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Quantum wires in multidimensional microcavities:
Effects of photon dimensionality on emission properties
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Seeded self-ordered, strained, 10-nm-size In0.15Ga0.85As/GaAs V-groove quantum wires~QWR’s! have been
incorporated into multidimensional, high finesse (Q;5000), micron-size AlAs/Al0.07Ga0.93As photon-well,
photon-wire~PWR!, and photon-dot~PD! Bragg-air microcavities. The impact of the photon dimensionality on
the QWR spontaneous emission is systematically elucidated in the spectral, spatial, temporal, and polarization
domains using different microphotoluminescence techniques. Larger effects are demonstrated for resonant
cavities confining in multiple dimensions and of smaller sizes. We observe increasingly rich structuring of the
emission spectra and patterns for decreasing cavity dimensionality, leading to a series of sharp~0.28 meV!
lines with enhanced intensities (350) at specific directions in fully confined PD’s. Photon lateral confinement
in PWR’s and PD’s is necessary to evidence cavity-induced polarization effects and a spontaneous emission
rate enhancement by a Purcell factor of31.7, limited by the QWR inhomogeneous broadening. The results are
interpreted in terms of the redistribution of the QWR emission into confinement-induced resonances in the
photon mode distribution in the different cavities. In particular, systematic wave-vector quantization in the
directions of photon confinement, and dispersive behavior in the free propagation directions are evidenced in
close agreement with model calculations.

DOI: 10.1103/PhysRevB.66.165306 PACS number~s!: 81.15.Gh, 42.60.Da, 71.35.Gg
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I. INTRODUCTION

Optical semiconductor structures are becoming incre
ingly important as model systems for investigating the lig
matter interaction, as well as key optoelectronic compone
for modern information technologies. A substantial body
work has been dedicated to the control of the carrier
photon states in such structures, using confinement and
mensionality effects to engineer their interaction and to ta
the optical properties for improved device performances.1,2

The confinement of the charge carriers in multiple dire
tions has been widely exploited in quantum nanostructu3

termed two-dimensional quantum wells~2D QW’s!, 1D
quantum wires~QWR’s!, and 0D quantum dots~QD’s!. In
particular, laterally confined QWR’s and QD’s have attrac
considerable attention owing to their unique properties~see
Refs. 4–6!. Theoretical predictions for QWR’s include
strongly peaked, singular, free-carrier density of sta
~DOS! leading to sharper optical transitions, narrower sp
tral gain,7 and enhanced optical nonlinearities.8 Moreover,
strong valence-subband mixing at the center of the Brillou
zone results in intrinsic optical polarization anisotropy.9 Fur-
thermore, the increasing role of Coulomb correlations up
high carrier densities10 is evidenced by a larger exciton bind
ing energy,11 and a redistribution of the oscillator streng
that suppresses the singularity in the joint DOS at the b
edge in favor of excitonic transitions.12,10 The fabrication of
laterally confined QWR’s however still represents a ch
lenging technological task. Among the different fabricati
techniques implemented, only few have met with the str
gent structural requirements faced.4,5 Among these, seede
self-ordered QWR’s grown on V-grooved substrates h
0163-1829/2002/66~16!/165306~13!/$20.00 66 1653
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shown unambiguous 1D features,13,14 thanks to their unifor-
mity, which is a direct result of the strong driving force to
wards self-organization during their formation.15

The introduction of additional photon confinement o
tained by embedding the nanostructures in optical microc
ties or photonic crystals has burgeoned into a major ave
for tailoring the optical properties of semiconductors.1,16,17In
fact, thesimultaneouscontrol of the carrier and photon state
with quantum size and dimensionality effects allows to dr
tically modify spontaneous emission~SE! characteristics in
the weak-coupling regime.1,16 Hence, a sharpening of th
emission spectra, an increased directionality of the emiss
pattern, an enhancement of the emission rate, and an an
ropy of the emission polarization are predicted in such c
fined systems. Increasing control over the SE process is
pected when decreasing the photonic dimensionality in
photon wells ~PW’s!, 1D photon wires~PWR’s!, and 0D
photon dots~PD’s!. Therefore, the fields of confined elec
trons and confined photons are pursuing a parallel trend w
a systematic reduction in the structure size and dimensio
ity, ultimately aiming at the manipulation of a single-carri
state and a single-cavity mode. Weakly coupled syste
combining nanostructures and microcavities of various
mensionalities have been fabricated, exhibiting various
grees of SE control. The ease of fabrication of QW’s h
allowed their early incorporation in multidimensional micr
cavities and the demonstration of the above principles. In
weak-coupling regime, drastic changes in the SE spect
and pattern were obtained by inserting the QW’s
PW’s,18,19 whereas lateral photon confinement in PWR
~Ref. 20! and PD’s~Refs. 21 and 22! was necessary to sig
nificantly alter the SE polarization and rate. In the stron
©2002 The American Physical Society06-1
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coupling regime, polaritonic dispersions have been meas
for QW’s in PW’s,23 PWR’s,24 and PD’s.25 QD’s have been
incorporated in PW’s,26 and in PD’s of various
geometry,27–29 as a realization of the ultimate coupled 0
system, allowing for significant enhancement (3530 to
31828) of the SE rate.

In contrast, few experimental studies31,32 deal with the
intermediate case of QWR’s in microcavities, due to ma
fabrication difficulties. Such systems are quite interesti
however, as several specific predictions have been mad
this intermediate case. In particular, the intrinsic optical
isotropy of QWR’s provides for a polarization selectio
mechanism, leading to a larger SE coupling factor in verti
cavity surface emitting lasers.33 Moreover, a short periodicity
grating of QWR’s inside a PW introduces additional inte
wire coupling resulting in marked effects in the emissi
properties,34,35 which allows to control the main light outpu
direction, therefore easing both lateral and vertical integ
tion at the system level. Exciton-polaritons in a cylindric
microcavity where a QWR is embedded have also been th
retically studied.36 Nonradiative damping, e.g., phono
broadening or inhomogeneous broadening, was include
this model and its effect on the existence of a vacuum fi
Rabi splitting in the absorption spectrum was analyzed:
broadening comparable to the Rabi splitting, the opti
spectra were characterized by a single broad peak.

Recently, we reported on state-of-the-art strained InGa
GaAs V-QWR’s exhibiting specific geometry, compositio
and strain distribution.37,38 Unambiguous 1D features wer
demonstrated in optical spectroscopy thanks to the str
carrier confinement.14,37Moreover, we succeeded in incorpo
rating similar InGaAs/GaAs V-QWR’s in high finess
wavelength-size planar Bragg microcavities.39 Preliminary
observations of the resonant coupling between the 1D ca
and the 2D photon states in optical spectra were publishe
a previous Rapid Communication.40 In the present paper, w
report on the systematic investigation of the coupling
tween 1D carriers and 2D, 1D, 0D photon states in the sp
tral, spatial, temporal, and polarization domains using pho
luminescence~PL! spectroscopy. Such coupling has be
obtained by inserting the InGaAs QWR’s in multidime
sional Bragg-air microcavities, i.e., PW’s, PWR’s and PD
respectively. As a result of the fairly large inhomogeneo
broadening of the QWR’s, the coupling of 1D excitons a
the photon modes of the microcavities corresponds to
weak-coupling limit and no Rabi splitting is observed. W
demonstrate larger modifications of optical properties for
crocavities confining in more dimensions and of sma
sizes.

The paper is organized as follows. In Sec. II we brie
describe the fabrication process of InGaAs/GaAs V-QW
in multidimensional Bragg-air microcavities and provid
electron microscopy micrographs to evidence the high st
tural quality achieved. In Sec. III we demonstrate the o
dimensionality of the V-QWR’s using a combination of P
and PL excitation spectroscopy. In Sec. IV we elucidate
impact of the photon confinement on the QWR emiss
properties using a combination of energy-, angle-, time-,
polarization-resolved micro-PL (mPL) techniques. The in-
16530
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creasing structuring complexity of the emission spectra
decreasing cavity dimensionality is presented in Sec. IV
leading to the observation of single-photon modes in
PD’s of different lateral size. The related increasing struct
ing of the far field pattern is studied using a charge-coup
device ~CCD! camera for imaging in Sec. IV C, with th
observation of images characteristic of the photon dim
sionality. In Sec. IV D, we deduce a larger enhancemen
the SE rate for cavities confined in multiple dimensions a
of smaller sizes. PD structures are also used as a passive
for getting insight into the diffusion of the hot QWR carrier
We compare in Sec. IV E the polarization properties of t
QWR’s in the various cavities. We finally summarize o
results and conclude in Sec. V.

II. STRUCTURE OF QUANTUM WIRES
IN MULTIDIMENSIONAL MICROCAVITIES

Our structures were fabricated using a combination
epitaxial growth and lithographic processes. The grow
using low-pressure organometallic chemical vapor dep
tion of InGaAs/GaAs heterostructures on V-groov
substrates, has been investigated and optimized in o
to incorporate seeded self-ordered, lattice-mismatc
V-QWR’s in multidimensional Bragg-air microcavities usin
the following four-stage process.39,41 First, a 25-pair
l/4 AlAs/Al0.07Ga0.93As bottom Bragg mirror with a
;120-nm-thick GaAs cap layer was grown atTs5750 °C on
a ~100! GaAs substrate. The sample was then removed fr
the growth reactor and the cap layer patterned with

@011̄#-oriented V-groove array of short periodicityL
50.25mm, using holographic photolithography and w
chemical etching. During a second growth step, the struc
was completed with al;0.25mm GaAs spacer with em
bedded;10-nm-thick In0.15Ga0.85As/GaAs QWR’s and a 20-
pair l/4 AlAs/Al0.07Ga0.93As top Bragg mirror, thus yielding
an array of QWR’s in a PW. Note that the growth of th
spacer and QWR’s was performed at a reduced tempera
of 550 °C, in order to obtain narrow QWR’s and a fast p
narization of the grating.39 Finally, further reduction of the
photon dimensionality was obtained by patterning the pla
cavity with ;micron-wide pillarlike and ridgelike structure
using e-beam lithography and reactive ion etching~RIE!,41

thus yielding an array of QWR’s in a PWR or in a PD.
The high structural quality and the size compatible w

electron and photon confinement achieved in the fabrica
structures is evidenced by the transmission electron mic
copy ~TEM! and scanning electron microscopy~SEM! im-
ages in Fig. 1. In~a! we show a typical dark-field TEM
micrograph of a dense lateral array of In0.15Ga0.85As/GaAs
QWR’s connected by near-$111%A side QW’s and~100! top
QW’s (s-QW’s and t-QW’s!. The crescent-shaped QWR
exhibit a vertical thickness at the center of 11 nm and
lateral width of 19 nm, with a uniformity better than 5%
between wires. They possess defect-free interfaces than
their in situ fabrication scheme. A characteristic In enric
ment in the center of the wires results in the darker cont
in the TEM image.42 An In content larger than 0.2 in the cor
of the wire, in contrast to a value of 0.1 in thes-QW’s, has
6-2
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QUANTUM WIRES IN MULTIDIMENSIONAL . . . PHYSICAL REVIEW B 66, 165306 ~2002!
been directly measured using electron energy-l
spectroscopy.43,37 The nonuniform geometry and compos
tion observed are expected to yield strong lateral confi
ment in these QWR’s.

A typical TEM cross section of similar QWR’s embedde
in a l planar Bragg microcavity is presented in~b!, together
with a magnified view. The array of QWR’s, identical to th
free space array above, is located in between the bottom
top Bragg mirrors. Fast planarization of the GaAs grow
front after the wires occurred before the deposition of the
mirror that exhibits perfectly flat interfaces. The resulti
spacer sizel;250 nm is the smallest achieved with QWR
inside.31,32 In spite of the regrowth process, high structu
quality is achieved, as evidenced by the absence of any
nature of the regrown interface or other defects in the ima
Note that all thicknesses and contents were designed to y
spatial and spectral resonant coupling between the QW
and the microcavity at low temperature.

Typical SEM cross sections of;micron-wide ridge and
pillar resonators processed from the planar microcavity
depicted in~c! and ~d!, respectively. The images highligh

FIG. 1. Typical dark-field TEM cross sections of~a! a dense
lateral array (L50.25mm) of In0.15Ga0.85As/GaAs QWR’s and~b!
similar QWR’s embedded in a AlAs/Al0.07Ga0.93As l planar Bragg
microcavity; typical SEM overviews of similar QWR’s in~c! a
2.8-mm-wide ridge microcavity and~d! a 1.6-mm-wide pillar mi-
crocavity.
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the quality of the top surface of the cavity and the smoo
ness of their sidewalls~no visible fluctuations!. Aside from a
slight (,0.2 mm) underetching at the top of the structure
very straight etched sidewalls are obtained, in spite of
large aspect ratio of the structures~1:6!, which required fine
optimization of the RIE process used to pattern t
structures.44 Note that the filamentary layers on top of th
structures are photoresist remnants that are strongly hard
during the RIE process. The high structural quality of
structures described above is essential to minimize opt
scattering and diffraction at the different interfaces, whi
would otherwise introduce additional losses that would
duce the finesse of the different microcavities.

III. ONE-DIMENSIONAL PROPERTIES OF QUANTUM
WIRES IN FREE SPACE

We provide here unambiguous evidences of strong lat
quantization effects in the optical spectra of QWR’s in fr
space. We use for that purpose a combination of conv
tional PL and PL excitation techniques in order to obse
higher lateral subbands and transitions, which directly de
onstrates the existence of several quantum confined stat

A. Experimental setup

The measurements were performed in a pseudoback
tering geometry from the~100! plane, using light from a
tunable Ti:sapphire laser pumped by an all-solid dio
pumped laser at 532 nm. The excitation light was focus
onto a spot'30 mm in diameter, with power densities o
about 5 W/cm2, on the surface of the samples maintained
15 K inside a helium-flow cryostat. The emitted light wa
dispersed by a 1000-mm double grating spectrometer
detected by a nitrogen-cooled Ge photodiode and stan
lock-in techniques. The spectral resolution was fixed at
meV.

B. Photoluminescence spectroscopy

We provide in the inset of Fig. 2~a! the low-temperature
~15 K! and low excitation power (5 W/cm2) PL spectrum
~dashed line! of a typical In0.15Ga0.85As/GaAs QWR struc-
ture with a vertical effective thickness of 10 nm. The peak
1.366 eV originates from the QWR’s in the bottom of th
grooves, whereas the peak at 1.390 eV comes from
t-QW’s on the~100! facet connecting the grooves togethe
as confirmed by cathodoluminescence imaging at the co
sponding emission energy of similar structures.45 Quite re-
markably, the emission from the QWR’s is as intense as
from the t-QW’s in spite of their much smaller active vo
ume, thanks to efficient carrier capture into the wires. T
QWR emission line is symmetric and displays a very narr
linewidth of 5.5 meV, evidencing the high uniformity be
tween the wires over the probed area (;30 mm correspond-
ing to about'120 wires!.

The PL excitation spectrum detected at the QWR tran
tion energy~solid line! exhibits a single series of five, well
defined peaks attributed to excitonic resonances assoc
with transitions between 1D subbands. The spectrum is f
6-3
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C. CONSTANTINet al. PHYSICAL REVIEW B 66, 165306 ~2002!
dominated by excitonic effects thanks to the dominant role
Coulomb correlations in 1D systems leading to a vanish
Sommerfeld factor.12,10 The very sharp linewidth~5.5 meV!
together with a remarkably small Stokes shift~3 meV! of the
first transition confirms the high uniformity achieved. Th
considerable energy separation between the ground-state
first-excited-state transitions of 20 meV, of the order of t
thermal energy at room temperature, evidences strong la
confinement. Such strong confinement has been obse
over a large range of thickness and was traced back to th
enrichment at the center of the wires.14

FIG. 2. Inset: PL~dashed line! and PL excitation~solid line!
spectra of a 10-nm-thick In0.15Ga0.85As/GaAs QWR array. Normal-
ized mPL spectra of InGaAs QWR’s:~a! in free space and~b,c,d!
embedded:~b! in a PW, ~c! in a 2.8-mm-wide PWR, ~d! in a
3.2-mm-wide PD, at resonance; the open triangles are the calcul
cavity mode energies. The temperature is 15 K.
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IV. EFFECTS OF PHOTON DIMENSIONALITY
ON EMISSION PROPERTIES

The complete control over the photon dimensionality
our structures allows us to systematically characterize
modifications in the QWR emission properties induced
the PW, PWR, and PD in the spectral, spatial, temporal,
polarization domains. We use for that purpose a combina
of energy-, angle-, time-, and polarization-resolvedmPL
techniques.

A. Experimental setup

The measurements were again performed in a pseu
backscattering geometry from the~100! plane, using light at
about 1.60 eV from the tunable Ti:sapphire laser, so as
excite carriers in the GaAs barrier only, below the stop ba
of the Bragg mirrors. An almost perfectly Gaussian exci
tion spot of ;2 mm was obtained by spectral and spat
filtering, and focusing on the sample surface with a mic
scope objective. The samples were measured between 15
100 K inside a helium-flow cryostat with a quartz optic
window 8 mm in diameter and 200mm in thickness, which
ensures a minimum spot size. A computer driven piezoe
tric motor adjusted the sample position using a feedback l
locked on a reference CCD image, hence correcting for
drift during measurements. The emission within a solid an
V50.16p ~semiangleu524°) was dispersed by a 460 mm
spectrograph and detected using a nitrogen-cooled C
camera, yielding a spectral resolution of 0.1 meV. For ang
resolved measurements, the emission far-field pattern a
the collection microscope objective was directly sent to
spectrograph in a parallel beam, and then dispersed and
tected by the CCD camera. The resulting image thus cont
both the spectral characteristics of the emission on one
~calibrated in energy!, and its spatial characteristics along th

@011̄# direction on the other axis~calibrated in emission
angle in air or with the equivalent photon wave vector, bo
deduced from simple geometric arguments!, with an angular
resolution of;0.4°. For time-resolved measurements, sh
pulses~3 ps! from the Ti:sapphire laser were used at a re
etition rate of 76 MHz to excite the luminescence, which w
detected by a microchannel plate coupled to a tim
correlated photon counting unit, allowing for a time reso
tion better than 10 ps after instrumental deconvolution. F
polarization-resolved measurements, we combined a lin
polarizer with a half-wave plate polarization rotator in fro
of the spectrograph to prevent any influence of the grat
direction on the detected intensity, and resolved the polar
tion parallel (@011̄#) and perpendicular (@011#) to the QWR
axis.

B. Emission spectrum

1. Resonant coupling for decreasing photon dimensionality

We show in Figs. 2~a–d!, the modifications in the 15-K
normalizedmPL spectra of In0.15Ga0.85As/GaAs QWR’s in
microcavities of decreasing dimensionality at resonant c
pling. A single emission peak centered at the reference Q

ed
6-4
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QUANTUM WIRES IN MULTIDIMENSIONAL . . . PHYSICAL REVIEW B 66, 165306 ~2002!
emission energy at 1.366 eV is observed for the planar Br
cavity in ~b!, with a strongly reduced linewidth (;1 meV;
reduced by;1/10), a drastic increase of the on-axis inte
sity (;350), and a high-energy tail as compared with fr
space spectrum in~a!. The spectrum of QWR’s in a
2.8-mm-wide ridge cavity in~c! exhibits a main peak, blue
shifted by ;3 meV with respect to the corresponding P
peak in the PW spectrum, as well as two weaker peaks on
high-energy side, respectively, separated by 4 and 7 meV
peaks present a substantial high-energy tail. In the cas
QWR’s in a 3.2-mm-wide pillar cavity in~d!, a series of very
narrow~0.45 meV! lines of decreasing intensities are visibl
separated by;5 meV and blueshifted with respect to th
PW PL peak by;3 meV. All lines are highly symmetric in
this case and do not present any high-energy tail.

2. Discussion

The increasingly rich QWR spectra with sharper featu
for decreasing cavity dimensionality observed above are
terpreted in terms of the coupling between the excited ca
ers and the vacuum electromagnetic field, whose inten
and modal structure are cavity dependent. Considering a
turbative coupling in the dipole approximation, the SE ra
associated with a broadened excitonic transition,Gx

sp , is
given by Fermi’s golden rule and reads17

Gx
sp5E

0

`F2p

\
Evac

2 ~r !udx,0u2rph~\v!GLx~\v!d~\v!,

~1!

whereEvac
2 (r ) is loosely referred to as the vacuum field i

tensity at positionr , dx,0 is the excitonic optical matrix ele
ment,rph(\v) is the photon DOS, andL(\v) is the final-
state energy distribution of the excitonic transition. W
reexpress the SE rate in a more convenient form to sepa
the different contributions:

Gx
sp5E

0

`F2p

\
Evac

2 ~r !udu2 (
k,uku5v/c

A~k!rph~k!G
3Lx~\v!d~\v!, ~2!

where udu is the optical matrix element without its angul
dependence on the photon wave vectork, which is taken into
account inA(k), while rph(k) is the photon DOS in thek
direction at the energy\v5\kc. Hence, the emission rat
at a particular energy and in a particular directionin Eq. ~2!
depends on the availability of corresponding photon mo
to which the emitter can couple, as well as on the intensity
the vacuum field at its position. The quantization of the ph
ton wave vectork in microcavities leads to stronger res
nances in the available photon modes at the quantized e
gies and directions, as well as to a larger concentration of
stationary vacuum field intensity at distinct antinodes,
microcavities confined in multiple dimensions.1,16 As a con-
sequence, in the PL spectra presented above, the emiss
significantly enhanced when the QWR location and tran
tion energy are resonant with such allowed cavity mo
16530
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~CM’s!, at the expense of the emission into nonreson
modes at other energies and directions.

For QWR’s in a PW in Fig. 2~b!, the single peak observe
corresponds to the fundamental longitudinal photon mode
the planar Bragg cavity, as deduced from the transfer-ma
calculation of the mode energy46 @open triangle in~b!#. Due
to the much larger free spectral range of the cavity as co
pared to the wire emission linewidth, higher-order longitu
nal modes are not visible. The significant intensity enhan
ment (350) results from the efficient collection of the high
directional mode pattern.1,16 Moreover, the emission line
width is now given by the narrow (,1 meV) CM line-
width, instead of the large spectral width related to the QW
inhomogeneous broadening~8 meV!. The high-energy tail
results from the partial collection of the continuum of mod
at larger energies due to the mode dispersion in
confinement-free plane.

For QWR’s in a PWR in Fig. 2~c!, the additional lateral
photon confinement is provided by the air-semiconductor
flection (R;0.30), which is weaker than the vertical co
finement brought about by the Bragg mirror reflectionsR
;0.99! in this structure. In a separation-of-variables a
proach, this extra lateral confinement introduces a serie
quantized transverse modes that are blueshifted with res
to the longitudinal mode of the PW. Indeed, the CM energ
in the ridge cavity have been calculated using a perfe
reflecting planar mirror model,20 and are in quantitative
agreement with the observed peak positions in themPL spec-
trum @open triangles in~c!#. The decreasing intensity for th
peaks at higher energies is due to the larger detuning
tween the higher-order transverse photon modes and the
emission, as well as their broader far-field pattern, which
less efficiently collected in the experiment. The phot
modes still possess dispersion along the ridge axis, res
sible for the high-energy tail observed for all peaks.

For QWR’s in a PD in Fig. 2~d!, the modes are confine
in all directions~air-semiconductor confinement in the plan
and Bragg mirror confinement in the normal direction! and
are therefore fully discretized and dispersionless. The mo
of the pillar cavity can be thought of as analogous to
discrete states of electronic QD’s where the in-plane late
confinement is weaker than the vertical confinement, res
ing in a series of quantized transverse modes. The allo
CM’s have been calculated taking into account the cylind
cal geometry of the pillars, using the model developed
Ref. 27. This model treats the micropillar as a segmen
optical waveguide whose confined mode in each laye
written as a simple linear combination of guided modes o
GaAs/air or AlAs/air optical waveguide. The calculated e
ergies are again in excellent agreement with the obser
peak positions in themPL spectrum@open triangles in~d!#.
Moreover, due to the dispersionless nature of the CM’s,
peaks do not exhibit any high-energy tail and their linewid
(Dl,0.5 meV! reflects the intrinsic cavity quality factor
Very large cavity quality factors, as large asQ5l/Dl
;5000, were inferred from pillar cavity modes as narrow
0.28 meV; this high value was achieved in spite of the n
merous fabrication steps involved. Among semiconduc
microcavities, only microdisks were reported to exhib
6-5
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C. CONSTANTINet al. PHYSICAL REVIEW B 66, 165306 ~2002!
larger quality factors.28 We note that the measured values
Q are limited by scattering losses rather than by absorp
in our experiment, as a change in cavity mode linewid
when varying the pump intensity over five orders of mag
tudes due to bleaching was not observed. In fact, writing
contribution of absorption losses as47 Qabs52pne f f /lam ,
where am is the modal absorption coefficient at the mo
energy andne f f is the effective refractive index , we ca
deduce an upper bound for the modal absorption in QWR
am

QWR!40 cm21, which is smaller than in QW’s@am
QW

;100–200 cm21 ~Ref. 47!#.
In summary, the spectral and angular redistribution of

broad QWR emission into the available photon modes
low-loss strongly confining cavities is responsible for t
increasingly rich and sharper structuring of the wire emiss
in the spectral domain for decreasing cavity dimensional

3. Size dependence of photon dot modal structure

The precise determination of the photon modal struct
in pillar cavities is highly desirable for optimizing the pe
formance of lasers based on such cavities.33 It is however
difficult to probe the sustained modes from outside, us
reflectivity or transmission, as symmetry forbids the co
pling with most of them.27 Similar difficulties have also hin-
dered the characterization of more complicated photo
crystals.48 In the present case, we can probe the modal st
ture of the pillar cavities from inside, by investigating th
emission of the embedded QWR’s, used as an internal br
band light source feeding the different cavity modes.

In Fig. 3~a! we show the 15-K normalizedmPL spectra of
InGaAs/GaAs QWR’s in pillars of different diameter b
tween 4.8 and 1.1mm. All spectra exhibit the usual set o
sharp lines associated with the fully quantized photon mo
of the PD’s. The fundamental CM shows a pronounced s
to higher energies~28 meV! when decreasing the pillar di
ameter~from 1.371 eV at 4.8mm to 1.399 eV at 1.1mm).
Simultaneously, the energy splitting between the modes
creases notably from;2 meV to ;18 meV. We also ob-
serve a broadening of the fundamental peak for diame
smaller than;2 mm, resulting in a degradation ofQ down
to ;1700 for the narrowest pillar. We attribute the corr
sponding extra losses to light scattering at the etched s
walls that scales with the pillar diameter,49 rather than to an
increase in QWR absorption at higher energies as in Ref.
Excellent agreement between the measured and calcu
~triangles! cavity modes obtained with the model of Ref. 2
is achieved. A small deviation (;2 meV) is observed for the
thinnest (1.1mm) pillar only. We summarize in Fig. 3~b! the
size dependence of the measured~symbols! and calculated
~dashed lines! photon mode energies@the modes are labele
after the standard name of their ‘‘parent’’ guided modes, u
in optical fibers50 (EH andHE)]. This allows to unambigu-
ously attribute the observed blueshift and the increased s
ting between the cavity modes to photon confinement effe
We note that similar pillar cavities where only the top mirr
was etched away exhibit a smaller mode separation than
~3.8 meV vs 6.3 meV for 2.6-mm pillars!,21 evidencing stron-
ger confinement in our case. Similarities with the electr
quantum confinement in QD’s are obvious. However, qu
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tization effects of similar magnitude are obtained for a late
size two orders of magnitude larger in the case of P
(;1 mm) than in QD’s (;10 nm). This is due to the much
larger extent of the photonic wave function as compared w
the electronic wave function.

FIG. 3. ~a! NormalizedmPL spectra of InGaAs QWR’s in PD’s
of different diameters between 4.8 and 1.1mm measured at 15 K;
empty triangles depict the calculated cavity mode energies.~b!
Summary of the measured~closed symbols! and calculated~dashed
lines! mode energies for the different diameters. The lines w
drawn from a discrete set of calculated values.
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C. Emission pattern

1. Far field pattern for decreasing photon dimensionality

We demonstrate here the associated structuring of
emission pattern by resolving the angular dependence o
emission of QWR’s in cavities. The CCD images in Fig
4~a–d! display cross sections of the resonant QWR emiss

FIG. 4. CCD images of energy-dependent sections in the e
sion far-field pattern measured at 15 K for~a! InGaAs QWR’s in
free space, and~b! embedded in a PW,~c! in a 2.8-mm-wide PWR,
~d! in a 4.8-mm-wide PD; PL spectra detected at 0° and 25° w
respect to the sample normal are also shown for~a! and ~b!. The
dotted line in~c! shows the calculated dispersion.
16530
e
he
.
n

far-field pattern as a function of the energy for the differe
photon dimensionalities; the corresponding PL spectra a
and 25° with respect to the surface normal are also shown
the case of QWR’s in free space in~a!, the emission is maxi-
mum at thet-QW and QWR peak energy and at the 0
normal direction, with a finite, broad spectral (;20 meV)
and angular (.30°) spread, resulting in two featureles
bright spots in the image. For QWR’s in a planar Bra
cavity in ~b!, very bright emission is centered at the referen
QWR energy (;1.364 eV) and 0° only, with a much nar
rower spectral (;2 meV) and angular (;10°) spread than
in the free space case. It is accompanied at larger angles
weaker emission continuously shifting to higher energies,
sulting in a typical bright crescent in the image. In the ca
of QWR’s in a 2.8mm-wide ridge cavity in~c!, two angle
orientations are to be distinguished. For anglesF parallel to
the axis of the ridge, the image shows similar features as
the PW case with, however, two bright crescents visible
slightly higher energies at 1.370 and 1.374 eV. For angleu
perpendicular to the axis of the ridge, the features are q
different and the bright crescents are replaced by two nar
(;2 meV) emission bands at the same energies~1.370 and
1.374 eV! with maxima at, respectively, 0° and;615°.
Features similar to the latter one are observed for QWR’s
a 4.8-mm-wide pillar cavity in ~d!, with emission observed
only at specific energies separated by;3 meV and direc-
tions, resulting in a bright, dotlike pattern in the image.

2. Discussion

We interpret the CCD images with two different, b
complementary, point of views. On one hand, we consi
the angular distribution of the emission intensity, i.e., t
emission pattern. On the other hand, we discuss them
terms of the allowed energies of the system in the recipro
k space, i.e., the dispersion relation of the photonic system
the present weak-coupling regime.

QWR’s in free space exhibit the weakly directional em
sion pattern of oriented dipoles, typical of heavy-hole-li
transitions.33 The emission of QWR’s in microcavitie
mainly depends on the availability of photon modes at
corresponding energies and directions as already discuss
Sec. IV B 2 with the help of Eq.~2!. The increasingly rich
structuring of the emission pattern observed for decreas
cavity dimensionality is thus related to the photon mod
structure in the different cavities, determining the resonan
in their angular DOSrph(k).

For QWR’s in a PW in Fig. 4~b!, the bright and narrow
on-axis emission is a signature of the fundamental longitu
nal mode of the planar Bragg cavity, whose highly dire
tional lobe is efficiently collected.1,16 Moreover, the mode
dispersion in the cavity plane yields a continuum of qua
modes, whose emission patterns consist in concentric co
of larger apertures for increasing energies,1,16 resulting in the
continuous increase in emission energy observed for incr
ing angle in the image. In fact, the thus formed bright cr
cent is a direct measurement of the dispersion in the plane
confirmed by the quantitative agreement obtained with
calculated dispersion determined by the transfer-ma
method46 ~dotted line!. We note that due to the planar sym

s-
6-7
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metry of the cavity, similar dispersion and sections in t
emission pattern would be obtained in any other direction
the plane.

In the case of QWR’s in a PWR in~c! and for anglesF
oriented parallel to the ridge, features similar to the PW c
are not surprisingly observed in the CCD image, since
probe the photon confinement-free direction in this confi
ration. The extra lateral confinement however introduce
series of quantized transverse cavity modes that are b
shifted with respect to the longitudinal mode of the PW. Tw
such modes are indeed visible in the image, along with th
dispersion along the ridge axis. For anglesu oriented perpen-
dicular to the ridge axis, the CCD image displays complet
different features and the emission pattern is anisotropi
the plane. In fact, we probe in this case the direction
photon confinement, as revealed by the absence of a m
dispersion, instead replaced by emission occuring only at
quantized energies andk vectors of the transverse modes.

Similarly, the CCD image of QWR’s in a PD in~d! dis-
plays signatures of up to six fully confined and dispersionl
transverse photon modes. We note that, in general, hig
energy modes possess more maxima at larger angles, i.
equivalentk vectors. Such a far-field pattern ink space is
related to the near-field electromagnetic distribution of
corresponding mode inside the pillar cavity via Four
transforms.20,51,50 In particular, the largerk components of
the higher-order transverses modes indicate the expe
modulated field distribution inside the pillar.51 Such direct
insight into the near field of confined photon states is to
contrasted with confined electronic states in nanostructu
whose direct observation is more difficult, due to the mu
smaller length scale (;10 nm).

In summary, the CCD imaging technique demonstra
here has allowed to observe systematic quantization of
cavity mode energy in the directions of photon confineme
and dispersive behavior in the free-propagation directio
resulting in an increasingly rich structuring of the emissi
pattern for decreasing cavity dimensionality. This techniq
holds a strong potential and should prove useful for prob
the resonances of strongly coupled systems,23 as well as for
manipulating the reciprocal space with static or dynam
masks~liquid crystals, for instance! in order to select certain
resonances of the system in emission or in absorption,
desired applications.

D. Emission dynamics

1. Emission rate for decreasing photon dimensionality

The redistribution of the QWR emission into the sho
lived available cavity modes observed in the spectral
spatial domains above is also expected to modify their ra
tive lifetime and thus the SE rate, as originally predicted
Purcell.52 This effect is evidenced here by looking at th
characteristic times for the build up (t rise) and the decay
(tdecay) of the PL signal after short pulse excitation~3 ps!.
The approach used to determine such characteristic ti
from the PL temporal profile is illustrated in Fig. 5~a! for
InGaAs/GaAs QWR’s in a planar Bragg cavity at a tempe
tureT560 K and a carrier densityn5104 e-h pairs per cen-
16530
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timeter ~dots!. We consider the cascade decay of the car
population among three discrete levels after optical exc
tion. The temporal evolution of the population of level
n2(t), yielding the PL signal, then reads in our case53 (n0 is
the initial carrier population!:

n2~ t !5n0

tdecay

t rise2tdecay
@e2t/trise2e2t/tdecay#. ~3!

To extractt rise andtdecay, we systematically convolute th
instrumental response~dotted line! with the biexponential
temporal evolution of the populationn2(t) ~dashed line!, to
obtain the best fit~solid line! to the data. Excellent agree
ment is indeed observed for a very fast rise timet rise
520 ps and a much longer decay timetdecay5600 ps. Note
that the convolution procedure used allows us to reac
resolution (,10 ps) well below the instrumental respon
(;60 ps). The SE rate enhancement of QWR’s in mic
cavities is then evaluated by comparingtdecay at the funda-
mental cavity mode energy for resonant couplingtdecay

in with
that at the same energy for nonresonant coupling, when
cavity mode lies at higher energytdecay

out , i.e., tdecay
out /tdecay

in .
The identification of the SE rate enhancement with the ra
of decay times that is defined above assumes implicitly t
the recombination is predominantly radiative and that
non-radiative lifetime is independent of the cavity detuni
condition. At a temperature of 60 K, radiative recombinati
is the dominant process and, thus, this identification is ju
fied. It is worth noting that thickness fluctuations across
sample are utilized to continuously tune the cavity mo
energy with respect to the QWR emission energy.

We present in Figs. 5~b–d! the transient PL profiles ob
tained atT560 K andn553104 e-h pairs per centimeter in
resonance~fat squares! and out of resonance~dots! for
QWR’s in microcavities of decreasing dimensionality:~b! in
a planar Bragg cavity,~c! in a 2.8-mm-wide ridge cavity, and
~d! in a 1.1-mm-wide pillar cavity. A systematic reduction in
the QWR decay time is observed between the nonreso
and the resonant coupling case, yielding a steady increas
the SE rate enhancement from a mere31.1460.08 value in
the PW case, to31.35 for the PWR, on to a significant valu
of 31.68 for the PD. We summarize in Fig. 6 the SE ra
enhancement measured at different temperatures and ca
densities for cavities of different sizes. We deduce that
enhancement increases with decreasing dimensionality
lateral size; however, comparable values are obtained
ridge and pillar cavities of similar size. Moreover, an i
crease of either the temperature or the carrier density yiel
slightly larger enhancement of the rate~e.g., from31.46 to
;31.70 for the 1.1-mm-wide pillar!.

2. Discussion

We again deduce from the SE rate expressed in Eq.~2!
that the increasing spatial concentration of the vacuum fi
at particular positions and spectral concentration of the p
ton DOS at particular energies, for decreasing cavity dim
sionality, are responsible for the observed rate enhancem
when the QWR’s and microcavities are resonantly coupl
In fact, evaluating the SE rate then merely reduces to m
6-8
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FIG. 5. ~a! Transient PL of InGaAs QWR’s in a PW at reso
nance obtained at 60 K; the calculated biexponential trans
~dashed line! convoluted with the instrumental response~dotted
line! yields the solid line showing excellent agreement with t
measured transient. Transient PL of InGaAs QWR’s~b! in a PW,~c!
in a 2.8-mm-wide PWR, and~d! in a 1.1-mm-wide PD, measured in
resonance~fat squares! and out of resonance~dots!, atT560 K and
n553104 e-h pairs/cm; the corresponding SE rate enhanceme
tdecay

out /tdecay
in are also given.
16530
counting in the reciprocal space,k, where the cavity moda
structure is more easily visualized.1,17

Such calculations for planar Bragg cavities similar to ou
showed that whereas the on-axis emission rate is stro
increased, the total rate is only weakly affected by the cav
(31.2),54 in accordance with the weak total rate enhan
ment observed in Fig. 5~b! (31.14), while the on-axis inten
sity is strongly increased in Fig. 2~b! (350). Similar obser-
vations have been reported for QW’s,18 QD’s,26 and rare-
earth atoms55 in such cavities. Planar Bragg cavities are
fact limited in this context by a mode control over a sm
solid angle (V!4p), such that the emitter can couple
numerous nonconfined leaky and guided modes.54

The introduction of lateral photon confinement yiel
mode control over a much wider solid angle, resulting
larger enhancements of the SE rate due to the stron
peaked DOS of PWR’s and PD’s.1,16A sizable rate enhance
ment is indeed observed in Fig. 5 for the 2.8-mm-wide ridge
cavity (31.35) and for the 1.1-mm-wide pillar cavity
(31.68). Note that this is the first evidence of SE rate e
hancement entailed by a PWR, whereas previous reports
ist for QW’s and QD’s in PD’s.22,56,30,26We follow the ap-
proach undertaken in Ref. 30 to discuss quantitatively
amplitude of the observed enhancements. We first eval
the Purcell factor associated with the fundamental mode
our pillars, Fp53Q(l/nr)

3/4p2Vc , wherel, nr , Vc are,
respectively, the emission wavelength, the effective refr
tive index, and the cavity volume, which gives the maximu
obtainable rate enhancement. A steady increaseFp;5 to 25
is obtained when reducing the pillar diameter from 4.2
1.1 mm, although the corresponding quality factor decrea
from Q;5000 to 1700, thanks to the faster decrease inVc .
A systematic larger rate enhancement for smaller pillars
indeed observed in Fig. 6, however of a much smaller a
plitude than predicted. In fact, the coupling between
QWR’s and the pillar cavity departs from an ideal situati
as~i! the QWR emission linewidthDvx is about an order of
magnitude larger than the mode linewidthDvc , ~ii ! a small

nt

ts

FIG. 6. Summary of the spontaneous emission rate enhance
tdecay

out /tdecay
in of InAsGaAs QWR’s in cavities of decreasing dime

sionality and lateral size; values at two temperatures~10 and 60 K!
and two carrier densities (n553104 and 53105 e-h pairs/cm! are
presented.
6-9
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energy detuningDEcav;5 meV exists for the smallest pillar
~iii ! the pillars contain about four QWR’s that experience
averaged vacuum field smaller than its maximum val
Emean/Emax;1/2, ~iv! the QWR’s are coupled to sever
cavity modes, as the fundamental mode of such pillars
g52 times degenerate,44 and as leaky modes exhibiting
dynamics comparable to the free space case30 are also
present. The actual rate enhancement is then conside
reduced from the optimum valueFp and becomes16,17

tdecay
out

tdecay
in

5gFp

ApDvc

Dvx
e2[2(DEcav)/D\vx] 2 uEvac~r !u2

uEmaxu2
11'1.6,

~4!

which is in fair agreement with the measured val
(31.68). Whereas the relatively weak rate enhancemen
mainly limited by the QWR inhomogeneous broadening a
by the spectral detuning with the cavity mode, we note t
the orientation matching between the dipoles and the vac
field is realized in QWR’s. Moreover, whereas a similar ra
enhancement was observed for QW’s in pillar cavities,56 the
much narrower homogeneous linewidth of QD’s has led t
larger rate enhancement of3530 to 31828, although the QD
locations and orientations were randomly distributed.

We briefly comment on the Purcell effect at the differe
temperatures and carrier densities reported in Fig. 6. A
duction in the Purcell effect could be anticipated for incre
ing temperature or density, due to an increase in the emis
linewidth, or, in other words, of the carrier population
energies different than the cavity mode energy. In contras
slight increase is observed in the experiments, although
occurence of stimulated emission is most unlikely as
emitted intensity varies linearly with the excitation powe
The interpretation may lie beyond the approximation of
calized excitons used here~noninteracting dipoles!, by taking
into account the carrier population kinetics, as suggeste
previous works.57,58

In summary, increasing SE rate enhancement has b
demonstrated for decreasing cavity dimensionality and s
In contrast to the significant cavity effects obseved in
spectral and spatial domains, photon confinement in at l
two directions in PWR’s and PD’s is necessary to obt
peaked singularities in the photon DOS and thus induce
nificant changes in the time domain.

3. Photon dot as a probe of carrier diffusion

In this section, we use the finite lateral size of ridge a
pillar cavities as a passive experimental tool to get insi
into the real-space diffusion of hot carriers in QWR’s follow
ing short pulse excitation. In Fig. 7~a! we present the tran
sient PL profiles of QWR’s in a 2.8-mm-wide ridge, for non-
resonant coupling and at 100 K. Interestingly,tdecay is
shortened from 390 to 200 ps when changing the orienta
of the ridge from parallel to perpendicular to the QWR ax
In fact, when the photogenerated carriers diffusing along
QWR’s reach the ridge sidewalls, an additional nonradiat
recombination channel opens up with a rate 1/twalls, there-
fore shortening the total decay time. In other words, the c
16530
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ity walls actually act as carrier diffusion markers in transie
PL measurements, allowing for the estimation of the diff
sion lengthLdi f f .

We present in Fig. 7~b! the measuredtdecay as a function
of the lateral size of the pillar cavitiesd and of the tempera-
ture. The decay time is found to drop for sufficiently sma
lateral sizes, which allows a rough estimate ofLdi f f'd/2 at
the drop. We deduceLdi f f,0.5 mm at 10 K,Ldi f f;0.5, 1,
and 1.5mm at 40, 60, and 80 K, respectively, in accordan
with the usual mobility increase in this temperature range59

The measured temperature dependence ofLdi f f agrees well
with that obtained by the time-of-flight method for simila
lattice-matched V-QWR’s.60 Moreover, in the present case o
rather wide cavities and low carrier diffusivitiesD, the side-
wall recombination rate and the diffusivity are related b
twalls5d2/p2D.61 After extractingtwalls from the measured
decay times, we thus determine the following upper bou
values for the diffusivity obtained from the results o
1.1-mm-wide pillars:D;0 cm2/s at 10 K, andD,0.3, 1, 3,
and 10 cm2/s at 40, 60, 80, and 100 K, respectively. Th
rather small values of the diffusivity obtained at low tem
perature (D;0 cm2/s at 10 K! corroborates other optica
studies, which have evidenced the role of disorder in t

FIG. 7. ~a! Transient PL profiles of InGaAs QWR’s in a
2.8-mm-wide PWR, measured out of resonance at 100 K, and for
orientation of the PWR either parallel or perpendicular to the QW
axis. ~b! Summary of the decay timestdecay as a function of the
cavity lateral size for the different temperatures.
6-10
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QUANTUM WIRES IN MULTIDIMENSIONAL . . . PHYSICAL REVIEW B 66, 165306 ~2002!
temperature range.13,60Optical studies of diffusivity in quan-
tum wells also concluded that interface roughness redu
drastically the diffusion of excitons at low temperature
narrow quantum wells.62

E. Emission polarization

The dependence of the PL spectra on the linear polar
tion parallel ~solid lines! or perpendicular~dashed lines! to
the wire axis is depicted in Figs. 8~a–c! for QWR’s in cavi-

FIG. 8. PL spectra of InGaAs QWR’s at 15 K~a! in free space
and in a PW,~b! in a 2.8-mm-wide PWR,~c! in a 4.8-mm-wide PD.
Emission is decomposed into linearly polarized light parallel (Euu ,
solid lines! or perpendicular (E' , dashed lines! to the QWR axis.
16530
es

a-

ties of decreasing dimensionality. A striking anisotropy yie
ing a degree of polarization of 0.33 in favor of the paral
configuration is observed in the free space case in~a!. Such
anisotropy was found to originate both from the presence
lateral confinement and triaxial strain in the QWR’s.14 The
exact same anisotropy is observed in the planar Bragg ca
case in~a!, which is not surprising as a PW is perfect
symmetric in the plane and has therefore no polarization
lection mechanism. The parallel polarization is also favo
in case of a 2.8-mm-wide ridge cavity in~b!, and of a
4.8-mm-wide pillar cavity in~c!, with a degree that howeve
slightly depends on the considered cavity mode. In th
cases, a specific orientation of the electric field is in gene
associated with a cavity mode50 and the anisotropy is then
determined by the coupling with the QWR dipole. For i
stance, as the electric field associated with the fundame
mode of the pillar cavity (HE11) has a main transverse com
ponent in the plane of the wire without a favore
orientation,50,44 the intrinsic QWR anisotropy remains un
changed. In contrast, the weaker anisotropy of the sec
(P50.20) and third (P50.12) PL peak may be related t
the associated modes (EH01 and EH11, respectively! that
possess a main component normal to the wires, resulting
weaker coupling that alters the intrinsic QWR anisotrop
Such polarization selection mechanisms are of prime imp
tance for locking the polarization state of VCSEL’s, an
therefore reduce their noise characteristics and respo
time.32

V. CONCLUSION

State-of-the-art strained QWR’s embedded in high
nesse, multidimensional Bragg-air microcavities allowed
to investigate the coupling between 1D carriers and 3D,
1D, and 0D photon states. We could, in particular, elucid
in a systematic way the impact of the cavity dimensiona
on the QWR spontaneous emission in the spectral, spa
temporal, and polarization domains using different micro-
techniques. Larger effects were demonstrated for reso
cavities confining in multiple dimensions and of small
sizes. We observed in particular, sharp~0.28 meV!, intense
(350), and directional emission at an enhanced r
(31.7) in the case of fully confined PD’s. The cavity effec
above were interpreted in terms of a redistribution of t
QWR emission into resonances in the distribution of pho
modes induced by the confinement in the weak-coupl
limit. Moreover, these resonances were directly visualized
the reciprocal space exhibiting systematic wave-vector qu
tization in the directions of photon confinement, and disp
sive behavior in the free propagation directions, in clo
agreement with model calculations.
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