This is a repository copy of High-occupancy effects and stimulation phenomena in
semiconductor microcavities.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/1470/

Article:

Skolnick, M.S., Tartakovskii, A.l., Butte, R. et al. (2 more authors) (2002) High-occupancy
effects and stimulation phenomena in semiconductor microcavities. IEEE Journal of
Selected Topics in Quantum Electronics, 8 (5). pp. 1060-1071. ISSN 1077-260X

D0i:10.1109/JSTQE.2002.804234

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt s:/leprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

1060 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 8, NO. 5, SEPTEMBER/OCTOBER 2002

High-Occupancy Effects and Stimulation Phenomena
In Semiconductor Microcavities

M. S. Skolnick, Alexander I. Tartakovskii, Raphaél Butté, D. M. Whittaker, and R. Mark Stevenson
Invited Paper

Abstract—This paper describes recent work on high-occupancy physics described here, the dispersion curves of the coupled
effects in semiconductor microcavities, with emphasis on the va- two-dimensional (2-D) exciton—photon modes, exciton—polari-
riety of new physics and the potential for applications that has .o (termed cavity polaritons), differ from those of their bulk

been demonstrated recently. It is shown that the ability to manipu- . . . . .
late both exciton and photon properties, and how they interact to- analogs since the confinement of light results in a finite energy

gether to form strongly coupled exciton—photon coupled modes, ex- at k = 0. This property, combined with the controllable dis-
citon polaritons, leads to a number of very interesting phenomena, persion, the extremely low density of polariton states [1]-[4],
which are either difficult or impossible to achieve in bulk semicon- 534 the bosonic character of the polariton quasi-particles have

ductors or quantum wells. The very low polariton density of states ecently allowed a variety of ne henomena to be observed
enables state occupancies greater than one to be easily achieved!’, y W variety W p ved,

and hence stimulation phenomena to be realized under conditions including final state stimulation and a new condensed phase
of resonant excitation. The particular form of the lower polariton ~ with macroscopic coherence, which have the potential to lead
dispersion curve in microcavities allows energy and momentum tg new devices including very low threshold optical parametric

conserving polariton—polariton scattering under resonant excita- ¢ jjja10rs, high-gain amplifiers, and a coherent light source
tion. Stimulated scattering of the bosonic quasi-particles occurs to . . .
based on stimulated polariton scattering.

the emitting state at the center of the Brillouin zone, and to a com-
panion state at high wave vector. The stimulation phenomenalead A schematic diagram of a typical structure is shown in
to the formation of highly occupied states with macroscopic coher- Fig. 1(a). The structure consists of3a/2 GaAs cavity §

ence in two specific regions ok space. The results are contrasted . . . .
with phenomena that occur under conditions of nonresonant exci- 1S the wavelength of light in the medium) surrounded by 20

tation. Prospects to achieve “polariton lasing” under nonresonant (below) and 17 (above) layers of Al3Gay s7As—AlAs high
excitation, and high-gain, room-temperature ultrafast amplifiers reflectivity Bragg mirrors. The quantization of light in the

and low-threshold optical parametric oscillator under resonantex-  vertical direction with free propagation within the plane leads
citation conditions are discussed, to the approximately quadratic photon dispersion shown in
Index Terms—Lasing, microcavities, photonic structures, stimu- Fig. 1(b). Two sets of three $nsGay 94As quantum wells are
lated emission. embedded within the GaAs cavity and provide 2-D excitonic
states, which are also confined in the vertical direction. Pro-
|. INTRODUCTION vided the broadenings of both the exciton and photon states

EMICONDUCTOR microcavities are micrometer-scal@'€ small compared to their characteristic interaction energy
hotonic structures in which quantum wells are embedd&j [see Fig. 1(b), the vacuum Rabi splittirig is ~6 meV

within a high finesse Fabry—Pérot cavity, the whole structu?regr the sample investigated], the strong coupling limit [S]

being prepared by high precision, modem crystal grow{ﬁ achieved where new quasi-particles arise, termed cavity
xciton)—polaritons. As a result of the coupling, pronounced

techniques. Extensive reviews of the field are given in [1]—[4%?_‘ ) i ¢ th , q : de di ! )
In such structures, vertical confinement of both excitons f'iCrossing of the exciton and cavity mode dispersions Is
bserved, leading to the formation of new polariton branches

the quantum wells and of light within the Fabry—Pérot cavit%, h di ) I db th h
results in strong and controllable light-matter interaction Ith dispersion relations possessed by neither photons nor

unachievable in quantum wells or bulk semiconductors. Th('@(Citons alone [Fig. 1(b)]. Most notably, the lower polariton

control has opened up a new field of exciton—polariton physic@amh exhibits a dispersion which is photon-like at small wave

where key features of the interacting exciton—photon systé’rﬁctor and exciton-like at large wave vector, with a point of

can be tailored by sample desian. Most importantly for tr{Qﬂection in the dispersion between these two extremes, as
y P g P y shown in Fig. 1(b). It is this dispersion which leads to much of

_ _ _ _ the new physics reported in the present paper. It gives rise to
Manuscript received June 17, 2002; revised July 29, 2002. This work w.
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HPRN-CT-1999-00132. , _of polaritons in three dimensions, and its shape is controllable
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Fig. 1. (a) Schematic diagram of the sample and excitation/detection geometry. (b) Polariton (thick lines) and uncoupled cavity) ammdieXciton ')

dispersions. The mechanisms responsible for relaxation following nonresonant excitation are indicated. The polariton population is represented schematically
by the open symbols, with the maximum occurring at the edge of the polariton strongly coupled region. (c) Schematic diagram for resonant excitation into the
polariton region.

Although the constituent electron—hole components of ebation of low energy states necessary to achieve ldvgg,.
citons have fermionic character, excitons have integer spmrecent papers, Butost al. have reported evidence for stim-
and are expected to exhibit bosonic properties. Since photatated scattering for long-lived excitons in type Il quantum
are bosons, exciton—photon coupled modes (polaritons) wilklls from time-resolved studies [12], and for condensation
also exhibit bosonic properties. For bosonic particles, large local potential minima in spatially resolved studies [13],
populations of individual states are allowed by their funddahe long lifetimes enabling exciton cooling to loiv states
mental symmetry properties (as opposed to fermions whishfficient to reach high state occupancies.
must obey the Pauli exclusion principle). Such macroscopicMost importantly, the unusual shape of the lower polariton
occupations for bosons and accompanying stimulation of trandispersion [Fig. 1(b) and (c)] permits new energy and mo-
tions underly the phenomenon of Bose—Einstein condensatiorentum conserving polariton—polariton scattering processes,
and of photon stimulation in a laser. Since the rate for ampt possible for either excitons or photons alone [6]-[10].
quantum mechanical transition is proportional t6H Ng,.1), Such processes can be initiated when resonant excitation is
where 1 describes spontaneous processesNapgd describes employed close to the point of inflection of the lower polariton
stimulation of the transition by occupation of the final stat€lP) branch, as shown in Fig. 1(c). In this regime, the structure
bosonic particles exhibit the property of stimulation of transacts like an optical parametric oscillator [8] with efficient
tions by final state occupation. Such stimulation underlies tlvenversion of the laser photons into macroscopic populations
operation of lasers, where photon emission is stimulated bf/two new polariton modes [see Fig. 1(c)]. Such an excitation
macroscopic occupation of the photon modes of the cavigeometry enables the observation of bosonic stimulation
In this paper, we demonstrate stimulation of the scattering effects and the creation of polariton condensates. In two beam
polaritons, which in turn gives rise to the new phenomemmmp—probe geometry, very large ultrafast gains of 100 [6],
we describe. Stimulation could, in principle, occur also faand subsequently5000 [14] have been reported for a weak
excitons. However, the polariton mass~€l0* lighter than probe beam ak = 0. The weak probe populates the= 0
that for excitons [1]-[4], and, hence, the polariton density dihal state and stimulates transitions from the intense pump at
states is very small compared to that for excitons. As a resultilie point of inflection tok = 0, leading to very high gains
is very much easier to achieve macroscopic state occupandieshe probe beam. Such phenomena form the basis of very
for polaritons than for excitons, at total densities well beloWwigh-gain, ultrafast amplifiers with material gains as high as
the screening limit where excitons ionize into electron—hot)” cm~! [14].
pairs and hence no longer exhibit bosonic properties. As will The paper is organized as follows. The experimental tech-
be discussed in the present paper, specific resonant excitatisques employed for study of polariton effects in microcavi-
conditions [6]-[11] facilitate very greatly the efficient poputies is described in Section I, followed by results for nonres-
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onant excitation in Section Ill. The observation of stimulated T=34 K o 1 2k(10‘cm)

scattering for resonant excitation is presented in Section IV, and
then the nonresonant and resonant excitation results are com-
pared in Section V, together with a discussion of the potential
applicability of such nonresonantly and resonantly excited mi-
crocavities as polariton lasers and as high-gain amplifiers and
low-threshold oscillators, respectively. Finally, in Section VI,
the main points are summarized.

Il. EXPERIMENTAL TECHNIQUES FORMICROCAVITY STUDIES

Very importantly, the photons and hence the polaritons in a
microcavity have a finite lifetime, and therefore their popula-
tion can be probed directly in well-controlled PL measurements

PL intensity / power (arb.units)

[1]-[4]. Since the in-plane wave vectéris directly related to ®=19
the external anglé by k = (w/c)sin 8, the distribution of the . ]
polariton population can be studied directly in measurements of , A ©=25

the PL signal at different angles to the sample normal, as shown 1450 1455 1460 1.465
in Fig. 1(a). Furthermore, the polaritons can be injected at spe-
cific points of the dispersion by varying the angle of incidence
of the tunable laser, and the polariton occupation simultaneous_lg/ .

bed by varving the detection anale. The one-to-one COTFI . 2.‘ An_glg resolved PL spectr_a at 34 K for_ nonresonant excitation at
probed by ying g_ O e &W/cne (thin lines) and 80 W/cih(thick lines). The inset shows the measured
spondence betwednandd for the polariton dispersion is a key polariton dispersion for the detuning ef4.3 meV.
point in microcavity physics, as opposed to that of polaritons in
bulk semiconductors [1]-[4]. Essentially, since the vertical Waveaterials (see e.g., [16]). and then for microcavity polaritons
vector is quantized in microcavities for both excitons and pho- T dg k 171 1181 bef 'ty % finiti
tons, and as the photons and hence the polaritons have a figﬁe assone and co-workers [17], [18], before its definitive

lifetime in the cavity due to leakage through the Bragg mirror serva}tlon for li-v [19] and 1I-VI [20]. mmrocawﬂg_s
polaritons can be excited and probed directly in Well-controIIJ(?SpechGly' Under the nonre;onant. excitation _condltlons
experiments. In bulk semiconductors, by contrast, the polarito%@ployed’ the .photocreated excitons first relax rapldly by LO
are stationary states of the system and can only be conver‘?ggnqn relaxation{1 ps), fqllowed b)_/ slowe_r acou_stlc phonon
Ission to populate the high density of higtexciton states

into external photons by scattering at the sample surface, tf@"g : ) indi d sch icallv in Eia. 1(b
leading to strong distortion of polariton spectra relative to t e exm_ton reservoin), as indicated sc e”.“"‘F'Ca yn Fg. (0).
internal polariton distribution [15]. The excitons then relax from the reservoir into the region of

Most of the experiments described here were carried &Hongly coupled polariton stateg.[Fig. 1(b)]. The bottlene_ck
under continuous-wave (CW) excitation conditions in cryosta"f’g'se?’ asa resu_lt of the c_ompetltlon between phonon—assus'Fed
with wide angular access in both excitation and detecticﬂ?lamon relaxation (1-ns timescale) from the exciton reservoir
channels, with angular resolutions in both cases @f A created by the nonresonant excitation, and the increasing
tunable CW Ti—sapphire laser was used for excitation. The S£CaPe rate from the cavity as the polariton states become
was collected by a fiber mounted on a rotating rail and thdAcreasingly photon-like with decreasirg Furthermore, and
detected with a high resolution monochromator and nitrog@g2in importantly, for the higher power of 80 W/enthe PL
cooled CCD. Ultrafast experiments in pump—probe geometfp,tens'ty by contrast peaks at @nd then decreases smoothly

in which a strong pump beam at the point of inflection anf® Nigher angle, showing that the bottleneck is suppressed at
a weak probe at: = 0 are employed, are also referred tdgher powers. This result was also confirmed by Senedifirt
relatively briefly [6], [9]. al. in [21]. The nonlinear increase of the PL intensity atfth

power from 5 to 80 W/crhis shown in Fig. 3(a).

These results are summarized in Fig. 3(b), where the PL in-
tensities are plotted as a function of angle (and in-plape

Photoluminescence spectra excited using CW nonresonAbhiow power, the PL intensity peaks at L@&nd decreases to
excitation at an energy (1.56 eV) above the stopband of tlesver and higher angle. With increasing power, the bottleneck
Bragg mirrors are shown in Fig. 2, for angles of detectiois steadily suppressed as a result of the increasing probability of
from O° to 25° for two excitation densities of 5 and 80 W/ém polariton—exciton and polariton—polariton scattering, until for
(thin and thick lines respectively). The detuning employepowers greater than 40 W/@nmaximum intensity is observed
is —4 meV. PL signals from both lower and upper polaritofrom & = 0 states. The results in Fig. 3(b) can be converted into
branches are observed (the measured dispersions are showslative polariton populatiotVy p versusk, sinceNyp ~ I1.p,
the inset). Most notably, the signal from the lower polaritowherer p is the time for radiative loss from the cavity given by
branch at 5 W/crh is observed to peak at an angle 020° the photon lifetime in the cavity~§1 ps) divided by the photon
before decreasing to higher angle. This is a signature of tlaction of the states involved [Fig. 3(c)]. The resulting polariton
relaxation bottleneck for polaritons, first discussed for bulgopulations versug are shown in Fig. 4, at temperatures of

Energy (eV)

I1l. N ONRESONANTEXCITATION
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Fig. 3. (a) PL spectra normalized to the laser intensityffovarying from 5

to 80 W/cnt. (b) Integrated LP emission intensity divided by the laser powdrig. 4. Polariton population distribution for different excitation densities
versus angle for detuningy = —4.3 meV. (c) Photon and exciton fractionsof (@) T = 34 K, (b) T = 1.8 K. (c) Ratio of polariton populations
the polariton states foh = —4.3 meV. p = Nrp(0)/Nip(kes) versusd for low excitation andl’ = 1.8 K.

1.8 K and 34 K, where the bottleneck at low power and its sufrom study of the lower polariton branch linewidths as a function
pression at high power are clearly seen. of k at low and high power, as shown in Fig. 7(a)—(c). At low
In Fig. 5, angular-dependent PL spectra at low and high powgower, the linewidths are approximately independent of angle
for a range of negative detunings-eB, —8.7, and—13.5 meV from O° to 35°, whereas at 400, 400, and 3200 Wfcmespec-
are shown, and in Fig. 6, extracted polariton distributions adigely, at the three detunings of Fig. 6, an increase in linewidth
function of angle over a wide range of power are presented [2R} up to a factor of five is observed over this range of angles due
Itis seenin Fig. 5(a)—(c) that even more pronounced bottlenedkghe increased interparticle interaction with increasing density.
are observed for increasing negative detuning, Witk 0 PL  Thisis consistent with the accompanying suppression of the bot-
intensities more than one order of magnitude smaller than thdkmeck at similar powers due to polariton—polariton scattering
at highk being found at the largest negative detuning. This ighich increasingly populates the lotwstates. Further evidence
a consequence of the very high photon fractions of the fowfor the role of polariton—exciton scattering in suppressing the
states at large detuning and, hence, much reduced relaxatiottleneck is also obtained from the greater suppression at a
probabilities to lowk before escape occurs from the cavity [th@iven power with increasing temperature [19], [23], and from
magnitude of the bottleneck defined as the ratio ofkhe 0 the maximum nonlinear behavior in the PL intensity found at
population to that at high is shown as a function of increasingan energy of 7 meV below the uncoupled exciton energy, over a
negative detuning in Fig. 4(c)]. Since the microcavities have cinide variety of detunings and temperatures [19].
cular symmetry within the plane of the structures, the observa-It is clear from the results of Figs. 3, 4, and 6 that the
tion of PL intensities peaking at finite angle abhdlong one line emission att = 0 shows marked super-linear increase with
in k space, as in Fig. 5(a)—(c), corresponds to a ring in the 2ifixreasing laser power [seen clearly in Figs. 3(a) and (b) and
plane, as observed in recent experiments of Saveidtis.[23]. 6(a)—(c)]. Further increase of power beyond 400, 800, and
The variation of population with increasing power for all thre@200 W/cn? for the three detunings of Figs. 5 and 6 leads to
detunings is shown in Fig. 6(a)—(c), with in each case the peakmérked line narrowing and the onset of stimulated emission,
the distribution shifting to smallet with increasing power. At as seen in Fig. 5(d)—(f). We showed in [22] that the stimulated
—3 meV detuning, the bottleneck is suppressed at relatively l@mnission corresponds to conventional (photon) lasing at the
powers of~40 W/cn?, and at—8.7 meV it is nearly suppressedenergy of the uncoupled cavity mode, with strong coupling
at ~400 W/cn?, whereas at-13.5 meV the peak of the distri- being lost at powers approximately a factor of two below the
bution remains at 26-25°, even at the highest powers studiedonset of stimulation. We further demonstrated that the loss of
Itis also notable that the bottleneck is not observed for zero asitiong coupling occurs when the linewidth at highbecomes
positive detunings, in contrast to theory predictions [17], [18df the order of the Rabi splitting between the modes. Estimates
This is probably due to the omission of disorder scattering in tloé the exciton density at which strong coupling is lostof x
theory treatments, where polariton scattering only by phonoh8'® cm~2 are obtained from the experimental laser intensities
and by excitons or polaritons is included. (see [22]). These values are in good agreement with earlier
Further information on the mechanism responsible for tiveork by Houdréet al. in [24] and theoretical estimates in
suppression of the bottleneck with increasing power is obtaingtb]. Hence, it can be deduced that even though the increasing
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Fig. 5. 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 a sharp stimulated peék=at) in each case. Ah = —3 and—8.7 meV, the PL decreases in intensity with angle, showing that

the bottleneck is suppressed, whereas 88.5 meV, the PL maximum still occurs at finite angle even in the presence of the stimulation.
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Fig. 6. (a)—(c) Polariton populations, obtained from results of Fig. 4fez —3, —8.7 and—13.5 meV as a function of angle (and in-plane wave vector). The
bottleneck is suppressed well below threshold in (a), only very close to threshold in (b), whereas i () at13.5 meV, the lowk states are still depleted
relative to those at high even above the stimulation threshold.

exciton—polariton density under conditions of nonresonaftr the photoexcited exciton—polariton system, including ex-
excitation leads to increasing populationko£ 0 states, at the citon-phonon and exciton—exciton scattering terms [22], [30].
same time strong population of the exciton reservoir occufBhe importance of exciton—exciton scattering in overcoming the
This leads in turn to increasing exciton broadening, screenifmpttleneck and populating the lokv+egions was very clearly
and loss of strong coupling, before polariton occupatiomemonstrated from the good agreement between experiment
greater than one at low are achieved, as required to initiateand theory. It was furthermore found in the calculations that
stimulated scattering from the exciton reservoirito= 0. large exciton populations accumulated in the highnrcoupled
The results of [19] and [22], supported by those of [21}eservoir region, of density sufficient to account for the loss
show that previous claims [26]-[28] of stimulated polaritof strong coupling at the highest powers, as observed experi-
scattering (boser behavior [29]), at least in IlI-V cavitiesnentally. As a result of the good near quantitative agreement
under conditions of nonresonant excitation were premature. with theory, we thus conclude that a good understanding of

Very good agreement was obtained between the expdhe polariton distributions and their evolution with excitation
mental polariton distributions of Fig. 6(a)—(c) and distributiondensity, under conditions of nonresonant excitation, has now
obtained by numerical solution of the Boltzmann equatidpeen reached.
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the lower polariton branch at 1%.5as a function of excitation intensity from
0.5 W/cn? to 5 x 10° W/cm?. The laser is retuned to higher energy to maintain
resonance above the thresholcaf50 W/cn¥ (fifth curve from top).
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Fig. 9. (a)k = 0 and 3.9x 10' cm~' PL signal intensities versus excitation
intensity. Clear threshold behavior is observed at a power density of 3003/cm
(b) Measured lower branch dispersions below (10 W{eropen circles) and
above threshold (300 W/cinfilled squares), together with fitted upper and
lower branch dispersions. (c) Calculated photon fraction for lower branch as a
Very different, striking behavior is observed when CW regunction of k.

onant excitation into the lower polariton branch is employed.
In this case, polaritons are injected into the polariton regidfhis process is described theoretically in [31] and [32]. Strong
without direct population of the exciton reservoir. Clear evinonlinear behavior of similar origin, for resonant excitation
dence for final state stimulation is obtained with the system rat an angle of 19 is reported in [11]. Above a threshold of
maining in the strong coupling regime. Strong line narrowing 200 W/cn? the spectra show a very marked, near-exponential
is found to accompany very strong, superlinear (near exponémerease of intensity [see Fig. 8(a)], accompanied by line
tial) increases it = 0 intensity, characteristic of a process witmarrowing to a width of 0.2 meV, limited by the spectrometer
gain, stimulated by transitions to a final state with macroscopiesolution (subsequent experiments have shown a linewidth
occupancy. of 0.075 meV in [10] and as small as 0.002 meV in [8]).
The experiments are performed in the geometry showhtcompanying the highly nonlinear increase of intensity
schematically in Fig. 1(c) and discussed in the introduction. HEig. 9(a)] and the line narrowing, the PL spectra shift by
spectra detected &t = 0 as a function of laser power for the0.5 meV to higher energy and then remain fixed in energy to
laser tuned to be in resonance with the point of inflection dfigher power, so long as the laser energy is also held constant.
the lower polariton branch are shown in Fig. 8(a). The resondrttis behavior is in marked contrast to that observed for nonres-
excitation conditions are shown schematically on thiek onant excitation in Fig. 5(d)—(f), where for each detuning the
diagram of Figs. 1(c) and 9(b), where it is seen that excitatiatimulated peak occurred at the energy of the uncoupled cavity
at ~16° permits pair (parametric) scattering to higher andthode, showing that for nonresonant excitation the lasing occurs
lower energy in a process conserving energy and momentumthe weak coupling limit, as discussed in the previous section.

IV. RESONANT EXCITATION



1066 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 8, NO. 5, SEPTEMBER/OCTOBER 2002

i T T T T L r 1 1 1 L 1 L | . 1 L
800 ° 6x10°Wem?  20] }H ‘ | 31,80~ I e
f 101 ] a
] 18 I ,\J | 10 3 Axv ( )
e e ] E >
1.454 1.456 1.458 1.460 ] \ -
$—¢ EAd
0 | L /A N E—" @ 1 1 E ‘\kv s\ V\ /Q‘vv.\
200 oo} 5 o7 a 3§ o%o_° 3-\6&&:"1“3'\
B 01{ wmg =" ';-ggso A Al .
—_ E E J:]«D oo - T o =) © O.O«O\\
. (o)) ) \
o 1454 1456 1.458 ® 0014 o O o)
o | |—— -— 3 hl:] L LaNe}
LU/ 0 1 1 1 1 j_@‘ E E o ) \\
— P T T i T E R --0--55 Wem’ b
g T1.7° ) 2.9x10° W cm” 1E 31 —8— 1 6x102 Wem2 og
T ] --0--2.9x10° Wom® 0o
o o o -4 \ ' . :
= 22.0 25.83"1{8 1E-4 3 J ; A 4x10° Wem? ; } }
7 © 1 %o | —vo5x10°Wem® o ()
3 . — 100 o | T 6x10° Wem? PR
3 1.6x10° W cm® 1 A yiiv
a \’\,\ /j /A\L®
3 10 = A Ag\%\’;ﬁ\,‘ / Ay
c s A AA o
8 . S.AST‘ef”_“T_./_:O@,Qo 00",
3 O /.~. O N
I B L
L R o-o- ,
@] go- o0-o og
500
014 7 b
. . laser |=[=N0
1 t f y T t T ]
1.454 1.456 1.458 1.460 T T T T T T T j T j
0 1 2 3 4 5

Energy (eV)

4 -
Wavevector (10°cm’ )
Fig. 10. PL spectra normalized to the laser power for excitation intensities

labeled on the figure, (a) below and (b) close to threshold, (c)—(€) abofy 11 (a) Integrated intensities of PL peaks as a function of in-plane

threshold as a function of detection angle from6 35*. A very strong change (angie), (b) as (a) but corrected for the photon fraction of the lower branch as a
is observed between (a) at low power where the spectra are strongest for a ﬁgtion of k [from Fig. 9(c)]
b . .

close to the excitation energy, and (d), (e) where the spectra are dominate:
two peaks at zero and at 32The very strong features at1.456 eV arise from
the exciting laser at 1595

y

developing att = 0. Further increase in laser power, now
moving above the threshold of Figs. 10 and 11, leads to a very
The small shift in peak energy from below to above threshokirong increase of thé = 0 intensity, accompanied by an
for resonant excitation shows that the highly nonlinear behaviadditional strong peak at high. This is the highk compo-
occurs in the strong coupling limit, and strongly suggests the inent of the pair scattering process indicated schematically in
volvement of polariton quasi-particles in the nonlinear procedsig. 9(b), required to conserve energy and momentum in the
The blue shift arises from the repulsive polariton—polariton irproceskiuser = ksignal + Kidlers 2E1aser = Fsignal + Fidier,
teraction, with the size of the shift determined by the polaritomhere the subscripts signal and idler refer to the- 0 and
density required to reach threshold [33], [32]. To investigate tiiégh & beams, respectively. Furthermore, measurements of the
behavior further, angular dependent measurements were pefariton dispersion above threshold show that the polariton
formed to probe the polariton population distribution as a fundispersion curve is only slightly modified from the case at low
tion of & for laser powers below, close to, and above thresholdower [Fig. 9(b)] and that the system remains clearly in the
as employed in the nonresonant case in Section Il to reveal gteong coupling limit. The angular dependent measurements
existence of the relaxation bottleneck. thus show that the strong nonlinear behavior observed for
The results are shown in Fig. 10. At low power in Fig. 10(ayesonant excitation has a very different origin than that for non-
the PL spectra are seen to peak in intensity around the lagggonant excitation, and that it arises from a polariton—polariton
angle and then to decrease in intensity to higher and lowsgattering process in the strong coupling regime to states at
angle [the measured integrated intensities veksase shown £ = 0 and highk, as discussed further below.
in Fig. 11(a)]. This is an example of the relaxation bottleneck The final step in elucidating the physics underlying the re-
but now observed for resonantly injected polaritons. At lowults of Figs. 8—11 was to convert the PL intensities veksof
powers, the polaritons undergo only weak polariton—polaritdfig. 11(a) to polariton populations versksFirst, the relative
scattering, leading to small but detectable broadening of tR& intensities are converted to relative polariton occupancies
injected population, before escape from the cavity occurs. Wibly correcting the observed PL intensities by the photon frac-
increasing power, the polariton distribution broadens furthéon (and hence lifetime) of the states involved [Fig. 9(c)]. Car-
in k£ space as the probability for parametric pair scatteringing out this correction leads to polariton occupancies in the
increases, until close to threshold in Fig. 10(c), the PL intensitygnal and idler states within a factor of two of one another,
is nearly uniform ink space fork < kj.ser, With a small peak as shown in Fig. 11(b), consistent with the pair nature of the
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process which gives rise to the two beams. Finally, measubaving picosecond timescales). This work reported amplifica-
ment of the absolute powe] emitted in thek = 0 beam tion up to temperatures of 220 K, the upper temperature limit
enables the occupancie¥’) to be placed on an absolute scaléeing shown to originate from exciton ionization and, hence,
sinceN = (Ipy,mpoidm)/(Ak)?, wherelpy, is the measured PL loss of strong coupling (we return to this point in Section V
power in wattsy,,.1 is the polariton lifetime given by the photonfrom the device point of view).
lifetime in the cavity divided by the photon fraction of the= 0 The stimulated scattering behavior has a number of similar-
state andA% is the width ink space of thé& = 0 beam. Car- ities to four-wave mixing and optical parametric amplifier and
rying out this procedure shows that the occupancy oftke0 oscillator (OPO). The phenomena reported in [7] and [8] corre-
state at threshold is equal to unity within a total error of a factepond to conversion efficiencies from pump absorbed to signal
of £3 [6]. This is exactly the condition discussed in the introaf ~10%, at thresholds many orders of magnitude less than
duction necessary for the occurrence of final state stimulationiofconventional OPOs, the low threshold arising as a result of
the pair-scattering process. Taken together with the proof frdire triply resonant nature of the process, with laser, signal, and
the spectra and the dispersion above threshold that the sigmainp all resonant with points on the dispersion curve. Indeed,
beam arises from a system in the strong coupling limit, this réieoretical descriptions of the behavior have been published
sult provides strong evidence for the occurrence of final statesed either on a purely classical nonlinear treatment [32] or
stimulation arising from the bosonic character of the polaritaam quantum bosonic picture [33], but using nonlinear equations
quasi-particles. familiar from treatments of OPOs. However, it should be real-
The scattering process to two specific pointsinspace ized that the distinction between a description of the phenomena
has some of the characteristics of a polariton condensationjrtderms of stimulated scattering of bosonic quasi-particles and
a final state with large occupancy, with the state occupanayparametric oscillator description in terms of triply resonant
reaching values greater than 100 at the highest powers employezhlinear optical behavior, is mainly one of nomenclature only
Furthermore, the strong line narrowing shows that the fingB3] uses the equations of the parametric amplifier and oscil-
state has macroscopic coherence. The spontaneous appeatatmebut with quantization of the polariton field).
of line narrowing above threshold shows that the polariton Within the framework of nonlinear optics, the behavior under
system has undergone a phase transition, consisting of theonant excitation can be understood as an unusual type of op-
macroscopic occupation of a single mode. Since polaritotisal parametric oscillator [32]. It is unusual because it occurs
are bosons, there is some justification in describing this phasérathe strong coupling regime, and because the nonlinearity is a
a Bose-Einstein condensate (BEC). Support for this descripti@sonaniy; effect, with two pump polaritons scattering into the
is provided by clear observation of stimulated scattering sfgnal and idler modes. This contrasts with the normal nonres-
other polaritons into the macroscopically occupied mode,amanty, OPO, were a single pump photon splits into a signal
characteristic property of a BEC. However, the system is fand an idler of roughly half the energy. However, the behavior
from thermal equilibrium, so although the initial build-up ofexpected and observed in the microcavity has many similarities
the k£ = 0 population comes from scattering down from théo that of the normaj, OPO: as the pump power is increased
pump population, the phase transition is not driven by coolirfgom zero, there is a threshold beyond which a coherent occupa-
of the system. In this sense, the phenomena differs from ttien of signal and idler modes develops. This corresponds to the
ideal picture of a BEC, which has a well-defined temperatupower at which the scattering into the signal and idler modes
and a chemical potential approaching zero. from the pump is strong enough to overcome the losses from
Stimulated scattering was first reported in two beam ultrafatstose modes. The losses include emission as external photons,
pump—probe experiments [6]. In this case, a strong pump beamd transfer into the high momentum reservoir states, due to
is incident on the sample at the point of inflection of the lowetisorder scattering, and at higher intensities in CW experiments,
polariton branch. Very weak scattering koo = 0 was found exciton—polariton scattering [35]. Thus, threshold rises in disor-
with the pump beam alone present on the sample, probably dered samples and at high intensities. Above the threshold, the
cause only a very small = 0 population builds up before the signal intensity is proportional to the square root of the pump
pump pulse ends and the photocreated polaritons escape fpmwer, and the population of the pump mode remains constant,
the sample. Injection of a weak probeiat 0 was found tolead with all the additional pump power transferred into the signal
to very strong stimulated scattering frafms.: to & = 0 with and idler modes. Thgs nonlinearity also provides an explana-
very large gains of order 100 being found. In the CW excitdion for the blue shift observed in microcavity dispersion mea-
tion experiments, by contrast the process is self-stimulated, withrements, which does not occur for a normpaDPO. It arises
sufficientk = 0 population building up to lead to strong stim-from the repulsive interaction of polaritons at different points
ulation without the need for injection of a second probe pulsen the dispersion with the coherent pump population. In a scat-
Erlandet al. have subsequently observed stimulation in ultrafatgring picture, this corresponds to, for example, signal and pump
measurements in the presence of the pump alone on very higitaritons scattering off each other but remaining in the same
quality samples with photon lifetimes ef10 ps [34]. modes. Provided there is only one significant coherent popula-
Subsequent pump—probe measurements on higher qudiity in the system (the pump mode), the blue shift provides a
samples have reported probe gains up to 5000 [14], demaonvenient measure of this population. Below the threshold, the
strating the potential of microcavities as very high gain, ultrafabtueshift of the dispersion increases linearly with pump power,
amplifiers (the duration of the gain is given by a combinatioas the pump population grows, but above the shift remains con-
of pulse durations and the polariton lifetimes in the cavity, aditant, because the pump population is locked at its threshold
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in the polariton distribution from below to above threshold in

; id~13. (a) Angle resolved PL spectra for the lower polariton branch for
Figs. 10 and 11, and the strong temperature dependence Oleg\avelntensity illumination into the upper polariton branch. (b) As (a) but

idler signal shown in Fig. 12, where it is seen that the idler |§ove threshold for resonant excitation close to the point of inflection of

strongly suppressed with increasing temperature, due to theti- lower polariton branch. Strong stimulated peakskafna, —FKiaser,
creasing probability of elastic scattering to the exciton reservdipier(Z2hsina) and3kis... are observed.

at elevated temperature. Such behavior finds a natural explana-
tion on the basis of the creation of real quasi-particles at the

1.454 1 }@@3

idler . 3K

Further interesting phenomena involving the occurrence faser
of higher order polariton scattering processes, when the laser %‘ 1.4531 " idler
signal and idler modes are macroscopically occupied, are g N aser
observed in both ultrafast [36] and CW [37] measurements. S Q) o
Additional stimulated peaks 8f.s.. and—k.s.. are observed G 1.4524 &I@ ,
at energies and wave vectors lying off both the unperturbed K — signal
or renormalized dispersion curves, as shown in Figs. 13 and ) Iasgf Kk k. 3k
14—observations which find a natural explanation within the 1.4514 lfazk |S'Zk llasAk ;"”Ak l*as
guantum bosonic description of the observed phenomena [36], | R N

T T T
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V. COMPARISON OFRESONANT AND NONRESONANT
EXCITATION OF MICROCAVITIES, POLARITON LASERS
AND OPTICAL PARAMETRIC OSCILLATORS

Fig. 14. Dispersions of the stimulated peaks B&fignai, —Kiasers

Kidler(=2kgigna1) @nd 3ki.c.. peaks, together with the dispersion below
threshold (full line). The—kjaser, and3kiaser arise from scattering processes

The discussions in Sections Ill and IV show that carrieriavolving the macroscopically occupied signal and idler states, to states off the
. . . . . .._unperturbed polariton branches.

carrier (pair) scattering processes (exciton—exciton, exciton—
polariton and polariton—polariton) play a determining role in
the polariton distributions which result from both nonresonamtas obtained from the marked increase of polariton linewidth
and resonant excitation of semiconductor microcavities. for angles greater thar-16° in Fig. 7. However, polariton

In the nonresonant case at—3 meV negative detuning, final stimulation plays no role in the observed behavior, with
suppression of the bottleneck by polariton—polariton scatteristrong coupling being lost befofe = 0 occupancies become
is observed for power densities 840 W/cn?, with further sufficiently large (greater than one) to initiate stimulation.
increase of power tev400 W/cn? leading to lasing in the The main difficulty with nonresonant excitation is that most
weak coupling limit. The strong coupling is lost due to excitoof the photocreated carriers relax into the exciton reservoir
screening at carrier densities estimated teddex 10'* cm~2  with inefficient population of the smalk polariton states.
(assuming an exciton lifetime of 0.5 ns), corresponding #ttempts to increase the lod polariton population up to state
an exciton density per well of % 10'° cm—2 [24], close to occupancies close to unity leads to population of the exciton
the Mott limit for excitons in quantum wells. Further cleareservoir at densities greater than the exciton screening limit,
evidence for the importance of exciton—exciton interactiongith loss of strong coupling before stimulation occurs [22].
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The case of resonant excitation is very different. In this cade,ten higher in the sequence 11-VI, GaN, organic) and exciton
polaritons are injected into the polariton region without direatscillator strengths. The larger exciton binding energies provide
population of the exciton reservoir. Polariton—polariton scatauch greater resistance to screening than the GaAs-based struc-
tering leads to population of states at lower and highe&tim- tures. Furthermore, the large binding and large Rabi splittings
ulation is observed at incident power densities-@00 W/cn?,  will permit study at temperatures in the range 100 K-300 K
corresponding to a parametric process to pair statés-at0 without the loss of strong coupling, thus increasing the prob-
and highk. Most importantly, the lifetime of the injected parti-ability for the required energy and wave vector conserving scat-
cles is now given by the polariton lifetime (close to the phototering out of the reservoir to low states [18], [23]. It should
lifetime of ~1 ps), and the threshold is now achieved at a pbe noted that relatively early experiments on II-VI microcavi-
lariton density of only~10® cm~2, well below the density for ties did provide possible evidence for polariton lasing at inter-
any significant screening. Hence, the strong coupling limit is reaediate excitation densities [40], before collapse of the system
tained atk = 0 state occupancies in excess of unity, as showa the weak coupling regime at higher powers, thus giving op-
in Section IV, permitting the occurrence of polariton final statémism that such a polariton laser can be achieved in systems
stimulation; stimulated scattering of the bosonic polariton pawith large exciton binding energy. Indeed, model calculations
ticles to thek = 0 states is achieved while remaining firmly infor GaN microcavities, with very large Rabi splitting of 90 meV
the strong coupling regime. The polariton state has macroscopit], predict the occurrence of stimulated scattering:to=
coherence, as indicated by its very narrow linewidth, and emitswithout the onset of screening. It should also be noted that
photons at a rate controlled by the photon lifetime in the cavitije observation of “polariton lasing” would correspond to the
determined by the finesse of the Fabry—Pérot cavity. formation of a nonequilibrium Bose condensate by stimulated

The achievement of stimulated scattering from the excit&¢attering from the high-energy exciton reservoir, a significant
reservoir tok = 0 under conditions of nonresonant excitaachievement from the fundamental pOint of view. In this con-
tion followed by photon escape has the potential to lead tof@xt, recent work in [43] reporting stimulation to states of fi-
new form Of ||ght source, Origina”y discussed for bu”( Seminite k under nonresonant excitation of a II-VI CaVity is also
conductors by Keldysh [39] and subsequently for microcaviti@9teworthy.
by Imamoglu and Ram [29]. The stimulated scattering leads toThe resonantly excited microcavities also have considerable
the formation of a state with macroscopic coherencé at Potential as highly efficient, triply resonant optical parametric
0, which subsequently emits as a source of coherent photoggillators (OPOs) [8], [7] and ultrafast high-gain amplifiers
termed the “polariton laser.” Such a source is in marked coll. [14], as discussed in Section Ill. For these applications,
trast to a conventional laser where the photon emission procg§gctures with large polariton branch splittings and high ex-
itself is stimulated, leading to macroscopic occupation of pa#iton binding energies are also likely to be highly advantageous.
ticular photon modes of the cavity. Impressive results have already been obtained with amplifier

In order to achieve polariton lasing under conditions cgains up to 5000 at low temperature [14], gain up to tempera-

nonresonant excitation, it is necessary that 0 occupancies tL_JreS 0f~220 K [14], and_CW o_scnlator conversion efficien-
s of ~10% [7], all achieved in very compact micrometer

greater than one be achieved before the strong coupling is 1% i . .
due to exciton screening from the high density of excito ale devices, in strong contrast to the many orders of magni-
Eude higher power densities and millimeter to centimeter crystal

inevitably created in the exciton reservoir. However, if th . tional OPA OPOs. P . kel
strong coupling were retained, the stimulation mechanispf <> N conventiona S or S. FTOQress 1S now Jikely

would then lead to very efficient scattering from the reservolpVard room temperature operation in wide-bandgap, high-os-
down tok = 0, and thus very efficient population of thecnlator strength, high binding energy materials, which permit
' ﬁ%e necessary exciton and polariton stability up to 300 K and

emitting states. Such a mechanism would form the ba§ .

of a new light source where injected carriers populate t OVe. Such efforts are now underway in a number Of. labo-

“lasing” state on an ultrafast timescale. The results presenf&&o res Worldvx(lde._A further advantage_ of t_he_ high Qs_cnlator

in Section Il show that such a situation cannot be achieved?Hength materials is that the large Rabi splittings will in turn
ive rise to large energy splittings between pump, signal and

GaAs-based IlI-V microcavities, due largely to the relativel . o
small exciton binding energies-8 meV) and correspondingly dlzr”?:t(i:lé::nce, the desirable large wavelength shifts in OPO

low densities for exciton screening. However, it has recent‘i’ffJ
been shown theoretically that the introduction of electrons
into the quantum wells at densities of orderd@m—2, well VI. SUMMARY

below the screening limit, will lead to much more effective Recently discovered phenomena that arise from the bosonic
population of the lowk states [30]. This arises both from thecharacter of the polariton quasi-particles in semiconductor
much larger exciton—electron scattering cross section than faicrocavities have been described. Typical bosonic phenomena
exciton—exciton scattering, and from the small electron masgch as stimulated scattering by final state occupation and
four to five times smaller than for excitons, which makes larg@acroscopic occupation of states are observed. The key
polariton energy losk = 0 loss significantly more probable. features of microcavities which lead to these observations,

[I-V1[40], GaN [41], and organic [42] microcavities all offer including finite energy at = 0, very small density of states,

potentially more favorable systems for the achievement of panrd dispersions which permit new quasi-particle scattering
lariton stimulation under nonresonant conditions, due to thgirocesses, have been emphasized. The strong contrast be-
significantly greater exciton binding energies (factors of thraeveen phenomena observed under nonresonant and resonant
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excitation conditions have been emphasized. Prospects f@s] J. ToyozawaSuppl. Prog. Theor. Physeol. 12, pp. 11-20, 1959.

the creation of polariton lasers, and high gain, triply resonankl?] F. Tassone, C. Piermarocchi, V. Savona, A. Quattropani, and P.
ultrafast amplifiers and very low threshold optical parametric
oscillators have been discussed.

[18]
ACKNOWLEDGMENT

The authors express their great thanks to J. J. Baumberg ol
their long standing collaboration in the field of microcavities
which has been fundamental to the success of much of this
work. They also acknowledge gratefully the interactions!2!
with P. G. Savvidis, V. D. Kulakovskii, D. N. Krizhanovskii,

G. Malpuech and A. V. Kavokin, and to J. S. Roberts who grew21]
the high quality samples without which this work could not

have taken place.

(1]

(2]

(3]

4

(5]

(6]

(7]

(8]

(10]

(11]

(12]

(23]

(14]

(15]

[22]

REFERENCES

M. S. Skolnick, T. A. Fisher, and D. M. Whittaker, “Strong coupling phe-
nomena in quantum microcavity structureS&micond. Sci. Technpl.
vol. 13, pp. 645-669, 1998.

G. Khitrova, H. M. Gibbs, F. Jahnke, M. Kira, and S. W. Koch, “Non-
linear optics of normal-mode-coupling semiconductor microcavities,”
Rev. Mod. Physvol. 71, pp. 1591-1639, 1999. [24]
M. S. Skolnick, R. M. Stevenson, A. |. Tartakovskii, R. Butté, M. Emam-
Ismail, D. M. Whittaker, P. G. Savvidis, J. J. Baumberg, A. Lemaitre,
V. N. Astratov, and J. S. Roberts, “Polariton—polariton interactions and
stimulated scattering in semiconductor microcavitidddter. Sci. Eng.

vol. C19, pp. 407-415, 2002.

A. |. Tartakovskii, M. S. Skolnick, D. N. Krizhanovskii, V. D. Ku-
lakovskii, R. M. Stevenson, R. Butté, J. J. Baumberg, D. M. Whittaker,
and J. S. Roberts, “Stimulated polariton scattering in semiconductor
microcavities: New physics and potential applicationadv. Mater, [26]
vol. 13, pp. 1725-1731, 2001.

C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, “Observa-

tion of the coupled exciton—photon mode splitting in a semiconductor[27]
quantum microcavity,Phys. Rev. Lettvol. 69, pp. 3314-3417, 1992.

P. G. Sawvidis, J. J. Baumberg, R. M. Stevenson, M. S. Skolnick,

D. M. Whittaker, and J. S. Roberts, “Angle resonant stimulated [28]
polariton amplifier,” Phys. Rev. Lett.vol. 84, pp. 1547-1550, 2000.

R. M. Stevenson, V. N. Astratov, M. S. Skolnick, M. Emam-Ismail, D. [29]
M. Whittaker, A. |. Tartakovskii, P. G. Sawvidis, J. J. Baumberg, and J.

S. Roberts, “Continuous wave observation of massive polariton redistrilgo]
bution by stimulated scattering in semiconductor microcavitiBys.

Reuv. Lett.vol. 85, pp. 3680—3683, 2000.

J.J. Baumberg, P. G. Savvidis, R. M. Stevenson, A. |. Tartakovskii, M. S.[31]
Skolnick, D. M. Whittaker, and J. S. Roberts, “Parametric oscillation in a
vertical microcavity: a polariton condensate or micro-optical parametric
oscillation,” Phys. Rey.vol. B62, pp. R16 247-16 250, 2000. [32]
P. G. Sawvidis, J. J. Baumberg, R. M. Stevenson, M. S. Skolnick, D. M.
Whittaker, and J. S. Roberts, “Asymmetric angular emission in semicon-
ductor microcavities,Phys. Rey.vol. B62, pp. R13278-13 281, 2000.

A. |. Tartakovskii, D. N. Krizhanovskii, and V. D. Kulakovskii, “Po- [33]
lariton—polariton scattering in semiconductor microcavities: Distinctive
features and similarities to the three-dimensional céBeys. Rey.vol.
B62, pp. R13298-13301, 2000. (34]
R. Houdré, C. Weisbuch, R. P. Stanley, U. Oesterle, and M. llegems,
“Nonlinear emission of semiconductor microcavities in the strong cou-
pling regime,”Phys. Rev. Lettvol. 85, pp. 2793-2796, 2000. [35]
L. V. Butov, A. L. Ivanov, A. Imamoglu, P. B. Littlewood, A. A.
Shashkin, V. T. Dolgopolov, K. L. Campman, and A. C. Gossard,
“Stimulated scattering of indirect excitons in coupled quantum wells:
Signature of a degenerate Bose-gas of excitoRhys. Rev. Lettvol.

86, pp. 5608-5611, 2001.

L. V. Butoy, C. W. Lai, A. L. lvanov, A. C. Gossard, and D. S. Chemla,
“Towards Bose-Einstein condensation of excitons in potential traps,”
Nature vol. 417, pp. 47-50, 2002. (37]
M. Saba, C. Ciuti, J. Bloch, V. Thierry-Mieg, R. André, L. S. Dang, S.
Kundermann, A. Mura, G. Bongiovanni, J. L. Staehli, and B. Deveaud,
“High-temperature ultrafast polariton parametric amplification in semi-
conductor microcavities Nature vol. 414, pp. 731-734, 2001.

E. KotelesExcitons E. |. Rashba and M. D. Sturge, Eds. Amsterdam,
The Netherlands: North Holland, 1982, p. 85.

(23]

(25]

(36]

(38]

Schwendimann, “Bottleneck effects in the relaxation and photolu-
minescence of microcavity polaritonsPhys. Rey. vol. B56, pp.
7554-7557, 1997.

F. Tassone and Y. Yamamoto, “Exciton—exciton scattering dynamics in
a semiconductor microcavity and stimulated scattering into polaritons,”
Phys. Rey.vol. B59, pp. 10 830-10836, 1999.

A. |. Tartakovskii, M. Emam-Ismail, R. M. Stevenson, M. S. Skolnick,
V. N. Astratov, D. M. Whittaker, J. J. Baumberg, and J. S. Roberts, “Re-
laxation bottleneck and its suppression in a semiconductor microcavity,”
Phys. Rey.vol. B62, pp. R2283-2286, 2000.

M. Miiller, J. Bleuse, and R. André, “Dynamics of the cavity polariton
in CdTe-based semiconductor microcavities: Evidence for a relaxation
edge,”Phys. Rey.vol. B62, pp. 16 886—16 890, 2000.

P. Senellart, J. Bloch, B. Sermage, and J. Y. Marzin, “Microcavity po-
lariton depopulation as evidence for stimulated scatteriRys. Rey.

vol. B62, pp. R16 263-16 266, 2000.

R. Butté, G. Delalleau, A. I. Tartakovskii, M. S. Skolnick, V. N.
Astratov, J. J. Baumberg, G. Malpuech, A. DiCarlo, A. V. Kavokin, and
J. S. Roberts, “Transition from strong to weak coupling and the onset
of lasing in semiconductor microcavities?hys. Rey.vol. B65, pp.
205310-205 316, 2002.

P. G. Sawvidis, J. J. Baumberg, D. Porras, D. M. Whittaker, M. S.
Skolnick, and J. S. Roberts, “Ring emission and exciton-pair scat-
tering in semiconductor microcavitiesPhys. Rey. vol. B65, pp.
073309-073312, 2002.

R. Houdré, J. L. Gibernon, P. Pellandini, R. P. Stanley, U. Oesterle, C.
Weisbuch, J. O'Gorman, B. Roycroft, and M. llegems, “Saturation of
the strong-coupling regime in a semiconductor microcavity: Free-carrier
bleaching of cavity polaritons,Phys. Rey.vol. B52, pp. 7810-7813,
1995.

M. Kira, F. Jahnke, S. W. Koch, J. D. Berger, D. V. Wick, T. R. Nelson,
G. Khitrova, and H. M. Gibbs, “Quantum theory of nonlinear semi-
conductor microcavity luminescence explaining 'Boser’ experiments,”
Phys. Rev. Lettvol. 79, pp. 5170-5173, 1997.

P. Senellart and J. Bloch, “Nonlinear emission of microcavity polaritons
in the low density regime,Phys. Rev. Lettvol. 82, pp. 1233-1236,
1999.

S. Pau, H. Cao, J. Jacobson, G. Bjork, and Y. Yamamoto, “Observation
of alaserlike transition in a microcavity exciton polariton systeRhys.

Rev, vol. A54, pp. R1789-1792, 1996.

H. Caoet al, “Transition from a microcavity exciton polariton to a
photon laser,Phys. Rey.vol. A55, pp. 4632—-4635, 1997.

A. Imamoglu and R. J. Ram, “Quantum dynamics of exciton lasers,”
Phys. Lett.vol. A214, pp. 193-197, 1996.

G. Malpuech, A. V. Kavokin, A. Di Carlo, and J. J. Baumberg, “Polariton
lasing by exciton—electron scattering in semiconductor microcavities,”
Phys. Rey.vol. B65, pp. 153 310-153 313, 2002.

C. Ciuti, P. Schwendimann, and A. Quattropani, “Parametric lu-
minescence of microcavity polaritonsPhys. Rey. vol. B63, pp.
R041303-041 306, 2001.

D. M. Whittaker, “Classical treatment of parametric processes in
a strong-coupling planar microcavity,Phys. Rey. vol. B63, pp.
193305-193 308, 2001.

C. Ciuti, P. Schwendimann, B. Deveaud, and A. Quattropani, “Theory
of the angle-resonant polariton amplifiehys. Rey.vol. B62, pp.
R4825-4828, 2000.

J. Erland, V. Mizeikis, W. Langbein, J. R. Jensen, and J. M. Hvam, “Stim-
ulated secondary emission from semiconductor microcavitieby's.
Rev. Lett.vol. 86, pp. 5791-5794, 2001.

A. |. Tartakovskii, D. N. Krizhanovskii, D. A. Kurysh, V. D. Kulakovskii,

M. S. Skolnick, and J. S. Roberts, “Threshold power and internal loss
in the stimulated scattering of microcavity polaritonBfiys. Rey.vol.

B66, pp. 165329-165 332, 2002.

P. G. Sawvidis, C. Ciuti, J. J. Baumberg, D. M. Whittaker, M. S. Skolnick,
and J. S. Roberts, “Off branch polaritons and multiple scattering in semi-
conductor microcavities,Phys. Rey.vol. B64, pp. 075311-075 314,
2001.

A. |. Tartakovskii, D. N. Krizhanovskii, D. A. Kurysh, V. D. Kulakovskii,

M. S. Skolnick, and J. S. Roberts, “Polariton parametric scattering pro-
cesses in semiconductor microcavities observed in continuous wave ex-
periments,”Phys. Rey.vol. B65, pp. 081 308-081 311, 2002.

S. A. Moskalenko and D. W. Snok&ose—Einstein Condensation of
Excitons and Biexcitons and Coherent Non-Linear Optics With Exci-
tons Cambridge, U.K.: Cambridge Univ. Press, 2000, p. 275.



SKOLNICK et al: HIGH-OCCUPANCY EFFECTS IN SEMICONDUCTOR MICROCAVITIES 1071

[39] L. V. Keldysh, Bose—Einstein CondensatioA. Griffin, D. W. Snoke, Alexander |. Tartakovskii was born in Astrakhan, Russia, on December 27,
and S. Stringari, Eds. Cambridge, U.K.: Cambridge Univ. Press, 199873. He received his diploma in physics and applied math from Moscow In-
p. 256. stitute of Physics and Technology (MIPT), Moscow, Russia, in 1996 and the
[40] L. S. Dang, D. Heger, R. André, F. Boeuf, and R. Romestain, “StimuRh.D. degree from the Institute of Solid State Physics, Chernogolovka, Russia,
lation of polariton photoluminescence in semiconductor microcavityjh 1998.
Phys. Rev. Lettvol. 81, pp. 3920-3923, 1998. In 1993, during his studies in MIPT, he started his work at the Institute of
[41] G.Malpuech, A.diCarlo, A. V. Kavokin, J. J. Baumberg, A. ZamfirescuSolid State Physics. In 2001, he moved to the University of Sheffield, Sheffield,
and P. Lugli, “Room-temperature polariton lasers based on GaN micrd:K. During the past eight years, he was actively involved into numerous exper-
cavities,” Appl. Phys. Lett.vol. 81, pp. 412-414, 2002. iments on optics of semiconductor heterostructures with a particular emphasis
[42] D.G. Lidzey, D. D. C. Bradley, T. Virgili, A. Armitage, M. S. Skolnick, on nonlinear effects.
and S. Walker, “Room temperature polariton emission from strongly
coupled organic semiconductor microcavitieBliys. Rev. Lettvol. 82,
pp. 3316-3619, 1999.
[43] R. Huang, Y. Yamamoto, R. André, J. Bleuse, M. Miiller, and H
Ulmer-Tuffigo, “Exciton—polariton lasing and amplification based oﬂ‘}
exciton—exciton scattering in CdTe microcavity quantum welfys.
Rey, vol. B65, pp. 165 315-165 318, 2002.

Raphaél Butté received the Ph.D. degree from the
Université Claude Bernard of Lyon, France, in 2000.
His thesis was on structural and optoelectronic
properties of hydrogenated polymorphous silicon, an
heterogeneous semiconductor close to hydrogenated
amorphous silicon.

Since 2000, he has been a Postdoctoral Research
Associate at the University of Sheffield, Sheffield,
U.K,, in the group of Prof. M. S. Skolnick. His
current research interest deals with the study of
-V semiconductor microcavities in the strong
coupling regime and more precisely condensation phenomena of polaritons in
semiconductor microcavities. He is the co-author of 14 publications and one
book chapter.

D. M. Whittaker , photograph and biography not available at the time of publi-

. - cation.
M. S. Skolnick received the Ph.D. degree from the

University of Oxford, Oxford, U.K., in 1975.
He spent two years as a postdoctoral worker

at the Max-Planck-Institute, Grenoble, France
He then moved to the Royal Signals and Rada_
Establishment, Malvern, U.K., in 1978, where he
spent the next 13 years, in the last three years as
Senior Principal Scientific Officer (individual merit).

In January 1991, he was appointed as Professé
of Condensed Matter Physics at the University o
Sheffield, Sheffield, U.K. In addition to leading his

R. Mark Stevensonreceived the first class degree
in pure and applied physics from the University of
Nottingham, Nottingham, U.K., in 1997.

He joined the group led by M. S. Skolnick at
the University of Sheffield, Sheffield, U.K. Exper-
imental work on the optical properties of photonic
crystal waveguides resulted in several publications
regarding interesting aspects of photonic band

own research group, he is Deputy Director of the EPSRC Central Facil
for Ill-V Materials, the national U.K. center for the fabrication of IlI-V velocity. He was also involved in experiments on
semiconductor structures. His principal research interests include the study ot semiconductor microcavities from the design and
the optoelectronic properties of semiconductor low-dimensional structurebaracterization stage, up to angular resolved photoluminescence experiments
particularly quantum dots, photonic structures with emphasis on control thiat revealed polariton redistribution by stimulated scattering under CW
light matter interactions, and the investigation of new midinfrared light sourcesxcitation. Following his Ph.D., he took up his current position in 2000 at
Dr. Skolnick was awarded an EPSRC Senior Research Fellowship in 2004dshiba Research Europe Limited, Cambridge, U.K., where he has published
and received the Mott Medal and Prize of the Institute of Physics in 2002. several papers on single photon sources for quantum information technology.

structure, including photonic modes with zero group




