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Abstract: Accurate determination of the physical parameters of nanostructures from optical
far-field scattering is an important and challenging topic in the semiconductor industry. Here, we
propose a novel metrology method to determine simultaneously the height and side-wall angle
of a step-shaped silicon nanostructure. By employing an optical singular beam into a typical
coherent Fourier scatterometry system, both parameters can be retrieved through analyzing the
intensity profile of the far-field scattering pattern. The use of singular beam is shown to be
sensitive to slight changes of the parameters of the step. By changing the relative direction
between the singularity and structure, the height and side-wall angle can both be retrieved
with high precision. This new method is robust, simple, and can provide valuable means for
micro-and-nano- metrologies.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

With the continuously reduction of the dimensions of semiconductor devices, there has been a
strong demand for a simple, robust, non-invasive, and far-field optical detection technique that
is sensitive to nanoscale dimensions. This demand is mainly driven by the requirements of the
production quality control, in-line process control and production equipment in the semiconductor
industry. Several near-field microscopy systems [1–5] such as atomic force microscopy and
scanning electron microscopy, can provide extremely high resolution. However, they are not
suitable for industrial environment since they operate mostly off-line, they are expensive, have
low throughput and may be invasive. In principle, optical methods are good candidates to
overcome those difficulties. Optical scatterometry [6,7], which uses the far-field optical scattering
to retrieve the geometrical features of a structure, is a non-invasive in-situ detection method, of
which Fourier Scatterometry (FS) occupies a place in it. In FS, the light that is scattered from
the structure at different angles is recorded and analyzed at the Fourier plane in one shot [8–10].
Coherent Fourier scatterometry (CFS) uses a coherent focused beam to illuminate the structure
[11]. The use of coherent illumination makes CFS quite competitive and even superior to the
incoherent counterpart. CFS has been successfully applied to detect the shape parameters of
grating structures as well as for nano-particles and contamination detection [12–15].

Spatially modulated structure light, which refers to a light beam with specially designed
intensity, phase, or polarization distribution patterns [16–18], has drawn extensive attention
of researchers because of its novel characteristics in many fields. Structured light beams with
optical singularity, termed as singular beam [19–21], has potential for a lot of applications. The
singularities often refer to the discontinuities in phase or polarization in the light field, and the
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optical field intensity usually has a sharp decrease near the singularity. It has been shown that
the dark singularity can be extremely sensitive to detect slight changes in the field due to its
interaction with (nano)objects [22–28]. Such property of the singular beam has been verified to
be feasible in precise measurement of nanostructures [24].

In this paper, we employ a singular beam on a CFS scheme to determine both the height
and side-wall angle (SWA) of a step-shaped silicon nanostructure simultaneously. A numerical
3-dimensional rigorous model is built, and the scattered far-field intensity is obtained for further
analysis. Due to the high sensitivity driven by the singularity line of the beam, we propose a
bi-modal detection to decouple the changes of each of the parameters that is observed in the far
field data. The numerical results demonstrate that the proposed approach can distinguish tiny
differences in these two parameters. As an effective and robust method, this work could provide
a good complement to the CFS technique for finer measurements of nanostructures.

2. Method

In conventional CFSs, the nanostructure sample is illuminated by a coherent focused beam with
a truncated Gaussian spatial profile, and is then further investigated via a raster-scanning of the
structure. Here, we introduce a (1,0) mode Hermite-Gaussian (HG10) singular beam (with a line
singularity in the center) into the conventional CFS to improve the detection sensitivity. Most
nanostructures used to characterize the quality of nano fabrication have local steep walls and
ridges of different widths. For simplicity, here, the studied structure is selected as a step-shaped
silicon structure with height and SWA within the x-z plane, and invariant with respect to the
y-axis. The schematics of the entire system is depicted in Fig. 1(a). To get the desired HG10
beam, the incident collimated beam (λ=633 nm) is firstly transformed to a radially polarized
beam (RPB) by passing through a linear polarizer and a vortex waveplate [29,30]. The RPB then
passes through another linear polarizer to produce the HG10 beam, and is further focused by a
microscope objective (NA= 0.6) onto the sample structure. The scattered and reflected light
from the structure is collected by the same objective, and the Fourier plane of the objective is
imaged at a split detector through a beam splitter and a 4-f system. The intensity and phase
pattern of the generated HG10 beam before the microscope objective are shown in Fig. 1(b), and
the focused beam at the plane of the structure has been calculated by a three-dimensional Fourier
transform method based on Debye-Wolf integral [31–33], with FWHM of the focus size is 1.15
um. As shown in Fig. 1(b), a zero-intensity singularity line appears in the middle of the pattern,
with a π - phase jump between the two sides across the singularity. The black arrows in Fig. 1(b)
indicates the direction of the polarization.

Figure 1(c) schematically shows the situation when the focused linear singularity is aligned
along the edge of the step-shaped sample (named the parallel configuration), where the left side
lobe of focused HG10 beam is projected onto the lower surface of step structure and the right
one onto the upper surface. The incident HG10 beam can be freely rotated by changing the
direction of linear polarizer 2, and therefore the angle between the singularity line and the edge
of nanostructure is tunable. In addition to the parallel configuration, we also consider the other
typical situation named perpendicular configuration, where the line singularity of HG10 beam is
perpendicular to the edge of the structure, which can be achieved by rotating the polarizer 2 (or
the sample) by 90° w.r.t. the parallel configuration. Note that these configurations can also be
obtained by keeping the input beam fixed and rotating the sample laterally. The sensitivities of
the two configurations due to the structural parameters are discussed in details in the following
sections.

For numerical analysis of the scattered far field intensity of the structure, a 3-dimentional
finite-different time-domain (FDTD) model is built. The HG10 illumination source is generated
through a self-written script, and its singularity line is tunable and rotatable. In simulations,
the computational convergence must be satisfied to keep the validity, and the simulation will
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Fig. 1. (a) Scheme of the bimodal detection system based on a reflective coherent
scatterometer illuminated by a singular beam. A collimated laser beam passes through two
linear polarizers with a vortex retarder in between to generate the desired HG10 beam. This
beam is then focused onto the sample by a microscope objective. The scattered and reflected
light is collected by the same objective and finally analyzed by the split detector. (b) The
intensity and phase distribution of the HG10 beam. The polarization is perpendicular to the
singularity line as indicated by the black arrows. Scalebar is 500 nm. (c) 3D view of the
interaction between HG10 beam and step-shaped silicon nanostructure.

complete successfully and shut off automatically when convergence criteria is satisfied. In the
model, a fine computing grid will ensure the accuracy of the results, but meanwhile introduce
additional computations to increase the run time. To trade off the run time and computational
precision, the grid size in the step structure region, made of silicon (index of refraction n= 3.882
at 633 nm), is set as 2 nm in x-y plane and 5 nm in z-direction. A perfect matching layer
(PML) boundary condition is employed for all simulations. For a high distinguish accuracy, a
split-detector, aligned with its split line along the y direction, is implemented here by recording
and integrating the signals on each half of the split detector separately.

3. Simulation results and discussion

In our previous works [34,35], we have focused on the SWA measurements with the precondition
that the height of the step-shaped structure is already known. However, in a more general case,
both parameters are not known, thus we need to figure out the effects of both parameters on
the scattered far-field intensity. To reveal the effect of the height of structure, Fig. 2 presents
the intensity profiles of the back-scattered field in the back focal plane of the objective at three
different heights of 0 nm, 80 nm (≈ 1/8 λ), and 160 nm (≈ 1/4 λ). The SWA is set to be 90° in all
cases. The upper row in Fig. 2 is measured in the parallel configuration for the incident beam as
indicated in Fig. 1(c), and the lower row is measured in the perpendicular configuration. The
bold solid white line in the figure corresponds to the edge of the step structure.
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Fig. 2. The far-field intensity distributions at the back focal plane of the objective when a
HG beam is focused on a step (silicon) with variable height and fixed SWA= 90 degrees.
The upper (a-c) and lower (d-f) rows are simulated when the singularity line is parallel and
perpendicular to the step (shown as a white line in the plots), respectively. The three columns
correspond to three different structure heights: 0 nm, 80 nm, and 160 nm. The wavelength is
633 nm and the numerical aperture is 0.6.

As shown in Figs. 2(a) and 2(d) at the height of 0 nm, the scattered fields are nearly the same,
which is just reflected by a flat surface and thus the profile is similar to the HG10 beam shown in
Fig. 1(b). With an increased height of the step-structure, as shown from Fig. 2(a) to 2(c), the
scattered intensity in the left hemisphere becomes weaker while the right lobe gradually moves
to the center. In Fig. 2(c), the scattered field with a bright spot in the center is very similar to a
Gaussian beam, mainly because the phase difference of reflected light introduced by the height
of 160 nm is around π, which nicely compensates the inherent π - phase jump of HG10 beam as
shown in Fig. 1(b). Similarly, for the perpendicular configuration in Fig. 2(d) to 2(f), the main
lobes of the scattered field gradually move to the upper hemisphere, and another dark line is
formed along the horizontal direction with the increase of height. As shown in Fig. 2(f), the
horizontal dark line caused by the sample is perpendicular to the singularity line of HG10 beam,
and divides the scattered field into four quadrants. Notably, the far-field intensity distribution of
the scattering field strongly depends on the height of the step, hence providing an alternative
approach for retrieving the value of the height of the structure.

To quantify the discernibility of the configuration, the scattered signal in the far-field is divided
into the left/up and right/down halves for split detection, with the split line of the split detector
parallel to the step structure in accordance with Fig. 2. The split detection signal is obtained by
integrating the intensity on both halves of the split detector and subtracting them. The signal is
then normalized by the total intensity (i.e., the sum of the intensities of both halves of the split
detector). Several Height-SWA combinations are investigated by sweeping the height from 0 nm
to 400 nm and SWA from 80° to 90°, in parallel and perpendicular configuration, as shown in
Figs. 3(a) and 3(b), respectively. The results indicate that height of the structure has a dominated
influence the value of the split detection signal, while the SWA makes a minor impact.

For further confirmation of the different roles of the two parameters, a more accurate sweeping
is carried out for both configurations as depicted in Fig. 3(c). Here, the value of height is swept
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Fig. 3. The split detection analysis for different Height-SWA combinations. 3-D view of the
split detection signals by sweeping both the height and the SWA of the structure in parallel
(a) and perpendicular (b) configuration, respectively. Both the scale and color represent the
value of split detection signal. (c) Larger region and higher precision height sweeping with
SWAs of 80° and 90° in both configurations. Note that the black and red curves almost
overlap everywhere.

from 0 nm to 630 nm in both configurations, and two typical SWAs (80° and 90°) are selected for
comparison. Black and red curves in the parallel configuration highly coincided in the entire
range, proving that the effect of SWAs is negligible in this case. In this configuration, the changes
in the split detector value are more sensitive for changes in the height of the structure, so the split
detection signal can be used for accurate determination of the height.

On the contrary, the blue and green curves (corresponding to two different SWA in the
perpendicular configuration) are highly coincided when the height is below 100 nm, but show
differences with increasing height. The difference is much bigger around the height of 280
nm and 590 nm, corresponding to the valley of the curves. Compared to the parallel case,
the perpendicular configuration shows a better performance on the discrimination of SWAs.
Although in Fig. 3(c) the effect of height is quasi-periodic in all curves, accurate height value of
the structure can still be determined based on the combined results of the two configurations.

With calibrated heights of the nanostructure, Fig. 4 shows quantitative comparisons of the split
detect signals for five SWAs at different heights. The sample is fixed and the singularity line of the
incident beam is rotated from 0° to 180°, i.e., from the parallel to the perpendicular configuration
and finally back to the parallel situation. Whereafter, the split detection value is plotted as a
function of the rotation angle, and the curves for five different SWAs are self-normalized by the
maximum value. The difference within each set of curves in Fig. 4(a) gives the index to evaluate
the distinguish capability of the singular beam. It is clear that the signals for SWAs of θ= 80°
and 90° are the top curve and the bottom curve, respectively, and the peaks of different values of



Research Article Vol. 30, No. 16 / 1 Aug 2022 / Optics Express 29292

the detected signals for various SWAs are obtained at the perpendicular mode when rotating the
singularity direction of the singular beam. To clearly compare the distinguish capability at the
perpendicular mode, we plot in Fig. 4(b) the normalized split detection signal as a function of the
SWA for different heights. For a certain height, the difference value compared to the reference
point (SWA= 80°) shows a monotone variation, and for each SWA, a unique split detection signal
is obtained. Consequently, the perpendicular mode is capable to determine the SWAs. The slope
of the curve can be used to quantify the distinguish capability. One notices also that it is easier to
determine the SWA when the step is not very shallow.

Fig. 4. (a) The split detection signals as a function of the rotation angle for five SWAs
and seven different heights. The signal is generated by rotating the singularity from 0° to
180°, of which the 0° and 180° rotation angles correspond to the parallel configuration, and
the center rotation angle (90°) corresponds to the perpendicular one. (b) The normalized
split detection signal in perpendicular mode as a function of the SWA for different structure
heights.

From the results of the perpendicular case in Fig. 3(c), one can achieve a comprehensive
understanding on the dependence of the signal as a function of the height variations. The
differences between curves at 80° and 90° are more pronounced within a certain height interval
(close to integer multiples of the half-wavelength), as there exists a π-phase difference on both
sides of the singularity line. This reveals that the SWAs can be better distinguished in these
height intervals than others. It should be noted that the lateral shadow of the step-structure with
low height is ultra-small. For instance, the shadow difference between 89° and 90° is only 1.4
nm for the height of 80 nm, which is an extremely tiny value to be distinguished. Consequently,
the five curves are highly coincident at the height h= 80 nm, indicating that it is still a challenge
for the proposed method to distinguish the SWAs in the case of shallow steps.

Based on the above analysis, the height can be calibrated with high accuracy without the
influence of SWA in the parallel configuration. By rotating the singularity line in a suitable
height interval, our method can be successfully used to distinguish steep SWAs. Ultimately,
with a combination of the above two processes, e.g., focusing the singularity line along the
step-structure and rotating the singularity line, both the height and SWA of the structure can
be retrieved simultaneously. Moreover, the mechanical vibrations can be effectively evaded
by just rotating the singularity line of the incident beam. The rotation allows disambiguation
and decoupling of the experimental signal from the effect of experimental noise by allowing
for multiple measurements, which helps to improve the measurement accuracy. This is a great
improvement compared with previous works [34,35].

For real-life samples, many of them often include steps that are made from a different material
on and off the step. Due to the different scattering and reflection efficiency of the two materials,
the intensity and phase shift between the two regions will be changed and will affect the intensity
contrast. Moreover, most functional structures are constituted by series of monomer units, where
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the boundary conditions are periodic. For this case, the numerical effort will be ultra-high, simple
surrogate models, e.g., polynomial chaos approach [36], will open a new window for the CFS
modelling. These are very valuable and meaningful subjects for accurate nanoscale detection in
practical applications. We will focus on these topics and carry out the retrieval research in our
following works.

4. Conclusion

In conclusion, we employed a HG10 mode singular beam to combine with the conventional
CFS system to retrieve the geometrical parameters of structures that are commonly used in the
semiconductor industry. For simplicity but without loss of generality, a 3-D step-shaped structure
with an invariant y-axis is selected as the sample. Using our method, it is possible to determine
both the height and the SWA of the structure simultaneously by rotating the singularity direction
of HG10 beam and measuring the far field with a split detector. This provides a much simpler and
more robust approach than the raster scanning method in conventional CFS. When the singularity
is parallel to the invariant axis of the sample, the height can be accurately detected regardless of
the influence of SWA. By rotating the angle of the singularity line of the singular beam w.r.t. the
direction of the edge of the structure, one can retrieve the SWA with high accuracy in a suitable
height interval. The proposed method can work under wide conditions, being not limited to the
step-structures. The same applies to more varied materials, structures, wavelengths, etc., and
these will be further discussed in the following research. Given that the height interval where the
sensitivity is high depends on the wavelength, one can tailor the sensitivity region by varying
the wavelength of the illumination. This work will open up new opportunities for precision
measurements in semiconductor industries.
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