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ABSTRACT

The engineering of the surrounding photonic environment is one of the most successful approaches
routinely used to increase light extraction efficiency and tune the properties of solid state sources
of quantum light. However, results achieved so far have been hampered by the lack of a technology
that allows for the straightforward fabrication of large scale 3D nano- and microfeatures, with very
high resolution and sufficient flexibility in terms of available materials. In this paper we show that
Electron Beam Induced Deposition can be a very promising approach to solve this issue, as
exemplified by the fabrication of Pt and SiO, nanofeatures on a membrane containing ordered
arrays of site-controlled pyramidal quantum dots. Micro-photoluminescence has been used to
compare the emission of the dots before and after the deposition of the structures, remarkably
showing both a significant increase in the light extraction efficiency and no degradation of the
spectral quality, implying that negligible damage has been caused to the emitter due to the
deposition process. This paves the way for novel post-growth processing strategies for epitaxial

quantum dots used in both quantum information technologies and lighting applications.

Introduction

Epitaxially grown semiconductor quantum dots (QDs) have emerged over the last decade as

extremely promising sources of non-classical light! due to their high quantum yield, single photon



purity and indistinguishability?, capability of emitting entangled photons via the biexciton-exciton
recombination cascade® and possibility to achieve electrical pumping*®.

However, the high refractive index of the semiconductor host matrix usually severely limits the
brightness of the source due to total internal reflection, making it incompatible with any of the
envisioned practical applications®. Moreover, the combined requirement to engineer both the
properties of the emitter’ and its interface with the surrounding photonic circuitry® call for
sophisticated fabrication approaches: major milestones have been achieved by the community by
embedding QDs within micropillar cavities®'®, 2D photonic crystals?, photonic nanowires'?,
circular Bragg gratings®3, nanotrumpets*#, and by fabrication of site-controlled microlenses*>¢ on
top of the semiconductor matrix. All of these approaches are usually based on multi-step processes
that require locating a QD using micro photoluminescence”'® or cathodoluminescence®, the
definition of alignment marks and the top-down fabrication of the photonic nanostructures via
electron beam lithography: the change of the exposure dose, as its customary in greyscale
lithography, can allow for the fabrication of simple 3D features such as microlenses, while multi-
photon optical lithographic techniques can create much more complex structures, but at the price
of a lower resolution.

It is clear that the limits of the techniques employed so far have prevented the fabrication of
arbitrary 3D micro- and nanostructures in the proximity of QDs, and new approaches will have to
be considered to overcome the current technological barriers.

In striking contrast with conventional electron beam lithography (EBL), Electron Beam Induced
Deposition'®2! (EBID) is not based on the exposure and development of an electron-sensitive
resist, but is an additive technique that uses a focused electron beam to promote the decomposition

of chemical precursors inserted in the gas phase within the electron microscope chamber. By



means of 3D scanning of the electron beam, EBID allows for the local deposition of a target
material and the fabrication of complex nanofeatures while retaining the typical resolution of
EBL?22, with the additional benefit of a remarkable flexibility in terms of material choice: both
oxides, such as SiO2, as well as metals, such as Pt** and Au?®, can be deposited in a single
processing run by interchanging gases. This paves the way for a direct deposition of hard masks
to be used in subsequent dry etching steps, or of plasmonic?® and dielectric nanostructures aimed
at improving light extraction efficiency?’ and/or tailoring of the emitters properties?.

Here we carry out a study on the possible applications of the EBID technique for the most widely
used starting configuration of an epitaxial quantum dot sample, that is, a planar semiconductor

membrane with embedded quantum dots.

Sample fabrication

Throughout our work we have used arrays of site-controlled pyramidal quantum dots?>3 which
can be easily located using a standard scanning electron microscope (SEM). However, it should
be noted that the obtained results can be readily extended to self-assembled, and randomly
distributed, Stranski-Krastanov QDs, e.g. by employing the consolidated alignment marks
fabrication approach®2.

All depositions have been carried out on a sample of InGaAs in GaAs pyramidal quantum dots,
grown via Metal Organic Vapor Phase Epitaxy (MOVPE) using an Aixtron 200 reactor on a
(111)B GaAs substrate, patterned with inverted tetrahedra using conventional lithography and wet
etching in Br:MeOH. The different decomposition kinetics of the precursors in the MOVPE reactor
ensures that growth takes place preferentially on the three exposed (111)A GaAs faces of the

inverted tetrahedra®, and an interplay of kinetics and diffusion of the precursors ensures the



deterministic fabrication of QDs interconnected with a series of quantum wires along the axes of
the tetrahedral, if the thicknesses of the stacked layers are properly chosen.
For the sample used in this work, first a 180 nm-thick buffer layer was grown at a temperature

of 770 °C, in order to increase the distance of the nanostructures of interest from the three exposed

(111)A faces that were subjected to chemical etch, then a 75 nm AlAs layer was grown in order to
facilitate the location of the quantum dots in the SEM due to the high contrast with GaAs. Finally,

a series of three stacked Ing25Gao.7sAs quantum dots was grown at a lower temperature of 730 'C

: the first two, grown with a nominal thickness of 0.4 nm, help stabilizing the environment by
trapping charges generated during optical pumping along with the quantum wires that are
fabricated with them, while the last one is the target QD, and is grown with a nominal thickness
of 0.65 nm to ensure that its emission spectrum does not overlap with the other ones and will be
the dot we will be referring to from now on.

While the epitaxial growth takes place almost exclusively inside the lithographically-defined
inverted tetrahedra, the post-growth sample still retains a vestigial recess: in order to move back
to the typical geometry used by the epitaxial QD community that is, a planar sample, a chemo-
mechanical planarization has been carried out®? using a 70 nm silica nanoparticle slurry (Ultra-Sol
2EX, Eminess Technologies) on a Logitech PM5 polishing machine. This ensures that the resulting
surface is both flat and polished to an acceptable optical quality, with the QDs lying around 100
nm below the surface.

The sample was then placed in a Raith E-line plus EBL system for the fabrication of the
nanostructures. In order to investigate the possible applications of the technique in terms of both
depositable material and shapes, two series of features were fabricated above a series of QDs in

this first deposition run: Pt-containing features were made by inserting the precursor



(Me3)MeCpPt in the chamber, and decomposing it with a deposition current of 150 pA,
accelerating voltage of 3 kV, dose of 1 C/cm?, step size of 20 nm, and dwelling time of 50ms, with
the sample nominally at room temperature, which is expected to lead to a Pt percentage of 30% in
the final material?*, the rest being made up mostly by carbon. Secondly, SiO based structures
were fabricated by decomposing the precursor Penta Methyl Cyclo Penta Siloxane (PMCPS), with
a deposition current of 150 pA, accelerating voltage of 3 kV, dose of 1 C/cm?, step size of 10 nm,
and dwelling time of 0.01ms with variable (100-5000) writing loops, again at room temperature.
Chemical analysis performed using EDX spectroscopy with a Quanta 650 SEM shows the amount
of carbon incorporated in the structures to be surprisingly very low and not detectable with the tool
employed. A high purity of the material is however in line with what previously reported using
similar deposition conditions®. Typical EDX spectra are reported in the Supplementary Materials
on Table S2 for the reader’s convenience.

A summary of the fabrication procedure employed is reported in figure 1.
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Figure 1 Representation of the steps in the fabrication of the samples: a) patterning of the substrate;
b) MOVPE growth, organometallic precursors dissociate preferentially on the three exposed 111A
faces; c) planarization; d) EBID growth; e) cross section of the structure after MOVPE growth.
The QD is formed by enclosing a thing InGaAs layer between two GaAs barriers. f) EBID
precursors PMCPS (left) and (Me3)MeCpPt (right)

A wide array of shapes, ranging from nanopillar-like adiabatically tapered waveguides to
microlenses was fabricated by exploiting the 3-dimensional capabilities of the technique and in
order to investigate their effects on the underlying QD. Images of each of the fabricated structures
are reported in the Supplementary Materials as well (figures S1-S5), while some significant ones
are included in figure 2 as reference.

Pt alignment marks were also fabricated to allow for an easier location and identification of the
processed QDs in the subsequent micro photoluminescence (U-PL) measurement stages: these
were carried out using a confocal setup and a helium closed-cycle cryostat that cooled the sample
to a temperature of 8 K. All measurements at this stage were performed under non-resonant
continuous wave excitation conditions with a 635 nm wavelength laser using a 0.45 numerical
aperture objective (Mitutoyo) for light collection, with an excitation power density of 150 nW/um?

for all the structures.
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Figure 2. Integrated CCD counts for the QDs after the fabrication of nanostructures on top. Control
QDs (without any deposited structure) are also shown for comparison. Insets display some

fabricated nanofeatures.

Results and discussion

As can be seen from figure 2, nearly every of the fabricated structures provide a boost of the
extraction efficiency when compared to the control (unprocessed) QDs.

For the three Pt-based nanopillars, (left low corner in Fig. 2), it is worth mentioning no
significant change in the lifetime was detected, meaning that a plasmonic coupling between the
quantum emitter and the deposited structure can be ruled out: this is likely due to the latter’s

relatively small Pt content (around 30% with the used deposition parameters), resonance



frequency, as well as the distance of the buried QD from the surface that prevents efficient
overlapping of the QD’s dipole with the mode sustained by the antenna. As plasmonic effects have
already been achieved using the same deposition technique?®, we believe that this unsatisfactory
performance can be mostly ascribed to the planarization technique hereby employed, that provides
limited control over the dot’s final distance from the surface.

Dielectric micro- and nano-features on the other hand have shown remarkable results, with
values of the light extraction efficiency often surpassing the ones obtained from pyramidal
quantum dots using the conventional back-etching technique (i.e. the conventional approach to
obtain apex-up pyramids and improve extraction efficiency®*). These structures work by changing
the dielectric environment above the semiconductor, reducing internal reflection and displaying a
waveguiding effect (more pronounced for the pillar-like ones) that helps not only extracting
photons from the surface of the high refractive index GaAs, but also collecting it with the objective
by reducing the angular distribution of the emitted light.

These results, while already proving the capabilities of this technique, can hardly be used to
reach any general conclusion on the properties of each of the deposited structures as they do not
take into account the differences in term of blinking and quantum yield of the QDs they were
fabricated onto. Moreover, the structures themselves, by channeling and focusing light in different
ways, are expected to affect the excitation efficiency of the QD lying beneath it, thus making the
use of the same excitation power a rather naive approach for a systematic comparison.

In order to address these shortcomings, we have exploited the previously deposited alignment
marks to carry out the mapping of a series of 30 quantum dots, that were subsequently used for a
second run of depositions (Figure 3): this ensured that we were able to quantitatively estimate the

effect of the structures in terms of both light extraction efficiency and changes of the spectra due



to defects or strain created by the deposition itself by comparing the measurements taken prior and
after the in-situ fabrication had been carried out. Additional care was employed to avoid deposition
nonuniformities by simplifying the geometry of the structures, which are now simple cones of
different base radii and heights. Geometrical parameters were also varied smoothly between the
structures in order to both investigate the presence of trends in the PL enhancement and assess the
reproducibility of the results via comparison of similar structures.To circumvent the
aforementioned problem of different excitation efficiencies with and without the structures, during
the measurements of the second set of depositions, every QD has been excited close to the
saturation level of ground state-related transitions: the resulting photoluminescence spectra was
composed of several excitonic complexes, the dominant ones typically being neutral exciton,
biexciton, negative and positive trions, excited positive trion and positively charged biexcitons.
Ideally, an identical or very similar spectral shape was recreated in every case from the
corresponding QDs after the deposition of the nanostructures, indicating the same QD population
conditions. Light extraction enhancement was subsequently calculated as a ratio of an integrated
QD photoluminescence signal post- and prior-deposition. This technique also allowed for the
overcoming of uncertainties arising due to variations in the experimental conditions, such as a
different focal distance and excitation power.

Furthermore, having already proven the flexibility of the technique in terms of material choices,
we have decided to narrow down the scope of our investigation to a subset of the previously
investigated geometries: we have thus deposited a series of extruded SiO2 structures whose shapes
range from dome-like to conical to pillar-like, in order to determine the effect of different base
radiuses and heights. Details and images of each of the fabricated structures are once more included

as Supplementary Materials (figures S6-S10) for the reader’s convenience.
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Figure 3. Mapping of the sites used for the fabrication of structures above the QDs and numbers
identifying the single structures. The insets show some examples of the deposited structures.

Alignment marks can be seen in the top left corner.

First of all, a comparison of the measurements performed before and after the deposition (figure
4) shows surprisingly negligible changes in the dominant spectral features, a telltale sign that the
deposition technique does not, in fact, cause significant damage to the quantum dots or to the
matrix they are embedded into. Minor spectral shifts, usually in the order of tens of peV, can be

attributed to either small strains field induced by the structures or to local temperature variations
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caused by the different heat distribution and dissipation in close proximity of the QD once the

thermally insulating dielectric is deposited.
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for four randomly chosen QDs, showing negligible spectral shifts and excitonic distribution.
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Figure 5. Enhancement of the brightness for the 30 deposited dielectric nanostructures with
different heights and base widths. Numbers on top of the bars identify the corresponding structure,

whereas the three insets show the shape of the brightest ones

The brightness of the sources is clearly increased significantly after the deposition, up to an order
of magnitude or more as can be seen in figure 5, which summarizes the key finding of our
investigation. However, the interpretation of the obtained results is not straightforward: first of all,
it can be noticed that in comparison to the dome-like, low-height structures, the elongated, tapered
features often provide a far more significant boost of the light extraction efficiency (LEE).
Different mechanisms are likely simultaneously at play and their relative effects difficult to
decouple from each other: it is intuitive that a larger base radius should allow the microstructure
to collect and channel more light that would otherwise be trapped inside the semiconductor due to
total internal reflection. Secondly, the shape of the microstructure affects, via Fresnel reflection at
the interface and adiabatic coupling, the amount of light that leaves it, as well as the far field of

the radiated light, and thus the final collection efficiency from the objective.

For the low-height, dome-like structures, it is apparent that the LEE depends more on their base
size than on their aspect ratio, as one would intuitively assume due to their behavior being similar
to that of lenses: in this regard, it comes to no surprise that structure number 1, having the largest
base radius, provides by far the best performance, and one of the best performances overall. Similar
structures such as number 14 and 18 however display a far less significant enhancement, due to
their base radiuses being smaller and thus collecting less light from the quantum emitter, despite

being closer in shape to a hemispherical lens. Minor displacements from the shape of an ideal

13



micro-lens, implying that the light is emitted in a broader cone, are likely to be counterbalanced
by the high numerical aperture of the objective.

It is interesting to observe that the remaining, tapered, pillar-like structures display boosts of the
LEE that look relatively constant across a broad set of geometrical parameters, as clearly seen in
figure 4, showing remarkably coarse fabrication tolerances, albeit only two of them, number 16
and 24, manage to break the level reached by the best dielectric lens (humber 1). Moreover, they
usually perform better than the dome-like structures of similar base radius: this is clear when
comparing for instance structures 14 and 22 or 23, and can probably be ascribed to their ability to
efficiently couple light that propagates along their axes in the free space via their adiabatic
tapering, as it happens with semiconductor nanopillars®®. Surprisingly, however, structures with a
larger base radius and very small aspect ratio (and thus very small tapering angle), such as number
7 or 13, actually perform worse than those with a smaller base, and a larger tapering angle.

Structure number 6, that displayed a far more significant boost of the LEE when compared to
the relatively similar structures numbered 5 and 7, was affected by some fabrication imperfections
(figure 4) that are likely to cause a scattering of the light from the tip.This might suggest that the
quality of the latter plays a more fundamental role in determining the performance of these kind

of structures than other geometrical parameters.

FDTD simulations

In order to better understand the effect of geometrical parameters and assess the impact of the
purity of the deposited material on the performance of EBID-fabricated structures, an extensive

simulation work has been performed using Lumerical FDTD.
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In all of our simulations we have assumed the dielectric structure to be conical in shape, and
independently varied its base radius and its height to define a matrix of 15x15 simulations.

For each of said simulations, the collection efficiency by a 0.45 NA objective like the one
employed in our experiment was estimated via integration of the far field, and the collection
enhancement with respect to the bare GaAs substrate was calculated by taking the ratio of the
former to collection efficiency of the latter case.

Furthermore, we computed the aforementioned matrix 3 times, assuming on each run a different
refractive index for the dielectric in order to evaluate the impact of carbon impurities: to do so, we
estimated the refractive index to be the weighted average of that of SiO, and graphite, with
concentrations of the latter being of 0, 15 and 30 % for each of the three runs. It should be noted
however that this only provides a very rough estimation of the effects of Carbon incorporation in
the structure, as the latter will likely be bound in Si-O-C complex whose optical behavior might
differ significantly from the one we are assuming, besides the fact that we are neglecting any
porosity in the material, which will reduce the refractive index. Regardless of our naive assumption
on the relation between refractive index and stoichiometry of the deposited nanomaterial, our
results allow to draw some general conclusions on the performance of the fabricated nanostructures
with respect to variations of their refractive index.

First of all, by comparing the graphs displayed in figure 6, it can be easily seen that pure silica
structures exhibit the best performance, while the presence of carbon degrades their effectiveness.
Taller structures in this case tend to extract less light, with the LEE reaching a plateau and then
decreasing, a behavior we ascribe to absorption losses incurred during the propagation through the
structure itself: as the imaginary part of the refractive index increases, the maximum of the

predicted LEE both lowers and progressively shifts to shorter structures.
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This remarks that a control of the purity of the deposited material is of paramount importance for
further photonic applications.

For the pure silica batch of simulations a plateau is not reached for the investigated geometries:
we believe that similarly to what happens with semiconductor nanowires®, the tapering angle of
the structure plays a key role in determining the amount of light which is collected by the objective.
As the cone behaves as an adiabatic taper, an increment in the radius of the base will indeed
increase the amount of light funneled into the dielectric structure, but the fraction which is
ultimately collected will drop if the height of the structure is not increased accordingly. These
results agree qualitatively with the ones of our experimental investigation reported in figure 5,

where a similar trend is displayed, and imply that the base radius and height of the structures cannot

be treated as independent parameters for a maximization of the LEE.
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Figure 6 Simulated enhancement of PL collection efficiency for structures with different sizes and
carbon content. From left to right, C incorporation of 0, 15 and 30 %

Conclusions
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In this preliminary investigation, we have shown for the first time that the EBID technique can be
a useful resource for the post-growth processing of epitaxial quantum dots, by significantly
enhancing light extraction from the semiconductor matrix without causing any degradation in the
quality of the dot and its emission features.

While the overall extraction efficiency hereby achieved by means of the fabricated
nanostructures is definitely below the levels reached by the best performing semiconductor
photonic cavities, the results are promising, especially in view of the possibility of using the
deposited dielectric in subsequent processing steps as a hard mask for dry etching: this would allow
for instance to fabricate tapered®®, or lens-topped, semiconductor nanowires with unprecedented
precision.

More broadly, we believe that the 3D capabilities of the technique, coupled to its flexibility in
terms of material choices, make it extremely attractive to the semiconductor quantum dot
community, where extensive and complex nanofabrication is often performed on individual
quantum emitters: for this purpose, the lack of damages induced in the processed QDs, as reported
in our work, is of the utmost importance.

From the direct deposition of dielectric masks for dry etching and metal contacts for electrical
nanodevices, to the fabrication of complex structures on top of the semiconductors to improve
light extraction or engineer the projected far field, we expect EBID to play a significant role in the

years to come in the field of quantum photonics with semiconductor QDs.
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Supporting information (PDF): Details and high resolution SEM images of each of the fabricated
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