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3
Integrating Sphere Fourier

Microscopy of Highly
Directional Emission

Accurately controlling light emission using nano- and microstructured lenses and antennas
is an active field of research. Dielectrics are especially attractive lens materials due to their
low optical losses over a broad bandwidth. In this chapter we measure highly directional light
emission from patterned quantum dots (QDs) aligned underneath all-dielectric nanostructured
microlenses. The lenses are designed with an evolutionary algorithm and have a theoretical
directivity of 160. The fabricated structures demonstrate an experimental full directivity of
61±3, three times higher than what has been estimated before, with a beaming half-angle of
2.6◦. This high value compared to previous works is achieved via three mechanisms. First,
direct electron beam patterning of QD emitters and alignment markers allowed for more
localized emission and better emitter-lens alignment. Second, the lens fabrication was refined
to minimize distortions between the designed shape and the final structure. Finally, a new
measurement technique was developed that combines integrating sphere microscopy with
Fourier microscopy. This enables complete directivity measurements, contrary to other reported
values, which are typically only partial directivities or estimates of the full directivity that
rely partly on simulations. The experimentally measured values of the complete directivity
were higher than predicted by combining simulations with partial directivity measurements.
High directivity was obtained from three different materials (cadmium-selenide based QDs
and two lead halide perovskite materials), emitting at 520nm, 620nm and 700nm, by scaling
the lens size according to the emission wavelength.
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3.1 Introduction
Controlling the direction of light propagation is an important element in modern technolo-

gies. It is used in energy, lighting and information technologies to increase device efficiency.

An important metric for defining how well the light is focused in a specific direction, is

the directivity, borrowed from classical antenna theory. It is defined as the maximum

intensity into the beaming direction, divided by the average intensity
80
(equation (3.1), as

we will discuss in more detail there). On the macroscopic scale, light is typically directed

with curved lenses and mirrors, which make use of refraction and reflection. Nanoscale

structures, with sizes similar to the wavelength of light, work in a fundamentally different

manner, by relying additionally on diffraction and interference effects to control the light.

These effects also naturally result in wavelength selectivity and by combining the tradi-

tional refraction/reflection effects with diffraction/interference effects the bandwidth can

be adjusted. This is an important aspect in nanophotonic design. Directional light emission

has been shown to increase the efficiency of LEDs,
58, 81, 82, 83

single photon emitters,
20, 84

photonic circuits
85, 86

and solar cells.
87

Different methods have been developed to control the direction of light with nanos-

tructures.
88

Especially structures made of dielectric material are of interest, because they

do not suffer from the parasitic absorption that is inherent to plasmonics.
60, 89

Zone plates,

which consist of concentric rings with spacings similar to the wavelength, focus light

based on diffraction rather than refraction used in conventional curved lenses.
90, 91

Meta-

surfaces, with nanoscale patterns far below the wavelength of light that modify the optical

phase, have been designed to make flat lenses, enhance light emission and control its

direction.
92, 93, 94

Relatively simple shapes like micro or nanospheres can also give rise to

directional emission: an emitter embedded asymmetrically in a lossless sphere can give a

directivity of 7.5.
46

By placing silicon dioxide nanoparticles on a mirror, surface enhanced

Raman scattering showed an increase in enhancement factor of 250 through the combi-

nation of plasmonic and refractive effects on both excitation and emission efficiency.
95

Numerical simulations have shown directivity up to 11 from nitrogen vacancy centers in

diamond with all-dielectric spherical nanoantennas on top.
96

To achieve higher directivity, shapes more complex than simple spheres have to be used.

Ideas of more versatile nanoantenna designs used with plasmonic structures have been

applied to dielectric materials as well. For a hybrid system that combines a single emitter

coupled to a gold nanorod with a silicon nanodisk for redirecting the light, simulations

predict a directivity of 8.5.
97

Even higher directivity of 40 (16 dB) was simulated using a

photonic nanojet with a hybrid antenna consisting of a dielectric sphere and a plasmonic

antenna.
98

Quantum dots (QDs) in the feed gap of a hafnium oxide nanoantenna showed

partial directivity of 18 (12.5 dB).
99
In a hybrid system inspired by the Yagi-Uda antenna

design, consisting of a gold bow-tie nanoantenna and three silicon nanorods, a directivity

up to 49.2 was estimated based on a combination of experiments and simulations.
100

In previous work we have reported on a method to create directional emission from

gallium arsenide (GaAs) nanowires with dielectric nanostructured microlenses designed

with an evolutionary algorithm (EA).
65
This led to a record directivity from all-dielectric

nanostructured microlenses of 22. The given examples of theoretical and experimental

work on directivity above are summarized in Table 1. Many different metrics are used

to assess directivity, caused by limited experimental access to the full directivity, which
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complicates comparison among different works. For example, manyworks use beaming half

angle instead of directivity, which then ignores all power outside of the primary emission

peak. Nevertheless, we have selected several relevant examples in Table 1, including

metasurfaces used to direct light from LEDs
93
as well as parabolic light directors

101
and

elliptical microlenses.
102

Directivity is typically measured with Fourier microscopy, which

provides the angular emission pattern only within the numerical aperture (NA) of the

objective. Either the relative enhancement or partial directivity within the collection cone

of the objective is reported, which strongly depends on the NA. Alternatively, the total

directivity is obtained from combining measurements and simulations.

Full

directivity

Partial

directiviy

(NA)

Beaming

half-angle

FWHM

Lens (largest

dimension)

Dielectric sphere

(sim only)
46

7.5 907 nm

Hybrid gold nanorod/

silicon nanodisk

(sim only)
97

8.5 620 nm

Sphere in nitrogen

vacancy centers

(sim only)
96

11 380 nm

Photonic nanojet

with hybrid antenna

(sim only)
98

40 20 𝜇m

Hafnium oxide

nanoantenna
99

18 (1.49) 9
◦

3 𝜇m

Hybrid Yagi-Uda

nanoantenna
100

49.2 44.3 (1.4) 4.6
◦
/ 27.3

◦
728 nm

InGaN/GaN quantum

-well metasurfaces
93

7
◦

3 𝜇m

Parabolic

light directors
101

5.6
◦

22 𝜇m

Elliptical

microlenses
102

1
◦

16.3 𝜇m

Nanolens from EA

(our previous work)
65

22 18.9 (0.9) 3.5
◦

6 𝜇m

Nanolens from EA

(current work)

61 12.9 (0.42) 2.6
◦

5.6
◦

7 𝜇m

Table 3.1: Overview of theoretical and experimental work on directional emission from (partly) dielectric nanos-

tructures

The directivity obtained in our previous work was also limited by experimental con-

straints, causing the obtained directivity to be five times lower than the value predicted

by finite difference time domain (FDTD) simulations. Limited by the NA of our objective,

the directivity was determined by extrapolating outside the cone of the objective, and by
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relying on simulation results for the emission into the substrate. The randomly dropcast

nanowires limited the lens alignment precision and provided extended emitters, both

reducing performance compared to an ideal point source at the lens center.

Here we show a new approach for the fabrication and characterization that has led

to a three-fold improvement in directivity. The enhancement relies on direct electron

beam patterning of quantum dot emitter arrays, which both simplifies lens alignment

and provides more localized sources. The more reproducible alignment also allowed for

nanoscale lens corrections in both shape and size to play a role in improved directivity,

partially overcoming previous limitations. Additionally, we have developed a new technique

for measuring the complete directivity, which combines a Fourier microscope with an

integrating sphere. figure 3.1 schematically shows the three parts of this work, which will

be discussed in more detail in the following sections: the theoretical lens design with the

EA, the fabrication process and the optical directivity measurements.
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Figure 3.1: Schematic representation of the process towards highly directional emission. The first step (a) is the

design of a 3D structure that gives directional emission from an emitter at the center. With an evolutionary

algorithm, a 2D matrix that describes the presence of material is optimized (left). By rotating around the

central axis a circularly symmetric 3D structure is obtained (center) for which the emission pattern is calculated

(right). Fabrication of lenses on top of emitters consists of first patterning the emitters with direct electron-beam

lithography (b, left). Upon exposure to an electron beam, the ligands in a film of CdSe-based QDs cross-link.

Subsequently, unexposed parts are washed off and localized clusters remain. Next, 3D structures are fabricated

from a transparent photoresist with 2-photon lithography (b, right). Finally, the complete angular directivity is

measured by combining Fourier microscopy with an integrating sphere (c).

3.2 Results and discussion
3.2.1 Evolutionary algorithm
Although the design of nanophotonic components in some cases can be guided by analogues

developed for longer wavelengths, the high material dispersion of emitter materials in the

visible, combined with the interplay between interference, refraction and diffraction effects

can complicate their efficient design. Inverse design avoids this issue, allowing simulations

of a component response to directly inform the creation of new designs. Broadly, two

categories of such design processes exist: gradient-based techniques, and gradient-free

techniques.
103, 104, 105

While gradient-based approaches generally offer more computation-

ally efficient solutions, they are inherently local optimization processes, and can suffer

in performance when many local optima are present.
106

Evolutionary algorithms offer a



3.2 Results and discussion

3

41

conceptually simple approach to gradient-free optimization, relying on the combination of

features from previous well-performing structures to iteratively improve performance. The

design here utilizes the same evolutionary process as described previously
65
to create a

new directive nanolens optimized for our specific source geometry and emission frequency.

In this case, we optimized for broadband and unpolarized absorption in a 100x100x50nm

volume, in the wavelength range of 470 to 570 nm. This leads to relatively broadband

directivity compared to resonant optics (figure 3.6), which tend to work only over a very

narrow bandwidth. At the same time, the EA still allows for optimization over a spe-

cific wavelength range, contrary to conventional macroscopic lenses, which typically act

similarly over the full optical spectrum.

The as-optimized lens shows a peak in directivity at 570 nm emission. For optimal

performance, the maximum directivity can be shifted to the emission wavelength of the

emitter of choice by scaling the lens size according to the wavelength. This can be done over

a range of tens to hundreds of nanometers, as long as the dispersion of the material does not

change significantly in this range. By increasing the size by 8%, the optimum was shifted to

the emission wavelength in our experiments of 620 nm, resulting in a theoretical directivity

of 160. The final lens geometry and 3D emission profile calculated for an orientation

averaged dipole are shown in figure 3.1a and the corresponding theoretical Fourier image

is shown in figure 3.1c. To prove the wavelength scalability, also lenses scaled for 520 nm

and 700 nm emission were investigated, giving a directivity of 152 and 146 respectively.

The small variations in directivity for the different wavelengths are within the accuracy of

the simulations caused by finite meshing.

3.2.2 Fabrication and measurement techniqes
An important aspect for optimizing the performance is the position and spatial extent of

the emitters with respect to the lens. The lens performs best for a point source at the center

of the lens, thus emitters should be fabricated that most closely resemble this. In earlier

work, misalignment and large emitter size were the major causes for a reduction in perfor-

mance.
65

For this work, we decided to use cadmium selenide/cadmium sulfide/zinc sulfide

(CdSe/CdS/ZnS) QDs, since they are efficient and stable emitters. With a recently developed

method, these QDs can be patterned in any design of choice with direct electron-beam

(e-beam) lithography,
107

shown schematically on the left of figure 3.1b and experimentally

in figure 3.2a. A spin coated film of QDs is locally exposed to an electron beam, which

causes cross linking of the oleate ligands and makes the QDs insoluble. Subsequently the

sample is developed by redispersing the unexposed QDs in tetrahydrofuran, such that only

the exposed QDs remain on the indium-tin-oxide (ITO) coated substrate. This allowed

us to make a square array of CdSe-based QD clusters of 200nm in diameter and 50 nm in

height(figure 3.8), spaced 20 𝜇m apart, and we included alignment markers for placing the

lenses, as shown in figure 3.2a.

The nanolens is fabricated from transparent photoresist, through 2-photon lithogra-

phy.
108

In the fabrication process the sample is exposed to high intensity infrared laser

illumination and different chemicals. To shield the QDs from these harsh conditions, two

protection layers are applied. First, 15 nm of alumina is evaporated on the sample to

protect the QDs from chemicals and to bind the clusters more strongly on the substrate.

Subsequently, a 120 nm film of transparent SU-8 photoresist is spin coated on the sample.
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Figure 3.2: (a) Dark field optical microscope image of the patterned CdSe-based QDs. The crosses act as alignment

markers for accurately writing the lenses on top of the small clusters. (b) Schematic of the full sample configuration.

The Indium Tin Oxide (ITO) layer provides conductivity required for e-beam patterning. The alumina (AlO𝑥 ) and

SU-8 photoresist act as protection layers against the harsh conditions of the 2-photon lithography process for

making the nanolens. Dimensions and thicknesses are not to scale.

This layer acts as a spacer layer, such that the QDs are not directly in the focus of the laser

during the lithography process.
65

The complete configuration of the sample, with all layers

and materials present, is shown in figure 3.2b.

Directivity is defined as the maximum intensity (𝑝𝑚𝑎𝑥 ) divided by the average intensity

in all directions (𝑝𝑎𝑣𝑔 ), i.e. the total emission (𝑃𝑡𝑜𝑡 ) into the 4𝜋 solid angle of a sphere

divided by 4𝜋 :
80

𝐷 =

𝑝𝑚𝑎𝑥

𝑝𝑎𝑣𝑔

=

4𝜋𝑝𝑚𝑎𝑥

𝑃𝑡𝑜𝑡

, (3.1)

The conventional way to measure directivity is with a Fourier microscope. In these

measurements, only light emitted into the cone of the objective is detected, from which the

partial directivity within the numerical aperture (NA) of the objective can be determined.

For air objectives (oil immersion would alter the performance of the lens), which have

a maximum NA of ∼ 0.95, a maximum 69% of the forward hemisphere is collected, and

none of the light emitted in the backward direction. Even with two perfect objectives (one

on each side of the substrate), the substantial fraction of light that is waveguided in the

substrate and either scattered out or emitted at the edges will be lost. Previous works on

directivity only report the partial directivity
99
or rely partly on simulations for determining

the full directivity.
100

An alternative to Fourier imaging for wide angle measurements is to

place a detector on a rotation stage and scan in a circle at a fixed angle.
109

However, using

such an approach for complete directivity would be very time consuming and complex

as it would require very accurate scanning over the full three-dimensional sphere. For

individual nano and microstructured lenses the signal is too low for such an approach to

be feasible. Due to the difficulties above, experimental measurements of the full directivity

are absent from the literature.

We built a setup with which we can obtain the full directivity of an individual nanostruc-

tured microlens coupled to a 200 nm emitter patch in a single measurement. To achieve this,
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we combined a Fourier microscope with an integrating sphere (IS), shown schematically in

figure 3.3a. The integrating sphere gives the missing piece of information in the Fourier

measurement, by collecting all the light that was emitted outside the cone of the objective.

This light is scattered around in the IS and measured with a photodetector on the back,

while at the same time an image is taken with a CCD camera in the Fourier plane of the

microscope. The Fourier image provides 𝑝𝑚𝑎𝑥 and by combining the Fourier and IS signals

𝑃𝑡𝑜𝑡 can be determined. Combining these two signals demands careful calibration of the

collection efficiencies; a detailed description of the required reference measurements and

the full calculation can be found in the Supporting Information. With proper calibration,

our integrating sphere Fourier microscopy method can therefore provide an accurate full

directivity value for any structure with an emission peak that falls within the NA of the

objective lens.

The sample is mounted on a piezo stage, that allows us to scan the focused excitation

spot through the structure in three dimensions and find the position of highest directivity.

Here we benefit from the fact that the directivity can be determined in a single measurement,

allowing us to take detailed maps over the lenses. After finding the optimal position,

repeated measurements were taken on this fixed location, to determine the noise on the

signals and get accurate directivity values. With an additional lens in front of the objective,

we can create full field laser illumination to excite multiple lenses. We can find the structures

in a real space image (figure 3.3b) and by inserting the Fourier lens, Fourier images can

be taken for either full field illumination (figure 3.3c) or focused excitation (during the

measurements). Note that for combining the Fourier microscope with an integrating

sphere, an objective with a long working distance of 17 mm has to be used, which leads to

a relatively low NA of 0.42. As a consequence, our measured partial directivities might

appear relatively low. As long as the peak of maximum intensity lies within the cone of

the objective, this low NA is not a problem for the determination of full directivity.

With nanoscale corrections we optimized the fabrication of the nanolenses, to make

them closely resemble the designed structure. We optimized two aspects separately: the

size and the shape. Due to slight shrinking of the photoresist in the development process,

structures made with 2-photon lithography typically have to be written with slightly larger

coordinates in order to end up with the correct size. The amount of shrinking depends

on the laser power used for writing (see figure 3.9), and the density of points with which

the structure is written. Lenses with different size scaling were fabricated and measured

with a scanning electron microscope (SEM). The diameter of the lens is easily measured

from the top view. The height of the lens was checked by cutting a cross section through a

lens with focused ion beam (FIB) milling. To be less sensitive to the exact location of the

FIB cutting plane, we fabricated elongated lenses with a fixed cross section over several

micrometers, which is why the lenses shown in figure 3.4 are not circularly symmetric.

Higher laser power typically gives sharper features, but when the intensity is too

high, this results in small explosions in the photoresist (figure 3.10).
110, 111

Therefore we

fine-tuned the exact shape by comparing the FIB cross sections with the desired design.

figure 3.4a shows the first step, in which the lens was written based on the original binary

matrix from the EA together with the desired cross section in orange. Subsequently, pixels

corresponding to regions with too much material (marked red and orange in figure 3.4b)

are removed from the writing coordinates. This first optimization resulted in a close
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Figure 3.3: (a)Schematic representation of the combined integrating sphere and Fourier microscope for complete

angular measurement of directivity. By moving out the Fourier lens, the sample is seen in real space to find the

structures. Measurements are taken in the Fourier configuration with 450 nm long pass filters to remove the

405 nm laser excitation, where the CCD gives the angular emission pattern in the cone of the objective, while

the integrating sphere photodetector collects light emitted in all other directions. The tunable laser is used to

determine the collection efficiencies at the emission wavelength and the beam monitor tracks fluctuations in

excitation intensity. With the sample mounted on a piezo stage the exact position of maximum directivity can

be found. (b) Real space image of bare clusters (left column) and lenses (right two columns) in wide field laser

illumination; (c) Fourier image of lenses in wide field laser illumination.

resemblance between the observed cross section and the desired shape(figure 3.4c). In the

second optimization the two red pixels in the top are added again to better match the shape

of the top of the lens.

3.2.3 Complete angular directivity measurements
With the techniques and optimizations described above, we were able to accurately fabricate

nanolenses on top of arrays of CdSe-based QD clusters, as shown in figure 3.5a. The first

directivity measurements were performed on lenses from the original design, like the one

in figure 3.4a. The writing coordinates were scaled by 102%, 106% and 110% to find the

optimum size. These lenses all performed rather poorly, with a partial directivity, i.e. only

in the NA of the objective (𝐷𝑁𝐴), between 3 and 4 and a total directivity (𝐷4𝜋 ) between

8 and 26 (figure 3.5d left and table 3.2). The first optimization again consisted of lenses

in the three different sizes. The adjustment in shape turned out to be an essential step: a

partial directivity as high as 𝐷𝑁𝐴=10.9 was observed, corresponding to a total directivity of

𝐷4𝜋=41. All five lenses of scale 102% performed similar, see figure 3.5d middle and table 3.3

for all results. The last optimization consisted of a detailed size tuning and three small

variations in the design. The sizes were varied between 98% and 106% in steps of 2%. The

three designs were the design of optimization 1 (thus red and orange pixels in figure 3.4b

removed), the design of optimization 2, i.e. only the orange pixels removed, and this same
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Figure 3.4: Optimizing the lens shape. (a) Lens based on the original binary matrix, with too much material at

certain locations compared to the desired shape (orange line); (b) The original binary matrix (all pixels), the pixels

that were removed in the first optimization (red and orange), resulting in the lens in (c) and the pixels that were

added again in the last optimization (red).

design, but elongated in height by 2%, because SEM analysis showed that the previous set

of lenses was slightly too flat.

In this second optimization we found the highest partial directivity of 𝐷𝑁𝐴=12.9 and

a beaming half angle (𝜎 ) of 2.6
◦
, of which the Fourier image is shown in figure 3.5b (for

refrence of bare emitters without a lens on top, see figure 3.11). Repeated measurements

of the same position were taken to accurately determine the total directivity and the

uncertainty on this value, resulting in an average 𝐷𝑁𝐴=12.1±0.1 and 𝐷4𝜋=61±3 over ten

measurements. Repeated measurement over a longer time show a decrease in directivity,

as plotted in figure 3.5c lower panel. We attribute this to degradation of the QDs, since

also the signal intensity of both detectors decreases over time (figure 3.12) and degradation

was also observed for emitters without a lens on top (figure 3.13). On the other four best

performing lenses, 18 repeated measurements were taken, resulting in 𝐷𝑁𝐴 and 𝐷4𝜋 values

as plotted on the right of figure 3.5d. More measurements for determining the accuracy

and the effect of excitation power on mutliple lenses can be found in figure 3.15. Results of

the 15 best performing lenses, out of the 48 lenses that were fabricated and measured, are

summarized in table 3.4. From this analysis we can conclude that we have fabricated at

least fifteen lenses with 𝐷4𝜋>45, with probably even better performance before degradation.

All lenses with scaling of 106% performed similar and no trend could be observed between

the different designs in the final optimization step. Also each of the other size scales had

one or two high performing lenses.

As a proof of concept of the wavelength scalability, we fabricated lenses scaled in

size for two different wavelengths: 520 nm and 700nm, the emission wavelengths of

cesium lead bromide (CsPbBr3) perovskite nanocrystals and methyl-ammonium lead halide

(MAPbBr0.2I0.8) thin film, respectively. These samples consisted of a continuous film

of emitters instead of localized clusters and only the partial directivity 𝐷𝑁𝐴 could be

determined. Even with these limitations the results look promising: both systems reach

𝐷𝑁𝐴>11; Fourier images are shown in figure 3.16. This result is surprisingly good for
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Figure 3.5: Results of the complete process. (a) nanolenses accurately written on an array of CdSe-based QDs

clusters; (b) Fourier image of the lens with highest measured directivity, of 𝐷𝑁𝐴=12.9; (c) Repeated measurements

on a fixed location show degradation of the lens and/or emitter, causing a lowering in 𝐷𝑁𝐴 (lower panel) and an

increase in the noise on 𝐷4𝜋 (top panel); (d) Results of the best performing lenses of each of the optimization

steps.

lenses on a continuous film, where no localized emitters were created. However, these

halide perovskites are known for their photobrightening.
112

We hypothesize that focusing

of the excitation laser by the lens causes local photobrightening in the film, resulting in

more localized emission. We have performed optical simulations showing that the FWHM

of the excitation spot size created by the nanostructured microlens is approximately 200

nm (figure 3.14)and would lead to a directivity of 200, consistent with the patch size and

theoretical directivity of the localized CdSe emitters. This very interesting observation

requires further investigation in future work and may enable a self-aligned mechanism for

greatly improved performance.

From the large increase in directivity by adjusting the design, we can conclude that

the directivity is sensitive to the exact shape of the lens structure. The small variations

in the final optimization did not show any significant trend, indicating that lens to lens

variation due to fabrication inaccuracy is larger than the designed adjustments in this final

step. The dependence of the directivity on the exact shape matches well with results from
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simulations, where we also noted a large sensitivity to the shape of the structures. Since it is

impossible to have perfect agreement between the simulated and the fabricated structures,

combining experimental results with simulations will be inaccurate. This shows the

importance of our fully experimentalmeasurement, which allows us to investigate the actual

fabricated structures without relying partially on simulations. For a cluster of emitters

with a diameter of 200 nm, simulations predict a total directivity of 𝐷4𝜋,𝑡ℎ𝑒𝑜𝑟𝑦=131 and

𝐷𝑁𝐴,𝑡ℎ𝑒𝑜𝑟𝑦=35. Although ourmeasured𝐷𝑁𝐴,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡=12 is roughly 3 times lower compared

to theoretical performance, our measured 𝐷4𝜋,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡=61 is almost half the theoretical

value and thus better than what would be predicted by extrapolating 𝐷𝑁𝐴,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 .

The fact that the measured directivity is still significantly lower than the theoretical

directivity, we assign to fabrication errors, primarily alignment errors. Simulations show

that the directivity is decreased by 50% if the emitter is misaligned by only 130nm with

respect to the center of the lens (figure 3.18a). The tilting of the emission peak from the

normal is also consistent with a misalignment of approximately 200 nm (figure 3.18). Also

small size variations might still play a role, as we predict a drop in directivity of 20% for

each 3% offset in size (figure 3.18b). In our last optimization step, the lenses with size

106% performed best, but each of the other sizes also had a positive outlier. This probably

corresponds to occasionally very well aligned lenses, such that they perform well despite

their slight size offset. The different optimal size found in the last two optimization steps

(102% vs 106%) we ascribe to variation in sample absorbance. Since the resulting size of

structures made by 2-photon lithography strongly depends on the laser power, a slightly

higher absorption in the sample requires larger writing settings in order to obtain the same

size.

3.3 Conclusion
With accurate nanoscale optimization of the fabrication technique, we have achieved a

record in directivity from all-dielectric nanolenses, three times higher than the previous

reported value. We have fully experimentally determined a maximum total directivity

of 𝐷4𝜋=61±3, corresponding to a partial directivity within the cone of the objective of

𝐷𝑁𝐴=12.1±0.1. At low laser power excitation, at which only 𝐷𝑁𝐴 could be accurately

determined, partial directivity values up to 12.9±0.1 were observed. This shows that with

accurate fabrication techniques, highly directional emission from CdSe-based QDs can

be obtained with all-dielectric nanostructures. An essential step to achieve this was the

patterning of emitters with direct e-beam lithography into an ordered array of small clusters

with alignment markers, such that an array of lenses could be accurately fabricated on

top of the emitters. The combination of an integrating sphere and a Fourier microscope

allowed for complete angular measurement of the directivity, which was 35% higher than

what would have been predicted by a combination of Fourier microscopy and simulations.

With the knowledge obtained here, we can take further steps in directional emission with

dielectric nanostructures. This work was focused on single nanolenses. The capability of

creating patterned emitters opens up possibilities for future work in which one could make

use of array effects on top of the individual nanolens effects or design periodic structures

that provide directivity.
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3.4 Materials & methods

3.4.1 Fabrication

All samples were fabricated on ITO coated glass cover slips of thickness 170 𝜇m with a

resistance of 8-12 Ohms per square from Diamond Coatings. Substrates were cleaned

before spin coating the quantum dot layer by 15 mins of sonication in demineralized

water, acetone and isopropanol, followed by 15 min oxygen plasma treatment. CdSe-based

QDs were fabricated according to an adjusted protocol from
113, 114, 115

, described in detail

in the Supporting Information. QDs dispersed in toluene were spin coated at 500 rpm

for 90 s followed by 30 s at 1000 rpm. These films were exposed in a Raith Voyager

commercial e-beam lithography system with an accelerating voltage of 50 kV, MC40 or

MC60 column mode with 0.94±0.02 nA or 2.20±0.05 nA beam current respectively. Samples

were developed in tetrahydrofuran for 30 s, followed by a 5 sec rinse in anhydrous n-octane,

before drying with nitrogen. The alumina layer was applied with an electron beam physical

vapor deposition system from Polyteknik. A source of Al2O3 was used with additional

oxygen inflow to evaporate 15nm of alumina (AlO𝑥 ) of unknown composition at a rate

of 0.2 nm/s. The spacer layer of transparent SU-8 photoresist was made by spin coating

120𝜇L of 1:10 diluted SU-8:cyclopentanone at 4000 RPM for 60 s. Subsequently the samples

were dried on a hot plate at 100
◦
C for 60 s, exposed with a hand held UV lamp at 365 nm

for 10 min and a further hardened with final hard bake on the hot plate of again 100
◦
C

for 60 sec. The lenses are fabricated with 2-photon lithography (Photonic Pro, Nanoscribe

GmbH) from undiluted OrmoComp photoresist (micro resist technology GmbH), which

has low fluorescence and high transparency and stability.
116

The alignment markers were

used for positioning the lenses. In case the actual clusters of emitters could be seen in

the Nanoscribe microscope (ca 30% of the time), small manual adjustments were made

to the exact position of the lens. The structures are developed with mr-Dev 600 (micro

resist technology GmbH) for 25 min, followed by 5 min in isopropanol. During the rinsing

in isopropanol, the structures are exposed to 365nm UV light to make the lenses more

robust.
117

For characterization with scanning electron microscope (SEM), lenses were

sputter-coated with 5nm chrome and 15 nm gold conductive layers. Focussed ion beam

milling for making cross cuts and SEM imaging was done on a FEI Helios Nanolab 600.

3.4.2 Measurement setup

The combined Fourier microscope and integrating sphere setup was created by adding

a Fourier microscope to an existing integrating sphere setup, which has been described

before.
118

The Fourier microscope was added by placing a pellicle beam splitter (BP145B1

Thorlabs GmbH) right behind the objective. Excitation was done with a 405nm laser

(S1FC405 Thorlabs GmbH). The light goes via a long pass filter at 450 nm, a set of telescopic

lenses, a Fourier lens that can be taken out for real-space imaging and a tube lens to

the CCD camera (Retiga Lumo model 01-RET-LUMO-R-M-16-C, Teledyne Photometrics).

Fourier images were taken at 200 and 500 ms integration time, with 2x2 pixel binning.



3.5 Supporting information

3

49

3.5 Supporting information
3.5.1 Lens optimization
The nanophotonic microlens was optimized for maximizing broadband absorption. This

results also in broadband directivity, with some variations with wavelength. The maximum

directivity is found for 570 nm emission from the center of the lens.

Figure 3.6: The simulated directivity as a function of emission wavelength for the as-optimized lens from the

evolutionary algorithm.

3.5.2 Reference measurements and calculation of full direc-
tivity

The Fourier microscope was calibrated using a 4 𝜇m square grid. With the tunable laser

diffraction patterns in the range of 400 to 800 nm wavelength were collected. An example

is shown in figure 3.7 for 550 nm. The Fourier image of the diffraction pattern is summed in

vertical and horizontal direction, to obtain the blue graphs in figure 3.7 c and d, respectively.

The peaks are fitted with a Gaussian distribution to determine the peak position. From the

diffraction equation and the known pixel size of the CCD detector the relation between

position in the Fourier image and angle is obtained.

a b c d Intensity

Fit

Figure 3.7: a) Real space image of the 4 𝜇m square grid taken in the setup; b) Fourier image of the diffraction

pattern obtained by exciting the grid with a parallel laser beam at 550 nm. c) and d) vertical and horizontal

summed pixel intensities and Gaussian fits to the peaks.
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The detection efficiencies of the Fourier microscope and the IS photodetector were

determined using a tunable laser at the emission wavelength (600-650nm) of the CdSe-based

QDs. With a calibrated photodetector the number of photons coming from the tunable

laser and reaching the location of the sample were determined. The collection efficiency

of the Fourier microscope was determined by placing a mirror with a known reflectivity

of 95% at the sample position and integrating the counts on the resulting Fourier image,

to get the counts/photon of the Fourier microscope. The collection efficiency of the IS

photodetector was determined with the sample inside the integrating sphere but focusing

the laser just next to the sample. This way reabsorption by the sample of light scattered

around in the IS is accounted for in the resulting current/photon value. By weighting the

obtained values over the wavelength range of 600-650 nm by the emission spectrum of the

CdSe QDs, two single values are obtained, 𝐼 𝑆𝑚𝑖𝑠𝑠 and 𝐹𝑚𝑖𝑟𝑟𝑜𝑟 . Since both correspond to the

same number of photons with the same spectrum coming from the location of the sample,

they can be used to convert the integrating sphere signal for the sample measurements to

the same units of the Fourier image, such that they can be added together.

𝐼 𝑆𝑠𝑎𝑚𝑝𝑙𝑒,𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 =

𝐼 𝑆𝑠𝑎𝑚𝑝𝑙𝑒

𝐼 𝑆𝑚𝑖𝑠𝑠

𝐹𝑚𝑖𝑟𝑟𝑜𝑟 (3.2)

Which with we can calculate the total amount of emission

𝑃𝑡𝑜𝑡 = 𝐼 𝑆𝑠𝑎𝑚𝑝𝑙𝑒,𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 + 𝐹𝑠𝑎𝑚𝑝𝑙𝑒 (3.3)

To account for excitation laser light passing through the long pass filters, and for

any fluorescence coming from materials other than the QDs, measurements were taken

on a reference sample that contains all layers and materials, including the nanolenses,

but without QDs. The signals this gave on the IS photodetector and the CCD camera

were subtracted from the sample measurements before calculating the total emission. By

subtracting the Fourier image of the reference sample from the Fourier image of the real

sample (both taken at the exact same settings), also dark current and read-out noise are

removed from the CCD signal.

3.5.3 Fabrication
Synthesis of CdSe/CdS/ZnS QDs
Materials: CdO (99.99%), Cd(II)-acetate (99.995%), Zn(II)-acetate (99.99%) Octadecene (ODE,

90%), Oleylamine (OLAM, 99.8%), Oleic acid (OA, 90%), Butanol (BuOH, Anhydrous, 99.8%),

Methanol (MeOH, Anhydrous, 99.8%), Hexane (99.8%, Anhydrous), Octadecylphosphonic

acid (ODPA, 97%), Trioctyl phosphineoxide (TOPO, technical grade, 90%), Trioctylphosphine

(TOP, 97%), 1-Octanethiol (>98.5%) and Selenium powder (Se, 99.99%) were all bought from

Sigma-Aldrich and used as received unless specifically mentioned. Synthesis of CdSe core
nanocrystals (NCs). The CdSe core nanocrystals were synthesized according to a method

by Chen et al.
114

In a 50 mL three-necked flask, 60 mg of CdO, 280 mg octadecylphosphonic

acid (ODPA), 3 g trioctylphosphineoxide (TOPO) and a magnetic stirring bar were added.

This mixture of powders was heated up under vacuum to 150
◦
C, where the mixture melts.

The mixture was slowly stirred (it prevents the CdO from creeping up the inside of the

flask) and degassed at this temperature for one hour. The mixture was heated up to 320
◦
C,

where the liquid turned into a clear and colorless solution. Note that depending on the
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batch of QDs the time it took for the solution to become clear varied from 20 minutes to 4

hours; this has likely something to do with the impurities in one of the chemicals. 1 mL

of trioctylphosphine (TOP) was added to the solution, and the temperature was raised

to 380
◦
C, at which point 0.5 mL of a Se-precursor solution (60mg Se in 0.5mL TOP) was

swiftly injected. After a specific growth time the reaction mixture was cooled with an

air-gun to room temperature. For the CdSe cores in this work, we used a growth time of

±25 seconds. The crude product is washed once by addition of a 1:1 volume ratio of methyl

acetate, followed by centrifugation at 3000 RPM, and redispersion into hexane. Solution is

then filtered through several milipore filters (the polymerized ligands clog the filters easily)

with a pore diameter of 0.2 𝜇m. The filtered solution is washed and centrifuged again as

described above, redispersed in hexane and the resulting sample is stored in a nitrogen

purged glovebox for further use.

Synthesis of Cd-oleate and Zn-oleate for CdS and ZnS shell growth. For the
Cd-oleate synthesis, 1.32 g of Cd-(acetate)2 was dissolved in 52.4 g ODE and 7.4 g OA. The

mixture was heated up under vacuum to 120
◦
C and left there for three hours. Afterwards,

the reaction was cooled down to room temperature and the Cd-oleate solution was stored

in a nitrogen purged glovebox for further use. The Zn-oleate was made in a similar

fashion. Zn(II)-(acetate)2 was mixed with 1 g of OA, 1.6 mL ODE and 1.6 mL of OLAM. The

oleylamine serves as a stabilizing ligand for the Zn-oleate, since this has the tendency to

solidify out of solution at room temperature otherwise. The mixture was heated up in a 20

mL vial inside a nitrogen purged glovebox to 130
◦
C and stored there for further use. Note

that the Zn-oleate solution is extremely viscous and should be handled with care when

placed into a syringe.

Shell growth of CdS and ZnS. The shellgrowth of CdSe QDs into core-shell-shell

CdSe/CdS/ZnS nanocrystals was done according to an adapted method by Chen et al.,
114

Boldt et al.
115

and Hanafi et al.
113

For the CdS shell growth, 50 nmol CdSe cores, 3.0 mL

octadecene (ODE) and NO oleylamine (OLAM, after recent work by Hanafi et al.
113

) were

added to a 100 mL three-necked flask and degassed for one hour at room-temperature (21
◦
C)

and for 20 hours at 120
◦
C to completely remove hexane, oxygen and water. After that,

the reaction solution was heated up to 310
◦
C under nitrogen flow and magnetic stirring.

During the heating, when the temperature reached 240
◦
C, a desired amount of Cd-oleate

(diluted in ODE) and 1-octanethiol (diluted in 8 mL ODE) were injected dropwise into the

growth solution at a rate of half a CdS monolayer per hour using a syringe pump. We

define one CdS monolayer as one full layer of Cd and one full layer of S on the NC surface

(i.e. half a unit cell). After the addition of the CdS shell-precursors was finished, but before

the growth of the ZnS shell, the core-shell QDs containing solution was degassed at a

pressure of 0.5 mbar for one hour at 120
◦
C. For the ZnS shell-growth, the sulfur precursor

consisted again of 1-octanethiol diluted in ODE. The solution with freshly grown CdSe/CdS

QDs was heated up to 280
◦
C under nitrogen flow. When the solution reached 210

◦
C, a

desired amount of Zn-oleate and 1-octanethiol in 4 mL ODE (in two separate syringes) was

injected at a rate of 2 mL/hour (roughly one monolayer of ZnS per hour). After addition

of the precursors, the solution was cooled down to room temperature by removing the

heat and with an air-gun. The solution was washed twice by addition of methanol:butanol

(1:2), centrifugation at 3000 RPM for 10 minutes, and once with methylacetate followed by

centrifugation at 3000 RPM. The precipitate was each time redispersed in hexane. Finally,
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the solution was filtered through milipore filters with a pore diameter of 0.2 𝜇m and stored

in a nitrogen purged glovebox for further use.

Using the abovemethods, we synthesized several batches of core-shell-shell CdSe/8CdS/2ZnS

QDs.

Figure 3.8: Atomic force microscope line scan over an array of CdSe QDs patterned with e-beam lithography,

showing the height and width of the patches to be 50 nm and 200 nm respectively. For the actual experiments the

patches were spaced further apart (20 𝜇m).

Figure 3.9: 2-photon lithography at higher laser power leads to larger structures. Lens diameters were determined

from SEM images.
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10 um

Figure 3.10: SEM image showing how 2-photon lithography at excessively high laser power leads to explosions in

the photoresist.

3.5.4 Directivity measurements
The integrating sphere signal used for determining D4𝜋 is quite low and close to the noise

level. This causes some uncertainty in the calculated value of D4𝜋 . To check the accuracy of

our method, 18 repeated measurements were taken on the 5 best performing lenses at two

different laser powers, first at low power (24𝜇W) and then at high power (63𝜇W). The results

are shown in figure 3.15. At low power D𝑁𝐴 is consistently higher, but the uncertainty in

D4𝜋 is rather large (variations up to 20%). At high power D4𝜋 can be accurately determined,

but performance is already slightly degraded. The values for D4𝜋 obtained at low and high

power are quite similar, confirming the validity of our results. The best result at high power

was obtained for lens 5 with a D𝑁𝐴=10.4±0.1 and D4𝜋=57±3.8.

Table 3.4 shows the measurement results of the 15 best performing lenses. It shows

some very high values for D4𝜋 . However, these are single shot measurements at low power,

and thus the noise on these signals might be as large as ±20. Lenses marked with
⋆
have

bean used for repeated measurements at both low and high laser power, from which the

results are shown in figure 3.15. The average value for D4𝜋 for these 15 lenses is 55, with a

root mean square standard deviation of 9. Given that they all have quite similar D𝑁𝐴, and

that repeated measurements showed that this typically corresponds to D4𝜋 >45 (after laser

induced degradation), we estimate that all these lenses had an initial directivity D4𝜋 >45.

The reduction in directivity over repeated measurements, especially at high laser

power, we attribute to photobleaching of the QDs, as can also be seen from the reduction

in photoluminescence signals in figure 3.12. Especially the ones in the focusing hotspot of

the lens will experience high laser power. Due to reciprocity, the QDs in the hotspot will

have the highest directivity. If their contribution is reduced due to photobleaching, the

directivity will go down.
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D𝑁𝐴 D4𝜋

sc102_orig_lens1 3.5 9

sc102_orig_lens2 3.4 22

sc102_orig_lens3 3.2 8

sc102_orig_lens4 3.4 26

sc102_orig_lens5 3.4 15

sc106_orig_lens1 3.3 20

sc110_orig_lens1 3.6 15

Table 3.2: Results of first directivity measurement on lenses without adjusted design. Lens size was scaled by

102%, 106% and 110%.

D𝑁𝐴 D4𝜋

sc102_opt1_lens1 10.4 40

sc102_opt1_lens2 10.5 42

sc102_opt1_lens3 10.9 41

sc102_opt1_lens4 9.5 39

sc102_opt1_lens5 9.1 32

Table 3.3: Best performing lenses after the first iteration, adjusting the design.

D𝑁𝐴 D4𝜋 FWHM (
◦
) 𝜎 (

◦
)

sc98_opt1_lens2
⋆

12.4 68 6.6 3.1

sc98_opt2_lens2 12.5 48 6.5 2.8

sc98_opt2_h_lens2
⋆

11.1 50 6.1 2.9

sc100_opt1_lens2 9.6 45 7.2 3.2

sc100_opt2_lens2 10.3 57 6.6 3.0

sc102_opt1_lens2 11.7 63 6.3 2.9

sc102_opt2_lens4 10.2 43 6.5 2.9

sc102_opt2_h_lens1 9.6 48 6.3 2.8

sc104_opt2_lens1 11.5 63 5.6 2.7

sc104_opt2_lens2 9.0 44 5.7 2.8

sc106_opt1_lens2 12.4 76 5.6 2.6

sc106_opt2_lens1 11.7 63 6.0 2.8

sc106_opt2_lens2
⋆

12.7 39 5.7 2.6

sc106_opt2_h_lens1
⋆

11.1 54 5.6 2.6

sc106_opt2_h_lens2
⋆

12.1 65 5.7 2.6

Table 3.4: Best performing lenses after the second iteration, comparing three different designs: from optimization

1 (opt1), the second adjustment, adding two pixels again (opt2) and opt2_h with lenses 2% higher, and different

scalings (sc##) Also the full width at half-maximum (FWHM) and the beaming half angle 𝜎 were calculated for

these lenses for reference with other work. In total 48 lenses were fabricated and measured: four of each of the

three design types for scaling 100%, 102% and 104%, and two of each type for scaling 98% and 106%.
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Figure 3.11: Fourier image of bare QDs without lenses on top, showing completely uniform emission. Small pixel

to pixel variation causes a partial directivity of D𝑁𝐴=1.8 and a total directivity D4𝜋=2.5.

Figure 3.12: Decreasing signals over repeated measurement on the best performing lens. Since the signal also

goes down for emitters without lens on top, we conclude that the emitters are degrading rather than the lens.
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Figure 3.13: Decreasing signals over repeated measurement on emitters without lens on top.

Figure 3.14: Simulated field intensity underneath the lens scaled for 700 nm emission, excited with a plane wave

of 400 nm. This results in a hotspot with FWHM of 200 nm underneath the center of the lens.

Figure 3.15: Measured directivities for the five best performing lenses of the second optimization, measured at

low (24𝜇W) and high(63𝜇W) laser power.
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a bNormalized
intensity

Normalized
intensity

Figure 3.16: Fourier image of the emission pattern from lenses on top of (a) CsPbBr3 nanocrystals, emitting at 520

nm and (b) MAPbBr0.2I0.8 thin film emitting at 700 nm.

Figure 3.17: Simulated Fourier image of orientation averaged dipole emitter 200 nm off-center of the lens. This

shows that misalignment of the lens with the emitter causes emission slightly away from normal direction.

a b

Figure 3.18: Simulations results on the effect of (a) lens alignment with respect to the emitter and (b) lens size on

directivity.


