polaritons#. We observe for all pho-
ton modes a decrease of the Rabi splitting with decreas
lateral cavity size. The decrease is stronger the higher
eigenvalues of the photon mode. With increasing cavity s
the splittings for all modes converge to 2.5 meV for t
two-dimensional reference.

An expression for the Rabi splittings in terms of the ph
ton confinement is required in order to understand the ca
size dependence of the splitting. We have obtained the R
splitting both classically and quantum mechanically for
picture of N independent harmonic oscillators represent
the excitons coupled to a harmonic-oscillator photon mo
The classical result is convenient for including the effects
damping of the modes. In this case the Rabi splitting is giv
by24

V5Aa2N

v1
2

2
1

4
~g02g1!2. ~3!

Here v1 is the frequency of theN exciton oscillators of
width g1, the photon oscillator width isg0, and a is the
coupling between the exciton and photon oscillators. In
present experiments the difference of the exciton and pho
widths are small compared to their coupling and will be n
glected here givingV'Aa2N/v1

2. The classical photon
fields then are quantized in the usual way by equating th
energies to their frequencies. This gives

V'Af 0e2

lm
G~L !, ~4!

s
FIG. 7. Transition energies of the photon and exciton sta

versus temperature in PD’s with lateral sizes of 1.2mm atB58 T.
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57 9955WEAK AND STRONG COUPLING OF PHOTONS AND . . .
wheref 0 is the exciton oscillator strength per unit area andm
is the corresponding mass.l is the width of the In0.14Ga0.86As
quantum well.G(L) is a dimensionless function that de
pends on the size and the shape of the cavity and on
photon polarization. The size dependence arises from
exciton-photon interactiona, which is obtained from the ab
sorption of light by the exciton. This size dependence will
discussed for several cavities in the following.

We begin by considering a semiconductor cavity in t
shape of a parallelepiped with the property that the elec
fields go to zero at the boundaries~model 1!. This situation
corresponds to a cavity with perfectly reflecting sidewa
Then the electric fields are products of trigonometric fun
tions for each spatial direction. The dependence ofV on the
lateral sizeL becomes simplyV}1/AE(L), where the ener-
gies of the confined photon states increase with decrea
size. The resulting size dependence for the polariton re
nance with the~0,0,0! photon state is shown in Fig. 8~b! by
the dotted line, where we have plotted the Rabi splitt
normalized byV in the two-dimensional reference vers
cavity size. In this model the size dependence is weak
cause in this case the fields are strongly confined and
exciton-photon interaction matrix element is affected o
weakly by the confinement induced changes of the pho
energies. This is also true for the higher-order optical mod

Next we consider a semiconductor MC structure like
ones studied experimentally here except that we take
lower mirror to be etched through completely to the substr

FIG. 8. ~a! Rabi splittings atB58 T versus lateral cavity size
for different photon states. Symbols give experimental results
solid lines give results from calculations.~b! Relative decrease ofV
versus lateral cavity size for three model cavities described in
text.
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~model 2!. As discussed above, the fields are represented
functions that are separable between thez variable ~the
growth direction! and thex-y plane. The Rabi splitting of the
ground-state polariton is given by the dash-dotted line in F
8~b!. The dependence ofV on size is somewhat greater i
this case than in model 1 due to the greater changes of
electric field with cavity size. The changes of field with ca
ity size, however, remain small~see Fig. 3! because of the
large refractive index mismatch at the boundaries.

Finally, we have calculated the size dependence of
Rabi splitting of the ground-state polariton for the structu
studied in the present experiments. The field distributio
were obtained by fitting the results of our numerical calcu
tions. In the unpatterned lower mirror we represent the fie
for ux,yu.L/2 as products of exponentials and trigonomet
functions that are determined from the boundary conditio
The resultingV for the ~0,0,0! polariton is shown by the
solid line in Fig. 8~b! together with the experimental result
The values for the Rabi splitting of the higher polarito
were estimated by scaling theV for the ~0,0,0! polariton by
the dependenceV}A1/E(L) given above in model 1. The
resulting model curves for the size and mode dependence
shown by solid lines in Fig. 8~a!.

Both the decrease of the Rabi splitting with sizeL and its
decrease in going from the ground photon state to high
lying states at a givenL are accounted for reasonably well b
this last model. Physically, the reason for the stronger dep
dence of the Rabi splitting on cavity size is that the fields
the present structures extend laterally in the lower mir
region beyond the etched region. For decreasing size th
fields tend to be forced increasingly into this lower mirr
region. This gives a decreasing exciton-photon overlap in
oscillator strength for decreasing size and leads to a sm
Rabi splitting. From the comparison of these calculations
the three different models here, we see that the excit
photon interaction and the Rabi splitting can be modified
changes in the geometry of the cavities. In particular,
predict that they will increase for a given sizeL if the lower
mirror is etched more deeply.

V. CONCLUSION

In summary, we have investigated the weak and stro
interaction between zero-dimensional optical modes and
citon states in PD’s. The size and shape dependence o
optical mode spectrum has been studied by PL experim
and modeled by numerical calculations. By varying the te
perature the formation of cavity polaritons from differe
confined optical modes and the ground-state magnetoexc
is observed. The Rabi splitting between the polarit
branches decreases systematically with decreasing dot
For a given sizeV decreases with increasing photon eige
values. By comparison with model calculations, both effe
are traced to size dependences of the exciton-photon
pling due to variations of the electric-field distributions.
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