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Nonlinear optical (NLO) microscopy has raised much interest with its superior capa-
bilities in high-resolution imaging of a variety of nanostructures without photodam-
age or labeling. Contrast in NLO microscopy relies on NLO effects, which are sensi-
tive to the crystal structure and the physical properties of the sample at nanoscale.
It turns out that the polarization of the input electromagnetic field also matters in
the improvement of image contrast. In the context of NLO microscopy, it is evident
that the capability to control the polarization in three dimensions at the beam focus
is important. Such capability is important in the characterization and exploitation of
individual nanostructures with well-known or even unexplored NLO properties. The
goal of this Thesis was to perform SHG microscopy of individual vertically-aligned
GaAs nanowires in three dimensions. Previously, such kind of nanowires was found
to be very sensitive to the electric field component along the beam propagation axis,
which can be taken advantage of when mapping the longitudinal electric field dis-
tribution of the beam. We also present a method to redistribute the longitudinal
electric field of a tightly focused first-order Hermite-Gaussian (HG1o) beam by spa-
tially phase-shaping the beam. By using the presented techniques, the longitudinal
electric field distribution of a spatially phase-shaped HG1¢ beam was verified for the

first time in three dimensions.
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1. INTRODUCTION

Optics plays a major part in many of our everyday technologies. Understanding
light and its interaction with matter is nowadays needed everywhere and has many
applications. Probably the most important properties of light are wavelength, in-
tensity and polarization. Of these, polarization is not so evident in our everyday
world, as it can not be perceived with the naked eye. As will be seen in this Thesis,
polarization is a very important property as the vectorial nature of light gives rise
to many interesting phenomena. Especially at nanoscale, studying how polarization

of light affects the light-matter interactions can provide much useful information.

Nonlinear optics is a study of optical processes which require high intensity illumi-
nation [1]. For instance, focusing a high power laser beam onto certain materials
can give rise to a process called second-harmonic generation (SHG). In SHG, two
incident photons hit the material and combine into one photon with double the orig-
inal frequency. Along with many other factors, this process is very sensitive to the
polarization of the incident field. The sensitivity of SHG and other nonlinear pro-
cesses is used in nonlinear optical (NLO) microscopy to study objects by observing
how the physical structure of the sample interacts with polarization of the incident
field [2]. NLO microscopy can be used to study artificial or man-made samples (e.g.,
semiconductor, dielectric, metal, etc.) and biological samples (e.g. collagen, cell,
biotissue, lipids) [3, 4, 5].

The ability to probe light with nano-objects in general can be used in optical trap-
ping and many other applications. This raises a demand for the capability to control
different polarization components of a laser beam. A three-dimensional (3D) polar-
ization distribution can be created by tightly focusing light 2, 6, 7]. In laser beams
that are polarized in a certain way, a longitudinal (along the direction of light prop-
agation) polarization component is also created. By manipulating the polarization
of the incident beam, the properties of the longitudinal field at the focus can be
manipulated. In many cases, the need for manipulation leads to very cumbersome
solutions where the optical setup has to be physically modified to alter the beam

polarization.
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In addition to the control of the electric field at the beam focus, it is important
to know the actual field distribution that is generated. Thus, reliable verification
methods are needed. It is a well-known fact that SHG from vertically aligned semi-
conductor nanowires is sensitive to longitudinal polarization component [8]. There-
fore, nanowires can be used to probe the longitudinal field in order to map the beam
polarization distribution. This Thesis aims to provide a more flexible way to con-
trol and verify the longitudinal electric field distribution in three dimensions with
spatial light shaping. With the used methods one can easily have control over the

longitudinal field without touching the actual optical components.

This Thesis consists of five chapters. The first chapter is this introduction and
the second one provides more in-depth background theory. In the third chapter,
the experimental setup is introduced and the experimental results are described in
Chapter 4. The fifth chapter, being the last, draws conclusions of this study and

provides a future outlook of the work.



2. OPTICS

Optics is a subfield of physics that studies light. Light can be treated as mass-
less particles called photons or as wave motion of the electromagnetic field. The
appropriate approach depends on which optical phenomenon is described. Electro-
magnetic wave motion has an electric and a magnetic component which oscillate
perpendicular to each other. Usually in optics, the electric field component is the

one that raises interest.

The electric component of an electromagnetic plane wave can be represented math-

ematically in the form

E(r,t) = Bye'kr—«b (2.1)

where Ej is the amplitude of the electric field, k is the wave vector, r is the position
vector, w is the angular frequency, and ¢ is time. This field is complex valued and the
actual real-valued field is the real part of Equation 2.1, but often calculations are
easier using the complex form. The direction in which the field oscillates is related

to the vector-valued amplitude Ej. It can be represented as

Eo = pEy (2.2)

where Ej is the scalar amplitude and p is a unit vector in the direction of oscillation,
also referred to as polarization. The vectorial nature of light is an important factor

in many linear optical [9], and NLO phenomena |2].

The interaction of light and matter can be described with material polarization. Po-
larization of a medium is not to be confused with the polarization of light mentioned
above. The polarization field is induced when the incoming electric field excites the

material. It has a linear connection to the original electric field:

P(t) = coxVE(1) (2.3)



2.1. States of Polarization 4

where ¢ is the permittivity of vacuum, " is the linear susceptibility, and E(t) is
the incident electric field exciting the material. Here, the susceptibity x is a tensor,

but due to isotropy or high symmetry it can be assumed as scalar.

2.1 States of Polarization

Light wavefronts with different polarization and intensity distributions are called
modes. Transverse electromagnetic modes (TEM) are mathematically derived by
assuming that the electric field oscillates purely in the transverse direction compared
to beam propagation. The direction of oscillation is always uniformly the same across

the whole wavefront.

To generate NLO effects, which will be discussed later, one must have very strong
electric fields. As a solution, use of lasers is a common way to generate NLO effects.
The output of a laser is a superposition of fundamental and higher-order TEMs.
It is usually desirable that lasers emit only the lowest order mode. This is the so-
called Gaussian beam as the intensity distribution follows the Gaussian curve. The

Gaussian beam profile is the most commonly used and studied beam in optics.

2.1.1 Transverse Electromagnetic Modes

A propagating laser beam can be mathematically described with transverse electro-
magnetic modes. The mathematical form of the beam has to fulfill the boundary

conditions for the system and be a solution to the paraxial wave equation [10, p.
149]

Ju
Viu — 2ik— =0 2.4
P (2.4)
so that the solution retains its functional form. Here, k is the wave number, z is
the direction of propagation, and u is a scalar mode function. A particular set of
solutions for this are the Hermite-Gaussian (HG) beams which are modes generated

in a system that has rectangular symmetry.

Let us assume that a HG beam of orders [ and m is propagating in the positive
z-direction. Now, the scalar electric field amplitude u(x,y, z) is [10, p. 158]
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w V2x V2 x4 9
ul,m<x>ya Z) = w_OHl (T) Hm (Ty> €Exp <_ w2y >

2 2
exp (—zk(xQ—;y) + i(l + 1+ m)gb)

(2.5)

where = and y are the Cartesian coordinates in transverse direction. The waist w
determines the spot size of the beam, and the radius of the curvature R tells how

fast the beam is diverging/converging. They are defined by equations [10, p. 153|
Az 0\’
1 — 2.6
() ] 20
w2\’
1 270 2.7
+(52) ] 27)

where wy is the beam waist at its smallest. Function H; is a Hermite polynomial of
order j. With the lowest order mode T'EMyy (or HGq), the zeroth-order Hermite

polynomial has a the value of 1, and the intensity distribution follows a Gaussian

w?(z) = wj

R(z) ==z

distribution.

(a) (b) (c)

Figure 2.1 Schematics of intensity patterns and polarization states of a linearly polarized
(a) Gaussian beam, (b) HG1o beam, and (¢) HGo1 beam. The arrows represent the state
of polarization at a certain instant.

The lowest order mode seen in Figure 2.1(a) is called linearly-polarized (LP) Gaus-
sian beam. The second-order mode H G has the intensity distribution of two lobes
seen in Figure 2.1(b). If the [ and m are interchanged, the intensity pattern stays
identical but is rotated by 90°. The phase of the two lobes differs by m which is
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equal to the polarization being flipped in plane to the opposite direction.

2.1.2 Cylindrical Vector Beams

By combining TEM modes of different orders in various ways, beams with spatially
varying states of polarization (SOPs) can be synthesized. Cylindrical vector beams
(CVBs) are popular examples of such beams. Radial and azimuthal polarizations
are the most commonly used and studied CVBs. Radially polarized CVB is a su-
perposition of two orthogonal HG19 modes, and the electric field oscillates in the
radial direction in every part of the beam. Azimuthally polarized CVB consists of
two HGy modes, and the electric field oscillates in the tangential direction of the

beam. Their intensity pattern is doughnut-shaped as seen in Figure 2.2.

(a) (b)

Figure 2.2 (a) Radially polarized CVB. (b) Azimuthally polarized CVB. The arrows
indicate the direction of local linear states of polarizations.

CVBs have many interesting properties [9]. In the context of this work and nonlin-
ear optical (NLO) microscopy, the focal field distributions of CVBs are even more
important [2].

2.1.3 Focal Fields

In Subsection 2.1.1, the polarization of the beam was purely in the transverse direc-
tion. However, when the beam is tightly focused, this description is not valid any-
more as it was derived using a paraxial approximation [11]. Under tight-focusing
conditions, even unpolarized light shows vectorial nature in the focal volume [7].
Furthermore, 3D polarization distribution is achieved already by tightly focusing
a LP beam. In this case, a polarization component in the direction of the beam
propagation is created [6]. This is referred to as longitudinal electric-field compo-

nent. 3D vector fields in the focal volume of a tightly focused laser beam have many
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useful applications, for example, in optical trapping, electron acceleration and NLO

microscopy [2, 12, 13, 14].

(a) (b) ()

Figure 2.3 Intensity distributions of the longitudinal electric field component of (a) a
linearly polarized Gaussian beam polarized along horizontal axis, (b) radially polarized CVB
and (c) azimuthally polarized CVB. Adapted with permission from reference [2].

Spatial intensities of the longitudinal electric-field components of focused beams
are shown in Figure 2.3. The intensity distributions are in transverse direction
compared to the beam propagation. The longitudinal electric field of a focused LP
beam shows a two-lobed intensity distribution. Focused radially polarized CVB
shows a spot-like intensity distribution located along the axis of beam propagation.
Azimuthally polarized CVB has no longitudinal field component in the focal volume.
The intensity of the generated longitudinal electric-field depends on the numerical
aperture of the used objective, but in these examples, the focused radially polarized
CVB has the most intense longitudinal field component, larger by a factor of 100

compared to the linearly polarized beam.

1 0.4
‘ 0 0
* (a) (b)

Figure 2.4 Intensity distributions of the (a) transversal and (b) longitudinal electric fields
of a tightly focused HG1o9 beam. The incident HG1g is polarized along x. Adapted from
[15, Figure S2/.
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The focusing properties of HG1g beam can be seen in Figure 2.4. Subfigure

2.4(b) shows the longitudinal field in the transverse direction, which in this case
has a three-lobe distribution where the middle lobe has the strongest intensity. The
patterns in Figures 2.3 and 2.4 are theoretically calculated, but can also be verified

experimentally, which will be done later in this Thesis.

2.2  Nonlinear Optics

Earlier, the material response to the electric field was assumed to be linear. When
the electric field is strong enough, higher-order terms in the material polarization
become significant. In this case, the material polarization can be described using

the power series [1, p. 2]

P(t) = eoxVE(t) + eox PE2(t) + ... 4+ eox™E"(t) = P (t) + P(t) +... + P"(t) (2.8)

where (™ is the susceptibility of the n:th order, and P™(¢) is the polarization term
of the n:th order. The susceptibilities (™ are tensors and the tilde ~ means that
the quantity is rapidly oscillating in time. As can be seen below, the nonlinear
terms in the material polarization may allow generation of electric fields at different
frequencies. The real-valued time-dependent incident electric field E(t) is defined to
be

E(t) = Ee ™ + E*¢™' = Ee ™' + c.c. (2.9)

where c.c. stands for the complex conjugate. In this work, the focus is on the
phenomena that occur from the second-order polarization term and especially on
the second-harmonic generation (SHG). SHG is a process in which two photons
excite an atom into a virtual state, and the atom emits one photon with doubled
frequency. The process is parametric which means that the interacting atom itself
is not excited, and therefore no energy absorption to the material occurs in SHG.

The photon diagram of SHG is shown in Figure 2.5.

According to Equation 2.8, the second-order polarization can be written as

P2(t) = ecoxPE(t) (2.10)
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Virtual State

-------1-----“------

w

--1--

w

Ground State

Figure 2.5 Photon diagram of SHG

and by substituting Equation 2.9 into Equation 2.10 we get

P2(t) = eox? (Ee ™! + c.c.)? (2.11)

from which we can derive

P2(t) = 2cox P [E* + eox@ (B2 724 1 c.c.) (2.12)

The first term of Equation 2.12 is a constant in time which indicates that the
second-order nonlinear process gives rise to a constant electric field in the nonlinear
material. This phenomenon is called optical rectification. The second term is the
oscillating part of the induced polarization field. The oscillation frequency has now
doubled compared to the incident field.

SHG is generally sensitive to the symmetry of the material. It can be shown that
all the even-order susceptibilities y(*® vanish for centrosymmetric media [1, p. 42].
This means that SHG can happen in only certain materials that have noncentrosym-
metric crystal structure. Similarly, SHG can be generated at interfaces where the
symmetry is broken. The generation of SHG is also dependent on how the SOP
of the incident field couples with the physical properties of the sample. Usually,
a component in the direction of the normal of the surface needs to be present to
generate SHG. [2]



2.3. Second-Harmonic Generation Microscopy 10

2.3 Second-Harmonic Generation Microscopy

The high selectivity makes SHG a great source of contrast in imaging a variety of
materials as well as nano-objects. As discussed in Subsection 2.1.3, strong focusing
of the incident electric field produces a 3D polarization distribution which can be
used to probe the sample. This provides plenty of useful information about the
sample in higher resolution compared to the traditional optical microscopy, as the
interaction volume of SHG is highly localized [16|. Another advantage of SHG is
that no energy is transferred between the photons and the material, thus allowing

imaging without photodamage.

The SHG response of different nano-objects has already been studied in NLO mi-
croscopy. For relatively thin semiconductor nanowires (NWs), the electric field E
inside the NW can be written as [17]

EH = EOH (2.13)
2e0Ep 1

EF = ——— 2.14

+ got+ ¢ ( )

where £ is the field component parallel to the NW, and £, is component per-
pendicular to the NW. The Ly and Ej, are the corresponding components of the
incident electric field Eg. The quantities € and ey are the dielectric constants of
the NW and the medium surrounding the NW| respectively. As can be seen from
Equation 2.14, if € > gy, the electric field perpendicular to the NWs is greatly sup-
pressed. This means that the induced polarization field, hence the SHG response of
the NW, is mainly from the polarization component along the NW axis. [17]

Semiconductor NWs have also been experimentally studied by NLO microscopy,
and their SHG response is well-known and in agreement with theoretical results.
Vertically aligned gallium arsenide (GaAs) nanowires respond mainly to the longi-
tudinal component of the incident electric field [8]. One can take advantage of the
well-known SHG response of GaAs NWs in the verification of known and unknown

longitudinal field distributions in the focal volume of the NLO microscope beam.
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3. METHODOLOGY

The microscopy and phase-shaping setup used in the experiments will be discussed
in this chapter. After that, the samples used in the work to verify longitudinal

electric fields experimentally are presented.

3.1 NLO Microscopy Setup

The measurements used in this Thesis were acquired using a custom-built NLO
microscopy setup. The schematic of the setup is shown in Figure 3.1. Briefly, a
femtosecond laser (wavelength of 1060 nm, pulse length of 140 fs, repetition rate
of 80 MHz) was used as the excitation source of our NLO microscope. Our setup
utilized a computer-controlled stage-scanner for moving the sample in relation to the
focused beam. The sample scanning approach was used in order to avoid unexpected
polarization scrambling effects that are inherent to beam scanning systems. To focus
the laser beam, a high numerical aperture microscope objective (Nikon CFI LU
Plan Fluor Epi P, numerical aperture of 0.8 50X N.A. 0.80/W.D. 1.0mm, infinity
corrected, semi-apochromat, 50x magnification) was used, and the back-reflected
nonlinear signal was collected by the same objective, and then directed to a cooled

photomultipler tube.

(Polarizer) Sample
""" Microscope
larizati | objectiv%
Laser polarization
mode L~
converter ~ [Nonlinear
-~ Isignal
Scanning
[ ] stage

Detector

Figure 3.1 Schematic of the NLO microscope
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Our microscope allows the possibility to easily switch between various beam polar-
izations (e.g., linear, radial and azimuthal) and shapes (e.g., HG modes, Bessel and
petal). Using a commercial doughnut polarization mode converter (e.g., Arcoptix),
a linearly polarized beam can be converted into a CVB with radial or azimuthal
polarization. To achieve HG1y mode, a polarizer can be put in front of the radially
polarized CVB. Intensity profiles of the radially polarized CVB before and after
the polarizer can be seen in Figure 3.2. The polarization mode converter can be
bypassed, if the desired output is a LP beam. After the desired beam shape is
achieved, the beam is focused onto the sample mounted on a piezo-scanning stage.
In the last stage, collecting and properly filtering the back-reflected nonlinear signal

takes place.

(b)

Figure 8.2 The beam profile of a radially polarized CVB (a) before, and (b) after the
polarizer. The polarizer axis direction is horizontal.

The average power of the laser beam in front of the objective was controlled with a
half-wave plate and a polarizing beamsplitter. Excitation power of 1 mW was used
in all the experiments performed in this work. A LabVIEW-program was used to
operate the stage-scanner and collect data to perform a scan. In the software, the
user can decide various parameters for the scan, of which the scan area and pixel
resolution are the most important. The program collects the nonlinear signal from
each pixel one at a time from the scan area. The signal collection time at each
pixel can be determined. In our experiments, the collection time was 50 ms and
the measured nonlinear signal was SHG. An example scan of an array of vertically-

aligned GaAs nanowires (see Section 3.3) can be seen in Figure 3.3.

The scan area of the measurement in Figure 3.3 is 10x 10pm and the pixel resolution
is 0.1um. With these parameters the scan time is approximately 13 minutes. The
scan was taken along the zy-plane using a radially polarized CVB. The nanowires

are seen as dots which correspond to the longitudinal electric field distribution of
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—aX
NN

112

110

SHG
counts

Figure 3.3 An example scan of periodically- arranged vertically-aligned GaAs nanowires
on GaAs substrate. with the NLO microscope using a radially polarized CVB.

the used beam profile. The maximum detector counts was roughly 140 000 which is
relatively high, as the longitudinal electric field of a focused radially polarized CVB
is quite strong [8, 18]. A defect in the nanowire array can be seen in the middle of
the picture. These are good points of reference when comparing consequent scans

as there is always minor movement of the sample between the scans.

3.2 Phase-Shaping Techniques

To control the longitudinal electric-field distribution of a focused beam, one must be
able to modify the incident beam entering the microscope objective. For this Thesis,
we relied on phase-shaping techniques using a spatial light modulator (SLM). This
approach was chosen because of its inherent flexibility, which is not provided by
traditional and physical diffracting optical elements (e.g., axicon, kinoform, lenslet
arrays and so on). The SLM is a pixelated device that lets the user assign an
individual phase or amplitude or both to each pixel. In this way, the incident beam
can be controlled spatially by creating arbitrary diffraction patterns. The phase
distribution of the SLM can be computer-calculated from the desired pattern in the

output plane.

SLMs are widely used in various applications. They can be used, for example, to
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generate CVBs [19, 20, 21], control optical tweezers [22], or even to generate arbitrary
hologram patterns [23]. In this work we used a phase-reflective Hamamatsu LCOS-
SLM with a pixel resolution of 792 x 600. The schematic of the phase-shaping setup

is seen in Figure 3.4.

Sample
Polarizer
- 7 Microscope
Doughnut objective
polarization
Laser SLM ;
mode L] —
converter Nonlinear signal

Scanning stage

]

Detector

Figure 8.4 Schematic of the NLO microscope including the phase-reflective Hamamatsu
LCOS-SLM.

The principle of SLM is based on liquid-crystal display (LCD) whose orientation is
controlled individually in each pixel. The SLM is controlled by creating gray level
maps with values between 0 and 255. The value of each pixel corresponds to an
additional phase delay provided by the SLM. The phase delay that the light beam is
experiencing depends on the used wavelength, but in our setup (with a wavelength

of 1060 nm) the maximum gray value of 255 corresponds to a phase delay of 2.

Active area Inactive area

|

f /,

/

Figure 3.5 The pizelated structure of SLM with nonunity fill factor, showing the active
area and inactive space between pixels

However, the real phase response curve could be slightly nonlinear between 0 and
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256, corresponding 0 and 27 delays, respectively. This means that a linear phase-
ramp is actually curved if the nonlinearity is not taken into account. Another factor
causing artefacts comes from the physical layout of the pixels of the SLM with non-
unity fill factor. As illustrated in Figure 3.5, the pixels are not located right next
to each other but there is always space between the pixels where the phase can not
be controlled. Therefore a part of the incident beam always remains undiffracted
which is referred to as a zeroth-order beam. The percentage of the active area of
the SLM window is referred to as fill factor, which for our SLM was 98 %. Due to
the relatively high fill factor, the zeroth order beam should not be a major issue in

our setup.

-
-,
7’
i’
4
4
1
\
\

Na Output Nz

S -~ e~

’

Figure 3.6 The phase shaping scheme to control the spatial distribution and strength of
longitudinal electric fields. The phase delay @ varies between 0 and 2.

Our SLM works only for z-polarized light, so a HG7y mode polarized in the z-
direction was used as a basis of the phase-shaping experiments. It is a well-suited
option for the purposes of this work as it shows a strong longitudinal electric field
component when tightly focused. This has also been used as a reliable basis of pre-
vious demonstrations of manipulating longitudinal electric fields in the focal volume
[15, 24, 25, 26].

In the phase shaping experiment, the SLM window was divided in half, and the
HG1p mode was directed so that each lobe reflects from a different subwindow. This
is shown in Figure 3.6. Now a global phase delay can be applied onto each lobe
separately. The phase delay of one window was kept at 0 as the phase delay of the

other window was gradually increased from 0 to 27. [15]
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3.3 Sample

The longitudinal electric field distribution at the focus was studied by scanning
straight-standing GaAs nanowires on a GaAs substrate. As was discussed in Sec-
tion 2.3, their SHG response is well-known. They respond mainly to the longitudinal
electric field component which made them ideal probes for our purposes. The NWs
were fabricated at Aalto University by the research group of Harri Lipsanen. Scan-

ning electron microscope (SEM) images of the NWs are shown in Figure 3.7.

W

I Je o)

EHT = 3.00 kv Signal A = InLens Date :18 Sep 2015
WD = 4.4 mm Mag= 61.79 KX Time :10:14:27

(b)

EHT = 3.00 kv Signal A = InLens Date :18 Sep 2015
WD = 44 mm Mag= 206 KX Time :10:08:31

Figure 3.7 SEM images of (a) periodic structure of the vertically-aligned GaAs nanowires
(b) an individual nanowire.

Selective-area metallo-organic vapour-phase epitaxy (SA-MOVPE) was used to fab-
ricate the NWs. Shortly, the GaAs substrate is covered with a silicon oxide layer of
40 nm. Periodic holes are made to the silicon oxide layer. The substrate is exposed
to a vapor precursor containing Ga and As atoms, and the growth happens atom-
by-atom from the holes in the silicon oxide layer. The growth can happen only in

the growth direction of the substrate, so a straight standing structure is acquired.

NWs with different period and thickness can be constructed by controlling the period
and diameter of the holes in the silicon oxide layer. In this work, a period of 2.5
pm and a diameter of 55 nm was used for probing the longitudinal electric field
distribution. The period was chosen to be relatively high to avoid coupling effects
between the nanowires so that the signal would always be coming from an individual

nanowire. The length of the nanowires was from 2 to 2.5 ym on average. |27, p. 47|
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4. RESULTS

This chapter will cover the experimental work that was done for the Thesis. The
microscope images were taken from an area of 10 x 10 pym with a pixel resolution
of 0.1 ym. The raw data that was acquired using the microscope was plotted with
Matlab. First, routine experiments were made to verify the longitudinal electric
field distributions of the reference LP, RP, AP and HGyy beams. After that, the

results of the phase shaping experiment of Section 3.2 are shown.

4.1 Reference Beams

The longitudinal electric field distributions of the different vector beams were verified
first using the SHG microscopy of a single GaAs nanowire in 3D. As was discussed
in the earlier chapters, the verification was done by scanning individual vertically-
aligned GaAs nanowires within the focal volume of interest. The schematic diagram

of the scanning plane relative to the nanowire is shown in Fig. 4.1.

yz
y 7—’3’

Figure 4.1 Different scanning planes used to map the SHG intensities in three dimensions.
The figures show the orientation of the planes relative to the nanowire.

The scanning SHG maps taken using the reference vector beams are shown in Figure

4.2. As can be seen, the SHG maps from the nanowire mimics, to some extent,
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the qualitative features of the theoretical intensity distributions of the longitudinal
electric fields of the corresponding focused beam. The SHG-response of the nanowire
shows a two-lobe distribution when a LP beam is used. The direction of the lobes
is related to the SOP of the input beam. In this case, the SOP is oriented along
the y-axis of the microscope coordinates, hence the lobes are also oriented along the
y-axis. Compared to the background, the signal level is also low when the nanowire
is symmetrically illuminated by the LP beam, i.e., the in-plane positions of the beam
center and nanowire coincide. This is because at the center of the beam, there is
no longitudinal electric field component that could drive the SHG response of the

nanowire.

Linear Radial Azimuthal HG1o  pax

& Min

Figure 4.2 Experimentally verified longitudinal electric field components of the reference
beams. The SOPs of LP beam and HG19 mode are oriented along the y-axis. The results
have been acquired by scanning a single nanowire along the xy-plane. The red arrow shows
the location of the nanowire. The colorbar scaling factors have been indicated on the top
right-hand corners of the figures.

Scanning with a radially-polarized CVB creates the strongest SHG signals with a
spot-like distribution in the xy-plane. Because the signal is higher, also contrast is
much better compared to a scan taken with a LP beam. The scan taken with the
azimuthally polarized CVB, on the other hand, has very low signal level. This is
because there is no longitudinal electric field at the focus of an azimuthally polarized
CVB.

Finally, the nanowires were scanned using a H(Gjy mode. The results show a rel-
atively strong, three-lobed distribution where the middle lobe has the strongest
intensity. Similarly as with the LP beam, the orientation of the lobes is determined
by the SOP of the input beam.

To verify the longitudinal electric-field distributions in 3D, scans were performed
subsequently in yz- and zz-directions. The results are shown in Figures 4.3 and

4.4. In the direction of the z-coordinate, the results show an extended SHG intensity
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Linear Radial Azimuthal HGq Max

y Min

Figure 4.3 Experimentally verified longitudinal electric field components of the reference
beams. The SOPs of LP beam and HG19 mode are oriented along y-azxis. The results have
been acquired by scanning a single nanowire along the yz-plane. The red dashed line shows
the location of the nanowire. The colorbar scaling factors have been indicated in the top
right corners of the figures.

distribution with all the used beam profiles. This is a typical characteristic of a
point-illumination system because the excitation point spread function is naturally
extended along the direction of the beam propagation |28, pp. 19-22|. With all
the beams, the signal is the strongest when the beam is focused in the middle of
the nanowire. When the beam is not focused on a nanowire, a background signal
originating from the sample substrate is generated due to the extensive spread of

the focused beam distribution in z-direction.

Scanning the LP beam along the yz-plane, the two-lobed pattern of the focused
LP beam can be seen. The xz-scan, on the other hand, shows only a drop in the
background signal level at the location of the nanowire. This is because the lobes of
the focused LP beam are in the perpendicular direction with respect to the xy-plane.

Thus the longitudinal electric field is not hitting the nanowire.

For a radially polarized CVB, the longitudinal scans in the xz- and yz-directions
look similar, which can be expected from the symmetrical shape of the longitudinal
electric field in the zy-plane. Scanning with an azimuthally polarized CVB results
in a very weak SHG signal in both yz- and xz-planes, as there is no longitudinal
field.
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Linear Radial Azimuthal

Min

Figure 4.4 Experimentally verified longitudinal electric field components of the reference
beams. The SOPs of LP beam and HG19 mode are oriented along y-azxis. The results have
been acquired by scanning a single nanowire along the xz-plane. The red dashed line shows
the location of the nanowire. The colorbar scaling factors have been indicated in the top
right corners of the figures.

Finally, the HG19 mode shows a one-lobed distribution in the zz-direction and three-
lobed distribution in the yz-direction. The middle lobe shows a wider distribution
in the x-direction. These results are expected from the longitudinal electric field
distribution of the HG1¢ mode in xy-direction. The work of this thesis was the first
time that the longitudinal electric field distribution was experimentally verified for
a tightly focused HG1y mode.

4.2 Phase-Shaping

After verification of the longitudinal electric field distributions of the reference beam
shapes, the SLM was included in the optical setup to perform the phase-shaping
experiments described in section 3.2. An additional phase delay was applied to one
of the lobes of the HG1¢ mode. The xy-scans with the phase-shaped beams are seen
in Figure 4.5.

The scan was taken consequently five times with a different phase delay applied to
the beam every time. When the phase delay increases from 0 to 7, the longitudinal

distribution changes gradually from the three-lobed distribution of HG1y mode to
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a two-lobed distribution corresponding the one generated by a tightly focused LP
beam. On the optical axis, the longitudinal field has vanished to signal level corre-
sponding background. As the phase delay increases to 2w, the distribution converts

back to the original. These results are similar to the results of Turquet et al. [15].

The result is expected as when the phase of the other lobe is delayed by =, the
electric field in the two lobes oscillates in the same phase, which make the resulting
beam to be equivalent to a LP beam. On the other hand, the delay of 27 should

make no difference to the original.

2/31 3/2m 2T Max

-]

Figure 4.5 FExperimentally verified longitudinal electric field components of the phase-
shaped beams. The results have been acquired by scanning a single nanowire along the
zy-plane.

2/3m 3/2m
2% 104

1J5\Mhmfmjek

Figure 4.6 Linecuts taken along the y-axis from figure 4.5. The location of the nanowire
1s marked with a red dashed line.

Counts

In Figure 4.6, linecuts taken along the y-axis of the results in Figure 4.5 are shown.
The linecuts show that the maximum signal level drops to little over half when
the phase delay is 7. From the law of energy conservation, one can expect that the
missing intensity has now transferred to transverse polarization components. This is
also supported by the theoretically and experimentally verified 3D field distributions
of LP beam and H(G1y mode.

In Figure 4.7, the nanowires are imaged along the yz-plane. Figure 4.8 shows
linecuts taken along y-axis of Figure 4.7. The data of Figures 4.6 and 4.8 look

very similar, which indicates that our probing has been successful.
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Figure 4.7 Experimentally verified longitudinal electric field components of the phase-
shaped beams. The results have been acquired by scanning a single nanowire along the
yz-plane.
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Figure 4.8 Linecuts taken along the y-axis from figure 4.7. The location of the nanowire
1s marked with a red dashed line.

The results confirm the phase shaping results to be similar also in 3D compared to
the results of earlier phase shaping experiments in transverse plane, for instance in
Ref. [15]. In the work of this thesis, it was the first time that a spatially phase shaped
higher order beam was mapped in three dimensions using this kind of method.
Comparing to the results of reference beams, the distribution is also extended along
the z-coordinate. This phase shaping experiment gave us a new way to synthesize

and directly probe longitudinal electric fields in three dimensions.

Being able to control and probe the distribution of different polarization compo-
nents is very important in controlling light-matter interactions. These results show
that, by phase shaping the incident beam entering the microscope objective, the
longitudinal electric field distribution in the focus of the beam can be controlled.
The results imply, for example, that with this kind of setup the longitudinal electric
field on the optical axis can be quickly turned on and off without cumbersomely
modifying the alignment of the beam or the physical components on the optical
path.
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5. CONCLUSIONS AND OUTLOOK

Polarization is a very important property of light. For example generation of nonlin-
ear effects, such as SHG, are highly dependent on the polarization of the light field
[2]. It is also known that highly focused light creates a 3D polarization distribution,
which can be probed with nanostructures. This is particularly useful in NLO mi-
croscopy to study nanoparticles as well as biological samples. In this context, it is
crucial to be able to tailor the polarization components at the beam focus in order
to maximize image contrast or manipulate the efficiency of light-matter interactions

at the nanoscale.

In this Thesis, we presented a method to manipulate the longitudinal electric field
distribution of a tightly focused higher-order beam. The control was achieved using
a spatial light modulator, which allowed us to arbitrarily adjust the relative phase
difference of the lobes of HG1g mode. The phase shaping scheme presented in
this Thesis allowed us to redistribute the longitudinal electric field in transverse
plane. We were also able to reliably verify the generated field distribution in 3D by
using semiconductor nanowires. In previous experiments of Turquet et al. [15], the
redistributed field was verified in transverse plane, but in this work, we mapped the

SHG generation also in vertical plane to verify the field distribution in 3D.

This work provided a new blueprint to tailor beam polarization for NLO microscopy
and other applications as well. However, there is still room for improvement towards
even more arbitrary control. For example, extension of the field distribution in the
longitudinal direction can already be controlled with optical needles [26]. Among
the distribution of the field, also the 3D location of the generated fields could be
controlled with more sophisticated phase-shaping methods. The methods presented
in this work lacks a way to verify the transverse field components at the beam focus.
We foresee that this could be mitigated by the combination of our imaging technique
and advanced nanostructures with fully tailorable second-order susceptibilities. This

is a subject of future work.
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