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ABSTRACT: Quantum photonics holds great promise for future technologies
such as secure communication, quantum computation, quantum simulation, and
quantum metrology. An outstanding challenge for quantum photonics is to
develop scalable miniature circuits that integrate single-photon sources, linear
optical components, and detectors on a chip. Plasmonic nanocircuits will play
essential roles in such developments. However, for quantum plasmonic circuits,
integration of stable, bright, and narrow-band single photon sources in the
structure has so far not been reported. Here we present a plasmonic nanocircuit
driven by a self-assembled GaAs quantum dot. Through a planar dielectricplasmonic hybrid waveguide, the quantum dot eﬃciently excites narrow-band
single plasmons that are guided in a two-wire transmission line until they are
converted into single photons by an optical antenna. Our work demonstrates the
feasibility of fully on-chip plasmonic nanocircuits for quantum optical
applications.
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that are electrically drivable and have well-deﬁned orientations
of the transition dipole-moments.11−13 They have been
integrated in dielectric on-chip devices by structuring the
semiconductor material.14,15 However, the high refractive index
of the semiconductor host material makes it challenging to
couple self-assembled quantum dots with surface plasmons, as
the conventional way of bringing emitters in the vicinity of
plasmonic structures7,8,16−18 does not work. Here, we address
the problem of how to integrate self-assembled semiconductor
quantum dots as single-photon sources in plasmonic nanocircuits by releasing the emitters from the bulk crystal and
exploiting an indirect-coupling approach.19
Our coupling scheme is illustrated in Figure 1a. The structure
consists of a bar of AlGaAs heterostructure, which contains a
GaAs quantum dot, and a pair of gold wires on both sides of
the AlGaAs bar. The structure is placed on a SiO2 substrate and
constitutes an in-plane version of a hybrid waveguide.20 The

lasmonic components of photonic circuits feature ultracompact geometries and can be controlled more ﬂexibly
and more energy-eﬃciently compared to conventional
dielectric components due to strong ﬁeld conﬁnement and
enhancement.1,2 Moreover, plasmonic components are compatible with electronic circuits, thanks to their deep
subwavelength sizes as well as their electrically conducting
materials.3−5 Therefore, plasmonic nanocircuits have the
potential to miniaturize integrated photonic circuits and bridge
integrated electronics and photonics.
Recently, the potential of plasmonic nanocircuits also for
quantum photonics6 has been demonstrated. In these works,
single emitters such as colloidal nanocrystals and nitrogen
vacancy centers in diamond nanocrystals,7,8 or nonlinear optical
processes9,10 were used as single photon sources. However, the
latter require bulky crystals and yield low photon rates, while
the former suﬀer from bleaching, blinking, and poor control of
the orientation of the transition dipole moment. Moreover,
their emission is also often broadband, and they are not easily
excited electrically and are hardly suited for scalable on-chip
devices. On the other hand, self-assembled semiconductor
quantum dots are stable and nonblinking single photon sources
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Figure 1. Geometry of the structure and numerically simulated properties. (a) Schematic of the structure for eﬃcient excitation of a plasmonic
waveguide with a self-assembled quantum dot. (b) Instant distribution of Ey in the midplane of the structure when excited with a y-polarized dipole
(light gray arrow) at the center of the waveguide, showing the propagating wave and mode conversion at the taper. The scale bar is 500 nm. (c)
Proﬁles of the relevant modes of the hybrid waveguide (left) and the plasmonic waveguide (right). The electric-ﬁeld intensity of each panel is
normalized in such a way that both modes have the same power. The scale bars are 200 nm. The outlines of the structure are overlaid in (b,c).
Detailed dimensions are given in Figure S1 in Supporting Information.

Figure 2. Schematics of sample fabrication (objects not in scale). (a) Structure of the GaAs quantum dot sample (for details see Figure S5 in
Supporting Information) with a droplet of resist on top. (b) The sacriﬁcial layer (AlAs) is etched in a BOE solution. (c) The resist and quantum dot
membrane are separated from the GaAs substrate by the surface tension of water. (d) The resist and quantum dot membrane are picked up by a new
substrate. After the water dries up, the resist is dissolved. (e) The quantum dot membrane is patterned into tapered bars and alignment markers (two
touching squares) using EBL and RIE. (f) Gold structures are created and aligned with the semiconductor structures with a second step of EBL and
gold deposition.

transversal dipole source at the center of the waveguide is
transmitted into each propagation direction of the hybrid
mode. When the ﬁeld propagates through the taper, the hybrid
mode evolves into a plasmonic mode of the gold-wire
transmission line (Figure 1c) with a conversion eﬃciency of
58%. Taking into account the propagation loss of the hybrid
mode, we calculate the plasmon excitation eﬃciency for the
dipole position shown in Figure 1b as 25%. A quantum dot in a
bulk, unprocessed crystal, which is used in traditional quantum
optical experiments as single-photon source, emits only 2% of
its power into free space, and even less is collected by a
microscope objective. Our device thus functions as a bright
single-plasmon source for on-chip quantum optics. The overall
eﬃciency could be signiﬁcantly improved by adding a reﬂector
to the hybrid waveguide section to obtain constructive
interference in unidirectional propagation.19,21 This would

transition dipole moments of the two energetically almost
degenerate bright excitons in the quantum dot are in the plane
of the substrate. The hybrid waveguide is transformed into a
plasmonic waveguide when the semiconductor bar is tapered,
leaving behind only the gold wires. The electromagnetic energy
in the hybrid waveguide is thus coupled into surface plasmons
propagating along the gold-wire transmission line (Figure 1b).
Numerical analysis reveals that the coupling between the
quantum dot and the hybrid waveguide is dominated by the
transversal component (y-direction in Figure 1b) of the
transition dipoles and one of the hybrid waveguide modes
(Figure 1c, see also Figures S2−S4 in Supporting Information
for details of the modes). In this hybrid mode, the electric ﬁeld
component along the y-axis Ey is much stronger than the other
two components and is concentrated at the center of the
semiconductor. Forty-four percent of the power emitted by a
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Figure 3. Experimental nanocircuit and observation of eﬃcient plasmon excitation. (a) Scanning electron micrograph of the fabricated structure. A
GaAs quantum dot in the AlGaAs bar couples with the hybrid waveguide and excites the plasmonic waveguides through the taper. The plasmons are
then guided by the gold-wire transmission lines to the optical antennas. (b) Photoluminescence micrograph of the structure (T = 10 K). The
quantum dot is excited by a stationary laser focus. The y-polarized emission is collected by raster-scanning a confocal detection focus. (c)
Numerically simulated far-ﬁeld image following the experimental structure and conditions closely. The excitation source is a pair of incoherent x- and
y-polarized dipoles at the quantum dot position of panel (b), and only |Ey|2 in the image plane is plotted. The outlines of the structure are overlaid in
(b,c). All scale bars are 2 μm. Detailed dimensions are given in Figure S1 and S5 in Supporting Information.

position of both the quantum dot and the antenna on the right,
shown in Figure 3b for y-polarized emission. Note that the
antenna emission is brighter than the direct radiation of the
quantum dot, suggesting that plasmons are eﬃciently launched
in the gold-wire transmission line. This experimental result
agrees with the simulated far-ﬁeld image (Figure 3c, see also
Figure S6 in Supporting Information). In the simulation, the
integrated intensity ratio of the antenna spot to the quantum
dot spot is larger than in the experiment. We attribute this
disagreement to imperfections of the fabricated structure.
Particularly, unexpected loss in the hybrid waveguide is
evidenced by additional experimental results (Figure S7 in
Supporting Information) and accounts for the dark left antenna
in Figure 3b.
To assess the suitability of our plasmon source for quantum
optical experiments, we now turn to the spectral and statistical
properties of the emitted light. Photoluminescence spectra
taken from the spots at the right antenna and the quantum dot
of Figure 3b exhibit exactly the same features in terms of the
spectral position and width of the sharp lines and their relative
intensities (Figure 4a). As these features are a ﬁngerprint for
each quantum dot, the spectral correlation shown here further
conﬁrms that the quantum dot in the structure is the source of
the emission of the antenna. Most importantly, the exciton line
is rather narrow for a near-surface quantum dot, although not
resolution-limited. We suspect that the sample fabrication has
caused broadening of the exciton line, as unprocessed quantum
dots show a resolution-limited line width of 60 μeV (see
Supporting Information).
To verify that the quantum statistics of the quantum dot
emission is preserved by our device and that we really launch
single plasmons, we measured the second-order crosscorrelation function g(2)(τ) between the emission in the exciton
line collected at the antenna and the quantum dot (Figure 4b).
The antibunching dip at time delay τ = 0 goes well below 0.5.
The deviation from the ideal value of zero can be fully

also result in an increased radiative decay rate of the quantum
dot. In the present design, the plasmonic structures do not
modify the decay rate of the dot as they are rather far away.
A schematic of the self-assembled quantum dots that are used
in our experiments is shown in Figure 2a. These are GaAs
quantum dots in AlGaAs barriers grown by molecular beam
epitaxy on a GaAs substrate.22,23 A sacriﬁcial layer (AlAs) is
grown in advance on the substrate to enable the separation and
thus the transfer of the top quantum dot layers, for which we
have developed an epitaxial lift-oﬀ approach (Figure 2a−d).
Small pieces are cut out of an as-grown quantum dot wafer and
then covered with a droplet of a photoresist to protect the
quantum dot layers for further processing. The small wafer
pieces are immersed in a buﬀered oxide etch (BOE) solution to
etch the AlAs layer. When the etching is ﬁnished, the samples
are gently taken out of the BOE solution and dipped into
ultrapure water with a tweezer. As a result, the resist and the
quantum dot layers are separated by the surface tension of
water and ﬂoat on the surface. New substrates are then used to
pick up the ﬂoating pieces. In the end, the resist is dissolved,
leaving the quantum dot membrane on the new substrate. To
produce the hybrid structures, the membrane is ﬁrst patterned
into arrays of tapered bars using electron beam lithography
(EBL) and reactive ion etch (RIE) (Figure 2e), and gold
structures are created and aligned with the semiconductor
structures in a second EBL step (Figure 2f).
We choose a simple plasmonic circuit model to prove our
idea. A scanning electron micrograph of a fabricated device is
shown in Figure 3a. The AlGaAs bar is tapered at both ends
and the gold wires are terminated with optical antennas. The
optical antennas have been designed to be resonant at the
quantum dot emission wavelength of approximately 780 nm
with a bandwidth of around 250 nm. When exciting the
quantum dot in the AlGaAs bar with a stationary focus of a
continuous-wave laser (532 nm wavelength), a raster-scanned
confocal detection focus ﬁnds bright and stable emission at the
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quantum dot31,32 and electrical detection of single-plasmons9,33,34 can be implemented to make all-on-chip circuits.
Semiconductors are well-developed materials for integrated
electronic circuits and a wide variety of semiconductor-based
quantum photonic circuits are being established as well.35−37,14
Our work shows that by making use of the self-assembled
quantum dots, quantum plasmonic circuits can also be built on
semiconductor platforms, and it thus opens the way to integrate
electronic, photonic, and plasmonic devices on one semiconductor chip for applications of quantum technologies.
Methods. Numerical Simulations. The mode proﬁles were
obtained using a full-vectorial eigenmode solver (MODE
Solutions, Lumerical Solutions Inc.). The three-dimensional
(3D) electromagnetic simulations of the structures were
performed using the ﬁnite-diﬀerence time-domain method
(FDTD Solutions, Lumerical Solutions Inc.). The coupling
eﬃciencies into waveguide modes were calculated by means of
a mode expansion analysis, calculating the overlap integrals of
the ﬁeld distribution caused by an emitting dipole in the full 3D
structures and the 2D mode proﬁles.38 Far-ﬁeld images were
obtained by projection of the simulated near-ﬁeld intensity
distribution recorded 10 nm above the structure into the air
half-space taking the numerical aperture (NA) of the collection
objective into account. All simulation results are for vacuum
wavelength of 780 nm.
Materials and Sample Fabrications. The photoresist used
in the epitaxial lift-oﬀ approach is NR9-250P from Futurrex,
Inc. Before being coated with the resist, the pieces of the
quantum dot wafer are cleaned in mild ultrasonic baths of
acetone and isopropanol. The samples are baked in an oven at
100 °C for 2 h before the BOE etching. The etching takes place
in a solution from BASF (VLSI Selectipur, NH4F 87.5%) for 10
h. The new substrate is a piece of Si with 400 nm SiO2. The
thickness of SiO2 is chosen to ﬁnd a compromise in minimizing
charging during EBL, the inﬂuence of Si on the optical
properties of the waveguide, and having a constructive
interference between the direct emission and the reﬂection of
the SiO2−Si interface. After the water between the membrane
and new substrate dries up completely, the resist on the
membrane is dissolved by acetone. A 3 nm thick Al2O3 layer is
deposited on the sample immediately after RIE using atomic
layer deposition to protect the semiconductor from oxidation
and further processing. The alignment between the semiconductor and gold structures is performed manually using the
markers. There is no adhesion layer beneath the gold
structures. See Figure S5 in Supporting Information for more
details about the sample.
Optical Measurements and Data Processing. A sketch of
the optical setup is shown in Figure S9 in Supporting
Information. A 532 nm continuous-wave laser diode was used
as the excitation source. The laser was focused on the sample
by a glass-thickness corrected objective of NA 0.7 through the
cryostat window. The sample was cooled down to 10 K. For the
confocal luminescence image, a single photon avalanche diode
(SPAD) was used to detect the emission in the spectral band of
773−792 nm. A monochromator and a CCD camera were used
for acquiring the spectra. The waveguide image was aligned
parallel to the grating lines. For the correlation function
measurements, the spots of the quantum dot and the antenna
were dispersed by the monochromator and only the photons
corresponding to the exciton line were transmitted to the two
SPADs. The timing output signal of the SPADs were sent to a
time-correlated single photon counting unit operating in time-

Figure 4. Narrow bandwidth single plasmons. (a) Spectra collected at
the position of the quantum dot (red solid line) and antenna at the
right end of the structure (blue dashed line). The neutral exciton peaks
(X) of both spectra have the same full width at half-maximum of 116
μeV. (b) Measured second-order cross-correlation function g(2)(τ)
between the antenna and quantum dot (blue dots). The red line is a ﬁt
to model,24 taking the oﬀ-resonant excitation conditions into account.

explained by the dark-count rate of the detectors and the
instrumental response function. This indicates that the
quantum dot emits single photons that are coupled into single
plasmons in the gold-wire transmission line, and the plasmons
are subsequently converted into single photons again by the
antenna. At saturated excitation, the detected photon rate is 2
kcps in the exciton line. Taking the detection eﬃciency of the
setup (0.6%) and the simulated collection eﬃciency (9.5%,
deﬁned as the power collected by the objective divided by the
power in the plasmonic mode at the taper-end) into account,
we estimate a single-plasmon rate of 3 × 106 s−1 right after the
taper. The ability to eﬃciently excite and operate with single
plasmons provides the basis for quantum applications.
In summary, we have demonstrated a simple model quantum
plasmonic nanocircuit with a narrow-band self-assembled GaAs
quantum dot as a source for single plasmon excitation. On the
basis of our approach, more complex plasmonic as well as
photonic circuits can be developed (Figure S8 in Supporting
Information). For example, multiple quantum dots can be
coupled via plasmonic circuits to achieve photonic transistors.25
By applying voltages on the gold wires, it may be possible to
electrically tune the transitions of the quantum dots into
resonance. By using site-controlled self-assembled quantum
dots, additional ﬂexibility with device design can be
obtained.14,26 In situ lithography approaches using photoluminescence27 or cathodoluminescence28 or approaches of
predetermination of the quantum dot position29 could also help
to position quantum dots in devices. Plasmonic components
such as interferometers, modulators, and switches2 can be
readily integrated due to the ﬂexible EBL-based fabrication. It is
also possible to convert the plasmonic mode in Figure 1c to the
other mode of the gold-wire transmission line30 or to other
waveguide modes (e.g., modes on a single gold wire) to ﬁt
diﬀerent purposes. Moreover, electrical excitation of the
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tagged time-resolved mode. The ﬁtting model takes the oﬀresonant excitation into account24 (see Supporting Information
for more details). The optical characterization results in Figure
3 and 4 are from the same structure. We have determined that
the quantum dot investigated here resides exactly at the center
of the semiconductor bar in the transversal direction (Figure
S10 in Supporting Information), providing an ideal structure
for the experiments.
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On-Demand Generation of Indistinguishable Polarization-Entangled
Photon Pairs. Nat. Photonics 2014, 8, 224−228.
(14) Dietrich, C. P.; Fiore, A.; Thompson, M. G.; Kamp, M.; Höfling,
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