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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 confinemen{.S0163-182€08)00916-3

I. INTRODUCTION lateral directions due to the large discontinuity of the refrac-
tive index at the dot sidewalfs:*
Semiconductor microcavitie@MC's) are powerful tools In the present work we first describe in Sec. Il the photo-

for studying fundamental problems in light-matter nic dot samples used in the present experiments. In Sec. Il
interaction™? These structures consist of single or multiple the mode spectrum of PD’s is studied in the weak-coupling
quantum wells (QW’s) sandwiched between two high- regime of excitons and photons. In particular, we discuss the

quality Bragg reflector¢BR’s), which confine the photons dependence of the energies of the optical modes on the dot

along the direction normal to the BR’s. The electronic exci-SiZ€ and shape. In addition, we study the strong-coupling

tations are controlled by the parameters of the QW's, e.g €9ime of excitons and photons in Sec. IV. Quasi-zero-

width and composition. The optical modes, on the othedimensional polariton-like states are formed due to the
hand, depend on the properties of the entire MC such aSirond coupling of the ground-state heavy-hole exciton
cavity length and composition of the mirrors. Thus the prop_(1shh) with several confined photon modes. We investigate

erties of the electronic and photonic excitations can be corth® Sizé and mode dependence of the Rabi splitting in PD's.

trolled separately by the structural design. This can lead, fof "€ €xperimental results are compared with the results of

example, to enhanced light-matter interaction or to a reducdetailed numerical calculations.

tion of the spontaneous emissibi.
The regimes of both weak and strong coupling between Il. EXPERIMENT
photonic and electronic excitations occur in these systems. In
the weak-coupling case one of the excitations couples to a The MC layer structure used to fabricate the PD’s was
continuum of states of the other excitation. Then the interacgrown by molecular-beam epitaxy. Thecavity consists of a
tion is described by Fermi's golden rule and gives rise to &51-nm-wide GaAs layer in the center of which a 7-nm-wide
linewidth and dissipation. In the regime of strong coupling,Ing 1/G& gfAs single QW is embedded. This structure is
the photonic and electronithere excitonig excitations are  sandwiched between two BR'’s consisting of 19 quarter-wave
fully discretized. Then the eigenstates of the system arstacks of GaAs/AlAs layers on top and 21 at the bot{om
mixed exciton-photon states, the so-called cavity polaritonstop of the substraje In order to obtain three-dimensional
which are split in energy. The energy splitting corresponds tghoton confinement, arrays of square and circular photonic
the vacuum Rabi splitting in atomic physitd’ dots were fabricatetf The shape of the dots was defined by
In previous work on semiconductor MC’s the photonselectron-beam lithography and the pattern was transferred
were confined only in the direction parallel to the growthinto the semiconductor by dry etching. Details of the fabri-
direction and both the excitons and the photons have corsation process have been given earlieiThe cavity was
tinuous spectra corresponding to motion in the QW planeetched through the top BR and the GalXsavity down to
Recently, photonic dotgPD’s) have been fabricated, in the top of the bottom BR.
which the photonic modes are confined in all three direc- Figure 1 shows scanning electron micrographs of arrays
tions: in the vertical direction by the BR’s and along the of square and circular photonic dots. The diameter of the
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FIG. 2. PL spectra of PD’s with varying lateral sizes recorded in
the weak-coupling regime of excitons and photons. The spectra of
(b) square dots ant) circular dots are shown. For comparison we
also show(a) the spectra of a two-dimensional reference sample.

weak spectral features the intensity is shown on a logarith-
mic scale. For comparison, the spectrum of a two-
FIG. 1. Scanning electron micrographs @ square andb) dimensional reference sample is also shd®ig. 2(@)]. The
circular photonic dots with sizes of 2,Zm and diameters of 2.7 main feature in this reference spectrum is the emission from
um, respectively. the photon mode at an energy of ab@y=1.395 eV. The
mode corresponds to the sharp decrease of the reflectivity in
circular dots is 2.7um and the lateral size of the square dotsthe center of the stop band of the vertical resonator. A broad-
is 2.7 um. On top of the structures the upper mirror consist-ening of the spectral line to higher energies is observed: The
ing of alternating GaAs and AlAs layers can be seen fol-luminescence is collected within a finite solid angle, so that
lowed by the GaAs\ cavity. The lower mirror remains ba- also emission from photon states with finite wave numbers in
sically unetched except for about one to two layers of GaAsthe cavity plane is detected and this emission causes the
AlAs. The lateral spacing between adjacent dots was so larggsymmetry of the emission line. The exciton emission is not
that coupling effects between the dots can be excluded. shown in Fig. 2. It is located about 20 meV above the photon
The samples were mounted into the variable temperaturmode atE=1.415 eV and due to this large exciton-photon
insert (1.8 K<T<200 K) of an optical magnetocryostat detuning strong-coupling effects can be neglected.
(B<8 T). The measurements were performed in Faraday In contrast to the reference sample, the emission spectra
configuration. An Af laser(514.5 nm was used for optical of the PD’s consist of a set of sharp lines that originate from
excitation. The emitted light was dispersed by a monochrothe discretization of the continuum of photon states in the
mator (f=0.6 m) and detected by a charge-coupled-devicecavity due to the lateral photon confineméhfwo features
camera. can be noted. First, the modes shift continuously to higher
energies with decreasing dot size. For example, in the square
Il. WEAK-COUPLING REGIME: dots the ground photon §tate in Zzﬂn_—wide PD’s is shifted
PHOTON MODE SPECTRUM by_a_bout 2.5 meV to _hlgher energies. Secon_d, the energy
splitting between the different confined modes increases with
First, we study the spectrum of optical modes in PD’s,decreasing size. The mode energies in the circular dots in-
where the energy separation between the photon and the egrease more strongly with decreasing size than those in the
citon is large. In this off-resonance case the excitations areectangular dots. For example, for the first excited photon
only weakly coupled. Figure 2 gives photoluminescencestate of 2.7um PD’s a high-energy shift of about 5 meV is
(PL) spectra of squargFig. 2b)] and circular[Fig. 2(c)]  observed in square dots in comparison to 8 meV in circular
PD’s with varying sizes al=2 K. In order to resolve also dots with this diameter.
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The lateral size dependence of the mode energies is sum-
marized in Fig. 3, where the energies of the photon modes FIG. 4. Contour plots of the electric-field distributions in the
are shown versus dot size for both types of cavities. Th&avity planes for square PD's with lateral sizes(a@f 0.4 um and
symbols give the experimental data from PL experiments fofP) 1.2 «m. Only one-quarter of the cavity plane is shown and the
square[Fig. 3(@] and circular[Fig. 3(b)] dots. In order to boundaries of the PD are indicated by the dotted lines.
understand quantitatively the lateral confinement effects, we ) . o .
have made detailed calculations of the modes of these CaVlin.atrlx calculations. The results are given by the solid lines in
ties. The spatial variations of the fields in the growth direc-Fig: 3. _ o o
tion (z) correspond to an energy1.4 eV and are consider- Figure 4 gives the ground-state electric-field distributions
ably greater than those in the lateral directiorsj, which N the photonic dot plane of square cavities for two cavity
correspond to the lateral confinement energies. Thus we takZes: 0.4um [Fig. 4@] and 1.2um [Fig. 4b)]. The field is

the fields to be separable as a product of a functiantohes ~ Polarized along the direction. Only one-quarter of the cav-
a function of &,y). For the motion in the direction a trans- ity is shown, whose boundaries are indicated by the dotted

fer matrix calculation is used. For that in the,y) plane lines. For larger sized cavities the fields are fairly well con-
numerical calculations using a “boundary element method,”ta'”ed in the cavity. From the calculations we find that to
which we have recently developéd;!” have been made. lowest order in the paramet&pL the states are represented

The modes are nearly transverse with the electric field lyin?Y & model in which the cavity walls are taken to be per-
mainly in the §&,y) plane and are doubly degenerate corre- gctly reflecting and for which the energies of the modes are
sponding to two polarizations. The modes (n,,0) can be ~ 9V€N by
characterized as havingi(,n,) nodes in the X,y) direc- —
tions. The zero indicates the vertical field distribution in the E _ \/E2+ h”c (K2 +K2, ) 0
\ cavity!® In order to account for the effect of the fields Mol 07 g XM Tyinyh

penetrating into the unetched mirrors below the active re- ) )
gion, the confinement energies are taken to be the average ¥here Eo=7icky/\/s is the energy of the unetched cavity

calculations for a system that has been etched completelyith Ko being the corresponding wave vector. Here the lat-
through the substrate and that for an unetched systef@f@l wave numbers are given by the simple conditiop
weighted by the square of the electric fields in the etched aneF 7(n; +1)/L, wherei=x,y; n;=0,1, ..., and is the lat-
unetched regions, with the weights taken from the transfereral cavity size. In Fig. @ we show the calculated energies
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for the seven lowest optical modes with lateral eigenvalues
(ny,ny,0) in order of increasing energy. These modes are 1shh  (0,00) B=6T
(0,0,0), (1,0,0), (1,1,0), (2,0,0), (2,1,0), (3,0,0), and fi-

{1,0,0)
nally (2,2,0). ©1.0)  (1,1,0) TIK]
104

The corresponding formula for the circular cavities with

perfectly reflecting sidewalls is /\_/\~ 1::
M 94
2.2 X 92
g R? @ 88
© 86

)

£

where Xn, .n, is the n,th zero of the Bessel function
an(an,nwf/R)-lB R is the radius of the circular dot. The : 80

calculated energies are shown in Figb)3 Here the seven g ;g
lowest statesr; ,n,,0) are (1,0,0), (1,1,0), (1,2,0), (2,0,0), c 68
(2,1,0), (2,2,0), and (3,0,0). 67

In the case of the square dots the results of the detailed 65
calculations given here account well for the experimental 63
data. In the case of the circular dots we observe a splitting of 1shh &0
the excited states, as indicated by the full symbols and the R 50
open circles. The spliting between these states increases ©0.00) (1.0,0) (1.1,0)
with decreasing dot size. From electron microscopy we find 7 (0.1,0)

that the dots are slightly elliptical with the main axis of the 41 O L 41 — 41 — 4: —
ellipsoids about 0.2um longer than the other independent 1.40 1.405 1410 1415
axis of the dot. This breaks the circular symmetry of the dots

and leads to a splitting of the excited states. energy [eV]

FIG. 5. PL spectra of a square PD with a size of 2m atB
=6 T for varying temperature@increasing from bottom to tgp

IV. STRONG-COUPLING REGIME: The spectra were recorded by using low excitation powers of 10
FORMATION OF POLARITONS W cm™2.

The case of strong coupling of excitons and photons when , o .
both modes come into resonance has been studied. Then tRBE"dY. Then one branch is excitonlike and the other one is

states hybridize and form cavity polaritons that repel eacPhotonlike. To discretize the spectrum of electronic excita-
other in energy. Strongly coupled cavity polaritons havellonS @ magnetic field is applied normal to the QW. The

been observed in two-dimensional MG'8.n this case the €Xciton wave function¥y is squeezed by and thus the
coupling occurs between photon and exciton modes the®XCiton oﬁscnlfttor strengfho is |£1creased, which is given by
have the same wave vect@r parallel to the direction of fooc|\lfx(re=rh)|2. Herer, andr,, are the coordinates of the
motion in a manner similar to a bulk polariton. It has beenelectron and hole.
shown that cavity polaritons exist up to room temperature Figure 5 shows PL spectra of a PD with a lateral size of
due to the enhanced exciton binding energy in the QW#’s. 2.7 um for varying temperature@ncreasing from bottom to
In addition, the Rabi splitting can be modified by applyingtop) at B=6 T. The low-temperature spectrurii €50 K)
electric or magnetic fields to the heterostructt&" consists of three main spectral features. The broadband at
In order to obtain the resonance condition, variations ofE=1.413 eV corresponds to thestih exciton. The two fea-
the dimensions of the vertical cavity across the sample haviures on the low-energy side ofstth correspond to the
been used.They can cause a strong variation of the photonground-state photor{0,0,0 and the first excited photon
mode energy. In addition, angle-resolved studies may bél,0,0, which is degenerate wittD,1,0. The weak feature
used, from which one obtains the in-plane dispersion of then the high-energy side ofshh is due to the second excited
polariton branche$ Another approach is to vary the sample photon state1,1,0.
temperature, which changes the exciton energy, while the With increasing temperature the band gap of
energies of the photon modes have only a comparativeling 1.Ga, gAS decreases, but the energies of the photon
weak dependence on temperature. In our work, in order tonodes are nearly independent of temperature. Thus, with
obtain the exciton-photon resonance in PD’s, we have variethcreasing temperature the exciton mode can be brought sub-
the sample temperature. In these laterally confined structuresequently into resonance with each of the lower-lying photon
angle-resolved studies cannot be used because, as a resulnuddes and these modes anticross as observed in Fig. 5. At
the three-dimensional confinement, the photon states have nemperatures of about 70 K the exciton mode comes into
in-plane dispersion. For a given mode the energy does natsonance with the first excited photon modésl,0 and
depend on the angle under which the emission is detected(1,0,0. At higher temperatures we observe the anticrossing
For these investigations the system parameters in the umf the exciton and the ground photon md@e0,0. The Rabi
patterned sample have been chosen in such a way that at I@plitting between the polariton branches is about 2.1 meV for
temperaturesT<50 K) the exciton-photon detuning is10  the(0,0,0 resonance and 1.7 meV for the degene(ie,0
meV and the polariton branches are still well separated irand(0,1,0 resonance$>
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. ) ) FIG. 7. Transition energies of the photon and exciton states
FIG. 6. Transmo_n energies of the p_hoton and exciton state§ergus temperature in PD's with lateral sizes of 4@ atB=8 T.
versus temperature in PD’s with lateral sizes of 2Zm atB=8 T.
polariton branches in PD’s with lateral sizeganging from
Figure 6 shows the transition energies observed in 2.74.7 um down to 1.2um are shown in Fig. @ by symbols
um-wide PD’s as functions of temperature B&=8 T. At  [squares for th€0,0,0, circles for the(0,1,0 and(1,0,0, and
this higher magnetic field the energy of the exciton is shiftedriangles for the(1,1,0 polaritony. We observe for all pho-
to higher values so that also th#,1,0 photon state lies ton modes a decrease of the Rabi splitting with decreasing
below 1shh at low temperatures. Then three anticrossingdateral cavity size. The decrease is stronger the higher the
are observed with increasing temperature. The Rabi splittingigenvalues of the photon mode. With increasing cavity size,
increases with increasing oscillator strertgtand therefore the splittings for all modes converge to 2.5 meV for the
its values are largent® T than those at 6 T. The resonance two-dimensional reference.
with the (0,0,0 photon state has a splitting of about 2.3 meV  An expression for the Rabi splittings in terms of the pho-
and that with the1,0,0 photon state a splitting of 1.9 meV. ton confinement is required in order to understand the cavity
The energy splitting of the resonance oshh with the size dependence of the splitting. We have obtained the Rabi
(1,1,0 photon mode is 1.5 meV. After anticrossing, the po-splitting both classically and quantum mechanically for a
lariton branches exchange character, i.e., the branch of lowgicture of N independent harmonic oscillators representing
energy is now excitonlike and that of higher energythe excitons coupled to a harmonic-oscillator photon mode.
photonlike® The classical result is convenient for including the effects of
Figure 7 gives the temperature variation of the transitiondamping of the modes. In this case the Rabi splitting is given
energies in a PD with a lateral size of 1u2n atB=8 T. by**
Due to the increased lateral confinement of the photons in

comparison to the 2.Zzm-wide PD'’s, the photon states are AN 1
shifted to higher energies. Only one photon state, the ground Q=75 70" y1)2. €)
state(0,0,0, has an energy belowshh at low temperatures. w1

Consequently, only one anticrossing can be observed wit
increasing temperature. The anticrossing occurs at about width 7, the photon oscillator width isy,, and a is the

=90 K and the Rabi splitting is 2.0 meV. coupling between the exciton and photon oscillators. In the
From Figs. 6 and 7 two noteworthy features can be seen;. piing : . P ) :

First, the Rabi splitting in the PD’s decreases with decreashreSent experiments the difference of the exciton and photon

ing lateral size. AB=8 T it is 2.3 meV for the anticrossing widths are small compared to their coupling and will be ne-

involving the ground photon mode in the 2.n-wide cavi- ~ 91€cted here givingQ~ Va*N/wj. The classical photon
ties, whereas it is 2.0 meV in the 1/2n-wide cavities. Sec- fields _then are _quant|zed In the '“.Isua.ll way by equating their
ond, for cavities with a fixed lateral size the splitting betweentnergies to their frequencies. This gives

the polariton branches decreases for higher photon states as

noted above for the 2.g:m-wide PD’s. O~ /ferG(L) @
The experimentally observed Rabi splittings of several Im '

p|ere w1 Is the frequency of theN exciton oscillators of
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lateral cavity size [1m] (model 2. As discussed above, the fields are represented by
. ! 2 3 3 3 functions that are separable between thevariable (the
10k growth direction and thex-y plane. The Rabi splitting of the
ground-state polariton is given by the dash-dotted line in Fig.
8(b). The dependence &b on size is somewhat greater in
this case than in model 1 due to the greater changes of the
electric field with cavity size. The changes of field with cav-
ity size, however, remain smalsee Fig. 3 because of the
large refractive index mismatch at the boundaries.
"""""""" model cavity 1 Finally, we have calculated the size dependence of the
-------- model cavity 2 Rabi splitting of the ground-state polariton for the structures
model cavity 3 studied in the present experiments. The field distributions
were obtained by fitting the results of our numerical calcula-
tions. In the unpatterned lower mirror we represent the fields
for |x,y|>L/2 as products of exponentials and trigonometric
functions that are determined from the boundary conditions.
The resultingQ) for the (0,0,0 polariton is shown by the
solid line in Fig. 8b) together with the experimental results.
The values for the Rabi splitting of the higher polaritons
were estimated by scaling the for the (0,0,0 polariton by
the dependenc&«+/1/E(L) given above in model 1. The
resulting model curves for the size and mode dependence are
shown by solid lines in Fig. @).

Both the decrease of the Rabi splitting with sizand its
decrease in going from the ground photon state to higher-
I T S S lying states at a giveh are accounted for reasonably well by

lateral cavity size [um] this last model. Physically, the reason for the stronger depen-
dence of the Rabi splitting on cavity size is that the fields in
for different photon states. Symbols give experimental results an&he_ present structures extend_ laterally in the _Iowe_r mirror
solid lines give results from calculation®) Relative decrease &1 region beyond the etched region. For decreasing size these

versus lateral cavity size for three model cavities described in th&i€lds tend to be forced increasingly into this lower mirror
text. region. This gives a decreasing exciton-photon overlap in the

oscillator strength for decreasing size and leads to a smaller

wheref , is the exciton oscillator strength per unit area and Rabi splitting. From the comparison of these calculations for
is the corresponding madsis the width of the 1§ 1 Ga, gfAs  the three different models here, we see that the exciton-
quantum well.G(L) is a dimensionless function that de- photon interaction and the Rabi splitting can be modified by
pends on the size and the shape of the cavity and on thehanges in the geometry of the cavities. In particular, we
photon polarization. The size dependence arises from theredict that they will increase for a given sikef the lower
exciton-photon interactior, which is obtained from the ab- mirror is etched more deeply.
sorption of light by the exciton. This size dependence will be
discussed for severallcav_ities in the_ following. - V. CONCLUSION

We begin by considering a semiconductor cavity in the
shape of a parallelepiped with the property that the electric In summary, we have investigated the weak and strong
fields go to zero at the boundariésodel 1. This situation interaction between zero-dimensional optical modes and ex-
corresponds to a cavity with perfectly reflecting sidewalls.citon states in PD’s. The size and shape dependence of the
Then the electric fields are products of trigonometric func-optical mode spectrum has been studied by PL experiments
tions for each spatial direction. The dependenc€aln the  and modeled by numerical calculations. By varying the tem-
lateral sizel. becomes simplf)<1/\E(L), where the ener- perature the formation of cavity polaritons from different
gies of the confined photon states increase with decreasirgpnfined optical modes and the ground-state magnetoexciton
size. The resulting size dependence for the polariton resds observed. The Rabi splitting between the polariton
nance with thg0,0,0 photon state is shown in Fig(i® by branches decreases systematically with decreasing dot size.
the dotted line, where we have plotted the Rabi splittingFor a given siz&) decreases with increasing photon eigen-
normalized by( in the two-dimensional reference versus values. By comparison with model calculations, both effects
cavity size. In this model the size dependence is weak beare traced to size dependences of the exciton-photon cou-
cause in this case the fields are strongly confined and theling due to variations of the electric-field distributions.
exciton-photon interaction matrix element is affected only
Weakly by the .confinement induce_d changes of .the photon ACKNOWLEDGMENTS
energies. This is also true for the higher-order optical modes.

Next we consider a semiconductor MC structure like the This work was supported by the Deutsche Forschungsge-
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