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Transition from strong to weak coupling and the onset of lasing in semiconductor microcavities
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Angular-dependent emission spectra are investigated in a strongly coupled InGaAs-GaAs-AlAs-based semi-
conductor microcavity as a function of excitation intensity and of detuning between the uncoupled exciton and
photon modes. Under conditions of nonresonant excitation, it is shown that the onset of stimulated emission
always occurs in the weak coupling regime. Angular-dependent studies show that the transition to weak
coupling occurs when the linewidth of hidgexcitons becomes of the order of the normal mode splitting of the
exciton-polariton coupled modes. We conclude that, under nonresonant excitation, “polariton lasing,” where
stimulated polariton scattering followed by photon emission occurs in the strong coupling regime, is only likely
to be achieved in systems with larger exciton binding energy than in GaAs-based structures or possibly also in
GaAs microcavities containing excess concentrations of free electrons. The experimental results below thresh-
old are found to be in good agreement with numerical solution of Boltzmann kinetic equations for the photo-
excited polariton distribution.
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[. INTRODUCTION under electrical injection may be expected to opetalader
nonresonant conditions, excitons are injected at energies
Semiconductor microcavities permit the control of the in-above the stop band of the Bragg mirrors of the microcavity.
teractions between quantum well excitons and cavity-The excitons relax rapidly by LO phonon emission to popu-
confined photons. Most importantly the resulting exciton-late the exciton reservoir, from where, at low density, they
photon coupled modesexciton-polaritons exhibit novel emit acoustic phonons in times of order 1nsec, before escap-
features possessed by neither excitons nor photons &lohe. ing from the cavity on time scales of 1 ps by photon
particular interest for the present work, the density of stateteakage through the Bragg mirrofsee schematic in Fig.
in the strongly coupled polariton region is very small, of 1(a)]. The relatively slow relaxation compared to the very
order 10 * of that of the excitons. As a result it is expected fast escape leads to the formation of a relaxation bottleneck
to be very much easier than in bulk materials to achieve statlor the polaritons for negative detuninjg with strongly
occupancies exceeding unity, and thus to achieve final statdepleted lowk states compared to the states in the resonance
stimulation of scattering from the high density of photocre-regime, and in the exciton reservdFig. 1(a)]. The occur-
ated excitons in the exciton reservoir into tke-0 light-  rence of the bottleneck inhibits very strongly the achieve-
emitting polariton state§see schematic diagram in Fig. ment of high state occupancies in the néar0 region.
1(a)]. Thek~0 states have significant photon character andHowever, we have also shown that with increasing power the
are rapidly transformed into external photons, on time scalebottleneck can be suppressed by exciton-exciton scattering
determined by the photon lifetime in the cavity, of order from the highk states towardk=0, whilst at the same time
1-10 ps in high finesse cavities. We have recently reportedemaining in the strong coupling regirfie.
the observation of such stimulated polariton scattetitfg, In the present paper, we investigate the modification of
arising from the bosonic character of the polariton quasiparthe bottleneck, and the onset of stimulated emission in a
ticles, in resonant excitation conditions where polaritons areeries of nonresonantly excited photoluminescence experi-
injected directly into the lower polariton dispersion curve, atments on a GaAs-based microcavity. A wide range of nega-
the point of inflection of the lower polariton branféee Fig. tive detunings, the energy separation between the uncoupled
1(b)]. Such resonant excitation permits direct population ofexcitons and photons, is investigated to study the influence
the low density of states, strongly coupled polariton regionof the exciton/photon character of the Idvstates or(a) the
and allows state occupancies greater than one to be achieverhnsition from strong to weak couplin@) the strength of
at total injected densities two to three orders of magnitudehe bottleneck and whether it can be suppressed (@ritie
below the densities at which exciton screening, and the lossnset and character of strongly nonlinear, stimulated emis-
of strong coupling occurs. sion. Most importantly angular dependent studies are em-
The purpose of the present paper is to investigate whethgiloyed to provide a stringent test of whether there is depar-
stimulated scattering can be achieved under conditions dfire from strong coupling at high excitation intensity. It is
nonresonant excitation in GaAs-based microcavities, similafound that in typical GaAs-based microcavities, the onset of
to the conditions under which a real semiconductor devicgain and strong line narrowing always corresponds to con-
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dimensional reciprocal space to achieve a more profound
understanding of the physical mechanisms underlying the
observed polariton distributions. Good semiquantitative
agreement between the theoretical results and the experimen-
LP tal data below threshold is obtained. Strong support for the
(b) & @*c,% key role_of _exci_ton-exciton ggattering in determining the po-
” lariton distributions at densities below the screening thresh-
k-vector old is obtained.
As a result of the results presented we are able to provide
definitive answers to the question of whether “polariton las-
(a) relaxation from continuum ing” (sometimes termed “boser” emissipA can be
f via LO-phonon achieved in GaAs-based microcavities. This area has been
| emission the subject of much controversy in the past with observation
" S of boser emission being claimétiand then retractetf,and
furthermore being shown both theoretically and experimen-
= tally to be due to lasing in the weak coupling regifffer a
thermalised exciton sample with positive detuning® The results presented here
population in reservoir are a major extension of our work in Ref. 6 where only one
"~ bottleneck reglon small negative detuning was studied, and power densities
10° 10* 10° 10° below the onset of strong nonlinear emission and line nar-
Wavevector (cm”) rowing were e_mployed_ . _ _ _
o ) o o The paper is organized in the following way. Following
FIG. 1. (a) Schematic diagram of microcavity dispersion in the this introduction, the sample and experimental setup are de-

strong coupling regime for small negative detuning between thes,ineq This is followed in Sec. Il A by presentation of the
uncoupled exciton and cavity modes. Both uncoupled cavity photon

. . spectra atk=0 from well below to above the stimulation
and exciton(dasheg, and the strongly coupled polariton modes hreshold. for th tive detuni hibiti kedl
(thick) are shown. In the strong coupling regime, the states havé.res old, for _ree negative detunings exhibiing markedly
mixed exciton-photon character at ldywhereas with increasing different propertles. In Sec. |1l B, the angular dependence of
the lower polariton states become increasingly excitonlike. Follow-t,he spectra is presented over _the full range of powers. Sec-
ing nonresonant excitation, excitons relax by LO phonon emissioﬁ'o".l inc prese.nts the the'oretlcal approach we _use to_ de-
into the reservoir. Competition between slow acoustic phonon reSCribe the polariton dynamics in the strong-coupling regime,
laxation and fast escape from the cavity leads to the formation ofNd then in Sec. Il D the dispersion curves and polariton
the relaxation bottleneck, with the size of the circles representingin€widths as a function ok are described. From these re-
schematically the polariton population as a functiotkab) Lower  Sults, the variation of the polariton distribution with power
polariton branch dispersion on linear scale, for reference, showingnd how it depends on detuning, and the transition from
resonant excitation at the point of inflection of the lower polaritonweak to strong coupling and its relation to the stimulation
branch. threshold, are deduced. The impact of exciton-exciton scat-

tering on the polariton kinetics is revealed by comparison of

ventional vertical cavity lasing in the weak coupling regime.the experimental data with the results of the theoretical
From studies of the linewidths of the hidgstates it is shown Model. Finally in Sec. 1V, the main conclusions are summa-
that the strong coupling is lost at exciton densities whichfized.
give rise to broadening of the exciton lines of the order of the
norma_l mode splitting of the polariton coupled r_nodes. Il. EXPERIMENTAL DETAILS

An important feature of the present work is its focus on
studies for negative detuning, where the uncoupled cavity The experiments were performed on a/3 InGaAs/
mode lies to lower energy than the uncoupled excitons. FoGaAs/AlAs microcavity containing two pairs of three
zero and positive detunings a relaxation bottleneck is notng oéGa&, 9,/AS quantum wells embedded at the antinodes of
observed;’ probably due to effective disorder scattering the optical field of the GaAs cavity. The cavity was sur-
from the uncoupled exciton levels, or possibly also becauseounded by 17 (uppey and 20 (lower repeats of
of efficient polariton scattering by residual free carrértn Al 16Ga, s AS/AlAs Bragg mirrors. The experiments were
these cases, the=0 emission behaves in a very similar way carried out in reflection geometry in a cold finger cryostat
to that of the uncoupled excitons, with sublinear increases gbermitting wide angular access up 1060°. Photolumines-
the k=0 intensities with power, up to the threshold for cence(PL) was excited by 1.59 eV cw radiation from a Ti-
stimulated emissiolt: By employing negative detuning, it is :sapphire laser focussed to a 26m spot, collected with
likely that the photon character of tHe=0 states will be angular resolution of 1° by a fiber mounted on a rotating rail
more prominent, with greater probability of the desired in-and detected by a monochromator, nitrogen cooled CCD
elastic scattering from the exciton reservoir, as opposed toombination. The spot size was measured directly by moving
direct elastic scattering from the tail of the exciton distribu-a pinhole across the focal plane of the beam, and monitoring
tion. We also present a theoretical model based on the Bolthe power transmitted. All the results presented here were
zmann kinetic equations for exciton polaritons in two- obtained at a sample temperature of 25{easured by a
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FIG. 2. (a)—(c) PL spectra measured =0 as a function of power for detunings of —3, —8.7, and—13.5 meV. In each case the
lowest spectrum is taken at 4 W/énThe onset of strong line narrowing occurs at 400, 800, and 1600 Yyiespectively, in@)—(c),
respectively.

temperature sensor glued to the sample suyfaathough polariton populations as a function of in-plane wave vector
very similar results were obtained in the range 10 to 50 K. with increasing power were carried out. Angle resolved spec-
tra at low power (4 Wi/crf) well below threshold are pre-
sented in Figs. @), 4(b), 4(c) respectively, and at powers
just above threshold in Figs(d), 4(e), 4(f). LPB populations
as a function of angle and hence in plane wave ve(tpr
(sincek=w/csiné) deduced from the results of Fig. 4 are
A series of spectra as a function of incident power forshown in Fig. 5. The relative polariton populations are ob-
three negative detuningsAj between cavity and exciton tained from the integrated PL intensities, following correc-
modes of—3, —8.7, and—13.5 meV is presented in Figs. tion for the photon fraction of the states as a functio chs
2(a), 2(b), 2(c), respectively(the lowest powers in each case described previously in, e.g., Refs. 2 and 6. The main effect
are 4 W/cni, and range up to 400, 1200, and 3200 W?cm of the correction for the photon fraction, relative to the raw
in Figs. 2a), 2(b), 2(c), respectively. The powers quoted are data in Fig. 4 is to increase the relative weight of the High
estimated powers absorbed in the cavity, allowing for 50%points, since in all cases the photon fraction is a rapidly
attenuation in the Bragg mirrors and 50% absorption by thélecreasing function ok, as the states become increasingly
cavity. In each case, at low powers two PL peaks from theexcitonlike at highk.
upper (UPB) and lower (LPB) polariton branches are ob-  We first consider the low power results of Figsajd-4(c).
served, with the separation in energy between the peaks i each case the PL intensities increase with increasing
creasing with increasing detuning. With increasing powerfeach a maximum at angles close to resonance between the
very little change in the form of the spectra is observed up taincoupled exciton and cavity modes (16°, 25° and 28° for
~40 W/cnt. Above such powers the UPB signal is ob- A=—3, —8.7, and—13.5 meV, respectivelyand then de-
served to broaden, followed by a small upshift of the LPBcrease again to higher angle. The depletion of the low
signal. Finally above threshold power densities of 400, 800,

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

A. Spectra detected at@=0, k=0. The transition from
spontaneous photoluminescence to stimulation

and 1600 W/crhin Figs. 2a), 2(b), 2(c) respectively, very v

strong line narrowing from the linewidths of 0.5 meV at low '€ 10° e ——— - ;

power to 0.2 meV limited by the spectrometer resolutidn, _: 10°] —A—a=-87mev Ia‘smg e

accompanied by a strong nonlinear increase of intensity is S i enrnsme ‘X\Xz

observed. Up to the onset of the strong line narrowing, the < 101 /'// ..

PL intensities increase superlinearly with power, as shown in ‘s 10°4 /_//./

Fig. 3, as reported previously by Senellattal’® and by 5 10'1 _/};A/‘/o”’ 4

Tartakovskiiet al.® consistent with increased population of £ . /-/ 7 ./’ et

the low k states by exciton-exciton pair scatterfigHow- & 10 A T TR

ever, the main interest of the present paper is the nature of L 1074 " ; "//'

the phenomena underlying the strong line narrowing and the ® 107 AET

much faster nonlinear increase of intensity observed at the 2 10° s . . .

highest powers in Figs.(d), 2(b), 2(c) and in Fig. 3. £ 1 10 100 1000 10000
P (W/cm?)

B. Angular dependent studies: The bottleneck and variation

with power FIG. 3. Integrated PL intensity versus power densityAer—3,

—8.7, and—13.5 meV. In each case an approximately quadratic

In order to investigate the nonlinear behavior, and theyariation is found, consistent with pair scattering from the reservoir

transition from the phenomena occurring at low powers, anto lower k states, up to the onset of strong line narrowing and
gular dependent measurements to probe the variation of th&imulated emission.
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FIG. 4. Angular dependent emission spectra at low powers of 4 WfomA=—-3, —8.7, and—13.5 meV in(a)—(c) and above
threshold in(d)—(f). Ring emission arising from the relaxation bottleneck is observed at low power, with the maximum in intensity shifting
to higher angle with increasing negative detuning. Above threshold the PL shows the sharp stimulateddpdakra¢ach case. AA=-3
and —8.7 meV, the PL decreases in intensity with angle, showing that the bottleneck is suppressed, wherg#ds$ aneV, the PL
maximum still occurs at finite angle even in the presence of the stimulation.
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states relative to those at highleiis a manifestation of the low k states is seen to be very pronounced, with populations
relaxation bottleneck for polaritoffs? discussed in the In- ~5, 10, and 50 times smaller in Figgab-5(c), respectively
troduction, and shown schematically in Figall We also than those of the higk states. It is also important to note
note that since the microcavities have two-dimensional inthat once the maximum populations as a functiork afre
plane symmetry, the peaking of the PL intensities at a parreached in Fig. 5, the relative populations remain approxi-
ticular nonzero value of) corresponds to ring emission in mately independent ok to higherk, as the states of the
the two-dimensional planguch two-dimensional PL images exciton reservoir are approached.

under near resonant excitation are presented by Savvidis At the powers above threshold, in Figgdy-4(f) the be-

et all). It is also notable that when corrected for the photonhavior is very different, with in each case the very sharp peak
fraction of the states involve(Fig. 5), the depletion of the of Fig. 2 occurring ak=0. At A=—-3 and—8.7 meV, the

0 ( Degrees)

@ .10 -5 0 5 10 15 20 25 30 35 10 -5 0 5 10 15 20 25 30 35 40 10-5 0 5 10 15 20 25 30 35 40
5 P,ngim2 lasing x 0.2 (a) lasing x 0.086 Pz 1200 Wiem* (b))  1q] lasing e (c)
. — g ®, =

£ 200 P = 400 W/cm’ P of = ST0 WMy e

8 100 104 e P,W/cm O/ /n;

8 10 e P,Wiemiy "~ 3200, \, U}/n?:”/- v
5 40 oo AT a00 >~ s T 1 1208w o S A

g_ 20 .i”/;> -~ k,_’/\’ 100 H/ f \’\0 400, _0/‘:‘ ./// eres

3 10 o7 - |PL,P=400 wiem® 13 ya g 100§ o /A/A e

c 4 .,-/'/. ] 20 A‘A_‘A/A/A P ros 0.14 20A\‘/ e ’/ shi

:g res 4 / 4%,;

- L gl BES | -

3 1 0.1

] T T T T T T . T T T T T T T T T T T T

& .1x10° 0 1x10® 2x10° 3x10° 4x10°  -1x10° O 1x10°2x10°3x10° 4x10° Ax10° 0  1x10° 2x10° 3x10° 4x10°

k,(m™)

FIG. 5. (a)—(c) Polariton populations, obtained from results of Fig. 4 for —3, —8.7, and—13.5 meV as a function of angland
in-plane wave vect9r The bottleneck is suppressed well below threshol@jnonly very close to threshold itb), whereas inc) at A
=-—13.5 meV, the lowk states are still depleted relative to those at Higtven above the stimulation threshold.
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PL intensities now decrease with angle from low to high tant assumption is that the generation term and, conse-
whereas at-13.5 meV, following the sharp peak k&0, quently, the polariton distribution in reciprocal space have
the PL intensity exhibits a secondary maximum-~aR2°.  cylindrical symmetry at all times considered. This is consis-
The whole range of power dependent results, corrected faent with the experimental configuration of nonresonant ex-
the photon fractions of the radiating states, are presented iitation far from the anticrossing region. Also, direct genera-
Figs. §a)—5(c). We consider each of the detunings in turn, tion of hot excitons by the incident laser pulse has been
since the behavior has significant differences with increasingssumed, thus neglecting the kinetics of exciton formation
detuning from electron-hole pairs. Elastic scattering due to structural

(@ A=-3 meV. The depletion of the lok states is  gisorder is also neglected since it does not break the cylin-
suppressed at incident powers 640 W/cnt, as we re- drical symmetry of the system.

ported previously in Ref. 6 for a similar detuning. For higher The recombination ratE, is defined as a function dfin
powers thek=0 signal becomes stronger than that at High the following way??
and then at 400 Wi/ctthe sharp stimulated emission is (@) For polariton wave-vectors within the stop bankl (

observed. <ks), we assumd’ =c, /7., wherecy is the photon frac-

(b) A=-8.7 meV. Similar behavior to that at . . . . s
—3 meV is seen, but the low depletion is only fully sup- tion of the polarltopland-c is the cavity photqn I|fe'F|me§1.3 .
ps). ke=8x10° m~1 for our structure. In this region, exci-

pressed at the onset of stimulated emission at 800 \&/cm ) . )
(©) A=—13.5 meV. With increasing power, the bottle- tons are strongly coupled W|t_h cavity-confined ph.otons. .
neck shifts to lowek by ~6° 2° but still with marked deple- (b).Fc_)r wave vectors oth|de the strong coupling regime
tion of the lowk states even at the onset of stimulated emisPut within the “light cone” (i.e., wave vectors less than that
sion. Accompanying the shift of the distribution towards Of the incident light in the mediunks<k<kjqn) We assume
lower k there is a corresponding relative depletion of thel'x=Io, with I' the radiative decay rate of free QW exci-
high k states(also visible at—8.7 meV detuniny tons taken ad“51=16 ps? In this region of reciprocal
Thus to summarize the observations of Figs. 4 and 5, apace, the QW excitons are weakly coupled with the con-
marked relaxation bottleneck is observed for all the negativéinuum of free photon modes. The lifetime taken for excitons
detunings at low power. At zero detuning, not presented herén this region has very little effect on the overall polariton
there is no bottleneck! probably because of efficient popu- dynamics.
lation of thek=0 states by disorder scattering from the res- (c) Outside the “light cone,” i.e., fokjgn<K, T'\=1/7e is
ervoir, or possibly also due to electron-exciton scattetthg. assumed, wherer, is the exciton(nonradiative lifetime
With increasing power the bottleneck is fully suppressed afzken to be~0.5 ns2 In this region, the exciton reservoir,
—3 meV and very nearly at 8.7 meV, before the onset of gcattering processes to lowleare needed in order for radia-
stimulated emission, by polariton-polariton and polariton-ge recombination to occur. We calculate the polariton-
exciton and exciton-exciton scatter|nr%1from states at h!gher acoustic phonon and polariton-polariton scattering rates fol-
to those at loweik (see next sectior™ At large negative lowing Tasson&?® including scattering only within the

detu_ning, the bot_tle_neck is never suppress_ed befor_e the OnﬁS%er-polariton branch. We neglect in this model all spin-
of stimulated emission, due to the low exciton fraction of the . ’ . . )
related effects, with the matrix element for exciton-exciton

low k states(at A=—13.5 meV, the exciton fraction of the scattering calculated assuming parallel exciton spins

k=0 states is only 0.04 and probably also because of the Fi 9 6 sh th | ? P lati Ip | t d

larger energy loss required to populate the lostates. \gure & shows he polarnton population calcuiated as
a function of emission angle from solution of E.) for

A=—-3 meV (a), —8.7 meV (b), and —13.5 meV(c), for
different values of the excitation powé&p be compared with
the experimental data in Fig).3Comparison of Figs. 6 and 5
In order to place the interpretation of the above results oshows that the main features of the experimental spectra up
a firm basis, .the polariton relaxation dypamics were modig ~100 W/ent are reproduced very well by the thedfy.
elled by solution of the Boltzmann equations for the polar-The syppression of the bottleneck with increasing excitation
iton populationn, in two-dimensional reciprocal space intensity at small negative detuning in Fig(ab is seen
dny, clearly in Fig. &a), with good quantitative agreement be-
.~ P D N> Wi (N +1) tween theory and experiment for the power (30—40 W/cm
K’ at which the bottleneck is suppressed being fothaihe
trend of weaker suppression of the bottleneck with increas-
+(N+1) 2 Wi i, (1) ing detuning in Figs. &), 5(c) is also found in Figs. ®),

K’ 6(c) as the exciton fraction of the low states decreases.
wherePy is the generation term describing optical pumping, Furthermore, at large negative detuning, the shift of the
I’y is the recombination rate composed of both radiative angnaximum of the distribution in Fig. (6) to lower k with
nonradiative componentdy,_,,. is the total scattering rate power is also reproduced well in the theory of Fi¢c)6 The
between the statdsandk’. This scattering rate is composed good overall agreement between theory and experiment thus
of two terms in our model, namely, polariton-acoustic pho-confirms the dominant role of exciton-exciton scattering pro-
non scattering and polariton-polariton scattering. An impor-cesses in controlling the dynamics of the cavity polaritons

C. Numerical simulation of the polariton relaxation in the
strong coupling regime
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FIG. 6. (8)—(c) Polariton populations obtained from numerical solution of EL.for detunings of(a) —3, (b) =—8.7, and(c)

—13.5 meV as a function of angle for a range of excitation intensities.

under conditions of nonresonant excitation, for intensitiesexperiment probably arises from additional quasielastic dis-
greater than~5 W/cn? (phonon scattering is dominant at order scattering into states close in energy to the exciton
lower powers. reservoir, the same mechanism very likely giving rise to the
The maximum excitation intensity shown for each detun-absence of the bottleneck at zero detuning, as discussed in
ing in the calculations is at least a factor of 2 less than thenhe Introduction.
powers at which the transition from the strong to the weak
coupling regime is observed experimentalbee Sec. Il D
for details on the loss of strong couplingVe can thus be  D. Dispersion curves at low power and above threshold, the
confident that the comparison between theory and experi- transition from weak to strong coupling
ment is being made in the strong coupling regime where the .
theoretical treatment is applicable. It is notable that occupan- !t IS Seeén from the above that at low power a relaxation
cies of order unity are predicted at the highest powers ir.pottl.eneck is observeq for all the negative detunings, which
Figs. 6a)—6(c), the condition required for the onset of stimu- 1S either fully or .part|ally suppresged before the onset of
lated scattering. However, the simulations also show that thgtimulated emission from the cavity. We now present the
populations only begin to increase exponentially at powerdgneasured dispersions as a function of angle to answer the
2-3 higher than those shown in Fig. 6, in regimes whergjuestion posed in the introduction as to whether the stimu-
strong coupling is found to be lost experimentalee Sec. lated emission occurs in the strong or weak coupling regimes
11 D). Thus the simulations, as well as the experiméatge  for all the detuning$® The peak energies as a function of
Fig. 3) correspond to the regime of exciton-exciton pair scat-angle are presented in Fig. 7 for the three detunings, at low
tering with at most a quadratic dependence of population opower (4 W/cm) and at powers just above the stimulation
power. threshold. At low power, the characteristic anticrossing of the
Although the theory accounts well for the polariton distri- strong coupling regime is seen with the resonance afgle
bution and its dependence on power in the strongly coupledhifting from 13° to 25° to 29° for-3, —8.7, and—13.5
regime, there are qualitative differences in the regime ofmeV detunings. It is notable that in each case, the peak in the
large wave vectors, beyond the resonakealues in Figs. 5, PL intensity distribution withd in Figs. 4a)—4(c) occurs to
6. The theory predicts decreasing occupancies beyond reswithin 2° at 6,.s. This arises since the density of polariton
nance, whereas in experiment occupancies nearly indepestates decreases strongly bel@y,, as the states become
dent of k for k>ks are found. The higher occupation in increasingly photonlike with effective mass tending towards
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FIG. 7. (a)—(c) Measured dispersions well beldaquaresand above thresholdriangles for A=—3, —8.7, and—13.5 meV. In each

case above the stimulation threshold, the emission peaks occur at the energy of the uncoupled cavity mode in the weak coupling regime. The
full curves are the calculated excit@X) and cavity(C) dispersions.
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FIG. 8. (a)—(c) Emission spectra as a function of power for= -3, —8.7, and—13.5 meV. In each case the two peaked polariton

spectrum in the strong coupling regime collapses into the single emission line at the cavity mode energy below the thresholds for stimulation

(P<im=400, 800, and 1600 W/cfrin the three cases, respectively

the photon mass of 810 °m,, thus leading to the occur- detuning the two peaked structure disappears at factors of 2
rence of the bottleneck for states @&t 6,.." (A=—3 meV) to 8 A=-13.5 meV) lower power than
Furthermore it is seen that above threshold, in each cagée stimulation thresholds, at power densities in the range
the measured dispersion follows closely that of the unfrom 200 to 400 W/cra Thus it is fully clear from the
coupled cavity mode, and thus that stimulation is onlyresults of Figs. 7, 8 that stimulation is only reached at powers
reached when the structures are in the weak coupling regiméeyond which the strong coupling has already been lost.
At A=—-3 meV, it is already clear from th&=0 peak Further information on why the strong coupling is lost at
position that weak coupling has been reached, with théhe observed powers is given from the variation of the lower
stimulated peak occurring2 meV above the LPB energy, polariton branch linewidths as a function of angle in Fig. 9.
close to the energy of the uncoupled cavity mode. For thét low power nearly angle independent linewidths-e0.5
larger negative detunings the= 0 situation is less clear with at —3 meV, 0.7 at—8.7 meV, and 0.9 at 13.5 meV are
peak shifts of<1 meV found from below to above thresh- observed(the increasing width with detuning is due to the
old (as expected since at larger negative detuning the LPBxciton inhomogeneous broadening, as discussed in Ref. 27
energy lies close to that of the uncoupled cavity modée At high power the variation is very different, with a strong
occurrence of weak coupling above threshold is made fullyincrease of linewidth with angle being fouAfiThe increase
clear, however, from the overall variation wikhwhich fol-  of linewidth as the higtk exciton states are approached is a
lows closely that of the uncoupled cavity mode, particularlyclear signature of the onset of exciton-exciton scattering and
in the resonance regime where the two peaked structure chagxciton screening at high density. Indeed it is notable that at
acteristic of strong coupling at low power is replaced by onethe high powers shown the measured linewidths at kigre
peak above threshold at the cavity mode energy. =4 meV, of the order of the normal mode splitting of 6
The transition from weak to strong coupling is most meV, consistent with the loss of strong coupling.
clearly examined from the spectra at the resonance angles for Precise conversion of the power density at which the
the three detunings as a function of power shown in Fig. 8strong coupling is lost to photocreated exciton density is
The transition from the strong-coupling two polariton peaksmade difficult by a number of experimental uncertainties. As
at low power, to the single peak at high power is again seemoted at the start of Sec. Il A, the power densities quoted are
The topmost spectrum in each case is taken just above thestimated powers absorbed in the cavity. Assuming a typical
stimulation threshold. It is notable, however, that for eachexciton lifetime of 0.5 nse€ the power density at which
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FIG. 9. (8—(c) Lower polariton branch linewidth¢full width half maximum for A=-3, —8.7, and—13.5 meV at low power
(4 Wicn?) and at high power close to or above threshold.
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dence along a line, as a result of the strongly increasing
density of states wittk. The distributions from Eq(1) are
\ compared with the equilibrium distribution functiofthe
] dashep expected for a Bose gas of polaritons with zero

chemical potential £). The critical density for condensation
(and henceu=0) is calculated to be 2:410'° cm™? at 25
p p~ ol K, much smaller than the density employed for the full curve
Ik (m"") of Fig. 10 calculated to be 1:5610'* cm™2 [the small den-
sity for =0 is due to the small polariton mass within the
trap and also to the small lateral size of the optically excited
area (25 um)].
There are several major differences between the calcu-
lated “kinetic” distribution and the thermal equilibrium one.
= AR First, there is strong deviation at sm&ll a direct conse-
10 10 10 . :
K (m™) quence of the bottleneck effect, as d|scus.sed. earller. More-
o over, at highk greater than- 10° m™1, the kinetic distribu-
FIG. 10. Calculated exciton-polariton population as a functiontion lies substantially higher than the equilibrium
of wave vector, obtained from numerical solution of Et). for A distribution, demonstrating the extra population of the reser-
=-3 meV and excitation intensity 60 Wi/éntsolid line). Equi-  voir, due to the inefficient relaxation, the large reservoir
librium polariton population given by Bose statistics with zero population being a key factor in the loss of strong coupling
chemical potentiajdashes The inset shows the population per unit before stimulation is achieved. Finally the deep minimum in
range ofk around a ring of wavevectdk Ny, (k)/dk from the  the solid curve in Fig. 10 ak~10" m™?! arises from the
kinetic equation(solid line) and for equilibrium Bose statistics efficient exciton-exciton scattering in this region: one exciton
(dashes for the same set of parameters as in the main part of the)f the pair loses energy to provide a nonzero population be-
figure. low the bottleneck, with the other member scattering to high
k to populate the reservoir, eventually giving rise to exciton
strong coupling is lost of 200 W/chin Figs. 7a) and 7b) screening at high density.
[400 W/cnt in Fig. 7(c)] corresponds to an exciton sheet
density of 4<10'* cm™2. Since there are six quantum wells
. . . . IV. CONCLUSION
in the sample, strong coupling is thus lost at a density of 7

X 10" cm~? per well, close to the Mott limit for excitons in - We have shown both experimentally and theoretically that
GaAs QWs, and consistent with early work of Houdrethe occurrence of the polariton relaxation bottleneck plays a
et al,”® and experiment and calculations of Kigaal'® Las-  major role in inhibiting the efficient population of low wave
ing occurs at factors of 2, 4, and 8 higher densities at thgector polariton states, under conditions of nonresonant ex-
three detunings studied, clearly in the weak coupling regimegitation. Even though the density of states in this region is
the increase of threshold power with detuning arising fromiow as a result of the very low polariton mass, the relatively
the decreasing overlap of the cavity mode with the gainsiow relaxation rates relative to the polariton lifetimes pre-
curve of the light emitting quantum well excitorfs. vent polariton occupancies greater than unity from being
It is thus clear in both experiment and theory that suffi-achieved in the GaAs-based microcavities under study, be-
ciently large lowk populations are not achieved for stimula- fore the onset of exciton screening. The stimulation phenom-
tion to occur before strong coupling is lost. We have alsoena under conditions of nonresonant excitation occur instead
shown from the experiment-theory comparisons that the relan the weak coupling regime with uncoupled exciton and
tively small polariton populations arise from the inefficient photon modes. This contrasts strongly with the situation of
relaxation from the reservoir into the polariton region. Fur-resonant excitation where the polariton region is populated
ther insight into the mechanisms underlying the loss ofgirectly by the pump laser, and the relaxation bottleneck is
strong coupling is given by the calculated polariton populahypassed and high population of the exciton reservoir is
tion over a large range d& shown in Fig. 10, obtained by avoided.
solution of Eq.(1) for A=—3 meV and a pumping intensity ~ The prospects for the observation of polariton lasing, un-
of 60 W/cn?. In the main part of the figure the population der conditions of nonresonant excitation nevertheless remain
per state along a line ik-space is showfthe full line), asin  good in systems of higher exciton binding energy such as
Figs. 5 and 6, and in the inset the population per unit rangél-vI materials3? GaN, or organics? In this case sufficiently
of k around a ring of wave vectok [Nyn(k)/dk] is  strong population of the low states by exciton-exciton scat-
presented? The total polariton density is then given by tering before the onset of exciton screening may be expected
due to the greater resistance of the exciton states to screen-
to 1 ing, although the greater energy loss required from the exci-
Nior= fo (2m)? n2mk dk. (2 ton reservoir to populat&=0 states will be an inhibitory
factor to the achievement of high populations. Indeed the
Since the system has cylindrical symmetry, this favoursearly report® of a stimulated peak close to the energy of the
large k relative to lowk states, as compared to the depen-lower polariton branch in CdTe microcavities under nonreso-

4
Population per unit range of k (cm™).

Polariton population
o

10
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nant excitation conditions provides optimism that such polarat relativelg/ low exciton densities in the region of
iton lasing may indeed be achievable. A further mechanism- 101 cm2.

of high potential® to achieve polariton lasing in systems of
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