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Hybrid structures of few or single quantum dots (QDs) coupled to single optical antennas are of prime

interest for nano-optical research. The photoluminescence (PL) signal from single nanoemitters, such as

QDs, can be enhanced, and their emission characteristics modified, by coupling them to plasmonic nano-

structures. Here, a self-aligned technique for placing nanoscale QDs with about 10 nm lateral accuracy
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Introduction

In this work we present a hybrid system consisting of few or
single quantum dots (QDs) near the tips of plasmonic nano-
cones. The unique optical properties of QDs, such as broad
absorption and narrow emission bands, bright and stable
photoluminescence (PL), and a size-tuneable emission wave-
length, make them promising for various applications." QDs
are very interesting for nanophotonics and quantum optics, in
which they serve as single photon sources.”> They also play an
important role as tags and markers in biological sensing.?

In metal nanoparticles collective oscillations of the conduc-
tion electrons, known as localized surface plasmons, can be
excited by an external field.* The plasmons mediate strong
interactions between the incoming light and the nano-
structure, enabling the straightforward detection of individual
structures in a far-field optical microscope.’ The positioning of
quantum emitters in the vicinity of the high near-field regions
of such metal structures, which act as optical antennas, results
in energy transfer between the two objects® and may lead to
quenching or enhancement of the QD signal.””®

The PL intensity of QDs in the vicinity of such optical
antennas can be enhanced if their spectral properties are well
matched. For this reason, it is essential to have the ability to

“Institute for Applied Physics, Eberhard Karls University of Tiibingen and Center
LISA", Auf der Morgenstelle 10, 72076 Tiibingen, Germany.

E-mail: julia.fulmes@yahoo.de, monika.fleischer@uni-tuebingen. de

bInstitute of Physical and Theoretical Chemistry, Eberhard Karls University of
Tiibingen and Center LISA", Auf der Morgenstelle 18, 72076 Tiibingen, Germany

This journal is © The Royal Society of Chemistry 2015

and well-defined molecular distances to the tips of individual nanocones is reported. This way the QDs
are positioned exactly in the high near-field region that can be created near the cone apex. The cones are
excited in the focus of a radially polarized laser beam and the PL signal of few or single QDs on the cone

fabricate nanostructures with appropriate spectral properties
in a reproducible manner. Gold cones with dimensions on the
order of 100 nm are highly suitable as optical antennas for
visible light, because their specific resonance frequencies can
be tuned by varying the material, size, shape and aspect ratio,’
and they feature an easily accessible strong near-field region
near the tip."°

The capability to place individual nanoobjects at precise
locations on or near metallic nanostructures or patterned sur-
faces is highly desirable for a variety of practical applications.
The positioning of nano-emitters with high accuracy is a key
issue for photonic crystal cavities,"" waveguides for single-
photon generation,'> quantum dot lasers,"”® or nonlinear
optical devices." Nanoscale placement of QDs has e.g. been
demonstrated in the vicinity of metamaterial surfaces™ or
metallic nanostructures.” The placement of QDs within the
high near-field regions of plasmonic structures requires a
lateral accuracy on the order of 10 nm and less, and an
accuracy relative to the surface on the nm scale. Single QDs
are very difficult to manipulate due to their small sizes, and
the positioning of particles with nm precision in general
has proven to be a highly challenging task. Commonly used
methods are optical tweezers,'® mechanical manipulators to
push, pull, and place individual nanoparticles on a variety
of surfaces,’”” or overlay lithography.'®?° However, these
methods are time-consuming for practical realisation, chemi-
cally non-selective, or sensitive to their environment. Other
methods, such as the chemical functionalization of struc-
tures, show high selectivity but low statistical placement
reproducibility.>!
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We present an innovative and straightforward self-alignment
method of cone embedding with subsequent uncovering of the
tips, which permits to place QDs with good accuracy in the hot-
spots around the apexes of plasmonic nanocones. Gold cones
with localized surface plasmon resonances matched to the
emission wavelengths of QDs are fabricated. Immobilization of
QDs in the active region of the plasmonic structures is realized
at molecular distances to the uncovered gold surface by a
chemical functionalization process. Afterwards individual QDs
coupled to the cone tips are optically detected.

Experimental
Cone fabrication

Different methods for the fabrication of metallic nanocones
are described in literature.”>*” In this work arrays of gold nano-
cones in square lattices are fabricated on a glass substrate
coated with a homogeneous 50 nm thick film of indium tin
oxide (ITO) to avoid charge accumulation effects during electron
beam lithography (EBL). The fabrication steps of cones are sche-
matically shown in Fig. 1 together with typical scanning elec-
tron microscopy (SEM, Philips XL 30) images. First a
polymethylmethacrylate (PMMA) positive resist layer is spin-
coated onto the sample and patterned by EBL (SEM, Philips XL
30, 30 kV accelerating voltage) into nanohole arrays with period-
icities of 2 pm, 1 um, 500 nm and 250 nm. After the develop-
ment process, oxygen plasma cleaning is applied to the sample
in order to remove potential residues. During the subsequent
thermal gold deposition the diameter of the nanoholes
decreases gradually, leading to the growth of cone-shaped struc-
tures.””> After a lift-off process, homogeneous conical nano-
structures with small tip radii about 10 nm remain.

Optical characterization and simulation

It has been shown in a number of studies that the PL signal
from nano-emitters can be enhanced in the electric near-field

a)

1. Substrate 3. EBL 5. Lift-off

2. Coating

4. Deposition

Fig. 1 (a) Gold cone fabrication scheme: 1. Glass substrate; 2. sputtering
of ITO and spin-coating of PMMA; 3. electron beam lithography;
4. growth of cones during the gold deposition process; 5. lift-off. (b) and
(c) SEM images of gold cones, viewing angle 70° with respect to the
surface normal: (b) single nanocone with a height of 100 nm and a base
diameter of 75 nm, (c) array of gold nanocones with a height of about
100 nm and a spacing of 500 nm.
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Fig. 2 (a) Distribution of the enhanced electric near-field around a gold
nanocone on ITO at the resonance wavelengths (646 nm and 632 nm)
for excitation with light polarized along the cone axis (left) and along
the cone base (right), simulated using COMSOL Multiphysics. (b)
Measured scattering spectrum (black dots) and simulated in-plane (red
dotted line) and out-of-plane (green dashed line) plasmon modes of a
gold cone with a height of 100 nm and base diameter of 75 nm. The QD
emission wavelength is marked by the vertical red dashed line.

of metallic nanostructures.”® Due to the special geometry of
nanocones a strongly localized near-field is excited close to the
apex. In order to visualize the distribution of the electric near-
field enhancement simulations using the Finite Element
Method based software COMSOL Multiphysics are performed.
A strong enhancement of the electric near-field around the
cone tip is predicted at the resonance wavelength by excitation
with an electrical field E, polarized along the cone axis (see
Fig. 2a). Matching this condition experimentally can be
achieved by confocal measurements using excitation with a
focussed radially polarized laser mode.>

For the analysis of the optical properties of QDs, placed
within the near-field of plasmonic nanocones, the localized
surface plasmon resonance of the nanostructure is tuned to
the quantum dot emission wavelength.**® In this hybrid
system core-shell CdSe/ZnS QDs with an emission maximum
at 650 nm are used. The plasmon properties of the gold cones
with heights of 100 nm and base diameters of 75 nm were
examined by single particle dark field spectroscopy. The
plasmon resonance spectra of the cones consist in a superposi-
tion of dipolar in-plane and out-of-plane modes leading to an
excitation of the cone base or tip, respectively (cf. Fig. 2a),
where the in-plane mode is predominantly detected in the
dark field configuration.’

Simulations of both the in- and the out-of-plane mode spec-
trum are shown in Fig. 2b together with a measured spectrum.

The experimentally relevant resonance of the out-of-plane
mode (tip excitation) occurs around 646 nm in the simulation
and can be seen in the measurement as a small shoulder or
asymmetry shifted slightly to the long wavelength side of the
dominant in-plane mode. The out-of-plane mode is well
matched to the emission wavelength of the QDs.

Positioning and immobilization of quantum dots on the tips
of individual conical plasmonic nanostructures

The strongly localized electric field close to the cone apex can
improve signal detection from the nanoobjects linked to the
cone tips. Therefore it is important to place the investigated
objects (in our case QDs) with good accuracy near the cone

This journal is © The Royal Society of Chemistry 2015
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tips, where the high near-field hotspot is located. An
additional reason to place the QDs only at the cone tips is
eliminating the background signal of randomly placed QDs on
the substrate surface, which is inevitable for conventional
methods such as spin-coating. This way the investigation of
individual hybrid nanoobjects is enabled.

The realization of selective QD positioning consists of
embedding cones in a resist, which is stable against the QD
solvent, and of the subsequent self-aligned removal of the
resist from the tip of the cones. Then the unprotected surface
of the cone tips is functionalized using thiol chemistry for
immobilization of QDs only in the vicinity of the cone tips.
Afterwards the resist is removed completely, resulting in free-
standing gold nanocones with QDs at the tips. A schematic of
the processing steps and typical SEM images (Philips XL 30) of
gold cones after each single step are shown in Fig. 3.

Taking into account that the covering resist should be
unaffected by the QD solution, ma-P 1215 positive photoresist
(Micro Resist Technology GmbH) was used for the CdSe/ZnS
QDs in toluene solvent (Plasmachem GmbH). The layer thick-
ness depends on the spin-coating rotation parameters and
should be about 10 nm higher than the cones’ height to cover
them completely. The ma-P 1215 resist was diluted with meth-
oxypropyl acetate (MPA) (ma-P 1215:MPA 1:5) to reach the
desired thicknesses in the range of 70 nm to 130 nm (for
typical cone heights of about 60 to 120 nm) with few nm accu-
racy. For example, 4000 rpm for 60 s results in 110 nm layer
thickness, applied to 100 nm high gold cones. After spin-
coating the resist was pre-baked for 60 s at 120 °C and exposed
by UV-light (175 W) for 4 s. In a subsequent development step,
using water diluted MAD-331 developer (Micro Resist Techno-
logy GmbH, MAD-331:H,0 1:3) for 45 s, 20 nm of the resist
thickness was removed. The sharp cone apexes increase the
exposure effect, leading in combination with the slow develop-
ment to the controlled uncovering of the cone tips. To elimin-
ate potential residues at the cone tips and to activate the gold

a) A A |

1. Gold cones 2. Cone embedding 3. Tip uncovering

A A S £, E) Bl

6 Lift-off

4. Gold functionalization

5. QD positioning
d)

%200 nm

Fig. 3 (a) Processing steps for the placement and immobilization of
QDs on the tips of individual conical nanostructures: 1. Free-standing
gold cones after fabrication; 2. embedding of the cones in resist;
3. uncovering the cone tips; 4. functionalization of the gold surface
using thiol chemistry; 5. positioning of QDs on the cone tips; 6. resist
removal. (b)-(d) SEM images of the individual steps of gold cone tip
uncovering, demonstrating steps 1., 2. and 3. from (a), respectively.
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surface, oxygen plasma cleaning (100 W, 0.4 mbar, 15 s) is
applied. After the uncovering of the cone tips, only about
10 nm at the top of the cones are laid open.

The resist removal step is necessary because if a resist layer
with a thickness 10 nm less than the cone height was spin-
coated directly, the resist would follow the topography, and a
thin layer would remain on the cones.

To immobilize QDs on the cone tips they should chemically
bind to the unprotected cone surface.*! For this reason 3-mer-
captopropionic acid (3-MPA) was adsorbed on the gold surface
(10 mM 3-MPA in water solution, 30 min) forming a self-
assembled monolayer on the gold cone tips. The CdSe/ZnS
QDs are capped with trioctylphosphine oxide (TOPO) and hexa-
decylamine (HDA) ligands, which act as binding and stabiliz-
ing agents and link to 3-MPA. The sample with functionalized
gold cone tips was placed for 24 h in a 5 ug ml™" solution of
QDs in toluene (to allow binding to the surface) before rinsing
to remove excess QDs. Afterwards the resist mask was removed
by lift-off in acetone. The binding by thiol chemistry (3-MPA
with TOPO/HDA, ~3 nm long) immobilizes the QDs at the
cone tips and provides a spacer between the QDs and gold
surface. The chemical spacer in combination with the 0.7 nm
thick ZnS QD shell is supposed to provide a sufficient distance
to avoid quenching processes.>* Furthermore the spacer size
can be easily varied by choosing different functionalizing
molecules or QD shell thicknesses.

In the initial experiments, an estimated 70% of the cones
showed evidence of one or more QDs being attached to their
tips. It is expected that this rate can be even further optimized
in future.

Results and discussion
PL measurements of QDs on cone tips

The PL properties of the hybrid structures are investigated in a
home-built inverted confocal microscope using higher order
doughnut-shaped laser modes. For these measurements a
radially polarized (RP) cylindrical vector beam (4 = 488 nm) is
utilized. The electric field distribution of the RP laser mode in
the focus consists of a transversal (perpendicular to the
optical axis) and a strong longitudinal (parallel to the optical
axis) component.*® The PL images are obtained by raster scan-
ning the sample through a focused RP beam. The position
dependent PL intensity signal generated in the focus is
detected by a single-photon counting avalanche photodiode
(APD), while the laser excitation wavelength is cut off by a long
pass filter. The spectra are collected via a spectrograph (Prince-
ton Instruments, Acton SP 300i) with a CCD camera (Princeton
Instruments, SPEC-10). A more detailed description of the
setup can be found elsewhere.?*

The hybrid structures were imaged directly after their prepa-
ration. In the image scans, illustrated in Fig. 4a, all cones can
be discerned by their (spectrally broad) luminescence. The
signal seems to result mostly from some thin residual resist
with enhanced luminescence at the cone locations, while

Nanoscale, 2015, 7, 14691-14696 | 14693
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Fig. 4 Detection of QDs linked to the tips of individual cones: (a) PL image of an array of cones with CdSe/ZnS QDs placed near the apexes of
nanostructures (1) and (3) under excitation with a radially polarized laser beam. (b) Spectra of the three individual cones with (1, 3) and without (2)
CdSe/ZnS QDs linked to the tips. The narrow peak around 650 nm originates from QD emission. The PL intensity and spectral width strongly depend
on the number of bound QDs. (c) SEM images of the same gold nanocones with (1) few, (2) no, (3) one or few QDs. Viewing angle 45° with respect
to the surface normal. The QDs are outlined for better clarity. (d) Typical spectra of single QDs on a glass cover slide.

cones decorated with QDs exhibit stronger PL intensities.
Exemplarily the background corrected spectra obtained from
three cones are investigated in more detail. In Fig. 4a, cone
1 and cone 3 show stronger PL than cone 2. The spectral
distribution of the PL measured on the same three cones,
shown in Fig. 4b, clearly demonstrates the origin of the
different intensities. Cones 1 and 3 feature sharp peaks at
the wavelength of the QD emission, corresponding to
luminescence from single or few QDs. Cone 2 features a
broad peak at shorter wavelengths resulting from the
luminescence of the cone, which appears in the spectra of
cone 1 and cone 3 as well. Comparing the optical properties
with SEM images (Hitachi SU8030) of the same cones
(Fig. 4c), it can be clearly seen that cone 1 is covered with
several QDs. This may explain the distinct broadening of the
corresponding spectrum. On cone 3, only at the very tip one
or few QDs can be observed, resulting in a narrow spec-
trum. Cone 2 shows a bare gold surface without any QDs.
While further experiments, such as correlation studies,
would be required to establish that cone 3 is indeed
coupled to a single QD, the spectral shape and full-width-at-
half-maximum are indicative of a single emitter, denoting
the potential to address the single QD regime.

To compare the spectra obtained from the hybrid structures
with spectra from single QDs, a dilution of the QD solution in
toluene was spin-coated onto a glass cover slide and investi-
gated under the same conditions as the hybrid structures.
Fig. 4d shows typical background corrected spectra taken from

14694 | Nanoscale, 2015, 7, 14691-14696

six single QDs. The single QDs exhibit strong intensity vari-
ations during the acquisition time.

An indication for the different behaviour of the QDs close
to the cone tip is the change in blinking, which seems to
be less expressed in the vicinity of the gold cones. Similar
effects have been reported for QDs near gold particles
before.**’ Intensity trajectories of the spectrally integrated
PL were recorded from single QDs on glass and from QDs
in hybrid systems using the APD followed by single-photon
counting electronics. Two exemplary traces are shown in
Fig. 5. It can be clearly seen that the QD on the nanocone
in Fig. 5b shows longer bright intervals and a higher
maximum intensity than the single QD on the substrate in
Fig. 5a. Fig. 5b also gives a strong indication that single
QDs can indeed be obtained on single nanocones with the
present approach. The time trace exhibits pronounced
binary on-off statistics that are a characteristic signature for
the presence of an individual active QD.

These preliminary experiments indicate a significant inten-
sity enhancement of the spectra originating from hybrid struc-
tures. However, to fully analyse the system, a direct
quantitative comparison of the spectra will not suffice. Further
research on these hybrid structures including life-time
measurements will bring new insights into the energy transfer
between the closely coupled cones and QDs. The gold nano-
cones with a tuneable plasmon resonance present an interest-
ing and promising model for the analysis of optical processes
in hybrid structures.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Experimental time traces (a) of a single QD on glass substrate, (b)
two-level blinking of a single QD on a nanocone. Note the different
intensity scales.

Conclusions

In summary, we present the preparation of novel hybrid nano-
structures composed of single gold nanocones and CdSe/ZnS
quantum dots (QDs) coupled to their tips. After the nanocone
fabrication, the cones are embedded in a resist, followed by
uncovering of the tips. The cone tips are chemically functiona-
lized to immobilize the QDs in the next step. Finally, the resist
is removed. This self-aligned process allows attaching QDs at a
defined distance to the tips of individual cones with a lateral
accuracy of about 10 nm. The hybrid system is chosen such
that the plasmon resonance of the cone, accompanied by a
strong electric near-field at the tip, is matched to the emission
wavelength of the QDs. For such a system controlled emission
of QDs through the coupling to the plasmonic structure is
expected.®?® First optical experiments indicate an enhanced
QD emission in the hybrid structure compared to single QDs
and a change in their blinking behaviour. The characteristic
two-level blinking of single QDs is observed in time traces of
the hybrid structure intensity, demonstrating the potential of
this method to reach the single QD regime. Further investi-

This journal is © The Royal Society of Chemistry 2015
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gations of the optical properties of this system will follow. The
use of a hybrid system of QDs on a conical antenna may lead
to an improved understanding of the interactions between
QDs and plasmonic nanostructures and the manipulation of
QD emission.
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