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Laser emission from semiconductor microcavities: The role of cavity polaritons
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We present an experimental study on the role of cavity polaritons in laser emissions from a GaAs quantum-
well microcavity. We show that cavity polaritons play no role in the laser emission process when the cavity is
nearly resonant with the excitons. The laser emissions emerge from the bare cavity mode instead of from a
cavity-polariton branch and the threshold density is much higher than the saturation density at which cavity
polaritons vanish. We also show that the presence of emission doublets near the lasing threshold, which was
previously taken as an evidence for laser emission from cavity polaritons, is primarily the result of spatial
and/or temporal variations of exciton densities within the excitation volume. �S1050-2947�97�05010-5�

PACS number�s�: 42.55.�f

Nonequilibrium condensation of exciton polaritons
�coupled exciton-photon modes� was first discussed for bulk
crystals with dipole-allowed interband optical transitions �1�.
In such systems, the presence of a relaxation bottleneck near
the turning point of the lower polariton dispersion leads to
accumulation of polaritons. Stimulated transitions of polari-
tons into the bottleneck region become important when the
occupation number of polaritons in this region exceeds 1.
This stimulated transition process is very similar to stimu-
lated emission of photons in a laser and could similarly lead
to non-equilibrium condensation of polaritons in the bottle-
neck region.

Coupled exciton-photon modes are qualitatively modified
near k�0 in a semiconductor microcavity due to the quan-
tization of photon wave vectors and are referred to as cavity-
polaritons �2–3�. Nonequilibrium condensation of cavity po-
laritons can in principle occur at k�0 instead of at the
bottleneck region. In the limit excitons couple strongly to the
cavity mode, the mass of cavity polaritons near k�0 can
become much smaller than the mass of bare excitons. For
GaAs quantum-well �QW� microcavity structures, the polar-
iton mass corresponds to a thermal de Broglie wavelength of
7 �m at 4 K, far greater than the exciton Bohr radius �of
order 0.01 �m�. It was argued that because of this extremely
large thermal de Broglie wavelength, nonequilibrium con-
densation of cavity polaritons could occur at a density far
below the exciton Mott density and therefore could be real-
ized experimentally �4,5�. Optical emissions from such a
condensate are shown theoretically to be approximately in a
coherent state, providing a mechanism for generating coher-
ent laserlike emissions �5�.

Evidence of nonequilibrium condensation of cavity-
polaritons has been reported recently in a GaAs QW micro-
cavity �4�. A doublet was observed in emission spectra with
one of the emission resonance exhibiting laserlike threshold
behaviors. It was argued that this doublet is due to emissions
from two branches of cavity polaritons and the laserlike reso-
nance is due to emissions from a nonequilibrium condensate
of cavity polaritons. The physical origin of the emission dou-

blet, especially, the role of cavity polaritons in the lasing
process has been a subject of considerable debate.

In this paper we present an experimental study on the role
of cavity polaritons in laser emission from a GaAs QW mi-
crocavity. We show that laser emissions emerge from the
bare cavity mode instead of from a cavity-polariton branch
and that cavity polaritons vanish at densities far below the
lasing threshold. Physically, the lasing process is due to
stimulated emission of photons rather than condensation of
cavity polaritons. Measurements using a pinhole aperture to
probe a small region within the excitation volume also reveal
that emission doublets observed near the lasing threshold are
the result of spatial and/or temporal variations of exciton
densities within the excitation volume and cannot be taken as
an evidence of persistence of cavity polaritons at the lasing
threshold. In addition, exciton localization due to interface
fluctuations is suggested as a major obstacle for achieving
the elusive nonequilibrium condensation of cavity polaritons.

The GaAs QW microcavity used in our study has four 13
nm GaAs QW’s placed at the center of a wavelength-long
cavity and uses 16 �22� pairs of Al0.11Ga0.89As/AlAs Bragg
reflectors as the top �bottom� mirror. The cavity length is
tapered such that the cavity resonance varies slightly across
the sample while the energy of excitons remains nearly con-
stant. All measurements were performed at 10 K unless oth-
erwise noted.

Figure 1�a� shows reflection spectra of the sample when
the cavity is tuned slightly above the heavy-hole exciton ab-
sorption line center. At low excitation limit, the reflection
spectrum is characterized by two well-resolved cavity-
polariton resonances �the minimum normal mode splitting of
the sample is 2.6 nm�. At high excitation limit, the normal
mode splitting collapses and cavity-polaritons disappear
�6–8�. In this limit, reflectivity spectra are characterized by
the bare cavity resonance as shown by the dashed curve in
Fig. 1�a�. The collapse of the normal splitting was shown to
be due to ionization of excitons in an earlier study �8�. With
a further increase in excitation levels the bare cavity reso-
nance moves toward lower wavelength due to mode pulling
of the cavity resonance �not shown�.
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Corresponding emission spectra at various excitation lev-
els are shown in Fig. 1�a�. For the emission measurement,
the sample is excited off resonantly at a reflection minimum
near 755 nm with output from a mode-locked Ti:Sapphire
laser. A doublet is observed in emission spectra. At lowest
input intensities, the doublet corresponds to the two cavity-
polariton resonances in the reflection spectrum and is due to
emissions from the two branches of cavity polaritons. Emis-
sions from upper �higher energy� cavity polaritons are much
weaker because of the very low temperature.

With increasing excitation levels, the total emission inten-
sity �spectrally integrated� increases rapidly while the inten-
sity of the lower energy resonance in the doublet saturates.
Figure 2�a� shows the threshold behavior of the total emis-
sion intensity as a function of the input intensity. Figure 2�b�
shows saturation of the intensity of the lower energy reso-
nance as a function of the input intensity. An emission spec-
trum above the lasing threshold is also shown as an inset in
Fig. 2�a� and is completely dominated by the higher energy
resonance. Behaviors qualitatively similar to those shown in
Fig. 2 are also observed at other exciton-cavity detunings as
long as the cavity is resonant or nearly resonant with the
excitons.

Emission spectra shown in Fig. 1�a� along with the thresh-
old behavior shown in Fig. 2�a� might lead to an assignment
that the doublet in Fig. 1�a� is due to emissions from two
cavity-polariton branches at all input intensities with the up-
per polariton going above the threshold with increasing input
intensities. This assignment would imply that emissions from
the lower �lower energy� polariton branch should saturate at
an input intensity near the lasing threshold. Figure 2�b�, how-
ever, shows that the output from the lower energy resonance
saturates at an input intensity near 50 W/cm2 much lower
than the threshold intensity of 360 W/cm2.

Problems associated with the above assignment become
more evident when we examine emission spectra obtained

with the cavity tuned slightly below the exciton resonance
�see Fig. 1�b��. At lowest input intensities, the emission spec-
tra feature a doublet that corresponds to the two cavity-
polariton resonances in the reflection spectrum. With in-
creasing input intensities, however, the emission resonance
from the upper cavity polariton disappears and a new reso-
nance emerges from between the two cavity-polariton reso-
nances. The energy position of the new resonance agrees
with that of the bare cavity resonance and moves toward
higher energy with increasing input intensities. We empha-
size that the same behavior is also observed when we tune
the cavity resonance above the exciton resonance. The ap-
proximate agreement in energy position between the upper
cavity polariton and the higher energy emission resonance
near the lasing threshold shown in Fig. 1�a� is coincidental
since in this case the bare cavity resonance is close to the
upper cavity polariton.

The main issue in understanding the above experimental
result is whether near the lasing threshold cavity polaritons
still remain a valid description for optical excitations in the
microcavity. The observation of optical emissions from the
bare cavity resonance far below the lasing threshold clearly
indicates that the threshold density n th is much greater than
the saturation exciton density ns at which normal mode split-
ting collapses and cavity polaritons vanish �9�. This is also
supported by the saturation of the lower energy emission
resonance at densities much smaller than n th �see Fig. 2�b��
since optical emissions from the lower cavity polaritons are
expected to saturate at ns . We therefore conclude that cavity
polaritons play no roles in the lasing process and that the
laser emission is due to stimulated optical transitions rather
than condensation of polaritons.

The above model satisfactorily explains the behavior of
laser emission and the saturation of optical emission from

FIG. 1. Reflection and emission spectra with pulsed excitation at
two different exciton-cavity detunings. The solid and dashed reflec-
tion spectra are obtained at low and high excitation limits, respec-
tively. Emission spectra are obtained at input intensities of 80, 120,
150, 230, 290, 360 W/cm2 for �a� and of 40, 80, 120, 160, 200, 240,
280 W/cm2 for �b�. The top emission spectrum is obtained at the
threshold pumping intensity.

FIG. 2. �a� Total output intensity as a function of the input
intensity. �b� Output intensity from the lower energy emission reso-
nance as a function of the input intensity. The exciton-cavity detun-
ing is the same as in Fig. 1�a�. The inset shows an emission spec-
trum above the lasing threshold.
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lower cavity polaritons but does not account for the persis-
tence of emission doublets at or near the lasing threshold. As
shown in Fig. 1, the energy position of the lower energy
emission resonance follows that of the lower cavity polariton
and remains nearly independent of the input intensities. The
lower energy emission resonance is therefore associated with
the lower cavity polaritons at all input intensities. In contrast,
the higher energy emission resonance is due to emissions
from the upper cavity polaritons only at very low input in-
tensities and switches to the bare cavity resonance approach-
ing the lasing threshold, as shown earlier. This raises the
question that if n th�ns , why strong optical emissions from
the lower cavity-polariton can still be observed at the thresh-
old pumping intensity. In fact, the presence of a doublet near
the lasing threshold was taken to be a crucial evidence for
the role of cavity polaritons in the lasing process.

Properties of optical excitations in a microcavity depend
critically on the density of excitons when the exciton density
is near ns . The persistence of lower cavity-polariton emis-
sions near the lasing threshold reflects important effects of
spatial and/or temporal variations of exciton densities within
the excitation volume. In a typical optical measurement and
at a given pumping intensity, the exciton �or carrier� density
varies greatly from the center to the edge. There are always
outer regions where the density of excitons falls below ns
even when the density of excitons exceeds ns at the center.
Optical emissions from these outer regions are characterized
by emissions from two branches of cavity polaritons. As a
result, emission spectra can feature simultaneously contribu-
tions from the bare cavity resonance as well as the cavity
polaritons. Note that emissions from the upper-cavity polari-
tons are more than one order of magnitude smaller than that
of the lower cavity polaritons and can be overwhelmed by
emissions emerging from the bare cavity resonance near the
threshold pumping intensity.

Figure 3 shows emission spectra obtained by collecting
emissions from only the center region of the excitation vol-
ume to eliminate effects of spatial variation of exciton den-
sities. The measurement was done under experimental con-
ditions similar to that of Fig. 1�a� but with a 5 �m aperture
placed at the center of the image of the excitation spot �the
laser spot size is estimated to be 130 �m�. As shown in Fig.
3, just below the threshold pumping intensity lower cavity-
polariton emissions are one order of magnitude smaller than
emissions from the bare cavity resonance. In comparison, at
similar pumping intensities emission spectra for the whole

excitation volume feature nearly equal contributions from the
lower cavity-polaritons and the bare cavity resonance �see
Fig. 1�a��. The residual emission from the lower cavity-
polaritons near the threshold pumping intensity shown in
Fig. 3 is due to temporal variation of exciton densities as we
discuss below.

Measurements discussed so far have used output from a
mode-locked Ti:Sapphire laser and the time interval between
successive pulses �13 ns� is large compared with the exciton
or carrier recombination time �of order 1 ns�. Under these
conditions, both the density and the distribution of electronic
excitations in the sample are a function of the time. In par-
ticular, there are temporal regions where the density of exci-
tons falls below ns even when the peak exciton density is
above ns . This is especially true for sufficiently long delays
after an excitation pulse. Therefore, emission spectra ob-
tained with pulsed excitations can still feature contributions
from both bare cavity resonance and cavity polaritons even
when exciton densities are spatially uniform.

Figure 4�a� shows emission spectra obtained with off-
resonant cw excitation and with a 5 �m aperture at the center
of the image of the excitation spot to eliminate both spatial
and temporal variations of excitation densities. Emerging of
the bare cavity resonance and correspondingly the saturation
of the lower cavity-polariton emission at densities far below
n th is clearly observed. Near and below the threshold pump-
ing intensity, emissions from the lower cavity polaritons are
now reduced to more than two orders of magnitude smaller
than emissions from the bare cavity resonance. Note that,
experimentally, it is difficult to compare excitation levels of
cw and pulsed pumping and we have used the threshold in-
put intensity as a reference. To further illustrate effects of
spatial variations of exciton densities, Fig. 4�b� also shows
emission spectra obtained by placing a 25 �m aperture at the
edge of the image of the excitation spot. In this case, the
persistence and a continued linear increase of the lower
cavity-polariton emission even at intensities above the
threshold pumping intensity is observed. These results
clearly demonstrate that cavity polaritons vanish at a density
far below n th and that the persistence of lower cavity-
polariton emissions at the threshold pumping intensity shown

FIG. 3. Emission spectra collected from the center of the exci-
tation volume. Input intensities used are 80, 160, 240, 280 W/cm2.
Other experimental conditions are similar to that of Fig. 1�a�. FIG. 4. Emission spectra with cw exciton and collected from the

center of the excitation volume �a� and near the edge of the excita-
tion volume �b�. Input intensities used are 0.05I0 , 0.1I0 , 0.15I0 ,
0.2I0 , 0.3I0 , 0.45I0 , 0.65I0 for �a� and 0.15I0 , 0.5I0 , 0.85I0 , I0 ,
1.5I0 for �b� where I0 is the threshold pumping intensity. Other
experimental conditions are similar to that of Fig. 1�a�.
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in Fig. 1 is due to emissions from spatial or temporal regions
where the exciton density is below ns .

Finally, we discuss briefly mechanisms that prevent the
realization of nonequilibrium condensation of cavity polari-
tons. Theoretically, quantum statistical effects of polaritons
were predicted to be effective when the interparticle distance
is small compared with the polariton thermal de Broglie
wavelength, which implies that at very low temperature
bosonic effects can become important at exciton densities as
low as 107/cm2 in GaAs QW microcavities. Significant
buildup of cavity-polaritons near k�0, however, can be pre-
vented by the extremely short polariton life time �of order 1
ps� along with the long polariton-acoustic phonon scattering
time �of order 100 ps or longer �10��. Another mechanism
that can prevent the condensation from occurring is exciton
localization. For typical QW structures, interface fluctuations
can localize excitons in local minima of the confinement
potential �11–13�. These localized excitons behave as fermi-
ons rather than bosons. Experimental realization of nonequi-

librium condensation of cavity polaritons therefore requires
the use of nearly perfect quantum heterostructures where ef-
fects of exciton localization are negligible even at extremely
low exciton densities.

In conclusion, we have shown that cavity polaritons play
no role in laser emission from GaAs QW microcavities at
low temperature when the cavity is nearly resonant with the
excitons. The threshold density is much higher than the satu-
ration density at which normal mode splitting collapses and
cavity polaritons vanish. The presence of emission doublets
near the lasing threshold, which was previously taken as an
evidence for laser emission from cavity polaritons, is the
result of spatial and/or temporal variations of exciton densi-
ties within the excitation volume.

We wish to acknowledge helpful and stimulating discus-
sions with Y. Yamamoto, S. W. Koch, G. Khitrova, and H.
Gibbs. The work performed at the University of Oregon is
supported by AFOSR.
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We have demonstrated laser emission at densities below the saturation exciton density in a semiconductor
microcavity by tuning the cavity resonance to the low-energy side of the inhomogeneously broadened exciton
distribution. Laser emission in this regime arises from population inversion of localized excitons at the low-
energy tail of the inhomogeneous distribution. Distinct spectral line shapes of laser emission and especially a
large and abrupt change in the lasing threshold are observed when the composite system undergoes a transition
from the nonperturbative to the perturbative regimes. The abrupt threshold change is attributed to ionization of
excitons occurring in the transition region. �S0163-1829�97�00148-3�

Semiconductor quantum well �QW� microcavities as a
composite exciton-cavity system have provided a unique sys-
tem for investigating optical and excitonic many-body inter-
actions in a nonperturbative regime. In this regime, coherent
dipole coupling rates between the exciton and the cavity
mode are large compared with relevant damping rates, lead-
ing to the formation of coupled exciton-cavity modes, or
cavity polaritons. Effects of cavity polaritons have been ob-
served in various measurements including normal-mode
splitting in emission or reflection spectra1,2 and normal-mode
oscillations in transient optical responses.3,4

Whether laser emission can occur in the nonperturbative
regime of semiconductor microcavities has thus far remained
an open question. In order to achieve laser emission in the
nonperturbative regime, the threshold density n th has to be
small compared with the saturation exciton density nsat , at
which cavity polaritons start to vanish due to bleaching of
the excitonic resonance.5,6 For typical microcavity configu-
ration, this is not the case and excitonic resonance bleaches
at densities far below n th .7,8

The difficulty in reaching the lasing threshold in the non-
perturbative regime stems from the fact that population in-
version of excitons cannot be achieved for a homogeneously
broadened system without bleaching the excitonic
resonance.9 In order to achieve laser emission from an exci-
tonic system, optical transitions have to involve other pro-
cesses such as biexcitonic transition, phonon-assisted transi-
tion, bosonic condensation of excitons, or exciton
localization.9 Laser emission due to biexcitonic transition
and exciton localization has been observed in semiconduc-
tors such as II-VI QW’s that have a relatively large exciton
binding energy.10 Laser emission from excitons in II-VI QW
microcavities has also been observed recently.11

In this paper we present experimental studies of laser
emission in the nonperturbative regime in a composite sys-
tem of high-Q cavity and inhomogeneously broadened exci-
tons. By tuning the cavity resonance to the low-energy side
of the inhomogeneous exciton distribution we are able to
achieve laser emission at exciton densities considerably be-

low nsat . Laser emissions at these low densities are shown to
arise from population inversion of localized excitons. Dis-
tinct spectral line shapes of laser emission and especially a
large and abrupt change in the lasing threshold are also ob-
served when the composite system undergoes a transition
from the nonperturbative to the perturbative regimes. The
abrupt threshold change is attributed to ionization of excitons
occurring in the transition region.

The sample used for our study is a GaAs QW microcavity
that has four 13-nm GaAs QW’s placed at the center of
a wavelength-long cavity and uses 16 �22� pairs of
Al0.11Ga0.89As/AlAs Bragg reflectors as the top �bottom� mir-
ror. The microcavity is held at 10 K by using a cold-finger
cryostat. The cavity thickness is tapered such that the cavity
resonance varies across the sample while the energy of exci-
tons remains nearly constant. Figure 1�a� shows the energy
position of two cavity-polariton branches associated with the
heavy-hole �hh� exciton as we tune the cavity resonance by
moving the laser spot across the sample. The minimum
normal-mode splitting observed is 2.6 nm. The exciton line-
width is estimated to be 1 nm and the empty cavity linewidth
is 0.2 nm, reflecting the high Q factor of the cavity.

The threshold pumping intensity I th as a function of the
emission wavelength at the lasing threshold is shown in Fig.
1�b� �the laser spot size is estimated to be 2.5�10�4 cm2�.
The threshold is identified from the onset of a rapid increase
in the output power and a spectral narrowing in the corre-
sponding emission spectrum �the threshold behavior will be
discussed in detail later�. The sample is excited off-
resonantly at a reflection minimum near 755 nm with output
from a mode-locked Ti:sapphire laser with a 80-MHz repeti-
tion rate. The wavelength dependence of I th is obtained by
tuning the cavity resonance within the hh exciton absorption
profile.

As shown in Fig. 1�b�, I th decreases significantly below
the exciton absorption line center, especially at the low-
energy tail of the exciton absorption before increasing again
when the cavity is tuned far below the line center. The mini-
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mum I th is more than one order of magnitude smaller than I th
at the line center. Note that the observed wavelength depen-
dence cannot be accounted for by band-gap renormalization.
For GaAs QW’s, energy shifts of exciton resonance due to
band-gap renormalization are nearly canceled by the de-
crease in the exciton binding energy and the energy position
of the excitonic resonance remains nearly independent of the
excitation level.6,12 The drastic decrease in I th results from
effects of exciton localization in QW’s, as we will discuss in
detail later.13,14

The dashed line in Fig. 1�b� also indicates the level of
saturation pumping intensity at which cavity polaritons start
to vanish due to bleaching of the excitonic resonance. Isat is
measured when the cavity is tuned to near the exciton ab-
sorption line center since Isat is independent of the exciton-
cavity detuning. Experimentally, we determine Isat by mea-
suring the pumping intensity at which optical emissions from
the lower �energy� cavity-polariton branch start to saturate.
Note that Isat can also be determined by measuring the pump-
ing intensity at which normal-mode splitting starts to col-
lapse although spatial and temporal variation of exciton den-
sities within the excitation region can significantly
complicate the measurement as shown in an earlier study
�see Ref. 7 for a detailed discussion on measurements of Isat�.

The minimum I th (24 W/cm2), which is achieved in a
spectral region 3 nm below the exciton absorption line cen-
ter, is considerably below the saturation pumping intensity
Isat�50 W/cm2, suggesting that laser emission at very low
pumping intensities occurs in the nonperturbative regime.
Although it is difficult to determine precisely exciton densi-
ties in our study, we estimate that the minimum I th corre-
sponds to an exciton density of 4�1010/cm2, which is well
below the exciton Mott density. The very small I th is also in

part due to the small loss or high Q factor of the microcavity
since in order to achieve lasing actions gain has to be greater
than the loss.

We now examine emission spectra when the cavity is
tuned to below the exciton absorption line center for signa-
tures of cavity polaritons near the lasing threshold. Figure 2
shows as a reference both reflection and emission spectra
obtained at low excitation limit and with the cavity tuned to
the spectral region where very low I th is obtained. Two pro-
nounced cavity-polariton resonances are observed in the re-
flection spectrum, indicating that the composite system is
still in the nonperturbative regime,15 although the energy
separation between the bare mode and the corresponding
coupled mode is now smaller than that when the cavity is at
the exciton line center. A direct comparison of the reflection
and emission spectra shows that the emission resonance is
due to lower cavity polaritons. The spectral linewidth of the
polariton emission is 0.25 nm.

Emission spectra obtained with increasing pumping inten-
sities are shown in Fig. 3. Below a pumping intensity of
12 W/cm2, the emission is due to spontaneous emission from
lower cavity polaritons. Approaching I th , a laser emission
emerges directly from the lower cavity-polariton branch as
shown in Fig. 3�a�, in an agreement with I th�Isat . At the
threshold pumping intensity of 26 W/cm2, a rapid increase of
the emission intensity �see the inset of Fig. 3�a�� is clearly
observed and the emission linewidth is also reduced from
0.25 to 0.1 nm. With further increase in pumping intensities,
the laser emission shifts gradually to lower wavelength as
shown in Fig. 3�b�. This blueshift is the result of mode pull-
ing of the cavity resonance.

Figure 3�a� also shows that the laser emission is accom-
panied by a broad resonance at the lower cavity-polariton
resonance even when the pumping intensity is above I th . For
the pulsed excitation we have used, the duration between
successive pulses �13 ns� is long compared with the exciton
lifetime, which means that laser emission is a transient pro-
cess and the density of excitons or carriers varies as a func-
tion of the time. Hence, even if the pumping intensity is
above I th , spontaneous emissions from lower cavity polari-
tons will eventually become important when the exciton den-

sity falls below n th .16 The ratio ��AL /AB , where AL and
AB are the spectrally integrated intensity of the laser emis-
sion and the broad resonance, respectively, also reflects di-
rectly relative pumping intensity (I�I th)/I th as we will dis-
cuss further later.

FIG. 1. �a� The wavelength of cavity polaritons at different
sample positions. �b� Threshold pumping intensity as a function of
the emission wavelength at the lasing threshold. The exciton line
center is determined from reflection and emission spectra when the
cavity is far detuned from the exciton resonance. The dashed line in
�b� indicates the level of saturation pumping intensity.

FIG. 2. Emission and reflection spectra at low excitation limit
and at a sample position where I th is below Isat .
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When the pumping intensity exceeds Isat , an additional
and pronounced broad resonance appears at 804.75 nm as
shown in Fig. 3�b� while the broad resonance at the lower
cavity-polariton resonance can still be observed �see the log-
scale plot in the inset of Fig. 4�. When exciton densities
exceed nsat , both reflection and emission spectra of the com-
posite system should be characterized by the bare-cavity
resonance. The position of the additional broad emission
resonance, which is independent of the pumping intensity
and is 0.4 nm away from the lower cavity polariton, agrees
well with that of the bare-cavity resonance deduced from the
dispersion shown in Fig. 1�a�. This additional broad emission
resonance is due to spontaneous emission coming out of the

bare-cavity mode and occurs when the exciton density ex-
ceeds nsat but is still below the threshold density for laser
emission in the perturbative regime where cavity polaritons
vanish.

Emission spectra obtained near Isat further reveal a strik-
ing change in the effective threshold pumping intensity when
the composite exciton-cavity system undergoes a transition
from the nonperturbative regime to the perturbative regime.
As discussed earlier, the ratio ��AL /AB �where AB is now
the spectrally integrated intensity of both broad resonances�
as a function of the pumping intensity can be used as a mea-
sure of (I�I th)/I th . For pumping intensities just below Isat ,
a very large ratio is observed as shown in Fig. 4, indicating a
relatively large (I�I th)/I th . In comparison, when the pump-
ing intensity reaches just above Isat , the ratio drops drasti-
cally, reflecting a small (I�I th)/I th and correspondingly an
abrupt increase in the lasing threshold. These results indi-
cate that I th in the perturbative regime is considerably higher
than I th in the nonperturbative regime. Similar behaviors
have also been observed at other sample positions where I th
can be smaller than Isat . As we tune the cavity resonance, the
abrupt threshold change always occurs near Isat and at the
wavelength of the bare-cavity resonance. This rules out the
possibility that the abrupt change in (I�I th)/I th is the result
of a slight change in the laser gain and the lasing threshold as
the laser emission shifts gradually toward lower wavelength.

We also note that when the exciton density falls from
above nsat to below nsat but is still above the threshold den-
sity for laser emission in the nonperturbative regime, we ex-
pect an additional laser emission near the lower cavity-
polariton resonance. The emission spectra obtained when the
pumping intensity is greater than Isat , however, show no
second laser emission resonance, suggesting that nsat is
bistable, i.e., nsat occurring with decreasing densities is
smaller than that with increasing densities. Such bistable be-
haviors have been predicated and observed for composite
atom-cavity systems.17 A detail discussion is beyond the
scope of this paper.

For comparison, Fig. 5 also shows the threshold behavior
at a sample position where I th is just above Isat . At low
excitation limit, the emission resonance from the lower cav-
ity polariton is at 804.8 nm. For pumping intensities above
30 W/cm2, the output power increases superlinearly as
shown in the inset. Signatures of spectral narrowing are also
evidenced at a pumping intensity of 50 W/cm2 �see the dot-
ted curve in Fig. 5�a��, indicating that the composite system
is close to the lasing threshold. The emission spectrum, how-
ever, broadens again with further increase in the pumping
intensity, reflecting a large increase in the effective threshold
intensity when the pumping intensity exceeds Isat as we have
discussed earlier. The lasing threshold is eventually reached
at a pumping intensity of 100 W/cm2 with laser emission
wavelength at 804.3 nm. Note that when the cavity reso-
nance is tuned further toward the exciton line center, cavity
polaritons vanish far below the threshold and play no roles in
the lasing process.7

Experimental results discussed above show that at the
low-energy tail of the exciton inhomogeneous distribution,
I th can become considerably smaller than Isat and that lasing
threshold increases abruptly when the pumping intensity is
increased from below to above Isat , reflecting qualitative dif-

FIG. 3. Emission spectra at various pumping intensities as indi-
cated in the figure. The data are obtained at the sample position
used for Fig. 2. The dashed curve in �a� is the emission spectrum at
the lasing threshold and the dotted curve in �b� is the emission
spectrum just below the saturation pumping intensity. The inset
shows the threshold behavior in the input-output relation.

FIG. 4. The ratio of spectrally integrated intensities of the laser
emission and the broad emission resonance shown in Fig. 3. The
inset is a log-scale plot of the emission spectra in Fig. 3 when the
pumping intensity is above the saturation intensity. The two arrows
in the inset indicates positions of spectrally broad emissions at the
lower cavity-polariton resonance �dashed arrows� and the bare-
cavity resonance, respectively.
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ferences in laser emission in the perturbative and the nonper-
turbative regimes. Similar results have also been observed
with cw excitations. The significant broad resonance in emis-
sion spectra obtained with pulsed excitations, however, al-
lows us to obtain a quantitative measure of the threshold
change across Isat .

To understand the physical origin of laser emission at
pumping intensities below Isat we first turn to the drastic
decrease in I th below the absorption line center shown in Fig.
1�b�. The decrease in I th below the line center can be ex-
plained by effects of exciton localization. For a typical QW,
there always exist monatomic layer fluctuations at the inter-
face. At low temperature, these interface fluctuations localize
excitons at local potential minimum. As a result, exciton
energy depends on the local environment and the excitonic
system is inhomogeneously broadened. After an off-resonant
excitation, excitons at higher energies will relax toward the
bottom of the inhomogeneous distribution through emission
of phonons and will accumulate at the low-energy tail of the
distribution, leading to a Stokes shift of the emission with
respect to the absorption line center.13 Note that the spectral
relaxation time of localized excitons is short compared with
the exciton recombination time.14

When a given localization site is occupied by an exciton,
population inversion is achieved for this site. In this regard,
localized excitons behave just like an inhomogeneously
broadened atomic system but with spectral relaxation. For
localized excitons at a given energy, the pumping intensity
for achieving population inversion depends on the total num-
ber of available localization sites at this energy and also on
details of spectral relaxation. Pumping intensities for achiev-
ing population inversion of excitons at very low energies can
be much smaller than those at higher energies since states at
very low energies are more likely to be occupied and also

because the total number of available localization sites at
these energies is relatively small. In principle, population
inversion at the low-energy tail of the inhomogeneous distri-
bution can be achieved at extremely low exciton densities
and without significant reduction in the overall coupling
strength between the excitonic system and the cavity.

Although a detailed understanding of laser emission in the
nonperturbative regime still awaits further theoretical devel-
opment, experimental results discussed above can be quali-
tatively understood by considering the linear dispersion
model that has been used to describe coupled excitations in
composite systems. In this model, the cavity-polariton reso-
nance, especially the cavitylike polariton resonance, can be
viewed as an effective cavity resonance with the frequency
of the effective resonance modified by the dielectric response
of the active media inside the cavity.18 For a high-Q micro-
cavity containing an inhomogeneously broadened excitonic
system, a threshold density below the exciton saturation den-
sity �or the exciton Mott density� can be achieved by tuning
the cavity resonance to the low-energy side of the inhomo-
geneous distribution. In this case, laser emission near the
lower cavitylike polariton resonance such as that shown in
Fig. 3�a� occurs in the nonperturbative regime in the sense
that I th is below Isat and that cavity polaritons still persist at
or near the lasing threshold. The laser emission, however,
arises from population inversion of localized excitons at the
low-energy tail of the inhomogeneous distribution.

It should be noted that laser emission in the nonperturba-
tive regime discussed above does not imply that coherent
energy exchange between excitons and cavity photons plays
any direct role in the lasing process. Coherent normal-mode
oscillations require the presence of a macroscopic polariza-
tion of excitons, or more specifically, a coherent superposi-
tion of two cavity-polariton branches. We also note that in
principle normal-mode oscillations can contribute to optical
emission processes even when incoherent excitations are
used. For a composite atom-cavity system, strong optical in-
teractions between the cavity and an initially inverted atomic
system can lead to a macroscopic polarization through a
super-radiant process and can result in oscillatory super-
radiant emission. This ringing regime of super-radiance has
been demonstrated by using Rydberg atoms in a high-Q
resonant optical cavity.19 The ability to achieve population
inversion of excitons in a high-Q microcavity as shown in
this paper suggests the possibility that with appropriate sys-
tems we might be able to observe this ringing regime of
super-radiance in a semiconductor microcavity.

We attribute the large and abrupt change in I th occurring
near Isat to ionization of excitons to continuum states. Recent
studies have shown that for pumping intensities below Isat ,
the reduction in the exciton oscillator strength is very small
while the exciton linewidth can broaden significantly.6 The-
oretical calculations have further indicated that the bleaching
of excitonic resonance and the corresponding vanishing of
cavity polaritons occur quite abruptly when the normalized
band edge approaches the 1s exciton resonance.6 The esti-
mated peak exciton density �of order 1�1011/cm2� at Isat is
in general agreement with the theoretical prediction for the
exciton Mott density. The abrupt threshold increase shown in
Fig. 4 thus reflects directly this ionization of excitons into
continuum states. Laser emission from localized excitons

FIG. 5. Emission spectra at various pumping intensities as indi-
cated in the figure. The data are obtained at a sample position where
I th is just above Isat . The dotted curve in �a� shows spectral narrow-
ing. The dashed curve in �b� is the emission spectrum at the lasing
threshold. The inset in �b� shows the threshold behavior in the
input-output relation.
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features a considerably lower threshold pumping intensity
while laser emission due to population inversion of an
electron-hole plasma has a much higher threshold and occurs
at the bare cavity resonance. In this respect, laser emission
from microcavities near Isat can also be used as a unique and
extremely sensitive probe for important many-body pro-
cesses such as the exciton to continuum transition.

In conclusion, we have demonstrated laser emission from
a composite exciton-cavity system in the nonperturbative re-
gime where the collective dipole coupling rate between the
excitonic system and the cavity mode is large compared with
relevant damping rates. Laser emission in this regime is

shown to arise from population inversion of localized exci-
tons. An abrupt change in the lasing threshold is also ob-
served when the composite system undergoes a transition
from the nonperturbative to the perturbative regime and is
attributed to exciton ionization. These studies represent a sig-
nificant step toward exploring and understanding lasing pro-
cesses in the nonperturbative regime and should stimulate
further theoretical and experimental efforts in understanding
optical interactions in semiconductor microcavities.

We wish to acknowledge helpful discussions with H. Car-
michael. The work performed at the University of Oregon
was supported by AFOSR.
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Polarization-dependent transient pump-probe spectroscopy reveals important effects of biexcitonic interac-
tions on coupled optical excitations in semiconductor microcavities. We show that exciton-to-biexciton tran-
sitions can result in a significant increase in normal mode splitting of cavity-polaritons, in sharp contrast to
effects of nonlinear optical interactions such as band filling that reduce the splitting. A phenomenological
model based on Maxwell-Bloch equations is developed to elucidate how biexcitonic effects contribute to
cavity-polaritons. �S0163-1829�98�50120-8�

Planar semiconductor microcavities embedded with quan-
tum wells �QW� have been used as a composite exciton-
cavity system to investigate excitonic optical interactions in
a nonperturbative regime where collective dipole coupling
rates between the exciton and the cavity mode are large com-
pared with relevant cavity decay rates and exciton dephasing
rates. Resonant optical excitations of the composite system
in this regime are characterized by coupled exciton-cavity
modes, or cavity polaritons. Extensive studies of semicon-
ductor microcavities have shown normal mode splitting
�NMS� of cavity polaritons in emission and reflection spectra
and normal mode oscillation in transient optical responses.1,2

Motional narrowing of cavity polaritons in a disordered po-
tential has also been investigated recently.3

Strong coupling between the exciton and the cavity mode
in the nonperturbative regime also leads to unusual manifes-
tations of excitonic nonlinear optical interactions. Since
NMS between two cavity-polariton branches reflects the col-
lective dipole coupling strength between the exciton and the
cavity mode, nonlinear optical processes such as phase space
filling that saturate the excitonic transition reduce the mag-
nitude of NMS,4 while processes such as excitation-induced
dephasing �EID� primarily broaden the cavity-polariton
resonance.5

Biexcitonic interactions are also expected to affect optical
excitations in the nonperturbative regime. Biexcitonic effects
were shown to be important in understanding coherent non-
linear optical processes such as four-wave mixing of cavity
polaritons.6 A clear physical understanding of how biexci-
tons contribute to coupled excitations in semiconductor mi-
crocavities, however, is still lacking in part because biexci-
tonic effects cannot be easily incorporated into the widely
used semiconductor Bloch equations.7

In this paper we present experimental and theoretical in-
vestigations on unique manifestations of biexcitonic effects
in the nonperturbative regime in a microcavity embedded
with GaAs QWs. Using polarization-dependent transient
pump-probe spectroscopy, we found that biexcitonic interac-
tions can result in a significant increase in NMS of cavity
polaritons, in sharp contrast to effects of nonlinear optical
interactions such as phase space filling that reduce the NMS.

We attribute the observed increase in NMS to coupled exci-
tations associated with the exciton-to-biexciton transition. A
phenomenological model based on Maxwell-Bloch equations
is also developed to elucidate how biexcitonic effects con-
tribute to optical excitations in semiconductor microcavities.
Our result underscores the necessity to include biexcitonic
interactions in theoretical descriptions of optical interactions
in the nonperturbative regime in semiconductor microcavi-
ties and should also impact interpretations of many other
nonlinear optical studies in semiconductor microcavities.

The microcavity structure used in our study contains four
13-nm GaAs/Al0.3Ga0.7As QWs placed at the center �anti-
node� of a wavelength long cavity. The two Bragg reflectors
of the cavity consist of 16 and 22 pairs of
Al0.11Ga0.89As/AlAs, respectively. The heavy-hole �hh� exci-
ton absorption linewidth is estimated to be 1 nm, indicating
that excitons are inhomogeneously broadened. The empty
cavity linewidth is 0.25 nm. Additional information on the
sample can also be found in earlier studies on laser emission
from semiconductor microcavities.8 Transient pump-probe
studies were performed in the reflection geometry and with
output from a mode-locked Ti:Sapphire laser with a pulse
duration of 150 fs and a repetition rate of 82 MHz. All mea-
surements were carried out at 10 K.

Figure 1 shows as dashed-lines reflection spectra of the
sample obtained at low excitation limit. The NMS observed
is 2.6 nm. Note that the linewidth for the upper �higher-
energy� cavity polariton is considerably greater than that for
the lower cavity polariton even though the cavity is at or
very near the hh exciton absorption line center. The asym-
metric linewidth, which has also been observed in numerous
earlier studies, is likely the result of an asymmetric inhomo-
geneous line shape �or motional narrowing� in a QW with
interface disorders.3 Effects of light-hole excitons may also
play an important role.

Reflection spectra when the sample is pre-excited by a
resonant pump pulse are shown as solid lines in Fig. 1. When
the pump-and-probe pulses have the same circular polariza-
tion, a large reduction in the NMS due to bleaching of the
excitonic transition occurs as shown in Fig. 1�a�. Significant
broadening of the cavity-polariton resonance due to EID is
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also evident. In comparison, when the pump-and-probe
pulses have the opposite circular polarization �other experi-
mental conditions remain the same� a significant increase of
the NMS along with a broadening of the cavity-polariton
resonance occurs, as shown in Fig. 1�b�. Corresponding dif-
ferential spectra plotted as dotted lines in Fig. 1 further con-
firm the above distinct polarization dependence. The average
intensity of the pump beam used in these measurements is
30 W/cm2, corresponding to an estimated exciton density of
order 1010/cm2. The intensity of the probe beam used is less
than 1% of that of the pump beam.

The observation of an increase in NMS is quite surprising
since excitonic many body interactions are expected to lead
to bleaching of the excitonic transition and consequently a
decrease in NMS. An increase in NMS on the contrary cor-
responds to enhancement rather than bleaching of the under-
lying absorption process. Note that behaviors similar to that
shown in Fig. 1�b� have also been observed at other pumping
intensities where the NMS increases with the pumping inten-
sity within the intensity range used in our measurements.

The polarization dependence of the pump-probe reflection
spectra shown in Fig. 1 indicates that biexcitonic effects play
an essential role.9 The hh excitonic transition in a GaAs QW
consists of both �� and �� transitions associated with the
excitation of �� and �� excitons. Attractive interactions
between two excitons with opposite spins �i.e., between ��

and �� excitons� can also lead to formation of biexcitons.
The binding energy of biexcitons in GaAs QWs has been
shown to range between 1 and 2 meV.9 In the absence of
spin relaxation, biexcitonic interactions become effective
only when both �� and �� excitons are excited.

When the microcavity structure is resonantly excited by a
��-polarized pulse, NMS of cavity polaritons associated
with the �� transition decreases due to absorption saturation.
Cavity polaritons associated with the �� transition, however,
can behave very differently. The presence of the �� excitons
does not lead to band filling for the �� excitonic transition.
Furthermore, since biexcitons can be formed from two exci-
tons with opposite spins, the presence of the �� excitons
induces an additional �� transition that results in creation of
biexcitons �see the inset in Fig. 1�. In the limit that the biex-
citon binding energy is comparable to the exciton inhomoge-
neous linewidth and an appreciable number of �� excitons
are excited, a significant increase in NMS associated with the
�� transition is expected since the additional exciton-to-
biexciton transition effectively increases the overall oscilla-
tor strength for the �� transition. In principle, strong cou-
pling between the cavity mode and the additional exciton-to-
biexciton transition can also lead to the formation of new
cavity-polariton modes, as we will discuss in more detail
later.

In addition to the unique polarization dependence dis-
cussed above, biexcitonic contribution to coupled optical ex-
citations in semiconductor microcavities also exhibits dis-
tinctive temporal behaviors. Figure 2 compares results of
pump-probe measurements at various delays between the
pump and probe pulses. NMS shown in Fig. 2�a�, where both
the pump and probe beams have the same circular polariza-
tion, increases with increasing delay and recovers gradually
the splitting observed at the low excitation limit. The recov-
ery time is expected to be determined by the exciton recom-
bination time.4 In comparison, when the pump-and-probe
beams have the opposite circular polarization, the NMS de-
creases initially with increasing delay, as shown in Fig. 2�b�.
In this case, spin relaxation of excitons excited by a circu-
larly polarized pump beam reduces biexcitonic effects and
leads to increasing effects of band filling. At a delay of 20
ps, the NMS observed is nearly the same as that at the low
excitation limit although significant broadening still persists
�see Fig. 2�b��.

FIG. 1. Pump-probe reflection spectra. The dashed lines show as
a reference spectra obtained in the absence of the pump beam. The
solid lines are obtained when the sample is pre-excited with a reso-
nant pump beam. The dotted lines represent the corresponding dif-
ferential spectra. The pump-and-probe beams have the same and
opposite circular polarization for �a� and �b�, respectively. The inset
shows the energy-level structure used to model the biexcitonic con-
tribution.

FIG. 2. Pump-probe reflection spectra as a function of the delay
between the pump-and-probe beams as indicated in the figure. The
dashed lines show as a reference reflection spectra obtained in the
absence of the pump beam. The pump-and-probe beams have the
same and opposite circular polarization for �a� and �b�, respectively.
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When the exciton spins are randomized or when a linearly
polarized pump beam is used �not shown�, the reduction in
NMS due to absorption saturation exceeds the increase due
to biexcitonic effects �which can also be concluded from the
polarization-dependent pump-probe measurements shown in
Fig. 1�. The absence of an increase in NMS, however, does
not imply that biexcitonic effects play no roles in these mea-
surements. The biexcitonic effects to some extent compen-
sate the reduction in NMS due to absorption saturation,
which may also be partially responsible for the nearly con-
stant energy position of cavity polaritons below an ionization
density shown in earlier steady-state pump-probe studies of
cavity polaritons.

A satisfactory model of biexcitonic effects in semicon-
ductor microcavities would require us to extend the semicon-
ductor Bloch equations beyond the Hartree-Fock limit or to
extend the recently developed diagrammatic theory of non-
linear optical interactions in semiconductors to the nonper-
turbative regime of semiconductor microcavities.10 Consid-
erable physical insight, however, can still be gained by using
phenomenological optical Bloch equations �OBE� based on
few-level systems along with the Maxwell equation. Earlier
use of the phenomenological OBE has led to improved
physical understanding of many-body processes such as
biexcitons and local field effects in coherent nonlinear opti-
cal processes in semiconductors.9,11

To include effects of bound biexcitonic states, we have
used a four level system shown in the inset of Fig. 1.9 At a
given exciton density, the Maxwell-Bloch equation describ-
ing the coupling between a �� polarized cavity mode and
excitons as well as biexcitons is given by

�̇���� i�c�	����
�1�2N� /N0�x�

�
�N� /N0�b��	�� t �, �1�

�̇x���� i�x���x��
�1�2N� /N0�� , �2�

�̇b���� i�b���b��
�N� /N0�� , �3�

where �� is the expectation value of the annihilation field
operator for the cavity mode at the position of the QW inside
the cavity; �x� and �b� is proportional to the �� polarized
optical polarization associated with the excitonic transition
and the exciton-to-biexciton transition, respectively; �(t)
represents a normalized external driving field; 	 is the cavity
decay rate; �c , �x , and �b are the resonant frequency of the
cavity, the excitonic transition, and the exciton-to-biexciton
transition, respectively; 
 is the collective dipole coupling
rate for the �� excitonic transition at the low excitation
limit; N0 is the equivalent of the total available number of
�� excitons; and N� and N� are the density of �� and ��

excitons, respectively. For simplicity, we have assumed the
same dephasing rate �denoted by � and dipole moment for
both excitonic and the exciton-to-biexciton transitions. Ef-
fects of EID can be included by assuming a density-
dependent dephasing rate. Note that saturation of the biexci-
tonic transition has been ignored in the above equations. We
also emphasize that the very simple model presented above
is aimed to illustrate how biexcitonic effects contribute to
coupled excitations in the nonperturbative regime rather than
to have a direct comparison between theory and experiment.

Equation �2� and the term proportional to �x� in Eq. �1�
describe coupling between the excitonic transition and the
cavity mode and can lead to the formation of coupled
exciton-photon modes. Equation �3� and the term propor-
tional to �b� in Eq. �1� describes coupling between the
exciton-to-biexciton transition and the cavity mode and can
lead to the formation of coupled excitations associated with
the exciton-to-biexciton transition. This later coupling be-
comes effective only when there is a significant number of
�� excitons present since the collective dipole coupling rate
for the process is given by 
�N� /N0.

The calculated reflection spectrum at low excitation limit
is shown as the solid line in Fig. 3 where we have assumed
�c��x, 	�0.75 ps�1, �	/2, and 
�10	. Reflection
spectra at a given density of �� excitons are shown in Fig.
3�a� as the dotted line for a ��-polarized probe and the
dashed line for a ��-polarized probe where we have used an
exciton dephasing rate of 1.2 ps�1 and an exciton density
such that the collective dipole coupling rate is reduced to
0.8
 for the �� transition. For the ��-polarized probe, biex-
citonic effects are absent and one expects a reduction in
NMS and a broadening of the cavity-polariton resonance as
shown in Fig. 3�a�.

The ��-polarized probe, however, is sensitive to the biex-
citonic contribution. Along with a broadening of the cavity-
polariton resonance, a significant increase in NMS is clearly
shown in Fig. 3�a� where a biexciton binding energy of 1.2
meV is assumed. This increase in the NMS results directly
from an increase in the overall absorption strength for the ��

transition due to the induced exciton-to-biexcitons transition,
as we have discussed earlier. The cavity-polariton resonance
now involves both the excitonic and the exciton-to-biexciton
transition. Note that the energy shift of the two cavity-
polariton resonances is asymmetric. For the upper cavity-
polariton resonance, a blueshift induced by the increase in

FIG. 3. Reflection spectra calculated based on the model dis-
cussed in the text. The solid lines show the reflection spectra in the
low excitation limit. The dotted and dashed lines are reflection
spectra at a given density of ��-excitons and are for �� and
��-polarized probes, respectively. The biexciton binding energy is
assumed to be 1.2 meV in �a� and 3 meV in �b�. �0 is the resonant
wavelength of the cavity.
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the oscillator strength is partially compensated by effects of a
redshift in the center frequency of the overall �� transition.

In the limit that the biexciton binding energy is large com-
pared with the exciton and cavity linewidth, new coupled
excitations can arise from a strong coupling between the cav-
ity mode and the exciton-to-biexciton transition. As a result,
an additional cavity-polariton resonance can emerge in the
reflection spectrum as shown in Fig. 3�b� where we have
used a biexciton binding energy of 3 meV. It should be noted
that in this case the strong coupling between the cavity mode
and the exciton-to-biexciton transition affects strongly all
cavity-polariton resonances.

Finally, we note that although Eqs. �1�–�3� can also be
extended to include inhomogeneous broadening induced by
interface disorders, as done in an earlier study,12 a satisfac-
tory description of the asymmetric cavity-polariton linewidth
and especially the highly asymmetric reduction in NMS

shown in Fig. 1�a� will require a microscopic understanding
of effects of motional narrowing in disordered potentials on
excitonic nonlinear optical processes.

In conclusion, using polarization-dependent pump-probe
spectroscopy, we have shown important contribution of biex-
citonic effects to coupled excitations in semiconductor mi-
crocavities. Biexcitonic interactions can lead to an increase
in NMS and in the limit that the biexciton binding energy is
large compared with relevant linewidth of the composite sys-
tem can also result in an additional polariton resonance. The
experimental results and the phenomenological model pre-
sented in this paper should stimulate further experimental
and theoretical efforts in understanding optical interactions
in the nonperturbative regime in semiconductors.

The work performed at the University of Oregon was sup-
ported in part by AFOSR.

1 C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phys.
Rev. Lett. 69, 3314 �1992�.

2 T. B. Norris, J. K. Rhee, C. Y. Sung, Y. Arakawa, M. Nishioka,
and C. Weisbuch, Phys. Rev. B 50, 14 663 �1994�; J. Jacobson,
S. Pau, H. Cao, G. Bjork, and Y. Yamamoto, Phys. Rev. A 51,
2542 �1995�; Hailin Wang, Jagdeep Shah, T. C. Damen, W. Y.
Jan, J. E. Cunningham, M. H. Hong, and J. P. Mannaerts, Phys.
Rev. B 51, 14 713 �1995�.

3 D. M. Whittaker, P. Kinsler, T. A. Fisher, M. S. Skolnick, A.
Armitage, A. M. Afshar, M. D. Sturge, and J. S. Roberts, Phys.
Rev. Lett. 77, 4792 �1996�; V. Savona, C. Piermarocchi, A.
Quattropani, F. Tassone, and P. Schwendimann, ibid. 78, 4470
�1997�.

4 R. Houdre, J. L. Gibernon, P. Pellandini, R. P. Stanley, U.
Oesterle, C. Weisbuch, J. O’Gorman, B. Roycroft, and M. Il-
egems, Phys. Rev. B 52, 7810 �1995�; J.-K. Rhee, D. S. Citrin,
T. B. Norris, Y. Arakawa, and M. Nishioka, Solid State Com-
mun. 97, 941 �1996�.

5 F. Jahnke, M. Kira, S. W. Koch, G. Khitrova, E. K. Lindmark, T.
R. Nelson, Jr., D. V. Wick, J. D. Berger, O. Lyngnes, H. M.

Gibbs, and K. Tai, Phys. Rev. Lett. 77, 5257 �1996�.
6 M. Kuwata-Gonokami, S. Inouye, H. Suzuura, M. Shirane, R.

Shimano, T. Someya, and H. Sakaki, Phys. Rev. Lett. 79, 1341
�1997�.

7 H. Haug and S. W. Koch, Quantum Theory of the Optical and
Electronic Properties of Semiconductors, 2nd ed. �World Scien-
tific, Singapore, 1993�.

8 Xudong Fan, Hailin Wang, H. Q. Hou, and B. E. Hammons,
Phys. Rev. A 56, 3233 �1997�; Phys. Rev. B 56, 15 256 �1997�.

9 K. Bott, O. Heller, D. Bennhardt, S. T. Cundiff, P. Thomas, E. J.
Mayer, G. O. Smith, E. Eccleston, J. Kuhl, and K. Ploog, Phys.
Rev. B 48, 17 418 �1993�; Hailin Wang, Jagdeep Shah, T. C.
Damen, and L. N. Pfeiffer, Solid State Commun. 91, 869 �1994�,
and references cited there.

10 M. Z. Maialle and L. J. Sham, Phys. Rev. Lett. 73, 3310 �1994�.
11 M. Wegener, D. S. Chemla, S. Schmitt-Rink, and W. Schaefer,

Phys. Rev. A 42, 5675 �1990�.
12 Hailin Wang, Y.-T. Chough, S. E. Palmer, and H. Carmichael,

Opt. Express 1, 370 �1997�.

R9454 57XUDONG FAN, HAILIN WANG, H. Q. HOU, AND B. E. HAMMONS
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We investigate both dephasing and population relaxation of excitons
localized in quantum dot like islands in narrow GaAs quantum wells by
using stimulated photon echoes. A direct comparison of these two closely
related decay processes reveals a pure dephasing contribution that dominates
excitonic dephasing at elevated temperatures but does not involve exciton
population relaxation. The pure dephasing contribution arises from coupling
of excitonic states with a continuum of acoustic phonons and is enhanced
by 3D quantum confinement. Both the magnitude and the temperature
dependence of the pure dephasing rate can be described by a theoretical
model that generalizes the Huang–Rhys theory of F-centers. � 1998
Elsevier Science Ltd. All rights reserved

A resonant optical excitation creates an excited state
population and also induces an optical polarization.
Dynamics of this optical excitation are characterized by
relaxation of the population as well as decay of the
induced optical polarization (dephasing). In lower
dimensional semiconductors, electronic confinement
leads to qualitative changes in population relaxation
including spontaneous emission and exciton–phonon
scattering, as shown in extensive recent studies [1].
These population relaxation processes are expected
to contribute to dephasing with a dephasing rate given
by G/2 where G is the population decay rate. Pure
dephasing processes that do not involve population or
energy relaxation of excitons can also contribute to
dephasing. Pure dephasing, which is a well-established
concept for atomic systems, remains poorly understood
in lower dimensional semiconductors due to a lack of
direct comparison between dephasing and population
relaxation and between theory and experiment. Under-
standing pure dephasing processes in lower dimensional
semiconductors bridges our fundamental understanding
of dephasing of atomic systems and of collective

excitations in solids and is also essential for understand-
ing a variety of physical processes that depend on the
presence of optical coherence.

Narrow GaAs quantum wells (QWs) grown by
molecular beam epitaxy (MBE) and with growth
interruptions have provided a model system for investigat-
ing dephasing processes in lower dimensional semi-
conductors. In these narrow QWs, fluctuations at the
interface between GaAs and AlGaAs lead to localization
of excitons at monolayer-high islands. These strongly
localized states have also been viewed effectively as
weakly-confined quantum dot (QD)-like states [2–4].
One dimension of the confinement is defined by the
width of the QW while the other two lateral dimensions
are defined by the effective size of the islands. To avoid
inhomogeneous broadening due to well-width and
island-size fluctuations, earlier studies have used photo-
luminescence (PL) and PL excitation with high spatial
resolution to probe excitons in individual islands
[2–4]. Without additional information on population
relaxation, it was suggested that at very low temperature
dephasing of excitons in these structures is due to
radiative recombination while at elevated temperature
dephasing is mainly due to thermal activation of excitons
to higher excited states [4].
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In this paper we report experimental and theoretical
studies of dephasing and population relaxation,
especially, pure dephasing processes of excitons in
narrow GaAs QWs. Using stimulated photon echoes,
we compared directly dephasing rates with population
decay rates. This direct comparison reveals a pure
dephasing process that dominates excitonic dephasing
at elevated temperatures. The pure dephasing process
arises from coupling of excitonic states with a continuum
of acoustic phonons and is enhanced by 3D quantum
confinement. The magnitude as well as the temperature
dependence of the pure dephasing rate is described by a
theoretical model that generalizes the Huang–Rhys
theory of F-centers to include also mixing of excited
electronic states through off-diagonal exciton–phonon
interactions. The observed temperature dependence of
the pure dephasing rate further underscores qualitative
differences in dephasing of excitons with weak and
strong 3D quantum confinement.

Two QW samples grown by MBE and with growth
interruptions have been used in our study and qualitatively
the same results have been obtained in both samples.
Sample A (B) consists of 6 (60) periods of 2.8 (3.5) nm
GaAs well and 10(15) nm Al0.3Ga0.7As barrier. Sample A
is grown under conditions similar to those of single
QWs used in earlier studies of individual QD-like
islands in narrow GaAs QWs [4, 5]. For brevity and for
comparison with earlier studies in [4], we present in
this paper only results obtained on sample A. To
avoid complications due to direct excitation of excited
states in QD-like islands, we have restricted our
measurements to excitons at relatively low exciton
energies.

The absorption spectrum of sample A can be found in
[5]. The spectrum is characterized by two well-resolved
heavy hole (hh) exciton resonances corresponding to hh
excitons in islands that differ in sell width by one
monolayer. The absorption linewidth of 2.7 nm indicates
that the sample is of high quality but is inhomogeneously
broadened. The PL spectrum also shows an additional
emission resonance from islands that are one monolayer
wider than those associated with the lower hh resonance
in the absorption spectrum [5]. The Stokes shift is
1.2 nm.

Experimental configuration for stimulated phonon
echo studies is shown as an inset in Fig. 1(a). In these
studies, three nearly transform-limited pulses with 1 nm
spectral width are incident on the sample at times t1, t2

and t3, respectively. Optical polarization induced by the
first pulse interacts with the second pulse, creating a
spatial modulation of the excited state population. The
third pulse scatters from this spatial grating and generates
a background free four-wave-mixing (FWM) signal in
the direction of k1 ¹ k2 þ k3. For inhomogeneously

broadened systems, the signal is a photon echo and
complications due to inhomogeneous broadening are
avoided through the formation of a photon echoes.
Intrinsic dephasing is probed by measuring the time-
integrated FWM signal as a function of t1 ¹ t2 while
population relaxation is probed by measuring the decay
of the signal as a function of t1 ¹ t2 [6, 7].

Figure 1 shows typical FWM responses at 10 K
and at two different wavelengths. Figure 1(a) is obtained
by measuring the FWM signal as a function of t1 ¹ t2.
Decay rate of the FWM response is 4g where g is the
dephasing rate. Figure 1(b) is obtained by measuring the
FWM signal as a function of t3 ¹ t2 and reflects exciton
population relaxation. The response in Fig. 1(b) features
an initial fast decay followed by a relatively slow decay
and will be discussed in detail later.

Figures 2(a) and 2(b) show the energy and density
dependence of the dephasing and population decay rates
(the fast component), respectively. The dephasing
rate increases linearly with the exciton density while
the population decay rate is nearly independent of the
exciton density. To avoid complications due to exciton–
exciton scattering, data shown in Fig. 2(a) and in Fig. 3
discussed later are obtained by extrapolating the decay
rates to the zero density limit. The long dephasing time
shown in Fig. 2(a) (of order 50 ps) corresponds to a
homogeneous linewidth of 27 meV, in agreement
with earlier studies [2–4]. At 10 K both dephasing
and population decay rates are nearly independent
of the exciton energy in the spectral range of our

Fig. 1. FWM response at 10 K for excitons at 7173 Å
(upper curve) and 7184 Å (lower curve). Solid lines
show the exponential fit to the response. (a) As a function
of t1 ¹ t2 with t1 ¼ t3. Dephasing rates derived are
0.023 ps¹1 and 0.026 ps¹1 for the upper and lower
curves, respectively. (b) As a function of t3 ¹ t2
with t1 ¼ t2. Population decay rates derived are
0.04 ps¹1 and 0.01 ps¹1 for the fast and slow component,
respectively (both curves). The inset in (a) shows
the configuration for the stimulated photon echo
measurement.
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measurements, in contrast to exciton dynamics in wider
QWs where both decay rates increase rapidly across the
absorption line center [8]. In narrow QWs, excitons near
or above the absorption line center can be localized as
also shown in earlier studies [2, 4]. Note that the density
dependence shown in Fig. 2(b) is obtained by varying the

level of coherent excitations. Complications to FWM
response arising from effects such as exciton–exciton
interaction-induced dephasing have been discussed in
detail in earlier studies [9].

Figure 3 shows the temperature dependence of the
dephasing and population decay rates (the fast com-
ponent) for excitons at an energy 2 nm below the
absorption line center. Similar temperature dependence
has also been observed within the spectral range of our
measurements. The observed temperature dependence is
in general agreement with an earlier study using PL with
high spatial resolution [4]. Note that the earlier study was
done at a lower exciton energy where islands with
comparable energies are spaced far apart such that
discrete energy structures of a single island can be
probed by using PLE with a 1.5 mm diameter aperture.
For the present study islands with comparable energies
are spaced closer and as a result exciton migration among
islands, which we will discuss below, becomes more
important.

We first discuss population relaxation of excitons. The
population relaxation involves exciton recombination as
well as migration of excitons among different islands. At
elevated temperatures, thermal activation also becomes
important. The migration proceeds through tunneling
between neighboring islands or through inter-island
dipole–dipole interactions [10]. For excitons at a given
energy, the total population decay rate is G ¼ Gmþ
Gt þ Gre where Gm is the migration rate, G t is the thermal
activation rate and G re is the recombination rate. This
total population decay is represented by the initial fast
decay of the FWM response shown in Fig. 1(b).

We attribute the slow decay component in Fig. 1(b)
to exciton recombination. In the limit that migration is
fast compared with exciton recombination, excitons
can form a quasi-equilibrium distribution that also con-
tributes to the FWM response [11]. The life time of this
distribution is determined by the relatively long exciton
recombination time.

We now discuss dephasing processes of excitons.
Theoretically, contribution to dephasing from population
relaxation is G/2. As shown in Fig. 3, at very low
temperature the dephasing rate g is very close to G/2
and dephasing is mainly due to population relaxation.
With increasing temperature the dephasing rate increases
much faster than the population decay rate. At elevated
temperatures (� 30 K), dephasing rates become much
greater than G/2, indicating a dominant contribution
of pure dephasing, i.e. decay of optically-induced
dipole coherence without measurable change in the
population of electronic states of the relevant optical
transition. Note that for delocalized excitons in GaAs
QWs, dephasing rates are much greater than those of
localized excitons and increase linearly with temperature

Fig. 2. Energy and density dependence of exciton
dephasing rates (circles) and population decay rates
(squares) at 10 K. The density dependence is obtained
at l ¼ 7173 Å. Absorption spectrum of the lower energy
hh exciton resonance is also plotted in (a).

Fig. 3. Dephasing rates (circles) and half population
decay rates G/2 (triangles) as a function of the tem-
perature. The solid and dashed curves show theoretical
results of dephasing rates for the exciton ground state
with and without the contribution of off-diagonal
electron–phonon interactions, respectively. The inset
shows schematically pure dephasing arising from
coupling of excitonic states with a phonon continuum
where we have considered only effects of diagonal
electron–phonon interactions. For simplicity the excited
state manifold is ignored in the inset.
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(below 50 K), in contrast to the nonlinear temperature
dependence shown in Fig. 3 [12].

The strong temperature dependence of the pure
dephasing rate (G ¹ G=2) signals that interactions
between excitons and acoustic phonons play an essential
role in the pure dephasing process. Dephasing (or equiva-
lently, homogeneous linewidth) of impurity states in
solids due to electron–phonon interactions has been
treated theoretically by using models based on the
Huang-Rhys theory of F-centers [13, 14]. These
models, however, do not take into account the mixing
of electronic states through off-diagonal electron–
phonon interactions. To understand pure dephasing for
excitons localized in QD-like islands, we have developed
a model that generalizes the Huang–Rhys theory to also
include effects of off-diagonal electron–phonon interac-
tions. In this model, the Hamiltonian for the relevant
ground and excited states can be written respectively, as

Hg ¼
∑
a

�qabþ
a ba and

He ¼ H0
e þ Hg þ

∑
a

Maðba þ bþ
a Þ

ð1Þ

where baðbþ
a Þ is the annihilation (creation) operator of

the acoustic phonon mode with index a, H0
e is the

diagonal energy matrix of the excited state manifold
for the QD-like island and matrix Ma has both diagonal
and off-diagonal elements. The off-diagonal matrix
elements induce mixing among the excited state
manifold. Note that crystal momentum conservation
needs to be satisfied in directions where translational
invariance holds. The pure dephasing process becomes
prominent in systems with 3D electronic confinement
because the 3D confinement relaxes the crystal momentum
conservation and also suppresses exciton population
relaxation induced by exciton–phonon interactions.

Pure dephasing can arise from coupling of excitonic
states with a continuum of acoustic phonons. To
elucidate this, we show schematically in the inset of
Fig. 3 eigenstates of a coupled exciton–phonon system.
In the limit that off-diagonal elements in Ma can
be ignored, the Hamiltonian in equation (1) can be
diagonalized analytically. The main effects of the
exciton–phonon coupling are then a shift in the equilibrium
position of lattice vibrations and a temperature-independent
polaron shift of the exciton energy [13, 14]. In this limit,
the ground and excited states of the coupled exciton–
phonon system can be described (in terms of eigen-
functions of the uncoupled system) by jfg〉jJmðxÞ〉 and
jfe〉jJnðx ¹ aÞ〉, where Jm(x) is the wave function for a
phonon state with m phonons, x is the phonon coordinate
with a being a relative shift in the equilibrium position
induced by the exciton–phonon coupling and fg and fe

are the wave functions of the electronic ground and

excited states, respectively. The dipole matrix element
between the ground and excited states of the coupled
state is then 〈fgjrjfe〉〈JmðxÞjJnðx ¹ aÞ〉. The optical
transition can now take place between states involving
different phonon numbers since 〈JmðxÞjJnðx ¹ aÞ〉 � 0
even when m � n and can be viewed as transitions
between two quasi-continuous manifolds, as shown in
the inset of Fig. 3. The resulting spectral broadening of
the optical transition depends on the relative strength of
relevant transition but does not involve population
relaxation of the excitonic states.

We calculate the homogeneous linewidth from the
absorption spectrum given by

IðqÞ ¼ Re
∫�

0

dt e ¹ iqt〈0jeiHet=�e ¹ iHgt=�j0〉
�
�

�
�; (2)

where |0〉 is the ground state of the system. The absorption
spectrum can be estimated by a diagrammatic expansion
and is given by

IðqÞ ¼ Re Gðiq þ dÞ with GðsÞ ¼
1

s ¹ iH0
e = � ¹ SðsÞ

;

(3)

where d indicates half of the population decay rate
caused by mechanisms other than phonon scattering.
The self-energy SðsÞ in (3) can be expanded in powers
of Ma as

SðsÞ ¼ Sð2ÞðsÞ þ Sð4ÞðsÞ þ …: (4)

In actual calculations, the self-energy is iteratively
improved by replacing the propagators in S with
Green’s function G obtained in the last iteration and
thus by summing an infinite series of a particular type of
diagrams. We have employed a quantum disk model for
the island structure whose height Lz is given by the
thickness of the constituent QW and whose lateral size
(an adjustable parameter) is chosen as 40 nm. These
parameters reproduce reasonably well the exciton
energy level structures in Ref. 4 [15].

Theoretical results for dephasing rates of the exciton
ground state are shown as the solid curve in Fig. 3 and are
in general agreement with the experimental result except
for the high temperature region. For comparison, we also
show as the dashed curve the result that takes into
account only the exciton ground state in which only the
diagonal electron–phonon interaction is relevant. We see
that the pure dephasing processes arise mainly from the
diagonal electron–phonon interaction but the contribu-
tion from the off-diagonal electron–phonon interaction is
also substantial. The off-diagonal interaction is expected
to be strongly enhanced when the thermal energy kBT
approaches the relevant energy level spacing for the
QD-like islands in narrow GaAs QWs. Note that
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contributions to dephasing from interactions with
optical phonons is also expected to become important
when the thermal energy approaches the optical phonon
energy.

It is important to point out that temperature depen-
dence of dephasing rates can differ qualitatively for
semiconductors with strong and weak 3D confinement.
For QDs that have strong 3D confinement such as II–VI
nanocrystals, a linear temperature dependence has been
observed up to 200 K [16]. On the other hand, for CuCl
nanocrystals belonging to the weak confinement regime,
a temperature dependence similar to that in Fig. 3 was
observed [17, 18], although strongly nonlinear tem-
perature dependence occurs above a higher temperature
(�50 K). These different temperature dependences can
be accounted for by the above model if we consider the
different energy structures involved. For GaAs islands
the energy separation between the ground and first
excited states is a few meV, whereas for CuCl nano-
crystals with 4 nm radius the energy separation is about
10 meV. In CdSe nanocrystals with radii smaller than
2 nm, the relevant energy spacing is determined by the
A- and B-exciton splitting (26 meV). In the limit of large
energy level spacing, diagonal electron–phonon inter-
actions associated with small energy acoustic phonons
dominate the pure dephasing process and lead to a linear
temperature dependence [15].

In conclusion, by comparing directly dephasing
and population relaxation of excitons in narrow GaAs
QWs we have identified a pure dephasing process
that dominates excitonic dephasing at elevated tem-
peratures. The magnitude and temperature dependence
of the pure dephasing rate can be described by a
model that generalized the Huang–Rhys theory of
F-centers. The temperature dependence of the
dephasing rate also points to important differences
in pure dephasing for semiconductors with weak
and strong 3D confinement. The pure dephasing
process is enhanced by 3D confinement and can
become a dominant contribution to dephasing in systems
with 3D confinement.

Acknowledgements—We thank D. Gammon for provid-
ing one of the samples used for this study and for many
helpful and stimulating discussions. The work performed
at the University of Oregon is supported by AFOSR and
by a NSF career award.

REFERENCES

1. See for example, Andreani, L.C., in Confined
electrons and photons, New physics and devices (Edi-
ted by E. Burstein and C. Weisbuch). Plenum, New
York, 1995; Citrin, D.S., Phys. Rev., B47, 1993, 3832;
Benisty, H. et al., Phys. Rev., B44, 1991, 10945;
Bockelmann, et al., Phys. Rev., B48, 1993, 17637.

2. Hess, H.F. et al., Science, 264, 1994, 1740.
3. Brunner, K. et al., Phys. Rev. Lett., 73, 1994, 1138.
4. Gammon, D. et al., Science, 273, 1996, 87;

Gammon, D. et al., Phys. Rev. Lett., 76, 1996, 3005.
5. The absorption spectrum of sample A is shown in

Gammon, D. et al., Phys. Rev., B51, 1995, 16785.
The PL spectrum of sample A is nearly the same as
that of the 2.8 nm single QW grown under similar
conditions shown in [4].

6. Mossberg, T.W. et al., Phys. Rev. Lett., 42, 1979,
1665.

7. Weiner, A.M., De Silvestri, S. and Ippen, E.P., J.
Opt. Soc. Am., B2, 1985, 654.

8. Hegarty, J. and Sturge, M.D., J. Opt. Soc. Am., B2,
1985, 1143; Webb, M.D., Cundiff, S.T. and Steel,
D.G., Phys. Rev., B43, 1991, 12658.

9. Wang, H. et al., Phys. Rev., A49, 1994, R1551.
10. Takagahara, T., Phys. Rev., B32, 1985, 7013; J.

Lumin., 44, 1989, 347.
11. Wang, H., Jiang, M. and Steel, D.G., Phys. Rev.

Lett., 65, 1990, 1255.
12. Schultheis, L. et al., Phys. Rev., B34, 1986, 9027.
13. Huang, K. and Rhys, A., Proc. Roy. Soc. (London),

A204, 1950, 406.
14. Duke, C.B. and Mahan, G.D., Phys. Rev., 139,

1965, A1965.
15. Takagahara, T. et al., unpublished.
16. Shoenlein, R.W. et al., Phys. Rev. Lett., 70, 1993,

1014.
17. Itoh, T. and Furumiya, M., J. Lumin., 48&49, 1991,

704.
18. Inoue, K. et al., OSA Tech. Digest Series

(CLEO’98), 6, 1998, 266.

861EXCITON–PHONON INTERACTIONS IN NARROW GaAs QUANTUM WELLSVol. 108, No. 11


















