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CHAPTER 1

Introduction

Understanding sight has been a great interest among humankind for centuries. It
has already been known centuries ago that light travels in straight lines. However,
there have been contradicting theories on how the image of an object is seen.
According to extramission theory, the image of an object was constructed by
light rays emitted by the eyes. Later, this theory was replaced by intromission
theory which states the image of an object is constructed by light rays emitted
by the object. Today we know that image formation is accomplished by the
detection of light waves that are emitted or scattered by a physical object. In
the science of optics we study how light waves scatter, propagate, and form an
image of an object [1-5].

The invention of the compound microscope has revolutionized our understand-
ing of image formation and enabled visualization of microscopic objects such as
bacteria [6]. An enormous research effort has been made to enhance the spatial
resolution of optical microscopes much of it by perfection of glass optics and elim-
inating scattering. With the emergence of information technology, optical infor-
mation can be digitized and computationally processed. Several high-resolution
microscopy methods that benefit from image processing algorithms have been
developed.

In this thesis, we introduce new high-resolution optical imaging methods that
are based on computational processing of optical information that is gathered by
spatial control of light scattering through disordered materials. The combination
of new optical methods with information technology now extends our sight to
the nanometer-scale regime.

1.1 Optical imaging

Non-invasive investigation of morphology and function of structures with a high
spatial resolution is essential in materials science, life sciences, and medical di-
agnosis [7]. Optical imaging has the advantage of high spatial resolution and
non-invasive characterization. However, the standard resolution of optical sys-
tems is still low compared to invasive methods such as electron microscopy [8, 9],
X-ray imaging [10], near-field optical microscopy [11, 12], or atomic force mi-
croscopy [13]. Several methods have been developed to enhance the resolution of
optical imaging systems [14-23]. However, these methods either require labeling
of structures using dyes with specific photophysics or are very sensitive to optical
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aberrations that are introduced by samples. With adaptive optics, aberrations
of low order can be compensated [24, 25]. In a regime that strongly scattering
is involved, low order aberration compensation approach of adaptive optics is
insufficient. With the technological advancement of the spatial light modulators
(SLM), high order aberrations can be compensated [26] and surprisingly light
propagation can be controlled through strongly scattering materials [27, 28]. It
has been shown that the transmission matrix of an arbitrarily complex scattering
medium can be measured [29, 30] which allows reconstruction of high-resolution
images through strongly scattering media [31-33].

1.2 Optical resolution

Resolution is an essential property of an optical imaging system. Resolution
defines the ability of the imaging system to separate the presence of two adjacent
source points of an object. In principle, diffraction limits the resolution of a
conventional optical imaging system [34, 35]. However, optical aberrations and
signal-to-noise ratio are limiting factors in many practical cases [36-39]. In a
conventional optical imaging system with good signal-to-noise and no aberrations,
the diffraction-limited resolution is determined by the numerical aperture (NA
= nsinf) of the imaging lens where n is the refractive index of the surrounding
medium and 6 the angle of the highest wave vector that is accessible. It is shown
in Fig. 1.1 that a plane wave is focused using an optical lens. In the focal plane of
a lens with cylindrical symmetry, the intensity is given by an Airy disk function

which is
ek
>
n kz

Figure 1.1: Focusing of a light beam with an optical lens. An optical lens generates a
focal spot from a plane wave in the focal plane. 6 is the maximum angle
that is refracted by the lens, n the refractive index of the surrounding
medium, k the radial component of the wave vector, and k. the longitu-
dinal component of the wave vector of light.

2
kQ Jl (kmaxr):| ’ (11)

1) = o | 2

where I is a prefactor, r the position in cylindrical coordinates, kyax the maxi-
mum wave vector in the radial direction, J; a Bessel function of the first kind. In
essence, the Airy disk function is the impuls response of the system and is called
the incoherent point spread function (PSF).

It is necessary to define a figure of merit for quantitative analysis of the
diffraction-limited resolution of optical imaging systems. There are three different
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resolution criteria that are used for resolution that are given in Fig. 1.2; Abbe’s
resolution limit, Sparrow’s resolution limit, and Rayleigh’s resolution limit. Here,
we give the definition of resolution only for incoherent imaging modalities. Abbe’s
resolution limit is given by

11a

0.5 Ol e

Cross-section

Position Position Position

Figure 1.2: The resolution criteria. (a) Abbe’s resolution limit, (b) Sparrow’s resolu-
tion limit, (c) Rayleigh’s resolution limit.

0.5\
OrAbbe = NA (1.2)
and approximately equal to the full width half maximum of the PSF. Abbe’s
resolution limit characterizes the PSF of the system and usually is not appropriate
for determining resolution of images. It is more suitable to use either Sparrow’s
or Rayleigh’s resolution criteria to determine resolution of an image since they
both give information on how the system can resolve two separated point sources.

For two Airy disk functions, Sparrow’s resolution limit is given by

0.47\
67nSparrow = m (13)

By definition, Sparrow’s resolution criterion is the distance where the minimum
between two separated PSF's disappears. Rayleigh’s resolution criterion is slightly
more strict compared to Sparrow’s resolution criterion. According to Rayleigh’s
resolution criterion, the separation between two Airy disk PSFs must be such
that the minimum of the first Airy disk should correspond to the maximum of
the second Airy disk and this distance is given by

0.61A
6rRayleigh = w . (14)

Rayleigh’s resolution criterion only applies to optical imaging systems which have
an Airy disk as PSF.

In this section, we reviewed the criteria that are generally used to predict the
diffraction-limited resolution of optical imaging systems. However, for optical
systems that are not diffraction-limited the effect of optical aberrations and finite
signal-to-noise must be taken into consideration [36-39]. The quest for high-
resolution therefore involves not only reduction of the size of the PSF, but also
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obtaining sufficient signal-to-noise to resolve the finest details of an object.

1.3 Outline of this thesis

In this thesis, we present new high-resolution imaging methods that are based
on light scattering of disordered materials and advanced image reconstruction
methods. This thesis is organized as follows:

In Chapter 2, we introduce basic concepts of light and optical imaging systems
that are widely used for high-resolution optical imaging and are also employed
in the further chapters of this thesis.

In Chapter 3, we demonstrate a method to find the optimal enhancement in
a wavefront shaping experiment in the presence of camera noise, laser intensity
noise and shot-noise in the photodetection process. We use a sequential stepwise
optimization algorithm to find the optimal phase pattern on the spatial light
modulator (SLM). In this algorithm, one row of the transmission matrix of the
scattering medium is measured and phase conjugated [27, 40]. In the absence of
noise, the perfect phase pattern is obtained in one iteration. To find the optimal
phase pattern in the presence of noise, we use a two-step method. First, we
run a pre-optimization with coarse pixels, giving a low enhancement. Then, the
algorithm is re-run with fine pixelation to obtain a high enhancement. In many
cases pre-optimization improves the signal-to-noise ratio up to shot-noise limit.
We present a method to choose the correct pre-optimization in order to obtain the
maximal signal-to-noise ratio. Our results are equally relevant for other focusing
methods such as using the measured optical transmission matrix [29, 41] and
optical phase conjugation [42, 43].

In Chapter 4, we present a new type of scattering solid immersion lens (SSIL)
that is based on gallium phosphide (GaP), of which one surface is rough and
one surface is polished and coated with an absorptive anti-reflection silicon (Si)
coating. We demonstrate a new method to characterize the high internal angle
scattering of high-index substrates and apply our method to characterize our new
SSIL. Our new SSIL enables better signal-to-noise ratio compared to previously
used porous GaP SSILs. We image the cross-section of a gold nanoparticle using
our SSIL and demonstrate a sub-100 nm optical resolution with visible light.

In Chapter 5, we report speckle correlation resolution enhancement (SCORE)
microscopy which exploits correlations in speckle illumination through a ran-
domly scattering high-index medium. Parallel detection of the speckle pattern
provides wide-field imaging beyond the range of the optical memory effect. We
obtain a high-resolution and wide-field two-dimensional fluorescence image of
dye-doped nanospheres with a diameter of 100 nm. We have developed a new
image reconstruction algorithm that converges even for complex object struc-
tures. Our method works with general fluorescent dyes and we demonstrate a
deconvolved resolution of 116 nm with a field of view of 10 pm x 10 pm.

In Chapter 6, we demonstrate a new high-resolution, high-contrast fluores-
cence imaging method that is based on periodic pattern illumination through a
GaP SSIL. Our method enables direct access to Fourier components of a fluores-
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cent object through a scattering layer and does not require a computer algorithm
to retrieve an additional information for a high-resolution image reconstruction.
This method has potentially higher resolution compared to the method of SCORE
that is presented in chapter 5.

In Chapter 7, we provide a summary and outlook of the thesis.
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CHAPTER 2

Spatially controlled light for high-resolution optical
imaging

2.1 Introduction

Optical imaging with a high spatial resolution is necessary to study morphology
and function of structures at nanoscale. The resolution of standard optical imag-
ing is limited due to diffraction as noted by Abbe [1]. Several methods have been
developed to obtain an optical resolution beyond Abbe’s resolution limit [2-10].
Structured illumination microscopy (SIM) stands out because of its wide field
of view, applicability to any object that fluoresces, and its speed compared to
nonlinear optical microscopy methods [11]. SIM is based on illumination of the
sample with periodically patterned light. The information of several images taken
with different periodically patterned light is combined to enhance the resolution
of the wide-field image of a conventional optical microscope. Typically, SIM en-
ables a resolution that is two times greater compared to a conventional optical
microscope [11]. There have been several approaches such as using a nonlinear
photoresponse [5] or periodically patterned surface plasmon polariton waves for
illumination [12-18] to improve the resolution of SIM further. Recently, SIM has
been generalized for non-periodic pattern illumination [19, 20].

In this chapter, we review the essential concepts of resolution in optical imaging
systems. The concepts are then used in chapters 5 and 6. This is then applied to
analyze resolution enhancement strategies in optical imaging that are based on
the exploitation of spatially controlled illumination. In this chapter we follow con-
ventions and notations from the literature on structured illumination microscopy
and especially Introduction to Fourier Optics by J. W. Goodman [21]. In section
2, we introduce the concept of degree of coherence and its relevance in optical
imaging. In section 3, we describe transfer functions that are used for coherent
and incoherent imaging modalities. In sections 4 and 5, we review the methods
for resolution enhancement that are based on periodic and non-periodic pattern
illumination. In the last section of this chapter, we summarize the discussions.
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2.2 Coherence in optical imaging

Optical imaging deals with measurement or reconstruction of the scattered light
intensity by a physical object. The statistics of the time behavior of the phases
of the scattered light field influences the observed time-averaged scattered light
intensity. The field correlation between two points P; and P, of the object in case
when the polarization of light is neglected is given by the degree of coherence [22]
as

Eq(t) - Ex"(t — 7)dt
Y12(7) = [/ Ea( 2 )t (2.1)

\/f|E1t| dt [ |E2(t)| dt

where Ej (¢) is the scattered light field by P; at time ¢, Ex*(¢ — 7) the complex
conjugate of the scattered light field by P» at time ¢ — 7. In essence, equation
2.1 gives spatial coherence for P; # P and 7 = 0, and temporal coherence for
P, = P,. The degree of coherence quantifies how the diffracted light field of
an extended incoherent light source (or an object) is correlated in far-field. In
general one deals with light sources with limited temporal and spatial coherence,
therefore partially coherent light sources. In advanced optical imaging methods
such as phase contrast microscopy [23-27], optical coherence tomography [28§],
or interferometric synthetic aperture microscopy [29], the behavior of partially
coherent light has to be taken into consideration [22]. For several optical imaging
methods, it is sufficient to assume the light field is either completely coherent
(712 = 1) or completely incoherent (712 = 0). Coherent and incoherent imaging
are fundamentally very different. Young’s double slit experiment is a useful

P

Incoherent light source Incoherent light source

Figure 2.1: Young’s double slit experiment (a) for a point light source, (b) for an
extended light source. A fringe pattern is observed in far-field of the
screen for a point light source. For an extended light source, the fringe
pattern disappears.

example to illustrate the difference of two cases. Suppose we have an object
that is made of two slits P; and P, in two different positions on a screen as
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shown in Fig. 2.1a. We illuminate the slits with an incoherent point light source.
We detect the transmitted light intensity with a point detector at a distance L
behind the screen. The transverse position of the point detector with respect to
the center of the slits is given by r. Assuming the response time of our detector is
much slower than the optical frequencies and the coherence times, we will detect
the time-averaged intensity (I) that is given by

(I) = (B, + Ey)* = E? + E2 4+ 2E, F5 (cosA¢) , (2.2)

where F; is the amplitude of the scattered light from P;, F5 the amplitude of the
scattered light from Py, and A¢ the phase difference between the two scattered
light fields. In the case that the size of the illuminating light source is extended
to a very large area (Fig. 2.1b), (cosA¢) term vanishes, therefore the detected
time-averaged intensity simplifies to

(I = (B, + Ey)? = E? + E3. (2.3)

Angular extension of light illumination in an optical imaging system is always lim-
ited, therefore a typical optical imaging system enables either partially coherent
or coherent imaging and can never enable fully incoherent imaging unless there
is an incoherent process such as fluorescence is involved [30]. Therefore equation
2.3 is only strictly valid for optical imaging modalities with an incoherent process
such as fluorescence.

2.3 Transfer functions for coherent and incoherent
imaging

We can assume an optical imaging system as a black box that has a certain re-
sponse function to the object’s spatial frequency components [21]. The frequency
response of an optical imaging system is given by its transfer function. It is es-
sential to consider the coherence of the light and the object to employ the correct
transfer function. Coherent optical imaging is linear in complex amplitude. In
coherent optical imaging, the complex amplitude image B(z,y) of a complex
amplitude object A(x,y) is given by

B(z,y) = // h(z — dx,y — dy) A(dz, dy)ddxddy (2.4)

where h is the complex amplitude point spread function of the imaging system,
and the intensity image I(z,y) is given by

I(l‘,y): |B(£,y)|2 (25)
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The spatial Fourier transforms of A(z,y) and B(x,y) are given by
Ak, ky) / Az, y)e 2mxathyy) qudy, (2.6)

kx,k // x,y)e e i2m(kxathyy) 1y (2.7)

respectively. The frequency response of the imaging system to the complex am-
plitude point spread function h(z,y) is the complex amplitude transfer function
(ATF = h(kx, ky)) and given by

h(ky, ky) // x,y)e 2k thyy) 4o dy, (2.8)

By applying the convolution theorem to equation 2.4, the complex amplitude
spectrum A of the object can be mapped to the complex amplitude spectrum B
of the image linearly with the complex amplitude transfer function as

Blks, ky) = h(ks, ky) Ak, ky) (2.9)
and the Fourier transform of the intensity image I(z,y) is found to be
F(kxaky) = E(kxaky)*é(kkay) (2.10)

where x denotes autocorrelation. Here it is evident that an optical imaging system
behaves as a band-pass filter. For an optical imaging system with circularly
symmetric transfer function, the highest spatial frequency k.« determines the
resolution of the optical imaging system and given by

kmax = @ (2.11)

where NA is the numerical aperture of the imaging system, and A the wavelength
of the light.

In incoherent imaging such as in fluorescence imaging, the object responds to
the intensity linearly. Therefore the intensity image I(x,y) is related to intensity
object O(x,y) via the convolution integral

I(z,y) = / \h(z — b,y — 6y)|* O(6x, 6y)ddzddy. (2.12)

The normalized spatial frequency components of I(z,y) and O(z,y) with respect
to their zero spatial frequencies are given by

[[ I(z,y)e2r(kxztkyy) qzdy
[ I(z,y)dzdy ’

[] O(z, y)e~i2m(kxztkyy) dzdy
[[ O(z, y)dzdy

F(ky, ky) =

(2.13)

Olky, ky) = (2.14)
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respectively. For the frequency components of a positive and real function such
as I(x,y) and O(z,y), the maximum is always at zero frequency, therefore these
functions are usually normalized with respect to their values at zero frequency.
Similarly, the normalized transfer function for incoherent optical imaging is rep-
resented by

_ ff |h(377y)|2 e_izﬂ(k"z'i'kyy)dxdy
JJ 11z, y)|* dady

H (ky, ky) (2.15)

The transfer function for incoherent optical imaging H (ks ky) is called optical
transfer function (OTF). The convolution theorem leads to the linear relation
between F'(ky, ky) and O(kx, ky) via OTF as

Flky, ky) = H(ky, ky)O (x, ). (2.16)

Similar to coherent imaging case, the highest spatial frequency kp,.x determines
the resolution of the optical imaging system, which is given by equation 2.11 for
an optical imaging system with a circularly symmetric transfer function.

0.5

—2rNA/L 0 27NA/L —nNA/A 0 NA/A
Spatial frequency Spatial frequency

Figure 2.2: The transfer functions for a diffraction-limited optical imaging system.
(a) The optical transfer function (OTF) used for incoherent imaging and
(b) its cross-section. (c) The amplitude transfer function (ATF) used for
coherent imaging and (d) its cross-section. It is noteworthy that cut-off
frequency of ATF is for field modulation and the cut-off frequency of OTF
is for intensity modulation.
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It is clear in equations 2.8 and 2.15 that both ATF and OTF are related to
the complex point spread function h(z,y). This relation leads to the one of the
most important relation in Fourier optics which is

[ATF x ATF*] (Aky, Aky)

OTF (B, Aky) = 2 : (2.17)
S TATF (ky, ky)|* dkxdky

This autocorrelation relation leads to a difference in the sensitivity of the resolu-
tion of the system to noise between coherent and incoherent imaging modalities.
Generally, images of an incoherent imaging modality have lower contrast com-
pared to coherent imaging modality because of the peak at the zero frequency of
the OTF. In an optical imaging system with a finite dynamic range and signal-
to-noise, higher spatial frequencies of an incoherent object are suppressed by the
OTF and may disappear in the noise. In Fig. 2.2 OTF and ATF of a diffraction-
limited optical imaging system are shown. Figs. 2.2a,b are the OTF and the
cross-section of the OTF and Figs. 2.2c,d the corresponding ATF and the cross-
section of the ATF of the same imaging system. It is evident that the high
spatial frequencies of an incoherent object are more likely to be affected by noise
compared to the low spatial frequencies, due to the low value of the OTF at
high spatial frequencies. However, the effect of the ATF on the signal-to-noise is
equal for all spatial frequency components of a coherent object with a coherent
illumination such as in reference [31].
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2.4 Periodic structured illumination

Structured illumination microscopy (SIM) enables resolution enhancement of in-
coherent imaging approximately up to two times higher resolution compared to
Abbe’s resolution limit [4, 11]. With a similar approach the resolution can be
improved also for coherent imaging with full-field holographic detection [32-35]
or Fourier ptychography [36]. SIM is based on illuminating a fluorescent object
with a series of periodic intensity patterns with a few translations and rota-
tions. For each illumination, wide-field fluorescence images are recorded and a
high-resolution, wide-field image is reconstructed.

The reconstruction procedure in SIM is straightforward. The multiplication
operation between the object and the periodic illumination pattern in the object
domain is a convolution operation in the Fourier domain. In the Fourier domain,
the measured fluorescence image using a periodic illumination pattern with a
spatial frequency kjy is given by

Fag(k) = I (F(k) 0.5 (F(k: + Ey)el(B999) 1 Pk — km)e*i@“é@))
(2.18)

where I is a prefactor, A¢ the phase difference of the two beams that generate
the periodic illumination pattern, d¢ the phase offset of the periodic illumination
pattern which is typically ¢ = 0 for SIM, F (k) the spatial Fourier transform
of the object; F(k + k) and F(k — ki) are the shifted high-frequency Fourier
components of the object. Three measurements with A¢ = 0,27/3,4n/3 are
taken, which corresponds to translations of the periodic illumination pattern.
The spatial Fourier components F(k), F(k + ki), and F(k — ki) are extracted
using the relation

1

F(k) 1 0.5 0.5 N Fo(k)
Flk+kn) | =] 1 0.5e?7/3 0.5e"127/3 Forya(k) | (2.19)
F(k — k) 1 0.5eH7/3  (.5e—47/3 Fyr/3(k)

Finally, F(k + ki) and F'(k — ki) are shifted in the opposite directions in the
Fourier domain by a factor of k. This procedure enhances the resolution on
one axis. The same procedure is repeated for at least two more axes to obtain a
resolution enhancement in two-dimensions. The resolution of SIM is given by

T

or=-———— 2.20
kit + Kdet (220)

where the spatial frequency of the illumination pattern is ki = 27NAg /A,
NA;j is the numerical aperture of the illumination optics, Ay the wavelength
of the illumination beam, kqet = 27NAget/Agy the highest spatial frequency in
the detection, NA4e; the numerical aperture of the detection optics, and Ag, the
center wavelength of the fluorescence light.

The reconstruction procedure is shown in Fig. 2.3. For clarity the optical
transfer function (OTF) of the detection optics is depicted narrower than the
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Figure 2.3: The cartoon shows the high-resolution image reconstruction of SIM data
in the Fourier domain. (a) The optical transfer function (OTF) of the
detection optics. (b) The Fourier transform of the illumination pattern.
(c) Shifting the high-resolution information to the correct position in the
Fourier domain. (d) Repeating the procedure with illumination patterns
in other axes in the Fourier domain.
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spatial frequency of the illumination. Typically they are equal so that the circles
overlap. The fluorescent object is low-pass filtered at kqe; in the Fourier domain
by the OTF of the detection optics (Fig. 2.3a). The illumination pattern contains
spatial frequency components, represented by three delta functions, one at the
center, the other two positioned at a distance of ki) to the center (Fig. 2.3b). The
superimposed high-% information is extracted and shifted to the correct position
in the Fourier domain (Fig. 2.3c). The procedure is repeated for other axes in the
Fourier domain to obtain resolution enhancement for a two-dimensional image.

2.5 Non-periodic structured illumination: Speckle
pattern illumination

When monochromatic light beam impinges on a scattering medium, the trans-
mitted light forms a speckle pattern with randomly distributed bright and dark
regions. There are two main imaging approaches that are based on speckle
pattern illumination: Restructuring the speckle pattern using wavefront shap-
ing [37], or using the speckle pattern itself. Speckle patterns can be modified
and a bright focus can be generated through the scattering medium by wavefront
shaping [37, 38]. Wavefront shaping has opened a new window in imaging science
and already several new imaging methods are demonstrated that are based on
wavefront shaping [39-45]. However, wavefront shaping based approaches require
an access to the object or a guide star for a feedback signal and an extra calibra-
tion time to characterize the scattering medium. Another approach is directly
using speckle pattern illumination for imaging [19, 20, 46-55].

In this section, we describe speckle scanning microscopy, that is based on fluo-
rescence imaging using single speckle pattern illumination. Speckle scanning mi-
croscopy has been employed in various imaging scenarios such as high-resolution
imaging [20, 46, 55] and imaging hidden objects by a scattering medium [50-53].
In speckle scanning microscopy, the speckle pattern is translated on the object
using a speckle correlation effect known as the optical memory effect [43, 56-58|
and total intensity of the object is recorded for each speckle pattern position.
In some studies the object is translated instead of the speckle pattern which is
mathematically identical [20, 46].

In Fig. 2.4 the geometry of the optical memory effect based speckle scanning
microscopy is shown. A laser light beam is incident on a scattering medium. The
scattering medium generates a speckle pattern on the fluorescent object behind
itself. A tilt of Afyx and Ay of the incident laser beam results in perpendicular
speckle pattern displacements Az ~ Af,L and Ay ~ Af,L on the object, where
L is the distance of the object to the medium. The speckle pattern does not
change significantly as long as the tilt is A§ < A/2wd (A is the wavelength of
light and d the thickness of the scattering medium). For an arbitrary position
of the detector, the total fluorescence can be recorded for each speckle pattern
position.

In a speckle scanning microscopy experiment, the measured total intensity as
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% objects Speckle pattern
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Figure 2.4: The geometry of the optical memory effect based speckle scanning mi-
croscopy. A beam of laser light illuminates a scattering medium with a
thickness of d. A speckle pattern is formed on the objects which are at
a distance L behind the medium. The inset shows a detail of the ob-
ject plane on which fluorescent objects represented with six letters of the
Latin alphabet are placed. By tilting the incident beam over an angle, the
speckle pattern is scanned across the objects. This figure is adapted from
reference [59].

a function of shift Az and Ay of the speckle pattern S(x,y) is given by

I(Az, Ay) = // S(x — Az,y — Ay)O(z, y)dzdy (2.21)

where x denotes a convolution product and O(z,y) the fluorescent object. The
image of O(x,y) can be retrieved by deconvolving I(Az, Ay) with the known
speckle pattern S(z,y) [46]. There is a recent approach where the image can
be retrieved without any knowledge of S(x,y) [50, 59]. Using the associative
property of the convolution the autocorrelation [I x I|(dz, dy) is equal to

[ > 1] (62, 6y) = [(O x S(—z, —y)) * (O * S(—z, —y))] (5, 5y)
=[(0%0) * (S(=z,—y) x S(=z, —y))] (6x, oy)
=[(Ox0) * (S 9)] (6x,0y), (2.23)

where we use the fact that S is always real because we consider the speckle
pattern intensity. In Fig. 2.5a a speckle pattern that is captured by a CCD
camera and in Fig. 2.5b its autocorrelation is shown. The autocorrelation of the
speckle pattern (S*S) has a sharp peak with an average speckle grain size [60, 61]
which results in

[IxI](6z,0y) ~ [O* O] (dx, y). (2.24)
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Figure 2.5: The intensity point spread function (PSF) of speckle scanning microscopy.
(a) A CCD camera image of a speckle pattern that is generated by shin-
ing a coherent laser beam on a scattering medium. The speckle pattern is
imaged behind the scattering medium on a CCD camera. (b) The auto-
correlation of the speckle pattern is a sharp peak at the center on top of
a background. The size of the peak is equal to the average speckle grain
size. The autocorrelation of the speckle pattern is the intensity point
spread function (PSF) in a speckle scanning microscopy experiment.

By applying convolution theorem to equation 2.24 we obtain
F{Ox0} = F{O} F{O}" =|F{O} (2.25)

where F {} denotes a Fourier transform. It is seen that the magnitude of the
Fourier components of the object is retained in a speckle scanning microscopy
experiment. However, the phases of the Fourier components of the object are
lost due to random nature of the speckle pattern. The phase information of the
Fourier components of the object can be retrieved by an iterative phase retrieval
algorithm [62—-65] which enables reconstruction of a high-resolution image of the
object under the assumptions that the object size is smaller than the optical
memory effect range, the object can be represented by real and positive numbers
and there is sufficient signal-to-noise. The resolution is given by the average
speckle grain size [50, 55, 59].

Speckle scanning microscopy can be used for scenarios where the spatial infor-
mation of an object cannot be imaged completely or partially using direct optical
methods. Unknown speckle pattern illumination enables extraction of spatial in-
formation of objects that cannot be seen directly. Speckle scanning microscopy
can provide spatial information of an object when the object is hidden behind or
around a corner of a scattering medium [50-53]. In chapter 5, we demonstrate
that speckle scanning microscopy also enables high-resolution imaging of objects
when there is direct optical access only to low spatial frequency information of
the object [55].

We have discussed speckle scanning microscopy using only total intensity mea-
surements of the object response. With a spatially resolved measurement of the
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object response, the resolution of speckle scanning microscopy can be enhanced
beyond Abbe’s resolution limit as in the reference [20].

2.6 Summary

In this chapter we discussed the concept of coherence and its effect on optical
imaging that is based on spatially shaped illumination patterns. We described
the transfer functions that are used for incoherent and coherent imaging modali-
ties. We briefly explain the procedure of structured illumination microscopy with
periodic pattern illumination and speckle pattern illumination. We showed that
with spatial control over the wavefront it is possible to obtain images with finer
resolution than Abbe’s resolution limit.
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CHAPTER 3

Optimal control of light propagation through
multiple-scattering media in the presence of noise

We study the control of coherent light propagation through multiple-
scattering media in the presence of measurement noise. In our ex-
periments, we use a two-step optimization procedure to find the opti-
mal incident wavefront that generates a bright focal spot behind the
medium. We conclude that the control of coherent light propagation
through a multiple-scattering medium is only determined by the num-
ber of photoelectrons detected per optimized segment. The prediction
of our model agrees well with the experimental results. Our results
offer opportunities for imaging applications through scattering media
such as biological tissue in the shot noise limit.

3.1 Introduction

Spatial inhomogeneities in the refractive index of a material such as paper, white
paint or biological tissue cause multiple scattering of light. Light propagates
diffusively through such materials, which makes the control of light propaga-
tion through these kind of materials impossible with conventional optics. A
multiple-scattering medium has for a long time been considered as a barrier to
optical propagation. It has been theoretically predicted that a multiple-scattering
medium can act as a high-precision optical device such as a thin lens, mirror, po-
larizer or Fourier analyser [1]. The first optical lens made of multiple-scattering
medium was demonstrated by manipulating the incident light field, which starts
a new research topic in optics called wavefront shaping [2].

Many applications of wavefront shaping have recently been demonstrated in
advanced optics, biophotonics, nanotechnology, and biomedical imaging [3]. Op-
tical pulse compressors have been realized using wavefront shaping [4-6]. It has
been shown that a multiple-scattering medium can be used as a high numer-
ical aperture lens [7] that enables sub-100 nm optical resolution [8]. Recently,
wave plates and spectral filters made of multiple-scattering media have been real-
ized [9-12]. Fluorescence imaging inside biological tissue has been demonstrated

This chapter has been published as: H. Yilmaz, W. L. Vos, and A. P. Mosk, Biomed. Opt.
Express 4, 759-1768 (2013).
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by scanning the optical focus guided by acoustic focus [13, 14]. In addition, a
non-invasive imaging technique was reported, in which a fluorescent biological
object hidden behind a scattering medium was imaged [15].

Transforming a multiple-scattering medium into a high-precision optical de-
vice requires a high degree of control of light propagation through the medium.
Control over the propagation of light through a multiple-scattering medium is
quantified by a figure of merit that is given by the intensity enhancement. The
enhancement is equal to n = Iope/(Ia) Where Iopy is the intensity in the target af-
ter optimization and (/) is the ensemble averaged intensity in the target before
the optimization [16].

Many wavefront shaping methods have been reported to focus light through
multiple-scattering media [16-25]. All of these wavefront shaping methods are
essentially based on the measurement of a part of the transmission matrix, which
is the complex field response of the medium in the transmission to a set of input
field bases. Using the information in the transmission matrix, one can synthe-
size the optimum field to focus light through the medium. It has been shown
that the enhancement depends linearly on the number of degrees of freedom that
are controlled until it reaches a saturation where practical limitations become
prominent [2]. Therefore, we compare the maximal enhancements reported from
various wavefront shaping and transmission matrix experiments. In early wave-
front shaping experiments it was shown that one row of the transmission matrix
gives the information to focus light through to a particular position behind the
multiple-scattering medium resulting in an enhancement up to n = 1000 [2] us-
ing 3228 segments. An enhancement 17 = 54 has been reported by Popoff et
al. using 256 segments [17]. In their experiment, the transmission matrix of
a multiple-scattering medium was measured and the information of the trans-
mission matrix was used to create a focus through the medium on any selected
position [17]. Using the transmission matrix approach, the transmission of an
image is demonstrated through a multiple-scattering medium [26]. Cui reported
an enhancement 1 = 270 using a parallel optimization method with 441 seg-
ments [22]. An enhancement 1 = 454 has been reported by Conkey et al. using
1024 segments [24]. Park et al. reported an enhancement n = 400 using 1681
segments [9]. The optimal enhancements reported here range from 50 to 1000.
It remains an open question what the cause of the wide variation of the en-
hancement in different experiments is. In addition, genetic algorithms have been
used for wavefront shaping, and they appear to produce enhancement values in
the same range [10, 23] suggesting they may be subject to similar limitations.
However, non-linear algorithms such as genetic algorithms [27, 28] are not within
the scope of this paper and investigation of the fundamental limitation of the
enhancement factor using genetic algorithms is an interesting subject for further
research.

It has been suggested that measurement noise causes phase errors in the op-
timization (such as noise causes phase errors in phase contrast imaging tech-
niques [29]) which limit the enhancement [16]. To our knowledge the effect of
measurement noise on the enhancement factor has not been investigated. There-
fore we present in this chapter an experimental and theoretical study of the in-
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fluence of the noise on the enhancement factor using linear algorithms. We show
a two-step sequential optimization algorithm that leads to the optimal enhance-
ment using a linear algorithm in the presence of noise. The optimal enhancement
in this case is found to be given by basic physical principles, namely quantum
noise in the photodetection process.

3.2 The experimental setup

S CCD
= ample Camera
f=150 mm Polarlzer
| B
.%f-

f=125 mm f=125mm

He-Ne Laser

SLM

Figure 3.1: The experimental setup for wavefront shaping. Laser light reflected by the
SLM is focused on a white ZnO sample. The light transmitted through
the sample is detected by a CCD camera. Abbreviations used, SLM:
Spatial light modulator, PBS: polarizing beam splitter, A/2: half-wave
plate, CCD:charge coupled device, 20x: 20x beam expander.

Our experimental setup is shown in Fig. 3.1. The light source is a He-Ne laser
with wavelength A = 632.8 nm, output power 5 mW, noise level of 0.2% and a long
term power drift of 6%. We intentionally use a laser with a high noise and drift.
A half wave plate sets the polarization and the beam is expanded to a diameter
of 20 mm by a beam expander. The light is transmitted through a polarizing
beam splitter and illuminates a spatial light modulator (Holoeye LC-R 2500).
The spatial light modulator (SLM) consists of a twisted nematic liquid crystal
cell which couples phase and polarization modulation. We used a multipixel
modulation method described in reference [30] to obtain independent phase and
amplitude modulation with a single SLM. The two lenses and the pinhole after
the polarizing beam splitter are a spatial filter used for the amplitude and phase
modulation method. The modulated light is reflected by the polarizing beam
splitter and focused on the scattering layer of the sample by a lens with a focal
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length of 125 mm. The sample is made by spray coating of ZnO nanoparticles
on a glass cover slide with a thickness of 170 ym. The scattering ZnO layer has
a mean free path of 0.65 ym and a thickness of 10 pm. The Fourier plane of the
backside of the sample is imaged on a CCD camera (Allied Vision Technologies
Dolphin F-145B) by a lens with a focal length of 125 mm. A polarizer before the
CCD camera selects a single polarization. The CCD signal is read out in counts,
where we determined that 1 count corresponds to 1.7 photoelectrons. The CCD
camera has a read-out noise with a variance of 10 (count?).

3.3 The enhancement factor in the presence of noise

In the wavefront shaping experiment, the SLM surface is divided into a large
number of segments V. We choose N = 850 in all experiments described here.
Each segment contains several pixels. The first selected segment is phase mod-
ulated in quadrant steps between Af = 0 and Af = 27. We monitor the target
signal Iy by integrating the intensity in a disk shaped target area on the CCD
with the same size of a single speckle spot while modulating the phase, which
results in a sinusoidal signal on top of a background. A sketch of the measured
signal during one phase cycle is shown in Fig. 3.2. We find the optimal phase for
the maximal target signal for the corresponding segment, however we do not im-
mediately display the optimal phase on the SLM. The same procedure is applied
to all N segments one by one, which yields one row of the transmission matrix.
In the end of the measurement of all N optimal phases, we display all N optimal
phases on the SLM. We see in Fig. 3.2 that the target signal on the CCD camera
during the phase modulation of a single segment in the presence of noise is

Ip = Ia + Ip + 2/ IaIgcos(A0 + ¢) + o
= B+ S cos(Af + ¢) + o, (3.1)

where I is the intensity coming from the total unmodulated SLM segments, I
the intensity coming from the modulated single SLM segment. Here we define B
as the background, S the modulation signal, Af the phase, ¢ the phase offset,
and o the standard deviation of noise. The average amplitude of the modulation

signal is
/1

We use a constant area on the SLM, therefore the segment size decreases with
segment number N. In Eq. (3.2) we see that a larger N leads to a smaller signal

S.

Since we update all phase values in the end of the optimization, the signal .S
and the noise do not change during the optimization. For a phase determination
based on quadrature phase detection (measurements 90°out of phase) we find a
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Figure 3.2: Cartoon showing the effect of the noise on phase estimation. The target
intensity Ip is shown versus the phase Af. The modulation signal S and
the background B at the target position are shown during the phase mod-
ulation A# of a single segment. The standard deviation of the noise is
represented by o, and the standard deviation of the phase is represented
by 66. Yellow dots represent the measurements used to construct the
quadratures.

phase error 66 [31] in the measurement equal to

g

(00)rMms = 5 (3.3)

Here the standard deviation of noise ¢ and the signal S is considered for a given
photon budget per optimized segment. The root mean square phase error (60)rus
is averaged over all segments and is assumed to be (60)rms << 1. Assuming
uncorrelated phase errors, the enhancement factor n becomes

n= %N(cos%@), (3.4)

which is valid for a large number of segments N >> 1. For small phase errors
(60 << 1) the expression simplifies to

n= %N(l — (56%)). (3.5)

Inserting Eq. (3.3) into Eq. (3.5) we obtain the enhancement

n= ZN(l - ‘;Z) (3.6)
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Eq. (3.6) shows that the enhancement depends both on the number of segments
N and on the noise o. Note that Eq. (3.6) is valid under the condition that the
modulation signal S is larger than noise o.

The modulation signal S depends on the number of segments N as S oc N™1/2,
whereas the noise ¢ does not depend on N. Therefore it is useful to define
a normalized signal to noise ratio R that does not depend on the number of
segments N as

1/2
r= N (3.7)

g

We arrive at an expression for the enhancement 7 in which the dependence on
N is explicit,

n= ZN(l - }];2) (3.8)

It is remarkable in Eq. (3.8) that the enhancement is not proportional to the
number of segments N. The enhancement follows a parabolic function which has
a maximum equal to

TR?
max — . 3.9
7 16 (3.9)

The maximum is obtained by selecting the optimal number of segments to be
equal to Nopi = R?/2. The only way to further increase the enhancement above
this maximum is of course to improve the normalized signal to noise ratio R.

3.4 Pre-optimization

In order to improve the normalized signal to noise ratio R without changing
the incident photon budget, we perform a two-step optimization procedure [2].
In Fig. 3.3, we show a schematic of this two-step optimization method. We
first perform an optimization with a small number of segments N, leading to a
moderate enhancement 7, (Fig. 3.3(b)). The phase map resulting from the pre-
optimization is displayed during the whole duration of the second optimization
step. As a result of pre-optimization, we obtain a higher modulation signal S
on the target spot in the second step see Fig. 3.3(d). In addition, the pre-
optimization step provides a locally constant beam profile on the target position,
thereby making the measurement robust against mechanical vibrations in the
second step. In the second optimization step, we use a much larger number of
segments (N = 850) to obtain the final enhancement. We performed the same
procedure with different values of Ny, several times to obtain different values of
Tlpre-
The target intensity detected on CCD after pre-optimization is equal to

Io=B+2I4,/ %COS(M + ) (3.10)
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(d)

CCD o

200 um

Figure 3.3: Cartoon shows the phase map on the SLM after the pre-optimization (a),
and after the second optimization (c). The focal spot at the target position
after a pre-optimization (b), and after the second optimization (d).

where the modulation signal S becomes

S =214, /%T (3.11)

As seen in Eq. (3.11), a pre-optimization increases .S, therefore we expect to
improve the normalized signal to noise ratio R.

The desired effect of the pre-optimization is to increase the modulation signal
S, but it also has an effect on the noise o. Different contributions to the noise
depend on the pre-enhancement 7, in a different way. In our two-step opti-
mization, there are three different significant noise contributions which are (1)
the camera read-out noise, (2) the shot noise, and (3) the laser excess noise. In
Fig. 3.4 we show the three types of normalized noise to signal ratio versus 7pre
for our experimental situation. The camera read-out noise is suppressed with a
higher 7,re. The pre-optimization step improves R when the experiment is lim-
ited by the camera read-out noise. The effect of shot noise on R is independent
of the pre-optimization step. A higher 7, leads to a higher intensity in the tar-
get and therefore the laser excess noise, which is proportional to target intensity
becomes stronger. As a result, an optimal pre-optimization step must be care-
fully chosen to achieve a shot noise limited signal. The best signal is found for
a pre-enhancement that lies in between the low intensity regime where camera
read-out noise is significant and the high intensity regime where laser excess noise
reduces the enhancement.

Another approach to optimize the incident wavefront is updating each segment
immediately after the measurement of optimal phase. Using this algorithm, both
S and o change during the optimization procedure. Essentially this means 7pye
is being updated in the whole optimization procedure. This procedure has the
advantage of rapidly climbing out of the low intensity region where camera read-
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Figure 3.4: Three contributions to the normalized noise to signal ratio versus the pre-
enhancement factor at a fixed photon budget. The black curve shows the
total noise to signal ratio. The dashed green curve represents the noise to
signal ratio when there is only shot noise, the dashed blue curve the noise
to signal ratio when there is only camera read-out noise, and the dashed
red curve the noise to signal ratio when there is only laser excess noise.

out noise is important. However, as npr. continues to increase the algorithm
will leave the low noise region and enters the region where laser excess noise
is significant. A two-step optimization gives us the opportunity to perform the
complete second step in the optimal region of np.. thereby gathering maximal
information per segment measurement.

We obtain the noise parameters from independent measurements. The noise
that arises from the camera read out does not depend on the number of counts on
the detector and is simply equal to the variance of the dark counts of the CCD.
The standard deviation of shot noise is equal to the square root of the ensemble
averaged intensity on the target position measured in photoelectrons. The laser
excess noise is found by measuring the laser intensity on the target position in
time.

In Fig. 3.5 we show the measured final enhancement as well as the result of
Eq. (3.8) versus the pre-enhancement. Both the experiments and the model
are based on two-step sequential algorithm. Each data point represents a single
measurement. Different values of 7. are obtained by varying Np,. between 1
and 850 in each measurement. We choose N = 850 in all measurements. We used
a fixed integration time as 83 ms and fixed laser power for a fixed photon budget
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Figure 3.5: The final enhancement versus the pre-enhancement. The black dots show
the experimental data. The red curve shows the enhancement according
to Eq. (3.8) without adjustable parameters. The area between dashed red
lines expresses the uncertainty region of the enhancement factor due to
intensity drift at the target position during optimization.

per optimized segment. At low 7y, we observe that the final enhancement rises
slightly with 7, until it reaches a plateau at npre ~ 10. This rise is due to
suppression of the camera read-out noise as more signal impinges on the camera.
In the plateau the final enhancement is limited only by the shot noise. A further
rise in 7pr. decreases the final enhancement due to increase of the laser excess
noise. When the pre-enhancement is very high (7pr. > 100) the final enhancement
is below the pre-enhancement (,e > 7). In this case, the enhancement is limited
by laser excess noise. The measured enhancements vary with an RMS variation
of 60 which is caused by the long term laser power drift. The average laser power
during the optimization varies by 6%. This leads to a change of the shot noise
which results in a variation of the enhancement factor. It is seen in Fig. 3.5 that
the measured enhancement agrees very well with the model predictions with no
adjustable parameters.

3.5 The maximal enhancement in the shot noise
limit
The pre-optimization step with 7,,c /= 10 suppresses the camera read-out noise

which brings the experiment into the shot noise limited regime. In the shot noise
limited regime o = (1pre(Ia))'/?, therefore using Eq. (3.7) the normalized signal
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to noise ratio is R = 2({Ix))'/?. Ensemble averaged target intensity (I5) can
be obtained by averaging the target intensity on the CCD over several random
incident wavefronts. In Eq. (3.9) we obtain maximal enhancement in shot noise
limit shown as

m(Ia)

TNmax = 1 (3.12)

This equation shows 7yax is only proportional to the number of ensemble aver-
aged photoelectrons detected per optimized segment in a given photon budget.
In case an optimization is performed with limited laser power and within a
limited time, as is relevant in dynamic environments, there is a fixed photon
budget for the whole optimization and increasing N will lead to a smaller num-
ber of photons per measurement. In the case of a fixed photon budget for the
whole optimization we can use the same derivation and find a slightly different
result, namely 7. = (7r/6)(IT/3)1/27 where It is the total number of detected
photons. Remarkably for a fixed photon budget per optimization the maximal
enhancement is proportional to the square root of the photon budget.

3.6 Conclusion

Wavefront shaping experiments using phase only modulation and linear algo-
rithms reported in literature show a range of enhancements between 50 and 1000.
In most of those experiments the limiting factor is likely to be noise. Therefore we
have investigated wavefont shaping by feedback in the presence of experimental
noise. We distinguish the effect of three types of noise namely the camera read-
out noise, the shot noise, and the laser excess noise. The camera read-out noise
can be reduced using a two-step optimization procedure. Two-step optimization
is remarkably robust; even with a low-end camera and a very noisy laser, we show
this procedure obtains shot noise limited performance. We obtain a maximal en-
hancement that is only proportional to the number of photoelectrons detected
per optimized segment.

A wavefront shaping experiment requires the measurement of one row of the
transmission matrix of the multiple-scattering medium. A focusing experiment
with high enhancement factor is a signature of a precise transmission matrix
measurement. Our measurements show that a wavefront shaping experiment
using phase only modulation and linear algorithms is limited by basic physical
principles, namely quantized detection of light. Therefore we conclude that our
two-step optimization method can be used to realize shot noise limited transmis-
sion matrix measurements. In addition, our method can be used to achieve shot
noise limited signal for applications such as imaging through opaque biological
tissue.
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CHAPTER 4

Fabrication and characterization of scattering solid
immersion lenses for high-resolution optical imaging

High-resolution optical imaging has great importance both in funda-
mental and applied sciences. One approach to reach a high optical
resolution is using solid immersion lenses. The diffraction-limited res-
olution of a solid immersion lens is inversely proportional to the refrac-
tive index of the lens material. So far, aberration-free solid immersion
lenses of very high index materials have not been demonstrated in the
visible range. Scattering solid immersion lenses exploit high-angle in-
ternal scattering in high-index materials. They are easy to fabricate,
however until recently it was difficult to characterize them, as there
was no convenient method to measure the intensity of high-angle inter-
nal light scattering in very high-index substrates. In this chapter, we
demonstrate a method to measure the high-angle internal scattering
efficiency of scattering solid immersion lenses. We apply this method
to a new scattering solid immersion lens that is made of a gallium
phosphide (GaP) substrate with an unpolished rough surface. Our
new scattering solid immersion lens offers sub-100 nm optical imag-
ing of nanostructures with a higher light efficiency than the existing
electrochemically etched porous scattering solid immersion lenses.

4.1 Introduction

Solid immersion lenses have many applications such as high-density optical data
storage [1, 2], high light collection efficiency [3], near-field scanning optical mi-
croscopy [4], high-resolution photolithography [5], and integrated circuit failure
analysis [6-8]. Solid immersion lens microscopy enables high-resolution optical
imaging of nanostructures [9]. A hemisphere of a high-index material such as
gallium phosphide (GaP) is used as both a lens and a surrounding medium that
ensures a high numerical aperture (NA) [10]. However, a hemispherical solid im-
mersion lens introduces wavefront errors that are proportional to the refractive
index contrast and the fabrication errors on the surface of the hemisphere. The
full resolving power of a GaP solid immersion lens has not yet been achieved due
to the limitations on fabrication of these lenses [11]. Moreover, multiple inter-
nal reflections reduce the resolution and contrast of solid immersion lenses [12].
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As an alternative approach, a diffraction-based solid immersion lens has been
demonstrated [13]. However, a diffraction-based solid immersion lens does not
suit for imaging nanostructures under ambient conditions, since its performance
depends critically on the environmental conditions and it is very challenging to
obtain diffraction-limited images because of unavoidable fabrication defects.

Light scattering offers an alternative way to access to high-spatial-frequency
information [14]. This principle is exploited with scattering lenses [15]. It has
been shown that a scattering lens enables a diffraction-limited bright focus even
with a low-intensity and noisy light source [16]. A high-NA scattering solid
immersion lens (SSIL) offers sub-100 nm resolution with visible light [17]. A
high-NA SSIL is a slab of a very high-index material of which one surface is
strongly scattering. An ideal SSIL has a high transmission of scattered light, a low
transmission of ballistic light, a high scattering efficiency at high internal-angles,
and a mechanism for suppression of multiple internal reflections. So far, high-NA
SSILs have been made using a GaP substrate, of which one surface is polished
and one surface is porous. The polished surface is coated with an absorptive
silicon (Si) layer to suppress multiple internal reflections. The porous layer is
prepared by electrochemical etching [18, 19]. The porous layer is optically very
thick; about 10 transport mean free paths. Therefore, there is no transmission of
ballistic light. However, most of the incident light on the porous layer is scattered
back. A thinner scattering layer is necessary for a more efficient SSIL. GaP wafers
with one surface polished and one rough surface unpolished are commercially
available. Here, we systematically measure the angular dependence of scattered
light intensity from a rough GaP SSIL and a porous GaP SSIL. We found the
scattering surface of a rough GaP SSIL obeys Lambert’s cosine law even for very
high internal-angles, whereas the scattering layer of a porous GaP SSIL deviates
from Lambert’s cosine law. We found there is more scattered light from a rough
GaP SSIL compared to a porous GaP SSIL. We imaged a gold nanoparticle with
a size of 50 nm using a rough GaP SSIL. We showed a rough GaP SSIL enables
a sub-100 nm resolution with visible light.

4.2 Principle of the scattering solid immersion lens

In Fig. 4.1 the principle of a high-NA SSIL is shown. A slab of a high-index
material such as gallium phosphide (GaP) refracts incident light to the normal
of the slab. Considering the very high refractive index up to n = 3.4 of the
material, light is refracted to a very narrow range of angles close to the surface
normal inside the material as seen in Fig. 4.1a. The useful information density
of an arbitrary random wavefront is not enhanced. Therefore a slab of a high-
index material is not sufficient for high-resolution solid immersion microscopy.
In Fig 4.1b a high-NA SSIL that is composed of a high-index substrate with a
scattering layer on one side is shown. A scattering layer enables light injection at
high internal-angles inside the high-index slab. The information density of the
wavefront is enhanced due to random scattering of the incident light beam and
the possible resolution is extended to the full resolution of a solid immersion lens.
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Figure 4.1: The concept of the high-NA scattering solid immersion lens (SSIL). (a) An
incident wavefront on a very high-index substrate refracts to a very narrow
range of angles close to the normal of the substrate. The speckle grain
size of a random incident wavefront cannot be higher than the diffraction-
limited beam size in the air. Information density of the wavefront does
not change. (b) An incident wavefront scatters to all directions inside the
substrate due to the scattering layer. The speckle grain size inside the
substrate is n = 3.4 times smaller compared to the speckle grain size in
the air. The information density of the wavefront is enhanced by a factor
of n? = 11.5. The figure is adapted from reference [20].
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4.3 High internal-angle scattered light of the GaP
scattering solid immersion lenses

It has been shown that interfaces of scattering layers affect the angular dis-
tribution of transmitted light through a scattering medium [19]. The angular
redistribution of the scattered light is partly due to the Fresnel-like refractions
on interfaces [21]. Theories based on effective medium concepts [21] do not
predict strong scattering to high internal-angles. Therefore it is expected that
interface roughness between the scattering layer and the substrate of a high-NA
SSIL dominates the scattered light intensity for high internal-angles. To obtain
high resolution with a SSIL, the scattered light intensity for high internal-angles
should be high enough to obtain a reasonable signal-to-noise ratio. In this sec-
tion, we demonstrate a method to measure high internal-angle scattering at the
interfaces of SSILs. We measured the scattering properties of two types of GaP
SSILs at very high internal-angles. We compared the scattered light intensity of
the GaP SSIL as in Ref. [17] to a GaP SSIL with an unpolished rough surface.
We found there is sufficient high internal-angle scattering of a rough GaP SSIL
for high-resolution optical imaging.

4.3.1 Experiment

In order to compare the scattered light intensity of two different types of GaP
SSILs at high internal-angles, we designed an experiment as shown in Fig. 4.2.
We placed both rough GaP SSIL and porous GaP SSIL on a cover slide. The
rough GaP SSIL is made of a 400-pm-thick GaP substrate, one side is polished
and coated with a 200-nm-thick Si antireflection layer, and one side is unpolished.
The porous GaP SSIL is a similar scattering lens to the scattering lens in Ref. [17].
Briefly, the GaP wafer was electrochemically etched [18] to produce a 2-pm porous
scattering layer. We focused a laser beam with a wavelength of 640 nm (OBIS
LX 640-100) on the center of the edge of the porous GaP SSIL using a microscope
objective (Zeiss: Infinity corrected, 63x, NA = 0.95). We imaged the scattering
surface onto a CCD camera (Allied Vision Technologies Dolphin F-145B) in 2f-
2f configuration using a lens with a focal length of 200 mm. We recorded the
image of the scattered light from the porous GaP SSIL. We repeated the same
procedure for the rough GaP SSIL.

In Figs. 4.3a and 4.3b the out of plane scattering intensity images of the porous
GaP SSIL and the rough GaP SSIL are shown respectively. In Figs. 4.3c and
4.3d the integrated scattered light intensity in the transversal direction versus
the x position plots from the porous GaP SSIL and the rough GaP SSIL are
shown respectively. The first two peaks in the plots in Figs. 4.3c and 4.3d are
due to the back reflection from the edges of the GaP SSILS. The peak intensities
at about 1 mm are due to the incident light cones on the scattering surfaces of
GaP SSILs. It is evident that there is much more scattered light from the rough
GaP SSIL compared to porous GaP SSIL.
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Figure 4.2: Cartoon of the experiment to measure high internal-angle scattered light.
A laser beam is focused on the edge of the scattering solid immersion lens
(SSIL). The scattering surface of the SSIL is imaged on a CCD camera
with a lens in 2f-2f arrangement. An absorptive silicon (Si) layer on the
back surface makes it sure that there is no multiple internal reflection.
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Figure 4.3: Images of the out of plane scattered light. (a) An image of the scattered
light from the scattering surface of a porous GaP scattering solid immer-
sion lens (SSIL). (b) An image of the scattered light from the scattering
surface of a rough GaP SSIL. (c¢) Out of plane scattering intensity inte-
grated in the transversal direction within the range that is limited by the
dashed white lines (vertical axis in (a)) of a porous GaP SSIL. (d) Out
of plane scattering intensity integrated in the transversal direction within
the range that is limited by the dashed white lines (vertical axis in (b)) of
a rough GaP SSIL. It is clear that there is more scattered light from the
rough GaP SSIL compared to the porous GaP SSIL.
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4.3.2 High internal-angle scattering efficiency

To compare the scattered light intensities of two different types of GaP SSILs,
we define the scattering efficiency as

1 dI(cost
wo L (cosb)

Iy d(cosh) ’ (41)

where I is the total intensity of light incides on the scattering surface, I(cosf)
the out of plane scattering intensity integrated in the transversal direction, 6 is
the internal-angle of incidence on the interface of the substrate and the scattering
layer. We calculated cosf = cos(arctan(x/z)) from the geometrical relations as
seen in Fig. 4.4, where z = 200 pm.

Figure 4.4: A zoom in of Fig. 4.2. A cartoon showing the internal-angle of incidence
on the interface of the substrate and the scattering layer.

Figs. 4.5a and 4.5b show I(cosf) versus cosf. We calculate I(cosf) from I(z,y)
as

Yt
I(cost) = J Y I(x,y), (4.2)
Y=y
with the jacobian J as,
J_ dx _ zcos20 n z (4.3)

d(cosf) (1 —cos26)2 /1 — cos26’

and obtain the cosf dependent intensities. Here the summation boundaries y =
y; and y = y¢ are positions in the transversal direction. For our microscope
objective with NA = 0.95, we expect to observe the scattered light intensity
for cosf < 0.28. However, from our measurements we see a cut-off for cosf =
0.17 which corresponds to an effective NAqg = 0.6 probably due to incomplete
filling of the microscope objective pupil. For a Lambertian surface, the scattering
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Figure 4.5: The angular dependence of the out of plane scattering intensity. (a) Out
of plane scattering versus cosf for the rough GaP SSIL and the porous
GaP SSIL. The black dots represent the experimental data for the porous
GaP SSIL, the red dots represent the experimental data for the rough GaP
SSIL, and the curves represent the linear fitting functions. (b) A zoom in
of the out of plane scattering versus cosf for the porous GaP SSIL.

efficiency « is independent of cosf, resulting in I(cosf)  cosf. In order to have
a quantitative comparison of the scattering efficiencies of two different surfaces,
we fit linear functions to the data for the rough GaP SSIL and the porous GaP
SSIL. In Fig. 4.5a we show there is a good agreement between the linear fit
and the data for the rough GaP SSIL, which suggests that even for very high
internal-angles, the rough surface of an unpolished GaP wafer obeys Lambert’s
cosine law. In Fig. 4.5b, we show a zoom in of Fig. 4.5a for the porous GaP
SSIL. For the porous GaP SSIL, we see a deviation from Lambert’s cosine law
between cosf = 0.1 and cosf = 0.17. The reason for the deviation from the
Lambertian distribution may be the Fresnel-like reflections on the interfaces of
the substrate, the scattering porous layer and the air [19, 21]. It is evident in Fig.
4.5a that the scattering efficiency of the rough GaP SSIL is much higher than
the scattering efficiency of the porous GaP SSIL. We found a scattering efficiency
ratio of Ayough/Aporous = 6.8. This result suggests that a rough GaP SSIL is even
better suited for high-resolution optical imaging than the porous GaP SSIL used
in experiments so far.

4.4 Angular speckle correlations of GaP scattering
solid immersion lenses

Angular speckle correlations, especially the correlations known as the optical
memory effect [22-25] are an important property of scattering media [26]. Imag-
ing through scattering media based on the optical memory effect has been an
active research area recent years [17, 27-32]. The optical memory effect is a first
order speckle correlation effect that is observable when the momentum transfer
of the incident light equals that of the transmitted light. In practice this means if
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Figure 4.6: Angular speckle correlation coefficients. The black circles represent the
angular speckle correlation coefficient with respect to the effective speckle
pattern translation on the back surface of the rough GaP scattering solid
immersion lens (SSIL). The red stars represent the angular speckle corre-
lation coefficient with respect to the effective speckle pattern translation

on the back surface of the porous GaP SSIL.
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an incident light beam is tilted on a scattering medium, the transmitted speckle
pattern will be translated in far-field without a significant change. Although the
optical memory effect is trivial in the single scattering regime, it is surprising
that such an effect exists for thick diffusive samples. However, the angular range
of the optical memory effect is limited for thick layers as A8 < A\/2xwd, where A
is the wavelength of the incident light and d the thickness of the scattering layer.
In this section, we investigate the optical memory effect range of our GaP SSILs.
To observe the optical memory effect range of our SSILs we shone a laser
beam with a wavelength of A = 561 nm on the scattering surface of our porous
GaP SSIL. We imaged the back surface of the SSIL on a CCD camera using
a microscope objective and a tube lens. We tilted the beam on the scattering
surface for a range of angles of incidence and recorded the images for each angle of
incidence. We repeated the measurement for the rough GaP SSIL. We calculated
the cross-correlation coefficients of each image with the first image as follows;

max (I * Is)
max(Iy x 1)’

C(8) = (4.4)

where * denotes a convolution product, C(§) the normalized correlation coeffi-
cient, I; the first image, and Is a consecutive image with an effective speckle
pattern translation of 4.

In Fig. 4.6 the relation between the correlation coefficients and the effective
speckle translation on the back surface of the two types of GaP SSILs are shown.
It is evident that the angular speckle correlation coefficient for an unplolished
rough surface is preserved for a much larger range compared to the angular
speckle correlation coefficient for a porous layer. The fact that a porous GaP
SSIL has already enabled a sufficient range in the previous study [17] suggests
a rough GaP SSIL is even more appropriate for high-resolution optical imaging
applications based on the optical memory effect.

4.5 High-resolution of the rough GaP scattering
solid immersion lens

In a previous experiment, a sub-100 nm resolution image of gold nanospheres
was obtained by scanning a high-resolution focus through the scattering layer of
a porous GaP SSIL over gold nanospheres by using the optical memory effect [17].
In this section, we demonstrate experimentally that our rough GaP SSIL is at
least equally well-suited for high-resolution optical imaging.

4.5.1 Experimental concept

In this section, we describe a scanning-focus experiment on a single gold nanosphere
with a diameter of 50 nm. The wavefront of a continuous laser source (Cobolt
Jive, 100 mW continuous wave at 561 nm) is spatially modulated through the
scattering layer [26, 33] using a spatial light modulator (Hamamatsu X10468-04)
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Figure 4.7: Wavefront shaping on a single gold nanosphere. (a) First, the rough GaP
scattering solid immersion lens (SSIL) is illuminated by a coherent beam
that is blocked in the center. The beam is focused on a gold nanosphere by
wavefront shaping. (b) A dark-field image of the single gold nanosphere
by averaging over many different wavefront illuminations. Fig. 4.7a is
adapted from reference [20].

and focused tightly on a selected gold nanosphere on the polished surface as seen
in Fig. 4.7a. The spatial light modulator is imaged onto a steering mirror. A
lens and a microscope objective (Nikon: 20x, NA = 0.45) demagnify the plane
of the steering mirror onto the rough surface of the GaP SSIL. The beam is 0.8
mm in size and the center is blocked by a 0.4-mm-size disk-shaped beam stop
to enable dark-field microscopy. Any light that could be scattered directly into
the immersion objective is blocked by the beam stop. As a result only scattered
light is observed on a dark background. The polished surface of the SSIL is im-
aged on a CCD camera (Allied Vision Technologies Dolphin F-145B) using an
oil immersion microscope objective (Nikon: 60x, NA = 1.49) and a tube lens
with a focal length of 500 mm. Then, we scanned the focused beam on the gold
nanosphere with steps of 14 nm using the steering mirror. For each focus posi-
tion, we recorded the CCD camera images. In Fig. 4.7b, a dark-field image of
the single gold nanosphere is shown with a resolution limited by the NA of the
oil immersion microscope objective.

4.5.2 Results and discussion

In Fig. 4.8, a one dimensional scanning-focus image of a single gold nanosphere
is shown. The black dots are calculated by taking the maximum pixel value of
each recorded image for corresponding focus position on the polished surface of
the SSIL. We fit an Airy disk function to the data,

2

Jl (kmaxr) ’ (45)

kmaxr

2 Jl (kminr)

I(T) = IO kIQnax min

-k

kmin’r
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Figure 4.8: A one dimensional scanning-focus image of a single gold nanosphere. The
black dots are the experimental data points, and the red curve is an Airy
disk fitting function.

where J; is a Bessel function of the first kind, and Iy, kmnax, kmin are fitting
parameters. The minimum and maximum transversal wave vectors, kmin and
kmax, are directly related to the inner and outer radius, Rpi, and Rpax, of

the illuminated area: kmax = nko (1 + LQ/RIQMX)_U2 (and similar for kmi,). We
observed a full-width-half-maximum of 98+1 nm which is similar to the previously

reported result with a porous GaP SSIL [17].

4.6 Conclusion

We presented a method to investigate high internal-angle scattering of high-NA
scattering solid immersion lenses (SSILs). We have demonstrated our method
on porous and rough GaP SSILs. We conclude that a rough GaP SSIL provides
6.8 times larger scattering efficiency compared to the porous GaP SSIL. We have
measured the range of the optical memory effect for both porous and rough GaP
SSILs. We have found that a rough scattering GaP lens has a much larger optical
memory effect range compared to a porous GaP SSIL. Finally, we presented a
1-D scanning-focus experiment result on a single gold nanosphere. We observed
a full-width-half maximum of 98 + 1 nm for a 1-D scanning-focus image of the
gold nanosphere. Our results imply that a rough GaP SSIL is appropriate for
high-resolution optical imaging. A rough GaP SSIL has the advantages of more
signal and wider optical memory effect range compared to a porous GaP SSIL
which is especially important if one aims to enhance the resolution even further.
Single side polished GaP wafers are commercially available, therefore fabrication
of a rough GaP SSIL is much simpler since it does not require an additional
electrochemical etching step. Scattering lenses are robust against environmental
instabilities such as mechanical or thermal fluctuations. Therefore, a rough GaP
SSIL is well suited for high-resolution optical imaging applications with visible
light under ambient conditions.
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CHAPTER 5

Speckle correlation resolution enhancement of
wide-field fluorescence imaging

High-resolution fluorescence imaging is essential in nanoscience and
biological sciences. Due to the diffraction-limit, conventional imaging
systems can only resolve structures larger than 200 nm. Here, we
introduce a new fluorescence imaging method that enhances the res-
olution by using a high-index scattering medium as an imaging lens.
Simultaneously, we achieved a wide field-of-view. We developed a new
image reconstruction algorithm that converges even for complex ob-
ject structures. We collect two-dimensional fluorescence images of a
collection of 100-nm diameter dye-doped nanospheres. We demon-
strate a deconvolved Abbe resolution of 116 nm with a field-of-view
of 10 pm x 10 pm. Our method is robust against optical aberrations
and stage drifts; thereby it is well suited to image nanostructures with
high-resolution under ambient conditions.

5.1 Introduction

A conventional optical microscope produces images with a resolution determined
by the numerical aperture (NA) of the imaging lens [1]. The NA of an imaging
lens is defined by the highest wave vector that is accessible in the transversal
direction. Many methods have been introduced that enable optical resolution
beyond the resolution limit of a conventional optical microscope, by exploiting
evanescent waves with near-field scanning optical microscopy (NSOM) [2], by
exploiting moiré fringes as in structured-illumination microscopy (SIM) [3, 4] or
blind structured-illumination microscopy (blind-SIM) [5], by exploiting nonlinear
optical phenomena as in saturated structured-illumination microscopy (SSIM)
[6] or stimulation emission depletion (STED) microscopy [7, 8], by exploiting
specific photophysical properties of dyes as in stochastic optical reconstruction
microscopy (STORM) [9], photoactivated localization microscopy (PALM) [10],
or super-resolution optical fluctuation imaging (SOFI) [11]. Nevertheless, NSOM
has a field-of-view limited by the scan range of the probe, moreover a scanning

This chapter has been published as: H. Yilmaz, E. G. van Putten, J. Bertolotti, A. Lagendijk,
W. L. Vos, and A. P. Mosk, Optica 2, 424-429 (2015).
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probe usually greatly affects the measurement itself. SIM provides a resolution
that is potentially two times higher than a conventional optical microscope [3, 4].
SIM requires a precise knowledge of the illuminating intensity patterns on the
structure of interest. Recently, a blind-SIM method [5] has been demonstrated
which exploits the statistical properties of speckle patterns and does not require
precise knowledge of the illuminating intensity patterns. Since STED requires
intense laser pulses, it is a question how to use it for delicate samples with a
low damage threshold. STED, STORM, PALM, and SOFI require dyes with
specific photo-physical properties. Although aforementioned far-field microscopy
methods realize an optical resolution beyond the diffraction-limit, the resolution
remains strongly dependent on the NA of their conventional optics.
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in two axes
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Figure 5.1: The concept of the wide-field, high-resolution speckle scanning microscopy.
A beam of coherent light illuminates a scattering layer on a gallium phos-
phide (GaP) substrate. The scattered light generates a speckle pattern
that enables high-resolution imaging on the object plane. The incident
beam is tilted by angles 6« and 6y, and as a result the speckle pattern is
scanned across the sample. Fluorescent nanospheres on the object plane
are imaged on a CCD camera. With parallel speckle detection, the field of
view is wider than the single speckle-scan range. d denotes the thickness
of the scattering layer; L denotes the thickness of the substrate.

It has been shown that a scattering medium enhances spatial resolution for
acoustic waves [12], microwaves [13], and light waves [14, 15], and turns a high-
index substrate into a high-NA solid immersion lens by breaking the translational
invariance on the interface of the substrate [16]. Coherent light illumination on
such a scattering medium generates a speckle pattern of apparently randomly
distributed bright and dark regions behind the scattering medium. Correlations
of speckle patterns are used to obtain images of astronomical objects through
turbulent atmosphere with diffraction-limited resolution [17, 18]. The concept of
exploiting correlations between such speckle patterns to obtain images of micro-
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scopic objects has started a new class of optical microscopy [19]. Within a speckle
pattern there is a correlation effect called the optical memory effect [20, 21]
that has recently been exploited for optical imaging using a high-NA scatter-
ing lens [16] and through scattering media [22-28]. A tilt of the incident beam
within an angle of Af < A\/2rd (X is the wavelength of light and d the thickness
of the scattering medium) results in a translation of the speckle pattern behind
the medium without a significant change in the pattern. The optical memory
effect has been employed to obtain optical images of microscopic objects hidden
by a scattering medium with diffraction-limited resolution [26-28]. Previously, a
high-NA gallium phosphide (GaP) scattering lens has been used to image gold
nanoparticles with elastically scattered coherent visible light [16]. However, the
available field-of-view with speckle correlations is limited to 2 pm x 2 pm due to
the finite range of the optical memory effect, and the high-index scattering lens
has so far not been applied to incoherent imaging modalities such as fluorescence
microscopy.

Here we introduce and demonstrate speckle correlation resolution enhancement
(SCORE) microscopy that combines the high-resolution of speckle scanning mi-
croscopy with a wide field-of-view of parallel speckle-scan detection. Fig. 5.1
shows the concept of our method. The main element of the experiment is a scat-
tering lens, consisting of a GaP substrate with a thickness of L = 400 pm and
a refractive index of n = 3.42 of which one surface has a scattering layer with a
thickness of d = 2 nym and one surface is polished [16]. The polished surface is
coated with silicon (Si) with a thickness of 100 nm to reduce internal reflections
(see appendix). The Si coating is removed in a 10-pm-scale window to place
objects directly on the polished GaP surface. A beam of coherent light with a
diameter of 0.8 mm and a wavelength of ;) = 561 nm is incident onto the scat-
tering surface of the substrate. The scattering layer generates a speckled intensity
pattern S(z,y) that illuminates a fluorescent object O(z,y). The fluorescence in-
tensity distribution on the object plane is imaged on a camera with a resolution of
R = Mgy /(2NA), with A\g, = 612 nm and NA = 0.95. We raster scan the speckle
pattern on the object plane by tilting the incident beam by angles §6, and 46y,
within the angular range of the optical memory effect (Af = 1°) that leads to a
speckle-scan range of 2 pm on the object plane. We record fluorescence images at
every 00y, 00, for a range of angles of incidence, resulting in perpendicular speckle
pattern displacements éx =~ §6x L/n and dy =~ §0y, L/n in the object plane. This
procedure results in a four-dimensional data-cube I(x,y,dx, dy), which contains
sufficient information to reconstruct a wide-field image that has a resolution of
the average speckle grain size [26].

5.2 High-resolution spatial information retrieval

In Fig. 5.2 we show the data analysis procedure. We divide the data-cube (Fig.
5.2a) into N sub-data cubes by applying N square window functions of W, (z,y)
with a 96% overlap that each have a width and a height equal to half of the
speckle-scan range (1 pm) that each can be processed in parallel. We construct
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Figure 5.2: The data analysis procedure on a single sub-data cube. (a) Data-cube
I(z,y,0z,0y). (b) The obtained standard resolution sub-image Jy,(z,y)
by summing the sub-data cube shown by the square non-grayed out area

over dx and dy.

(¢) The obtained speckle-scan matrix K, (dz,dy) by

summing the sub-data cube shown by the square non-greyed out area
over z and y. (d) The magnitude of the Fourier components of Jp,(z,y).
(e) The phase of the Fourier components of J,(z,y). (f) The magnitude
of the Fourier components of Kp,(dx,dy). (g) The phase of the Fourier
components of Kp,(dz, dy).
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a standard resolution sub-image J,(z,y) (Fig. 5.2b) and a speckle-scan matrix
K, (dz,0y) (Fig. 5.2¢) from the corresponding sub-data cube as follows: We
sum our sub-data cube over dx and Jdy, and obtain the standard resolution sub-
image J,(z,y). In our approach, it is useful to represent J,,(z,y) in the Fourier
domain, where its spatial information is given by the magnitude and the phase
of the Fourier components (Fig. 5.2d,e). To obtain the speckle-scan matrix
K, (0x,dy), we calculate the following summation

Ky (62, 8y) = Y I(w,y, 62, 5y) Wi (2, y)

= Zo(x7y)5(x —ox,y — oy)Wi(z,y)
= [(O - W) x S](6z, 6y), (5.1)

where the symbol % denotes a convolution product and where in the last step we
assumed that the scan range stays within the optical memory effect range. In
Figs. 5.2f and 5.2g we represent the speckle-scan matrix K, (dx, dy) in the Fourier
domain. We obtain the magnitude of the high-frequency Fourier components of
the object from its speckle-scan matrix as follows:

| FAKn}| = [F{O - Wy} [F{S}|
= C|F{O-Wp}] (5.2)

where C' = |F {S}] is the optical transfer function of the GaP scattering lens, and
F {} denotes a Fourier transform. Here we use the approximation that within the
NA of the GaP scattering lens, the absolute value of the spatial spectrum of the
field is constant for a fully developed speckle pattern [29], therefore the magnitude
of the spatial spectrum of S will be approximately a cone-shaped function in
the Fourier domain with a cut-off at the highest Fourier component of the GaP
scattering lens [30]. Equation 5.2 shows that the magnitude of the high-frequency
Fourier components of the object is retained behind the scattering layer (Fig.
5.2f). The phase information of the object’s Fourier components is lost due to
the random and unknown phase of the speckle pattern (Fig. 5.2g). Fortunately,
it is often possible to infer the lost phase information using an iterative phase
retrieval algorithm [31-34]. In essence, our approach relies on reducing the light
scattering problem to a phase retrieval problem.

5.3 Image reconstruction

We have developed a new Gerchberg-Saxton-type algorithm that uniquely re-
trieves the high-frequency phase information of the Fourier components of our
object by using the low-frequency phase information of the Fourier components
of the object as a new constraint (see appendix). In general, a Gerchberg-Saxton-
type algorithm retrieves the phase of the Fourier components of an image from
the magnitude of the Fourier components by using some constraints on the im-
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Figure 5.3: Phase retrieval in the Fourier domain. (a) The phase of the Fourier com-
ponents of the object. (b) The magnitude of the Fourier components of
the object. (c¢) The Gerchberg-Saxton-type algorithm. (d) The retrieved
phase of high-frequency Fourier components of the object. (The phase
data comes from Fig. 5.2e and the magnitude data comes from Fig. 5.2f.
Colourbars are as in Fig. 5.2).

age or the Fourier domain. Using only the magnitude of the Fourier components
gives rise to ambiguities that lead to stagnation problems in the reconstruc-
tion [33, 35]. In ptychography and Fourier ptychography, such ambiguities are
discarded by overlapping many wide-field images [36-39]. However, both pty-
chography and Fourier ptychography algorithms work only for diffractive objects.
For non-diffractive objects such as fluorescent objects, these ambiguities are ab-
sent since the object is represented with real and positive numbers and the object
can be determined up to a trivial flip and translation [26-28]. In our Gerchberg-
Saxton-type algorithm, we employ constraints both in the image domain and in
the Fourier domain to discard even trivial flip and translation ambiguities. In the
image domain we use the well-known information that the measured intensity of
our fluorescent object is real and positive. In the Fourier domain, we introduce
as a new feature the phase of the low-frequency Fourier components. Combin-
ing these two types of information the algorithm converges to a unique solution
which gives us the shape, the position and the orientation of the object. This
is a major improvement over previous approaches [26-28] that do not provide
position and orientation information. We analyzed the convergence probability
of our algorithm on a complex test object composed of six letters of the Latin al-
phabet (see appendix). We found that when the detection NA (NAget) is higher
than 13% of the illumination NA (NAj;), our algorithm always converges to a
unique solution. If the NA 4 is lower than the 13% of the NAyj, the convergence
probability drops. For our experimental situation the NA g is always larger than
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30% of the NA;; and convergence is fast. The low rate of convergence at very
low NAget/NAj can almost certainly be considerably improved by implementing
anti-stagnation mechanisms [40]. However even without these mechanisms, we
obtain a sufficient convergence rate for our experimental situation.

In Fig. 5.6 the phase retrieval procedure of high-frequency Fourier compo-
nents is shown for a single sub-data cube. First, we Fourier transform both
a standard resolution sub-image, J,,(x,y) and the corresponding speckle-scan
matrix, K,,(dz,dy). We discard the magnitude of the Fourier components of
Jm(z,y) and the phase of the Fourier components of K,,(dz,dy). We input the
phase information of low-frequency Fourier components of J,, (z, y) and the mag-
nitude information of high-frequency Fourier components of K,,(dz, dy) into our
Gerchberg-Saxton-type algorithm. The algorithm outputs the phase information
of high-frequency Fourier components. Finally, we combine and inverse Fourier
transform all available phase and magnitude information of the Fourier compo-
nents to obtain the high-resolution sub-image. Our algorithm has some concep-
tual similarity with pattern-illuminated Fourier ptychography [41]. In pattern-
illuminated Fourier ptychography, the wide-field images are overlapped in the
Fourier domain, whereas we select a sub-area in the z,y plane and project the
corresponding sub-data cube on the ky, k, plane. We then use phase retrieval
to obtain the corresponding high-resolution sub-image. Our method has the ad-
vantage of robustness against the drifts compared to pattern-illuminated Fourier
ptychography. Our method works as long as the drifts are small compared to
the optical memory effect range, whereas pattern-illuminated Fourier ptychog-
raphy and related methods [5] have much more stringent requirements and only
converges for the drifts smaller than the speckle grain size.

To acquire a wide-field image, we apply our phase retrieval procedure shown in
Fig. 5.6 to every sub-data cube (see Fig. 5.2) in parallel. We have approximately
N sub-data cubes for a wide-field image with N pixels that corresponds to a 96%
overlap of each neighboring sub-data cube. Each reconstructed overlapping high-
resolution sub-image is windowed by a smooth window function to minimize
edge effects. The detailed shape of the window has little to no effect in the
reconstruction, as long as it is soft-edged and thus does not introduce artefacts.
We tile the reconstructed high-resolution sub-images to yield a wide-field image
of the complete object. The field-of-view of the reconstructed image is wider
than the speckle-scan range and spans the field-of-view of the detection optics.
Using the optical transfer function of our scattering lens, we inverse apodized
the wide-field SCORE image. In order to have a fair comparison, we also inverse
apodized wide-field conventional image with the known optical transfer function
of the detection objective (see appendix).

5.4 Results and Discussion
To experimentally test our new imaging method we use a collection of fluorescent

nanospheres with a diameter of 100 nm as test objects. Fig. 5.4a shows an image
of a collection of many fluorescent nanospheres taken with conventional high-NA
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Figure 5.4: Wide-field images of fluorescent nanospheres with diameter of 100 nm. (a)
The wide-field image by conventional microscopy. (b) A zoomed image of
(a). (c) A cross section of (b) represented by the white line. (d) The wide-
field image by SCORE microscopy. (e) A zoomed image of (d). (f) A cross
section of (e) represented by the white line. In (c), a single nanosphere is
apparent while in (f) two smaller nanospheres are apparent with a center
to center distance of 146 nm from each other.

microscopy in a field-of-view of 10 pm x 10 pm. The zoom-in in Fig. 5.4b reveals
five separate nanospheres. Fig. 5.4c shows a cross-section of two nanospheres
from Fig. 5.4b that have a full-width-half-maximum of about 430 nm. We now
turn to the high-resolution SCORE results. Fig. 5.4d shows the same area as
in Fig. 5.4a. In Fig. 5.4d the nanospheres are sharper compared to the image
in Fig. 5.4a. The zoom-in in Fig. 5.4e shows the same area as in Fig. 5.4b:
We see that the nanospheres are much sharper compared to Fig. 5.4b and we
see six separate nanospheres, whereas less nanospheres were discernible in Fig.
5.4b. Notably at the left center two nanospheres are distinguished that were
observed as one blob on Fig. 5.4b. Fig. 5.4f shows a cross-section of three
nanospheres from Fig. 5.4e that have a full-width-half-maximum of about 135
nm. A clear demonstration of the enhanced resolution is given in Fig. 5.4f where
we clearly resolve two nanospheres with a center to center distance of 146 nm,
and an edge to edge distance of 46 nm. The fact that two 100-nm spheres with a
center-to-center distance of 146 nm are clearly resolved suggests that the effective
resolution of our current system (according to Sparrow’s criterion) must be well
below 146 nm [42]. In our SCORE images nanospheres appear as features with a
full-width-half-maximum of 135 nm. As the features in the SCORE image are the
convolution of the object and the point spread function (PSF), we estimate the
effective full-width-half-maximum of the PSF for the image feature as Apgp =
(A2 — A2 .)Y? =116 nm (see appendix). A resolution of 116 nm agrees

feature object
very well with the expected diffraction-limited resolution from the geometry of
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our scattering lens. Our results demonstrate that speckle correlations enhance
the resolution of an optical microscope without any restriction on its field-of-
view. In essence, SCORE with the combination of a GaP scattering lens is a
high-resolution total internal reflection fluorescence (TIRF) microscope. The
demonstrated resolution of 116 nm can be achieved as long as the object of
interest is very close to the substrate of the GaP scattering lens (see appendix).

Previously, a speckle imaging method has been reported where a high-resolution
image is retrieved from a set of low-resolution images [14]. However, a mea-
surement of the high-resolution speckle pattern is required as a priori informa-
tion. A high-NA scattering lens could only be used in abovementioned method
with a very challenging pre-calibration using NSOM [43]. In cases when a
very high-resolution speckle pattern is desired, a high-NA scattering lens is in-
evitable [16]. It is interesting to compare the performance of SCORE to blind-
SIM [5] which has conceptual similarities. An information-theoretical analysis
shows that the two methods perform differently for different NA ratios. For NA
ratio of NAj /NAget = 1, blind-SIM offers a higher resolution and a better signal-
to-noise ratio (SNR). At the high NA ratio of our experiment, blind-SIM is not
able to provide useful SNR, whereas SCORE can work with acceptable SNR up
to very high NA ratios (see appendix).

5.5 Methods

Speckle-scan matrices contain high-resolution information of imaging object. In
order to measure a speckle-scan matrix K, (z,y, d0x, dy), the speckle pattern has
to stay correlated over the resolution 6r = Ag,/(2NA). This constraint is met
when dr < A\inL/(2mnd) where n is the refractive index of the GaP substrate,
L the thickness of the GaP substrate, Ay the wavelength of the incident light
on the GaP porous layer, and d the thickness of the GaP porous layer. In our
GaP substrate A\jyL/(27nd) is in the order of 2 pm. Our detection optics has a
resolution (6r = 322 nm) that is high enough to fulfill this condition. The average
speckle grain size of a GaP scattering lens is 65 = Ay/[2nsin(tan=1(W/2L))],
where W is the beam width. In our case, an average speckle grain size is 65 = 116
nm. We scan the speckle pattern with steps of 40 nm over a range of 2 pm in two
dimensions, requiring N = 2500 measurements. For each measurement the full
camera image is stored, which allows us to retrieve the object at any position of
the captured field-of-view. The data acquisition takes about 1 hour. The time
scale of the data acquisition is independent of the field-of-view, while it follows
a square law with respect to the targeted resolution. However 1 hour is not a
fundamental limit. The data acquisition time can be reduced by an order of
magnitude by using a more sensitive camera.

5.6 Conclusion

In summary, we experimentally demonstrate a new method to obtain high-
resolution and wide-field fluorescence images. In combination with a gallium
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phosphide scattering lens, speckle correlation resolution enhancement (SCORE)
has the ability to acquire very high-resolution images with a field-of-view that is
much wider than the speckle-scan range. The preparation of a GaP scattering
lens is easy and versatile by a standard method [44]. SCORE is thus excellently
suited to be used for imaging of two-dimensional objects as large as a few hun-
dred micrometers with subcellular resolution. A priori characterization of the
scattering lens by methods such as wavefront shaping [16], digital optical phase
conjugation [22] or transmission matrix measurement [45, 46] is not needed. If
one uses the information of both the detection and the illumination NA as in
structured illumination microscopy and pattern-illuminated Fourier ptychogra-
phy, our method has a higher potential resolution than presented here. Using
only the illumination NA of our microscope we have the advantage of robustness
on ambient conditions such as optical aberrations and mechanical drifts. Even
using only the illumination NA, our method provides a remarkable resolution un-
der ambient conditions. With a setup optimized for stability, our analysis method
can be modified to improve the resolution even further. Our method can pro-
vide resolution enhancement in various scenarios where collecting low-resolution
wide-field images is possible. In case one can take pictures using a camera with
a low-NA objective and wants pictures with higher resolution than the objective
can achieve, the scattering environment can be used as a high-NA lens with our
method as follows: The object of interest can be illuminated by low-intensity laser
light that generates speckle pattern reflected from a wall. The generated speckle
pattern on the object can be translated by the optical memory effect. Taking
several low-resolution pictures for a scanning-range in the order of the resolution
of the low-NA camera objective is sufficient to reconstruct high-resolution images
with the wide field-of-view of the camera objective.
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5.A Details of experiment and data analysis

In this appendix, we describe the details of our experimental and data analy-
sis methods. We describe the sample preparation and the experimental set-up.
We describe the new phase retrieval algorithm, convergence properties of the
algorithm, and the inverse apodization procedure that we have developed. We
describe the effective object size and the effective scattering lens NA estima-
tion that yields the resolution of our experimental results. In the last section,
we describe and present the information-theoretical analysis of our method and
compare it to a similar method.

5.A.1 Sample and experimental setup

Figure 5.5: Experimental setup: An expanded CW laser at 561 nm illuminates a
spatial light modulator (SLM). The beam size on the SLM is 0.8 cm. The
Oth order diffracted beam is imaged on a two-axis steering mirror. The
90° polarized beam is reflected from a polarizing beam splitter (PBS) is
imaged on the scattering surface of the GaP wafer. The fluorescence from
nanoparticles on the back side of the GaP wafer is imaged on an EMCCD
camera. \/4 is a quarter wave plate, and L1, L2, L3, L4, L5, lenses with
a focal distance of 200 mm, 100 mm, 100 mm, 50 mm, and 500 mm,
respectively.

We prepared a GaP scattering lens containing a low density of dye doped
fluorescent nanospheres in the object plane. A porous layer with a thickness
of 2 pm is prepared by electrochemical etching. The polished side of the GaP
substrate is coated with 100 nm silicon (Si) layer by chemical vapor deposition
to minimize internal reflections in the GaP lens that reduce the effective range of
the optical memory effect. Dye-doped polystyrene nanospheres are drop-casted
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on a 10-pm-scale window of the Si coating side. Nanospheres have a diameter of
100 nm and have their absorption peak at 542 nm and emission peak at 612 nm.

The details of the experimental setup is shown in Fig. 5.5. The light source is
a diode pumped solid state laser (Cobolt Jive, 100 mW continuous wave at 561
nm). We use a phase only spatial light modulator (Hamamatsu X10468-04) in the
illumination path to generate a parabolic phase correction required for a proper
displacement of the scattered light inside the GaP scattering lens [16]. The spatial
light modulator is imaged onto a two-axis steering mirror and another lens and a
microscope objective (Nikon: 20x, NA = 0.45) then demagnify the plane of the
two-axis mirror onto the porous surface of the GaP substrate. An air microscope
objective (Zeiss: Infinity corrected, 63x, NA = 0.95) images the object plane of
the GaP substrate onto an EMCCD camera (Andor Luca DL-658M). Multiple
band-pass filters (Semrock FF01-620/52-25) in front of the camera ensure that
only the fluorescence light is detected.

5.A.2 The Gerchberg-Saxton-type algorithm

We have developed a Gerchberg-Saxton-type (GS) algorithm for phase retrieval.
Our Gerchberg-Saxton-type algorithm is shown by a block diagram in Fig. 5.6.
We use the following procedure to retrieve the phase information of high-frequency
Fourier components. As an initial guess, we use the standard resolution sub-
image. The “Hybrid Input-Output” [32] algorithm is employed for 5 ranging
from 2 to 0 in steps of 0.1. For each value of 8 the algorithm runs 10 iterations.
Finally, 100 iterations with the “Error-Reduction” [32] algorithm are used to ob-
tain convergence with a minimal error. In each iteration, we apply a high-pass
filter to the retrieved phase and combine it with the low-pass filtered phase of the
standard resolution sub-image. Low spatial frequency phase information of the
standard resolution image eliminates ambiguities such as flips and translations
of the object and satisfies a unique solution.

=
e

G o

e

Figure 5.6: Block diagram of our Gerchberg-Saxton-type algorithm: g;: Ini-
tial guess; F: Fourier transform; arg: Argument; LPF: Low-pass filter;
HPF: High-pass filter; |F{O x S}|: Magnitude of the measured spatial
spectrum of the object O; F~': Inverse Fourier transform; Constraints:
Real domain constraints to calculate gr11 out of gx.

Typically, a Gerchberg-Saxton-type algorithm converges with about 1000 it-
erations that take in the order of a second with a modern computer. Our new
Gerchberg-Saxton-type algorithm uses low-frequency phase of the Fourier com-
ponents of the object as extra information. In our case, only 300 iterations are
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already sufficient. We apply this procedure to 2500 sub-images to obtain the
high overlap, therefore the complete reconstruction takes about 20 minutes. The
time scale of the reconstruction is independent of the resolution, while it follows
a square law with respect to the ratio of the field-of-view and the speckle-scan
range. In addition, the algorithm is very easy to parallelize and can run on a
graphic card, ideally speeding it up by an order of magnitude.

5.A.3 Convergence properties of the Gerchberg-Saxton-type
algorithm
To test the convergence properties of our modified GS algorithm on more com-

plex objects we used a numerical test object composed of six letters on a white
background (Fig. 5.7). We simulated the low-resolution imaging by Fourier fil-

abc
def

Figure 5.7: The numerical test object: The numerical test object consisting of 6
letters on a 164 x 164 pixel canvas.

tering the object with an NA that was between about 1% and 15% of the full
bandwidth of the object. Examples at an NA ratio (NAget/NAyy) of 0.05, 0.10
and 0.15 are given in Fig. 5.8.

-_ - o
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Figure 5.8: Low-resolution images: Low-resolution images of the numerical object
as used as input to the algorithm at an NA ratio of (a) 0.05; (b) 0.10; (c)
0.15.

We ran 6000 steps of our modified GS algorithm to reconstruct the object from
the low-resolution image plus the high-resolution autocorrelate. The probability
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Figure 5.9: Convergence rate: Convergence rate (out of 100 runs seeded with noise
as an initial guess) for 6000 steps of our modified GS algorithm, versus
NA ratio.

of convergence after 6000 steps is shown versus NA ratio in Fig. 5.9, where we
consider the algorithm as converged if the error drops below 1%. An example
of a converged and non-converged run are given in Fig. 5.10. In 100 runs we
found the algorithm never converged within 6000 steps for the lowest ratios (up
to 0.03) and always converged for ratios greater than 0.13.

abc 3ih)
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Figure 5.10: Retrieved images: Example of the images retrieved by (a) a converged
run and (b) a non-converged run, at a NA ratio of 0.07.

5.A.4 Inverse apodization

In incoherent imaging, optical transfer function of a circular aperture is approx-
imately a cone-shaped function that results in suppression of the high-frequency
Fourier components [30]. In our experimental demonstration, both the optical
transfer functions of GaP scattering lens and of the detection objective are ap-
proximately cone-shaped functions with cut-off spatial frequencies of ky = 27
pm~! and kger = 9.75 pm ! respectively. We have inverse apodized both wide-
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field conventional and SCORE images by dividing Fourier spectra of the wide-field
SCORE image and the wide-field conventional image with corresponding inverse
apodization functions (see Fig. 5.11).

Figure 5.11: Inverse apodization functions: (a) The inverse apodization function
of the GaP scattering lens used for the wide-field SCORE image . (b)
The inverse apodization function of the collection objective with NA =
0.95 used for the wide-field conventional image.

We used inverse apodization after the reconstruction of the SCORE image,
because inverse apodization before the reconstruction affects the positivity of the
fluorescence images which makes the reconstruction procedure impossible. We
choose the cut-off frequency of our apodization function carefully in order to have
minimal artefacts on the final wide-field SCORE image.

5.A.5 Estimation of the object size and the effective NA

In order to estimate the resolution of SCORE results, we deconvolve a SCORE
image of a single nanosphere with the known size and shape of the object. In
our experiment, we use polystyrene nanospheres with a diameter of 100 nm.
Our nanospheres are positioned on the interface between the high-index GaP
substrate and the low-index air as shown in Fig. 5.12. Incident light intensity
at angles larger than the critical angle (6. = 17°) at the interface will be totally
internally reflected. However, the incident light will excite the fluorophores in the
nanosphere via evanescent wave of the light. The decay length of the evanescent
wave intensity depends on the angle of incidence on the interface as shown in Eq.
5.3. The decay length [ of the evanescent wave intensity is

1
2kv/n2sin6 — 1

where k is the vacuum wavenumber of the incident light, n the refractive index of
the GaP substrate, and 6 the internal angle of the incident light on the interface
[1]. We take the highest wave vector into consideration, since the highest wave
vector determines the resolution. The decay length for the highest wave vector
is [ = 20 nm. The effective size of a spherical object on the interface will be
a Gaussian-shaped object with a full-width-half-maximum of Agpject =70 nm.

1(0) = (5.3)
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Figure 5.12: Excitation of the fluorophores via evanescent wave: Light of a
particular angle 8 > 6. excites fluorophores that are buried inside a
polystyrene nanosphere. The effective size of the nanosphere is different
for each angle of incidence of light, since the decay length [ is different
for each angle of incidence of light.

In our SCORE images, a single image of a nanosphere has a full-width-half-
maximum of Afeature =135 nm. Therefore we can use the formula to obtain our
deconvolved PSF as Apgsp = (A — A2 )1/2 = 116 nm corresponding to

2
feature object
an effective NA = 2.4.

5.A.6 Information-theoretical analysis

In this section, we present an information-theoretical bound on the signal-to-
noise ratio of our method and a similar method (blind-SIM). Here, we show how
the maximum achievable signal-to-noise ratio of SCORE and blind-SIM images
scale with respect to the ratio of the illumination NA and the detection NA
(NAi/NAget).

The information capacity of one degree of freedom of an image is given by

1
H= B log,(SNR + 1) (5.4)

where signal-to-noise ratio (SNR) is in optical power domain [47]. The informa-
tion capacity for all degrees of freedom (diffraction-limited spots) of a detected
intensity image is

M
1
H=>Y" 5 1082(SNR + 1) (5.5)
f=1

where M is the total number of diffraction-limited spots [47].

We assume the noise is uncorrelated between diffraction-limited spots. The
autocorrelation has a higher background compared to a standard resolution image
and the signal-to-noise ratio drops at high NA ratios due to the finite dynamic
range of the detection. Therefore the information capacity of the measured data
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of SCORE consisting of N frames of p? degrees of freedom is given by

1

H, = 5Np2 log,(SNR,. + 1) (5.6)
N .

SNR,, = > ?‘“p (5.7)

where SNR,. is the signal-to-noise ratio of the autocorrelation of the speckle-scan
matrix, SNRy, the signal-to-noise ratio of a single wide-field image, and ¢ the
number of illumination speckle grains in a single wide-field image. Our SCORE
algorithm outputs a wide-field image with a resolution of the speckle grain size,
and also recovers the illumination speckle pattern, so that the total number of
degrees of freedom is 2¢%. The information capacity of the output data of SCORE
is given by

1
Hyy = 5zq? logs (SNRout + 1) (5.8)
where SNRoy; is the signal-to-noise ratio of the reconstructed SCORE image.

The fact that the output cannot contain more information than the input results
in

HI = H; (5.9)
SNR;, .
Np?log, ( Py 1) = 2¢% log, (SNRZ&* +1). (5.10)

The number of uncorrelated measurements is N = ¢2/p? assuming our scan area
is equal to a diffraction-limited spot of the imaging results in

N in
SNR™* — 1/%—%1—1. (5.11)

Here it is evident that as the illumination NA becomes higher compared to the
detection NA, the SNRIEX drops.

out

Now we turn to information-theoretical analysis of the blind-SIM method. In-
formation capacity of the measured data of blind-SIM is given by

1
Hy, = 5Np2 log, (SNRy, + 1). (5.12)

Blind-SIM requires illumination of the object with N uncorrelated and different
speckle patterns. In essence, this method reconstructs a high-resolution fluores-
cence image of the object as well as IV illuminating high-resolution images of the
speckle patterns by a blind-deconvolution-based algorithm with a total number
of degrees of freedom of N¢? + (p + ¢q)2. Therefore the information capacity of
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the reconstructed data of blind-SIM is given by

1
Hoyy = 5(Nq2 + (p+ ¢)*) logy (SNRout + 1). (5.13)
Here, N¢? is the total number of diffraction-limited spots of reconstructed speckle
patterns, and (p + ¢)? the number diffraction-limited spots of the reconstructed
blind-SIM image. The fact that the output cannot contain more information
than the input results in

H™max — [ (5.14)
Np?logy(SNRyy + 1) = (N¢? 4 (p + q)?) logy (SNR2AX 4 1). (5.15)

Random uncorrelated speckle pattern illumination allows a high oversampling
that results in

lim SNR™¥ = (SNRy, + 1) <. (5.16)
N—o0
Here it is evident that as the illumination NA becomes higher compared to the de-
tection NA, the SNRG* drops rapidly due to the large number of high-resolution
speckle patterns reconstructed from low-resolution images.

10°
A —SCORE
—blind-SIM
10' & ]
g3
x 10°+ 7
x 10’
n i
107 :
-2 | : | | | | | |
10 1 2 3 4 6 7 8 9

5
NA/ NAdet

Figure 5.13: Maximum signal-to-noise ratio of the SCORE and the blind-
SIM images versus the NA ratio: The black line represents the
SNRout of SCORE. The red line represents the SNRoyt of blind-SIM.
The dashed vertical line shows the NA ratio in our experiment.
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Fig. 5.13 shows the comparison of the maximum possible SNR,; of SCORE
to that of blind-SIM. We plotted the graph using equations 5.11 and 5.16 for
a SNR;, = 100 for both methods which is realistic in experimental conditions.
The SNRoy¢ scaling law is different in each method. Blind-SIM has a higher
SNRyut if the illumination NA is similar to the detection NA, which is the case
when the same microscope objective is used for both illumination and detection.
However, SCORE has higher SNR,, if the illumination NA is about 1.5 higher
than the detection NA. In our case, we use a very high-NA scattering lens in
the illumination NAj; = 2.4 and a microscope objective in the detection with
NAget = 0.95. In this regime, SCORE has higher SNR,; compared to blind-
SIM.

This simple information-theoretical analysis points out the regimes in which
each method can be expected to have the best performance.






Bibliography

[1]

2]

[10]

L. Novotny and B. Hecht, Principles of nano-optics (Cambridge Univ. Press,
Cambridge, U.K., 2006). — p.9, 67, 81.

E. Betzig, A. Lewis, A. Harootunian, M. [saacson, and E. Kratschmer, Near
field scanning optical microscopy (NSOM): Development and biophysical ap-
plications, Biophys. J. 49, 269 (1986). — p.9, 19, 67.

R. Heintzmann and C. Cremer, Lateral modulated excitation microscopy:
Improvement of resolution by using a diffraction grating, Proc. SPIE 3568,
185 (1999). — p.9, 19, 67, 68, 91.

M. G. L. Gustafsson, Surpassing the lateral resolution limit by a factor of
two wusing structured illumination microscopy, J. Microsc. 198, 82 (2000).
— p.9, 19, 25, 67, 68, 91.

E. Mudry, K. Belkebir, J. Girard, J. Savatier, E. Le Moal, C. Nicoletti, M.
Allain, and A. Sentenac, Structured illumination microscopy using unknown
speckle patterns, Nature Photon. 6, 312 (2012). — p.19, 27, 67, 68, 73, 75,
92.

M. G. L. Gustafsson, Nonlinear structured-illumination microscopy: Wide-
field fluorescence imaging with theoretically unlimited resolution, Proc. Natl.
Acad. Sci. U.S.A. 102, 13081 (2005). — p.19, 67, 92.

S. W. Hell and J. Wichmann, Breaking the diffraction resolution limit by
stimulated emission: Stimulated-emission-depletion fluorescence microscopy,
Opt. Lett. 19, 780 (1994). — p.9, 19, 67, 91, 107.

S. W. Hell, Far-field optical nanoscopy, Science 316, 1153 (2007). — p.9,
19, 67, 91, 107.

M. J. Rust, M. Bates, and X. Zhuang, Sub-diffraction-limit imaging by
stochastic optical reconstruction microscopy (STORM), Nat. Methods 3, 793
(2006). — p.9, 19, 67, 91.

E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser, S. Olenych,
J. S. Bonifacino, M. W. Davidson, J. Lippincott-Schwartz, and H. F. Hess,
Imaging intracellular fluorescent proteins at nanometer resolution, Science
313, 1642 (2006). — p.9, 19, 67, 91.



88

Bibliography

[11]

[15]

[16]

[18]
[19]

[20]

[23]

[24]

T. Dertinger, R. Colyer, G. Iyer, S. Weiss, and J. Enderlein, Fast,
background-free, 3D super-resolution optical fluctuation imaging (SOFI),
Proc. Natl. Acad. Sci. U.S.A. 106, 22287 (2009). — p.9, 19, 67, 91.

A. Derode, A. Tourin, J. de Rosny, M. Tanter, S. Yon, and M. Fink, Taking
advantage of multiple scattering to communicate with time-reversal anten-
nas, Phys. Rev. Lett. 90, 014301 (2003). — p.68.

G. Lerosey, J. de Rosny, A. Tourin, and M. Fink, Focusing beyond the diffrac-
tion limit with far-field time reversal, Science 315, 1120 (2007). — p.68.

J. Garcia, Z. Zalevsky, and D. Fixler, Synthetic aperture superresolution by
speckle pattern projection, Opt. Express 13, 6073 (2005). — p.27, 28, 68,
75.

I. M. Vellekoop, A. Lagendijk, and A. P. Mosk, Exploiting disorder for perfect
focusing, Nature Photon. 4, 320 (2010). — p.52, 68.

E. G. van Putten, D. Akbulut, J. Bertolotti, W. L. Vos, A. Lagendijk, and
A. P. Mosk, Scattering lens resolves sub-100 nm structures with visible light,
Phys. Rev. Lett. 106, 193905 (2011). — p.27, 52, 54, 58, 60, 62, 68, 69,
75, 76, 78, 92, 105, 111.

A. Labeyrie, Attainment of diffraction limited resolution in large telescopes
by Fourier analysing speckle patterns in star images, Astron. Astrophys. 6,
85 (1970). — p.68.

J. C. Dainty, Laser speckle and related phenomena (Springer, 1984). — p.68.

L. Freund, Correlation imaging through multiply scattering media, Phys. Lett.
A 147,502 (1990). — p.69.

I. Freund, M. Rosenbluh, and S. Feng, Memory effects in propagation of
optical waves through disordered media, Phys. Rev. Lett. 61, 2328 (1988).
— p.27, 58, 69, 97, 106, 112.

S. Feng, C. Kane, P. A. Lee, and A. D. Stone, Correlations and fluctuations
of coherent wave transmission through disordered media, Phys. Rev. Lett.
61, 834 (1988). — p.27, 58, 69, 97, 106, 112.

C. L. Hsieh, Y. Pu, R. Grange, G. Laporte, and D. Psaltis, Imaging through
turbid layers by scanning the phase conjugated second harmonic radiation
from a nanoparticle, Opt. Express 18, 20723 (2010). — p.27, 58, 69, 76.

I. M. Vellekoop and C. Aegerter, Scattered light fluorescence microscopy:
Imaging through turbid layers, Opt. Lett. 35, 1245 (2010). — p.27, 58, 69.

0. Katz, E. Small, and Y. Silberberg, Looking around corners and through
thin turbid layers in real time with scattered incoherent light, Nature Photon.
6, 549 (2012). — p.27, 58, 69.



Bibliography

89

[25]

[26]

[39]

H. He, Y. Guan, and J. Zhou, Image restoration through thin turbid layers
by correlation with a known object, Opt. Express 21, 12539 (2013). — p.27,
69.

J. Bertolotti, E. G. van Putten, C. Blum, A. Lagendijk, W. L. Vos, and
A. P. Mosk, Non-invasive imaging through opaque scattering layers, Nature
491, 232 (2012). — p.27, 28, 29, 38, 58, 69, 72, 99, 106, 112.

X. Yang, Y. Pu, and D. Psaltis, Imaging blood cells through scattering biolog-
ical tissue using speckle scanning microscopy, Opt. Express 22, 3405 (2014).
— p.27, 29, 69, 72, 106, 112.

0. Katz, P. Heidmann, M. Fink, and S. Gigan, Non-invasive single-shot
imaging through scattering layers and around corners via speckle correla-
tions, Nature Photon. 8, 784 (2014). — p.27, 29, 69, 72, 106, 112.

J. W. Goodman, Statistical Optics (Wiley, New York, 2000). — p.71.

J. W. Goodman, Introduction to Fourier Optics (Roberts & Company, En-
glewood, 2005). — p.10, 11, 19, 21, 71, 80.

J. R. Fienup, Reconstruction of an object from the modulus of its Fourier
transform, Opt. Lett. 3, 27 (1978). — p.29, 71, 99, 106, 112.

J. R. Fienup, Phase retrieval algorithms: A comparison, Appl. Opt. 21, 2758
(1982). — p.29, 71, 78, 99, 106, 112.

R. P. Millane, Phase retrieval in crystallography and optics, J. Opt. Soc.
Am. A 7,394 (1990). — p.29, 71, 72, 106, 112.

A. Szameit et al., Sparsity-based single-shot sub-wavelength coherent diffrac-
tive imaging, Nat. Mater. 11, 455 (2012). — p.71.

Y. Shechtman, Y. C. Eldar, O. Cohen, H. N. Chapman, J. Miao, and M.
Segev, Phase retrieval with application to optical imaging: A contemporary
overview, IEEE Signal Processing Mag. 32, 87 (2015). — p.29, 72, 99, 106,
112.

H. M. L. Faulkner and J. M. Rodenburg, Movable aperture lensless trans-
massion microscopy: A novel phase retrieval algorithm, Phys. Rev. Lett. 93,

023903 (2004). — p.72.

J. M. Rodenburg, A. C. Hurst, A. G. Cullis, B. R. Dobson, F. Pfeiffer, O.
Bunk, C. David, K. Jefimovs, and I. Johnson, Hard-X-ray lensless imaging
of extended objects, Phys. Rev. Lett. 98, 034801 (2007). — p.72.

A. M. Maiden, J. M. Rodenburg, and M. J. Humphry, Optical ptychogra-
phy: A practical implementation with useful resolution, Opt. Lett. 35, 2585
(2010). — p.72.

G. Zheng, R. Horstmeyer, and C. Yang, Wide-field, high-resolution Fourier
ptychographic microscopy, Nature Photon. 7, 739 (2013). — p.25, 72.



90

Bibliography

[40]

[41]

[45]

[46]

[47]

J. R. Fienup and C. C. Wackerman, Phase-retrieval stagnation problems and
solutions, J. Opt. Soc. Am. A 3, 1897 (1986). — p.73.

S. Dong, P. Nanda, R. Shiradkar, K. Guo, and G. Zheng, High-resolution
fluorescence imaging via pattern-illuminated Fourier ptychography, Opt. Ex-

press 22, 20856 (2014). — p.19, 27, 30, 73, 92.

K. Wicker and R. Heintzmann, Resolving a misconception about structured
illumination, Nature Photon. 8, 342 (2014). — p.74, 91.

J.-H. Park, C. Park, H. S. Yu, J. Park, S. Han, J. Shin, S. H. Ko, K. T.
Nam, Y.-H. Cho, and Y. Park, Subwavelength light focusing using random
nanoparticles, Nature Photon. 7, 454 (2013). — p.75.

F. J. P. Schuurmans, D. Vanmaekelbergh, J. van de Lagemaat, and A. La-
gendijk, Strongly photonic macroporous gallium phosphide networks, Science
284, 141 (1999). — p.52, 54, 76.

S. Popoff, G. Lerosey, M. Fink, A. C. Boccara, and S. Gigan, Image trans-
mission through an opaque material, Nat. Commun. 1, (2010). — p.10, 27,
76.

Y. Choi, T. D. Yang, C. Fang-Yen, P. Kang, K. J. Lee, R. R. Dasari, M. S.
Feld, and W. Choi, Overcoming the diffraction limit using multiple light scat-
tering in a highly disordered medium, Phys. Rev. Lett. 107, 023902 (2011).
— p.10, 27, 76.

M. A. Neifeld, Information, resolution, and space-bandwidth product, Opt.
Lett. 23, 1477 (1998). — p.10, 11, 82.



CHAPTER 6

Resolution enhancement via periodic pattern
illumination through a scattering layer

High-resolution, high-contrast imaging of interfaces and surfaces of
nanostructures is of great importance in nanofabrication and biologi-
cal sciences. Here, we present a new high-resolution and high-contrast
fluorescence imaging method that is based on periodic pattern il-
lumination through the scattering layer of a high-index substrate.
We demonstrate imaging of a collection of dye-doped polystyrene
nanospheres. The resolution of our proof-of-principle images is signif-
icantly better than that of our NA = 0.95 microscope objective lens,
but could not yet be quantitatively measured. Our method produces
high-contrast fluorescence images and has a potential resolution that
exceeds any current state-of-the-art linear, deterministic fluorescence
imaging method.

6.1 Introduction

High-resolution fluorescence imaging is indispensable to study structure and func-
tion of bio- and nano-materials down to single molecule scale [1]. Several meth-
ods have been developed that reach a spatial resolution beyond Abbe’s resolution
limit using specific photophysical properties of fluorescent emitters [2-6]. These
methods are based on the assumption that the specimen is made of discrete single
fluorescent emitters. Each of these methods uses either a stochastic or a nonlin-
ear process to reach a high resolution. Structured illumination microscopy (SIM)
follows a linear and deterministic approach which is independent of the photo-
physical properties of the fluorescent emitters [7, 8]. SIM is based on exploita-
tion of moiré patterns that are produced by spatial frequency mixing of spatially
shaped illumination patterns and the structure of the fluorescent specimen. A
periodic illumination pattern shifts the high-frequency Fourier components of the
specimen down to the band-pass of the optical transfer function of the conven-
tional optics. A series of measurements using periodic illumination patterns with
a few translations and rotations provide sufficient information to reconstruct a
high resolution image. A typical implementation of SIM reaches a spatial reso-
lution that is approximately two times finer than the resolution of the involved
conventional optics [9, 10]. Higher resolutions can be achieved using a nonlinear
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photoresponse of incoherent emitters that have a high damage threshold [11].

SIM requires precise knowledge of the illumination patterns. In order to collect
artefact-free high-resolution images, a very precise optical alignment and a very
stable mechanical arrangement is indispensable. It has been shown that distorted
periodic illumination patterns [12] or even speckle illumination patterns [13, 14]
can be used to produce high-resolution images. However unlike traditional SIM,
these methods require intense computer algorithms that suffer from noise espe-
cially when the Fourier spatial bandwidth of the illumination pattern is higher
than the Fourier spatial bandwidth of the detection. This is especially apparent
in plasmonic structured illumination microscopy [15-17].

In combination with structured illumination, total internal reflection fluores-
cence microscopy (TIRF) [18] enables a very high contrast as well as sub-Abbe-
resolution of surfaces and interfaces [19, 20]. The gallium phosphide (GaP) scat-
tering solid immersion lens (SSIL) is an excellent candidate for TIRF microscopy
because of its very high-refractive index up to n = 3.4 and abberation-free imag-
ing potential [21, 22].

In this chapter, we demonstrate a new fluorescence imaging method that is
based on periodic structured illumination through the scattering surface of a
GaP scattering solid immersion lens (SSIL). We demonstrate enhanced resolu-
tion imaging of dye-doped polystyrene nanospheres compared to a state-of-the-
art conventional microscope objective. We also show that our method reduces
the out of focus background fluorescence signal. Our method makes use of the
straightforward reconstruction approach of SIM and does not require an inten-
sive reconstruction algorithm, therefore works with geometries where the Fourier
spatial bandwidth of the illumination pattern is higher than the Fourier spatial
bandwidth of the detection. Our method offers wide-field, background-free, and
sub-Abbe-resolution fluorescence imaging of interfaces and surfaces of nanostruc-
tures.

In our approach, the periodic illumination pattern behind the rough scattering
surface of the GaP SSIL is generated by two centrosymmetric sharp foci on
the rough scattering surface. As the transmitted light through the location of
two foci on the rough surface propagates behind the scattering surface, they
generate a locally smooth and periodic interference pattern in far-field. The
interference pattern can be easily shifted and rotated by adjusting the relative
phases of two foci and moving them on the scattering surface. Adjustability
of the periodic illumination patterns enables a systematic measurement of the
Fourier components of a fluorescent object.

6.2 Experimental setup

In Fig. 6.1 the experimental setup is shown. The heart of our experiment is a
GaP SSIL. The SSIL is made of a 400-pm-thick GaP wafer of which one side
is a rough scattering surface and one side is polished and coated with 100-nm-
thick silicon (Si). Several 10-pm-scale windows were made in this Si layer by
thermal cycling. The object plane is the GaP-air interface in such a window. We
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Figure 6.1: The experimental setup. Two plane waves from a spatial light modulator
(SLM) are focused on two differ