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Abstract. The physical laws ofidiffraction limit the spatial resolution of optical
systems. In contrary to mostysuperresolution microscopy approaches used today,
in our novel idealwe are aiming te overcome this limit by developing a spatially
resolved illumination source based on semiconductor nanoscale Light Emitting Diode
(nanoLED) arrays/with individual pixel control. We present and discuss the results
of optical simulations performed for such nanoLED emitter arrays and analyze the
theoretical limits of thissapproach. As possible designs we study arrays of GaN nanofins
and nanorods (obtained\by etching nanofin arrays), with InGaN/GaN multi quantum
wells embedded as active regions. We find that a suitable choice of the array dimensions
leads to a reasonably directed light output and concentration of the optical power in
the near_fieldvaround an activated pixel. As a consequence, the spatial resolution for
this type ofmicroscopy should only be limited by the pixel pitch, and no longer by
the optical diffraction. Realization of optimized nanoLED arrays has a potential to
open new field of chip based superresolution microscopy, making super-high spatial
resolution ubiquitously available.

Keywordsa LED arrays, superresolution microscopy, LED

1. Introduction

The physical laws of diffraction, as one of the consequences of the Heisenberg uncertainty
principle, generally limit the spatial resolution of optical systems formulated by Abbe
and Rayleigh to about 200 nm for light in the visible range [1, 2, 3]. This is a theoretical
limit, which is already very hard to achieve. Most of the high-end optical microscopes
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today have a spatial resolution in the range of 400 nm. The loss of spatial information
is associated with a loss of evanescent waves upon propagation from a souree to the
detector. However, the near field interaction between the source and a sample allows.t0
encode the spatial information carried by the evanescent waves and retrieve it in the far
field, which is therefore a way to achieve super-resolution. There is a number of super-
resolution methods using both far field and near field techniques. #Inthe first group
one can find e.g. confocal microscopy, exploiting nonlinear effects (e.g. Mmultiphoton
excitation microscopy) or saturation effects (e.g. stimulated emigsion depletion (STED))
or structured illumination microscopy (SIM). In the second (e.g. scﬁming tunneling
optical microscope (STOM), which aim to directly collect thesinformation contained in
evanescent waves [1].

Some of the methods, e.g. photo-activated localization microscopy (PALM),
stochastic optical reconstruction microscopy (STORM) er, SIM; are based on image
reconstruction rather than on direct measurements{idn PALM and STORM techniques,
it is necessary to gain and combine thousands eofiimages for different positions of
activated fluorophores [2]. In SIM several images for Marious angles between the
structured light pattern and specimen [4]thave to be captured. This causes a decrease of
temporal resolution and makes it difficult $e obtain super-resolved images of live cells or
quantify their dynamics [5]. On the other hand, the;.STED technique has reasonably fast
image integration time, but it requires high laser power excitation, which can damage
the sample [3] and hence limits its applicability. Another drawback of most of these
techniques, i.e. STED, PALM»STROM, SIM, is their requirement of fluorescent dyes
or immunolabeling by antibodies specific to cellular antigens [1, 2, 3].

Fluorescence label free super-resolution techniques, e.g. utilizing solid and liquid
immersion lenses (i.e. miérometer/dielectric spheres or half spheres) [6], optical
oscillation [7], or metamaterials are also reported [1, 2]. However, usually they only play
a supporting role tosexisting microscopy techniques, providing an additional component
to the microscope.

Finally, all of #heseimethods lead to bulky and large microscopes, and in some cases
need specially prepared samples, highly skilled users, or expensive maintenance.

We recently proposed a different and novel approach to overcome the diffraction
limit based lon a spatially, resolved light source using semiconductor nanoscale Light
Emitting Diode (nanoLED) arrays with individual pixel control [8]. In this paper
we further analyze the abilities and limitations of this concept using full wave
electromagnetic simulations and look toward optimization of the system. We focus
on/LEDs due to their high brightness and switching speed with low overall power
consumption in comparison to technologies like liquid crystal display (LCD) or organic
LED (OLED). GaN is a suitable material platform, since the relatively low surface
recombination velocity of electrons and holes allow to fabricate very small LEDs, in
the nm range, by still keeping up reasonably high efficiencies. The working principle is
simple. The locally illuminated sample absorbs a certain portion of the light, which is
then detected as a decrease in the intensity. Therefore, this approach does not require
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using dyes or immunolabeling. The spatial information is delivered by the point of
illumination, and not by a complex lens system or the detector. A simple integrating
photodiode can also be used as a detector. Without any requirement for a_ lens system,
this technique has a potential to be integrated into small, portable, chip,based optical
devices capable of real-time imaging. More detailed description of thistapproach ealled
Nano [lumination Microscopy (NIM) together with the results obtaiméd fromyprototype
microscope can be found in [8].

The key issue in this approach to super-resolution imaging’is the development of
the light engine, which requires a dense array of nano-sized light sources. For this
reason, the present work focuses on the design strategies €or GaN nanoLED arrays,
as it has been found experimentally that nitride nanorod LEDs, emit light down to
diameters of roughly 100 nm [9, 10, 11, 12]. As for now, working uLED-based displays
with pixel sizes down to 3.6 um and array dimensions of reughly 500 x 500 have been
reported [13, 14, 15]. However, many of the restlts presented in the literature are
settled in the region of 5 up to 100 pm [16, 13, 14, 17, and concentrate rather on
superior driving and emission characteristics than on furthier miniaturization of the pixel
size. Until now, microLED research is targeting micro-displays for augmented reality,
and the single microLED is only switchable at, video frame rates. This is far too slow
for our application, where single nanoLEDs need to be switchable at least at MHz rate,
independent from each other. The LEDsin,the proposed system can indeed be switched
at speed below 1 ns. In particular, the array of 5 ym sized LEDs has been driven with
pulses of 690 ps. Up to date mumerical simulations of optical properties of nanoLED
arrays mostly focus on differentrapplications, such as maximization for light extraction
efficiency [18], e.g. photonic érystal LEDs [19] or nanowire solar cells [20]. Thus, near
field electromagnetic field patterns, which are crucial for superresolution illumination,
were not yet systematically stutdied. In this paper we analyze the electromagnetic near
field, as well as the fullwidth at half maximum (FWHM) of radiation patterns generated
by a single pixel (bothiim,an array and in a homogeneous environment) and finally show
simulated images formed by'the microscope. We aim to study and optimize the design
of the LED array in terms of its optical properties, in particular with respect to the
achievable regolution:

A nanoLED array should be designed in such a way as to maximize the light
extractionsfrom a particular LED, acting as a pixel, in the forward direction. We are
interested in minimization of the spatial FWHM of the optical signal and maximizing
its intensity. This can be achieved by guiding the emitted photons towards the relevant
surface by.a linear index-guided structure like a semiconductor nanorod embedded
in ‘@, medium with lower refractive index. By restricting the nanorod width, it is
possible to completely eliminate the transverse electric guiding modes, which results
in emhancement of the light extraction efficiency and increment of directionality of the
émission pattern [21]. On the other hand, light propagation in the plane perpendicular
to the axis of the pixels can be controlled by periodicity and symmetry of the array.

The resolution of the final device depends on the FWHM of the signal extracted
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from a particular LED and on the value of the array period. One of the limitations
is related to the sampling of the viewed object. To properly resolve an object with
periodicity P, one should use sampling of at least twice smaller period p < g. Therefore,
one should look for the smallest possible LED array periods. However, at the same time,
the cross talk between pixels, resulting in complex spatial intensity distributions with
multiple maxima and large FWHM, increases with decreasing distance between the
LEDs.

2. Methodology

Maximization of the forward light extraction from a LED array requires an optimization
of the light propagation efficiency towards the surface of the array. More precisely, it
requires finding a geometry of the nanorod or nanofin array such that at the desired
wavelength (here 450 nm as typical wavelength ofyblue emitting nitride LEDs) light
propagation along the nanorods or nanofins is allewed. while, ideally, the same frequency
cannot propagate in the array plane. y

In the case of large arrays, when the structure ¢an be described as a photonic
crystal, and the influence of boundaries can be neglected, the band diagram becomes a
valuable topic of investigation for the array design:

An optimization of the strueturéscan be then performed by finding a suitable
periodicity and nanorod size to formia band gap and consequently quenching the
waveguiding in the plane of the:array. However, in smaller arrays, of a few tens of rods or
fins, the boundary effects are expected to be significant and the periodic approach is not
suitable. Therefore, we have performed full field simulations applying, in particular, the
finite difference time domains(EDTD)/method implemented in the commercial software
CST Studio [22].

We have simulated, the €mission patterns from a single pixel (i.e. a single nanorod or
nanofin) in nanorods and nanofins arrays. We have modeled arrays of 11 x 11 nanorods
and 11 nanofins, uSingra single point dipole as a source of the radiation in the central
pixel at a distanee Hs from the top surface of the GaN (see Fig. 1). In most simulations
we assumed that the distance between the dipole and the top surface of the pixel is
equal to 400'nm./This value is obtained by summing the typical distance between active
region and.GaN surface in InGaN LED technology with the thickness of passivation and
dielectric layers. We have applied open boundary conditions in all directions in order
to avoid reflections and interference at the model boundaries and periodic copies of the
dipole emitter appearing in the case of periodic boundary conditions. The dielectric
constants used in simulations are reported in table 1. Although usage of a single dipole
as a source may appear to be a rough approximation, our simulations for a 3x3 matrix
of dipole sources placed on a patch of the size of the rod cross section gives only a very
small difference form the result with a single dipole at the center of the patch (see the
supporting material).

The proposed device structure presented in Fig. 1 is based on a top-down matrix
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Table 1. Relative permittivity € = €’ 4+ i€ at 450 nm used in the calculations taken
from [24, 25, 26, 27]. The materials for which the imaginary part €’ of the permittivity
is not stated were simulated as non-dispersive materials.

Material sapphire GaN  ITO  SizN, SU-8  water

¢ 2.99 0.8264 3.87 4.14 2.544 1.77
e’ 0 0 0.023 2.5-107% 0 0

~

addressing technology described elsewhere [23]. Actually, we are comparing here two
possible designs of the array. A fin array (see panel A in Fig."1), and a rod array (see
panel B in Fig. 1), the latter obtained by etching the‘tep portion of the GaN fins.
After growing a planar InGaN/GaN LED wafer on aapphireisubstrate a combination
of dry and wet etching steps is applied in order te'achieve @& high aspect ratio array
of InGaN/GaN fins. In the next step, the chips-are planarized for the subsequent p-
contact formation with thin metal or transparent conduetive oxide (e.g. indium tin
oxide, ITO) lines. Typical applications of Nano Hlumination Microscopy microscopy
relate to biological and micro/nanoscale systems. Therefore, we assume a microfluidic
system on top of the LED array to bring the sample into the observation chamber and
maintain proper cultivation conditions,(liquid medium, nutrients, temperature, etc.).
We modeled this upper interface as an'SU-8 layer for the microfluidic enclosure, followed
by a water reservoir.

3. Discussion of the results and conclusions

3.1. Nanofin and nanorod arm?s

The width of fins ingthe currently available LED arrays have the size of several ym. As
we have shown in a previeus publication [23], such a fin supports multiple guiding modes
and as a result themear field emission pattern has a complex spatial characteristic, which
can lead to diffigulties in interpretation of the shadow image from the microscope. One
can see that power issapparently emitted from positions associated to the neighboring
pixels. From these observations we deduce that better control of the emission pattern
and reduction of optical crosstalk between pixels would be desirable. A possible solution
is showm in thesfollowing section. Note that we consider only the optical effects here,
while we expect also some amount of electrical diffusion along the nanofin, which would
add up to the optical crosstalk.

Therefore, in order to design light sources suitable for near field super-resolution
microscopy one should look for single mode propagation along the pixel structure. In
theicase of a GaN (ng,v = 2.41) LED embedded in air, a waveguide with square cross
section or the fin geometry start to support a second mode TEO1 for widths W > 100
nm. Thus, we have chosen the widths of the pixels to be in the range W € (50, 100)
nm.
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Figure 1. The schieme of themumerical model of fin (A) and rod (B) LED array based
on the technology ‘developed [23]. In the simulations we were changing width w and
period P of the array. The other parameters were kept constant and equal to: H = 4
pm, Hy = 1{pm,/Hs = 400 nm, p = 50 nm, ¢ = 150 nm, f = 300 nm, ¢ = 150 nm.
As a fillerdmaterial, i.¢. material located between the GaN domains we chose air, as
we expect it, to lead to the highest confinement of light inside GaN. Panel C shows the
detailstofithe top.portion of the structure with respect to the regions indicated in A
and/B (dashed rectangles). Panel D shows schematically how the voltage is applied to
the device.

Figure 2 shows the evolution of the FWHM values of the signal generated by the
central pixel of thelLED array as a function of the array pitch. The values were calculated
for three different widths of the LED fins (see subplot a) and rods (see subplot b).
Therdistance 2 at which FWHM of the signal was extracted was chosen to be the
distance from the source to the object plane (SU-8/water interface), i. e. 700 nm. Due
to the.crosstalk between the neighboring pixels for small array periods the resulting
illumination signal exhibits multiple maximums. Therefore, the values presented in
Fig. 2 correspond to the largest distance between the points for which the intensity
of the signal was equal to the half of its global maximum, i.e. for the signals having
multiple maximums we indicate the distance between the farthest external maximums.
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A planar InGaN/GaN MQW structure would emit equally with = and y (in-plane)
polarization. In a structured device we expect a change in the relative contribution of
different polarizations, therefore we report the FWHM in x and y direction for beth
dipole sources aligned along x and y. The FWHM values depend on the array period
and pixel width and vary between approximately 220 nm for large periods and 1100 nm
for the small ones. The geometry of the device, i.e. periodic paralleldayers of GaN and
orthogonal ITO top contact crossbars, results in anisotropy of the device, which is visible
also in the differences in the FWHM profiles. Nevertheless, dueito inereasing crosstalk
between the neighboring pixels, for all the polarizations and difectiofts of FWHM signal
we observe a significant increase of FWHM value as the array period decreases. The
influence of the dipole polarization is not strong in the case of rods, but it is observable
for fins, which for y polarized source shows stronger crosstalkicompared to x polarization,
resulting in occurrence of multiple maximums for larger periods (up to P = 400 nm).

Nanofins have larger FWHM in y direction inseomparison to nanorods for array
periods P lower than approximately 400 nm. We ¢onsider this to be a result of free
propagation of the electromagnetic field along the fin plane’ which is orthogonal to the x
axis (see Fig. 1). In the case of small periéds, the signal'at the top of InGaN/GaN stack
excites I'TO neighboring bars with similar, strength, causing additional maximums to
appear. This is visible in the near field power plotsishown in the Fig. 3. The additional
maximums occur above crossings with I'TOswhich is also the position of the neighboring
pixels. The slight elongation of the FWHM in z direction, comparable in the case of
fins and rods is caused by propagation of light along the ITO crossbars. One can also
observe that the fins and the rods of smaller widths tend to have larger FWHM both for
x and y directions. We relate this to asmaller mode confinement factor for the lower
widths of the waveguides andresulting slower spatial decay of the electromagnetic field
in the medium surrounding the guide.

Figure 3 comparesynear field/electromagnetic field power intensities for fin and rod
geometry for different eress sections. The value of the array period and the pixel width
are here the same/and are equal to P = 300 nm and W = 100 nm, respectively. Again,
one can notice free propagation of the electromagnetic field along the fin in y direction
(top middle) and'guiding of the field in the z, orthogonal direction. Green lines indicate
the FWHM/ of the signal,while the blue line show the positions of interfaces of each
device.

Comparingsthe distribution of the electromagnetic field in the fin and the rod in yz
plane, weinotice much larger FWHM at the top of GaN (middle blue line) in the case
of the fin, which results in additional maximums of the signal at SU-8/water interface.

The etching of the top portion of the GaN fins at least partially optically decouples
the neighboring pixels laying along the same fin. This hinders the electromagnetic field
propagation in the fin plane and squeezes the FWHM in the fin direction. In particular,
we do not observe the emission from the neighboring pixels, as it was the case for the
fin arrays with periods smaller than P < 400 nm (see Fig.2).
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Figure 2. The FWHM of the light\beam emitted from the central pixel taken at the
object plane (SU-8/watet interface, see Fig. 1) as a function of the array period P and
width W of the rods/fins.“The panels show FWHM along « or y direction for one of
the two orthogonal polarizations:

3.2. Single pizel characteristiés: naneored vs nanofin

In order to better understand the,ultimate limits for the possible concentration of the
optical fields, we performed simulations on an isolated single rod and fin. The left side
of Fig. 4 compares ¢hé FWHM of the extracted light signal as a function of distance
from the source in the case of single rod and fin pixel geometries with varying widths W.
The values were gompared with the results for a dipole in a homogeneous environment
and the positionlof the active region was fixed and equal to Hy = 400 nm. As expected,
the FWHM inecreasesswith the increase of the distance from the source, but due to a
number of differént layersiin the LED stack complex behavior in the top LED region is
observed.sOne can notice that the FWHM value for all of the rods and the fins is smaller
than the one fora dipole in an homogeneous environment. The waveguide properties of
the pixel structure seem to prevent spreading of the light and therefore effectively shift
the location of the light source. The smallest FWHM is obtained for rods of W = 100
nm, which'have the highest mode confinement factor. Furthermore the structures of
small confinement factor (smaller W) have larger FWHM. The visible elongation of the
signalieross section in x direction is caused by the ITO crossbars.

On the right hand side of the Fig. 4, we show the comparison of FWHM for a single
rod of width equal to W = 100 nm and an array of rods of the same width with different
periodicities P. Due to the interaction between the pixels, the evolution of the signal
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Figure 3. Logarithm of the z component of the Poynting vector P, emitted from a
dipole source locateds at.a-distance H; = 400 nm below the top surface of the GaN
layer. Power distribution is shown for rod array (A) and fin array (B). The width W of
the fins and rods'is equal to 100 nm and the period P of the arrays is equal to 300 nm.
The green lines indicate the FWHM of the signal, while the blue lines indicate, starting
from left, thepositions of interfaces between sapphire and GaN, GaN and ITO, SU-8
and /water. The last one is also the object plane. In C we show the magnifications of
the field distributions near the top surface of the nanoLED array.

FWHM for ‘thefarrays of LEDs is not a linear function of distance from the source.
Moreover; its value'increases with the decrease of the array period. Interestingly, for
the period equal to P = 400 nm the values of FWHM are lower than the values for a
single'rod.

3.8 Bstimation of the resolution capabilities by imaging of metallic and dielectric
nanoparticles

As we explained in the introduction, the resolution of the NIM microscope depends
both on the period of the illumination engine and on the characteristics of the optical
signal, i.e. size and intensity of individual pixels. We have chosen two sets of geometric
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Figure 4. (A,B) The. FWHM calculated for the single rod (r) or fin (f) geometry and
various widths as a funetion of distance form the dipole source. (C,D) The comparison
of FWHM calculated for a'single rod of width W = 100 nm (sx,sy) and a rod array

of various periods-(p).

The vertical lines indicate the boundaries between different

materials building the LEDs, from the left In/GaN - ITO, ITO-SiN, SiN-SU-8 and

SU-8/water interfaces, respectively.

parameters, includingwidth. W period P and dipole source distance from the top surface
of the LED H,, and simulated the total intensity of outgoing light from each of the pixels

while illuminating. At fizst we have calculated the pattern for two metallic Au spheres,

as they have a large extinction cross section, which should ensure a significant signal

contrast. Subséquently, finding well resolved images for Au spheres, we have repeated

the simulations for the case of dielectric spheres. To model the latter we have used the

dielectrie, function corresponding to liver tissue after [28]. According to the sampling

theory, the resolution of a device is bounded by sampling frequency and one can resolve
objects twice as large as the sampling distance.

Photodiode (SPAD) is employed as a detector.

Innthe proposed microscope design, a single CMOS Single Photon Avalanche

It collects and integrates the light

coming out of each pixel in a certain range of angles, so that the system resolution is

determined by the light spot size and pitch of the emitter array. Therefore, smaller

size of the pixels and the array period should lead to better performance in terms of
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the resolution. However, the signal FWHM is also important, and it is affected by the
array and pixel geometric structure, as we discussed in the previous section§ 3.1, 3.2.
Taking this into account, we decided to simulate the intensity maps from a dense array
of small LEDs (W = 50 nm, P = 100 nm and Hy = 150 nm) and a more spazse array
(W =100 nm, P = 300 nm and Hy = 400 nm). The latter is the densest one, for which
the crosstalk between the pixels is not observed. In both cases we simulated rod LED
arrays, because of their narrower signal cross section in comparison with{the fins for
which we observe a large elongation of the signal FWHM in y-direction for x-polarized
source. N

The maps, together with the corresponding light intensity patterns impinging on
the object plane, are shown in Fig.5. Gold spheres of radius equal to 50 nm were placed
centrally above the two pixels in the center at a distanee,equal to the double LED
array period (see scheme at Fig.5). The obtained images elearly show the difference in
performance of these two microscopes, which from the point of view of sampling theory
and geometric optics should be similar. In case’of the dense microscope (on the left
in Fig. 5) two spheres cannot be clearly resolved, avhile for the sparse microscope (on
the right in Fig. 5) we can observe separate dark spots due to the presence of the gold
spheres. This can be explained by looking at the extracted power intensity spectra
at the image plane, i.e. impinging on the spheres, in these two cases, shown in the
bottom panels of the Fig.5. The‘signalufrom the dense LED array is two orders of
magnitude less intense and significantly broader than the signal from the sparse array.
In particular, the width of the:E'WHM signal of the dense array is significantly larger
than the distance between thesspheres. On the other hand, for the sparse array the
FWHM width is smaller than the distanee between the spheres and the resolution limit
in this case mainly results ffomsthe LED array period. In the case of dielectric spheres
(see plot (E) at Fig.5) the splieresare still visible, however the contrast of the image is
worse. The spots coerresponding to the spheres are now brighter than the background,
due to the increased‘forward scattering of the spheres and small absorption coefficient
of the dielectric material.

4. Conclusions

We have performed optimization studies for InGaN/GaN nanoLED arrays with possible
application as NIM microscope light engine. We analyzed two pixels geometries: a 2D fin
array and arrays of 3D patterned nanorods resulting from etching the 2D fin structure.
Thé best performance was found for a nanorod array of pitch equal to P = 300 nm,
with, a resolution equal to approximately 600 nm.

Omneof the critical parameters for the NIM microscope engine is the FWHM of the
light. signal extracted from an individual pixel, which is going to illuminate the sample.
This parameter depends on the waveguiding properties of the array, in particular on
the crosstalk between the neighboring pixels. The crosstalk can be reduced by etching
the fin LEDs and by proper choice of the resulting rods’ width that maximizes the



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-126966.R1

12

metallic NPs, W=50 metallic NPs, W=100 dielectric NPs, W=100

nm, P=100 nm nm, P=300 nm nm, P=300 nm

. 1.0015
C

105 _ 008 1.0010

la.u.]

1.0005

P. |a.u

P, |a.u.

0.96 &~
1.0000

0.94

0.95

Xy cross section Xy cross section Alignement of thg NPs

-10'?

o
o]

=
D
[ O O O O, ST O

=
P. [W/m?|

o

OOO0000OOOOOOn
OOEOO0OOOOOOD
OOER0 00000000

[ O O O R O

OAEN 000000000

oc OiErE
NI

OO0 0 O WD O O

e 0 O O O

1 1.5 2 1.5 2
¥ || ¥ |pm]

"

Figure 5. The maps of outgoing light power (z-component of the Poynting vector)
calculated for each pixel in the array of LEDs for system of (A,C) two Au spheres or
(E) two dielectric spheres. (A) The intenSityumapifrom a rod array of width W = 50
nm and period P = 100 nm for two Au'spheres; (€)¥rom rod array of width W = 100
nm and P = 300 nm for two Au spheres; (E) from rod array of width W = 100 nm and
P = 300 nm and dielectric splieres:, Panels (Band D) show the electromagnetic field
distribution in the image plane (SU-8/water interface) generated by the central pixel
corresponding to the maps (A and C), respectively. The unpolarized dipole source was
placed at distance Hp = 150mm for the dense matrix (A) and Hy = 400 nm for the
sparse matrix (C). Z-component of the Poynting vector was integrated over the top
surface of the model. The panelsy(E and F) show the scheme of the model. In panel
(E) we show only thercentral part of the array corresponding to the maps (A and C),
i.e. the 25 central pixels of the 13 x 13 array.

guided mode confinement factot inside a pixel. Besides the problem of beam spread
inside InGaN/GaN layers, the ITO crossbars can cause significant broadening of the
light beam.

Further reduction of the crosstalk between the pixels may be achieved by improving
the electromagnetic field confinement of the guided mode inside the pixel structure or,
alternatively, by increasing the light absorption in between the pixels and preventing
leakage of the electromagnetic field into the neighboring pixels. While the second
approach leads/to a significant drop in the intensity of the extracted light, the first
one canpossiblyrincrease it, especially if used for thin waveguides, e.g. W = 50 nm.
Extremely skinned waveguides (e-skid), in which anisotropic cladding of the guide was
showmito reduce the skin depth and strongly increase the mode confinement [29], seem
tobe a promising solution.
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