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Nonlinear reflectivity of semiconductor microcavities in the weak- and strong-coupling
regimes: Experiment and theory

A. L. Bradley, J. P. Doran, T. Aherne, and J. Hegarty
Physics Department, Trinity College, College Green, Dublin 2, Ireland

R. P. Stanley, R. Houdre´, U. Oesterle, and M. Ilegems
Institüt de Micro- et Optoe´lectronique, EPFL, CH-1015 Lausanne, Switzerland

~Received 2 September 1997!

We use an entirely classical model to describe the nonlinear properties of semiconductor microcavities in
both the weak- and strong-coupling regimes, as measured in a series of spectrally and temporally resolved
pump-probe experiments. The model, which follows on from a linear dispersion model previously used to
describe the linear properties, provides very good qualitative agreement between a wide range of experimental
and theoretical spectra. We also find that on the time scales of our observation~tens of picoseconds!, the model
provides an excellent description of the complex temporal evolution of the nonlinear spectra.
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INTRODUCTION

The potential of semiconductor microcavities for physi
applications, and devices has already stimulated a great
of research over the past five years.1,2 Central to the appea
of these wavelength scale cavity structures is the opportu
they provide for improved control of the light-matter inte
action, in this case between optical photons and the semi
ductor band-edge carriers or excitons. Two regimes of
crocavity operation can be considered: the weak-coup
regime and the strong-coupling regime. In the more stand
weak-coupling regime, the identity of the electronic sta
inside the cavity is not altered by the presence of the ca
and the photon-matter interaction can be described usin
perturbative approach. In this weak-coupling regime,
presence of the microcavity can, however, have profo
effects on the spatial and spectral characteristics of the s
taneous emission.3 Such effects have already been en
neered to yield increases in the efficiency of planar lig
emitting diodes.4

In the strong-coupling regime, on the other hand,
light-matter interaction inside the microcavity, in this ca
with the quantum-well exciton, is sufficiently strong that t
exciton and photon states lose their individual identities a
the normal modes of the coupled system become a pa
mixed exciton-photon states. These states, which have
labeled alternately as cavity polaritons5 or dressed excitons,6

have an energy splitting between them. The size of this
ergy splitting, or Rabi splitting (VR), depends on the size o
the exciton-photon interaction, which is characterized by
oscillator strength (f ) of the exciton transition. The splitting
varies asVR}Af /Lcav. This phenomenon is analogous
vacuum Rabi splitting observed in atomic microcav
systems.7 In the case of strong coupling, a more drama
alteration of the fundamental dynamical aspects of the
cited states is possible than in the weak-coupling cavity.
example, the emission time of the cavity polariton is in pr
ciple the average of the exciton lifetime and the lifetime
570163-1829/98/57~16!/9957~8!/$15.00
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the cavity photon. In the special circumstances of reson
pumping and very low excitation intensity, this alteration
the spontaneous emission lifetime from strong-coupling
crocavities has been observed,8 although the situation is con
siderably more complex for the more general condition
nonresonant pumping.9

Since the first observation in 1992,10 a wide variety of
linear optical measurements have been performed on str
coupling microcavities aimed at attaining a correct desc
tion of the strongly coupled states. The simple quantu
mechanical mixed-oscillator picture that works well in th
case of atomic microcavities is less satisfactory in the se
conductor case. Complications arise due to the ‘‘in-plan
part of the exciton wave function~which is not strongly
coupled to the cavity photon!11 and from the complicating
effects of the inhomogeneous broadening which is diffic
to avoid in quantum-well structures.12,13 In fact, this picture
works best in the special case of resonant pumping, wh
only the small region of the exciton phase space tha
strongly coupled to the photon is probed. Alternative
many of the features in the linear optical response of stro
coupling microcavities, such as the presence of the R
splitting, can actually be understood within an entirely cla
sical linear dispersion theory, as first demonstrated by Z
et al.14 for the case of atomic microcavity systems and th
successfully applied to semiconductor microcavities
Houdréet al.5 It is clear, as always, that the possible descr
tions of the physical system depend on the measurement
is being interpreted.

More recently, nonlinear optical measurements have a
been carried out and again a variety of physical pictures h
been used to describe the nonlinear behavior of the stro
coupled system. Yamamotoet al.15 described the nonlinea
behavior of the coupled system in terms of the transit
from a dressed boson to a dressed fermion as the excita
density is increased. Hanamura identified the importance
the degree of inhomogeneous broadening to the nonlin
response and also described the system behavior wi
quantum field theory approach.16 On the other hand, a
9957 © 1998 The American Physical Society
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9958 57A. L. BRADLEY et al.
much simpler classical description of the nonlinear behav
in terms of a straightforward saturation of the oscilla
strength of the exciton was utilised by Houdre´ et al.17 and by
Rheeet al.18 In this paper, we show that the classical tre
ment of Zhuet al.14 can be extended to describe consisten
a detailed series of spectrally and temporally resolved n
linear reflectivity measurements in semiconductor microca
ties operating in both the weak- and strong-coupling regim

We present time-resolved pump-probe measurements
formed in the reflection geometry on a pair of microcav
samples. The first sample contains a single quantum well
operates at the border of the weak- and strong-coupling
gimes. The second sample contains six quantum wells an
clearly in the strong-coupling regime. Initially experiment
results for the simpler, single-well, sample are presen
This is followed by a description of a model that we ha
developed to simulate the observed nonlinear spectra
their temporal evolution. We then present results on
strong-coupling sample and show that the same model
also be used to simulate this data. In all cases this clas
model provides an excellent qualitative description of
data. Finally, we discuss why such a model works.

SAMPLES AND EXPERIMENT

Both microcavity samples are planar Fabry-Perot-ty
structures with multiple quarter-wave stack distributed Bra
reflectors~DBR’s! in which the low-~high-! index material is
AlAs (Al 0.1Ga0.9As). The critical coupling microcavity
sample A, contains a single 75-Å-thick In0.13Ga0.87As quan-
tum well situated at the center of a 2l cavity, i.e., at the
antinode of the electric-field standing wave. The front a

back DBR’s contain 7 and 191
2 pairs respectively. The

strong-coupling microcavity, sample B, has 6 and 191
2 pairs

in its front and back mirrors, respectively, and contains
75-Å In0.13Ga0.87As quantum wells in a 3l/2 cavity, three at
each available electric-field antinode. A schematic illust
tion of sample B is shown in Fig. 1. As is normal with su
microcavity samples, the wafers were not rotated during p
of the molecular-beam-epitaxy growth of the cavity lay
leading to a wedge-shaped cavity which allows for detun
of the exciton and cavity resonances by moving across
sample.19 It is the presence of an anticrossing, rather tha
crossing, of the cavity and exciton resonances at zero de
ing that discriminates positively between strong- and we
coupling samples.

The nonlinear pump-probe measurements were perfor
in the reflection geometry, as illustrated in Fig. 2~c!. The
excitation source was a Nd:YAG~yttrium aluminum garnet!
pumped synchronously mode-locked Styryl-13 dye las
which produced pulses of 20–70 ps in the 930 nm regi
All of the measurements reported in this paper were car
out at the position of zero exciton-cavity detuning and a
sample temperature ofT57 K in a closed-cycle helium cry
ostat. The nonlinear reflectivity spectra are differential sp
tra recorded using two cascaded lock-in amplifiers. T
pump and probe beams are modulated at two different
quencies. The first lock-in amplifier detects the probe and
second detects the modulation due to the pump.
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RESULTS

Single-well sample

The linear reflectivity of sample A, as measured at t
position of zero detuning between the exciton and phot
exhibits the single resonance expected for a weak or crit
coupling sample and is shown in Fig. 2~a!. This spectrum is
recorded using the probe beam, the intensity of which
selected to be low enough to exclude nonlinearities. Fig
2~b! shows the nonlinear reflectivity spectra recorded, fo
range of pump beam intensities, at zero delay between
pump and probe pulses. A positive signal corresponds to
increase of the reflectivity over its low intensity~linear!
value and a negative signal to a reduction in the reflectiv
It is clear that for this sample there is a large intensity d
pendence on the generalshapeof the nonlinear spectra, a
well as in the actual size of the signal. At the lowest pum
intensities the spectrum is almost symmetric about the re
nance, but becomes increasingly asymmetric as the inten
is raised.

As indicated in the Introduction, we will use a classic
linear dispersion theory to describe our results. In this
proach, the microcavity structures~DBR’s and cavity! are
modeled in the standard manner by solution of Maxwe
equations, with appropriate use of boundary conditions
each interface. Our method allows the straightforward cal
lation of the electric-field intensity at all positions inside th
structures, as well as the absorption, reflectivity, and tra
mission spectra of the structure. The quantum-well exci
can be described in the simplest approximation as a clas
Lorentz oscillator with a dispersive dielectric constant«:

FIG. 1. Schematic showing structure of strong-coupling mic
cavity ~sample B!.
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FIG. 2. ~a! Linear reflectivity spectrum of
sample A.~b! Experimental~left-hand side! and
theoretical~right-hand side! nonlinear reflectivity
spectra of sample A at varying pump intensiti
(t50). ~c! Configuration of the pump-probe ex
periment.
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m«0Lz

1

EX
22E22 igE

, ~1!

whereE is the energy,f is the oscillator strength per cm2, q
is the charge,m the mass,EX the energy of the exciton
resonance,g the homogeneous exciton linewidth, andLz the
quantum-well thickness. The dielectric constant yields
refractive index of the quantum-well layer, the imagina
part of which gives the exciton absorption. At low intensiti
the exciton is described by Eq.~1!, with the linear exciton
parameters. These parameters are obtained by reprodu
of the linear reflection spectrum of sample A@Fig. 2~a!#.
Inhomogeneous broadening which results from alloy bro
ening and quantum-well thickness fluctuations must also
included in the calculation. We assume this broadening to
Gaussian. The linear exciton parameters we find areEX0
51.344 eV, f 058.431012 cm22, and a homogeneous exc
ton linewidthg050.05 meV; an inhomogeneous broadeni
of 3 meV is also included. All of these parameters cor
spond well with values measured previously on the
samples.5

The nonlinear properties are modeled using an exten
of this approach. The presence of the pump beam, of in
sity I inc , on the sample can alter the description of the ex
e

ion

-
e
e

-
e

on
n-
i-

ton in Eq. ~1! by modifying any of the exciton oscillato
parameters: oscillator strengthf 0 , energyEX0 , or linewidth
g0 . The combination of the cavity and the ‘‘new’’ excito
produces a ‘‘new’’ reflectivity spectrum, and the differen
between this spectrum and the original linear spectrum c
responds to the differential reflectivity spectrum that w
measure in the pump-probe experiment. It remains to de
mine how the exciton parameters vary with incident inte
sity.

The nonlinear behavior of excitons in quantum wells h
been extensively investigated and the dominant nonlin
mechanisms, such as the phase-space filling, screened
change interaction, and exciton scattering, which lead
saturation of the exciton oscillator strength, shifting of t
exciton energy, and line broadening, are very well known20

Our approach is to impose these well understood nonline
ties on the quantum-well exciton and proceed in the man
outlined above.

We consider two features in the nonlinear response as
most important. The first process is the saturation of the
citon oscillator strength as the excitation intensity at t
quantum wellI qw increases. This saturation of the oscillat
strength is due to both phase-space filling and screened
change effects, and is described by20,21



m

th
n
a

bu
nt
on
e
hi
to
on
en

he
on
Th
on

re
o
an
ci
t

si-
t
n

s t
th
th
it
e

he

e
th
in

lig

am
tio
n

he
ic
ac
,
te
c

o

e
h
-

mi-

d

sion
in

pec-

the
a-

the

d
ive

een
re-
lly
out.
re-

r a

ro at
then

a
wly

ard

ese
ade

he
ra-
he
the

nce
e
tion

the
be
his

he
ing
and
the
he
de-
ity

9960 57A. L. BRADLEY et al.
f 5
1

11I qw /I S
, ~2.1!

whereI S is a saturation intensity which corresponds to so
saturation exciton densityNS .

The second important feature is a small blueshift of
exciton which comes about due to the screened excha
interaction.22 In bulk materials, this blueshift is canceled by
redshift arising due to long-range Coulomb interaction,
in quantum wells the latter contribution is less significa
resulting in a net blueshift which is a function of the excit
density. It is not known what precise dependence of the
citon blueshift on the pump intensity is expected, but in t
work we find best agreement when we include an exci
blueshiftdEX following a greater than linear dependence
the incident intensity. We incorporate a quadratic dep
dence

dEX5bIqw
2 , ~2.2!

whereb is a constant. At very high excitation densities, t
exciton blueshift will become comparable to the excit
binding energy, in which case the exciton dissociates.
above equation is therefore only meaningful for excit
blueshifts which are less than the binding energy.

A correct description of our experimental data also
quires careful incorporation of the dynamical evolution
the reflectivity over the excitation pulse. Consider an inst
along the pump pulse: there is a certain light intensity in
dent I inc on the sample, but the action of the cavity leads
quite a different light intensity inside the cavity at the po
tion of the quantum well,I qw . Furthermore, the intensity a
the quantum-well position is highly wavelength depende
The modification of the exciton oscillator parameters lead
a change in the reflectivity spectrum of the structure for
light that arrives at the next instant of the pulse. Hence
distribution of the light field inside the cavity changes—
evolves over the duration of the pulse. These temporal
fects are important, since the time scale of the pulse~tens of
picoseconds! is much longer than the natural timescale of t
cavity ('1 ps).

In summary, the flow of the calculation is as follows: th
initial parameters of the model are chosen in a manner
reproduces the linear reflectivity spectrum; then, progress
along the pulse in 1-ps steps, at each wavelength the
intensity at the quantum well is calculated; using Eqs.~2!
new exciton oscillator parameters are found; these par
eters are fed back into the model, thus allowing a calcula
of the light intensity at the quantum well at the next insta
of time. Following this iterative process to the peak of t
excitation pulse, a reflectivity spectrum is produced, wh
then allows calculation of a nonlinear spectrum by subtr
tion of the linear spectrum. The step size of 1 ps is chosen
it corresponds to that step size below which smaller s
sizes yield identical results. It is emphasized that this pro
dure is essential in order to reproduceall the intensity-
dependent features of the experimental data in both of
samples in a consistent manner.

The model is initially used to simulate experimental r
sults for sample A, and the results are shown on the rig
hand side of Fig. 2~b!. In the case of the lowest pump inten
sity I inc57.32 W cm22, the blueshift of the exciton is very
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small and the saturation of the oscillator strength is the do
nant effect. The saturation density we have used isNS52.9
31010 cm22, which corresponds closely to the value foun
by Houdré et al.17 A constant of 8.4310226 nm/~cm22!2,
also given in terms of the density, was used in the expres
for calculating the blueshift of the exciton. As can be seen
the figure, each of the features~labeledA, B, andC! in the
experimental spectra are reproduced in the theoretical s
trum. At the higher pump intensities ofI inc53.66
3102 W cm22 and I inc57.323102 W cm22, the asymmetry
in the spectrum comes from the increasing importance of
exciton blueshift at these intensities. Again, all of the fe
tures of the experimental data (D-I ) are reproduced in the
calculation. In reproducing this intensity dependence of
shape and size of the nonlinear spectra, the values ofNS and
b in Eqs. ~2! are fixed and the incident intensity is varie
according to the experimental conditions. The qualitat
agreement is excellent.

Time-resolved pump probe

Time-resolved pump-probe experiments have also b
performed and the temporal evolution of the nonlinear
flectivity exhibits a complex behavior that depends critica
on the wavelength at which the measurement is carried
Figure 3 shows the time-resolved experimental data as
corded at three different wavelengths@indicated by the ar-
rows in Fig. 2~a!# across the resonance on sample A, fo
pump intensity ofI inc53.663102 W cm22. At l1 , which is
on the high-energy side of the resonance, the signal is ze
zero delay, then decays rapidly to a negative value, and
recovers much more slowly. Atl2 the signal is positive at
zero delay, followed by a rapid decay from a positive to
negative value, and then once again recovering more slo
to zero. The final example shown~at l3! is toward the low-
energy side of the resonance and is a more straightforw
decay~although highly nonexponential! of a positive signal
to zero.

In order to adapt our classical model to reproduce th
time-resolved data, the simplest assumption that can be m
is that the nonlinear behavior will be governed simply by t
decay of the excited population. In other words, the satu
tion of the exciton oscillator strength and the blueshift of t
exciton energy due to the excitation density created by
optical pulse, as determined by Eqs.~2!, will both recover to
their linear values as this excitation density decays. He
the reflectivity spectrum will recover its linear form. W
have independently measured the decay of the excita
density using time-resolved photoluminescence.23 Under the
same conditions of excitation density and temperature,
decay of the excited population of sample A is found to
single exponential with a time constant of 450 ps. Using t
single exponential in conjunction with Eq.~2!, the temporal
evolution of f and EX is ascertained, and hence that of t
sample reflectivity. The theoretical spectra obtained us
this approach are shown on the right-hand side of Fig. 3
it can be seen that extremely good correspondence with
experimental data is found for each of the wavelengths. T
precise shape of the evolution of each of these spectra
pends on the detailed interplay of the exciton and cav
system, but come very straightforwardly from our model.
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FIG. 3. Experimental and theoretical evolu
tion of the nonlinear reflectivity of sample A a
three different pump wavelengths@as indicated in
Fig. 2~a!#.
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Six-well sample

The above sections have shown that the nonlinear pro
ties of our single-well sample, which operates in the criti
coupling regime, are very well explained with a relative
simple classical model. We now turn to sample B, t
strong-coupling sample, which contains six quantum we
Figure 4~a! shows the linear reflectivity spectrum of th
sample recorded at the position of zero exciton-cavity det
ing. The Rabi-split doublet identifying strong coupling
clearly seen. Nonlinear reflectivity spectra recorded for z
delay between the pump and probe pulses are shown in
4~b! for three different pump intensities. In this samp
while there is a change in the size of the nonlinear sig
with pump intensity, the intensity dependence of the shap
the spectrum is minor.

We apply the same classical model to this sample, us
the same exciton parameters as were used for the single
sample. The calculated linear reflectivity spectrum in t
sample is shown in Fig. 4~c! and, although not identical, i
quite similar to the experimental spectrum, reproducing
Rabi doublet. Calculated nonlinear reflectivity spectra
shown on the right-hand side of Fig. 4~b!. It should be em-
phasized that, in going from calculations on the single-w
r-
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sample to the six-well sample, only the sample structure
changed and all of the exciton oscillator parameters and
nonlinear parameters@I sat and b in Eqs. ~2!# are the same.
Within this model there is no real distinction between t
different regimes of microcavity operation—in all cases t
microcavity is viewed as an oscillator within a Fabry-Per
type filter.

The theoretical spectra in Fig. 4~b! show good qualitative
agreement with the experimental data, in particular the m
intensity and high-intensity spectra. Each experimental sp
trum contains several positive and negative features, labe
A–L in Fig. 4~b!. In all cases there is a large positive featu
in the region of the lower-energy resonance and a serie
weaker features in the region of the higher-energy resona
If, for example, the spectrum corresponding to a pump int
sity of I inc5366 W cm22 is examined, it can be seen th
there is a remarkable correspondence between the exist
of these features in the experimental and theoretical spe
These features in the spectra come about due to the s
interplay of the exciton and cavity and the inclusion of t
dynamical evolution of the system over the excitation pu
is essential in reproducing the results. Quantitative agr
ment of these spectra with the experiment is not as good
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FIG. 4. ~a! Linear reflectivity spectrum of
sample B.~b! Experimental~left-hand side! and
theoretical~right-hand side! nonlinear reflectivity
spectra of sample B at varying pump intensiti
(t50). ~c! Theoretical linear reflectivity spectra
of sample B.
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sample B, as it was for sample A, and the lack of prec
reproduction of the linear reflectivity spectrum may under
this discrepancy. Nevertheless, the qualitative agreeme
impressive.

Figure 5 shows time-resolved pump-probe data recor
on sample B at two different wavelengths@indicated by the
arrows in Fig. 4~a!#. The same procedure as before is us
for modeling the temporal evolution of the spectra in t
strong-coupling sample. In this case the excited populatio
found, using time-resolved photoluminescence, to exhib
single exponential decay with a decay time of 900 ps.23 In-
corporation of this into the model produced the data on
right-hand side of Fig. 5. Again, the agreement with expe
ment is excellent.

DISCUSSION

It is clear for sample A, in the weak-coupling regime, w
that expect linear dispersion theory to work. The nonlin
aspects are associated with the saturation and blueshift o
exciton, while the effect of the cavity is a linear filtering o
the pump and probe pulses both spectrally and tempor
Although the measured nonlinear spectra show a wealt
features, the underlying physics is unchanged with respe
that of bare quantum-well excitons.

While one might expect that this should no longer be
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case for sample B, in the strong-coupling regime, as we h
shown, the same model works without recourse to more
phisticated or exotic modeling. This is not entirely unsurpr
ing for the following reasons.

First, the linear dispersion theory is a very good mod
All the qualities of a classical two-level system are embe
ded in the macroscopic refractive index~dielectric constant!
given in Eq. ~1!. As the classical and quantum-mechanic
treatments of two-level systems give identical results, we
then expect the linear dispersion theory to work equally w
in both strong- and weak-coupling regimes. Of course, wh
the effect of in-plane dispersion becomes important, then
simple two-level model~in either its quantum or classica
guise! is no longer appropriate.

Second, we found no new nonlinear mechanisms ass
ated with the strong coupling to be apparent in this type
pump-probe experiment. Therefore, if the linear dispers
theory gives an accurate description of the linear spectr
the strong-coupling regime, introducing the excitonic nonl
earities into the model will describe the nonlinear behavi

Finally, the time scale on which strong-coupling effec
are important~i.e., the shorter of the photon lifetime and th
exciton dephasing time! are much shorter than the puls
lengths used. This experiment well may be blind to the m
exotic phenomena that have been proposed by Norris24 and
Yammamoto.15
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FIG. 5. Experimental and theoretical evolu
tion of the nonlinear reflectivity of sample B a
two different pump wavelengths@as indicated in
Fig. 4~a!#.
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CONCLUSIONS

We have measured the nonlinear reflectivity of semic
ductor microcavities, operating both in the critical coupli
and in the strong-coupling regimes, using a time-resol
pump-probe technique and have approached the descri
of our results using a classical model which is an extens
of the linear dispersion model previously used to predict
ear optical properties. The qualitative agreement of t
model with experiment is very good, reproducing all of t
main spectral and temporal features of the data in a con
tent manner over a range of pump intensities in b
samples.

These results show that the classical treatment of
strong-coupling regime in describing the nonlinear proper
.
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is sufficient on the time scales with which we deal in o
experiments, i.e., tens of picoseconds. Under these co
tions the strong-coupling microcavity corresponds to
asymmetric Fabry-Perot modulator,25 which contains a
strong oscillator and operates beyond the point of impeda
matching. It is emphasized, however, that this model d
not address issues of dynamics. We were able to describ
of the observed nonlinear dynamics in terms of the relaxa
of the excited population, which was measured indep
dently and which occurred on a long time scale~hundreds of
picoseconds!. Alterations in the fundamental excited-sta
dynamics that have been observed under conditions of r
nant pumping and very low excitation intensities require
more elaborate description of the strong-coupling regime
hys.
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