
1 Introduction

1.1 Classical resolution limit

In the case of an ideal imaging system with a finite numerical aperture (NA),
illuminated by wavelength λ, the classical resolution limit is given by the
Rayleigh criterion as1

minðΔrÞ ¼ λ
2πNA

: (1)

Real imaging systems include optical elements such as lenses and sensors to per-
form optical tasks, such as image enlargement, filtering, and so on. Their
mechanical structure affects the optical performance and the final point spread
function (PSF).

The PSF also determines the resolution, which is defined by the minimal dis-
tance between adjacent sources before they cannot be differentiated. Abbe and
Rayleigh derived a resolution criterion from the Fraunhofer diffraction around a
circular aperture. Two such sources are taken, and the resolution is determined
by the distance between their maxima, where the first diffraction zero of one
source coincides with the position of the central peak of the image of the second.
This is determined by the imaged Airy disk radius to be2

minðΔrÞ ¼ 0.6098
λ
NA

¼ 1.22λF#, (2)

where F# is the F-number of the imaging system, which equals the focal distance
divided by the diameter of the lens.

The geometry of the sensor’s detection array has a high impact on the system
resolution mainly due to the features illustrated in Fig. 1. This figure shows an
illustration of a real sensor, where the distance between adjacent sampling points
(pitch) is marked. One typical pixel designated by a red rectangle is enlarged, and
an arbitrary spatial responsivity response is sketched.

The pitch determines the Nyquist frequency of the discrete image;
therefore, the maximum resolution is determined as well. The spatial
responsivity of the detection array pixels causes the image to be low-pass
filtered, since the 2-D sampling array is not an ideal sampling array. Hence, an
ideal sensor should have a dense array of narrow sensing area pixels.

Apart from the geometry, the imaging sensor also causes resolution limita-
tions due to sensitivity, dynamic range of the pixels, noise, and the number of
quantization bits that are used for the analog-to-digital conversion of the
electrons collected in the electronic capacitor of every sampling pixel.3 The
temporal response should be taken into consideration, as well, if the sample is
not static.
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1.2 Labeled and label-free super-resolution techniques

Beginning with the classical works of di Francia,4 Harris,5 and Lukosz,6,7 it was
shown that by exploiting the degrees of freedom, the imaged data invariant to
the classical resolution limit can be surpassed. Further methods synthetically
increased the effective NA7,8 or used structured illumination.9–12 Yet, all of these
methods are still limited by the diffraction. Further enhancement of the resolution
using their concepts is hard to achieve.

Localization microscopy (LM) techniques were the first applicable methods
that achieved super-resolution (SR), that is, real non-dependent resolution of the
diffraction limit. Over the years, these approaches have yielded an enormous
quantity of research results reaching astonishing resolutions of up to several
nanometers.13 However, most of the LM methods require the samples to be
labeled with expensive, specialized, and nonlinear markers. The prominent
methods, such as stimulated emission depletion (STED) microscopy,14 photoac-
tivated localization microscopy (PALM),15 and stochastic optical reconstruction
microscopy (STORM),16 require the labels to have switchable states, making the
labels even more complex. The markers are commonly fluorescent. While the
vast amount of knowledge on specific functional labeling makes them fit well
to biological samples, labeling with a fluorescent dye also poses big limitations.
Fluorophores suffer from photobleaching, live cells frequently have autofluores-
cence, and the markers or fluorescence process may cause phototoxicity in liv-
ing organisms.17,18 To overcome these limitations, previous concepts of SR
techniques that do not label the sample were modified to match current research
demands. Numerous innovative approaches have also been developed that con-
tribute to an emerging and exciting field called label-free SR imaging.

Figure 1 Illustration of a real sensor. The pixel array is shown on the left. The pixel desig-
nated by a red rectangle is enlarged on the right, and an arbitrary spatial responsivity
response is sketched.
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Most non-labeled approaches use near-field scanning optical microscopy con-
cepts.19 Subwavelength-free space propagation is limited by diffraction; it expo-
nentially decays before it reaches a far-field sensor. However, placing sensors in
the near field can resolve decaying features if the signal did not decay below
the sensor’s sensitivity.

Scattering from a sharp stylus located a certain distance below a wavelength
from the sample, or equivalently, an aperture located in the near field that blocks
illumination, can be detected in the far field. For example, fluorescence,
autofluorescence, or scattered light that was blocked by an aperture confined
to the sample surface promotes a highly localized evanescent field that is not
diffraction limited. An aperture-scanned image can be acquired using a conven-
tional microscope. This image resolution is scaled with the scanning hole
size.20–22

The significant limitations of this approach are the aperture size and the
scanning nature of the method. To increase the spatial resolution, the aperture
size must be decreased. This dictates a very low light throughput. Even with
enough sensitivity, more time is needed to collect sufficient signals. This dam-
ages the temporal resolution that is already low because of the point-by-point
sampling. Antenna designs and combining with other techniques, such as
fluorescence correlation spectroscopy (FCS) and coherent anti-Stokes Raman
spectroscopy (CARS), have been explored to boost the throughput. Although
the experimental system complexity was higher, applicable research that used
them managed to gain valuable results, such as living cell membrane dynamics
measurements.22–24

An additional limitation of this approach is that for proper operation, an even
distance from the surface is required at all of the scanned locations. A mechanical
feedback mechanism is usually added, which makes the implementation on real
samples difficult and may hurt the sample.

Recent developments in label-free SR techniques can be divided into different
types. The first type involves techniques that use complex microstructures in the
near field of the sample. This type can also be divided into two main groups.

The first group concept is to use the microstructures in the near field to create
special illumination of the sample. The special light contains information on the
subwavelength features that could be detected further away. A few examples of
this group are hyperstructured illumination, plasmon illumination, plasmon polar-
iton illumination, and time-reversal mirror techniques.25–28

The concept of the second group is that the microstructures located in
the near field will manipulate light from ambient illumination or the
sample itself. With this method, the subwavelength features will still be pro-
jected to the image in the far field. An important collection of methods
in this group creates superlenses, which are made from thin slabs with
negative permittivity and/or permeability. Superlenses enhance the amplitude
of the evanescent fields, so they can be detected far from the sample.
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One advantage is that a whole image of the object is projected to the image
plane and the acquisition can be done without scanning. The variety of different
ways to create superlenses, such as metamaterials, flat metal films, photonic crys-
tals, and others, enables imaging from the visible to the terahertz frequency
regime.29,30

Another collection of techniques among this group uses simple dielectric
microspheres placed on top of the samples. Resolutions of up to λ/7 were reached
when these techniques were used to perform practical biomedical and cell
imaging.31,32

In contrast to the previous type, a second type of method uses inherent non-
linear processes of the sample to achieve spatial SR without any labeling or exter-
nal structures. Typically, a pump beam that influences such inherent nonlinear
processes is used to modify a probe beam that is directly linked to the process.
The different types of processes are used to facilitate spatial SR.

Nonlinear harmonics through modulated reflectance is one type of method. A
pump beam is modulated with a certain frequency. The influence of the pump
beam on a nonlinear process of the material reflectance is spotted using a probe
beam. The modulated effect is replicated in time in higher-frequency harmonics
of the original frequency. The spatial PSF of the higher harmonics is a higher
derivative of the original PSF. Filtration of the response in time, for example,
using lock-in amplification, increases the resolution in space. Several variations
of this method use other nonlinear optical processes, such as stimulated
Raman scattering, sum frequency generation, photo-acoustics, and photothermal
imaging.33–36

In a different way (but still this type of process), another method uses the
pump beam to utilize a spatial effect in silicon, called the plasma dispersion
effect. The charge carriers change the silicon index of refraction and a probe beam
projected in a wavelength, which is transparent to the silicon, is depleted in an
STED-like manner. While this method is limited to microscopy in silicon, it could
be most beneficial to the silicon chip industry.37

In this type of technique, there is no requirement for any external specialized
structures. However, all of the techniques involve laser scanning and usually
require complex and expensive ultrashort-pulse-laser systems.

Another type of label-free approach uses subwavelength environmental fea-
tures in the object’s near field to resolve its image with resolution beyond the
diffraction limit.38,39 The evanescent waves from high-spatial-frequency features
that surpass the diffraction limit are encoded with these features. A non-
decaying encoded pattern is generated and detected by a far-field imaging sys-
tem. The image, including the subwavelength features, can then be decoded
and resolved.

In the next sections, we will cover various concepts and considerations in the
use of nanoparticles suspended in the sample solution as environmental features
that encode the image.
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