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In uence of the size of self-assembled InAs=AlAs quantum dots
on photoluminescence and resonant tunneling
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Abstract

Self-assembled InAs quantum dots (QDs) grown on AlAs have been embedded in three sample structures for atomic
force microscopy (AFM), photoluminescence (PL) and resonant-tunneling measurements. The amount of deposited InAs was
varied between nominally 1.6 and 2 monolayers. This leads to a shift of the QD-related PL peak from about 1.9 to 1:6 eV
that is due to an increasing QD size as con<rmed by AFM images of the reference wafer. With increasing InAs coverage,
the onset voltage for single-electron tunneling shifts from 0.3 to 0 V which is explained by the lower lying ground state in
the larger QDs. The observed strong dependence of the QD size on the InAs coverage o>ers up a simple way to adjust the
onset voltage for single-electron tunneling via growth parameters. ? 2002 Elsevier Science B.V. All rights reserved.

PACS: 73.20.Dx; 73.40.Gk; 78.55.Cr

Keywords: Self-assembled quantum dots; Atomic force microscopy; Photoluminescence; Resonant tunneling; Single-electron tunneling

1. Introduction

Self-assembled InAs quantum dots (QDs) embed-
ded in an AlAs matrix are of increasing interest [1–3].
The smaller size and the deeper con<nement poten-
tial within the high-band gap material AlAs instead
of GaAs shift the photoluminescence (PL) energy of
the QDs into the visible range and o>er some poten-
tial for opto-electronic applications [4]. In contrast to
InAs=GaAs, little is known about the growth, the prop-
erties and the electronic structure of the InAs=AlAs
QD system. Nevertheless, this material system has
been used for several years in resonant-tunneling
diodes for investigations of single-electron tunnel-
ing through zero-dimensional (0D) dot states [5–9].
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In this study, we present results of resonant tunneling
experiments and PL spectroscopy on InAs=AlAs QD
samples concerning the in uence of the dot size.

2. Sample preparation

InAs=AlAs QDs were embedded in three di>erent
sample structures all fabricated with molecular-beam
epitaxy. The layer sequence of wafer 1 (AFM struc-
ture) with uncapped QDs on top is as follows: a
semi-isolating GaAs(1 0 0) wafer, a 500 nm GaAs
bu>er layer and 20 nm of AlAs grown at 600◦C.
Wafer 2 (PL structure) is similar to wafer 1 except
that the QDs were additionally capped with 20 nm
AlAs and 10 nm GaAs. In wafer 3 (resonant-tunneling
diode) for vertical transport experiments the QDs are
embedded symmetrically in two 5 nm AlAs barriers,
15 nm GaAs pre-wells and 1 �m n+GaAs emitter
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and collector, respectively, grown at 600◦C on an
n+GaAs substrate [8]. The wet-chemically etched
tunnel diodes of 40×40 �m2 base length are equipped
with standard AuGeNi contacts.
The growth conditions of the QDs were the same

for all wafers. During a growth interruption the sub-
strate temperature (TS) was lowered to 500

◦C and the
substrate rotation was stopped in order to achieve a
gradient in the InAs coverage across the wafer. The
gradient across a 2′′ wafer was estimated from refer-
ence samples to about 30%. Then, InAs was deposited
with a growth rate of 0.05 monolayers (ML)=s. A
change of the re ection high electron energy di>rac-
tion (RHEED) pattern indicated the beginning of
QD formation at 1.6 ML InAs. Nominally 1:8 ML of
InAs were deposited in the center of the wafer which
results in a gradient of 1.55–2.05 ML InAs. Pieces
with di>erent InAs coverage were cut from the wafers.

3. Experimental results

AFM images measured on the uncapped QD sam-
ple (wafer 1) in Fig. 1 show a high QD density of
about 3×1011 cm−2 which is nearly constant for InAs
coverages between 1.6 and 2 ML in agreement with
Ref. [2]. With increasing InAs supply, an increasing
size of the QDs is observed from about 10 to 14 nm
in diameter and up to 3 nm in height. This behavior
is quite di>erent from that of QDs grown on GaAs
where the dot density increases with InAs coverage.
Compared to InAs=GaAs QDs, the size distribution is
broader and it somewhat improves at higher InAs cov-
erage. For a coverage of 2.0 ML InAs, the majority of
the dots reaches their maximum size of about 14 nm
in diameter before coalescence occurs.

Fig. 1. AFM de ection images of InAs QDs grown on AlAs with di>erent InAs coverages.

Fig. 2. PL spectra of InAs=AlAs QDs measured at T = 6 K for
samples with di>erent InAs coverages. The spectra are shifted for
clarity. The inset shows the dependence of the PL peak maximum
hvmax on the InAs coverage.

PL spectra of wafer 2 with the QDs buried in
AlAs measured at T =6 K under cw-excitation
(�=514 nm; P=10 mW cm−2) of an Ar+ laser are
plotted in Fig. 2. The emission around 1:95 eV is
attributed to PL from the wetting layer (WL) [3].
With increasing InAs coverage (across the wafer), a
gradual decrease of the PL peak energy hvmax from
about 1.9 to 1:6 eV is observed; see inset of Fig. 2.
This red shift is explained by a lower ground state
energy in the larger QDs at higher InAs coverage
which agrees with the AFM result from the uncapped
QDs (wafer 2). The full-width at half-maximum
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Fig. 3. I(V ) characteristics at T = 4:2 K of resonant-tunneling
diodes with InAs QDs grown with di>erent InAs coverages. The
arrows mark the onset of single-electron tunneling at Uon. The
inset shows the dependence of Uon on the InAs coverage.

(FWHM) of the QD-related PL peak of more than
100 meV re ects the broad size distribution of the
QDs. The slight decrease from 120 to 100 meV
FWHM with increasing InAs supply is also seen in
AFM images as an improvement of the dots size
distribution. The smallest linewidth of FWHM ≈
100 meV and the highest quantum eOciency is ob-
tained for the sample with the large dots at high InAs
coverage of about 1.9 ML. Above 2 ML, the PL
signal is quenched, probably by the introduction of
dislocations.
Current–voltage characteristics I(V ) of the reso-

nant tunnel diodes cut from wafer 3 with di>erent
amounts of InAs incorporated in the AlAs barriers are
plotted in Fig. 3. For all samples we observe steps in
I(V ) which we attribute to single-electron tunneling
from the 3D emitter into 0D states of the QDs (elec-
tron tunneling into the base of the QDs) [8,9]. With
increasing bias voltage, the emitter shifts upwards in
energy. When the Fermi level (EF) in the emitter is in
resonance with the lowest QD states (large dots), steps
in the I(V ) curves occur at the onset voltage (Uon). A
further increase of the voltage shifts EF towards
the maximum of the QDs energy distribution which
strongly enhances the tunneling current and single
steps can no longer be resolved.
The observed shift of Uon to lower voltages in the

samples with higher InAs coverage is due to lower
electronic levels in the larger dots in agreement with
the PL and the AFM results. Then, resonant tunneling

occurs at lower bias voltage and a gradual shift from
about Uon ≈ 0:3 V to nearly 0 V for the samples with
1.76–2.0 ML InAs is observed; see inset of Fig. 3. The
fact that Uon is a function of the InAs coverage and
the QD size, respectively, o>ers a simple way to tune
the voltage range of single-electron tunneling. With
the adjustment of the bias voltage, the large QDs are
selected for single-electron tunneling undisturbed by
the large number of the smaller QDs. In that sense, the
broad size and energy distribution of the InAs=AlAs
QDs is not disadvantageous to tunneling experiments
and the reduced dot size (compared to InAs=GaAs) put
the electronic levels to reasonable energies accessible
by resonant tunneling.

4. Comparison of PL and resonant tunneling data

The absence of resonant tunneling close to U = 0
show that the electronic QD levels are located above
the emitter Fermi energy (EF) which is about 15 meV
above the conduction band (EC) in the n+GaAs layer
[9]. The energy of the resonant QD level (EQD) can be
estimated from the voltage Uon with EQD=EF=eUon

( is the relative voltage drop across the <rst tun-
neling barrier and e is the electron charge). On the
assumption of a symmetric voltage drop of  = 0:5,
the energetic position of the largest QDs with respect
to EC in the emitter (EQD–EC) is plotted in Fig. 4. It
can be seen that EQD strongly depends on the InAs
coverage. From the I(V ) curves of resonant-tunneling
diodes incorporating only an InAs-WL (kink at about
0:6 V [8]) the WL energy is estimated at Ewl − EC ≈
300 meV. Knowing Ewl, we can <t this energy scale
to that estimated from the PL spectra. From the max-
imum of the QD PL peak energies (hvmax, inset of
Fig. 2) and theWL emission at hvwl=1:95 eV the max-
imum of the electronic QD state distribution (Emax)
with respect to Ewl is calculated according to Emax −
Ewl = �(hvwl − hvmax). (� is the portion due to con-
duction band states.) With the assumption of � = 0:7
and Ewl = const: in all samples the result is plotted in
Fig. 4. It can be seen that the QD energies derived
from the PL data also depend strongly on the InAs
coverage. These values are about 50 meV higher in
energy compared to those from Uon which is a reason-
able value for the di>erence between the maximum
(measured by PL) and the low energy end (measured
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Fig. 4. Electronic ground state energies of the QDs estimated
from Uon of resonant tunneling (open circles) and PL peak energy
hvmax (solid triangles) as a function of the InAs coverage. The
arrow marks the energetic position of the wetting layer as deduced
from [8].

by resonant tunneling) of the energy distribution of
the electronic QD levels. In spite of the rough as-
sumptions, both experiments give a consistent picture
for the energy band diagram of the InAs=AlAs QD
system.

5. Summary

The onset voltage for the <rst current step, Uon, in
the I(V ) characteristics of resonant-tunneling diodes
with InAs QDs embedded in the AlAs-tunneling
barrier strongly depends on the InAs coverage.
With increasing InAs supply from about 1.6 to 2.0
ML, Uon is decreasing from about 0.3 to 0 V. As
suggested by AFM and PL results obtained from
reference samples, this is explained with lower lying

electronic states in larger QDs that allows reso-
nant tunneling at lower bias voltage. This o>ers a
simple way to control the onset of single-electron
tunneling in resonant-tunneling devices via growth
parameters.

Acknowledgements

This work was supported by the Deutsche
Forschungsgemeinschaft DFG (Pi 385=1-1 and Ha
1826=5-1).

References

[1] U.H. Lee, D. Lee, H.G. Lee, S.K. Noh, J.Y. Leem, H.J. Lee,
Appl. Phys. Lett. 74 (1999) 1597.

[2] P. Ballet, J.B. Smathers, G.J. Salamo, Appl. Phys. Lett. 75
(1999) 337.

[3] K. Pierz, A. Miglo, P. Hinze, F.J. Ahlers, G. Ade, I.
Hapke-Wurst, U. Zeitler, R.J. Haug, Phys. Stat. Sol. B (2001)
224.

[4] K. Hinzer, et al., J. Appl. Phys. 87 (2000) 1496.
[5] I.E. Itskevich, T. Ihn, A. Thornton, M. Henini, T.J. Foster,

P. Moriarty, N. Nogaret, P.H. Beton, L. Eaves, P.C. Main,
Phys. Rev. B 54 (1996) 16401.

[6] T. Suzuki, K. Nomoto, K. Taira, I. Hase, Jpn. J. Appl. Phys.
36 (1997) 1917.

[7] M. Narihiro, G. Yusa, Y. Nakamura, T. Noda, H. Sakaki,
Appl. Phys. Lett. 70 (1997) 105.

[8] I. Hapke-Wurst, U. Zeitler, H. Schumacher, R.J. Haug,
K. Pierz, F.J. Ahlers, Semicond. Sci. Technol. 14 (1999)
L41.

[9] I. Hapke-Wurst, U. Zeitler, H. Frahm, A.G.M. Jansen,
R.J. Haug, K. Pierz, Phys. Rev. B 62 (2000) 12621.


	Influence of the size of self-assembled InAs/AlAs quantum dots on photoluminescence and resonant tunneling
	Introduction
	Sample preparation
	Experimental results
	Comparison of PL and resonant tunneling data
	Summary
	Acknowledgements
	References


