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Abstract: We investigate effects of inhomogeneous broadening of excitons
on normal mode oscillation in semiconductor microcavities using a coupled
oscillator model. We show that inhomogeneous broadening can drastically
alter the coherent oscillatory energy exchange process even in regimes
where normal mode splitting remains nearly unchanged. The depth,
frequency, and phase of normal mode oscillations of excitons at a given
energy within the inhomogeneous distribution depend strongly on the
energy separation between the exciton and the normal mode resonance. In
addition, for an inhomogeneous broadened system, pronounced oscillations
in the intensity of the optical field or the total induced optical polarization
no longer imply a similar oscillatory coherent energy exchange between
excitons and cavity photons.
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Strong coupling between excitons in a quantum well (QW) and a resonant or nearly resonant
cavity mode can lead to the formation of a coupled exciton-cavity mode, or simply cavitypolaritons [1]. The excitation spectrum of this composite exciton-cavity system is
characterized by two well-resolved cavity-polariton resonances (or normal mode resonances)
if Ω>(γ, κ) where Ω is the collective dipole coupling rate between the excitonic system and
the cavity mode and γ and κ are the exciton dephasing rate and the cavity field decay rate,
respectively. In this limit, an impulsive excitation of the cavity mode can lead to a coherent
oscillatory energy exchange (or normal mode oscillation) between excitons and cavity
photons. Normal mode oscillations in semiconductor microcavities have been investigated
extensively by using various transient optical techniques, including time-resolved reflection
or emission, four wave mixing, and homodyne tomography [2-5]. Device application of
coherent oscillation in the exciton population has also been suggested since the coherent
energy exchange rate can be much faster than the exciton spontaneous emission rate.
Semiconductor heterostructures feature unavoidable interface fluctuations. For
excitons confined in a QW, the energy of excitons depends strongly on the well width. At
low temperature, potential fluctuations due to well-width variations can localize excitons at
local energy minimum, leading to inhomogeneous broadening of the exciton absorption.
Most if not all experimental studies of semiconductor microcavities at very low temperature
were carried out in systems where excitons are inhomogeneously broadened. Theoretical
calculations have shown that as long as the spectral linewidth of the inhomogeneous
distribution is smaller than the normal mode splitting of a corresponding homogeneously
broadened system, normal mode splitting remains nearly unchanged [6]. Effects of
inhomogeneous broadening on bleaching of normal mode coupling have also been
considered recently [7].
In this paper, we present a theoretical investigation on effects of inhomogeneous
broadening on normal mode oscillation. We show that inhomogeneous broadening can
drastically alter normal mode oscillation even in regimes where Γinh, HWHM of the
inhomogeneous distribution, is considerably smaller than Ω and where inhomogeneous
broadening results in no reduction in the normal mode splitting. Calculations based on a
coupled oscillator model reveal that the frequency, phase, and depth of normal mode
oscillation of localized excitons at a given energy within the inhomogeneous distribution
depend strongly on the energy separation between the exciton and the normal mode
resonance. Strongest normal mode oscillation occurs for excitons interacting with equal
strength with optical fields at the two normal mode resonances, whereas only very weak
oscillations are expected for excitons nearly resonant with a normal mode. In an
inhomogeneous broadened system, pronounced oscillation in the intensity of the optical field
or the total induced optical polarization no longer implies similar oscillations in the exciton
population.
In the low excitation limit, a composite system of cavity and localized excitons can
be described by a coupled-oscillator model that has also been used previously to describe
composite atom-cavity systems [8, 9]. For an inhomogeneously broadened excitonic system,
the cavity mode couples to excitons with a distribution of energies. The equation of motion
for the coupled oscillator system is then given by:

α = − (iω c + κ )α + Ω ∫ dω f (ω ) β (ω ) + κε (t ) (1)

(1)

β (ω ) = − (iω + γ ) β (ω ) − Ωα

(2)



where α is the expectation value of the annihilation field operator for the cavity mode at the
position of the QW inside the cavity, Ω is the collective dipole coupling rate determined by
spectrally integrated oscillator strength, ε(t) represents the external driving field, ωc is the
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resonant frequency of the cavity, and f(ω) is the normalized inhomogeneous distribution of
the exciton energy. We have scaled β(ω) such that P(ω)=µβ(ω)/N1/2 represents the optical
polarization for an exciton at frequency ω where N is the total number of excitons allowed
within the inhomogeneous distribution and µ is the optical transition dipole moment. Note
that for simplicity we have used as Eq. (1) a first order Maxwell equation that was originally
derived for CW excitations. The first order Maxwell equation can also be used to describe
transient processes with a time scale much longer than the cavity round trip time (which is a
few fs for typical semiconductor microcavities), as shown in recent theoretical studies [10].
The population of excitons at frequency ω can be determined in the weak excitation limit
from the following equation:
n (ω ) = −Γn(ω ) − Ω[α * f (ω ) β (ω ) + c. c.]

(3)
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where Γ is the exciton population decay rate. In-scattering terms due to exciton spectral
diffusion are not included in Eq. (3) since we are mainly interested in excitons that are
coherently excited by an external field. Note that a main limitation of the above model is
that we have ignored lateral motion of excitons in the disordered potential. As a result, Eqs.
(1-3) are identical to the Maxwell-Bloch equations used for describing composite atomcavity systems in the weak excitation limit.
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Fig. 1. (a) Transmission spectra (normalized) for composite exciton-cavity systems. All
parameters are normalized to Ω (taken to be 1 ps-1 or 3.4 Å). For the black curve
(inhomogeneously broadened), Γinh=κ=0.5 and γ=0.05. For the red curve (homogeneously
broadened), γ=κ=0.5 and Γinh=0.01. (b) The inhomogeneous distribution used in calculating
the black curve in (a).

Equations (1-3) are solved numerically after an impulsive excitation of the cavity
mode. Figure 1a compares the transmission spectrum of a microcavity with homogeneously
broadened excitons with that with inhomogeneously broadened excitons. The same cavity
decay rates and collective excitonic dipole coupling rates are used for both microcavities.
For simplicity, the inhomogeneous distribution is taken to be a Gaussian with its center ω0 at
ωc. As shown in Fig. 1a, the magnitude of normal mode splitting is nearly the same for both
microcavities in agreement with earlier studies [6]. The spectral linewidth for the
inhomogeneously broadened system is actually smaller than that for the homogeneously
broadened system. The inhomogeneous distribution used is also plotted in Fig. 1b as a
reference.
Figure 2 shows the dynamical behavior of the inhomogeneously broadened system
after an impulsive excitation of the cavity mode. Deep oscillations in the intensity of the
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optical field and the total induced optical polarization can be clearly observed in Fig. 2a.
These oscillations are also expected from the well-resolved normal mode splitting shown in
the spectral domain response in Fig. 1.
The inhomogeneous broadening, however, significantly weakens the coherent
energy exchange process between the exciton and cavity as evidenced in Fig. 2b. The
oscillation in the total exciton population is much weaker compared with that in the optical
field or the polarization. In this case, deep oscillations in the intensity of the optical field or
total optical polarization do not imply a similar coherent energy exchange process between
excitons and cavity photons even though the inhomogeneous broadening results in no
reduction in the normal mode splitting.

(a)
|E|
|P|

2

2

(b)

n

0

5
Time (ps)

10

Fig. 2. (a) Normal mode oscillation for an inhomogeneously broadened system in the intensity
of the field (black curve) and polarization (red curve). (b) Normal mode oscillation in the total
exciton population. Γ=2γ and other parameters used are the same as in Fig. 1.

To understand the much weaker normal mode oscillation in the total exciton
population, we plot in Fig. 3 normal mode oscillations in the induced optical polarization
and exciton population for individual excitons. As shown in Fig. 3, for an exciton at a given
energy within the inhomogeneous distribution, the normal mode oscillation in the exciton
population essentially follows that in the corresponding optical polarization. Detailed
behaviors of the oscillation, including depth, frequency, and phase of the oscillation,
however, vary greatly as we vary the energy of excitons within the inhomogeneous
distribution. The oscillation is strongest for excitons at the center of the distribution and
becomes much weaker for excitons away from the center. In fact for excitons at or near the
frequency of a given normal mode, only very weak oscillations are observed. In addition, the
frequency of the normal mode oscillation for excitons at the center of the inhomogeneous
distribution is actually only half that of the normal mode oscillation in the intensity of the
optical field or the total optical polarization.
In a microcavity with an inhomogeneously broadened excitonic system, the cavity
mode couples to excitons with many different resonant frequencies. The microcavity should
thus be considered as a coupled many-oscillator instead of coupled two-oscillator system.
Normal mode splitting observed in the transmission or reflection spectrum can still be
considered as resulting from the interaction between the cavity mode and a "super"-oscillator
that represents the whole excitonic system. The actual coherent energy exchange process,
however, is more complicated.
For an impulsive excitation and after a few cavity round trips, the power spectrum
of photons inside the cavity should be characterized by two normal mode resonances in the
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transmission spectrum (such as that shown in Fig. 1a). For a given exciton within the
inhomogeneous distribution, details of the optical interaction depend strongly on the
detuning between the exciton and the two normal mode resonances. Excitons at or near ω0
(assuming ω0=ωc) will interact with equal strength with optical fields at both normal mode
resonances, leading to a strong oscillation in the excitonic polarization as well as the exciton
population. In comparison, excitons near a given normal mode resonance will couple much
more strongly to optical fields at the given normal mode resonance than to optical fields at
the other normal mode resonance. Only very weak oscillations are expected for these
excitons. The oscillation in the total exciton population is thus much weaker than that of the
corresponding homogeneously broadened systems.
Oscillation in the total optical
polarization, however, remains pronounced because of interference between polarizations
arising from excitons at different energies.
It should be noted that lateral motion of localized excitons ignored in the above
coupled-oscillator model can lead to motional narrowing effects such as asymmetric
inhomogeneous lineshapes [11]. These effects can result in different linewidth for upper and
lower cavity-polaritons as shown in recent studies, but are not expected to affect the
qualitative conclusions drawn above [12-14].
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Fig. 3. Normal mode oscillation in the intensity of the polarization (a) and in the exciton
population (b). The top figures show the oscillation in the total polarization and population
shown in Fig. 2. The bottom figures are for an exciton within the inhomogeneous distribution.
The wavelength used (from bottom to top) is 800, 800.03, 800.07, 800.1, 800.14, 800.17, and
800.27 nm, respectively. Successive curves are displaced by half a decade in the log plot.

Inhomogeneous broadening also affects the phase difference between intensities of
the field and polarization in the normal mode oscillation. From the node position of the
intensity of the total polarization shown in Fig. 3a, we determine the phase difference to be
0.88π, deviating significantly from the π phase difference expected for a homogeneously
broadened system and also reflecting an incomplete energy exchange between the field and
the polarization.
Effects of inhomogeneous broadening are expected to diminish when the
inhomogeneous linewidth becomes small compared with the normal mode splitting. Fig. 4
shows normal mode oscillation in the total exciton population for microcavities with various
inhomogeneous linewidth. As expected, the oscillation in the total exciton population
becomes stronger with decreasing inhomogeneous linewidth.
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Fig. 4. Normal mode oscillation in the total exciton population in microcavities with κ=0.5 and
γ =0.05 and with Γinh=0.2, 0.3, 0.4, 0.5 (from green to red).

In conclusion, using a coupled oscillator model we have investigated theoretically
effects of inhomogeneous broadening on normal mode oscillations. We show that
inhomogeneous broadening can drastically alter coherent energy oscillations even in regimes
where the inhomogeneous linewidth is still considerably smaller than the normal mode
splitting and where there is no apparent reduction in the normal mode splitting. For
excitons at a given energy within the inhomogeneous distribution, the depth, frequency, and
phase of normal mode oscillations in the induced optical polarization and the exciton
population depend strongly on the detuning between the exciton and the normal mode
resonances. While it is difficult to probe experimentally population dynamics of excitons at
a given energy in a microcavity, theoretical results discussed above clearly indicate that in an
inhomogeneously broadened system, pronounced oscillation in the intensity of the optical
field or total induced optical polarization no longer implies a similar oscillatory coherent
energy exchange between excitons and cavity photons.
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