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Three-dimensional wavelength-scale confinement in quantum dot
microcavity light-emitting diodes

C. Zinoni,a) B. Alloing, C. Paranthoén, and A. Fiore
Institute of Photonics and Quantum Electronics, Ecole Polytechnique Fédérale de Lausanne,
CH-1015 Lausanne, Switzerland

(Received 22 March 2004; accepted 12 July 2004

We introduce a microcavity light-emitting diod&ED) structure that uses submicrometer oxide
aperture and a quantum dot active region to achieve strong three-dimensional confinement of both
the carrier distribution and the optical field. Light—current curves show optical emission for devices
as small as 400 nm in diameter. Spectroscopy on electrically pumped LEDs, with apertures ranging
from 2.5 down to 0.7um, show several spectral lines corresponding to cavity modes. A strong
blueshift of the resonant modes for smaller apertures demonstrates the role of the oxide aperture in
confining laterally the optical wave in a volume comparablgXon)®. Due to the high quality
factors and low mode volumes, the devices could be good candidates for the demonstration of the
Purcell effect under electrical pumping. 2004 American Institute of Physics

[DOI: 10.1063/1.1791341

Implementation of quantum cryptography protocols re-convenient in this case, because of nonradiative recombina-
lies on devices capable of generating single photons on rdions at the etched sidewalls, high series resistance, and me-
quest with high count rates at telecom wavelengthshanical instability. Electrically pumped single QD emission
(1.3-1.55um). The optical properties of single quantum has been demonstrated by postfilterfigyith a small metal
dots(QDs) have the potential for satisfying the requirementsaperture, with no carrier and no optical confinement. Control
of a single photon source® The typical extraction efficiency of carrier injection, in a submicrometer area, has been
from a quantum dot embedded in GaAs semiconductor maproposed” and achievetf using an oxide current aperture
terial is of the order of~2%, where the losses are mainly surrounded by a weakly confined optical cavity. On the other
due to total internal reflection at the air-GaAs interface. Thisside, vertical cavity surface emitting lasef¢ CSEL), which
limits the count rate, and is particularly detrimental at tele-commonly employ distributed Bragg reflectai®BR) and
com wavelength where single photon detection technology i§xidized current apertures, achieve electrical and optical con-
in its infancy. It is clear that there is a need to develop andinement with much larger dimensioftypically >2 um). In
improve methods for increasing the extraction efficiency ofthis article, we present a microcavity QD light-emitting di-
the semiconductor source. Current research is directe@de(LED) structure that uses an oxidized aperture and DBRs
among other methodsat improving the extraction of spon- 10 confine at the same time the carrier injection and the op-
taneous emission from single QDs through the optimizatiortical mode in a submicrometer volume. We present measure-
of the optical density of states around the emitter. By couiments of electro-optical characterization of the efficiency,
pling the QD emission to the fundamental mode of aspatial mode energy, and quality factors. We also show that
wavelength-sized microcavity with high quality factt®), this a_pproach is promising for the realization of efficient,
the spontaneous emissi¢BE) rate can be increased over the €lectrically pumped single photon sources. .
bulk volume, as originally predicted by PurcelThis effect The structures have been processed from a planar micro-
has been observed in ensembles of @Dand more recently Cavity grown by solid source molecular beam epitaxy on
in single QD<’ embedded in pillar-like semiconductor struc- (001 orientedn-doped GaAs substrate. The active region
tures under optical excitation. This SE increase implies thagonsists of a single array of self assembled QDs formed from
most photons are emitted in the microcavity mode, which3 Mmenolayers of InAs and capped with a 5nm strain-
can be easily extracted and leads to a much improved efff€ducing InsGasAs layer to extend the emission into the
ciency and higher repetition rates. The consequent reductiof®a! infrared. The density is estimated to be 3
in exciton lifetime also helps to counteract dephasing in ap=* 10'° dots/cn? from atomic force microscopy on similar
plications where coherence of the emitted single photons i§ncapped samples. The QDs are embedded in undoped
required? However for practical applications, electrical GaAs. Lateral current and opt_lcal confmement_ls provided by
pumping would be much preferred to avoid the need of2n Alo.ssGa15As layer, deposited on the tqp-side) of the
pulsed pump lasers and micro-photoluminescence apparatfg2As layer, which is laterally oxidized resulting in an insu-
Achieving at the same time electrical injection and high !ating, low-index(n~1.6) aperture. An optical cavity with a
optical confinement in a wavelength-sized cavity is ex-1&rgetQ (from a one-dimensional simulation neglecting lat-
tremely challenging. The use of etched pillars is not veryeral 10s$ of ~1000 is obtained by embedding the active

region between a top mirror composed of 5

SAuthor T wh p hould be add § electron Alg :Ga) ,sAs/GaAs quarter-wave pairs plus a top Au layer,
uthor t0 whom correspondence shou € addressed, electronic maill. . .
carl zinoni@epfl.ch hnd a bottom(outpud mirror composed of three pairs of

Ppermanent address: Institute of Photonics and Nanotechnology, CNR—IFI\QXi_dized AlAS/_GaAS and three pair_s Of @éﬁaollAs/GaAs. _
Via del Cineto Romano 42, 00156 Roma, ltaly. Using optical lithography and reactive ion etching we fabri-
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FIG. 1. SEM cross-sectional image of an aperture of 360 nm. The darker
regions represent the oxidized AlGaAs and AlAs layers.
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cated cylindrical mesa structures with diameters ranging

from 10.5 down to 1.2um. The etching was stopped in the FIG. 3. Electroluminescence spect®3 K) of microcavities with different
Alo eGa 1AS aperture |ayer which was then oxidized. at oxide aperturesaperture diameter is indicated for each spgctfae blue-

A L . shift of the resonant line and the increased mode separation for smaller
400°C for 90 min in an RO atmosphere. In the same oxi diameters are characteristic of strong optical confinement in 3D. The arrows

dation step the AlAs |ayer5_ were laterally oxidized from ingicate the positions of the modes predicted by the effective index model.
trenches etched at 20m distance from the mesa. The The modes indicated on each spectrum are, respectively, from right to left:

etched surface was electrically insulated with gNSilayer  HEu., HE;y, and ERy, according to the standard conventigRef. 14.
deposited by plasma-enhanced chemical-vapor deposition.
Au pads were deposited on the mesas to formpHoentact

and a layer of Au on the substrate was used-asntact. In resonant with the cavity mode: the ultimate goal is to dem-

anstrate enhancement of spontaneous emission from a single

lateral oxidized distance was obtained on etched stripes frofdmitter which requires high quality factors and small mode
cross-sectional scanning electron microsctREM) images, vol_u_mes. 9ptlml2a’[l0n of these parameters compromises the
as shown in Fig. 1. The aperture diameter in the mesa weefficiency” for the QD ensemble.
further verified by measuring the scaling of the current—  1he cw electroluminescence spectra at 293 K are pre-
voltage characteristic for different nominal device diametersSented in logarithmic scale in Fig. 3 for devices with decreas-
As shown in Ref. 12, we expect current spreading and carriefd oxide apertures. The dewpes were individually contac;ted
diffusion to be negligible in this structure. Despite a highOn the Au pads and the luminescence was collected with a
turn-on voltaggdue to unoptimizegh-doping in the top mir- 100 mm core op_tlcal fiber in contact with Fhe subs_trate gldg,
ror), all curves can be fitted with a single oxidized length@nd dispersed into a spectrometer equipped with a liquid
parameter that is also consistent with the SEM estimate. Nitrogen cooled InGaAs near infrared detector. The indi-
Figure 2 reports light versus current characteristics a¥idual measurements are characterized by several spectral
room temperature for a range of devices with different oxideines corresponding to the resonant cavity modes. When
apertures, showing that light is extracted from devices ag§ompared to the single peaked spectra of the planar cavity at
small as 400 nm in diameter. The measured efficiency i§180 nm, this is evidence of strong optical confinement. The
3.1x 107 for the largest device€d.5 um) and decreases to ground state transition of the QD is centered at 1245am
1.4x 1074 for the 400 nm LEDs. The low efficiency is 293 K), the cavity modes are therefore pumped by the ex-
mostly due to the mismatch between the cavity linewidth ancbited states of the QDs. The inhomogeneous broadening of
the source spectral width: the QD emission is limited by thethe QD emissiofmeasured to be 18 nm on similar samples
inhomogeneous broadening. The QD LEDs are designed teithout cavity) ensures that the narrow spectral features are
be efficient devices only for the one or few QDs that arerelated to the cavity modes and not to QD electronic states.
As the diameter of the current aperture is reduced we observe
a blueshift of the cavity ground state transitigfig. 4) and

10° S an increase in the splitting between cavity modes consistent
«/O,og%;‘g‘f with the conventional theoretical trend for increased lateral
Bt ol confinement. We stress that the energy git meV for the
g G 0.7-um-diam devicegis much larger than the shift com-
- 109 O//A*/Au’/.’ _ /"L . g -
g /ggsf@;‘i-/' ;:;g-j*‘x monly measured in VCSELs and comparable to the shift ob-
& /%aééj’f-" e a=13um served in micropillars.
ol ~e—a=0.7um The standard approajc?‘msed for quantitatively analyz-
1™ - il ing the optical confinement in cylindrical dielectric structures
10° Curren}({;) is based on the assumption that the transverse component of

FIG. 2. Light vs current characteristi@93 K) curves for devices with

different aperture diametexr.

the resonant electromagnetic field is independent of the lon-
gitudinal component, an assumption usually correct for pla-
nar cavities or three-dimension@D) cavities with dimen-
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sol o ooo| and waveguiding in the bottom DBR. Because actual diam-
=~ 2 X eters can vary among nominally identical devices we plot in
g 40 ¢ £ the inset to Fig. 4 the quality factor measured in over 40
ot a0l . 3 e ] devices as a function of the resonant energy shift. Beside the
& : Energy Shift (V) variations in theQ value, probably due to the fluctuating
3 20t . . 1 quality of the mesa etchin¢the dimensions being compa-
o '\; i i rable to the resolution of our optical lithographya clear
H10r - Experimental data i S £ trend of decreasing for increasing lateral confinement is
05 10 15 20 25 observed. The bes€ values are 850 for largglanay struc-

Diameter (um) tures, down to 150-200 for the small€Bt7-um-diam aper-
tures. Using electron beam lithography to improve resolution
FIG. 4. Comparison of the experimental shift of the fundamental cavityjn mesa etching, and by 0pt|m|z|ng the Shape and position of
resonancgdoty and prediction by the effective index mod@ontinuous the oxide aperture, we expect to improve C@éactor to the
line). Inset: cavity quality factor is plotted as a function of the shift in energy ! .
with respect to the planar cavity emission. value needed to observe the Purcell effé@t>1000 in a
1 um-diam devicg®
In summary, we have demonstrated that electrical and

sions larger than the Wavelenglﬂ"lln this effective index ical p b hieved at th .
approach? the cavity is treated as a two-dimensional circu-St"oNg optical confinement can be achieved at the same time
n a cavity defined laterally by a thick oxide layer. The de-

lar waveguide with core and cladding indexes given by ar - i
effective index weighted by the standing field in the axial pendence of the cavity resonant modes on the oxide aperture

direction. In this framework, we solved numerically the ei- IS In agreement with the trend predicted by the effective in-
genvalue equation for the longitudinal standing wave in thedex model. The results are promising and show that with
core (unoxidized region approximated to a planar cavity. Sufficiently low QD densities and improw@ factors, these
The resonant wavelength obtained was 1193 nm while thééevices can be good candidates for the realization of very
averaged refractive index weighted with the standing fielgefficient, electrically pumped single photon sources.

intensity was 3.053. For the claddirigxidized region the . . . .
refractive index was calculated to be 2.757 from the This work was funded by the Swiss National Science

relation®> AN/A=An/n. Using these values we applied the Foundation under the NCCR “Quantum Photonics” and the

numerical methods used for evaluating the confined modeSNSF Professorship program.
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