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1. Introduction

A photonic jet (PJ) consists of a highly intense electromagnetic
beam with sub-wavelength lateral extent, obtained by illuminating
amicrometer-sized object ormicroparticle with a plane or Gaussian
wave. PJs have been observed with a multitude of particle shapes,
includingmicrocylinders,[1,2] microspheres,[3–5] micro-ellipsoids,[6,7]

micro-cubes,[8] core–shell microspheres,[9,10] and others.[11–15] The

lateral size of a PJ can be as small as λ/3,[3]

and it can propagate for several wavelengths
in the surrounding medium in an elongated
shape with little divergence.

Since their first observation in 2004,[1] PJs
have been extensively studied both from a
theoretical and an experimental point of
view. The use of increasingly advanced sim-
ulation techniques helped understand the
dependence of the PJ's characteristics on
the wavelength and polarization of the inci-
dent light,[4,16] microparticles size,[17] and
their refractive index.[18] This opened the
path to a better understanding of PJs and,
consequently, to the possibility to engineer
and exploit them in several different fields
such as fluorescence spectroscopy,[19]

enhancement of Raman scattering,[20] nanoparticles sensing,[21]

imaging,[22] nanolithography,[23,24] and many others.[25]

In this work, we review two applications connected to single-
photon emitters and more specifically to quantum dots (QDs).
The first application concerns the possibility of using PJs to
laser-write GaAsN QDs,[5] while the second one relies on PJs to
optically resolve the position of two emitters with sub-diffraction
resolution.[26] Additionally, in this work, we perform a novel
systematic study on the properties of PJs that can be obtained based
on the material platform introduced in these previous works,[5,26]

identifying optimal configurations for the QD fabrication process.

2. Fabrication of Quantum Dots

In a recent publication,[5] we introduced a laser-writing technique
based on PJs as an easy and cost-effective approach to the fabri-
cation of GaAsNQDs.We demonstrated that starting from a fully
hydrogenated GaAsN:H/GaAs quantum well (QW), it is possible
to locally break N–H bonds by the use of PJs, thus forming
GaAsN QDs embedded in a GaAs matrix.

GaAs1�xNx is a dilute nitride semiconductor obtained by
introducing a small percentage (typically less than 5%) of N in
GaAs. The N presence strongly perturbs the conduction band
structure, drastically reducing the bandgap.[27] The subsequent
introduction of hydrogen in GaAsN, conversely, leads to the for-
mation of stable N–H complexes, which gradually revert the
effects of nitrogen, eventually restoring the bandgap, effective
mass, spin properties, refractive index, lattice constant, and
ordering of the N-free material.[28,29] Therefore, by controlling
hydrogen diffusion within the nitride, e.g., by placing H-opaque
masks on the sample,[30] it is possible to obtain small regions of
low-bandgap GaAsN surrounded by high-bandgap GaAsN:H
barriers, i.e., a QD. In addition, N–H bonds can be broken by
illuminating hydrogenated GaAsN with a laser light of proper
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Photonic jets (PJs) obtained by illuminating a dielectric microsphere have recently
shown to provide an efficient and cost-effective means of laser-writing and
localizing single-photon emitters with sub-diffraction precision. The fabrication
technique relies on the photoinduced formation of GaAsN quantum dots (QDs)
that are self-aligned to the microsphere, which in turn enhances the collection
efficiency of their emission. Similarly, the angular magnification introduced by a
microsphere placed on top of two close emitters allows to detect and resolve their
separation below the diffraction limit by analyzing their angular emission pattern
in momentum space. Along with a brief review of the two methods, a systematic
numerical study on the formation and properties of PJs to streamline the opti-
mization of the fabrication process is presented.
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wavelength (500 nm< λ< 800 nm).[31,32] This implies that there
is another way to fabricate GaAsN QDs, i.e., by locally breaking
the N–H bonds in a fully hydrogenated GaAsN:H/GaAs QW.

This approach was first tested by fabricating GaAsN QDs with
the use of a scanning near-field optical microscopy (SNOM) sys-
tem.[33] However, in the attempt to drastically simplify the pro-
cess, we have recently managed to fabricate QDs by breaking the
N–H bonds leveraging on the controlled formation of a PJ
obtained illuminating SiO2 microspheres deposited on top of
a GaAsN:H/GaAs QW.[5] In detail, the microspheres employed
had a diameter of (2.06� 0.05) μm (the reported uncertainty is
equal to one standard deviation) and they were illuminated for
1 s with a continuous wave (CW) laser at 532 nm. Control of their
size was possible by tuning the laser power, as shown in
Figure 1a. Moreover, the presence of a self-aligned microsphere
right on top of the QD significantly enhances the luminescence
collection efficiency of the overall system (Figure 1b) by a factor
of 7.3� 0.7.[5] The resulting collection efficiency, �14%, can be
compared with that reported in the literature exploiting different
approaches, as summarized in Table 1.

The QDs fabricated with this novel technique are still charac-
terized by a rather large homogeneous broadening of the emis-
sion (�1meV) and a non-perfect state purity, as seen by the fact
that the background-corrected second order autocorrelation func-
tion value at zero delay is slightly less than 0.1.[5] Moreover, the
observed maximum brightness, about 7� 105 s�1 at saturation
power on the first collection lens with NA¼ 0.7 (5� 106 s�1 with
the help of the microsphere), is still lower than that of other single-
photon sources,[41–43] in particular, compared to the state of the art
of 1� 107 s�1 reported, in similar condition, for InAs QDs at 4 K.
Nonetheless, this technique offers also several advantages, such
as: 1) working in air at room temperature, 2) drastically reducing
the complexity and the costs of the fabrication process, and

3) being reversible. Indeed, by re-hydrogenating the QW allows
to “erase” the QDs thus restoring the initial conditions.

3. Numerical Simulations

To further optimize the fabrication process, we present the
results of extensive numerical calculations studying the
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Figure 1. a) Photoluminescence (PL) spectra, normalized to the maximum, measured at 10 K and with a CW excitation power of 300 nW, of four different
quantum dots (QDs) fabricated by photonic jet (PJ) writing in a fully hydrogenated GaAsN/GaAs quantum well (QW) at different fabrication powers,
distinguished by colors. The fabrication powers, in units of mW, are provided as labels. The shaded spectrum corresponds to the PL spectrum of the
GaAsN/GaAs QW before hydrogenation. b) PL spectra, measured with a CW excitation power of 500 nW, of a QD before and after removing the micro-
sphere on top of it. The presence of the microsphere results in a approximately sevenfold enhancement of the signal (see ref. [5] for a detailed description
of the enhancement estimation). Reproduced with permission.[5] Copyright 2021, Wiley-VCH.

Table 1. State-of-the-art techniques to enhance the luminescence
collection of single-photon emitters (mainly QDs) with their main
characteristics. Several of these approaches include a back-reflector.
Also in the microsphere approach, the QW/air back interface acts as a
nonoptimal back-reflector. The value of the collection efficiency is
reported considering a collection optical system with a numerical
aperture (NA) of 0.7. The collection efficiency of the microspheres was
calculated considering that the system without the microsphere has a
nominal collection efficiency of 2%.

Technique Required
spatial

alignment

Required
spectral
matching

Collection
efficiency
(NA¼ 0.7)

Lithography
required?

Microspheres (this work)[5] Self-
aligned

Broadband
(�200 nm)

�14% No

Fabry–Pérot
microcavities[34]

Tunable Broadband 8.6% Yes

Photonic trumpets[35] �20 nm Broadband 95% Yes

3D printed microlenses[36] 34 nm Broadband 23% Yes

Gold rings[37] �50 nm Broadband
(�70 nm)

�15% Yes

Photonic Crystal Cavities[38] <50 nm �2.5 nm �44% Yes

3D printed Bragg gratings[39] 50–250 nm �70 nm 48% Yes

Micropillar cavities[40] 50 nm 0.5 nm 64% Yes
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properties of the PJs that can be formed on the selected platform.
In particular, the intensities at the target depth and the full width
at half maximum (FWHM) of the PJs were studied as a function
of the laser wavelength and microsphere radius to identify opti-
mal parameter combinations.

The simulations are based on a recently developed Python
package named SMUTHI,[44] which combines the T-matrix
method for individual particle scattering with the scattering
matrix formalism for the propagation of the electromagnetic field
through plane–parallel interfaces. This allows to run rigorous 3D
simulations with a fraction of the memory and computational
resources typically needed using common mesh-based simula-
tion approaches. The performed simulations consist of a plane
wave hitting a SiO2 microsphere placed on top of a multilayer
structure comprising, from bottom to top: a GaAs substrate, a
2 nm layer of Ga2O3, 1500 nm of air, another 2 nm layer of
Ga2O3, a 162 nm layer of GaAs, and an additional 2 nm layer
of Ga2O3(see Figure 2). The values of the refractive index of
GaAs, Ga2O3, and SiO2 are taken from Papatryfonos et al.,[45]

Malitson,[46] and Rebien et al.,[47] respectively. This particular
structure was modeled after the actual sample structure (see[5]

for more details). The use of a single layer of GaAs instead of
a GaAsN:H/GaAs QW is due to the fact that a fully hydrogenated
GaAsN layer has the same optical properties as a GaAs layer
(within 1%),[28] while the Ga2O3 layers were included to account
for the native GaAs oxidation process.[48] The layer structure is
infinitely extended in the plane.

The parameters we are interested in are the FWHM and inten-
sity of the PJs, which were studied as a function of the incident
wavelength and the microsphere radius. In particular, we
scanned wavelengths between 400 and 1550 nm in 5 nm steps
and radii between 250 and 1025 nm in 25 nm steps. The results
of the simulations are shown in Figure 3. The FWHM and inten-
sity values were obtained from the electric field intensity profile

evaluated both in the direction parallel to the polarization of the
incoming plane wave and in the orthogonal one, 33 nm below
the surface. This particular depth is chosen accordingly to where
the GaAsN:H/GaAs QW was placed in the sample used in our
previous work.[5] The results for the FWHM are shown in
Figure 3a,b and are calculated with respect to the baseline inten-
sity relative to the unperturbed plane wave illumination calcu-
lated at the same depth. In contrast, Figure 3c reports the
values of the electric field intensity measured at the center of
the layer, on-axis with the microsphere. The gray points in the
maps represent those radius–wavelength combinations that
are not associated with the formation of a PJ (i.e., the observed
intensity maximum is off-axis), which would lead to the forma-
tion of the QD in a different position, or no QD formation
altogether. Conversely, for all other radius–wavelength combina-
tions, a PJ is properly formed within the GaAs layer, as we can
see from Figure 3e.

In addition to that, observing the FWHM and intensity maps,
the presence of an oscillating pattern immediately stands out.
These oscillations can be better analyzed by plotting the quanti-
ties as a function of one of the two parameters, e.g., the wave-
length, fixing the radius. As we can see from Figure 3d, these
oscillations are well pronounced between 400 and 800 nm, while
at longer wavelengths they are less evident. Furthermore, it is
clear, e.g., looking at the dashed lines, that the oscillations of
the FWHM and the intensity are exactly out of phase (maxima
of the former correspond to minima of the latter, and
vice versa). The origin of this behavior is likely due to the inter-
ference between the incoming wave and the ones reflected within
the microsphere and by the substrate. Due to the complexity of
our system, this phenomenon is not easily attributable to a single
origin. However, these oscillations can be exploited when select-
ing the proper microsphere's radius and laser wavelength to tune
the size of laser-written QDs, taking into account the actual sam-
ple geometry, within a broad range of values. Indeed, thanks to
the presence of sharp oscillations in this composite system, it is
possible to strongly change the PJs behavior by slightly changing
the laser wavelength, leading to an optimal control over the QDs
dimension. Moreover, this effect can be combined with the con-
trol over the laser power to further increase the range of tunabil-
ity. The wavelength range in which the strongest oscillations
appear (400–800 nm) overlaps nicely with the operating window
of commercial Ti:Sa lasers (possibly equipped with a frequency-
doubling crystal, to reach the lower end of the range).
Furthermore, this is the ideal wavelength range for our laser-
writing applications, since the optimal wavelength for the
breaking of N–H bonds in hydrogenated dilute nitrides is
�700 nm.[32,49]

To apply the simulated results in practice, we must take into
account that the microspheres are not perfectly identical; indeed,
the standard deviation of their radii is about 25 nm. This inevi-
tably leads to an uncertainty in determining the correct behavior
of the oscillations, which in turn would be detrimental to the opti-
mal control of the QDs’ size. A more detailed study of the effect
of particle polydispersity is reported in the Supporting
Information. To prevent this from becoming a setback for the
accurate definition of the QDs’ size and emission wavelength,
one should ideally determine the size of the microspheres used,
e.g., with a scanning electron microscope (SEM) or an atomic

Figure 2. Scheme of the simulated sample, consisting of a suspended
GaAs layer, an air-gap, a GaAs substrate, and a SiO2 microsphere. A thin
Ga2O3 layer is also applied to all GaAs–air interfaces. The green arrows
represent the plane wave hitting the microsphere and leading to the for-
mation of the PJ. The drawing is not to scale.
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force microscope (AFM), thus optimizing the simulation accord-
ingly. In this way, the identification of the laser wavelength
required to obtain the desired PJs’ width and intensity should
be straightforward.

Regarding the ability to fabricate multiple QDs at once with a
single laser pulse, we have studied the PJ properties generated by
the simultaneous illumination of two adjacent microspheres
(see Supporting Information). These simulations show that
the properties of the two PJs are only slightly modified with
respect to the single-microsphere case.

It is worth noting that, to the best of our knowledge, our sys-
tematic study of the properties of PJs as a function of particle
radius and wavelength is the only one taking into account the
3D nature of the problem and the presence of a realistic

multilayer substrate. As such, we envision that these results,
as well as their fast computational time, will streamline the opti-
mization of this lithographic technique leading to a better control
of QD size and positioning.

4. Spatial Resolution

We now review the second application of PJs, also directly con-
nected to single-photon emitters, which consists of the possibility
to optically detect and resolve two QDs placed below a dielectric
microsphere. It is well known that a PJ is formed in the shadow
cone of an illuminated microsphere, and that its lateral displace-
ment depends on the angle between the incident wave direction

(a) (b)

(c)

(e)

(d)

Figure 3. a,b) 2D maps of the FWHM of the PJ along the y and x directions, respectively, as a function of the microsphere radius and of the wavelength.
The incident wave is polarized along y. c) 2Dmap of the electric field intensity of the PJ as a function of the microsphere radius and of the wavelength. The
gray points represent those radius–wavelength combinations that are associated with an intensity minimum rather than a maximum below the micro-
sphere. d) Plot of the FWHM (red curve) and the electric field intensity (blue curve) as a function of the wavelength for a microsphere of radius 1000 nm.
The dashed lines are a guide to the eye to highlight the anti-phase behavior. e) Map of the electric field intensity in the xz and yz planes, for a microsphere
of radius 1 μm illuminated by a plane wave with λ¼ 545 nm. The white lines represent the contour of the microsphere and of the QW.
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and the microsphere axis defined as the normal to the substrate
plane (see, e.g., Supporting Information of ref. [5]). If the two
directions are parallel, the PJ will form directly on-axis with
the microsphere; if there is an angle between them, the position
of the PJ will be shifted accordingly. The value of the shift
depends on the microsphere's properties and on the presence
and characteristics of the substrate, so it must be evaluated on
a case-by-case basis. However, if the wave angle is not too big,
the PJ will still propagate almost parallel to the sphere axis.
Interestingly, the inverse process can be used to resolve two dif-
ferent emitters located under the microsphere. Indeed, if we
place an emitter on-axis with the microsphere, its emission will

be directed mostly vertically, while if an emitter is slightly off-
axis, its emission will be beamed out of the microsphere at an
angle. Therefore, by collecting the emission at different angles,
we are able to resolve the presence of two or more emitters.
Moreover, by analyzing the angular emission pattern, it is also
possible to have an indirect measurement of the distance
between them.

This idea has been tested as a part of one of our previous
works[26] and the main results are shown in Figure 4. In detail,
wemeasured the photoluminescence (PL) of a sample containing
self-assembled GaAs QDs with SiO2 microspheres on top,
searching for two QDs placed below the same sphere (a detailed
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Figure 4. Example of use of a microsphere to distinguish the presence of two GaAs QDs underneath it. a) PL spectra of the QDs, labeled as 1 and 2.
b,c) k-space maps of the PL emission of two QDs integrated over the emission energy of QD 1 and 2, respectively. The three yellow circles represent
NA¼ 0.2, NA¼ 0.4, and NA¼ 0.7. d) Real space map of the emission of the two QDs obtained by a transformation of the k-space maps of panels (b) and
(c) (see text). e) Cuts of the map in panel (d) along the direction joining the two centers (continuous lines). The dashed lines represent the same cuts
applied on the simulated spatial map. Reproduced with permission.[26] Copyright 2019, Wiley-VCH.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2022, 2100365 2100365 (5 of 8) © 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202100365 by U

niversita D
i Firenze Sistem

a, W
iley O

nline L
ibrary on [20/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.adpr-journal.com


description of the sample is present in ref. [26]). After finding two
such QDs, we measured the angular pattern of the emission of
the two dots (labeled as QD1 and QD2) in k-space. Since the
measurements were performed with a homemade confocal setup
equipped with a 100� objective,[26] this was realized by introduc-
ing a pinhole in the collimated region of the PL signal, right after
the objective. By scanning the pinhole position in the plane per-
pendicular to the light propagation, we could, therefore, obtain
an angular (momentum k) filter for the collected emission. A
spectrum is measured for each position of the pinhole, obtaining
a k-space map of the global signal. By integrating the map over
the emitting energies of QD1 and QD2, we were then able to
isolate the angular pattern of each dot. The results of this process
are the two maps shown in Figure 4a,b. From these maps, it is
clear that the signal comes from two different QDs, where QD2
is on-axis with the microsphere while QD1 is off-axis. From this
measurement, it is possible to estimate the distance between the
two QDs. Indeed, a transformation from the k-space to the real
space can be performed using a simple geometrical model (see
Supporting Information of ref. [26]), from which the following
equations are obtained

x ¼ �rðkxƛÞð1� ðkxƛÞ2 � ðkyƛÞ2Þ�1=2

y ¼ �rðkyƛÞð1� ðkxƛÞ2 � ðkyƛÞ2Þ�1=2
(1)

where kx and ky represent the angular momentum along x and y,
respectively, ƛ ¼ λ=ð2πÞ being λ the emission wavelength in vac-
uum, and r is the microsphere radius. By applying this transfor-
mation to each k-space map and then superimposing them, we
obtain the real space map shown in Figure 4c, revealing an esti-
mated inter-distance of 300 nm (see cross-cuts in Figure 4d).
This result was validated numerically by performing a set of sim-
ulations for dipoles with different off-axis displacements. The
best agreement between experimental and numerical profiles
is again obtained for a QD in an on-axis position and one laterally
displaced of 300 nm, as can be seen by the transformed k-maps
cuts (dashed lines) shown in Figure 4d. This value of the resolu-
tion is perfectly consistent with theoretical evaluations available
in the literature.[50] Lastly, from this result, it is possible to cal-
culate the lower limit of the spatial resolution enhancement due
to the presence of the microsphere. Indeed, considering an initial
spatial resolution of about 700 nm (diffraction limit), the ability
to distinguish two different QDs separated by 300 nm results in a
2.3� spatial resolution enhancement.

5. Conclusions

In summary, in this work, we reviewed two applications of PJs,
both related to single-photon emitters, and in particular to QDs.
In the first one, the PJs are exploited to directly fabricate GaAsN
QDs, with the novel technique that we have previously devel-
oped.[5] A new set of simulated results was also presented to dem-
onstrate the flexibility of PJs in the laser-writing process. In the
second application, which is complementary and can be used in
conjunction with the first one, we showed how PJs can be
exploited to retrieve the position of one or more QDs at the same
time with sub-diffraction resolution. It is worth noting that this
approach can be applied also to other kinds of emitters, and not

only to QDs. These two applications illustrate the versatility of
PJs, which can be used both for the fabrication of single-photon
emitters and for their detection, as well as in many other areas of
photonics. In conclusion, we have shown that PJs are a versatile
tool for the fabrication and detection of integrated light sources;
moreover, the recent availability of the SMUTHI simulation
package enables an efficient streamlining of the full characteri-
zation of realistic systems, comprising both the substrate stack
and the Mie resonator responsible for the formation of the PJ.

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