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Nonlinear reflectivity of semiconductor microcavities in the weak- and strong-coupling
regimes: Experiment and theory
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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 obserftatisf picosecongisthe model
provides an excellent description of the complex temporal evolution of the nonlinear spectra.
[S0163-182698)05816-0

INTRODUCTION the cavity photon. In the special circumstances of resonant
pumping and very low excitation intensity, this alteration of
The potential of semiconductor microcavities for physics,the spontaneous emission lifetime from strong-coupling mi-
applications, and devices has already stimulated a great degfiocavities has been observkalthough the situation is con-
of research over the past five yearsCentral to the appeal Siderably more complex for the more general condition of
of these wavelength scale cavity structures is the opportunitjonresonant p_umpin‘-b. o . _
they provide for improved control of the light-matter inter-  Since the first observation in 1982 wide variety of

action, in this case between optical photons and the semicofil€ar optical measurements have been performed on strong-

ductor band-edge carriers or excitons. Two regimes of mi_c_oupling microcavities aimed at attaining a correct descrip-

crocavity operation can be considered: the weak-couplin jon of t_he str_ongly cqupled states. The simple quantum-
regime and the strong-coupling regime. In the more standar echanical mixed-oscillator picture that works well in the
weak-coupling regime, the identity of the electronic states”25€ of atomic microcavities Is Ies_s satisfactory |n.the semi-

' -conductor case. Complications arise due to the “in-plane”

. . X . art of the exciton wave functiofwhich is not strongl
and the photon-matter interaction can be described usmg)(%Oupled to the cavity photoH and from the complicat?n{;

perturbative approach. In this weak-coupling regime, thefacts of the inhomogeneous broadening which is difficult
presence of the microcavity can, however, have profoungy, 4ygig in quantum-well structuré3 In fact, this picture

effects on thg spatial and spectral characteristics of the SPORyorks best in the special case of resonant pumping, where
taneous emissioh.Such effects have already been engi-only the small region of the exciton phase space that is
neered to yield increases in the efficiency of planar light-strongly coupled to the photon is probed. Alternatively,
emitting diodes. many of the features in the linear optical response of strong-
In the strong-coupling regime, on the other hand, thecoupling microcavities, such as the presence of the Rabi
light-matter interaction inside the microcavity, in this casesplitting, can actually be understood within an entirely clas-
with the quantum-well exciton, is sufficiently strong that the sical linear dispersion theory, as first demonstrated by Zhu
exciton and photon states lose their individual identities andt all* for the case of atomic microcavity systems and then
the normal modes of the coupled system become a pair Gfuccessfully applied to semiconductor microcavities by
mixed exciton-photon states. These states, which have be¢foudreet al? It is clear, as always, that the possible descrip-
labeled alternately as cavity polaritGrer dressed excitors, tions of the physical system depend on the measurement that
have an energy splitting between them. The size of this enis being interpreted.
ergy splitting, or Rabi splittingQg), depends on the size of More recently, nonlinear optical measurements have also
the exciton-photon interaction, which is characterized by thérseen carried out and again a variety of physical pictures have
oscillator strengthf( ) of the exciton transition. The splitting been used to describe the nonlinear behavior of the strongly
varies asQgx\f/Ls,, This phenomenon is analogous to coupled system. Yamamott al® described the nonlinear
vacuum Rabi splitting observed in atomic microcavity behavior of the coupled system in terms of the transition
systems. In the case of strong coupling, a more dramaticfrom a dressed boson to a dressed fermion as the excitation
alteration of the fundamental dynamical aspects of the exdensity is increased. Hanamura identified the importance of
cited states is possible than in the weak-coupling cavity. Fothe degree of inhomogeneous broadening to the nonlinear
example, the emission time of the cavity polariton is in prin-response and also described the system behavior with a
ciple the average of the exciton lifetime and the lifetime ofquantum field theory approach.On the other hand, a
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much simpler classical description of the nonlinear behavior
in terms of a straightforward saturation of the oscillator
strength of the exciton was utilised by HouUdeal 1’ and by
Rheeet al® In this paper, we show that the classical treat-
ment of Zhuet al1* can be extended to describe consistently
a detailed series of spectrally and temporally resolved non-
linear reflectivity measurements in semiconductor microcavi-
ties operating in both the weak- and strong-coupling regimes.

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

6 pairs

<< W2 GaAs
<<— 75 AIn, ,Ga, ,As

<<— 100 A GaAs

19.5 pairs

GaAs Substrate

SAMPLES AND EXPERIMENT

Both microcavity samples are planar Fabry-Perot-type
structures with multiple quarter-wave stack distributed Bragg;
reflectors(DBR’s) in which the low¢high-) index material is
AlAs (Aly.GaysAs). The critical coupling microcavity,
sample A, contains a single 75-A-thick,InGa, gAs quan- RESULTS
tum well situated at the center of a Zavity, i.e., at the Single-well sample
antinode of the electric-field standing wave. The front and . -

The linear reflectivity of sample A, as measured at the

back DBR's contain 7 and $9pairs respectively. The position of zero detuning between the exciton and photon,
strong-coupling microcavity, sample B, has 6 and p@irs  exhibits the single resonance expected for a weak or critical
in its front and back mirrors, respectively, and contains sixcoupling sample and is shown in Figia@ This spectrum is
75-A Ing 1Ga gAS quantum wells in a B/2 cavity, three at  recorded using the probe beam, the intensity of which is
each available electric-field antinode. A schematic illustraselected to be low enough to exclude nonlinearities. Figure
tion of sample B is shown in Fig. 1. As is normal with such 2(b) shows the nonlinear reflectivity spectra recorded, for a
microcavity samples, the wafers were not rotated during pamtange of pump beam intensities, at zero delay between the
of the molecular-beam-epitaxy growth of the cavity layer,pump and probe pulses. A positive signal corresponds to an
leading to a wedge-shaped cavity which allows for detuningncrease of the reflectivity over its low intensiijinean
of the exciton and cavity resonances by moving across thealue and a negative signal to a reduction in the reflectivity.
sample!® It is the presence of an anticrossing, rather than 4t is clear that for this sample there is a large intensity de-
crossing, of the cavity and exciton resonances at zero detupendence on the genersthapeof the nonlinear spectra, as
ing that discriminates positively between strong- and weakwell as in the actual size of the signal. At the lowest pump
coupling samples. intensities the spectrum is almost symmetric about the reso-
The nonlinear pump-probe measurements were performegance, but becomes increasingly asymmetric as the intensity
in the reflection geometry, as illustrated in FigcR The s raised.
excitation source was a Nd:YAGttrium aluminum garnet As indicated in the Introduction, we will use a classical
pumped synchronously mode-locked Styryl-13 dye laserlinear dispersion theory to describe our results. In this ap-
which produced pulses of 20—70 ps in the 930 nm regionproach, the microcavity structurd®BR’s and cavity are
All of the measurements reported in this paper were carriethodeled in the standard manner by solution of Maxwell's
out at the position of zero exciton-cavity detuning and at aequations, with appropriate use of boundary conditions at
sample temperature df=7 K in a closed-cycle helium cry- each interface. Our method allows the straightforward calcu-
ostat. The nonlinear reflectivity spectra are differential spectation of the electric-field intensity at all positions inside the
tra recorded using two cascaded lock-in amplifiers. Thestructures, as well as the absorption, reflectivity, and trans-
pump and probe beams are modulated at two different fremission spectra of the structure. The quantum-well exciton
guencies. The first lock-in amplifier detects the probe and thean be described in the simplest approximation as a classical
second detects the modulation due to the pump. Lorentz oscillator with a dispersive dielectric constant

FIG. 1. Schematic showing structure of strong-coupling micro-
avity (sample B.
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fq°h? 1 ton in Eq. (1) by modifying any of the exciton oscillator
E)=¢.,+ —, 1 : i i i
e(E)=¢ meoL, Ei_ E2—iE (1) parameters: oscillator strength, energyEyg, or linewidth

vo. The combination of the cavity and the “new” exciton

whereE is the energyf is the oscillator strength per &g produces a “new” reflectivity spectrum, and the difference
is the chargem the mass,Eyx the energy of the exciton between this spectrum and the original linear spectrum cor-
resonancey the homogeneous exciton linewidth, andthe  responds to the differential reflectivity spectrum that we
guantum-well thickness. The dielectric constant yields theneasure in the pump-probe experiment. It remains to deter-
refractive index of the quantum-well layer, the imaginary mine how the exciton parameters vary with incident inten-
part of which gives the exciton absorption. At low intensitiessity.
the exciton is described by El), with the linear exciton The nonlinear behavior of excitons in quantum wells has
parameters. These parameters are obtained by reproductibeen extensively investigated and the dominant nonlinear
of the linear reflection spectrum of sample [Rig. 2(@)]. mechanisms, such as the phase-space filling, screened ex-
Inhomogeneous broadening which results from alloy broadehange interaction, and exciton scattering, which lead to
ening and gquantum-well thickness fluctuations must also beaturation of the exciton oscillator strength, shifting of the
included in the calculation. We assume this broadening to bexciton energy, and line broadening, are very well knén.
Gaussian. The linear exciton parameters we find B¢g  Our approach is to impose these well understood nonlineari-
=1.344 eV, f,=8.4x 10" cm 2, and a homogeneous exci- ties on the quantum-well exciton and proceed in the manner
ton linewidth y,=0.05 meV; an inhomogeneous broadeningoutlined above.
of 3 meV is also included. All of these parameters corre- We consider two features in the nonlinear response as the
spond well with values measured previously on thesemost important. The first process is the saturation of the ex-
samples. citon oscillator strength as the excitation intensity at the

The nonlinear properties are modeled using an extensioquantum welll 4, increases. This saturation of the oscillator
of this approach. The presence of the pump beam, of interstrength is due to both phase-space filling and screened ex-
sity I,,c, on the sample can alter the description of the excichange effects, and is described®¥
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1 small and the saturation of the oscillator strength is the domi-
BEETIWIR (2D nant effect. The saturation density we have useldds 2.9

awr’s x 10'° cm™2, which corresponds closely to the value found
wherel s is a saturation intensity which corresponds to somepy Houdre et all” A constant of 8.4 1072% nm/cm 2)?,
saturation exciton densitig. also given in terms of the density, was used in the expression

The second important feature is a small blueshift of thefor calculating the blueshift of the exciton. As can be seen in

exciton which comes about due to the screened exchangge figure, each of the featuréabeledA, B, andC) in the
interaction? In bulk materials, this blueshift is canceled by a experimental spectra are reproduced in the theoretical spec-
redshift arising due to long-range Coulomb interaction, butrum. At the higher pump intensities ofl;,.=3.66
in quantum wells the latter contribution is less significant, x 10 W cm 2 andl;,.=7.32x 10 W cm™?, the asymmetry
resulting in a net blueshift which is a function of the exciton in the spectrum comes from the increasing importance of the
density. It is not known what precise dependence of the exexciton blueshift at these intensities. Again, all of the fea-
citon blueshift on the pump intensity is expected, but in thistures of the experimental dat®{l) are reproduced in the
work we find best agreement when we include an excitortalculation. In reproducing this intensity dependence of the
blueshift SEx following a greater than linear dependence onshape and size of the nonlinear spectra, the valués@ind
the incident intensity. We incorporate a quadratic depeny in Egs. (2) are fixed and the incident intensity is varied
dence according to the experimental conditions. The qualitative

agreement is excellent.
SEx=bI3,, (2.2 g

f

whereb is a constant. At very high excitation densities, the
exciton blueshift will become comparable to the exciton
binding energy, in which case the exciton dissociates. The Time-resolved pump-probe experiments have also been
above equation is therefore only meaningful for excitonperformed and the temporal evolution of the nonlinear re-
blueshifts which are less than the binding energy. flectivity exhibits a complex behavior that depends critically
A correct description of our experimental data also re-on the wavelength at which the measurement is carried out.
quires careful incorporation of the dynamical evolution of Figure 3 shows the time-resolved experimental data as re-
the reflectivity over the excitation pulse. Consider an instantorded at three different wavelengtfiadicated by the ar-
along the pump pulse: there is a certain light intensity inci-rows in Fig. Za)] across the resonance on sample A, for a
dentl,,. on the sample, but the action of the cavity leads topump intensity ofl j,.=3.66x 10° W cm 2. At \,, which is
quite a different light intensity inside the cavity at the posi- on the high-energy side of the resonance, the signal is zero at
tion of the quantum welll,,. Furthermore, the intensity at zero delay, then decays rapidly to a negative value, and then
the quantum-well position is highly wavelength dependentrecovers much more slowly. At, the signal is positive at
The modification of the exciton oscillator parameters leads t@ero delay, followed by a rapid decay from a positive to a
a change in the reflectivity spectrum of the structure for thenegative value, and then once again recovering more slowly
light that arrives at the next instant of the pulse. Hence théo zero. The final example showat \ 3) is toward the low-
distribution of the light field inside the cavity changes—it energy side of the resonance and is a more straightforward
evolves over the duration of the pulse. These temporal efdecay(although highly nonexponentjabf a positive signal
fects are important, since the time scale of the pises of  to zero.
picosecondsis much longer than the natural timescale of the In order to adapt our classical model to reproduce these
cavity (=1 ps). time-resolved data, the simplest assumption that can be made
In summary, the flow of the calculation is as follows: the is that the nonlinear behavior will be governed simply by the
initial parameters of the model are chosen in a manner thatecay of the excited population. In other words, the satura-
reproduces the linear reflectivity spectrum; then, progressintgon of the exciton oscillator strength and the blueshift of the
along the pulse in 1-ps steps, at each wavelength the lighegxciton energy due to the excitation density created by the
intensity at the quantum well is calculated; using E@8. optical pulse, as determined by E@8), will both recover to
new exciton oscillator parameters are found; these parantheir linear values as this excitation density decays. Hence
eters are fed back into the model, thus allowing a calculatiorthe reflectivity spectrum will recover its linear form. We
of the light intensity at the quantum well at the next instanthave independently measured the decay of the excitation
of time. Following this iterative process to the peak of thedensity using time-resolved photoluminescefitender the
excitation pulse, a reflectivity spectrum is produced, whichsame conditions of excitation density and temperature, the
then allows calculation of a nonlinear spectrum by subtracdecay of the excited population of sample A is found to be
tion of the linear spectrum. The step size of 1 ps is chosen, a&ngle exponential with a time constant of 450 ps. Using this
it corresponds to that step size below which smaller stepingle exponential in conjunction with E¢R), the temporal
sizes yield identical results. It is emphasized that this proceevolution of f and Ey is ascertained, and hence that of the
dure is essential in order to reprodued the intensity- sample reflectivity. The theoretical spectra obtained using
dependent features of the experimental data in both of outhis approach are shown on the right-hand side of Fig. 3 and
samples in a consistent manner. it can be seen that extremely good correspondence with the
The model is initially used to simulate experimental re-experimental data is found for each of the wavelengths. The
sults for sample A, and the results are shown on the rightprecise shape of the evolution of each of these spectra de-
hand side of Fig. @). In the case of the lowest pump inten- pends on the detailed interplay of the exciton and cavity
sity 1i,.=7.32 W cmi’?, the blueshift of the exciton is very system, but come very straightforwardly from our model.

Time-resolved pump probe
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FIG. 3. Experimental and theoretical evolu-
tion of the nonlinear reflectivity of sample A at
three different pump wavelengthas indicated in
Fig. 2@)].

Delay (ns) Delay (ns)

Six-well sample sample to the six-well sample, only the sample structure is

The above sections have shown that the nonlinear propeP—hanged and all of the exciton _oscillator parameters and the
ties of our single-well sample, which operates in the criticalnonlinear parameter s, andb in Egs. (2)] are the same.
Coup”ng regime, are very well exp|ained with a re|ative|y Within this model there is no real distinction between the
simple classical model. We now turn to sample B, thedifferent regimes of microcavity operation—in all cases the
strong-coupling sample, which contains six quantum wellsmicrocavity is viewed as an oscillator within a Fabry-Perot-
Figure 4a) shows the linear reflectivity spectrum of this type filter.
sample recorded at the position of zero exciton-cavity detun- The theoretical spectra in Fig(®) show good qualitative
ing. The Rabi-split doublet identifying strong coupling is agreement with the experimental data, in particular the mid-
clearly seen. Nonlinear reflectivity spectra recorded for zerantensity and high-intensity spectra. Each experimental spec-
delay between the pump and probe pulses are shown in Fitrum contains several positive and negative features, labelled
4(b) for three different pump intensities. In this sample, A—L in Fig. 4(b). In all cases there is a large positive feature
while there is a change in the size of the nonlinear signain the region of the lower-energy resonance and a series of
with pump intensity, the intensity dependence of the shape ofveaker features in the region of the higher-energy resonance.
the spectrum is minor. If, for example, the spectrum corresponding to a pump inten-

We apply the same classical model to this sample, usingity of I,,,=366 W cm? is examined, it can be seen that
the same exciton parameters as were used for the single-wetere is a remarkable correspondence between the existence
sample. The calculated linear reflectivity spectrum in thisof these features in the experimental and theoretical spectra.
sample is shown in Fig.(4) and, although not identical, is These features in the spectra come about due to the subtle
quite similar to the experimental spectrum, reproducing thenterplay of the exciton and cavity and the inclusion of the
Rabi doublet. Calculated nonlinear reflectivity spectra aralynamical evolution of the system over the excitation pulse
shown on the right-hand side of Fig(b}. It should be em- is essential in reproducing the results. Quantitative agree-
phasized that, in going from calculations on the single-wellment of these spectra with the experiment is not as good for
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sample B, as it was for sample A, and the lack of precisecase for sample B, in the strong-coupling regime, as we have
reproduction of the linear reflectivity spectrum may underlieshown, the same model works without recourse to more so-
this discrepancy. Nevertheless, the qualitative agreement fshisticated or exotic modeling. This is not entirely unsurpris-
impressive. ing for the following reasons.

Figure 5 shows time-resolved pump-probe data recorded First, the linear dispersion theory is a very good model.
on sample B at two different wavelengtfiadicated by the All the qualities of a classical two-level system are embed-
arrows in Fig. 48)]. The same procedure as before is usedded in the macroscopic refractive indékielectric constant
for modeling the temporal evolution of the spectra in thegiven in Eq.(1). As the classical and guantum-mechanical
strong-coupling sample. In this case the excited population ifreatments of two-level systems give identical results, we can
found, using time-resolved photoluminescence, to exhibit ahen expect the linear dispersion theory to work equally well
single exponential decay with a decay time of 90G&- in both strong- and weak-coupling regimes. Of course, when
corporation of this into the model produced the data on thehe effect of in-plane dispersion becomes important, then the
right-hand side of Fig. 5. Again, the agreement with experi-simple two-level modelin either its quantum or classical
ment is excellent. guise is no longer appropriate.

Second, we found no new nonlinear mechanisms associ-
ated with the strong coupling to be apparent in this type of
pump-probe experiment. Therefore, if the linear dispersion

It is clear for sample A, in the weak-coupling regime, we theory gives an accurate description of the linear spectra in
that expect linear dispersion theory to work. The nonlineathe strong-coupling regime, introducing the excitonic nonlin-
aspects are associated with the saturation and blueshift of tlearities into the model will describe the nonlinear behavior.
exciton, while the effect of the cavity is a linear filtering of  Finally, the time scale on which strong-coupling effects
the pump and probe pulses both spectrally and temporallyare importanti.e., the shorter of the photon lifetime and the
Although the measured nonlinear spectra show a wealth aéxciton dephasing timeare much shorter than the pulse
features, the underlying physics is unchanged with respect tengths used. This experiment well may be blind to the more
that of bare quantum-well excitons. exotic phenomena that have been proposed by Ndrmisd

While one might expect that this should no longer be theYammamoto™®

DISCUSSION
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CONCLUSIONS is sufficient on the time scales with which we deal in our

We have measured the nonlinear reflectivity of semicon-eXpe“mems’ l.e., tens of picoseconds. Under these condi-

ductor microcavities, operating both in the critical couplingt'ons the strong-coupling microcavity corresponds to an

and in the strong-coupling regimes, using a time-resolve&‘symmet”,C Fabry-Perot modulafdr, which .contr_;uns a
pump-probe technique and have approached the descriptiértnrong_ oscnla'tor and opgrates beyond the pom't of impedance
of our results using a classical model which is an extensiofnatching. It is emphasized, however, that this model does
of the linear dispersion model previously used to predict lin-not address issues of dynamics. We were able to describe all
ear Optica| properties_ The qua"tative agreement of th|é)f the observed nonlinear dynamiCS in terms of the relaxation
model with experiment is very good, reproducing all of theof the excited population, which was measured indepen-
main spectral and temporal features of the data in a consiglently and which occurred on a long time scéiendreds of
tent manner over a range of pump intensities in bothpicoseconds Alterations in the fundamental excited-state
samples. dynamics that have been observed under conditions of reso-
These results show that the classical treatment of theant pumping and very low excitation intensities require a
strong-coupling regime in describing the nonlinear propertiesnore elaborate description of the strong-coupling regime.
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