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EPIGRAPH
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ABSTRACT OF THE DISSERTATION
Super-Resolution Imaging by Metamaterial-Assisted Illumination
by
Qian Ma
Doctor of Philosophy in Electrical Engineering (Photonics)
University of California San Diego, 2018

Professor Zhaowei Liu, Chair

This thesis presents theoretical and experimental demonstrations of using
hyperbolic metamaterial illumination to go beyond the diffraction limit of optical
microscopy. This technique, named as metamaterial assisted illumination nanoscope
(MAIN), combines near-field patterned illumination generated by hyperbolic
metamaterials (HMM) and far-field detection of an optical microscope to achieve super-
resolution. A few designs of hyperbolic metamaterial to project series of sub-wavelength
patterned illumination, as well as a few optical detection configurations, are studied.

An ideal HMM that is homogenous and highly-dispersive is studied by simulation.
By implementing well-designed nanostructures, the HMM is capable to project a series of

near-field wavelength-dependent patterns with ultrahigh resolution. Those patterns are then

Xii



utilized to illuminating an object in a compressive sensing single pixel imager
configuration in which 12 nm resolution is numerically demonstrated.

A practical HMM, consisting of composite Ag-SiO2 multilayers, is studied in
experiment. The dispersion property and resolution-limit of such a multilayer HMM are
experimentally measured. The HMM shapes the beam into a thin line which can be scanned
laterally by tuning wavelength. Proof-of-concept experiment demonstrates the super-
resolution capability of MAIN. About 80 nm resolution along one dimension of a 2D image
is presented.

By replacing the line-illumination to speckle-illumination at near field of the HMM,
Speckle-MAIN can achieve 2D super-resolution. Speckle-MAIN prototypes a super-
resolution microscope down to 50 nm resolution with a metamaterial substrate and a low-

cost, easy-implemented optical system.
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Chapter 1

Introduction

Optical microscopy, after centuries of development, has become an essential tool
to image and investigate biological molecules, pathways, and activities in microorganisms,
cells, tissues and organs. The most significant drawback to classical optical microscopies
is the limit to spatial resolution, i.e. how small a feature can be distinguished, which is set
by the diffraction of light. In this dissertation, a novel approach that uses metamaterial is
taken to push optical resolution over the diffraction barrier.

In this introduction chapter, the principle of optical imaging systems and some
involved concepts will be explained at first, followed by a brief survey on the
advancements in developing super-resolution microscopy. Then, an introduction to the

metamaterial is included. An overview of this thesis is given at the end of this introductory.

1.1 Optical microscope and its diffraction-limit

Optical microscope, since invented at 1600s, has become an essential tool for
micron and sub-micron level investigations in a wide variety of research fields ranging
from fundamental science to medical and industrial applications. Allied with the
fluorescent labelling techniques, fluorescent microscope allows selective visualization of
specific cells or sub-cellular components, making it indispensable in biological laboratory.

At the same time, the smaller people can see, the smaller people desire to see. Although



people are eager for such a tool to observe the infinitely small, the optical microscope helps
only to the extent of its resolution—known as the diffraction limit, which is limited by the

wave nature of light.

1.1.1 Propagating wave and evanescent wave

Optical microscope is essentially an optical system that collects and manipulates
the propagation of light from an object to offer a magnified virtual or real image. Therefore,
for any optical system to function, the prerequisite is light propagating. Light is a transverse
electromagnetic wave and its propagating nature is well described by the Maxwell
equations. The waveform of a complex optical field o(x,y) at the object plane can be
decomposed into a series of plane waves that carries different spatial frequencies

contents [1]:
o(x,y) = iﬂj; O(kx'ky)ej(kxX+kyy)dkxdky, (1.1)

where O(kx, ky) is the Fourier transform of the object wave o(x, y); k, and k,, are spatial
frequency of the original object wave o(x,y). When an object is described as the above
equation, one with small details and sharp edges contains more high spatial frequency
terms than one with large coarse features. The plane wave with excessively high spatial
frequency does not propagate in common media, such as air, water, or oil. This makes the
detail captured by an optical system is never infinitesimal. The propagation condition can
be made insightfully with the help of the Helmholtz equation—the time-independent form

of wave equation:



(V2 + k)Y (x,y,2) =0, (1.2)

where V2 is the Laplacian, k, is the wavenumber, and 1 (x, y, z) is the wave. A general

plane wave solution to this equation is
W(x,y,z) = e Rax+kyy+icsz) (1.3)
when ky, k,, k, follows
ki + k3 + ki = kg, (1.4)

where k, = w/c is the wavenumber in air. Note that the w is frequency of the optical wave,

and c is light speed. By substituting Eq. (1.4) into Eqg. (1.3), a plane wave is described as:

P(x,y,7) = eflartiom IS HEHS (15)

where z is the propagation distance along the optical system axis. Therefore, only when
k2 + kf, < k3, the plane wave propagates and can be detected by far-field optics. When

kz + k; > k§, the plane wave becomes

W(x,y,z) = e/ lrtioNemaz, (1.6)

where a = fk,% + k% — k§ . In other words, the plane wave becomes evanescent and its

amplitude decays exponentially, so that it cannot be detected by any far-field optical
component. This propagation condition sets the ultimate resolution barrier of optical

microscopy, also known as diffraction limit.



1.1.2 Optical imaging system and its point spread

function

The optics in an imaging system are designed to collect and project the light
propagating from an object onto a detector array or screen. When describing an optical
imaging system, a transfer function is usually used to specify how different spatial
frequencies are handled by the system. There are two types of optical imaging systems that
behave differently: coherent imaging system and incoherent imaging system. In a coherent
imaging system, the object is illuminated by coherent light—Ilaser, and its imaging
operation is linear with respect to the complex optical field; whereas in an incoherent
imaging system, the object is illuminated by incoherent light source—LED or lamp, or the
object is self-luminous—fluorescent, and its imaging operation is linear with respect to the
intensities. The linear relation between the object and the image in these two type of

imaging systems can be expressed as:
im (6, y) = 7 o(x',yh(x —x',y — y") dx'dy’, (1.7)

for coherent imaging system, where i, (x, y) is the complex optical field at image plane,
o(x,y) is the complex field at object plane, and h(x,y) is the impulse response of the

system;
16,y) = [7 0", y)h(x — x',y — y)|?dx'dy’, (1.8)

for incoherent imaging system, where I(x, y) is the intensity distribution at image plane,
0(x',y") is intensity distribution at object plane, and |h(x, y)|?> = psf(x,y) is the point

spread function (PSF). In order to study the spatial frequency contents in both coherent and



incoherent imaging system, these relations are converted to Fourier domain. After a Fourier

transform applied to both sides of Eq. (1.7) and Eq. (1.8), the equations become:

Flim(x, y)} = Flo(x,y)} - F{h(x,y)} = Flo(x, y)} - CTF, (1.9)

Fl(x,y)} = F{O(x, )}F{psf (x,y)} = F{O(x,y)} - OTF. (1.10)

Note that CTF is in short for coherent transfer function, and OTF is in short for optical
transfer function. Therefore, in spatial frequency domain, CTF—Fourier transform of
system impulse response—is used to describe optical behavior of the coherent imaging
system, whereas OTF—Fourier transform of system PSF—is used to describe the
incoherent imaging system. Because the propagation of light in free space can only carry
spatial frequency smaller than diffraction limit, both CTF and OTF acts as a low-pass filter
that limit the bandwidth of detected spatial frequency. Based on the mathematical
relationship between system impulse response and system PSF, OTF can be calculated as
the autocorrelation of CTF. Therefore, using the same optical components but with
coherent or incoherent light source, OTF will have its cut-off frequency twice larger than
the cut-off frequency of CTF. Though the ultimate resolution limit is determined by the
propagation condition, the cut-off frequency of CTF and OTF, in practice, is set by the
limited physical size of lenses and refractive index of media. The term numerical aperture

(NA) describes the physical characteristics of an imaging system.
NA = nsin(6), (1.11)

where 6 is the maximal half-angle of the cone of light that can enter imaging system and

n is the refractive index of immersion media.



1.1.3 Criteria of the resolution barrier

To quantitatively state the resolution of an imaging system, the most common way
is to measure the minimum distance of two point sources that can be resolved. There are
two widely used criteria to define that distance [2]: Rayleigh resolution and Abbe

resolution:

Rayleigh Resolution: d = 0.611/NA, (1.12)

Abbe Resolution: d = 0.54/NA, (1.13)

where A is the wavelength of light, and NA is the numerical aperture. Both of them can

be used to define the lateral resolution of an image system.

1.2 Far field super-resolution techniques

Given the diffraction limit of spatial resolution, the lack of imaging evidence makes
biological functions and phenomena beyond that limitation remain elusive. Fortunately,
recent developments in super-resolution microscopy (SRM) [3,4] go beyond the diffraction
limit and reveal the nanoscale world optically. Several SRM technologies, such as
stimulated emission depletion microscopy (STED) [5-7], single molecule localization
microscopy (SMLM) [8-11] and structured illumination microscopy (SIM) [12-15], are
well-established and widely used to elucidate biological interactions that could not be
visualized before. While the techniques of STED microscopy and SMLM rely on properties
of fluorescence, either saturation or switch-on/off effects, SIM takes a more optical

approach.



1.2.1 STED microscope and SMLM

STED microscopy achieves super-resolution by restricting the fluorescence
emission in a sub-diffraction limited region through a stimulated emission depletion
process. Two coaxially aligned laser beams—an excitation beam and a STED beam—are
applied to illuminate the fluorescent specimens in a STED microscope. The excitation
beam, usually focused to a Gaussian shape, excites electrons in the fluorescent molecules
to its excitation state; the STED beam is formed in a donut shape overlapping with the
excitation beam to deplete the excited electrons in the donut area by stimulation emission.
Thus, the spontaneous emission is allowed to happen only at the center of the excitation
beam. By utilizing the saturation of stimulated emission and rapid photobleaching of
fluorescent probes, the resolution of STED microscopy is practically determined by the
power of the depletion beam. Working in a laser-scanning confocal configuration, STED
microscopy can achieve video-rate imaging, where the field of view is traded off for speed.

In order to surpass the diffraction limit, SMLM microscopy, either stochastic
optical reconstruction microscopy (STORM) [9,16-18] or photoactivated localization
microscopy (PALM) [11,19], performs single molecule localization of photo-switchable
fluorophores. The “on/off” of those fluorophores are designed and controlled in a way that
only one fluorescent probe can be turned “on” within a diffraction limited area. The
location of this “on” molecule is then determined by performing a 2D Gaussian fitting.
This process is repeated frame by frame till each fluorophore is accurately located.
Recently, a technique called MINFLUX [20], localizing photo-switched fluorescent probe
by aligning it with the dark center of a donut beam, provides a solution to high localization

accuracy (around 1 nm).



Both STED microscopy and SMLM rely on utilizing fluorescence mechanism to
achieve super-resolution and work with high photo dosage, where photobleaching and
phototoxicity can become a significant concern. Other than the photo damage issue, the
widefield temporal resolution, i.e. imaging speed, is another bottleneck of these techniques.
Localization-based imaging method has inevitable measurement redundancy in order to
perform complete single molecule mapping. STED microscopy as a single-point scanning

method, the recording time scales linearly with the area of the field of view.

1.2.2 Structured illumination microscopy

SIM is another super-resolution technique working in wide-field configuration that
allows long-term live-cell imaging with relatively low light doses applied to samples.
Conventional SIM achieves super-resolution by illuminating object with two-beam
inference patterns. Those patterns effectively enlarge the detection bandwidth by shifting
high spatial frequency content of object to low spatial frequency so that they can pass
through the low-pass filter inherent in the image formation. SIM works at the linear
response region of the fluorescent molecules and has much less photon dosage (~1-
100W/cm? [14]) than aforementioned STED microscope (1-200MW/cm? [4]) and SMLM
(1-10kW/cm? [4]). In SIM, super-resolution image is reconstructed from a minimum
number of camera frames (e.g. 9 frames). This property makes it stand out in high-
speed [21], low phototoxicity image formations. However, the conventional SIM technique
only improves the system resolution by a factor of 2. The best resolution achieved is

reported at 84 nm by using a large NA oil objective lens [14].



Different from the diffraction-limited two-beam interference pattern used in the
conventional SIM, many other illumination methods are implemented in recent
developments of SIM [22]. For instance, by illuminating with surface plasmon wave that
has much shorter wavelength [23,24], the resolution of SIM can be extended to 3 times of
the diffraction limit. By illuminating objects with an array of focused laser beam, SIM is
capable of confocal-like image sectioning [25].

Despite which method is used to realize the structured illumination, a SIM system

can be generally described as:
Im(x,y) = P(x,y)0(x,y)®PSF (x,y), (1.14)

where Im(x,y) is the image, P(x,y) is the patterned illumination, O(x,y) is the object,
and PSF (x,y) is the point spread function in an incoherent imaging system. The spatial
resolution of a SIM system is then determined by the characteristics of both illumination
P and detection PSF.

When illumination pattern is uniform, i.e. P(x,y) = 1, Eq. (1.14) becomes
Im(x,y) = 0(x,y)®PSF(x,y), (1.15)

The system is actually a conventional wide-field microscope, and its resolution is only
determined by the detection PSF. When illumination is a Gaussian beam and detection PSF
is infinitely large, for example, PSF(x,y) = 1 in the case that a single pixel detector is

used, image is constructed by scanning the beam point by point. Eq. (1.14) becomes

Im(x',y") = [G(x — x',y —y)O(x,y)QPSF (x,y)dxdy =
(1.16)
G(x',y)®0(x'",y"),



where G (x,y) is a Gaussian function that describes the focused beam. In this case, the
resolution is only determined by the size of Gaussian beam illumination. Different from
the two extreme cases discussed above, i.e., the former has DC spatial frequency in
illumination and the latter only detects DC components, a real SIM has high spatial
frequency components in both illumination and detection. For example, the structured
illumination is formed by two beam interference pattern, P(x,y) = 1 + cos(2mfyx), EQ.

(1.14) becomes
Im(x,y) = (1 + cos(2nf,))0(x,y)QPSF (x,y), (1.17)

and its Fourier transform is

ﬁ\n(fo fy) = [O(fx»fy) + 6(fx - fO'fy) + 6(fx + fO'fy)] OTF. (1-18)

Im(x,y) represents an image that consists of mixed frequency components of O(fx, fy),

O(fx — fo. fy) and O(fy + fo, fy). While OTF determines the detected spatial frequency
bandwidth, the illumination pattern shifts higher spatial frequency of the object into the
detection bandwidth. In addition, the structured illumination can be an arbitrary pattern,
such as laser speckles. Analytical solution of image formation is not explicit in this case,
but the image O (x, y) can be constructed by error reduction algorithms [26]. Despite what
method is employed for illumination, detection and reconstruction in a SIM system, the
resolution limit is the summation of illumination spatial frequency f, and the cut-off

frequency of detection OTF.
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1.3 Hyperbolic metamaterial for super-

resolution imaging

As discussed in previous sections, a conventional optical microscope has the
diffraction limit which is about one half of the wavelength of the light. While SMLM,
STED microscope and SIM overcomes the diffraction limit by using either fluorescent
mechanism or patterned illumination, these techniques still use diffraction-limited optical
components and inevitably require trade-offs in other imaging characteristics, such as
speed, phototoxicity, versatility, or field of view to reach these resolutions. In contrast to
conventional diffraction-limited optics, the use of metamaterials introduces the capability
to manipulate light at sub-diffraction scales. This is due to the ability for metamaterials to
allow high spatial-frequency waves that are typically evanescent in air to propagate. Thus,

utilizing metamaterials provides alternative strategies for super resolution imaging.

1.3.1 Hyperbolic metamaterial and its isofrequency curve

Metamaterial is an artificially engineered material that enables optical properties
beyond that of any naturally occurring material. Among a variety of metamaterials,
hyperbolic metamaterial [27,28] is one of the most usual classes of electromagnetic
metamaterials that has distinctive properties for applications including imaging [29,30],
lithography [31-33] and spontaneous emission engineering [34-36]. The concept of a

material with hyperbolic behavior originates from the anisotropic permittivity tensor:
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(a) (b)

Figure 1.1: Isofrequency surface in the tridimensional k-space for (a) a conventional anisotropic
medium (&, > 0, €,, > 0) and a hyperbolic medium with (b) Type | ((¢xx > 0, &,, < 0) and (c)
Type Il (g4 < 0, &5, > 0) response. Reproduced from Ref [37].

&x O 0
&= 0 eyy 0 . (119)
0 0 &

The material is uniaxial when &, = ¢, # &,,. When transverse magnetic (TM) polarized

wave propagates inside the uniaxial material, the permittivity tensor results in an

anisotropic dispersion relationship among k., k,, and k,:

K3k} K2
—_— + =

= ko (1.20)

When both ¢, and &,, have positive sign, the material has dielectric optical properties.
The isofrequency surface of k,, k,, and k, is ellipsoidal. When &, and ¢,, has opposite
signs, the isofrequency surface becomes hyperbolic, so the material is hyperbolic

metamaterial. If £,, > 0 and ¢,, < 0, it is called Type-I hyperbolic metamaterial, and if

&xx < 0and g,, > 0, it is called Type-11 hyperbolic metamaterial.
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As discussed in section 1.1, a complex optical field can be decomposed into a series
of plane waves with different spatial frequencies. Either Type-I or Type-11 HMM supports

unlimited k., which, in principle, means perfect resolution.

1.3.2 Hyperbolic metamaterial by composite material

In order to produce a hyperbolic metamaterial, it is essential to constrain the motion
of free electrons in one or two spatial directions. This can be realized by composing
metallic material (negative permittivity) and dielectric material (positive permittivity). For
instance, a stack of alternating metallic and dielectric layers of deep subwavelength
thicknesses, termed multilayer, has been demonstrated as an approximation of hyperbolic
metamaterial. Ref[28] summaries several material combinations for fabrication of
multilayer HMM that covers spectrum from ultraviolet, visible to near infrared. In visible
spectrum, the multilayer HMM usually is made by silver or gold combined with a
dielectric, such as Ag-SiOz2 [32], Ag-Si [36] and Au-Al203 [34].

The material property of the approximated HMM can be estimated by effective

medium theory [38,39]:

Exx = PEm + (1 — p)eg, (121)
1 _ -1
€2z = (i + p) , (122)
E€m €4

where ¢, and g, are the material permittivity of metal and dielectric, respectively, p is the
filling ratio defined as the volume percentage of metal in a period. Despite the multilayer,

other HMM material structures have also been investigated, including a 2D array of
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metallic nanowires embedded in dielectric [40,41] and natural hyperbolic

metamaterial [42,43].

1.3.3 Perfect lens, superlens and hyperlens

Initiated from the theoretical perfect lens [44], the application of metamaterial for
imaging, in which the ultimate spatial frequency bandwidth is beneficial, have been studied
for decades. Notable examples include superlens [45-47], hyperlens [29,48-50] and
metalens [51,52]. Those metamaterial-based lens has shown promising sub-diffraction
resolution [39] and cover a broad range of operation frequency [28]. The optical superlens,
by using a slab of silvers, forms super-resolution image that is typically limited to the near
field of the metal slab which greatly limits its application. The hyperlens, made by a
hyperbolic metamaterial, introduce a magnification mechanism to send the near field
images to far field so that it can be collected by an imaging sensor. This property made the
hyperlens be considered as the most promising candidates for application when it was
firstly invented at 2007.

Despite that, it is still challenging to apply a hyerplens in practical imaging scenario.
Firstly, a hyperlens requires curved geometry to gain optical magnification, resulting in a
limited field of view. Though the flat version of hyperlens is proposed based on
transformation optics [53,54], the experiment has not yet demonstrated due to the
complexity in fabrication. Secondly, most metamaterial at optical frequency are made by
compositing dielectric and metal. Metallic losses of metamaterial-based lens require higher
photon-dosage to the object to maintain reasonable signal noise ratio, which might not fit

well to applications like bio-imaging.
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1.4 This dissertation

This dissertation presents theoretical and experimental demonstrations of using
hyperbolic metamaterial illumination to go beyond the diffraction-limit of optical
microscope.

This technique, named as hyperbolic metamaterial assisted illumination nanoscope
(MAIN), overcomes the aforementioned difficulties of field of view and photon-dosage in
a metamaterial-based lens by ally metamaterial with structured illumination microscopy: it
combines near-field high-resolution-patterned illumination generated by hyperbolic
metamaterial (HMM) and far-field detection of an optical microscope to achieve super-
resolution.

In chapter 2, the principle of MAIN is explained. We firstly show a homogenous
HMM is capable to produce illumination patterns with resolution far beyond the
diffraction-limit. Then both the method of coupling light into HMM and the method of
controlling illumination patterns generated by HMM are investigated. Lastly, the
homogenous HMM is implemented to make a compressive sensing single pixel imager, in
which the resolution of 12 nm is theoretically demonstrated.

In chapter 3, MAIN is experimentally demonstrated. The experiment is conducted
on a practical nonhomogeneous hyperbolic metamaterial which consists of composite Ag-
SiO2 multilayers. The material property is characterized, and its resolution-limit are
experimentally measured. A proof-of-concept experiment of MAIN demonstrates ~80 nm
resolution along one dimension of a 2D image.

In chapter 4, the methods of coupling and controlling illumination patterns are

reinvestigated, providing an easy-implemented 2D super-resolution imaging solution by a
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HMM-coated substrate. The refined technique, called hyperbolic metamaterial assisted
speckle illumination nanoscope (speckle-MAIN), is compatible with fluorescent imaging

and resolution down to 50 nm is demonstrated.

In the end, Chapter 5 discusses several future directions of MAIN and summaries

this dissertation.
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Chapter 2
Theory of hyperbolic metamaterial

assisted illumination

In this chapter, the principle of using hyperbolic metamaterial (HMM) for
illumination is introduced. A HMM illumination device can fully take advantages from
HMM’s wide bandwidth of spatial frequency to generate deep sub-wavelength illumination
patterns. The magnification mechanism that is required in a HMM-based lens, is replaced
by computational imaging method that numerically inverses the interaction between
illuminating patterns and the object of interest. As an example, we demonstrate by
simulation that, by arranging an array of nanoholes on an ideal, highly dispersive HMM,

12-nm imaging resolution can be achieved.

2.1 Metamaterial-assisted illumination and its

advantages

Recent developments on metamaterial-based super-resolution imaging overcome
that the aforementioned difficulty of lens-based approaches by merging it with structured

illumination: metamaterial greatly extends the resolution and has inherent advantages from
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structured illumination microscope (SIM) including high temporal resolution and low
phototoxicity/photobleaching. The new metamaterials-based super-resolution imaging
techniques can be generally described as metamaterial-assisted illumination nanoscopy
(MAIN) and is illustrated in Figure 2.1. A piece of metamaterial is integrated into a
substrate to hold objects under a widefield microscope. The metamaterial substrate (meta-
substrate) shapes incident light into nanoscale structured patterns. By collecting
diffraction-limited images of an object illuminated by a series of those structured patterns,
MAIN can reconstruct a super-resolution images.

In SIM, the resolution is about twice of the diffraction limit of an objective lens (~
Al4). MAIN, while its detection remains diffraction-limited, extends the resolution by
projecting diffraction-unlimited illumination patterns. A meta-substrate should be designed
to fulfill two major requirements for MAIN operation: firstly, it should produce deep sub-
diffraction-limited light patterns; secondly, there should exist a tuning method to switch
and/or shift those structured light patterns. For instance, the meta-substrate can consist of
periodic plasmonic structures. This method, called Plasmonic Structured Illumination
Microscopy (PSIM) excites the object by the interference patterns from two or multiple
propagating surface plasmon waves and improve resolution to A /5 [23,24]. The resolution
can be further extended to A /6 in the Localized Plasmonic Structured Illumination
Microscopy (LPSIM) by introducing a meta-substrate that consists of an array of localized
plasmonic resonators [55,56]. Incident angle of laser beam is used to shift the structured
patterns in both cases.

To further improving the resolution, illumination patterns with even higher spatial

frequency are required. HMM, supporting a wide bandwidth of spatial frequency, can
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potentially improve resolution to A /40 [39]. The beam propagation inside a HMM is

studied in the following sections, and an example of MAIN is numerically demonstrated.

L B

Wi, :4 ZIO
M ' oM <
G * X i 2 g

Structured s
Pattern Object

71N

Figure 2.1: Metamaterial-assisted illumination microscope. a. Schematics of metamaterial assisted
illumination nanoscopy (MAIN). A meta-substrate shapes input light into a variety of nano-scale
structured patterns depending on its wavelength and/or incident angle. The object, illuminated by
those patterns in series, is imaged by a diffraction-limited widefield objective. Super-resolution
image of the object is numerically reconstructed afterward. b. Illustration of different imaging
technologies in the spatial frequency domain (assume NA = 1). WF: widefield microscopy; SIM:

structured illumination microscopy.
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2.2 Propagation of light inside a hyperbolic

metamaterial

Light, propagating inside a HMM, has different behavior from that in air. Firstly, infinite
bandwidth of spatial frequency can be carried in an ideal HMM. Secondly, the direction of
energy flow, represented by the angle of group velocity, is almost independent on the
spatial frequencies, especially when k,, or k,, is very large. While the former one enables
a HMM to generate a beam in sub-diffraction-limit size, the later one ensures the beam
won’t diverge as it is propagating inside the HMM.

The propagating behavior of light can be derived from the hyperbolic relationship between
ky, ky, k,. Because x and y dimension are symmetrical, we assume k, is zero for
simplicity.

The dispersion relationship of light wave in type-11 HMM follows,

2 12 2
ki Kz _ adll 2.1)
g, &  C?

where €, > 0,¢, < 0.
The HMM can be made by a stack of silver and silica thin films with silver’s filling ratio
0.5. The HMM has its permittivity tensor calculated from effective medium theory. Its
isofrequency curves are plotted in Fig. 2.2, showing it carries unlimited spatial frequency
content.

The group velocity of beam propagating inside HMM is normal to the isofrequency

wave (shown as the arrows in Fig. 2.2). When k, > k,,

20



Multilayer

—— 500nm
— 750nm

-10 -5

0
kxfkn

Figure 2.2: Isofrequency contours of Ag-SiO, multilayer at two wavelength 500 nm (blue) and
750 nm (red). The arrows show the direction of group velocity. Filling ratio of silver is 0.5.
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where 6 is the angle between of group velocity direction and z-axis.

When a beam propagates in the air, the group velocity has the same direction with
the phase velocity (direction of k). As a result, a tightly focused beam that consists of a
broad bandwidth of k, will diverge when it propagates. When a beam propagates in a
HMM, @ is almost independent on the spatial frequency. A focused beam won’t diverge
when it propagates inside the HMM. Moreover, the group velocity direction inside the
HMM is wavelength-dependent so that the illuminating position can be scanned by tuning
wavelength. Figure 2.2 presents two iso-frequency curves, as well as their direction of the

group velocity for Ag-SiO2 HMM at 500 nm and 700 nm, respectively. Figure 2.3 shows
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Figure 2.3: Propagating angle versus wavelength for HMM made by Ag-SiO, Multilayer.
Permittivity of HMM is calculated by effective media theory. Filling ratio of silver is 0.5.

the calculated direction of group velocity for the whole spectrum (from 400 nm to 1000
nm).

Benefitting of the sub-diffraction beam confinement, the non-diverging
propagation and the strong dispersion, when a broadband light is injected through a narrow-
slit mask on one side of HMM (Figure 2.4a), the HMM, like a grating, spreads the beam
based on wavelength and re-distribute them to the other side of HMM. For each
wavelength, the beam remains well-confined (Figure 2.4b). Therefore, with the help of a
nanoslit coupler on the bottom of HMM, a flat type-11 HMM projects a nanoscale ‘rainbow’
on its top surface. This phenomenon is firstly applied to lithography [32], then for imaging.
The imaging method of using nanoslit-coupled HMM is named as hyper-structured

illumination [57,58].
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Figure 2.4: Near field illumination of nanoslit-coupled HMM. (a) Beam propagation when light
coupled into HMM through a nanoslit (10 nm); a homogenous anisotropic Ag-SiO, HMM based
on EMT is simulated. 10 nm air slit is opened on a 40 nm thick Cr film. (b) lllumination profile at
the top of slit in-coupled HMM at a variety of wavelengths.

In the case that an object on the top of HMM is illuminated by the ‘rainbow’-like
beams, the imaging resolution will be mainly determined by the beam FWHM. There are
three factors mainly determines the FWHM: the width of the nanoslit, the metallic loss,
and the unit pair size of Ag-SiO:2 stacks. The width of the nanoslit determines the initial
beam confinement when it in-couples from air into HMM. During beam propagation, the
wave will be absorbed by the HMM due to metallic loss of silver. High spatial frequency
wave gets absorbed faster than low spatial frequency waves, resulting in an enlarged beam
width. With approximation of effective medium theory, the beam has FWHM ~20 nm at
500 nm wavelength when the total thickness of HMM is 130 nm. The FWHM becomes
~27 nm when HMM thickness increases to 250 nm due to material loss. Despite that, the
unit cell size of the HMM also affects the FWHM, which cannot be estimated by effective

medium theory (EMT). Fig. 2.5 shows the FWHM versus different sizes of HMM unit cell

from full wave

23



140 ¢

120}

100

80+

60 +

FWHM (nm)

40}

20t

0 5 10 15 20 25 30
Size of Unit Cell (nm)

Figure 2.5: Beam width at HMM and air interface versus unit cell size of HMM. HMM consists
of alternating layers of Ag and SiO.. The filling ratio: 0.5. Total thickness of HMM: 120 nm. Unit
Cell Size: 0 nm (effective medium theory), 10 nm, 20 nm and 30 nm.

simulation of a stack of silver and silica films. It requires the unit cell size of a Ag-SiO2
multilayer to be sub-10 nm scale to have the material performance close to an ideal HMM.
In following sections, EMT is used to estimate imaging performance. The effect of unit

cell in a practical multilayer HMM will be discussed in Chapter 3.
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2.3 Space-Spectrum Encoding

A nanoslit maps wavelength to sub-diffraction-limit spatial information along the
direction that is normal the nanoslit. It is can be considered as a one-dimensional space-to-
spectrum transformation, which only grants one-dimensional imaging. To achieve 2-
dimensional sub-diffraction-limited image by using a planar HMM remains elusive.

Different from a nanoslit, a single nanohole on HMM bottom projects a series of
concentric rings on the HMM top surface when it is illuminated by a broadband plane wave
(non-polarized). The larger the wavelength, the larger radius of the ring, but with ~20 nm
ring thickness (Figure 2.6) for each single wavelength. Therefore, the space-to-spectrum
transformation is from one-dimensional space (ring diameter) to spectrum (wavelength).
In order to get the information of the other dimension, multiple nanoholes need to be placed
(~10 nm in diameter and 20 of nanoholes in this specific example) on the bottom of the
HMM, as schematically sketched in Figure 2.6a. In this case, every location is encoded by
a multiplexed spectrum determined by the distribution of those nanoholes.

An object is placed on the surface of HMM, which scatters the near field light into
the far field. To simplify the process without losing the essence in physics, wavelength-
dependence of scattering is ignored in this simulation but should be calibrated and
corrected in practice (see section 2.4.4 for the cases when object wave is dispersive).

The space-spectrum transformation can be generally described by:

S(A) = j f H(x,y,1)0(x,y)dxdy, (2.3)
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Figure 2.6: The implementation of hyperbolic metamaterial for 2D imaging. (a) Schematic of a
HMM spatial-spectral transformer (SST). Multiple nanoholes are randomly distributed in a Cr
photomask attached to the bottom of a HMM slab. (b) Distribution of 20 nanoholes and location of
measured object area. Each nanohole forms a circular, rainbow-like illumination patterns
overlapping with the object.

where S is the spectrum measured at far field, O is the object, H is a series of illumination
patterns at different wavelength A.

Equation (2.3) can be rewritten into a pixelated format,

ij=1
where Ax, Ay are the size of pixels.

A successful image reconstruction requires each pixel in above equation has a
unique encoded spectrum. To quantitatively state the maximum likelihood of encoded
spectrum for any two pixels, the mutual coherence [59] of the transformation matrix H in
Eq. (2.4) is calculated. The locations of those nanoholes are placed randomly, until a H
with minimized mutual coherence is found (Figure 2.6b).

Figure 2.7 presents two exemplary illumination patterns (field of view: 120 nm x

120 nm) under two selected wavelengths from the transformation matrix H. Each pixel
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shown in Figure 2.7b has a unique encoded spectrum from 400 nm to 1200 nm (Figure
2.7¢). Since the illumination pattern is also polarization dependent, one could also add two
polarization states (x-polarized and y-polarized) in the transformation to increase the total
number of measurements.

By reshape O(x;,y;) to a vector with size N? x 1 and H(x;,y;,A) to a matrix with
size M x N?, where M is the number of measurements, we can re-write the equation in a

matrix multiplication form

Iyxi = H'yxnz - Onzxr- (2.5)
The effective measurements number M is limited by the number of wavelength channels
that can generate distinguishable illumination patterns. M is typically smaller than N? in
any k-space limited system. Thus, this linear equation is ill-posed and cannot be directly
solved. Inthe following section, we use compressive sensing algorithms [60] to find a near-

optimal estimation O of solution O with limited number of measurements M by assuming

that the object is sparse.
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Figure 2.7: Space-spectrum encoding. (a) Transformation Matrix: stack of illumination patterns
controlled by both wavelength and polarization. Wavelength: 400nm - 1200nm. Polarization: x-
polarized and y-polarized. (b) Two example illumination patterns within the red dotted area in (b)
generated by non-polarized light at 500nm (Left) and 750nm (Right), respectively. Scale Bar: 10

nm. (c) encoded spectrums from 400nm to 1200nm of two exemplary pixels [(X4, Y1); (X20, Y4)]
in (b).
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2.4 Imaging reconstruction

Compressive sensing, or compressed sensing [60], is a signal processing approach
that is capable to reconstruct a signal from underdetermined linear systems, such as the
system described by Eq. (2.5). The approach is based on a special constraint of the signal—
the signal should be sparse in some domain. A sparse domain means that only a few
percentages of elements in the domain are nonzero. The sparsity constraint can be widely
adapted in imaging field because most natural images is sparse in domains such as wavelet
transformation, or discrete cosine transformation [61].

A compressive sensing single pixel imager [59,62,63] is a imaging system that
implements a spatial light modulator to sample an object in the compressive sampling way
and mathematically reconstruct the image from much less measurements than the
unknowns of the object. Allying metamaterial-shaped illumination, which can be
considered as a special type of spatial light modulation, with compressive sensing enables
super-resolution single pixel imager. An example of this has been demonstrated in RF
frequency [64]. A super-resolution single pixel imager by hyperbolic metamaterial at

optical frequency is demonstrated in the following sections.

2.4.1 [, -regularized least squares algorithm

Reconstruct the original object requires solving an ill-posed linear inversion

problem,

y=Ax+v, (2.6)
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where x € R™ is the vector of unknowns, y € R™ is the vector of measurements, v € R"
is the noise and A € R™*™ is the transformation matrix. The number of measurements is
smaller than the number of unknowns in the object.

There are infinite number of solutions to the above equation. Therefore, additional
constraints of the object are required to solve the problem. The constraint used here is that
the object is sparse: only a small percentage of pixels, defined as sparsity, in the objects

are nonzeros. The sparsity constraint can be applied by minimizing following cost function:
F(x) = [lAx = y115 + Allx]1y, 2.7)

where ||x| |1 denotes the L1 norm of x and A is the regularization parameter. The complete

reconstruction algorithm, called li-regularized least squares, is provided in ref [65], and

implemented in this research.

2.4.2 Sparsity-based image reconstruction

We firstly study the sparsity-based reconstruction under ideal condition. A
pixelated binary UCSD library logo (Figure 2.8a) is sampled via a series of illumination
patterns (Figure 2.9(a-f)) from 400 nm to 1200 nm with two linear polarizations (x-
polarized and y-polarized plane wave). The physical size of each pixel is set to be 6 nm,
smaller than half of the smallest FWHM of the illumination patterns (~27 nm). Apparently,
the deep sub-wavelength object won’t be directly resolved in the far field (Figure 2.9(g-1)),
but the high spatial resolution information is encoded into the spectrum (Figure 2.8b). The
reconstruction is done through the I11_Is algorithm. During reconstruction, we find out that

if an object is known to be sparse, the reconstruction code tends to end up with a higher
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resolution image compared to the illumination patterns. For instance, reconstructed result
in Figure 4c can resolve two lines with 12 nm separation. We consider this as an advantage
of compressive sensing, which uses a prior-knowledge of object sparsity and extrapolates
the detecting bandwidth in reconstruction [66,67]. However, this phenomenon is object
sparsity dependent. The working condition of sparsity-based construction, as well as

reconstructed imaging resolution, should be discussed.
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Figure 2.8: CSSTM reconstruction result under ideal conditions. (a) Test object. A simplified
UCSD Logo is pixelated to 20 by 20 pixels. Physical size per pixel: 6nm. (b) Simulated spectrum
in the far field under two orthogonal incident polarizations. Each data point in the spectra represents
the summation of intensity at far field at a given wavelength and polarization. Three sub-images in
(b) show part of object illuminated by wavelength 480 nm (x-polarization), 532 nm (x-polarization)
and 750 nm (y-polarization), respectively. Spectrum has 200 wavelength channels. (c)
Reconstructed image with high fidelity and resolution. Scale Bar: 10nm.
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Figure 2.9: Obiject illuminated by different wavelengths and two polarizations. (a) Wavelength:
500nm, polarization: 0 degree. (b) Wavelength: 685nm, polarization: 0 degree. (c) Wavelength:
1135nm, polarization: 0 degree. (d) Wavelength: 500nm, polarization: 90 degree. (e) Wavelength:
685nm, polarization: 90 degree. (f) Wavelength: 1135nm, polarization: 90 degree. (g-i) Diffraction-
limited image of illuminated objects under 500nm, 685nm and 1153nm, respectively (0°
polarization)
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2.4.3 Reconstruction accuracy

We then explore if the reconstruction is robust to noise. Because we use a sparse-
based algorithm, the result also depends on the accuracy of the sparsity-constraint.
Qualitatively speaking, reconstruction is more robust to noise when an object is sparse
(fewer non-zero values). For instance, Figure 2.10 presents reconstruction results of two
objects with different number of non-zeroes. One object only contains two non-zeros pixels
(out of 400 unknowns) while the other object contains ten non-zero pixels which forms a
‘smile’ face. Both images are reconstructed when the SNR is 30dB. The ‘smile’ face starts
to fail when the SNR falls to 20dB, and the ‘two dots’ starts to fail when the SNR is 10dB.

The reconstruction accuracy is defined as

_ ZxyfImage(x,y) - Object(x, y)}

C = - .
YxylImage(x,y) ¥, Object(x,y)

(2.8)

The reconstruction accuracy is studied numerically under different condition of object
sparsity, signal noise ratio and imaging pixel size. The tuned parameters include (a) object
sparsity: number of non-zeros in reconstructed imaging, ranges from 5 to 50 with a step of
2; (b) signal noise ratio: 10dB to 80dB. Step: 10dB; and (c) imaging pixel size: 6nm and
10nm. In addition, the total number of object unknowns remains the same (400 pixels).
First, an object is given as randomly switched ON (value 1) pixels on an all zeros
2D matrix. The number of ON pixels equals to the object sparsity. White Gaussian noise
(given SNR) is added to the transformed spectrum measurement before reconstruction.
Each data point of reconstruction accuracy is then computed through an average of 10 times
(each time, both object and noise are randomly generated while SNR and Sparsity are

fixed). Second, we increase the pixel size to 10 nm from 6 nm, which will increase the
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Figure 2.10: CSST reconstruction results with various noise conditions. Two objects have
different sparsity conditions: The first row ‘Smile Face’ object and second row ‘Two Dots’ have 8
and 2 non-zero pixels (out of 400 total pixels), respectively. White Gaussian noise is added to the

computed spectrum before reconstruction. Column 2 to 4 show reconstructed images of these two
objects under different signal noise ratio [30dB, 20dB, 10dB]. Scale Bar: 10nm

contrast of encoded spectrums in adjacent pixels. The total number of object unknowns
remains the same (400 pixels). Thus, image has relative lower physical resolution (20 nm)
and larger field of view (200 nm x 200 nm). It is shown that increasing pixel size will
either help reconstruct a less sparse object or improve reconstruction accuracy in a noisier
situation. It should also be noted that increasing pixel size will give larger errors in
pixelating the object and the illumination patterns. The errors are not discussed here
because the pixel size is set to be ~3-4.5 times smaller than smallest feature size of

illumination pattern. But the error can no longer be ignored if pixel size gets larger.
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Figure 2.11: Reconstruction accuracy versus signal noise ratio and sparsity. Left: Pixel size: 6 nm.
Field of View: 120 nm x 120 nm; Right: Pixel size 10 nm; Field of View: 200 nm x 200 nm. The
right side of the red dashed line is considered as accurate reconstructions.

Figure 2.11 plots out reconstruction accuracy versus object sparsity and SNR. The
reconstruction accuracy fails quickly when either object sparsity or SNR reaches certain
barrier. If we define a threshold for reconstruction accuracy, the iso-accuracy contour in
Figure 5 stands for a working window of this method.

It should be emphasized that the illumination pattern significantly affects the
resolution of our imaging system. The smaller the features of the illumination patterns are,
the higher resolution of the object tends to be reconstructed. In addition, our reconstruction
results have higher resolution than the illumination pattern, even under a noisy signal
condition. We understand this as a benefits of spatial frequency bandwidth extrapolation
induced by compressive sparsity-based reconstruction. Like other extrapolation processes,
whether a reconstruction will be successful is highly dependent on the noise level and the

accuracy of the sparsity constraints.
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Therefore, the final resolution of the CSSTM is ultimately determined by the
achievable bandwidth (a half of the pixel spatial frequency of reconstructed image) with
high fidelity after the reconstruction. Based on the results shown in Figure 2.9 and Figure
2.10, the resolution of CSSTM is ~2 times better than that of the illumination patterns
generated by the HMM based spatial-to-spectral transformer. The trade-off between image
size, sparsity of object and imaging resolution (or pixel size) are linked by the following

relationship [60]:
M >C-u?*(H)-S - log(n), (2.9)

where M is the total number of effective measurements, x is mutual coherence of sensing
matrix H in Eq. (2.5), S is the number of nonzero elements in the reconstruction basis and
n is the total number of unknowns, and C is a constant.

For a given transformation mentioned above, the mutual coherence x is related to
pixel size. A large pixel size decreases the similarity of the encoded spectrum of any two
adjacent pixels. Thus, it results in a smaller z, and allows for the reconstruction of a less
sparse object. However, the imaging resolution must be sacrificed accordingly. On the
other hand, an increase in n means making a larger field of view without changing the pixel
size, but it requires either a smaller S or a larger M for a successful reconstruction.
Therefore, based on what the actual sample would be, one may need to find suitable

working condition by tuning these parameters.
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2.4.4 Dispersion of the object wave

Previous discussion does not consider the dispersion of object. If the scattering

response of an object is wavelength dependent, the measurement equations become:

N
IA) ~ AxAyz O(xi,yj,l) . H(xi,yj,h). (2.10)

ij=1

A completely unknown O(xi,yj,k) cannot be retrieved from above equation.
Therefore, other prior-known information is required. Fortunately, in many practical
situations, we do know some prior information of the object. We show two working cases
here, one simplified case is that the object only consists of one type of particles, and then
followed by a more complicated case that the object consists of multiple types of particles.
Those cases are very similar to the case of an experimental object tagged by identical
scattering particles (such as proteins, or biological organelles, or nano-spheres).

Case #1: The object is made of identical units with an unknown distribution.

In this case, O(xi,y]-,)\) can be simplified into two functions: object distribution

function 0'(x;, y;) and response function S(&),

N
1) ~ Axay ) 0" S0 - H(x, y;,3)
=1

(2.11)

N
= AxAy Z o’ (v ' (xiyjA)

ij=1
where S(A)is the intensity response spectrum of a single unit. After independently

measuring S(A), one can combine it with H(x,y,A) to generate a modified illumination
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pattern H'(x,y,A). O'(x,y) can then be retrieved following the same process of non-
dispersive case with the modified illumination pattern.

Case #2: The object consists of more than one type of unit (assume g types of units).
O(X) Y 7\) = 0,1 (X' Y)Sl(x) + 0,2 (X' Y)SZ ()\) + O,q(Xr Y)Sq()\)ﬂ (212)

where 0'; to 0’y are the distribution of ¢ types of object, respectively; S; to S, are the

response spectrum of q types of object, respectively.

Thus,
(IA)Mxl
0’11v2 1
, , , 0, ZX (2.13)
= (H iyxnz Haysnyz HquNZ)MX(Q'NZ)\ N Xl) |
0qN2X1 q-N?x1

where H';to H' jare the transfer matrix H modified by S; to S .

. . T
In this case, more unknown variables (0';, 0’5, ..., 0'y) are to be solved so that

we may suffer from a low reconstruction accuracy. However, Object information 0'; to

0’q are still retrievable, with a moderate accuracy, by applying other physical constraints

to the objects (0';, 0', ... ,O’q)T. For example, there should be no overlaps between any

two sub-objects O’; and 0';.

2.5 Conclusion

We explore the possibility of using HMM-generated illumination to achieve super-

resolution imaging. A homogenous, highly dispersive HMM can generate a nanoscale
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‘rainbow’ on the near field when nanostructure, either nanoslits or nanoholes is used to
couple light inside HMM. Utilizing this unique phenomenon, we propose a HMM based
super resolution approach, which can be named as compressive spatial-spectral
transformation microscopy (CSSTM), through which super-resolution spatial information
is encoded into spectral domain and then retrieved by a sparse-based reconstruction
algorithm. Concept-proof simulation results are provided to demonstrate the capability of
this CSSTM method. One exemplary design of the CSSTM shows successful image
reconstruction with 12nm resolution and a field of view of 120 nm x 120 nm by utilizing
200 wavelength channels from 400 nm to 1200 nm. This approach is robust to noise when
the object is sparse.

In contrast with other super resolution technologies, the HMM based CSSTM
performs high-resolution scattering imaging based on a single shot spectrum (or two if two
polarizations are used). This principle may also apply to fluorescence imaging, but it
requires that the illumination spectrum can be fitted into the fluorescence absorption band.
Without the cost of large numbers of measurements, we believe CSSTM is also beneficial
when both temporal and spatial resolution are required.

The metamaterial utilized in this work has a flat geometry, which makes it possible
to adapt wide-field imaging. However, one challenge for wide-field is to get enough
measurements for the increased number of object unknowns when its field of view gets
larger. One potential solution is to acquire diffraction-limited spectral images at far field.
Then, each diffraction limited zone could be treated as a single-shot-spectrum imager to

reconstruct high-resolution image.
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Chapter 2, in part, is a reprint of the material as it appears in National Science
Reviews, 2017, nwx152. Q. Ma, Z. Liu, “Metamaterial-assisted illumination nanoscopy”.
The dissertation author was the first author of this paper.

Chapter 2, in part, is a reprint of the material as it appears in Nanoscale, 2017, 9,
18268-18274. Q. Ma, H. Hu, E. Huang, and Z. Liu, “Super-resolution imaging by
metamaterial-based compressive spatial-spectral transformation”. The dissertation author

was the first author of this paper.
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Chapter 3
Experiment of metamaterial

assisted illumination

This chapter presents a proof-of-concept experiment on the novel illumination
method based on hyperbolic metamaterial (HMM). As a demonstration example, a
nanoslit-coupled HMM sample is fabricated and characterized. The space-to-spectrum
transformation, as described in Chapter 2 is experimentally measured. Image resolution is

demonstrated down to 80 nm and the resolution limitation is discussed.

3.1 Multilayer HMM for illumination

Optical metamaterial is capable to manipulate light in nanometer-scale that goes
beyond what is possible with conventional materials. In Chapter 2, the idea of using a
nanoslit-coupled HMM (or a nanohole-coupled HMM) to provide sub-diffraction-limit
illumination patterns is theoretically demonstrated. Those patterns, interacting with the
object of interest, transform the sub-diffraction-limit spatial information of the object to a
far field spectrum. Taking advantage of this special property, metamaterial-assisted
illumination nanoscopy (MAIN) possesses tremendous potential to extend the resolution

far beyond the conventional structured illumination microscopy.
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However, there rarely exists a natural material that has hyperbolic material property.
In the range of visible wavelength, a HMM can be approximated by a metal-dielectric
multilayer that is made by a stack of alternating thin metallic and dielectric films. This
approximation, known as effective medium theory, is widely adapted to estimate the
property of composite material when the film thickness is subwavelength, while the
effective-medium theory can break down if wavelength is close the its unit thickness [39].
HMM-assisted illumination, however, relies on propagating wave with excessively large
wave vectors and, hence, excessively small wavelength. Therefore, multilayer HMM
behaves differently from an ideal homogenous HMM when the wavevector of propagating
wave is large, causing an offset in the space-to-spectrum transformation and a decrease of
imaging resolution in HMM-assisted illumination. For instance, figure 3.1 shows the beam
propagation of a nanoslit-coupled HMM in which the HMM is made by Ag-SiO2
multilayers (6 pairs of 10 nm Ag film and 10 nm SiOz2 film). Compared to the simulation
of an ideal HMM (Figure 2.4), the focused beam on the HMM top surface appears to be
wider, and propagation angles of the beam at plotted wavelengths are larger.

In the following sections, the space-to-spectrum transformation and imaging

resolution of a nanoslit-coupled Ag-SiO2 multilayer HMM are experimentally measured.
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Figure 3.1: Full wave simulation of normalized electrical field distribution for a nanoslit-coupled
HMM Ag-SiO, multilayer. From bottom to up, layers are [30 nm Cr, 10 nm SiO2, 6 x {15 nm Ag,
15 nm SiO2}, 50 nm SisN4}. Three operating wavelengths are simulated. Up: 500 nm; Middle: 600
nm; Bottom: 750 nm.

3.2 Multilayer Sample Preparation

A nanoslit-coupled HMM device requires nanostructures to be fabricated on both
top and bottom side of the HMM. On one side, a series of nanoslits are made to couple
incident light into the HMM, generating the sub-diffraction illumination beams. On the
other side of HMM, nanostructures are designed and fabricated as artificial scattering
objects, which will scatter the near field illumination pattern to the far field detecting device.
By designing special artificial objects, the space-to-spectrum transformation can be
measured from far field.

The sample consists of a layer of Cr mask, an HMM made by multiple pairs of Ag
and SiO2, and a SisN4 layer as illustrated in figure 3.2a. The fabrication process starts from

a SisN4 membrane window (figure 3.2b) (4104SN-BA, SPI Supply Inc.). Six pairs of Ag-
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SiO2 (thickness per layer: 14 nm, ratio: 1:1) is deposited on the 50-nm thick SisNa4
membrane. Then the HMM is covered by a 40 nm Cr layer. All layers are deposited by
magnetron sputtering (AJA International Inc.). The quality of hyperbolic metamaterial is
examined by imaging its cross-section by FIB-SEM (FEI Scios DualBeam), to make sure
the Ag and SiO2 layers are well separated from each other (figure 3.2c). The same focused
ion beam (FIB) is then used to make nanoslits on both sides of the sample. Straight lines
(~few microns long) are milled on the Cr mask to couple light into HMM. The SEM image
of the milled straight line shows a line width ~27 nm (figure 3.2d). The 50-nm thick SisN4
layer is used as the artificial object layer. Two different objects are milled into it by FIB,
firstly to measure the space-to-spectrum transformation, and secondly to prove imaging

resolution.
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Figure 3.2: Sample of Nanoslit-coupled multilayer HMM. (a) Schematics of multilayer HMM
deposited on a SisNs Membrane window. The multilayer consists of Ag-SiO, stacks (6 pairs;
thickness of each layer, 14nm). Air slits in Cr mask and SizN4 Membrane are made by FIB. Width
of air slit is ~25nm on Cr side and is ~30nm on SisN. side. Slit in Cr layer is used to couple into
HMM, slits in SisN4 are used as artificial object. (b) Sketch and SEM image of a SisN4 Membrane
window. The window size is 0.5 mm. The membrane thickness is 50 nm. Reprinted from websites:
https://www.2spi.com/. (c) FIB-SEM cross-section image of Ag-SiO; stacks. (d) SEM image of 10
um long slit on Cr side.
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3.3 Experimental setup of MAIN

Figure 3.3 illustrates our dark-field microscope experimental set up, which
measures far field scattering signal from the artificial object. The testing system consists
of a nanoslit-coupled HMM sample, a transmission mode dark-field microscope, a
broadband light source, and a tunable bandpass filter. The HMM sample, when illuminated
by white light, projects sub-diffraction-limited wavelength-dependent patterns onto the
object that lies at its top surface. The object, interacting with those near-field patterns,

scatters light to the far field which is later collected by diffraction-limited optics,

I(r,A) = P(r,A)0(r)QPSF(r, 1), (3.1)

where I is the hyperspectral image detected at far field, P is near field illumination
patterns, O is the object, and PSF is the point spread function of the imaging system.
Therefore, the object O can be retrieved by the spectral data |1 with known illumination
patterns P. In this specific case when a single nanoslit is used to in-couple illumination,
P(r,A) looks like a nanoscale ‘rainbow’ with its size and wavelength dependency
determined by the dispersion of the HMM. The dark field configuration is used to only
detecting signal from scattering objects and to avoid direct transmission light though the

unpatented area of HMM sample.
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Figure 3.3: Hyper-structured illumination and its experimental setup. (a) The hyperstructured
illumination device has incoming light coupled through a nanoslit. The HMM then splits the in-
coupled beam into multiple wavelength-dependent directions and projects a nano-scale “rainbow”
on its top surface. The objects, illustrated as a few spherical particles, are illuminated by the
rainbow. (b) Scattering signal from particles at different positions have a different wavelength,
respectively. The hyperbolic metamaterial (HMM) sample is imaged under a conventional
microscope in dark filed configuration. A supercontinuum laser, equipped with a tunable bandpass
filter, which serves as a light source, scans its output wavelength in serial while the HMM sample
is imaged by a camera to form a hyperspectral image I(r, ). Dark field mode ensures that only
scattered signal (drawn in light yellow) from the objects (on top of HMM sample) is collected,
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while direct transmission through HMM (drawn in green) is not collected.
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3.4 Verification of Space-Spectrum

Transformation

The first artificial object is designed to experimentally measure the space-to-
spectrum transformation. A ~10 um long line is milled into a SisN4 membrane to interact
with one of those two symmetrical near field “rainbow” pattern generated by the single
nanoslit on the Cr mask. A small tilting angle (a=1.51 degree) between the slits either side
of the HMM makes the lateral separation d changes along y direction, as illustrated in
figure 3.1a and imaged by scanning electron microscope (SEM) in figure 3.4c. The sample
is measured by a dark field microscope shown in figure 3.2 (illumination source: SuperK

Extreme EXB-6, objective lens: 50X/0.5, camera: Andor iXon 897).

Based on the HMM dispersion property, as d increases, the spectrum of this tilted
line shifts to longer wavelength. This phenomenon is firstly observed from a RGB image
(figure 3.4b) in the far field and then quantitatively analyzed by measuring the spectral
shifts of the titled line along y directions (figure 3.4d). The spectrum is measured by

firstly taking a diffraction-limited spectral image,

1(x,y,A) = 0(x,y)P(x,A)®PSF(x,y), (3.2)

then integrating along x direction,

S(A4,y) = f](x, y, A)dx. (3.3)
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The hyperspectral image is taken by stepping the tunable bandpass filter from 460 nm to
840 nm with a step of 10 nm. Selected spectrums at indicated locations are plotted in figure
3.4d. For each spectrum in S(4, v), we find the peak wavelength and plot it as function of

separation d based on the known geometrical relationship between y and d,

Ad = Ay - tan(a). (3.4
A red shift of spectral peaks can be observed when y (and d) increases, which stands for
spatial-spectral mapping of this specific device. The curve (red dot) matches with the

dispersion curves (blue) predicted from simulation, while a small detour of red dot from

simulation curve indicates distortion of near field illumination patterns.
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Figure 3.4: Calibration of Spatial-Spectral Transformation. (a) Drawing of the geometrical location
of a tilted slit on SisNs membrane. Dashed line (yellow) represents the location of the coupling slit
in the Cr film and the solid line (red) represents object slit in the SisN4 film. The angle a is 1.51
degree (exaggerated in the drawing). L: 10 um. (b) RGB diffraction-limited image of part of the
titled slit. The three channels (RGB) are acquired in serial by setting tunable bandpass filter to [460
nm : 500 nm], [510nm : 570nm], [580nm : 700nm] respectively. (c) Scanning Electron Microscope
(SEM) image of entire air slit on SiN membrane. (d) Spectral response along y direction (and
distance d along x direction) in (c) at indicated location (white dashed line). Distance d is calculated
based on the known geometrical relationship with y. Red dots: peak position of each measured
spectrum. Blue dashed line: full wave simulation of near field beam locations versus wavelength
for the same Ag/SiO, multilayer.
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3.5 Super-resolution image

We then use the verified spatial-spectral transformation for imaging reconstruction.

The notation of measured hyperspectral image can be rewritten as

I(x,y, 1) = ) E(x'- DI - x))O(x',y")PSF (x - x',y - y")dx"dy" 35)

where E(x) is intensity distribution of the well-confined line-illumination at a single
wavelength on the top surface of HMM. The illuminated line has wavelength-dependent
locations DA + x,, where D and x, are fitted parameters from figure 3.4d. The
reconstruction includes two steps: firstly, a series of digital aperture is added on every
frame of the hyperspectral image; secondly, all the processed frames are summed to form

a super-resolution image:

Im(x,y) = 1(x,y, DA(x - DI - x,)d I» I(x,y,5°) 36)

where A is the digital aperture (A(x) = &§(x)) added to every wavelength-frame of the

spectral image. Substitute Eq. (3.5) into Eq. (3.6), we obtain

Im(x,») = 00 £(x'- x)O(x",y")PSF(x - x',y - y")dx"dy"

(3.7)
Eq. (3.7) can be rewritten as
Im(x,y) = O(x,y)APSFeﬁ(x,y) (3.8)
where PSFe is the effective point spread function,
PSF;(x,y) = E(x)*PSF(x,y) (3.9)

The synchronized scan of digital aperture and laser focal spot make the process
similar to a confocal laser scan microscope [25,68], but with a much more confined beam

width. Since E(x) typically has much smaller FWHM than the point spread function of a
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microscope, it has great resolution improvement along x direction. We use a Zeiss 50X/NA
0.5 objective lens in the experiment. Therefore, the FWHM of PSF is around a wavelength.
From full wave simulation in figure 3.1, the FWHM of E(x) is ~80 nm when operating
wavelength is 500 nm, which mainly determines the resolving power.

To test the imaging resolution, we image a tilted line-pair on the SisN4 membrane
shown in figure 4.4. The objects are made by FIB milling. The spectral image is taken by
the same experimental set-up in figure 3.3. The dispersion coefficient D is ~0.81 nm/nm
(position/wavelength). In the experiment, it is hard to precisely know xo, which is related
to the location of the slit on the Cr mask. Fortunately, a small misalignment of xo won’t
affects the resolving power [25]. For the imaging reconstruction in figure 3.4, a scan of xo
is performed and the final xo is manually selected based on the quality of the reconstructed
images.

As observed from the SEM image, the two slits gradually merge. A similar optical
image is reconstructed. The intensity cross section reveals that our MAIN method can
resolve down to ~84 nm, which is already close to the simulated FWHM of the tested
multilayer system. When the two slits are too close, it becomes a single deep slit milled
into the HMM layer. The deep slit dramatically changes the dispersion relationship,
causing a defect at the bottom part of the reconstructed optical image.

The imaging reconstruction forms a super-resolution image without knowing the
exact shape of E(x), which might be affected by HMM and nanoslit quality and is hard to
measure directly from the far field. Only the dispersion property of the HMM needs to be

calibrated. It is worthy to note that wavelength-dependence of point spread function
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PSF(x,y) and pattern E(x) is ignored in above notations. In practice, the wavelength

dependence will result in a spatially variant effective point spread function.

>|  Field of View I«

Figure 3.5: Super-resolution image demonstration. Left: SEM Image of a tilted pair of slits milled
into SisN4 layer. Slit width: ~35nm. Middle: Super-Resolution image. Right: Cross-section of the
image at indicated locations. Blue solid line: super-resolution image; black dashed line: SEM image
(inverted). Scale Bar: 100nm. The Field of View is affected by the wavelength range of the
hyperspectral image. Wavelength Range: 460 nm:700 nm
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3.6 Conclusion

We studied an Ag/SiO2 hyperbolic metamaterial to be used as metamaterial-
assisted illumination microscope (MAIN) with 1D resolution improvement. By making
artificial structures on both sides of the HMM, we characterize its material dispersion and
show a 1D super-resolution image from a hyperspectral image acquired at far field. This
study shows that hyper-structured illumination is practically feasible, which provides an
alternative method for non-fluorescent super-resolution surface imaging.

The resolution is mainly determined by the highest spatial-frequency wave a HMM
can carry, and it is proportional to the unit pair size of a HMM multilayer [39,57]. For
Ag/SiO2 system, a unit pair size of 20 nm is practically achievable by sputtering method,
which can bring the resolution down to ~50 nm. Other than that, epitaxial growth
metamaterial system can have its unit pair size down to few nanometers [69], which can
dramatically improve the resolution.

Another practical concern of imaging is about the accuracies to estimate near field
illumination patterns. Distortion of near field patterns happens when there is imperfection
in multilayer and nanofabrication (as we observe in figure 3d). Fortunately, sophisticated
reconstruction method [26] can reconstruct a super-resolution image without fully known
illumination patterns. Works along this direction greatly reduce the strict requirement on
knowing the exact near field patterns and make use near field patterns for structured
illumination practically feasible.

Chapter 3, in part, has been submitted for publication of the material as it may
appear in Nature Communications, 2018. Q. Ma, H. Qian, S. Montoya, W. Bao, L. Ferrari,

H. Hu, E. Khan, Y. Wang, E. Fullerton, E. Narimanov, X. Zhang, Z. Liu, “Experimental
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demonstration of hyperbolic metamaterial assisted illumination nanoscopy”. The

dissertation author was the first author of this paper.
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Chapter 4
Widefield metamaterial-assisted

speckle illumination microscope

This chapter presents a two-dimensional wide-field super-resolution imaging
method based on hyperbolic metamaterial assisted illumination, named metamaterial-
assisted speckle illumination nanoscope (speckle-MAIN). Unlike the nanoslit/nanchole-
coupled HMM in the previous chapters, a new coupling method is investigated to
conveniently provide illumination pattern with deep subwavelength resolution on two-
dimensions when a light passes through a HMM. The new coupling method relies on the
intrinsic scattering inside a Ag-SiO2 multilayer HMM that is caused by non-flat interfaces
between sputtered silver and silica layers. Simulation shows that the speckle-like
illumination patterns that has resolution 5 times higher than the diffraction-limit will be
generated after light passing through the multilayer HMM. Experiment demonstrates that
the speckle-MAIN can resolve two dots down to ~60 nm, by using a relative low NA
objective lens, and hence, a wide field of view. Characteristic features of the speckle-

MAIN were simulated, and the results are in good agreement with the measurements.
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4. 1 Motivation of speckle-MAIN

Structured illumination microscope is one of the most prevailing techniques to go
beyond the diffraction limit. Compared with other approaches including molecule
localization [8] or STED/RESOFT microscope [6,70], SIM has been proven to have
supreme advantages in high spatial-temporal resolution associated with low photo-
toxicity [14,21,71].

The resolution of SIM, however, is limited by its highest spatial frequency of

illumination and detection:

f=fatfi, (4.1)
where f is the cut-off spatial frequency of SIM, f; and f; are the maximum spatial
frequency of detection optics and illumination patterns, respectively. By using far-field
optics, SIM only extends the resolution by a factor of ~2 because both illumination and
detection bandwidth are diffraction-limited.

To further extend the resolution, researchers work on extending the spatial-
frequency f; of illumination patterns. For instance, Nonlinear SIM [13], by saturated
exciting fluorophores, can greatly increase f;. However, it requires strong laser intensity to
excite the fluorophore, which commonly are associated with high phototoxcity and
photobleaching.

The resolution of illumination patterns can also be increased by material if only
specimen on the substrate surface to be imaged. For instance, TIRF-based SIM [72] can
take advantage of the refractive index of the substrate, generating an illumination pattern

with slightly smaller period than what is in air. The improved resolution can be further
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extended to if especial substrate material such as GaP is used [73], while the resolution is
still limited by the material itself.

Ag-SiO2 multilayer, well known as an artificial hyperbolic metamaterial (HMM),
is capable to project illumination patterns that has almost unlimited resolutions in theory.
Figure 4.1 presents that hyperbolic metamaterial, benefiting from its anisotropic hyperbolic
isofrequency curve, is capable of carrying much higher spatial frequency content than
conventional materials. We show the comparison among isofrequency curve of air, an
‘ideal’ HMM and a practical HMM multilayer in figure 4.1a. The ideal HMM has unlimited
bandwidth of spatial frequency (k,.), while a practical HMM made by Ag-SiO2 multilayer,
will have bandwidth limitation due to its periodicity [39]: multilayer with smaller unit
thickness will support higher spatial frequency. A practically achievable Ag/dielectric
multilayer with a period of 20 nm [74], supports highest-k mode at ~10ko.

Despite that the supported bandwidth of spatial frequency is high, a coupling
method is required to match the momentum difference between free space incident light
(typically low-k) to the high-k wave mode inside HMM. In this research, we study the
possibility to use intrinsic scattering caused by non-flat interface between sputtered silver
and silica layers, drawn in figure 4.1d, to generate speckle generation at its HMM top
surface. It turns out that the speckles from intrinsic scattering can be ultrahigh resolution
and can be controlled at far field by incident angle and wavelength as shown in figure 4.1c.
In the following sections, we firstly characterize the optical property and morphology of
the Ag-SiO2 multilayer made by sputtering deposition method. Secondly, we simulate the

effect of non-flat interface in generating the near field illumination patterns. Lastly, we
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demonstrate resolution improvement by illuminating fluorescent beads and quantum dots

by those patterns.
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Figure 4.1: Metamaterial-assisted speckle illumination. (a) Isofreqeuncy curve of air, ideal
hyperbolic metamaterial by effective medium theory (EMT), and practical hyperbolic metamaterial
consists of periodical layered structures of Ag and SiO2 (Bloch). The wave vector ky and k; are both
normalized to the wave vector in air ko. The allowed k-bandwidth is highlighted in gray (air) and
in orange (practical hyperbolic metamaterial). Permittivity of ideal hyperbolic metamaterial is (e,
= -2.5718, €, = 6.0256). Permittivity of practical HMM (€eta1= -7-2840 , €gicrectric = 2.1405,
tmetar =10 0M, tyierectric = 10 nm). (b) Simulated speckle patterns from diffraction limited optics
(gray bandwidth in c) and a practical hyperbolic metamaterial (yellow bandwidth in c). Scale bar:
400 nm. (c) A metamaterial coated substrate projects ultra-fine structured patterns onto objects
lying on its top surface. (d) Schematics of the non-uniform interface between sputtered Ag and
SiO; interface.
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4.2 Multilayer HMM Deposition and

Characterization

Ag-SiO2 multilayer, composed of 3 pairs of 10 nm Ag and 4 nm SiO: layers, were
prepared by alternately DC magnetron sputtering and RF magnetron sputtering at room
temperature. Sputtering rates for Ag and SiO2 at 200W were ~1 nm/s and ~0.8 nm/min,
respectively. The rate is determined by TEM image of the sample crosssection. The
pressure of the chamber was 2.5 x 108 mtorr and the Ar pressure was at 3.2 mtorr for silver
and 5 mtorr for SiO2 during the deposition, respectively. The glass substrate (VMW Micro
cover glasses, No.1 1/2) is cleaned by Acetone, IPA, and water for several times and dried
by compressed air. An adhesion layer (<1 nm thickness) of Cr is deposited prior to the
deposition of Ag-SiO2 multilayer. The sputtering machine is Denton discovery 635 at
nano3 facility of Calit2, UCSD.

Figure 2 presents the characterization of this multilayer HMM. Its optical
transmission/reflection at normal incidence is measured and then compared to theoretical
calculation using bulk material property (figure 4.2a). We measured that, when the silver
thin-film is below 10 nm, the transmission of HMM will be different from the calculated
ones. This indicates a low-quality silver film and a different material property i.e.
permittivity from the bulk ones. We select 10 nm film for silver to ensure the accuracy of
our simulation by using bulk silver material properties in the following sections. Atomic
force microscopy (AFM) is used to measure the top morphology of the deposited multilayer
(figure 4.2b). The roughness (RMS) of the multilayer is measured to be ~ 1.1 nm, and the

correlation length of the rough surface is 35 nm. A transmission electron microscopy (TEM)
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image presents the well-formed periodic structure in the Ag-SiO2 multilayer. The non-

perfect interface of these two amorphous thin films can also be observed.
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Figure 4.2: Material characterization. (a) Transmittance and reflectance at normal incidence of Ag-
SiO, multilayer. Inset image: a photo of the Ag-SiO, multilayer-coated coverglass. Calculation is
done based on transfer matrix method for 3 pairs of {11 nm Ag and 4 nm SiO2}. (b) AFM image
of top surface. Scan area: 3 um x 3um (512 x 512). (c) TEM Cross-section shows 3 pairs of Ag and
4 nm SiO2 on top of a glass substrate with Cr adhesion layer.
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Figure 4.3: Transmittance of Ag-SiO, multilayer with different silver layer thickness. Blue solid:
measured transmittance of 3 pairs of 10 nm Ag and 4 nm SiO.. Yellow solid: measured
transmittance of 4 pairs of 7.5 nm Ag and 3 nm SiO,. Red solid: measured 6 pairs of 5 nm Ag and
2 nm SiO,. Black dashed: calculated transmission of 3 pairs of 10 nm Ag and 4 nm SiO.. Black
dot-dashed: calculated transmission of 6 pairs of 5 nm Ag and 2 nm SiO..
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4.3 Simulation of multilayer with rough

Interface

4.3.1 Generation of rough interface

To foresee the effect of small roughness at the interface on generating speckles, a
full wave simulation modeling with measured film roughness is used. The results of the
simulations presented here are based upon solution of coupled Maxwell’s equations. Finite
difference time domain (FDTD) method was employed using Lumerical software. In
experiment, the structure is excited by electromagnetic wave with different polar and
azimuthal angles in spherical coordinates from the bottom of the structure in z-direction
(See Fig. 4.1c). In the simulation, it would suffice to excite the HMM using x-polarized
plane electromagnetic wave with wavelength A and varying polar angle 0 in order to
observe the localized features. We incorporated local bulk dielectric functions of Ag from
Ref [75]. The refractive index of SiO2 was chosen to be equal to 1.46. The matrix was
chosen as air like in experiment. The next step is to consider the non-flat or random rough
surface. For our purpose, it is important to model the rough surfaces accurately to describe
the main characteristics observed in experiment. Topographic features of a random rough
surface are characterized mainly by a root mean square (RMS) as a measure of the
magnitude of varying height and correlation length (CI) in two dimensions where the
surface is defined [76]. Based upon our AFM measurement, we chose RMS = 1.1nm and

Cl = 35nm to model the random rough surfaces (See figure 4.4 for the code-generated
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rough surface). After the structure is excited by the incident light, the enhanced localized

intensity is calculated about 10nm above the top surface of the structure.

-1000

-500

1000

1500
-1500

0
nm

-1000 -500 500 1000 1500

Figure 4.4: Code-generated rough surface. (a) 3D morphology of roughness and top view of the
rough surface with RMS=1.1 nm and correlation length of ~35 nm. (b) Side view of the structure
showing three pairs of Ag and SiO- with thicknesses of ~ 10 nm and 4 nm respectively. Black: Ag;
Gray: SiOs..
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4.3.2 Near field illumination patterns

We excite the HMM using Xx-polarized plane electromagnetic wave with
wavelength A and varying polar angle 0. The speckles, represented by the absolute value
of electric field distribution 10 nm away from the top surface of HMM are simulated with
a series of wavelengths and incident angles. Figure 4.5 presents a three selected |EJ?
distribution at (500 nm, 0 degree); (500 nm, 45 degree) and (600 nm, O degree), respective,
demonstrating that the speckle has ultrahigh resolution and can be controlled by tuning
either wavelength or angle/phase.

We mainly care about two parameters of the speckles |E[?: its maximum spatial
frequency content and the independence between different speckles. The first one is
analyzed based on the magnitude transfer function (MTF) of the |E|? (Figure 4.6). The latter
can be analyzed by the cross-correlation between the speckles (Figure 4.7). According to
figure 4.6, a HMM-assisted speckle illumination has much wider spatial frequency
bandwidth compared to the speckles generated in air. While the speckles in the air has steep
cutoff frequency at 2ko, the spatial frequency of HMM-assisted speckles decays gradually
when kx is larger. Presuming that a signal noise ratio (SNR) from 100 to 1000 is achievable
in a practical imaging system, speckles generated by HMM (3 pairs, 20 nm unit size) can
extend the spatial frequency to 6ko (SNR = 100), 10ko (SNR =1000), respectively. As
mentioned in Ref [57], the unit cell size of a multilayer HMM will also affect the resolution
of speckles. Generally, a multilayer HMM with thinner unit pair size will have speckles
with higher-resolution, as can be seen by the MTF comparison between a 10 nm unit size
multilayer and a 20 nm unit size multilayer. However, the unit pair size is limited by the

minimum achievable silver film thickness in thin film deposition process.
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The correlation between speckles drops to 0.5 with ~15-degree incident angles
difference. Consider the illuminating system is a linear system with complex electric field,
intensity distribution can be generated from the phase difference between different incident
angles. To conveniently generate enough distinguishable speckles, we illuminate the HMM
with a random, diffraction-limited optical field generated by either a diffuser or a
multimode fiber. The complex field (diffraction-limited speckles), equaling to a composite
of plane waves at different angle and phase, will convert into sub-diffraction limited

speckle after passing through the HMM.

a 6 =0°4=500nm K 6 = 45° A1 = 500nm 6 =0°4 = 600nm

Figure 4.5: Simulated intensities on x-y plane at 10nm on top of the structure for surface area
windows of lumx1um for (a) 6=0°, 1=500nm, (b) 6=45°, 1=500nm, and (c) 6=0°, A=600nm.
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Figure 4.6: MTF of generated speckles. The speckles are calculated 10 nm away from HMM top
surface. Blue: 3 pairs of HMM with 20 nm unit pair size (fill ratio: 1:1); Red: 6 pairs of HMM with
10 nm unit pair size (fill ratio: 1:1). Wavelength: 500 nm. Black: MTF of laser speckles in the air.
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Figure 4.7: Normalized cross-correlation between speckles at different incident angles. (3 pairs,
20 nm unit size, 1:1 ratio).
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4.4 Speckle-MAIN setup

To demonstrate the high-resolution of speckle patterns experimentally, we image
sparsely-distributed fluorescent beads (Fluoresbrite YG Carboxylate, 46 pum diameter)
drop-casted on the HMM-coated substrate. A laser, directed by a multi-mode fiber,
illuminates on the other side of the substrate. The incident optical field is scrambled due to
the multi-mode inference and can be changed by adding vibration on the fiber. The incident
field has numerical aperture (NA) of ~0.2. Based on the simulation, the illuminating field
on the fluorescent beads will have much higher resolution after passing through the HMM.

Figure 4.8 presents the schematic and photos of experimental set up: a 488 nm laser
(Coherent Genesis) are coupled into a multimode fiber (Thorlabs, core diameter: 50um,
NA 0.2). The other end of the fiber is coupled to a reflective fiber collimator that is attached
to a custom-made adapter of the microscope condenser. The fiber end is imaged to the
multilayer HMM, projecting diffraction-limited speckle patterns. The speckle is controlled
by a stepper motor which will stretch the fiber spool during image acquisition to have
speckles changed. A sCMOS camera is used for imaging acquisition (Hamamatsu Flash

4.0)
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Figure 4.8: Speckle-MAIN Experimental setup. (a) Sketch of essential optical components. (b)
Speckle Generator based on multimode fiber. A laser beam is guided by the multimode fiber to an
inverted microscope. The multimode fiber spool (tens of loops) is stretched by a stepper motor to
change the output optical field. (c) Home-made adapters to an inverted microscope condenser. The
adapter, together with the multi-mode fiber system, and multilayer-coated sample substrate,
converts the epi-fluorescent microscope into speckle-MAIN.
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4.5 Imaging reconstruction

While the simulation tells that the illumination patterns of speckle-MAIN can have
much higher resolution than the diffraction-limit, the speckle patterns cannot be precisely
estimated or measured in experiment. Fortunately, researchers have shown that the super-
resolution capability of structured illumination microscope is not affected even if the
patterns are unknown. Iterative codes, by applying certain constraints on the object and the
illumination patterns, are capable to retrieve a super-resolution image of object from a
series of unknown illumination.

There are two algorithms used in this chapter: Blind-SIM [26] and Block-
FISTA [77]. The two algorithms differ from the applied constraints of object/illumination.
For blind-SIM, the constraint is on the illumination pattern that all illumination patterns
add up to a uniform pattern; for block-FISTA, the constraint is on the object that the object
is sparse. The cost functions of Blind-SIM and Block-FISTA are explained in the following
two sections, respectively.

In experiment, each super-resolution frame is reconstructed from multiple sub-
frames (80 — 500 frames) with different incident electrical field. The reconstruction costs

10 — 30 mins on a NVidia GTX 1080 Ti graphic card.

4.5.1 Blind-SIM Algorithm

Blind structured illumination microscopy (Blind-SIM), reconstructs a super-
resolution image with same resolution capability of conventional SIM while Blind-SIM

uses unknown diffraction-limited speckle illumination [26]. The Blind-SIM code is an l2-
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norm based minimization algorithm that jointly recovers the object and illumination

through minimizing the cost function:

M
F(Obj; Ii=1,2,...,M) = Z ||imi — (obj - Ii)®PSF||2' (4.2)
L

where im; and I; is the i'" image and i illumination pattern, respectively, PSF is the point
spread function of the imaging system, obj is the object and M is total number of
measurements. Two constraints are used to minimize the cost function: (1) The object is
positive; and (2) The summation of M illumination patterns equals to uniform illumination.

Applying the second constraint makes the Eq. [4.2] become

F(obj, liz12,.m)

M-1 2
= Z |lim; — (obj - I,)®PSF]|
i (4.3)

2
+ )

|imi _ <obj : (ZTMIO —Il-)) ®PSF|

where I, is a uniform illumination pattern. In experiment, a large number of speckles, and
hence, a large number of measurements, are required to statistically make the uniformity
constraint to be true. Inref [26], about 150 frames are used to reconstruct a super resolution

image when the object is illuminated by laser speckles.

4.5.2 Block-FISTA Algorithm

Block-FISTA is another iterative algorithm to retrieve object from a series of
unknown illumination patterns. It was developed for photo-acoustic imaging in which the

illumination pattern (from light) is far beyond the detection spatial frequency bandwidth
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(from acoustics). The algorithm minimizes the error defined in Eq. 4.2 while a sparsity
constraint is applied to the object. It has been demonstrated that, super-resolution recovery
from a signal is possible by prior-knowing that the signal is sparse -- a superposition of a
few (but unknown) elements from a large collection of base signals. Moreover, most
natural images are known to be sparse in some bases. This method does not requires the
uniformity of added up illumination patterns.

The sparsity constraint is applied in Block-FISTA by a joint-sparsity (also known as block-

sparsity) term,

N M
Il = > [ IomGI2, (4.4)
, i=1,/m=1

where p,, is the m" illumination pattern times object. M is total number of frames used in
the reconstruction. N is the number of pixels per image.

The cost function is defined as,

2
F(p) = 3201 IN1lh * b () = Ym DI + ar[Ipl], | + 2 lpl], (4.5)

where vy, is the mt" far field measurement (image), h is point spread function. a; and a,
are regulation parameter of the joint sparsity term and a 12 norm term, respectively. The
block sparsity term ||p||,  enforces sparsity and the I2-norm term ||p||z improves the

stability. To minimize this cost function defined in Eq. (4.5), an algorithm known as FISTA
is used [78], which runs faster than the conjugate gradient method in Blind-SIM. The

complete algorithm is provided in Ref [77].
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4.6 Image results

4.6.1 Proof of sub-diffraction-limited illumination

Figure 4.9 presents a few selected camera frames while incident optical field is
changed randomly by the vibrating multimode fiber. The video is taken under a 100X/1.5
oil objective lens to maximize the detection NA. Knowing that the sample is made of
fluorescent spheres, the unsymmetrical look of diffraction-limited image indicates the
presence of multiple beads. Four selected raw camera frames present an obvious peak
location shifts during the acquisition, indicating the changes of illumination patterns at
high-resolution. The super-resolution image is reconstructed by using blind-SIM algorithm
to compute all the 500 frames. The super-resolution image resolves four beads, with closest
two-beads spacing to be 80 nm. The location of the reconstructed four beads are marked
on the raw frames, which agrees well with the peak intensity locations of those frames.
Considering the low resolution of far field incident light (NA ~0.2), the sub-diffraction

changes of illuminating pattern from the HMM substrate.
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Figure 4.9: Speckle-MAIN raw frames of fluorescent beads. (a) An image stack of fluorescent
beads on HMM-coated substrate. Objective lens: Olympus 100X/1.5 oil. Frame rate: 1Hz.
Exposure Time: 500 ms. Total frame: 500. (b) Diffraction-limited image and super-resolution
image after reconstruction. Locations of reconstructed beads are marked in those raw frames.
Diffraction-limited image is computed by averaging all 500 frames. Scale Bar: 100 nm. (c) Four
selected frames indicate a sub-diffraction changes of illumination pattern.
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4.6.2 Widefield super resolution image

Structured illumination usually can get a super-resolution from a limited number of
sub-frames (9-18 frames). Speckle-based blind-SIM, however, lacking the knowledge
about exact illumination patterns, requires more frames. Figure 4.6 shows super-resolution
imaging from 80 sub-frames and a detection NA of 0.8. Two attached fluorescent beads
with ~60 nm spacing is reconstructed and proved by scanning electron microscope (SEM).
A single bead in the same image, shows a FWHM of 56 nm after reconstruction. In this
dataset, illuminating wavelength is scanned (from 450 nm to 480 nm, step: 10 nm) as well
as the incident electrical field to generate distinct speckle patterns from the HMM-coated
substrate.

Figure 4.7 presents super-resolution image of a more complex object at a wide field
of view (14 um x 14 um). The object is made by drop-casting of dense quantum dot emitting
at 605 nm. The quantum dot forms certain nanostructures on top of HMM-coated substrate
(figure 6 c,d). Super-resolution image reconstructed from 140 sub-frames reveal many
details that cannot be observed by diffraction-limited images. In principle, speckle-MAIN
will have a field of view (FOV) as wide as epi-fluorescent microscope, which is limited by
the magnification and sensor sizes (CCD or CMOS). However, each reconstructed image
will have its size limited by the memory of GPU. A FOV of 14 um x 14 um is achievable
in this specific case for a single reconstruction.

The experiment set up for figure 4.6 and figure 4.7 are similar to that of figure 4.5.
The difference is that a super-continuum laser (NKT Photonics, extreme) is coupled to an

inverted microscope via free space. The laser beam hits on a diffuser first and then is
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collected and focused to the sample by the condenser lens. An additional 4X magnification

is used at image plane. The images are acquired by a EMCCD (Andor iXon 897)

metaSIM
—— Diffraction Iimit_

60 nm

200 400 600 800
Position (nm)

———metaSIM
r— Diffrac;ion limit

200 400 600 800
Position (nm)

Figure 4.10: Super-resolution image of fluorspheres with 0.8 NA and 80 sub-frames. (a)
Diffraction-limit Image. scale bar: 600 nm. Objective lens: Zeiss 50X/0.8. (b) Reconstructed Image.
Number of raw camera frames: 80; Illumination Wavelength: 450 nm - 480 nm. Step: 10 nm;
Bandwidth: 10 nm. For Each wavelength channel, 20 frames are acquired by changing the
scrambled incident optical field. (c,f) zoom in images of (b) at indicated location. (d,g) SEM images
of fluospheres at indicated locations. Scale Bar: 100 nm. (e,h) Cross-section of image (c,f) along
indicated direction.
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Figure 4.11: Widefield super-resolution image of Qdot 605. (a) Diffraction-limited image. Scale
bar: 2 um. FOV: 14 um x 14 um. Objective Lens: 50X/0.8. (b) Reconstructed Image. Number of
raw camera frames: 140; Illumination Wavelength: 460 nm - 520 nm. Step: 10 nm; Bandwidth: 10
nm. For Each wavelength channel, 20 frames are acquired by changing the scrambled incident
optical field. (c,d) Structure formed by dropcasting Qdot 605 under SEM. Scale bar: 500 nm (c).
250 nm (d). (e,g) Zoom in image of diffraction-limited image and super-resolution image at
indicated location (dash), respectively. (f,h) Zoom in image of diffraction-limit image and super-
resolution image at indicated location (solid), respectively.
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4.7 Discussion

In general, we demonstrate speckle-MAIN, a robust, low-cost on-surface super-
resolution method down to 56 nm. The microscope set up is much simplified compared to
other super-resolution techniques. The experiment can be conducted under conventional
epi-fluorescent microscope, with a HMM-coated substrate and a multi-mode fiber for
illumination. Compared to SIM (especially TIRF-based SIM), it greatly extends the
resolution to ~A/9 (for 500 nm emission), with a relative low NA objective lens with the
cost of increased number of measurements (from 10 to a few hundreds). Compared to
localization techniques like PALM/STORM, speckle-MAIN, like other structured
illumination-based technology, has low incident power, less number of frames, while
MAIN remaining its capability of resolve 60 nm resolution. The HMM-coated substrate
has transmission of is 10% at 488 nm and 30% at 405 nm, which can be compensated by
increasing illumination power.

The resolution of speckle-MAIN is still limited by the metamaterial itself, i.e. the
unit pair size of the Ag-SiO2 multilayer. Therefore, a breakthrough in HMM, such as
making epitaxial growth of silver-based multilayer that has much smaller unit pair size,
will improve the resolution of speckles.

Chapter 4, in part, is currently being prepared for submission for publication of the
material. Q. Ma, L. Khorashad, J. Zhao, Z. Liu. “Metamaterial-assisted speckle

illumination microscope”. The dissertation author was the first author of this paper.
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Chapter 5

Summary and Future Directions

In previous chapters, a novel super-resolution imaging approach, hyperbolic
metamaterial (HMM) assisted illumination microscope, is demonstrated both theoretically
and experimentally. The approach can be classified into MAIN and Speckle-MAIN,
according to the methods of generating illumination patterns. MAIN uses well-designed
nanostructures such as nanoholes and nanoslits to generate illumination patterns and scan
those patterns by tuning wavelength. The illumination of MAIN can be predicted and/or
measured. Speckle-MAIN, on the other hand, uses the imperfection of a multilayer HMM
to generate random illumination patterns that are unknown during experiment. Both MAIN
and Speckle-MAIN, benefiting from the wide spatial frequency bandwidth of a HMM,
projects deep sub-wavelength illuminations.

This chapter summarize some key specifications of MAIN/Speckle-MAIN and

discuss several future directions.

5.1 Resolution

MAIN gains resolution from the ultrahigh resolution illumination patterns of a
HMM. Experiment on Speckle-MAIN demonstrates ~50 nm resolution. Extending the

spatial frequency that is carried by the HMM will further extend the resolution of MAIN
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imaging. The three main factors that affect the resolution of a multilayer HMM are:
thickness of a multilayer unit pair, material absorption, and coupling method.

The unit pair and absorption are from material property of a multilayer HMM,
determining the capability of a HMM to carry spatial frequency waves. The coupling
method, defined by the nanostructures (e.g. nanoslits, nanoholes, or rough interfaces),
determines if the resolution capability of a HMM can be fully used. Considering that
current nanofabrication techniques are capable to go down to 10 nm scale, much smaller
than the smallest beam width in a multilayer HMM in experiment, the methods of

extending the maximum spatial frequency wave carried by a HMM should be investigated.

5.1.1 Ag-based multilayer

The effective medium theory breaks down when wavelength is close to the unit pair
size of a multilayer HMM, results in a cutoff of its frequency curve shown in Fig.4.1a. The
derivation can be found in Ref [39]. For a given multilayer system (for example, Ag-SiO2),
the thinner unit pair size, the higher spatial frequency wave it supports.

The unit pair size of a multilayer in experiment, however, is limited by thin film
deposition techniques such as electron beam evaporation or sputtering. Noble metal such
as Ag or Au, during deposition, will form islands firstly, and then gradually merge those
islands into continuous amorphous film. This sets a minimum thickness of the metallic film
in a multilayer system. For instance, it is hard make continuous Ag film on glass that has
bulky silver material property when its thickness is less than 10 nm [79]. Fortunately,

researchers have shown that, deposition of silver on a lattice matched substrate such as
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MgO can make ultrathin epitaxial film [80,81], which opens potential of making Ag-MgO
multilayer HMM that has atomic-level unit pair size.

In addition to make Ag layer thinner, replacing the low-index dielectric (SiO2) to
high-index dielectric such as TiO2 can enlarge the bandwidth of spatial frequency. This is
because the propagating wave inside a multilayer HMM, termed propagating polaritons, is
a result of coupling between surface plasmon waves of adjacent metal-dielectric interfaces.
The coupling is through evanescent wave so that a high index dielectric, in which high-k
evanescent wave decays slower than low-index dielectric, will improve the coupling and
hence, improve the bandwidth of spatial frequency.

To foresee the improvement from either reducing unit pair size or increasing
refractive index of dielectric layer, figure 5.1 compares the Ag-SiO2 multilayer used in
experiment to the Ag-MgO and Ag-TiO2 material system that can be developed in the

future.

5.1.2 Non-Ag-based multilayer

Other non-silver-based multilayer system is capable to have very small unit pair
sizes. For instance, Au-Si or Au-SiO2 multilayer [82,83] can generally be thinner than Ag-
based ones. TiN-Al.O3 multilayer can make its unit pair size to atomic level [69]. These
multilayer systems can have a hyperbolic region from wavelength 600 nm or above.
However, the metallic losses of Au and TiN is a dominant factor that limits the resolution,

making them not comparable with Ag-based multilayers approaches.
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Figure 5.1: Transmission curve versus normalized spatial frequency. Ag-SiO, multilayer consists
of 5 pairs of 10 nm Ag and 10 nm SiO2, wavelength: 500 nm; Ag-MgO multilayer consists of 20
pairs of 2.5 nm Ag and 2.5 nm MgO, wavelength: 500 nm; Ag-TiO, multilayer consists of 5 pairs
of 10 nm Ag and 10 nm TiO2, wavelength: 532 nm. The calculation is done through transfer matrix
method. The peaks shown in the plot comes from the multiple reflections from the metal-dielectric
interfaces.

5.2 Speed

MAIN/Speckle-MAIN have inherent advantages from SIM and will have a great
potential in high spatiotemporal resolution surface imaging. Unlike localization-based
microscope or point-scanning STED microscope, MAIN, by well-designing the
illumination patterns, needs a minimum number of camera frames to reconstruct a
widefield super-resolution imaging. Based on information capacity, a 250-nm diffraction-
limited system with an imaging resolution of 25 nm only requires (250/25)? = 100 frames.

Speckle-MAIN, by using unknown illumination patterns, generally requires more

camera frames for a super-resolution imaging. This is because it uses a statistical constraint
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that all illumination patterns add up to uniform. However, we’ve also shown that by
applying sparsity constraint on the object, it is still capable to reconstruct super-resolution

image from only 80 frames.

5.3 Depth of penetration

MAIN/Speckle-MAIN is a surface image technique. The spatial frequency content
of illumination pattern, that is beyond the diffraction limit, decays exponentially in the air.
As a result, the resolution of illumination pattern decreases when the plane of interest
moves away from the HMM surface. The decay rate of different spatial frequency wave

can be estimated by following equation:

o= e—z /k§+k§—k§ ~ e—z /k;+k§ (5.1)

)

where z is the distance away from the HMM, k,, is the wavevector in the air, k,, k,, are the
spatial frequency contents that are much larger than k,, From the equation, for spatial
frequency 1/z0 nm-?, its amplitude decays to 1/e when it is zO nm away from the HMM
surface. Thus, the image depth of MAIN can be approximated by the resolution of the

reconstructed image.

5.4 Enhancing spontaneous emission

Hyperbolic metamaterials (HMMs), as well as other plasmonic nanostructures,

have been extensively used to manipulate the spontaneous light emission rate of molecules
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and their radiative efficiency. MAIN, by using HMMs for illumination, will inherently
have such enhanced spontaneous emission.

When an emitter is brought close to a HMM, there are three channels to release its
energy: radiative emission, non-radiative decay, and plasmonic modes. The plasmonic
modes can dominate other modes and greatly enhance the lifespan of a fluorescent
molecule. In Ref [84], about 1000-fold increase of harvested photons are reported by
making a fluorescent molecule close to plasmonic nano-antenna.

The plasmonic modes, however, are not necessarily to be radiative. Therefore, an
outcoupling mechanism is necessary to extract energy from the non-radiative plasmonic
modes. Examples of this can be found at Ref [36]. By integrating outcoupling mechanism
into HMM, MAIN can be a super-resolution imaging platform that also has elongated

lifetime of fluorescent molecules.

5.5 Summary

In this dissertation, we demonstrate MAIN/Speckle-MAIN, which uses a HMM-assisted
illumination for structured illumination microscope. Gaining resolution from its
metamaterial-shaped illumination, imaging resolution down to 50 nm has been
experimentally demonstrated. MAIN is free of selecting fluorescent dyes and is capable to
work under low illumination intensity which is beneficial for addressing

photobleaching/phototoxicity problem.
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