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Enhanced Spontaneous Emission by Quantum Boxes in a Monolithic Optical Microcavity

J. M. Gérard,* B. Sermage, B. Gayral, B. Legrand, E. Costard,† and V. Thierry-Mieg‡

France Télécom/CNET/DTD/CDP, 196 avenue H. Ravera, F-92220 Bagneux, France
(Received 3 April 1998)

Semiconductor quantum boxes (QB’s) are well suited to cavity quantum electrodynamic experiments
in the solid state because of their sharp emission. We study by time-resolved photoluminescence
InAs QB’s placed in the core of small-volume and high-finesse GaAsyAlAs pillar microresonators. A
spontaneous emission rate enhancement by a factor of up to 5 is selectively observed for the QB’s which
are on resonance with one-cavity mode. We explain its magnitude by considering the Purcell figure
of merit of the micropillars and the effect of the random spatial and spectral distributions of the QB’s.
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PACS numbers: 78.55.Cr, 12.20.–m, 78.66.–w
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In a founding paper, Purcell proposed to control th
spontaneous emission (SE) rate of a quasimonochrom
dipole by using a cavity to tailor the number of electroma
netic modes to which it is coupled [1]. Cavity quantum
electrodynamics (CQED) has provided a firm theoretic
and experimental basis for this revolutionary concept [
and has been since 1990 a major source of inspiration
the research activity on solid-state optical microcavitie
[3–14]. An ability to enhance the SE rate (Purcell effec
would open novel avenues for physics and engineering [
e.g., the development of high-efficiency light emitters.

Let us first examine the requirements for observing
large Purcell effect. Originally [1], Purcell considered
localized dipole (wavelengthle, linewidthDle) placed on
resonance with a single cavity mode (wavelengthlc, line-
width Dlc, quality factorQ  lcyDlc). SinceDle ø
Dlc, the escape time of SE photons out of the cavity
much shorter than the radiative lifetime and reabsorpti
is negligible. In this so called “weak coupling regime,” th
emitter feels a quasicontinuum of modes and the SE r
is given by the Fermi golden rule. For an electric dipo
transition
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4p

h̄
rcav svd kj $d ? $́ s$rdj2l ,

where $́ s$rd is the vacuum electric-field amplitude at th
location $r of the emitter and$d is the electric dipole.
rcav svd is the density of modes at the emitter’s angula
frequencyv and is given by a normalized Lorentzian in
the cavity case. A simple derivation shows that the S
rate in the cavity mode, referenced to the total SE ra
in a homogeneous medium, is given by the Purcell fac
Fp  3Ql3

cy4p2n3V , wheren is the refractive index of
the medium andV is the effective mode volume [15],
provided several important conditions are satisfied: T
emitter must be on exact resonance, located at the antin
of the vacuum field, with its dipole parallel to the vacuum
electric field. In other words, the Purcell factor is a figur
of merit for the cavity alone, which describes its ability t
increase the coupling of an ideal emitter with the vacuu
field, via a local enhancement of its intensity (smallV ’s)
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or of the effective mode density (highQ’s). In practice,
however, the choice of the emitter is essential, since
linewidth puts an upper limit on the cavityQ’s which can
be usedsQ , leyDled. Early CQED experiments have
benefited in this respect from the compatibility of Rydbe
atoms and high-Fp microwave cavities, resulting in a 500
fold cavity enhancement of the SE rate [2].

At optical frequencies, planar dielectric cavities usin
distributed Bragg reflectors (DBR’s) have been studi
first due to the excellent control provided by layer-by-lay
fabrication techniques. However, such planar cavities s
port a continuum of modes and theory [4,6] predicts S
enhancement factors close to unity for independent li
emitters in the weak coupling regime, as observed, e
for rare-earth atoms [5] or GaAs quantum wells (QW’s)
low Q cavities [6]. More recently, progress in microfab
rication techniques has allowed a three-dimensional (3
engineering of the refractive index on the wavelength sc
and a rich diversification of the microcavity designs. Silic
microspheres [8], pillar microresonators [9–11], photon
disks [12] and wires [13], and 1D photonic bandgap m
crocavities [14] sustain a discrete set of resonant mo
(as well as a continuum of leaky modes) and have the
tential to display the Purcell effectsFp ¿ 1d, provided a
convenient emitter is used. The large spectral width
commonly used emitters, i.e., rare-earth atoms in diel
tric matrices (,20 nm at 300 K) or semiconductor QW’s
(,1 nm, even at low temperature), has been until now
major hindrance in this respect, leading to SE enhan
ment factors of the order of unity in the weak couplin
regime [3,10].

Self-assembled InAs QB’s constitute an appealing
ternate class of light emitters [11]. Owing to their dis
crete density of electronic states, individual QB’s exhibi
single, very narrow emission lines,0.1 nmd under weak
excitation conditions [16], which allows implementin
high Q and highFp microcavities. We have inserted suc
QB’s in the core of pillar microresonators, and we repo
in this Letter the observation of a (up to) fivefold enhanc
ment of their SE when on resonance with a confined cav
© 1998 The American Physical Society
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mode. We show that the magnitude of this effect can
quantitatively explained by considering both the cavity fig
ure of meritFp and the effect of the random spatial an
spectral distributions of the QB’s.

The scanning electron micrograph (SEM) shown
Fig. 1 highlights the structure of the micropillars unde
study. These objects have a circular cross section
core diameterd in the 40 0.7 mm range, and have been
processed [11] through the reactive ion etching (RIE) of
GaAsyAlAs planar microcavity grown by molecular beam
epitaxy. Apparent on this SEM is the one-wavelengt
thick cavity layer of GaAs, inserted between a 15 perio
top DBR and a 25 period bottom DBR. Layer thickness
are designed for the on-axis resonance energy of the pla
cavity to be 1.33 eV. Five arrays of InAs QB’s (density
4 3 1010 cm22 per array) have been inserted within th
GaAs cavity layer, close to the antinodes of the on-ax
resonant mode of the planar cavity. More precisely, tw
arrays are located at 10 nm from the interface with the t
or bottom DBR’s, and the other three are, respective
at the center of the cavity layer, 10 nm above it, an
10 nm below it. In a reference sample without DBR’s, th
emission of such QB arrays is spectrally broad (60 meV
due to QB size fluctuations, and centered around 1.33 e

The combination of the waveguiding by the sidewal
and of the longitudinal confinement by the DBR’s allow
the pillar to sustain a discrete set of 3D confined mod
[9–11]. A simple estimate of their energies and fie
distributions can be obtained by developing these mod

FIG. 1. (a) Typical cw PL spectrum, obtained for a3 mm
diameter micropillar containing InAs QB’s. The vertical ba
and the arrows indicate, respectively, the resonance energy
the planar cavity prior to etching and the calculated energ
for the resonant modes of the pillar. The noise level for th
spectrum is 100 times smaller than the background PL fro
leaky modes. (b) SEM displaying a GaAsyAlAs micropillar;
its diameterd, measured in the cavity region, is1 mm. The
location of the five QB arrays within the GaAs cavity layer i
sketched in the inset.
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as linear combinations of the guided modes of a GaA
cylinder [11]. Focusing our attention on the fundamenta
resonant mode of the pillar, hereafter labeledF, we
can estimate within this framework its effective heigh
s,2lcynd and areas,pd2y16d. Such a micropillar as
shown in Fig. 1 is thus able to confine light within an
effective volume as small as,5 slcynd3.

These confined modes can be conveniently probed
microphotoluminescence (mPL), using the QB arrays as
broadband internal light source [11] (see Fig. 1). Thes
modes contribute a series of sharp lines to the mPL spe
tra, which allows us to measure their energies andQ’s. In
addition, we observe for the thinnest pillars a broad fe
tureless background related to the SE from off-resonan
QB’s into leaky modes. This emission, which exits the pi
lar through its sidewalls, can be partially collected by ou
setup for small enough diameterssd , 4 mmd. Coming
back now to modeF, Q is very close to the planar cavity
values,5200d for diameters larger than3 mm. For thin-
ner pillars, the scattering by the roughness of the sidewa
reduces the photon lifetime inside the cavity, and thusQ.
For the present optimized RIE process,Q is still close to
2000 for modeF for some1 mm diameter pillars, which
corresponds to a record Purcell factor for such microcav
ties sFp  32d.

We thus expect to observe a clear Purcell effect whe
studying such small radius pillars containing QB’s. Obvi
ously, only those QB’s which are both well matched spe
trally with modeF and located close to its antinode (i.e.
near the center of the pillar) will experience a strong en
hancement of their SE rate. In spite of the random spect
and spatial distribution of the QB’s, this effect leads, a
shown in the following, to a global shortening of the aver
age radiative lifetime of the QB’s which emit photons into
modeF. Time-resolved mPL is a convenient techniqu
for studying such effects. For low enough temperature
charge carriers are trapped in QB states. Unlike QW’
their migration toward nonradiative centers is quenche
as shown previously for InAs QB’s in a dislocated GaA
layer [17] or placed at 50 nm from a RIE etched surfac
[16]. The PL decay timetd thus reflects accurately the
radiative lifetime of trapped electron-hole pairs.

Single pillars have been studied at 8 K, using a setu
based on a streak camera and on a Ti:sapphire laser de
ering 1.5 ps pulses at 82 MHz. A microscope objective
used to focus the laser beam within a3 mm diameter laser
spot and to collect the PL. For good control of the exc
tation of the QB system, we use a 1.48 eV laser energ
which is below the band gap of GaAs and above the st
band of the DBR’s. Under such conditions, the charg
carriers are photogenerated in the InAs wetting layers
the QB arrays, which ensures a good transfer toward co
fined QB states. The average excitation powerPex lies in
the 0.5 5 mW range, which corresponds to an estimate
density of photoexcited carriers of the order of 0.1 to
electron-hole pair per QB for each laser pulse. Such we
1111
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excitation conditions ensure that only the fundamental o
tical transition of the QB’s contributes to the SE, which
essential to get reliable information on the cavity effect.

We compare in Figs. 2(a) and 2(b) the time-resolved PL
spectra obtained for a given class of QB’s either placed
bulk GaAs or on resonance with modeF in the pillar shown
in Fig. 1(b) (d  1 mm, Fp  32). For this pillar, mode
F is centered at 1.351 eV so that we collect for both spe
tra the PL emission within the1.351 6 0.001 eV spectral
window. For the bulk reference, we observe a short P
rise times,50 psd, which highlights the efficient capture
and relaxation of the photogenerated carriers, and a mo
exponential decay curve with a 1.3 ns time constant,
agreement with previous experimental work [17]. A muc
faster decay is observed for QB’s on resonance with mo
F ston

d , 250 psd. As expected in this low excitation
regime, the shape of the profile andtd do not change sig-
nificantly withPex [18]. We consider this clear shortening
of td, which is also observed when QB’s are on resonan
with other confined modes of the pillar, as being due to t
Purcell effect.

The study of the SE of off-resonance QB’s into the leak
modes provides a firm support for this interpretation. Th
efficient collection of this SE by our setup ford , 2 mm
allows the study oftd in a single experiment for both on-
resonance QB’s and QB’s detuned by a few meV with r
spect to modeF. For such a small band gap difference
QB’s in bulk GaAs exhibit the sametd. The temporal pro-
file shown in Fig. 2(c) has been obtained for the same pilla
as Fig. 2(b) by integrating the signal from off-resonanc
QB’s over the 1.339–1349 eV spectral range in order
improve the signal to noise ratio. In clear contrast with o
resonance QB’s, their PL decay ratestoff

d , 1.1 6 0.2 nsd
is close to the lifetime of reference QB’s in bulk GaAs
The same behavior is observed for off-resonance QB

FIG. 2. Time-resolved PL spectra for QB’s in a GaAs matri
(a) or in the core of the pillar shown in Fig. 1(b) and eithe
placed on resonance (b) or out of resonance (c) with the
fundamental mode. The dashed lines are monoexponential
of the decay. The solid line in (b) features the result of our
theoretical model.
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emitting slightly above modeF. As a result, nonradiative
recombination at etched sidewalls is not likely to explain
the lifetime shortening observed for on-resonance QB’
which can be unambiguously attributed to a selective S
enhancement due to their resonant coupling with modeF.

This effect has been studied for variable pillar diameter
(Fig. 3). For each pillar under study, the on-resonance life
time of the QB’s,ton

d , is extracted from a monoexponential
fit of the PL decay over the first nanosecond after the puls
Within experimental accuracy, we observe a smooth reg
lar increase of1yt

on
d as a function of Purcell’s factorFp .

It does not exhibit such a monotonic dependence onQ or
V sinceQ displays large fluctuations from pillar to pillar
for a given pillar size in the1 2 mm range. As expected,
the Purcell factor is the relevant microcavity figure of meri
for our problem.

For a more quantitative analysis we must also conside
besidesFp , how the emitters are coupled to the vacuum
field. First, their electric dipole is randomly oriented in
good approximation as shown by recent PL studies [19
Second, the SE rate of a given QB into a cavity mod
depends on its location$r and emission wavelengthle,
which govern, respectively, the amplitude of the vacuum
field it feels and the density of modes to which it is coupled
Finally, the global SE rate1yt of a given QB combines
the emission into the leaky modes of the micropillar
1ytleak, and the emission into modeF, which is twofold
polarization degenerate [9,11]. We assume that1ytleak
is close to0.8yt0, wheret0 is the emitter’s lifetime in
bulk GaAs, as for planar GaAsyAlAs cavities [4,6]. To

FIG. 3. Experimental (dots) dependence of the PL decay tim
t

on
d as a function of the Purcell factorFp . d and Q are

indicated for some of the pillars under study. Error bars
correspond to a670 ps uncertainty ont

on
d . The solid line

shows the result of our calculation of the average lifetime o
on-resonance QB’s.
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2Fp

3
j $́ s$rdj2

j $́ j2max

Dl2
c

Dl2
c 1 4sle 2 lcd2 1 0.8 .

Even for our thinnest pillarssd  0.9 mmd the number
of QB’s coupled to modeF is large enoughs,30d for al-
lowing a statistical averaging of the effect of the spati
and spectral distributions. For that purpose, we assu
that the QB’s are randomly distributed and homogeneou
excited during the pulse. The temporal evolution of th
emission in modeF is then obtained through a spatial ave
aging over the pillar cross section and a spectral averag
over the energy window corresponding to the resoluti
of our experimentslc 6 1 nmd. As shown in Fig. 2(b),
a satisfying agreement with the experimental tempo
behavior of the PL is obtained, without any adjustab
parameter.

As for experimental profiles, such a theoretical P
decay curve can be reasonably approximated by a sin
exponential during the first nanosecond after the pul
We compare in Fig. 3 this calculated initial decay tim
to our experimental data. Here again, our description
Purcell effect for this inhomogeneous collection of emitte
accounts well for the experimental results. We note als
slight systematic deviation for the largest pillars (Fp , 8
on Fig. 3). Such structures are wider than our laser s
sd . 3 mmd, which can lead to a preferential excitatio
of QB’s located close to the center of the pillar, and bett
coupled to the vacuum field. A detailed discussion of th
effect is beyond the scope of this Letter.

Clearly, InAs self-assembled QB’s are outstandin
light emitters for observing SE enhancement in solid-sta
microcavities, which opens novel avenues for fund
mental physics and optoelectronics. Vertical-cavi
light-emitting diodes (LED’s) are potential challenger
of lasers for, e.g., telecom distribution, owing to the
narrow linewidth, reliability, and easy coupling to op
tical fibers. Using the Purcell effect on a QB activ
medium might allow us to obtain in a near futur
pulse decay times in the 50 ps range and LED op
ation frequencies up 10 GHz, only limited by carrie
relaxation dynamics [20]. In principle, using much bigge
InAs QB’s, emitting, e.g., around 1 eV, should allow u
to implement the Purcell effect up to room temperature

These results also pave the way to fascinating expe
ments on single QB’s in highFp microcavities. A solid-
state replica of the ultimate “one atom1 one mode”
CQED system can be obtained through the insertion o
very dilute QB array (1 QB permm2) in a micropillar with
elliptical cross section and nondegenerate fundamen
mode [21]. A temperature tuning of the QB emissio
energy should allow us to demonstrate on a single lig
emitter the effect of the resonant coupling to a discre
mode. For the present state of the art, the SE enhancem
factor would be about 10 on resonance. In this regim
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the QB emits only one photon into leaky modes whe
nine photons are funneled into the cavity mode, whic
corresponds to an extremely good figure of meritb for
the SE coupling efficiencysb , 0.9d. Finally, the photon
flux in mode F should exhibit as for single atoms a
clear antibunching behavior. Owing to this unique set o
properties, such solid-state light emitters might open ver
interesting opportunities for the generation of photon num
ber squeezed states of light and, in particular, for quantu
cryptography [3].
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