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A comprehensive theoretical and experimental study of linear exciton-light coupling in single and coupled
semiconductor microcavities is presented: emphasis is given to angular dispersion and polarization effects in
the strong-coupling regime. The phase delay in the dielectric mirrors carries a nontrivial angle and polarization
dependence. The polarization splitting of cavity modes increases with internal angléég.stomparison
with experimental results on a GaAs-based cavity with,#6a, s/AS QW's shows that a quantitative under-
standing of polariton dispersion and polarization splitting has been achieved. Coupling of two identical cavities
through a central dielectric mirror induces an optical splitting between symmetric and antisymmetric modes.
When QW excitons are embedded in both cavities at antinode positions, the system behaves as four coupled
oscillators, leading to a splitting of otherwise degenerate exciton states and to separate anticrossing of sym-
metric and antisymmetric modes. These features are confirmed by experimental results on coupled GaAs
cavities with Iy ,Gay 9,AS QW's. Finally, the polarization splitting in a coupled cavity is analyzed in detail
and is in good agreement with the experimental findifi§6163-18299)03407-4

I. INTRODUCTION ded QW’s. The structures we are considering are shown in
Fig. 1. The effects of reflection phase delay in the dielectric
Quantum wel(QW) excitons embedded in semiconductor mirrors, differences in the angular dispersion for TE and TM
microcavities (MC’s) may be found in either weak- or polarizations of light, energy dependence of the refractive
strong-coupling regimes. In the weak-coupling case the deindex, and the effect of cavity mismatch and absorption on
cay rate and emission pattern of the exciton may be modithe intensity of reflectivity features are all considered in a
fied, but a radiative decay still occurs; in the strong-coupling
regime, instead, a reversible energy exchange between exci-
ton and cavity mode takes place. This is related to the for-
mation of mixed exciton-photon states, usually termed cavity
polaritons. After the pioneering observation of a Rgdular-
iton) splitting in Fabry-Peot MC’s,! the strong-coupling re-
. . . . .. . . (a)
gime of QW excitons in microcavities has been investigated n
by a variety of spectroscopic methods. Reviews can be found L
in Refs. 2—-4.
Recently the system of two coupled MC’s with embedded Nt I
QW's has also been investigated,as a way to further con- N pairs N1 pairs N pairs
trol both radiation and material degrees of freedom. In par- :
ticular, coupled MC’s allow a sizable radiative splitting of
excitons in QW’s separated by a macroscopic distance (b)
(>2um) to be achieved.Angle- and polarization-resolved
detailed information on exciton-photon interactions, which
call for accurate yet sufficiently simple theoretical treat-
ments. FIG. 1. Refractive index profile ) the single cavity structure,
In this paper we present a comprehensive study of cavityand (b) the coupled cavity structure. A set of three QW's at the
polariton dispersion in single and coupled MC’s with embed-center of each cavity is indicated.

N pairs

reflectivity experiments on single and coupled cavities yield
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semiclassical transfer-matrix treatment. Angle- andfrequencies are the solutions'dfwith k,= (ncw/c)cosby:
polarization-resolved reflectivity results on single and

coupled cavities are compared in detail with theoretical pre-  [rpgr(rc+tc)e'*se—1][rpgr(rc—tc)e*e—1]=0. (2)
dictions. This i ion for the f in th lex pl
This paper is organized as follows. In Sec. Il we derive IS Is an equation for the frequenayin the complex plane.

formulas for reflection phase delay in dielectric mirrors whenOne can easﬂy provéthat the first bracket in qu) equals
the frequency is close to the center of the stop band. In sederoat the e|genfr§quengy of a mode even with respect to the
Il we study a single cavity and obtain results for the empty_center of the cavity, whlle_the zero of the second bracket
cavity mode, polariton dispersion, and polarization splitting.C0""eSPONds to an odd cavity mode.
Experimental results are then compared with theory. In Sec.
IV we treat coupled cavities, and derive analytic formulas for A. Empty cavity
optical splitting of the two modes, empty-cavity dispersion By specifying Eq.(2) to the case of an empty cavity {
and polariton energies; experimental results on coupled cavi= t =1), the eigenfrequencies of the cavity modes are
ties are presented and discussed. Section V contains conclugstermined by the equatiorfgrexp(dk,L)=1. The com-
in_g rer_narks. Some f_ormulas related to dielectric mirrors arei)|ex frequency is denoted by®(6)—iy%(6), wherew, is
given in the Appendix. the real frequency of the mode ang, is the mode half-
width at half-maximum(HWHM). By using the parametri-
IIl. DIELECTRIC MIRRORS zation (1), the cavity-mode frequency,, can be expressed

A distributed Bragg reflect8r'* (DBR) is a periodic as (the polarization index is understood for simplicity

stack consisting of alternating quarter-wave layers of high L 0)+L 0 0
and low refractive index materials. A proper treatment of the wn(0)= c@cl )+ Losr(6) @[ 6) , 3
phase delay on reflection by a DBR is a preliminary issue in Ler( 0)

order to calculate the angular dispersion of cavity polaritong,yhere Lex=L.+Lpgr is an effective length, andw,
for TE and TM polarizations. Previous work on angular de'zmrrc/ncLCcosHC is the Fabry-Pet frequency if there is no
pendence of phase delay in Fabrydilters (but neglect-  phase delay in the mirrors; the integerepresents the num-
ing the difference of polarizationss described in Ref. 11. per of half wavelengths contained in the cavity region. The
We consider a DBR with layer thicknessash and re-  ¢ayity-mode frequency is a weighted averagespfand g ;
fractive indicesn,,n,, which can be either in the order, iy most cased pgr is much larger thar., so thatw,, is
<n, (as exemplified in Fig. Lor n;>n,; our treatment mostly determined by the center of the stop band This
applies to both situations. The DBR is surrounded by a cavpften unappreciated result implies that the frequency of the
ity (external medium with refractive index(nex). At fre-  cavity mode has only a weak dependence on cavity thick-
quencies close to the center of the stop basf{6), @ ness, while it depends more sensitively on the DBR layer
=TE,TM, the reflection coefficient of a DBR at a fixed angle thicknesses. A useful approximate formula for the depen-
¢ may be assumed to have a constant amplitude and a phagénce of mode energy on cavity length is dwmn/wy,

that is linear inw: =§SL./Lek. The half-widthy,, is found in the limitR— 1 as
a + /R ; nCLa a 0 1 ) = c(1-R(0)) 4
rper(®@) == VRUexp i~ Lpgr(w—wg)coste|, (1) Ym(0)= ST B)cose,” (4)

where 6= arcsin(sing/n,) is the angle in the cavity region. Similar r_esults. hold for an asymmetric cavity.. The lfnai.n dif-
The upper(lowen) sign holds for;<n,(n;>n,), in which ~ ference in optical properties of an asymmetric cavity is that
case the phase of the reflection coefficient is zerp &t the ~ the minima of reflectivity do not reach zero, i.e., reflectivity
center of the stop band. dips are much less pronounced.

The quantityL%.<(6) represents a penetration depth of  Simpler expressions for the cavity mode dispersion can be
the field in the dielectric mirror, dependent on both angle and@iven for the common case in whieh,n,,n, are close to
polarization. At normal incidence it equal& 2, whereL,is ~ ©ach other. Let us denote Iy the common value of the
defined in Ref. 12 as the distance at which a fixed-phasEefractive index. Then the center of the stop band is very
mirror has to be displaced in order to produce the same pha&dosely the same for the two polarizations and behaves as
delay on reflection. Expressions for the quantities@s(6)=mC/[Ner(a+b)cosfey]: it has therefore the same
R*(6),L%x(6), 0%(6) are given in the Appendix. The pen- angular dependence as the FabiyePdrequency wq(6).

etration depth is found to increase withfor TM, and to 1S leads to the frequently used formulay(6)
decrease for TE polarization. =wmn(0)/cosbe, which can also be viewed as a definition

for the effective refractive inde¥:***®However this implic-
itly assumes thah.s is independent of energy. When the
IIl. SINGLE MICROCAVITY energy dependence of the refractive index is taken into ac-

We consider a symmetric Fabry+®e cavity structure of count, it is easy to show that the cavity-mode dispersion
lengthL .. surrounded by dielectric mirrors, with a symmetric °€COmMes
layer characterized by reflection and transmission coeffi- No] 07(0)] @(0)
cientsr.,t; placed at its center. The eigenmodes are found wm(0)= efft “'m m= (5)
from the poles of the transmission coefficiéht® The eigen- " Ner| @m(6)] COSBert
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Although the energy dependence of the refractive index isvhere the exciton-cavity coupling is given by
small, it has an important effect on the angular dependence

of the cavity-mode. 1 2me?f w2y
A formula for the polarization splitting can also be given VTE( g)z( € Txy ) , 9
for the casen,=n;=n,. While wq is very nearly the same 4meg n?mLiE(6)) coe

for both polarizations, the penetration depthggr depends
markedly on polarization, as it increases with angle for TM
and it decreases for TE polarization. From Eg). it can be VTM(a):(

10
seen that ifo.= w the cavity-mode frequency is indepen- (10

dent of Lyt and thus it depends very little on polarization.
Therefore the polarization splitting is controlled by the mis- Equation(8) is often derived by diagonalizing 22 Hamil-
match between the center of the stop bandnd the Fabry-  tonian, in which two oscillators of frequencieg,—i yex and
Peot frequencyw.. We exploit the fact thaty(6) varies  , —i,, are coupled by a matrix elemekt The present
roughly as 1/cog&y, and obtain the approximate form treatment yields microscopic expressions for the various pa-
©™(0)— wTE(0) rameters, with their angle an_d polarization dependence. The
m m two-oscillator model describes the weak- and strong-
™ | TE B coupling regimes and the crossover between them as a func-
:LC(LDBR( 9~ Losr( 0))L@s(0) wC(O)]_ (6)  tion of the coupling parameter, as discussed previousty.
L ¢( 0)%COS st When N identical QW's are placed in the microcavity,
hoenly one “bright” state can be observed, while the remain-
ing N—1 states are “dark.?1°The matrix elemenV to the
bright state is multiplied by an effective number of wells

1 2me?fy, )1’2

Ameg nZmLLY(0)

The penetration depths can be evaluated by means of t
formulas in the Appendix. Fan;=n,=n.=n.; we obtain

©T™(0)— wI5(6) Nesr=(N=sinNKkl/sin kl)/2,1§'13v1_4with the upper(lowen sign
appropriate for a symmetri@ntisymmetri¢ electric field in-
L.Lpgr(0) 2C0S O SN Oag side the microcavity, and withindicating the period of the
= 5 = [ws(0) —wc(0)]. multiple QW. All states are bright and observable if the
Len(0)7 12 SiMfer QW's are not identical®
(7
This equation(which is valid for both cases;<n, andn; C. Experiments

>ny) is somewhat less accurate compared to (By. but it The experiments were carried out on a sarffptensist-
d|splgys more gle_arly_ the angular. dependence: basically, thiﬁg of a one-wavelength\) GaAs cavity sandwiched by 20
polanza’qon splitting increases with angle _I|ke ;. We period \/4 Al ,4Ga, s As/AlAs DBR’s. The top and bottom
emphasize that the TM mode can be at h'ghef or lower enpp werep andn doped, respectively. The cavity contains a
ergy, according to which 0ib5(0) or wc(0) is higher: the oot of three centrally placed 10-nm-wide o 15Ga sAS
first case is realized when the DBR periagt b<\/2, while  5\n5 with 10-nm barriers. Further details of the experimen-
the second cas@ E highe) occurs whera+b>\/2. tal setup can be found in Ref. 21.
_ o A series of polarization-resolved reflectivity spectra at
B. Single cavity with quantum wells different angles was shown in Ref. 21 and is not repeated

We now consider a cavity of width, with one QW at the herg. We just r_ecaII the main features: at low angles_, the
center[see Fig. 18)]. The dispersion equations for TE and cavity mode(C) is at lower energy compared to the exciton
TM polarized modes can be written in the fori®), where  (X), which appears weakly in reflectivity. On increasing the
re=Tow, tc=tow are now the amplitude reflection and angle. the cavity modg shifts to higher energy and an anti-
transmission coefficients of light from the Q¥/:° For the ~ crossing behavior typical of the strong-coupling regime is
heavy-hole  exciton tow=1+Tow, and  row= seen. The two reflectlylty dlps_ have e.qual intensitiesy at
—iT/(A+iT), where A=w—wetiye. The quantity ='30°; at this angle mp<ed cavity polgntons with equal ex-
I represents the radiative width of the exciton amplitudeCiton and photon amplitudes are realized. For larger angles
and it depends on the internal angle according td”*° the cavity mode rapidly shifts to higher energy and the exci-
["E=Ty/cost, I™=T, cosh,, where I, tonisagain barely visible. _ o _
=e2fxy/(4eoncmc) is the oscillator strength per unit arem, The .cawty-.polarlton.dlspersmn for' both 'polgrlzanns 5
is the free-electron mass aweg is the vacuum permittivity ~ SnOwn in the inset of Fig. 2. The Rabi splitting-is5 meV,

The vanishing of the second bracket in E2). gives sim- ~ consistent with an  oscillator strength f,,=4.2
ply roerexplk,L)=—1: this is equivalent to saying that the ><10_1 cm™“. Itis important to notice that the polariton dis-
symmetric QW exciton state is not coupled to an antisym{Persion at high anglegwhere it aimost coincides with the
metric cavity mode. The mixed exciton-cavity modes corre-Cavity-mode dispersioncan be reproduced only if the en-

spond to the symmetric solutions and are described by zerd¥9y dependence of the index of refraction is taken into ac-
of the first bracket in Eq2). Close to resonance, the exciton count. The refractive indices are taken from the 300-K data

and the cavity mode are found to behave like two coupled®f Ref. 23, decreased by 1.3% for use at 10 K; at 8650 A the
damped oscillator$? values are 3.5467 for GaAs and 3.0108 for AlAs. The effec-
tive index ng; increases by 0.7% from 1.4 to 1.45 eV; ac-
(00— ®ey i Vo) (0— 0+ ivm)=V?, (8)  cording to Eq.(5), the cavity-mode energy is lowerédom-
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FIG. 2. TM-TE polarization splitting of upper and lower polari- 0.0+ (b) : L=L,=252.3 nm

tons in a GaAs cavity with three {nGagAs QWs and
AlAs/Al 5 1 Ga&, gAs mirrors. Solid lines: theoretical curves; closed
and open squares: experimental data. Inset: Dispersion of cavity
polaritons.
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FIG. 3. Calculated normal incidence reflectivity for two empty
coupled GaAs microcavitiesa) Each layer in the structure is de-
pared to the 1/caky dependengeby ~10 meV atd=60°. scribed by a real refractive indetb) The GaAs layers are described
Discrepancies previously noticed in the literat§reare by a complex refractive index with an imaginary part 0.005.
thereby removed.

In Fig. 2 we compare the calculated TM-TE splitting of assumed to be symmetric, its reflection and transmission co-
upper and lower cavity polaritons with the experimental re-efficients satisfyt,/t* = —r./r* .231% This implies that the
sults. Experimentally the TM mode is higher in energy; thephase oft, differs from the phase of. by = #/2, ort.=
TM-TE splitting of the upper cavity polariton is 1.7 meV  +ijr \(1-R.)/R. (the = sign corresponds to an even or

at the largest angl@=60°. From the discussion of Sec. oddN,). The dispersion equatiof2) can therefore be writ-
lIIA, and, in particular, Eq{(6), this implies that the center ten as

of the stop bandw is greater than the bare FabryrBe

frequencyw.. This expectation is confirmed by wide-band 1

reflectivity spectra where the cavity dips are found to be rre?kebe= ——— (11
displaced to lower energy relative to the center of the stop o J1-Re

band by~10 meV, implyingw.<ws. We employ the fol- 1xi
lowing parametersL =257 nm,a=73 nm, b=63.8 nm,

which consistently gives.=1.358 eV andws=1.409 eV at  For R,—1 the two cavities are decoupled, thus the secular
6=0. The polarization splitting of the bare cavity mode in- equation for each of the two cavitiesris.expak,L.=1. The
creases like sftt [see Eq.(7)]: this behavior appears for |eft-hand side(l.h.s) can be expressed in terms of the iso-

the lower polariton at low angles, and for the upper polaritonated cavity frequencies, and the complex energies of two
at large angles. The formation of mixed exciton-cavity coupled cavities are found as

modes around=30° is also reflected in the TM-TE split-

ting, which has a strongly nonmonotonic behavior in the an- 1-R,

ticrossing region. Although the experimental results show icIn(lii R )

some unavoidable spred&dote the scale on the energy axis 0=wn—1Ym+ c (12)
agreement between experiment and theory is very satisfac- 2n;L et COSA,

tory.

The imaginary part of the logarithm yields the optical split-
ting betweenS and A modes, while the real part gives a
IV. COUPLED MICROCAVITIES correction to the single cavity linewidth. Writing

A. Empty, coupled cavities i~
. . . . 0= wmivopt_ I Ym (13
We will now derive formulas for the energies and widths
of the cavity modes for two empty coupled microcavities.we obtain
We first consider the symmetric structure of Figb)l The
number of quarter-wave pairs in the symmetric central mirror
is half-integer: we denote it bi{.—1/2.

The central mirror breaks the degeneracy of the isolated
cavity modes. The coupled modes may be classified as synfier the coupling between the two cavitiés the limit R,
metric (S) and antisymmetricA). Since the central mirroris —1 we have arcsifil— R,=1—R), and

V

arcsiny1—R; (14

c
Pt 2N, L off COH,
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~ c refractive index the cavity mismatch is taken to be much

szm(—m R) (15  smaller, thus the dip positions are almost unchanged: how-
ever, a small cavity unbalancing does produce a sizeable

for the half-width. ForR—1 Eq. (15 gives half the line- peak broadening and asymmetry when combined with a fi-

width of Eq. (4). For evenN, the symmetric mode lies at nite imaginary part of the refractive index. Moreover, the

higher energy, while for oddl; the reverse is truéwe are  reflectivity spectra change when the order of the cavities is

now specifying to the case, <n,, otherwise the identifica- changed: when the top cavity is thinneiashed lingthe dip

tion of Sand A mode is interchangedThe angular depen- 4 higher energy is stronger than the dip at lower energy,

dence ofR; for the two polarizationssee Appendikis such \hije when the top cavity is thickesolid line) the lower dip

that the coupling/,, increases with angle for TM, and de- 5 gyronger. Thus only the combined effects of cavity mis-

creases for TE polarization. match and absorption give rise to differing intensities of the

When th? two cavities have d|ffer¢nt lengths, !t IS no eflectivity dips, since in the presence of absorption it is the
longer possible to speak of a symmetric and an antlsymme{-

ric mode: the thickefthinnen cavity has a larger weight in op (ogtgﬁ cavity which gives the Iarggst coqtributi_on to the
the low- (high-) energy mode. Figure 3 displays the normal reflgct|V|ty s_pectrum. Th(_ase conclusions will be important
incidence reflectivity of two coupled GaAs microcavities 'OF Interpreting the experimental results of Sec. IV C.

with AlAs/GaAs mirrors. Figure @) (real refractive index,

no absorptioh demonstrates that the cavity mismatch alone
yields reflectivity dips that are much less pronounced, since
the structure is now unbalanced, but produces only a small We now consider two identical microcavities of length
asymmetry unless the cavity mismatch is very large. Furtherk .=\, each containing a QW at the antinode of the electric
more the reflectivity spectra are the same from both sidedjeld [see Fig. b)]. Because of the symmetry of the system,
irrespective of which cavity is thickethis can be shown to the dispersion equations in two coupled microcavities can be
be a general consequence of time-reversal invariance, whichritten again as two independent equations for symmetric
holds in the absence of absorptjioin Fig. 3b) (complex and antisymmetric modes:

B. Coupled cavities with quantum wells

I' —i(VRR—JRe "+ ReX—e 2X)+ [1-R (e X+ R)
L _ ~© _ , (16
A (1+VRéX)(1+e 2x+2\Ree™¥)

with y=(n./c)Lei(w— wy)cosf.. Expanding the r.h.s in since the coupled cavity frequencies do not coincide, there
Eq. (16) up to first order in p— w,,+i7yy), we find that the  are four distinct exciton-polariton states that may be ob-
two equations reduce to served in reflection.
- The two coupled cavities with QWs are therefore de-
(w—wex-i-iyex)(w—wm—l—vopt-i—iym):VZ, a7 scribed by a four-oscillator model, whose Hamiltonian can
~ be written as
(w_wex+i'Yex)(w_wm_vopt+i')’m):V2: (18

with the couplingV,,; between the two cavities and the line- o vV vV 0
. ~ . . Om~ 1 ¥Ym opt
width v, given by Egs.(14) and (15), respectively. The ~
effective couplingV represents the exciton-cavity mode in- Vopt O~ 1Ym 0 v 21)
teraction: in the limitR,R.—1, it reduces to Eqs(9) and \V; 0 Wex— | Yex 0
(10), i.e., it coincides with the coupling constant for the .
0 Y, 0 Weyx— | Yoy

single QW embedded in a microcavity.
It is interesting and useful to interpret the results in terms

of an oscillator model. The twofold-degenerate lowest €xCiip, the basis of localized uncoupled exciton and cavity states.
ton state in two identical and uncoupled QW'’s has the SyMgquation (21) also allows for generalizations, like having

metric and antisymmetric eigenfunctions different cavity parameter@n which casew,, differs for the
. two cavities or different QW excitongin this latter casev,
S)=(QW1)+ |QW2>)/\/§’ (19 would have two different valuesBy changing basis to the
_ \/— states(19) and (20) for the exciton and the analogous ones
|A)=(IQWL)~|QW2))/y2, (20 for the cavity states, the Hamiltonid®1) takes a 2 2 block

where|QW1) and|QW?2) are the single exciton wave func- form in which S or A exciton states of energye,—iyex are
tions in the two QW's. Similar combinations exist for the coupled by a matrix elemen¥ to corresponding cavity
coupled cavity modes, with complex frequencies given bymodes of energyumtvopt—i;/m, leading again to Eq$17)
Eq. (13). The symmetriqantisymmetri¢ exciton state only and(18). The simple physical model used in Ref. 7 is there-
interacts with the symmetri@ntisymmetri¢ photon mode: fore recovered.
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=0.5 meV(HWHM) at low and high angles, reproducing the

width of the third peak at resonance requires valueygQf

A L down to 0.3 or 0.15 meVas indicated on each curvelhe

oscillator strength per unit area’¥sf,,=4.2x 102 cm™2.

We also account for absorption in the excitonic continuum

by adding a further contributiom=0.05 to the imaginary

03 ﬂ=2200 D part of the refractive index in the QW regions, for energies
" Hoeldre E,~8 meV above the excitonic transition energy.

At the lowest angled=10° the symmetric and antisym-
metric cavity modes are clearly seen, together with a weak
exciton feature. The unsplit exciton peak in the experiment
indicates that the two sets of QW’s have nearly the same
exciton energies. On the other hand, the different intensities
of the two cavity peaks, with the most pronounced one at
lower energy, point to a slightly higher value for the length
of the top cavity. On increasing the angle the two cavity

—va—’—“ modes shift to higher energies and gradually mix with the
Y, =0.5 meV X 9<51.5" exciton states. AP=20° the excitons appear as two peaks
c C split by about 2 meV: the removal of degeneracy of spatially

L separated exciton states has been achieved. For a#fgles

1430 1440 1450 1460 1470 1480 1490 ~30° the four states are strongly mixed and can no longer be
Energy (meV) attributed to distinct exciton and cavity states. For40°
the cavity modes are at higher energies than the excitonic

coupled GaAs cavities each containing thregola, o/AS QWs. A states, Wh'iCh again pecpme degenerate. The relative intensity
few selected experimental curves are also repofteen points of the cavity modes is similar to that at low angles; however,
Parameters are given in the text and above the curves. Inset: dispdhe dips are broader, since the cavity modes are now degen-
sion of cavity polaritons. The arrows denote the separate anticros€rate with the excitonic continuum in the QW
ings of A and S modes. We notice that the two energetically split excitonic states
are both observed in reflectivity spectra, i.e., they are both
“bright.” This is a new situation compared to QW’s without
microcavity, where the radiative splitting is very small and
The coupled cavity structure was grown by metal organiceasily washed out by disord&tpor to the single-cavity case,
vapor-phase epitaxy and consists of twhick GaAs cavi- where if the QW excitons are identical only one state is
ties (nominal thicknesd..=250 nm) and three GaAs/AlAs bright and the remaining ones are dark and unobser#able.
dielectric mirrors. The top DBR contains 12 periods, the cenThus the double-cavity configuration allows a qualitatively
tral one 14.5thusN.=15) and the bottom DBR 17.5 peri- new phenomenon to be obtained, namely a sizable radiative
ods, ending on a GaAs substrate. Each cavity contains thregplitting between bright excitonic states, which cannot be
10-nm-wide I oGay 9 AS QW's separated by 10-nm GaAs observed either for free QW's or for QW’s in a single cavity.
barriers. The number of periods in the central mirror was It should be noticed that the relative intensities @t
chosen in order to achieve an optical splitting between sym=26° are reproduced very well, and the linewidth of the
metric and antisymmetric cavity modes of the order of thethird peak agrees with the observed one, but only when a
Rabi splitting: this allows the removal of degeneracy of ex-very narrow excitonic homogeneous broadening is assumed.
citon states to be achieved, as is shown below. The differerthus the present results give further evidence for the occur-
number of periods in the top and bottom DBR'’s partially rence of line narrowing of cavity polaritons at resonance.
compensates for the presence of the substrate. This was first attributed to “motional” narrowing due to the
Figure 4 shows the calculated reflectivity curves for TMvery light in-plane mass of cavity polaritoA&?” recently it
polarization(which dominates the unpolarized spectra, as fothas been shovifi®that a resonance narrowing occurs for any
the single cavity cas® compared with a few selected unpo- mechanism of inhomogeneous broadening of the exciton
larized reflectivity curved.Parameters are chosen as follows:line, although the “motional” effect is necessary to elimi-
cavity lengthsL;=253.6 nm,L,=251 nm, DBR layer® nate scattering between lokvpolariton state4®
=70.34 nm,b=59.52 nm (close to nominal values, and  The inset of Fig. 4 shows the cavity polariton dispersion
again adjusted to reproduce mode energies and polarizationeasured from the position of unpolarized reflectivity dips,
splittings. The penetration depth and effective lengthfat compared to the one calculated for TE and TM polarizations.
=0 areLpgr=670 nm and. =922 nm. The reflectivity of  The optical splitting is ¥,,=9.3 meV, as measured at
the central mirror iR, =0.97 [note that Eqs(A2),(A5) ap-  =10° or #=50°, where the coupled cavity modes are well
ply also to a symmetric mirror, taking=N,, provided the separated from the excitonic resonance. Anticrossing be-
number of quarter-wave pairs N.—1/2 as in Fig. I0)], tween the A(S) states occurs afl=22°(6=35°), with the
leading toV,,=5.2 meV. The exciton frequency i®.,  same Rabi splitting-5 meV. The experimental dispersion at
=1453 meV. The exciton half-width is taken to be different high angles agrees well with the calculated one and is closer
for each curve: starting from the experimental valug  to that for TM polarization. Finally, we remark that good

13 1480
NN
05 \y X 0=10"
c © ,
0.3 9=20"

1460

{Aow) ABreug

1450

1440

0.15 =06

0.15 9=29"

Reflectivity (arb. units)

03 ¥=345

05 92405

FIG. 4. Calculated reflectivity spectrésolid lineg for two

C. Experiments
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V. CONCLUSIONS

o W

The main results of this work can be summarized as fol-
lows. The energy of single-cavity modes is determined by
the bare Fabry-Ret frequencyw, and by the center of the
stop bandwg, weighted with their characteristic lengths: the
penetration depth in the dielectric mirrors carries a nontrivial
angle and polarization dependence. The polarization splitting
of single-cavity mode depends on the mismatch betwegen
and wg, and increases with internal angle like %ig. The
energy dependence of the refractive index has an important
?{:H 0=51 5° effect on the polariton dispersion. Coupling of two identical

S SM cavities through a central mirror induces an optical splitting
s , between symmetric and antisymmetric modes, which also
1440 1450 1460 1470 1480 1490 depends on angle and polarization. A mismatch of cavity
Energy (meV) lengths combined with absorption in the structure leads to

different intensities of reflectivity dips. When QW excitons

FIG. 5. Experimental and theoretical reflectivity curves for theare embedded at antinode positions, the system behaves as
coupled cavities a¥=51.5°, for TE and TM polarizations. Inset: two coupled oscillators for a single cavity, and as four oscil-
schematic illustration of polarization splitting of the optical modeslators for the coupled cavities, leading to a removal of de-
in a single cavity(left) and in coupled cavities. generacy of exciton states separated by a macroscopic dis-
tance. The energetically split excitonic oscillators are both

agreement at h|gh ang|es depends Critica”y on inclusion obrlght and Observable, unlike the situation for two identical

the energy dependence of the refractive index, as for th@W'’s in free space or in a single cavity. If the two cavities

single cavity. (and the two QW's are identical, separate anticrossing of
In Fig. 5 we present an example of polarization-resolvedsymmetric and antisymmetric modes occurs. A detailed

reflectivity spectra at the largest measured external afigle @nalysis of polarization splitting has been performed for both

=51.5°. The exciton peak is seen to be unsplit, since théingle and coupled cavities. Comparison with experimental

interaction between exciton and cavity modes is weak. Théesults on GaAs-based cavities with InGaAs QW’s shows

peaks labele€ represent optically coupled modes of the two that @ good understanding of the exciton-cavity mode inter-

cavities. The lower-energy cavity dips are much more in-action, p(_)larlton dispersion and polarization properties has

tense for both polarizations: this is due to a slightly largeroeen achieved.

thickness of the top cavity combined with the presence of

absqrption. Both theT lowdisymmetri¢ and up'pel(.antisyr_n—. ACKNOWLEDGMENTS

metric) coupled cavity modes have a polarization splitting,

the TM mode being higher in energy; the splitting is larger The authors are indebted to D.M. Whittaker for many

for the upper peak. These features, as well as the relativieelpful discussions and for pointing out the importance of

intensities, are reproduced well by the calculation. The inseinclusion of the energy dependence of the refractive indices

in Fig. 5 illustrates the evolution of the polarization splitting to fit the cavity-mode dispersion. The work at Sheffield was

from the single to the coupled cavity for the present case ofupported by EPSRC Grant No. GL/L32187.

odd N.. The polarization splittings of the upper and lower

doublet are calculated as

Reflectivity (arb. units)

APPENDIX PARAMETRIZATION
OF DBR REFLECTION COEFFICIENT

_ TM__\/TE_
Aop=Rlont Vo —Vop=22 meV, Evaluation of the quantities appearing in the parametriza-

tion of the DBR reflectivity, Eq(1), requires expanding the
Aws=Aw —VIM41VTEZ 0.8 meV elements of the transfer matfi® up to linear order in terms
mToet ” Topt ' of two small parameters; and e, defined as follows:

respectively. The predicted order of levels is the same as in

the_ experimental result, namely STE S-TM, A-TE, A-TM ejzmaj(wcosej—sz), i=1,2, (A1)
on increasing energy. Note that this is not a general property, c

since it depends on the polarization splitting for the single

cavity (which can have either sigras well as orVg,,. The  wherea;=a, a,=b are the thicknesses of DBR layers, and
splitting of the antisymmetric mode is larger because thed;, 6, are the angles in the layers with refractive indicgs
optical matrix elemenY is larger for TM polarization. The andn,, respectively. The frequencies,s and w,s are de-
experimental values of the polarization splittings &re,  fined by n,w sa/c=n,w,b/c= /2. Note that our expres-
=2.5 meV for the upper doublet anlws=1.7 meV for the  sions can be used also when #@ condition is not exactly
lower doublet, in fair agreement with the above values. Thusatisfied. For the case;<n,, lengthy but straightforward
we can conclude that a good understanding of polarizatiocalculations lead —for a large numbidrof periods— to the
splitting of coupled cavities has been achieved. following expressions:
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Next COSA [Ny coshy |\ 2N
RTE(9)=1-4—=X (—) , A2
() N COS.\ N, COSH, (A2)
mC Ny CO0¥Y;+Nn,CcoH,
wiH(0)= . (A9
2(a+b) nin,cosh, cosh,
e 2nin3(a+b) cods, codh,
ni(ns—n3)  cogé,.
BT g1 4o co[ Ny cosh,\ 2N A5
(0)= n. cosd\n,cosd;) (A5)
mC Ny COSH,+ N, cosd
oMO)= 5 ——————— (A6
2 nny(acog6;+bcoso,)
2n2n3 acos6;+b cof,
LoBR(6) = — (A7)

n2 n3cogf,—nicogh,

At normal incidence the above formulas reduce to those

given in Refs. 12 and 13.
The reflection coefficient fon,;>n, may be similarly
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evaluated. In this case it is parametrized according to the
lower sign in Eq.(1) of the text, and we obtain

N. COS,[ N, cosh, | N
TE(gy=1—4—S o [2=72
RIH9)=1 4next cosd nlcos91) ’ (A8)
mC Ny CO0sP;+n,Ccosh
WIF(O)=5 522 (A9)
2 niacog6,+n3bcoge,
LoER(6)= 2_nz(niacos"'alﬂtngbcoszaz), (A10)
1 2
n. cosY (n,cos, N
T™M(gy=1_4—C% 2=
RE(6)=1 4nextcosec(nlcos92) ' (ALD)
e n, cosY,+ n,cosh
oM(O)= — 2, (A12)
2(nfa+nsb)  COYY,COY,
2 c0g6, cogh,(n?a+nb)
LoNR(60) = (A13)

cog04(n2 cogh,—n2cosb;)
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