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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 voly8&050-294{®7)05010-5

PACS numbegps): 42.55~f

Nonequilibrium condensation of exciton polaritons blet, especially, the role of cavity polaritons in the lasing
(coupled exciton-photon modewas first discussed for bulk process has been a subject of considerable debate.
crystals with dipole-allowed interband optical transitipa In this paper we present an experimental study on the role
In such systems, the presence of a relaxation bottleneck neaf cavity polaritons in laser emission from a GaAs QW mi-
the turning point of the lower polariton dispersion leads tocrocavity. We show that laser emissions emerge from the
accumulation of polaritons. Stimulated transitions of polari-bare cavity mode instead of from a cavity-polariton branch
tons into the bottleneck region become important when th@nd that cavity polaritons vanish at densities far below the
occupation number of polaritons in this region exceeds 1lasing threshold. Physically, the lasing process is due to
This stimulated transition process is very similar to stimu-stimulated emission of photons rather than condensation of
lated emission of photons in a laser and could similarly leacavity polaritons. Measurements using a pinhole aperture to
to non-equilibrium condensation of polaritons in the bottle-Probe a small region within the excitation volume also reveal
neck region. that emission doublets observed near the lasing threshold are

Coupled exciton-photon modes are qualitatively modifiedth® result of spatial and/or temporal variations of exciton
neark=0 in a semiconductor microcavity due to the qu‘,jm_densmes within the excitation volume and cannot be taken as
tization of photon wave vectors and are referred to as cavity: n evidence of persistence of cavity polaritons at the lasing

polaritons[2—3]. Nonequilibrium condensation of cavity po- threshold. In addition, exciton localization due to interface
. ) o P fluctuations is suggested as a major obstacle for achieving
laritons can in principle occur &t=0 instead of at the

bottleneck region. In the limit excitons couple strongly to thethe elusive nonequili.brium qondensa_ltion of cavity polaritons.
. ' ) . The GaAs QW microcavity used in our study has four 13
cavity mode, the mass of cavity polaritons néas O_ can  nm GaAs QW's placed at the center of a wavelength-long
become much smaller thap the mass of bare excitons. FQ:ravity and uses 1622) pairs of Al ;,Ga, gAS/AIAS Bragg
GaAs quantum-wel{QW) microcavity structures, the polar- refiectors as the togbottom) mirror. The cavity length is
iton mass corresponds to a thermal de Broglie wavelength qhpered such that the cavity resonance varies slightly across
7 pm at 4 K, far greater than the exciton Bohr radie$  the sample while the energy of excitons remains nearly con-
order 0.01um). It was argued that because of this extremelystant. All measurements were performed at 10 K unless oth-
large thermal de Broglie wavelength, nonequilibrium con-erwise noted.
densation of cavity polaritons could occur at a density far Figure Xa) shows reflection spectra of the sample when
below the exciton Mott density and therefore could be realthe cavity is tuned slightly above the heavy-hole exciton ab-
ized experimentally{4,5]. Optical emissions from such a sorption line center. At low excitation limit, the reflection
condensate are shown theoretically to be approximately in apectrum is characterized by two well-resolved cavity-
coherent state, providing a mechanism for generating cohepolariton resonanceghe minimum normal mode splitting of
ent laserlike emissions]. the sample is 2.6 njn At high excitation limit, the normal
Evidence of nonequilibrium condensation of cavity- mode splitting collapses and cavity-polaritons disappear
polaritons has been reported recently in a GaAs QW microf6—8]. In this limit, reflectivity spectra are characterized by
cavity [4]. A doublet was observed in emission spectra withthe bare cavity resonance as shown by the dashed curve in
one of the emission resonance exhibiting laserlike threshol&ig. 1(a). The collapse of the normal splitting was shown to
behaviors. It was argued that this doublet is due to emissionse due to ionization of excitons in an earlier styéy. With
from two branches of cavity polaritons and the laserlike resoa further increase in excitation levels the bare cavity reso-
nance is due to emissions from a nonequilibrium condensateance moves toward lower wavelength due to mode pulling
of cavity polaritons. The physical origin of the emission dou-of the cavity resonancéot shown.
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FIG. 1. Reflection and emission spectra with pulsed excitation at oe_, 1 . 1 . ! L]
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two different exciton-cavity detunings. The solid and dashed reflec- - by

tion spectra are obtained at low and high excitation limits, respec- Input Intensity (W/cm’)

tively. Emission spectra are obtained at input intensities of 80, 120,

150, 230, 290, 360 W/cfrfor (a) and of 40, 80, 120, 160, 200, 240, FIG. 2. (a) Total output intensity as a function of the input

280 Wicnt for (b). The top emission spectrum is obtained at the intensity.(b) Output intensity from the lower energy emission reso-

threshold pumping intensity. nance as a function of the input intensity. The exciton-cavity detun-
ing is the same as in Fig(d. The inset shows an emission spec-

Corresponding emission spectra at various excitation Jey UM above the lasing threshold.

els are shown in Fig. (d). For the emission measurement,
the sample is excited off resonantly at a reflection minimunwith the cavity tuned slightly below the exciton resonance
near 755 nm with output from a mode-locked Ti:Sapphire[see Fig. 1b)]. At lowest input intensities, the emission spec-
laser. A doublet is observed in emission spectra. At lowestra feature a doublet that corresponds to the two cavity-
input intensities, the doublet corresponds to the two cavitypolariton resonances in the reflection spectrum. With in-
polariton resonances in the reflection spectrum and is due tereasing input intensities, however, the emission resonance
emissions from the two branches of cavity polaritons. Emisfrom the upper cavity polariton disappears and a new reso-
sions from uppethigher energycavity polaritons are much nance emerges from between the two cavity-polariton reso-
weaker because of the very low temperature. nances. The energy position of the new resonance agrees

With increasing excitation levels, the total emission inten-with that of the bare cavity resonance and moves toward
sity (spectrally integratedincreases rapidly while the inten- higher energy with increasing input intensities. We empha-
sity of the lower energy resonance in the doublet saturatesize that the same behavior is also observed when we tune
Figure 4a) shows the threshold behavior of the total emis-the cavity resonance above the exciton resonance. The ap-
sion intensity as a function of the input intensity. Figutb)2 proximate agreement in energy position between the upper
shows saturation of the intensity of the lower energy resocavity polariton and the higher energy emission resonance
nance as a function of the input intensity. An emission spechnear the lasing threshold shown in Figallis coincidental
trum above the lasing threshold is also shown as an inset isince in this case the bare cavity resonance is close to the
Fig. 2@ and is completely dominated by the higher energyupper cavity polariton.
resonance. Behaviors qualitatively similar to those shown in The main issue in understanding the above experimental
Fig. 2 are also observed at other exciton-cavity detunings a®sult is whether near the lasing threshold cavity polaritons
long as the cavity is resonant or nearly resonant with thestill remain a valid description for optical excitations in the
excitons. microcavity. The observation of optical emissions from the

Emission spectra shown in Figg along with the thresh- bare cavity resonance far below the lasing threshold clearly
old behavior shown in Fig.(2) might lead to an assignment indicates that the threshold density, is much greater than
that the doublet in Fig. () is due to emissions from two the saturation exciton density at which normal mode split-
cavity-polariton branches at all input intensities with the up-ting collapses and cavity polaritons vani1. This is also
per polariton going above the threshold with increasing inpusupported by the saturation of the lower energy emission
intensities. This assignment would imply that emissions fronresonance at densities much smaller thgr{see Fig. 2b)]
the lower(lower energy polariton branch should saturate at since optical emissions from the lower cavity polaritons are
an input intensity near the lasing threshold. Figuil®,2how-  expected to saturate af. We therefore conclude that cavity
ever, shows that the output from the lower energy resonangeolaritons play no roles in the lasing process and that the
saturates at an input intensity near 50 W/cmuch lower laser emission is due to stimulated optical transitions rather
than the threshold intensity of 360 W/ém than condensation of polaritons.

Problems associated with the above assignment become The above model satisfactorily explains the behavior of
more evident when we examine emission spectra obtaineldser emission and the saturation of optical emission from
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FIG. 3. Emission spectra collected from the center of the exci- Wavelength (nm)  Wavelength (nm)
tation volume. Input intensities used are 80, 160, 240, 280 W/cm
Other experimental conditions are similar to that of Figa)1 FIG. 4. Emission spectra with cw exciton and collected from the

center of the excitation volum@) and near the edge of the excita-

lower cavity polaritons but does not account for the persistion volume (b). Input intensities used are 015 0.11,, 0.19,,
tence of emission doublets at or near the lasing threshold. A&2,, 0.3, 0.49,, 0.69 for (a) and 0.1%5,, 0.5, 0.8, Iy,
shown in Fig. 1, the energy position of the lower energyl.9, for (b) wherel, is the threshold pumping intensity. Other
emission resonance follows that of the lower cavity polaritonexperimental conditions are similar to that of Figa)l
and remains nearly independent of the input intensities. The
lower energy emission resonance is therefore associated wigxcitation volume feature nearly equal contributions from the
the lower cavity polaritons at all input intensities. In contrast,lower cavity-polaritons and the bare cavity resonafsme
the higher energy emission resonance is due to emissiortsg. 1(@]. The residual emission from the lower cavity-
from the upper cavity polaritons only at very low input in- polaritons near the threshold pumping intensity shown in
tensities and switches to the bare cavity resonance approachig. 3 is due to temporal variation of exciton densities as we
ing the lasing threshold, as shown earlier. This raises thdiscuss below.
guestion that ifny,>ng, why strong optical emissions from Measurements discussed so far have used output from a
the lower cavity-polariton can still be observed at the threshmode-locked Ti:Sapphire laser and the time interval between
old pumping intensity. In fact, the presence of a doublet neasuccessive puls€43 ng is large compared with the exciton
the lasing threshold was taken to be a crucial evidence foor carrier recombination timéof order 1 n$. Under these
the role of cavity polaritons in the lasing process. conditions, both the density and the distribution of electronic

Properties of optical excitations in a microcavity dependexcitations in the sample are a function of the time. In par-
critically on the density of excitons when the exciton densityticular, there are temporal regions where the density of exci-
is nearng. The persistence of lower cavity-polariton emis- tons falls belowng even when the peak exciton density is
sions near the lasing threshold reflects important effects afiboveng. This is especially true for sufficiently long delays
spatial and/or temporal variations of exciton densities withinafter an excitation pulse. Therefore, emission spectra ob-
the excitation volume. In a typical optical measurement andained with pulsed excitations can still feature contributions
at a given pumping intensity, the excitéor carriey density  from both bare cavity resonance and cavity polaritons even
varies greatly from the center to the edge. There are alwayshen exciton densities are spatially uniform.
outer regions where the density of excitons falls below Figure 4a) shows emission spectra obtained with off-
even when the density of excitons exceedsat the center. resonant cw excitation and with gusn aperture at the center
Optical emissions from these outer regions are characterizeaf the image of the excitation spot to eliminate both spatial
by emissions from two branches of cavity polaritons. As aand temporal variations of excitation densities. Emerging of
result, emission spectra can feature simultaneously contribihe bare cavity resonance and correspondingly the saturation
tions from the bare cavity resonance as well as the cavitpf the lower cavity-polariton emission at densities far below
polaritons. Note that emissions from the upper-cavity polariy, is clearly observed. Near and below the threshold pump-
tons are more than one order of magnitude smaller than thang intensity, emissions from the lower cavity polaritons are
of the lower cavity polaritons and can be overwhelmed bynow reduced to more than two orders of magnitude smaller
emissions emerging from the bare cavity resonance near thban emissions from the bare cavity resonance. Note that,
threshold pumping intensity. experimentally, it is difficult to compare excitation levels of

Figure 3 shows emission spectra obtained by collectingw and pulsed pumping and we have used the threshold in-
emissions from only the center region of the excitation vol-put intensity as a reference. To further illustrate effects of
ume to eliminate effects of spatial variation of exciton den-spatial variations of exciton densities, Figh¥talso shows
sities. The measurement was done under experimental commission spectra obtained by placing a/2% aperture at the
ditions similar to that of Fig. @) but with a 5um aperture edge of the image of the excitation spot. In this case, the
placed at the center dhe imageof the excitation spofthe  persistence and a continued linear increase of the lower
laser spot size is estimated to be 13®M). As shown in Fig.  cavity-polariton emission even at intensities above the
3, just below the threshold pumping intensity lower cavity-threshold pumping intensity is observed. These results
polariton emissions are one order of magnitude smaller thanlearly demonstrate that cavity polaritons vanish at a density
emissions from the bare cavity resonance. In comparison, d&r below ny, and that the persistence of lower cavity-
similar pumping intensities emission spectra for the wholepolariton emissions at the threshold pumping intensity shown
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in Fig. 1 is due to emissions from spatial or temporal regiondibrium condensation of cavity polaritons therefore requires
where the exciton density is belomg. the use of nearly perfect quantum heterostructures where ef-
Finally, we discuss briefly mechanisms that prevent theects of exciton localization are negligible even at extremely
realization of nonequilibrium condensation of cavity polari- |ow exciton densities.
tons. Theoretically, quantum statistical effects of polaritons |n conclusion, we have shown that cavity polaritons play
were predicted to be effective when the interparticle distanc@o role in laser emission from GaAs QW microcavities at
is small compared with the polariton thermal de Broglie oy temperature when the cavity is nearly resonant with the
wavelength, which implies that at very low temperatureeycitons. The threshold density is much higher than the satu-
bosonic effects can become important at exciton densities agtion density at which normal mode splitting collapses and
low as 1G/cn? in GaAs QW microcavities. Significant cayity polaritons vanish. The presence of emission doublets
buildup of cavity-polaritons nedr=0, however, can be pre- near the lasing threshold, which was previously taken as an
vented by the extremely short polariton life tinef order 1  eyidence for laser emission from cavity polaritons, is the

ps) along with the long polariton-acoustic phonon scatteringresylt of spatial and/or temporal variations of exciton densi-
time (of order 100 ps or longefr10]). Another mechanism  ties within the excitation volume.

that can prevent the condensation from occurring is exciton

localization. For typical QW structures, interface fluctuations We wish to acknowledge helpful and stimulating discus-
can localize excitons in local minima of the confinementsions with Y. Yamamoto, S. W. Koch, G. Khitrova, and H.
potential[11-13. These localized excitons behave as fermi-Gibbs. The work performed at the University of Oregon is
ons rather than bosons. Experimental realization of nonequsupported by AFOSR.
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