Waveguiding without a waveguide: Local-mode exciton polaritons
in multiple quantum wells
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Exciton polaritons are considered in infinite multiple quantum wells which are periodic except that
one well(impurity) has a different well width from the othefbos). Under certain circumstances

it is possible to have a long-lived exciton-polariton mode localized about the impurity. From the
viewpoint of the electromagnetic field, this corresponds to waveguide modes in the vicinity of an
exciton resonance in such structures.1®95 American Institute of Physics.

Exciton polaritons in a single semiconductor quantuml=—M,... M(l#0) the host. The center-to-center spacing
well (QW) are unsuitable to be the basis of a waveguide fobetween successive QWs lisandL,;=IL. We assume the
the following reason. Consider first a defect-free, infinite,absence of interwell electronic coupling which in practice
periodic multiple QW(MQW). Because of the translational often requiresL>L,,L,. The exciton(resonant energy in
invariance in all directions, an exciton in such a structure iRQW I is E,=E,(k;). It is assumed that, andL, are much
unable to undergo radiative decay. Instead, the exciton anléss than the optical wavelength of the dipole transition of
the electromagnetic field form coupled stationary states aréterest. We calculate the dipoleF D, defined in Ref. 4.
known as exciton polaritor’s Agranovich and Dubovskii, One shows that the polaritons can be describeg-aave
however, first noted that in low-dimensional systems one ex(TE) and p-wave (TM).> The smode corresponds to tHe
pects nonvanishing excitonic radiative widths for states witholariton where the dipole moment lies in the QW plane but
a sufficiently small wave vector, due to the relaxation ofis perpendicular td; while the p-modes(in a single sym-
momentum conservation in directions normal to heterometric QW can be further classified as themode (dipole
interface® Thus, an exciton in a single QW or wire is too Mmoment parallel t;) and theZ-mode(dipole moment par-
short lived to be useful for wave propagation. In this studyallel to z direction. We assume that there is no electronic
we consider a structure of type intermediate between bul€oupling between th&, L, andZ modes, which holds exactly
and low-dimensional, namely an infinite MQW which is pe- for the heavy- and light-hole excitons in zincblende semicon-
riodic in the growth(2) direction except that a single Qw ductor QWs. In MQWs, the. and Z modes are coupled
(impurity) in the stack differs from the other QWihosy. ~ OPtically; the magnitude of theT-Z splitting, however, im-
We find that if the exciton resonance associated with thé/i€s that this coupling is weak in practice for GaAs/AlGaAs
impurity lies above that of the host, then for sufficiently MQws" and is therefore neglected here, allowing us to drop
small in-plane excitation wave vectky there is a long-lived ~ the dyadic notation and writB, with e T.L,Z}.
exciton-polariton mode localized about the impurity. For the '€ GF satisfies the Dyson equation
lower-branch nonradiative surface polaritons, the existence D-1=DO-1_z3M_z3 (2 1)
of a local mode depends on whether the impurity resonance '
lies above or below that of the host and on the direction ofyhere D=D_k) and [D®],,=D{"s,, with D
the dipole moment. The local exciton polaritons correspond= 2 /[ (i€)?— E?] is the exciton GF in the absence of the

to guided optical modes. Information on the polaritons iscoupling to the electromagnetic field ame is the energy
therefore of direct relevance to answering the question of th@ariable (compley. We employ the abbreviationk
existence of waveguide modes in the vicinity of an exciton=(j¢ k.22 M=43®(k) is the spatially regular part
resonance. Provided the off-diagonal perturbation to the inof the radiative self-energ¢SE).* Its matrix elements in the
terwell radiative coupling can be neglected, the model is exsjte pasis are ﬁg(lll),: Fi (3B 00as B k)12 with

el’ el’

actly solvable. o _ _ #3M(k) the single-QW SE associated with QW*
The polariton formalism is appropriate to describe theF,,,=exp(—a|L,—L|,|), a=[kf—(ix)2]1/2, and
self-consistent coupled exciton-electromagnetic modes of thPK=ie/(hc). £S(@)  gccounts for the radiative
system. Because we are interested in resonant phenomeR@ypling both within a single QW and between
we are justified in neglecting the small dielectric mismatchjiterent QWs. One shos hz(})(k“ E+i0%)
between well and barrier materigldVe assume a spatially — 7y (K, E) 8(k — k) — i AT 4 (K ,E) 9(K—le<u) Where
umflorm.backgroun.d dlglectrlc constagf so that the_ speed Al,>0 and #lly;<0 and Al >0[«x=(E
of light in the medium in the absence of the exciton reso-, jo+)/(#c)]. Fork,<«, 4T, gives a nonvanishing radia-
nance isc=co/\ey, with ¢, the valuein vacua We consider  tive width to the corresponding mode in a single QW. For
a stack ofN=2M+1 symmetric QWM —x), label the | > «, the modes are purely stationafgurface polariton
QWs by the index|, and let|=0 be the impurity and z¥@—z3@ k) where ﬁi(ﬁ),;(k)=ﬁ2(|2)(ku)5u' is the
spatially singular SE which gives rise to th&-Z splitting>
dElectronic mail: citrin@mail.physics.Isa.umich.edu This term is nonzero only foe=Z and is real and energy
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independent. Thus, it only enters the theory as a renormals accomplished by examining the resonances of a local GF
ization of E;.* The reader will find explicit expressions for defined at the impurity site=0. In general, the resonances
all these quantities in Ref. 4. In the sequel &, depen- possess an imaginary part of which there are two primary
dence, where omitted, is to be understood. sources: scattering out of the stdtonexistence of a well-
Equation(1) is exact in the polariton model regardless of defined local modeand radiative decay. We shall neglect the
the interwell spacings, resonant energies, and oscillatooff-diagonal partA’(*) of the perturbation to the radiative
strengths of the various QWs. We write=E+A,, coupling between QWSs. The effect of this is commented
D=3 M+ AW+ A'D - and A3Z@=13P@1+AR)  upon later. We have,, =E,(k) 8, with Z,(k) given by
with A=A and =0, and A;=0 otherwise. #3@ and Eqg. (2). It will simplify the ensuing discussion if we only
#3® are the SE’s of the host. Sinde&(? is site diagonal, retain the term inZ, to first order inA,, namely =,(K)
so is A®. A is defined to be the site-diagonal part of ~A,[1+E D@ Y(k)]=A,. No significant accuracy
A3M—43D and A’M is the off-diagonal part with will be lost in the resonant region provideN<E. We
Al (1)—0 Quantities with bars are characteristic of the hostcan write the total GF a®=D+DTD where thet-matrix
The inverse GF is split as is given by T, =Téde8 0o and T=a/(1—0oPy)
with  o=09q and Dy,=P,_;,=(L/27)[3™"dq

—“1_Q-1_ __ Ar-1
D™*=D""—o—-A"", @ Xexg(-1")qLIDy:
W'th_ - B B _[x(1=¢o) 1=0
D 1=DO-1_431_ 5327 P= _— =1 (33
DO=2E1/[(ie)>~EZ2], Li=o{l(1-3)Y2—1)/a, (3b)
o=E+AD+A?), with
(=212
AP=AM 8060, do (1_a) (a—coshfr_l),
and =(2E)/[(ie)®>—E%2—2E#3?],
A|’|(2):A(2)5|05|,0. and

31l (yaS D _
These equations defiri. a (xh2 ™ tanhy —1)coshy.

We pause to consider the various terms in &). The  Note thatPo=N"1TrD. Thus, for the impurity-free MQW,
GF D describes the exciton polariton in the host MQW with the density of states at fixed and kil is proportional to
o=A'D=0. The impurity effect is contained inc  —Im Py(E+i0"). Moreover, Po(E+i0") is proportional
+A’'M), The terme is the site-diagonal part of the impurity to the transmission coefficient(E) for electromagnetic
term, which in turn, is composed of a contributighdue to ~ waves through the MQW stackwhen we properly
the difference in the resonant energy of the impurity whileaccount for the L-Z coupling: t(E)=(—27/a)

AL and A@ account for the difference in the oscillator X Po(E+i0").*

strength of the impurity. Fok,<x, AMeifR. For such The local GF at the impurity location isDgq
casesAM) is responsible for radiative decag(® accounts =Py/(1—0oPy) whose poles give the local modes. Thus
for differences in theL T-Z splitting between the impurity Dog=0 can be regarded as the dispersion relation for the
and host. Sincé&(E, k,)=A, for resonant phenomena the waveguide modeyx '=a(1-{). Equation (3) gives a
replacemenE—A is justified. The off-diagonal impurity ef- long-lived local mode ifa|<1 or approximately

fect A’ accounts for the difference in the interwell radia- S(A-1 B

tive couplings between the impurity and host. Note that by A% VA tanhy—1] coshy|>1. @
utilizing a material for the impurity different from the host We expect the local mode to be &tE +A. The dispersion

QWSs one can attain independent control oeand A, relation can be written

The present theory also provides a description of exciton EZ—EZ—ﬁE(fR ~A(L— )+ AW, 5)
polaritons in molecular heterostructures possessing an impu-

rity layer. All energy arguments in Eq5) are evaluated wiie—E

We briefly review the properties of exciton polaritons in +i0*. The local mode, provided it exists, is radiatively un-
the host. For an infinite periodic MQW without an impurity, stable with a lifetime_given by-#/ Im A, For the GaAs/
D is diagonal in the representation{|q>} where  AlGaAs system withL,,L,<15nm, |A()| is of the order
(z]q)= N 12 explq2), i.e. iD]qq_ Dodqq . In this case, of 0.01-0.1 meV. If k<«, then AM=33D
o=A"M=0 and D/ '=DO" i 2(1)F 3@ —a3MeiR. For GaAs/AlGaAs-based structures, the
with.# Fq= sinh y/(coshy— cosqlL), and y aL.*  typical decay radiative rates associated WhE(l)o and

73 @ s the SE associated with a single QW characteristic ofi 3, () are one of the order of 10 gs.We therefore, expect

the host. The poles dD, are real which indicates the ab- typical values of|a/AM)]| to be greater than 100 ps. This
sence of excitonic radiative decay in the infinite MQW in implies polariton propagation over distances on the order of
which all QWs are equivalefit. at least 1 mm before the exciton polariton has undergone

We now investigate the existence and stability of wavetadiative decay. This discussion neglects khelependence,
guide modes of the MQW associated with the impurity. Thisdephasing, scattering off static disorder, and finite-size ef-
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fects in real MQW structures. Nevertheless, the foregoingegion which includes approximately five QWs on each side
indicates that for many cases of interest we can negleatf the impurity.
A®M. Thus, the local mode experiences strongly inhibited  In this study, we have demonstrated the existence of
radiative decay compared with the exciton polariton in along-lived local exciton-polariton modes in a MQW in which
single QW without the host preseht.We note that if the one QW differs from the others. These local exciton polari-
oscillator strength of the impurity iBwer than that of the tons can be viewed as optical waveguide modes in the vicin-
host, the sign of the imaginary part AfY) is positive which ity of the exciton resonance. It is noteworthy that by way of
implies that the state is unstable in timgth respect to contrast, in the absence of the host, the radiative lifetime of
growth. This indicates a tendency for the exciton polariton tothe exciton in the impurity QW is very short—=10 ps in
self-trap at the impurity site. The retarded temporal boundargzaAs/AlGaAs QWs. Thus, the presence of the host inhibits
conditions dictate that the modes cannot in fact be exponerspontaneous emission, and this inhibition is achieved without
tially growing; therefore, the off-diagonal terd’ must  employing an optical cavity. The model presented, however,
eventually stabilize the time dependence. has neglected other excitonic resonances. For example, if
Equation(4) gives the condition for the existence of a A>0 and there is a higher-lying host resonance BEear
local mode. It will prove useful to have estimates of the+ A, then the local mode as calculated above will not be
parameters of relevance to one of the most commonly emstable.
ployed material system from which semiconductor hetero- One can envisage a number of novel applications based
structures are fabricated, namely GaAs/AlGaAs. In this casen the proposed waveguide structure. Because the waveguid-
Kk~ 1~40 nm. For structures with.,,L,<15 nm, mono- ing relies on the presence of an active medium, the existence,
layer differences betwedn, andL, result inA on the order and nature of the guided modes will depend upon the state of
of or greater than 1 meV. Thu$s S (M(0,E+i0")/A| is  the various QWs. For example, by saturating the host transi-
typically less than 0.1. We define the long-wavelength limittionE, the host oscillators will effectively be removed from
(LWL) by kL<1. Thus, for GaAs/AlGaAs structures, the participating in the formation of collective modes thus re-
LWL requires L<40 nm. In the LWL, Eq.(4) gives allowing rapid radiative recombination of the local-mode ex-
|7 ®y/A—1]>1 as the condition for the existence of a citon polariton. Although the present calculation deals with a
local mode. Fork,<x (radiative modes for a single QW single impurity QW in a periodic host, one expects other
y— —iLyx?—k{ and we find a local mode exists £>0.  configurations also to exhibit similar local modes. For ex-
Note that this mode lies within the exciton band of the hostample, ifL is not too small, one can make use of an impurity
We point out that the local mode is a stable collective excilayer composed of two closely spaced QWs, thereby effec-
tation of the crystal. In practice, exciton-exciton and othertively doubling the oscillator strength of the impurity transi-
scattering will couple the local state to the continuum stategion, while leaving its resonant energy unchanged. In order
of the host leading to a Fano resonance and some degree ibfat the effects discussed be robust, optically thick samples
incoherent processes which gives rise to absorption of thare required. Otherwise, the waveguide modes will be too
local mode by the host continuum modes. Kork, the leaky to make effective use of them.

sign of 211 ,_o gives for A>0 the T and Z polarizations This work was supported by the National Science Foun-
support local modes while fahk<0 theL polarization sup- dation through the Fellows Program of the Center for Ul-
ports a local mode. trafast Optical Science under STC PHY 8920108.
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