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Abstract: A simplified model for dark-field optical imaging of three-dimensional high aspect
ratio micro- and nano- structures is proposed, to reduce the time taken to simulate object fields
with in-plane scattering between different parts of the object. Primary scattering is found by
assuming that illumination of Manhattan geometries generates a set of spherical edge waves,
following the incremental theory of diffraction. Secondary scattering is found by assuming that
primary scattering is re-scattered from nearby features. Diffraction coefficients are simplified,
and the number of illuminating beams is limited to those generating waves that enter the objective
lens. Images obtained using TE and TM polarizations are compared, and results are benchmarked
against a vectorial finite element model. Applications lie in simulating optical inspection of
structures containing vertically etched features including MEMS and NEMS.
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1. Introduction

Modelling of optical microscopy is long established [1]. The initial task is computation of
the object field, but for simplicity multiple scattering was ignored to begin with [2,3] and the
objective lens was then described in terms of an aplanatic factor and a pupil function [4]. Interest
was renewed by the need to model inspection of very-large-scale integrated (VLSI) circuits,
but multiple scattering could no longer be ignored for closely spaced relief structures such
as photoresist patterns. To simplify the problem, two-dimensional (2D) periodic structures
were often assumed [5—8], allowing the use of modal theory [9,10] or rigorous coupled-wave
analysis (RCWA) [11,12] to simulate scattered fields. More recently, imaging of 3D structures
has been modelled using RCWA [13,14], finite element modelling (FEM) [15,16], RCWA and
FEM [17,18], finite difference time domain (FDTD) [19-21], vector potential [22], and integral
equation [23] methods. However, the computation to model multiple polarizations, incidence
angles and wavelengths is extensive [19] and has involved supercomputers [20].

An alternative method of modelling scattering from isolated structures is the geometrical theory
of diffraction (GTD), which approximates exact solutions for infinitely long conducting knife
edges and wedges [24] as a sum of transmitted, reflected, and diffracted waves [25]. Diffraction
coefficients have been refined to improve matching at near-field boundaries in the physical
[26] and uniform [27] theories of diffraction (PTD and UTD). The different theories have been
compared [28], and diffraction coefficients have been found for other canonical objects such as
slits and apertures [29,30]. Arrangements of multiple objects have been tackled by using ray
tracing to compute the result of multiple scattering [31-34], and finite and curved edges have
been modelled using a local diffraction coefficient in the incremental theory of diffraction (ITD)
[35-38]. GTD has been used in projection lithography simulations, accounting for both edge and
vertex diffraction [39,40]. However, computations are again lengthy.

Here we consider a further problem for which a general simulation method is required,
namely optical imaging of high aspect ratio (HAR) structures. Applications include inspection
of masks and nanoimprint templates [41,42], vias and low-density microelectronics [43,44],
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microelectromechanical systems (MEMS) [45], and nanostructures [46]. For MEMS, optical
microscopy is often used to avoid slow, expensive, and potentially damaging electron beam
inspection of suspended structures. In bright field, nanoscale features appear as dark lines, and
microscale features as dark edges [47]. In dark field (DF), background from the substrate and
superstrate is eliminated, and the entire image is composed of bright edge waves. Scattering from
nanoscale parts is increased, and this difference has been exploited to segment images based on
brightness curvature [48]. In each case, device appearance is heavily modified, and simulated
images are required to allow defect identification. We propose an approximate model of DF
imaging of HAR structures based on layout segmentation, ITD, and Fourier analysis.

Figure 1 shows the main assumptions. Structures (cyan, Fig. 1(a)) are simplified by assuming
Manhattan geometries, so that edges can be found by Sobel filtering. Primary scattering is
modelled by assuming that edges generate spherical waves (green, Fig. 1(b)), and secondary
scattering is estimated by re-scattering of in-plane radiation. Imaging is simulated by assuming
that only edge waves are collected by the objective lens, which has an acceptance cone with
half-angle 6;, (violet, Fig. 1(a)) and acts as a low-pass spatial filter. The model is further simplified
by approximating diffraction coefficients and reducing the number of illuminating wave angles
(60, ¥o) to those contributing most to the image, the four waves at normal incidence to each edge
type shown by arrows in Fig. 1(a).
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Fig. 1. a) Geometry for DF imaging; b) scattering of spherical waves from edges.

The arrangement of the paper is as follows. Section 2 develops an approximate scattering
model for TE and TM dark-field imaging of a restricted set of two-dimensional (2D) structures,
and Section 3 compares simulated 1D images with the predictions of FEM. Section 4 extends
the model to arbitrary 3D structures, and Section 5 compares simulated 2D images with FEM.
Despite the sweeping simplifications, the model predictions are surprisingly accurate for layouts
with moderate feature separation, and the computation needed to simulate imaging of complex
device layouts is significantly reduced compared with FEM. Section 6 draws conclusions and
discusses how the model may be extended.

2. Approximate 2D scattering model

A 2D simulation model for dark-field microscopy of HAR MEMS may be developed by making
simplifying assumptions concerning the objects, illumination, scattering, and imaging. For
example, silicon has moderate conductivity, for which a perfect electric conductor (PEC) provides
a reasonable approximation and GTD coefficients are well known. The use of deep reactive
ion etching leads to large feature depths, so the substrate may be ignored as being out-of-focus.
Devices often consist of mesas or suspended parts in Manhattan geometries. Upper surfaces are
largely planar, so that only a single device layer need be considered, and so on.

These assumptions allow scattering models to be based on rigorous diffraction theories. For
example, Fig. 2(a) shows diffraction from a right-angled PEC wedge, which is representative of a
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HAR mesa edge (see e.g. [28]). Here a plane wave is incident at an angle ¢o and wavelength A
in the leading direction. According to GTD, solutions to the electromagnetic problem may be
decomposed into the sum of incident and diffracted waves in Region I, and incident, reflected and
diffracted waves in Regions II and III. In Fig. 2(b), illumination is in the trailing direction, and
Region III now contains incident, reflected and diffracted waves, Region I incident and diffracted
waves, and Region II diffracted waves alone. In each case, an objective lens with an acceptance
cone of half-angle 6; will collect light only from within this range. In dark field imaging, when
all illuminating waves lie outside the acceptance cone, no reflected waves can enter the lens, and
only the diffracted edge waves are important. We now consider them further.
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Fig. 2. 2D model of scattering from a right-angle wedge with a) leading and b) trailing edge
illumination. c) scattering from general stepped profiles.

At a far-field point P(r, ¢), the edge waves are cylindrical, and can be written as [25]:

exp(—jkor)
Vr

Here r is radial distance, ky = 27/, Ej is the illuminating wave amplitude and D is the
diffraction coefficient. The coefficient varies with ¢¢, ¢ and polarization, and is different in GTD,
PTD and UTD. However, any differences are largely unimportant away from the boundaries
between regions. In GTD, for example, the diffraction coefficient for a wedge is:

Ag = E;D 1

exp (/%)
D(¢, po) = ———d(¢, 2
(¢, ¢0) 7T (¢, ¢0) 2
Here the angular dependency is specified by the reduced coefficient d:
sin (£ 1 1
d= ) + 3

" | cos (%) —cos(d’_fo) cos (Z) - cos (@)
Here n is a constant (for right-angle wedge, n = 3/2), and negative and positive signs are for
TE and TM polarization, respectively. Diffraction coefficients may be used in scattering models
of more complex structures. For example, Fig. 2(c) shows a plane wave incident at 6y = 90° — ¢¢
on general HAR surfaces, which present leading and trailing edges simultaneously. Primary
scattering in the vertical direction is described by the reduced coefficients d; and d, with ¢ = 90°.
If their variation over the acceptance cone is limited, these terms may be taken as constant for a
given ¢g. Secondary scattering may take place across mesa plateaus and air gaps and is described
by coeflicients dz4, dsa, ds4 and dsp, dap, dsp, found from Eqn. (3) with the relevant values of ¢
and ¢g. For 6y = 50°, for example, the values in Table 1 are obtained.
Additional ratios Ry, Ry4, R34, Ryp and R3p can be calculated as shown in Table 1 and help
understand the relative significance of scattering processes. Their values imply that TE primary



Research Article Vol. 31, No. 23/6 Nov 2023/ Optics Express 39282 |

Optics EXPRESS i NN

Table 1. TE and TM diffraction coefficients and scattering ratios for g5 = 50°.

di dy d3a dap dsa d3p dap dap
TE -1.899 +0.602 0 0 0 -2.135 -1.732 -3.028
™ +1.034 -1.467 -0.829 —-1.155 -2.613 +1.307 +0.577 +0.414
Ry =dy/d; Roa = d3pdaa/dy R3p = dspdaa/dy Rop = d3pdsp/dy R3p = dspdap/dy
TE -0.317 0 0 —1.948 -2.761
™ -1.418 +0.925 +2.917 +0.729 +0.231

scattering is larger than TM primary scattering, that TE leading edge diffraction is larger than
trailing edge diffraction, and that TE secondary scattering is negligible over mesa plateaus.

These observations allow construction of an imaging model for more complex profiles. The
surface is modelled by a general stepped variation in the x— direction, and the incident wave
by the illumination function of a plane wave, namely E; = Egpexp{+jkoxsin(6p)}. Scattering is
simulated by assuming that each edge generates a cylindrical wave whose amplitude is weighted
by the illumination at its point of origin and the relevant diffraction coefficient. For example,
for TE incidence on a mesa of width w centred on x = 0 (Fig. 2(c), upper) there are only two
terms, because the coeflicients dsy4, dag, dsa are all zero. The scattered electric field may then be
approximated as:

E(x):dlE,(g)(s(x—g) + doE; (—g)é(x+g) )

Here §(x) is a delta function. The effect of illumination is therefore to modify the scattering
from each edge by the amplitude E;, while the diffraction coefficient provides additional weighting
that depends on whether the edge is leading or trailing.

Formation of a unity magnification image is modelled by the normal route of Fourier transfor-
mation, multiplication by the aplanatic factor and pupil function, and inverse transformation. For
small ray angles 6, the aplanatic factor F(6) = cos '/?(6) may be approximated as unity. In the
spatial frequency domain, the pupil function P is:

P(ky) = 1, ke < ki3 P (ke) = 0, ky>kp, &)

Here k; = koNA is the spatial frequency cutoff and NA = +/1 — cos 2(6;) is the numerical
aperture. With this approximation, the electric field of the line image may be written as:
E;(x) = E;) {dlEI (g) sinc {kL (x - %)} + drE; (—g) sinc {kL (x + g)}} (6)
Here Eo is a constant, and image inversion has been omitted to aid interpretation. The effect of
the pupil function is to broaden each edge in the object into a sinc function, whose amplitude and
width depend on k;. For lenses with low numerical aperture, the linewidth will be broad, but
with sufficient illumination an image will be seen even for nanostructures. If w is very small, the
image will be approximately a single sinc function; as w increases, two separate lines will appear.
These have different amplitudes determined by d; and d> and sum coherently, with the result
depending weakly on the incidence angle 6.
For a centered trench of gap g, there are extra terms, because the coefficients dsp, dsp, dsp are
non-zero for both polarizations. Using Eqn. (1), and following the paths in Fig. 2(c), we obtain:
_ (=jkog)
E) = {doFy (§) + dapdan 2L Ey (-5) ) 6 (x- §) +

{11 (=5) + dsndap 2L E (§)} 6 (x+ §)

Here a constant r) has been introduced into the secondary diffraction terms to avoid singularities
as g — 0. This has no physical meaning but reflects the fact that GTD is a far-field theory and
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the geometry here is near field. Agreement with FEM deteriorates for narrow or wide features
as ry is reduced or increased, respectively. We have used the empirical value ro = 1/2 for both
polarizations, in 2D and later 3D models. Inverse transformation again converts each delta
function into a sinc function in the image. Here, the amplitude variation will again contain
two lines; however, their amplitudes must differ from those for a mesa. Amplitude images of
more complex structures may be constructed similarly. In all cases, the image will contain the
same number of lines as edges, and the amplitudes and phases of sinc-function terms will be
determined by the scattering. Intensity images may be found from the modulus square of electric
fields, and the effects of diffuse, polychromatic illumination may be simulated by summing
intensities for TE and TM polarization and incidence at different 6y and A. These additions will
modify image details. We now consider the accuracy of these models.

3. 2D numerical results

Results from the scattering model were benchmarked against 3D vectorial FEM simulations
using COMSOL Multiphysics. Calculations were performed for PEC mesas of depth d = 1um
surrounded by air, omitting any substrate. To reduce computational demands, the domain was
restricted to a volume 8um X 8um X 2um. Perfectly matched layers (PMLs) were used at the
upper and lower boundaries to avoid reflections at these surfaces, and a Floquet condition was
assumed at other boundaries to account for periodicity. An excitation port for an incident plane
wave was assigned between the upper PML and the structure. Unity magnification imaging
was simulated by Fourier transforming periodic backscatter on the mesa plane to obtain a set of
diffraction orders, eliminating orders lying outside the acceptance cone, applying the aplanatic
correction, and recombining the orders. Image inversion was again omitted.

Figure 3 compares simulated variations of electric field modulus for mesas of different widths
w, assuming single-sided incidence at 6y = 50° and A = 0.5um, a lens with 8, = 30°. The upper
plots show TE results, the lower TM; these clearly differ in which edge is dominant. The blue
and red lines show FEM results and the predictions of the scattering model, respectively; the
mesa is sketched in green. As expected, each edge gives rise to a peak in field, but the variations
are asymmetric. As w reduces, the peaks approach each other, and eventually merge. In this
regime, primary scattering is dominant, and the phase variation imposed by illumination controls
the coherent addition of the scattering from the edges. However, the overall patterns and detailed
sidelobe structures are both very similar.

2 TE; Mesa; w =001 ym 2 w=0.1 ym 5 w=02um

5 5000 5 5000 5 5000 -

5 —Model| | 5 3

& ° ;/\A : :

o 9 )

2 0 2 0 T

S -2 -1 0 1 2 = -2 -1 0 1 2 = -2 1 0 1 2
X (pm) X (pm) X (pem)

TE: Mesa; w=0.5 ym w=1pm

@
5000 5000 5000

Field modulu:
o

Field modulus

g =]

Field modulus
<

X (pm) X (pm) X (pm)
TM; Mesa; w =0.5 um

2]
5000 5000 5000

Field modulu:
o
%
Field modulus
g =1
Field modulus
<

x (pm) X (pm) ) ) X (tm)

Fig. 3. Line variations of field modulus in images of mesas, for one wave incident at
0o = 50°. Upper — TE, lower — TM. Blue — FEM; red — GTD scattering model; green -
structure.
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Figure 4 compares similar variations of electric field modulus for trenches of different gaps
g. The upper plots now show TM results, and the lower TE; there are now larger differences in
dominant edge between the two polarizations. The blue lines again show FEM results, the red
lines show predictions of the scattering model, and the trench is in green. For large gaps, each
edge again gives rise to peak in field. However, the images of trenches are not the same as those
of mesas: the positions of the peaks often suggest that trenches are narrower than their nominal
width, while mesas appear wider. This difference is due to secondary scattering. At moderate
widths, the scattering model performs well, but its ability to model short range effects is limited.
There is again in-plane resonance, but agreement is now only acceptable for g>0.5 um. For some
widths (g = 0.01 pwm and g = 0.5 um), disagreement between the models can be large, implying
that higher order terms omitted from the scattering model must also be significant.
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Fig. 4. Line variations of field modulus in images of trenches, for one wave incident at
0o = 50°. Upper — TM; lower — TE. Blue — FEM; red — GTD scattering model; green -
structure.

Scattering models may easily be constructed for more complex objects and illuminations. For
example, Fig. 5 compares normalized intensity images for a pair of adjacent mesas of width
w = 0.1um and different centre-to-centre separations s, now assuming TE and TM polarizations
together and double-sided incidence. Good results are again obtained for large separations.
However, significant errors occur at s = 0.6 wm (corresponding to an air gap of A1) and s = 0.3 wm
(close to 4/2). From the dimensions involved, these are likely due to resonance effects that are
not described by the simple scattering model.

It is important to recognize that all the results in Figs. 3—5 were obtained using the coefficient
values from Table 1. Despite the discrepancies noted above, the scattering models yields good
approximations to the results of detailed numerical simulation over a wide range of structures
and geometric parameters. For now, we therefore accept the limit to feature spacing and consider
how the model may be adapted to three dimensions. The general arrangement was previously
shown in Fig. 2; the main difficulty is that identification of edges and construction of scattering
functions must be automated.
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Fig. 5. Line variations of normalized intensity in images of double mesas of different
separations s, for two waves at 8y = 50° and 6y = —50° and TE and TM polarizations
together. Blue — FEM; red — GTD scattering model; green - structure.

4. Approximate 3D scattering model

We first consider scattering from an infinite line object. Figure 6(a) shows normal incidence
at an angle 6 on an edge parallel to the y-axis, with the polarization vector (red) in the (x,y)
plane. We refer to this as TE-like polarization; the perpendicular polarization is TM-like. The
propagation vectors of the incident and propagating scattered waves are blue and green arrows,
respectively; the latter are found by rotating the incident wave vector about the edge. Because
all wave vectors lie in the (x, z) plane, some scattering must always enter the lens. Figure 6(b)
shows oblique incidence, described by the additional angle y. All wave vectors now have a
y-component k, = kosin(6p)sin(¢g), so the fan of scattered vectors forms a Keller cone. Less
scattering can now enter the lens, and, for sufficiently large v, this will fall to zero.

a)d = 50% Y= 0° b) b, = 50°% Uy = 35°

Z (au)
z (au)

0

x (au) . ’ y (au) x (au) I " y (au)
Fig. 6. Scattering from an infinite edge at a) normal and b) oblique incidence.

To quantify this effect, Fig. 7(a) shows a Fourier-domain representation of the processing
performed by the lens. The pupil function P is the green circle of radius k7, shown here for
61, = 30°. For o = 0, the transform of the object field is the thin blue line at k, = 0. Only spatial
frequencies with |k,| < kg (thick blue line) contribute to the image, so inverse transformation
yields the sinc-function variations previously obtained in 2D. For i # 0, the transform is offset
vertically by k,; the cyan line shows the result for 6y = 50°, ¥ = 35°. Only spatial frequencies
with |k| < \/(kz - kf) (thick cyan line) now contribute. Inverse transformation will again yield
a sinc-function variation, but with a weaker, wider peak, whose amplitude must fall to zero
at Yoy = sin~!{sin(#;)/sin(fp)}. Dark-field illumination implies that 6y must be greater than
01 by a practical clearance, so this value is less than 90°. Figure 7(b) shows variations of
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You with 6y for different 67, which imply that gy, is very restricted for small 6;. The most
important illuminating waves then have ¥y ~ 0°, 90°, 180° and 270° for Manhattan geometries,
significantly reducing the number of waves needed for simulation.

=30% § =50°
a) 0, =307 0,=50

kK 6,
Fig. 7. a) Filtering of edge waves by the pupil; b) variation of y; with 6 for different ;.

A 3D model of dark-field imaging can then be constructed by assuming that:

1. Structures have 2D ‘Manhattan’ layouts with mesa edges parallel to the x- and y-axes. Only
edge waves contribute to the image. Edges may be located by edge detection but must be
separated into leading and trailing groups for each illumination.

2. Edge waves arise by scattering illuminating waves into spherical waves following the ITD.
This process yields primary out-of-plane scattering directly, but re-scattering of in-plane
radiation by nearby edges yields secondary scattering. For a long edge, spherical waves
must sum to cylindrical waves. The spherical wave diffraction coefficients d’ may be found
by integration, as d’ = d/2x.

3. All-round illumination may be approximated using four waves incident outside the
acceptance cone of the lens. Formation of an image from the object field may be simulated
by Fourier transformation, filtering by the pupil function, and inverse transformation.
Diffuse illumination can be modelled by incoherently summing contributions and including
both polarizations and multiple angles and wavelengths.

The algorithms needed may be discussed with reference to Fig. 8. The first step is to define the
layout as a set of binary values in a 2D array. For example, the left-hand part of Fig. 8(a) shows
a layout L with three rectangular features. The step is to detect the feature edges. To assign
the correct illumination and diffraction coefficients, these must be separated into four groups
(left- and right-facing vertical edges, and up- and down-facing horizontal edges). Vertical and
horizontal edges ey and ey can be detected by convolution with two 1D Sobel filters, as:

+1 0 -1 +1 +2 +1
ey=| 42 0 =2 |*L;em=]| 0 0 0 [=L (8)
+1 0 -1 -1 -2 -1

Left-facing vertical edges ey, can then be extracted, for example by shifting ey to the right by
one pixel, performing a pointwise AND operation with L, and shifting the result back to the left
by one pixel. Right-facing vertical edges eyg and up- and down-facing horizontal edges egy and
egp can be extracted using similar operations, to obtain the four sets of edges shown in green,
cyan, red, and magenta in the right-hand of Fig. 8(a).
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Fig. 8. a) Edge extraction, b) radiation kernels and c) secondary scattering from a vertical
edge.

The third step is to illuminate the edges. Illumination patterns for each set are computed by
pointwise multiplication with a complex matrix representing the appropriate wave (Er, for a
left-travelling wave, and so on). For a right-facing vertical edge illuminated by a left-travelling
wave (for example) we obtain iefyg = Er. . * eyg.

The fourth step is to calculate the scattering. Multiplication by the relevant diffraction
coeflicient (d] for leading edges, and d for trailing edges) yields the primary out-of-plane
scattering directly, for example as PSy, = dj iefyr + d;ieLw_. To compute the secondary scattering,
four kernels Ky, Kx2, Ky Ky are constructed to describe in-plane radiation from a point origin.
Each kernel is a matrix with complex elements:

~ exp(—jkory)

kij
Tij +ro

(€))

Here r;; is the distance from the origin, chosen to restrict radiation to a different half-space for
each kernel (to the left and right for Ky and Ky, upwards and downwards for K; and Ky»). The
same term ry is again used to prevent singularities as r; — 0. Figure 8(b) shows the variation of
|K| for each kernel. The origin is the spot centre in each case.

Each illuminated edge pattern is then multiplied by the relevant diffraction coefficient and
convolved with the appropriate kernel to generate in-plane re-radiation. For example, radiation
across mesa plateaus from right-facing vertical edges illuminated by a wave travelling to the left
is given by Rryvry = dg ALeLVR * K. This process attaches a radiation source to every relevant
edge point; the cyan half-circles in the left-hand of Fig. 8(c) show the result. In-plane radiation is
then transferred to adjacent edges (in this case, the green edges eyy, in the right-hand of Fig. 8(c))
by point-wise multiplication. Multiplication by the relevant diffraction coefficient then yields
secondary out-of-plane scattering, e.g. as SSpy = d"1 ARLVRM.*eVL. The process must then be
repeated for the secondary scattering SS4 across air gaps. Primary and secondary scatterings
are then summed coherently for each illuminating wave and direction to create four different
scattering patterns, e.g. as S = PSp + SSry + SSia4-

Finally, a lens pupil function P is defined as a ‘top-hat’ low-pass filter. The scattering patterns
from the four illuminating waves are then used to generate four images by FFT, pointwise
multiplication with P, and inverse FFT. The process is repeated for different polarizations,
angles 6y and ¥ and wavelengths A as necessary, and the component images are then summed
incoherently to create the overall image. This algorithm was implemented in MATLAB, together
a variety of layouts defined as binary matrices and appropriate diagnostics. Image inversion was
again omitted to aid interpretation.
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5. 3D numerical results

Results from the scattering model were benchmarked against now very lengthy 3D COMSOL
simulations. Calculations were performed for PEC mesas of depth d = 2um surrounded by
air, omitting any substrate. Figure 9 shows simulated DF intensity images of cylindrical and
square prisms obtained by FEM. In each case, the feature size is 5um and eight waves are used
for illumination, with ¢ ranging from 0° to 315° in steps of 45° . Polarization is TE and TM
in upper and lower figures, respectively. In each subfigure, a combined image is shown at the
lower left, and the arrows indicate contributing images. Figures 9(a), (b) and (c) show results for
the cylindrical prism with 6y = 40°,50° and 60°. For TE polarization, each of the eight waves
mainly contributes a leading-edge arc to the perimeter, which shortens as 6 increases. For TM
polarization, the contributions are trailing-edge arcs. Similarly, Fig. 9(d) shows that the four
waves at ¥y ~ 0°,90°, 180° and 270° contribute sides of the square prism at normal incidence,
while waves at 9 ~ 45°, 135°,225° and 315° provide additional vertex detail. If vertices are
unimportant, four waves will be sufficient for illuminating Manhattan layouts.

b) ©) o

Fig. 9. Simulated images of cylindrical prism at a) §y = 40°, b) 50° and c) 60° obtained
using FEM with 8 waves incident. d) image of square prism at 6y = 50°. Upper: TE, lower:
TM.

The four-wave model has been used to simulate many structures, simply using different layouts.
For example, Figs. 10(a) and 10(b) shows the layout and extracted edges for four touching beams
of width 1um. Mesa surfaces are shown in grey, horizontal edges in red and magenta, and vertical
edges in green and cyan. Simulations were carried out for A = 0.5um, 6y = 50°,6;, = 30°,rg =
A/2 and TE polarization. Figures 10(c) and 10(d) compares intensity images predicted by the FE
and scattering models, and Figs. 10(e) and 10(f) compare scans along the green and red lines.
Both models predict similar images, with a bright central ring due to re-scattering. Figure 11
shows similar results for crossed pairs of nanoscale beams of width 0.1um and separation 1 um,
again for TE polarization. In each model, increased brightness is now predicted only at beam
intersections. Figure 12 shows results for a generic NEMS resonator based on a small table
suspended on parallel nanoscale beams (again of width 0.1um and separation 1um) and driven
by electrodes on either side, for TM polarization.

Agreement with FEM is now less good, especially for the nanoscale beams, presumably due
to the coherent summation of a limited number of approximated scattering terms. However,
electrode edges appear curved in each case, and it is again simple to trace this feature to in-plane
scattering. Despite some line-scan variations, there is good qualitative agreement between the
two model predictions in each example. Because of the all-round illumination, the differences
between leading and trailing edges highlighted in Fig. 9 disappear. However, execution times are
dramatically reduced for the scattering model compared with FEM, by a factor of ~1000. TE
and TM results may be summed to obtain unpolarized images, and additional waves included to
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Intensity
s o
S =3

a) Layout c) FEM, TM ; ¢) X-scan
0 S
4-3-2-101234

X (prm)

b) Edges d) Scattering model, TM f) Y-scan

— — FEM b
Model

Fig. 12. a) Layout and b) edges for a NEMS resonator; c), d) comparative images simulated
using the FE and scattering models; e), f) comparative line-scans in x-and y-directions. TM.

y (pm)
Bth B30 @ o (65 G
=
I
/!

"0 02 04 06 08 1
Intensity



=

Research Article Vol. 31, No. 23/6 Nov 2023/ Optics Express 39290

Optics EXPRESS

improve the modelling of diffuse illumination. We conclude that the scattering model may allow
a reasonable and rapid prediction of expected images.

6. Conclusions

An approximate model has been developed for DF imaging of HAR structures, based on the
GTD. In this regime, image formation is dominated by waves scattered and re-scattered from
edges rather than from the features themselves. Computational demands have been lowered by
replacing 3D calculations with 2D ones, limiting the number of illuminating waves, simplifying
in-plane scattering, and approximating diffraction coefficients. Execution is automated, and all
that is required is a layout array. 2D and 3D simulations both compare well with FEM results,
provided feature separations are greater than around a wavelength. TE results are more accurate
than TM results, due to the unimportance of in-plane radiation across mesas in the former case,
but this may be unimportant for unpolarized images. Potential applications include predicting
the results of low-cost optical inspection of NEMS to identify missing features.

The scattering model currently suffers from four main deficiencies. Firstly, it is restricted
to Manhattan geometries; however, it should be relatively simple to allow features with edges
at 45° using convolution operators that operate diagonally. Secondly, as noted in Section 2, it
cannot model closely spaced features, due to the limited number of scatterings included. Further
work is therefore needed to consider the inclusion of higher-order terms. Thirdly, as noted in
Section 5, some details are omitted at vertices, due to the limited number of illuminating waves.
These could be reintroduced by increasing the number of waves, at least to eight. Finally, the
model effectively assumes that features end at the edge of the calculation window. For periodic
arrangements, this effect could be mitigated by a calculation window containing multiple periods.
There is considerable scope to address these points.

Disclosures. The authors declare no conflicts of interest.
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