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Abstract

®

CrossMark

The sidewall angle (SWA) of a nanostructure exerts influence on the performance of the
nanostructure and plays an important role in processing nano-structural chips. It is still a great
challenge to determine steep SWAs from far field measurements especially when the SWAs are
close to 90°. Here, we propose a far-field detection system to determine steep SWA of a
cliff-shape step structure on a silicon substrate by combining a split detector with a scanning
method. The far-field radiation field is asymmetric due to the scattering of the step structure, and
further numerical analysis demonstrates the reliability of this far-field measurement method. In
the simulations, two key variables, i.e. the polarization state and the focus position of the
incident laser beam, are considered to explore their impacts. By scanning over the structure
laterally and longitudinally with both TE and TM polarizations, polarization effects on the

far-field occur. These effects show higher sensitivity to steep SWA variation for TM polarization
as compared to TE. Furthermore, with a comprehensive longitudinal scanning analysis for the
TM polarization case, a feasible focus interval can be optimized to retrieve the steep SWA. As

the proposed method is fast, highly sensitive and easy to implement, it provides a powerful
approach to investigate the scattering behavior of nanostructures.

Keywords: optical scattering, optical metrology, sidewall angle retrieval

(Some figures may appear in colour only in the online journal)

1. Introduction

In the semiconductor industry, the photomask is a key com-
ponent in the lithographic system. The accurate evaluation of
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the structures on the photomask dominates the performance
of the end products. Consequently, a strictly precise descrip-
tion of the shape of the groove on the photomask plays an
important role in the in-line process control and process devel-
opment. Those structures are often gratings whose shape can
be described by some geometrical parameters, such as period,
middle critical dimension (MidCD), height and sidewall angle
(SWA). In practical applications, the grating period is gener-
ally the best controlled parameter, and the SWA is more diffi-
cult to determine optically than the MidCD and the height [1].
In recent years, with continuous miniaturization of photonic

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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and electronic devices, the mask feature sizes become smaller
and smaller, and consequently, the SWA has become increas-
ingly important in lithography mask fabrication. For example,
EUV masks need steep vertical SWA, since in case of non-
vertical SWA, the transferred pattern sizes on the wafer will
be affected by shadowing effects. If there is a large deviation
in the final etched pattern, it will deteriorate the subsequent
fabrication of further layers on the nanostructure, and it may
even lead to the failure of the chip. The verticality of the
SWA, therefore, has become a crucial factor in mask fabrica-
tion [2]. Non-destructive determination of the SWA, especially
for reconstruction of steep SWA with high precision is obvi-
ously indispensable in nanostructure metrology.

Several techniques have been used to measure the SWA,
currently, atomic force microscopy (AFM) and scanning elec-
tron microscopy (SEM) are the two most popular methods. For
SEM [3-5], both the cross-sectional SEM (X-SEM) and crit-
ical dimension SEM (CD-SEM) have drawbacks, for instance,
in the case of X-SEM, one needs to cut the sample to observe
its cross-section, which might introduce extra errors, while
with CD-SEM the SWAs have to be computed indirectly, with
the resolution being limited by the primary electron beam dia-
meter. For AFM [6-9], it is hard to measure SWAs greater
than the slant angle of the tips, and also its low throughput is
an obstacle. Moreover, these methods are all based on near-
field measurements, and the experimental systems are very
complex, with rigorous operating conditions. To overcome
these drawbacks in dimensional and structural metrology, a
non-destructive, fast and quantitative method such as optical
scatterometry has become commonly used for nanostruc-
ture profile reconstruction, in particular in in-line lithograph-
ical manufacturing process. Optical scatterometry [10, 11]
is inherent a model-based metrology technique that is used
to reconstruct the optimal nanostructure profile parameters
by continuously matching the theoretical signatures with the
measured ones. The theoretical model for the scattering pro-
cess is based on the rigorous solution of Maxwell’s equations.
Many methods have been proposed, depending on the struc-
ture features, such as the so-called C method [12, 13], the rig-
orous coupled wave analysis (RCWA) [14-16], the finite ele-
ment method (FEM) [17-19], and the finite difference time
domain (FDTD) [20-22], etc. For instance, RCWA is primar-
ily suitable for calculation of diffraction field of periodic struc-
tures, while FEM is more flexible to solve boundary value
problems.

In this work, we propose a novel detection optical system
for the determination of steep SWAs that explores asymmet-
ries in the far-field scattering light. The proposed approach is
appropriate for all values of SWAs but here we focus on steep
SWAs because there it is still a lot of challenges associated
with them. Numerical calculations using the FDTD method are
carried out to verify the detection capabilities of the scheme.
The rigorous electromagnetic interaction between a cliff-like
structure and the focused laser beam generated by a cylindrical
lens is modeled to distinguish different steep SWAs, which is
closer to the experimental situation and more accurate than
the scalar analysis [23]. We conduct lateral and longitudinal

scanning of the structure for both TE and TM polarization, and
monitor the scattered light by a split detector to analyze the
polarization effect in the far field. The results reveal that TM
polarization is more sensitive for steep SWA detection, and is
able to distinguish SWA differences below 1°, which meets
the technological requirement of absorber SWA in ITRS2008
roadmap [24]. We define a quantity called the ‘visibility’ to
quantify the influence of the longitudinal focus position to
steep SWA detection in the TM case. The results reveal that
there is a feasible longitudinal focus interval which can be used
to distinguish steep SWAs with different heights of the struc-
ture, and within this interval, there is an optimal focus posi-
tion. Our findings present a robust and sensitive determination
method for steep SWAs in far-field detection, and we believe
it will provide a feasible approach for accurate measurement
of more complicated nanostructures.

2. Method

A cliff-like structure is shown in figure 1(a). We select one
cliff-like subarea as the target structure as it is the pivotal part
of a general grating profile. Grating profiles are obtained by
varying the height and SWA of the structure. Figure 1(b) is
the proposed detection system for SWA determination, where
the cliff-like structure is centered in a right hand coordinate
system and is illuminated by a probe beam. For simplicity we
assume that the cliff-structure is infinite along the x-axis and
invariant with respect to the y coordinate. Consequently, the
disturbances from other parameters are avoided, and the struc-
ture can be fully described by the SWA and height in the x—z
plane. A collimated laser beam with polarization in the pupil,
which is either parallel (TE) or perpendicular (TM) to the y-
axis is focused on the upper interface of the structure through
a cylindrical lens. By using a cylindrical lens, the interaction
of the light with the structure is a two-dimensional scattering
problem.

It has been demonstrated in previous work [23, 25, 26]
that an object can be described as a phase step if its slope
is sufficiently steep. The phase step will introduce an offset
to the scattered light due to the path difference on either side
of the step, as shown in figure 1(c). Furthermore, the relative
movement between the structure and the incident beam will
bring a dynamic variation in the far field, which can be col-
lected through the same cylindrical lens. To get a high sens-
itivity at high speed, a split-detector technology is implemen-
ted, which is often used in differential phase-contrast micro-
scope [27-29]. The split detector measures the intensity in
both halves of the exit pupil and integrates each of them and
then subtracts them after normalization:

S fr©a,

X ; ey

T 0 r
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where r = NA - f defines the detection area, NA is the numer-
ical aperture of the cylindrical lens, f is the focal length, and £



Meas. Sci. Technol. 32 (2021) 085201

X Dou et al

(a)

SWA

(b)

Incident Beam

Split Detector

Beam
Splitter

Cylindrical
Lens

(-r,r)

Figure 1. (a) Scheme of the cliff-like structure showing its geometrical parameters. The structure is fully described by height and SWA.

(b) Diagram of a reflection scanning system with a split detector. A collimated laser beam with wavelength of 633 nm is focused onto the
sample by a cylindrical lens with NA of 0.6. The scattered light is collected by the same lens and finally recorded by a split detector. (c) The
simulated near-field intensity showing the interaction between the focused beam and silicon-based cliff-like structure in x—z plane for TM

polarization.

is the coordinate in the exit pupil. Theoretically, the detection
sensitivity and anti-noise performance can be improved by the
difference between the integrals of these two halves.

To study the interaction between the cliff-like structure and
probe beam, we performed simulations using the commer-
cial software ‘FDTD solutions’ (Lumerical Inc., Canada). A
two-dimensional FDTD model is built with a total simula-
tion region of 10 x 8 pm, where the silicon step structure
(as described in figure 1(b)) is created in the bottom region
and all other part is air. A 633 nm-wavelength TM- or TE-
polarized light source is generated through a self-written script
based on [30, 31], and focused on the upper surface of the sil-
icon structure with the NA of 0.6. The refractive index of sil-
icon is 3.882 + 0.019i at the wavelength of 633 nm given by
the FDTD material database. Perfectly matched layer bound-
ary conditions are used at all boundaries of the simulation
domain without causing reflections. In order to provide enough
computational precision to distinguish different SWAs, the
grid size in the cliff-shape region (as described in figure 1(c))
is chosen as 2 nm in x-direction and 5 nm in z-direction;
Finally, the far-field is calculated by projecting the near-
field scattered field obtained from FDTD simulation to the
pupil plane.

3. Results and discussion

To better understand the offset caused in the scattered light by
the step, we begin with the height set to A/4 and SWA of 90°,
which satisfies the quadrature condition (i.e. the phase differ-
ence between the reference and the signal beam is around 7/2)

[25]. We first perform a lateral scanning, with the probe beam
focused on the upper interface of the structure. The transla-
tion of the focus spot along the x-direction is defined by xi,
and the probe beam moves from negative to positive x;, where
x¢ = 0 means that the center of the spot is on the edge of
the step, as shown in the figures 2(a) and (b). Figures 2(c)
and (d) show the far-field radiation field in the pupil plane
for TE polarization, and figures 2(e) and (f) for TM polariz-
ation. Figures 2(c), (e) and (d), (f) correspond to two scan-
ning positions, namely x; = —0.6 and 0 pm, respectively. For
x¢= —0.6 um (figures 2(c) and (e)), a major portion of the
radiation field is concentrated in the center with two small side
lobes, which means that when the probe beam is relatively far
from the cliff-structure, the probe beam is mainly reflected by
the surface. As one can see, the intensity of the two twigs in
figure 2(c) is much bigger than in figure 2(e), which indicates
that the TE and TM modes have different edge scattering beha-
vior; for both figures 2(c) and (e), the far-field intensities for
80° and 90° highly coincide, when the probe beam is far from
the cliff-structure. For the beam focused at the center x, = 0,
the scattered light from the right and left halves of the step
exerts a 7w phase difference. The scattered light in the middle
part becomes very weak after interference, leaving two asym-
metric radiation fields at divergence angle around +40° with
a high intensity, as shown in figures 2(d) and (f). Although the
intensity ratio between the two lobes in figure 2(d) is larger
than in figure 2(f), the difference between the intensity pat-
terns for 80° and 90° SWA is larger for TM (figure 2(f)) than
for TE (figure 2(d)).

Figure 3(a) shows the variation of the intensity of the
scattered far field for TE polarization, for scanning position
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Figure 2. Explanation of the process of the lateral scanning of the focused beam. The probe beam is scanned along x-axis from left to right
as shown in (a) and (b). The translation is denoted by x;. (c) and (d) are the far-field radiation field when x; = —0.6 um and O for the TE
polarization, respectively. (e) and (f) are the far-field radiation field when x; = —0.6 um and O for the TM polarization.

X¢ in the range from —0.6 um to 0.6 wm, with scanning step
of 0.06 pm and for SWA of 90°. Figure 3(b) is analogous
to figure 3(a) for TM polarization. The results show that the
radiation distribution in far field for TE and TM polariza-
tion are similar. There is however a difference in the ratio of
the intensities in the two lobes when the probe crosses the
edge of the step; this phenomenon can be explained by the
electromagnetic boundary conditions [32]. Figures 3(c) and
(d) show the split detector signals for a cliff-like structure
with different SWAs as function of the scanning position x;
for TE and TM polarization, respectively. The height of the
step is A/4 again and SWA is 80°, 86°, 88°, 89°, and 90°.
The longitudinal position of the focus is fixed at the upper
interface of the sample, in accordance with the scheme in
figure 2. The lateral scanning region ranges from —2 pm to
2 um, with the same scanning step as before. According to
figure 3(a), for TE polarization the scattered intensity in the
left half of the pupil is always larger than in the right half,
so the split detection signal is always positive. Furthermore,
the split detector signals for all five SWAs highly coincide,
meaning that TE polarization is not very sensitive to changes in
steep SWAs.

In contrast, for TM polarization shown in figure 3(d), the
split detection signal clearly differs for different SWAs. Each
SWA produces a unique ‘heartbeat’ signal, with different amp-
litudes. The insert in figure 3(d) shows that the difference
between 89° and 90° is still visible and possibly could be
measurable, which makes us conclude that the scattering due
to TM polarization has the potential for applications in determ-
ining steep SWA to the order of 1°. Although the absolute
value of the split detect signal for TE polarization is higher
than for TM, its sensitivity to SWA variation is smaller. The
results show thus that TM polarization is preferable for steep
SWA determination.

Since we consider the dependence on the longitudinal pos-
ition of the focused spot, it is hard to determine the exact
position of the focal plane of the laser beam w.r.t. the struc-
ture. Figures 4(a) and (b) show the far-field radiation signals
by longitudinal scanning of the same structure (height = M4,
SWA = 90°) showed in figure 2. The lateral position of the
beam is fixed at x; = 0, and the beam moves from top to bot-
tom with focus plane position (z;) changing from 0.3 pum to
—0.3 um. Note that z; = 0 corresponds to the probe beam being
focused at the upper interface of the structure. As shown, the
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Figure 3. Top: Stacks of the far-field radiation field for different scanning positions x; in (a) TE and (b) TM polarization for a cliff-like
structure with height = M\/4 and SWA = 90°. Bottom: split detector signals for a cliff-like structure with different SWAs, namely 80°, 86°,
88°, 89° and 90° under two different polarizations: (c) TE polarization and (d) TM polarization.

divergence angle of the scattered fields is still located mainly
around +40° scattering angle for both polarizations. As con-
sequence, the scattered light could be collected without any
position adjustment when the polarization changes.

Figure 4(a) shows the far-field intensity for TE polarization.
The intensity is for all focal positions more strongly scattered
to the left than to the right side of the pupil, but the ratio of
the left and right intensities changes gradually with longit-
udinal focal position. As shown in figure 4(b), the scattered
field much more strongly varies with longitudinal focus for
TM polarization than for TE. Figures 4(c) and (d) show the
split detector signals for different steep SWAs for TE and TM
polarizations, respectively, when x; = 0. The parameters of the
tested structure are kept the same in figure 3, i.e. the step height
is A/4 and the SWA is 80°, 86°, 88°, 89°, and 90°. The scan-
ning range is from 0.3 um to —0.3 pwm and step size is 0.01 pum.
As demonstrated in figure 4(c), although the longitudinal focus
position changes the far field distribution, the overall trend
of the five split detection signals looks quite similar. While
for the TM case, as shown in figure 4(d), the difference
between the split detector signals for different SWAs is more
obvious. In conclusion, the signals generated by changing the
longitudinal focus positions could also be used to retrieve the
SWAs of the nanostructure.

The comparisons of TE and TM polarization for both lateral
and longitudinal scanning, imply that TM polarization is more
sensitive than the TE polarization for difference in SWAs. We

have also studied the transitional polarizations between the TE
and TM mode, and as result, we conclude that TM polarization
is the optimal one. We therefore further explore the TM case.
For a quantitative description of the detection sensitivity, we
define a contrast value of split detector signals, as:

Imax (x)| — |min ()|
|max (x)| + [min (x)|

visibility = 2)
where max() and min() are the maximum and minimum of
the split detector signal x. It should be noted that the abso-
lute value of minimum Y can be greater than that of the max-
imum, the visibility value can be negative at some conditions.
For each vertical focus position, a horizontal scanning is per-
formed to get a series of far-field radiation patterns, referring
to the horizontal rail in figure 3(b). We further get the split
detector signal of the far-field from equation (1) as function
of x;. The visibility value is calculated from equation (2) by
getting the extreme value of the split detector signal. Finally,
only one scalar quantity is obtained from the stacks of far-field
radiation field with respect to z;.

The visibility is plotted as a function of the longitudinal
focus position in figure 5(a). It demonstrates that the visibility
of 80° is always higher than the other four SWA values, and
thus very distinguishable. For quasi-vertical SWAs, however,
the optimum focus position should be used, since the differ-
ence between the visibilities is small. The largest variation of
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defined by equation (2), as explained in the main text. (b) The visibility as function of the position of the focal spot for three different

heights when the SWA is fixed to 90°.

the visibility as function of focus position for SWA close to
90° occurs for focal position z; = 0.05 pm, hence 50 nm above
the upper surface. The results of visibility are logical and con-
sistent with expectation: focusing on the upper interface of the
structure is not the only valid position, there is indeed a feas-
ible focus interval to detect steep SWAs.

The above simulations are based on the condition that
the height is equal to A/4. The cases for other heights are
also investigated, as shown in figure 5(b). The SWA in this

case is fixed at 90° and the height is equal to 148, 158 and
168 nm. We can see that the height also has a strong influ-
ence to the visibility values, but the better focus interval around
z¢ =~ 0.05 um is still good to use. In addition to 90°, we also
investigated other SWAs with different heights, and the results
show the same tendency as in figure 5(b). These indicate that
our method is still valid when the wavelength of the focused
beam is fixed and the structure height has a tolerant deviation
from 1/4 wavelength, and with the right focus interval we can
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accurately retrieve the steep SWAs. It is important to emphas-
ize the requirement on the physical height of the sample is not
stringent, our method can be used in a wide range of height by
adjusting the incident wavelength.

4. Conclusions

In conclusion, we proposed an efficient approach for distin-
guishing steep SWA of a cliff-like structure by analyzing the
far-field scattering signals. An incident beam is focused onto
the structure by a cylindrical lens, and the scattered light is
collected by the same cylindrical lens and detected by a split-
detector to record the far-field signals. Both lateral and longit-
udinal scanning of the structure under TE and TM polarization
are performed to optimize the detection sensitivity. The sim-
ulations demonstrate that the polarization state is an import-
ant factor to modulate the far-field scattering field, and TM
polarization is much more suitable for steep SWA detection
than TE polarization. A parameter called ‘visibility’ is defined
to quantify the influence of the longitudinal focus position on
detecting steep SWA. There is a feasible vertical focus interval
that can be used to distinguish different SWAs, and inside this
interval there is an optimum focus position. For step height
of a quarter wavelength, TM configuration can be applied to
detect the SWA difference with accuracy higher than 1° at
a suitable focus position. Also, according to simulations, the
method is robust even after adding a small surface roughness to
the step. The proposed approach is fast, highly sensitive and
easy to implement. Moreover, the influences of height devi-
ations are also analyzed. For realization of the experiments,
there are many factors that need special attentions, such as the
alignment between the structure and focused beam, focusing
and tilting errors. There should be also special attention to the
detector, as this should have low noise amplifiers and probably
with heterodyne techniques given that the expected voltage
differences are small. We envision in the future using machine
learning [33] to solve the inverse problem in scatterometry by
building a comprehensive database based on calculations as
presented in this paper to analyze the experimental data.
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