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Microcavity effect on the electron-hole relative motion in semiconductor quantum wells
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We rigorously find that for a quantum well embedded within a semiconductor microcavity near resonance
with the Is-exciton transition, the uppdtower) polariton is associated with an electron-hole relative-motion
probability-density distribution larggsmallep than the two-dimisional exciton Bohr radius if half the normal-
mode splitting exceeds thes¥xciton binding energy. In this case, the exciton continuum comprises an
essentialpart of the description of the upper mode, leading to a strong asymmetry of the microcavity lines
observed in transmission.
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Recently, quantum well§QWs) embedded within semi- Maxwell equations, neglecting the carrier densities. Scatter-
conductor microcavitie$MCs) have attracted considerable ing (e.g., carrier-phononis accounted for by a single
interest due to the formation of spectroscopically pronouncedephasing rate.
hybrid exciton-photon modes known aswvity polaritons We aim to find the interband polarization, the field trans-
(CP3.! The two CPs are usually described as arising frommitted through the MC, and the self-consistent electric field
the coupling of the crystal-ground-stat€G9—1s-exciton ~ due to the interaction of the applied field with the induced
transition dipole moment to the optical resonance of the McPOlarization. We consider light normally incident on the MC
This picture, however, assumes that once the Rthger SO that the excitons have no in-plane center-of-mass momen-

equation for the exciton’s internal motion is solv@delding }\ljg Alsc_)(,j odurr:reathmenlt applies 19 i(.jentki]cal QWS in thel_ .
the quasi-two-dimensional exciton envelope functjoral provided that the electromagnetic phase varies negligi-

states but the energetically lowestsjimay be discarded bly over theN QWs; i.e., the total thickness of the QWs must

. : " . . be much less than the relevant optical wavelength in the
since the CGS—d-exciton transition has the dominant dipole medium. We treat a two-band model in the 2D limit, in

moment. This transition dipole moment is then coupled Qyhich all guantities may be evaluated in a closed form. The

the cgnfined mode of the MC. __inclusion of more subbands or a nonzero QW width may
This approach, however, neglects the coherent recyclingecessitate a numerical assault, but does not alter our con-

of photons between the various dipole-allowed interbang,sions.
transit_ion;z._ For a bare QW, indeed, its neglect is seen below \ye denote the weak optical-frequenayelectric field at
to be justified; however, in a higQ-MC, most of the pho-  the QW locationz=0 asé&,(z=0) exp (iwt). The induced
tons arising from the interband polarization associated withnterband polarization in response &(0) is given by the
one exciton internal state are fed back into the system, leagyolarization equation of the SBE in the low-density lithit,
ing to a photon-mediated radiative renormalization of the .
optically allowed(i.e., s-like) exciton internal states. Thus, (o—Hep)P(r)= —chUé’w(O)ﬁz(r), (1)
the new resonances of the MC system may possess electron- . 2 2 : ;
hole (e-h) relative-motion probability densityhenceforth }[Nh_ere H.‘;F]_EEgt;V /\(/6":)) _g /(Eor)thls tZe e-:a hHamll-
spatial correlation whose spatial extents may differ strongly eotr;::ne(l\g::trongch:rgas thaenstgtfcilc?/yéielgcrtficuc?Sns;anTa;;é
from the otherwise dominantslstates, i.e., from the two- ; 0 : T

: . . ] P the in-planee-h separation P(r) is related to the spatial-
d|men3|onal(2|_3) exciton Bohr radiusag/2 (aO.IS th? 3D frequer?cy componrt)ents ofhthe( 2)D interband polarizgﬁq
value.? In particular, for a near-resonant MC in which half x

the CP splitting exceeds the binding energy of tlseekci-  Via P(r)=(2m) 2SJ d% Py, exp [kj-r), with S the nor-
ton, the upperlower) CP may have a spatial extent larger malization area, and,, is the interband dipole matrix ele-
(smalle) thanay/2. This is thevery strong couplingegime?  ment. The 2D interband polarization B(r =0); the actual
For typical parameters, the effect on the upper CP is moréterband polarization that couples to the optical field is
pronounced. UP(0). Note thatP(r) is the spatial correlation of the inter-
Below, we present calculations demonstrating this effectnal motion of thee-h excitation. Thee-h overlap integral is
The exactly solvable model captures all the essential featurdd= [ dzf,(z)f,,(z) where f.(f,) is the electron(hole
we wish to explore. We begin with a rigorous Green-functionsingle-particle envelope function of the subband of interest;
(GF) treatment of thee-h spatial correlations in the MC. Our for QWs that are neither too narrow nor too widle;-1. We
interest is in the linear optical spectra associated with dipoleemphasize that€,(0) is the amplitude of the optical-
allowed transitions from the CGS to exciton states near thérequency part of thévlaxwell field at the QW location. In
bandgap at th€ point; hence, we begin with the polarization particular, £,(0) contains contributions from the applied
equation of the semiconductor Bloch equati8BES in the  field as well as from the self-field due to reradiation by the
low-density limit[see Eq.12.25 of Ref. 4] coupled to the interband polarization.
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Equation(1) holds both for the case in which a cavity is field. Specifically, we must still relaté,(0) to the incident
present and the case in which the cavity is absent. The tricke|d £} (—z0) impinging from the outside of the MC at
is to express the total optical amplitudg(0) at the QW = 7 and traveling in the+z direction. This brings the
location in terms of the externally applied amplitude. Beforepaxwell equations into play. These may be solved via the
doing so, a few remarks concerning the spatial degrees Qfansfer-matrix approach. The application of the transfer-
freedom associated with the e-h motion are in order. Conmatrix method to MC problems was introduced in Ref. 6;
sider the retarded GB*(r,r';w) of Eq. (1). It is defined  however, a comprehensive treatment free of several errors
by appearing in Ref. 6 is given in Ref. 7.
. Again, our results are quite general; however, to obtain
(0+i10" —Hen)DO(r 1" 0)=8%(r—1"). (2)  tully closed-form expressions, we consider a simple model

Thus, we can express the excitonic wave packet and the opa the MC. Thai is, the MC s formed fram iwo identical

tical polarization excited by, (0) in terms of the Maxwell dielectric multilayer mirrors, i.e., dlstanted Bragg reflectors
field asP(r)= —d., UE, (0)DO(r,0:). Now DO(r,r": o) (DBR9), separated by.. The DBR materials are assumed to
Cv w 1~ . ) 1 . . .
be lossless and to have indices of refraction close/dg,
with €, (Ref. 8 the background high-frequency dielectric
. constant in the absence of the excitonic resonances of inter-
O)p pre \— Enm(N) eam(r’) est. Near the DBR stop-band center, the mirror reflectiRity
DO(r,r"w)= 2>,y 3 & L .
w—wyyti0" is real and the phase varies linearly with frequency, and
) hence will be neglected. In addition, the mirrors have a trans-
Here ¢nn(r) and o,y are the solutions ofwnmenm(r)  mission coefficient. Light of frequencyw is incident nor-
=Hen®nm(r); i-€., enn(r) is a quasi-2D exciton envelope mally on the MC; the light wave vector ik,= w/e,/Co
functiorf* of energyw,,, with n the principal quantum num- wherec, is thein vacuospeed of light. The QW is assumed
ber andm the axial quantum number, including bound andto lie in the center of the MC, though the present treatment
continuum states. We are only considering a pair of subapplies with little modification to other MC desighs.
bands; the inclusion of more subbands requires adding sub- We define X(m)zEQW(w)D(O)(O,O;w) associated with
band indices to the wavefunctiogsand to the overlap inte- exciton resonances in the QW. The radiative self-energy for a
gral U. Because onlg states play a role in the linear optical bare QWX o\(w) describes the decay of the interband po-
ropertieslonly D(®(r,0;w) enters into the expressions for larizati i i i is gi =

prop y (r,0;w) p larization associated with excitons. It is given @&t k;=0)
P(r)], the summation ovem collapses to the single value 3, (w)= —2miNw(CoVep) ~1dZ |U|2. 1M If the incident
m=0. Thus, we require the GB(SO)(r_,r’;w) restricted tos electric field is of unit amplitudes *(z) = exp (k,2), the re-
states. The desired exact expression has been obtained fiycted and transmitted field amplitudBs and T are given

contains all the information about the spectrunti,:

Zimmermanr?. In d dimensions, by’
d-2
DOr 1" w)= 1207 7T e LR
® Epa; Su  T'(b) [Tc} T* T [0 J[1+x  x
= —ik,L/2 _
X M(a,b,2«r - lag)U(a,b,2xr - ag), 0 R 1 0 e x 1=x
(49) T T
d—-1 1 2792 R
a=—5 o b=l Se=pgn A R
X —ik,L12 - ®)
Eg—w—iy 2 0 € R 1|lR
K:(E—O) (a) T

with M and U Kummer functions, r_=min(r,r’), r- The inverse of the 22 component of the product of matrices

—max(r,r'), ap="2€y/(e*n) the three-dimensional exci- in Eq. (5) is T, (Refs. 6 and ¥ T,=T?(1—x)e **—(1

ton Bohr radius, andEy=%%(2ua?) the 3D exciton Ryd- +x)R?€ - —2xR]™*. We focus on &=\ MC, i.e. L is

berg. For the problem at hand, note thB{®(r,0;w) the wavelength of light in the medium corresponding to the

=DO(r,0;0) and DO(0r";w)=DP(0r";w). Thus, bare MC photon mode of interest. In the linik—1, we

DO(r,r',w) contains precisely the information we desire Nave

regarding thee-h spatial correlation; it will play a keyte in 5

the sequel.Finally, we replace thé On the denominator of T =i T We Dy(0,0;0)

o - c=l-— . '

Eqg. (3) by the nonradiative contributiory to the homoge- A w—wetiy, Dg")(o,o;w)

neous linewidth, which will be assumed to be state indepen-

dent. where the MC resonant frequencyds=2mc,/(\/epL) and
The electron-hole degrees of freedom are now fully de-y.~w.(1—R)/(27) is the cavity-mode width?~**The new

scribed; it remains to relate these quantities to the electritunctionD(r,r’; ) is given by

(6)
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Dy(r,r";0)=DO(r,r'";0)D4(0,0;0)/D{?(0,0;0), @x0(0) owl @) @n10(0) is typically small 10 weV), and

(78 varies slowly withw. In this case, the separate treatment of

O _ ©) _ thee-h Coulomb interaction and radiative effects is justified.
D(0,0,0)=D57(0,0;0)/[1-Ds7(0,0,0) X ()], For the MC, howeverX (w) exhibits a resonance a,;

(7b) both the magnitude ofp;(0)2 (w)eno(0) and its fre-
where 3 () is the radiative self-energy for the MG,(w) guency dependence can be substantial—in the range of the
=Nw(2€e,L) "d2 |U|*(w— wc+iye) L Itis useful to pa-  binding energy of the ground-state exciton.
rametrizeX (w) in terms of the vacuum Rabi splittin€ Here a brief discussion of the key results is presented
between the CPs associated with the lowest-lying) (@xci-  beginning with Eq.(7a). This states that the spatial correla-
ton @o(r) as 3 (w)=(Q2/2)? ¢e0)] " 2(w—w+iy:) L. tions in the MC are the same as those in the QW in the
Note that Q/Z)Zoc|<poo(0)|2=8(7-ra(2,)*1. In other words{) absence of the MC, but with the new energy-dependent
is the vacuum Rabi splitting if only theslexciton is ac-  weightsD(0,0;0)/D{%)(0,0;0). Thus, the MC acts as a fil-
counted for. Below we show that the functin(r,r’;w) is  ter to modify the bare-QWe-h spatial correlations that are
the sswave part of the GF for the interband polarization ac-seen at the MC resonances. Were only teesthte retained,
counting self-consistently for the radiation of the dipole mo-we would haveD(r,0;w)> exp(—2r/ag); however, for fre-
ment and its back-action on the polarization itself, i.e., renorquencies abov&,, Dy(r,0;w) falls off with r as the con-
malized by the coupling to the MC electromagnetic field. tinuum portion of the GFD(SO)(r,O;w) which is spatially

The expression foll; may be back-propagated using the qguite flat. Thus, for the MC in whiclf)/2>4E,, the lower
transfer matrices to the MC center to obtai(0): CP’s spatial characteristics will be dominated by tfseek-
citon, while those of the upper CP will be dominated by the

1 R continuum. For the lower CP, a@ increasesD(r,0;w)
£X(0) glksL2 0 T T1l0 falls off more rapidly due to the absence of bare exciton
- = —ik L,z} { } (8  eigenstates below,.
£,(0) 0 e’ K 1 Te We consider a MC using parameters achievable for I1I-V
™ T and II-VI semiconductors, withh=0.05m, (m, is the free-

. electron mass y=1 meV, Eq=2.5 meV,a,=136 meV,
Here, £,(0) is the field amplitude at the QW locatian  and y.=1 meV. In Fig. 1a we show G(r,w)
=0 for the component wave traveling in the same or oppo— |n |D§°)(r,0;w)/D(S°)(O,O;w)| as a contour plot, which gives
site direction as the incident field, i.e£,(0)=£,(0)  the frequency dependence of teéh spatial correlation nor-
+£,(0). One finds £&,(0)=[Rexp(kL/2)+exp malized atr=0. Below wqy, IG(r,w)/dr decreases with
(—ikL/2)]T/T. In theR—1 limit for the N cavity with w  increasingw; i.e., the spatial correlation decreases as ex-
~w¢, £,(0)=—(2MT.E(—2) is obtained. pected. Nearwy, and the other bound-state energies, this
Let us return to Eqgs(1l) and (2) in order to understand quantity increasegthe contours in the vertical direction are
better the significance dd andX. Denote the field in the closely space)x] while well aboveE, the spatial correlation
MC at the QW locationbut in the absence of the QW is weak. One notes that there is a significant enhancement of
(Ref. 19 as £9(0), so that £,(0)=£9(0)+£%¥0)  the spatial correlation within the randg, to ~E4+E, as-
where the self-field associated with coupling to the inter-sociated with the Sommerfeld factor. Also note the strong
band polarization is£¢(0)=¢£,(0)—£(9(0). Using the departure from exponential decay as a functiorr df the
previous results, we obtair€s®(0)=¢&,(0)—£®(0)=  vicinity of Eg. o N
—(de,U) 13 (w)P(0). We cantherefore recast Eq1) as This said, one must use caution in describing a frequency-
[0—THon—3 (o) 52(r)]P(r):—dCngg?)(O)éz(r), from erendent Ieng'th scale assom_ated with the spatial correla-
which Dg(r,r';w), introduced above, is shown to be the tlon..AI\n analygls of thel data in F|g.(eD' slhows that the h
swave part of the GF of spatla. decay is strongly nonexponentlg gxcept near the
1s-exciton resonance. Clearly, the contribution of the con-
tinuum gives a long tail far after the bound-state contribution
9) has decayed. We find that a fit of the exact formula over
several Bohr radii agrees qualitatively with the calculations
3 (w) 8%(r) is seen to be the self-energy that accounts for thFig. 2(b) of Ref. 2). Thus, the variational approach of Ref. 2
back action(accounting for the possible presence of aMC indeed indicates the important trends insofar as the optical
of the radiated field on the polarization. The connection beproperties are concerned. The single-exponential variational
tweenDg, D¥, and3 was derived quantum mechanically wave function used there may, however, miss important as-
first by Agranovich and DubovsKfi and further developed pects specifically associated with the nonexponential nature
by Citrin.* Equation (9) is to be compared with Eq2)  of the decay. In particular, probes that are sensitive to the
which definesD©(r,r"; w). long-range part of the excitation, such as far-infrared absorp-
Let us contrast the case in which the MC is absention, may require the fuller treatment given here.
with that in which it is present. In the absence of the MC, Figures 1b)—1(d) show contour plots of the spectral den-
2 (w)—Zow(w). The relevant quantity associated with sity A(w)=—2ImDg(0,0;0) as a function ofw (horizontal
the radiative renormalization of excitonic resonancesaxis) and detuningA=w.— wq (vertical axig for Q=10

[w+i0"—Hop—3(0)3(r)]D(r,r' ;)= 8%r—r1").
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meV (b), 20 meV (c), and 30 meV(d). Note that the peak Lorentzian associated with theslexciton pushes a mode
height of the upper CP is attenuated with respect to that oihto thee-h continuum, a strong broadening rather than split-
the lower CP. This effect has apparantly been observed ifing is expected to result. The observation that the spectral
Ref. 9 in the very strong coupling regime, as pointed out inwidth of the normal mode depends on the dispersion in the
Ref. 2. For increasin, the upper-CP maximum is strongly vicinity of the mode[cf. Eq. (7b)], however, applies.
suppressed For 2/2>E, the upper CP strongly mirrors the  Finally, we turn to Eq.(9) which is satisfied by the GF
underlying Cont_inuum optical densi_ty. At negative detunings,D(r,rr;w)_ Equation(9) suggests a mechanical interpreta-
the upper CP virtually dissappedfsig. 1(d)}—a result born o of these effects. The self-energy in space is proportional
out by experimentsee Fig. 2 of Ref. p This strong asym-  , s2(r). Thus, the radiative self-energy plays théerof a
gﬁ;rga?fs?aitgﬂr% seﬁggﬁ;‘igﬁe;g tizeiriﬂiz'ilcfooc\zr;]yniﬁbcalized impurity, but whose strength is energy dependent.
9 ' For the lower CP, for whichw<w., the strength of the
effective impurity potential is negativ@ttractive, while for

excitons in QWSs. Also worth pointing out, the smallest CP
splitting occurs forA>0 due to the participation of excitonic the upper CP, the strength is positivepulsive. The follow-
ing, therefore, are worth noting: Once teeh Hamiltonian

states lying above thesllevel.

To what extent are our results comparable to the linear-,
dispersion theory of Ref. 16? In that wdif. Eq. (1) of Ref. ~ Hen is diagonalized, its solutiong,(r) still satisfy Eq.(9)
16], the transmission through a cavity containing Lorentzianatr#0. The additional term proportional () thus pro-
absorbergatomg was treated, although there the absorbergluces energy shifts to the exciton states. Becauseehe
were distributed uniformly throughout the cavity. In our case,Coulomb potential is already singular &t 0, the effective
the QWs are spatially localized in the cavity, and thus givempurity potential does not introduce any states of rspa-
rise to multiple reflections—an effect not accounted for intial character(in particular, new bound state$or two or
Ref. 16. Moreover, we assume a highly non-Lorentzian abthree dimensiongclosely connected with the vanishing of
sorber. It should thus be noted that some of the main resultghe scattering cross section for a point defelsbwever, due
e.g., the mode and normal-mode splittings determined byo its energy dependence, it acts as a filter so that the
overall oscillator strength, are not strictly applicable to theupper-CP resonance may occur at an energy where the states
MC system treated here. In this case, because the bare Quvdinarily play a relatively small spectroscopidedi.e., the
optical density is spread out over a spectral width exceedingxciton continuum
the CP splitting, the e of the continuum is enhanced. Itis ~ What systems might exhibit new states arising from
well known that a frequency independent absorption spect (w)§?(r)? One might imagine quenching the singularity of
trum broadens a Fabry-Perot mode without producing a splithe 2D e-h Coulomb interaction. The quasi-2D Coulomb
ting. In the present case, the optical susceptibility associateghatrix elements between conduction and valence subbands
with the continuum electron-hole pair states has a logaritheontain a logarithmic singularitjonce the single-particle en-
mic singularity at the QW band edge, giving rise to a step-velope functions are integrated gutwhich is not good
shaped absorption spectruiiThe optical-density enhance- enough. Nor does the singularity go away in electrically bi-
ment associated with the Sommerfeld factor only modifiesased or spatially indirect QWs either as long as there is any
this argument slightly. Thus, if the MC splitting with the e-h overlap, asU=0 is required for an optically allowed
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transition. This is not to say systems in which the Coulomb()/2 exceeds the sexciton binding energy B,. A closely
singularity is suppressed do not exist. In such a system, theelated effect is the prediction of severe broadening of the
modified Coulomb potential will have a minimum; it is then upper-CP spectral line shape wheéd/2>4E,. Another
possible for radiatively localized states to exist below themanifestation of the change in the upper-CP spatial correla-
bottom of the potential—a sort of self-trapping. We shouldtion will be in the far-infrared spectra at normal incidence of
also note that for quasi-one-dimensional systems, the poteMCs excited at their upper CP, since the far-infrared proper-

tial 3 (w)8(r) will in fact modify the excitonic states them- ties at normal incidence at low density are dominated by
selves, since, in one dimension, the cross section of a poif@Xciton internal transitions. Second, the radiative self-energy
defect does not vanish. in real space>(w)d&%(r) that describes the self-consistent

To conclude, we have presented a rigorous model of th oupling of the interband polarization to the electromagnetic
e-h spatial corr'elation in MC-embedded QWs under wealseld has the form of a localized-defect potential, but with a

. e . : requency-dependent strength. As such, it does not lead to
optical excitation. The main results are as follows. First, thetheqformgtionpof internal egciton states with a new spatial

spatial correlation is that of the bare QW, but filtered by a haracter, but nevertheless couples them radiatively
frequency-dependent function possessing peaks at the CP%! ' '

This means that for a resonant MC, the lower-CP spatial This material is based upon work supported by the the
correlation is dominated by thesexciton independent ¢, Office of Naval Research and by the National Science Foun-
while the upper CP is dominated by the exciton continuum ifdation through ECS-0222342 and DMR-0223770.
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