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Abstract

The properties of composite materials are primarily governed by their microstruc-
tural features, which can vary in size from a few nanometres to several micrometres.
Optical microscopy is one of the primary tools for morphological characterisation in
material science. However, due to the wave nature of light, the resolution of optical
microscopes is limited by the diffraction limit [1], thereby limiting its capability to
analyse these materials. Stimulated emission depletion (STED) microscopy, which
is so far mostly used in life science imaging, circumvents the diffraction limit by
exploiting the optical transitions of the fluorescent markers [2]. The concept of
STED has been successfully applied in optical lithography (AMOL) and transmis-
sion microscopy as a technique called absorbance modulation imaging (AMI) [3], 4],
where, instead of utilising the optical transitions of fluorophores, a layer of pho-
tochromic molecules, so called the absorbance modulation layer (AML), is used to
achieve high resolution. The transparency of the AML, coated on the measurement
surface, is rendered opaque and transparent when illuminated with light of differ-
ent wavelengths. Using this wavelength-selective switching, a near-field aperture is
generated in the AML to confine the light to the nanoscale dimension, resulting in
sub-diffraction resolution. Despite the potential of reflection microscopy to analyse
a much wider range of materials, AMI in reflection microscopy has not yet been
demonstrated. Recently, Kowarsch et al. published a theoretical model on AMI in
confocal reflection microscopy, predicting imaging beyond the diffraction limit is
indeed possible [5].

In this thesis, for the first time, we experimentally validate this prediction by demon-
strating one-dimensional AMI in reflection microscopy. A 2.4-fold resolution en-
hancement is achieved by this technique. The resolution is measured by imaging
AML-coated gold nanoparticles. We further show the applicability of this tech-
nique on extended objects, an edge and a one-dimensional grating structure. The
one-dimensional AMI that we demonstrate here can be extended to two dimensions
which would facilitate high resolution optical imaging of microstructural features,

in reflection.






Abbreviations

1D one-dimensional

2D two-dimensional

1D-PP 0 — 7 Phase Plate

AML Absorbance Modulation Layer
AMI Absorbance Modulation Imaging

AMOL Absorbance Modulation Optical Lithography
Amp-PD Amplified Photo Diode

APSF Amplitude Point Spread Function

BF Bright-Field

BTE-1 1,2-bis(5,5’-dimethyl-2,2’-bithiophenyl) perfluorocyclopent-1-ene
EM Electromagnetic

FOV Field-of-View

FWHM Full Width at Half Maximum

He-Ne Helium-Neon

HWP Half Wave Plate

I[PSF Intensity Point Spread Function

LSI Linear Shift Invariant

NIDAQ National Instrument Data Acquisition
PLL Poly-L-Lysine

PMMA Polymethylmethacrylate

PMT Photomultiplier Tube

PSF Point Spread Function

QWP Quarter Wave Plate

RESOLFT Reversible Saturable Optical Fluorescence
SO Schwarzschild Objective

SPM Scanning Probe Microscopy

STED Stimulated Emission Depletion

TiSa Titanium- Sapphire
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uv Ultraviolet

VDT Vectorial Diffraction Theory

VIS Visible

VPP Vortex Phase Plate
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Chapter 1

Introduction

Motivation

It is undeniable that the modern world is empowered by the use of materials in its
technology. We are surrounded by engineered materials, from bulk materials like
window glass to surface bound composite materials like semiconductor chips in our
mobiles and computers. With the advancement in science and (nano)technology,
demand for materials such as nanomaterials for the development of powerful com-
puters, and composite materials to achieve high strength but light weighted, have
escalated. The properties of these materials are governed by their microstructural
features including the chemical composition, crystallographic arrangement and mor-
phology of the features. Therefore, for the development of new materials or improve-
ment of the existing materials, understanding and gaining insight into microstruc-
tural features is crucial.

Microscopy tools are central to material characterisation, especially for morpholog-
ical and structural analysis. Historically, reflected light microscope was used for
examining the microstructural features of materials, such as grain size, precipitate
size and defects. However, the resolution of an optical microscope is fundamen-
tally limited by diffraction, which limits its resolution and capability to image in
the nanoscale regime. Therefore, more complex methods like scanning electron mi-
croscopy, and transmission electron microscopy, have to be utilised. Although these
techniques provide resolution down to a nanometer, they are quite expensive and
require special sample preparations and expertise in using these imaging systems.
Additionally, the high magnification and small field-of-view (FOV) provided by these
imaging modalities, increase the image acquisition time significantly.

The motivation behind the work presented in this thesis is to enable a far-field
optical microscope for investigations on surfaces of composite materials with high-

resolution.

Optical Microscopy: Beyond the Diffraction Limit

The wave nature of light fundamentally limits the ability of a lens to focus a light

beam down to an infinitesimally small point. This means that if we use the best
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available lens to focus the light beam, the focus will be a finite intensity distribution,
the so-called PSF. In simple terms, one can think of the PSF as analogous to a
“paintbrush”. As the size of a paintbrush limits the fineness of the structure in a
painting, imaging with a finite-sized PSF limits the resolving power of an imaging
system. Therefore, to improve the resolution, the size of the PSF must be reduced
as much as possible.

In 1873, Ernst Karl Abbe, the famous German microscopist and optics theoretician
of the 19"* century, published his wave theory of microscopic imaging and defined

the resolution limit of an optical microscope as [1]:

Ao

d..—_ 70
™ 2nsin(0)

where, d,,;, is the minimum resolvable distance between structures, \q is the wave-
length in vacuum and nsin() defines the numerical aperture (NA) of the objective
lens, where 6 is the half angle of the light cone accepted by the objective and n
is the refractive index of the medium in which the sample is placed. A conven-
tional wide-field (WF) microscope typically has a lateral resolution of 250nm ( Ag
= 500nm and NA = 1). A straightforward way to surpass this resolution limit is to
reduce the illumination wavelength or introduce an immersion medium to increase
the refractive index and thus, the NA.

In deep ultraviolet microscopy [6], an illumination wavelength of 193 nm is typically
used, which significantly improves the resolution. In addition to the wavelength
reduction, solid immersion lenses (SIL) are also employed in these imaging systems
to achieve high NA by increasing the refractive index in front of the sample. Thus,
a resolution down to 100 nm can be obtained.

Another way, perhaps the oldest way to overcome the diffraction limit in optical mi-
croscopy is the near field scanning optical microscopy. It belongs to a much broader
instrumental classification referred to as Scanning Probe Microscopes (SPM). In
general, these techniques access the evanescent waves that are present in the so
called near field zone, to achieve high-resolution. However, due to the exponen-
tially decaying nature of the near fields, a near-field probe (an optical fiber with
a sub-wavelength aperture or a cantilever with a sharp metal tip) has to be used
in close proximity to the specimen. Therefore, SPMs require a feedback system to
precisely control the physical separation of the probe and specimen. A resolution
down to 25 nm is achievable using SPMs, however, the requirement to work in close
proximity introduces various challenges in the technique |7, 8].

Over the past few decades, there has been a significant amount of improvement
in the image quality and the achievable resolution of far-field optical microscopes.

However, the first method that fundamentally superseded the resolution limit is



STimulated Emission Depletion (STED) microscopy [2]. STED microscopy exploits
the molecular transitions of the fluorescent markers, that are generally employed
as contrast agents in fluorescence microscopy, to reversibly switch them between
a bright (ON) and dark state (OFF) in a controlled manner. This technique was
proposed by [Hell and Wichmann|in 1994 and was experimentally demonstrated by
Klar and Hell| in 1999. In a STED microscope, two lasers, an excitation laser, to
excite the fluorescent markers, and a depletion laser to switch these markers to
a dark state, are employed. The depletion beam is phase modulated such that a
doughnut-shaped PSF, featuring a zero-intensity centre, is generated in the focus
of the objective lens. This doughnut-shaped PSF is superimposed with a Gaussian
excitation PSF. When focused onto the sample, the excited fluorophores are switched
to a dark state everywhere except in the zero-intensity centre of the doughnut.
Therefore, fluorescence can only be emitted from a small region of the sample which
effectively reduces the size of the excitation PSF (fine paintbrush!), consequently,
improving the resolution. Since, the zero-intensity centre of the doughnut PSF is
not diffraction-limited, this technique can theoretically achieve infinite resolution.
Considering the material structures, where the fluorescent markers cannot be used,
the STED concept cannot be directly applied in material characterisation. How-
ever, the principle governing high resolution in STED microscopy is not limited
to fluorescent markers. In 2006, Menon and Smith| published a new concept, re-
ferred to as absorbance modulation, in which they utilised the optically reversible
switchable transitions of photochromic molecules to achieve high resolution. Pho-
tochromic molecules have the ability to switch between two isomeric states with
distinct absorption spectra, when exposed to the light of a suitable wavelength. In
absorbance modulation, the sample under investigation is coated with a thin layer
of photochromic molecules (AML). Using the STED concept, a doughnut-shaped
PSF and a Gaussian PSF are focused on the sample, such that the layer is ren-
dered opaque around the zero-intensity centre of the doughnut, thereby generating
a narrow sub-wavelength aperture in the AML. This channel effectively compresses
the illumination PSF down to nanometric size and thus, sub-diffraction resolution
can be achieved. Absorbance modulation was successfully implemented in the field
of lithography as Absorption Modulation Optical Lithography (AMOL) [3} 10] and
structures with a linewidth of 36 nm were generated [11]. Imaging of structures
spaced by distances as small as ~ 40nm has also been presented by using Ab-
sorbance Modulation Imaging (AMI) in transmission microscopy [4} 12].

In material characterisation, mostly reflection mode of imaging is used because of its
potential to analyse a much wider range of materials including opaque, transparent,
and even metallic samples. However, AMI in reflection microscopy has not yet

been demonstrated despite its advantages. In 2018, Kowarsch et al| published a
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theoretical investigation of the basic photo-physical relationships of AMI in reflection
microscopy. The results of the theoretical study show that it is possible to create
an optically induced near-field aperture in the AML with a diameter far below the
optical resolution limit. They also predicted a 5-fold improvement in resolution via
AMI in confocal reflection microscope.

In this thesis, we will experimentally explore the theoretical predictions presented by
Kowarsch et al.| For this purpose, a confocal reflection microscope with an additional
depletion laser (similar to STED microscope) will be developed. The photochromic
molecules (BTE-1) that will be used in the experiments, are identical to that used
for theoretical modelling and previously used by [Andrew et al.| for AMOL. These
molecules are synthesised and coated on the samples (AML) at the Institute of
Physical Chemistry (IPC) and Institut fir Organische Chemie (I0C), TU-Clausthal.
The foundation of the resolution enhancement via absorbance modulation is the
photo-physics of BTE-1 molecules in the AML. Therefore, the first set of experiments
will be designed to thoroughly investigate the behaviour of the AML in terms of its
temporal and behavioural response to light exposure of different wavelengths. The
result of this investigation will play a critical role in determining the experimental
parameters that will be implemented for high-resolution imaging.

The subsequent structure of the thesis includes a detailed introduction to the basics
of image formation in conventional and confocal microscopy as Chap[2l Thereafter,
a thorough introduction to absorbance modulation and its application in reflection
microscopy is discussed to provide a basic framework for understanding the research
work in Chap.[3] Chap.[]is concerned with the development of the confocal reflection
microscope that will be used for experiments and high-resolution imaging. Chap.
provides a detailed discussion of the experiments and the obtained results during
the coarse of the research work. A general summary of the thesis and future scope

of the project is provided at the end of the thesis in Chap. [6]



Chapter 2

Fundamentals of Conventional and
High-Resolution Microscopy

The high-resolution reflection microscope developed within the scope of this thesis
is derived from the concept of confocal microscopy |13} |14] and Stimulated Emission
Depletion (STED) microscopy [2, 9, [15]. This chapter describes the fundamentals
of image formation of point-like objects and extended objects in conventional mi-
croscopes. Based on illumination light and object properties, imaging systems are
broadly categorised as coherent and incoherent; foundational differences between
the two imaging systems and their associated resolution are also explained in this
chapter. In the section on confocal microscopy, we review the basics of image for-
mation in confocal arrangement and its eminence over conventional microscopy. As
STED microscopy is an extension of confocal microscopy, the basic principles and
their implementation for the development of a STED microscope are also discussed

later in this chapter.

2.1 Introduction to Microscopy

In this section, the basics of the image formation in a microscope are discussed.
We start with the image of a point-like object and then extend the idea to the
image of an extended object. The key aspects of two kinds of imaging systems,
coherent and incoherent, are also discussed in detail further in this section. A key
concept, resolution, which is essential to understand microscopy thoroughly, is also

introduced in the following section.

2.1.1 Fundamental Unit of an Image

Consider an infinitesimally small point-like object or point source imaged by a per-
fect lens. A point-like object emits spherical waves in all directions. To reproduce
a point image, the lens must collect and focus all the waves emanating from the
object into the image plane. However, due to the finite aperture of the lens, only
some of the emitted waves are collected and focused. Due to the wave nature of

the light, instead of a point image, the light waves interfere at the focal point to
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Figure 2.1: The figure demonstrates imaging of a point source using a lens. The electric
field emitted from the point source is collected and focused forming a blurred pattern
in the image plane. This electric field distribution is known as the APSF. The angle 6
denotes the semi-aperture angle of the lens; it is the maximum angle of the cone of light
that can enter or exit the lens. Additionally, the (real) electric field distribution of APSF
in xy-direction in the image plane is shown [17].

produce a pattern of a bright central disk surrounded by concentric rings of light;
when viewed in the x-y plane as depicted in Fig. [2.1 The electric field distribution
thus generated in the image plane is known as the Amplitude Point Spread Function
(APSF).

According to scalar diffraction theory with Fraunhofer approximation or the far-
field approximation, the APSF, ha(z,y), generated by imaging a point-like object is
given by the Fourier transform (F) of the pupil function, P(z,y), of the lens [16/18].

ha(z,y) oc F{P(z,y)} (2.1)

The APSF is a complex-valued function, i.e., it contains both amplitude and phase
information. However, the detectors used in imaging systems can only measure in-
tensity; hence, defining the intensity distribution known as (Intensity) Point Spread
Function (IPSF) is more convenient. IPSF, h(z,y), is given by the square of the
modulus of APSF.

W, y) = |hate,y) - Wa(e,y)| = |hate,y)| (2.2)

A lens, in general, has a circular aperture; thus, the pupil function is defined by:

;o p=a
0, p>a

Where p = /2% + y? is the radial position in the transverse plane from the optical
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axis and a is the radius of the aperture. The APSF is then calculated as:

cap(—jkd)

2mpa/Ad (2:3)

2J1(27Tpa//\d)]

where J; is the first order Bessel function of first kind and d is the position of the

. . . . . o
imaging plane on the optical axis (z-axis) from the focal plane [17, |19]. k = =T

is the wave number, here A = \,/n, where ), is the vacuum wavelength and n is
the refractive index of the medium. The IPSF, h(z,y), the intensity pattern in the

imaging plane is then given by:

ha,y) = [hate )| = <m2> [Nl(%pa/Ad)

2

2.4
Ad 2mpa/\d (24)

The IPSF generated by a circular aperture is also known as the Airy pattern, named
after George Biddell Airy [20]. Fig. shows a simulation of 2D and 1D profiles of
the APSF and IPSF generated by a circular pupil using vectorial diffraction theory
(VDT).

Various imaging systems employ annular pupils, for e.g., dark field and phase con-
trast imaging systems [21}, [22]. The APSF and IPSF for a thin annular pupil, with
outer and inner radii a and ya such that (1 — ) =€, with € << 1, is given by

hA(:L'7 y) =

exp(—jkd) (—j kp?

ind 54 >27TeaJ0(27rpa//\d) (2.5)

2
2mea

h(z,y) = ( d ) [J0(27Tpa/>\d)] (2.6)

respectively, where Jj is the zero-order Bessel function of the first kind.

Schwarzschild objectives (SO) or reflective objective are another kind of objectives
used for imaging which consist of reflecting surfaces called primary and secondary
mirrors. They are based on Schwarzschild’s design [23-25], such that they focus light
just like a lens-based objective. However, SO have the upper hand when an imaging
system needs a significant working distance and needs to work over an extended
spectral range. Unlike lens-based objectives, where the refractive index of the lens
varies with the wavelength and hence cannot focus all the wavelengths at the same
focal point, SO are designed to focus light without introducing chromatic aberration.
They also have an annular aperture, as shown in Fig. [2.3] with additional legs, also
called spider legs, to hold the secondary mirror. Using VDT, simulations of the
two-dimensional (2D) APSF and IPSF in the focal plane as well as one-dimensional
(1D) line profiles through the PSFs are shown in Fig. 2.3
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(a) Circular Aperture

- fvﬂ;d
-0.5 0.5 1.5 2 25

02+ x (in 22)

NA/
(d) 1-D APSF and IPSF

Figure 2.2: In this figure, (a) is a representation of a circular aperture of an objective lens.
(b,c) Simulation of the (real) APSF and IPSF in the focal plane, generated by focusing
light with a lens with a circular aperture (d) shows a normalised 1D profile through the
centre of APSF (blue) and IPSF (red) shown in (b) & (c). The full width at half maximum
(FWHM) of the PSFs is marked with arrows. The plots are computed for A = 633 nm,
n = 1 and a numerical aperture of 0.65. The x-axis shows the position of the maxima and
minima of the PSFs, it is normalised with ﬁ
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(a) Annular Aperture
(Schwarzschild Objective)

0
y [pm] -2-2
(b) APSF

[pmj (c) IPSF

14
== APSF
== JPSF

-0.5
(d) 1-D APSF and IPSF

Figure 2.3: In this figure, (a) is a representation of the annular aperture of SO. (b,c)
Simulation of the (real) APSF and IPSF in the focal plane, generated by focusing light
with an annular aperture shown in (a). (d) shows a normalised 1D profile through the
centre of APSF (blue) and IPSF (red) shown in (b) & (c¢). The full width at half maximum
(FWHM) of the PSFs are marked with arrows. The plots are computed for A = 633 nm,
n = 1 and a numerical aperture of 0.65. The x-axis shows the position of the maxima and
minima of the PSFs, it is normalised with ﬁ.
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It is clearly visible that the APSF and IPSF generated by SO are affected by the ad-
ditional central obscuration. Obscuration is defined as the percentage of obstructed
areas. The PSFs in Fig. 2.3 are simulated for an obscuration of 17.5%. The first
bright ring of the annular aperture IPSF has a considerably higher intensity than
the circular aperture IPSF. A closer look at the first minima of 1D IPSFs in Fig. [2.2
and shows that the size of the central peak is slightly smaller for SO than those
of the circular aperture (see Fig. [23, 126].

—— [IPSF-Circular
—— IPSF-Annular

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

x(inﬁ

Figure 2.4: The figure compares the 1D IPSFs generated by a circular and an annular
aperture. The x-axis shows the position of the maxima and minima of the PSFs, it is
normalised with ﬁ.

2.1.2 Coherent and Incoherent Imaging Systems

An optical imaging system is comparable to a linear shift-invariant (LSI)D system
[18, 27, 128]. An LSI system is characterised by its impulse response which defines
the input-output relationship of the system. Therefore, if we have an input and a
known response function, the output is calculated by convolution (®) of the input
and the response function. Mathematically, the impulse response function is defined
as the output of an LSI system when a delta function, called impulse, is fed as an
input. The impulse for an imaging system is synonymous with a point-like object or
a point source. As previously discussed, the response function of an imaging system
for a point-like object is given by the APSF or IPSF. Thus, the output image is
given by combining all the individual PSFs generated by each point in the object.

A microscope collects light emanating from the sample, for e.g., fluorescence, re-
flected and scattered light and projects it onto an imaging plane. Based on the
properties of the reflected light, which depends on the specimen and the illumina-

tion light source, the imaging systems can be broadly classified into two categories

!Linearity implies that the total electric field at a position in the image plane is the superposition
of the contributions from different elements of the object, a direct consequence of the linearity
of Maxwell’s equations. The optical system is considered shift-invariant when the imaging
properties are constant over the whole field of view.

10
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coherent and incoherent.
Coherent imaging is characterised by a fixed phase relationship between the light
waves emerging from different parts of the object. The image I(z,y) of an object
with complex amplitude O4(x,y) in a coherent imaging system is given by
2
I(z,y) = |Oa(w,y) ® ha(z,y)| (2.7)

where ® symbolises a 2D convolution. The object is defined as O4(z,y) = A(z,y) -
e™¢ with an amplitude A(z,y) and a phase ¢(z,y) and hy(z,y) is the response
function of the imaging system. A coherent imaging system is linear in complex
amplitude[19, 29, |30].

In incoherent imaging, phase relationships do not exist, i.e., different parts of the
object have random phases. Hence, the output image I(x,y) for the incoherent

system is given by

=O0(z,y) @ h(x,y) (2.8)

2 2
I(z,y) = |Oa(w,y)| ® |ha(z,y)|
The incoherent image is simply a convolution of the object intensity O(z,y) and

the IPSF h(z,y) of the imaging system. An incoherent imaging system is linear in
intensity [19, 30].

2.1.3 Resolution of a Microscope

As explained earlier, the image of a point-like object is not a point but rather an
extended intensity distribution. It is determined by the pupil function of the lens,
which describes the limited aperture size. Another expression that describes the
convergence and divergence of the light cone is the F-number (f# or F). It is
defined as F' = f/D where f is the focal length of the lens, and D is the diameter
of the finite pupil of the lens. It is related to the numerical aperture as F' ~ 1/2NA
[14, |16].

Resolution defines the size of the smallest detail that a microscope can resolve.
There are multiple definitions and ways of determining the theoretical resolution of
an imaging system. In 1873, the first definition of the resolution was given by E.
Abbe [1] where he considered the object as a periodic diffraction element such as a

grating and mathematically defined the resolution as:

Ao

T

(2.9)

where d is the smallest resolvable grating period. The equation is famously known
as Abbe’s resolution limit. According to eq.(2.9), the resolution is limited to half
of the wavelength used for imaging for NA = 1. The equation also suggests that
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Chapter 2 Fundamentals of Conventional and High-Resolution Microscopy

decreasing the wavelength and increasing the NA will increase the resolution of the
system.

There are various criteria [31] for defining the resolution of a microscope; however,
the most accepted standard is the Rayleigh criterion |32]. It states that, for a circular
aperture, lens, or mirror, images of a pair of point-like objects are resolvable when
the centre of the Airy pattern of one is directly over the first minimum of the Airy
pattern of the other. Therefore, the minimum resolvable separation between two
point objects is given as:

Mo f

d=1222 (2.10)

where D is the diameter of the circular aperture, and f is the focal length of the
lens. Eq.(2.10) can also be defined in terms of NA and F as:
Ao

d=122\F =0.61— 2.11
oF =061 (211)

The Rayleigh criterion presumes that the two point-like objects are emitting inco-
herent waves. While there is no difference between coherent and incoherent imaging
of a single point object in respect of the output intensity distribution, for a pair
of point objects, it might vary for the former. A simple model can be utilised to
investigate whether two point-like objects separated by Rayleigh distance would be
better resolved with a coherent imaging system than with an incoherent imaging
system. In accordance with eq., the coherent image of two point-like objects
can be modelled as [30]:

1(r) = [8(r — B1) ® ha(r) + exp (i6) - 6(r — ) @ ha(r)||

2 (2.12)
— |halr = 1) + exp (i6) - ha(r — )|

with hu(r) the APSF, §(r) the Dirac delta function representing the point-like ob-
ject, r = (x,y) a 2D vector in the image plane, 51 and (3 the positions of the two
objects, ¢ the relative phase between the two objects, and ® is the convolution op-
erator. Following eq. and using the same imaging system in incoherent mode,

the model becomes:

1(r) = [6(r — B1) @ ha(r)]| + | exp (i6) - 6(r — o) ® ha(r)|]
= ’hA(T — 51)’2 + ‘hA(T — 52)‘2
= h(r — 1) + h(r — 5)

(2.13)

with A(r) the incoherent IPSF and is given as the squared modulus of the APSF
h(r) = ‘hA(r)f. It is apparent from eq.(2.12) & (2.13) that the relative phase
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2.1 Introduction to Microscopy

between the point objects affects the image in coherent imaging and has no effect in
incoherent imaging [30, 33]. Fig. [2.5|shows the normalised intensity profiles through
the image of a pair of point like objects imaged with a coherent and an incoherent
imaging system. For the latter, the image varies with the phase difference (¢); at
¢ = 0, there is no dip in the intensity distribution due to constructive interference
between the APSFs generated by the two-point objects. Therefore, the points are
not resolved at ¢ = 0 as in an incoherent image. At ¢ = m/2, the pattern is
similar to that in incoherent imaging. At ¢ = m, the two maxima are more widely
separated, with the intensity dip dropping to zero, indicating significantly better
resolution than in incoherent image [19, 133]. It should be noted that when the two-
point objects are not resolved, by coherent or incoherent imaging, they appear at an
incorrect lateral position. However, this is also true in the case of coherent imaging
when ¢ = 7, as shown in Fig. [2.5| This shift in the lateral position is one of the

apparent effects of coherent imaging [34, 135].

(a) Incoherent two-point image (b) Coherent two-point image

1F 1

-5 -1 -05 0 0.5 1 1.5 -15 -1 -05 0 0.5 1 1.5
x (in ﬁ x (in ﬁ

Figure 2.5: The figure shows a comparison of the intensity profile through the image
of a pair of point objects formed by an (a) incoherent and (b) coherent imaging system.
The coherent image (b) varies with the phase difference (¢) between the two points. The
x-axis shows the position of the maxima and minima of the PSFs, it is normalised with
A

NA:

The intensity profile of an image produced by a coherent imaging system is phase-
dependent, making it more complex. Merely measuring its intensity response is
unsuitable for characterising its resolution limit.

When extended objects are imaged by an incoherent imaging system, the resolution

can be simply estimated by the FWHM of the IPSF, which is given by:

Ao

d=0.51
OSNA

(2.14)

for a circular aperture. The advantage of using the FWHM is that it can be easily
measured experimentally by imaging a pseudo point object, such as a nano gold bead,

and therefore be used as a comparison unit for real microscope systems. The FWHM
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Chapter 2 Fundamentals of Conventional and High-Resolution Microscopy

of a Gaussian-fit to the experimentally obtained IPSF is a good approximation of
realistically achievable system performance [36, 137].

It is worth noting that resolution is a miscellaneous concept, and measuring it is
not so trivial for a coherent imaging system. In general, various external factors
such as signal-to-noise ratio and contrast, although they do not affect resolution
directly, alter the final image quality of the imaging system. With newly developed
super-resolution imaging techniques, the definition of resolution limit has changed,

and it is crucial to understand them to compare different techniques.

2.2 Confocal Microscopy

Lukosz’s principle [19, |38] states that reducing the field-of-view can lead to a better
resolution. In other words, if a tiny aperture is placed extremely close to the object,
then the resolution is defined by the size of the aperture and not the radiation.
This principle has been demonstrated at microwave frequencies [39, 40]; however,
there are practical complications in placing a small aperture compared to half of the
wavelength close to the object. It is even more challenging to implement the same at
optical frequencies. Nevertheless, there is a way to take advantage of this principle
at optical frequencies. Instead of placing a physical aperture in the focal plane, one
can use a back-projected image of an aperture or a point detector in conjunction
with a focused point source. The described arrangement of optics is simply known
as a confocal arrangement or Type2 scanning microscope [19], as shown in Fig. .
Since it is a scanning technique, the specimen is scanned by moving the source
and the detector in synchronisation or simply moving the specimen itself to form a

complete image.

Collector

|

Objective

i

Focal plane

detector

! !

Figure 2.6: The optical arrangement of Type-2 or confocal scanning microscope. A point
source illuminates a small region of the object, and the point detector detects light only
from the same area [19].

Object

In the 1950s, Minsky patented the first confocal microscope. In his setup, the sample
was placed on an electronically controlled moving stage. He focused a light source
through a pinhole, creating a point source, on the sample and detected the signal

through another pinhole, which behaves as the back-projected aperture placed before
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2.2 Confocal Microscopy

the detector. The placement of the pinhole in the imaging plane is such that only
the signal that stems from the focal plane is detected; any out-of-focus light does not
reach the detector. The point source, its image in the focal plane, and the detection
pinhole lies in a conjugated plane. Fig. shows the optical arrangement of a
confocal microscope in transmission mode. The confocal microscope in a reflection
mode is achieved by placing a single lens (objective) and pinhole on only one side
of the sample. A half-silvered mirror or a beamsplitter (BS) is used to separate the
illumination and detection light, as shown in Fig. 2.7p.

(a) Objective Collector

Pinhole ﬂ Pinhole

Sample

Detector

. Half-silvered #
(b) Pinhole mirror 7 ﬂ
el
SOUrCe

Pinhole

Detector

Figure 2.7: The figure shows the optical arrangement of a confocal microscope by Minsky
(a) transmission mode and (b) reflection or fluorescence mode [13].

Nowadays, instead of an illumination pinhole, a laser is used as the illumination
source focused on the sample through an objective lens (circular aperture), in a
standard confocal microscope, generating a focal spot, referred to as illumination
APSF, hyu(z,y). The detection pinhole is back-projected on the focal plane by the
same objective producing a detection APSFE, hy 4et(2,y). If the pinhole is given by
a pupil function, p(z,y), then the detection APSF can be written as :

haget(,y) = hau(z,y) ®p(z,y) (2.15)

The product of the illumination APSF and detection APSF defines the APSF for a
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Chapter 2 Fundamentals of Conventional and High-Resolution Microscopy
confocal imaging system, which is given as:

hA,ccmf (I’, y) = hA,ill('ra y) . hA,det (.T, y) (216>

and the confocal IPSF is given by the product of the illumination and detection
IPSFs:

= hiy(x,y) - hget(z,y) (2.17)

2
heonf (T, y) = ‘hA,ill($7y) o ges (T, y)’
Fig. 2.8 shows the intensity profiles through the image of a point-like object imaged
with a confocal microscope with a circular and an annular pupil objective. The
central peak is sharpened for both the circular and annular aperture compared to

the conventional IPSF described in the previous section; additionally, the side lobes

are also reduced.

(a) Circular aperture (b) Annular aperture

1 Conventional IPSF 1

Confocal IPSF

2 15 -1 05 0 05 1 15 22 -15 -1 -5 0 05 1 15 2

x(inﬁ x(inﬁ

Figure 2.8: The figure shows a comparison of the intensity profiles of conventional and
confocal IPSF generated by (a) circular aperture and (b) annular aperture. The confocal
IPSF has a narrower central peak and suppressed side lobes. The x-axis shows the position
of the maxima and minima of the PSFs, it is normalised with ﬁ.

Integrating the knowledge about confocal point spread functions and different kinds

of imaging systems from the previous section, the image formation in a confocal
microscope is given by [29]:

2

[($,y) = ’OA<x>y)®hA,conf(xay)‘ (218)

when the microscope behaves as a coherent imaging system. A confocal microscope,

such as a confocal fluorescence microscope, can also be used as an incoherent imaging

system. The incoherent image formation in a confocal microscope is described as:

I(z,y) = |O(z,y)| @

heont (2, 9)| (2.19)
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2.2 Confocal Microscopy

where, O4(x,y) and O(z,y) are the object amplitude and intensity, respectively.
hacons(z,y)and heons(x,y) are the confocal APSF and IPSF, respectively.
As mentioned before, the detectors used in the imaging systems can only measure

intensity; henceforth, IPSF is referred to as PSF, as APSFs are not measurable.

Resolution of a confocal microscope

As discussed earlier, defining the resolution for a coherent imaging system is not
straightforward. Hence, we will discuss the resolution of an incoherent confocal
microscope. As depicted in Fig. 2.8 the size of the confocal PSF is narrower than
in a conventional microscope. The size of the detection pinhole used in confocal
microscopes is defined with respect to the Airy unit (AU). 1 AU is the diameter of

the first minimum of the Airy pattern obtained by a circular aperture [41-H43].

Ao M

1AU =1.22
v NA

(2.20)

where M is the magnification of the imaging system. For a pinhole size of ~ 1 AU,
the FWHM of a confocal PSF is given by:

deons = 0.51A1‘3f (2.21)

and for a pinhole size of 0.25 — 0.5 AU, the FWHM is given by:

A
deony = 0.3710)f (2.22)

In confocal microscopy, if an annular aperture is used with a pinhole of size ~ 1 AU,
the FWHM of the confocal PSF will be:

A
dconﬁannular = 0.44 Of (223)
D
and for a pinhole size of 0.25 — 0.5 AU, the FWHM is:
A
dconf,annular = 032]?)!][‘ (224)

The imaging systems discussed in this section were based on the linear interaction of
the illumination source and the object. So far, we have focused on image formation
and resolution basics in conventional and confocal microscopes. We also discussed
the properties and distinction of coherent and incoherent imaging systems. However,
to circumvent the resolution limit discussed in the previous sections, one needs to
exploit the non-linear interaction of light with the object. In the next section, an

incoherent, super-resolution microscopy technique, STimulated Emission Depletion
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Chapter 2 Fundamentals of Conventional and High-Resolution Microscopy

(STED), will be briefly discussed. Stefan W. Hell was awarded the Nobel Prize in
Chemistry in 2014 for its development[2} 44].

2.3 STimulated Emission Depletion (STED)
Microscopy

STED microscopy belongs to a family of far-field scanning optical techniques that
exploit reversible fluorescence transitions to achieve super-resolution [9, |45H48]. As
discussed earlier, in scanning microscopy, the illumination PSF or excitation PSF
in the case of fluorescence plays a major role in determining the resolution limit of
a microscope. In 1994, Hell and Wichmann proposed a method to limit the spatial
extent of the illumination PSF (consistent with Lukosz’s principle in section),
thereby increasing the resolution |2]. The idea is to selectively switch off fluorescence
(spontaneous emission) near the periphery of excitation PSF using a high-intensity
depletion beam (stimulated emission), with a characteristic doughnut-shaped PSF,
which is overlapped with the excitation PSF. As a result, an effective PSF of reduced
size is obtained. In the following section, the concept and implementation of STED

microscopy are described in detail.

Principle of STED

A molecule (fluorophore) is excited instantaneously once illuminated with an appro-
priate excitation laser of wavelength \.,.. The average fluorescence lifetime is in the
range of a nanosecond. Consequently, a photon is spontaneously emitted as fluores-
cence (Ay) within some nanoseconds. Due to vibrational relaxations, Ay is always
red-shifted. This is schematically shown in Fig. [2.9|left). However, a molecule can
also be de-excited by a process called stimulated emission, a natural counterpart
of spontaneous emission [15, 49]. When the molecule, while being in the excited
state, is irradiated by a light of wavelength A, it relaxes to the ground state by
emitting a photon that is identical to the stimulating photon (see Fig. [2.9(right)).
Thus, the molecule returns to the ground state without emitting any fluorescence.
Adep 15 equal to the energy difference between the ground and excited state (part of
its emission spectrum). This stimulated emission is the basis of STED imaging.

Both the PSFs, excitation and depletion PSF, are overlapped with each other. To
selectively deplete (or switch off) the fluorophores that are not in the centre of the
illumination spot, depletion PSF must have zero intensity at the centre; hence, it
has a doughnut shape. The characteristic doughnut shape is achieved by imprinting
the beam with a 27 helical phase mask such that a nodal axis of zero intensity
along the optical axis is generated in the focus of the objective lens. The emission

probability of a stimulated photon is exponentially proportional to the intensity of
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Figure 2.9: The figure illustrates the electronic states of a fluorophore, Sy is the ground
state, and S7 is the first excited state. Multiple thin lines represent different vibrational
states of Sy and S;. When light of the appropriate wavelength impinges on the molecule
(blue arrow), a photon is absorbed, and the molecule is excited to a higher vibrational
level of S7. It quickly relaxes back to the lowest vibrational level of S; non-radiatively
(curved arrow). Two possible de-excitation processes are shown here. On the left, the
fluorophore spontaneously relaxes back to the ground state or higher vibrational state
of Sy, releasing energy as a photon. This process is called fluorescence or spontaneous
emission (green arrow). The energy of the emitted photon is red shifted. On the right,
it shows the other de-excitation process called stimulated emission. While the molecule
is in the excited state, another beam of light is illuminated with a time delay of At (red
arrow). The photon of the second beam forces the excited fluorophore to relax back to
the ground state by emitting a photon identical to itself [50].

the depletion beam. For a given fluorophore, saturation intensity (/s ) is defined as
the intensity of the depletion beam required to reduce the fluorescence emission by
half. It is possible to empirically calculate I,,;. The resolution of a STED microscope
strongly depends on the efficiency of stimulated emission, which eventually depends
on the intensity of the depletion beam. The STED resolution and its relation to
the depletion beam intensity are expressed as a refined form of Abbe’s resolution

equation [51 52]:

A

TaNATe L

Where ) is the emission wavelength, NA is the numerical aperture, I, is the satura-

d (2.25)

tion intensity of the corresponding fluorophore, and I denote the applied depletion
beam intensity bordering the zero region. STED microscopy was first experimentally
demonstrated in 1994 |2, 9]. Fig. [2.10p shows a basic STED setup with excitation
and depletion laser beam, which are overlapped and temporally synchronised to ar-
rive at the sample consecutively with a time delay of At. A 0 — 27 phase mask
is used to create the doughnut-shaped depletion beam. The emitted fluorescence
photons are discerned using a dichroic mirror and are focused on a detector. One

of the essential factors in achieving high resolution is the time delay between the
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Figure 2.10: In this figure (a) demonstrates the concept of the effective PSF in STED
microscopy. An excitation laser with a Gaussian-shaped focal spot (blue) is overlapped
with a depletion beam of a doughnut-shaped focal spot (red). When this combination
is irradiated on a fluorophore sample, the depletion beam suppresses the spontaneous
emission due to the excitation laser. The suppression occurs in the illuminated region
except in the doughnut’s centre, which has zero intensity, effectively resulting in a sub-
diffraction-limited emission spot. (b) A schematic of the experimental setup of a STED
microscope. It is a confocal setup with an additional depletion beam. The depletion beam
is imprinted with a 0 — 27 phase mask to produce a doughnut-shaped focal spot.

excitation and depletion lasers. The other factor that aids in super-resolution is the
non-linear dependence of the depletion of excited molecules on the depletion beam
intensity. In other words, after a specific value of depletion beam intensity, stim-
ulated emission dominates spontaneous emission, leading to complete fluorescence
suppression. Mathematically, if the ratio in the denominator I%t — 00, then STED
microscopy can achieve an infinite resolution. Extremely high resolution of 6 nm
was attained when highly stable nitrogen-vacancy defects in diamond samples were
imaged . However, in biological samples,sample preservation limits the usable

laser power; thus resolution between 30-80nm is achievable.

Techniques like Gated-STED, two Photon excitation-STED, Reversible saturable
optical fluorescence transitions (RESOLFT), and MINFLUX AT, deal
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with the problem of photo-bleaching, making it more suitable for life science imaging.
So far, STED microscopy has been mainly implemented to study biological systems.
A new concept of absorbance modulation is introduced to expand its applications in
lithography and imaging in material science. In the next chapter, the foundation of
absorbance modulation and its practical implementation to achieve the goal of this

thesis are discussed in detail.
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Chapter 3

Introduction to Absorbance
Modulation Imaging (AMI)

The fundamental concept in fluorescence nanoscopy to exploit the reversible optical
transitions to achieve super-resolution, as described in the previous chapter using
the example of STED microscopy, is not limited to fluorescence. In 2006, Menon
and Smith| expanded this concept to optical lithography as absorbance modulation
in optical lithography (AMOL) [3} [10]. Instead of utilising the optically reversible
switchable transitions of fluorophores, a layer of photochromic molecules is used to
achieve high resolution. These molecules can reversibly switch between two distinct
states with different absorption properties based on the illumination wavelength. In
AMOL, a thin layer of these photochromic molecules, called the absorbance modu-
lation layer (AML), is coated on a photoresist layer. The absorbance of the AML
is modulated spatially by simultaneous illumination of a doughnut-shaped spot and
a Gaussian spot at two different wavelengths. Except at the null of the doughnut,
the illuminated area of the AML renders opaque, creating a narrow aperture in the
layer. Thus, a highly confined spot is transmitted through the aperture exposing
the underlying photoresist with a nanoscale illumination spot. |Andrew et al.| have
successfully used this technique to produce structures with a minimum linewidth
of 35 nm. Absorbance modulation was also successfully implemented in absorbance
modulation imaging (AMI) in transmitted light microscopy. Imaging of structures
spaced by distances as small as &~ 40 nm was presented [4, [12].

In material science, a more comprehensive range of samples are imaged, including
opaque, transparent and metallic specimens. In 2018, |[Kowarsch et al. published a
theoretical study on AMI in reflection microscopy to address this wide range of sam-
ples. They presented a theoretical model for AMI in confocal reflection microscopy
and showed that imaging well beyond the diffraction limit should be feasible [5]. This
thesis aims to experimentally realise AMI in reflection microscopy by developing a
high-resolution reflection microscope based on this theoretical study.

This chapter will discuss the basics of absorbance modulation and its application
in reflection microscopy. Absorbance modulation relies on the properties of pho-

tochromic molecules. Hence, a brief description of photochromic molecules is also
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provided within this chapter. As discussed in Chap. [2] for the other imaging modal-
ities, a resolution equation is also derived and discussed at the end of this chapter
[5].

3.1 Photochromic Molecules

Photochromic molecules are widely used in ophthalmics, cosmetics, optical storage
devices and photo-optical switches [56-59]. The first observation of photochromic
behaviour was reported in the late 19" century. “Photochromism is a reversible
transformation of a chemical species induced in one or both directions by absorption
of electromagnetic (EM) radiation between two forms having different absorption
spectra” [56]. The most common model to describe photochromism is a simple
two-way reaction between molecular species A and B. The reaction is assumed uni-
molecular even though sometimes it might involve other molecular species. Fig.
shows the energy diagram of a unimolecular photochromic molecule. A potential
barrier of AFE separates the energy states of molecular species A and B. Depending
on the value of this potential barrier, the photochromic system is characterised as
either T-type or P-type. If the barrier is low, B is metastable and can revert to A
spontaneously. Such systems are T-type, where T refers to the thermally induced
transition from B to A. On the other hand, a high barrier attributes a bistable
system, where only photons can cause the reaction from B to A. Such systems are

called P-type, where P denotes photochemically induced reaction.
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Figure 3.1: (left) Potential energy diagram of a unimolecular photochromic system.
(right) The absorption spectra of the molecular species A and B. €4 and ep are the
absorption cross-sections of A and B, respectively, at the characteristic absorption wave-
lengths A4 and Ap, respectively. Taken from [60].

Generally, the molecular species A absorbs in the UV region and B absorbs in the

VIS region of the EM spectrum, with a characteristic absorption band at A4 and
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3.1 Photochromic Molecules

Ag, respectively. €4 and e are the absorption cross-sections of molecules in state A
and B at A4 and Ap, respectively. When a photon of energy hc/A4, where h is the
Planck’s constant and c is the speed of light in vacuum, is absorbed, the molecular
species A is excited from the ground state to an excited state. The excited molecule
will transform into a molecule of the species B depending on the probability QF4_, 5,
also known as the quantum yield or quantum efficiency (QE). On the contrary,
molecule of species B will convert back to species A with a probability of QFg_ 4
when it is excited at Ag. Different absorption spectra result in different optical and
physical properties of the photochromic molecules in the two distinct forms, A and
B.
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Figure 3.2: (a) Molecular structure of BTE-1 molecules in their isomeric open and closed
forms. (b) The photochromic molecules switch between two states, namely, the open and
closed states, which look colourless or lightly coloured and blue coloured, respectively. (c)
The absorption spectra of the BTE-1 in open and closed form. ¢ is the decadic molar

absorptivity [11].

In this thesis, the photochromic molecules comprising the AML, spin-coated on

the samples for experiments, are P-type photochromic molecules from the family
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of diarylethene. The specific type of diarylethene explored in our experiments is
1,2 — bis(5,5 — dimethyl — 2,2" — bithiophenyl) per fluorocyclopent — 1 — ene,
referred to as BTE-1. These molecules have a central benzene ring. As mentioned
before, the photochromic molecules inter-convert between two isomeric forms. In
one of these isomeric forms, the central benzene ring is “open”, hence, referred to
as the open state (O). In the other isomeric state, the benzene ring is “closed” and
hence, is referred to as the closed state (C). Fig. and show the BTE-1
molecule in its open and closed state and the absorption spectra of the BTE-1 in
the two isomeric forms, respectively. Fig. shows the thermodynamically stable
state of BTE-1, open state, in solution form, which is colourless or lightly coloured.
Upon UV irradiation, the BTE-1 switches to a blue-coloured closed state.

In absorbance modulation, the AML is switched between the two states, and in
practice, the AML must be stable and should be able to undergo numerous switch-
ing cycles. The property that describes the ability of the photochromic molecule
to undergo numerous cycles is called fatigue resistance. A cycle is when BTE-1
is photochemically switched between the two isomeric forms, open to closed, also
referred to as “switch OFF” and closed to open as “switched ON”. The number of

cycles BTE-1 can undergo is an essential experimental parameter and is explored in
detail later in Chap. 5]

3.2 Absorbance Modulation

The concept of absorbance modulation is inspired by STED microscopy. However,
instead of utilising the optically reversible switchable transitions of fluorophores, a
layer of photochromic molecules, AML, is used to achieve high resolution. Analogous
to STED microscopy, two lasers are simultaneously illuminated on the AML-coated
sample. When a focal spot of measurement beam at A\, is co-illuminated with a
doughnut-shaped spot of confinement beam at A;, the region of the AML affected
by A1 converts to state C and is opaque to \y. Except for the region at the zero-
intensity centre of the doughnut and the focal spot of Ay, AML remains in state
O and is transparent to Ay. Therefore, A\ photons can penetrate through the sub-
wavelength dynamic aperture generated in the AML as shown in Fig. 3.3h. It is
worth noting that the PSFs of the two laser beams, measurement and confinement
beam, are diffraction-limited, but the effective illumination PSF that penetrates
through the AML is governed by the photochemistry of the layer and thus can
surpass the diffraction limit [3| [L0]. Absorbance modulation is a relatively new
technique used in optical lithography, AMOL, and transmission microscopy, AMI,
demonstrating a high lateral resolution [3, 4]. Until recently, the application of

absorbance modulation in reflection microscopy was not investigated. A theoretical
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Figure 3.3: Scheme of absorbance modulation. (a) Simultaneous illumination of a Gaus-
sian focal spot at A2 (633 nm) and a doughnut-shaped focal spot at A (325nm) generates
a sub-wavelength aperture through the AML. The size of the effective illumination PSF,
shown in the layer, is below the diffraction limit. (b) The switching of photochromic
molecules between two states, open state (O) and close state (C), upon respective illumi-
nation of Ay and ;.

model of AMI in reflection microscopy was recently published [5], showing that
imaging beyond the diffraction limit is feasible. The following section will discuss
the theoretical model and implementation of absorbance modulation for AMI in

confocal reflection microscopy.

3.3 Modeling AMI in Reflection

A combination of dual-wavelength exposure and spectrally reversible photochromism
in the AML allows light confinement to a sub-diffraction spot. The size of the gen-
erated aperture and the effective PSF depends on the AML (BTE-1 molecules)
properties and the parameters of the two superimposed laser beams. A compre-
hensive model is required to understand and analyse the technique of absorbance
modulation. This section presents a brief review of the theoretical model, specifi-
cally for reflection microscopy [5], to facilitate understanding of AMI in reflection
microscopy.

In order to understand the role of photochromic molecules in aperture generation
during illumination with two lasers, a kinetic model of the photochromic reaction is
considered. For this purpose, a P-type bistable system is assumed where the conver-
sion between the two isomeric states A and B is light-driven, thermally stable and
follows first-order kinetics [61]. The switching A — B is induced by the light with
confinement wavelength A\; and B — A by the light with measurement wavelength
Ao El Some parasitic absorption also exists i.e., some photons at \; are absorbed in
state B and vice versa. When a sample coated with photochromic molecules is simul-
taneously illuminated with light of both wavelengths, the photochromic molecules

in the AML experience a dynamic process until a photostationary state is achieved.

IThe states A and B are for generic nomenclature. For the BTE-1 molecules, state A corresponds
to open state O, and state B corresponds to close state C
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Chapter 3 Introduction to Absorbance Modulation Imaging (AMI)

Let the concentration of photochromic molecules in state A and state B be given by
Ca(r, z,t) and Cp(r, z,t), respectively, in molecules m™3, at radial and axial position
r and z and time ¢ (see Fig. [3.4). The conservation of photochromic molecules in
the AML, ignoring any photo-bleaching or other reactions gives Ci,; = C4 + Cp.
Given that the AML layer is homogeneous and consists of photochromic molecules
in its two isomeric states, A and B, the composition of the mixture evolves with the

following general differential equation:

ECA(Ta Z, t) = _ddtCB(r7 2, t)

dt
= _(z)/\l (Tv Z, t) {U;\\I—>B CA(rv = t) - U?—)A CB(Tv 2, t)]
+ o, (1, 2, 1) {O’%:A Cp(r,z,t) — 0¥, C’A(r,z,t)} + kg Cp(r, z,t)
(3.1)

where ¢, (1, z,t) and ¢, (r, z,t) are the local photon flux density at the confinement

1

and measurement wavelength, in photons s~ m~2, respectively. The change of con-

centration of molecules in state A is proportional to the interaction cross-sections

An

oy, g and o3, 4, in m?, for A — B and B — A conversion at the confinement and

measurement wavelength (n = 1, 2), respectively. The interaction cross-sections are
calculated using the absorption cross-sections, 5273 (n = 1,2), and the quantum
yvield, QF4_.p, QFp_ 4, of the respective states and wavelengths. The absorption
cross-section, in m?, describes the probability of an absorption process. Quantum
yield is a unit less quantity that describes the efficiency of conversion of states per
mole of the photons absorbed by the photochromic molecules. Although the AML is
made from P-type, there are some thermal relaxations of state B. kg is the thermal
rate that accounts for the thermal relaxations. Fig. shows the schematic of the
AML on the substrate and the coordinates assumed in the modelling of AMI in

reflection.

For simplicity of the model, the photochromic molecules in the AML are assumed
to be randomly oriented, and the EM fields of the illumination light are considered
unpolarised. The influence of the photon flux reflected at the substrate surface
must be considered to model AMI in reflection. As shown in Fig. the photon
flux in the illumination direction is denoted by ¢,’ and the reflected photon flux
is denoted by ¢5 . Therefore, the photon flux at a position and time (r,z,t) is a
superposition of all the local photon fluxes, illuminating and reflected. It is referred

to as omnidirectional photon flux (¢5’) and is given as ¢7 = ¢y + ¢35 .

When illuminated on the AML, the two beams, measurement and confinement beam,

are absorbed to generate the aperture. The Lambert-Beer law relates the attenu-
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Figure 3.4: The model coordinate system is (r, z,t), where r is the radial, z is the axial
coordinate and t is the time. An AML of thickness D is coated on the sample containing
molecules that can inter-convert between states A and B by absorbing photons of the
wavelenghts A; and A2. The illumination of the laser is in the direction of the z-axis. The
photon flux in the illumination direction is denoted by ¢}’ and the photon flux reflected
from the substrate is denoted by d)‘/\_n, with n = 1, 2.(right) The model coordinate system
for imaging through the aperture. Double thickness (2D) of the AML is considered to
incorporate the reflection from the substrate surface. N is the normal and s is the straight
path between S’ = (r/, ¢,z = 0) and S = (r, ¢,z = 2D). 0 is the angle between the normal
N and s. The grey and transparent area within the AML portrays the sub-wavelength
aperture of diameter 2rapz, .

ation of light intensity to the properties of the medium through which the light
is travelling. According to this law, the photon flux decays exponentially along
the depth of the AML. Both the incoming and reflected photon flux of both wave-
lengths influence the aperture generation. The local omnidirectional photon flux for

An (n=1,2) at time ¢ and radial and axial positions at r and z is given by:

(1 2,8) = o3 (1, 2,1) + 03, (1, 2, 1)

= Px,in(r) exp [— /OZ a, (1, ¢, 1) dC] (32)

+ ¢a,in(r) Ry, €xp l— /OD ay, (r, ¢, t)d¢ — /ZD ay, (r, ¢, t) dC]
Here ( is the integration variable for the axial position, and D is the thickness of
the AML. ¢y, in(r) is the incident photon flux of the confinement and measurement
wavelength (n = 1,2) on the surface of the AML and R, is the reflectance of the
confinement and measurement beam at the boundary between the AML and the
substrate surface, and it is calculated using the Fresnel equations [27]. ay, (7, (,t) is
the absorption coefficient, given by the product of the absorption cross-section, 5273
for both the states and concentration of molecules in each state. Mathematically it

is expressed as:

ay, (1, ¢ 1) = ey Cy(r, ¢, t) + ey Ca(r,C,t) (3.3)
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Chapter 3 Introduction to Absorbance Modulation Imaging (AMI)

The photon fluxes of the illuminated beams decrease over depth, influencing the pho-
tochromic molecules’ local concentrations in states A and B. The set of equations,
eq.(3.1) and , are solved numerically to describe the sub-diffraction aperture
generation in the AML.

Since it is instructive for the experimental design to understand the dynamics of
aperture generation, it was simulated for BTE-1. Following Kowarsch et al., the
incoming PSFs of the confinement and measurement beam were assumed to be
Laguerre-Gaussian polynomials. The following equations were employed for mod-

elling axially symmetric PSFs for the incoming photon flux densities:

A4 P r\’ Y
Bain(T) he © W2 <W1> exp[ <W1> ]
(3.4)
Ay 2 P r )
¢/\2,m(r) he W22 Xp [ <W2> ]

With the photon energy he/A, h is the Planck constant, ¢ is the velocity of light and
A is the wavelength. r is the radial position, P; and P, are the power of each beam
and W; and W, are the waist radiﬂ

For the simulation, an AML of 200nm thickness is simultaneously exposed to a
doughnut-shaped PSF at A\; and Gaussian PSF at Ay. The waist radii, 425nm (or
FWHM = 500nm) and powers of 11uW are kept the same at both wavelengths.
Fig. [3.5] shows snapshots of simulation of aperture generation at different time
stamps of 50 s, 2ms, 10 ms, 30 ms and 50 ms. The initial state of the photochromic
molecules in the AML is assumed to be in state A i.e., transparent for Ay. The figure
shows the evolution of the aperture in terms of change in concentration of molecules
in state A and state B. The width of the channel decreases with the increasing time
of illumination. A significant change in the width of the aperture is seen after 10 ms
of illumination. However, the AML does not reach the photostationary state until
50ms of illumination. The time required to generate the aperture depends on the
powers of confinement and measurement beams. Here we have shown an illustration
of when the illumination power and width of the PSFs are kept the same.

The dynamics of aperture generation can also be analysed as in terms of change in
absorbance of the BTE-1 molecules at \; and A\y. Fig. shows the spatial distri-
bution of absorbance at (left) A; and (right) Ay, for various illumination times. The
change in the width of the curves indicate the narrowing of the aperture. The arrow

indicates the increasing time of illumination from 10ps — 50ms. The parameters

2The waist of the Gaussian beam is the radius at which the intensity has decreased to 1/e? or
13.5% of its peak value. For a doughnut beam the waist is the diameter at which the intensity
of the valley has increased to 86.5% of its minimum value.
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Figure 3.5: The figure shows snapshots of the change in concentration of molecules in
state A (open) and state B (close) in an AML of 200nm thickness. The initial state
of the photochromic molecules in the AML is assumed to be in state A. The dark re-
gion in the AML depicts the molecules in a close state, and the bright central region
is the sub-wavelength aperture generated via absorbance modulation. The illumination
of measurement and confinement beams are simulated using eq. at P, = 1nW and
P, = 1nW. It is simulated for 50 ms, here snapshots are shown as different time points.
All the parameters listed in table & are used in the simulation. z and r are the
axial and radial position as described in Fig.
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Chapter 3 Introduction to Absorbance Modulation Imaging (AMI)

listed in table & are used in the simulation. Since no parasitic absorption
occur at A, the minimum absorbance reaches zero, whereas, due to parasitic ab-

sorption at A; (g74), absorbance does not reach a minimum of zero.

Absorbance (\ 1)
Absorbance (\ 2)

0.5 -0.5 0.5

0
r [pm]

Figure 3.6: The spatial distribution of absorbance of the AML at (left) A\, and (right)
A2 at illumination times, along the radial position. The arrows indicate the increasing
illumination time: 10ps, 50pus, 100 ps, 500 ps, 1ms, 2ms, 10ms, 15ms, 20ms, 25 ms,
30ms, 40 ms and 50 ms.

Absorption cross-section Value
ey 1.19 x 10-2°m?
e 6.04 x 10~*m’
ey 4.02 x 10~'m?
e 7.66 x 10~2'm?
Quantum Yield Value
QFEA B 0.24
QFEB .4 0.00088

Table 3.1: Photochromic parameters for BTE-1. Note that the parameters are given in natural

logarithmic (Napierian) form in the tables. The chosen wavelengths are A\; = 325 nm
and Ay = 633 nm .

Interaction cross-section Value
o 2.86 x 10~ 2'm?
oy, , (Parasitic) 3.54 x 107?*m?
A 6.74 x 10~ *m?
0’2, 5 (Parasitic) Om?
Thermal rate Value
kg 3 x 1076g71
o 2990 x N4 molecules m™

Table 3.2: Photochromic parameters for BTE-1. The interaction cross-sections are calculated by
multiplying the absorption cross-section and the specific quantum yield. The initial
concentration of BTE-1 in the AML is calculated using the Lambert-Beer law, here
N, is the Avogadro’s number .

To image an extended object using AMI in reflection, the dynamic aperture is
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3.3 Modeling AMI in Reflection

rastered over the measurement surface. Therefore, the time required to reach a
dynamic equilibrium, ¢4, also referred to as time to equilibrium, to generate the
aperture is a critical parameter. It determines the pixel dwell time (time at each
scan position) and consequently, the image acquisition speed of the imaging system.
Kowarsch et al|derived an analytical solution of eq. & , to determine ¢4,

for AMI in reflection microscopy, which is given as:
A A A2 Ao -1
Estat > O [ (1+R>\1) qb)\l,in (O-AHB—FO-B*)A) + <1+R>\2) ¢/\27in (JA~>3+UB~>A) } (35)

Here ¢y, .in (n = 1,2) is the incident photon flux density of the confinement and
measurement beam, and o) and o, are the interaction cross-sections of the
molecules in state A and B at A\; and Ay, respectively. Eq. shows an inverse
relationship between the photon fluxes and ty,. Additionally, since QFEp_ 4 is
significantly low, the photon flux of A\; primarily controls .. This correlation
agrees with the simulations as well. An identical absorbance curve is obtained just
after 1 ms of illumination, when the AML is exposed to high illumination powers of
the measurement and confinement PSFs, P, = 40 pyW and P = 40 pW (not shown).
Kowarsch et al|used a beam propagation model using the Huygens-Fresnel principle
to model the imaging through the generated sub-wavelength aperture. It propagates
an input complex electric field, E), ;,, through the AML in the photo stationary
state. Propagation through the AML with a double thickness, such that 0 < z < 2D,
is calculated, first the original and then its mirrored version at the substrate surface,
to incorporate the reflection at the substrate surface. Hence, it considers a modified
local photostationary absorption coefficient, aat ,, along the depth (2D) of AML.
The superposition of the spherical waves emerging from the complex electric field
at z = 0 is calculated at z = 2D to give the exiting complex electric field, E, ou-

Mathematically, it is given as:

E)\g,out(rv Qb, Z = 2D) =

_ 00 2 y —1 ,
— / Exyin(r', 2z = 0)r'dr’ / %008(9) exp | — /astat x, ds | do
Ao Jo ’ 0 |s] 2 Js ’

(3.6)

with r,7’and ¢, ¢ as the radial and angular coordinates, respectively. k = 2mnanr, /Ao
is the wave number with n4s7 as the refractive index of the AML and Ay is the
measurement wavelength. s is the straight path between S’ = (r/,¢,z = 0) and
S = (r,¢,z =2D) and 6 is the angle between vector S — S" and the normal to the
AML (see Fig. [3.4). cos(#) is the obliquity factor, same as in Rayleigh-Sommerfeld

diffraction formula [17} [27]. For AMI in reflection, it is crucial to consider the reflec-
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Chapter 3 Introduction to Absorbance Modulation Imaging (AMI)

tion at the boundary between AML and the ambient medium with refractive index
Namp and naprr, respectively. The reflectance at the measurement wavelength in the

photostationary state is

. N\2
Namb — NAML T Z?astat,/\g (Ta = O) 2

R4M5,(r 2 =0) = i (3.7)
Namb + NAML — Z.Eastat,/\z (r,z=0)

The reflectance at this boundary increases with the absorption coefficient, o »,,

of the AML. This also results in a constant background during imaging.

3.3.1 Lateral Resolution Enhancement

The absorption distribution within the AML provides an axially symmetric trans-
parent channel [5]. This channel confines the region in which the measurement beam
can traverse by absorbing photons in the out-of-centre regions, thereby an effective
illumination PSF is generated that is smaller than the diffraction limited measure-
ment PSF (see Fig. . If the diameter of the generated aperture is 2r 4,7, and the
FWHM of the measurement PSF is denoted by Az, then for a resolution enhance-
ment aperture diameter must be less than the FWHM of the measurement PSF,
2r oy, < Azx. The FWHM of the effective PSF, Ax a1, is therefore determined by
the FWHM of the generated aperture:

Az anmr A 21 amL (3.8)

After time ty,; of illumination with the measurement and confinement beams, the
photochromic molecules reach a photostationary state. The rate equation, eq.(3.1)),
of a thermally stable AML such that kg = 0, in photostationary state is set equal

to zero:

d d
aCA(r,z,t) = %CB(T’ z,t) =0

= 05 wa(r, 2)[0XL 5 Calr 2,t) — o4 Cp(r, 2,1)] (3.9)

- ¢A<—>2,stat(r7 Z) [OgQHA CB (Tv Z) - 0-1)4\12~>B CA(ﬁ Z, t)}

with the omnidirectional fluxes ¢, (7, 2) at both the wavelengths. A homogeneous
concentration of photochromic molecules over the AML thickness is assumed, such
that Ca stat (1, 2) = Castar(r) and Cp siar(r, 2) = Cpstar(r). If the ratio of the pho-
tochromic molecules in state B exists with a ratio 8, (0 < 8 < 1), then at the radial
position 741, the concentration of molecules in state A and state B can be written

as:
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3.3 Modeling AMI in Reflection

CB,stat(TAML) = 6 - Clot

(3.10)
CA,smt(T’AML) = (1 - 5) * Ciot

For simplification, the contribution from parasitic absorption is neglected. There-
fore, eq.(3.9) is simplified to:

gb)\HQ,stat(TAML) _ 1_5 O-ii1—>B (3 11)
OS5 stat(TAML) B o%.,

Since it is difficult to experimentally determine the omnidirectional fluxes ¢ ;,,(7, 2),
the efficacy € is introduced. It relates the ratio of the incident photon fluxes (¢ i)

into the AML to the omnidirectional fluxes and concentrations ratio.

§¢A2,in(rAML> ~ Qs)\(_;,stat(rAML) _ 1_5 0—21—>B (3 12)
Oxyin(TamL) ¢§;7stat(7“AML) B ag"_m

Both the incident PSFs, measurement and confinement, are overlapped such that the
maximum of measurement PSF is superimposed with the central zero minimum of
the confinement PSF (at » = 0). However, to calculate the effective PSF, we are just
interested in the vicinity of the minimum of the doughnut-shaped confinement PSF
(small r). Hence, parabolic approximations of the illuminated PSFs are employed.
The equations for the parabolic approximation of the photon flux for both axially

symmetric PSFs at r = 0 are:

)\1 4 P1 r 2
Puin(r) X 3 W <Wl)
(3.13)
)\2 2 PQ r 2
mr) = 222 22 11 9
¢A2, (T) he W22 [ <W2> ‘|
Using the above equations in eq.(3.12)) we get:
i () |
Orin(rarie) Ao m W3 We ) | 11-Bois 3
Onan(ranr) M 4 P (ran) § B opa '
s W12 W1

Hence, solving the above equation for 2r 45,7, and using eq.(3.8)) we get:
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V2W,
L 115 U%;B ﬁ%j PR
§ [ o, MW

where, PR is the power ratio of the confinement and measurement beam powers,

(3.15)

A.TAM[ %QTAML ~
Jl

PR = %. PR is a decisive quantity that impacts the resolution enhancement ,

64]. The ratio of the FWHM of the effective PSF, Az .y, and the

diffraction-limited PSF, Az, is defined as the lateral resolution enhancement factor,

K

Az Anmr
— Nl
K Ay (3.16)

Analogous to the resolution enhancement is STED microscopy (eq.(2.25))), the lateral

resolution enhancement factor, x can be expressed as:

. ALEAM[ - 1

— P R 3.17
& Azx L4 PR ( )
PRsat
; Effective PSF
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Figure 3.7: The spatial distribution of the transmitted intensity of the measurement
beam through the aperture using the Lambert-Beer law. The arrow indicated the increas-
ing time of illumination. Estimated FWHM of the effective PSF after 50 ms of illumination
is 60 nm. The illumination times shown in the figure are: 10ps, 50 ps, 100 ps, 500 ps, 1 ms,
2ms, 10ms, 15ms, 20ms, 25 ms, 30 ms, 40 ms and 50 ms

Using the data from the simulations shown in Fig. 3.3 and [3.6] we estimated the
profile of the effective PSF generated in an AML of a thickness of 200 nm. However,

instead of using a beam propagation model, as done by Kowarsch et al., we computed

the spatial transmitted intensity through the AML using the Lambert-Beer law.
The reflection from the surface of the substrate was also incorporated such that

the effective thickness of the AML was twice its original thickness. Fig. [3.7] shows
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3.3 Modeling AMI in Reflection

the effective PSFs at various illumination times. At the photostationary state, the
computed FWHM is ~ 60nm. At the length scale of the sub-wavelength aperture
size and the thickness of the AML, the effect of diffraction is substantial. Since we do
not consider any diffraction losses of the measurement beam at the AML aperture,
the estimated effective PSFs in Fig. are likely overestimated, predicting tighter

PSF confinements.
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Chapter 4

Experimental Implementation of
AMI in a Confocal Reflection
Microscope

In the presented work, we developed a confocal reflection microscopeE] to demonstrate
AMI in reflection experimentally. Fig. shows the schematic of the microscope.
It is mainly divided into three units: the Measurement Unit (MU), the Confinement
Unit (CU), and the Imaging Unit (IU). As discussed in the previous chapter, AMI
requires two lasers: the measurement and the confinement laser. The individual
units of the confocal microscope, MU and CU, contain optics to control and modulate
the measurement and confinement lasers, respectively, for AMI. The optics required
to combine the two lasers to illuminate the sample and detect its reflected signal are
incorporated in the IU. An additional WF microscope is also incorporated in the
setup.

Following the original design of a confocal microscope [13], described in chapter ,
the sample is placed on a 3-D piezo stage (NanoMax, 3-Axis NanoMaz™™ Flexure
Stage, Thorlabs, Dachau, Munich, Germany). However, instead of using a refractive
lens, generally used in imaging systems, a four spider-legged Schwarzschild objective
(SO, 52x, NA = 0.65, BOS 5004-000-D, Mountain Photonics GmbH, Landsberg am
Lech, Germany) is used for focusing the laser beams on the sample. The beam
diameter is adjusted using appropriate telescopes such that the entrance pupil of the
objective is fully illuminated. Additionally, half-wave-plates (HWP) and quarter-
wave-plates (QWP) are used in the CU and MU in order to control the polarisation
state of the respective laser beams. Other parameters for e.g., laser power and
illumination time, movement of the stage and data acquisition, are coordinated
electronically via a National Instruments Data Acquisition (NIDAQ) card (PCle-
7856R, National Instruments, Austin, TX, USA) in combination with the acquisition
software Imspector (Abberior Instruments GmbH, Géttingen, Germany). In the
following sections, each unit of the setup and some individual optical components

are explained in detail.

In this thesis, from this chapter on, the terms confocal reflection microscope, reflection micro-
scope and confocal microscope are used synonymously.

39



Chapter 4 Experimental Implementation of AMI in a Confocal Reflection Microscope

D / G DM2

CAM DMI G D

% E\\ & ID-PP-}- HWP ‘/
O W

l
H VP
PMTI H / HWP ~ -- HWPQWP

so ¢ | [ y

: [ ql |
e R e = R

Faraday isolator : Pogd : sy
XYZ Stage [ Confinement Unit (CU)

5]

: “ivaging Unit (10
Measurement Unit (MU)
1D-PP: 1D Phase Plate FL: Focusing lens PS: Pulse Stretcher
Amp-PD: Amplified Photodiode = GT: Glan-Taylor polariser SO: Schwarzschild Objective
AOM: Acousto Optic Modulator HWP/QWP: Half/Quarter waveplate THG: Third Harmonic Generator
BS: Beamsplitter PH: Pinhole TiSa: Titanium Sapphire Laser
CAM: Camera PL: Pellicle TL: Tubelens
DM: Dichroic mirror PMT: Photomultiplier Tube VPP: Vortex Phase Plate

Figure 4.1: High-resolution confocal reflection microscope. The WF microscope (yellow
box) is used for overviewing the sample under investigation. The confocal setup combines
the measurement unit (MU), confinement unit (CU), and the imaging unit (IU). The MU
(red box) and CU (cyan box) contain optics to modulate properties of 633 nm laser (A2)
and 325nm (A;) laser, respectively, for optimal imaging. The laser beams are combined
using dichroic mirror a (DM1) and a BS and focused on the AML-coated sample through
the SO (52x, NA = 0.65) in the IU.The co-illumination of A\; and Ay, modulates the AML
and generates an aperture within the AML. The reflected signal from the sample at Ao
through the generated aperture is collected through the same objective, and is focused
using a focusing lens (FL) onto a detection pinhole. The light passing the pinhole is
detected on a photo-receiver (Amp-PD). The sample and the pinhole are in conjugated
planes to eliminate out-of-focus signal.
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4.1 WF Microscope

4.1 WF Microscope

The WF microscope built in this setup is used to acquire overview images of the
sample under investigation. It assists in finding the micro-structures on the sample
used for high-resolution imaging. The yellow box in Fig. shows the schematic of
the WF microscope. A broadband LED (470-850 nm, MBB1L3, Thorlabs, Dachau,
Munich, Germany) is used as the light source. The beam is collimated and coupled
into the IU by using dichroic mirror (DM2). Only a selected portion of the spectrum
(> 775nm) is reflected by DM2 on the sample because the AML coated on the
sample is affected by the wavelengths below 750 nm. The tube lens (TL) and the
objective provide a wide field illumination on the sample. The reflected signal from
the sample is collected and reflected on the detector by the pellicle (PL2, BP145B2,
Thorlabs, Dachau, Munich, Germany). The detector used for WF imaging is a
charge-coupled device (CCD) camera (Sony 1CX694, Point Grey Research).

4.2 Confocal Microscope

The confocal microscope consists of three units. Each unit contains optics to modify
the laser beams required for achieving high-resolution imaging. In the following

paragraphs, each unit is described in detail.

4.2.1 The Measurement Unit

A vertically polarised, continuous wave helium-neon (He-Ne) laser source (633 nm,
21 mW, HNL210LB, Thorlabs, Dachau, Munich, Germany) is used as the measure-
ment laser (see Fig. (3.2)). In order to prevent any back-reflections into the laser
system a Faraday-isolator (I0-3-633-LP, Thorlabs, Dachau, Munich, Germany) is
placed immediately after the laser. As mentioned before, a confocal microscope uses
point illumination and the sample is scanned pixel by pixel to generate an image.
Acousto-optic modulators (AOM, AA.MT110-1.5—VIS Opto Electronic, France) are
installed in the measurement beam pathway as their ability for fast switching allows
on- and off-switching of the laser beam as well as control the light intensity on each
pixel. The extinction ratio of the AOM used in the setup is 10* : 1; however, for
the required range of intensities (mW to nW), this extinction ratio is not enough;
hence, we have used two AOMs sequentially (AOM1 and AOM2 in Fig. [1.1)). Us-
ing two AOMs ensures that no residual intensity of the measurement beam reaches
the sample plane. A voltage range of 0 — 5V, required by the AOMs for intensity
modulation, is provided by the NIDAQ card. The efficiency of the AOM, which
corresponds to the maximum achievable laser power after the AOM, depends on the
beam size and its polarisation |65]. Therefore, appropriate telescopes and waveplates

are placed before the AOMs to achieve maximum efficiency.
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The measurement beam is then coupled into the IU using a polarisation-maintaining
single-mode fibre (P1-630PM-FC-2, Thorlabs, Dachau, Munich, Germany). Using
a lens of focal length 20 mm at the output of the fibre, the beam is collimated to a
spot size of 5mm to ensure that the entrance pupil of the objective is completely
illuminated. A pair of HWP and QWP is placed after the lens to optimise the

required polarisation state before it is coupled into the IU.

4.2.2 The Confinement Unit

According to the absorption curve of BTE-1, shown in Fig. light of wavelength
325nm is needed to switch the AML to opaque state. A mode-locked ultrashort
pulsed laser, Titanium-Sapphire laser (TiSa, Chameleon Ultra I1I, Coherent Inc.,
Santa Clara, Ca, USA) that delivers pulses with a temporal pulse length of 140 fs
at a wavelength of 975nm with a repetition rate of 80 MHz is used as a pump
source to generate laser beam 325 nm via nonlinear frequency conversion. For this,
a Third Harmonic Generator (THG, HarmoniXX THG, APE Angewandte Physik
& Elektronik GmbH, Berlin, Germany), optimised for frequency tripling at the fun-
damental wavelength of 975 nm is used to generate a laser beam of 325nm. Since
the temporal pulse length of the generated 325nm pulses is too short (140fs) for
an effective absorption within the AML; the pulses are stretched using a self-built
pulse stretcher [66).

A laser pulse comprises of many frequency components, that propagate at different
speeds inside a dispersive medium. As a result, a laser pulse propagating through a
dispersive medium experiences a temporal delay between the frequency components,
resulting in the temporal stretching of the pulse. Consequently, pulse stretching can
be realised by introducing an appropriate amount of dispersion to the pulses. Vari-
ous techniques are available for pulse stretching; however, grating pairs can achieve
higher effective dispersion values in compact space. Therefore in our setup, two
custom-designed transmission gratings (Ibsen Photonics, Denmark), with a grat-
ing resolution of 3076.91n/mm, are used to build a pulse stretcher. The gratings
are installed on a multi-axis stage (TTRO001, Thorlabs, Dachau, Munich, Germany)
that can provide tip, tilt and rotation adjustments. A retro-reflector (HRS1015-F01,
Thorlabs, Dachau, Munich, Germany) placed after the gratings spatially separates
the input and output pulses and redirects them back into the gratings, thus in-
troducing two-fold dispersion. A temporal pulse length of approximately 10ps is
achieved with the grating grating-pair based pulse stretcher.

To modulate the intensity of 325 nm laser pulses, an AOM (I-M110-3C10BB-3-GH27,
EQ Photonics GmbH, Eching, Germany) is used. The voltage range required for
modulation is between 0 -1V, provided by the NIDAQ card. A fast shutter (Uniblitz
LS6 series, Rochester, NY) is placed after the AOM to block any residual laser

42
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intensity from the AOM. Thus, the on- off- switching of the confinement beam is
governed by the maximum frequency of the shutter, which is 150 Hz.

After the shutter, the laser beam is spatially filtered using a pinhole to get a clean
Gaussian beam. A combination of a Glan- Taylor (GT) polariser and a HWP is
used to purify the linear polarisation of the beam before any beam modulation
optics. This combination also helps in further modulating the laser power. Here-
after, the beam is diverted into three different beam paths using magnetic mirror
mounts (KB1X1, Thorlabs, Dachau, Munich, Germany), as shown in the cyan box
in Fig. 4.1 Each beam path modulates the beam distinctively so that different con-
finement foci are generated in the focal plane. The three possible confinement foci
are (top to bottom): Gaussian intensity distribution, one-dimensional confinement
(1D doughnut) or two-dimensional confinement (2D doughnut).

Beam modulation refers to imprinting a suitable spatial phase distribution onto
the wavefront to produce the required intensity pattern, when focused. Various
alternatives are used in different STED setups for modulating the beam [67, |68]. In
this setup, the suitable phase distribution is imprinted onto the beam by a 1D phase
plate (1D-PP, BHalle, Bernhard Halle Nachfl. GmbH, Berlin, Germany), designed
explicitly for a wavelength of 325nm. 1D-PP is a half-coated glass plate made of
fused silica such that an optical phase of 0 — 7 is imprinted on the beam. Half of
the beam acquires a phase of 7, which results in a destructive interference with the
other half of the beam along the optical axis. This results in a 1-D pattern with
a line-shaped zero intensity, in other words, confinement along in one axis in the
focal plane. Experimental and vectorial simulations have shown that minimum zero
intensity in the focal plane is achieved when the polarisation of the incoming beam
is perpendicular to the 1-D phase step [49, 52, [69]. The polarisation is tuned using
a HWP before the beam goes through the 1D-PP.

The 2D-doughnut pattern is generated by placing a vortex phase plate (VPP, Viavi
Solutions (RPC Photonics, Inc.), Rochester, New York) into the Gaussian beam-
path. VPP is etched in fused silica with a locally varying thickness such that a
variable phase of 0 — 27, also known as helical phase ramp, is imprinted onto a lin-
early polarised beam. The phase is acquired in such a manner that each ray in the
beam has a m— shifted counterpart that interferes destructively along the optical
axis in the focal planeﬂ This results in a doughnut-shaped intensity distribution,
confinement in 2D, with a zero centre in the focal plane. The best results are ob-
tained when the beam is circularly polarised, hence, a QWP is used after the VPP

to achieve circular polarisation and an optimised doughnut-shaped focus in the focal

2This is true for paraxial conditions. For high NA objectives, an axial field (z-field) is generated
due to radial component of the incoming beam and a null centre is not achieved. To balance
this residual z-field, the beam is circularly polarised before it interferes in the focal plane [52].
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plane [50].

The beam path for a Gaussian intensity distribution of confinement beam in the
focal plane contains a pair of HWP and QWP. This combination of waveplates
allows us to access all the possible polarisation states to match the polarisation
of the measurement beam during experiments. After phase modulation, the three
beam paths of the confinement beam are combined, and through a telescope, they
are coupled into the IU via DM1. Only one of the beams, Gaussian, 1-D pattern

and doughnut, can be accessed at a time.

4.2.3 The Imaging Unit

The IU includes the illumination and the detection elements. Here, the confinement
and measurement lasers modulated in the CU and MU, respectively, are overlapped
and focused by the objective on the sample. The measurement beam from the MU
is coupled in to the IU using a 10:90 beamsplitter (BS) such that the reflected beam
is used for illumination. Using a 10:90 BS reduces the illumination power; however,
its primary purpose is to maximise the collected signal during measurements on the
detector. The power of the reflected beam is highly dependent on the polarisation
of the beam. Therefore, a pair of HWP and QWP is placed before the BS to
maximise its reflected power. Another pair of HWP and QWP is placed after the
BS to control the polarisation of the beam on the sample plane, as it is a crucial
property that affects the imaging technique. The modulated confinement beam and
WF microscope are coupled into this unit via DM1 and DM2, respectively.

The lasers used for AMI are from two different spectrums, UV and visible; therefore,
a SO is used in the setup to eliminate chromatic aberrations due to the significant
difference in the spectrum. The sample is placed on the NanoMax stage, integrated
with stepper motor actuators for large travel distance and coarse adjustment, and
closed-loop piezo for scanning and fine adjustments. The stepper motor actuators
provide a travel range of 4mm along the X, Y and Z axis with a resolution of
0.5um. The piezo provides a travel range of 20 pm with a finer resolution of 5 nm.
The NIDAQ card provides the driving voltages for the piezo and stepper motors via
Imspector. The stepper motors are controlled using the APT user software provided
by Thorlabs.

There are three detectors in the IU, two analog photo-multiplier tubes (PMT1 and
PMT2, H10722-20, Hamamatsu Photonics Europe GmbH, Herrsching Germany)
and fibre coupled amplified photo-diode (Amp-PD, also known as photoreceiver,
OE-200-SI-FC, FEMTO Messtechnik GmbH, Berlin, Germany). PMTs can measure
photons in a broad spectral range (230nm - 920nm) and are equipped with low-
noise amplifiers with variable gain that convert the PMTs’ current output to a

voltage output. An external power supply (C10709, Hamamatsu Photonics Europe
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GmbH, Herrsching Germany) is connected to each PMT to provide both the driving
voltage of 5V to run the PMT and the control voltage or gain voltage, 0 - 1V.
The pellicles, PL1 and PL3, are placed on removable magnetic base between the
objective and DM1, and after the pinhole, respectively. PL1 and PL3 partially
reflect the reflected signal from the sample onto PMT1 and PMT2, respectively.
Except for high-resolution imaging, the PMTs are used for detection in all the other
measurements.

The Amp-PD is a Si-PIN detector with a low noise trans-impedance amplifier with
variable gain and bandwidths. It is connected to a power supply of 15V and can
measure in a broad spectral range of 320 nm-1060nm. The Amp-PD is used for
confocal detection as it has a high gain conversion factor and adds minimal noise
to the signal. For high-resolution confocal detection, the pellicle (PL1) is removed,
and the reflected signal is transmitted through the beamsplitter (90% transmission)
to the Amp-PD. Using a focusing lens (FL) of 160 mm, the reflected signal is fo-
cused and coupled into the fibre coupled Amp-PD. The core diameter of the fibre
effectively behaves as a confocal pinhole with a diameter of ~ 1AU. The scanning

and detection are synchronized via Imspector.
The confocal reflection microscope described in this chapter is implemented for high-

resolution imaging via absorbance modulation. The series of experiments performed

using the microscope, and their results are discussed in the next chapter.
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Chapter 5

Experimental Results and
Discussion

The first experimental results of the effect of absorbance modulation on confocal re-
flection imaging are presented in this chapter. We first characterise the AML coated
on the samples. We then use the results from the characterisation of the AML to
design experiments for high-resolution imaging. The optical setup, confocal reflec-
tion microscope, discussed in the previous chapter, is utilised for the experiments

discussed in the chapter.

Samples used in the experiments

Three different kinds of sample structures, a half-coated chromium mirror (referred
to as mirror sample), a layer of 80nm gold beads (GB sample) and a calibration
grid structure, all on quartz substrates, are used in multiple experiments that will
be discussed in the following sections. The BTE-1 molecules were synthesised and
spin-coated, embedded in a polymethylmethacrylate (PMMA) matrix, as AML onto
the substrates at the IPC' and IOC, TU-Clausthal. As the scope of the thesis is
restricted to the application of BTE-1 for high-resolution imaging, the synthesis
of these molecules is not discussed here. The method of synthesising BTE-1 is
described in detail by |Andrew et al|[11].

The mirror sample is a quartz substrate that was half-coated with chromium at the
Precision Optics Workshop at MPI, Gottingen. The sample was then spin-coated
with an AML of thickness 400 nm.

To prepare the GB sample, a quartz substrate is first covered with a drop of 100 pL
Poly-L-Lysine (PLL) solution (P8920, Merck, Darmstadt, Germany) and incubated
for five minutes. In the meantime, a diluted colloidal solution of gold beads of 80 nm
diameter (BBI solutions, Freiburg, Germany) is sonicated in an ultrasonic bath for
five minutes. After the PLL is removed, 100 uL of the diluted colloidal solution is
placed on the substrate. Some of the beads stick to the surface, and the rest of the
solution is removed after 2-3 minutes. The GB sample is then coated with an AML
of thickness 1200 nm.

47
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The calibration sample (Supracon AG, Jena, Germany) is a standard sample used
for calibration and resolution-check of high-resolution optical microscopy techniques.
It consists of various grating structures etched in nanocrystalline silicon on a quartz
substrate. Two calibration samples were coated with an AML, one with a thickness
of 400nm and the other with a thickness of 1200nm. Fig. [5.1|left) shows an illus-
trative picture of an AML-coated calibration sample. A magnified image of the area
marked with the red box is shown on the right. The image is taken using a reflected
light microscope (Mikroskop Axio Imager.Z2m, Carl Zeiss Microscopy Deutschland
GmbH, Oberkochen, Deutschland).

Another GB sample is prepared following the same steps as described above. How-
ever, it is prepared on a 200 pm quartz coverslip, and once the gold bead solution
is removed, the coverslip is flipped over on a quartz substrate coated with mowiol.
Mowiol acts as a glue that hardens, thus adhering the coverslip to the substrate.
The refractive index of mowiol is comparable to the refractive index of the coverslip
and the substrate. This alignment sample is used for the setup alignment, discussed

in the next section.

Calibration Sample

Soum

Figure 5.1: (left) An illustrative picture of an AML-coated calibration sample. (right)
A magnified image of the centre of the sample, marked by a red box.

At present, the samples are not coated in a clean room, but instead under regular
lab conditions. This introduces some impurities in the layer, e.g., dust particles,
which introduces inhomogeneity in the layer. In order to produce an AML of greater
thickness, the concentration of BTE-1 molecules and PMMA dissolved in the solvent
(Anisole) is increased, while keeping the ratio of PMMA and concentration constant.
This high concentration of BTE-1 makes it difficult to dissolve it in Anisole, resulting

in some undissolved clusters of BTE-1 in the layer.

Alignment of the setup

The reflective objective, SO, used in the setup can be adapted for various coverslip
thicknesses, in order to correct for aberrations. For AML characterisation and high-

resolution imaging measurements, the SO is set at zero coverslip thickness. Once
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the settings are adjusted, the lateral and angular position of the secondary mirror
(see Fig. is optimised using the adjustment screws of the objective. For this, a
bright-field (BF) microscope (Motic B3 Series, Motic Deutschland GmbH, Wetzlar,
Germany) and a silverpoint sampltﬂ provided by the manufacturers of the objective
are used. Fig. [p.2)(right,top) shows a BF-image of such a silverpoint sample for a
misaligned objective. The point-like holes are visible as strongly distorted intensity
distributions due to coma aberrations introduced by the wrong positioning of the
secondary mirror. For a well-aligned objective, the image of the silverpoint sample

shows spherical structures as shown in Fig. [5.2|right,bottom).

A

A

Focal plane

Secondary Mirrof“:ff‘;;::

Figure 5.2: The figure shows the fundamental design of the SO (left). On the right, the
top image shows the BF image through a misaligned SO. The bottom image shows the
BF image through an aligned SO (modified from [70]).

With the aligned SO mounted in the confocal microscope, the NanoMax stage that
is used for scanning the sample under investigation is calibrated using a standard
grid sample (R1L1S1P, Thorlabs, Dachau, Munich, Germany). The maximum area
that can be scanned is 15 x 15 pm?. For 2D scanning, the minimum pixel dwell time
of the stage is limited to 10 ms with a minimum pixel size of 70 nm. At the same
time, for 1D scanning, NanoMax can be used with a minimum pixel size of 30 nm.
Before performing any measurements using the confocal microscope, it is aligned
such that the focal spots of the confinement and measurement beam are superim-
posed. For this, the alignment sample containing gold beads of diameter 80 nm is
consecutively scanned through the focus of the confinement (Gaussian or 1D-PP)

and measurement beam and the back-reflected signal is imaged onto PMT1. Since

LA thin film of silver is coated on a microscopic slide. Holes of various sizes (0.5-51um) are then
pricked in the layer to create point-like objects for imaging.
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the gold beads are small compared to the size of the PSF, the measured intensity
distribution gives a sufficiently well estimate of the PSF shape. The mirrors and
lenses in the individual laser beam paths are used to overlap both PSFs laterally
and axially, respectively. Fig. shows a xy-section of measurement of three single
gold beads. The displayed FOV is 5.60 x 3.60 ym?. On the left, three gold beads
measured with the confinement beam of wavelength 325 nm are shown, and on the
right, the measurement beam of 633 nm wavelength is used to image the same beads.

The 1D-pattern as well as the Gaussian shape are clearly visible.

1D - Pattern (325nm) Gaussian PSF (633nm)

Figure 5.3: The figure shows a FOV of 5.60 x 3.60 pm? of the GB sample scanned
consecutively through the confinement (left) and the measurement PSF (right).

5.1 Characterisation of the AML

The synthesis of BTE-1 molecules and estimation of various parameters, for e.g.,
absorption cross-section and quantum yield to characterise these molecules, were
performed following the procedure stated in reference [11]. These measurements
were carried out at the IPC and IOC, TU-Clausthal. A short overview of the
calculations is provided in the following paragraphs.

To calculate the absorption cross-sections of the open and closed form of BTE-1
molecules, UV-VIS absorption spectra were measured using a spectrometer. A cu-
vette filled with a BTE-1/Anisole solution, of a known concentration of BTE-1,
was used for the measurement. The absorption spectra provide the values of ab-
sorbance (A) at A\ = 325nm and Ay = 633nm. Then using the integrated form
of the Lambert-Beer law, A = ¢ -1 - C, where A is the absorbance, [ is the optical
path length and C' is the known concentration of BTE-1 molecules, the absorption

. A .
cross-sections (¢%4'5) are derived.

As discussed in Chap. [3 for AMI in reflection microscopy, a channel is generated
in the AML by modulating the absorbance of the layer. As stated above, the
absorbance is directly proportional to the concentration of the BTE-1 molecules.
Therefore, for our experiments, the initial concentration, Cy, of the BTE-1 molecules
in the AML-coated samples is an important quantity. To determine Cy for a 400 nm
thick AML-coated substrate, we used the provided values of the UV-VIS absorp-
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tion spectra of the AML layer and the absorption cross-sections (E;\,{’é) that were
measured previously. Using the Lambert-Beer law and the given values of the
absorbance, the layer thickness and the absorption cross-sections, we calculated
Cp = 1157.65molm~3. In comparison to the original value shown in table. [3.2] the
initial concentration of the BTE molecules in the layer is significantly less.

In order to use the AML for high-resolution imaging, it is important to understand
the temporal and behavioural response of the layer at various powers of the con-
finement and measurement beam. Therefore, before carrying out high-resolution
imaging measurements, we first experimentally characterised the AML to determine
its damage threshold, its temporal response to various powers of the illuminating
beams of wavelength A\; = 325nm and \; = 633nm, and its fatigue resistance to
evaluate favourable experimental conditions for AMI. For these experiments the mir-
ror sample coated with an AML of thickness 400 nm is used. Both the beams, the
confinement and measurement beam, are modulated to have circular polarisation
and Gaussian focal spots. The measurement beam is also utilised as the monitoring
beam at a very low power of 20 nW. The power of the monitoring beam is empirically
chosen as the influence of the absorption of photons of Ay on the AML at such low
power is insignificant. PMT1 and PMT2 are used for the detection of the reflected
signal of the monitoring beam and measurement beam, respectively, from the mirror
sample (see Fig. . To ensure detection only at the monitoring wavelength, a nar-
row bandpass filter (FL05635-10, Thorlabs, Dachau, Munich, Germany) is placed
in front of PMT1 to block the signal at \; and reduce noise, added due to ambient
light.

5.1.1 Threshold of the AML

In this section, we will quantify the limit of powers of the confinement (Pss5) and
measurement (FPgz3) beam that can be illuminated on the AML without damaging
or affecting its photochromic properties.

We will first evaluate the effect of the high power of the measurement laser on the
AML. For this purpose, firstly, a 2D image of a selected region of the AML-coated
mirror sample is acquired through the monitoring PSF. The selected region is then
illuminated with a Gaussian focus of the confinement beam at power P35 = 1 pW for
100 ms, to switch the AML to its closed form, at a constant scan position. Following
this, a 2D image of the manipulated sample is recorded using the monitoring beam.
Thereafter, the switched-OFF sample region is illuminated with a high power of
measurement beam with a Gaussian focus for 200 ms at the same scan position. This
is followed by acquiring another 2D image of the same region with the monitoring
beam. This measurement is repeated at various powers of the measurement beam,

Pss3 while keeping the Pso5 constant, in different regions of the sample. Fig.[5.4shows
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the illumination sequence followed during the measurements and the 2D images of
the sample regions that are recorded before and after they are irradiated with the
confinement and measurement beam. It should be noted that the images shown in
the figure have different colorbars. Each image is normalised to the maximum signal
within the FOV. This is done to visually highlight the effect of the measurement
beam on the AML.

Fig. [5.4] shows a schematic of the sequence of illumination of the confinement and
measurement PSF on the top, after which the 2D images in the respective columns
are recorded. Each row in the figure represents one measurement. In the first row
of Fig. the first 2D image shows the selected region of the sample. The high
pixel values in the image suggest that the AML is in its open state such that it is
transparent to the monitoring beam. This is followed by a 2D image of the area
after it is illuminated with the confinement beam at power Pso; = 1 pW for 100 ms.
The image shows a dark spot, indicating absorption of the monitoring beam in that
region. This implies that the AML is switched to its opaque state in the observed
dark region. This region of the sample is then illuminated with the measurement
beam with a Gaussian focus for 200 ms at power FPg33 = 2mW which equals to an
intensity of 52kW cm~2. Fig. [5.4{first row,right) shows the 2D image of the sample
area, previously illuminated with the measurement beam. The bright region at the
centre shows that the AML is switched back to its open state by the measurement
beam. This measurement shows that the AML is switching as expected i.e., it
switches to its opaque state when illuminated with the confinement beam and to its
open state when illuminated with the measurement beam.

The same measurement was repeated using the measurement beam at power FPy33 =
5mW (intensity of 130kWcm™2). The recorded 2D images of the second mea-
surement are shown in Fig. [5.4(second row). As before, a dark region is observed
in the 2D image of the sample area after it is illuminated with the confinement
beam. However, at the centre of the image of same area after slight exposure with
the measurement beam, a small region with lower intensity is observed, indicating
absorption of the monitoring beam (see Fig. [5.4{second row,right)). This strange
behaviour of the AML suggests that the AML is either degraded or damaged in
the opaque region. Degradation in a photochromic system can occur due to the
parasitic side reactions, which produce by-products, also called degraded or inactive
molecules. These molecules have their own absorption spectra thus, they can absorb
the illuminated light but might not switch between the two states [56] 60, 71, [72].
We continued with the same measurement using even higher power of the mea-
surement beam to verify if the degradation observed in Fig. |5.4{second row,right)
persists. For this, the measurement beam at power Py33 = 8 mW, which equals to

an intensity of 240 kW cm™2, is illuminated on the sample for 200 ms. The 2D im-
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age of the illuminated area with the measurement beam is shown in Fig. [5.4|(third
row,right). An evident opaque spot at the centre of the illuminated area is seen, indi-
cating an increased degradation or damage of the AML. These measurements show
that the high laser intensities of the measurement beam (> 130 kW cm™2) either
switches the photochromic molecules to an entirely different state with a distinct
absorption band or that the AML is damaged.

AML (open)
Mirror-sample
Switch OFF Switch ON
Area before Area after 325nm Area after 633nm
illumination illumination illumination

325nm = IHW Pg33nm = 2mW
0.32 I (Normalised) 1] 0.35

‘.‘;”;‘.f

i

-

Pmnm P633nm SmW
o35 — 030

P3som = 1pW Aum Pg330m = 8mW
0.33 al (Normalised) 1 0.35 0.35

Figure 5.4: (top) The schematic shows the illumination sequence followed in each mea-
surement, shown in the following rows. Each row represents one complete measurement.
In each row, first the 2D image of the selected area of the AML in its open state is shown.
Then the 2D image of the area of the AML after the illumination with Gaussian shaped
foci, first with the confinement beam at power Psos = 1pW for 100ms (middle) and
then with the measurement beam (right) for 200 ms at various powers (first row,right)
Ps33 = 2mW, (second row,right) P33 = 5mW, and (third row,right) Psss = 8 mW. The
shown signal is proportional to the intensity of the monitoring beam (at Ag2), which is
back-reflected from the sample, and is thus a good indicator for the AML transmittance
at this wavelength. At 2mW, the AML switches back to its open form; however, at 5 mW
and 8 mW, we see an opaque spot at the centre of the illuminated area. The colorbar for
each image is adjusted to highlight the effect of the measurement beam visually.

A similar set of measurements is repeated to investigate the effect of the high powers
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AML (open) —>
Mirror-sample

Switch ON Switch OFF
Area after 633nm Area after 325nm
illumination illumination

Pg330m = 100pW
ormalised 1 0.4

2pm
Pg33nm = 100pW — Pisum = 40pW
0 0.5

Figure 5.5: (top) The schematic shows the illumination scheme during one measurement.
The figure shows 2D images of the area of the AML after illumination with Gaussian
shaped focus of the measurement beam at power Pgss = 100 pW for 200 ms (left column)
and then with the confinement beam at power Pso5 = 5pW and 40 pW for 200 ms (right
column). At Psp5 = 5pW the AML switches as expected, however, at Pso; = 40 uW,
instead of an entire dark region, a bright spot is observed at the centre of the illuminated
region due to parasitic absorption of the light at wavelength A;. The colorbar for each
image is adjusted to highlight the effect of the measurement beam visually.

of confinement beam on the AML. For this, the AML-coated mirror sample is first
illuminated with the Gaussian-shaped focus of the measurement beam at power
P33 = 100 nW for 200 ms. To ensure that the AML is in its open state, we acquire
a 2D image of the illuminated area using the monitoring beam, as done in the
previous measurements. This is followed by illumination with the confinement beam
for 200 ms at various powers P95 and a 2D scan of the illuminated area to see the
effect of the confinement beam on the AML. Fig. [5.5(top) shows a schematic of
the illumination sequence during the measurement and the 2D images of the AML
scanned after the illumination with the measurement beam at Fyzz = 100 pW (left)
and the confinement beam at Pso5 = 5pW and 40 pW (right).

At lower powers of the confinement beam, the AML is switched to the closed
state and an opaque region is observed. An exemplary measurement is shown in
Fig. [5.5(first row,right) at P55 = 5nW. However, the same measurement at higher
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power of the confinement beam Pso5 = 40 pW, which is an intensity of 3 kW cm—2,
shown in Fig. [p.5|(second row,right), we see a different behaviour. Instead of a
complete opaque region, a bright spot at the centre of the area is observed, af-
ter illumination with the confinement beam. This inconsistency can be due to the
degraded molecules that are produced during the switching of the AML.

To sum up, irradiation with different powers of the confinement and the measure-
ment beam on the AML of thickness 400 nm shows that power Pso5 > 40 pW and
Ps33 > 5mW can change the behaviour of the AML. Therefore, for future experi-
ments, the powers of the confinement and measurement beam are always kept an
order of magnitude lower than their threshold values to avoid any degradation in

the layer.

5.1.2 Temporal Response of the AML

After the maximum laser powers up to which the switching of the AML into its
transparent and its opaque state takes place without visible AML degradation have
been experimentally determined in the previous section, we take a closer look at the
temporal behaviour of a single switching cycle. Since during AMI image acquisi-
tion, the AML needs to be repeatedly switched between opaque and transparent for
generating and erasing a suitable aperture at each pixel, the characteristic time con-
stants for the switching strongly influence not only the pixel dwell time but also the
overall image acquisition time. The switching times are thus important parameters

for the design of the AMI experiment.

Switching the AML opaque (photo-colouration): We will first consider the UV-
induced switching of the AML from transparent to opaque, which is also known as
photo-colouration. As explained before, the AML turns opaque during continuous
UV illumination, because the photochromic molecules in the AML switch from their
open to their closed form, which means that the absorbance of the AML for the
measurement, wavelength increases. This continues until a photostationary state of
the concentration of molecules in their closed and their open form is reached and
hence the AML absorbance saturates.

Since it is difficult to measure the AML absorbance directly, we instead measure the
AML transmittance. For this, the mirror sample, coated with 400 nm thick AML, is
used. The confinement beam is irradiated on the AML-coated mirror sample, at a
constant position, for 100 ms. The average laser power of the confinement beam is set
to Pso5 = 2 W, which is approximately one order of magnitude below the threshold
power derived in the previous section. For monitoring the AML transmittance

during this time, the monitoring beam at a very low power of 20 nW is simultaneously
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illuminated on the sample. PMT1 is used for detection of the reflected signal of the
monitoring beam from the mirror (see Fig. |4.1)).

Fig.|5.6, on top, shows a schematic of the measurement process to measure the trans-
mittance of the monitoring beam during photo-colouration. Fig. m(bottom,left)
shows the temporal evolution of the detected back-reflected signal S(t) of the mon-
itoring beam (black stars). The data set is normalised to the signal Sy at the start
of the measurement at ¢t = 0. It is clearly visible, that the detected signal, S(t),
decreases with increasing time. This curve is also referred to as the decay curve and
shows the transition of BTE-1 molecules to the closed state.

From Fig. |5.6{ bottom,left), it is apparent that the measured signal does not go to
zero; instead, it saturates at a value of about 0.486. A constant background signal
because of the reflection of monitoring beam at the air-AML interface, which is
~ 4-5% of the incident power of the monitoring beam, and an additional ~ 5%
offset due to the ambient light contributes to this saturated value. We expect only
~ 1.5% residual transmission through an opaque AML of thickness 400 nm with
a concentration of Cy = 1157.65molm— of BTE-1 molecules. However, all the
background contributions can only account for an offset of 0.12. Since the thickness
of the AML is well measured, we suspect that the initial concentration of the BTE-1
molecules in the AML is overestimated such that the AML does not provide enough
absorbance at the monitoring wavelength of 633 nm.

In order to understand the temporal behaviour of S(t), we need to refer to the two
non-linear coupled differential equations which describe the concentration change of
the photochromic molecules as a function of time, lateral (r) and axial (z) position
for a given irradiating photon flux density (see eq. and ) Many simplified
position-independent models have been derived in the past to gain further insight
into this dynamic behaviour. Under the assumptions of a homogeneous AML with
no parasitic absorption at wavelength Ay, a constant photon flux density of the
irradiated light of wavelength A\, independent of the radial and axial position, the
detected signal is given by [73]:

S(t) = Spe= M (5.1)

where A, (t) is the AML absorbance for the wavelength at Ay (see Chap. [3.3).
In a weak absorption limit |71} 73], A,,(t) can be modelled as a mono-exponential

function of time. Hence, the measured signal can be described as:
S(t) = See~ ¢ (5.2)

where e~*a? is the mono-exponential variation of absorbance in time, with k, as the

rate of change of absorbance.
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Figure 5.6: Temporal behaviour for switching the AML opaque. A schematic repre-
sentation of the illumination scheme is shown on top. (left) The decay curve shows the
temporal evolution of the detected back-reflected signal of the monitoring beam when the
AML (in open state) is illuminated with the confinement beam at power Psos = 2pW.
In addition to the experimental data points (black stars), a bi-exponential fit (red curve)
and an fit according to eq.(5.2) (green curve) are plotted. (right) The conversion rates for
switching the AML from its transparent to its opaque state are shown for various powers
Psa5.

However, the fit of the experimental data in Fig. m(bottom,left) with a function
of the form e—@1(l—¢™**)~ao (green curve, following eq.) shows that the decay
curve is only partially described by this. Instead, a bi-exponential function of the
form: a;e ¥t + agse*2t 4 ¢ (red curve) describes the data much better. This might
be due to the deviations from the approximations made for a mono-exponential be-
haviour of absorbance. Another reason for the better bi-exponential fit is due to
the geometrical simplifications used for deriving eq.. The irradiated confine-
ment and measurement beam have a Gaussian intensity distribution over the radial
coordinate of the AML. Additionally, the photon flux also varies along the axial
direction due to high absorbance of the AML. Therefore, the measured signal of the
decay curve, plotted in Fig. |5.6(bottom,left), is an averaged signal over the radial
and axial coordinate. Nonetheless, the data provides the basic information about
the conversion rates of the AML. For further analysis, the conversion rate of the
AML from transparent to opaque state, Ro_.¢, is calculated by taking an amplitude

weighted average of the rate constants obtained from the bi-exponential fit equation.

Following the same measurement shown in Fig. |5.6, we measured the temporal
evolution of the AML transmittance at various powers of the confinement beam at \;

ranging from Pso5 = 0.5 pW up to the limit power of 40 pW. The obtained conversion
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Chapter 5 Experimental Results and Discussion

rates of open form at varying laser powers is shown in Fig. (bottom,right). Ro ¢

increases linearly with the increasing power of the confinement beam.

For AMI measurements, it is reasonable to use powers of the confinement beam,
which are at least one order of magnitude below the limit power P35 = 40 pW, in
order to avoid AML degradation. For this usable range of powers of a few pW,
the conversion rates are of the order of 0.05ms™! and below, which is equivalent to

switching times of the order of 20 ms and longer.

Switching the AML transparent (fading process): In order to investigate the
temporal behaviour of switching the AML from its opaque to its transparent state,
also known as the fading process, measurements very similar to the ones described
in the previous paragraph are performed. For this, we first illuminate the AML-
coated mirror sample with the confinement beam at power P35 = 1 nW for 200 ms
to switch the AML to its closed state and then illuminate with the measurement
beam at power FPgz = 100 pW for 200 ms, to switch the AML back to its open
state. The power of the measurement beam is chosen such that it is at least one
order of magnitude below the respective limit powers. The back-reflected signal of
the measurement beam is detected by the PMT2. Fig. shows a schematic of
the measurement scheme on top. Fig. (bottom,left) shows an example of the
temporal evolution of the detected back-reflected signal of the measurement beam,
when the initially opaque AML is illuminated with light of the wavelength Ay with
power Fg33. The data is normalised to the signal at ¢ = 200 ms. The detected signal
quickly increases due to the laser driven transition of the AML into its transparent
state. Since this curve shows the recovery of the transparency of the AML, it is

referred to as the recovery curve.

The rate equation for modelling the fading process is thoroughly derived by [Pariani
et all, where a thin film of photochromic molecules in its opaque state is converted
to transparent state by the means of VIS-light. For the case that the presump-
tion of radially symmetric illumination, homogeneous concentration of photochromic
molecules in the layer and no parasitic absorption at the VIS-wavelength (\y) holds
true, a time-dependent absorbance (A,,), averaged over the thickness of the layer

can be derived as:
A

(Ay, (1)), =In |14 (e8P — 1) ¢~ flemot (5.3)

where 72 is the absorption cross section of the molecules in state B at o, C' is the
total concentration of photochromic molecules in the layer, D is the total thickness of

the layer and R¢_,0 is the rate constant for switching to transparent state. Together
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Figure 5.7: Temporal behaviour for switching the AML transparent. A schematic rep-
resentation of the illumination scheme is shown on top. (left) The recovery curve shows
the temporal evolution of the detected back-reflected signal of the measurement beam as
a result of the change in absorbance of the AML (in closed state) when illuminated with
the measurement beam at power Pgz3 = 100 pW. The experimental data is fitted using
eq. (red curve). (right) The conversion rates for switching the AML from its opaque
to its transparent state are shown for selected powers FPgss.

with eq.(5.1]), this means that the transmitted signal of the light at A\, varies as:

1

(S(1)). = . (5%0 - 1>€_RCW

(5.4)

A
where Sy = e 5 “D is the transmitted signal at ¢ = 0.

Hence, the experimental data (black stars) in Fig. (bottom,left) is fitted using
eq. (red curve). Although the detected signal is averaged over the radial coor-
dinate of the illuminated Gaussian focus of the measurement beam, the fit does not
show any significant deviation from the rate equation and describes the temporal
evolution of the signal well. Fig.[5.7((bottom,right) shows the conversion rates R0
for three selected powers Pg33. It shows that for powers well below the limit power
the conversion rates are of the same order of magnitude as the respective conversion

rates for turning the AML opaque.

5.1.3 Fatigue Resistance

From the discussion in Chap. [3] it is apparent that the generation of the dynamic

aperture in the AML is key to high-resolution imaging. For reflection microscopy,
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Chapter 5 Experimental Results and Discussion

this dynamic aperture is rastered over the measurement surface coated with the
AML to form an image, which means the aperture is generated and erased at each
scan position. For this, the BTE-1 molecules must undergo several switching cy-
cles. The ability of a photochromic system to undergo numerous switching cycles
without degradation is called fatigue resistance (Sect. , an essential property of
photochromic molecules. It is a key parameter that limits the number of possible
scan positions during imaging. The higher the number of cycles, the better the
fatigue resistance, which should be as high as possible. Therefore, we analyse the
maximum number of switching cycles the AML can sustain without degradation.
The mirror sample, coated with 400nm thick AML, is switched several hundred
times between closed (OFF) and open (ON) states by sequential illumination with
the confinement and measurement beam, respectively. The experimental settings are
identical to those used for measuring the conversion rates of the AML in Sect. [5.1.2]
PMT1 is used to measure the back-reflected signal of the monitoring beam (for decay
curve) and PMT?2 is used for detecting the back-reflected signal of the measurement
beam (for the recovery curve).

The measurement procedure is schematically shown in Fig. [5.§(top). To ensure that
the initial state of the AML is the open state, we first illuminate the mirror sample
with Ay at 100 pyW for 200ms. For measuring the switching cycles, the AML is
illuminated simultaneously with the confinement beam at power Pso5 and the moni-
toring beam for 200 ms, to switch the AML to its opaque state. While illuminating,
the back-reflected signal of the monitoring beam is detected by PMT1 to acquire the
decay curve. Subsequently, the sample is illuminated with the measurement beam
at power FPy33 for 200 ms, to switch it back to the open state, and the back-reflected
signal of the measurement beam is detected by PMT2 to obtain the recovery curve.
This sequence of illumination and data acquisition is repeated 400 times. The com-
plete measurement was repeated at different power combinations of the confinement
and measurement beam.

Fig. [5.8 shows an example of such measurement. It shows the cyclic signal mod-
ulation of the back-reflected signal of the monitoring beam (decay curve) and the
measurement beam (recovery curve). Here the laser powers used are Py5 = 1 pW
and P33 = 1mW. The inset in Fig. 5.8 shows the details of switching cycles 1-6
and 201-206. The grey and red dashed lines in Fig. denote the full and half
modulation depth of the detected signal. For the plots, the acquired data for the
decay and recovery curves are smoothed and scaled using the maximum value of
signal from the measured data sets.

Although the diarylethene family of photochromic molecules are known for their high
fatigue resistance, a performance loss is often observed after a relatively low num-

ber of cycles |71, [72]. Here we observe that after about 200 cycles, the modulation
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Figure 5.8: Switching cycles of the AML. A chromium mirror coated with a 400 nm thick
AML sample is sequentially illuminated with Gaussian spots of the confinement beam of
wavelength A1 and measurement beam of wavelength s at powers Psos = 1 nW and FPg33 =
1mW, respectively, for 200 ms. Monitoring beam at power of 20 nW is also simultaneously
illuminated with the confinement beam to measure the change in transparency of the AML.
The graph shows the normalised back-reflected signal of the monitoring beam (decay curve)
and the measurement beam (recovery curve). Grey and red horizontal lines denote full
and half modulation depth, respectively. Inset images: Details of switching cycles 1-6 and
201- 206.

depth drops to half of the initial value, denoted by the red dashed lines in Fig. [5.8]
suggesting a degradation of the AML while maintaining the characteristic decay and
recovery curve. The degradation is due to parasitic side reactions. As mentioned
before, these side reactions produce one or more by-products that are undesirable;
hence, they reduce the concentration of active molecules that switch between the
two states with each cycle. The amount of degradation depend on the molecular
structure of the photochromic molecules, experimental conditions and the irradiated
photon flux. Several studies have investigated the degradation mechanism; however,

there is no straightforward correlation between fatigue and the chemical structure
of the molecules [60, 71} [72].

Another way to look at the degradation of the AML layer is to measure the change
in modulation depth or contrast. We know from the previous measurements that
the AML has a limited absorbance, which results in an offset value while measuring

the decay curves. If S, and S, are the maximum (at ¢ = 0) and minimum
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Figure 5.9: The figure compares the change in contrast, with increasing cycles, at various
combinations of powers of A\; and Ao.

(at t) detected signal in the decay curve, the contrast can be calculated using the
equation:

Contrast = Smaz  Smin (5.5)

Smaz + Smin

The measurement shown in Fig. was measured at different powers of the confine-
ment and measurement beam: P35 = 1 nW and 3nW, and the measurement beam
Pszz = 65 pW, 100 pW, and 1 mW.

Fig. shows the change in contrast with increasing number of switching cycles for
different laser powers P395 and Fy33. The contrast decreases with increasing number
of cycles because of the increase in the concentration of the degraded molecules
after each switching cycle. The change in contrast is comparable for various power
combinations which are an order magnitude less than their respective threshold
powers. However, when the measurement beam is used at power FPy33 = 1 mW, the
contrast drops faster than the other power combinations such that after only 180
cycles the contrast is halved. This supports our previous observation that the AML
can degrade even at a wavelength from VIS spectrum. However, since switching
is a dynamic process, we cannot conclude any correlation between contrast and
individual effect of the powers of the confinement and the measurement beams.
Nevertheless, the decrease in contrast at small irradiation powers indicates that
the parasitic side reactions occur even at lower powers of the confinement and the

measurement beam.

5.2 Tllumination scheme for AMI in Reflection

To achieve high resolution, the layer absorbance must be high enough to sufficiently
suppress the signal outside of the aperture. However, the preliminary analysis of the

AML shows that absorption of the layer is limited due to low concentration of the
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BTE-1 molecules. Since concentration of BTE-1 molecules in an AML with a given
thickness cannot be increased, we increased the thickness of the AML to improve
the absorption of the layer [61].

Furthermore, the theoretical model investigating the implementation of absorbance
modulation in 2D reflection microscopy is based on co-illumination of the confine-
ment and measurement PSFs. For which, the AML must undergo numerous switch-
ing cycles to reach a photostationary state and generate a sub-wavelength aperture
, . The results of the previous section also reveals that the AML can undergo only
a limited number of cycles. Therefore, with the goal to implement high-resolution
imaging via absorbance modulation in a thick AML with limited number of switch-
ing cycles, we optimised the experimental conditions and implemented a sequential
illumination scheme instead of simultaneous irradiation of the confinement and mea-
surement PSFs. The schematics and timeline of the sequential illumination scheme

are outlined in Fig. [5.10}

(i) Aperture generation  (ii) High-resolution (iii) Aperture erasure
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Figure 5.10: Schematics and timeline of the illumination scheme for AMI in reflection.
(top) (i) An AML-coated substrate is first illuminated with a 1D doughnut-shaped con-
finement beam (A1) for time 7} to generate an aperture. (ii) Sequentially, the Gaussian
focus of the measurement beam (Ag) is illuminated for time 77, for a high-resolution mea-
surement through the aperture, generating an effective PSF of sub-wavelength size. (iii)
Simultaneously, the aperture is erased in time due to absorption of the opaque AML at
wavelengthAs. (bottom) The figure shows the change in reflected signal from the substrate
due to the change in absorbance of the AML over the measurement timeline at each scan
position. The dotted vertical lines show the three phases (i), (i) and (iii) of the illumina-
tion scheme.

This scheme has three phases: (i) aperture generation, (ii) high-resolution measure-
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Figure 5.11: (top) The spatial distribution of absorbance of the AML at wavelength (left)
A1 and (right) Ag, effectively indicating the generation of the aperture. (bottom,left) The
transmitted intensity of the measurement beam through the aperture, the effective PSFs,
obtained at various illumination power of the confinement PSF. The arrows indicate the
increasing power of the confinement PSF, P35 = 0.1 nW, 0.25 uW, 0.5 uW, 1 pW, 2pW,
3uW, 4uW and 5pW. (bottom,left) The estimated FWHM of the effective PSFs at
various powers.

ment and (iii) aperture erasure. The initial photochromic state of the AML is the
open state; thus, we first illuminate it with the 1D doughnut confinement beam
(A1) for T; ms, until an aperture is generated. The AML is switched-OFF and is
opaque for the light of wavelength Ay everywhere except in the vicinity of the central
minimum of the 1D-pattern (see Fig. |5.10(i)). The sample is then illuminated with
a Gaussian shaped focus of the measurement beam at Ay for 75 ms, to measure the
back-reflected signal from the sample through the generated aperture, resulting in
an effective PSF of size below the diffraction limit, as shown in Fig. [5.10(ii). How-
ever, when the measurement PSF is illuminated for high-resolution measurement,
the aperture is simultaneously erased due to high absorption of the AML at wave-
length X, (see Fig.[5.10{iii)) [10, [11]. As a result, the high-resolution image must be
extracted from the earlier time points, marked as (ii) in the timeline illustrated in
Fig. [5.10]

The timeline of measurement shown in Fig. [5.10] shows the time of measurement at
a single scan position, and thus corresponds to a pixel dwell time of T} + T5. This
illumination sequence is rastered over the measurement surface to obtain the image
of the object. As mentioned in Chap. a shutter is used to block the residual
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intensity of the UV laser which passes through the AOM. It has a maximum speed
of 150Hz (see Fig. which restricts the minimum pixel dwell time in the mea-
surement to ~ 7ms. Based on the limitation of the system and the results from
Sect. the exposure time and powers of the confinement and measurement beams
were determined.

We also simulated the aperture generation using the sequential illumination scheme
to estimate the size of the aperture and effective PSF. For the simulation, an ini-
tial concentration Cy = 1157.65molm~2 is used and rest of the parameters are
used from table. and [3.2l However, here an AML of thickness 1200 nm is ex-
posed to a 1D-pattern with a waist radius of 280 nm (NA = 0.65) for 77 = 15ms.
Fig. (top) shows the spatial distribution of absorbance of the molecules at wave-
length A\; (left) and Ao (right), effectively indicating the generation of the aper-
ture in the AML. The arrow indicates the increasing power of the 1D-Pattern from
P95 = 0.11W to 5pW. The corresponding effective PSFs transmitted through the
aperture and their estimated FWHMs at different powers of the confinement PSF
is shown in Fig. [5.11|(bottom). We see that at the lowest power of the confinement

beam, the estimated FWHM is similar to that for simultaneous illumination, which

is ~ 60 nm (see Fig. [3.7).

5.3 Resolution of AMI in Reflection

As discussed, our illumination scheme can reduce the required number of switching
cycles for generating an aperture in the AML. However, for a homogeneous resolu-
tion over a measurement surface via 2D AMI in reflection, the available switching
cycles are still insufficient. Therefore, to optimally use the AML with its existing
low fatigue resistance, we have restricted the high-resolution measurements to one
dimension in this thesis.

The first experimental results of the 1D AMI in reflection microscopy are presented
and discussed in this section. We experimentally validate the sequential illumina-
tion scheme and demonstrate 1D resolution enhancement by measuring a sample
containing gold nanoparticles. Subsequently, the results of measurements on nanos-
tructured samples are shown to demonstrate the feasibility of the proposed scheme
for the application in structural and morphological analysis of nanostructures.
Since we measure the reflected signal from nanoparticles, the size of gold beads is
an important parameter. According to the general theory of light scattering by a
spherical particle, developed by Gustav Mie, a particle of size R much smaller than
the wavelength (2r R << \) has a scattering cross section that varies as R®, while its
absorption cross section varies as R3. This implies that for very small particles, ab-

sorption is more significant than scattering. On the other hand, scattering becomes
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more important with the increasing size of the particle, when 27 R is comparable
to the wavelength. However, in the latter scenario, the amount of back-scattering
(reflected signal) from the particle is very sensitive to the refractive index of the
particle in relation to the refractive index of the surrounding medium [75]. We
selected the nanoparticles of 80 nm diameter, which lies on the boundary between
the above mentioned cases. The chosen size of the gold beads works well with the
alignment sample (Sect. [5)) such that there is enough reflected signal collected by
the objective to image them. However, with the AML-coated GB sample, depend-
ing on the apparent size of the gold bead in the FOV and the refractive index of
the AML, we record a negative bead i.e. an image with a bright background and a
dark gold bead. To make the presented results comprehensible, the recorded (1D)
images of the gold nanoparticles have been inverted. The data is normalised using
min-max normalisation after subtracting each pixel value from the maximum pixel
value within the image.

Before performing high-resolution imaging, some of the optics in the setup are mod-
ified to optimise the experimental conditions. For AMI in reflection, a low noise
detector Amp-PD will be used. To maximise the reflected signal of the measurement
PSF that reaches the detector, the pellicles (PL1 and PL3, Fig. are removed
from the setup. It is essential to generate a perfect 1D-Pattern with a zero-intensity
line to generate the channel in the AML. In order to do so, the confinement beam
must be linearly polarised (perpendicular to the phase step) [52]. The polarisation
state of the measurement beam is also changed to linear. This is because the ro-
tational mobility of the photochromes in the PMMA layer is not known. In order
to ensure that both beams act on the same subgroup of molecules, even if their
dipole moment is fixed during the illumination time, we match the polarisation of
the measurement beam to the one of the confinement beam. The confinement and
the measurement beam have a 1D doughnut-shaped (1D-Pattern) and Gaussian

intensity distribution in the focal plane, respectively.

5.3.1 Gold Nanoparticles

As discussed in Chap. [2 Sect. a confocal reflection microscope is a coherent
imaging system; however, the coherent nature of the imaging system does not affect
the PSF obtained by imaging a point-like object. Therefore, we image gold nanopar-
ticles to demonstrate the imaging capability of the AMI in reflection microscopy

beyond the diffraction limit using the sequential illumination scheme discussed in

Sect. B.21
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Gold bead measurement: An 80nm GB sample coated with 1200 nm thick AML
is used for the measurements. At first, a 2D confocal image of a gold bead is acquired
through the measurement PSF with focal power Fg33 = 100 pW. The 2D image is
scanned along the xy-axis using the NanoMax stage with a pixel size and pixel dwell
time of 100 nm and 10 ms, respectively.

To acquire a 1D confocal image, the selected gold bead is scanned only along the
x-axis through the measurement PSF at power FPy33 = 100 nW, with a pixel size of
30nm and pixel dwell time of 15 ms.

For a 1D AMI image, the gold bead is again scanned along the same line, using
the sequential illumination of the confinement and measurement PSF. At first, the
pixel is illuminated with the 1D-Pattern at power Pso5 = 3pW for 77 = 15ms to
generate the aperture. Then on the same pixel, the measurement PSF is illuminated
with at power Pgzz = 100 pW for another 75 = 15ms. For 1D AMI measurement,
pixel size is 30 nm and the pixel dwell time is 77 + 75 = 30 ms. During the complete
measurement, the reflected signal of the measurement beam is recorded with a time
resolution of 10ps. Fig. shows the measured 2D and 1D images of the gold
bead.

Fig. shows the acquired 2D confocal image of a gold bead. The 1D confocal
image of the selected gold bead is measured by scanning along the red dotted line
in Fig. [5.12h. The detected back-reflected signal at 633 nm for each pixel for 15ms
is shown in Fig. [5.12b. Note that the x-axis in 2D confocal image corresponds to
the vertical-axis in Fig. [.12b. The confocal line profile, shown in Fig. [5.12¢, is
obtained along the black solid line in Fig. [5.12b. A Gaussian function is used to fit
the acquired line profile. An FWHM of 412.29 +1.53nm is estimated, which defines
the resolution of the confocal reflection microscope.

For the 1D high-resolution imaging via absorbance modulation, the gold bead in
Fig. is again scanned along the red dotted line according to the illumination
scheme illustrated in Fig. [5.10] The detected back-reflected signal at 633 nm for
each pixel for 15 ms is shown in Fig.[5.12ld. Here again the horizontal-axis shows the
measurement time, and the vertical-axis corresponds to the scan positions (x-axis
in Fig.[5.12p). During AMI, only the back-reflected signal of the measurement PSF
is detected, hence, we refer time T5 of the total pixel dwell time as the measurement
time.

Since the aperture is erased in time upon illumination with the measurement beam,
the high-resolution 1D image of the gold bead is extracted from the initial time
points of the acquired data. The data is obtained at 7T, = 50 us and averaged over
a time window of 100 ps, depicted by the green rectangular window in Fig. [5.124d.
Fig. shows the line profile obtained by AMI (red stars). As before, a Gaussian
function is used to fit the line profile (black solid line). The FWHM of the effective
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Figure 5.12: High-resolution gold bead measurement. (a) Acquired 2D confocal image
of a single gold bead with the measurement PSF with power P33 = 100pW. (b) The
measured back-reflected signal for each pixel (vertical-axis) for the 15 ms (horizontal-axis).
(¢) 1D confocal image of the same gold bead, scanned along the red dotted line in (a),
through the measurement PSF with power Pg33 = 100 pnW. The line profile (red stars) is
fitted using a Gaussian function (black solid line) and an FWHM of 412.29 =+ 1.53nm is
estimated. (c) Raw measurement data of the 1D AMI measurement scanned though the
measurement PSF with power Ps33 = 100pW. (d) The measured back-reflected signal
at 633 nm for each pixel (vertical-axis) for the 15ms (horizontal-axis) during AMI image
acquisition. (e) 1D AMI image of the gold bead obtained from the earlier times (green
box) of measurement data in (d). AMI line profile (red stars) is fitted with a Gaussian
function and an FWHM of 169.58 =+ 0.72nm is computed. (f) The increasing FWHM of
the measured gold bead in (d) with respect to time.

PSF is computed to be 169.58 =+ 0.72nm. Compared to the confocal microscope,
the resolution of AMI reflection microscope is thus enhanced by a factor of 2.43.
With the vanishing aperture, the FWHM of the effective PSF increases to the value
of the estimated confocal FWHM. The increase in the size of the effective PSF with
respect to the illumination time of the measurement PSF can be directly visualised
in Fig. p.12f, where we show the FWHMs calculated from the data in Fig. at
different measurement times.

In Fig. .12] we have only compared the central peak of the confocal PSF and
effective PSF. However, when we look at the experimental data over the entire scan
range, significant side lobes are observed in the AMI line profile. Fig. [5.13] shows
the normalised line profiles of the measured gold bead in Fig. |5.12| over the entire
scan range. The green and blue solid lines show the line profile of the gold bead
measured via AMI at different measurement times, 75 = 200 ps and 75 = 10 ms,

respectively. The red dashed curve shows the confocal line profile.

The confocal (red) and AMI (blue) line profile at 7, = 10ms have comparable
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Figure 5.13: The figure shows the normalised line profiles of the measured gold bead,
shown in Fig. |5.12] over the entire x range. The green and blue solid lines show the line
profiles of the gold bead measured via AMI at different measurement times 75 = 200 s
and To = 10ms, respectively. The red dashed line shows the confocal line profile of the
gold bead.

signals in the central peak and the side lobes. However, a significantly lower signal
is collected via AMI during the initial measurement times due to the necessary
absorption of the measurement PSF through the aperture. Compared to the confocal
line profile’s maximum signal, the AMI’s maximum signal is approximately 10%.
Comparing the positions of the side lobes in Fig.[5.13] it is inferred that the side lobes
of the illuminated Gaussian measurement PSF are not sufficiently suppressed via the
AML absorbance. As a consequence, the central lobe of effective PSF and the side
lobes in the confocal line profile have approximately the same height. At the later
measurement time however, the acquired signal increases with the vanishing aperture
in the AML, resulting a clear central peak with lower side lobes (see Fig. , blue
curve).

To understand the appearance of the side lobes in Fig. |5.13, we have to take a closer
look at the illuminated PSFs. As pointed out earlier in Chap. [2] we are using a SO
to eliminate chromatic aberrations. However, the Gaussian PSF generated by the
annular aperture of SO has significant side lobes when compared to the Gaussian
PSF generated by a standard objective with circular aperture (see Fig. and
. In order to verify if the SO influences the suppression of the side lobes, the
1D-Pattern and Gaussian PSF at the confinement and measurement wavelength,
respectively, generated by a standard objective and a SO are compared. Fig.
shows the simulated (a,d) 1D-Pattern at the confinement and (b,e) Gaussian PSF at
the measurement wavelength using a standard objective lens and SO, respectively,
with a NA of 0.65. The line profiles along the red dashed lines in Fig. [5.14h.b and

Fig. [5.14d,e are shown in Fig. and Fig. [5.14f, respectively.
In Fig. , we see that if both the PSFs are perfectly superimposed, such that

the central minimum of the 1D-Pattern coincides with the central maximum of the
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Figure 5.14: A 2D intensity distribution of (a,d) 1D-Pattern at A; and (b,e) Gaussian
PSF at Ay generated by a standard lens based objective and SO, respectively. (¢) A 1D
intensity distribution of 1D-Pattern (blue) and Gaussian PSF (red) along the red dashed
lines in (a) and (b), respectively. (f) A 1D intensity distribution of 1D-Pattern (blue) and
Gaussian PSF (red) along the red dashed lines in (d) and (e), respectively.

Gaussian PSF, the maxima and minima of the side lobes also coincide. Furthermore,
the strength of the side lobes in 1D-Pattern is higher than that of the Gaussian
PSF. Considering this intensity distribution during aperture generation in AMI, at
appropriate powers of 1D-Pattern and measurement PSF, we can certainly assume
that the side lobes of the Gaussian PSF will be well suppressed. On the contrary,
in Fig. [5.14f, firstly, we see that the strength of the side lobes of the Gaussian
PSF significantly increases to more than 10% of the central peak. Furthermore,
at the same time, the side lobes of the 1D-Pattern become insignificant, which is
unfavourable for the suppression of the side lobes via AMI.

In Fig. it can also be noticed that the position of the side lobes in AMI profile
(blue curve) is shifted with respect to that of the confocal side lobes (red curve). In
order to understand this shift, the side lobes in Fig. must be examined further.
The intensity distribution of the side lobes of Gaussian PSF is not rotationally
symmetric, it depends on the position of the spider legs in the SO (see Fig. . In
the simulation, the position of the spider legs is assumed to be along x- and y-axis,
like a plus sign “+4”. However, in our microscope, the SO is placed in a manner that
the spider legs are in a cross position “x”. Hence, the 1D line profiles along the
x-axis in our measurements does not have an identical profile as shown in Fig. [5.13k.
Fig. [5.15h,b show the experimental 1D-Pattern and Gaussian measurement PSF,
respectively. When compared with the simulated Gaussian PSF in Fig.[5.14k, we can
see that the position of the spider legs changes the intensity distribution of the side
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Figure 5.15: A 2D intensity distribution of experimentally measured (a) 1D-Pattern
at A1 and (b) Gaussian PSF at Aa. (c¢),(d) A 2D intensity distribution of simulated 1D-
Pattern at A\; and Gaussian PSF at Ay generated by a SO without spider legs. (e) A 1D
intensity distribution of 1D-Pattern (blue) and Gaussian PSF (red) along the red dashed
lines in (¢) and (d), respectively. (f) A magnified region from (e), containing the side lobes
of the confocal and 1D-Pattern.

lobes. To understand the line profiles of the experimental 1D-Pattern and Gaussian
PSF, we simulated the PSFs again using SO with a NA = 0.65, however, without
the spider legs. Fig. [5.15k,d shows the simulated 1D-Pattern of wavelength \; and
Gaussian PSF of wavelength \,, respectively. Fig. shows the superimposed
line profiles of the PSFs along the red dotted line. Looking closely at the side lobes,
we see that the 1D-Pattern features additional minima and maxima in the region
with side lobes of the Gaussian PSF. Fig. shows a magnified image of the region
with the side lobes. It is clearly visible that due to the variation in the intensity
distribution of the minima and maxima of the two PSFs, side lobes of the Gaussian
PSF are partially (spatially) suppressed. The amount of suppression depends on
the power of the confinement PSF, however, at the minimum (x = 0.63 pm) of 1D-
pattern, we can safely assume that red curve is not suppressed. Whereas, at the
maximum of the Gaussian side lobe (x = 0.75m), there will be some amount of
suppression. This would result in a shift of ~ 130 nm in the side lobes of AMI line
profile with respect to the confocal line profile. This mismatch of the maxima and

minima of the PSFs, results in shifted side lobes in the measured effective PSF as

shown in Fig. [5.13]
As stated before, the acquired signal through the aperture in AMI is as low as the

contribution of the side lobes in a confocal PSF. The combination of the unsup-
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pressed side lobes and low signal in the central lobe of the effective PSF, results in
the green curve shown in Fig. A simple solution to prevent this outcome would
be to switch to a standard objective, however, due to the illumination wavelengths
used for AMI, which are governed by absorption spectra of the BTE-1 molecules
(see Fig. , we continue our experiments with the SO.

As already noted in Sect. [5.1] it is established that higher powers of the irradiated
PSFs induce degradation in the AML. In order to see the effect of degradation during
AMI measurements, the measurement with 80 nm gold beads, as shown in Fig. [5.12]
was repeated at different powers of the 1D-Pattern. Out of the three different powers,
P35 = 3uW, 5pW and 10 pW, selected for the measurements, two of them are less
than the threshold and one has the same order of magnitude as the threshold power.
The power of the measurement PSF is kept the same as before, P33 = 100 pW and
the illumination time is reduced to 77 = T, = 10 ms. For each measurement, first a
2D confocal image of a gold bead is obtained. Following this, a 1D confocal image is
acquired by scanning through the centre of the selected gold bead along the x-axis,
similarly to what is shown in Fig. |5.12a. Thereafter, along the same x-axis scan, a
1D AMI image is acquired through sequential illumination of the 1D-Pattern and
measurement PSFE at each pixel. Fig. [5.16 compares the acquired confocal (red)
and AMI (green) line profiles for three different sets of measurements. As before,
the AMI line profile is extracted from the initial measurement time points. For all
line profiles, the data is averaged over a time window of 100 ps. Please note that

the three sets of measurements were recorded each at a different position in the GB

sample.
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Figure 5.16: The figure shows results of 1D resolution measurements using the 80 nm
GB sample with 1200 nm thick AML, at various powers of the 1D-Pattern (a) P35 = 3pW
and (b) Ps2s = 5pW and (c) Psas = 10pW. The red and green curve in (a),(b) and (c)
show the line profiles of the gold bead acquired by confocal and AMI, respectively.

Fig. [5.16p shows the results for the first set of measurements with P35 = 3puW.
The FWHM of the confocal line profile is 602 & 4.3 nm, which is larger than the
~ 415nm, derived from the previous measurement of a single 80nm GB (Fig. |5.12)).
This indicates that the underlying reflective structure is larger than a single GB.

Indeed, in the AMI line profile, we see two peaks at a distance of 310nm which
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indicates that there are two closely spaced beads that are resolvable with AMI, but

not with the confocal microscope.

Fig. shows the obtained confocal and AMI line profiles for the second set
of measurements (P35 = 5pW). Here the confocal line profile has an FWHM
of 570 + 12.92nm, which is again higher than expected for a single GB. As in the
previous measurement, two peaks are observed in the AMI line profile. The distance
between the two peaks is 417 nm. Since there are two separate beads in the object
plane, the imaging process cannot be assumed to be incoherent anymore. Due to lack
of phase information added because of the significant sidelobes in the obtained AMI
PSF, neither the actual distance between the two beads nor the actual resolution
enhancement can be determined exactly. However, for both cases, it can be stated

that the resolution is indeed increased by AMI.

The line profiles for the third set of measurements (Psp; = 10pW) are shown in
Fig. . Here, the confocal line profile has a FWHM of 392.5 nm +11.25 nm, indi-
cating the presence of a single GB. However, the FWHM of the effective PSF is also

estimated to be 348 nm + 35.9 nm, virtually providing no resolution enhancement.

It can be inferred from this measurement, that the aperture in the AML is not
generated as expected. This is also confirmed by the unnormalised line profiles
(data not shown). They show that the height ratio of the main peaks in the AMI
profile and in the respective confocal profile is significantly higher than for the other
two sets of measurements. This indicates that the AML absorbance is significantly
less than expected. It has been shown in Sect. that the AML has a limited
number of switching cycles, thus the comparatively high power (Pss5 = 10 uW) of
the 1D-Pattern (either because of the higher local intensity or because of the higher
light dose) induces degradation in the AML such that the overall concentration of the
active molecules decreases and the expected spatial distribution of the absorbance at
A9 is not acquired. These measurements evidently show that the AML degrades at
higher UV power which is not favourable for AMI. Therefore, for AMI measurements
it is better to use powers well below the threshold quantified in Sect.

5.3.2 Edge Response

Another practical way of defining the resolution of a microscope is by measuring its
edge response. Characterising the edge response or the edge spread function (ESF)
of a microscope can be done using the 20% — 80% edge-response criterion [34], using
analytical function models for the ESF fitting or by deriving the PSF from the edge
response of the microscope [76]. We will adopt the latter and derive the PSF from

the measured ESF, to estimate the resolution of the microscope.
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Edge measurement: The calibration sample, coated with 1200 nm thick AML,
is used for the measurement. The dark squares surrounding the various grating
structures (see Fig. are used for the edge measurements. First a 2D confocal
image of the edge is recorded using the measurement PSF at power Fs33 = 100 pW.
To measure the 1D confocal ESF, the sample is scanned along the x-axis, which is
perpendicular to the edge, using the measurement PSF at power FPg33 = 100 pW,
with a pixel dwell time of 50 ms. Thereafter, an AMI line profile is measured along
the same axis, by scanning sequentially through the confinement PSF with power
P395 = 1 1W and measurement PSF with FPg33 = 100 pW. Since the light dose of 1D-
Pattern is critical for the aperture generation, an illumination time of 73 = 50 ms
is chosen, to keep the light dose same as in the previous measurements with the
gold nanoparticles. Due to the limitation of the software used for acquiring data,
the measurement time 75 is also 50ms. However, we did not reduce the power
of the measurement PSF because at powers Fgz < 100pW the detected signal
is insufficient to generate a high-resolution image. Therefore, a pixel dwell time of
100 ms is used for AMI. The results of the edge measurements are shown in Fig. [5.17]
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Figure 5.17: High-resolution edge measurement. (a) A FOV of 7 x 1.40pm? of an edge
in the calibration sample. (b,c) The detected signal at measurement wavelength for each
pixel for 50ms for confocal and AMI measurement, respectively. (d) Confocal ESF and
ESF obtained via AMI, effective ESF, are plotted against the scan positions marked with
a black rectangle in (b), and green rectangle in (c), respectively. PSFs of the confocal and
AMI obtained by differentiating the ESF in (d), are shown in (e) and (f), respectively.

Fig. [5.17h shows the 2D confocal image of a FOV of 7 x 1.40pm? of the edge in the
calibration sample. Along the red dashed line in Fig. [5.17h, the sample is scanned

to measure the confocal edge response. The detected signal at the measurement
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wavelength for each pixel for 50ms is shown in Fig. 5.I7b, here the horizontal-axis
is the measurement time and the vertical-axis corresponds to the scan positions
(x-axis in Fig. [5.17a). The normalised data from the marked black rectangle in
Fig. [5.17b is shown in Fig. [5.17d using red markers.

The sample is scanned again using the AMI illumination scheme. The recorded
signal at the measurement wavelength for each scan position for 50 ms is shown in
Fig. [5.17c. Since the aperture is erased upon illumination with the measurement
PSF, the high-resolution image is produced by the data from early time points,
as done in the gold bead measurements. The extracted high-resolution data is
taken at Tp = 2ms averaged over a time window of 200 ps depicted by the green
rectangular box in Fig.[5.17kc. The normalised data from the selected region is plotted
in Fig. with green markers, showing the ESF of AMI. A distinct difference
in the slope of the ESFs is observed in Fig. [5.17d, representing the improvement in
resolution.

To estimate the PSFs of the confocal and high-resolution measurements, the ESF
data is differentiated along the x-axis. Fig.[5.17g,f show the computed confocal and
AMI PSFs, respectively. The PSFs are fitted using a Gaussian function, and the
calculated FWHMSs are 555.68 4+ 26nm and 245.01 4+ 16.8nm for confocal and AMI,
respectively. This means that a resolution enhancement factor of 2.27 is achieved

which is consistent with the result obtained from the gold nanoparticle.

5.3.3 Sample Stability

In a long run, the coated samples used for AMI in reflection microscopy must be sta-
ble. In general, we have realised that the AML is stable i.e., its reversibly switchable
nature is reproducible and the sample can be used for months without re-coating the

measurement surface. However, in some regions of the AML, the BTE-1 molecules

show irreversible behaviour.
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Figure 5.18: 2D scanned images of the samples used in various experiments are shown.
(a) 80 nm GB sample, (b) and (c) shows the calibration sample with a FOV of the edge and
a grating structure of period 500 nm, respectively. The image of the calibration sample
measured using the reflected light microscope is shown in (d).

In Fig. [5.18] 2D scanned images of the samples used in various experiments are

shown, (a) is a 80 nm GB sample, (b) and (c) shows calibration sample, with the edge
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and a grating structure of period 500 nm, respectively. The image of the calibration
sample measured using the reflected light microscope is shown in Fig. [5.18d. The
dark regions in (b) and (c) are the degraded regions of the AML, where the AML
does not switch anymore. Fig. ,d also show impurities in the layer, (d) also
shows the degraded AML regions under a reflected light microscope, shown by red

arrows.

5.3.4 Imaging a Grating

The motivation of the project is to develop an optical technique that can be used for
structural and morphological analysis of real-world materials. Therefore, to demon-
strate the practicality of the proposed scheme for the application in the analysis of
nanostructures, a 1D reflective grating structure is imaged via AMI in reflection.

The calibration sample coated with a 1200 nm thick AML (see Fig. , contains
multiple patterns on the nanometer scale. A grating with a linewidth of 250 nm and

a grating period of 500 nm is used for the measurement.

Grating measurement: First, a 2D confocal image over a FOV of 15 x 7pm? of the
selected grating is recorded at power Pgzz = 100 pW. A pixel dwell time of 10 ms
and pixel size of 200 nm is used.

For the 1D measurements, the pixel size is changed to 30nm. As previously done
for the edge measurement, lower power of UV light and longer pixel dwell time are
used. First a 1D confocal image is measured along a line that is perpendicular to
the grid lines using the measurement PSF at power FPy33 = 100 pW with pixel dwell
time of 50 ms. Subsequently, a 1D AMI line profile is recorded using the 1D-Pattern
and measurement PSF sequentially, at power Ps; = 1pW and Fgzz = 100 pW,
respectively, along the same scan line with an illumination time of 77 = T = 50 ms.
The results of the 1D measurements are shown in Fig. [5.19

Fig. shows the 2D confocal image of the grating area. The 1D confocal image
recorded along the selected black dashed line in the 2D confocal image. The reflected
signal at 633nm for each scan position over the measurement time is shown in
Fig. 5.19b. Though the signal shows some spatial modulation, no agreement with
the underlying grid structure is visible and no structural information can be inferred.
For the 1D AMI measurement, the grating is again scanned along the black dashed
line in Fig. [5.19%, using the illumination sequence implemented before for imaging
the gold nanoparticles and edge-structure. The raw measurement data of AMI is
shown in Fig. [5.19, where the grating structure is clearly visible for the initial
time points. The data for comparing the line profiles of both the measurements is
extracted from the black and green rectangular box, shown in the measurement win-

dows of (b) confocal and (¢) AMI measurement, respectively. The data is averaged
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over a time period of 400 ps. Fig. [5.19d shows the comparison of the normalised line
profiles obtained via confocal and AMI in red and green, respectively. The confocal
line profile does not show any resolvable structural information, whereas, the AMI
profile provides an increased resolution and the adjacent lines in the grating can be
readily discerned. The distance between the measured peaks in Fig. [5.19d agrees
well with the grating period of the measured structure. However, the relative peak
distance slightly varies over the x-range. A variation in the height of the peaks is
also observed which can both be caused by the significant sidelobes in the AMI PSF
in combination with coherent effects, discussed in Sect.
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Figure 5.19: Demonstration of AMI in reflection microscope to image a 1D periodic
structure. (a) A FOV of 15 x 7pm? of the 1D grating structure in the calibration sam-
ple scanned through the measurement PSF. (b) Raw measurement data acquired via 1D
confocal scan through the measurement PSF. (¢) Raw measurement data acquired via 1D
AMI scan through sequential illumination of the 1D-Pattern and measurement PSF. The
horizontal-axis shows the measurement time in ms and the vertical-axis shows the scan
positions in pm in (b) and (c). (d) The line profiles obtained via confocal imaging and
AMI are shown with red and green solid lines, respectively. The data for the red and green
curves are extracted from the region, marked by the black and green rectangle in (b) and
(c), respectively.
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Chapter 6

Summary and Outlook

Absorbance modulation is an expansion of the fundamental principle used in super-
resolution fluorescence microscopy, in which instead of using fluorophores, reversibly
switchable photochromic molecules are utilised to achieve high resolution. Applica-
tion of this technique in the field of optical lithography (AMOL) [3] and transmission
microscopy (AMI) [4] has shown resolution enhancement down to a tenth of a wave-
length (in AMOL). In the theoretical study published by Kowarsch et al. this idea is
extended to reflection microscopy where they show that imaging beyond the diffrac-
tion limit via AMI in reflection microscopy is indeed achievable. The main aim
of the present work was to experimentally demonstrate high-resolution reflection
microscopy via absorbance modulation.

To accomplish the goal of the thesis, we categorised the experiments performed

during the course of the work as three small milestones:
o Construction of a suitable confocal reflection microscope for AMI.

o Characterisation of the AML and estimation of the optimal imaging parame-
ters for AMI.

o Optimisation of the experimental conditions, implementation of AMI in reflec-
tion and showing an improved resolution with respect to confocal reflection

microscopy by imaging gold nanoparticles.

To achieve the first milestone, a standard confocal reflection microscope was con-
structed. A laser of wavelength Ay = 633nm, the measurement laser, was im-
plemented. The resolution of the microscope was characterised by imaging gold
nanoparticles and estimating the FWHM of the measurement PSF. The microscope
was then adapted for high-resolution AMI by adding the confinement laser of wave-
length A\; = 325nm. The light at this wavelength was generated by a TiSa laser
together with a frequency tripling unit. The temporal pulse length of the generated
pulses at 325 nm was stretched using a self-built pulse stretcher. Since the wave-
length of the confinement and measurement beams are from two distinct regions

of the EM spectrum, a reflective objective lens based on the Schwarzschild design
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(SO) was used in the microscope to prevent any chromatic aberrations. In our mi-
croscope, the focal intensity distribution of the confinement beam can be realised as
either Gaussian, 1D-Pattern or 2D doughnut-shaped pattern. The setup was prop-
erly aligned before using it for any measurements. The details of the design and
construction of the microscope were provided in Chap. [

To accomplish the second milestone (Sect. , we characterised the AML in terms
of its temporal and behavioural response to various powers of the confinement and
measurement beam. At first, the initial concentration Cy = 1157.65molm—2 of
the BTE molecules in the AML was calculated using the parameters of the AML
computed at the IPC and IOC, TU-Clausthal. Then, we determined the damage
threshold of the AML at the confinement and measurement wavelength to find a
suitable range of powers that can be used for further experiments. In order to do so,
we probed the AML at various powers of the confinement and measurement beams.
We found that at powers Psps > 40 uW (intensity of 3kW cm™2) and Pszz > 5 mW
(intensity of 130 kW cm™2) of the confinement and measurement beam, respectively,
the AML behaves unexpectedly (see Fig. and . Then, to investigate the
temporal response, an AML-coated mirror sample was illuminated with Gaussian-
shaped foci of the confinement and measurement beam. Characteristic decay and
recovery curves (see Fig. and were obtained by monitoring the change in
transmitted signal of the light of wavelength A\, upon illumination at various powers
of the confinement and the measurement beam, respectively. The results of these
measurements revealed that (i) the conversion rates of the open form increase lin-
early with the increasing illumination power, (ii) for the powers of confinement and
measurement beam, well below the threshold, the conversion rates of the open and
closed form are of the same order of magnitude (iii) the absorbance of the 400 nm
thick AML is limited due to low concentration of the BTE-1 molecules in the layer.
Fatigue resistance or stability of the AML was also examined as it is an important
parameter that limits the scan resolution that can be used for AMI. To evaluate the
stability of the AML, we switched the layer several hundred times between open and
closed states using the same experimental conditions that were used for measuring
the decay and recovery curves (Sect. . The results of this investigation show
that the AML has a limited number of switching cycles, which is about 200 cycles.
This is due to the parasitic side reactions in the layer that decrease the concentration
of switchable molecules after each cycle, resulting in the degradation of the AML.
The measurements were repeated at different powers of the confinement and the
measurement beam. Comparing the change in the modulation depth (contrast) at
different powers showed that the degradation of the AML occurs even at relatively
low powers of the irradiated confinement and measurement beam (see Fig. |5.9)).

Based on the results of the second milestone, the thickness of the AML was increased
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to 1200 nm to achieve better absorption in the layer. To optimally use the AML
for AMI with the existing low fatigue resistance, we restricted AMI to one dimen-
sion. Additionally, we implemented a sequential illumination of the confinement and
measurement PSFs to reduce the number of switching cycles required to generate
the aperture. The timeline of the sequential illumination and data acquisition is
discussed in Sect. [5.2 We experimentally demonstrated a 2.43-fold 1D resolution
enhancement via AMI in reflection microscopy by imaging gold nanoparticles of di-
ameter 80 nm. In comparison to the confocal PSF of FWHM = 412.29 + 1.53nm,
an effective PSF of FWHM = 169.58 & 0.72nm was measured (see Fig. [5.12).

We used the reflection microscope to also image extended 1D objects. For this, we
imaged an edge structure and a grating structure. In the case of the edge struc-
ture, compared with the diffraction-limited confocal resolution, AMI in reflection
microscopy resulted in a 2.27-fold resolution enhancement (see Fig. . The
periodic grating structure with a linewidth of 250 nm was successfully resolved as
opposed to confocal imaging (see Fig. . This reflects the capability of the imag-

ing modality to image extended structures with sub-diffraction resolution.

With the implemented imaging scheme we were able to show approximately 2.4-
fold improvement in resolution. However, the extent of this improvement is limited
in the current implementation due to several issues. The achievable resolution via
AMI strongly depends on the quality of the aperture generated in the AML, which
in turn depends on the photo-chemical properties of the AML and the spatial and
temporal distribution of the illuminated PSFs. The analysis of the switching of the
AML indicates that the absorbance of a 400nm thick layer at the measurement
wavelength is insufficient. This is mainly due to the low concentration of BTE-1
molecules in the layer. At present, we have increased the layer thickness to improve
the overall absorption of the AML. To get around the low fatigue of the layer, we
have restricted the scan range during AMI to 1D and used sequential illumination
of the confinement and the measurement PSFs in the experiments. Although on one
hand, the sequential illumination helps in reducing the required number of switching
cycles to generate the aperture, the acquired resolution was limited in our experi-
mental implementation due to the transient behaviour of the generated aperture. As
mentioned before, the collected signal from the earliest time points during an AMI
measurement is low compared to the constant background on the detector which
necessitated to average over a time window of ~ 200 — 250ps in order to achieve a
desired SNR. However, simultaneously, the aperture in the AML broadens within
this time window because of the absorption of light at the measurement wavelength.
Consequently, due to limited SNR and transient aperture, resolution was lost. This

problem of SNR can be omitted with a simultaneous illumination of the confinement
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and measurement PSFs. Since in this case, the aperture is stable because the AML
is in a photostationary state, the signal can be collected for a longer time i.e., the
integration time of the detector can be increased until the desired SNR is achieved
without broadening the aperture itself.

To increase the resolution enhancement achieved by AMI in reflection microscopy
the photochromic properties of the AML must be improved. For an ideal AML, it
should exhibit high fatigue resistance, such that the number of switching cycles is
increased at least by an order of magnitude for 1D AMI and two orders of magnitude
for AMI in 2D, without any visible degradation of the layer. This would enable us to
implement a simultaneous illumination sequence to achieve higher resolution with
better SNR. Furthermore, a higher concentration of the BTE-1 molecules in the
layer is required to achieve better absorbance without increasing the thickness of
the AML. For thick AML, diffraction produces high losses which results in low
SNR. Furthermore, for an objective lens with high NA for e.g., NA = 0.9, the layer
thickness of 1200 nm would be larger than the axial width of the PSF, especially for
the confinement wavelength of 325 nm, which is not desirable for aperture generation.
According to Kowarsch et al., an ideal case would be to have an AML of thickness
100 nm with at least six times higher concentration (if the absorption cross sections
are the same) of the BTE-1 molecules than the current concentration to achieve
5-fold resolution enhancement.

To make AMI more compatible and easy to incorporate with existing microscopes,
a longer confinement wavelength would be more favourable as for wavelengths in
the UV range, special optics are needed. In our microscope, we found a way to
incorporate both the wavelengths, from UV and VIS spectrum, by using a SO. While
it provides a way to eliminate chromatic aberrations, it also introduces significant
sidelobes (see Fig. [5.14). Due to the coherent nature of the reflection microscope,
these sidelobes complicate the imaging of extended objects. In our microscope, other
than the limitation of the AML, the acquisition time is restricted to a minimum of
7ms, due to a mechanical shutter placed in the UV beam path to block any residual
light at the confinement wavelength on the sample plane. However, by replacing the
mechanical shutter with another AOM, this limitation can be easily overcome.
The work presented in this thesis can be interpreted as a first proof of AMI in reflec-
tion microscopy that can achieve super-resolution and can be used for investigations
on surfaces of composite materials with a resolution of a few tens of nanometers in the
future. Further research is required to develop an AML with improved properties, in
order to achieve better experimental conditions and higher resolution enhancement.
The behaviour of the AML at high intensities of the confinement and measurement
beams should also be investigated, which will help in the development of an efficient

illumination sequence and fast image acquisition.
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