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Abstract

In this paper, a novel design of superlens based on photonic bandgap structure for high
resolution point spread function (PSF) is reported at a wavelength of 3 pm. The lens is
able to generate a non-diffraction Bessel beam with a number of focusing points with vari-
ant resolution limits. The optimized structure provides high resolution in both lateral and
axial directions. The maximum achieved lateral resolution of PSF is down to~0.27A with
corresponding axial resolution down to~0.57A attaining a FOM, the inverse of the prod-
uct of both resolution limits, of ~6.49. Meanwhile, the maximum axial resolution is down
to~0.4\ with corresponding lateral resolution down to~0.33A with a FOM of~7.34. In
addition, the proposed design is able to generate a focusing point extended in space up
to~0.98 um with a sub-diffraction lateral resolution down to~0.47A. Furthermore, the
reported superlens demonstrates a sub-diffraction focusing in lateral direction along the
range the bandgap wavelengths (from 2.4 to 3.6 um) showing a significant increase of
focal depth when decreasing the operating wavelength. Remarkably, a high focal depth up
to~1.77 um is achieved at the operating wavelength of 2.6 um. The suggested design has a
tremendous potential in 3D biological imaging and biosensing applications.

Keywords Metalens - Point spread function - Sub-diffraction focusing - Lateral and axial
light confinement - 3D imaging - Superlens

1 Introduction

The resolution of conventional optical systems is constrained by the diffraction limit where
the achievable imaging resolution is limited in both the lateral and axial directions to half
of the incident wavelength (A/2) and to the incident wavelength (), respectively, termed as
Abb’s diffraction limit (Rayleigh 1879). Despite most of the technological advancements in
super resolution imaging beating the diffraction limit in lateral direction, major challenges
have been imposed for 3D position localization. The 3D localization is crucial to investi-
gate the biological structures in depth and the dynamics of the freely moving particles in
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3D volume. The lateral and axial light confinement of the so called point spread function
(PSF) (Kihm 2011) plays the key role for resolving the subcellular fine features against
their neighboring background in 3D space. In other word, the gradient of the electromag-
netic field either in lateral or axial dimension of PSF allows the fine discrimination between
two points in each dimension. Unfortunately, the intrinsic tradeoff between the lateral and
axial light confinement is inevitable and results in the deterioration of the retrieved optical
image in 3D space. Different techniques have been introduced to overcome the PSF diffrac-
tion limit. For instance, confocal laser scanning microscopy (CLSM) (Kihm 2011) and the
stimulated emission depletion (STED) microscopy offer spatial high resolution PSF down
to nanometer scale (Willig et al. 2006). However, the high densely focused illumination
scanning point and the use of the fluorescent dyes may cause photodamage, photobleaching
or cytotoxicity of the living cell. Other techniques based on generating structured inter-
ference at a focal spot such as 4Pi microscopy (Hell et al. 1994; Sandeau and Giovan-
nini 2006), ™M microscopy (Gustafsson et al. 1999), the mirror-enhanced axial resolution
technique (Yang et al. 2016) and standing-wave excitation microscopy (Bailey et al. 1993)
have been reported excluding the need for high illumination or using fluorescent dyes. The
4Pi microscopy, as an example, provides a resolution limit of PSF down to 75 nm in axial
direction and down to 113 nm in lateral direction (Sandeau and Giovannini 2006). For °M
microscopy, it has been proven to provide an axial resolution down to 100 nm (Gustafsson
et al. 1999). The mirror-enhanced axial resolution technique allows axial resolution limit
down to 110 nm and lateral resolution limit down to 19 nm (Yang et al. 2016). Although
the aforementioned techniques have tremendous impact for beating the diffraction limit
of PSF in both lateral and axial directions, they suffer from the drawbacks of the com-
plexity of the system alignment that hinder them from practical application certainly for
non-experts.

On the other hand, engineered superlenses based on photonic crystal (PhC), metamate-
rial (MM) and metalens (ML) have been extensively reported for overcoming the diffrac-
tion limit with a strong potential to replace the conventional lenses in optical systems. Pho-
tonic crystal and MM unique features unveiled an impressive assemblage of a number of
applications such as imaging (Cui et al. 2014), biosensing (Zhuo and Cunningham 2015),
photocatalysis (Zhang and John 2021), light coupling (Areed et al. 2018), digital coding
(Cui et al. 2014) (Mohammadi et al. 2022), multiplexer/ demultiplexer (Zheng et al. 2010;
Pan et al. 2021). Imaging is at the forefront of these applications utilizing diverse fun-
damental mechanisms (Padilla and Averitt 2022). However, most of the reported studies
based on superlens concerned only the diffraction limit in lateral dimension while the light
confinement in the axial dimension remained elusive. Hyperbolic metamaterial (HMM) is
the cutting edge technology overcoming the diffraction limit in lateral direction in near and
far-fields (Salama et al. 2020; Salama et al. 2019; Salama ailed 2018; Jacob et al. 2006).
HMM, an extreme anisotropic structures capable of coupling to the evanescent high wave
vectors in air that carry the subwavelength features to propagating modes inside and in
the near field of HMM demonstrating a negative refraction behavior. Hence, the propa-
gating modes can be manipulated for subwavelength focusing realization. Recently, HMM
based on intrinsic InAs/doped InAS has been introduced beating the diffraction limit along
MID IR range reaching down to 0.19A and extended in space up to 3.2 pm for A=7.6 pm.
However, the axial localization of the image is hindered by the exponentially decaying eva-
nescent waves. Metasurfaces, a sub wavelength 2D structures where light manipulation is
achievable by introducing phase discontinuity across the surface, is an alternative approach
tackling different imaging constrains. The aberration free, non-diffracted Bessel beam and
the focal depth have been addressed based on metasurfaces (Berry and Balazs 1979; Ren,
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et al. 2021; Aieta et al. 2012; Fan et al. 2020). However, the axial light confinement of PSF
is merely introduced except for few efforts -such as hydrogenated amorphous Si nanodiscs
metasurface providing minor lateral light confinement (Lee et al. 2019). MID IR imaging
has a tremendous impact for biological applications. Since, the standard building blocks of
biological samples such as proteins, lipids, nucleic acids have distinctive IR spectra (Miller
and Dumas 2006). In addition, IR radiation is non-ionizing and hence no altering in the cell
composition even if probed for a coarse of time. Despite the developments of IR micros-
copy, the serious constrains are imposed from the poor spatial resolution that reaches down
to (~0.77M) (Carr 2001; Silien et al. 2012). Silicon photonic crystal finds the potential
for MID IR application devices providing the advantages of the ease of fabrication and
CMOS compatibility (Shankar et al. 2011). Silicon photonic crystals (Si-PhC) holds true
the applicability of self-imaging and multimode interference in numerous studies (Zhang
et al. 2006; Shaari and Azliza 2010). Photonic crystal (PhC) is a periodic array of dielectric
material, hence periodic refractive indices in one, two or three dimensions in space (Joa-
nopoulos 2008; Banaei et al. 2015). The photonic bandgap, the spectral range at which the
propagation of the electromagnetic waves is forbidden in a certain direction, is representing
the key feature of the PhC. The PhC has the advantages of the scalability, large photonic
bandgap (PBG), slow light mode, and self-collimation (Joanopoulos 2008). The advan-
tages of PhC open the gate for tremendous applications such as 2-tol digital multiplexing
with small area, fast response and high contrast ratio (Maleki and Soroosh 2022), optical
demultiplexing with high transmission efficiency in multiple channels (Mohammadi et al.
2019), logic gates with high power difference in the high and low logic modes (Parandin
and Malmir 2020), decoders with small size and enhanced delay time (Maleki et al., 2020,
2019b; Maleki and Soroosh 2020), encoder with controllable transmission through the
waveguides (Haddadan et al. 2020), analog to digital converters supporting high sampling
rates (Mehdizadeh et al. 2017), ultra-fast and compact all-optical RS flip-flop (Zamanian-
Dehkordi et al. 2018; Abbasi et al. 2011), and an ultra-fast all-optical full adder (Notomi
2008; Shinya et al. 2006; Malei 2020).

In this paper, we report a sub-diffraction PSF in both lateral and axial directions based
on Si-PhC band gap metalens structure. We utilize the capability of (Si-PhC) to provide
a multimode interference phenomenon in MID IR for creating hot spots/focusing points
of electric field within the cavity with sub-diffraction limit in lateral and axial directions
reaching down to (~0.27)) and (~0.42}), respectively. Worthwhile, the inevitable chal-
lenge of obtaining simultaneous sub-diffraction focusing in both directions using a simple
meta-lens design has been addressed attaining resolution limits comparable to the recent
reported studies concerning each direction separately. For instance, a recent study of sub-
diffraction focusing in lateral direction using HMM demonstrates a resolution limit down
to (~0.2)) (Salama et al. 2020). Another study based on meta-surface design has presented
an axial focusing resolution down to (~0.41)) (Lee et al. 2019). In addition, the proposed
design not only provides a number of focusing points inside the cavity but an extended
focusing point outside the lens with manipulated focal depth reaching up to (~0.98 um) as
well. Moreover, the structure demonstrates focusing behavior with high focal depth when
the operating wavelength is blue shifted attaining its maximum focal depth (~1.78 pum) at
operating wavelength of 2.6 pm.

The paper is organized as follows: First, we demonstrate the cavity design stages for
obtaining multimode interference (MMI) at operating wavelength of 3 um. Second, the
raised hot spots/focusing points resolution are enhanced through adding metallic inclu-
sions, silver rods then silver slit. Third, the silver slit parameters are optimized providing
significant enhancement of lateral and axial focusing resolution, high FOM and high focal
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Fig.1 a A schematic of the PhC structure based on square lattice of Si pillars of radius r=0.2 pm and lat-
tice constant a=1 um. b A demonstration of TE band diagram of the PhC lattice. ¢ The normalized trans-
mission spectrum of TE mode

depth. Finally, we report the metalens performance along the range of the band gap wave-
lengths demonstrating the ability to extend the focal depth in free space by blue shift of the
working wavelength.

2 Design considerations of the proposed meta-lens

The proposed meta-lens design is based on a square lattice of Si pillars with dielectric per-
mittivity (e=12.5), radius r=0.2 pm and the lattice constant a=1 um as may be noted from
Fig. 1a. The structure consists of 25 pillars in x-direction and in 16 pillars in y- direction.
As the studied structure represents an ideal 2D PhC, the height of the rods is assumed to
be sufficiently large, multiple of the propagating wavelength, whereas no light cone exists
and the PBG is fully determined by the modes in the Brillouin zone near special point K in
the lower band and M in the higher band representing the extrema in their respective bands
(Jin et al. 2012).

To calculate the propagating Eigen modes of the structure, two dimensional Plane
Wave Expansion method (PWE) (Johnson and Joannopoulos 2001) is applied for a sin-
gle unit cell of (r/a=0.2) using periodic boundary conditions in x and y directions.
The band diagram of the transverse electric (TE) mode is presented in Fig. 1b showing
a bandgap formation in the range from 2.4 to 3.6 pm. The band diagram demonstrates
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good agreement with the band diagram in reference (Zhang et al. 2006; Ibrahim et al.
2021). The bandgap formation is verified by examining the transmission spectrum
using Finite element method with scattering boundary conditions for 5 X 5 unit cells
as shown in Fig. lc. The obtained transmission spectrum is in analogy with the trans-
mission spectrum of the same unit cell structure with dimensions of (r/a=0.225) pre-
sented in ref Ibrahim et al. (2021). The bandgap formation is verified by examining the
transmission spectrum using Finite element method with scattering boundary condi-
tions for 5 X 5 unit cells as shown in Fig. 1c. The obtained transmission spectrum is
in analogy with the transmission spectrum of the same unit cell structure with dimen-
sions of (r/a=0.225) presented in ref Ibrahim et al. (2021). The transverse magnetic
(TM) mode of this design doesn’t provide a complete PBG, hence it is not suitable for
creating guided modes. High efficient waveguide (WG) coupled cavity design is cre-
ated and developed throughout the structure design for guiding the light and induce a
constructive interference resulting in multimode interference forming focusing points
with high resolution at the operating wavelength A =3 pum (the central band gap wave-
length) of the TE mode. Initially, the waveguide is created by removing three arrays
of Si pillars along the vertical direction of PhC forming a rectangular defect. Then,
the waveguide is coupled with a terminal semi-elliptic cavity with a vertically aligned
major semiaxis (I,=7a) centered at a distance 13a from the input side, and a hori-
zontally aligned minor semiaxis (/;) of variant dimensions centered in the middle of
x-axis, etching the bottom Si pillars if intersected with the elliptic dimensions as dem-
onstrated in Fig. 2a—d. The design of multimode cavity is further developed by adding
Ag rods at the terminal of the cavity and then, integrated with Ag slit on top of the
structure. The final design allows for multiple focusing functionalities including sub-
diffraction PSF, sub-diffraction focusing in axial and lateral direction, either inside or
outside the lens. The calculation of the resolution limit in the lateral direction at speci-
fied focusing point is estimated at a horizontal line plane crossing the maxima of the
field profile in the axial direction of this point. On the other side, the resolution limit
of the axial direction of a focusing point is estimated at the vertical axial line plane of
the point. The calculation of the resolution limit is determined by the full width at half
maximum of the electric field profile with respect to the propagating wavelength as
follows:

FWHM

Resolution =

(D

The overall resolution limit of each PSF is evaluated by an introduced single expres-
sion of a figure of merit (FOM) which is provided by the inverse of the product of the
resolution limit in both lateral and axial directions as the following:

1

FOM = - ; -
lateral resolution % Axial resolution

(@)
The maximum FOM of the conventional optical systems, that obey Abb’s diffrac-

tion limit, is 2. In the following study, we will demonstrate a dramatic enhancement of
FOM reaching up to~8.
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Fig.2 Schematic representations of the creation of PhC cavity stages. a rectangular defect waveguide. After
that, an elliptic cavity coupled to the waveguide etching the intersecting bottom Si pillars with a fixed major
semiaxis (I,=7a) and a variable minor semiaxis (I,): b 1;=3a, ¢ 1; = 4a and d 1, =5a. e—f The electric field
intensity distributions in x—y plane for each design, respectively. i The electric field intensity profiles along
the propagation direction at the focal plane (the dashed white line) demonstrated in the inset. The vertical
dashed line represents the lens interface. j The electric field intensity profiles at the horizontal focal planes
represented by the white dashed lines in Fig.(e-h)

3 Results and discussion

The electric field intensity distribution in x—y plane through the studied structures are dem-
onstrated in Fig. 2e—h. The Finite element method (FEM) software package (Comsol Mul-
tiphysics) (https:www.comsol.com, comsol-multiphysics. 2017) has been used for simulat-
ing the optical response of the proposed design. Scattering Boundary conditions are used
on all boundaries except at the input port. The input port type is rectangular propagating
with transverse electric field polarization. Extremely fine meshing is used overall the simu-
lation with maximum element size of 0.6pm and minimum element size of 1.2nm. For the
accuracy of calculations of the full width at half maximum at the focusing points, we set a
custom meshing at the focusing points of 10 nm. The obtained electric field profiles of the
different cavity designs are in high agreement with the electric field profiles of the multi-
mode interference patterns in the two-dimensional silicon photonic crystal waveguides
with fairly difference in the ratios of (r/a) and (a/A) presented in reference (Zhang et al.
2006). For the rectangular defect, the electric field is guided and rapidly decays outside
the structure as can be noted from Fig. 2e. An elliptic cavity, created by etching Si rods,
is coupled to the WG with optimized dimensions. The elliptic cavity allows the field to
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propagate coherently in an angular spectrum leading to a superposition and creation of
focusing points as will be explained further in the paper. A dramatic change of the EM
propagation behavior is observed by varying the minor semiaxis dimensions of the ellipse.
For the structure of (I, =3a), a single focusing point is observed at the interface of the lens
as shown in Fig. 2f. A unique behavior is observed for the structure of (I, =4a) that exhibits
multiple focusing points inside and outside the cavity as a result of multimode interference
as shown in Fig. 2g. By increasing the semiaxis dimension to (I,=5a), focusing points
deteriorate as may be noted from Fig. 2h.

Figure 2i represents the different axial electric field intensity profiles throughout the
four cases demonstrating the location of the focusing points along the axis of the designs.
A significant axial electric field confinement for the structure of (I; =3a) compared to other
designs. is observed at the interface of the lens. However, the structure of (I, =4a) provides
a considerable advantage over other designs, since it allows the projection of the focal spot
to a distance away from the lens interface (focal depth=4 um) which is of pivotal impor-
tance for imaging systems. In addition, the structure of (I;=4a) supports a multimode
interference introducing a number of focusing points inside the cavity. Figure 2j demon-
strates the electric field intensity profiles at the x-line planes of the focusing points repre-
sented by white dashed lines in fig.(e—f), respectively. Based on this study, a special atten-
tion has been devoted to the structure of (I, =4a) as a promising design for diverse focusing
features. Nevertheless, the structure of (I; =4a) suffers from the low lateral resolution limit
down to (~0.72}), above the diffraction limit, as illustrated by red curve in Fig. 2j. In addi-
tion, although the structure exhibits a high focal depth, the axial localization is hindered by
the poor intensity gradient along the axial axis as illustrated by red curve in Fig. 2i.

Hence, the structure of (I; =4a), denoted as PhC lens, is further developed in order to
enhance the resolution of the focusing points in both lateral and axial directions highlight-
ing the corresponding focal depth. First, two silver rods, with radius 0.2 um, are added at
the terminal of the PhC lens cavity. Further, the PhC lens is integrated with a silver slit
mounted on top of the lens. The proposed design is presented in Fig. 3a. The working prin-
ciple of the suggested design can be explained using the ray tracing as shown in Fig. 3b.
The schematic shows that the PhC cavity that acts as a Bragg reflector and induce light
interference. In particular, the carved elliptic cavity allows the light waves to propagate
coherently in an angular spectrum leading to a superposition of the plane waves and results
in a non-diffraction Bessel beam profile introducing focusing points with variant intensi-
ties and resolution at different locations. Figure 3c and d show the electric field intensity
distributions for both structures, PhC/Ag rods and PhC/Ag rods/Ag slit. Significant entire
focusing points are observed upon the modifications. The focusing resolution is examined
for the focusing points located on the focal axis and denoted as P1, for the outside focusing
point, and P2, for the entire focusing point, as labeled in Fig. 3c, d. At P1, the lateral reso-
lution is enhanced from (~0.72}) to (~0.47A) upon the modification from the initial design
to PhC/Ag rods lens. When PhC/Ag rods/Ag slit is used, the lateral resolution is enhanced
to (~0.33 A) as may be observed from Fig. 3e. At P2, the focusing is hardly observed for
the PhC lens, while the addition of Ag rods gives rise to a prominent focusing point at P2
surrounded with a number of focusing points. Upon adding the optimized Ag slit, the lat-
eral resolution of P2 is enhanced from (~0.3)) to (~0.28)) as demonstrated in Fig. 3f. On
the other hand, the axial resolutions at both points are demonstrated through observing the
electric field profile along the focal axis as can be noted from Fig. 3g. The axial electric
field confinement for PhC lens is fair. After adding of Ag rods, a dramatic enhancement
of the electric field confinement is obtained at the two points, P1 and P2, where the axial
resolution reaches down to (~1.61A) at P1 and down to (~0.43)\) at P2 beating the axial
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Fig.3 a A schematic representation of the proposed lens design. b The ray tracing diagram throughout the
elliptic cavity. ¢, d The electric field intensity distributions at operating wavelength A=3 um in x—y plane
of the PhC lens with and without Ag slit, respectively. e The Lateral electric field intensity profiles at focal
planes at (P1) for PhC lens (blue), PhC lens with Ag rods (green) and PhC lens with Ag rods and slit(red).
f The Lateral electric field intensity profiles at focal planes at (P2) for the three cases. g The electric field
intensity profile at the axial focal planes passing through P2 and P1

diffraction limit. Further enhancement is achieved for the axial resolution at P1 upon add-
ing Ag slit where the resolution reaches down to (~0.94)), contrarily, the axial resolution
at P2 is reduced down to (~0.47\). Remarkably, Ag slit introduces a significant effect on
focusing points features including the lateral and the axial resolution and as well the focal
depth of P1.

In the next investigation, we study the effect of the Ag slit parameters on the focusing
features at both points P1 and P2. First, the focusing resolution in both lateral and axial
directions and their corresponding focal depth at P1 are investigated with respect to the
slit thickness (h) with constant width (w=35 pm) as demonstrated in Fig. 4a. Despite that
the presence of slit exhibits a remarkable enhancement in lateral focusing resolution, black
curve, the effect of the slit thickness is relatively limited in that direction reaching its maxi-
mum down to~0.35A at focal depth 257 nm for (h=0.7 pm). Contrarily, the axial resolu-
tion is significantly enhanced by increasing the slit thickness reaching down to~0.76\ for
(h=2.5 pm).

However, the axial resolution enhancement is obtained at the cost of focal depth as
the focusing point is obtained inside the slit. Consequently, the FOM is increasing with

@ Springer



Ultra high resolution point spread function based on photonic... Page90of17 290

3 a) = Lateral resolution (P1)
141, === Axial resolution (P1) _
™ +++= Focal depth (P1) 0.5

Resolution ()A)
FOM (P1)

(wirl) pdap edo,q

(wrl) yadap a0y

h (pzm) h (p2m)

0.55
C) = Lateral resolution (P2)
0.5 == Axial rsolution (P2)
> =+« FOM (P2)

7.8

(Zd) WOA

Resolution ()

h (pzm)

Fig.4 a Pl lateral resolution (black), the corresponding axial resolution (red) and focal depth (green)
against the slit thickness (h) when the slit width is fixed at w=5 pm. b The evaluated FOM of P1(black)
and the corresponding focal depth (green) against the slit thickness (h). The horizontal dotted line repre-
sents the lens interface. ¢ P2 lateral resolution (black), the axial resolution (red) and FOM against the slit
thickness (h)

increasing the slit thickness attaining its maximum (4.015) at a focal plane well below the
lens interface (—1.25 um) for (h=2.8 pm). The highest axial resolution achieved outside
the lens is down to~0.98), barely beating the axial diffraction limit, at 81 nm away from
the lens with corresponding FOM (2.756) for (h=0.9 um).

A similar analysis is further performed at P2 as presented in Fig. 4c, except for the focal
depth as it’s not applicable in this position. In absence of Ag slit, the lens demonstrates the
highest FOM (FOM =7.802) as a result of high resolution in both directions, lateral and
axial reaching down to 0.296A and 0.433, respectively. The slit thickness parameter exhib-
its tradeoffs between the lateral and axial resolution where the lateral resolution reaches its
maximum down to (0.2957\) while the axial resolution reaches its least down to (~0.471)
for (h=0.4 pm) and vice versa, the axial resolution reaches its maximum down to (~0.421)
when the lateral resolution reaches its least down to (~0.33A) for (h=2 pm).

Now, the effect of the slit width (w) is examined at constant thickness (h=0.4 um), at
which the highest lateral resolution is obtained. Figure 5a shows the focusing resolution
at P1 behavior along the range of slit widths (w=3 to 5.1 pm). The highest lateral resolu-
tion is down to~0.31A for (w=4.55 pm) with an axial resolution down to (~0.73) at a
plane below the lens interface (—0.302 pm). In addition, the axial resolution reaches its
maximum down to 0.5802A for (w=4 pm), where the lateral resolution observed is down
to (~0.34)) at a plane (—0.716 pm). The focal depth is increased upon increasing the slit
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width where the focusing point is emerged outside the lens at (w=4.75 pm) giving rise
to a lateral resolution down to (~0.32 A) and axial resolution down to (~0.89)\). Further
increase in focal depth leads to deterioration in resolution particularly in the axial direction.
To relate the axial and lateral resolution, a FOM is calculated and presented with the cor-
responding focal depth as presented in Fig. 5b. The highest FOM (~5.1) is obtained inside
the lens at the focal plane (-0.64 pm) for (w=4.2 pm). After this point, a dramatic decrease
in FOM accompanied with a significant enhancement in focusing depth are observed. At
P2, an outstanding lateral resolution down to (~0.27A) accompanied with excellent axial
resolution down to (~0.57A) for w=4.3 pm is obtained as shown in Fig. 5c. The FOM
exhibits its maximum (~7.2) for (w=4.7 um) in correspondence to lateral and axial resolu-
tion down to (~0.28)\) and (~0.491), respectively.

Noteworthy, the proposed lens performance, with slit parameters h=0.4 um and
w=4.8 um, is examined along different wavelengths within the bandgap as demonstrated
in Fig. 6a—d. It may be seen that the lens preserves the focusing at P1 with less resolution
limit. However, a great advantage of increasing the focal depth is obtained upon decreasing
the wavelength with attainable sub-diffraction limit in lateral direction. Remarkably, the
wavelength of 2.6 um allows lateral focusing resolution down to (~0.46)) at a focal depth
up to 1.766 um. On the other hand, upon increasing the wavelength, the axial resolution
is increased down to (~0.86)\) at A=3.6 um. However, such increase is achieved at the
cost of the focal depth that the focusing point is incorporated within the slit by a distance

@ Springer



Ultra high resolution point spread function based on photonic... Page 110f17 290

X 10 vl %10 i xg)s(\?'mﬁ
; 45 :
v n |
35 3.5 4
b 3
25 3
3 2
W2 ‘ i.s 12
1 0.5 1
0 o o

Fig.6 The electric field intensity distribution at different wavelengths within the band gap region,
a=2.6 um, bA=2.8 um, ¢ A=3.2 ym and d A=3.6 pm

(—0.553 ym) from the interface at A=3.6 pm. Meanwhile, focusing at P2 deteriorates
above and below the central bandgap wavelength (3 um) except for ambiguous focusing at
A=2.8 um as shown in Fig. 6b.

Next, the loss sources of the suggested design are discussed thoroughly. At room tem-
perature, the silicon is lossless in the region of IR wavelengths showing a null extinction
factor of the refractive index that represents the absorption coefficient with negligible imag-
inary part of the dielectric constant (k=0, £” = 0) (Zhang et al. 2006; Sturm and Reaves
1992; Vega et al. 2015). Hence, the loss due to silicon absorption is minimal in our design.
In addition, the metallic structures at the exit of the cavity works as reflectors minimizing
the losses and inducing enhancement of the image quality. However, the major losses are
attributed to the insertion losses and the reflection at the end of the waveguide cavity due
to the impedance mismatch between the PhC waveguide mode and the input and output
modes (Quynh et al. 2009). The out-of-plane radiation losses of our design is minimal due
to the large thickness of the PhC, so that the light cone is far away from the Brillouin-zone
edge (Akiki et al. 2020). Other factors influence the losses due to fabrication processes
such as the extrinsic losses due to the impurities in the form of free electrons and the shape
irregularities leading to scattering losses due to wall roughness. In addition, loss due to the
reflectance that is considered as the major source of losses (Joanopoulos 2008). The bulk
intrinsic silicon is previously proven to exhibit normalized reflection of ~30% (Vega et al.
2015). For our proposed cavity design, we ensure high electric field confinement and mini-
mal leakage of the propagating mode into the PhC by using a sufficient number of silicon
rods on both sides of the guiding cavity (Joanopoulos 2008), 11 silicon rods on each side.
It should be noted that the infrared signals are usually transported through the PhC struc-
tures that have a power level of micro-watt when the input signal from a semiconductor
laser is on the power level of melli-watt (Wang et al. 2013). Owing to the low power effect,
the biological samples undergo no damaging effect. The normalized transmission power
is investigated along the bandgap region from 2.4 to 3.6 pm as shown in Fig. 7. From the
figure, several dips are observed along the transmission spectrum representing the resonat-
ing modes diminishing the focusing behavior, a phenomenon out of focus of this study.
Meanwhile, high transmission power is exhibited along the spectrum, avoided the reso-
nating modes, demonstrating small loses. The transmitted power data of the investigated
focusing behavior at different wavelengths along with their focusing behavior are presented
in Tablel.

The suggested design has rods of diameter of 0.2 pm that are arranged with a square
lattice of pitch of 1 pm. It should be noted that photonic crystal slab with small diam-
eter of 0.2 pm and minimum spacing of 1.74 pm have been fabricated in Liyong et al.
(2012). Therefore, it is believed that the suggested design can be fabricated successfully.
The design can be fabricated using different techniques such as nano-imprint (Chen and
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Fig.7 The transmitted power 1
along the bandgap wavelength
range 0.8 ﬂ
0.6, q
=
0.4F
0.2F

A (um)

Table 1 Ssummary of focusing effect in lateral and axial direction, the corresponding FOM and focal depth
and the corresponding normalized transmission power with respect to different propagating wavelengths

Operating wave- Lateral resolution Axial resolution FOM Focal depth (pm) Transmitted
length (pm) power [dB]
2.6 0.46 A 2.93\ 0.75 1.766 —0.637

2.8 0.34 A 1.44\ 2.05 1.031 -1.216

3 0.321 0.891 3.51 0.133 —1.565

32 0411 1.03A 2.35 0.249 -0.718

3.6 043 A 0.85\ 2.71 —0.553 —1.431

Sun 2010), holographic or electron beam lithography (EBL) inductively coupled plasma
etching and reactive ion etching techniques (Liyong et al. 2012; Meng et al. 2011). How-
ever, the EBL has the advantage of high resolution and being a mask less technique where
the substrate is directly written upon like a pen (Fransisc 2008). To fabricate the proposed
design, a silicon-on-insulator wafer with sufficient high thickness of silicon is used. On top
of the wafer surface, ma-N2401 resist is spin coated, then EBL directly write the PhC pat-
tern onto it. Finally, the inductively coupled plasma (ICP) etching technique is conducted
using a SF6 plasma at 500 W ICP power and 20 mT pressure to transfer the pattern into the
top silicon layer (Fransisc 2008). The fabrication process is demonstrated in Fig. 8.

The optimized data obtained are summarized demonstrating the optimum performance
of each functionality, lateral resolution, axial resolution, focal depth and FOM, along with
recently data obtained in previous studies as presented in Table 2. From the table, the high-
est lateral resolution obtained is down to~0.27\ which is slightly less than that previously

e-heam exposure Inductively coupled plasma etching

TR

1 - 1
Insulator - Tusulator Insulator - Insulator

Fig. 8 Flow chart demonstrating the steps of e-beam nanolithography fabrication process
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obtained using HMM that is down to 0.19A in MID-IR excluding axial confinement
(Salama et al. 2020). The highest axial resolution is down to~0.42\ which is comparable
to the recent study using silicon rods metasurfaces that operates at visible spectrum (Lee
et al. 2019). Moreover, the focusing depths of the outer focusing point (P1) are also demon-
strated. Remarkably, the focal depth could be enhanced either by simultaneous decreasing
the slit thickness (h) and increasing the slit width (w) or by removing the slit. Removing
the slit allows a focal depth up to 0.984 pm at a wavelength of 3 pm with axial confinement
above the diffraction limit. In addition, the smaller operating wavelengths than 3 pm shows
a high focal depth of the PhC/Ag rods/ Ag slit structure as can be observed at operating
wavelength of A=2.6 um where the focal depth reaches ~1.766 um. Previous studies dem-
onstrate high focal depths, up to 133 um (Bayati et al. 2020), and far field imaging sacrific-
ing the axial light confinement (Huang et al. 2019). To the best of our knowledge, it is the
first study that provides multiple functionalities of simultaneous sub-diffraction lateral and
axial resolution, and focal depth using a single platform. These functionalities are crucial
for three dimensional (3D) imaging beating the abbe diffraction limit in both directions
with significant enhancement of FOM from 2 for conventional optics to FOM of ~8 for
our design. Moreover, our design has shown advanced applicability and simplicity com-
pared with other high FOM techniques such as the scanning microscopy and the generating
structured interference at a focal spot through providing a single platform for 3D imaging.
Furthermore, imaging in IR-region is of pivotal importance for examining the sub-cellular
components as it provides fingerprints for the structural information in a label free manner.
In addition, the proposed design requires a working power level in micro-watt and hence,
no photo-damage effect is encountered upon irradiance. We expect that our design will
have a tremendous impact on imaging area particularly in digital optics and holography as
useful technique for 3D imaging for biomedical applications.

4 Conclusion

In summary, we have introduced a novel metalens design based on Si PhC with silver rods
and slit. The sub-diffraction resolution in both lateral and axial dimensions which are the
detrimental parameters of the PSF are addressed. The proposed lens provides a number of
focusing points with variant resolution limits. The lens shows maximum lateral resolution
down to (~0.27)) with corresponding axial resolution down to (~0.47) at focusing P2 at
A=3 pum which greatly beating the diffraction limit of PSF in both directions. Moreover,
the focusing depths of the outer focusing point (P1) are also demonstrated. Remarkably, the
focal depth could be enhanced either by simultaneous decreasing the slit thickness (h) and
increasing the slit width (w) or by reducing the propagating wavelength. The highest focal
depth obtained is up to 1.766 pm at A=2.6 um.

5 Materials and methods

Finite element method (COMSOL Multiphysics software) has been used for simulating the
optical response of the proposed structures to the propagating waves.
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