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We report the alignment of In nanocrystals on top of linear InGaAs quantum dot �QD� arrays formed
by self-organized anisotropic strain engineering on GaAs �100� by molecular beam epitaxy. The
alignment is independent of a thin GaAs cap layer on the QDs revealing its origin is due to local
strain recognition. This enables nanometer-scale precise lateral and vertical site registration between
the QDs and the In nanocrystals and arrays in a single self-organizing formation process. The
plasmon resonance of the In nanocrystals overlaps with the high-energy side of the QD emission
leading to clear modification of the QD emission spectrum. © 2010 American Institute of Physics.
�doi:10.1063/1.3358122�

Coupling of a semiconductor quantum dot �QD� to an
electromagnetic resonator is of fundamental interest to con-
trol its optical properties. The system most widely studied is
a QD placed in a photonic crystal cavity.1–3 More recently,
the coupling of a QD to the plasmon resonance of a metal
nanoparticle or nanoparticle array has attracted much atten-
tion, representing the ultimate electromagnetic resonator
with subwavelength size. Such hybrid QD—metal nanopar-
ticle structures enable the enhancement of the QD
emission,4–7 control of the polarization of emitted light,8

modification of the far field radiation pattern,9 and other in-
teresting collective optical phenomena.10,11 So far, fabricat-
ing those structures relied on chemical self-assembly12 or
top-down processing,8 the latter being without control of the
position of the QDs with respect to the metal nanostructures
which is required to fully exploit their unique properties.

In this work, we report the alignment of In nanocrystals
on one-dimensional �1D� InGaAs QD arrays formed by self-
organized anisotropic strain engineering on GaAs �100� by
molecular beam epitaxy �MBE�. The In nanocrystals grow
on top of the QD arrays which are uncapped or capped with
a thin GaAs layer, indicating strain driven nucleation. By
controlling the growth parameters such as In amount and
growth temperature, dilute In nanocrystal arrangements or
1D arrays of closely spaced In nanocrystals following the
underlying 1D InGaAs QD arrays with different size are re-
alized. Hence, nanometer-scale precise lateral �due to the or-
dered QD arrays� as well as vertical �due to the GaAs cap
layer thickness� site registration between the QDs and the In
nanocrystals and arrays is achieved in a single, self-
organizing epitaxial growth process. The plasmon resonance
of the In nanocrystals overlaps with the high-energy side of
the QD emission, leading to clear modification of the photo-
luminescence �PL� spectra due to coupled plasmon-QD
emission in temperature dependent measurements.

The samples were grown by solid source MBE on un-
doped, singular GaAs �100� substrates. After native oxide
removal under As4 flux at 580 °C, a 200 nm thick GaAs
buffer layer was grown. Next, a 15-periods InGaAs/GaAs

superlattice �SL� template was grown for 1D QD ordering on
top.13 Each SL period consisted of a 2.3 nm In0.4Ga0.6As QD
layer grown at 540 °C immediately capped with 0.7 nm
GaAs, annealing for 2 min at 580 °C, and a 12 nm GaAs
layer grown at 580 °C. On the SL template a single layer of
2.3 nm In0.4Ga0.6As QDs was deposited, either left uncapped
or capped with 1 or 3 nm GaAs. After this the samples were
cooled down to 100 or 120 °C and In nanocrystals with 4 or
12 monolayers �ML� In amount were deposited.14 The
growth rates for GaAs and InAs were 0.054 and 0.0375
nm/s. The surface morphology of the In nanocrystals was
characterized by tapping-mode atomic force microscopy
�AFM� in air. For temperature dependent PL measurements
of the InGaAs QD arrays the samples were placed in a He-
flow cryostat. A frequency doubled neodymium-doped
yttrium aluminum garnet �Nd:YAG� laser �532 nm line� was
used as an excitation source with excitation power density of
256 mW /cm2. The PL was dispersed by a single 1/4-m
monochromator and detected by a liquid nitrogen cooled In-
GaAs photodiode array. The plasmon response of the In
nanocrystals was measured by differential reflectivity �DR�
spectroscopy at room temperature.15 The DR setup consisted
of a halogen light source, a double 1/4-m monochromator,
and a PbS detector.

Figure 1 shows the AFM images of the In nanocrystals
for different deposition conditions, i.e., In amount and
growth temperature, and GaAs cap layer thickness on the
InGaAs QD arrays as follows: �a� 4 ML In, 100 °C, no GaAs
cap; �b� 12 ML In, 100 °C, no GaAs cap; �c� 4 ML In,
120 °C, no GaAs cap; �d� 4 ML In, 120 °C, 1-nm GaAs cap;
�e� 4 ML In, 120 °C, 3-nm GaAs cap; and �f� 12 ML In,
120 °C, no GaAs cap. The general trend from �a� to �f� is an
increase in nanocrystal density and size with In amount and
a decrease in nanocrystal density and increase in size with
growth temperature, similar to the direct growth on GaAs
�100�.14 Most important, in all cases the In nanocrystals align
on top of the InGaAs QDs leading to correlated dilute nano-
crystal arrangements for smaller In amount and higher
growth temperature �most pronounced in Fig. 1�e�� and to
ordered 1D arrays of closely spaced In nanocrystals for
larger In amount and lower growth temperature �most pro-
nounced in Fig. 1�b��. The correlated In nanocrystal growth
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is preserved in the presence of the GaAs cap layer on the
InGaAs QDs �Figs. 1�d� and 1�e�� although the surface
smoothens with increasing cap layer thickness �height modu-
lation of 7 nm without GaAs cap and of 5 nm with 3-nm
GaAs cap�. This indicates that the alignment is not due to
morphological features but due to strain mediated nucleation
similar to the case of the InGaAs QDs. This is attributed to
the crystalline nature of the In nanocrystals with the shape of
a truncated pyramid and a clear epitaxial relationship with
the GaAs �100� surface.14

Figure 2 shows the temperature dependent PL spectra of
the InGaAs QD arrays capped with 3-nm GaAs and 4 ML In
nanocrystals grown at 120 °C on top. The average base size
and height of the In nanocrystal grown under these condi-
tions are 40 and 30 nm, respectively, and their density is
5.1 �m−2. The peak centered at low temperature at 1.04 eV
is from the QDs and that centered at 1.31 eV is from the SL
template. As always observed, the PL from the SL template
vanishes with increasing temperature due to thermally acti-
vated carrier transfer from the SL template to the QDs. At
elevated temperature an additional peak centered at 1.21 eV
becomes evident, most clearly at 120 K, shown in the upper
inset in Fig. 2, which is detected up to room temperature.
Such emission is not observed for the InGaAs QD arrays
without In nanocrystals on top, as seen in the PL spectrum
denoted as ref in Fig. 2, taken at room temperature. The PL
peak coincides in energy with the plasmon resonance of the
In nanocrystals determined from the DR measurements at
room temperature, shown in the lower inset in Fig. 2.

We assign the PL peak of the InGaAs QD arrays cen-
tered at 1.21 eV to coupled surface plasmon resonance
�SPR�-QD emission, which manifests itself in the resonant

enhancement of the PL efficiency, although the overall PL
intensity of the QDs is reduced in the presence of the In
nanocrystals. Coupled SPR-QD emission is supported by the
small low-energy shift with increasing temperature �due to
the small change in the refractive index of GaAs, slightly
redshifting the SPR with temperature� compared to the much
larger low-energy shift of the QD PL �due to the temperature
dependent shrinkage of the GaAs band gap energy and car-
rier delocalization�. At the lowest temperatures the SPR en-
hanced emission overlaps with the SL template PL and can
therefore not be identified, although it increases in intensity
due to lower resistive losses in the In nanocrystals. SPR en-
hanced emission of the SL template is not expected due to its
larger separation from the In nanocrystals together with the
large refractive index of GaAs. DR measurements of ran-
domly distributed In nanocrystals directly grown on GaAs
�100�, not shown here, reveal SPRs in the same energy range
which distinctly redshift with increasing nanocrystal size.
However, their inhomogeneous broadening is much larger—
0.6 eV versus 0.2 eV for the ordered In nanocrystals for the
same growth conditions due to a much larger In nanocrystal
size dispersion. Such a broad resonance would not allow the
identification of coupled SPR-QD emission in the spectral
shape as is the case for the broader SPR of dense In nano-
crystal arrangements.

In conclusion, we have demonstrated the alignment of In
nanocrystals on linear InGaAs QD arrays formed by self-
organized anisotropic strain engineering on GaAs �100� by
MBE. The In nanocrystals grow on top of the QD arrays,
which were uncapped or capped with a thin GaAs layer due
to strain driven nucleation. By controlling the growth param-
eters such as In amount and growth temperature, dilute In
nanocrystal arrangements or 1D arrays of closely spaced In
nanocrystals with different size were realized. Hence,
nanometer-scale precise lateral as well as vertical site regis-
tration between the QDs and the In nanocrystals and arrays
was achieved in a single self-organizing formation process.
The SPR of the In nanocrystals overlaps with the high-

FIG. 1. �Color online� AFM images of the In nanocrystals with different In
amount, growth temperature, and GaAs cap layer thickness on the InGaAs
QD arrays: �a� 4 ML In, 100 °C, no GaAs cap; �b� 12 ML, 100 °C, no
GaAs cap; �c� 4 ML, 120 °C, no GaAs cap; �d� 4 ML, 120 °C, 1-nm GaAs
cap; �e� 4 ML, 120 °C, 3-nm GaAs cap; and �f� 12 ML, 120 °C, no GaAs
cap. The AFM scan fields are 4�4 �m2.

FIG. 2. �Color online� Temperature dependent PL spectra of the InGaAs QD
arrays capped with 3 nm GaAs and 4 ML In nanocrystals grown at 120 °C
on top in logarithmic scale. The lines are guides for the eyes. The spectrum
marked as ref is a reference room temperature measurement of a structure
without In on top. Upper inset: 120 K PL spectrum in linear scale. Lower
inset: DR spectrum of the In nanocrystals taken at room temperature.
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energy side of the QD emission which leads to clear modi-
fication of the PL spectrum evidencing coupling between the
QDs and localized SPRs of the In nanocrystals.
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