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In this paper, we demonstrate the control of the emission of a GaAs quantum dot
embedded in a GaAs/AlGaAs nanowire by the post-fabrication of a plasmonic grating
on its surface. Using a direct electron beam-induced deposition of Pt nanowires, we
demonstrate an enhancement of the emission efficiency for the polarization parallel
to the nanowires of 45%, with a 17% reduction in the photon lifetime. We believe
that these results will help establish a new hybrid nanophotonic platform for effi-
cient single photon sources. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5034314

I. INTRODUCTION

Semiconductor quantum dots (QDs) are excellent candidates for quantum light emitters at the
single photon level because of their stability, narrow spectral linewidth, and short radiative lifetime.1,2

By engineering the photonic environment of the QDs, it is possible to condition their emission,
coupling photons into different nanostructures with controlled lifetimes and high internal and external
quantum efficiency.2–8 The key requirements for the realization of efficient single photon emitters
are a high quality factor of the photonic cavity and a low modal spatial volume, required to minimize
the emission threshold and increase the efficiency. Besides, a short lifetime is desirable to increase
the emission efficiency and for high modulation speed.

Dielectric resonators, such as photonic crystal cavities, micropillars, and microdisks, are typically
favored for the high quality factor achievable, at the cost of relatively large modal volumes and long
photon lifetimes.2,9–14 Recently the case has been made for single photon quantum emitters based
on plasmonic nanoresonators, which guarantee drastically reduced volumes and photon lifetimes,
at the cost of high absorption losses and low quality factors.3,15,16 Independent of the platform of
choice, there is clear evidence that the definition of controlled advanced photonic environment is the
most promising route to achieve efficient single photon emission. To this end, a common practical
technological issue to overcome is the stringent positioning of the QDs in the engineered photonic
landscape. This has been solved with a number of techniques, including the use of atomic force
microscopes (AFMs)17–19 or photolithographic techniques20,21 to locate and mark the QD position,
the post-fabrication positioning of plasmonic nanoparticles in proximity to randomly located QD,22,23

and the realization of polymeric waveguides around the QD dispersed in bulk polymers.24,25

A different approach is based on the post-fabrication modification of the photonic response
of the microcavities hosting the QDs, in order to control the properties of the emitted photons, as
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for example possible with hot-tip lithographic patterning.26 Here we propose a new technological
platform based on the photonic trimming of semiconductor nanowires (NWs) embedding QDs,27–29

via the direct electron beam-induced deposition (EBID)30–32 of plasmonic features. This approach
conjugates the quality of the semiconductor NWs with the flexibility of design of the plasmonic
platform and the relaxation of the alignment requirements since the QD cannot be located before
embedding it in a conveniently shaped resonator. Specifically, in this work, we use the EBID method
to design and create a sub-wavelength Pt grating on a core-shell GaAs/AlGaAs NW that contains
GaAs QDs.

By introducing a Pt grating structure above the QDs, we demonstrate the modification of polar-
ization of QD emission, with an increase in the emission efficiency and an associated reduction in
the QD radiative lifetime.

II. FABRICATION

The core-shell GaAs/AlGaAs NWs hosting GaAs QDs were fabricated on GaAs (001) substrate
via molecular beam epitaxy (MBE),16 as sketched in Fig. 1(a). The GaAs substrate was sputter-coated
with a 15 nm silicon dioxide layer and dipped in 10% HF aqueous solution for 2 s to create randomly
distributed vacancy spots for the growth of the NWs. The substrate was then loaded into the MBE
system, and the vacancy spots were covered with 1 nm size Ga droplets, to start the vertical growing
of GaAs cores. As soon as the NW reached the designed length of 3.5 µm, the vertical growth was
interrupted by the deposition of a second Ga droplet, which triggered the lateral growth. When the
width of GaAs NW reached 200 nm, the other two Al0.7Ga0.3As barrier shells with thickness of
200 nm were fabricated to cover the GaAs core, and the GaAs QDs grew between them, laterally on
the facet of the NWs. In the end, the core-shell GaAs/Al0.7Ga0.3As NWs embedded with GaAs QDs
were coated with another 60-nm thick GaAs layer to protect the QDs. This procedure typically yields
to NWs hosting one single QD.28,33 While this is a critical condition for single photon emission, the
validity of our proof-of-principle demonstration goes beyond this regime.

After the MBE process, the NWs embedded with QDs were detached from the GaAs substrate
onto a target substrate by a simple contact transfer. In order to simplify the deterministic location
and measurement of individual NWs, we used as target a silicon substrate coated with SiO2, marked
with back-etched, numbered Au frames. After a preliminary characterization, selected NWs were
patterned with sub-wavelength Pt gratings, using the EBID.

FIG. 1. (a) Fabrication processes of GaAs/AlGaAs NWs, GaAs QDs, and Pt grating. (b) Deposition diagram of the EBID
method. (c) The scanning electron microscope (SEM) image of a GaAs/AlGaAs NW on SiO2/Au substrate. (d) The SEM
image of the Pt grating on the NW shown in (c).
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For this purpose, we used a Raith E-line plus electron beam lithographic system, as shown
in Fig. 1(b). The EBID approach permits to deposit selected materials with nanometric positional
accuracy, reducing with a focused electron beam (FEB) specific gas precursors, injected in the cham-
ber in proximity of the target.30,32,34 To deposit Pt, a suitable precursor is a compound based on
(Me3)MeCpPt. The resulting deposited material consists mostly of Pt atoms in a carbon matrix,
with dilution percentage that varies from 10% to up to 100% Pt, depending on the specific depo-
sition parameters and post-fabrication procedures.35 In our case, we used a deposition current of
150 pA, acceleration voltage of 3 kV, and dose of 1 C/cm2, at room temperature, which leads to
an expected Pt percentage of 30%.36 While the choice of the Pt was dictated by the precursor
availability, this is a simple limitation of our instrument and not of the technique. For exam-
ple, suitable precursors to deposit gold are also available, e.g., in ion beam-induced deposition
systems.37,38

Figures 1(c) and 1(d) show scanning electron microscope (SEM) pictures of the NW before and
after the deposition of the Pt grating, respectively. The grating was composed of wires of 50 nm width,
250 nm period, and 100 nm thickness. To design the grating, we approximated the optical mode in the
NW with a guided mode with an effective index of n = 3.6.28,39 As visible from Fig. 1(d), the metallic
pattern was perfectly aligned with the NW and only covering its top surface. The SEM pictures
clearly show that the NW is suspended over a silica trench on the substrate. Given the refractive index
contrast between the NW and the substrate (and/or air), we exclude that the emission dynamics is
influenced significantly by this configuration. Additionally, in the following, we compare directly
the emission of the QDs on the bare and patterned NW, without modifying the position of the wire
respect to the alignment feature, thus canceling any potential minor contribution from the uneven
substrate.

III. RESULTS AND DISCUSSION

The emission of the NWs was measured using a micro-photoluminescence (PL) imaging
method,40–42 with the setup sketched in Fig. 2. The sample was mounted on a motorized positioning
system and placed in an optical microscopy cryostat (Montana) at cryogenic temperatures as low as
3.4 K. Before (bare) and after (dressed) the fabrication of the Pt grating, the QDs in the selected NW

FIG. 2. The diagram of micro-PL measurement optical path, formed by pump sources (CW laser or pulsed source), illumination
source (halogen source), light-matter interaction platform (cryostat), sample position locating path (EMCCD), PL spectrum
analyzing path (spectrometer), photon lifetime detecting path (TRPL), etc.
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were pumped with a focused continuous-wave (CW) laser beam or a 800 fs pulsed laser (80 MHz)
with wavelengths of 405 nm and 780 nm, respectively. To illuminate the sample and locate the NW of
interest, we added a low-power halogen source to the path of the focused laser beam. The upper arm
of the setup collected the reflected light (pump and illumination component) and the light emitted
by the QDs and routed it with two beam splitters (BSs) toward three distinct measurement arms.
The first arm was imaged by an Electron Multiplied Charge Coupled Device (EMCCD) to locate
the position of the NWs and QDs. The second path was used when the QDs were pumped with CW
laser. This path was analyzed with a spectrometer and included a rotating polarizer and a 495 nm
long-pass filter (LPF), to determine the emission wavelength and polarization state of the QDs, while
cutting the pump wavelength. When using the pulsed laser as a pump source, the third light path was
analyzed with a time-resolved photoluminescence (TRPL) system, to measure the photon lifetime of
the QDs.42

The NW of Figs. 1(c) and 1(d) was measured before and after the definition of the grating in
nominally identical experimental conditions and at the same pump power (20 µW). The top and bottom
panels in Fig. 3(a) show the emission spectra of the bare and dressed NWs, respectively, without the
output polarizer. From a first analysis, it emerges that the emission wavelength of the (single) QD
embedded in the NW around 674 nm does not shift after the deposition of the Pt nanofeatures.
Conversely, the presence of the metallic grating appears to decrease the emission intensity by slightly
more than 75%. Additionally, the dressed NW shows a 17% reduction in photon lifetime compared to
the bare NW, as visible in Fig. 3(b). The inset of Fig. 3(b) shows the collected intensity for different
pump powers for the bare and dressed NWs. The fact that the two curves have a similar gradient
in the 20 µW region permits us to compare directly the lifetimes of the NW in the two different
regimes of efficiency. From these measurements alone, it is not straightforward to estimate whether
the reduction in the lifetime is due to a radiative or non-radiative contribution6,8 since the grating is
expected to introduce absorption losses but also to increase the overall efficiency.

To address in more details the coupling dynamics between the emission mode supported by the
NW and the grating, we placed a linear polarizer in the optical path (see Fig. 2). The panels in Fig. 3(c)
indicate a marked difference in the polarization state of the emitted radiation, due to the presence
of the grating. Whereas the bare NW mostly emits with polarization perpendicular to its long axis,
the dressed NW emits photons mostly polarized along the long axis. This result can be explained
noting that the QDs grown on the surface of these type of NWs can be approximated by dipoles
oscillating perpendicularly to the long axis,28,33 which couple to one of the photonic modes of the
high refractive index NW. The presence of the grating suppresses drastically the component oscillating
along the Pt wires (y direction), whereas it improves the out-coupling of the transverse component

FIG. 3. Measurement results of QD emission intensity, radiative lifetime, and polarization states of bare and dressed NWs. (a)
Emitting spectra of bare and dressed NWs without the polarizer before spectrometer. (b) Emission intensity vs. pump power
(dash frame) and different radiative lifetimes (τ) of bare and dressed NWs. (c) Emission polarization state results of bare and
dressed NWs attached with the intensity ratio between dressed and bare NW in different polarization states.
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(x direction), with an associated reduction in the photon lifetime. This is quantitatively demonstrated
by plotting the ratio of the emission intensity of the dressed and bare NWs, which shows a maximum
enhancement of the collected emission in the order of 45%, along the x direction.

In this proof-of-principle demonstration of a hybrid nanophotonic quantum platform, the cou-
pling between the NW and the grating was designed on the basis of a number of assumptions,
supported by a simplified model of the NW28 and by a direct comparison of the emission properties
of the NW before and after the fabrication of the plasmonic grating. Recent studies on the full QD/NW
system show that the emission efficiency depends strongly on the specific position of the QD in the
NW and on the orientation of the NW on the substrate.28 We expect that tailoring the plasmonic
nanostructure to the position of the QDs can lead to a dramatic further enhancement of the emission,
with controlled polarization of the emitted state.

The specific electromagnetic field of a lasing NW can be directly acquired with near-field
microscopy, e.g., using an AFM19 or via cathodoluminescence,28 or indirectly, e.g., measuring the
emission efficiency. Importantly, these methods can be automated43 and integrated in the workflow
process, to scale up the technique. In a typical procedure, the alignment markers in the substrate will
be used to map the distribution of the NWs which, after the topological or photonic characterization,
will be decorated with the most suitable plasmonic structures, chosen within a library of available
geometries. Both the alignment accuracy and the deposition time are typical of nanolithographic
processes; hence, it is expected that the throughput will be comparable with modern fabrication
techniques.

We anticipate that this fabrication approach, based on the post-fabrication and alignment-free
photonic trimming of quantum emitters, will enable a new platform of quantum sources at the single
photon level.

IV. CONCLUSION

In this letter, we demonstrated that the EBID technology can be used to effectively modify
the photonic response of a quantum emitter embedded in a semiconductor NW, by depositing a
suitable nanopattern on its surface, without requiring additional wet lithographic steps. In particular,
we demonstrated that adding a subwavelength grating of Pt on the top side of a NW hosting a
semiconductor QD permits us to control the polarization of the emitted light, with an overall reduction
in the lifetime of 17% and an increase in the collection efficiency up to 45%, for the polarization
parallel to the NW. We argue that applying the EBID method to QD emitters opens the door to the
realization of new efficient quantum sources at the single photon level.
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14 D. Press, S. Götzinger, S. Reitzenstein, C. Hofmann, A. Löffler, M. Kamp, A. Forchel, and Y. Yamamoto, “Photon anti-
bunching from a single quantum-dot-microcavity system in the strong coupling regime,” Phys. Rev. Lett. 98(11), 117402
(2007).
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37 G. Seniutinas, A. Balčytis, I. Reklaitis, F. Chen, J. Davis, C. David, and S. Juodkazis, “Tipping solutions: Emerging 3D
nano-fabrication/-imaging technologies,” Nanophotonics 6(5), 923–941 (2017).

38 V. Tasco, M. Esposito, F. Todisco, A. Benedetti, M. Cuscunà, D. Sanvitto, and A. Passaseo, “Three-dimensional nanohelices
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