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Excitonic Nonlinearities of Semiconductor Microcavities in the Nonperturbative Regime
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A microscopic theory for excitonic nonlinearities and light propagation in semiconductor micro-
cavities is applied to study normal-mode coupling (NMC) for varying electron-hole-pair densities.
The nonlinear susceptibility of quantum confined excitons is determined from quantum kinetic equa-
tions including dephasing due to carrier-carrier and polarization scattering. The predicted disap-
pearing of the normal-mode transmission peaks with negligible change in the NMC splitting agrees
well with cw pump-probe measurements on samples showing remarkable splitting-to-linewidth ratios.
[S0031-9007(96)01904-7]
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Atom-photon interaction in the strong-coupling regim
is realized in high-finesse cavities where the coupl
strength between the atom and the cavity mode exce
both the cavity and atomic damping and the spontane
emission rate. For the interaction of asingle excited atom
with an empty cavity in the strong coupling regime va
uum field Rabi oscillations have been predicted [1] a
observed [2]. When the number of excited atoms is la
compared to the number of cavity photons the qu
tum treatment of the system by means of master eq
tions becomes equivalent to the semiclassical treatm
of Maxwell-Bloch equations [3] and the resonance sp
ting can be assigned to the normal-mode coupling (NM
of classical oscillators. Recently, NMC of quantum co
fined excitons in high-finesse semiconductor microcavi
has been observed [4]. In contrast to experiments w
preexcited atoms, the semiconductor excitons in the
crocavity are coherently driven by the weak probe fie
The coupled system of excitons and cavity field can
described in terms of new states similar to exciton pola
tons. However, radiatively stable polaritons can exist o
in bulk semiconductors whereas in quantum wells (QW
the lack of momentum conservation in the growth dire
tion leads to an intrinsic radiative lifetime [5,6]. Larg
cavity-polariton NMC splitting has been demonstrated
wide-gap II-VI semiconductor QW microcavities [7] an
III-V semiconductor bulk microcavities [8] and NMC
could even be observed at room temperature [9].
cently, the nonlinear saturation of the NMC has been
vestigated experimentally [10,11].

In this Letter we study the microscopic mechanisms
nonlinear saturation of QW excitons and the correspond
modification of the NMC in a microcavity. We compar
the influence of broadening and reduction of the oscilla
strength and study the transition from the so-called stro
0031-9007y96y77(26)y5257(4)$10.00
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coupling to the weak-coupling regime. Theoretical res
are compared with pump-probe measurements on sam
with remarkably large splitting-to-linewidth ratios. It tur
out that carrier-carrier and polarization scattering has t
considered in order to explain the experiments.

In most recent publications [12–14] the theoretical
scription of QW polaritons in semiconductor microcavit
was based on a linear dispersion theory or phenomeno
cal exciton Hamiltonians. The broadening of the excit
has been described as a constant parameter and the
pling between the 1s exciton and higher bound and cont
uum states has been neglected. However, earlier stud
bulk and QW excitons without microcavities have sho
that exciton saturation is a microscopically intricate p
cess. Additional unbound carriers, e.g., generated thr
an additional optical pulse resonant with the interb
continuum, can efficiently bleach the exciton resonan
Phase-space filling and screening lead to a reduction o
exciton oscillator strength and binding energy as well a
band gap renormalization. Free carriers can scatter am
each other and with the excitonic polarization. The co
sponding dephasing leads to a broadening of the exci
resonances.

Often, nonlinear saturation experiments with bulk
QW excitons cannot reveal whether bleaching of
excitonic resonances is due to a reduction of the oscil
strength or due to resonance broadening. As we will sh
the strong coupling regime in microcavities can help
distinguish between both effects. The width of the NM
splitting depends only on the oscillator strength wher
the width of the NMC peaks is influenced by excito
broadening.

Excitonic bound states in the presence of an elect
hole plasma have been treated in the past using a B
Salpeter equation [15–17], whereas the coherent ex
© 1996 The American Physical Society 5257
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dynamics is described by semiconductor Bloch equati
[18]. Only recently a microscopic analysis of exciton
broadening due to carrier-carrier interaction has been
sented [19]. In this Letter, we use a kinetic equation
the coherent exciton polarization to study the saturat
of the excitonic states and the corresponding saturatio
the excitonic NMC. The kinetic equation describes co
pled bound and continuum states of QW excitons under
influence of phase-space filling, screening, and depha
due to additional unbound electron-hole pairs. Using
nonequilibrium Green’s functions technique we obtain
the coherent interband polarizationCkstd with the in-plane
momentumk (for the lowest subband)∑

ih̄
≠

≠t
2 ´

e
k 2 ´

h
k

∏
Ckstd 1 f1 2 fe

k 2 fh
k gVkstd

­ 2ih̄GkCkstd 1 ih̄
1

L2

X
k0

Gk,k0 Ck0std . (1)

The screened Hartree-Fock self-energies

Vkstd ­ dkEstd 1
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fV S
k0 2 Vk0g (3)

contain the free carrier energiese
e,h
k ­

EG

2 1
h̄2k2

2me,h
and the

field Estd at the QW position which has to be compute
self-consistently from Maxwell’s equations.

We consider a weak external field that probes excito
properties in the presence of distributionsf

e,h
k of unbound

electrons and holes. For a sufficiently long time del
between the electron-hole-pair generation and the opt
probe pulse, carrier-carrier and carrier-phonon scatte
leads to a quasiequilibration of the carriers within the
bands so thatf

e,h
k can be taken as Fermi-Dirac distr

butions. Phase-space filling due to these carriers is
scribed by the1 2 fe

k 2 fh
k factor in Eq. (1) and the

corresponding band gap shrinkage follows from Eq. (
Carrier scattering leads to a rapid dephasing. In sec
Born approximation the corresponding diagonal damp
rate, which is usually assumed to generalize theT2 time
for two-level systems, is given by
the

diagonal
Gk ­
p

h̄

X
a,b­e,h

1
L4

X
k1,k2

dfea
k 1 e

b
k11k22k 2 e

b
k2

2 e
a
k1

g f2sV S
k2k1

d2 2 da,bVS
k2k1

V S
k2k2

g

3 fs1 2 fb
k11k22kdfb

k2
fa

k1
1 fb

k11k22ks1 2 fb
k2

d s1 2 fa
k1

dg . (4)

In Eq. (4) the term~ 2sV S
k2k1

d2 describes the direct or RPA contribution whereas the term~ da,bV S
k2k1

V S
k2k2

is the
exchange contribution (vertex correction). Thed function in Eq. (4) accounts for energy conservation during
scattering process (in Markov approximation) and the occupation probabilitiesf describe the availability of initial and
final states. Interaction between carriers and the coherently driven interband polarization also leads to non
contributions

Gk,k1 ­
p

h̄

X
a,b­e,h

1
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dfea
k 1 e
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The macroscopic polarization entering Maxwell’s equ
tions is given byPstd ­

1
L2

P
k dkCkstd and the excitonic

susceptibility xsvd ­ PsvdyEsvd contains the Fourier
transform ofPstd andEstd.

In a first step we solve Eqs. (1)–(5) to study the sa
ration of the excitonic susceptibility for a given plasm
density. Screening is described within a quasistatic sin
plasmon-pole approximation. The solid line in Fig. 1(
shows the computed exciton spectrum where all term
Eqs. (4) and (5) have been considered. The broade
increases by almost a factor of 2 when the exchange c
tributions in Eqs. (4) and (5) are neglected (dashed lin
In the pure dephasing limit, where only diagonal deph
ing due to carrier-carrier scattering according to Eq. (4
considered, the broadening is strongly overestimated (
ted line). Off-diagonal dephasing compensates diago
dephasing to a large extent. Somewhat similar beha
has been found for resonant interband excitation where
generation process of free carriers is accurately descr
-

-
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)
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only if diagonal and off-diagonal dephasing contributio
are considered [20].

In Fig. 1(b) a full calculation is compared with th
case of constant damping. For the microscopic model
broadening of various bound states is different and the
energy tail of the 1s exciton decreases faster than th
Lorentzian tail for constant damping. For a higher carr
density (1011 cm22) we obtain with constant damping an
static screening the well-known artificial shift of the 1s
exciton whereas the full dephasing calculation does
exhibit this shift. For the higher carrier density and t
same constant damping the height of the 1s exciton peak
is reduced by a factor of only about 2.5 due to pha
space filling and screening. If the increased broaden
is also taken into account within the full calculation, th
height of the 1sexciton peak is reduced almost by an ord
of magnitude. Figure 2(a) shows the saturation of thes
exciton for increasing plasma density computed within t
full dephasing model.
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FIG. 1. (a) Imaginary part of the optical susceptibility f
an 8 nm QW and plasma excitation with1010 cm22 at 77 K
with full dephasing (solid line), without exchange interacti
(dashed line) and without nondiagonal polarization scatte
(dotted line). (b) Comparison of full dephasing (solid lin
and constant damping (dashed line). The carrier densitie
1010 cm22 (thick lines) and1011 cm22 (thin lines).

To calculate the NMC spectrum for the QW insi
the microcavity one additionally has to solve Maxwel
equations for the full resonator structure. For an incom
light beam at normal incidence to the Bragg mirrors
wave equation can be written as∑

≠2

≠z2
1

v2

c2
0

n2szd
∏

Esz, vd ­ 2 m0v2xsvd jjszdj2

3
Z

dz0jjsz0dj2Esz0, vd .

(6)

nszd describes the index profile across the microresona
The z dependence of the macroscopic polarization, wh
is expressed in Eq. (6) by the susceptibilityx, is given
by confinement functionsjjszdj2. The self-consist
ently determined field component at the QW positiR

dz0jjsz0dj2Esz0d, also enters the calculation of the Q
polarization.

We evaluate the coupled equations for a3
2 l cavity with

two QWs at the field antinodes. For the top mirror (e
posed to air) and bottom mirror (on a substrate) a refl
tivity of 99.6% is obtained with 14 and 16.5 quarter-wa
pairs. The cavity wavelength is chosen to coincide with
1s exciton resonance of the QWs. The calculated mic
cavity transmission is shown in Fig. 2(b). For increas
bleaching of the 1s exciton resonance with increasing ca
rier density we find a strong reduction of the NMC pe
height with only a small reduction of the NMC splittin
The increasing width of the individual NMC peaks i
dicates the strong broadening of the exciton resona
whereas the small reduction of the splitting clearly reve
the minor reduction of the exciton oscillator strength with
a large plasma density range. With increasing pla
density the renormalized band edge approaches the
ergetically stable-1s-exiton resonance. The rather abru
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FIG. 2. (a) Imaginary part of the optical susceptibility fo
an 8 nm QW and plasma excitation with various densities
carrier temperature 77 K. (b) Calculated transmission of
QW microcavity for increasing plasma density and bleach
of the exciton according to Fig. 2(a). The cavity resonance
been tuned from22.05 (full line) to 22.14 (short dashed line)
to compensate for the small numerical exciton shift.

replacement of the normal mode doublet by a single tra
mission peak occurs when the cavity resonance beco
degenerate with the band edge. This corresponds to
transition from the strong-coupling regime to the wea
coupling regime, since the damping of the continuum sta
strongly exceeds the dipole coupling.

Our theoretical results for the nonlinear NMC satu
tion are consistent with measurements. In Refs. [10,
nonlinear data are presented in the regime of reduced
cillator strength, but the broad linewidths prevented
observation of exciton broadening with little reduction
the splitting. We clearly observe this effect in expe
ments with 8 nm In0.04Ga0.96As QWs between thick GaAs
barriers within GaAsyAlAs Bragg mirrors. The In con-
centration is sufficiently large for the heavy-hole excit
peak to be around 834 nm at 4 K, so that the GaAs s
strate does not have to be removed for transmission s
ies. Nonetheless the strain shifts the light-hole exci
peak to 826 nm, so that it does not interfere with NM
studies with the heavy hole. The small exciton linewid
(1 meV ­ 0.6 nm at 4 K) leads to record splitting-to
linewidth ratios of 6.8 for Bragg mirrors consisting o
5259
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14 and 16.5 periods for the top and bottom mirrors,
spectively, with 99.6% calculated reflectivity.

We have performed cw pump-probe measurement
the exciton saturation and the nonlinear transmission
a microcavity exhibiting NMC. A light-emitting diode
with peak wavelength at 850 nm and a spectral FWH
of 50 nm is used as a broadband probe; it is square w
modulated at 6 kHz and detected with an R636 photom
tiplier tube and lock-in amplifier. The pump beam from
Ti:sapphire laser is focused on the microcavity to46 mm
diameter, sufficiently larger than the30 mm probe diame-
ter. Figure 3(a) shows that as the exciton is satura
by band-to-band pumping, at first there is little change
oscillator strength (integrated absorption) but considera
broadening [21]. This broadening increases the absorp
at the wavelengths of the two peaks thereby decrea
their transmission as shown in Fig. 3(b). When the ex
ton is completely saturated, the transmission of the alm

FIG. 3. Experimental probe transmission spectra with incre
ing pumping at 787 nm for (a) exciton absorption of 20 QW
like the two in the microcavity and (b) microcavity NMC
Since absolute densities are not measured, curves in (a)
(b) cannot be compared directly; however, Kramers-Kro
transfer-matrix microcavity calculations using the nonline
data in (a) show that20 corresponds closely to2 and 30 to
3. Noise from photoluminescence prevented determining
probe transmission when the exciton is completely satura
corresponding to40. Stronger pumping in (b) results in lasin
at a wavelength close to the40 peak. The 20-QW data in (a
were shifted by 4 meV to the position of the 2-QW peak in t
NMC microcavity as deduced from the data of (b).
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empty cavity opens up close to the midpoint (the usu
weak-coupling laser limit). Figure 3(b) was taken with th
pump wavelength at the first transmission minimum abo
the stopband. The same reduction in transmission with
reduction in splitting is seen when the pump wavelength
coincident with either of the original peaks or midway b
tween them; of course, the power dependence is differ
for each of the wavelengths.

In conclusion we have studied the nonlinear saturat
of the excitonic NMC in QW microcavities. With in-
creasing carrier density we find a strong broadening
the excitonic states without significant loss of oscillat
strength. For carrier densities leading to exciton satu
tion we observe the transition from the strong couplin
regime with periodic energy exchange between the cav
like and excitonic states to the weak coupling regime
cavity enhanced emission.
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