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InAs quantum dots~QDs! have been grown by molecular-beam epitaxy on different InGaAs or
GaAs surface layers to investigate the effect of the matrix on the structural and optical properties of
the QDs. The density of QDs directly grown on GaAs is 1.131010cm22, and increases to
2.331010cm22 for dots grown on a 1 nm InGaAs layer. Single-mirror light-emitting-diode
~SMLED! structures with InAs QDs capped by InGaAs and grown on GaAs and InGaAs layers were
fabricated to compare the electroluminescence efficiency between the two structures. The maximum
external quantum efficiency for QDs on a GaAs structure is 1.1% while that for QDs on InGaAs is
1.3%. The corresponding radiative efficiency could be deduced to be 17.5% for QDs on GaAs and
21.5% for QDs on InGaAs, respectively. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1416162#
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Self-assembled InAs/GaAs quantum dots~QDs! have
been studied extensively over the last few years.1–3 One of
the most exciting developments is the extension of the em
sion wavelength of InAs QDs on GaAs to 1.3mm, which is
an important telecommunication wavelength.4–6 One impor-
tant issue in QD structures is the gain saturation due to
finite number of states in the QD arrays. The maximum g
is then limited implying that long cavities are required f
in-plane QD lasers, and vertical cavity surface emitting
sers~VCSELs! are rather difficult to fabricate. To overcom
the gain saturation, it is necessary to increase the dot de
without degrading the optical efficiency.

There are several ways to improve the dot density
simple method is to deposit several stacks of dots. Howe
the number of repeatedly deposited layers is limited by
plastic relaxation of the stress.7 The number of dot layers is
even more limited in VCSEL structures due to the short ca
ties. It is therefore attractive to develop methods to incre
the dot density in one stack. Chuet al.8 reported that the do
density could be increased ten times as the growth temp
ture decreased from 530 °C to 480 °C, but the photolumin
cence~PL! performance degraded due to the broadening
the size distribution. Another method to improve the ar
dot density is to use different matrices, in particular by gro
ing InAs QDs in an InGaAs matrix instead of a GaA
matrix.6,9,10 In this letter, we expand on these results by p
senting a comprehensive study of the radiative characteri
~linewidth and efficiency! as a function of the nature of th
surface layer used for QD deposition.

An excellent method to examine the radiative efficien
of QDs is to fabricate light emitting diodes~LEDs!. In LED
structures, spontaneous radiation is coupled out without
plification and therefore permits a direct evaluation of t
radiative efficiency of the active layer. A laser is not a go
candidate for this purpose. A LED at 1.3mm is, in itself, also
very attractive for telecommunications due to its relat
3680003-6951/2001/79(22)/3681/3/$18.00
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simple epitaxial structure compared to a VCSEL.11 There are
few reports on surface-emitting diodes based on 1.3mm
InAs/GaAs QDs and in most cases the reported efficien
are much below those of InGaAs/GaAs quantum-well str
tures ~The typical radiative efficiency of an InGaAs/GaA
quantum well at 1.0mm is 80%–90%!. Huffaker et al.12

studied the electroluminescence~EL! of 1.3 mm InGaAs/
GaAs QDs with a different molecular-beam epitaxy~MBE!
growth condition and got an external quantum efficiency Q
around 0.2%. In a previous work,13 we demonstrated rela
tively high efficiency in QD LEDs with a low (1010cm22)
areal density. In this work, we compare the optical efficien
of InAs QDs on a InGaAs starting surface with that on
GaAs starting surface.

The structures studied in this work were grown on~100!-
oriented GaAs by solid-source MBE. The temperature
growth is 620 °C except for the InAs QDs, for which th
temperature is reduced to;535 °C. The QDs were formed
under Stranski–Krastanow mode by continuous deposi
of InAs with a nominal thickness of 2.9 monolayer on eith
a GaAs or a In0.15Ga0.85As ~1–5 nm!-on-GaAs underlying
surface. All samples for optical evaluation were covered b
nm InGaAs to extend the emission wavelength to 1.3mm.

To conduct atomic force microscope~AFM! measure-
ments of dot density, the growth stopped after the format
of InAs QDs and the samples were quickly cooled down
freeze the dots. Figure 1 shows the AFM images of the In
QDs grown on different underlying layers and the dot de
sity as a function of the thickness of the In0.15Ga0.85As layer.
The dot densitynQD is ;1.131010cm22 with InAs QDs
grown directly on a GaAs surface@Fig. 1~a!#. nQD increases
to ;2.331010cm22 with QDs on a 1 nm
In0.15Ga0.85As-on-GaAs surface@Fig. 1~b!# and it further in-
creases to ;2.8531010cm22 with QDs on a 5 nm
In0.15Ga0.85As-on-GaAs surface@Fig. 1 ~c!#. We did not ob-
serve a broadening in size distribution for the higher den
1 © 2001 American Institute of Physics
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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dots by AFM measurements. The dot density has a sh
increase of a factor of 2 when the QDs are deposited on 1
InGaAs rather than on GaAs while the dot density increa
only 20% when the In0.15Ga0.85As thickness increases from
to 5 nm. To confirm the effect of the InGaAs starting surfa
layer on the dot density, we repeated the InAs QDs growt
our second MBE chamber with the same growth condit
and again obtained a similar increase. The experiments
clearly demonstrate the relationship between the star
layer and the dot density.

Another series of four samples with In0.15Ga0.85As start-
ing layer thickness of 0.0~GaAs!, 1.0, 2.5, and 5.0 nm wer
prepared for PL evaluation. The InAs QDs together w
their 5 nm In0.15Ga0.85As capping layer were sandwiched b
tween 200 nm GaAs and cladded by 20 nm AlAs on b
sides. PL was performed at room temperature with 10 W/c2

YAG laser excitation. The signal was dispersed by a mo
chromator and measured by InGaAs detector. For
samples, the PL spectra show a main peak at;1.3 mm
~ground state transition! and a second peak at;1.21 mm
~first excited state transition!. The peak intensity and the fu
width at half maximum~FWHM! of the ground state transi
tion of different QDs are shown in Fig. 2. There is a slig
decrease in peak intensity as the In0.15Ga0.85As starting layer
thickness increases from 0.0~GaAs! to 1.0 nm and 2.5 nm
while the FWHM remains almost unchanged. For the Q
on 5 nm In0.15Ga0.85As, there is a remarkable drop in pea
intensity and a broadening in linewidth. It should be not
that the excitation power in our PL measurements is q
low.

The last series of samples were two bottom emitt
single-mirror light-emitting diodes~SMLEDs!. In one
SMLED, the InAs QDs were grown on a GaAs surface~QDs
on GaAs! and in another, the InAs QDs on a 2 nm

FIG. 1. The AFM images were taken from the dots grown on~a! GaAs,
InAs dot density as a function of In0.15Ga0.85As thickness, the line is drawn
as a guide for the eye.~b! 1 nm In0.15Ga0.85As, and~c! 5 nm In0.15Ga0.85As.
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In0.15Ga0.85As surface~QDs on InGaAs!. The other layers are
identical. The whole of the epitaxial structures are as f
lows: 0.6 mm n-GaAs buffer, 50 nmn AlAs, 25 nm n
Al0.5Ga0.5As, 50 nm GaAs, active laye
(InAs QDs1In0.15Ga0.85As), 50 nm GaAs, 25 nm
p Al0.5Ga0.5As, 40 nmp AlAs, and finally, 142 nmp GaAs.
The SMLED is designed in such a way that the radiat
emitted upwards and reflected by a broadband Au mir
constructively interferes with that emitted downwards,
sulting in a four-fold enhancement of light extraction fro
the bottom side. Devices with an active area of 1.
31023 cm2 were fabricated by wet etching andp-~Au! and
n-~AuGeNi! contact evaporation. The topp contacts were
not alloyed in order to keep a high reflectivity of the A
mirror.

Light–current measurements were performed un
pulsed injection with a 100ms pulse width and 10% duty
cycle. The light from the SMLED was collected and me
sured by a Ge detector via an integrating sphere. The
output power is measured versus injection current while
external QE is converted from the measured power by

hex5
e

hn
3

Pout

I
, ~1!

wherehex is the external QE,Pout; power output,I; injection
current, andn8; optical frequency. Figure 3~a! shows the
power output as a function of injection current and Fig. 3~b!,
the external QE as a function of current density for the t
SMLEDs fabricated. The maximum external QE is 1.1%
the QDs on GaAs and is 1.3% for the QDs on an InGa
structure. The external efficiencyhex can be expressed a
hex5h i3hextr ~assuming 100% injection efficiency!, where
h i and hextr are internal radiative efficiency and extractio
efficiency, respectively. The output coupling efficiency of t
radiation was calculated using the simulation method ba
on the plane wave expansion of an electrical dipole emi
inside a multilayer structure.14 The simulation gives an ex
traction efficiency of 6.2% after including the light absor
tion of the substrate. The radiation efficiency of the InA
QDs could then be deduced to be 17.5% for QDs on Ga
and 21.5% for QDs on InGaAs. A 21.5% radiative efficien
is a very high one for active layers on GaAs at 1.3mm. The
high QE of our samples is attributed to our optimized grow

FIG. 2. Peak intensity~filled dots, left-hand side axis! and FWHM ~empty
squares, right-hand side axis! of room temperature PL spectra of InAs QD
as a function of InGaAs surface layer thickness.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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of the QDs. We also demonstrate that QD density could
improved without degrading the optical efficiency by choo
ing an appropriate matrix.

Comparing the two structures, the QDs on InGa
SMLED have a slower turn on and accordingly, a low

FIG. 3. ~a! Light power output as a function of injection current and~b!
external QE as a function of current density of SMLEDs with QDs
InGaAs ~filled dots! and QDs on GaAs~empty squares!, respectively. The
inset in~a! shows the EL spectra of the two dot structures at 8 mA inject
current.
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power output and efficiency at low current density. This
consistent with the low excitation PL results, where we a
observed a lower PL peak intensity for QDs on InGaAs co
pared to GaAs. At the higher current density, on the ot
hand, the efficiency and power output of the QD on InGa
SMLED is higher than that of the corresponding QD
GaAs structure. These results may suggest the presence
higher density of nonradiative defects in the QDs on InGa
which saturate with increased current.

The EL spectra of the QDs on GaAs and QDs on InGa
structures, which are taken at 8 mA injection current at ro
temperature are similar, as shown in the inset of Fig. 3~a!.
Two peaks from each spectrum are clearly resolved:
;1300 nm (QD05ground state) and ;1210 nm
(QD15first excited state).

In summary, we demonstrate a 2–2.5 times increase
dot density by growing InAs QDs on a InGaAs surface rath
than on a GaAs surface. High optical efficiency of InAs Q
structures grown on both GaAs and InGaAs surfaces
been obtained. The external QE of our high density InAs Q
SMLED is 1.3%, corresponding to a radiative efficiency
21.5%.
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