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Enhancement of spontaneous emission rates by three-dimensional photon confinement
in Bragg microcavities

B. Ohnesorge, M. Bayer, A. Forchel, and J. P. Reithmaier
Technische Physik, UniversitsVirzburg, Am Hubland, D-97074 Waburg, Germany

N. A. Gippius and S. G. Tikhodeev
Institute of General Physics, Moscow 117333, Russia
(Received 8 January 1997; revised manuscript received 4 Jung 1997

Three-dimensionally confined Bragg microcavities exhibiting several fully quantized photon modes have
been investigated by time-resolved photoluminescence spectroscopy. A strong decrease of the exciton lifetime
with decreasing lateral dimension is observed and shown to be mainly due to coupling of the long-lived
excitons with short-lived photon modes. We observe similar decay times of all photon modes for a fixed
structure size which amount to approximately half of the corresponding exciton lifetimes. This behavior is
explained by incoherent Auger-type scattering processes populating the photon modes on the low-energy side
of the exciton line[S0163-18207)51632-9

Planar semiconductor microcavities with distributedmodes observed as far as 20 meV below the exciton line of
Bragg reflectors have been extensively studied in recerthe OD microcavities are seen to be further reduced by ap-
years, both theoretically and experimentally, due to remarkproximately a factor of 2. They are controlled by the longer
able possibilities for controlling the exciton optical proper- exciton decay time through incoherent Auger-type relaxation
ties via the coupling with the cavity resonance photon modeprocesses.

Rabi splitting in the cavity reflection spectra has been ob- The stacking layers for the present three-dimensional mi-
served due to the polaritonlike coupling between the excitoRyrocavity structures have been grown by molecular-beam ep-
and vertical photon mode of the resonatdt.has been an- jtayy 17(21) highly reflective AIAs/GaAs mirror pairs con-
ticipated that exciton-photon coupling could also cause siggitting highly reflective distributed Bragg reflectors

nificant shortening of the spontaneous exciton Iifetime,(DBR.S) are located belowabove a GaAs cavity with a
which would be very important for device applications. Mea’dimensi;)n of one wavelengt250 nnj of the InGa, ,As
) o oL L x
suring the lifetime of the individual coupled exciton-photon quantum wel(QW) emission. Three I, Gag sAS QW's (7

states under resonant excitation, Sermagal? have dem- . ; . .
onstrated a significant reduction of the spontaneous emissidH"” well width) separated by barriers W'th a thickness Of. 10
Jim are placed at the center of thecavity, i.e., at the anti-

decay rate at small detunings below 5 meV. Under nonres - o T
nant excitation, however, an exciton population with a broad'©de position of the electric field. Arrays of quadratic micro-
distribution of in-plane wave vectotlg is produced which ~Cavities with lateral sizes between/bm and 1um were
radiates mainly into the leaky modes of the Bragg reflector@btained by electron-beam lithography and dry etching
and into the continuum of horizontally waveguided modes ofhrough the top mirror stack and the cavifyFrom part of
the planar microcavity:* Therefore, no significant influence the planar microcavity sample the upper AlAs/GaAs mirror
of the exciton-photon coupling on the measureffiective ~was removed by wet chemical etching in order to investigate
spontaneous emission lifetime is expect@dExperimen-  the carrier dynamics without a resonator in otherwise identi-
tally, lifetime changes of a few ten percent are reported ircal structuregsee inset of Fig. )L
Refs. 7-10. Time-resolved photoluminescence experiments were per-
Very recently, studies of semiconductor microcavitiesformed @ 5 K using a mode-locked Ti:sapphire laser as an
with three-dimensional optical confinement have beerexcitation sourcg1.5 ps pulses The excitation energy at
reportedt*?n these structures, vertical optical confinement1.468 eV selectively excites the,Ba _,As QW’s only and
by the epitaxially grown high-quality Bragg mirrors is com- was chosen above the stop band of the Bragg mirrors. The
bined with lateral optical confinement due to the large refracPL signal was dispersed byfa=25 cm monochromator and
tive index discontinuity at the etched sidewalls. Discrete op-detected with a synchroscan streak camera. The temporal
tical eigenmodes with quantizekj of several orders have resolution of the setup amounts to about 10 ps.
been observed. Figure 1 shows the time-integrated spectra of gam
In the present paper, we investigate experimentally thevide microcavitieqfull line) in comparison with data of 2.7
photoluminescence kinetics in such structures, and demontm wide structures without the top Bragg mirrashed
strate a strong shortening of the exciton lifetime by a factodine) as illustrated by the inset. The excitation density of
of 6 when the lateral size is decreased from 100 toun?. 1000 W cm 2 was kept well below the threshold for stimu-
This decrease is mainly attributed to the coupling betweetated emission of the microcavity modes. For structures with-
the exciton and discrete photon modes in zero-dimensionalut cavity the excitation intensity was reduced in order to
(OD) microcavities. The emission decay times of the photoraccount for the reflection losses at the top Bragg mirror of
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FIG. 1. Time-integrated spectra of three-dimensionally confined

microresonators with lateral dimension of 2ufn (full line) and  strongly depend on the detuning=E;— E,, of the respec-
equally sized structures without the upper Bragg mirn@ashed tive eigenenergiejsr’. We have therefore investigated the pho-
line) as illustrated in the inset. The spectra are shifted vertically fotoluminescence kinetics for different structure sizes allowing
clarity. The symbols plot the respective decay times as a function ofis to vary the photon mode energies and hence the detun-
detection energy against the right axis. ings. Figure 2 depicts the time-integrated spectra ofydv
(dashed ling and 2.7 um microcavities (full line). It is
the full cavity structures and create approximately the samelearly seen that the photon energies are blue shifted and the
carrier density in the fGa,_,As QW’s!* The spectrum of energy splittings are increased for smaller structure size. Fig-
the cavityless structure includes only the excitonic groundure 2 also includes decay times determined for different de-
state emission a.,=1.415 eV which is inhomogeneously tection energies on both microcavitiédots: 3.7 um, tri-
broadened due to small variations in In content and width oingles: 2.7um). The relative energy dependence is very
the three QW'’s. In the case of the complete microcavitiessimilar in both microcavities. However, the absolute magni-
full three-dimensional confinement is introduced on the electude of the decay times is significantly smaller in the case of
tromagnetic field. The sharp emission linéswhich addi- the smaller microcavities.
tionally appear below the exciton line can thus be attributed Figure 3 displays the measured decay time data as a func-
to fully quantized photon modes with increasing lateral wavetion of structure size for both complete microcavitiepen
vectors, which are coupled to the excitonic transition. Theirsymbols and crossgand structures without the upper Bragg
energetic positions systematically depend on structure sizepirror (filled squares and compares them with the corre-
as published elsewhet®. sponding time constants of a quasi-two-dimensional mesa
The photoluminescence decay times of the two samplestructure (lateral dimension of 100um). We observe a
are given as a function of detection energy in Fig. 1 as wellstrong decrease of the exciton lifetifdiamonds$ by a fac-
The spontaneous emission of the exciton band follows #&or of nearly 6 when the lateral size of the complete mi-
single-exponential decay which is considerably shortenedroresonators is reduced from 1@0n (decay time of 560
from 309 ps(dotg to 173 ps(triangles by placing the exci- ps) down to 1.7um (decay time of 100 ps The decay time
tons inside the Bragg resonator. While the excitonic decayf the 2D mesa structure is approximately equal to the decay
time is approximately constant over the whole exciton line oftime of the QW emission for the mesa structure with a re-
the cavityless sample it strongly decreases on the low-energyoved upper Bragg mirror. In contrast to the cavities with
side towards the photon modes of the full microcavity struc-three-dimensional optical confinement, this implies that in
tures. The photon modes are all characterized by similar anthe two-dimensional system there is no significant influence
still faster decay constants of around 95 ps. This indicatesf the cavity on the overall exciton lifetime.
that the interaction with the photon modes is responsible for The exciton lifetime for structures with a removed upper
the reduction of the overall excitonic decay time inside theBragg mirror(filled squaresdecreases only by a factor of 2
microresonator. when the lateral size is reduced from 100 to L. Hence,
Coupling between the exciton and photon modes shoulthe existence of a three-dimensional cavity strongly reduces
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(dots in Fig. 3, dashed line to guide the gy€areful inves-
tigation of Eq.(1) reveals that the decrease of the exciton
lifetime is due to both, a smaller detuning between exciton
and photon modeand smaller photon lifetimes for smaller
structure size and higher photon modes. The latter are attrib-
uted to enhanced absorption at energetic positions closer to
the exciton line and increased diffraction and scattering
losses for smaller cavity sizes and higher mofeBSor the
same reasons higher energy modes are not observed. They
couple only weakly to the exciton and do not influence the
averaged exciton lifetime.

Note that for the 2D reference structure the calculated and
measured exciton lifetimes do not agree at all. The existence
of the continuum of leaky and guided modes prevents an

influence of the planar cavity on the overall exciton
lifetime.>® In the three-dimensionally confined microresona-
Jdor structures, however, the leaky and guided modes are ex-
pected to be considerably suppresSevhich may therefore
allow for a good description by a model including coupling
to the resonant photon modes only.

In order to understand the decay times of the photon
modes it has to be explained how part of the excitation en-

the exciton lifetime by up to a factor of 2.5 in the case of the€rgy can be transferred to the photon modes as far as 20 meV
smallest structure. Besides, nonradiative recombination dod¥low the exciton emission line. First, we consider the co-
not significantly influence the lifetimes in the present rathetherent coupling between the photon and exciton modes
wide structures with a full Bragg resonatehange ofre, by which causes cavity polariton formation. Fast Rabi oscilla-
around 15% tions intermix the photon and exciton wave functions even in
As shown in Fig. 3 the decay time of the photon mode ofthe weak coupling regime and allow the system to partly
the mesa structure is only slightly smaller than its excitondecay via the photon modes. In contrast to the long exciton
lifetime. In contrast, the decay times of the photon modes iifetime the photon lifetime is hardly changed by the coher-
the three-dimensional cavities, which—remarkably—are alnt coupling to the exciton. It is expected to be of the order
equal for a given structure size, are smaller than the corredf @ picosecond as can be estimated from the photon line-
sponding exciton lifetime by approximately a factor of 2. i.e., Widths of single microresonator structures.
the size dependence of the decay time measured at the ener-The experimental decay times of the photon modes, how-
gies of the photon modes is similar to the size dependence &ver, are seen to be about two orders of magnitude larger
the exciton lifetimes in the microresonators with three-than the expected photon lifetimes. In addition, the photon
dimensional optical confinement. emission decay times closely follow the decrease of the ex-

We first interpret the exciton decay time data. CouplingCiton decay times with decreasing structure size. We there-
between the long-lived excitor{decoupled lifetime of fore conclude that incoherent scattering processes between
Texo=550 p$ and the short-lived photon modes intermixesthe exciton and photon modes play the dominant role in the
the corresponding wave functions with the same in-plan@hoton modes dynamics: Due to the small excitonic admix-
wave vector. The exciton lifetime is decreased which weture into the photon wave function the photon modes can be
attempt to describe by a simple coupled harmonic oscillatoPopulated from the exciton branch via acoustic phonon or
model® The radiative linewidth of the longer-lifetim@x- ~ Auger-like scattering processes. The photon emission decay

citonlike) polariton mode takes, as a function of detuningtime will then be controlled by the longer exciton decay time
A, the form through these relaxation processes.

We consider the Auger-like scattering process as a special
Yex=11(270) =L —|ImJ(A+i9)2+Q7], (1) exciton-exciton scattering process: One exciton is scattered
Wherer:7ph+ Yexs Y= Vph™ Yex: 'yph:ﬁ(ZTph)_li and

into a photonlike state at lower energy while another exciton
Yex=1 (274, ! are the homogeneousadiative half widths

is simultaneously excited into an exciton state with higher
energy. The exciton density excited per pulse is estimated to
at half maximum of the decoupled photon mode and excitonbe 5x 10'° cm™2 in our experiment, well below the critical
respectively () is the Rabi splitting between the exciton and Mott density. However, this density should allow for consid-
the examined photon mode. It has been measured for therable exciton-exciton scattering as seen in four-wave-
different discrete photon modes and different structure sizesixing experiments on a similar quantum well struct(ap-
on a similar samplé’ proximately one exciton-exciton scattering process per
In Eq. (1) we successively use the experimental detuninggpicosecond
and the photon linewidths of the different photon modbs If the Auger-type processes dominate the scattering into
servedin cw spectra with higher spectral resolution. Averag-the photon modes the photon emission decay time is ex-
ing over the obtained exciton lifetimes we can reproduce th@ected to ber.,/2 due to a scattering rate which depends
decrease of the exciton lifetime for the OD microcavitiesquadratically on exciton densiy. As long asall photon

FIG. 3. Experimental decay times as a function of structure siz
for the cavityless structuredilled squares and the complete mi-
croresonators ¢ : exciton,O : 1st,A : 2nd, + : 3rd, X : 4th cavity
eigenmodg Calculated exciton lifetimes are given as d@tashed
line to guide the eye
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modes are predominantly populated via Auger relaxatiorthe cavity dimensions: In the two-dimensional cavity the po-
processes this should hold fatl photon modes of a given lariton dispersion relation is a continuous function of the
structure size independently of the different coherent couin-planeK vector. Therefore, carriers can easily relax down
pling strengths of the photon modes with the exciton. It isinto the lower photonic branch via subsequent emission of
precisely this behavior which is observed for the photoniow-energetic acoustic phonons. The discrete wave vectors
modes in Fig. 3. Further evidence for our interpretation isin the zero-dimensional cavities lead to discrete photon
given by the time-integrated spectra: The intensity of thegnodes which are separated by a few meV in energy. Acous-
excn_on increases linearly W|th_ the excitation power, the iN-tic phonon emission processes might therefore be consider-
tensity of the photon modes with the square of the eXC|tat|oréb|y suppressed.
pOwer, Wh'Ch. IS ant|C|pat_ed In the case of a dom'r?a”t 481 conclusion, we have observed a strong enhancement of
dratic rel_axat_lon term. It is this Auger-type relaxation Pr0” shontaneous emission rates by lateral photon confinement in
cess which increasingly populates the photon modes angD . i : . .

) L ragg microcavities. The exciton decay times decrease with
eventually allows for stimulated emission. ) . : :

lateral structure size mainly due to coupling with the short-

Photon emission decay times slightly larger than/2 . X
which are observed for the larger zero-dimensional structureléve_d photon modes. The decay t_|mes of the photc_Jn mode
emission are shown to reflect neither the photon lifetimes,

are attributed to some contribution of phonon relaxation pro- ) . ) .
cesses with transition rates depending linearly on excitof©" the different coherent coupling strengths with the exci-

density. These processes are expected to determine the pi8D- Incoherent Auger-type scattering processes can account
ton decay at longer delay times when the exciton density haf®r Photon emission decay times of approximately half of the
considerably dropped and Auger-like relaxation has becomgorresponding exciton lifetime foall photon modes of a
weak. In fact, the time evolution of the photon modes isgiven 0D microstructure.

observed to decay with a time constant similarrg at late We would like to thank H. Zull and M. Rmer for tech-
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Note finally that the photon emission decay time of thesupport by the Deutsche Forschungsgemeinschaft, the State

mesa structure is only slightly smaller than its exciton life- :
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acoustic phonon relaxation processes possibly depends gﬁ)undation are gratefully acknowledged.
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