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We introduce a device structure and a fabrication technique that allow the realization of efficient
light-emitting diodes(LEDs) with dimensions of the active area in the100 nm range. Using
optical lithography, selective oxidation, and an active region consisting of InAs quantum dots
(QDs), we fabricated LEDs with light—current—voltage characteristics which scale well with
nominal device area down to 600 nm diam at room temperature. The scaling behavior provides
evidence for strong carrier confinement in the QDs and shows the potential for the realization of
high-efficiency single-photon LEDs operating at room temperature2082 American Institute of
Physics. [DOI: 10.1063/1.1504880

Device size scaling is the subject of major research inblocking layer is used to define a current aperture near the
terest, in optoelectronics as in electronics. For some applicactive region(e.g., ALO; obtained by selective oxidation of
tions, high efficiency from a light-emitting devicdaser, AlGaAs in VCSELS, current spreading between the block-
LED) is needed at low current levels. Since high efficiencying layer and the active region can increase the effective
is usually reached at a given current density, this requireactive diameter by several micrometér§.Finally, carrier
reducing the device area, i.e., scaling down the device. Morediffusion in the active regiofusually quantum well§QWs)]
over, efficient coupling to single-mode fibers requires smalincreases the effective radius by the diffusion length, typi-
active areasin the few micrometer rangeExamples of scal- cally, 1-2um. While current spreading can be minimized by
ing issues are found in edge-emitting lasers for optical comproper design of the injection region, carrier diffusion can be
munication in single-mode fibers, 980 nm pump lasers foisuppressed only by applying a lateral carrier confinement in
fiber amplifiers, and low-threshold vertical-cavity surface-the active region. Several approaches have been reported,
emitting lasers(VCSELS. Recently, a further stimulus to- such as QW interdiffusiof, segmented QWY and self-
wards the realization of ultrasmall optical devices is comingassembled QDS, although with limited success, probably
from the field of quantum communication and quantum com-due to the need to combine strong carrier confinement and
puting based on semiconductor nanostructures. As an exgood radiative properties of the active material.
ample, efficient and compact single-photon emitters might be  In this letter, we propose an approach to the realization
realized from single semiconductor quantum d@®s),'~*  of ultrasmall light-emitting devices with active areas well
if a way is found to isolate and efficiently inject current into below 1.m?, which relies on three pointéa) Fabrication of
a single QD. While antibunching in electrically pumped current apertures in the 100 nm range using standard opti-
single QDs has been very recently demonstratibe, device cal lithography, selective oxidation of AlGaAs and self-
structure adopted in that case, which is based on postfilteringligned contact definition(b) optimized current injection in
of emitted photons rather than selective injection, is not suitthe active region using a graded-band-gap hole injector; and
able for a high-efficiency single-photon emitter. If the active(c) suppression of lateral carrier diffusion by the use of self-
material is constituted by self-assembled QDs, which typi-assembled QDs with deep three-dimensiofgi) confine-
cally have areal densities in the ®1010't cm™2 range, the ment potential. Using this approach, we demonstrate QD
active device size should be well belowun in order to  LEDs with characteristics that scale well with nominal size
contain a single QD, which represents a formidable task fodown to 600 nm at room temperatu(BT), showing that
both device design and fabrication. Three major problemgateral current spreading and carrier diffusion are effectively
are faced when one tries to scale down the device size whilguppressed even at RT. This could open the way to high-
keeping good efficiency. First, if etching through the activeperformance, ultrasmall QD-based LEDs and VCSELs, and
region is used to define the active area, nonradiative reconttimately high-efficiency single-photon LEDs.
bination at etched sidewalls strongly reduces the efficiency =~ Bottom-emitting microcavity LEDs with a single layer
as the perimeter/area ratio increases. Second, if a currerff self-assembled QDs were grown by molecular beam epi-

taxy onn-doped(001) GaAs substratefsee the sketch in

AElectronic mail: andrea.fiore@epfl.ch Fig. 1(@]. The bottom mirror consists of a 3.5 period

Ypresent address: Bell Laboratories, Lucent Technologies, Inc., 600 Mour{-"dOped GaAs/Aj Gay 1As quarter-wave stack. The cavity
tain Ave., Murray Hill, NJ 07974. is made of 20 nm-Al Ga 7As, 114 nmn-GaAs, 45 nm
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FIG. 1. (a) Schematics of the fabricated LED structufie) Cross-sectional 8 107

SEM image of a 70 nm aperture obtained by lateral oxidation fromuani-
wide stripe.

(b)

0 0.2 04 06 0.8 1 1.2
undoped GaAs, a layer of QDs, and 45 nm undoped GaAs. Voltage (V)
The QDs are grown by continuously depositing 2.9 ML of o
InAs and Covering with a 5-nm-thick INGa, gAS Iayer to FI'G. 2. (a) Room-temp_erature currer_lt—voltage characterlst!‘cs of QD.'I'_EDs
. LT . with current aperture diameters ranging from 2@ to 600 nm(*no mesa:

redshift the emission to the 1.8m region. These growth control device with no current apertureb) Current density vs voltage
conditions produce QDs with 25 nm diam and 7 nm heightcurves for the same devices, calculated using the unoxidized aperture areas
providing a strong RT photoluminescence peak at 1300 nnineasured by SEM.
with a full width at half maximum (FWHM}¥45 nm? As
compared to short-wavelength=(L000 nm) QDs, these dots the oxidation time. Figure (b) shows a scanning-electron
have a larger potential barrier to carrier escape from the danicroscopgSEM) image of an aperture of 70 nm defined in
ground state to the wetting layfthe difference in transition this way. Broad-areg contacts (3.& 10 ° cn?) are then
energies is~300 meV(Ref. 13 as compared te=100 meV  evaporated on top of the mesas, with uncritical alignment,
for short-wavelength QD&Ref. 14]. On top of the cavity, a and ann contact is evaporated on the substrate side. Because
hole injector is grown, consisting of a 32-nm-undopedthe surface of the sample, outside of the mesas, is covered
graded-band-gap region with Al composition linearly in- with an insulating AJO; oxide, current is forced to flow into
creasing from 0% to 85%, and a 135 nmyAdGay 1AS cur-  the small current apertures. The key point which allows the
rent aperture to be oxidized. The bottom 20 nm in thedefinition of <1 um current apertures with such a simple
Al s:Gay 1AS layer are undoped, while the restpsdoped  procedure is the simultaneous and self-aligned definition of
(p=2x10® cm™3). The structure is capped by a heavily the current aperture and of a contact-defining oxide by means
doped GaAgp-contact layer. The injector is designed so as toof the vertical—lateral oxidation of AlGaAs, as first proposed
facilitate vertical hole transport from the AGa, ;5As ap-  in Ref. 15. In contrast to previously reported approachés,
erture region to the QDs by avoiding potential steps at hetthis allows us to fabricate devices with active diameters
erointerfaces in the valence band and by providing a potendown to 100 nm by optical lithography.
tial gradient directed towards the active layer. The doping Figure 2a) shows the RT current versus voltage charac-
profile was also found to be critical. teristics(measured in a two-probe sejupr current-aperture

Device processing starts with the definition of shallowdiameters ranging from 3@m to 600 nm. Thé —V curve of
mesas of variable diamet&kr—30um) by optical lithography a control device with no mes@e., metal on oxideis also
and wet etching of the top GaAs cap layer. The exposedhown for comparison. The curves can be fitted with the
Aly ssGay 15As is then oxidized selectively by heating the exponential diode characteristiGgleality factorn~2) over
sample at 400 °C for 55 min in a,J@ atmosphere created by five to six orders of magnitude. At low bias/&0.3 V),
bubbling N, in a water bath at 85 °C. The oxidation starts atleakage through the broad-area oxide prevails over current
the exposed surface and then penetrates laterally under tflewing into the mesas for the smallest devices. Note that the
GaAs cap layer, thus defining a current aperture whose dieakage current density through the oxide is very low for the

ameter can be controlled down to around 100 nm by varyingntire bias range investigate@naximum=10~" Alcm? at
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2.5x10°8 : : : may be attributed to growth-related nonradiative defects with
: —e—30 um - T areal density in the Pocm2 range, so that a small and
of| =9tum | 210°f '.,»: ~=1 variable number of them is present in the active area of sub-
. _:;_'.:-g“m I 25 1 micrometer devices. The presence of defects is also con-
z reec-gsonm| & Y ] : firmed by the relatively low peak external quantum effi-
= 15[ | == 600nm 10" "'J 10'0 ] ciency of 0.1% measured in largd00 um) devices, even
_Es P J (A/em?) with no oxide aperturing, as compared to efficiencies of over
N N Pid o 1% measured by &&in similar QD structures.
/,/ ’_,/ ] In conclusion, we have presented an approach towards
05} 7 P . the scaling of light-emitting devices to submicrometer sizes.
: f-’// . -~ By combining a simple self-aligned fabrication technique
0 -] g ] with an optimized design of the epitaxial structure, it is pos-
0 0.5 1 1.5 2x10° sible to realize devices with active areas well beloywr?
Current (A) while keeping a constant efficiency. ScalinglefV andL -1

curves with nominal device area demonstrates that strong
FIG. 3. Room-temperature light—current characteristics of QD LEDs. rrier 3D confinement in ODs r ltsin ar iffusion
TheL-I curves of devices with diameters of 1.®n, 830 nm, and 600 nm ca eh 3D co ement in QDs results in a educe.d d uIS 0
are almost superposed, hence, hardly distinguishable. Inset: external qua‘?—ngt <]j00 nm even at room 'te.mperature.' AS. It Is clear
tum efficiency vs current density. from the light—current characteristics shown in Fig. 3, when
low output powers are needed, small-scaled devices are more
1.2 \). At hiah bi he devi , its in a d efficient than large devices which operate at much smaller
: Vf) t 'r? 'dIaSI, Ej'ed e\gcﬁ re_3|stf;1:r_1<:e rebsuths In-a heparéurrent densities. The strong carrier confinement in QDs may
ture from the ideal diode behavior. Figurébp shows the o Jojied to the fabrication of submicrometer-sized lasers

current densities, calculated using the unoxidized aperturg. iirasmall threshold currents and of single-QD LEDs
areas measured by SEM before evaporating the contacts, i'?or single-photon applications

assuming no lateral carrier leakage. Remarkably, the curves
superpose very well, particularly in the on-region of the di-  The authors wish to thank Dr. R. P. Stanl[&§SEM Neu-
ode (V>0.6 V). From the overlap among the differehtV  chael) for many interesting discussions, and Professor C.
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