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ARTICLE INFO ABSTRACT

Concepts of lateral ordering of epitaxial semiconductor quantum dots (QDs) are for the first time trans-
ferred to hybrid nanostructures for active plasmonics. We review our recent research on the self-
alignment of epitaxial nanocrystals of [n and Ag on ordered one-dimensional In(Ga)As QD arrays and
isolated QDs by molecular beam epilaxy. By changing the growth conditions the size and density of
the metal nanocrystals are easily controlled and the surface plasmon resonance wavelength is tuned over
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1. Introduction

Epitaxial semiconductor quantum dots (QDs) have enabled
significant improvements of the performance of optoelectronic
devices such as semiconductor lasers and optical amplifiers [1].
The QDs that are almost entirely employed are strain induced is-
lands formed in the Stranski-Krastanov growth mode of lattice
mismatched systems such as InAs/GaAs and InAs/InP and they
are distributed randomly. For future quantum functional devices
laterally ordered arrangements of QDs are required allowing oper-
ation down to the level of single electrons and photons with well
controlled quantum mechanical and electromagnetic interactions
[2]. There are numerous approaches to fabricate such ordered QD
arrangements based on self assembly and growth on patterned
substrates and a rather complete collection can be found in [3].
Over the years we have contributed to this field with various novel
approaches and concepts, including periodic self-faceting on high-
index surfaces [4], self-organization of strained quantum disks [5],
natural self-faceting on patterned substrates [6], self-organized
anisotropic strain engineering [7], guided and directed self-
organization on patterned substrates [8], and shape controlled
selective area growth [9].

Now we made a significant step forward to transfer concepts of
self-organized ordering to hybrid nanostructures, namely the self-
alignment of epitaxial metal nanocrystals to ordered semiconduc-
tor QD arrays and single QDs to add plasmonic functionalities. In
the following we discuss our three main achievements, critically

a wide range in order to match the emission wavelength of the QDs. Photoluminescence measurements
reveal large enhancement of the emitted light intensity due Lo plasmon enhanced emission and absorp-
tion down to the single QD level,

discuss our observations and interpretations, bring our work in
relation to the state-of-the-art, and conclude.

2. Research highlights

First, we have shown that In nanocrystals can be grown epitax-
ially on GaAs [10], in this case by molecular beam epitaxy (MBE).
They exhibit clear faceting and a well defined epitaxial relationship
with the substrate as determined from atomic force microscopy
(AFM) and reflection high-energy electron diffraction (RHEED)
studies, see Fig. 1a-d. Formation of epitaxial metal nanocrystals
on semiconductor surfaces is actually not uncommon and has been
reported long ago in the Ag/Si materials system [11]. We found,
however, that due to the epitaxial growth their size and density
are casily controlled by the growth conditions, i.e., growth temper-
ature, and growth rate and amount. Higher growth temperature re-
sults in larger size and lower density, higher growth rate results in
smaller size and higher density, and larger In amount results in lar-
ger size and higher density, see Fig. 1a-c, just the same way as
known for InAs QDs. Accordingly, the surface plasmon resonance
(SPR) of the In nanocrystals, determined from differential reflectiv-
ity (DR) measurements at room temperature, can be tuned over a
wide wavelength range, shown in Fig. le, covering the emission
wavelengths of epitaxial semiconductor QDs.

Second, we have shown that the In nanocrystals self-align to
InAs/GaAs QDs in a very similar manner as stacked QDs align in
growth direction due to vertical strain correlation [12,13], but this
type of alignment has never before been applied to hybrid systems.
The self-alignment has been clearly demonstrated by the ordered
growth of In nanocrystals on ordered one-dimensional InGaAs/
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Fig. 1. AFM images of In nanacrystals grown by MBE on GaAs (100) with coverage of (a) 3, (b) 5, and (c) 7 nm. The growth temperature is 100 °C and the growth rate is
0.008 nm/s. Some nanacrystals are elongated in the [011] direction. All scan fields are 2 x 2 pm” (d) Typical RHEED pattern after In deposition in the [011]gaas
direction. The red circles indicate the In transmission diffraction spots. (e) Differential reflectivity spectra taken at room temperature of the In nanocrystals with 3, 5,

and 7 nm coverage.

GaAs QD arrays, shown in Fig. 2a [14]. These one-dimensional QD
arrays are formed by self-organized anisotropic strain engineering
of an InGaAs/GaAs superlattice template, a concept for QD ordering
which we have developed earlier |7]. Importantly, the self-align-
ment of the In nanocrystals is sustained in the presence of a thin
GaAs cap layer on the QDs. Here, the thickness is 3 nm. In this
way the lateral and vertical positioning of the In nanocrystals with
respect to the QDs is controlled with nanometer-scale precision.
Laterally due to the self-alignment and vertically by the thin GaAs
cap layer on the QDs.

This unprecedented position control has allowed the observa-
tion of plasmon enhanced emission down to the single QD level
[14,15]. Plasmon enhanced emission relies on the confinement of
light at deep sub wavelength length scales and the corresponding
huge local optical near-field enhancements due to the excitation
of localized surface plasmons in the metal nanocrystals. Therefore,
the metal nanocrystal — QD separation is most crucial as for too
small separation the QD emission is quenched due to nonradiative
energy transfer while for too large separation the plasmonic effects
will be lost, especially in the high-refractive index semiconductors
where the optical near-field decays already within a few nanome-
ters. Fig. 2b shows the photoluminescence (PL) spectra taken at
140 K and room temperature of the QD arrays with In nanocrystals
and the PL spectrum of a reference sample without In nanocrystals
taken at room temperature. Precisely spectrally overlapping with
the SPR the QD PL is enhanced in the presence of the In nanocrys-
tals while no such enhancement is observed without In nanocrys-
tals or out of resonance. This characteristic change in the spectral
shape of the PL clearly indicates enhanced QD emission in contrast
to enhanced absorption which would affect all QDs close to the In
nanocrystals equally, enhancing the overall emission. The PL
enhancement is observed up to room temperature, though more
pronounced at lower temperature due to stronger SPRs for lower
resistive losses. In micro-PL, shown in Fig. 2¢, the enhanced PL

splits into distinct sharp peaks due to emission from single QDs.
This can be resolved due to the intentionally low density of the
In nanocrystals resulting in plasmon enhanced emission from only
a few QDs, thus opening the door to quantum optical studies and
applications at nanoscale dimensions.

Third, we have shown that also Ag nanocrystals can be grown
epitaxially on GaAs with excellent tunability of the structural
properties and plasmon resonances and they self-align to InAs/
GaAs QDs [16]. This is important as Ag is the material of choice
for plasmonics, exhibiting the lowest resistivity of all metals in
the wavelength range of interest and, moreover, it shows the
generality of our approach of epitaxial self-alignment. The Ag
nanocrystals self-align right on top of the InAs/GaAs QDs, in this
case demonstrated for dilute near surface QDs capped with 3 nm
GaAs to control the vertical separation, shown in the AFM image
in Fig. 3a. The red rectangles are the Ag nanocrystals on the
capped InAs/GaAs QDs protruding underneath. The inset shows
a reference capped single QD without Ag nanocrystal for com-
parison. As seen, the probability of alignment is 100% as the den-
sity of the Ag nanocrystals is perfectly matched to that of the
QDs. The Ag nanocrystals are often elongated. Interestingly, the
direction of elongation is rotated on the QDs compared to that
when the Ag nanocrystals are grown on bare GaAs. This provides
a first hint to template based shape control of noble-metal nano-
crystals in addition to the control of size and density through
other growth parameters like growth temperature, growth rate,
and deposition amount.

Due to the elongation of the Ag nanocrystals the SPR response
exhibits a strong linear polarization dependence with large peak
separations for light polarized parallel and perpendicular to the
long axis, shown in Fig. 3b. Most important, the presence of
the Ag nanocrystals results in a large intensity enhancement of
the QD PL. In micro-PL, particular lines from individual QDs
are much stronger which is never observed without Ag
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Fig. 2. (a) AFM image of In nanocrystals (purple rectangles) self-aligned on one-
dimensional InGaAs/GaAs QD arrays (light green stripes) [ormed by self-organized
anisotropic strain engineering. Growth is by MBE. The In amount is 4 monolayers
and the growth temperature is 120 °C. The QD arrays run along [0—11] and are
capped by 3 nm GaAs. The scan field is 2 x 2 pm™. (b) PL spectra taken at 140 K and
room temperature of the QD arrays with In nanocrystals and PL spectrum of a
reference sample without In nanocrystals talen at room temperature. SPR indicates
the wavelength range of the surface plasmon resonance of the In nanocrystals
determined by differential reflectivity measurements. (c) Micro-PL spectra of the
QD arrays with In nanocrystals taken at 140K at four different positions in the
spectral range of the SPR.

nanocrystals, shown in Fig. 3c. Here we attribute the majority of
the PL intensity enhancement to near-field enhanced absorption
of the exciting laser light, also in resonance with the SPR, and
thus greater carrier injection into GaAs and the QDs where the
alignment is essential. This is because there is no clear spectral
correspondence of the enhanced PL intensity with the SPR and,
moreover, a similar intensity enhancement is observed also for
the PL of bulk GaAs where the excited carriers are delocalized.
Importantly, in view of applications, this reveals the feasibility
of plasmon enhanced ultra-thin film and nanostructure solar
cells.
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Fig. 3. (a) AFM image of Ag nanocrystals (red rectangles) sell-aligned on top of
InAs/GaAs QDs capped with 3 nm GaAs protruding underneath. Growth is by MBE.
The Ag amount is 0.5 nm and the growth temperature is 400 °C. The nanocrystal
elongation is along [0 11]. The scan field is 2 x 2 pm®”. Inset: capped single InAs/
GaAs QD without Ag nanocrystal for comparison. The scan field is 780 x 780 nm™
(b) Differential reflectivity spectra for light polarized along [011] and [0—11] of the
sample with Ag nanocrystal-QD hybrids. (¢) Low-temperature micro-PL spectra of
the QDs of the metal-QD hybrid structures taken at two different positions and of a
reference sample with only near-surface QDs.

3. Critical discussion of our observations of the optical
properties and interpretation

As the field of active nanoplasmonics, the way we approach it
here, is at a quite early stage, it bears many risks of misconceptions
and misinterpretations. Therefore, we give here a critical discus-
sion of our spectroscopic results and their interpretation.

In and Ag are from a spectroscopic point of view very differ-
ent metals. The imaginary part of the dielectric function of In is
significantly larger than that of Ag resulting in much stronger
damping effects. This translates into a SPR which should be
broader by around one order of magnitude [17]. This is true



when considering the intrinsic properties of In and Ag nanopar-
ticles. However, in our experiments, we study the optical re-
sponse of In and Ag nanocrystal ensembles with considerable
size distribution, Hence, the widths of the SPRs are determined
by inhomogeneous broadening which likely makes them compa-
rable, Additionally one needs to take into account that the con-
tribution due to resistive losses to the intrinsic SPR width is not
given by the imaginary part of the dielectric function alone and
that radiation damping becomes significant for the particle sizes
under consideration [18]. It is well known that not only Ag but
also In nanoparticle ensembles support well defined SPRs of
comparable widths [19-21].

Plasmon resonances of metals are commonly associated to be in
the visible spectral range in contrast to our observations where
they appear in the near-infrared. However, considering the fact
that the In and Ag nanocrystals are positioned on high-refractive
index GaAs and additionally often exhibit a strong elongation,
especially the Ag nanocrystals, such long wavelength SPRs seem
realistic and necessary to spectrally match them with the QD emis-
sion upon independent adjustment of the size of the In and Ag
nanocrystals, Very simple estimates based on effective refractive
index considerations support that, but unfortunately this is not
straight-forward to calculate accurately, Here, it is worth mention-
ing that many groups have reported a wide wavelength tunability
of the SPRs of Ag nanoparticles by engineering the size, shape
[22,23], and dielectric environment [24], extending even into the
mid-infrared spectral region.

Technically it is not easy to measure DR spectra in the presence
of high-refractive index substrates. There may occur many experi-
mental artifacts, such as due to strong back reflection of the sub-
strate which could result in peaks when the reference is slightly
misaligned. However, we observe only a slowly varying back-
ground when the reference is intentionally misaligned. Moreover,
differential transmittance measurements, which have also been
performed, reveal the same resonance positions as the DR spectra.
Most important, our measurements are consistent in two crucial
points: First, the shift to longer wavelengths of the resonances with
increasing In and Ag nanocrystal size and second the linear polar-
ization behavior upon nanocrystal elongation.

A further issue is the need for near-surface QDs due to the rapid
decay of the optical near field. This leads to a strong interaction of
the QDs with surface defects which manifests itself in the rather
broad single QD emission of a few meV, Moreover, this interaction
leads to a significant quenching of the QD emission. The presence
of a metal particle close by may simply change the state of the
defects, change the band structure, and lead to a reduced quench-
ing, thereby enhancing the QD emission. But this would, as
enhanced absorption, affect all QDs similarly and not enhance
the emission of only those QDs which are in resonance with the
SPR, as we observe for the case of the In nanocrystals. In all, it is
evident, that substantial support from theory is needed for the
interpretation of spectroscopic results as presented here for hybrid
semiconductor QD - metal nanostructures, which we seek to come,

4. State-of-the-art

Now we relate our experimental work to the state-of-the-art of
the field. Position control of active plasmonic nanostructures has
been demonstrated by applying conventional approaches like the
scanning of a metallic tip over a QD or the manipulation of an emit-
ter or metal particle by a scanning probe tip [25,26]. Approaches
based on self-assembly exclusively employed colloidal QDs and
metal nanoparticles or structured metal films [27-31]. The QDs
and metal nanoparticles or films were separated either by dielec-
tric spacer layers or organic molecules, most prominent DNA

molecules. Enhanced emission and enhanced absorption have been
observed in such structures, also down to the single QD level. How-
ever, these structures are not easy to integrate in wafer based scal-
able devices and therefore impractical for most applications,
Epitaxial structures naturally overcome this drawback.

5. Conclusions

In conclusion, In and Ag nanocrystals were grown epitaxially on
GaAs by MBE. Their size and density were tuned by varying the
substrate temperature, coverage, and growth rate resulting in
strong shifts of the SPRs. When deposited on In{Ga)As QD arrays
or isolated QDs the In and Ag nanocrystals self-aligned on top of
the QDs. PL measurements revealed clear intensity enhancements
which were attributed to SPR enhanced emission and absorption,
The superior control of size, density, and position demonstrated
here for epitaxial metal nanocrystals is highly relevant to exploit
plasmonic effects for a much wider range of applications than dis-
cussed so far, including sensing [32,33], spectroscopy [34], imaging
[35], solar energy conversion [36,37], nanophotonic circuits
[38,39], and many others. It should be emphasized here that metal
nanostructures when they are single-crystalline exhibit the best
plasmonic properties [40].

An outstanding challenge that must be addressed is shape con-
trol of the metal nanocrystals to fully exploit plasmonic function-
ality. In principle, conventional direct patterning by, e.g., electron
beam lithography or focused ion beam milling seems more flexible
in this respect. We anticipate however, that methods based on
direct growth, most probably in combination with lithographic
patterning will be more feasible, in particular when structural per-
fection and alignment are concerned. Then more optical properties
of QDs can be controlled such as polarization [41,42] and direction-
ality [43,44] of the emitted light. This will lead to novel truly nano-
photonic applications with electronic and optical fields fully
controlled and confined to the nanoscale, including efficient single
photon sources, optical transistors [45], nanolasers [46,47] and
even provide the basis for quantum information processing when
the strong coupling regime can be reached [48,49]. We believe that
this is at realistic reach. The epitaxial growth of metal nanocrystals
follows astonishingly close the well known mechanisms governing
the growth of semiconductor nanostructures which have been
studied over many years to have better and better control over
the structural and optical properties, and we have only just started
with metals.
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