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Abstract. In this paper, we discuss several enhancement approaches to increase the resolution and sensitivity
of optical microscopy as a tool for dimensional nanometrology. Firstly, we discuss a newly developed through-
focus microscopy technique providing additional phase information from the afocal images to increase the
nanoscale sensitivity of classical microscopy. We also explore different routes to label-free or semiconductor
compatible labelling super-resolution microscopy suitable for a broad range of technical applications. We
present initial results from, a new wide-field super-resolution imaging technique enabled by Raman scatter-
ing. In addition, we discuss super-resolution imaging using NV centres in nano-diamonds as labels and their

application in future reference standards.

Keywords: Nitrogen-vacancy (NV) centres, STED microscopy, Photoluminescence, Label-free super-resolu-
tion, Optical nanometrology, Through-focus microscopy, Non-linear Raman super-resolution.

1 Introduction: A path to universal imaging
nanometrology

Complex micro- and nano-scale structures of different
materials are the basis of the development and fabrication
of modern and future electronic and optical devices.
Typically, the functionalities of these devices crucially
depend on the size e.g. the line width or critical dimension
and other shape details of the structures. Therefore, accu-
rate, reliable, and efficient dimensional metrology is manda-
tory both for development and manufacturing process
and quality control. Although sophisticated nanoscale

* Corresponding author: bernd . bodermann@ptb.de

metrology methods based on charged particles (such as
scanning electron microscopy SEM, transmission electron
microscopy TEM, Helium ion microscopy HIM or scanning
tunnelling microscopy STM), X-Rays (transmission
(TSAX) or grazing incidence (GISAX) small angle X-ray
scattering) or tactile probes (e.g. Atomic Force Microscopy
AFM) are available (cf. for example [1] and references
therein), optical methods such as optical microscopy
and scatterometry are advantageous due to their non-
destructive nature, high speed and good in-line capability
[2].

Achieving reliable and precise measurements for
analysing these structures is a challenge for various fields
of science and industry. Non-imaging optical methods like
scatterometry or ellipsometry, in semiconductor metrology

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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denoted as optical critical dimension (OCD) metrology,
have proven astonishing capabilities in dimensional
nanometrology down to the few-Nanometre feature size
regime. However, they are limited to periodic structures,
require relatively large target fields and provide only mean
integral measurement values for structure parameters
[3, 4]. For several applications like field effect transistors
(FET), local defect characterisation or to characterise local
parameter variations, imaging metrology is indispensable
([1, 2], and references therein).

Optical microscopy is a metrology technique to provide
physical information about samples with sufficient contrast.
It is the method of choice for spatial measurements of
individual structures. However, conventional optical micro-
scopy suffers from a fundamental resolution limit due to
diffraction [5]. Therefore, several methods have been
developed and applied to increase the sensitivity to specific
structural features and the measurement capabilities of
optical microscopy for nanoscale structures and features:
Different types of interference microscopy is adding phase
information to the microscope image, which can enhance
the sensitivity and signal-to-noise ratio to specific nanoscale
features [6]. Phase information without the need of refer-
ence fields can also be obtained by detection of different
afocal images in Through Focus Microscopy (TFM).
Besides phase information, Tomographic Diffractive
Microscopy (TDM) is adding additional spatial frequency
information by artificial aperture extension. This is
achieved by the application of different combinations of
illumination and detection schemes, which can provide even
higher contrast and resolution images [7]. However, TFM
and, to a significantly larger degree, TDM require numerical
calculations to provide (purely computational) high quality
images of the nanostructures under test. Another interest-
ing approach is Alternating Grazing Incidence Darkfield
Microscopy (AGID), which can extend the measurement
capability of the widths of individual structures down to
1/10 of the wavelength used [8, 9].

Microscopy methods such as scatterfield microscopy [10]
or through-focus microscopy [11] have been developed and
tested for quantitative dimensional metrology on (deep)
sub-wavelength structures. These do not belong to the
classical super resolution techniques but show astonishing
sensitivity regarding sub-resolution features, allowing for
CD measurements down to a few 10 nm.

In Section 2, we present a through-focus microscopy
method and a corresponding metrology system developed
at the Danish National Metrology Institute (DFM), which
can be seen as a sophisticated reference system of what
can be achieved with “classical” (i.e. non-super-resolution)
microscopic measurement systems.

In recent decades, many super-resolution microscopy
(SRM) techniques that exceed the lateral and/or axial
resolution limit have been developed [12, 13]. Focusing on
far-field methods, SRM methods can roughly be classified
in four different approaches:

1. Far-field techniques derived from objective modifica-
tions or metamaterial based super-lenses which in
principle can detect high spatial frequency informa-
tion from label-free samples [13].

2. Non-uniform illumination/collection, including linear
and non-linear structured illumination microscopy
(SIM) [14-17].

3. Deterministic functional pump/probe techniques such
as stimulated emission depletion (STED) microscopy
[18, 19] based on switch-able detection channels
(mainly via molecular state population modifications)
and non-linear interactions.

4. Stochastic functional opto-numerical SRM methods
such as photo-activated localization microscopy
(PALM) [20] or stochastic optical reconstruction
microscopy (STORM) [21].

Many of these methods offer an excellent optical resolution
down to a few nm. However, while the objective modifica-
tion or super-lens methods are often very limited in practi-
cal applications and in some cases convincing experiment
verifications are missing the other SRM methods are mostly
based on fluorescence microscopy. They typically require
specific sample preparations with fluorescence markers
(labels) and are therefore mainly suitable for biological
samples, but usually not accessible for inorganic applica-
tions such as semiconductor metrology.

In recent years, in fact also many very interesting
approaches have been discussed and partly also demon-
strated experimentally to provide label-free SRM. An excel-
lent overview is given by Astratov [13]. However, most of
this research has focussed on qualitative imaging, often still
on biological samples, and fluorescence microscopy and
many methods are limited to very specific applications or
materials.

What still is missing for applications in quantitative
nanoscale optical metrology is a universal label-free SRM
suitable for (dimensional) nanometrology in technical appli-
cations and inorganic materials, which has the potential to
complement for example OCD metrology in semiconductor
manufacturing.

Therefore, in the context of a larger European research
project (European Metrology Programme for Innovation
and Research) [22], several partners have been cooperat-
ing to investigate potential options and develop promis-
ing methods to reach this goal [23]. This article is giving
an overview about different methods which have been
investigated and developed within our consortium to
achieve such label free SRM options or at least SRM
methods with alternative labelling schemes acceptable and
suitable for dimensional metrology and technical
applications.

Different routes and approaches for label-free or alterna-
tive-label SRM (Sect. 3) have been analysed theoretically.

In Section 4, two promising methods are described in
more detail and with first experimental results: Wide-field
Imaging with Super-resolution Enabled signal (WISER,
Sect. 4.2) and a STED-like pump-probe method for NV
centres in artificial diamond as an example for STED micro-
scopy of inorganic materials with suitable four-level systems
(Sect. 4.3).

In Section 5 we shortly discuss which, either from our
research or beyond, are from our perspective the most
promising routes to a universal microscopic-optical
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nanometrology free of unwanted fluorescence labelling.
Finally, we end with a short conclusion and outlook
(Sect. 6).

2 Enhancement of classical light microscopy
by through-focus microscopy

In microscopy, a typical task is to determine the distance
between two points on a surface. From this spatial resolu-
tion is defined as the ability to distinguish two points like
objects on from a single object. Vertical resolution is not
uniquely defined in microscopy. Most often we speak about
the ability to distinguish two separated neighbouring point
like objects on a surface at different vertical positions from a
single object. However, in microscopy we can create a 3D
image of the object by making a vertical image stack of
2D images. The separation between the 2D images is
related to axial resolution of the microscope, which is the
ability to separate two points like objects on the axial line
from a single object.

Classical bright-field optical microscopy is the simplest,
most widely used system for dimensional metrology at the
micro- to nanoscale. However, due to diffraction the spatial
resolution is limited to about A/(2NA) according to the
Rayleigh limit, where NA is the numerical aperture [24].
The axial resolution is limited by the depth of field of the
microscope, which may be estimated by 21/(NA?).

Scanning confocal microscopy offers several advantages
over bright-field microscopy, including the ability to control
depth of field and reducing the scattered light away from
the focal plane, the capability to serial image thick objects,
and the ability to achieve high lateral resolution. The key to
confocal advantages is the use of spatial filtering with a
pinhole to eliminate out-of-focus light from the object and
the use of a laser or narrow line-width LED to form a coher-
ent imaging system. A coherent imaging system is described
by linear addition of the fields from the object, whereas a
normal incoherent bright-field microscope is described by
linear addition of intensities. The point-spread function
(PSF) is a measure of the resolving power of a microscope
and the observed microscope image is the convolution
between the true image and the PSF. The true image
may in principle be obtained by deconvolving the observed
picture with the PSF of the microscope, if the PSF is
known. However, in reality we only get an improved image
due to the lack of available information. The deconvoluted
image is the limit of classical light microscopy with a typical
spatial resolution limit of approximately 75 nm for scanning
confocal microscopy working in the visible wavelength
range [25].

Through-focus confocal microscopy (TFCM) is a
technique, in which the image is obtained using inverse
methods, where a simulated image stack is compared to
the measured image stack to obtain the best fit [25, 26].
The phase information in the complex fields usually requires
rigorous treatment of the light-matter interaction and the
light propagating through the microscope. The first step
for a partially resolved image is to improve the measured

image by deconvolution with the PSF of the microscope.
This image is used to extract the starting values for the
inverse modelling.

Here we present a digital twin of an optical microscope
focusing on TFCM. The working principle of the digital
twin can be described by the following steps:

1. The incident field is a normal incident wave with a
normalized k-vector (0, 0, 1) in the back focal plane.

2. The light beam coordinate system defined by the unit
vectors for TE-amplitude, TM-amplitude, and k-vec-
tor is used to describe the optical propagation.

3. The response from the periodic structure is calculated
as a Jones matrix using the Fourier modal method.

4. All the points that enter the same pixel in the back
focal plane are added coherently. The 2D image for-
mation is done by focusing the far-field angular scat-
tering in the back focal plane for a given vertical
position onto the image plane.

5. The 3D image is obtained by performing 2D image
formations for all vertical (z) positions and stacking
the 2D images (see Fig. 1).

6. For confocal microscopy imaging the 3D image is a set
of data points (z, y, 2) from the 2D image stack. For
each lateral position (z, y), the z value is obtained as
the z position in the 2D image stack, for which the
intensity is maximal.

We have performed TFCM simulations of silicon line
gratings with a pitch of 250 nm, 300 nm and 400 nm of
ridge height 138 nm (for the smallest pitches) and a ridge
height of 148 nm for the largest pitch. In the simulations,
we use light of wavelength 405 nm and an objective with
NA = 0.95. We demonstrate that TFCM simulations
resolve these lateral pitch structures and that the resolution
along the z direction is improved by deconvolution of the
PSF of the objective.

We obtain the PSF by Fourier transformation of the
optical transfer function, which is defined by a step function
in cylindrical coordinates [27]. The components of the light
propagation vector in the lateral directions (k,, k,) are

defined by \/k,” + k,* < 2. NA. The out-of-plane propaga-
tion vector is defined by k, = \/ (2n/2)? — k,> — k,* which

enters the out-of-focus phase factor of the PSF given by
e*=*. The image step size defines the sampling in spatial-
frequency space. Figure 2 shows the result of applying this
procedure to the silicon line grating with pitch of 300 nm.

In a real microscope measurement, the procedure is
slightly different. First, the sample is measured, and we
observe the measured profile given by the black line in
Figure 2. Secondly, we do a deconvolution to improve the
optical profile to find a good starting point for TFCM
inverse modelling. Thirdly, we calculate simulated optical
profiles from simulated zstack images to find the simulated
optical profile that best match the measured optical profile
(black curve). The shape of the measured optical profile is
found from knowledge of the shape for the best matching
simulated profile.
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b) 3D z-stack

a) Microscope

-

Figure 1. (a) Vertical scanning of a microscope. One image is
taken at each vertical position. (b) 3D image stack for CM and
TFCM.

Grating pitch 300 nm

N\’

N

:

-400

-200 0 200 400
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Figure 2. Height of grating profile obtained from zstack image
profile (multi colours), grating profile (black stars) from z-stack
image directly and grating profile after (blue line) deconvolution
of the zimage stack. The nominal height is 138 nm, and the
pitch is 300 nm. The intensity of the zimage stack is shown by
the colour scale in the background.

3 Label-free super-resolution microscopy for
dimensional metrology

As indicated in Section 1, the main goal of our research is to
investigate and develop universal methods of imaging opti-
cal nanometrology based on label-free SRM techniques. The
intended applications in (dimensional) nanometrology
define some specific requirements:

1. Universality: the method should allows to cover a
broad range of applications, both in terms of materials
(particularly including inorganic) and structures to be
characterised to enable dimensional nanometrology
for important applications such as semiconductor,
nanophotonics or other nanotechnologies.

2. Label-free or “acceptable labelling™ A conditioning
with organic molecules as fluorescence markers is
typically not acceptable e.g. for wafer manufacturers,
so that in the best case a label-free metrology method

would be required. However, a thin layer with an
alternative, preferable inorganic and stable markers
e.g. on top or within the substrate could be acceptable
as well, as long as the intended device manufacturing
and function is not affected.

3. Ease of use: The metrology methods should not be too
complex and time-consuming both on the measure-
ment and on the data analysis side in order to enable
in-line measurements in particular.

4. Potential for quantitative measurement and traceabil-
ity: The difference between imaging and imaging
metrology is the reliable and traceable quantification.
This requires a stable deterministic measurement
process with a good reproducibility and a good under-
standing and control of the whole measurement pro-
cess. Since today nearly any sophisticated metrology
requires a reliable and efficient modelling of the whole
measurement process, it is required to have a good
understanding and efficient means to model particu-
larly the light-structure interaction, e.g. with the help
of Maxwell solvers. Traceability of the measurement
means that any measurement parameter (such as
the microscope magnification or sample movement)
must be traced back to the corresponding SI units.
This can be supported or achieved e.g. by access to
suitable calibrated reference standards [28].

Requirement 4 is the reason why in our research we did
not consider stochastic functional opto-numerical SRM
methods such as STORM, since besides the difficulties in
finding stochastic labels alternative to fluorescence markers
the stochastic nature of the imaging process would make it,
at least, a big challenge to provide traceability.

In the following, we will shortly discuss a number of
different label-free SRM methods and consider their poten-
tial for dimensional metrology. Many of them have already
been extensively described and summarised in [13], and
some have been developed or improved within our research.

Regarding the classification given in Section 1, most
approaches to achieve label-free SRM are either based on
non-uniform illumination/collection (SIM and related
methods), or deterministic functional pump/probe tech-
niques following the basic principles of STED or, more
generally, RESOLFT [29] (reversible saturable optical
linear (fluorescence) transition) microscopy methods.

3.1 Methods based on non-uniform (structured)
illumination

If we consider an optical imaging system with an imaging
numerical aperture NAy,,,, then ky = 2NAp,./ Aem (Aem being
the wavelength of the light used for imaging) is the modulus
of the wavevector corresponding to the cut-off frequency
wo = ¢ - ko the spatial frequency which can be transmitted
by the optical imaging system. SIM is a non-uniform
illumination/collection method that extends resolution
through the extraction of higher spatial frequency informa-
tion beyond this cut-off wavevector kj, and transferring it
into an observable region of conventional microscopy in
the form of Moiré fringes [15]. It can be considered as a
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Figure 3. Schematic of the mechanism of expanding the Fourier frequency of collecting the spatial distribution of the signals for
imaging. (a) Wave vector in the Fourier space of signal collection using an objective lens from a diffraction limited spot, (b) Fourier
space augmented by the projected structured line with wave vector (&), (¢) combined wave vector of the objective and the structured
light in one direction, and (d) The combined Fourier space addressed using the microscope.

heterodyne detection of spatial frequencies wqpjec; Of the
object under test. The structured illumination provides a
local oscillator spatial frequency ¢ - k, and it is shifting (or
folding) spatial frequency components of the object image
within the range of w, — wy and w, + wy (Fig. 3).

3.1.1 Linear SIM

SIM has been introduced by Gustafsson [15] and has shown
to provide images of fluorescent objects with an up to two-
fold resolution enhancement compared to wide-field
microscopy. The reason for this limitation is because the
structured illumination used is typically provided by an
interference pattern, which is illuminating the object via
the illumination optics of the microscope. Therefore, the
local oscillator frequency is limited by the bandwidth of
the illumination optics wy, i, which usually is smaller or
equal to the bandwidth of the imaging optics:

W, < W . < Wo.

SIM can be easily applied also for non-fluorescent objects,
i.e. it can be adapted for label-free SRM as well. The struc-
tured illumination can also be achieved by spatio-temporal
fast scanning of a small light spot, e.g. a focussed laser beam
[30]. In principle, this opens the option to achieve higher
local oscillator frequencies @, > wy if a sub-diffraction light
spot can be created and quickly scanned over the object. In
this direction recently we investigated options to create
such small controllable light spot e.g. by using novel plas-
monic lens concepts [31] or by fast scanning photonic
nano-jets [32].

3.1.2 Non-linear SIM

To extend the spatial frequency of the local oscillator, non-
linear interactions such as saturation or multi-photon pro-
cesses can be used. In saturated structured illumination
microscopy (SSIM) [16] the non-linearity results from the
saturation of excitation states, which generate higher order
of harmonics in the detection (typically fluorescence) signal,
which can be used as local oscillators with higher spatial
frequencies well above the cut-off frequency wy >> .

The high order harmonics can expand the optical band-
width, resulting in a better resolution than conventional
SIM. Although the SSIM resolution is theoretically unlim-
ited, the signal-to-noise ratio practically limits the resolu-
tion. Gustafsson et al showed a resolution in the order of
50 nm on a fluorescence sample using this technique [16, 17].

The SIM technique can be applied for other nonlinear
light-matter interactions, such as Raman scattering micro-
scopy, coherent anti-Stokes Raman scattering (CARS)
microscopy as well as second harmonic generation (SHG)
and third harmonic generation (THG) microscopy. SHG
and THG microscopies have emerged as powerful imaging
modalities to examine the structural properties of label-free
samples [33]. However, the SHG process requires the envi-
ronment to be non-centrosymmetric at the excitation wave-
length scale, whereas the THG process requires a medium
with intrinsic inhomogeneities due to a refractive index
mismatch [34, 35]. Typical lateral resolution in SHG and
THG is limited to the longer excitation wavelength and
lower numerical aperture [35]. Therefore, the resolution
improvement with these techniques is a challenge.
Huttunen et al. [36] proposed a coherent nonlinear SIM
scheme based on spatially modulating the phase of the inci-
dent field and using interferometric detection for extracting
the emitted complex-valued field. With this method, lateral
resolution can be improved four- and six-fold for SHG and
THG processes, respectively.

In the context of SIM for inelastic scattering such as
Raman scattering, the spatial distribution of Raman scat-
terer is excited with structured excitation light intensity.
Since the light emitted from a point is proportional to the
product of the amount of Raman scatterer and the local
excitation light intensity, a beat pattern, known as Moiré
fringes, will appear in the observed image. The spatial res-
olution obtained in such a configuration is (see Fig. 3):

1
dy= ——o.
(kOJFkS)

Since the highest spatial frequency that can be imposed by
the same objective can be kj, the maximum resolution
obtainable in this scheme is:
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dmax = L .

2k

This formulation is valid for 1st order linear Raman
scattering. However, if the order of the scattering is higher,
the maximum k; becomes proportional to the order of the
scattering e.g. k, = 2kg for 2nd order non-linearity processes
and k; = 3k for 3rd order non-linearity processes leading to
spatial resolution of 1/3ky and 1/4k, respectively. Unlike
fluorescence signals, Raman signals are significantly
narrower. Therefore, the method requires a narrow band fil-
ter and a spectrometer to achieve the chemical specificity.

The application of the CARS process to microscopy
provides chemical information about a sample without
labelling agents. The contrast in CARS microscopy arises
from the signal enhancement when the frequency difference
between the pump field wpymp and the stokes field wgokes is
tuned to a Raman-active vibrational band [37, 38]. Unlike
fluorescence imaging, CARS measurements are not back-
ground free. The non-resonant background from any
objects of interest and the surrounding solvent limits the
image contrast and spectral selectivity [37]. Several meth-
ods and strategies have been suggested for suppressing or
separating the non-resonant background, including using
a near-IR beam, polarization-resolved CARS, epi-detection
CARS, and heterodyne CARS [39-41]. Also, the signal of
the CARS process relies on the satisfaction of a phase-
matching condition between wave vectors of the excitation
and emission fields (kcars = 2 - kpump — Astokes, Where
kcarss Fpump, and kseokes are the CARS signal (anti-Stokes),
the pump and the Stokes wave vector, respectively) [42].
Additionally, the lateral resolution of CARS microscopy is
diffraction-limited which depends directly on the CARS-
signal wavelength Acarg, and inversely on the numerical
aperture of the detection system NA . [43]. Therefore, add-
ing super-resolution capability to CARS microscopy as a
label-free super-resolution technique is a challenge.

To address this issue, Park et al. and Hajek et al. pro-
posed a theoretical scheme based on SIM to improve the
resolution of CARS microscopy. Park et al. demonstrated
that the coherent image formation with the non-linear
structured excitation framework has a potential to enhance
resolution 2.7 times better than the conventional wide-field
CARS system [43]. Hajek et al. theoretically showed that
adding the structured illumination to the wide-field CARS
configuration as a standing wave for the pump beam can
improve the lateral resolution three-fold [44]. In summary,
SIM based on the coherent process, such as CARS, requires
the measurement of a coherent transfer function (CFT).
Therefore, a precise mathematical framework requires to
extract and reconstruct the super-resolution contents into
an image with an enhanced resolution. As a result, in prac-
tice, extracting the high spatial frequency components of
the object due to inherent coherent process of CARS is a
complex and process.

3.1.3 Super-resolution SIM by photon statistics
evaluation

A subset of super-resolution approaches that do not require
non-linearity rely on assessing high-order correlations

(or fluctuation) in observed photon statistics to assure
super-resolution when using non-Poissonian photon emit-
ters. The sub-diffraction resolution improvement scales
with the square root of j, where jis the highest order central
moments of the photocounts distribution. Statistical
quantum correlation analysis has been used in wide-field
and confocal settings [45, 46] with single-photon detectors,
as well as the super-Poissonian classical counterpart with
linear detectors [47-49]. The latter method is known as
Super-resolution Optical Fluctuation Microscopy (SOFT).

The integration of those photon statistics super-
resolution methods with SIM has been demonstrated theo-
retically to provide a much more favourable (linear) scaling,
with the correlation order j [50]. The principle has been
applied experimentally both for wide field SOFI [51] and
for quantum image scanning microscopy [52].

The results of this work are detailed in another publica-
tion to be submitted as an extra publication. However, a
preprint can be found on arXiv [53].

3.2 Deterministic functional pump/probe techniques

Most deterministic functional pump/probe SRM tech-
niques, which can be summarised as RESOLFT-like meth-
ods [54], are based on four building blocks:

1. A switchable detection channel which is usually rea-
lised by state population control or modification (in
e.g. [55] denoted as “switching states on and off”).

2. A detection channel or contrast mechanism, respec-
tively, which usually is the fluorescence emitted by
the fluorescence markers.

3. To achieve real superresolution a non-linearity (such
as saturation) of the detection signal and the light-
molecule interaction is obligatory.

4. Finally, a spatial field shaping (e.g. to provide a donut
beam profile) usually of the probe beam is required to
enable in combination with the non-linearity a tailor-
ing of the PSF of the microscope imaging.

To achieve label-free SRM schemes many different
detection channels as alternatives to fluorescence of marker
molecules have been proposed, theoretically analysed and in
many cases also experimentally demonstrated including
autofluorescence, (transient) absorption, Raman, pho-
tothermal detection or photo-modulated reflectivity (cf.
[13] and references therein).

As already described in Section 3.1.3, exploitable non-
linearities besides saturation, different second order (e.g.
SHG or two-photon emission fluorescence 2-PEF) and third
order (such as third harmonic generation SHG or CARS)
non-linearities have been proposed and demonstrated [32].

Switchable detection channels in a STED-like micro-
scopy scheme can be realised in many four-level systems
with suitable state lifetimes and transition rates, respec-
tively. Autofluorescence in the material under test would
be of course an easy and self-evident option. However, in
most cases the reachable contrast and resolution might be
limited and an SRM method based on autofluorescence
would require quite flexible pump and probe wavelengths
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to adapt to the materials under test. An alternative for
technical applications could be alternative marker struc-
tures, which could be added as a thin layer on top of the
device substrate or included in the substrate material itself,
as long as this inclusion does not severely deteriorate the
manufacturing process or device performance of the
intended nanoscale structure or device. As alternative
markers which could be suitable for this approach, e.g.
quantum dots or NV centres in artificial diamond have been
applied [56, 57]. Alternatively, doping of quartz substrates
(as an example) with ions suitable for laser devices, such
as Neodymium (Nd) would be promising alternatives to flu-
orescence marker labelling.

In the following, we will shortly recap some promising
approaches for label-free or label-surrogate SRM methods
and will discuss their potential for universal SRM-based
nanometrology.

3.2.1 STED on NV centres

STED is one of the techniques that produce sub-diffraction
resolution by squeezing the PSF through saturated deple-
tion of the excited state of the fluorescence dye [58, 59).
A donut-shaped beam at STED wavelength is used to
obtain effective PSF in practice. Here, non-linearity comes
from a change in the population of involved states, which
is affected by a single-photon process [59]. With this tech-
nique, the spatial resolution can be improved down to below
10 nm [60].

3.2.2 SAX

The saturation excitation microscopy technique (SAX) was
developed based on extracting saturated emissions [61].
This technique improves the spatial and axial resolution
using a confocal microscopy setup by modulating the exci-
tation intensity temporally and detecting the harmonic
modulation of the fluorescence signal from the centre of
the laser focus [61]. As saturated emission requires high
excitation intensity, the photobleaching effect for fluores-
cence samples is an inevitable problem for imaging. Due
to this fact, scattering from individual plasmonic nanostruc-
tures is an alternative candidate as a label-free agent in
SAX. They provide strong scattering, high photostability,
and exceptional localization precision for label-free micro-
scopy [62]. When an individual plasmonic nanoparticle, like
a gold nanosphere, is examined for scattering measure-
ments, it shows saturable and reverse saturable absorption.
This behaviour occurs near the resonance wavelength of the
nanoparticle [63]. Lee et al. indicated that the combination
of gold nanoparticles and SAX can improve spatial resolu-
tion from a label-free agent [64]. An advantage of this tech-
nique is that photobleaching is not common when the
intensity of the excitation is high. The lateral and axial res-
olutions also improved simultaneously, and significant reso-
lution enhancement was observed compared to previous
SAX methods using fluorescence markers [64].

3.2.3 SuUSI

Enhancement of the surface-to-volume ratio of the
plasmonic nanostructures gives rise to increasing the local

electric field and providing optical nonlinear interaction,
known as nonlinear plasmonics [65]. The nonlinearity allows
the control of scattered light from plasmonic nanoparticles
by another light source which is called all-optical plasmonic
switch. Suppression of scattering imaging (SUSI) is a tech-
nique which was developed based on (STED) microscopy
systems to create a switch between scattering and non-
scattering states of plasmonic nanoparticles for nanoparticle
imaging [66]. In this technique, scattering from gold
nanoparticles at close to resonance wavelength is controlled
by another beam in a confocal microscope setup. A donut-
shaped beam at a different wavelength is used to suppress
the scattering of particles. When the control beam intensity
is increased, the scattering signal of nanoparticles reduces,
and a high-resolution image of nanoparticles is obtained.
In this way, SUSI can enhance the resolution of gold
nanoparticles to A/9 [66].

For a range of applications, such as sensors, there is a
need for the development of the metrology and imaging of
periodic diffractive plasmonic nanostructures. SUSI can be
a promising method for imaging this kind of a sample.
For spherical plasmonic particles, polarization should
not affect the switch process [66]. However, polarization
plays an active role in scattering of plasmonic nanostruc-
tures. Therefore, a prior study is needed to determine opti-
cal properties of the sample such as the precise resonance
angle, resonance wavelength and sensitivity of the reso-
nance. In practice, these parameters can be determined
using ellipsometry techniques with a standard model and
sample.

For this ellipsometric prior study, first, a gold grating
with a period of 200 nm, a thickness of 60 nm, and line
widths (CD) of 70 nm was prepared. For that 3 nm of Cr
followed by 60 nm of gold was deposited on a 150 mm fused
silica substrate by thermal evaporation. This is followed by
10 nm of chromium deposited by ion beam sputtering. In
the next step, a respective resist pattern is generated using
a Vistec 35008 electron beam writer with character projec-
tion apertures [67]. This pattern is then transferred to the
chromium layer by ion beam sputter etching using argon
ions and then into the gold layer using a mixture of argon
and oxygen. Finally, the chromium layer is removed by
reactive ion etching using chlorine chemistry. The dimen-
sional parameters of the gratings were designed using calcu-
lations by the JCMsuite 6.0.10 finite element solver aiming
to maximize the variation of the amplitude ratio
(¥ = tan '(|r,/n|)) and phase shift (A = arg(|r,/n|)) of
the reflection coefficients of light polarized parallel (r;,)
and perpendicular (7;) to the plane of incidence. The sample
was measured using a Woollam M-2000DI ellipsometer at
angles of incidence from 60° to 75°. Figure 4 shows the mea-
sured and calculated W and A spectra for plane of incidence
perpendicular to the grating lines.

The real and imaginary part of the refractive index as a
function of wavelength can be obtained through data inver-
sion analysis [68]. Also, sensitive parameters can be identi-

fied (not shown here) by analysing the f;, = 9Zand f{ =93
derivatives, where P denotes the individual parameters. As
a result, essential information such as initial polarization,

resonance wavelength, and the sensitivity of resonance
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Figure 4. ¥ and A ellipsometry spectra calculated by simulation (blue line) and measured (orange line) at an angle of incidence of

70° for CD = 70 nm.

features with respect to design parameters can be obtained
before using SUSI for periodic plasmonic nanostruc-
tures. Future work would be feasible to investigate the
capabilities of the SUSI technique for imaging plasmonic
nanostructures in terms of determined parameters with
the aid of spectroscopic ellipsometry, which may give us
dimensional information about the nanostructure’s size
and shape.

3.3 Discussion of methods

Among all the super-resolution techniques, STED micro-
scopy is a promising and precise optical far-field technique
for nanoscopy. It produces a high-resolution image by
modifying the PSF without requiring for any complex
mathematical analysis compared to SIM, SUSI, and SAX.
For SIM, the post-processing method can be complex for
the imaging of a label-free sample. Although SUSI is a
promising method for label-free samples as well, it utilizes
a complex deconvolution method for coherent emission of
samples to improve spatial resolution. For SAX and SSIM,
extracting high order nonlinear demodulation components
to increase the resolution is a main task. Additionally, in
practice, signal-to-noise ratio limits the resolution. In gen-
eral, the key concept of using STED for a label-free sample
is finding a material that can be optically transferred
between the four-level system [60].

NV centres are a potential candidate for this task. They
can be imaged by STED microscopy with a spatial resolu-
tion that is 10-20 times better than the diffraction limit
due to high photostability at room temperature [69].
Embedded in diamond substrates, NV centres have great
potential as alternative labels in SRM if they exhibit a high
density and homogeneous distribution throughout the
surface, providing homogeneous fluorescence [58]. A consid-
erable amount of research on NV centres in diamond has
investigated the application of NV centres as an individual
emitter in quantum information, biosensing, and bioimag-
ing [70]. However, imaging of nanostructures on a NV-
centre substrate has not been investigated before.

In Section 4, we will concentrate on investigations of NV
centres in artificial diamond as an example four-level
system to replace fluorescence labelling.

4 Experimental

4.1 NV centres in artificial diamond

This section describes the preparation and features of the
NV test samples:

Diamond nanocrystals (MSY 0-0.25 and 0-0.35) are
acquired from Pureon®, with a median size of 125 and
180 nm, respectively. Samples are processed as shown in
Figure 5.

Nitrogen impurities are naturally present in NDs with
concentrations in the 10-200 ppm range, so that NV centres
concentration can be increased by introducing additional
vacancies in the lattice with ion irradiation damaging. To
this scope, proton irradiation is performed on 125 nm
NDs to enhance the concentration of NV centres and
maximize their photoluminescence properties. More pre-
cisely, samples are dispersed in isopropanol, sonicated,
drop-casted on a silicon wafer substrate (~0.5 x 0.5 cm?)
and dried, so forming a ~(30 + 10) wm thick layer.
A 5x5 mm? 2 MeV H' ion beam at the AN2000 accelerator
facility of the INFN National Laboratories of Legnaro is
employed. Beam current ranged 800-1000 nA. A fluence
of 2 x 1016 cm™? is delivered, being in a range of values
that were found optimal in order to maximize the concen-
tration of NV centres while preventing quenching effects
associated with over-damaging [71]. To evaluate the
damage level due to the irradiation, a Monte-Carlo simula-
tion was carried out using SRIM software, following the
procedure shown in [71], which proved how 2 MeV protons
determine an almost flat damage density across the whole
thickness of the NDs layer deposited on the silicon
substrate.

High temperature thermal annealing in N, flow is then
performed for 2 h at 800 °C to promote the formation of
NV centres by allowing the generated vacancies to get
coupled with the N impurities. The same process is
performed on unirradiated NDs for comparison. In this case,
the treatment is merely performed to reorganize the
crystalline phases and to graphitize the outer layers of amor-
phous carbon phases surrounding NDs core [72]. Surface
purification is finally performed by thermal oxidation in
air environment at 500 °C for 8 h. Indeed, in previous work
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Figure 5. Processes performed on 125 nm and 180 nm in order to optimize their optical properties.

[71], this level of thermal oxidation has proven effective in
removing surface quenching phases associated with disor-
dered sp® / sp® carbon and enhancing photoluminescence,
while avoiding size reduction and affecting the diamond
phases at the basis of the optical properties.

Larger NDs (MSY 0-0.35) with a median size of 180 nm
are also analysed in this work. In this case samples are
processed with 2 h at 800 °C thermal annealing in N5 flow,
followed by 12 h at 500 °C thermal air oxidation.

Future perspectives

In perspective, luminescent nanodiamonds (LND) are
emerging as a powerful tool for advanced optical resolution
standards, offering unique capabilities that hold promise for
the future of nanoscale imaging and metrology. These
nanoparticles, typically less than 100 nm in diameter, can
be doped with colour centres (such as nitrogen-vacancy
centres) that emit bright and stable fluorescence under
various conditions. This luminescence, combined with the
exceptional photostability and biocompatibility of nanodia-
monds, makes LNDs ideal candidates for high-resolution
optical standards. In the future, LNDs are expected to
play a critical role in SRM techniques, such as STED
microscopy and single-molecule localization microscopy
(SMLM). Their luminescence properties enable accurate
calibration of imaging systems, allowing for better resolu-
tion beyond the diffraction limit of light. Furthermore,
LNDs can serve as a reference for quantifying spatial
resolution, validating imaging algorithms, and correcting
optical aberrations in these advanced microscopes. As
ion-beam-based fabrication techniques advance, it is becom-
ing increasingly possible to produce luminescent nanodia-
monds with tailored optical properties and precisely
engineered shapes and sizes. This customization could lead
to the creation of a new class of optical standards with
unparalleled specificity and adaptability for various imag-
ing modalities.

4.2 Wide-field Imaging with Super-resolution Enabled
by Raman Scattering (WISERS)

The above scheme has been implemented to acquire label-
free imaging using Raman signals [73, 74].

The spatial frequency with wave-vector k; was projected
on the sample plane at three phase angles and three orien-
tations. The super-resolution image was reconstructed
using the fairSIM plug-in in ImageJ [75]. An implanted
diamond sample (c.f. Sect. 4.1) was used that include NV
vacancies in the nanoscale domains of sp® hybridised
diamond clusters surrounded by sp® hybridised graphitic
layer [76]. The signal from the sample appeared as a convo-
luted peak around 1410 cm ™" which is likely to be a combi-
nation of the 1332 cm ™' diamond, the PL signal and the
D-peak from graphitic carbon.

The results are shown in Figure 6. Hyperspectral image
was acquired using Fourier-transform interference method
using birefringent crystals. A representative spectrum
acquired using the interferometer is compared with that
obtained using a monochromator (Fig. 6a). A wide-field
image acquired using wide-field illumination and collection
using a narrow band filter is shown in Figure 6b, that shows
a distribution of the emitting centres although these could
not be resolved clearly. The same area was subsequently
imaged using a narrow band filter and structured illumina-
tion with line spacing of 1200 nm projected on the sample
plane (Fig. 6¢). Nine images were acquired with three phase
angles and three orientations of the lines, and the super-
resolution image was reconstructed. Clearly, there is a
significant improvement in clarity of the image. The
improvement is due to the expansion of the total k-vector
(ky + k) that allowed to capture the high frequency
features of the sample. The clarity of the image improved
further by acquiring the imaging using hyperspectral imag-
ing. This improvement is highlighted in Figures 6b1-6d1
which are the zoomed-in regions of the marked areas in
the corresponding Figures 3b—3d. The intensity profiles
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Figure 6. (a) Representative spectra from the hyperspectral image and a monochromator. (b) Wide-field image acquired using a
narrow band filter by wide-field illumination without structured light. (¢) Structured illumination image acquired using a narrow band
filter with illumination using structured light. (d) Structured illumination image using hyperspectral imaging. (bl-dl) show the
corresponding zoomed-in image of the marked areas in (b—d). (e) The intensity profile along the line shown in image bl-d1.
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Figure 7. Light microscope image of the NV centres substrate. (a) Patterns fabricated in the corner of the sample are shown in the
red rectangle. (b) Different shapes of fabricated patterns on the NV-centre substrate.

along the line in Figures 6b1-6d1 are shown in Figure Ge.
It is evident that the structured illumination image
acquired using hyperspectral imaging shows the best spatial
resolution. An improvement of 1.6 times was achieved
compared to the diffraction limited spatial resolution. The
set up is now fully optimised with the structured illumina-
tion line spacing. With diffraction limited line spacing, a
spatial resolution improvement of 2 times would be
achievable.

4.3 NV centres as test four-level system for STED-like
SRM

In this section, first, we investigated the distribution of NV
centres in a diamond substrate by measuring photolumines-
cence (PL) spectra for the existence of NV centres in the
substrate as well as their homogeneities and for comparing
the spectral resolution as proposed by Balasubramanian
et al. [70]. Next, we imaged two random structures with a
separation distance of 330 nm, and a cross-shaped pattern
with 2.1 pm in size on the surface of a substrate with the
NV centres in STED and confocal mode using a STED
microscopy system. As a result of our tests, STED mode
already provided higher-resolution images of the structures
on the substrate surface than the confocal mode.

The sample is an artificial diamond substrate with
embedded NV centres (cf. Sect. 4.1). The dimensions of
the sample are 3 x 3 x 0.5 mm?®. The fabricated patterns
in the sample corner were designed and fabricated by lithog-
raphy (Fig. 7). To evaluate the PL spectrum of the sample,
we used Raman spectroscopy in PL mode for different posi-
tions as well as from the bottom side of the sample.

We used a STED microscopy system (Abberior Instru-
ments, Gottingen, Germany) to obtain high-resolution
NV-centre images. The STED microscope is equipped with
pulsed laser lines with wavelengths of 561 nm and 775 nm
for excitation and saturation depletion of the excitation
state, respectively. A vortex phase plate is inserted into
the optical path of the 775 nm laser to generate a donut-
shaped beam. Both laser beams are overlapped and focused
onto the sample using an oil-immersion objective with
NA = 1.4. Finally, the emission signal of the NV-centre is
recorded under reflection confocal detection (Fig. 8).

Theoretically, there are two modes to investigate and
find the resolution for STED techniques. Based on using a
pulsed or a CW laser, these modes are called pulsed mode
and CW mode [77]. For pulse mode, the lateral resolution
is given by [60]:

4 o= Ar%i\/; (1)
L prn V 2

where ¢ = % is the saturation factor, Ig,; is the satura-
tion intensity (half of the population is quenched at the
STED saturation intensity), I, is the maximum intensity
at the donut crest, d. is the full width at half maximum
(FWHM) of the confocal PSF, n is the refractive index,
A is the STED wavelength, and f§ quantifies the steepness
of the minimum intensity.

We adjusted a set of practical parameters as shown in
Table 1 which are defining for the STED microscopy
system. Depending on the type of sample, these parameters
help us obtain an image with high contrast and resolution.
In the next section, we will discuss the effect of each param-
eter on the imaging of the patterns.

Ar =

4.3.1 Measurement of photoluminescence spectrum
on NV centre samples

To obtain the PL spectrum of the sample, Raman spec-
troscopy in PL mode was used. The range of wavelengths
was selected between 550 and 800 nm. To determine the
homogeneity of the NV-centre population in the sample,
five different positions of the sample were chosen to
compare the similarity of their spectrum (see Fig. 9). For
each position, the optical parameters of the setup were kept
constant. The defect excited by green light (532 nm) and
the power of the laser was adjusted to 5 mW. Moreover,
other laser powers were tested. The chosen power had a
good signal-to-noise ratio without any harmful effect on
the sample. An objective with 50x magnification was used
for focusing the laser beam on the sample. The signal from
the other side of the sample was obtained to determine the
presence of NV centres on the bottom side of the sample.
PL spectra for different positions on the sample surface
as well as from the bottom of the sample were measured
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Figure 8. Schematic of the STED microscope setup.

Table 1. Set of parameters adjusted for STED microscopy in practice.

Parameters Definition

Pixel size Dimension of each pixel of the image

Pinhole size 1 A.U.

Dwell time The time during that light is detected from each volume element
Line accumulation Repeating each line including several pixels (# pixels)
Excitation power % Reported based on percentage of Excitation laser power

STED power % Reported based on percentage of STED laser power

Excitation wavelength 561 nm

STED wavelength 775 nm

Frame size Dimension of each image

Position 1 Position 2 Position 3

Position 4 Bottom side

N N\

Figure 9. Five different positions of the sample for obtaining PL spectra.

and are depicted in Figure 10. The PL measurements show These peaks indicate a zero-phonon line (ZPL) at room
that there are two peaks at A = 575 nm and A = 637 nm for ~ temperature where purely electronic transition occurs. The
the neutral charge state (NVO) and the negative charge  spectra indicate a broad fluorescence emission in the spec-
state (NV ) of the NV centres, respectively. tral range from about 550-800 nm, with a maximum
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Figure 10. PL spectra for different positions on the sample
surface as well as the bottom of the sample. Fluorescence
emission from NV centres shows two peaks at wavelengths 575
nm (NV°) and 637 nm (NV™) for different positions. Green
dotted boxes show ZPL for (NV°) and (NV™) separately.

around 700 nm. The result is in good agreement with the
typical emission wavelength spectrum of NV centres [70],
showing that the NV centres are distributed evenly over
the sample.

4.3.2 STED measurement

In the first step, we tried to find the optimum excitation
and STED power, expressed as a percentage of the maxi-
mum excitation and STED laser power, to image the
patterns of the sample. The maximum pulsed STED and
excitation laser powers are 3 W and 150 pW at f., =
40 MHz respectively. Initially, we imaged a random feature
on the substrate. Based on the PL spectrum, a wavelength
range between 600 nm and 700 nm was selected to collect
the fluorescence emission with the detector. Further param-
eters are listed in Table 2.

Figure 11 indicates the image of the features in confocal
and STED modes. The arrow in Figure 11 indicates each
feature. Figure 12 shows the intensity profiles of a cross-
section through the features. There is a drop in fluorescence
emission intensity around the border of the features in
STED mode. The dotted lines in the STED mode diagram
indicate areas where the intensity drops to zero. These areas
are not clear in the confocal mode diagram compared to the
STED mode diagram. Thus, two features with a separation
distance of 330 nm can be resolved in STED mode. More-
over, our result shows that the border of the features have
a proper contrast in STED mode.

Although high line accumulation improves the signal-to-
noise ratio, it causes a slow recording of the image. For
14 lines of accumulation in a frame size of 4.5 x 2 pm?, we
observed a slight stage drift that caused changes in the focal
plane during data acquisition. Additionally, at the deter-
mined laser power, we found that both the excitation and

STED powers were too high, resulting in damage to several
areas of the sample. Therefore, we sought to modify a set of
the proper parameters for the STED microscope system to
increase contrast and resolution without any harmful effect
on sample.

For the next measurement, we recorded images of a
cross-shaped pattern on the NV centres substrate in two
cases, based on changes to the optimum STED parameters.
For both cases, we used similar parameter values except for
the pixel size. To prevent damage to the sample, we reduced
the excitation and STED power to 3% and 5% of their
respective laser powers. To increase the speed of image
recording, we decreased the line accumulation value to
one. The pinhole size, excitation wavelength, STED wave-
length, and frame size are the same for both cases (see
Table 3).

Case |

The image of the cross-shaped pattern in both confocal and
STED modes was obtained using the determined values of
Case Iin Table 3 (see Fig. 13). The arrow in Figure 13 indi-
cates the location where the intensity profile was measured.
Figure 14 shows the intensity profiles of the yellow line
through the cross-shaped pattern. There is a drop in fluores-
cence emission intensity around the borders of the features
in STED mode. The dotted lines in the STED mode
diagram indicate the area where the intensity drops to zero.
Again, in the STED image, the borders of the pattern are
evident, whereas these areas are not clear in the confocal
mode diagram.

Case Il

Figure 15 exhibits images of the cross-shaped pattern in
both confocal and STED modes for determined values of
Case II in Table 3. The arrow in the Figure 15 indicates
the location where the intensity profile was measured.
Figure 16 shows the intensity profiles of the yellow line
through the cross-shaped pattern. The fluorescence emis-
sion intensity in Case II falls sharply around the borders
of the pattern compared to Case I. The dotted lines in
the STED mode diagram indicate area where the intensity
drops to zero. The width of the area is 2.1 um. This result
shows that reducing the pixel size of the image while main-
taining the same dwell time (20 ps) helps us record a high-
resolution image of the pattern. However, the scanning time
in Case II increases two times compared to Case L.

5 Discussion of concepts for universal and
versatile label-free-SRM metrology tool(s)

As might be obvious from the number of different label-free
SRM methods we considered and investigated for the goal
to develop and realise practical and (as much as possible)
universal label-free SRM methods applicable in dimensional
nanometrology, an optimum solution for this challenge
might not exist, but according to the intended application,
different methods might be required. Usually, the investi-
gated materials and structures will not offer suitable
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Figure 11. Image of the random features in confocal mode (a) and STED mode (b).
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Figure 12. Intensity profile of the random features for confocal mode (a) and STED mode (b). The dotted lines in the STED mode

diagram show the approximate border of each feature.

Table 2. Parameters for imaging a random structure on
the NV centres substrate.

Table 3. Parameters for imaging the cross-shaped
pattern on the NV centres substrate for two cases.

Parameters Values
Pixel size 10 nm
Pinhole size 1 AU.
Dwell time 10 ps
Line accumulation 14
Excitation power 25%
STED power 25%
Excitation wavelength 561 nm
STED wavelength 775 nm
Frame size 4.5 x 2 pm?

switchable detection channel systems, which might be
exploited for non-linear pump-probe SRM methods such
as STED or ground state depletion GSD. Positive excep-
tions might be silicon-based nanostructures, when the
plasma dispersion effect can be exploited [78] or other
label-free SRM methods based on plasmonic scattering
suppression like in the SAX and SUSI methods described
in Section 3. An alternative with a potentially broader
application potential might be provided by nonlinear
photo-modulated reflectivity [79].

Parameters Values for Values for
Case 1 Case II
Pixel size 20 nm 10 nm
Pinhole size 1 AU. 1 AU.
Dwell time 20 ps 20 ps
Line accumulation 1 1
Excitation power 2% 2%
STED power 5% 5%
Excitation wavelength 561 nm 561 nm
STED wavelength 775 nm 775 nm
Frame size 15 x 15 um? 15 x 15 pm?

There exist many applications in nanotechnologies
which should be suitable to implement thin inorganic extra
layers on top of the substrate or ion dopants within a trans-
parent substrate with alternatives to fluorescence markers,
such as NV centres in artificial diamond, quantum dots or
Nd-ions, which can be exploited relatively straight forward
for RESOLFT-like SRM.

In applications where such extra-layers or dopants are
not acceptable and where no other alternatives such as
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Figure 13. Image of the cross in confocal mode (a) and STED mode (b).
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Figure 14. Intensity profile of the yellow arrow in image of the cross -shaped pattern for confocal mode (a) and STED mode (b). The
dotted lines in diagram (b) show the border of the pattern based on the drop of intensity in STED mode.

Confocal Mode STED Mode

Figure 15. Image of the cross-shaped pattern in confocal mode (a) and STED mode (b).
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Figure 16. Intensity profile of the yellow arrow in image of the cross for STED mode (a) and confocal mode (b). The dotted lines in
(b) show the border of the pattern based on the drop of intensity in STED mode.

line pairs single dots

Figure 17. Design of planned possible reference structures.

plasmonic scattering or other alternative detection channel
switching schemes can be realized, so that pump-probe
SRM schemes are not applicable, non-linear SIM methods
will be the remaining options. The possible switch-able
and non-linear detection schemes described in Section 3
appear to be quite universally applicable. In combination
with (coherent or incoherent) Raman scattering, a chemical
imaging can increase the imaging contrast and
performance.

6 Conclusion and outlook

In this publication we presented an overview about research
performed by several partners within a European research
project on the way to realise universal label-free SRM
methods suitable for reliable optical dimensional
nanometrology as an imaging complement to well-proven
non-imaging OCD methods and a fast and contamination
free alternative to nano-imaging methods such as AFM or
SEM, which are required to characterise individual and
single structures and defects.

We provided a short review on the performance and
applications of the investigated linear and non-linear SIM
and novel pump-probe SRM techniques including surface
plasmon resonances (SPR) assisted Raman, coherent multi-
photon-Raman, and STED-like methods.

In this work, we have shown investigations of though-
focus microscopy, a method to improve nanoscale sensitiv-
ity in classical microscopy by adding phase information to
the analysis. Different novel schemes to apply SIM methods

Vee of dots

have been investigated based e.g. on photon statistics eval-
uation and in a combination of structured illumination
Raman and hyperspectral imaging (WISER), both showing
quite promising results.

Additionally, we investigated the NV centres in differ-
ent artificial diamond as a promising candidate for super-
resolution imaging due to its high fluorescence stability.
Desired patterns were fabricated on an NV-centre sub-
strate. By examining photoluminescence spectra, we found
that NV centres in the substrate have a uniform distribu-
tion and sufficient spectral resolution. We imaged the
fabricated pattern on the NV-centre substrate using both
STED and confocal modes. We determined the optimum
experimental parameters for imaging our sample with
STED microscopy. Compared to confocal mode, STED
mode provides better contrast at the borders of features
and patterns. Therefore, STED mode is a promising tool
for dimension measurement of nanostructures on substrates
with NV centres. While an increase in STED power is often
associated with improved resolution, our sample exhibited
damage points at STED power levels above 5%. Different
values of STED power could be used to investigate this
further by preparing an NV-centre substrate with smaller-
sized patterns as well as compatible with a high power of
the STED laser.

To go beyond super-resolution imaging and extend it to
a quantitative dimensional metrology tool, as stated in the
introduction, some requirements must be addressed.

Beside a stable and reproducible measurement system
and a very good understanding of the probe-sample interac-
tion, which usually comes along with a detailed, reliable and
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realistic modelling capability of the whole measurement
process and system, the question of the traceability of the
measurements is of highest importance for dimensional
metrology. A straightforward method to achieve and prove
traceability is the development, calibration and successful
application of traceable reference standards to the SRM-
based metrology method used [28]. The nanodiamond
NV-centre material is a very promising option to realise
suitable test structures for STED-like SRM. Low density
NV-centre samples, where individual centres can be identi-
fied are excellent samples to characterise the PSF and with
it the resolution of the method. And they can be arranged
stochastically or deterministically as two-dot samples with
calibrated distances to be useful for direct resolution
measurements of the SRM.

For a planned alternative, high quality calibration
grating structures may be utilized. These elements are
fabricated by first deposition a chromium hard mask onto
a silicon wafer by means of ion beam sputter deposition
(Tonfab 300LC by OIPT) [80]. In a next step, HMDS adhe-
sion promoter and 100 nm of electron beam sensitive
OEBR-CAN038 AE 2.0CP (Tokyo Ohka Kogyo Co.
LTD) is applied. This is subsequently patterned by a Vistec
35008 electron beam writer with character projection aper-
tures [68]. Then, the pattern is transferred into the silicon
substrate using the chromium as a hardmask by means of
inductive coupled plasma etching (SI500C by Sentech
Instruments GmbH). The remaining hardmask is removed
and the samples are diced. The grating parameters such
as period, linewidth and height etc. will then be calibrated
by a traceable AFM [81]. Finally, a polymer layer is formed
on top of the structures by means of spincoating. Into
this polymer low concentration of nanodiamond powder
containing NV centres is embedded, enabling STED
measurements.

Potential reference structures for the calibration of
the respective metrology systems are shown in Figure 17.
Those target structures have been already manufactured,
but are not yet treated with the nanodiamond layer. It
contains line pairs with different distances, single dots with
different diameters and pairs of dots with different
distances. The later allow to directly assess the resolution
limits.
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