HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 5 1 MARCH 2004

Coexistence of low threshold lasing and strong coupling in microcavities
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We report the coexistence of low threshold lasing and strong coupling in a high-quality
semiconductor microcavity under near-resonant optical pumping. A sharp laser mode splits from the
lower-polariton branch and approaches the bare cavity mode frequency as the pump power
increases. The lasing is produced by low density localized exciton states, which are weakly coupled
to the cavity mode. The appearance of this lasing mode distinguishes quantum-well excitons into
those which are strongly or weakly coupled with the cavity mode.2@4 American Institute of
Physics. [DOI: 10.1063/1.1643191

A photon mode in a Fabry—Perot resonator and an excisition threshold density is possible in microcavities possess-
tonic resonance in a semiconductor quantum W@W) re-  ing a very low concentration of localized states. Thus a VC-
semble two harmonic oscillators which can be either weakhSEL and strongly coupled exciton polaritons are
or strongly coupled together in semiconductor microcavitiesimultaneouslypresent in the same cavity.
containing embedded quantum wells. In the weak-coupling The semiconductor structure used in this study is a con-
(WC) regime, resonant tuning of the cavity mode and theventional cavity with optical linewidthy,=0.41 meV, and a
exciton transition results in formation of two degeneratesingle GaAs QW with exciton linewidtly,=0.44 meV, fully
states(a crossing behaviprwhile for strong-couplingSC)  discussed in Ref. &studied under conditions that preclude
on resonance, an energy splitting between new eigenstates dfiarged exciton formationThe optical cavity length is-\
the system occur@nticrossingsituation. WC exists in ver-  and varies across the sample. A continuous-wave Ti:S pump
tical cavity surface emitting laser®/ CSELS and leads to laser at 1.557 eV excites the QW above the band gap. The
enhancement of the spontaneous emission of excitons IBC of the cavity mode with both heavy- and light-hole exci-
resonance with the cavity mode. The SC regime has alstons (X, and X,;,) in the QW results in lower, middle, and
been intensively studied in the past decade as it offers apper polariton(LP), (MP), and (UP) branchedqFig. 1). In
unique opportunity to observe optical effects associated witlthis way unbound electrons and holes are injected at energies
exciton polaritons, i.e., quasiparticles composed of half a~30 meV above the heavy- or light-hole excitons in the
photon and half an exciton, coherently propagating in thestructure. These carriers relax rapidly onto the lower polar-
microcavity plane. The transition between weak-/strong4ton (LP) branch and create a reservoir of exciton polaritons
coupling in microcavities has been carefully studiedThis  at 1.5277 eV'° This exciton—polariton populatiofwhich is
transition is governed by a condition on the exciton oscillatortermed the “exciton reservoir” due to the predominantly ex-
strength and decay rate, parameters that one can alter lejtonic character of the high-wave vector exciton polarijons
changing the temperature, exciton density, or applying extetis assumed to be proportional to the pumping powernd
nal fields® feeds the lower energy emitting states.

Here we report clear evidence of the simultaneous pres-  PhotoluminescencéPL) spectra are taken at normal in-
ence of the perturbativeveak and nonperturbativéstrong  cidence(#=0) within a cone of+0.15° for a wide range of
regimes when optically exciting semiconductor microcavi-pump powergFig. 2@)]. For pump powers above 2Q0W,
ties. We observe an unambiguous anticrossing behavior efn extra mode appears, termed here the localized-exciton
the coupled cavity and exciton modes, characteristic of thenode (LXM) for reasons explained below. The LXM
strong-coupling regime, while between these eigenstates @merges from the LP mode and shifts to higher energies with
the system a new strong line appears whose intensity is e¥ncreasing pump power, saturating at the energy of the bare
ponentially dependent on the pumping power. An intermediexciton mode. This dependence has been observed for a
ate regime is identified where this lasing mode, which fulfillsrange of detuningA) conditions of exciton and cavity mode
the characteristics of the weak-coupling regime, coexist$from A=+2 to —4 meV). At the same time, the peak inten-
with the free polariton modes. This extra mode results fronkity of the LXM versus pump power exhibits an almost-
the inversion of a population of localized exciton stdtes. exponential increase until saturating when its energy reaches
Population inversion at pump densities lower than the tranthe bare cavity mode. Surprisingly the polariton modes co-
exist with the LXM for a wide range of pump powers. How-

Author to whom correspondence should be addressed; electronic mai€Ver, for pump powers above 1 mw t_hese.mOdeS clearly
p.lagoudakis@soton.ac.uk collapse and the system passes exclusively into the WC re-
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FIG. 3. (a) Experimental PL emission of upper, middle, and lower polariton
v modes(®) and the localized-exciton lasing mod®@) together with theo-
0.001 &/ retical dispersions of upper, middle, and lower polariton mddekd lines,
\ cavity, X;,, and X;;, modes(dashed lines shown vs cavity detuning(b)
RhNE calculated emission from weakly and strongly coupled states. The pump
1.522 1.524 1.526 1528 1.530 1.532 evolves from 20QuW to 3 mW in steps of 20QW.

Energy (eV)

served. Another reason the LXM might be selected is from a
resonance between excitation and emission energies when
differing by a LO-phonon energy: this is excluded by the
absence of any dependence on the excitation energy.

gime. Further confirmation of the role of the cavity mode is A basic interpretation for the appearance and evolution
seen in the detuning dependendeg. 3@] which again of this LXM can be derived starting from the coupled oscil-
shows the coexistence of the anticrossing polaritons moddator model. The strong coupling regime holds R8> y,
with the LXM, which follows the bare cavity mode. +7vc, whereQg is the exciton-cavity mode couplingpro-

To confirm this unexpected coexistence of strong- andortional to the square root of the exciton oscillator
weak-coupling regimes, we discount trivial explanationsStrength- In every semiconductor heterostructure both free

such as the coexistence of the two regimes due to the Gaugdnd localized exciton states exist due to the disorder potential
ian excitation beam profile on the sample surface. Thdluctuations. The latter states have a reduced oscillator

threshold in powét would lead to an annulus of SC and a strength and contribute to the inhomogeneous broadening of
central spot of WC, changing in relative strength with in- the exciton line out of resonance with the cavity maéee.,
creasing power. The inset to Fig(a® shows the result of a &t large mmdeqt anglé9, but do not contrlpute to microcav-
calculation dividing the pumped area into such strong and? PL Spectra in the strong coupling regime, because emis-
weak-coupled domains, with the boundary between them ra3ion and absorption of light are dominated by free polariton
dially increasing from the center of the pump spot as thgnodes shifted far into the tail of localized statéOur re-
power increases. We scale the calculation to match the exults show that microcavities with extremely low concentra-
perimentally observed appearance of the LXM, and incorpotion of localized states can be significantly populated by non-
rate the observed power dependence of lower polariton PL/eSonant optical excitation. This allows their population
The fact that the observed lower polariton PL does not delnversion, accompanied P%’ low threshold lasi@psorbed
crease beyond the appearance of the LXM mode contrary t8Ump powerP=0.4W/cm ) once the gain is sufficient to
the above theory, together with the gradual energy shift offfSet round trip losses in the high finesse cavity. In this
the LXM compared to its appearance directly at the bard€9ime, the microcavity acts both as a VCSEL and a strongly

cavity mode energy, shows that a simple collapse is not opbcoupled microcavity. This relies on the cavity mode being
narrower than the inhomogeneous distribution of localized

excitons(as is the case hereThe situation is impossible in
T T — lower-quality cavities where the round trip losses are higher.

FIG. 1. Perpendicular PL emission for increasiogward$ pumping inten-
sities from 200 nW to 6 mW. The detunind=—3 meV.

T
SC ,@G_) :r_"_-Uf Se-oeon _-_(bl—: 1.532 The lasing mode frequency increases with pump power
) We—> jl. : ¢ |k X %z?{g‘ev 1, 505 P because localized states at higher energy can now succes-
g» Ml | omp 0=0 178 sively become inverted. This occupation of the QD distribu-
g LP_[e-eeatsstonscamcss 11528 33 tion affects both the optical susceptibility and the emission of
:‘ %_: hh 1 E the microcavit_y. We assume that nonresonant pumping gen-
& :-Cavity LXMO—&?y@@? 1.526 erates an exciton reservoir with an energy close to the free
0.001 P A TP T T 50 exciton energyw, . This reservoir has a populatid, that is
X ' 1(')0 "] sesmms '1'0'0' proportional to the external pumping powBr Relaxation
Pump Power (UW) Pump Power (LW) from N, populates the inhomogeneous distributiohwidth

vy) Of localized exciton states whose dengiffw) is taken
FIG. 2. ‘a) NOF";]aHIZEd IPerpe“di_CU'alf PL emission kg, for polariton — tg be Gaussian. We assume that at these low densities, colli-
modes(®) and the localized-exciton lasing mod®). Inset: expected nor- ;0 hanyeen reservoir excitons is the main mechanism
malized PL for spatially inhomogeneous Rabi transitit); peak perpen- ; . .
dicular PL emission energies Vs,n, for polariton modes(®) and the populating I_OcaI'ZEd states Whose total pOPU|atNB< IS
localized-exciton lasing modeD). The detuningA=—3 meV. thus proportional td®?. Acoustic phonon—exciton scattering
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is another mechanism for populating the localized excitonVhen the critical pump powe?, is reachedy vanishes and
states. However, at the low temperature range of our studyhe emission energy reaches the free exciton energy. Thus,
inclusion of this mechanism does not qualitatively affect ourrepresents the energy shift of the lasing with respect to the
results. We assume that localized states are sufficiently weftee exciton energy. Using the microcavity parameters and
thermalized to be described by a Boltzmann distribution deP,=3 mW, the shift of the lasing mode #&sis increased to
fined by a chemical potentigh(P). All states having an P, is 1 meV, in qualitative agreement with experimental
energy smaller tham are strongly populated, they cannot findings.

absorb light anymore and have therefore a vanishing oscilla- The emissionl+(w,P) is calculated in Fig. &) with

tor strength. In the framework of the nonlocal semiclassicakv=1 andA=-2 meV in order to allow direct comparison

model!® the QW susceptibility reads: with Fig. 2(b). Many of the features in the experiment are
reproduced by this highly simplified theory, including the
Yo, y)= 1 f“o o _ shift in the laser emissior In(P) and the exponential rise in
a2y Sy ox—w—ly LXM emission, supporting the identification of this lasing
mode.

_ 2
Xex;{ _(“’1 “’X) In summary, we show theoretically and experimentally
Vx that it is possible to have strongly coupled polariton modes
wherel ', is the radiative emission rate of the exciton, and and laser emission from localized exciton states in the same

is its nonradiative homogeneous broadening. Once this suS€Mmiconductor microcavity. In high quality microcavities, the
ceptibility is known, one can use the generalized scatteringMall density of low energy localized states weakly coupled
state techniqué to calculate numerically the emission spec- 1© theé cavity mode can be inverted, and provide sufficient
trum of light F(w, ) escaping from the sample, if generated 93N .to overcome cavity mode losses. This work thus_l!nks
from a narrowband emitter placed in the quantum well. Tothe fields of VCSELs and strongly coupled microcavities,
obtain the spectral emission of the microcavif{w,u) important for future generations of highly efficient semicon-
should be multiplied by the spectral distribution of the em-ductor emitters.

bedded emitters. We distinguish two main types of emitters.

) . i b The authors are grateful for critical comments from R.
The first type are SC excitons which have an emission SpeGsimmermann and acknowledge the support of the HEFCE

trum s w) proportional to the optical susceptibilityy]. JRI8SOBA, EC CLERMONT HPRN-CT-1999-00132. and
The second type of emitters are inverted weakly CO“pquEPSRC GR/N18598.

excitons. We assume that the main contribution from WC

excitons comes from the states having an energy equal to thec. weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phys. Rev. Lett.
chemical potential. The intensity is therefore proportional to 69, 3314(1992.

the number of localized states at the energy of the chemicafR. Houdre J. L. Gibernon, P. Pellandini, R. P. Stanley, U. Oesterle, C.
potential. The spectral emission from weakly coupled exci- o soush J. O'Gorman, B. Roycroft, and M. llegems, Phys. Re525

d(})l,

: on o , 7810(1995.
tons therefore readsising for simplicity an arbitrary zero of 3R, Butte G. Delalleau, A. I. Tartakovskii, M. S. Skolnick, V. N. Astratov,
energy ath); J. J. Baumberg, G. Malpuech, A. Di Carlo, A. V. Kavokin, and J. S.
Roberts, Phys. Rev. B5, 205310(2002.
1 Ty 4R. P. Stanley, R. Houdr€. Weisbuch, U. Oesterle, and M. llegems, Phys.
(@, p)= — exp(— u?ly3). 1) Rev. B53, 10995110071996.
771/2)/)( O pu—ly 5M. Emam-Ismail, V. N. Astratov, M. S. Skolnick, D. M. Whittaker, and J.
. . S. Roberts, Phys. Rev. &, 1552(2000.
The total spectrunty emitted by the sample is then 6M. S. Skolnick, T. A. Fisher, and D. M. Whittaker, Semicond. Sci. Tech-
nol. 13, 645(1998.
It(w,pu)=[lsdo,p)+al x(o,u)]F(o,un). ) 7X. Fan, H. Wang, H. Q. Hou, and B. E. Hammons, Phys. Re86R.5256

. (1999).
The Only unknown parameters remaining are the phenong_ Rapaport, E. Cohen, A. Ron, E. Linder, and L. N. Pfeiffer, Phys. Rev.

enological coefficienta which depends on the density of g g3 235310(2001.
localized states produced by the disorder, and the power deF. Tassone, C. Piermarocchi, V. Savona, and P. Schwendimann, Phys. Rev.

pendence ofu. Solving B 56, 7554(1997). ;
OR. Huang, Y. Yamamoto, R. Andrd. Bleuse, M. Muller, and H. Ulmer-
m(P)—w
N x= w)exp ————
LX f g(w) F< KT

Tuffigo, Phys. Rev. B55, 165314(2002.
dow, 1G. Khitrova, H. M. Gibbs, F. Jahnke, M. Kira, and S. W. Koch, Rev. Mod.
with Boltzmann’s constank,, and temperaturel, gives

Phys.71, 1591(1999.
127, V. Kavokin, Phys. Rev. B50, 8000(1994.
BL. C. Andreani, G. Panzarini, A. V. Kavokin, and M. R. Vladimirova,

v Phys. Rev. B57, 4670(1998.

14 . . .
P)= X In(P/P.). 3 G. Malpuech and A. Kavokin, Semicond. Sci. Technol. Top. Réy.R1
u(P)= 5 IN(PIPy) (3 e

Downloaded 06 Mar 2004 to 152.78.201.158. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



