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Kurzfassung

Die vorliegende Arbeit untersucht metallische und dielektrische Metalinsen fiir ver-
schiedene nanophotonische Anwendungen wie die Bildentstehung mit nichtlinearen
Metalinsen und die Integration von Metalinsen in optische Pinzetten.

Die Metaoberflichen werden je nach Anwendung designt und durch Verfahren der
Elektronenstrahllithografie hergestellt. Die experimentelle Charakterisierung erfolgt
durch optische Spektroskopieverfahren und Effizienzmessungen.

Unter Verwendung von arrayférmig angeordneten Gold-Nanoantennen mit einer
dreizahligen Rotationssymmetrie kann eine nichtlineare Pancharatnam-Berry Phase
ausgenutzt werden, um in einem nichtlinearen Prozess zweiter Ordnung eine abrupte
Phasenénderung zu implementieren. Dies geschieht ohne eine Veranderung der
Fundamentalwelle. Auf diese Weise kann eine nichtlineare Metalinse implementiert
werden, welche die Funktionsweise einer ultradiinnen flachen Linse mit gleichzeitiger
Frequenzkonversion verbindet. Abzubildende Objekte, welche mit infrarotem Licht
beleuchtet werden, konnen so im sichtbaren Spektrum abgebildet werden. Auflerdem
kann die Funktion der Linse je nach zirkularem Polarisationszustand der Funda-
mentalwelle verandert werden, dies fiihrt entweder zur realen oder zur virtuellen
nichtlinearen Abbildung eines Gegenstandes.

Unter Zuhilfenahme von effizienteren dielektrischen Metaoberflachen basierend auf
dem generalisierten Huygens’ Prinzip kénnen die Untersuchungen auf nichtlineare
optische Phinomene héherer Ordnungen ausgeweitet werden. So kann eine dielek-
trische Metalinse bestehend aus Silizium-Nanostrukturen zur Erzeugung der dritten
Harmonischen realisiert werden. Dadurch kann experimentell und theoretisch demon-
striert werden, dass die nichtlineare Bildentstehung nicht der bekannten Gaufischen
Linsengleichung unterliegt, sondern einer generalisierten Form dieser Gleichung.
Aulerdem konnte gezeigt werden, wie die hergestellten Metaoberflachen nichtlin-
eare mathematische Operationen von optischen Signalen ausfithren kénnen (zum
Beispiel nichtlineare optische Fourier Transformationen oder rdaumliche Korrelationen
verschiedener Ordnungen, die auf dem nichtlinearen Prozess beruhen).

Lineare dielektrische Metalinsen konnen auflerdem als zentrales Element in einer
optischen Pinzette fungieren. Es konnte experimentell sowohl die 2D polarisationssen-
sitive Drag- und Drop-Manipulation von in Wasser suspendierten Polystyrolpartikeln
als auch die Ubertragung von Bahndrehimpulsen auf diese Partikel mit einem einzigen
maflgeschneiderten Strahl gezeigt werden.






Abstract

The present work investigates metallic and dielectric metalenses for various nanopho-
tonic applications such as image formation with nonlinear metalenses and integration
of metalenses into optical tweezers.

The metasurfaces are designed and fabricated by electron beam lithography tech-
niques depending on the application. Experimental characterization is performed by
optical spectroscopy techniques and efficiency measurements.

By using an array of gold nanoantennas with a C3 rotational symmetry, a nonlinear
Pancharatnam-Berry phase can be exploited to implement an abrupt phase change in
a second order nonlinear process. This is done without a change in the fundamental
wave. In this way, a nonlinear metalens can be implemented that combines the
functionality of an ultrathin flat lens with simultaneous frequency conversion. Objects,
which are illuminated with infrared light, can thus be imaged in the visible spectrum.
In addition, the function of the lens can be changed depending on the circular
polarization state of the fundamental wave, resulting in either real or virtual nonlinear
imaging of an object.

With the help of more efficient dielectric metasurfaces based on the generalized
Huygens’ principle, the investigations can be extended to higher order nonlinear
optical phenomena. A dielectric metalens consisting of silicon nanostructures for third
harmonic generation can be realized. Thus, it can be demonstrated experimentally
and theoretically that the nonlinear image formation is not governed by the well-
known Gaussian lens equation but a generalized version of it. It was also shown how
the fabricated metasurfaces can perform nonlinear mathematical operations of optical
signals (for example, nonlinear optical Fourier transforms or spatial correlations of
different orders based on the nonlinear process).

Linear dielectric metalenses can also act as a central element in optical tweezers.
Both 2D polarization-sensitive drag and drop manipulation of polystyrene particles
suspended in water and the transmission of orbital angular momentum to these
particles with a single tailored beam have been demonstrated experimentally.
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CHAPTER 1

Introduction

In historiography, the 20" century can be considered as the century of electronics and
the origin of today’s digital economy. Based on the invention of the electronic tube,
that was used as an active electronic component to establish amplifiers and later,
the technological break-through of semiconductor technology, innovations like radar
and mass media broadcasting were facilitated and since then have determined the
everyday human life. In contrast to electronic tubes, field-effect transistors provide
high current densities and led to miniaturization through their ability to realize
complex integrated circuits on a small length scale with low costs at the same time.
Concerning the development of electronics in the 20'" century, it is noticeable that
it has been massively accelerated by smart technologies that led to miniaturization
and new functionalities at a price level that is affordable for everyone.

As the faster version of electronics, photonics is dedicated to play the part in the
215% century. Thereby, the main difference lies in the type of transmission: Where
in electronic components information is carried by electrons, photonic devices use
photons. This physical science of light generation, detection and modulation paved
the way to modern technologies like high-bandwidth connection to the world wide
web, harvesting of solar energy, biotechnology, optical information processing, data
security, and many more.

In conventional optical setups, light is controlled and modulated by bulky optical
elements like lenses, mirrors, prisms, filters, gratings, optical fibers, waveplates
and polarizers. The fabrication of such traditional elements involves complicated
processing of natural materials in optical workshops. Limitations for respective
application areas are often dictated by natural material properties like the surface
topography, absorbance or the refractive index. Prospectively, advanced control of
light on small length scale will be one of the key demands.

Nowadays, a new paradigm for designing optical elements is used: Instead of
accepting the natural limitations we discovered how to architect material properties
at will. Therefore, we make use of the advanced development of nanofabrication
in order to construct artificial materials that are called metamaterials. The literal
translation 'beyond matter’ means it is a new class of three-dimensional (3D) periodic
subwavelength plasmonic or dielectric structures that exhibit electromagnetic and/or
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magnetic characteristics not found in nature [Chel6]. These new synthetic materials
enable numerous applications that were previously considered impossible [Zhel2].
One of the best-known examples are materials with a negative refractive index [Smi04].
Despite major breakthroughs in different applications, nanoscale three-dimensional
metamaterials usually suffer from high losses and they are expensive and difficult to
fabricate [Liul9].

In contrast, the two-dimensional type of metamaterials which is termed metasurface
offers a route to cost-efficient large area mass manufacturing [Shel8]. Metasurfaces are
artificial planar interfaces that consist of a nanostructured periodic or aperiodic array
of carefully designed metallic or dielectric building blocks. It is possible to design and
fabricate a deterministic arrangement, shape and orientation of these so-called meta-
atoms in order to apply substantial optical modulation to an incident electromagnetic
wave at distinct frequency range [Yul4]. Compared to conventional optical elements
that accumulate changes of amplitude, phase or polarization while light propagates
along the optical path, metasurfaces can be used to tailor these electromagnetic
properties abruptly within a sub-wavelength thick device. Consequently, adverse
effects of dispersion are reduced to a minimum.

In general, metasurfaces are divided into two categories: They can be made either
from metallic or dielectric material. With regard to the size of the nanostructured
building blocks, plasmonic metasurfaces belong to the sub-wavelength regime and
dielectric metasurfaces to the near-wavelength regime [Genl7]. Metal or plasmonic
metasurfaces depend on the surface plasma oscillations within their nanometric
building blocks. These are so-called optical nanoantennas referring to their larger
analogue at radio-frequency. Due to reflection and ohmic losses caused by the
metal structures in the optical band, the efficiency of transmission-type plasmonic
metasurfaces is commonly limited to ten percent [Zhal9]. Dielectric metasurfaces
are based on Mie resonances regarding to the scattering of high-index dielectric
nanobricks [Genl7]. This concept refers to the creation of standing wave patterns in
dielectric structures and it is used in particular to increase the metasurface efficiency
to a current experimentally demonstrated maximum of about ninety percent at
visible wavelengths [Chel6; Khol7].

In recent years, various plasmonic and dielectric metasurfaces were demonstrated
that mimic optical functionalities known from traditional bulky optical elements
on the nanoscale, such as achromatic metalenses for imaging [Chel8b], optical
metaholograms for 3D image reconstruction [Hual3b], broadband orbital angular
momentum converters [Hual2], broadband quarter-wave plates [Yul2], ultrathin
axicons [Aiel2], and others. Based on the recent progress in the development of
achromatic properties, metalenses were even awarded by the "Scientific American" as



one of the "Top 10 Emerging Technologies of 2019" 1. However, exceptional abilities of
flat optics offer also new physics and phenomena that are significantly different from
those observed in their 3D counterparts. As a famous example, phase discontinuities
introduced by metasurfaces deviate from classical laws of reflection and refraction
[Ni12; Yull]. In the past decade, the utilization of metasurfaces and their optical
properties have renewed the scientific interest in classical optics, a discipline which
was considered to be almost completely understood.

Furthermore, exciting non-conventional phenomena are linked to the ultrafast
nonlinear optical response from metasurfaces like frequency conversion processes,
such as second- and third-harmonic generation. Natural materials are characterized
by an inherently weak nonlinear response, which requires optically large samples,
high light intensities, and complex phase matching conditions to obtain measurable
nonlinear signals [Kral8|. In striking contrast to bulky nonlinear crystals, ultrathin
metasurfaces profit from an enormous relaxation of phase matching conditions
because the nonlinear process arises only on a sub-wavelength scale [Lil7b]. At
the same time, metasurfaces can enhance the light-matter interaction to enable
tailorable nonlinearities. This advantage is utilized to create nonlinear metasurfaces
that incorporate a dual functionality: On the one hand, they perform a nonlinear
optical process and, on the other hand, the wavefront of the nonlinear signal is locally
tailored at will [Sch20]. A very interesting example are the recently demonstrated
plasmonic nonlinear metalenses based on four-wave mixing and third harmonic
generation [Alm16a; Alm16b]. These intrinsically nonlinear lenses are suitable for
the focusing of nonlinear signals to a nearly diffraction limited spot.

This thesis is about plasmonic and dielectric ultrathin metalenses for different
optical applications that go beyond the frame of just replacing bulky traditional
optical functionalities. It is motivated by the fundamental research question of what
would happen if a conventional lens made of glass was replaced by a lens made of
a nonlinear material. The question arises whether nonlinear imaging can also be
described by fundamental concepts, such as the well-known Gaussian lens equation.
A scientific goal of the work is therefore to investigate if and how image formation
changes for higher order nonlinear processes. It is difficult to answer this question by
using conventional bulky nonlinear materials, since the phase-matching conditions
would be extremely difficult to satisfy. Due to the previously described advantages,
nonlinear metasurfaces are a perfect candidate for the experimental realization. This
also results in the goal of fabricating and characterizing nonlinear metalenses which
allow imaging of a real object in the nonlinear regime. Such a nonlinear lens would
also be interesting for certain technological applications. It permits imaging in the
visible region while illuminating an object with fundamental near-infrared (NIR)

1 https://www.scientificamerican.com/report /the-top-10-emerging-technologies-of-2019/



4 Chapter 1 Introduction

light. This could be used, for example, for detectors or cameras which have a high
quantum efficiency in the visible spectrum but no sensitivity in the NIR (like silicon
CCDs). Such technique might be preferable compared to the imaging principle with
phosphorescence because there is no photobleaching and it might be much more
suitable for the microscopic investigation of ultrafast processes in the infrared range.

Due to the high efficiencies that can be achieved, linear all-dielectric metasurfaces
can be more easily applied in many different technological and scientific fields. An
interesting interdisciplinary application idea would be the integration of metalenses
into optical tweezers. The manipulation of several particles is usually realized by a
bulky spatial light modulator (SLM) and a microscope objective with a very high
numerical aperture (NA). In this way, the question arises whether both optical
devices can be combined in one ultrathin metalens. Then the efficiency could be
optimized for a single wavelength to enable efficient particle manipulation in an
ultracompact device.

The thesis is structured in the following way: At first, theoretical fundamentals of
the imaging process are explained in the second chapter of this work. Basic physical
concepts like the Fermat’s principle can be used to explain the image formation from
refractive and diffractive optical elements in a ray optics picture. As an example,
the linear image formation with the help of a plasmonic metalens is demonstrated
and differences to traditional optical elements are discussed.

In the third chapter, basic concepts and functionalities of nonlinear plasmonic
metasurfaces are investigated. The linear interaction of light with electronic dipoles
is expanded to the nonlinear regime. Nonlinear processes and selection rules for
harmonic processes are studied as a theoretical framework to explain nonlinear
wavefront control and, more specifically, plasmonic metalenses for second harmonic
generation (SHG) based on the Pancharatnam-Berry (PB) phase. Differences between
the image formation with a SHG metalens and a conventional lens are discussed. As
another intriguing application possibility, a similar nonlinear metasurface design for
spin and orbital angular momentum control is discussed.

The investigations are further expanded to all-dielectric metalenses for third har-
monic generation (THG). These metasurfaces are based on the generalized Huygens’
principle extended to nonlinear optics. The nonlinear wavefront control is emerging
from electric and magnetic multipolar Mie resonances. In this way, the efficiency of
higher order nonlinear processes is significantly increased. This allows the investiga-
tion of the scientific validity of a proposed generalized nonlinear lens equation that
can be expanded for higher order harmonic generation processes.

In the fifth chapter, all-dielectric metalenses for the integration in optical tweezers
are studied. This concept and its results demonstrate new application areas with
new scientific connections to biotechnology or biomedicine. The chapter starts with
a basic introduction to optical tweezers, followed by a metalens design concept via
rigorous coupled-wave analysis (RCWA). Metasurface enhanced optical tweezers



for two-dimensional particle manipulation is evolved by the means of polarization
dependent drag and drop and orbital angular momentum transfer to dielectric
particles.

The last chapter of this work summarizes the important results and gives a brief
outlook.






CHAPTER 2

From conventional bulky optical elements to metasurface
optics

In this chapter the fundamentals of the conventional image formation with linear
bulky optical elements are discussed in a ray optics picture. It is discussed how
a beam propagates through an ordinary lens, which optical properties a lens has
to possess and how conventional imaging proceeds. These basic concepts form a
basis one can resort to throughout this work. These fundamental principles are then
expanded to metasurface optics and a plasmonic linear metalens is demonstrated
experimentally.

2.1 Refractive to diffractive optical elements in a ray optics picture

Refractive optical elements can be described physically by geometrical ray optics.
The most important fundamental law to describe the geometric ray tracing in this
regard is Fermat’s principle of least time. All further physical regularities, like Snell’s
law and the imaging equation can be deduced from Fermat’s principle.

2.1.1 Refractive optical lens to focus a ray of light

A conventional bulky refractive lens is an optical device that can focus a collimated
beam at an focal point F. The distance from the center of the lens to this point is
called focal distance f. The question arises how to choose the radius of curvature to
focus light exactly at a given focal length. This question can be answered with the
help of the lensmaker’s equation, whose derivation is completely based on the laws
of geometrical ray optics (see appendix A).

()5 3)

The lensmaker’s equation is the definition of the focal length f that combines the
physical properties of the lens, namely the ratio of the refractive indices of the lens
material ny and the surrounding medium n;, and both radii of curvature (R;) [Goo05].
Typically, the ray of light propagates in air (n; = 1) while the lens is made of glass
(ng := n =~ 1.5). Both radii of curvature have the same magnitude but opposite
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directions Ry = —R; in case of a double-convex lens. Thus, the focal length is given
by the general radius of curvature R:

R

=— =R 2.2
With regard to eq. (2.1), f will be positive if the difference of both curvatures
(R% — R%) is positive as well. Thus, lenses whose thickness decreases from the center

to the edge are convergent (convex focusing lens), and those whose thickness increases
are divergent (concave defocusing lens) [Borl3]. It can be noted at this point that
the focusing of conventional lenses and their associated phase profile are fixed and
cannot be changed by properties of the light.

2.1.2 Refractive and diffractive lens-like phase profiles

In general, a phase profile can be calculated with

D =k dopt, (2.3)
where k = 27” is the wavenumber and d,,, = nL is the optical path consisting of

refractive index n and propagation length L. A traditional lens is typically made
of curved glass surfaces and it introduces a phase delay that is introduced by the
path length difference between rays at different distances from the center of the lens.
With regard to fig. 2.1 the optical path through a conventional lens with thickness d
at a position p = /22 4 y? is given by dopt = 61 + J2 + n(d — 01 — d2), where §; + 0y
is the phase delay introduced by the remaining region of free space. Therefore, the
lens-like phase profile can be derived to:

Doi(0) =k - dopt(0) = knd — k(n — 1)(61 + 92), (2.4)

where k = QT” is the free space wave vector and A is the wavelength. At this point,
most textbooks apply the paraxial approximation, which can be applied if |R;| > o
so that 0; ~ 29—;_ and ¢ € {1,2} [Goo05]. It describes a parabolic lens surface:

Py(0) = knd — k2 (n— 1) (R% _ Ril) (2.5)

Now, the lensmaker’s equation (eq. (2.1)) can be substituted as it also satisfies the
paraxial approximation (see appendix A). In two dimensions, the position is given

by the radius o = y/x% + y? so that

.1 (x,y) = knd — k% (2.6)
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optical axis

d

Figure 2.1: Refractive lens-like phase profile. Optical lens with refractive index
n and radii of curvature Ry and Rs is centered on an optical axis surrounded by
air. At a position ¢ = /22 4+ y? the optical path dyp through the lens is given by
01+ 02 + n(d — 61 — d2).

Usually, only the relative phase is important and the constant term knd can be
neglected.

2 2
@;1(%9) = —k%

This equation is taking account for the effects of a thin conventional lens in funda-
mental textbooks. It features a parabolic phase distribution.

In reality, bulky lenses with a spherical surface (so that §; = R; — \/R? — ¢?)
are commonly used because they can be produced cost-effectively and with less
effort since it is much easier to fabricate a spherical shape than an aspherical one.
However, these lenses lead to spherical aberration and therefore they do not allow
diffraction-limited focusing and high quality imaging. As carried out in the first
sections, the light manipulation in conventional refractive optical elements comes
from different optical path lengths that are caused by the curved surface of the lens.
This leads to lens thickness in the centimeter range, which can be described with the
model of geometrical optics(fig. 2.2a).

(2.7)

In contrast, there are also diffractive flat lenses (e.g. Fresnel lenses), whose
thickness is comparable to the wavelength of light. They represent the transition
from geometrical optics to wave optics. Diffractive optical lenses mimic refractive
lenses, but use a flat phase shift, which is usually wrapped into radial zones ranging
from 0 to 27. Thus, they generate a quasi-periodic structure [Eng20]. They greatly
reduce spherical aberration with the disadvantage of strong chromatic aberration at
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operating wavelengths different from the design wavelength.

A Metalens is also a type of diffractive lens although it offers a fundamentally
different concept of phase accumulation: The optical wavefront modulation is induced
via the scattering from nanometric structures [Eng20]. The great variety and diversity
of these plasmonic and dielectric nanostructures is evident from fig. 2.2¢, which
illustrates different structures, all of which were designed or fabricated within the
further context of this work. They are all characterized by a quasiperiodic structure,
but it is smaller than the wavelength of light allowing light manipulation down to a
length scale of just a few tens of nanometers (fig. 2.2b).

~lcm

|—]

Conventional

Metalens
Lens

Plasmonic Structures Dielectric Structures

Figure 2.2: Conventional bulky lens versus an ultrathin metalens. a Regular
optical lens that is based on the refraction to focus light at a certain distance. Typically,
the thickness is around d =~ 1cm. b In contrast, a metasurface lens is able to bend
light at a length scale of a few tens of nanometers. ¢ The manipulation of light can be
done with various plasmonic or dielectric nanostructures like gold nanoantennas with
different rotational symmetries or hexagonally arranged nanodisks, silicon nanopillars
or nanofins, or even 3D spiral photonic crystals [Thi07].

Ultrathin planar lenses can be designed to induce a phase front free from spherical
aberration that focuses a normally incident plane wave to a diffraction-limited spot
in the focal plane [Khol6; Zha21]. In fact, starting from a flat input surface, the
spherical phase front is the one that will create a diffraction-limited spot. With
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regard to fig. 2.2b, the phase in the center of a flat lens is [Che20)]
D(x =0,y =0)+k dopt = ©(0,0) + kf, (2.8)

where k = 2” denotes the free space wave vector, which corresponds to the design
wavelength )\d The phase at any point away from the center can be calculated using
Pythagoras theorem:

B, y) + kP + 2+ (2.9)

Equating the two phase terms then results in the spherical phase delay for a focusing
(converging) lens [Khol6]:

Dy(zy) = —k(v/(f2+ 22+ 42) — f), (2.10)

where @(0,0) = 0, because only the relative phase has to be considered. The sign of
the phase distribution can be denoted by the variable o, so that both converging
(0 = —1) and diverging (6 = +1) spherical lenses can be described. Different phase
distributions are shown in fig. 2.3. Panels a to ¢ refer to converging lenses with
different focal lengths and panels d to f show the corresponding diverging lenses.
While all phase distributions refer to a design wavelength of 532 nm, the radial phase
interval from 0 to 27 shrinks for higher radii and a smaller focal distance. The
diameter of these phase distributions is only 100 um. Even though the concept
of geometrical optics is viable for these parameters, there are no manufacturing
processes for conventional optical lenses at these dimensions. Only with considerable
effort in microfabrication, glass-based components with a diameter with less than
I mm can be realized [Carl9].

2.1.3 Conventional lens equation

The imaging equation is one of the most basic equation in textbooks. In a ray optics
picture, it is usually derived by simple geometric considerations that already require
a lens focusing light in a certain focal length [Sall9]. However, image formation
can also be described analytically by Fermat’s principle, which states that rays of
light travel along the path of least time. This is equivalent to saying that the time
of travel (or the optical pathlength) between two points needs to be an extremum
relative to neighboring paths. This following calculation only takes into account
the phase distribution of the lens. Therefore it is valid for any kind of linear lens
regardless of whether it uses refractive or diffractive optics. For simplification we
consider the phase distribution of a convex lens only as a function of y-coordinate

(x=0):

—k(V*+y* = ). (2.11)
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Figure 2.3: Phase distributions for different spherical lenses. All lenses have
a diameter of 100 wm and they are designed to work at wavelength of 532nm. The
phase distribution alters for different focal lengths according to a f, = +100 um, b
fo = 4200 um and ¢ f. = 4500 um (convergent); d f; = —100 um, e fo = —200 um
and f fr = —500 um (divergent).

The question arises which exact path does the light travel in presence of a lens. In the
following model, light from the top point of an object A may take several arbitrary
paths d; (fig. 2.4). Note that the axial thickness may be neglected in case of a thin
lens. After the propagation through the lens, the light beam takes the corresponding
path ds to form an inverted optical image B. The distance in z-direction from object
to lens is called object distance a and the one from lens to image position is called
image distance b. Note that for all following considerations the coordinate origin
is placed in the center of the lens to take into account different directions. Now
Fermat’s principle can be applied to solve the differential equation:

d%(dlk + B(y) + dok) = 0 (2.12)
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Figure 2.4: Fermat’s Principle describing optical image formation. Light
from an object A propagates through a regular lens to form an image B upside down.
Fermat’s principle can be used to determine the actual light path.

For this purpose, the different optical paths can be expressed depending on the
y-coordinate by using Pythagorean theorem. Note that A (B) are equivalent to the
height of the object (image).

di = (A=y)+(=a), dy=+(-B+y?+1? (2.13)
Now eq. (2.12) becomes

d
dy

—(WVA-y2+a@— VP +y +/(-B+y)?+b?2) =0
—A+y _ Yy n —-B+y _
VA-y?2ta P+ J(=B+y)?+ D

Simplifying the equation by using the small angle approximation (|a| > |A| A |b| >
|B|) leads to:

(2.14)

A B

— = fory =0

ol = T 015
—Aty By J for y # 0 |

= +
/e

In the first case (y = 0), it is the central ray propagating through the center of the
lens without suffering any deviation. This is a valid approximation for the ideal case
of a thin lens. This solution shows that the relation between object size and object
distance is equal to the relation between image size and image distance. In other
words, to determine the image magnification M = B/A, it is sufficient to know the
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object and image distance:

B b
o B_

1 Tl (2.16)

Assuming a large focal distance f in comparison to the lens aperture d, (diameter of
the entrance pupil), the second case from eq. (2.15) can be simplified to derive the
conventional lens equation:

1 1 1 1
:—%? for f >y (2.17)

_+ JE—
bl lal PP+ 2

These equations indicate that each point in the object plane is imaged onto a
corresponding point in the image plane with a magnification M = —% that is unity

if |a| = |b| = 2f. The sign describes whether the image is upside down or upright.

This work is about ultrathin lenses that may work at very short focal lengths
compared to conventional bulky lenses [Pan18]. Therefore, the experimental envi-
ronment and configuration will be different, e.g. a much smaller lens aperture need
to be illuminated homogeneously. With the help of the image equation, the focal
length and possible magnifications for a set of image and object distances can be
determined (fig. 2.5). The white line corresponds to a lens with a focal distance
of f. = 500 um. The astral data point highlights the experimental configuration
for the one-to-one image. This figure illustrates the experimental difficulty in this
context. In contrast to traditional optical experiments with bulky elements, the
magnification and focal length varies slightly by changing the object and image
distance only in the micrometer range. In order to investigate the functionality of
ultrathin optical lenses, the measurement accuracy needs to fulfill certain demands.
In case of a lens with focal distance of f. = 500 um, the measurement accuracy in
beam tracing experiments should be at least 5 um in the axial direction. Moreover, it
should be ensured that the position of object A, image B and lens can be determined
within this measurement uncertainty. Cameras with a relatively small pixel size
and microscope objectives with high magnification are required to detect the image
size accurately. In this regard, the numerical aperture (NA) of a lens should be
introduced as

NA = nsin(a.) = nsin <arctan <§—;) >, (2.18)

It is the main technical parameter to determine the lens’ performance and it describes
the maximum cone angle a. of the light emitted from a point source placed in the
focus that can be collected by the lens [Zou20]. Using reciprocity arguments, the

NA also determines the diffraction limited focal spot size to be s = 52 [Panl8].
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Therefore, to experimentally verify the focal spot size s of an ultrathin metalens, the
numerical aperture of the bulky imaging techniques needs to be larger than the NA
from the metalens itself.

a Magnification M(a,b b Focal length f{a, b
1500 = (@) 1500 g /o, b)
700
) 600
d :
= 1000 L5 = 1000 500
=N e
400
300
500 500
500 1000 1500 500 1000 1500
|a] (um) la (um)

Figure 2.5: Magnification and focal length for a set of object and image
distances. a Magnification M = |b|/|a| for a set of image and object distances. b
focal length f = |C‘Lalll‘7,|)| for the same set. The white lines correspond to a focal distance
of f. =500 um and the astral data point highlights the experimental configuration for

the one-to-one image.

2.2 Fundamental concepts to describe plasmonic metasurfaces

In this chapter the transition from conventional optical elements to metasurface
optics is conducted. The question arises how such a surface is fabricated and on
which design concept it is based. The creation of a metasurface design usually follows
a design flow chart [Che20]:

1. A target phase profile is determined. This can be done by an analytical solution
in the case of a relatively simple design like a lens or a grating, or by a numerical
simulation in the case of a more complex design like an optical hologram.

2. The exact geometry of the nanostructures is determined in part by the wave-
length range in which the metasurface is expected to function. Here, commercial
software is used to perform a parameter sweep over different geometries by
means of numerical simulations.

3. Conceptual implementation of the target phase control with the help of different
nanostructure properties (for example by different orientation angles).

Often the last two points are connected, resulting in a library for different nanostruc-
tures, which can be applied depending on the required spatial phase value. After the



16 Chapter 2 From conventional bulky optical elements to metasurface optics

design has been found, the question of fabrication of the metasurface arises. Over
the past decade, planar optics and nanoscience have experienced enormous advances
in manufacturing techniques and concepts [Genl7; Wan16]. Nowadays, a plethora of
different metasurfaces exist, the functional principle of which depends, among other
things, on the material type. Initially, metasurfaces were constructed from resonant
plasmonic nanostructures. To understand the operating principle it is mandatory to
look at the interaction of light and metal in the frame of the so-called plasma model.

2.2.1 The dielectric function of the free electron gas

The interaction of light with metal nanostructures is described in the field of plas-
monics [Leel0]. As a pioneer in this field of research one should mention Ebbesen
and co-workers, who were the first to describe the extraordinary optical transmission
through sub-wavelength hole arrays [Ebb98]. Due to the external electromagnetic
field, free electrons in the metal start oscillating. The oscillation is confined in
all dimensions because the subwavelength metal nanostructures are placed on a
dielectric surface. Then the displacement of the conduction electrons with respect to
the positively charged atoms induces a restoring force. This leads to particle plasmon
resonances (or localized surface plasmon resonances) that depend on the geometry of
the nanostructure, the surrounding medium and the dielectric function of the metal.
As in this work, plasmonic antennas made of gold are used, it is essential to discuss
the dielectric function of gold. Already in 1972, P. B. Johnson and R. W. Christy
provide a comprehensive insight into this topic. They experimentally measured the
refractive index n and the extinction coefficient & (optical absorption) of gold from
reflection and transmission measurements [Joh72]. The vacuum evaporated film had
a thickness of only 34.3 nm and it is therefore comparable to the height of plasmonic
nanostructures. Results depend to a large extent on the film thickness [Kurl3]. The
complex refractive index n = n + ik is directly connected to the complex dielectric
constant € = g1 +iey via 7. = V/Z, so that 1 = n? — k? and e, = 2nk. Based on these
relations, the measured real and imaginary part of the dielectric constant for Gold
is shown for different wavelengths (fig. 2.6). High values of 5 in the visible range
correspond to a high ohmic losses that indicate a drawback of using noble metals.
Ohmic losses can be reduced by choosing a different metal with a large negative real
part £; that reduces the penetration depth [Bial2]. Furthermore, the real part £ is
negative, which means that the conduction electrons do not oscillate in phase with
the external field. This is the reason for the high reflectivity of gold surfaces|Dre02].
These experimental findings were described theoretically by the Drude-Sommerfeld
theory [Nov12]. Even though the theory is part of many textbooks, it is worthwhile
to take a closer look, as many connections emerge again in this work. The model is
based on the assumption that conduction electrons behave as a gas of free electrons
interacting with fixed periodically arranged atoms while they oscillate in response
to the external electromagnetic field Eg et [Mai07]. The location of the electron’s
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Figure 2.6: Dielectric constants for Gold as a function of the wavelength
according to Johnson and Christy. Dielectric constants 1 (blue) and e (red)
measured by P. B. Johnson and R. W. Christy [Joh72]. For £; < —7 the values are
divided by a factor of 30 for better visibility. The black dashed line corresponds
to the Drude free-electron theory. It can be seen that the Drude model is a good
approximation for wavelengths higher than 660 nm.

charge e is described by a position vector 7 so that

R

meﬁr—i—me e =eFEye . (2.19)
The oscillation is damped by collisions and free carrier absorption that are charac-
terized by the phenomenological collision frequency I,. The influence of the band
structure (lattice potential) and electron-electron interactions are not taken into
account directly. These effects are only included by using an effective optical mass
m. [Mai07; Olm12]. Furthermore, the differential equation incorporates no restoring
force as free electrons are considered. Using the ansatz 7(t) = 75 e~“" leads to the
particular solution:

— e/m = —iw
T(t) = mE@ e t . (220)
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The microscopic displacement 7 of an individual electron results in a dipole moment
i = er. Under the assumption that all conduction electrons with density N exercise
the same movement, the macroscopic polarization is given as P=N ii = Ner.
Following eq. (2.20), the polarization yields

Ne?/m =

P= "1 F vt 2.21
W?+ilw " ¢ (2.21)

It is known from Maxwell’s equations that an electric field E causes bound charges to
slightly separate and induces a local electric dipole moment. The associated vector
field of the electric displacement is defined as

D =¢oE + P. (2.22)

Inserting eq. (2.21) yields

D=co[1— —2 _ )E et
0( w2+ifaw) 0

, Neé?
w = —_—
P

(2.23)
B é?om'

Thereby, w), is defined as the volume plasma frequency of the free electron gas, which
increases with increasing carrier density. The electric susceptibility y. describes
the proportionality between polarization and electric field at low field strength. In
general this is a linear complex second order tensor, which can depend on both
location and time.

B— o
FoXe ™ (2.24)
Xe =& — L.
Using eq. (2.22) and inserting eq. (2.24) yields
D = e.5E. (2.25)

A comparison to eq. (2.23) reveals the complex frequency-dependent dielectric
function of the free electron gas e(w), which consists of real and imaginary part.

2

W) =152
clw)y=1— —~=2—
w? + il ,w (2.26)
2 2 .
_ w, B 7%

_w2+F§+2w3+F3w'
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The course of the experimental data for a thin film of Gold can now be fitted by the
Drude free electron theory (black dashed line in fig. 2.6). The collision frequency is
given as I, = 1.075 x 10'* Hz and the plasma frequency appears to be w, = 13.8x 10
Hz [Nov12]. The Drude-Sommerfeld model describes the dielectric function of gold
sufficiently for near infrared wavelengths. However, there are large deviations for
higher frequencies in the visible spectrum which come from the response of bound
electrons. The reason is that higher energy photons are capable to promote electrons
of lower lying bands into the conduction band. The Drude model provides an excellent
starting point for the numerical simulation of various arrayed nanostructures, for
example rectangular nano-holes or bow-tie slot antennas|Gar05; Guo08]. In order to
ultimately describe the spectral resonance properties, commercial software for finite
integration time domain algorithms such as CST Microwave Studio are typically
used. Hereby, the Drude model is used to describe the frequency dependent dielectric
functions of metals [Guo08].

2.2.2 The polarization of light and the geometric Pancharatnam-Berry phase

The observation of polarization states is of particular importance for the charac-
terization of the metasurfaces investigated in this thesis, because all of them are
polarization sensitive and they partly perform a geometric phase change where the
phase is accumulated by space-variant polarization manipulations [Pan56]. This
so-called Pancharatnam-Berry phase is a key technology not only for the function-
ing of countless geometric metasurfaces [Dinl5; Karl4; Linl4]. Traditionally, the
Aharonov-Bohm effect is known as an important realization of the geometric phase
in area of quantum mechanics, however, it is also related to many areas including
condensed-matter physics, optics, high-energy and particle physics, as well as fluid
mechanics, gravity and cosmology [Coh19]. One advantage of this kind of phase
manipulation is in its purely geometric origin, which means that there is no need
to build up a library for different nanostructure geometries in complex numerical
simulations. In this regard, individual meta-atoms are designed to exert certain
phases on orthogonal states of polarization. Such elements can then be described by
a Jones matrix of a conventional birefringent wave plate which offers an intuitive
method to describe the operating principle [Muel7].

Jones Calculus

A simple possibility for the mathematical representation and simulation of polarization
states in experiments is given by the Jones calculus [Hau80; Sall9]. This formalism
describes polarization states by means of a complex amplitude vector, which is
commonly normalized to one. A transverse monochromatic plane wave FE(z,t)
propagating in z-direction is denoted as the vector of two perpendicular fields. The
Jones vector |J) represents amplitude and phase of the electric field in the z- and y-
directions, it does not take into account the propagation in z-direction nor the time
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dependence.

. EO,:L" ei(wt—kz—&—qﬁw) EO,x eiqﬁw
Bt = (i )~ 0 = (pria 2.21)
A pair of orthogonal Jones vectors forms a complete basis of all fully polarized states.

The most important pairs are shown in table 2.1. For convenience, the Dirac bra-ket
notation is used. = The great advantage of the Jones formalism is the possibility

Table 2.1: Jones vectors of the basic polarization states. LHP and LVP: linear
horizontal and linear vertical polarization, LDP and LAP: linear diagonal and linear
antidiagonal polarization, RCP and LCP: right-circular and left-circular polarization.

Polarization basis Jones vectors Basis ket notation
1 0
LHP and LVP [ 0 ] and [ ) ] |H) and |V)
LDP and LAP L |1 a| ! D) and |A
an 7| and —= . |D) and |A)
RCP and LCP |1 d-L L R) and |L
an 7 v and —z i |R) and |L)

to simulate polarization-optical components by two-dimensional Jones matrices M.
Some of the most important optical components and their Jones matrices are listed
in table 2.2. These matrices describe the change of a polarization input state |ji,) by
an optical component and result in its output state |jout) = M |Jin)-

The comparison of the matrices shown in table 2.2 shows that the Jones matrix
of the half-wave plate (HWP) multiplied by e*= looks like that of a mirror. This
is a legitimate transformation of the Jones matrix, as the wave plate still describes
a delay of m between x— and y—components, only that this delay is now applied
to only one component and not to both. The mirror analogy is consistent with the
expectation, since a HWP rotates a linear input polarization by twice the value
of its angle to the fast axis. This means that horizontally and vertically polarized
light remains unchanged but right and left circularly polarized waves exchange their
helicity. This means that a HWP acts on the Jones vector like a reflection on
the x-axis of the two-component system. The change of polarization by successive
insertion of several components (component cascade) into the propagation path of
an optical wave that is fully polarized can be ensured by matrix multiplication of the
individual Jones matrices. The order of the matrices has to be carefully observed,
since matrix multiplication is in general not commutative.

In the appendix there is an example calculation for the polarization change of
a component cascade, which will be used later in a similar way to investigate
metasurfaces (appendix B).
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Table 2.2: Jones matrices of some important components.

Optical component  Orientation Jones matrix
10
Linear polarizer x-axis (horizontal) My, = [ 0 0 }
2 .
cos sin ¢ cos
Linear polarizer Angle ¢ with respect M,(¢) = [ ) ¢ ¢ ) ¢ ]
0 sl sin ¢ cos ¢ sin” ¢
=1 0
A/2-wave plate Fast axis parallel Myyp =€'2 [ i }
to x-axis 0 e
=1 0
A/4-wave plate Fast axis parallel Myyp =€ { e ]
to x-axis 0 e
<[ 1 0
Wave plate with Fast axis parallel M, =e"2 [ i ]
retardation ¢ to x-axis 0 e
cos —sin
Rotation matrix Angle ¢ with respect R(¢) = [ ) ¢ ¢ }
to initial orientation sing  cos¢

Rotated component  Angle ¢ with respect

to initial orientation

M(¢) = R(¢)MR(—¢)

Mm:[l 0}
0 -1

Mirror Normal incidence

Stokes parameters and Poincaré sphere

To measure polarization states of electromagnetic waves four intensity parameters,
the Stokes parameters, are widely used [Sch07]. Stokes parameters offer the advantage
to not only describe fully polarized light but also its unpolarized part. Nevertheless,
Jones vectors |J) = [E,, E,] can be converted into Stokes parameters by [Hau80]

So = |E[* + |E|*
Si = B[ —|E|?
S, = 2Re{E‘E,}
Sy = 2Im{E’E,}.

(2.28)

The parameter Sy represents the total intensity of the light wave, S; determines the
difference between horizontally and vertically linearly polarized light. This fact is also
reflected in the value range of the parameters: While Sy takes only positive values
smaller than one, the value range of S; (as well as all other parameters) extends from
—1 to 1. Parameter S, represents the discrepancy between linearly polarized light
in 45° direction and in —45° direction. Finally, the parameter S; determines the
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difference between right-circular and left-circular polarized fraction. It is helpful to
consider some examples for the description of certain polarization states via Stokes
parameters:

1 1 1
1 -1 0
Se = | |+ Swve o | Sor = ||
0 0 0
(2.29)
1 1 1
0 0 0
Stap = | | Srer = || Ser = |
0 1 -1

The polarization ellipse graphically visualizes the path traced by the real part of the
electromagnetic field. Any fully polarized state can be converted into its orientation
angle ¥ and its ellipticity angle y, which can be calculated from the Stokes parameters
by [Sch07]:

1
¥ = Jarctan2(Sy.5) + g with (0 <4 < 7), (2.30)
1 . S3 . —T T
= — — <y < — . .
X 5 arcsin <So> with ( 7S x < 4) (2.31)

As an example, fig. 2.7 illustrates how the polarization ellipse is changed by a QWP
with its fast axis aligned in y-direction (Mqwp(7/2)). RCP light is composed of z-
(red) and y- component (green) with a 7/2 phase difference. The x-component is
delayed by a quarter-wave (7/2) after propagating through the wave plate leading to
diagonally polarized light (Sppp).

In addition to the polarization ellipse, there is another useful tool for visualizing
the 2D polarization vector space, which proves to be particularly helpful when it
comes to the representation of a large number of different polarization states in the
space of polarization: the Poincaré or Bloch sphere (fig. 2.7, b). It is a hypothetical
sphere placed in the center of a three-dimensional coordinate system whose base is
formed by the Stokes parameters and whose volume corresponds to a unit sphere.
The equatorial plane is spanned by S; and Ss parameters. This means that all
linear states lie in this plane. The upper hemisphere includes all elliptic states with
right-handed helicity. At the north pole of the sphere is the RCP state. The lower
hemisphere correspondingly includes all left-handed elliptical states, including the
LCP state at the southernmost central point. The Poincaré sphere is also capable of
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representing unpolarized or partially polarized states, that is, states with a degree of
polarization less than one [Sch07]. The degree of polarization P is the magnitude of
the location vector in the coordinate system.

\/W
p o VOIESES Ly 0<P<). (2.32)

So

For the sake of simplicity, in the following only fully polarized states are considered
that lie on the spherical surface.

b

ok
[ RC,P, N ~ :

\{

Figure 2.7: Polarization modulation in real space and polarization space.
a The evolution of the state of polarization of a light beam propagating through a
QWP in real space. When the instantaneous electric field forms a right-handed helix
in space, so that its point of intersection with a transverse plane rotates in a clockwise
sense to an observer facing the source, the polarization is called right-handed. RCP is
converted to LDP light after propagating through the QWP. b The same polarization
modulation is illustrated as a path on the Poincaré sphere (orange arrow).

The Pancharatnam-Berry phase

Unlike diffractive and refractive elements, the Pancharatnam-Berry phase is not
induced by optical path differences but results from a geometrical phase that is
accompanied by a space-variant change of polarization [Bie02; Pan56]. Therefore,
the phase between two states of polarization |1)4) and |¢g) is described by phase
of their scalar product arg((¢4|¢g)). Pancharatnam’s theorem can be restated by
considering three different polarization states, |14), [¥g) and |1¢), of which |¢4)
and |¢p), as well as |¢p) and [i)¢) are in phase (fig. 2.8). Now it can be shown that
| a) and |1)¢) are generally not in phase, but |[¢)¢) is in phase with a state |1)4«)
which has the same polarization state as |¢4), but differs from |1)4) by a geometric



24 Chapter 2 From conventional bulky optical elements to metasurface optics

Figure 2.8: Non-transitivity of the phase difference among three polariza-
tion states. A set of polarization states |1 4) = |H), |¢5) = |R), and |[¢¢) = |D) (red
dots) corresponds to a Pancharatnam-Berry phase that is determined by half the solid
angle of the geodesic triangle 2450 /2 = 7/4 spanned by the points on the Poincaré
sphere. The geometric phase change can also be obtained by applying the holonomy of
the closed path on the sphere (green dots) yielding a parallel transported vector (blue
arrows) that deviates by an angle of /2 = 24p¢ from the initial vector [Coh19].

phase difference described by half the area of the geodesic triangle [Ara92; Cohl9]:

b)) = Lame (2.33)

arg ({0 :

To understand the underlying concept, it is convenient to use the Jones calculus
in order to illustrate the manipulation of polarization by different wave plates first
(fig. 2.9). To do this, the respective Jones matrices from table 2.2 are used and
the final states of polarization are converted into Stokes parameters (eq. (2.28))
which can be plotted on the Ponicaré sphere.! The first two Poincaré spheres show
the usual change in polarization of a QWP and a HWP for a horizontal linear
input polarization. For different rotation angles of the QWP, it covers the two
circular polarization states, traversing the surface of the sphere in the form of the

1 In literature often also the so-called Mueller calculus is used as a generalization of the Jones
calculus and to manipulate directly the Stokes parameters of light [Sal19].
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number eight (a). The HWP rotates the linear input polarization by twice the
angle that lies between its fast axis and the input polarization (b). This behavior
changes significantly for a right-circular input polarization. The QWP can now
generate any linear state of polarization (c; this case is demonstrated in detail
in fig. 2.7). The HWP transforms the circular input polarization into its circular
cross-polarization regardless of the rotation angle (d). Thus, it becomes clear that
an optical element whose phase delay is exactly half a wavelength always entails
a transfer to the opposite spin state than that of the input polarization. This
transformation is exactly the same as that caused by geometric metasurfaces at
every single nanostructure (compare fig. 2.2¢) [Dinl5; Khol6; Linl4]. Therefore,
subwavelength meta-atoms are in demand that can be understood as individual
half-wave plates, so that the response of the geometric metasurface, which contains
the phase information, is mostly to be expected in the circular cross-polarization.
Anisotropic building blocks like metal nanoantennas or dielectric nanofins can serve
both as a set of birefringent elements that feature different optical properties for two
perpendicular states of polarization [Min18]. To achieve high conversion between the
two circular polarization states, it is preferable that the phase difference between the
complex transmission coefficient for light polarized along the long axis (¢;) and the
short axis (£;) of the nanoantenna equals 7 at the design wavelength [Che20]. Since
the helicity of the incident circular polarization is reversed on a subwavelength scale
an abrupt interfacial phase discontinuity is introduced by the metasurface [Hual3al.
Much of the research is concerned with simulations using the finite difference time
domain (FDTD) method to search for appropriate nanostructure geometries so that
they really cause the desired retardation of the phase. The polarization conversion
efficiency varies between 0% and 100%, depending on whether the retardation is an
even or odd multiple of 7 [Khol4].

It remains to be clarified which exact path the polarization change takes on the
Poincaré sphere (d, dashed red line). By using a wave plate with variable retardation
(see table 2.2), the path on the Poincare sphere can be traced (e, shown here for
eight specific angles of rotation 7/8,7/4, ..., 7). The phase delay ranges from 0 to
7 and is indicated by the color brightness. Now it becomes clear how the spatially
variable phase change within a metasurface proceeds: Different rotation angles of
the variable wave plate correspond to the orientation angles of single meta-atoms
since the anisotropic geometry of the meta-atom is rotated as well. In general, the
Jones matrix M, of an anisotropic nanostructure that is rotated by the angle 6 is
given as [Che20]

My, = R(G)[ v f }R(—@)

bttt 100 ty —ts| cos(20) —sin(260)
2 0 1 2 sin(20) cos(20) |’

(2.34)
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QWP HWP QWP HWP VWP

@ Input Polarization

Figure 2.9: Polarization modulation by different wave plates illustrated on
the Poincaré sphere. a Illustration of the polarization modulation by a QWP for
input LHP light (blue point) and for different rotation angles of the wave plate. b
Corresponding polarization modulation by a HWP. c-d Change of polarization by QWP
and HWP for input polarization that is changed to LCP. e Polarization modulation by
a wave plate with a variable phase retardation at eight specific rotation angles. The
phase retardation ranges from 0 to 7 and it is encoded by the color brightness.

where R(0) is the rotation matrix (see table 2.2). Considering an incident LCP/RCP
wave Ercp/rep, the transmitted electromagnetic field can be written as:

Er = My - ELCP/RCP

Cti+t o t—ts =

(2.35)
5 Ercp/rep + 5 Ercp/Lcp e

10260
Y

where the first term denotes circular co-polarization, and the second term represents
circular cross-polarization of the scattered wave. The latter provides an additional
Pancharatnam-Berry phase of 026, where ¢ is +1 for LCP and —1 for RCP incident
light [Che20]. A nanostructure embodies an ideal half-wave plate functionality with
maximum cross-polarization transmission amplitude for |t;| = |ts| and arg(t;) —
arg(ts) = m. The same relative phase change between two nanostructures with a
relative rotation angle of 7/8 can be calculated by the half enclosed area on the
Poincare sphere in fig. 2.9e [Pan56]. Since the full surface of a unit sphere corresponds
to the value 47, the phase difference between two adjacent rotation angles can be
given as m/4. In this way, the geometric phase change can cover the full 27 range
with nanostructures that are continuously rotated from 0 to w. This concept of
wavefront manipulation provides a broadband performance since the phase is purely
geometric and does not suffer from dispersion effects. A detailed example calculation
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for the meta-atoms used in this work is given later (see section 3.2.1).

2.3 Plasmonic metalens for linear image formation at infrared wavelength

As an example of how the introduced concepts can be applied, the linear image
formation with a metalens working at infrared frequency is demonstrated. This
example also illustrates some of the experimental challenges. A similar experiment was
performed in 2012 by Chen and co-workers with a cylindrical metalens [Chel2]. The
phase modulation of the lens is based on the presented principle of the Pancharatnam-
Berry phase. Accordingly, each plasmonic nanoantenna should function like a
half-wave plate with an individual angle of rotation (see fig. 2.10). The antenna-
geometries are designed to have a focal length of f; = 500 um at a design wavelength
of Ay = 1200 nm. With regard to eq. (2.10), the spatially variable rotation angles
of the nanoantennas wrapped into radial zones ranging from 0 to 27 are given by a
modulo operation:

i () = %m0d<i—:(\/x2+y2+f3—f>,27r)- (2.36)

The upright L-shaped hard-edge aperture is used as a bright object placed at
z = —1000 pm in front of a plasmonic metalens (z = 0 um) in order to enable an
upside down real image formation after propagating through the metalens. Note
that the image is inverted again through the microscope objective and a tube lens.
The setup is illustrated in fig. 2.10. To enable the required operation as a convex
lens, the polarization optics (P and A/4) are adjusted as described in eq. (B.1). In
this way, only light with the reversed helicity is measured on the camera and the
image appears to be background-free. The axial positions of aperture and lens can
also be verified under the illumination with white light (fig. 2.10a, c).

To realize the one-to-one image according to the image equation (eq. (2.17)), the
object distance should be |a| = 2f. However, optical transmission measurements
showed a localized surface plasmon polariton resonance at a wavelength of A, = 1175
nm. While using this operating wavelength, the axial position of the sharp aperture
image is shifted to z = —840 pm (fig. 2.10b). It must be taken into account that
the imaging optics (MO and L) can shift the camera image depending on the
used wavelength. An axial shift of 160 pm is therefore assumed. For clarity, the
axial positions of the acquired images are shown as red dots on the optical axis
(fig. 2.10). A ray tracing experiment demonstrates that the incident light is focused
at z = 680 um (fig. 2.10d) and an upright image of the L-shaped aperture can be
detected at z = 1260 wm (fig. 2.10e). The measured magnification was M = 1.13. At
first sight, these results seemed unexpected. Since it was ensured that the distance
between metalens and real object is 1000 um, one should expect a magnification of
the image of M = 1. However, this phenomenon can be explained by the wavelength
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dependency of the metalens phase profile (see eq. (2.10)). The metalens that was
designed for a wavelength of 1200 nm is now operated at a shorter wavelength of
1175 nm and this results in an increased focal length of f(l) ~ 520 pm. The assumed
shift of 160 pm explains why the focal plane is not located at 520 um but at 680 pm.
Accordingly, the measured image distance is b = 1100 um, which corresponds to a
magnification of M = 1.10. As a result, it is demonstrated that the image formation
with plasmonic metalenses can be predicted by simple geometrical optics.
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Figure 2.10: Plasmonic metalens for imaging at infrared frequency. The
experimental setup is shown schematically. The insets show a schematic image of
metalens as well as the measured real image (false color) at the camera position.
Acronyms: A4, quarter waveplate; L, lens; P, polarizer; MO, microscope objective.
a The L-shaped aperture is imaged with white light at z = —1000 um. b The same
aperture is imaged under the illumination with laser light (1175 nm) at z = —840 pm.
¢ An image of the metalens is detected at z = O um. d The laser light behind the
metalens is converging to a minimum spot at z = 680 um. e The upright real image
of the aperture is formed at z = 1260 um. White scale bars correspond to a width of
20 pm.
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2.4 The nonlinear lens in a ray optics picture

The image formation by a lens is one of the most basic and important optical principles.
It can be easily described by the Gaussian lens equation that is a part of many
introductory textbooks in optics [Hec02]. As the linear optical component heavily
relies on the basic electromagnetic principle of superposition, its functionality is easily
understood in a ray optics picture (see section 2.1). From a scientific point of view,
the question rises how the image formation is affected if these linear principles are
violated and the regular glass lens is replaced with one made of a nonlinear material.
This is a novel approach, while most works on nonlinear imaging are in general either
linked to experiments where people execute a nonlinear process on the object or on
the image of an object [Barl3]. Thus we imagine a nonlinear lens, where the phase
accumulation is accompanied by a nonlinear process as depicted in fig. 2.11. For this

Regular lens

Figure 2.11: Schematic concept and characteristics of nonlinear metalenses.
a Schematic illustration of the image formation with a regular lens. b Intuitive
realization of schematic image formation with a nonlinear lens made of y3-material.

thought experiment, the fundamental wave incorporates the object information and
the nonlinear image formation on the other side of this y3-lens deviates from the
linear regime. Even if it is practically possible to manufacture refractive nonlinear
crystals with curved surfaces, the phase matching conditions will massively impede
the experimental realization. The intrinsic properties of metasurfaces make them
attractive candidates for the realization of such device [Alm16b]. In contrast to
conventional bulky optics, the nonlinear response of subwavelength-thick metasurfaces



2.5 Conclusion 31

does not rely on the phase matching condition [Wan17], instead it is governed by
localized geometric resonances [Kral8; Lil7b; Sail9].

2.5 Conclusion

In this chapter the operation of a conventional thin lens, which is based on refractive
optics, is discussed. It can be illustrated by geometrical optics. In this way the optical
path through a lens and the associated focusing of the light beam can be described
using Snellius’ law of refraction. The resulting Lensmaker’s equation describes how
the focal length of a refractive lens can be adjusted by the radii of curvature. Thus,
convex lenses with positive focal length and concave lenses with negative focal length
can be realized. The effect of the lens on an incident light beam can be translated
into the corresponding lens-like phase profile. To realize the same phase manipulation
by an ultrathin planar lens, a spherical phase retardation is required. Now, based
only on the phase distribution of the lens, the conventional Gaussian lens equation
can be derived using Fermat’s principle. This equation describes the image formation
of both conventional lenses and metalenses in the linear regime.

In the following, the fundamental concepts of plasmonic metasurfaces are discussed.
They are based on the array-like arrangement of metallic meta-atoms, which are
smaller than the wavelength of light. In this work, all plasmonic nanoantennas
were made of gold. They can show a distinct resonance in the collective motion of
conduction band electrons in a certain spectral range. The plasmon resonance is due
to the confinement of the electron gas to a small spatial region and is determined
by the explicit geometry and dielectric functions of the metal and the surrounding
environment. As an example, the dielectric function of gold is derived based on the
Drude free electron theory and compared with experimental data investigated by P.
B. Johnson and R. W. Christy. In order to design plasmonic metasurfaces explicitly,
the derived dielectric function can be used as an input parameter in commercial
software like CST microwave studio. In this way, the nanometric geometry (length,
width, height, and periodicity) of the nanoantennas can be determined.

To encode a phase manipulation in a metasurface, for example, one makes use of the
concept of geometric phase manipulation. The Pancharatnam-Berry phase describes
the accumulated spatially variant phase change that occurs when the polarization
state is changed. It can be shown for a circular input polarization that nanoantennas
whose phase retardation corresponds to half a wavelength perform a local phase
change corresponding to twice the rotation angle. Accordingly, Pancharatnam-
Berry metasurfaces provide an abrupt phase manipulation that does not result
from propagation effects. This dispersionless phase control offers the advantage
of producing ultrathin metasurfaces which are highly versatile in application and
intuitive to use, making them an ideal candidate for integrated optical elements.

As an example, a plasmonic metalens consisting of gold nanoantennas with C2
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rotational symmetry is presented, which can be used to image an L-shaped aperture
object that is illuminated at circularly polarized infrared light. For this purpose,
an experimental setup is realized and operated at the plasmon polariton resonance
of 1175 nm. It is experimentally shown that the image formation in the circular
cross-polarization is completely described by the Gaussian lens equation.

A central question of this work has been presented at the end of this chapter. It is
the question of how the image formation would change if a conventional linear lens
is replaced by a nonlinear lens. It turns out that nonlinear metalenses are the ideal
candidate for the experimental realization, which will be pursued in the following
chapters.



CHAPTER 3

Nonlinear plasmonic metasurfaces for image formation and
further applications

The abrupt phase change of light at metasurfaces provides high flexibility in wave
manipulation without the need of accumulation of a propagating phase through
dispersive materials. In the linear optical regime, one important application field of
metasurfaces is imaging by planar metalenses, which enables device miniaturization
and aberration correction compared to conventional optical microlens systems. With
the incorporation of nonlinear responses into passive metasurfaces, optical functional-
ities of metalenses are anticipated to be further enriched, leading to completely new
applications areas. In this chapter imaging with nonlinear metalenses is demonstrated
that combine the function of an ultrathin plasmonic lens with simultaneous frequency
conversion [Sch18]. Imaging of real objects with near infrared light is experimentally
demonstrated with such nonlinear metalenses, while the image appears in the second
harmonic signal of visible frequency range. Furthermore, the functionality of these
nonlinear metalenses can be modified by switching the handedness of the circularly
polarized fundamental wave, leading to either real or virtual nonlinear image forma-
tion. Nonlinear metalenses do not only enable infrared light imaging through a visible
detector but also have the ability to modulate nonlinear optical responses through
ultrathin metasurface device while the fundamental wave remains unaffected, which
offers the capability of nonlinear information processing with novel optoelectronic
devices. In the following sections the fundamentals of nonlinear optical processes
are discussed in general and then it will be worked out to what extent these can be
generated and exploited by nonlinear plasmonic metasurfaces. These will provide
the basis for the understanding of nonlinear optical metasurfaces. Furthermore,
concepts for the nonlinear phase manipulation are introduced that take up again the
geometrical manipulation already presented.

3.1 Introduction to nonlinear harmonic generation processes

Nonlinear optical processes occur due to a modification of the optical properties of a
material in the presence of light at high intensities [Boy20]. It should be noted that at
this point only parametric processes are considered, where the quantum-mechanical
state of the material remains unchanged. In this case, the material response that is

33
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characterized by the macroscopic polarization ﬁ(t) varies not in a linear demeanor
with the applied optical field E(¢). In the linear regime, the bulk polarization of

/\/\.
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Figure 3.1: Schematic energy level diagrams of linear and nonlinear pro-
cesses. Photons at identical fundamental frequencies w interact within a nonlinear
process that result in the generation of new frequencies nw. The solid and dashed lines
represent electronic and virtual levels for the excitation of the material polarization,
respectively. a Linear interaction, b Second harmonic generation (SHG), ¢ third
harmonic generation (THG).

the material is outlined in eq. (2.24), where the induced dipole oscillates with the
same frequency as the electric field and each molecule can be characterized as a
harmonic oscillator (see fig. 3.1). By taking into account larger optical field strengths,
this model idea is no longer valid and nonlinear terms must be taken into account.
This can be done by expanding the polarization ]3(15) as a generalized Taylor series

expansion in E(t):
P = coxWE' (1) + eox P E2(t) + cox P E> (t) + ...

_ p‘(L) + ﬁ(NL)’ (31)

where ) denote the (i + 1)th order nonlinear susceptibility and refers to a tensor
of rank (i 4+ 1). The polarization can be separated in a linear and a nonlinear part.

In comparison to the linear case (eq. (2.25)), the vector field of the electric displace-
ment D (eq. (2.22)) now takes into account the nonlinear part of the polarization

D = eo(1+ xW)E(t) + POV (3.2)
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Starting from a second derivative identity ("curl of curl"), Maxwell’s equations in

the absence of charges (p = 0) and currents (J = 0) are used to derive the vector
Laplace operator of the electric field:

Vx(VxE)=V(V-E)-AE

——
L N (3.3)
= _av X B = _MOﬁD

Inserting eq. (3.2) and using (1 + xV) =&, = 72 as well as & = poep leads to the
0
nonlinear wave equation for a loss-free and isotropic nonlinear medium

n? 0%\ = 9% -
A ——|E = pg— PN 3.4
( 2 8t2) Hoge (3-4)

In comparison to the linear wave equation, the electric field E is now driven by
the nonlinear polarization ﬁ(NL), which will act as a source of new frequencies of
the electromagnetic field. The generation of new frequencies will be demonstrated
briefly using the example of a medium with quadratic nonlinear susceptibility that is
pumped with two plane waves. Therefore, the nonlinear polarization is given by

PBHO) — @ E2 (3.5)

It is now deducible that materials which show an inversion symmetry (centrosym-
metric materials) cannot exhibit any second-order response [Kaul2]. Because of the
inversion symmetry, a change of the sign of the applied electric field has to result
in a change of the sign of the induced polarization, too. Then, by comparison with
eq. (3.5) the equation —P®Y = g0y (—E)(—E) is invalid if ® # 0 [Boy20].

Furthermore, for all solutions to the nonlinear wave equation the principle of
superposition does not apply. It follows that a plane wave of the form F; =
A; cos(w;t — k;jz + ;) must be considered as real part of a generally complex function
as

o 1/ = . = )
B= (Aj eitest—his) 4 <>> (3.6)

with flj = ffj e and fl} denotes the complex conjugated (c.c.) form. Now the
nonlinear medium is pumped with two monochromatic plane waves so that j € {1,2}.
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The sum of both waves is squared in order to derive the nonlinear polarization
1
PO — e (1A + o]

1, o 1, o
3 (Af eZilwit=k12) +c.c.) + 3 (Ag 2ilwat=k22) +c.c.)
A Ay ei(wrtwa)t=(kiths)z) —l—c.c.)

(
(1211;1’2‘ i((wi—w2)t—(k1—k2)z) —I—c.c.))

(3.7)

The terms in eq. (3.7) refer to different frequencies of the nonlinear polarization.
Once these terms are applied in the nonlinear wave equation (eq. (3.4)), they will
lead to electromagnetic waves which oscillate at the same frequency. The first line of
eq. (3.7) describes the optical rectification, which causes a static polarization in the
material. The terms in the second line show the frequency doubling of the two input
frequencies. This frequency conversion is called second harmonic generation (SHG)
or frequency doubling. In lines three and four the processes of sum frequency (SFG)
and difference frequency generation (DFG) are outlined. However, since the latter
are not relevant in the context of this work, a detailed discussion shall be refrained
and the reader is referred to relevant literature [Boy20]. All of these quadratic
interactions are lowest order nonlinear processes that depend on the second-order
susceptibility of the material. The y®-interactions are usually weak, SHG, for
example, normally needs complex tailor-made crystals with low-symmetry unit cells.
Popular, commercially available examples are crystalline barium borate (3-BaB2Oy)
or lithium niobate (LiNbO3) [Bar19].

However, third order nonlinear processes are also an important basis for this
work. Considering a monochromatic plane wave E(t) = Fe ™' +c.c. incident on a
nonlinear y®)-medium results in a nonlinear polarization of the form [Boy20]

PNE) — gox® ((E3 e 3 yee) 4+ 3EE(E 4 E*) et ) : (3.8)

The first term is oscillating at a frequency 3w, which describes the third harmonic
generation (THG). The energy level diagrams for all processes that are discussed
within the scope of this work are illustrated in fig. 3.1. All are photon mixing
processes that can be described by means of energy and momentum conservation:

SHG: hw + hw = 2w and k(w) + k(w) = k(2w),
k

. 3.9
THG: hAw + hw + hw = 3hw and (3.9

(@) + F(w) + k(w) = k(3w).

During the generation of the second harmonic, two photons of frequency w interact
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and produce a photon of double frequency 2w, while during the generation of the
third harmonic three photons of frequency w interact, which then leads to the
generation of a photon of triple frequency 3w. These photon interactions will later
play an important role in the operation of nonlinear metalenses at different harmonic
processes.

It should be mentioned that nearly all here mentioned nonlinear processes can be
implemented simultaneously with only a single dielectric gallium arsenide (GaAs)
metasurface generating new frequencies that span the ultraviolet to NIR spectral
range [Liul8]. However, which nonlinear processes are applied is generally decided
by the symmetry of the optical system [She84]. This implies the application of the
selection rules, which are discussed in the following section.

3.1.1 Selection rules for harmonic generation in nonlinear optics

The conventional selection rules are based on the transformation properties of the
nonlinear susceptibility tensors. Thus, statements are made about to the feasibility of
nonlinear optical processes at crystals with certain symmetries and for certain input
polarizations. These rules then determine, depending on the order of the nonlinear
process, whether it is allowed or forbidden [Bha72]. Based on recent advances in
nonlinear optics, these concepts are completely transferable to the symmetry of
artificial atoms in metasurfaces [Lil5]. With respect to the application in the context
of a geometric phase manipulation, especially the selection rules for a circular input
polarization are relevant. These can be summarized as follows:

Based on the selection rules for circularly polarized harmonic generation, fun-
damental waves (FW) propagating perpendicular to the metasurface consisting of
meta-atoms with m-fold rotational symmetry can only generate harmonic orders of

n=jm=1. (3.10)

Here, j is an arbitrary integer, m characterizes the rotational symmetry of the
artificial nanostructure and the + sign coincides to co- or cross-polarized harmonic
generation, respectively [Chelda; Lil5]. All centro-symmetric atoms, for example,
are characterized by an even rotational symmetry such that m = 2,4,6... and the
right-hand side of the equation thus always yields an odd number. Consequently,
the generation of even harmonic processes (SHG, FHG,...) does not occur at atoms
with inversion symmetry (see also section 3.1). Furthermore, the observation of SHG
specifically is only allowed for structures with C1 or C3 rotational symmetry. The
mentioned popular bulk materials for SHG may serve as an analogy. Barium borate
(8-BaB50,) and lithium niobate (LiNbO3) belong to the cyclic group C3, which also
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lacks inversion symmetry and refers to a trigonal crystal system.! For an incident
fundamental wave of circular polarization the phases of the nonlinear polarizability
are shown for different harmonic generation orders and various rotational symmetries
(table 3.1). It can be seen that the phase depends on the order of the nonlinear
process and the helicity of the input circular polarization, but, once both are defined,
not on the rotational symmetry. In this context, the rotational symmetry only makes
a statement about the feasibility of the nonlinear process.

Furthermore, meta-atoms with a rotational symmetry (m > 3) feature an isotropic
response in the linear optical regime [Sail9], which means that the linear signal from
the metasurface remains unaffected.

It should be noted at this point that the utilization of C3 meta-atoms provides all
the advantages for the SHG in Pancharatnam-Berry phase plasmonic metasurfaces.

Table 3.1: Comparison of nonlinear geomtric Pancharatnam-Berry phases
for different harmonic generation orders and meta-atom rotational symme-
tries. The order of the nonlinear process (n = 1, 2, 3, 4) and the rotational symmetry
of the meta-atom (C1, C2, C3, C'4) determines the phase that accumulates during the
harmonic generation process and depends on the orientation angle of the meta-atom.
The factor o describes the circular polarization state of the light. A similar table can
be found in [Lil7h].

Harmonic order o(nw) C1 C2 C3 C4

_|_
n=1
— 200 200
+ 100
n=2
— 300 300
+ 200 200
n=3
— 400 400 400
+ 300 300
n=4
— 500

1 In literature both structures are represented by the Hermann-Mauguin notation 3m, which is
equivalent to the Schoenflies notation C',,.
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3.2 Tailor nonlinear optical wavefront control

The following chapter deals with the question of how to tailor nonlinear optical
wavefronts with nanostructures. The focus is on the dimensional tailoring of the
light field using nonlinear Pancharatnam-Berry phase, which is an extension of the
geometric phase from the linear regime.

3.2.1 Space variant nonlinear Pancharatnam-Berry phase

In this work, a metasurface design with threefold rotational symmetry is fabricated,
from which SHG should be observed only in the cross-circular state of polarization.
Furthermore, the nonlinear polarizabilities for the harmonic generation can be
described as [Lil5]

Py, oc e/l (3.11)

where 0 = %1 corresponds to the combination of incident and transmitted circular
state of polarization and 6 is the orientation angle of the nanostructure. For a right
circularly polarized input beam with spin state o, which will be partly converted to
the left circularly polarized SHG output beam with spin state —o (RCP to LCP),
the sign is positive and vice versa [Konl4]. Hereby, the exponent ¢ = (n £ 1)o6
represents the Pancharatnam-Berry phase factor, which only depends on the rotation
angle of the m-fold rotational symmetric meta-atom. Based on the before mentioned
selection rules, maintaining the same circular state of polarization is forbidden in
this case [Lil5]. An abrupt phase change occurs, which is governed by ngﬂa’g that
has a phase term of ¢ = £30 [Lil5].

As an calculation example, the graphical illustration of the nonlinear Pancharatnam-
Berry phase change @, of two nanoantennas with C3 rotational symmetry is shown
in the following. The two structures differ only by their orientation angles. The
Poincaré sphere is used to illustrate the change in the polarization space (fig. 3.2).
Both antennas are impinged by RCP light (0,0, 1) at normal incidence. As already
shown in fig. 2.9, if the phase retardation corresponds to that of a HWP, the
change of polarization runs along a meridian from one pole to the other reaching
the left circularly state of polarization at the south pole (0,0, — 1). In this case, a
nonlinear SHG process is additionally performed at the C3 structure, which means
that the phase delay has to match % of the second harmonic wavelength. The exact
course can be traced by observing an increasing phase retardation from 0 to =
with the help of the Jones Calculus. The meridians along which the polarization
changes occur are arbitrary and depend only on the orientation angles. Since for
the phase change only the relative change of the angles to each other is decisive,
one meridian is chosen by the path traversing through the linear horizontal state
at (1,0,0). In the model of the wave plates this would correspond to a HWP with
an orientation angle of 7/4. As this is not just a graphical illustration but also
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a graphical calculation method, the second polarization state on the equator (red
dot) is defined as (1/0.8,v/0.2,0), which complies with the orientation angle of the
nanostructure 6 = %arctan 1/0.2/0.8 ~ 8.86°. The revealed phase equals half of the
surface area which is encompassed by the loop on the sphere. (colored in gray).

Another way to graphically calculate the geometric phase is to determine the angle
between an arbitrary oriented, initial surface vector and the parallel transported
vector on the surface of the sphere (blue) [Coh19]. Half of the angle between both
vectors yields the gathered geometric phase. In this case, the angle between the
two blue vectors at (0,0, 1) is calculated to be ~ 53.13°. Half of this angle is
~ 26.57° corresponding to a Pancharatnam-Berry phase of ., =~ 0.157. This phase
angle corresponds exactly to three times the orientation angle of the structure:
3-8.86° ~ 26.57°.
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Figure 3.2: Graphical calculation method to determine the Pancharatnam-
Berry phase on the Poincaré sphere. RCP incident light (0,0, 1) is converted into
LCP light (0,0, —1) after propagating through the nonlinear metasurface. The path
on the sphere is related to the rotational angle of the C3 nanostructure (illustrated
on the right side) and to the reference path which traverses in this case through the
horizontal linear polarization. The grey area surrounded by this path as well as the
angle between an initial and a parallel transported vector on the sphere are twice the
Pancharatnam-Berry phase change between two C3 nanoantennas twisted against each
other by an angle of 6.

3.3 From linear to nonlinear plasmonic metalenses

Conventional optical focusing, which can be classified by refractive and diffractive
effects, is limited either by the surface topography or the refractive index contrast
dictated by the materials or the fabrication processes. Metamaterials have shown the
potential to relax some constraints in the control of light propagation, enabling new
or improved functionalities such as invisibility cloaking [Ergl0], and sub-diffraction-
limited super-imaging [Fan05]. A sophisticated manipulation of both phase and
amplitude of light [Liul4] can be realized by designing the geometries and orientation
angles of meta-atoms on planar metasurfaces [Arb15; Chel2; Hual3a; Hual3b; Nil2;
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Yull]. In this way, both plasmonic and dielectric metalenses with diverse opti-
cal functionalities have been demonstrated [Arb16; Cam16; Khol6; Nil3a; Shclb].
One example are dual-polarity metalenses that act as either convex or concave
lenses depending on the circular polarization state of the light [Chel3; Chel2]. The
underlying mechanism of such dual-polarity lenses results from a spin-dependent
Pancharatnam-Berry phase [Ber87; Bom02; Mar06; Pan56]. Meanwhile a plethora
of optical effects using Pancharatnam-Berry phase metasurfaces have been success-
fully demonstrated, including three-dimensional optical holography [Hual3b; Lar12;
Nil3b], generation of vortex beams [Hual2; Yull], laser beam shaping [Chel4b;
Ker15], multifocal lenses [Chel5], integrated dynamical phase lenses [Kel6; Yinl7],
or helicity-dependent multifunctional lenses [Wenl6a; Wenl6b]. The concept of
geometric Pancharatnam-Berry phases has been recently applied for tailoring the
nonlinear optical responses of plasmonic metasurfaces [Segl5]. Nonlinear spin-orbit
interactions [Lil5] and nonlinear optical holography [Yel6] have been demonstrated
through harmonic generation processes. Plasmon-enhanced nonlinear processes were
also proposed for superresolution applications [Sim14]. While the conversion effi-
ciency of such nonlinear devices is generally too low for practical applications, Lee
et al. demonstrate that the second harmonic generation (SHG) can be strongly
enhanced by coupling the plasmonic resonances of the meta-atoms with intersubband
transitions in semiconductor quantum wells, paving the way for high-efficiency non-
linear metasurfaces [Leel4]. There are other strategies to increase the efficiency, for
instance, using different material platforms. Strong THG has also been introduced
from Fano-resonant Si-based metasurfaces leading to an enhancement factor of > 10°
compared to bulk material [Yan15]. Gallium arsenide based dielectric metasurfaces
for SHG are reported, which show an enhancement factor of 10* compared to the
unstructured film [Liul6]. The advantage by using nonlinear optics with resonant
dielectric nanostructures is that it grants a 3D volume that is not restricted to
interfaces and thus may lead to higher conversion efficiencies due to Fabry-Perot
effects. However, so far there is no dielectric high-efficiency metasurface for the
nonlinear regime, which is able to spatially control the phase at the same time.
Meanwhile, nonlinear plasmonic metalenses based on four-wave mixing and third
harmonic generation have been introduced [Alm16a; Alm16b]. However, those metal-
enses rely on the dispersion control of the individual meta-atoms, which introduces
more complexities and phase uncertainties in the design and device fabrication.
Furthermore, the question remains whether such nonlinear metalenses can be used
for nonlinear optical imaging of objects and not only for relative simple focusing of
Gaussian beams.
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3.4 Imaging through nonlinear plasmonic metalens using second harmonic
generation

Here, a nonlinear metalens for nonlinear light focusing and imaging is designed and
experimentally demonstrated. The nonlinear metalens acts like a regular lens but
with the difference that it only controls the beam propagation of the nonlinear signal,
which is simultaneously generated when the light from the object interacts with the
metalens. The propagation of the fundamental light remains unaltered.

For demonstration purpose, the concept of the nonlinear Pancharatnam-Berry
phase for SHG from meta-atoms with three-fold (C3) rotational symmetry is used.
Based on the symmetry selection rules, SHG from a C3 meta-atom has opposite
circular polarization compared to that of the fundamental wave (section 3.1.1). By
controlling the orientation angle of the meta-atom, the local phase of SHG can be
continuously controlled over the entire 27 range. By assembling the C3 meta-atoms
into a configuration that resembles the phase profile of a lens for the SHG wavelength,
helicity dependent nonlinear beam focusing and nonlinear imaging by using second
harmonic generations is realized at visible wavelengths.

The concept of the imaging with a nonlinear metalens is schematically shown in
fig. 3.3. Light from an object at the fundamental wavelength is collected by the
metalens, partially converted to the second harmonic wavelength and imaged to
an image plane, which is determined by the focal length and the distance of the
object to the lens. The functionality of an optical lens can be realized by a suitable
spatially variant phase that is simultaneously added to the nonlinear signal generated
at each meta-atom on the surface. For a meta-atom with C3 rotational symmetry, a
nonlinear phase of 306 is introduced to the SHG wave, where o = £1 represents the
left and right circular polarizations (LCP and RCP) and 6 is the orientation angle of
the meta-atom section 3.2.1. The required spatial phase distribution for a converging
lens is given by

p(r) = —ko(V/ [2 + 12 = [f]), (3.12)

where 7 is the radial distance from the lens axis of the metalens, f is the focal length
21

of the lens in air and kg = oG 18 the free-space wave vector, which corresponds
to the second harmonic wavelength in contrast to the previously derived formula
(eq. (2.10)). Another difference is the specification of the focal length as magnitude.
The reason lies in the geometric phase, which changes the sign of the phase depending
on the incoming circular polarization state and thus can encode both a convex and
the concave lens. Accordingly, the phase distribution is translated into the orientation
angle of the C3 meta-atom by 6 = ;=. The metalens is designed to have a diameter
of 300 um, whereas the C3 meta-atoms are aligned in polar coordinates on concentric

rings with a spacing of 500 nm.
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Figure 3.3: Schematic concept of the imaging with a nonlinear metalens.
An upright L-shaped aperture is illuminated at infrared fundamental wave. The
Aperture is imaged at visible wavelength on a screen with the help of the nonlinear
metalens consisting of C3 nanoantennas.

3.4.1 Nanofabrication of plasmonic metalens

A set of different plasmonic metalenses with different focal lengths (f, = 100 pm, f, =
200 wm, f. = 500 um) is fabricated by using standard electron beam lithography
(fig. 3.4a-f). For that, a 150 nm poly-methyl-methacrylate (PMMA) resist layer is
spin-coated on I'TO coated glass substrate and baked on a hotplate at 150°C for 2
minutes to remove the solvent. The meta-atoms are patterned in the resist by using
standard electron beam lithography (EBL), subsequent deposition of 2 nm chromium
as an adhesion layer and 30 nm gold, followed by a lift-off procedure using acetone.

Aperture objects that will be used later as real objects are fabricated with the help
of standard electron beam lithography and etching into a 100-nm-thick chromium
layer. An L-shaped aperture is 100 pm in width and 120 pum in height.

In fig. 3.5, the design parameters for the nonlinear metalenses are shown. Each
C3 meta-atom is composed of three single nanorods rotated by 120 degrees. The
length of each nanorod is designed to be 130 nm. In order to verify the quality of
the nanofabrication, an image processing software is developed, which is capable
to analyze the statistical length distribution of the fabricated C3 meta-atoms. The
program imports SEM images and convert them into binary images which depend on
a certain threshold. Furthermore, structures can be identified, localized and fitted



3.4 Imaging through nonlinear plasmonic metalens using second harmonic generation 45

voe

Glass substrate Resist coating EBL patterning
d I e | f
Development Gold deposition Lift-off

Figure 3.4: Fabrication process of the nonlinear plasmonic metalens.
Schematic images of the fabrication process that includes a cleaning of the glass
substrate, b spin-coating of PMMA resist layer, ¢ EBL patterning, d developing, e
deposition of a 30 nm gold layer, and f lift-off procedure.

to individual C3 objects by using the Nelder-Mead algorithm. Thus, meaningful
statistics are generated, which include the statistical length distribution. In fig. 3.5
b and c, the length distribution of one SEM image with over 1000 C3 meta-atoms
is investigated exemplary. The distribution clearly verifies that the length’s mean
value is between 135 and 136 nm, which means that the fabricated nanorods are
longer than specified in the design. This deviation explains the slightly red-shifted
transmission spectra resonance, which is described in the next section.

3.4.2 Optical characterization

First, the linear transmission spectra of the lens is measured to determine the
resonance wavelength of the localized plasmonic mode of the meta-atoms (fig. 3.6).
The far-field characterization setup consists of a Bruker Vertex 70 spectrometer to
perform Fourier-transform infrared spectroscopy (FTIR) and a Bruker Hyperion
1000 IR-microscope, which is equipped with a knife-edge aperture that can be used
to investigate exclusively the small area of the metasurface [Blall]. Light from
the metasurface is collected in transmission mode by a Schwarzschild microscope
objective (x36 / 0.5) and focused onto a liquid nitrogen cooled Mercury-Cadmium-
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Figure 3.5: C3 meta-atom size analysis. a Geometric design for the C3 meta-
atoms. The SEM image in b is analyzed with image processing techniques to determine
the statistical length distribution and length deviation (shown in c) of the fabricated
structures from the design.

Telluride (MCT) detector. All transmission spectra were divided by the reference
spectrum of a pure glass substrate to provide the ratio of the transmittance output
T.
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Figure 3.6: Measured localized surface plasmon polariton resonance. Mea-
sured transmission spectra of the metalens with a focal length of 500 um. The simulation
predicts a localized surface plasmon polariton resonance at a wavelength of 1064 nm,
whereby the measured resonance dip is slightly shifted to 1085 nm.

Compared to the design wavelength of 1064 nm the resonance dips are slightly
red-shifted to a resonance wavelength of approximately 1085 nm, which is due to
a small discrepancy of the fabricated meta-atom geometry from the target design
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(fig. 3.5).

Although the dispersionless characteristics of the nonlinear Pancharatnam-Berry
phase enable the SHG beam focusing and imaging across a broad range of wavelengths,
the efficiency and the focal lengths vary for different fundamental wavelengths. The
spectral response of SHG from the C3 metalens in forward direction is obtained for
illumination with circularly polarized femtosecond laser pulses (fig. 3.7a). A circular
polarizer is used before the fundamental wave is focused on the metalens by a regular
lens (fr; = 75mm). Any unwanted nonlinear signal is filtered out by a long-pass
filter. The SHG signal from the metalens is collected by a microscope objective and
the circular co- and cross-polarization can be investigated with the help of a circular
polarization analyzer (see appendix B). Finally, a 4-f configuration is used to couple
the SHG signal into a spectrometer while the fundamental light is blocked by a
short-pass filter. As expected, the SHG signal with the same polarization as that
of the fundamental wave disappears as this process is forbidden by the nonlinear
selection rule due to the C3 rotational symmetry of the meta-atoms [Lil5]. In
comparison, the SHG signal with cross-polarization shows a strong signal (fig. 3.7b).
It should be noted that the maximum SHG signal for a fundamental wavelength
between 1105 and 1125 nm is stronger than that at the resonant wavelength of
1085 nm. This redshift is a result of the resonance that measures the wavelength
dependent strength of the far-field enhancement, while the nonlinear conversion is
sensitive to the near field enhancement [Zulll].

To determine the SHG efficiency, the signal at a specific SH wavelength is integrated
which leads to the total number of counts Csyg. For this purpose, the efficiency of
the spectrometer components (camera, grating) and the used filters must be taken
into account as a correction factor 7eor(Asuc) &~ 0.5. Thus, the power Psyg reads:

Csue  he
Pspa = , 3.13
SHG tintncorr )\SHG ( )

where t;,; = 1s denotes the integration time of the spectrometer. The efficiency is
then estimated by dividing Pspg by the total incident power Py = 26 mW. From
the measured SHG signal strength a conversion efficiency in the order of 10712 is
estimated. Much larger values might be attainable by combining the plasmonic
metalens with highly nonlinear materials [Leel4; Lil7b].

3.4.3 Second harmonic focusing with nonlinear plasmonic metalens

Next, the focusing behavior of the metalenses for the second harmonic signal in
forward direction is experimentally investigated. Note that there is a comparable SHG
emission in backward direction, which was not investigated in these measurements.
In the experiment, the incident circularly polarized femtosecond (fs) laser beam from
an optical parametric oscillator is generated by using a linear polarizer and a QWP.
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Figure 3.7: Nonlinear spectroscopy measurement of SHG intensity a Ex-
perimental setup for nonlinear spectroscopy measurement. Acronyms: */4, quarter
waveplate; L1-L3, lenses; LPF, long-pass filter; ML, metalens; MO, microscope objec-
tive lens; OPO, optical parametric oscillator; P, polarizer; SPF, short-pass filter. b
Measured SHG signals for different right circularly polarized fundamental wavelengths
with the maximum SHG intensity for RCP-LCP conversion between 1105 and 1125
nm. The SHG response disappears for RCP-RCP.

Then the fs laser of the desired wavelength is focused by an achromatic condenser lens
(f = 500mm) to a spot size that is marginally larger than ~ 300 um to ensure that the
full numerical aperture of the metalens is used. The laser repetition rate is 80 MHz,
the pulse duration ~200 fs and the used average power is ~75 mW. The metalens
is illuminated at normal incidence and the SHG signal is collected by an infinity
corrected microscope objective (x10 / 0.25). The collected light is subsequently
filtered using a short-pass filter. To measure the spin state of transmitted SHG signal,
a second QWP and a polarizer behind the microscope objective is added. A tube lens
(fr = 200mm) is used to image the nonlinear signal onto the ultra-low noise sCMOS
camera (Andor Zyla 5.5). By changing the position of the microscope objective
along the optical axis, different planes perpendicular to the propagation direction are
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imaged onto the camera. For the fundamental wave with RCP state, the metalens is
designed to work as a convex lens with positive focal length for the SHG signal while
the fundamental wave remains unaffected (fig. 3.8). For the fundamental wavelength

a

450 um 460 pm 470 um 480 pm 490 um 500 pm 510 pm 520 um 530 pm 540 um 550 pm

Figure 3.8: SHG Measurement of the beam propagation in focal region. a
Schematic of the measurement: A right circularly polarized incident beam with a
wavelength of 1085 nm and a power of 75 mW is used. The converted left circularly
polarized SHG signal is measured in the real focal region while the fundamental wave
remains unaffected. b Measured SHG intensity distribution for the nonlinear metalens
with f = 500 um at different transverse planes in the focal region. The white scale bars
correspond to a length of 10 um and the SHG is encoded in false color on a logarithmic
scale for better visibility. ¢ Interpolated surface plot of the SHG focal spot on an area
of 75 um?. The focal spot size for this metalens is 1.2 um.

of 1085 nm, the SHG light is focused at the designed focal length of 500 pm (Figure
2b). As for all the measurements, the point of reference for the beam propagation
on the optical axis is the position of the nonlinear metalens (z = 0). The Gaussian
FWHM is measured to 1.2um for each direction. To characterize the precise spot
size, this measurement was done with a different microscope objective (40 x / 0.60)
and a tube lens with a focal length of fr = 150 mm (compare section 2.1.3).

Reversing the circular polarization state of the incident fundamental wave leads
to a concave phase profile with negative focal length. All phase distributions which
can be realized in this way are in principle linear distributions for a diameter of
300 pm (compare fig. 2.3). In further measurements of the SH focusing, the dual
polarity of the nonlinear metalens is verified by measuring the real and virtual focal
planes in dependence on different wavelengths. Therefore, SHG focusing planes are
measured for all three metalenses at fundamental wavelengths of 1064 nm, 1085 nm,
and 1150 nm (see fig. 3.9). From a qualitative point of view, it can be found that all
focal lengths are close to the design value with only a small mismatch. Note that
for the focal spot measurement, a regular lens with f = 200 mm is utilized in front
of the metasurface while in fig. 3.8 a lens with f = 500 mm is used. For the tube
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lens in front of the camera a local length of 100 mm is employed. The discrepancy
between the measured and designed focal lengths possibly arises from the fact that
the sample position is not perfectly placed into the beam waist of the fundamental
beam. Although the phase profile is designed for a SHG wavelength of 532 nm, the
nonlinear focusing phenomena can be observed for all the three incident fundamental
wavelengths. The SHG waves at wavelengths of 532nm, 542.5nm and 575 nm are
focused to nearly the same focal planes, as the dispersion in the focal length of the
metalenses is negligible within this bandwidth. However, from the formula of the
phase profile eq. (3.12) the focal length is expected to change with the wavelength.
Including the calculation, the focal length for using 542.5 nm is approximately 10 pm
smaller than for the design wavelength of 532 nm.
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Figure 3.9: Measured SHG intensity distribution at the focal plane. Real
and virtual focal spot planes are shown for three metalenses with the design focal lengths
(100,200, 500) um. Depending on the circular polarization state of the fundamental
light, the metalenses act either as positive or as a negative lens for the SHG, therefore
forming a real or virtual image. In the case of right circularly polarized incident beam
(red framed box), the converted left circularly polarized SHG signal is measured in
the real focal plane which is located in the positive direction of propagation (value
given in each image). For the reversed case (blue framed box), the virtual focal plane
can be obtained in front of the metalens causing the beam to diverge in direction of
propagation. All focal planes are examined for the design wavelength, the resonant
wavelength and the measured wavelength with the highest SHG efficiency (scale bar
equals 50 um on the camera screen).
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3.4.4 SHG imaging of real objects

In the following sections, it will be investigated whether the fabricated plasmonic
lenses can also be used to actually image real objects in the second harmonic signal.
Thereby it shall be clarified how a possible image formation can be described and
whether it is governed by the traditional laws from geometrical optics.

Experimental setup

For demonstrating the imaging abilities of the nonlinear metalens, an L-shaped
aperture object is fabricated as well as a double slit aperture. These apertures are
used as bright objects for the fundamental wave to provide sufficient power for the
nonlinear process. For the following experiments the metalens with a focal length
of f =500 um is selected. The schematic of the imaging setup at the example for
the L-shaped aperture is shown in fig. 3.10. The average power of the laser is set to
~100 mW. In the experiment, the nonlinear metalens and the chromium apertures
are facing each other. By illuminating the aperture with a right circularly polarized
Gaussian beam at 1085 nm wavelength, the metalens is expected to work as a convex
lens generating a real image of the aperture. First the aperture is placed at the
object distance a = —f in front of the metalens. By adjusting the imaging plane
of the microscope objective, the inverted SHG image of the L-shaped aperture can
be retrieved with the magnification I = —1 at a certain image distance b = 2f to
the metalens. Note that the imaging system to the camera, which consists of the
objective and the tube lens, also inverts the image, hence the real image after the
nonlinear metalens is upright (in contrast to the white light image). Compared to the
linear optical case, where the object and image distance is related by —a = b= 2f,
it can be found that the nonlinear image formation is not governed by this relation.
Hence, the traditional lens equation from linear optics cannot be applied to the
nonlinear imaging case. To further study the nonlinear imaging properties of the
metalens, a beam propagation method in the nonlinear regime is used.

A short introduction to the beam propagation method in the nonlinear regime

To numerically simulate the image formation created by a nonlinear metalens, the
beam propagation method (BPM) is used in the nonlinear regime. For this purpose
a self-written MatLAB script is implemented, which shall be roughly introduced
here. In the following chapter this method will be discussed in more detail. Note
that conventional analytical methods like Fermat’s principle or ABCD matrices fail
to describe the squaring of the electromagnetic field in the context of the SHG at
the metasurface. The Beam Propagation Method expands the beam profile in plane
wave modes. Since the propagation of these modes is analytically known, the field at
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Figure 3.10: Schematic illustration of the measurement setup. For the non-
linear imaging, different kinds of slot apertures are illuminated with the fundamental
beam. The insets show microscopy images of the L-shaped chromium aperture (thick-
ness 100 nm) and of the metalens as well as the simulated SHG image (false color) at
the camera position. Acronyms: /4, quarter waveplate; CCD, camera; L, lens; LPF,
long-pass filter; OPO, optical parametric oscillator; P, polarizer; SPF, short-pass filter;
MO, microscope objective lens. The scale bars in the white light images correspond to

20 um.
the target plane can be calculated. The wave vector in general form reads

9 2
[ S N v <77T) . (3.14)

For the beam propagation along the z-axis, the z-component of the wave vector is

k2 + k2
ko= \/kE—k2— K2~k — wzk; Y, (3.15)

Note that in the implementation the analytical expression for &, is used, which leads
to imaginary k. for k* < k2 + k.. However, most textbooks use the Taylor expanded
expression which corresponds to the Slowly Varying Envelope Approximation (SEVA).
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Due to the nature of the Fast Fourier Transformation (FFT) the BPM has periodic
boundary condition. The general BPM requires three steps to implement the beam
propagation to the target plane. Using an appropriate software, the FFT of the
E-field is calculated at the starting plane at z = 0 to

E(z,y,2 = 0) = E(ky, ky,z = 0). (3.16)

The FFT is then multiplied by the propagator exp(ik.d) leading to an FFT at
distance z = d

E(ky, ky,z = d) = E(k,, k,,0) exp(ik.d). (3.17)

Then the E-field at the target plane is calculated with the help of the inverse FFT,
resulting in

E(ky, ky,z =d) = E(x,y,z =d). (3.18)

Finally, the beam can propagate through the aperture and the nonlinear metalens.
Therefore, a mask beam profile for the L-shaped aperture is applied for the incoming
beam. Then the E-field propagates at fundamental wavelength A to the position of
the nonlinear metalens using the general BPM. The spatial distribution of the field
Espc generated at the position of the metalens is calculated by

2
ESHG ~ eXp(iSOLens) ' E2 with PLens = _)\ T V f2 + TQ' (319)
SHG

Hereby ¢rens refers to the phase of the convex nonlinear metalens. Finally, the
E-field propagates at the second harmonic wavelength for various distances to find
the image of the original mask with highest contrast. An example calculation is
given in appendix C.

SHG image formation of an L-shaped aperture

With the help of this method, the nonlinear evolution of the real and virtual image
formation can be simulated for specific experimental conditions. It was found in this
work that a one-to-one image can be realized with an object distance a = —f and
an image distance b = 2f. Interestingly, in linear optics this configuration would
result in an image formation at infinity because the image distance will diverge.
The corresponding calculation with the BPM is shown in appendix C. Based on the
predictions of the numerical method the nonlinear imaging progress is experimentally
studied in detail by recording the SHG images on the camera while the distance
to the metalens is incrementally increased (fig. 3.11 a). For the RCP illumination
(f =500 um), the one-to-one mapping of the upright L-shaped aperture is measured
at an image distance of approximately b = 1000 pm . The simulation (second row) is
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in good agreement with the measurement. Note that the interference fringes and the
faint upside down L-shaped aperture image in the background come from scattering
and refraction effects of the fundamental wave on the metalens and the aperture.
These effects disappear for the virtual image formation when the spin state of the
fundamental wave is flipped from RCP to LCP and the sign of the focal length is
changed, leading to an inverted virtual image of the L located between the L-shaped
aperture and the metalens (fig. 3.11 b). In the measurement the virtual image for
fundamental LCP light appears at a distance of b ~& —300 um with a magnification
of I' = 0.35. These values are close to the simulation results which show an image
distance of b ~ —333 um and a magnification of I' = 0.33. Taking these results into
account, the image formation can be described empirically for small objects in small
distances to the nonlinear metalens approximately by

1 1 1

Z—_ 3.20
whereas the magnification is given by

I'= —i (3.21)

2a°
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Figure 3.11: 1:1 spin-dependent object imaging with nonlinear metalens.
a First row: Measured SHG distribution for planes along the z-propagation direction
behind the metalens showing the evolution of the image formation. A clear upright real
image of the letter L is formed at z &~ 1000 um. Second row: Corresponding Simulation
for the SHG distribution along the z-propagation based on beam propagation method
in nonlinear regime. The metalens works as a convex lens for a spin conversion from
RCP to LCP so that the real image is formed at b = 1000 pm behind the metalens
with the magnification I' = —1. b For the reversed spin state of the fundamental
beam (LCP) the nonlinear metalens acts as a concave lens which images an upside
down virtual image of the letter L. The simulation shows a clear image 300 wm before
the metalens. The measured image distance is b = —300 um with the measured
magnification I' = 0.35. White scale bars correspond to a length of 20 um. Each
single transverse plane is 200 x 200 um? in size and the SHG is encoded in false color
on a logarithmic scale for better visibility. Note that all images are reversed by the
additional imaging system.
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3.4.5 Nonlinear plasmonic metalens as 'AND’ logic gate

However, compared to a regular lens in the linear regime the nonlinear conversion
process at the metalens may affect the image formation. To test the limitations of the
nonlinear imaging metalens, different double slit apertures with small gap distances
are used to determine the influence of diffraction effects on the image quality. For
the double slit apertures the average power is increased to ~250 mW. Furthermore,
another short-pass filter is inserted in front of the camera to block the fundamental
wave. Due to the small feature size, the field distribution of the fundamental wave
at the lens exhibits a typical far-field diffraction pattern. For the measurement,
an object distance of a = —4f is set, which is more than 30x larger than the slit
distance between the two slits (60 pm). A sharp real image with the highest contrast
is measured in the SHG signal at a distance of 560 pum with /' = —0.12 behind the
metalens (fig. 3.12). The measured values confirm the results from the simulation,
which predicts very similar image distance and magnification. However, the SHG
image contains a weak third line between the images of the two slits. This additional
feature in the image is the result of the nonlinear process at the metalens. It is found
that the squaring of the electromagnetic field during the SHG is affecting apertures
more, which create an uncompleted interference pattern at the metalens position.
Therefore, this imaging limitation depends on the object distance. The effect can
be obtained clearly for the measurement of the virtual SHG image with I = 0.11.
However, such distortions can be reduced by decreasing the object distance or using
double slit apertures with larger gap distances. Both would result in less diffraction
of the object pattern.

Despite the distortion of imaging due to nonlinear interaction at the metasurface,
the nonlinear metalens might have prospective advantages in the subject of nonlinear
optical information processing [Derl6; Ricl0]. Indeed, the experiment above of
the nonlinear imaging of the double slits already serves as a demonstration of a
‘AND’ logic gate if one considers the beams transmitting through the double slits as
two input signals, and the weak central line of the nonlinear image as the output
signal. The central line is present only if both the signals from the two slits interact
nonlinearly at the metasurface, whereas blocking either one or both of the two slits
would result in disappearance of the central line. Hence, such nonlinear metalenses
might open new possibilities for performing nonlinear mathematical operations (like
nonlinear optical Fourier transform) of optical signals.
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Figure 3.12: Nonlinear imaging of double slit apertures. The SHG real image
of a double slit aperture with a gap distance of 60 pm and a slit width of 30 um is
obtained 560 um behind the metalens (red framed). Diffraction orders are observed in
the focal distance region at z = 500 um. Reversing the spin state of the fundamental
wave (blue framed) results in a virtual image plane as well as the visibility of the
diffraction orders at the virtual focal plane at z = —440 pum and —490 um, respectively.
The second row shows the simulation via beam propagation method. The object
distance is a = —4f and scale bars correspond to 20 pum.

3.5 Further application possibilities for nonlinear plasmonic metasurfaces

In this chapter, further application possibilities for nonlinear plasmonic metasurfaces
with 3-fold rotational symmetry are introduced. One publication will be discussed in
more detail, since it was also part of this work. Furthermore, a short outlook on the
future of this exciting field is offered.

Nonlinear plasmonic metasurfaces offer various and still unexplored application
possibilities. Walter et al. proved the usability for real space optical image encoding
[Wall7]. Therefore, the Pancharatnam-Berry phase is used to introduce a local
interference effect of neighboring meta-atoms that leads to the amplitude modulation
of the SHG signal. Only recently, this work continued to demonstrate a nonlinear
metasurface for real and Fourier space image encoding [Mao20]. This concept offers
independent phase and amplitude control of the SHG and therefore an intriguing
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Figure 3.13: Schematic concept of spin controlled orbital angular momen-
tum generation with a nonlinear plasmonic metasurface. A fundamental beam
(FW) at right or left circular state of polarization (RCP or LCP) is incident onto a
nonlinear metasurface consisting of C3 plasmonic meta-atoms that encode the topo-
logical charge ¢ = 1. Compared to the fundamental beam, the second harmonic
generation (SHG) that emerges from the metasurface features the opposite circular
state of polarization (LCP or RCP) and an orbital angular momentum (OAM) that
results in a phase singularity in the center of the beam [Lil7a].

platform for optical anticounterfeiting, information encryption and on-chip manipu-
lation of SHG signals. In the future, this concept can even be further developed to
realize complex optical fields like propagation invariant optical fields [Gut00; Kerl5;
Li20] in the nonlinear regime or to investigate nonlinear singular optics [Sos98| with
metasurfaces. Singular optics encompasses investigations of structured light with
optical singularities, such as optical vortices in scalar optical fields and polarization
singularities in vector fields [Nye74; Whe09]. The work of Li et al. can be listed as
a first step in the field of nonlinear metasurfaces for singular optics [Lil7a]. The
schematic concept is shown in fig. 3.13. A nonlinear plasmonic metasurface consist-
ing of gold meta-atoms with 3-fold rotational symmetry is pumped by a circularly
polarized fundamental wave. It introduces a nonlinear phase singularity in form of a
SHG vortex beam that can be measured in circular cross-polarization. This work
provides the first fundamental insight into spin-orbit interaction within a nonlinear
process on the nanoscale.



3.5 Further application possibilities for nonlinear plasmonic metasurfaces 59

3.5.1 Spin angular momentum and orbital angular momentum control

The angular momentum of light is characterized by two components; the spin (SAM)
and orbital angular momentum (OAM). Thereby, the SAM of light in free space
is associated with either left- or right-circular polarization. There exist different
conventions concerning the rotation direction of the electric and magnetic field around
the beam axis, which can be observed either from the point of view of the beam
source or of the receiver. In fig. 3.13, the view from the receiver is used. Each photon
of a right (left) circularly polarized light beam carries the SAM +7 (—h), which is
directed parallel (anti-parallel) to the beam axis.

In comparison, the OAM features a helical phase front that is characterized by
a topological charge. In order to generate the SHG vortex beam three different
plasmonic metasurfaces are fabricated that encode different OAM information. The
second harmonic phase is given by ¢(z,y) = larctan(y/z), where [ = 1,2,0r 3 is
associated with the topological charge of the OAM or the azimuthal mode index in
the SHG (fig. 3.14, first column). Thus, each photon carries an OAM of (i [A1192].

The phase shall be encoded by using the concept of the nonlinear Pancharatnam-
Berry phase again, where the phase change for each C3 meta-atom 3¢6(x,y) only
depends on the spatially variant in-plane rotation angle (z,y). The parameter
q= %, %, or 1 describes the topological charge of the metasurface. It can be seen in
the SEM images that ¢ implies the number of full rotations of the 3-fold meta-atom
on one azimuthal ring (second column).

In the experiment, SHG radiation from the metasurface sample is collected by a
microscope objective with its Fourier plane imaged on a camera. The selection rules
for plasmonic meta-atoms with 3-fold rotational symmetry illuminated by LCP light
specify that SHG is only allowed at RCP light. Now the associated change in the
SAM state goes along with the change in the OAM state while the SHG process
takes place simultaneously. The SHG vortex beam with increasing radii for larger
topological charges can only be detected in cross circular polarization (fig. 3.14,
third and forth column). Thereby, the vortex radius scales with the square root of
the wavelength and the topological charge rvortex X VIA [Blo12]. Hence, the vortex
radius is reduced by a factor of V2 compared to a vortex that would emerge from a
linear metasurface with the same topological charge.

Conventionally, the experimental measurement of the topological charge involves
a Mach-Zehnder interferometer setup that requires the spatial and temporal overlap
of optical signals [Gaoll]. This is usually a challenging task to do with ultrafast
nonlinear signals. However, here another advantage of using metasurfaces based on
the PB phase modulation comes into play. By using a linear polarized fundamental
wave that is a superposition of both orthogonal circular states of polarization, the
phase shift induced by the metasurface works conversely for each circular state of
polarization so that the LCP component of the fundamental wave experience a
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positive phase modulation with a topological charges of [ while the RCP component
undergoes a negative phase modulation with a topological charge of —I, respectively.
While the nonlinear process takes place, both spin states of the fundamental wave
are converted to cross-circular polarization and their superposition generates a SH
vector beam that is composed of spatially-variant linear states of polarization. After
passing through a linear analyzer the interference pattern shows Hermite-Gaussian
(HG) modes of light with a petal number of 2l = 2, 4and 6 [Yaoll]. Thus, the OAM
of the SH wave can be qualified experimentally.
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SHG phase
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Figure 3.14: Plasmonic metasurface design and SHG measurements. The
first column shows the real space phase distributions of the SHG that are encoded in
different metasurfaces with various topological charges ¢ = 1/3,2/3, 1. The second
column refers to scanning electron microscope images of those metasurfaces (scale bar:
600 nm). The last four columns show the corresponding SHG intensity distributions
measured in the far field for different polarization configurations. For a fundamental
wave that is left circularly polarized, the SHG vortex beam can be detected in right
circular polarization with increasing radii for larger topological charges. No SHG can
be observed in circular co-polarization (LCP-LCP). For a fundamental wave that is
horizontally polarized (HP), SHG intensity distributions can be observed with vertical
(HP-VP) and horizontal polarization (HP-HP) [Lil7a].
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3.6 Conclusion

In this chapter, different ultrathin nonlinear metasurfaces were demonstrated using
second harmonic generation from gold meta-atoms with three-fold rotational sym-
metry. The desired phase profile was obtained by a nonlinear Pancharatnam-Berry
phase that is governed by the meta-atom orientation angle and the spin state of
the fundamental wave. All of these findings are related to the understanding of
fundamental research according to the nonlinear spin-orbit interaction of light or the
nonlinear image formation with nanoscale devices.

In the latter case it was shown that for a near infrared Gaussian laser beam, the
spin-dependent focusing effect of SHG waves was experimentally realized at both
real and virtual focal planes. Furthermore, real objects, which are illuminated by
near infrared light, can be imaged at visible wavelength based on the SHG process
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at the nonlinear metalens. Under certain experimental conditions, for example when
imaging simple aperture objects located at short object distances, the resulting images
in the SHG signal are of a quality that is comparable to performing the experiment
with a linear plasmonic metalens. However, the formation of the nonlinear images
can no longer be described by the Gaussian lens equation. The experimental results
suggest that a modified form of the conventional equation could be applied, which
describes the image formation also in the nonlinear regime. The applicability of this
equation requires testing for higher nonlinear harmonic processes.

The limitations for the imaging with nonlinear lenses are given by aperture objects
which exhibit a strong wave diffraction effect, for example a double slit aperture.
The nonlinear interaction of different wave vectors in the plane of the metalens leads
to distortions in the nonlinear image. However, these features could be used in
the future to realize an ’AND’ logic gate. Therefore, the weak central line in the
nonlinear image is only present if both signals from the two slits interact nonlinearly,
whereas blocking either one or both of the slits switches off the central line.

The symmetry of the meta-atoms only provides the desired Pancharatnam-Berry
phase for the nonlinear process leaving the fundamental light unaltered in its propa-
gation. This is in contrast to lenses made of regular nonlinear materials where both
beam propagations are manipulated. The concept of nonlinear metalens not only
inspires new imaging technologies but also provides a novel platform for generating
and modulating nonlinear optical waves.

Furthermore, it could be shown that geometric phase controlled nonlinear metasur-
faces can be used to implement many other application possibilities. In this context,
a metasurface could be presented for generating SHG signals carrying OAMs. It
shows the first simultaneous control of spin and orbital angular momentum of light
within a SHG process. Additionally, a new methodology is introduced to measure
the SAM-OAM mode in the nonlinear regime with the help of on-chip metasurface
interferometry.

The low SHG conversion efficiency from plasmonic metasurfaces could be greatly
improved by aligning the optical resonances of metasurfaces with intersub-band
transitions of quantum wells. Nonlinear plasmonic metasurfaces, as a complementary
alternative to conventional nonlinear optical crystals, may find a wide range of
applications in optical switching, information technology, nonlinear wavefront shaping
or frequency conversions.



CHAPTER 4

The nonlinear image formation with nonlinear dielectric
metasurfaces

Nonlinear metasurfaces are built up as two-dimensional arrangements of subwave-
length nanoresonators that have shown the potential to precisely and flexibly control
beam parameters like phase, amplitude, polarization, spin, and angular momentum
manipulation for the generated nonlinear light [Alm16a; Chel0; Kerl5; Leel4; Lil5;
Lil7a; Nool6; Tym15; Yel6]. In that way, they incorporate many of the function-
alities of their linear counterparts but, at the same time, they perform nonlinear
optical transformations. This dual functionality leads to a rather unintuitive physi-
cal behavior which is still widely unexplored for many photonic applications. The
nonlinear processes render some basic principles governing the functionality of linear
metasurfaces not directly applicable, such as the superposition principle and the
geometric optics approximation. On the other hand, nonlinear metasurfaces facilitate
new phenomena and provide new functionalities that are not possible in the linear
regime. In this regard, several peculiar nonlinear phenomena have been reported
recently, such as nonlinear holography [Alm16a; Kerl5; Reil9], nonlinear optical
encryption [Wall7], as well as the image formation not captured by a conventional
lens equation [Sch18|. Therefore, fundamental equations like the geometrical-optics
thin-lens equation need to be expanded or generalized for nonlinear metalenses
working at higher harmonic generations so that a more comprehensive understanding
of physics may emerge. With regard to previous chapter 3, a simple continuation of
the described plasmonic metalens for the generation of a higher harmonic could not
be realized due to the low conversion efficiency and the low damage threshold.
Therefore, the following chapter starts by introducing concepts which are associated
with a considerable increase in the efficiency of nonlinear metasurfaces. These so-
called all-dielectric metalenses shall enable the imaging of objects at higher harmonic
generations [Sch20]. The metalenses consist of silicon nanoparticles that support Mie
resonances facilitating the enhancement of the nonlinear conversion efficiency for the
third-harmonic process [Gril6; Shcl4; Smil6; Yanl5]. Real objects are illuminated by
infrared light, and their generated images at the visible third-harmonic wavelengths
are recorded. The classical lens theory is revisited and a generalized Gaussian
lens equation for nonlinear imaging is suggested, which is verified experimentally
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and analytically. Additionally, higher-order spatial correlations facilitated by the
nonlinear metalens are demonstrated, resulting in additional image features.

4.1 Dielectric versus plasmonic metasurfaces and the paradigm shift in
nonlinear optics

In contrast to the plasmonic metasurfaces, the optical response of dielectric nanos-
tructures is not attributed to the plasma resonance [Krall]. For subwavelength
metallic nanoantennas, electric dipoles contribute largely to the Mie scattering, while
for dielectric nanostructures, the optical magnetic dipole resonance is of comparable
strength and can be included as an additional degree of freedom. The origin of the
magnetic dipole lies in the coupling of incoming light to the circular displacement
current of the electric field. Therefore, the wavelength needs to be comparable to the
optical size of the structure A = nyd [Krul7]. Hereby a more efficient manipulation
of the light can be achieved by interference effects of the different modes. As a
consequence of the Huygens’ principle, a small nanoantenna that supports a far-field
superposition of crossed electric and magnetic dipoles may be considered as a Huy-
gens’ source [Gefl2] and an array of such particles is termed Huygens’ metasurface
[Dec15]. In contrast to their plasmonic counterparts, these metasurfaces are not
limited by high reflection and absorption losses as well as low polarization-conversion
efficiencies. In fact, the highest overall efficiency measured for a linear plasmonic
metasurface in transmission mode does not exceed 10% [Krul6]. By including the
interaction of scattering contributions of several multipoles (like electric and magnetic
dipoles, as well as qudrupoles), a generalized dielectric Huygens metasurface was
conceived that offers not only a broad spectral range of operation but also highly
efficient functionality. In this regard, single layer transmission metadevices were
demonstrated that offer a 100% efficiency in full-wave numerical simulations [Krul6].

Recently, a significant progress has been made in increasing the efficiency of
nonlinear processes in metasurfaces by transferring these concepts to the nonlinear
regime as the generalized nonlinear Huygens’ principle [Wan18]. This is facilitated
by designs utilizing high-index dielectric nanoparticles supporting multipolar Mie
resonances [Chel8al, which offer a paradigm shift in nonlinear optics [Kral8]. This
paradigm shift is also evident within this work. Many earlier investigations of
intensity-dependent nonlinear optical phenomena were considered to be useless for
practical applications because of their complex phase-matching conditions and very
low efficiencies. By using optical nonlinear metasurfaces, this hypothesis could be
disproved, since especially dielectric metasurfaces offer a breakthrough in the robust
implementation of nonlinear optical processes on the nanoscale with simultaneously
much higher efficiencies [Wan18§].
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4.2 All dielectric nonlinear metalens for third-harmonic generation
4.2.1 Design concept

The theoretical approach for the nonlinear wave-front engineering was developed
within an international cooperation and shall therefore only be briefly described
here. Electric and magnetic multipolar Mie resonances are used in the frame of the
generalized nonlinear Huygens’ principle [Wan18].

A planar array of different elliptical nanopillars made from amorphous silicon is
employed (150 different nanopillar geometries in total). All nanopillars have the same
height of 600 nm and they are arranged into a square lattice with a period of 550 nm.
The array is placed on a glass substrate. For linear polarization, all silicon nanopillar
resonators are designed to generate a similar intensity of the nonlinear third-harmonic
(TH) signal combined with the directional forward scattering. However, the different
nanopillars provide different phase delays ranging from 0 to 27 via the appearing
geometric resonances at the THG frequency. In fig. 4.1 the results of the numerical
simulation of the THG amplitude and THG phase for various nanopillar geometries
are shown. From this nanostructure library, metalenses of 200 x 200 um? in size are
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Figure 4.1: THG amplitude and phase for different nanopillar geometries.
a Numerically simulated THG amplitude and b THG phase for different nanopillar
semi-axes in both z and y directions. ¢ Polar plot of numerically simulated THG
amplitude (radial) and THG phase (azimutal) for each nanopillar geometry.

fabricated with focal distances of f = 300 um (ML300) and 400 um (ML400). The
corresponding radial phase distribution for each converging lens is given by

o) = 2 (JETE—|f]), (4.1)

ATHG

where r is the radial distance from the center of the lens, f is the focal length in
air and Arpq is the free-space THG wavelength. The metalenses are designed to
work at the telecom wavelength of 1550 nm, which results in a TH wavelength of



66 Chapter 4 The nonlinear image formation with nonlinear dielectric metasurfaces

approximately 517 nm.

4.2.2 Nanofabrication of the dielectric nonlinear metalens

The nonlinear all-dielectric silicon metalenses are fabricated on a glass substrate
following the processes of deposition, patterning, lift-off and etching. At first, a 600-
nm-thick amorphous silicon (a-Si) film is prepared with the help of plasma enhanced
chemical vapor deposition (PECVD). As a next step, poly-methyl-methacrylate
(PMMA) resist layer is spin-coated onto the a-Si film and baked on a hot plate at
170°C for 2 min. Next, the nanopillar structures are patterned by using standard
electron beam lithography (EBL). The sample is then developed in 1:3 MIBK:IPA
solution and washed with ITPA before being coated with a 20-nm-thick chromium
layer using electron beam evaporation. Afterwards, a lift-off process in hot acetone
was performed. Finally, by using inductively coupled plasma reactive ion etching
(ICP-RIE), the structures were transferred from the chromium mask to silicon. The
fabricated nanopillars are illustrated in fig. 4.2.

Figure 4.2: SEM images of a nonlinear dielectric metalens. Scanning electron
microscopy images show different parts of the nonlinear dielectric metalens with a
focal length of f = 300 um. The nanostructures are imaged at different magnifications
(My = M. = 10 x M,). The depth of field can be enlarged by choosing a smaller
aperture. In this way, the sample can be sharply imaged under an angle of 7/4 to
visualize the three-dimensional shape of the structures.

4.2.3 Optical characterization with third-harmonic diffraction efficiency

By only illuminating a small outer part of the metalens by a linearly polarized
Gaussian beam, it will locally act as a beam deflector redirecting the TH wave
under an angle with regard to the fundamental wavevector (fig. 4.3 a). In this way,
the metalens is experimentally verified by multispectral k-space analysis over the
fundamental wavelengths from 1400 nm to 1700 nm. The THG diffraction angle is
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determined by

. k ATHG
sin(f) = |—| = , (4.2)
k?o /1271—(7”)
where Ay, () is the local 0 to 27 phase period, which depends on the radius r.
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Figure 4.3: TH diffraction efficiency. a Conceptual image of a small outer
segment of a lens working as a beam deflector. b Measured spectra of the THG
directionality from a metalens obtained in this scenario. ¢ measured THG diffraction
efficiency

In all optical experiments, the nonlinear metalens is pumped with linearly polarized
40 femtosecond (fs) pulses from an optical parametric amplifier (OPA). The laser
repetition rate is 1 MHz and the used average power for the nonlinear measurements
is & 1.8mW (pulse energy: 1.8 nJ, peak power: 42.3 kW). Then the fs laser beam of
each wavelength is focused by an achromatic condenser lens (fy = 75 mm) that leads
to a peak power density of 1.5 %’Z The metalens is illuminated at normal incidence
and the nonlinear response from the metalens in forward direction is collected by an
infinity corrected microscope objective (x20 / 0.45). The TH signal is filtered by
two short-pass filters to remove the fundamental light. A 4f configureation is used
in order to image the MO’s back focal plane onto the ultra-low noise sSCMOS camera
(Andor Zyla 5.5 1).

The nonlinear metalenses reach a maximum diffraction efficiency for the THG
of 48 % (fig. 4.3 c¢). The experimentally measured THG conversion efficiency is of
the order of 107%. With regard to previous work [Sch18], image formation with
an appropriate plasmonic nonlinear metalens for higher harmonic generations was
not demonstrated before due to the low conversion efficiency and the low damage
threshold.

1 https://andor.oxinst.com/products/scmos-camera-series/zyla-5-5-scmos
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4.2.4 Focusing of Gaussian beams by a THG metalens

Next, the focusing of Gaussian beams by the nonlinear metalens is studied exper-
imentally. A schematic illustration is shown in fig. 4.4a. A fundamental wave at
frequency w converted to a third-harmonic wave at frequency 3w and focused by the
nonlinear metalens. As an example, the transverse THG intensity distribution at
the focal distance of ML400 is shown on a logarithmic scale (fig. 4.4b). In fig. 4.4c
the one dimensional intensity distribution through the focal point is measured.

Furthermore, the THG intensity distribution can be traced behind the metasurface
on a camera (fig. 4.4d). Therefore, the transverse 2D intensity distribution is
measured every 15 pum in the z-direction by changing the axial position of microscope
objective position. Subsequently, by a cut through every single transverse intensity
distribution in horizontal direction, the obtained intensity profiles are plotted in the
axial direction. By splitting the beam path the intensity distribution of the pump
beam in the near-infrared range is also imaged on an additional infrared camera.
Consequently, the propagation of the fundamental beam and the third-harmonic
wave can be determined along the optical axis. The experiment is repeated for
ML300 (fig. 4.4e).

In both measurements, the fundamental wave (red) with wavelength A = 1550 nm
is loosely focused by a regular lens with a focal length of 500 mm to the metasurface
so that the beam waist at the sample position is slightly larger than the size of the
metalens. The Gaussian fit of the fundamental wave shows a FWHM of 111.3 um
(fig. 4.4f). The inset in fig. 4.4f illustrates that the beam is slightly blurred for a
larger distance to the center.

There are several ways to characterize the beam width in a plane perpendicular to
the beam axis, for example, the full width at half maximum (FWHM), 1/ e*-width,
D4c width, knife-edge width or D86 width, to name a few [Sie98]. In most works on
metalenses, the simple experimental determination of the FWHM is used, which is
compared with the calculation of the diffraction-limited Airy disk FWHM of 0.51ﬁ
[Lial8].

In fig. 4.4¢g, the TH intensity distribution at the transverse plane of the focal
spot (blue spheres) is plotted on a 2D Gaussian surface fit (green). The averaged
TH Gaussian full width at half maximum (FWHM) is determined to 1.3 um. That
corresponds to the Gaussian root mean square (RMS) width of [Alm16a]

FWHM
c= ———=
2v2In2

These values are near to the theoretical value of a TH diffraction limited spot:

~ 0.5 pm. (4.3)

A
FWHM, = 0.51 ;&G ~ 0.8 um and ¢y = 0.4 pm, (4.4)
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Figure 4.4: Nonlinear conversion and focusing of the fundamental Gaussian
beam. a Conceptual illustration of the fundamental wave at frequency w converted
to a third-harmonic wave at frequency 3w and focused by the metasurface lens. b
Measured TH intensity distribution of the focal spot at z = 400 pm (logarithmic scale).
c 1D TH intensity profile showing a Gaussian RMS spot size of 0.6 um. d Experimental
distribution of the fundamental (red, left side) and third-harmonic (green, right side)
intensities along the optical axis for the fundamental wavelength of 1550 nm and
metalens focal distance of f = 400 um. e The same experiment is shown for the
metalens with a focal distance of f = 300 um. f 1D transverse intensity distribution
of the fundamental beam 105 um in front of the nonlinear metalens. The inset shows
the 2D intensity distribution (scale bar: 100 um) g Measured 2D transverse intensity
distribution (blue spheres) of the TH focus spot together with a Gaussian surface fit
(green). The inset shows the measured 2D THG intensity on a logarithmic scale (scale
bar: 100 pm).
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where d = 200 pm is the diameter of the metalens and NA = sin(arctan(%)) is the
numerical aperture. The focal Gaussian RMS spot size of ML400 is found to be
0.6 pm. This result is also close to the respective diffraction limited RMS spot sizes

of 0.5 um.

As a next step, the pump beam size is narrowed down (FWHM of 50 pm) and the
beam is shifted from the optical axis, as shown in fig. 4.5. The corresponding focusing
and transverse shift of the THG beam are traced experimentally for both nonlinear
metalenses. This experiment demonstrates how the fundamental Gaussian beam is
converted into the TH secondary beam: it is deflected, focused at z = f to a FWHM
spot size of 3.5 um and after a propagation length of z = 2f, the TH secondary beam
waist of 28 um can be obtained, which is very close to an analytical prediction of

50% ~ 29 um. The analytical calculation will be discussed in the following section.

4.2.5 Derivation of nonlinear lens equation based on the imaging of a single Gaussian
beam waist

In order to describe the nonlinear behavior of this new type of nonlinear image
construction, the 'imaging’ of a Gaussian beam waist is analyzed. The advantage of
using Gaussian beams to illustrate the nonlinear functionality is that the concept
of the nonlinear beam propagation method can be used in order to solve the image
formation analytically [Van81]. At first, it is shown how this mathematical concept
works in the linear regime for a conventional lens. Therefore, a one-dimensional
electromagnetic field distribution F;(x) is considered at an object distance a from
a linear lens with a focal length f. Now, the question is at which distance one
can observe a reconstruction of the Gaussian beam waist. This specific distance is
called the image distance b. The output field E¢(x) can be calculated by the beam
propagation method. To apply this method here, one can separate it into three
parts: the propagation over the object distance a to the lens position, the effect of
the lens’ phase profile and the propagation over the image distance b. For a simple
propagation over an arbitrary distance z the input field is Fourier transformed to the
k-space, multiplied with the propagator e**:* and back-transformed to the spatial
domain. This gives rise to the following equation that describes the imaging of an
electromagnetic field distribution E;(z) with a linear lens.

Ey(z) = F ' F[F ' [F[Ei(x), k] e ™=, ] e’Fov froa? k] et ] (4.5)

where kg is the length of the wave vector, k. the longitudinal component of the wave
vector and o = +1 stands for a concave or convex phase profile. In most of the
literature, a Taylor expanded expression is used, which corresponds to the slowly
varying envelope approximation (SVEA). The use of an analytical expression for k,
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can lead to an imaginary k, if k% < k2. Here, the following expressions are used:

2\ ? k2
/fg:ngrkg:(T) — kzz,/k;g—k;gzko—ﬁ. (4.6)
0

This also leads to the approximation for small x, so that

VARE L (.7

In the simplest case, the input field is just a Gaussian function FE;(x) = e wa?
where the parameter w determines the width of the Gaussian beam. The intensity
is proportional to I; o |e %" |2 = ¢2*** with the full width at half maximum

FWHM; = 2,/ 1211—5 X \/La The first Fourier transformation is given by

1 k2
Fole ™ ] (k) = e 1w,
V2w

which shows that the Gaussian character is preserved. Following eq. (4.5) and applying
eq. (4.6)-eq. (4.8) will result in the full analytical solution of the electromagnetic
output field. The output intensity is proportional to square of the amplitude:

(4.8)

—2w f2k2x?
T2 (0] — a0) — fa) + k(o + )

Iy < exp (4.9)

Comparing the fraction Iy and I; = e~2v7” Jeads to the condition that the denomi-
nator’s term 4w?(b(f — ac) — fa)? needs to be canceled in order to reconstruct the
object in the output field, since it should not have any dependence on the width of
the input Gaussian function. This leads directly to the conventional lens equation.

(4.10)

—0— = ——+ — with o =
a

¥ b

1 1 1 —1 convex lens
+1 concave lens

To calculate the magnification I" one has to compare the beam widths of the input
and output intensity. The input FWHM is proportional to the reciprocal square root
of w, so input and output exponent can be divided and the reciprocal square root is
taken:

(e Nyl
F_< kg(ba+f)2> _(ba—i-f) Ca’ (4.11)
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In the last conversion, one needs to input the lens equation for f. These equations
fully solve the image formation in the linear regime.

If the beam propagation method in the nonlinear regime with harmonic generation
order n is taken into account, the electromagnetic output field changes to

B ) = 5 (7 [T B o) ] e )" ooV I i 1] (4,19

Following the same path as in the linear case leads to a very similar output intensity
of

—2wn f2k3z?
4w?(b(f — ao) — fa)* + kg(bo + f)* |

[J(c"l) X exp (4.13)

The only difference is the harmonic generation order n in the numerator of the
exponent. This expression leads to the linear lens equation as well because the
denominator is completely the same as before. As a basic example, the 1:1 image
formation of a single Gaussian beam waist is compared: In the linear case, the rule
to observe a 1:1 image is b§”1 = 20 f. The situation is very different in the nonlinear

case: It can be found that bﬁ?}) = +yna = - if —- That means the 1:1 image of a
Gaussian beam appears to have two solutions. For instance, a convex (0 = —1)
THG metalens (n = 3) with a focal length of f = 400 pm has two configurations to

observe the 1:1 image of a Gaussian beam waist:

1. bg‘fll) ~ +546 ym and a ~ —315um or (4.14)
2. 0" ~ 146 um and a* ~ —85 um. '

This shows that the nonlinear convex lens can be used to form an inverted real
1:1 image (first case) as well as an upright virtual 1:1 image (so that object and
image appear on the same side of the lens (second case)). In general, the nonlinear
magnification for the Gaussian beam is

poy - b

Vna

This result is conform to the observations in the experiment of the single Gaussian
beam waist 'imaging’. In fig. 4.5 the nonlinear beam waist conversion for the metalens
with focal length of f = 300 um is shown. The incident fundamental Gaussian beam
with a width of w = 50 um is shifted 36 pum in x-direction from the lens center
(fig. 4.5 a). Similar results can be observed for using the second nonlinear metalens
(ML400, b). The nonlinear metalens position at z = 0 pm can be verified by taking
the white light illuminated microscopic image (fig. 4.5 ¢). The incident fundamental
Gaussian beam hits the nonlinear metalens at the position marked with a red cross.

(4.15)
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The lens is locally acting as a beam deflector, which diffracts the THG beam in
the direction of the lens center. In a distance of 2f behind the metalens, the image
of the Gaussian beam waist with a width that is reduced by the factor of \/iﬁ is
obtained. Here, the TH beam width of 27 wm is measured. The measurement in e
shows similar results. In this case, the nonlinear metalens ML400 generates the TH
Gaussian beam in a distance of 2f = 800 um and with a FWHM of 29 um.
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Figure 4.5: Image formation of a single Gaussian beam waist. a Experimen-
tally obtained THG intensity distribution (green color) for the imaging of an off-axis
fundamental Gaussian beam (red color) by the nonlinear metalens with focal length of
f =300 um. b The same experiment is shown for the metalens with a focal distance of
f =400 um. ¢ Microscopic white-light image of the nonlinear metalens d Measured 1D
transverse intensity distribution of the fundamental wave intensity and the TH intensity
at 2f = 600 pm distance (ML300). The inset shows the measured 2D fundamental
wave intensity (scale bar: 100 pm). e Measured intensities as in d but for the metalens
ML400. The THG Gaussian beam is obtained in a distance of 2f = 800 um.
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4.3 Generalized Gaussian lens equation

It is difficult to describe the image formation of simple real objects analytically
because the Fourier transformation is more complex than for Gaussian beams.
Therefore, a general analytical solution for the nonlinear image formation of shaped
apertures cannot be provided. However, under the assumption that a simple object
is illuminated by a plane wave very near to the metalens position, one can neglect
the diffraction of the object for the propagation distance to the metalens. Thus,
the fundamental intensity distribution on the metasurface does not change much
compared to the object plane [Meh17]. It can still be assumed as a binary step
function consisting only of ones and zeros. In this case, the raise to the nth power
of the electromagnetic field can be neglected. This will simplify the mathematical
derivation of the nonlinear lens equation. By removing the exponent n the equation
becomes solveable. The nonlinear electromagnetic output field for plane wave (pw)
illumination reads:

E® (w,n) = F7 [F[(F [F[Bpw(@), k] e, o] ) ciomboV/ I j] einksb o],
(4.16)

Solving this approach leads to a modified form of the Gaussian lens equation, the
generalized nonlinear lens equation:
1 1 1

Ty T (4.17)

The simplification can be supported with the help of a numerical BPM simulation.
In fig. 4.6 the THG image of an L-shaped aperture is shown in the image distance.
In the left picture the raise to the third power of the electromagnetic field is taken
into account, while in the second one it is left out. It can be seen that the intensity
distributions differ only slightly and therefore the simplification introduced above
can be adopted. To demonstrate the imaging of real objects experimentally, the
L-shaped aperture is placed it in a very short distance (a=-300 um) to the metalens
sample (ML300). Note that in linear optics this should result in an image formation
at infinity. The aperture is illuminated with the broader fundamental beam waist
(FWHM =~ 111 um, condenser lens focal length: f; = 500mm). Then the THG
intensity distribution in different transverse planes on the optical axis is measured
(fig. 4.7). At the metalens position (z = 0), it is observed that the L-shape intensity
distribution does not change much. One part of the THG intensity is converted and
contributes to the image formation process, while the other part comes from the
silicon itself and does not contain the phase information of the metalens. Therefore,
its change in propagation direction is only caused by diffraction of the aperture.
For a distance larger than z = 100 um from the lens position, one can distinguish
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Figure 4.6: Numerical simulation of the THG image formation. a Simulated
TH intensity obtained by taking into account the raise to the third power of the
electromagnetic field. b Simulation results obtained by neglecting the raise to the third
power of the electromagnetic field. The parameters are object distance a = —300 pm,
image distance b = 450 um, and focal length f = 300 pm.

between the converted and the unconverted part of the THG. The converted part is
focused at the focal length of f = 300 um. The sharpest L-shape image is detected
at z ~ 450 um with a magnification I"®) ~ —0.5. This is in perfect agreement with
the generalized nonlinear lens equation and magnification equation:

1 1\ b
b= =4+ — = 450 d 1™ = — ~ —0.5. 4.18
(f * 3a) HL Al 3a (4.18)

Interestingly, a small amount of THG features a negative phase profile (compare
fig. 4.3, -1 diffraction order). The resulting concave lens-like phase profile forms a
virtual nonlinear image at the image distance b* in front of the metalens ML300
with focal length of f* = —300 um. In accordance to the generalized nonlinear lens
equation, this distance is determined by

b= (L o 225 a rov =¥ g5 4.19
_<F+%) = —225um an =3, ~ 025 (4.19)
In the measurement, the sharpest image formation can be clearly detected between
z = —220 um and z = —230 um. The the corresponding simulation with BPM just
utilizes a negative phase profile.

These experimental measurements of the THG real image formation were repeated
for greater object distances a = (—400, — 500) um (see fig. 4.8). The sharpest THG
image is detected at z = 380 um (for a = —500 um), or rather z = 400 um (for
a = —400 um). It turns out that a configuration with small |a|/l parameter (where
is the size of the aperture) is beneficial for the nonlinear image formation. In this
way, the nonlinear autocorrelation (which will be demonstrated in section 4.4) is
weak and thus the nonlinear image quality is similar to its linear counterpart.

As an overview, the most important results are summarized in fig. 4.9. It is
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Figure 4.7: Simulation and measurement of the THG image formation for
an L-shaped aperture. a The first row shows the simulation and the second row the
corresponding measurement. An L-shaped aperture (white inset) is placed in a small
object distance (a = —300 um) to the nonlinear metalens ML300. The THG intensity
distribution is measured on the optical axis. The upper right corner shows the THG
just originating from the silicon without any lens-like phase profile. At z = 450 um
the sharpest THG image is detected. b The simulation for the same configuration but
with a negative phase profile (concave lens) results in a virtual image formation at
z = —225 um. The second row verifies that a small part of the generated THG features
a negative lens profile, which forms the corresponding virtual image in accordance to a
generalized lens equation.

demonstrated how the optical information of an upside-down L-shaped aperture
(a), which is illuminated with the fundamental wave, is first subjected to a non-
linear optical Fourier transformation by the nonlinear metalens ML300 (b), and
then the optical information is reproduced in the image plane as an upright real
image in the THG (c). These experimental findings are supported by theoretical
calculations employing the nonlinear beam propagation method fig. 4.9 (d-f). All
the measurements of the nonlinear image formation for different object distances
a = (=300, — 400, — 500) pm are plotted on the function b(a) = (+ + 5-) ", which

f
confirms the validity of the generalized Gaussian lens equation. An interesting conse-
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Figure 4.8: Measurement of the THG image formation for different object
distances. a An L-shaped aperture (white inset) is placed in an object distance
(a = =500 pm) to the nonlinear metalens ML300. The THG intensity distribution is
measured on the optical axis. The upper right corner shows the THG just originating
from the silicon without any lens-like phase profile. At z = 380 wm the sharpest
THG image is detected. b THG image formation for a different object distance
(a = —400 um). The image plane is measured at z = 400 pum.

quence of the generalized nonlinear lens equation is the shift of the image formation
to shorter object distances |a| depending on the order of the nonlinear process n.
The resulting graphs for the image distance b(n,a) for linear metalens (red), SHG
metalens (green), and THG metalens (blue) are shown in fig. 4.10a. All lenses have
a focal length of f = 300 um and can produce a 1:1 image at an image distance of
b =2f = 600 um (black rectangular dots). Note that the image distance b always
diverges for a = f/n. The configurations used in the previous measurements and
simulations for the THG lens are illustrated as blue dots in the graph for the THG
image formation. A special case is the generation of a virtual image using a convex
converging lens (fig. 4.10b). This has already been demonstrated for linear metalenses
[Chel2]. However, the generalized nonlinear lens equation now offers the possibility
to generalize this prescription as well. For this, the object must be placed at an
object distance of a < f/n. Such case is marked as a magenta point in the graph.
The L-shaped aperture is located in an object distance of only a = —f/6 = —50 pm.
According to the generalized lens equation, the THG image should be formed at an
image distance of b = —f = —300 um. Such a short object distance |a| is difficult
to realize experimentally. However, it can be confirmed by numerical simulation
using the BPM. It is shown that the virtual image formation in the third-harmonic
signal features a magnification of I'™ = b/3a = 2 at the expected image distance of
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b= —300 um (fig. 4.10c). The image is oriented in the same way as the aperture.
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Figure 4.9: Nonlinear imaging governed by the generalized Gaussian lens
equation. Upper row: a Microscopic white light image (transmission) of the fabricated
L-shaped aperture placed at an object distance a = —f = —300 um in front of the
metalens (ML300). In this configuration, a conventional lens equation predicts an
image formation at infinity distance. b Focusing of the THG at z = 300 um back
focal plane of the metalens. ¢ TH image formation of the L-shaped aperture at an
image distance of b = 450 um. The real image appears inverted and demagnified in full
agreement with the generalized lens equation. d-f Corresponding numerical simulation
with beam propagation method on the same length scale. g Plot of image distances b

versus object distances a. THG image formation measurement is shown for different
object distances a = (—300, — 400, — 500) pm.
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Figure 4.10: Nonlinear virtual image formation with converging THG met-
alens. a Plot of image distances b(n,a) versus object distances a in accordance to
the generalized nonlinear lens equation. Linear (red), SHG (green), and THG image
formation (blue) are shown for the same focal length of f = 300 pm. All produce a 1:1
image at an image distance of b = 2f = 600 pm (black rectangular dots). The blue
dots indicate configurations used in the previous measurements and simulations for
the THG lens. b Schematic illustration of a virtual image formation with a converging
THG metalens. The object is placed at a = — f /6 leading to a virtual image at b = —f.
c Corresponding numerical simulation with beam propagation method that refers
to the magenta point in a. Virtual THG image is formed at an image distance of

b= —f = —300 pm.



82 Chapter 4 The nonlinear image formation with nonlinear dielectric metasurfaces

4.4 Higher order nonlinear spatial correlations

In this section, further physical phenomena will be illustrated with regard to the
image formation with THG metalenses. In the experiment, these were first noticed
when objects were tried to be imaged from a relatively large object distance. Unlike
the plasmonic SHG lens, several additional features appeared in the THG image
that can be linked to higher order nonlinear spatial correlations. The phenomena
become particularly clear in numerical simulations, in which two Gaussian beams
cause interference phenomena on the metasurface.

4.4.1 TH imaging of multiple Gaussian beams interfering on the metalens

As a first step, the image formation of a ‘two-point source’ is numerically investigated:
the interaction of a pair of Gaussian beams, whose beam waists are located in an
object distance a = —500 pm in front of the metalens. The angle of incidence with
respect to the metasurface is five degrees so both beams interfere exactly at the
metalens position. In this example, the focal length of the metalens is choosen to
be f = 250 um. Then the nonlinear image formation from the metalens position at
z =0 to z = 600 um behind the metalens is simulated in the linear (red) and the
nonlinear (THG, green) case (fig. 4.11 a, b). The interpolated surface plots of the
intensity distribution in the axial direction are plotted for the linear regime (fig. 4.11
¢, frequency w), for third-harmonic generation (fig. 4.11 d, frequency 3w) and for
second harmonic generation (fig. 4.11 e, frequency 2w). It can be observed that both
Gaussian beams are imaged in the linear case at an image distance of b = 500 pm
behind the metalens. In the nonlinear regime, an image of both Gaussian beams with
the reduced FWHM (factor \/Lﬁ) can be obtained at the same distance b. However,
an additional central signal between both Gaussian beams for the SH case and two
additional signals for the TH case can be found, which propagate exactly at the
vertically opposed half-angle (2.5°) with respect to the metasurface. This behavior
can be explained by the interaction of different k-vectors at the nonlinear generation
process. In the case of SHG (e), the outer circles are formed by 2w-photons generated
by w-photons from one Gaussian beam (both photons from either the left or the right
beam). The central signal originates from 2w-photons generated by two w-photons
from each input Gaussian beam (e.g. one w-photon from the left beam and one
w-photon from the right beam). The case of THG can be explained in the same
way as a three photon mixing process. In fig. 4.11 f, the one-dimensional intensity
distribution of the two input Gaussian beams at the object distance z = —500 pm
(red) is shown and its autocorrelation (blue) is calculated mathematically. The cross-
correlation of the input intensity distribution and its autocorrelation is calculated
as well (green). Herein, fig. 4.11 demonstrates how the nonlinear metalenses can be
used to optically execute mathematical operations that resemble autocorrelations
(SHG metalens) or higher-order autocorrelations (THG metalens).
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Figure 4.11: Simulation of the image formation of two Gaussian beams.

a-b Simulation of different transverse intensity distributions along the optical axis with
the help of the beam propagation method in the linear (red) and the nonlinear case
with a metalens for THG (green). The metalens is illuminated by two Gaussian beams,
which interfere at the lens position. c-e corresponding interpolated surface plots for
the image formation in the linear case (red), for THG (green) and SHG (blue). f The
1D intensity distribution of two Gaussian beams (Input, red) is taken as an input
for the mathematical execution of an autocorrelation function (ACF1, blue) and a
higher-order autocorrelation function (ACF2, green), which is just the cross-correlation
function of the input and ACF1.




84 Chapter 4 The nonlinear image formation with nonlinear dielectric metasurfaces

4.4.2 Experimental demonstration of TH imaging of two apertures

The actual interaction of multiple Gaussian beams on the metasurface has also been
investigated experimentally. It required the use of an additional tunable delay line to
adjust the temporal coherence of the two beams. However, the experiment proved to
be unfeasible so far because the home-built delay line was too inaccurate. Therefore,
to verify the simulations experimentally, circular apertures are used as real objects in
front of the nonlinear metalens to represent multiple Gaussian beams. The apertures
are fabricated with standard electron beam lithography and etching into a 100 nm
thick chromium layer. Each circular aperture has a diameter of 60 pm and the
distance between them is 140 pm.

The fundamental light propagates through the two apertures and diffracts during
the propagation in the linear regime (see fig. 4.12a, b). To obtain the interaction of
many different k-vectors, interferential effects at the metalens position are increased
by choosing a comparatively large object distance of a = —3 mm. The signal interferes
at the metalens surface and is partially converted to the third-harmonic wavelength.
The added spatial phase information by the metasurface results in a focusing of
the TH light. The resulting distribution of the THG signal along the optical axis
is shown in fig. 4.12c. Since the fundamental light reaching the metalens possesses
spatial coherence, the generated nonlinear signal possess new spatial frequencies
leading to two additional maxima of the TH signal in the image plane (see fig. 4.12d).
Hence, the nonlinear image formation can be associated with a higher-order nonlinear
correlation process. At the location of the image plane (z = 465 um), four THG
intensity maxima instead of two expected spots for linear optics are observed. The
resulting THG image can be understood in the following way: the larger outer circles
are formed by 3w-photons generated by w-photons all coming from the same aperture
(either top or bottom). Both inner smaller circles originate from three w-photons
generated by w-photons from both apertures (e.g. one w-photon from the bottom
aperture and two w-photons from the top aperture). Hence, the image formation
is associated with a third-order spatial autocorrelation function of the apertures,
carrying information about spatial coherence of light coming from the object. The
magnitude of the higher-order auto-correlation features found at the image plane
grows with the increase of the ratio @ The experimental results are supported
with numerical calculations using a beam propagation method. The results of the
corresponding theoretical calculations are shown in Fig. 4e-h.
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Figure 4.12: Nonlinear imaging and spatial correlation for two apertures.
Upper row: a White light image of the two circular apertures (A and B) in front
of the metalens. b Measured axial intensity distribution of the fundamental wave
between object and metalens position. Both apertures are simultaneously illuminated
with a weakly collimated beam at A = 1550 nm . ¢ Measured intensity distribution
of the THG intensity along the optical axis near the focusing and imaging planes of
the two apertures. d Cross-section of the corresponding TH intensity 465 um after the
metalens showing the formation of four maxima associated with the third-order spatial
autocorrelation function of the object. e-h Corresponding numerical simulation with
nonlinear beam propagation method: beam waist of two Gaussian beams is located in
the object plane. The fundamental and third-harmonic axial intensity distribution as
well as the image plane cross-section is illustrated.

4.4.3 Experimental demonstration of TH imaging of three apertures

A more complex photon interaction is investigated by adding a third circular aperture
to the object (aperture C in fig. 4.13a). At a distance of b = 465 um behind the
metalens a similar higher order correlation process can be observed (fig. 4.13b),
which shows two additional maxima on every side of the triangular arrangement.
The distance between the additional maxima on the longer side AC' is greater than
on the shorter sides BC and AB. Additionally, one can find one central maximum
at frequency 3w resulting from three w-photons coming from each of the three
circular apertures. This experiment is matched with theoretical calculations using
the nonlinear beam propagation method (fig. 4.13c, d).
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Figure 4.13: Nonlinear imaging and higher-order spatial correlations for
three apertures. Upper row: a Microscopic image of three apertures, illuminated
simultaneously at the object distance a = —3 mm . b The corresponding experimentally
obtained TH intensity distribution at b = 465 um behind the metalens shows the
formation of 10 maxima associated with the third-order autocorrelation. The marked
spot corresponds to the THG signal obtained via nonlinear conversion of w photons
from all three apertures. c-d Corresponding numerical results obtained with the beam
propagation method. Beam waists of three Gaussian beams are located in the object
plane. The waist and the intensity of the lower right beam is chosen to be slightly
different to the other two beams to reproduce experiment more accurately.

4.5 Conclusion

In summary, the imaging with a nonlinear all-dielectric metalens was demonstrated,
both experimentally and theoretically. An efficient design of a nonlinear dielectric
metalens is employed based on the generalized Huygens’ principle. This nonlinear
metalens facilitates higher-order spatial correlation effects originating from the
nonlinear frequency conversion not available in the linear regime. The conditions
to maximize and minimize the additional higher-order autocorrelation features
at the image plane were illustrated. Based on the experimental observations, a
generalized form of the Gaussian lens equation is formulated for imaging through
general nonlinear lenses, which is in analogy to the well-known thin-lens equation in
linear ray optics. The modified lens equation predicts correctly the size and location
of the formed nonlinear image in the experiments. However, this model is limited to
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simplifications by assuming an object position close to the lens and a plane-wave
illumination. Nonlinear metalenses provide a future platform for applications in
nonlinear information processing, including pattern recognition based on higher-order
spatial correlations [McL68]; all-optical higher-order Fourier transformations; short
laser pulse diagnostics; and spatial photon correlation and coherence measurements.






CHAPTER 5

Linear metalenses for integration in optical tweezers

Dynamic control of compact chip-scale contactless manipulation of particles for
bioscience applications remains a challenging endeavor, which is restrained by the
balance between trapping efficiency and scalable apparatus. Metasurfaces offer the
implementation of feasible optical tweezers on a planar platform for shaping the
exerted optical force by a microscale-integrated device. In this chapter a highly effi-
cient silicon-based metalens for two-dimensional optical trapping in the near-infrared
is experimentally demonstrated [Cha20]. The use of high-efficiency metalenses in
optical tweezers provides a user-friendly and easy-to-implement application in the
linear regime that can be realized with continuous wave lasers. At the same time,
the fabricated metalenses also offer new functionalities that cannot be realized with
traditional optical tweezers. The metalens concept is based on the Pancharatnam-
Berry phase, which enables polarization-sensitive particle manipulation. The optical
trapping setup is capable of adjusting the position of both the metasurface lens and
the particle chamber freely in three directions, which offers great freedom for optical
trap adjustment and alignment. Two-dimensional (2D) particle manipulation is
done with a relatively low-numerical-aperture metalens (NAyy, = 0.6), which allows
for 2D polarization-sensitive drag and drop manipulation of polystyrene particles
suspended in water. Furthermore, the transfer of angular orbital momentum to these
particles with a single tailored beam is experimentally demonstrated. These function-
alities may open new possibilities for lab-on-a-chip optical trapping for bioscience
applications and microscale to nanoscale optical tweezers.

89
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Figure 5.1: Ray optics explanation of the momentum conservation in op-
tical tweezers. a Dielectric particle with refractive index nj is freely suspended in
water with lower refractive index n,, = 1.33. It enters an optical trap created from
a strongly focused beam. b Individual rays of light are refracted at the interfaces of
the bead and the surrounding medium. When the bead is laterally displaced from
the beam center (in xy-dimension), more intense rays are refracted away from the
beam center indicating a momentum change AP. There is an equal and opposite
momentum change —AP on the particle resulting in a net force that pulls the particle
to the center of the beam. ¢ When the bead is axially displaced from the beam center
(in z-dimension), rays of light are symmetrically refracted resulting in a momentum
change AP1 + AP2 that causes an axial net force on the particle towards the beam
center.

5.1 A short introduction to optical tweezers

Nowadays, optical tweezers as a cutting-edge technology pave the way to new intrigu-
ing application opportunities in the fields of biophotonics and biomedical research,
such as studies of cell interaction, embryology, cancer research, or molecular motor
characterization [Dholl; Joh16; Lil9; Sur05]. In this context, optical microma-
nipulation includes not only trapping by a noncontact force but also single-cell
manipulation, alignment, and sorting of mostly micrometer-sized dielectric particles
[Chi05; Gri03; Mac03]. Furthermore, digital holographic optical tweezers can be used
to generate individual traps to transfer orbital or spin angular momentum and enable
particle circulation and spinning [Gar02; Magl8; Padl1]. To obtain a stable trapping
potential, the gradient force of a tightly focused beam must balance the scattering
force exerted on the particle by Fresnel reflections [Ash70]. Particles are attracted
along the electric field gradient to the focal region of most intensity. A physical
explanation is provided by the conservation of momentum in the ray optics model
(fig. 5.1). However, it can only be used if the particle sizes are significantly larger



5.1 A short introduction to optical tweezers 91

than the optical wavelength A\. The model is presented by a dielectric particle with
refractive index n; that moves randomly into an optical trap of strongly focused laser
radiation. Individual rays of light are refracted at the interfaces of the bead and the
surrounding medium causing a change in the direction of the light propagation. In
case of a particle displaced from the beam axis (fig. 5.1 b), stronger rays are refracted
in the direction of the displacement. According to Newton’s third law, the induced
change of light’s momentum AP evokes an equal and opposite lateral net force on the
particle [Cha06]. In case of an axial displacement of the bead (fig. 5.1 ¢), both rays
are symmetrically refracted resulting in a momentum change AP1+ AP2 that causes
an opposite axial net force on the particle towards the beam center. While the lateral
manipulation of the particle can also be realized by the intensity distribution of an
unfocused laser beam, the axial manipulation requires strongly focused laser beams.
In the incident cone of light, rays close to the optical axis contribute little to the
trapping, but much to the scattering force (associated to reflection and absorption)
[Afz92]. Thus, especially beams that are strongly diffracted by the lens contribute
sufficiently to the backward axial net force on the particle. Therefore, particle
manipulation is typically accomplished with the use of high-numerical-aperture (NA)
microscope objectives. Current research on optical tweezers is directed towards the
design flexibility and versatility in the field of applications, which can be greatly
enhanced by replacing bulky and expensive optical elements, such as microscope
objectives and spatial light modulators, with miniaturized devices in truly compact
setups, suitable for integration into lab-on-a-chip systems. Benefitting from high
degrees of freedom in phase modulation and manipulation of the focal characteristics,
a polarization-sensitive plasmonic metalens was used to replace bulky refractive
elements [Marl8; Suw19]. However, the relatively low diffraction efficiency of the
plasmonic metasurfaces, which directly affects the optical trap efficiency, limits their
applicability in optical trapping [Chel5; Chel2; Nil3a).

In recent years, all-dielectric metasurfaces made of low-loss and high-refractive-
index materials have been introduced [Khol5; Khol6; Saulb; Yul5]. Compared
to their plasmonic counterparts, they feature higher diffraction efficiency, lower
absorption loss, and a larger optical damage threshold, making them a suitable
candidate for application in optical tweezers [Xul8]. The utilization of a silicon
metalens in optical trapping has been shown recently [Tkal8|. The work demonstrated
optical trapping with a reflection-based silicon metalens in a microfluidic environment.
However, such reflection-based focusing elements require a double pass of the light
through the fluidic system, which can increase damage to biological samples and
reduce the focal spot quality by additional scattering processes.
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5.2 Dielectric metasurfaces for integration in optical tweezers: Schematic
Concept, Metasurface Design, and Nanofabrication

Here a versatile optical tweezers setup based on transmission-type all-dielectric
silicon metasurface lenses is presented. This technique not only allows optical
trapping of microbeads at a fixed position but also optical manipulation without
using traditional optical elements. The shaping of the trapping beam intensity profile
is done by adding a spatially variant phase modulation to the incident beam, which
is based on the known Pancharatnam-Berry phase concept (see section 2.2.2). The
abrupt phase change follows for circularly polarized light that is converted to its
opposite helicity [Bom02]. This concept enables this device to work either as a
convex or concave lens based on the used input circular polarization state [Chel2;
Mal7; Yuld]. In this way, polarization-sensitive two-dimensional (2D) drag and
drop manipulation of polystyrene microbeads suspended in water is demonstrated.
Furthermore, the concept is expanded to realize a dielectric vortex metalens, which
was used to create a donut-shaped intensity distribution in the focal region without
the need for an additional phase mask (q plate). Theoretical concepts for the orbital
angular momentum (OAM) transfer with dielectric vortex metalenses already exist
but have not yet been experimentally demonstrated [Mal7]. In this work, it is shown
that optically trapped particles can indeed rotate in a circular motion based on
the topological charge of the helical phase front. With this approach, metasurface-
enhanced optical tweezers are demonstrated, which show a high transmission efficiency
with simultaneous flexibility in beam shaping that can be used for a broad range of
applications in miniaturized “lab-on-a-chip-ready” systems [Fig00].

5.2.1 Schematic Concept

The concept of the metalens optical tweezers is shown schematically in fig. 5.2a. An
incident right circularly polarized Gaussian beam at 800 nm wavelength is collected
by an ultrathin planar metalens and converted to a left circularly polarized beam
that is focused at the designed focal length. Polystyrene microbeads, which have a
refractive index higher than water, are optically trapped near the focal plane.

To implement the metalens, a 2D circular nanofin array made of amorphous silicon
was designed and fabricated. The radially changing rotation angle 6(r) of the nanofins
is determined by the desired PB phase modulation ¢(r) = 2060(r), such that 6(r) for
a lens-like phase profile is

0(r) = Sho(v/ T2 72 =[], (5.1)

where o = +1 stands for left or right circular polarization (LCP or RCP), ko = ¥ is
the free-space wave vector, r is the distance of the nanofin from the center of the
lens and f is the focal length of the metalens [Chel5; Chel2].
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Figure 5.2: Schematic concept and SEM image of the all-dielectric metal-
ens. a The conceptual image illustrates the trapping of a polystyrene microbead with
the help of an all-dielectric metalens, that converts an RCP incident Gaussian beam
to a focused LCP beam. b SEM image of the fabricated metalens that consists of
amorphous silicon nanofin array. The red inset shows a region at the edge of the
metalens.

5.2.2 Rigorous Coupled Wave Analysis

By using rigorous coupled-wave analysis (RCWA) with periodic boundary conditions,
the optimal structure sizes were found for silicon nanofins on a glass substrate. The
method is based on a Fourier modal method as a special frequency solver, which
numerically solves the time-harmonic Maxwell’s equations for the design wavelength
[Weill]. A nanofin scatterer with length L, width W, and height H is placed in the
center of a quadratic unit cell with a periodicity P (center-to-center spacing). In order
to keep the compatibility with top-down nano-fabrication, the parameter sweep for
L, W and P is done while keeping the height H fixed. As described in section 2.2.2,
efficient Pancharatnam-Berry phase control requires nanostructures to work as local
half-wave plates. Therefore, the transmission efficiency for a polarization conversion
from one circular state of polarization to the other needs to be maximized [Geol9):

1

Tcross = Z‘t:m: - tyy + Z(259[:y + tyx)lza (52)

where the transmission matrix is
t t
t:( o ) (5.3)
twy tyy

Details of the design optimization method can be found in an earlier work [Geol9].
Accordingly, the nanofin geometries are set to the length of L = 200 nm, the width
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of W =120 nm, and the center-to-center spacing of P = 360 nm (fig. 5.2 b).

5.2.3 Nanofabrication

Three different kinds of all-dielectric silicon metasurfaces were used for the experi-
mental study. A metalens, a linear phase gradient metasurface, and a vortex metalens
were fabricated on a 1.1 mm thick glass substrate using silicon deposition, electron
beam patterning, and reactive ion etching [Reil9]. At first, a 600-nm-thick amorphous
silicon (a-Si) film was prepared through plasma-enhanced chemical vapor deposition
(PECVD). Then poly-methyl-methacrylate (PMMA) resist layer was spin-coated
onto the a-Si film and baked on a hot plate at 170°C for 2 minutes. Next, the nanofin
structures were patterned by using standard electron beam lithography (EBL). The
sample was then developed in 1:3 Methyl isobutyl ketone (MIBK): Isopropyl alco-
hol (IPA) solution and washed with IPA before being coated with a 20-nm-thick
chromium layer using electron beam evaporation. Thereafter, a lift-off process in
acetone was executed to remove the remaining PMMA from the surface. Inductively
coupled plasma reactive ion etching (ICP-RIE) was used to transfer the structures
from the chromium mask to silicon. After dry etching the silicon, a thin layer of
chromium mask was left on top of the silicon nanofins and a wet etching process was
used to remove the residual chromium mask completely ( see fig. 5.2 b).

5.2.4 Optical Characterization of the Metalens and Vortex Metalens

In fig. 5.3 a-b the impact of the polarization-dependent phase modulation is shown by
measuring the beam intensity profile along the propagation direction z for different
circularly polarized beams incident on the metalens (see also fig. 5.6 b). For that,
snapshots of the transverse intensity profiles in incremental steps of 5 pm over the
total distance of 825 pm were taken (for RCP and LCP incident light, respectively).
The profiles correspond to axial cross-sections of image stacks obtained from different
transverse planes. Nearly identical real and virtual focal spots with an FWHM of 0.9
nm are observed at the designed real and virtual focal planes of z= f = +530 um
(fig. 5.3 c-f). The numerical aperture of the metalens in air is NA ~ 0.6. The
diameter of the metalens is 800 pm.

The metalens diffraction efficiency is crucial for the application in optical tweezers.
Note that any polarization-unconverted light (same polarization as the incident
polarization state) does not carry the metalens phase information and therefore is
not contributing to the focusing. It only increases the radiation pressure on the
particle and decreases the trap efficiency. The metasurface diffraction efficiency was
measured by using a metasurface diffraction grating, which is fabricated with silicon
nanofin parameters identical to those of metasurface lenses on the same substrate.
A conceptual schematic of the measurement is illustrated in fig. 5.4a. A focused
circularly polarized Gaussian beam incident on the grating is partly converted to
the cross-circular polarization at the metasurface position (RCP to LCP or LCP
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Figure 5.3: Optical characterization of the all-dielectric metalens. a and b
Cross-sections of the intensity distribution of the focused beam along the optical axis
for incident beams with different circular polarizations, drawn on a logarithmic scale.
For LCP (RCP) illumination, the metalens acts as a concave (convex) lens, which
results in a virtual (real) focal point at z = -530 ym (z = +530 pm ). The metalens is
located at z=0. ¢ and e Transverse intensity distributions at the virtual (real) focal
point position, drawn on a linear scale. d and f Red dots: 1D intensity cross-sections
along the white dashed line shown in panel c and e, respectively. Black dashed line:
Gaussian fits to the measured data points, which provide an FHWM of 0.9 pm in both
considered cases.

to RCP) and then deflected by the introduced phase grating into the 1st or -1st
diffraction order, while the unconverted part of the incident beam causes the Oth
diffraction-order in co-circular polarization (RCP to RCP or LCP to LCP). To
determine the diffraction efficiency, the k-space intensity distribution was measured
for all combinations of input and output circular polarization states (fig. 5.4b, see also
fig. 5.6¢ for detailed experimental setup). The diffraction efficiency is defined by the
ratio of the desired cross-polarized light intensity that is diffracted into the first order
to the total amount of light that was transmitted by the metasurface. Diffraction
efficiencies of 82.1% for LCP and 83.7% for RCP input light are obtained. From that,
the polarization conversion efficiency is determined by multiplying the diffraction
efficiency by the transmission coefficient [Qin16]. The transmission coefficient is
defined by the ratio of the total intensity transmitted through the metasurface
compared to the intensity transmitted through the glass substrate. From these
values, the overall conversion efficiency for the converging metalens and vortex
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Figure 5.4: Measurement of the metasurface diffraction efficiency. a
Schematic image of the diffraction efficiency measurement: The metasurface diffraction
grating with LCP incident light deflects the RCP beam to the —1st order of diffraction,
while the unconverted LCP part remains at Oth diffraction order. b The cross-section
intensity distribution of 1st, Oth and -1st order of diffraction for the incident LCP and
RCP beams, further divided into the respective co- and cross-polarization states.

metalens was estimated to be 70.8%.

As a next step, the optical properties of the vortex metalens were characterized
in the same way as for the regular metalens (fig. 5.5a-f). For fabricating the vortex
metalens, the metasurface design flexibility can be used to superimpose the spherical
phase profile of the regular lens with a helical phase factor ¢p,(z,y) = marctan(z/y)
that generates a high-quality donut-shaped intensity distribution with a topological
charge of m = +4, whereas x and y are the center coordinates of each nanofin (fig. 5.5
c-f) [Mal7]. Depending on the input circular polarization, the phase modulation
of the vortex metalens is reversed resulting in either a real focusing vortex beam
with a topological charge of m = +4 for an incident RCP beam or a virtual focusing
vortex beam with inverted OAM helicity (m = —4) for an incident LCP beam. The
vortex metalens has a diameter of d,,,, = 400 pm and a focal length of fyg, = 545
pm, corresponding to a numerical aperture of NA = 0.35.
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Figure 5.5: Optical characterization of the vortex metalens. a and b The
cross-section intensity distributions of the beams converted by the vortex metalens
along the optical axis on a logarithmic scale for better visibility. For LCP to RCP
(RCP to LCP) conversion, the metalens acts as a concave (convex) vortex lens, which
results in a virtual (real) focal point at z = —545 pm (z = +545 pm). The helical
phase factor results in zero intensity on the optical axis in the focal region. ¢ and e
Transverse intensity distributions of the donut-shaped beam profiles at the focal point
positions indicated by white arrows in panels a, b drawn on a linear scale. d and f
Red dots: 1D intensity cross-sections along the white dashed lines shown in panels c
and e, respectively.

5.3 Metasurface enhanced optical tweezers for two-dimensional particle
manipulation

Next, the performance of the different fabricated metalenses is characterized for the
optical trapping of microbeads.

5.3.1 Experimental Setup

The metalens optical tweezers setup is shown in fig. 5.6a. A continuous-wave
Ti:sapphire laser at a fixed output wavelength of 800 nm was used as the light
source. The laser power was adjusted with a HWP placed in front of a fixed Glan-
Taylor polarizer. By adjusting the QWP, different input circular polarizations can be
generated. The laser beam was weakly focused by a regular convex lens (f; = 500 mm)
in such a way that the beam waist was slightly larger than the metalens diameter. A
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non-polarizing 50:50 beam splitter directed both the circularly polarized input beam
and the collimated white light illumination onto the sample. The laser beam reflected
from the beam splitter was used for power measurement. The metalens focused the
RCP beam into the polystyrene microbeads solution contained in a sample chamber
formed by a concavity glass slide and a cover glass. Both the metalens and the
sample chamber were adjusted freely using independent three-dimensional translation
stages. The laser beam profile and the white light image of the microbeads at the
same lateral plane were imaged on the CMOS camera (Thorlabs DCC1545M) by a
Nikon CFI60 Plan Epi infinity-corrected microscope objective (x 100/ 0.8) and a
tube lens (frr, = 200 mm). To block the laser power and track the particle positions,
a short-pass filter was placed in front of the camera. The experimental setup can be
easily switched to the optical characterization measurements, such as the propagation
experiment (fig. 5.6b) and the diffraction efficiency measurement (fig. 5.6¢).

d focal length

y
metalens 2_' X microbeads

sample MS 7 sample S

Figure 5.6: Schematic illustration of the measurement setup. A non-
polarizing beam splitter (BS) is used to insert white light (WL) for sample illumination
at the front side of the metasurface (MS - either metalens, vortex metalens, or metasur-
face diffraction grating) and to measure the incident laser power with a power meter
(PM). Three different configurations can be used (blue dashed boxes): a Metalens-based
optical tweezers system. Laser light with the desired polarization state is focused by
the metalens onto the microbeads sample (S) while the focal plane of the metalens
is imaged on the camera (CAM) through a microscope objective (MO) and a tube
lens (TL). The polarization states were separated by a polarization analyzer consisting
of a quarter-wave plate and a linear polarizer. b Optical propagation measurement
setup. ¢ Setup for efficiency measurement with the metasurface diffraction grating.
d Arrangement of the MS and S in the metalens-based optical tweezers system. H -
half-wave plate; Q - quarter-wave plate; P - linear polarizer; CL - collimating lens; F -
filter; f12,3 - lenses.
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5.3.2 Experimental Results and Discussions

For demonstrating the optical trapping, polystyrene microbeads (Polysciences Poly-
beads) were dispersed in purified water and the resulting suspension was loaded into
a concavity glass slide (cavity depth 1.2 - 1.5 mm), which is sealed with a 140-pm
thick cover glass. In the experimental setup, the metalens sample and this cover glass
were faced towards each other (fig. 5.6d). Hence, the working distance of the trapping
metalens had to cover a small air gap between the metalens and the microbeads
sample covered by the 140 nm thickness of the cover glass. The real focal spot was
then generated inside the spherical concavity. This configuration was the reason for
working with a relatively large focal length (f > 500 pm), but at the same time,
it also offered great flexibility in the trap center adjustment and simple and easy
switching between particles of different sizes. To switch to different particles, only
the microbeads sample needs to be replaced but the metalens sample remains exactly
in the focal plane of the incident beam.

Metalens optical tweezers for 2D Polarization dependent drag and drop

For the measurement, the metalens real focal spot is adjusted in an x-y-plane where
polystyrene microbeads were attracted to the cover glass surface. Such surface
adhesion forces like van der Waals and electrostatic interaction forces are known as
DLVO forces [Pral7]. In a horizontal beam path configuration, the transverse (lateral)
gradient force generated by the metalens focus was strong enough to maintain a
stable trap in 2D at a laser power of 30 mW. It also stabilized the particles against the
force of gravity that tried to pull the particles out of the trap in the y-direction. By
tuning the input circular polarization, particles were either be trapped and dragged
in the medium (operation as converging metalens) or they were attracted by the
surface of the cover glass (operation as concave metalens). Therefore, the 2D gradient
force as well as the radiation pressure can be tuned actively by the ellipticity of
the polarization state. The converging metalens for RCP input generated a focal
spot that was smaller than the particle diameter. Thus, the radiation pressure on
the particle increased while it was also partly counteracting the attraction between
particle and cover glass. For the 2D lateral trapping, the particle was attracted by
the trap center and could be dragged through the solution by moving the microbeads
glass slide sample. To drop the particle at the intended location, only the input
circular state of polarization was changed, so that the metalens would now work as a
concave lens and the beam diverges. Therefore, the radiation pressure on the particle
vanished and the particle stuck to the cover glass again. For demonstration purpose,
different lateral pattern in the form of the letters M, E, T and A were arranged with
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different particle diameters ranging from 2.0 to 4.5 nm (fig. 5.7a-d). 1.

The lateral trapping stiffness was evaluated by standard calibration methods that
are based on the particle motion in a stationary optical trap (fig. 5.7¢) [Mal02; Ost10].
For that, the MATLAB UmUTracker was used to track particle trajectories of the
polystyrene microbeads that freely sank to the bottom in the horizontal optical
tweezers setup (particle diameter 4.5 pm) [Zhal7]. These results were compared
with particles that sank through the 2D optical trap generated by the metalens
of NA =~ 0.6. The velocity with which the particle was attracted to the trap is
tracked for different laser powers from 20 to 90 mW. The power P in the trapping
plane is reduced due to the metasurface overall efficiency and interface reflections.
It was found that the maximum lateral trapping forces acting on the bead are
lower than F™* < 2 pN. The accuracy of the calibration procedure depends on
the precision of particle position tracking, which in the system is limited by the
magnification of the imaging system and the framerate of the used camera. It is
assumed that the trapping potential is harmonic following a linear dependence of
the lateral optical force on the particle distance from the beam axis. The linear fit
of the radial stiffness k, versus power P yields the power normalized radial stiffness
of K, ~ 7.53 pNpm W™, which agrees with values reported in other works under
similar experimental conditions [Mar18]. The trapping efficiency is

c
QT == krrmaX%—Pa (54)
where —< is the speed of light in the viscous medium and 7.y is the maximum
displaceglent. An efficiency of @), =~ 0.004 was obtained. The measurement results
are confirmed with radial stiffness simulation based on the Generalized Lorentz-Mie
theory (GLMT), [Nie07] which is illustrated in fig. 5.7f. As input parameters, the
focal spot size from the optical characterization measurement is broadened by a factor
of four in the actual metalens optical tweezers system (fig. 5.6a). Furthermore, the
wavelength was set to 800 nm, and the focal length to 530 pm. The simulation shows
the trap stiffness landscape for different particle diameters and relative refractive
indices. For polystyrene particles in water, the relative refractive index is An ~ 1.19
and for a particle diameter of 4.5 nm the power normalized radial stiffness is found
to be K, ~ 9.5 pNum~!W~!. Note that the model predicts that small changes in
particle size lead to large changes in trapping stiffness and therefore, simulation and

experiment should be compared with caution.

1 Video files of the M-shaped particle arrangement can be found in the supplementary material of
the original work[Cha20] (Visualization 1)



5.3 Metasurface enhanced optical tweezers for two-dimensional particle manipulation 101

0.6 |- - —°§
o g o
' 2115 '
Eos | 1z B
% & £
~04 i -
< o 1.10 5

03} 4 3 o5

&
02} - 1.05
1 1 1 1 1
20 30 40 50 60 1 2 3 4 5 6
Power in trapping plane (mW) Particle diameter (um)

Figure 5.7: Metalens for 2D polarization-sensitive drag and drop manipu-
lation of particles. Polystyrene particles with a diameter of a 4.5 pm, b 3.0 pm, ¢
2.0 nm, and d 4.5 pm are dispersed in water and arranged by polarization-sensitive
drag and drop using the metalens. e Radial stiffness k, vs power in trapping plane P
for polystyrene particles with a diameter of 4.5 ym. f GLMT simulation for the radial
stiffness of optical trap with different particle refractive indices and various particle
diameters. Dashed lines indicate the experimental values of the particle size and the
relative refractive index.

5.3.3 Vortex Metalens for OAM transfer with a single tailored beam

In a second metalens optical tweezers experiment, the OAM transfer from the vortex
metalens to a polystyrene microbead is studied. The optical trapping part of the
setup (marked with the blue dashed box in fig. 5.6a) is rotated by 90 degrees so that
the gravitational force does not disturb the lateral rotation movement of particles in
the x-y-plane (vertical optical tweezers setup with the gravitational force parallel to
the z-axis). Only the sample with polystyrene microbeads of 4.5 pm diameter is used.
The vortex focal spot with the topological charge of m = +4 was adjusted to the
lateral region where particles stuck to the cover glass (fig. 5.8a). The donut-shaped
intensity distribution is marked with red dashed lines and a short-pass filter is put
in front of the camera to block the laser radiation. The microbeads sample is moved
laterally to trap only one particle onto the donut-shaped intensity distribution.
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Next, it was observed that the polystyrene bead is undergoing a rotational move-
ment along with the vortex beam profile at 19 mW laser power, consistent with the
topological charge of the beam (see [Cha20], Visualization 2). The movement is
tracked in the x-y-plane with the help of MATLAB UmUTracker (fig. 5.8b). However,
the particle was pushed in the axial direction and left the lateral trap potential after
approximately 35 seconds. The transient confinement might be caused by inhomoge-
neous illumination of the vortex metalens, which led to regions on the donut-shaped
intensity distribution with lower intensity. After 30 seconds the microscope objective
was readjusted about 12.5 pm in the z-direction. Nevertheless, a clear movement
along a circular path given by the intensity profile could be observed during that
time. Lastly, the power dependence of the radial trap stiffness was calculated by
repeating the calibration method for the vortex metalens (fig. 5.8c). The linear
fit now yields a power normalized radial stiffness, which is reduced to K, ~ 4.28
pNum W~ and a trapping efficiency of Q, ~ 0.002.
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Figure 5.8: Vortex metalens for OAM transfer a Vortex metalens with a numer-
ical aperture of NA = 0.35 is used to generate a donut-shaped intensity distribution in
the focal spot region. At ¢ = Os a particle (4.5 pm diameter) is attracted by the lateral
gradient force. The orbital angular momentum is transferred onto the particle resulting
in a clockwise rotational movement. Simultaneously, the particle is slowly pushed
out of the trap in the axial direction b Trajectory plot of the particle’s rotational
movement. ¢ Radial stiffness k, of the vortex trap versus power in trapping plane P.
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5.4 Conclusion

In summary, an efficient all-dielectric transmission-type metasurface made of Si
nanofins was demonstrated for optical micromanipulation in 2D optical tweezers. The
geometric Pancharatnam-Berry phase was utilized to enable a switchable metalens
functionality. The metalens functions as a convex or a concave lens based on the
circular input polarization. This concept was used to realize a polarization-sensitive
drag and drop manipulation of polystyrene microparticles dispersed in water at
a power-normalized radial stiffness of K, ~ 7.53 pNpm'W~!. Furthermore, the
OAM transfer onto particles was shown with the help of a vortex metalens, realizing
both vortex beam generation and focusing by one single metasurface element. The
radial stiffness per unit power was measured to K, ~ 4.28 pNpum*W~!. Hence, no
additional phase masks for beam shaping were required. The presented work may
pave the way for future devices based on metalens optical tweezers with possible
integration of electronically addressable liquid crystals. These can be utilized to
switch the polarity of the metalens and to enable fully remotely controlled lab-on-chip
optical tweezers.






CHAPTER 6

Summery and Outlook

The present work describes the realization and characterization of plasmonic and
dielectric metalenses for various nanophotonic applications such as image formation
using a nonlinear lens and integration into optical tweezers.

This work is motivated in particular by the fundamental question of how the
principle of imaging changes when the conventional lens is replaced by an optical lens
made of a nonlinear material. The answer to this scientific question is by no means
trivial, since geometrical optics, on which the foundations of imaging in the linear
regime are based, do not take into account the wave character of nonlinear optical
processes. Experimentally answering the question with conventional nonlinear optical
materials is not feasible because the phase-matching conditions of a lens-shaped bulky
nonlinear crystal cannot be met. At this point, nonlinear plasmonic metasurfaces are
introduced, since their subwavelength thickness significantly relaxes phase-matching
requirements. In this context, nonlinear metasurfaces can contribute significantly
to the understanding of fundamental research with regard to the nonlinear image
formation with nanoscale devices.

Based on the selection rules for the generation of a nonlinear harmonic processes
under illumination with circularly polarized light, ultrathin gold nanoantennas with
three-fold rotational symmetry generate an instantaneous SHG response of the
metasurface in the circular cross-polarization. At the same time, the fundamental
light is unaltered in its propagation. This is in contrast to lenses made of regular
nonlinear materials where linear and nonlinear beam propagation were manipulated.
To achieve the arrangement of the C3 nanoantennas, a PMMA mask was selectively
patterned by electron beam lithography followed by a subsequent metallization and
the removal of the resist mask. The nanostructures were studied in more detail
using linear and nonlinear spectroscopic methods. The maximum SHG signal is
measured for a fundamental wavelength of approximately 1115 nm and it is stronger
than that at the surface plasmon polariton resonance at 1085 nm. This redshift is
a result of the resonance that measures the wavelength dependent strength of the
far-field enhancement, while the nonlinear conversion is sensitive to the near field
enhancement.

The desired phase profile was realized by a nonlinear Pancharatnam-Berry phase

105
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that is governed by the meta-atom orientation angle and the spin state of the
fundamental wave. Thus, the spin-dependent focusing effect of SHG waves was
experimentally realized at both real and virtual focal planes at approximately
4100, 200 and 4 500 pum. Furthermore, real objects, which are illuminated by near
infrared light, can be imaged at visible wavelengths based on the SHG process at
the nonlinear metalens. Thus, illumination and detection wavelength are in different
spectral ranges. The nonlinear lens offers a spin-dependent dual polarity that allows
both virtual and real image formation. Simulations using beam propagation method
in the nonlinear regime as well as the experimental results show an image formation
which is not governed by the Gaussian lens equation. In particular, a real one-to-
one image of the L-shaped slot-aperture was realized, where the object distance
corresponds to the focal length. Interestingly, in linear optics this configuration
would result in an image formation at infinity because the image distance would
diverge.

Further experiments and simulations on the imaging of a double slit aperture
reveal a central line in addition to the image in the SHG. This additional feature in
the image is the result of the nonlinear process at the metalens that affects apertures
which create an interference pattern at the metalens position. Despite the image
distortion the experiment also serves as a demonstration of an "AND’ logic gate in
the nonlinear regime. The weak central line is only present if both the signals from
the two slits interact nonlinearly at the metasurface, whereas blocking either one or
both of the two slits would result in disappearance of the central line.

The concept of nonlinear metalens not only inspires new imaging technologies but
also provides a novel platform for generating and modulating nonlinear optical waves.
In particular, nonlinear information processing could benefit from such concepts, like
optical nonlinear Fourier transformation in integrated optical circuits.

Furthermore, it was shown that geometric phase controlled nonlinear metasurfaces
based on C3 nanoantennas can be used for many other application possibilities. In this
context, a metasurface for generating SHG signals carrying OAMs was demonstrated.
It shows the first simultaneous control of spin and orbital angular momentum of light
within a SHG process. Additionally, a new methodology is introduced to measure
the SAM-OAM mode in the nonlinear regime with the help of on-chip metasurface
interferometry.

The low SHG conversion efficiency from plasmonic metasurfaces could be greatly
improved by aligning the optical resonances of metasurfaces with intersub-band
transitions of quantum wells. In this way, nonlinear plasmonic metasurfaces, as a
complementary alternative to conventional nonlinear optical crystals, may find a
wide range of applications in optical switching, information technology, nonlinear
wavefront shaping or frequency conversions.

The study of image formation in conjunction with a nonlinear process at the
metasurface represents a new application of nonlinear metasurfaces and attracted a
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lot of attention in the scientific community. Unlike many previous scientific works,
well-known linear optical phenomena were not simply translated into the nonlinear
regime, but rather the nonlinear process provides additional functionalities and
physical insight into fundamental textbook physics of image formation. The topic
was pursued further by also investigating image formation for higher harmonic
processes (THG).

The image formation with an appropriate plasmonic nonlinear metalens for higher
harmonic generations could not be demonstrated due to the low conversion efficiency
and the low damage threshold. However, a more efficient design of a nonlinear
all-dielectric metalens is employed based on the generalized Huygens’ principle.
Therefore, nonlinear all-dielectric metalenses are fabricated on a glass substrate fol-
lowing the processes of deposition, patterning, lift-off and etching. Employing silicon
nanorods, a very common, in-expensive and extremely important semiconductor,
provides high damage threshold for the nonlinear conversion in strong laser fields. For
a linear input polarization, the silicon nanopillar resonators are designed to generate
similar intensities of the nonlinear third-harmonic signal combined with directional
forward scattering. Additionally, the different nanopillars provide different phase
delays ranging from 0 to 27 via the appearing geometric resonances at the THG
frequency. The nonlinear metalenses reach a maximum diffraction efficiency for the
THG of 48% at the design wave length of 1550 nm. The experimentally measured
THG conversion efficiency is of the order of 1075.

For the first time imaging with an all-dielectric metalens for THG was demonstrated
experimentally and theoretically. Based on the experimental observations that also
include former results from the plasmonic nonlinear lens, a generalized form of the
lens equation is formulated for the imaging through general nonlinear lenses, which
is in analogy to the well-known Gaussian lens equation in linear ray optics. The
modified lens equation predicts correctly the size and location of the formed nonlinear
image in the experiments. Additionally, it nicely demonstrates how fundamental
concepts of image formation can be altered to describe also the nonlinear imaging
processes.

Furthermore, the limiting effects of nonlinear image formation, already known from
the plasmonic lens, were investigated in more detail. All nonlinear metalenses facili-
tate higher-order spatial correlation effects originating from the nonlinear frequency
conversion that are not available in the linear regime. The conditions to maximize
and minimize the additional higher-order autocorrelation features at the image plane
were illustrated. Nonlinear metalenses provide a future platform for applications in
nonlinear information processing, including pattern recognition based on higher-order
spatial correlations, all-optical higher-order Fourier transformations, short laser pulse
diagnostics, and spatial photon correlation and coherence measurements.

In addition to nonlinear imaging, there are other interesting applications for
dielectric metalenses. Due to their high efficiencies, the integration into optical
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tweezers as an ultracompact device is a natural choice. In this context, an efficient
all-dielectric transmission-type metasurface made of Si nanofins was demonstrated
for optical micromanipulation in 2D optical tweezers.

The metalens is characterized by an overall conversion efficiency of more than 70 %
at the design wavelength of 800 nm. The geometric Pancharatnam-Berry phase was
utilized again to enable a switchable metalens functionality. Based on the circular
input polarization the lens features both a convex and a concave phase profile. This
concept was used to realize a polarization-sensitive drag and drop manipulation of
polystyrene microparticles dispersed in water at a power-normalized radial stiffness
of K, ~ 7.53pNpm W1,

Furthermore, the OAM transfer onto particles was shown with the help of a
vortex metalens, realizing both vortex beam generation and focusing by one single
metasurface element. The radial stiffness per unit power was measured to K, = 4.28
pNpum W=, Hence, no additional phase masks for beam shaping were required.

For practical usage in the fields of biomedical research or biophotonics it is
necessary to produce metalenses with a higher numerical aperture. This can be done
for example by immersion metalenses. It would be advantageous to produce the
nanostructures in such a way that they are surrounded by a synthetic material that
has the same refractive index as the solution in which the particles are located. In
this context, it would be very interesting to also improve the metalens design in such
a way that the outer k-vectors of the lens contribute more efficiently and thus also
enable 3D trapping of particles. Nevertheless, the concept allows exciting possibilities
in the fields of integrated nano-optoelectronics, lab-on-a-chip and microfluidic optical
tweezers. It may pave the way for future devices with possible integration of
electronically addressable liquid crystals. These can be utilized to switch the polarity
of the metalens and to enable fully remotely controlled lab-on-chip optical tweezers.
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A Derivation of the lensmaker's equation

A conventional bulky refractive lens is an optical device that can focus a collimated
beam at an focal point F. The distance from the center of the lens to this point is
called focal distance f. The question arises how to choose the radius of curvature to
focus light exactly at a given focal length. As depicted in fig. A.1, an incident ray of
light propagates through a medium with refractive index of n; parallel to the optical
axis in a vertical position p;. The beam is two times refracted at each interface of
surrounding medium (with refractive index n;) and the curved surfaces of the lens
(with refractive index ny) that are described by the radii of curvature Ry and R».
The beam emerges from the lens in a vertical position 0. The angle of incidence
at the first (second) interface is o (a3) and the angle of refraction with respect to
the normal is s (ay). Note that the size of the lens is exaggerated in the drawing.

ray of light

Qi

optical axis

Figure A.1: Geometric optical propagation of a ray of light through a
conventional lens. An optical lens with refractive index ns and radii of curvature
R; and Ry is surrounded by a medium with refractive index n;. A ray of light (green)
hits the lens at a height ¢;. The two refractions of the beam at the interfaces are
described by the angles of incidence a1 and as, and the angles of refraction s and ay.
The beam then emerges from the lens at a height g2 and is deflected to the optical
axis, with which it encloses an angle ~.

Realistically, the lens is thin, so the following simplifying assumptions are valid:

sina ~ tana ~ «

(A.1)
01~ 02 =0
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130 A Derivation of the lensmaker's equation

The beam deflections at both interfaces are governed by well-known Snell’s law.

N1 sin a; = Ny Sinvg — N1 = NoQeg (A.2)

N1 Sin g = Ny Sin g — N3 = NgQuy

Basic trigonometric relations can be found from fig. A.1:

a1 = sin 1 ~ £
Ry R,
% 0
0 = sin £ ~ £
R, Ry

In the next step, geometric equations are found to describe relations between the
angles.
ayg=7v+9
=7 (A.4)
Q9 + 3 = ) —+

Starting from the last equation, all other relations can be inserted successively.

g Q] T 0y) =0 R, R,
nyf o 1 1
n2(R1+7+) Q(R1+R2) ’ 0 (A.5)

n1(1 N 1)_(1 . 1)
ne\R1 [ R Ry R
Further mathematical simplifications are used to derive the lensmaker’s equation:

- () 7)

If one observes the directions of the radii of curvature in fig. A.1, R; should enter
the equation with a negative sign. This sign is added in the main text.



B Polarization manipulation in an experimental setup

The following calculation shows an example of a component cascade, the basic idea
of which will be helpful for the experimental setup used to investigate metasurfaces
that induce a geometric phase change.

Jout) = Mp Mawp(7/4) Mpp(0) Moy, (7 /4) My, | H )
= Mup My (7 /4) Mpwp (0) Mawp (/4) | H)
= Mip Mayep (7/4) Mpup(0) [ R)
= MiapManp(/4) L) .
= My, |H)
= |H).

A horizontal input polarization |H) remains unchanged after passing a horizontally
aligned linear polarizer and converts to right circularly polarized light (RCP) |R) with
the help of a quarter wave plate (QWP) with its fast axis aligned in a 45° angle with
the z—axis (mathematicaly positiv sense of rotation). These first two components
can be described as a circular polarizer, which only allows RCP light to pass through
[Col84]. The HWP changes the sign of the y component in the Jones vector so that
the helicity is changed to left circularly polarized light (LCP) |L). The polarization
is converted again to horizontal by a second QWP that is aligned like the first one.
Then the light intensity remains the same after passing a horizontal polarizer. The
last two components can be denoted as a circular polarization analyzer, which only
allows LCP light to pass through. By inserting the HWP in the center, there is
a delay between x and y components, which corresponds to a half wavelength or
the phase shift 7. A closer look at equation B.1 reveals that the angle of the fast
axis of the HWP seems to be irrelevant. Only the phase retardation is decisive. By
removing the HWP from the setup no light will pass because only light in circular
cross polarization is measured (RCP to LCP). This behavior is expected, since two
quarter-wave plates with the same orientation (angle of 45°) can be regarded as
one half-wave plate, which then rotates the linear polarization by an angle of 90°.
This component cascade is thus a setup for measuring the circular cross- and co-
polarizations. By changing both angles of the QWPs to —45° the opposite cross-
circular polarization (LCP to RCP) is measured. The corresponding co-polarizations
(LCP to LCP and RCP to RCP) can be measured accordingly.

This experimental component setup is very similar to the experimental setup used
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132 B Polarization manipulation in an experimental setup

to study geometric metasurfaces. To measure the Pancharatnam-Berry effect, the
observation of the output beam from the metasurface has to be done in the circular
cross-polarization relative to the input beam [Minl8]. Thus, in this example, the
half-wave plate will serve as a placeholder for the metasurfaces studied later.



C Numerical simulation via beam propagation method for
linear and nonlinear metalens

The following figure illustrates exemplarily a numerical calculation using the beam
propagation method (fig. C.1). The L-shaped aperture is located in the distance of
the focal length f = 500 um to the metalens, so the object distance is a = —500 pm.
The aperture is illuminated with a plane wave. After the propagation to the metalens
(at z = Oum) the phase and intensity distribution still show the upright L-shape
very well (blue box). In the red box, the propagation through a linear metalens is
demonstrated. The intensity distribution of the fundamental wave that contains the
phase information of the lens is not changed in this case. Since the object is exactly
placed in the distance of the focal length to the linear metalens, no sharp image can
be obtained after propagating through the lens. This observation is consistent with
the expectation from the Gaussian lens equation, since the image distance diverges
in this experimental configuration.

The case of the nonlinear lens is shown in the green box. Due to the nonlinear
second harmonic generation process, the electromagnetic field is squared and the
intensity distribution of the electromagnetic field that contains the phase information
of the lens changes compared to the linear case. The phase distribution has shorter
periods from 0 to 27 because the design wavelength in the lens-like phase profile is
halved compared to the linear case. In the nonlinear signal, it is clear to see how the
image forms from the focal plane at z = 500 um, giving a sharp SHG image at an
image distance of b = 2f = 1000 um.
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Aperture

L

Propagation through linear metalens ( f= 500 pm, A = 1085 nm)

500 600 700 800 900

1000

z=-500pm

Intensity

z (um)

whew

Propagation through SHG metalens ( f= 500 um, A = 542.5 nm)

: 500 600 700 800 900

1000

z=0pm

Phase I
z=0pm

z (um)

Figure C.1: Beam propagation method for linear and nonlinear metalens.
Blue box L-shaped aperture object is placed in an object distance of a = —500 um.
The intensity and phase distribution is shown in the plane of the metalens. Red box
The first two images show the direct effect of the linear lens on the intensity and phase
distribution. The propagation through the linear metalens is illustrated by different
transverse planes along the z-propagation direction. Green box Corresponding result
from the simulation of the propagation through the SHG metalens. The metalens
works as a convex lens so that the real image is formed at b = 1000 um behind the
metalens with the magnification I" = —1.



D Experimental demonstration of TH imaging of two and
three apertures

The nonlinear nature of the metalens is investigated by imaging an object consisting
of two apertures. By using a NIR camera (Xenics Xeva) in a second beam path, one
can visualize the beam propagation of the fundamental wave behind the circular
apertures true to scale (fig. D.1). The fundamental light propagates through the two

1

min m— Max
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2 (um)

=y

-3000 -2800 -2400 -2000 -1600 -1200 -800 -400 0
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Figure D.1: Measurement of the fundamental wave propagation behind
two circular apertures and the corresponding TH image formation. a Ray
tracing on the optical axis with consistent axis scaling. The circular apertures are
placed at an object distance of @ = —3 mm in front of the metalens. b Corresponding
transverse intensity distributions on the optical axis. At z = 0 wm the position and size
of the nonlinear metalens is shown with a dashed white line. ¢ Left: The white light
image of the two circular apertures (A and B) in front of the metalens. Right: Cross-
section of the corresponding TH intensity after the metalens showing the formation of
four maxima associated with the third-order spatial autocorrelation function of the

object. Both apertures are simultaneously illuminated with a weakly collimated beam
at A = 1550 nm.
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apertures and diffracts during the propagation in the linear regime. In fig. D.1 b,
the metalens position and size is marked with a dashed white line. Therefore, five
different intensity maxima are expected on the nonlinear metalens (comparable to
the simulated case with two interfering Gaussian beams in fig. 4.11 d). The signal
interferes at the metalens surface and is partially converted to the third-harmonic
wavelength. For six selected distances, the transverse TH intensity cross-sections are
shown in fig. D.1 c¢. At the location of the image plane (z = 465 um), four THG
intensity maxima are observed instead of two expected spots for linear optics.

According to fig. 4.13, the following figure shows the measured cross-sections of
the TH intensity after adding a third circular aperture (fig. D.2). The apertures
form a right-angled triangle Aspge. In an image distance of b = 465 um, a similar
higher-order correlation process is observed, which shows two additional maxima on
every side of the triangle. The distance between the additional maxima on the longer
side AC' is greater than on the shorter sides BC' and AB. Additionally, one can find
one central maximum at frequency 3w resulting from three w-photons coming from
each of the three circular apertures.

B
® ¢

50um ’
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Figure D.2: Nonlinear imaging accompanied by a higher-order autocorre-
lation. Three circular apertures (left top) are illuminated simultaneously at the
object distance a = —3 mm . The corresponding experimentally obtained TH intensity
distributions at various cross-sections behind the metalens show the formation of 10
maxima associated with the third-order autocorrelation. The image plane for this
configuration is at b = 465 um . The marked spot corresponds to the THG signal
containing photons from all three apertures.
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