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High-finesse disk microcavity based on a circular Bragg reflector
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We made disk-shaped microcavities of approximately 10 mm2 in area in a GaAs/AlGaAs waveguide
structure by etching deep vertical concentric trenches. The trenches form a circular Bragg-like
reflector that confines light in the remaining two lateral dimensions. We demonstrate from
photoluminescence excited in the waveguide the confinement of discrete disk modes whose wave
vector is mainly radial, in contrast with whispering gallery modes. Their quality factors up to Q
5650 indicate in-plane reflectivities approaching 90%. In the near infrared, this represents a
demonstration of wavelength-scale light confinement based on photonic crystal effects in two
dimensions. © 1998 American Institute of Physics. @S0003-6951~98!00336-2#

Light confinement at wavelength scale in semiconductor
microcavities has been productive in controlling optical processes along the ‘‘vertical’’ growth axis of the semiconductor heterostructure.1 Lateral light confinement at a similar
scale is also desirable to control in-plane spontaneous
emission.2 Because in many devices this emission couples
into the guided mode~s! of the heterostructure, adding lateral
confinement in the two ‘‘horizontal’’ dimensions results in a
resonator with discrete photon modes which are confined in
three dimensions. Flat circular disks defined in a waveguide
are the simplest realization of such resonators: Since the vertical k component is dictated by the waveguide, in-plane
propagation may simply be accounted for by the use of an
effective index n eff .3,4 Using, for simplicity, the crude zerofield boundary condition, the eigenmodes for a disk of radius
R have the reduced vacuum wavelength (l m,n /R)
52 p n eff(lm,n)/xm,n , where m and n are the azimuthal and
radial quantum numbers, respectively, and x m,n is the nth
zero of the mth Bessel function J m (x), whose first-order
approximation is x m,n '(2n1m21/2) p /25 b 2m1n for m
!n. 5 Two noticeable kinds of modes are quasiradial modes
@QRMs, Fig. 1~a!, m!n# and whispering-gallery modes
@WGMs, Fig. 1~b!, m@n#.3,4 WGMs correspond to rays at
almost grazing incidence that sample only the periphery of
the disk. Their wave vector k is essentially tangential, k w
'k. Conversely, rays of QRMs impinge close to normal
incidence (k w !k). Because QRMs do sample the entire
disk, controlling them is a key to improving the light–matter
interaction in actual devices.
At present, there have been numerous successful realizations of microdisks sustaining high finesse WGMs,4 on account of the good properties of total internal reflection ~TIR!
at grazing incidence. In contrast, reflectors that confine
a!
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QRMs on a wavelength scale have not, to our knowledge,
been demonstrated as yet. The shallow circular concentric
gratings employed to define DBR-type ~distributed Bragg reflector! round laser resonators offer surface emission
capabilities,6 but with useful modes of diameter ;100 mm.
Conversely, at the wavelength scale, in-plane reflecting action of deep-etched straight trenches was demonstrated to
provide lateral confinement in one dimension in micronsized cavities around l5900 nm. 7,8 In this letter, we combine these two approaches and study disk-shaped microcavities bounded by reflectors made of circular concentric deepetched trenches @‘‘leeks,’’ Fig. 2~a!# in order to achieve more
control of lateral spontaneous emission. The photonic bandgap approach inspired this photonic structure as well as that
of Ref. 8. Here, we included emitters in the cavity that consist of self-organized InAs quantum dots ~QDs!.9 Using their
photoluminescence ~PL!, we demonstrate that our reflectors
of inner diameter ;3 mm strongly confine the QRMs with
low m values (m<9).
A micrograph of a disk is shown in Fig. 2~b!. The basic
planar structure is a 0.24-mm-thick GaAs waveguide core

FIG. 1. Mode structure ~top!, and corresponding schematic ray trajectory
~bottom!, of ~a! quasiradial modes and ~b! whispering gallery modes; n and
m are the radial and azimutal mode quantum numbers and k w is the orthoradial k component.
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FIG. 2. ~a! Schematic of the microcavity with circular trenches and measurement of resonances through localized detection of air-diffracted PL; ~b!
micrograph of a typical disk.

embedding three layers of self-organized InAs dots.9 A 0.34mm-thick layer forms the top cladding. The circular trenches
are deeply etched down to a depth w;0.8 m m in order to
thoroughly cross the waveguide. The nanometer-scale ebeam lithography and etching methods are detailed in Refs.
10 and 11. The inner diameter of the disks is 2R
52.9– 3.2 m m, the concentric gratings consist of eight
trenches of typical widths t570 nm and pitches L
5580– 640 nm. These in-plane mirrors operate at the fourth
Bragg order around l51 m m (L543 @ l/2n eff# for l
given that n eff(l)'3.36– 831024 @ l(nm)
;1 m m),
21000# . The value of t is a compromise that ensures guided
light reflection within a short length while minimizing outof-plane scattering.7,8
Inside these resonators, we excite the QD photoluminescence in order for the guided spontaneous emission to probe
the disk resonances. The dots offer the advantage of trapping
the radiating electron-hole pairs, thereby reducing carrier diffusion towards etched interfaces and ensuring a large PL
signal inside the disks. Furthermore, the deliberate broad distribution in dot size translates into a broad PL spectrum from
920 nm to well beyond our present 1040 nm detection limit.
Photoexcitation is provided by a 678 nm laser diode beam
focused to a ;2 mm spot with a 350, NA50.50 objective
also used for PL collection. Next, a fiber located in the image
plane of the objective feeds the collected signal to a spectrometer so as to perform localized PL ~m-PL! with a resolution d*1 m m. 12
Excited cavity modes are primarily outcoupled in the
guided mode outside the disk, forming a beam awkward to
collect @Fig. 2~a!#. The grating, however, provides backreflection through its fourth Bragg order ~8p phase difference
on a round trip between trenches!, so successive rays diffracted towards the vertical axis have a 4p phase difference
and, similarly to the surface emission mechanism of secondorder DBRs,6 guided light may be coherently outcoupled towards substrate and air @Fig. 2~a!#. Out of the two guided
wave polarizations, TE and TM, only the first gives rise to a
noticeable air emission because ~i! at the source, the QD emit
quite more in TE waves; ~ii! in the grating, the TM diffraction efficiency vanishes around the vertical direction since in
the regime t!l, each trench acts as a punctual secondary
source of radiation, akin to a vertical oscillating dipole in the
TM case that does not radiate vertically. Even in the TE case,
we estimate that not more than a few percents of the guided
power is diffracted outside the guide per trench. Eventually,

FIG. 3. Raw spectra of light collected selectively on the grating area of
disks with pitches L5580, 600, 620, and 640 nm, and diameters 2R
55L, with a vertical shift for clarity; stop bands of the grating are represented as dark bars below each curve. Inset: spectrum of stray light from an
isolated disk of diameter 2R53 m m showing only smooth features.

with the m-PL setup collecting selectively light from the
grating area, we do detect the horizontal TE disk resonances,
with provisions detailed below. This ability to probe disk
modes along the vertical axis greatly eases the test of a large
number of disks. But conversely, from the resonator viewpoint, this diffraction represents a loss that reduces the grating reflectivity and/or its in-plane transmission.
On the same wafer, we etched a series of homothetic
structures with pitches L5580, 600, 620, and 640 nm and
inner diameters 2R55L. Our main observation is that many
sharp peaks of width Dl51.5– 5 nm ~hence quality factors
up to Q5650) show up on spectra collected from the grating
area ~Fig. 3!, while light collected in the center exhibits no
new features, or at most a minute remnant of the peaks.
Peaks appear in clusters of one to four, but these clusters
disappear at long wavelengths for L5580 nm and at short
wavelengths for L5640 nm. They are separated by a free
spectral range ~FSR! of 27–33 nm typical of the disk diameter. As a crosscheck, we collected the stray light from the
edge of an isolated disk without reflector (2R53 m m) and
found only broad modal features ~inset of Fig. 3!.
We, thus, attribute unambiguously these peaks to QRM
resonances radiating in air through grating diffraction,13 each
cluster corresponding to a given value of 2n1m, with successive odd and even clusters. Modes with higher m ~from
m;10 up to WGMs! do not radiate in the grating region
towards the objective or do not even radiate in air because of
k conservation in Snell’s law.14
These conclusions are first supported by the simple idea
that one has to lie in the grating reflectivity stop band to
build up sharp resonances. We calculated the position of
these stop bands, using, for simplicity, a one-dimensional
multilayer model in the case of normal incidence: we take a
refractive index of unity for the thin trenches and the value
n eff(l) for the semiconductor ridges. The resulting stop bands
are shown as black bars under each of the four curves in Fig.
3. The sharpest multiple clusters are located in the stop
bands, while there are almost no marked features outside
them. In detail, the long wavelength side of the stop band
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FIG. 4. Experimental data ~upper curve! and simple disk model ~bottom
curve! for the R53 m m, L5600 nm structure. The finesse has been adjusted to 65 and the diameter to 2R 8 53.70 m m. Numbers in parentheses are
the mode numbers ~m,n!.

seems the worse, an effect which might stem from the oversimplified normal incidence assumption: it is well known
that at oblique incidence, hence here for higher m values of
QRMs, stop bands tend to shift to lower wavelengths.
Whereas a one-dimensional approach takes the effects of
the grating periodicity into account, we shall neglect them in
two dimensions in using a ‘‘perfect disk’’ model that focuses
on those features that are specific to the round shape of the
resonator: this model simply assumes a zero field at an effective diameter 2R 8 .2R, in order to account for the field
penetration depth into the circular grating. Resonant wavelengths of such a perfect disk are l m,n 5R 8 32 p n eff(l)/
xm,n ,5 for which we have the following expansion:15

ancy is still unclear to us. From the finesse, one concludes
that the reflectivity at normal incidence is close to 90%.
In summary, by considering stop-bands and a simple
disk model, we show clear evidence that the observed peaks
stem from the quasiradial modes of the disk. Since confinement of QRMs cannot be achieved with TIR, our results
clearly demonstrate the efficiency of the novel circular reflectors.
In conclusion, we demonstrate quasiradial microcavity
modes in disks of diameter ;3 mm bounded in two dimensions by a short circular grating and confined in a planar
GaAs waveguide in the third dimension. These quasiradial
modes are confined by the circular grating whose reflectivity
may be as high as 90%, leading to a quality factor Q'650.
This grating is a novel solution for lateral light confinement
and spontaneous emission control, going beyond the limitation of total internal reflection that confines only whisperinggallery modes and represents to our knowledge the first demonstration of photonic crystal effects in two dimensions of a
microcavity.
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