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Self-aligned epitaxial metal-semiconductor hybrid nanostructures

for plasmonics

Adam Urbahczyk,a) Frank W. M. van Otten, and Richard Noétzel”
Department of Applied Physics, COBRA Research Institute on Communication Technology,

Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands
(Received 12 April 2011; accepted 12 May 2011; published online 13 June 2011)

We demonstrate self-alignment of epitaxial Ag nanocrystals on top of low-density near-surface InAs
quantum dots (QDs) grown by molecular beam epitaxy. The Ag nanocrystals support a surface
plasmon resonance that can be tuned to the emission wavelength of the QDs. Photoluminescence
measurements of such hybrid metal-semiconductor nanostructures reveal large enhancement of the
emission intensity. Our concept of epitaxial self-alignment enables the integration of plasmonic
functionality with electronic and photonic semiconductor devices operating down to the single QD
level. © 2011 American Institute of Physics. [doi:10.1063/1.3596460]

Nanometer-scale precise alignment of hybrid nanostruc-
tures is a fundamental challenge in modern nanotechnology.
One of the most widely targeted applications is in plasmon-
ics when coupling a semiconductor quantum dot (QD) to a
metal nanostructure. Metal nanostructures support electro-
magnetic modes called localized surface plasmon resonances
(SPRs) that enable confinement of light at deep subwave-
length length scales and induce huge local field
enhancements.' Coupling of QDs to such localized modes
allows engineering of their optical properties. Those hybrid
nanostructures find applications in novel optical devices in-
cluding nanolasers or spasersz’3 and optical transistors.” All
above mentioned functionalities rely on near-field coupling,
so fabrication requires control of the metal-emitter distance
within a nanometer, which has so far been demonstrated em-
ploying colloidal QDs.>”’

We achieve this control by the self-alignment of epitax-
ial Ag nanocrystals on near-surface InAs/GaAs QDs grown
by molecular beam epitaxy (MBE). This is the most signifi-
cant advance compared to the previously demonstrated align-
ment of In nanocrystals8 as Ag is the material of choice for
plasmonics exhibiting the lowest resistive losses of all met-
als. Moreover, it reveals the generality of our concept of
epitaxial self-alignment. In fact, epitaxial self-alignment is
well known for the correlated stacking of QDs due to strain
mediation®'? but has so far not been applied to hybrid sys-
tems. We precisely match the density of the Ag nanocrystals
with that of the QDs. We also demonstrate tuning of the Ag
nanocrystal SPR by changing the nanocrystal size and accu-
rately control the metal-QD distance by the thickness of the
GaAs cap layer on the QDs. Finally we demonstrate strong
enhancement of the emitted light intensity of the QDs.

All samples were grown by solid-source MBE on singu-
lar (100) oriented, undoped GaAs substrates. After oxide re-
moval under As, flux at 580 °C, a 200 nm GaAs buffer layer
was grown. Ag nanocrystals were grown on both bare GaAs
and capped InAs QDs. InAs QDs were grown following the
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FIG. 1. (Color online) (a) AFM image and DR spectrum of 0.5 nm Ag
nanocrystals deposited at 250 °C. (b) AFM image and DR spectrum of 2 nm
Ag nanocrystals deposited at 300 °C. The Inset shows a three-dimensional
AFM image of a single Ag nanocrystal at enlarged scale. The nanocrystal
elongation is along [011]. (c) AFM image and DR spectra of 1 nm Ag
nanocrystals deposited at 275 °C. The DR spectra are shown for light po-
larized parallel and perpendicular to the long axis of the Ag nanocrystals,
i.e., along [011] and [011]. The large difference of the signal-to-noise ratio
is due to the polarization characteristics of the diffraction grating.

© 2011 American Institute of Physics

Downloaded 01 Mar 2012 to 131.155.151.134. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3596460
http://dx.doi.org/10.1063/1.3596460
http://dx.doi.org/10.1063/1.3596460

243110-2 Urbanczyk, van Otten, and Noétzel
(@) (b)

6 nm 4 nm
0 nm 0 nm

\ 2 um ) 2 ym ,
© 4 nm

QD+Ag bare QD

0 nm

780 nm
P

FIG. 2. (Color online) (a) AFM image of Ag nanocrystals deposited on InAs

QDs. The nanocrystal elongation is along [011]. (b) The same image with
expanded height scale. (c) Close-up of an individual Ag nanocrystal-QD pair
and a reference image of a single InAs QD with 3 nm GaAs cap layer.

droplet epitaxy approach.13 One monolayer In was deposited
at 100 °C to form In nanocrystals, which were transformed
into InAs QDs by annealing under As, flux initially at
100 °C and then at 450 °C, where the QDs were capped by
3 nm GaAs. For Ag nanocrystal growth the samples were
transferred into an attached metal MBE chamber. The sub-
strate temperature was kept between 250 and 300 °C, the
growth rate was 0.1 nm/min, and the Ag coverage amounted
to 0.5-2 nm. The morphology of the samples was character-
ized by tapping-mode atomic force microscopy (AFM) under
ambient conditions. The SPRs of the Ag nanocrystals were
measured by differential reflectance (DR) spectroscopy.14 A
halogen lamp and a double quarter-meter monochromator
were used as a tunable light source and the light reflected
from the sample surface was detected by a PbS photoresis-
tive sensor. Photoluminescence (PL) measurements were
performed with the samples placed in a continuous-flow He
cryostat at 10 K. A long working distance objective (NA 0.5)
was used to excite the samples and collect the emitted light.
A 630 nm semiconductor laser was used as excitation source.
The PL was dispersed by a single quarter-meter monochro-
mator and detected by a liquid-nitrogen cooled InGaAs pho-
todiode array.

Figures 1(a)-1(c), left panels, present AFM images of
the morphology of the Ag nanocrystals on GaAs for various
growth conditions. The hut-shaped nanocrystals exhibit a
clearly faceted surface and tend to elongate in the [011] di-
rection, see inset in Fig. 1(b), what reveals that they have a
well-defined epitaxial relation with the substrate. Formation
of epitaxial metal nanocrystals on semiconductor surfaces is
not uncommon and has been reported long ago in the Ag/
Si(100) materials system.'> The size and density of the Ag
nanocrystals are easily controlled by varying the deposition
temperature and coverage. With increase in the coverage, the
average island size increases and with increase in the sub-
strate temperature, the density decreases due to higher ada-
tom mobility. The lower density results in increased nano-
crystals size, which can be compensated by lowering the
coverage.

Appl. Phys. Lett. 98, 243110 (2011)
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FIG. 3. (Color online) (a) DR spectra for light polarized along [011] and

[011] of the sample with Ag nanocrystal-QD hybrids. The sharp feature
around 900 nm is due to the GaAs band gap. (b) Low-temperature PL
spectra of the QDs of the metal-QD hybrid structures (including the inten-

sity ratio of the linear polarized PL along [011] and [011]) and of a refer-
ence sample with only near-surface QDs. (c) Low-temperature PL spectra of
bulk GaAs of the metal-QD hybrid structures and of a reference sample
without Ag nanocrystals.

As also shown in Figs. 1(a)-1(c), right panels, the SPRs
of the Ag nanocrystals, measured by DR spectroscopy shift
from 1 to 1.7 wm due to increasing nanocrystal size deter-
mined by the growth conditions. Though certainly not the
limit this wavelength range is of particular interest covering
the second and third telecom bands at 1.3 and 1.5 um. As
mentioned above, the Ag nanocrystals tend to elongate. This
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results in strong linear polarization dependence of the SPR
response, shown in Fig. 1(c) with peak separations of 100—
200 nm for light polarized parallel and perpendicular to the
long axis. The long wavelength resonance for the light po-
larized along the long axis is broader, which we attribute to
larger inhomogeneous broadening caused by larger size
variation in this direction.

When Ag is not deposited on bare GaAs but on InAs
QDs capped with a thin GaAs layer, the Ag nanocrystals
nucleate right on top of the QDs. The thickness of the GaAs
cap layer controls their separation. This is evident when
comparing the AFM topography data shown in Figs.
2(a)-2(c). The morphological feature corresponding to a QD
after capping has an elongated shape and height of 3—4 nm,
see right panel in Fig. 2(c). On the sample with Ag such
features protrude from beneath the nanocrystals having a
height around 80 nm. They are visible when the height scale
is expanded in Fig. 2(b) and left panel of Fig. 2(c) compared
to Fig. 2(a). No such features are observed for Ag deposited
on the bare GaAs surface. From careful analysis of the AFM
images we conclude that every Ag nanocrystal has a QD
beneath, so the probability of alignment is 100%. This is
achieved since the Ag nanocrystal density is matched within
10% to the QD density, 1.7 um™ versus 1.8 um™. The
corresponding Ag coverage and growth temperature are
0.5 nm and 400 °C. Interestingly, in case of deposition on
top of the QDs the direction of the Ag nanocrystal elongation

is changed from [011] to [011], the latter being the direction
of elongation of the QDs. It is thus evident that both nucle-
ation and growth of the Ag nanocrystals are modified by the
presence of the QDs revealing a route to template-based
shape control.

The optical properties of the samples with hybrid metal-
semiconductor nanostructures are clearly different from
those of the samples with solely QDs or Ag nanocrystals.
Due to the different direction of elongation of the Ag nano-
crystals the polarization properties of the SPR modes are
reversed. The nanocrystals exhibit SPR peaks at 1.5 and

1.1 um for light polarized along [011] and [011], shown in
Fig. 3(a). Most important, the presence of the Ag nanocrys-
tals results in a large intensity enhancement of about one
order of magnitude of the PL of the QDs underneath the Ag
nanocrystals centered at 1.25 um, shown in Fig. 3(b). A
similar enhancement of the intensity is found for the bulk
GaAs emission, see Fig. 3(c). The increased PL intensity can
in principle arise from an increase in the light absorption,
spontaneous emission rate, or both. Moreover a positive bal-
ance of radiative and nonradiative recombination has to be
maintained. For the QDs this is provided by the 3 nm GaAs

Appl. Phys. Lett. 98, 243110 (2011)

cap layer. Taking into account that the areal coverage of Ag
is about 2.8% and that the SPR mode volume extends only
over a few nanometer it is unlikely that the observed PL
enhancement of bulk GaAs is due to enhanced emission or
scattering. In addition, there is only a weak trend of the lin-
ear polarization behavior of the QD PL following that of the
SPRs, shown in Fig. 3(b). For purely SPR enhanced emis-
sion a stronger polarization dependence of the PL. would be
expected.16 Hence, we attribute the PL enhancement mainly
to near-field enhanced absorption of the exciting laser light,
also in resonance with the SPR, and thus greater carrier in-
jection into GaAs and the QDs, where the alignment is es-
sential.

In conclusion, Ag nanocrystals were grown epitaxially
on GaAs by MBE. Their size and density was tuned by vary-
ing the substrate temperature and coverage resulting in
strong shifts of the SPRs at telecom wavelengths. When de-
posited on near-surface InAs QDs the Ag nanocrystals self-
align on top of the QDs. This opened the door to synthesize
hybrid metal-semiconductor nanostructures with precise con-
trol of the lateral, due to the self-alignment, and vertical, due
to the cap layer, QD to metal separation. PL. measurements
revealed clear intensity enhancement, which was attributed
to SPR-enhanced absorption of the exciting light.
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