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Quantum Dots Luminescence Collection Enhancement
and Nanoscopy by Dielectric Microspheres

Francesco Biccari,* Travis Hamilton, Andrea Ristori, Stefano Sanguinetti, Sergio Bietti,

Massimo Gurioli,* and Hooman Mohseni

In recent years, dielectric microspheres have been used in conjunction with
optical microscopes to beat the diffraction limit and to obtain superresolution
imaging. The use of microspheres on quantum dots (QDs) is investigated, for
the first time, to enhance the light coupling efficiency. The enhancement of the
QD luminescence collection in terms of extraction and directionality is dem-
onstrated, as well as the enhancement of spatial resolution. In particular, it is
found that a dielectric microsphere, placed on top of an epitaxial QD, increases
the collected radiant energy by about a factor of 42, when a low numerical
aperture objective is used. Moreover, if two or more QDs are present below the

Microscopy (SNOM) in the 1980s.12
Many different approaches demonstrated
the powerfulness of SNOM in detecting
the details of the near field around an
emitter in a nanoresonator. SNOM still
remains a niche spectroscopic tool, owing
to both costs and difficulties in using it, in
particular in a cryogenic setup needed for
spectrally pure quantum emitters, such
as semiconductor quantum dots (QDs).
A simpler but less performing approach

microsphere, the modification of the far field emission pattern allows selec-
tive collection of the luminescence from a single QD by simply changing the
collection angle. Dielectric microspheres present a simple and efficient tool to
improve the QD spectroscopy, and potentially QD-based devices.

Nano-optics is a well-established topic dealing with the
study of the interaction between materials and light at the
nanoscale; it addresses a very wide spectrum of goals ranging
from quantum electrodynamics to sensors.lll One important
branch of nano-optics is the nanospectroscopy, which aims
to combine the subwavelength spatial resolution with a large
variety of spectroscopic techniques.>3! Historically, it has been
pioneered by the invention of Scanning Near-field Optical
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for QDs, developed in the 1990s, is based
on solid immersion lenses (SILs).[! Other
techniques, developed in the 2000, like
STED, BLINK and PALM/STORM, are
very powerful but their use is limited
only to specific fluorophores used for
the staining of the sample and therefore
they are not suitable for spectroscopic analysis of generic
nanoemitters.!

A significant issue in nanospectroscopy is the large mis-
match between the light wavelength and the nanomaterials
size, which usually leads to a weak interaction and subsequently
a small efficiency of coupling to the emitted or scattered light
at the nanoscale.l®! Indeed, a sister problem of the spatial reso-
lution improvement is the enhancement of the collected light,
which is related also to the practical problem to increase the
directionality of the luminescence from nanoemitters toward
external components (e.g., optical fibers). In order to focus on
a specific example, let us consider the luminescence collection
from epitaxial QDs.”l The QD size is in the range of 10 nm,
they are buried in a dielectric with large refractive index and
they need to operate at cryogenic temperatures, limiting the
numerical aperture (NA) of the collecting objective. Given these
constraints, coupling the QD emission into a controlled optical
channel is a relevant challenge in quantum communication.
Excellent extraction efficiency has been obtained by photonic
cavities, where, however, the spatial and spectral matching
between the QD and the cavity must be better than 50 nm and
1 meV, respectively.’! In order to tackle this problem, several
broadband photonic devices have been proposed:[*'%l a state of
the art approach is represented by photonic trumpets (PTs).['”!
However, these approaches suffer from the problem of spatial
matching between the photonic modes and the QDs, since
the QD needs to be at the center of the photonic modes for an
optimal coupling. This requirement asks for complex nanofab-
rication and/or nanomanipulation and strongly limits the scal-
ability of these solutions, not to mention that these approaches
(cavities and trumpets) are irreversible, expensive, and subject
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Figure 1. Comparison of the collection enhancement (CE), resolution enhancement (RE) and field of view (FoV) between several experimental micros-
copy systems in the case of a dipole buried in a material with a refractive index n = 3.5. The gray area represents the maximal acceptance angle of the
objective. The pale yellow or and the pale red areas represent the emission of the dipole collected by the objective. The yellow and red circles represent
the position of the dipoles. The draw is not in scale. When two numbers are given, they refer to NA = 0.1 and NA = 0.7, respectively. a) Single objec-
tive (reference); b) objective and hemispherical SIL with n = 2; c) objective with photonic trumpet; d,e) objective and microsphere for NA = 0.7 and
NA = 0.1, respectively. In panels d and e, the virtual image planes are also reported.

to possible failure in the nanofabrication process. Alternatively,
an old, but still valid approach, both spectrally and spatially tol-
erant, is the SIL.1% SIL is a broadband tool giving an increase
of spatial resolution and light extraction, which can be easily
and reversibly placed on the sample and it does not require any
special processing. However, SIL can enhance the light collec-
tion only by a factor equal to its refractive index n, since the NA
of the system is increased by a factor n, at most. Moreover, the
far field profile is not optimal, especially for small NA objective
or for collecting light in an optical fiber.

In the last decade, dielectric microspheres attracted a lot
of attention from the scientific community. Their peculiarity
consists in the formation, when illuminated, of a photonic jet
on the shadow side of the structure with a beam size down
to one third the wavelength of incident light.?’l The photonic
properties of a microsphere are illustrated in the Supporting
Information. They were used in optical data extraction,?!l
Raman spectroscopy measurements,?>?%l enhancement of
luminescence collection,?*2¢l superresolution microscopy,??’~2"!
and many other fields. Still the use of microspheres for
quantum emitters nanospectroscopy has not yet demonstrated
or tested, despite the raising interest in quantum communica-
tion and information emerged in the last few years.

In this paper we use, for the first time, dielectric micro-
spheres to achieve a high coupling enhancement between
quantum emitters with high spatial (500 nm) and spectral
(100 meV) tolerance. In order to test our approach, we focus on
QDs nanospectroscopy, showing the advantage of our approach
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on luminescence collection, spatial resolution and direction-
ality, with respect to other broadband solutions, like SILs (low
enhancement) and PTs (low spatial tolerance). In this way, we
essentially combine the advantage of a simple, cost-effective,
broadband postgrowth approach with the photonic tailoring of
the light modes, leading to a large enhancement of the photo-
luminescence (PL) and to the ability to distinguish QDs below
the diffraction limit.

In order to clarify the novelty of our approach, in Figure 1
we have compared the effect of a microsphere (Figure 1d,e)
with respect to a single objectivel*”l (Figure 1a), a hemispherical
SIL*1 (Figure 1b) and a photonic trumpet!!”3! (Figure 1c).
The quantities of interest are: 1) collection enhancement (CE)
defined as the ratio between the power collected by the objec-
tive with the sphere over the power collected by the same
objective without the sphere; 2) resolution enhancement (RE)
defined as the ratio between the resolution of the system with
the sphere over the resolution of the same system without the
sphere; 3) field of view (FoV). We have reported these three
quantities for all the optical systems listed above in the case of a
dipole immersed in a material with a refractive index n = 3.5,
emitting at 720 nm. In the case of the microsphere, in order
to perform single quantum dot spectroscopy, two different
approaches are given, one for large NA (Figure 1d) and one for
small NA (Figure le). Indeed, as we will see in this paper, for
large NA it is preferable to keep the microsphere fixed on the
sample and select the luminescence of the QD by spatially fil-
tering the image with a pin-hole in the image plane or, better,

(20f7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Scheme of the section of the sample and a microsphere on top of it. b) Typical PL spectrum of the sample. c¢) Microscope image of the
sample surface after microsphere deposition. The picture shows an area where both a compact array and isolated microspheres are present. d) Theoret-
ical collection enhancement for NA = 0.7 and A = 720 nm, at different depths of the buried emitters, with respect to a single objective of the same NA.

in the back focal plane (BFP) of the objective; whereas for small
NA this pin-hole selection is useless, since the FoV is similar
to the resolution or, analogously, the BFP is completely illumi-
nated: it is more useful to attach the microsphere directly to the
collecting optics (objective, optical fiber, ...) and spatially scan
the sample (see Figure S1f of the Supporting Information).

In order to analyze the effect of microspheres on the PL
emitted by single photon emitters, we performed an experi-
mental study of a sample containing a layer of QDs buried
70 nm below the surface and emitting in the range 1.60-1.72 eV
(see Figure 2a,b). Silicon dioxide microspheres with diameter
of 2.06 um were deposited onto the sample surface using a
self-assembly convection method (see Figure 2c). Details about
sample growth and spheres deposition are reported in the
experimental section. The size of the microspheres has been
chosen because it gives a large collection enhancement for a
wide range of wavelengths, from visible to near infrared (see
Supporting Information). In Figure 2d, we report the simulated
collection enhancements for a NA = 0.7 objective at three dif-
ferent wavelengths, as a function of the depth of the buried
emitter (details can be found in the Supporting Information).

In order to analyze the improvement in the PL collection,
we compared several QD emissions without the presence of
the spheres with emissions of QDs found under spheres. In
Figure 3a,b we have reported two microscope images of two dif-
ferent parts of the sample: one where the spheres are almost
absent, and the other one with a packed array of spheres. We
acquired hyperspectral PL maps over these areas. The PL inten-
sity maps of the QD emission, obtained by the integration

Part. Part. Syst. Charact. 2020, 37, 1900431 1900431

of the hyperspectral maps between 1.60 and 1.72 eV, are super-
imposed to the corresponding optical images in a blue-red color
code. The spots in Figure 3b refer to QDs below the sphere
and their emission is much more intense with respect to the
emission from QDs of Figure 3a. Note that in Figure 3a we
can count roughly 1 QD per 20 um? and QDs with high emis-
sions are even sparser. This helps in resolving single QDs (at
most one per microsphere), but complicates the analysis of the
microsphere enhancement of QD PL. Indeed, there is a low
chance for a good QD to be located exactly below the center of
a silica sphere.

The total PL intensity enhancement (Ey) is given by the
product of the excitation enhancement (E,) and collection
enhancement (CE). In order to find separately these two fac-
tors, we used the saturation effect of the QD emission (see Sup-
porting Information for more details). Indeed, the PL intensity,
Ip, of a QD as function of the excitation power P has a satura-
tion point, which can be used as reference in order to compare
excitation powers in different excitation conditions. The max-
imum corresponds to the condition of having on average one
exciton in the QDs. Therefore we can compare the excitation
power at saturation P, with and without spheres as an estimate
of the increased power density due to the photonic nanojets:
E, =P /Pa, where the apex “s” and “o” refers to the values with
and without a sphere, respectively).

Similarly, we can compare the PL intensity at saturation
I, with and without spheres as an estimate of the increased
light extraction due to the photonic nanojets: CE=Ig,/Ig.
This is possible because at the saturation point the excitation

(30f7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Microscope image of an area of the sample where microspheres are very sparse. b) Microscope image of an area of the sample where
ordered array of microsphere is present; both in (a) and (b) the PL intensity map of the QD emission, integrated between 1.60 and 1.72 eV, is superim-
posed to the optical map in a blue-red color code. Pixel dimensions 0.5 X 0.5 um? in 1a and 0.25 x 0.25 um? in 1b. c) Spectrally integrated PL intensity
as a function of the excitation power of two typical QDs without and with microsphere; the saturation condition described in the main text is clearly
shown; the continuous lines are fits performed by Equation S1 of the Supporting Information. d) Comparison of the spectra from the brightest QD

emissions with and without the spheres.

conditions are identical. It is worth stressing that the two
parameters P, and I, depend on different mechanisms. For a
given QD, since the absorption above bandgap is homogeneous
in our sample, P, measures the QD capture cross section and
therefore the efficiency in the carrier relaxation into the QD
states. On the contrary, I, measures the QD radiative effi-
ciency, that is the presence of nonradiative channels competing
with spontaneous emission.

By performing a statistical evaluation on 20 different QDs on
a part of the sample free from spheres, we get Py = (10.0  3.5)
mW and I3, = (6000 £ 2000) cps, where the reported ranges
refer to the interval between minimum-maximum values. Typ-
ical values of saturation curves with and without the spheres
are given in Figure 3c. However, since the alignment of the
sphere with the QD position (which has a very relevant role as
shown in Figure S1 of the Supporting Information) is random,
in order to properly estimate the optimal photonic jet enhance-
ment, the data without spheres must be compared only with
the best values obtained by QD emission under the sphere,
which are Py, = 1.2 mW and 5, = 22000 cps. The spectra
from the brightest QD emissions with and without the spheres
are reported in Figure 3d. With this assumption, the photonic
nanojets enhancement is very clear, giving a factor E, = 8 £ 2
and a factor of CE = 4 + 1. These values are in very good agree-
ment with the simulated data: the expected excitation enhance-
ment, averaged below the sphere, is about 9 (simulations not
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shown) while the expected collection enhancement is about
4.5 (see Figure S1 of the Supporting Information).

Three are the mechanisms behind the collection enhance-
ment (in order of importance): enhancement of the emitted
power extracted from the sample surface, modification of the
power emission pattern due to the lensing effect of the micro-
sphere, which increases the power emitted toward the direc-
tion normal to the surface, and enhancement of the emitted
power from the source by Purcell effect. The enhancement of
the emitted power from the sample surface is due to the reduc-
tion of the total internal reflection at the air/sample interface.
This is caused by the evanescent wave coupling between the
sample and the microsphere. Quantification of these effects
were performed by FDTD simulations reported in Figure S2
(Supporting Information). In particular, the concentration
of the far-field emission pattern toward the normal direction
makes the microspheres a NA increasing tool, making a low
NA objective similar to a large NA objective.

Finally, we want to address the link between spatial resolu-
tion and NAs of the objective collecting light from the QDs.
This has been realized by introducing a pinhole in the colli-
mated region of the PL signal after the objective with NA = 0.7;
the estimated NA with the selected pinhole was NA = 0.05. By
scanning the pinhole position in the plane perpendicular to the
light propagation, we have realized an angular (momentum k)
filter for the collected emission. We selected a sphere where

(4 of 7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) QD-PL spectrum collected with a microsphere and objective with NA = 0.7; we highlighted the emission of two QDs, labeled with 1 and
2. b,c) k-space maps of the QD-PL emission integrated over the emission energy of QD 1 and 2, respectively. In the maps, the three yellow circles
represent NA = 0.2, NA = 0.4, and NA = 0.7. d,e) PL spectra of the point A (in panel b) and point B (in panel c), respectively, obtained by filtering
the emission in k-space by a pin-hole with an aperture corresponding to NA = 0.05. i) Real space map of the emission of the two QDs obtained by a
proper transformation of the k-space maps of panel b and c (see Equation S2 of the Supporting Information). j) Cuts of the map in panel i along the
direction joining the two centers (continuous lines). The dashed lines represent the same cuts applied on the simulated spatial map (see Figure S5
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of the Supporting Information).

two different QD emissions were observed; the spectrum for
each is provided in Figure 4a. The k-space PL image is obtained
by scanning the pinhole and the resulting maps for QD1 and
QD2 are presented in Figure 4b,c, respectively. In both maps,
the yellow circle with the highest diameter refers to the NA =
0.7 of our objective. As expected, we observe that the sphere on
the sample has a focusing effect. Indeed, the NA of the emis-
sion from the microsphere is estimated to be about 0.2, which
is much smaller than the NA of our objective lens.

In addition, we see that the QDs in the k-space maps are
displaced. This is highlighted in the PL spectra presented
in Figure 4d,e by collecting light from different locations of
the k-space associated with the two QDs (points A and B of
Figure 4b,c, respectively). The real space maps, obtained by
applying the Equation S2 of the Supporting Information to the
experimental data of Figure 4b,c, are reported and superim-
posed in Figure 4i, where it is evident that the displacement in
k-space maps is due to a spatial displacement of the QDs in real
space. The displacement is about 300 nm. It is worth noting
that the same image, without spectral information, could be
obtained by a direct imaging of the virtual focal plane, as in the
regular use of microspheres for super-resolution microscopy.
However, our approach allows to obtain a hyperspectral map
(a spectrum for each spatial point) simply scanning in k-space,
much easier than a complete image reconstruction and spatial
filtering. Moreover, it is also worth noting that this is useful to
select the emissions of two or more QDs below a microsphere
simply choosing a proper collection angle (for example posi-
tioning several optical fibers above the microsphere at different

Part. Part. Syst. Charact. 2020, 37, 1900431

1900431 (5 of 7)

collection angles) and not after an entire image reconstruction
(objective—tubelens—spatial selection).

In Figure 4j, a cross-section of the map in 4i, passing along
the centers of the two QDs, is presented, along with the same
cross-section for the simulated configuration (see Figure S5 in
the Supporting Information). This example shows how pow-
erful is the proposed method in producing a 3D map of emis-
sion intensity Ip; versus the energy and transverse momentum
of the emitted photons.

In summary, we have exploited the unique properties of
dielectric microspheres for improved nanospectroscopy of
quantum dots in semiconductors. Clear enhancement in exci-
tation power density (a factor 9), light collection (a factor 4),
and spatial resolution have been demonstrated using a NA =
0.7 objective, all in good agreement with theoretical predic-
tions. Scaled to a low NA objective (NA = 0.13), this means a
collection enhancement about by a factor 42. Our results open
the route to exploit dielectric microspheres in many aspects
of optical nanospectroscopy. In a single-mode realization, we
envision highly efficient scanning near field optical microscopy
by fabricating a near field tip that is made of a microsphere
attached to a single-mode optical fiber. A similar approach,
using a scanning microsphere and a microscope was already
implemented for optical nanoscopy.*?! For a multimode realiza-
tion, we envision highly efficient extraction of entangled photon
pairs at different wavelengths from different QDs using the
broadband nature and spatial resolution of our approach. More-
over, studying the angular emission pattern of a microsphere
position on top of two QDs 300 nm apart, we have shown that

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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it is possible to monitor two different QDs placed in the field
of view of the microsphere, simply collecting light at different
angles, for example, for photon indistinguishability measure-
ments. In our current experiment, a possible drawback is the
deterministic positioning of the microspheres to the points of
interest. However, we believe that modern nanomanipulation
techniques could provide accurate positioning of microspheres
leading to efficient extraction of well-collimated far-field beams
of the flying entangled qubits from arrays of quantum emitters.
In addition, the exploitation of photonic nanojet in combina-
tion with particular laser-writable materials, like GaAsN:H,33!
could allow to fabricate QDs directly under the microspheres.

Experimental Section

Sample Preparation: All the experiments were performed on a single
sample containing GaAs QDs in a matrix of Aly3Gag;As. The sample
was grown in a conventional GEN Il solid-source molecular beam
epitaxy (MBE) system on a Ge substrate. The structure is the following:
a GaAs buffer layer (650 nm) deposited on a Ge (001) substrate miscut
6° toward [110] direction; an Aly3Gag ;As barrier layer (80 nm); a layer of
GaAs QD formed by Droplet Epitaxy (average height 10 nm) surrounded
by a barrier of Aly3Gag;As (60 nm); a GaAs capping layer (10 nm) was
finally grown on top. The samples were processed with postgrowth
rapid thermal annealing RTA process for 4 min at 700 °C in nitrogen
atmosphere. Growth details are reported elsewhere.3¥l The sketch of
the sample is given in Figure 2a and a typical PL spectrum is reported
in Figure 2b. The spectrum shows different contributions. The different
bands are attributed to: excitonic recombinations in the 650 nm thick
GaAs buffer layer (1.506 and 1.511 eV), QD emission (1.60-1.72 eV),
recombination from donor—acceptor (DA) pair due to the germanium
impurities diffused in the AlGaAs layer (1.75-1.82 eV), electron to
acceptor carbon level impurity in AlGaAs layer (1.855-1.870 eV), and
finally bound exciton recombinations in the AlGaAs layer (1.890 and
1.900 eV). These attributions are labeled in the spectrum; note also that
the QD emission stems from many QDs and the individual lines are not
resolved here.

Microsphere  Deposition: ~ Silicon  dioxide microspheres  with
diameters of 2.06 um and a standard deviation of 0.05 um were used
(Microparticles GmbH). The microspheres come in aqueous suspension
making up 5% of the weight/volume percentage. The microspheres were
deposited onto the GaAs QD sample using a self-assembly convection
method.’>] An aqueous suspension of microspheres was deposited
between the sample and a glass slide. The microsphere solution
naturally forms a meniscus between the glass slide and sample where a
monolayer of hexagonally close packed microspheres forms. By dragging
the glass slide across the sample, the spheres exit the meniscus while
keeping their hexagonally close packed distribution.¥ The microspheres
exit the meniscus easier when the sample is treated by and oxygen
plasma cleaner. The cleaner causes the surface of the sample to change
from hydrophobic to hydrophilic. Moreover, a perfectly cleaned surface
ensures that no air gap exists between the spheres and the sample
surface. However, a small gap of few tens of nm is not detrimental for
the jet formation (see Figure S3 of the Supporting Information). By
increasing the speed of deposition, the authors were able to deposit a
lose packed array of microspheres on the sample surface. The loosely
packed microsphere regions are characterized by QDs with and without
microspheres in close proximity to one another in order to make quick
and efficient PL measurements. In Figure 2c, an optical microscopy
image of the sample covered by the spheres is reported. It is worth
noting the different emissions in our sample arise from different layers
and then from different depths, which is quite relevant in our discussion.
In particular, the GaAs QDS are buried 70 nm below the surface, the
AlGaAs emission is confined in a region between 10 and 150 nm
from the surface, and the GaAs emission is from a region between
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150 and 800 nm from the surface. In Figure 2d, we report the simulated
collection enhancements at three different wavelengths, corresponding
to the QDs, AlGaAs, and GaAs emissions, as a function of the depth
of the buried emitter. The simulation is based on the model discussed
in the Supporting Information. These data show that minor differences
are expected between AlGaAs and the QDs, while a lower collection
enhancement is predicted for the GaAs emission.

Photoluminescence Measurements: The optical properties of the
fabricated nanostructures were studied by microphotoluminescence
(micro-PL). The sample was kept at 10 K in a low-vibration continuous
He-flow cryostat (Janis ST-500), which in turn was mounted on a x-y
translation stage (Physik Instrumente) for scanning the sample surface.
The luminescence was collected by a home-made confocal microscope
setup equipped with an infinity corrected 100X objective (Mitutoyo
378-806-3, NA = 0.7). The luminescence was spectrally dispersed and
detected using a spectrograph (an Acton SP2300i) with a 600 g mm™
grating and a 1200 g mm™' grating, blazed at 1000 nm and 750 nm
respectively, and a Si CCD (Acton Pixis T00F). The spatial resolution of the
system is about 500 nm, while the spectral resolution is about 400 peV
using the 600 g mm™' grating and 250 peV using the 1200 g mm™
grating. For time-integrated measurements, the excitation source was a
CW diode-pumped solid-state laser at 532 nm (CNI MLL-111-532).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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