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ABSTRACT: Optical far-field detection and imaging of deep-subwavelength
objects in a large-area wafer is challenging because of the well-known diffraction
barrier and weak Rayleigh scattering. Although the scattering signal of deep
subwavelength defects can be enhanced by various methods, such as using a high
full-well-capacity camera and increasing the exposure time, the accurate
classification of various defects and the precise positioning of defects in a
subwavelength domain is rather challenging. In this letter, we report a theoretical
framework that the optical bright-field imaging microscopy, coupled with an
optical proximity correction-based structured light-field illumination mode, could
pinpoint and classify various sub-λ/14 wide defects in a subwavelength domain in a
large-area wafer. The underlying physics is that the illuminated structured light field, which is customized to mimic the geometrical
feature of the background pattern in the wafer, creates the defect-induced breakdown of geometrical and electromagnetic symmetry.
We believe that this work not only paves the route for optical wafer defect inspection and classification at advanced technology
nodes but also could potentially be extended to many other areas, such as biosensing, lithographic mask inspection, material
characterization, and nanoscale metrology.
KEYWORDS: far-field detection, defect inspection, structured light, patterned wafer, nanostructure

■ INTRODUCTION
Integrated circuits (ICs) can nowadays be found in just about
any modern piece of technology we can think of. Consumer
electronics, data storage and processing, cars and trans-
portation, medical instruments, robotics, home electronics,
and security systems are stimulating the global demand for IC
devices with high integration and low power consumption,
which is the driving force for the fab to pursue high-volume
and high-yield IC manufacturing at advanced nodes.1 As the
critical dimensions of transistors keep shrinking,2−5 there is a
greater awareness that the defects induced by the fab may
severely degrade the performance of IC devices.6−8 Hence,
high-speed and high-sensitivity patterned wafer defect
inspection is of great importance to the process control of
IC manufacturing. Scanning electron microscopy,9 trans-
mission electron microscopy,10 and atomic force micros-
copy11,12 could achieve single-digit nanometer resolution but
suffer from the drawbacks of low efficiency and high-vacuum
environment, making themselves unable to meet the require-
ments of IC in-line inspection.2 In contrast, optical far-field
microscopy-based inspection is intrinsically fast and non-
destructive. Optical bright-field microscopy,13 diffraction phase
microscopy,14 and optical pseudo-electrodynamics micros-
copy15 could achieve high-speed and large field-of-view
(FOV) inspection of defects at advanced technology nodes
(limited only by the frame rate and sensor size of a commercial
camera). However, they are not able to classify different types

of deep subwavelength defects due to the diffraction barrier. As
a result, the time-consuming and destructive e-beam inspection
has to be used instead of optical inspection for defect
classification.2 Optical super-resolution imaging techniques,
such as stimulated emission depletion microscopy16−19 and
photothermal nonlinear confocal microscopy,20 have the
capability of imaging deep subwavelength nanostructures, but
they require either fluorescence labeling or sample heating,
which may pollute or damage the patterned wafer to some
extent. Therefore, an optical far-field imaging method can not
only inspect killer defects on the patterned wafer but also
classify various types of defects in a fast, nondestructive, easy-
of-operate, and large-FOV manner, which is of great
importance to the field.

In this paper, we propose conjugate structured light-field
microscopy (c-SIM) and theoretically demonstrate that c-SIM
can accurately pinpoint and classify sub-λ/14 defects in a large-
area nanoarray in a bright-field imaging mode. The term
“conjugate” means that the amplitude distribution of the
illuminated structured light field is well designed to precisely
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match the geometrical dimensions of the patterned nanostruc-
tures in the best focal plane, while the phase of the illuminated
structured light field is not. We used the technique called
optical proximity correction (OPC), which is adopted in
optical lithography, to inversely design the conjugate
structured light field that has features whose geometrical size
is beyond the diffraction barrier.21,22 As the illuminated light
field scans over the wafer surface (or vice versa), the scattering
field of a defect in the far-field image switches back and force
between a dark mode and a bright mode, which enhances the
contrast of the defect. It is the scanning of conjugate structured
light illumination over the wafer surface that makes this
technique capable of directly classifying deep subwavelength
defects. Moreover, we found that the full width at half-
maximum (FWHM) of the diffraction pattern of a defect
obtained by our method is much smaller than that obtained by
conventional bright-field microscopy.23,24 The aforementioned
advantages make our method a potential solution to the
contradiction between high-speed optical inspection and defect
classification. Moreover, because the conjugate structured light
field-based defect inspection is intrinsically a bright-field
imaging method, we believe that it may also be utilized in
other fields, such as biosensing, lithographic mask inspection,
material characterization, and nanoscale metrology.

■ METHODOLOGY
In a conventional bright-field microscope, the illuminated field
is approximately a plane wave in the whole FOV.25 In this
study, we use a conjugate structured light field, which is
defined as the field whose amplitude distribution is well
designed to precisely match the geometrical dimensions of the
background nanopatterns, to illuminate the background
nanopatterns using a 421 nm coherent source, after which
the scattering field is captured by a bright-field microscope. We
call this method c-SIM. Figure 1a depicts the principle of c-
SIM, i.e., a customized conjugate structured light field (in
purple) instead of a plane wave illuminates the sample (in
silver). The sample under inspection is an intentional defect
array (IDA) wafer that consists of one type of line structure
whose top width, bottom width, top length, bottom length, and
height are 30 nm (about λ/14), 60, 650, 750, and 100 nm,
respectively. The rectangular unit cell is 240 nm wide by 1000

nm long and contains 2 lines in the center, indicating a 60 nm
line-to-line gap. In order to reduce the time consumption of
rigorous electromagnetic simulation, we set the background
pattern, defects, and substrate material as silica, whose complex
refractive index is 1.468 at a wavelength of 421 nm. It is
repeated in a rhombic lattice pattern to form a 2-dimensional
array, as shown in Figure 1a. Therefore, the illumination light
field should be designed to mimic the rhombic lattice pattern.
The inset of Figure 1a is a zoomed-in view of a single sub-
beam of the designed light field that illuminates the two lines
in a single unit cell. For the sake of simplicity, the line
structures in a unit cell are named twin lines. To inspect the
whole patterned area, we scan the wafer by moving either the
light field or the wafer, which can be physically achieved by a
pair of scanning galvanometers or a piezoelectric ceramics
driver. Because the illumination light field and the rhombic
lattice pattern are geometrically symmetric, a defect can break
the symmetry and, therefore, result in an observable scattering
signal during the scanning. We will demonstrate that this signal
could enable the precise positioning and classification of
defects hereinafter. As of now, the remaining question is how
to generate a conjugate illumination light field. In fact, if the
sizes of the twin lines are larger than the illumination
wavelength, the conjugate illumination light field can be easily
generated by using a spatial light modulator (SLM), a digital
micromirror device (DMD), or even a physical photomask.
The schematic of a feasible experimental setup is shown in
Figure S1. However, things get worse when the wavelength of
the source is much larger than the size of twin lines (which is
always the case in the scope of optical wafer defect
inspection.26−28), i.e., the diffraction barrier starts to play the
key role, leading to the severely distorted light field. To tackle
this problem, we introduce the concept of OPC, which is a
technique used in inverse lithography at advanced technology
nodes, to our c-SIM. To the best of our knowledge, this is the
first time OPC has been introduced in the scope of optical
wafer defect inspection.

We use Figure 1b to illustrate the fundamental principle of
OPC. In a projection lithography system,29−31 as shown in the
left-hand side of Figure 1b, the input wavefront of the incident
beam is modulated by an unoptimized mask pattern. Our goal
is to generate a conjugate structured light field that reproduces

Figure 1. Schematic diagram of the generation of conjugate structured light field for patterned wafer defect inspection. (a) Schematic diagram of
the proposed defect inspection strategy. A unit cell in the periodic sample consists of two parallel lines. For simplicity, the substrate and the pattern
are all silica in our simulating experiments. As shown in the inset of (a), one sub-beam of the generated structured light field illuminates only a unit
cell. A single line has 30 nm (top width) by 750 nm (bottom length) size. (b) A projection system akin to the one in optical lithography reproduces
the pattern in the mask (SLM, DMD, or physical photomask) to the sample plane to generate the conjugate structured light field. The left and right
schematics in (b) correspond to the same projection system but with different masks, i.e., the initial and optimized (by the OPC method) masks.
Apparently, the optimized mask results in an illumination pattern that retains the desired U shape, while the one that has an unoptimized mask
cannot.
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the mask pattern on the sample plane. However, because of the
well-known diffraction barrier of light, the modulated wave-
front, after passing through the entrance and exit pupils of the
projection system, severely distorts, thus leading to a
structured light field that biases significantly from the ideal
mask pattern; see the left diagram in Figure 1b. To improve
the resolution of the light field on the sample plane (i.e., to
generate a conjugate structured light field that reproduces the
shape of the target pattern), a simple but efficient method is to
optimize the mask pattern by, for example, adding or deleting
pixels around the original pattern. As a result, the distorted
wavefront on the sample plane can be corrected by the added
or deleted pixels on the mask, which is the core concept of
OPC; see the right diagram in Figure 1b. The benefit is that we
do not need to make any changes to the projection system, i.e.,
only the input photomask should be changed. This facilitates
the simplification of the generation of the conjugate structured
light field by using an SLM or a DMD, which could enable
grayscale programming of the light field that is not achievable
by a physical photomask. In order to implement OPC for
generating the conjugate illumination light field, we use
vectorial diffraction theory to rigorously model the propagation
of the electromagnetic field in the projection system that has a
high magnification factor and a high numerical aperture
(NA).32,33 The intensity in the sample plane can be expressed
as

= || ||
=

I H M
p x y z

pimage
, ,

2
2

(1)

Here, H is the function of the projection system, M is a
pixelated representation of the input mask pattern, and ⊗ is

the symbol of two-dimensional convolution (see Section S2 for
the unabridged description of the vector diffraction imaging
theory). To inspect the deep subwavelength nanostructure, the
feature size of the structured light field should be much smaller
than the diffraction barrier. The OPC technique adjusts the
input pixelated mask pattern M by minimizing the difference
between the physically generated illumination field Z and the
desired illumination light field M* (i.e., the target pattern).
The optimization can be formulated as the process of finding
the minimum of a Frobenius norm F, i.e.,

= || ||*Z MF 2
2

(2)

To optimize the shape of the light field robustly, the imaging
intensity Iimage is translated to imaging pattern Z by using the
Sigmoid function,22 which can be written as

=
+

Z
Ia b

1
1 exp( ( ))image (3)

Here, a is the steepness of the Sigmoid function, which affects
the sensitivity in the iterative process, and b is the threshold for
the binary projection of electromagnetic field intensity, which
is critical to control the shape of the optimized light field. Due
to the pattern’s value being between zero and one, we convert
it into an interval without boundaries by making use of a
trigonometric function, i.e.,

= + +M
1 cos

2
, ( , )

(4)

Here, ω is the variable matrix corresponding to the input
pattern M, which is used as an iterative target that is being

Figure 2. Underlying mechanism of high-precision positioning and enhanced resolution in c-SIM. The schematics in (a) and (b) denote the
defective nanostructures under plane wave illumination and structured light-field illumination, respectively. (c) and (d) denote the cross-sections of
the defect signals in the far-field images under plane wave illumination and conjugate structured light-field illumination, respectively. The red and
blue defects (see subfigures (a) and (b)) have the same scattering intensity in (c), while the red defect has a stronger scattering intensity than that
of the green defect in (d), indicating a higher positioning accuracy in c-SIM. (e) and (f) denote the differential intensity between the scattering
intensity with and without defects under plane wave illumination and conjugate structured light-field illumination, respectively. The red and blue
defects have the same intensity signals in (e), whose FWHMs are limited by the diffraction barrier. In contrast, the differential signal of the defect
measured by c-SIM corresponds to a much narrower FWHM due to the conjugate structured light-field illumination, as shown in (f).
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updated in the iterative process. Then, we derive the gradient
of the cost function F

= · · { * · · ·

}

H Z M Z Z

H M

F a2 sin( ) ( ( ) (1 )

( ) ) (5)

M* is the target pattern. In one iteration of the pattern
optimization process, we first update the variable matrix ω,
such as

= ·+
F

i i
i

1
(6)

Here, i is the iteration number and Δ is the step length. The
updated input pattern is written as

= ++M (1 cos( ))/2i i1 (7)

Once F is less than a preset threshold, the iteration stops and
outputs the optimal pattern Mopt (see Section S3 for the
unabridged description of the OPC method). We can generate
a structured light field with a feature size beyond the diffraction
barrier (see Figure S4 for an application example of OPC) by
utilizing OPC. The accuracy of positioning Ω of defects
depends on the relative position between the structured light
field and nanopattern. Therefore, the initial relative position
between them needs to be found experimentally. Besides, the
small feature size of the structured light field leads to a very
sharp spatial variation of light intensity, which makes the
switch of the defect’s scattering pattern in the image faster and
the change of the strength of perturbation in the far-field image
corresponding to a defect more drastic in the scanning process.
Therefore, we can accurately locate the defects with precision
beyond the diffraction barrier. Based on the above analysis, the
accuracy of positioning Ω is defined as

· +*Z M
I I

x y
x y

( , ) 2
2 image imagei

k
jjjjj

y
{
zzzzz (8)

where (x, y) denote the coordinates.
In addition to the capability of high-precision positioning of

defects, the conjugate structured light field also enables far-
field defect imaging with a higher resolution than its bright-
field counterpart. We use two pairs of defective nanopatterns
(bridge defects, marked in red and blue, as shown in Figure
2a,b) to illustrate the enhanced resolution. If the nanopattern
is illuminated by a plane wave (as shown in Figure 2a), the two
defects are both in bright mode and generate strong scattering
intensity in the far-field, as shown by the red dashed line in
Figure 2c. In Figure 2b, the defective nanopatterns are
illuminated by a structured light field with sinusoidal
distribution of amplitude along the x-direction. Due to the
fact that the left defective nanopattern is placed in the peak of
the structured light field, the red defect is in bright mode and
thus generates a strong scattering intensity in far-field, as
shown in Figure 2d. In contrast, the right defective
nanopattern is placed in the valley of the structured light
field; thus, the blue defect is in dark mode and corresponds to
a weak scattering intensity in the far-field, as shown in Figure
2d. Hence, implementing the scanning of the OPC-optimized
structured light field over the sample surface can achieve a
higher accuracy of positioning than its plane wave illumination
counterpart. The green dashed lines in Figure 2c,d corresponds
to the cross-section of scattering intensity without defects. The
differential intensity between the defective and defect-free
nanopatterns obtained by plane wave and structured light-field
illumination, as shown in Figure 2e,f, respectively, has
demonstrated that the FWHM of the defect signal obtained
by structured light-field illumination (the red dashed line in

Figure 3. Defect inspection under different illuminating conditions. (a) The normalized second-order gradient image under the structured light-
field illumination with horizontal polarization in c-SIM. The top inset shows the initial far-field image of the nanopattern with defects. The bottom
insets depict three different defects investigated in the field-of-view, namely, the By bridge defect, the Bx bridge defect, and the Cutting defect. (b)
and (c) are the normalized second-order gradient image in a conventional bright-field microscope under plane wave illumination with horizontal
polarization and vertical polarization, respectively. The top insets in both subfigures show the initial far-field image of the nanopattern with defects.
(d) The vertical and horizontal cross-sections correspond to the two arrows in (a), whose FWHMs are 149.6 and 351.3 nm, respectively. Notably,
the FWHM in the vertical direction is much smaller than the diffraction barrier (270.3 nm). (e) The vertical and horizontal cross-sections
correspond to the arrows in (b), whose FWHMs are 304.5 and 330.3 nm, respectively. (f) The vertical and horizontal cross-sections correspond to
the arrows in (c), whose FWHMs are 334.7 and 261.7 nm, respectively. The scale bar is 500 nm.
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Figure 2f) is much smaller than the one obtained by plane
wave illumination (the red dashed line in Figure 2e).

■ RESULTS AND DISCUSSION
After determining the spatial distribution of the structured light
field and correcting for feature degradation (see Figure S5 for
the generated structured light field conjugated with the tested
nanopattern), we move on to consider the interaction between

the conjugated structured light field with the nanostructure in
c-SIM. This includes the nanopattern in Figure 1, as well as
various killer defects. To calculate the electromagnetic fields
that interact with nonperiodic nanostructures, we employ the
finite difference time domain (FDTD) method.34,35 We record
the near-field, which does not include evanescent field
backscattered by the nanostructure, using a monitor placed
400 nm above the nanostructure. Additionally, we utilize the
vector diffraction imaging theory to calculate the far-field

Figure 4. Defect inspection by scanning the wafer in the c-SIM. Cutting defect. (a−c) The coordinates of the illuminating beam with respect to the
nanopattern are set as (0, 60 nm), (0, 0 nm), and (0, −60 nm), respectively. (d−f) The normalized second-order gradient images of the Cutting
defect correspond to the three illumination positions in (a−c), respectively. Bx bridge defect. (g−i) The coordinates of the illuminating beam with
respect to the nanopattern are set as (500, 60 nm), (500, 0 nm), and (500, −60 nm), respectively. (j−l) The normalized second-order gradient
images of the Cutting defect that correspond to the three illumination positions in (g−i), respectively. By bridge defect. (m−o) The coordinates of
the illuminating beam with respect to the nanopattern are set as (−100, 0 nm), (100, 0 nm), and (300, 0 nm), respectively. (p−r) The normalized
second-order gradient images of the Cutting defect that correspond to the three illumination positions in (m−o), respectively. The insets in (d, j,
p) demonstrate again that the diffraction barrier can be broken in c-SIM. Scale bar, 500 nm.
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microscopic image, which is typically captured by a detector in
a bright-field microscope, corresponding to the near-field
calculated by FDTD. The simulating parameters of the
projection system are NA 0.95 and demagnification 100×.

In the preceding section, we have demonstrated how to
determine the perturbation caused by the defect. This is
achieved by computing the differential images between the far-
field images obtained with and without defects. This process
effectively isolates the scattering field of the defect from the
background nanopattern, also avoiding any edge deterioration
effects (see Figure S6 for the far-field images with defect, far-
field images without defect, and differential images). However,
capturing the reference image can be time-consuming, which is
not ideal for real-time inspection. To address this limitation,
we propose the computation of the second-order gradient
image, which can be obtained using the following equation

= + +G P P Px y x y x y x y( , ) ( , ) 2 ( , ) ( , ) (9)

Here, G represents the second-order gradient image, P denotes
the initial far-field image at any illuminating position, and τ
corresponds to the period of the image intensity along the y
(vertical) direction.

We perform three comparative simulating measurements on
the same IDA with different types of defects, using c-SIM with
structured light-field illumination, as well as bright-field
microscopy with horizontal and vertical polarization plane
wave illumination. Our aim is to determine the sensitivity of
different killer defects that are commonly found in periodic
line/space nanostructures on pattern wafers. These killer
defects include Cutting, By bridge, and Bx bridge,36 as depicted
in the bottom inset of Figure 3a. A stereoscopic view alongside
the sizes of defects is shown in Figure S6. The top width, top
length, bottom width, and bottom length of the Cutting defect
are 30 nm (about λ/14), 250, 60, and 150 nm, respectively.
The dimensions of the Bx bridge defect are 25 nm (less than
λ/14), 350, 35, and 250 nm, respectively. The dimensions of
the By bridge defect are 90, 100, 60, and 200 nm, respectively.
The heights of the three defects are the same as that of the
background pattern, i.e., 100 nm. To this end, we intentionally
placed these defects discretely in a tested silica nanopattern on
a silica substrate, as illustrated in Figure S6. For a specific
illuminating position of the structured light field, the sub-beam
of the structured light field is perfectly aligned with the twin
lines, as shown in Figure 1a. This specific position of structured
light is marked as X = 0 nm and Y = 0 nm using the center of
twin lines as a reference. The simulating result of c-SIM shown
in Figure 3a corresponds to the specific illuminating position
with horizontal polarization. However, due to the edge
deterioration in calculating the gradient image, the top and
bottom sides of the normalized second-order gradient image
are cut off. Nevertheless, all three types of defects produce
corresponding perturbations in the initial far-field image, as
demonstrated in the top inset of Figure 3a. After calculating
the second-order gradient, we almost completely filtered out
the scattering field of the background nanopattern, resulting in
significant enhancement of the defects’ perturbations. The
perturbation strength of the Bx bridge defect is relatively weak
for the sub-beam not aligned with it. In contrast, we conduct a
c-SIM simulating measurement in the illumination position of
X = 500 nm and Y = 0 nm, where the sub-beam aligns with the
gap of the nanopattern. The corresponding result is shown
Figure S6, which indicates a stronger perturbation caused by
the Bx bridge defect. Figure 3d shows the cross-section of the

perturbation of the right Cutting defect in Figure 3a. The
FWHMs are 149.6 and 353.1 nm in vertical and horizontal
directions, respectively, which is beyond the diffraction-limited
resolution 0.61 λ/NA = 270.3 nm. On the other hand, with
respect to the bright-field microscope with plane wave
illumination of horizontal polarization and vertical polarization,
the three types of defects generate unexpected and irregular
perturbations in both the initial far-field image and normalized
second-order gradient image, as depicted in Figure 3b,c. There
are discernible distinctions between the two polarizations,
particularly in terms of the direction of the elliptic
perturbation, which is related to the polarization direction.

Moreover, the By bridge defect is more easily able to form a
nanoantenna under illumination of the parallel electric field,
rendering vertical polarization more sensitive to it.37 The cross-
section of the perturbation caused by horizontal polarization
plane wave illumination is displayed in Figure 3e, where the
FWHMs limited by the diffraction barrier in the vertical and
horizontal directions are 304.5 and 330.3 nm, respectively.
Likewise, the vertical polarization in Figure 3f exhibits
FWHMs of 334.7 and 261.7 nm in vertical and horizontal
directions, respectively. Despite the conjugate structured light
field reducing the FWHMs of perturbations by approximately
half compared to plane wave illumination, the perturbation is
still too large to precisely position and classify defects. By
leveraging the advantages of the structured light field, we
modulate the breakdown induced by defects through the
scanning of the relative position between the defects and the
structured light field. This trick allows us to precisely identify
the side on which a defect appears in relation to precisely
identify the side on which a defect appears in relation to the
twin lines.

To achieve accurate positioning and classify defects, we scan
the relative position between defects and structured light field.
As the strength of the defect-caused perturbation varies during
the scanning process, a series of simulating measurements for
c-SIM are conducted by scanning the illuminating position of
the structured light field. Starting with the Cutting defect, we
set a couple of axisymmetric Cutting defects on the different
nanowires of twin lines in a large-scale ideal nanopattern, as
shown in Figure S7. For the sake of presentation, Figure 4a is
only a diagram of the defect’s position and illuminating
position. When the centers of the sub-beam of conjugate
structured light field and twin lines are aligned perfectly, as
shown in Figure 4b, both Cutting defects are simultaneously
illuminated in the bright mode. The positive perturbations of
the two Cutting defects in the second-order gradient image
have similar strength, as shown in Figure 4e. Subsequently, we
move the structured light upward to align it with the upper
nanowire of the twin lines, as shown in Figure 4a. We observe a
reverse change in the strength of the perturbations caused by
the two Cutting defects, as depicted in Figure 4e, compared to
Figure 4d. The upper Cutting defect causes a stronger
perturbation due to this defect being at the center of the
sub-beam and in bright mode. Its FWHMs in a set of
orthogonal directions are 158.4 and 348.1 nm, which shows an
enhanced resolution effect. Oppositely, the lower defect, in
dark mode, produces a weaker perturbation. In the illuminating
position shown in Figure 4c, the perturbations of two defects
are reversed again, but the lower Cutting defect shows a
stronger perturbation while the upper Cutting defect shows a
weaker perturbation, as shown in Figure 4f. Moreover,
differential images are produced by using far-field reference
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images obtained from an ideal nanopattern without any
defects, exhibiting the same phenomenon observed in the
second-order gradient image, as illustrated in Figure S7. We
find that the far-field scattering signal of the defect is stronger
at the position where the sub-beam of the conjugate structured
light field aligns with the nanowire containing the defect,
indicating the fact that the defect-induced breaking of the
symmetry of the electromagnetic field reaches its maximal
value at this position. Therefore, we scan the relative position
between the structured light field and defects to distinguish
which nanowire of twin lines they are on.

Next, we perform a similar scanning operation for Bx bridge
defects. In Figure S8, two Bx bridge defects are set on the
different sides of the twin lines of a large-scale ideal
nanopattern. We consider three illuminating positions of the
conjugate structured light field where the center of the sub-
beam is aligned with the upper side, center, and lower side of
twin lines, as shown in Figure 4g−i, respectively. The
perturbations of those defects exhibit similar evolutionary
trends to the Cutting defect during the scanning operation, as
shown in Figure 4j−l, respectively. The same evolutionary
trends are revealed in the differential images, as shown in
Figure S8. Therefore, we are able to distinguish on which
nanowire of twin lines the Bx bridge defects are located.
Besides, their perturbations in gradient images show a negative
value, enabling us to distinguish them from Cutting defects.
This evolutionary trend can be summarized as the strength of
perturbations becoming weaker as the defects gradually
transform from the bright mode to the dark mode when the
sub-beam moves away from the defects. The set of FWHMs of
the upper perturbation in Figure 4j are 165.7 and 355.8 nm,
which is beyond the diffraction-limited resolution.

Finally, we consider the By bridge defect. We place a defect
in the center of the twin lines and another on the right side of
the twin lines in an ideal nanopattern, as shown in Figure S9.
The negative perturbations of two By bridge defects have a
slight misalignment in the vertical direction, which is
consistent with the misalignment of the two By bridge defects.
Due to the significant difference in the dimensions of the twin
lines between the horizontal direction and vertical direction,
we can roughly locate on which side of the twin lines the
position of the By bridge defect is, based on the absolute
position of negative perturbation in the gradient image.
Moreover, we can accurately locate the By bridge defects by
using the same scanning operator as the other two types of
defects. To do this, we scan the structured light field along the
horizontal direction due to the possible location of this defect
being in this direction, as shown in Figure 4m−o, respectively.
The negative perturbations of By bridge defects exhibit the
same evolutionary trend, as shown in Figure 4p−r, respectively.
Figure S9 shows the same phenomenon by calculating the
differential images. Consequently, we can distinguish the By
bridge defects on different sides of twin lines either by the
gradient image or by the scanning operator. Besides, the
FWHMs of the upper perturbation in Figure 4p are 147.6 and
341.4 nm, which is about half of the diffraction-limited
resolution.

To evaluate the precision of defect localization of the
proposed method, we scan the illumination position of the
structured light field over the wafer surface with an even
smaller step size of 5 nm, followed by calculating the defect-
induced far-field scattering signal as a function of the scanning
positions. We first employed the unoptimized initial structured

light field for illumination, as shown in Figure S10a. The more
pronounced variations of the sub-beams in the initial
structured light field along the horizontal direction result in a
more significant change in the far-field signal of defects during
the scanning process, leading to higher sensitivity and
precision. It is of great importance to note that the Cutting
and Bx bridge defects in the background nanopatterns must
disrupt the local structure’s symmetry. As a result, this may
lead to the fact that the strongest scattering signals of defects
do not align with the defect’s physical center even when the
sub-beam is perfectly aligned with the center of defects (as
illustrated in Figure S10). We took the By bridge defect
inspection as an example: we scanned the structured light field
along X and Y directions over the wafer surface, respectively.
First, we performed the scanning along the X-direction from
−200 to 500 nm with a step size of 5 nm while keeping the Y
position fixed. The far-field scattering signal of Defect 1 (i.e.,
the upper By bridging defect) is the strongest at X = 0 nm,
indicating a perfect alignment with the physical center of
Defect 1, as depicted by the blue solid line in Figure 5. The far-

field scattering signal of Defect 2 (i.e., the lower By bridging
defect) reaches its maximum at X = 330 nm (see the green
solid line in Figure 5), which deviates from the physical center
of Defect 2 (i.e., at 275 nm) by 55 nm. We then performed the
scanning along the Y-direction from −120 to 120 nm with a
step size of 5 nm while keeping the X position fixed. As
expected, the strongest perturbations caused by both Defect 1
and Defect 2 appear at the position of Y = 0 nm, perfectly
aligning with the physical center of the defects. This deviation
in the X scanning may be attributed to the off-axis scattering of
defects in the pattern as long as the defect−pattern−substrate
coupling, which is widely seen in optics-based patterned wafer
defect inspection.15,36 Moreover, we should emphasize that
although the maximum of the far-field scattering signal of the
killer defects may deviate from the defect’s physical center, it
does not hinder the capability of our proposed method to
determine which side of the unit cell the defect is located at.

After demonstrating the advantages of the proposed
theoretical framework by conducting a series of simulations,
it is of great importance to assess the feasibility of this method.
We have presented the optimized mask pattern with a grid size
of 10 nm, as shown in Figure S5. Due to the utilization of a

Figure 5. Normalized far-field scattering signal of By bridge defects as
a function of the position of the scanning structured light field. Defect
1 and Defect 2 correspond to the upper and lower By bridging defects
in Figure 4m, respectively. The blue and green curves represent
Defect 1 and Defect 2, respectively. The solid and dashed curves
represent the X and Y directions, respectively. The vertical lines mark
the positions of the maximal value.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.3c00434
ACS Photonics 2023, 10, 3484−3493

3490

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00434/suppl_file/ph3c00434_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00434/suppl_file/ph3c00434_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00434/suppl_file/ph3c00434_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00434/suppl_file/ph3c00434_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00434/suppl_file/ph3c00434_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00434/suppl_file/ph3c00434_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00434/suppl_file/ph3c00434_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00434/suppl_file/ph3c00434_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00434?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00434?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00434?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00434?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


projection system with a demagnification factor of 100×, the
actual grid size of the mask is 1 μm, which can be easily
realized by fabricating a physical photomask with state-of-the-
art E-beam lithography tools. Therefore, it is feasible to
generate conjugate structured light-field illumination in
practice. Besides, we also used the same grid size, 10 nm, for
the mask pattern, which corresponds to a grid size of 1 μm in
the image space, for the calculation of the far-field images. This
allows us to theoretically compute the FWHMs of the defect
signals more accurately. In future experiments, we will consider
the balance between the pixel size and signal-to-noise ratio
(SNR) of off-the-shelf cameras. For example, we can easily find
a scientific camera with pixel sizes ranging from 2 to 3 μm (for
instance. BFS-U3-200S7M-C, FLIR) to characterize a 150 nm-
wide (i.e., the FWHM) defect signal, which corresponds to 15
μm in the image space after using a 100× microscope. In
conclusion, we believe that the generation of the conjugate
structured light field and the collection of the far-field images
of the defects are both feasible in practice using the proposed
c-SIM.

Benefiting from the optimized conjugate structured light
field in c-SIM matched with the tested ideal nanopattern,
potential unwanted defects in the tested ideal nanopattern will
disrupt the electromagnetic symmetry. During the scanning
process, defect-induced perturbations vary in strength as the
defects switch between bright and dark modes. With the help
of the relative position of the defects and structured light field,
we can now accurately locate the three killer defects on either
side of the twin lines, even when the positions of the defects
are not very clear from the second-order gradient image or
differential image alone. The accuracy of localizing defects of c-
SIM also depends on the accuracy of scanning the structured
light field in a real-world experiment, which can achieve
scanning accuracy of several nanometers by using a piezo-
electric ceramic driver. The Cutting and By bridge defects have
opposite perturbation values in the gradient images and
differential images, which allows them to be easily
distinguished from each other. Additionally, both types of
defects show higher sensitivity when the sub-beam is aligned
with the twin lines, which makes it easier to detect their
presence. Conversely, only the Bx bridge defect is sensitive
when the sub-beam is aligned with the gap space of the ideal
nanopattern (see Figure S6). This characteristic makes it easy
to distinguish the Bx bridge defect from the other two types of
defects. Nevertheless, determining the illuminating position of
the structured light field for c-SIM in real-world experiments
poses a considerable challenge. Fortunately, the far-field images
of different illuminating positions exhibit distinct character-
istics. One possible approach is to precalculate the far-field
images in two (three or more) specific illuminating positions,
such as the sub-beam perfectly aligns with the center of the
twin lines and the gap space of the nanopattern, as shown in
Figure 4b,h, respectively. Subsequently, we can experimentally
find the two special illuminating positions based on the far-
field image captured by a detector. Our theoretical
investigation has demonstrated that c-SIM can be imple-
mented in practice for enhanced defect detection.

■ CONCLUSIONS
In summary, we have used rigorous electromagnetic simu-
lations to validate the capability of c-SIM in the inspection of
deep subwavelength defects in a background pattern.
Compared to traditional bright-field microscopy-based defect

inspection, c-SIM inspects the sample using a customized
structured light field by an OPC technique to match the
geometry of the background nanopattern on the sample. Any
defect in the background nanopattern breaks the geometrical
and light-field symmetry. As a result, we can precisely
determine on which side of the twin lines the defect is located
(i.e., a unit cell of the background nanopattern in this paper)
by scanning the structured light field, which is not achievable
by conventional bright-field microscopes. Moreover, because c-
SIM utilizes an OPC-designed structured light field for
illumination, the scattering pattern of defects heavily depends
on the type of defect and the illuminating position. As a result,
we can classify multiple types of defects through a simple linear
scanning of the structured light field over the sample surface
(or vice versa). Last but not least, the smallest FWHM of the
defect signal is about one-third of the wavelength λ, way
smaller than the diffraction limit of the coherent inspection
system. The enhanced resolution improves the accuracy of
defect positioning without any additional scanning. Here, we
should clarify the significant differences among c-SIM,
structured illumination microscopy (SIM),24,38−40 and light-
field microscopy (LFM).41−43 First of all, c-SIM requires the
customized coherent illumination field to match the nano-
structures under measurement, while LFM and SIM typically
utilize moire ́ fringes and plane wave illumination, respectively.
Second, OPC is introduced in c-SIM to customize the
illumination field with features beyond the diffraction limit,
while SIM and LFM do not. Last but not least, c-SIM requires
prior knowledge of the sample in order to customize the
illumination field and implement the scanning strategy, while
SIM and LFM are typically sample-independent. As a result, c-
SIM is more suitable for the imaging and metrology of artificial
samples. In summary, we believe that our theoretical
framework advances the scope of patterned wafer defect
inspection by combining OPC, structured light-field illumina-
tion, and bright-field microscopy. Moreover, because c-SIM is
inherently a bright-field imaging technique and does not
require any sample preparation procedure, we believe that this
technique potentially provides a new route for many other
applications, such as bioimaging, lithographic mask inspection,
microbiology, and nanoscale metrology.
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S1. The simplified experimental configuration of the 

proposed c-SIM

Figure S1 The simplified experimental configuration of the proposed conjugate 

structure light-field microscopy (c-SIM).

A simplified experimental configuration of the proposed c-SIM is shown in Fig. 

S1. We used a continuous-wave laser with a central wavelength of 421 nm as the 

system’s light source in our simulated experiment. A half-wave plate is used to adjust 

the polarization angle of the illumination beam. The SLM or DMD is used to create 

the optimal structured light in the sample plane by loading an optimal mask pattern 

that is generated by our in-house developed OPC algorithm. Tube lens 1 and the 

objective constitute a projection system that projects the wavefront (i.e., the conjugate 

structure light field) modulated by SLM/DMD into the sample plane for illumination. 

The scattering field of the sample is then collected by the same objective followed by 

the projection of tube lens 2 to the camera. In order to implement the scanning 

procedure, the sample can be mounted on a motorized translation stage or the 

illumination beam can be rapidly adjusted by a scanning galvanometer. 



S2. Vector diffraction imaging theory

Figure S2 Schematic diagram of the projection system and the vector diffraction 

theory. The light beam radiated by the source passes through the mask and forms the 

input wave of the projection system. Then, the input wave passes through the 

projection system and generates an image in the image plane.

The electric field of the source is described as

, (S1)
T

S S x S y S zE E E E     

where Es Es-x Es-y Es-z denote different polarization states, and T denotes the matrix 

transpose. We use thin mask approximation to model the transmission function of the 

mask. The electric field after the mask can be written as 

. (S2)
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To implement vectorial computation, the coordinates in the frequency domain of the 

pupil plane can be written as
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Here, θin and φin are the incident angle and azimuth angle of the wave vector of the 

incident wave. α, β, and γ are the positions of the light beam in the frequency domain, 

where the subscript en and ex represent the entrance pupil plane and exit pupil plane, 



respectively. m is the demagnification of the projection system. The electric field in 

the entrance pupil plane Een can be expressed as
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Here, ren is the distance between the source point in the input pattern and the image 

point in the entrance pupil plane. f() denotes the two-dimension Fourier transform. 

W() denotes the window function of the projection system that can be expressed as

. (S5)
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Here Ten is the transformational matrix from global coordinates to the local 

coordinate,  which can be written as
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In consideration of the demagnification of the projection system, the electric field in 

the exit pupil plane can be expressed as
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Tex is the transformational matrix from local coordinates to the global coordinates in 

the image plane, which can be written as 
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We can get the following expression for the electric field at the image plane after 

taking the inverse Fourier transform of the electric field at the exit pupil plane, i.e.,
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S3. Optical proximity correction method

Figure S3 The flowchart of OPC algorithm.

In order to implement OPC algorithm, it is necessary to calculate the gradient of the 

cost function. To achieve this, the function of the projection system is extracted from 

the vector diffraction method. The function of the projection system is expressed as

. (S10)
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Tex is the transformational matrix from the global coordinates in the input pattern 

plane to the global coordinates in the image plane, which can be written as
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The gradient of the cost function with respect to the input pattern then can be written 



as
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The other steps for OPC (i.e., calculating image pattern, generating variable matrix, 

updating variable matrix and mask pattern) are shown in equation 2-7 in the 

mainbody.



S4. An application example of OPC

Figure S4 (a) The initial U-shape pattern, which is also the target pattern. (b) The 

optimal pattern after OPC. The optical images of (c) the initial and (d) the optimal 

pattern after projection. The wavelength is 421 nm and the NA is 0.95 in our 

simulation. (e) The imaging pattern calculated from (c) by using the Sigmoid 

function. (f) The imaging pattern calculated from (b) by using the Sigmoid function. 

In this simulation, the threshold and steepness of the Sigmoid function are 0.6 and 

100, respectively. The pixel size of OPC is 10 nm in the image plane. Scale bar, 100 

nm.



S5. The generated structured light field by OPC

Figure S5 (a) The optimal pattern for the conjugate structured light field with a pixel 

size of 10 nm in the imaging plane, which can be loaded into the DMD or SLM in 

c-SIM. (b) The imaging pattern with a threshold of 0.2 and a steepness of 100. The 

imaging pattern match well with the tested pattern. (c) The intensity distribution of the 

generated conjugate structure light field that is generated by OPC for pattern (a) under  

the horizontal polarization state illumination. (d), (e), and (f) are the x, y, and z 

components of the electric field in the imaging plane, respectively. Scale bar, 500 nm.



S6. Optical inspection for three different types of defects



Figure S6 (a) The nanopattern with three different types of defects. The top width, top 

length, bottom width and bottom length of the Cutting defect are 30 nm (about λ/14), 

250 nm, 60 nm and 150 nm, respectively. For Bx bridge defect, the dimensions are 25 

nm (less than λ/14), 350 nm, 35 nm and 250 nm, respectively. As for By bridge 

defect, the dimensions are 90 nm, 100 nm, 60 nm and 200 nm, respectively. The 

heights of the three defects are the same as that of the background pattern, i.e. 100 

nm. The images in the second row show the results of defect inspection using c-SIM, 

with structured light field illumination at the position of x = 0 nm, y = 0 nm. (b) The 

far-field image with defects. (c) The far-field image without defects. (d) The 

differential image between (b) and (c). The left and right perturbations are slightly 

stronger than the mid perturbation. The images in the third row show the results of 

defect inspection using c-SIM, with structured light field illumination at the position 

of x = 500 nm, y = 0 nm. (e) The far-field image with defects. (f) The far-field image 

without defects. (g) The differential image between (e) and (f). The mid perturbation 

is much stronger than the left and right perturbations. The fourth row of images show 

the results of defect inspection using plane wave illumination with horizontal 

polarization. (h) The far-field image with defects. (i) The far-field image without 

defects. (j) The differential image between (h) and (i). The left perturbation is slightly 

weaker than the other perturbations since the By bridge is relatively insensitive in the 

horizontal polarization illumination. (k) The second-order gradient image 

corresponding to structured light field illumination at the position of x = 0 nm, y = 0 

nm. (l) The second-order gradient image corresponding to structured light field 

illumination at the position of x = 500 nm, y = 0 nm. (m) The second-order gradient 

image corresponding to plane wave illumination with horizontal polarization. There 

are abnormal perturbations in the upper and lower edges of the three gradient images, 

due to the shift in gradient calculation. As expected, the perturbations in second-order 

gradient images exhibit the same strength as the differential images and show the 

enhanced resolution effect. 



S7. Optical far-field classification of two Cutting defects 

with opposite orientation

Figure S7 (a) The simulating nanopattern with a couple of axisymmetric Cutting 

defects set in a large-scale ideal nanopattern. The illuminating position of the 

structured light field is x = 0 nm, y = 60 nm. (b) and (c) use the same nanostructure as 

(a), but the illuminating position of the structured light field is x = 0 nm, y = 0 nm, 

and x = 0 nm, y = -60 nm, respectively. (d) The differential image at the illuminating 

position in (a), where the upper perturbation is stronger than the lower one. (e) The 

differential image corresponding to (b), where the two perturbations have similar 

strength. (f) The differential image corresponding to (c), where the lower perturbation 

is stronger than the upper one. The strength of those perturbations has the same 

characteristic as the second-order gradient image in Fig. 4. The far-field images 

depicted in (g), (h), and (i) correspond respectively (a), (b), and (c).



S8. Optical far-field classification of two Bx bridge defects 

with opposite orientation

Figure S8 (a) The simulating nanopattern with a couple of axisymmetric Bx bridge 

defects set in a large-scale ideal nanopattern. The illuminating position of the 

structured light field is x = 500 nm, y = 60 nm. (b) and (c) is the same nanostructure 

as (a), but the illuminating position is x = 500 nm, y = 0 nm, and x = 500 nm, y = -60 

nm, respectively. (d) The differential image at the illuminating position in (a), where 

the upper perturbation is stronger than the lower one. (e) The differential image 

corresponding to (b), where the two perturbations have similar strength. (f) The 

differential image corresponding to (c), where the lower perturbation is stronger than 

the upper one. The strength of those perturbations has the same characteristic as the 

second-order gradient image in Fig. 4. The far-field images depicted in (g), (h), and (i) 

correspond respectively (a), (b), and (c).



S9. Optical far-field classification of two By bridge defects 

with opposite orientation

Figure S9 (a) The simulating nanostructure with a couple of axisymmetric By bridge 

defects set in a large-scale ideal nanopattern. The illuminating position of the 

structured light field is x = -100 nm, y = 0 nm. (b) and (c) is the same nanostructure as 

(a), but the illuminating position is x = 100 nm, y = 0 nm, and x = 300 nm, y = 0 nm, 

respectively. (d) The differential image at the illuminating position in (a), where the 

upper perturbation is stronger than the lower one. (e) The differential image 

corresponding to (b), where the two perturbations have similar strength. (f) The 

differential image corresponding to (c), where the lower perturbation is stronger than 

the upper one. The strength of those perturbations has the same characteristic as the 

second-order gradient image in Fig. 4. The far-field images depicted in (g), (i), and (j) 

correspond respectively (a), (b), and (c). (h) The far-field image of the illuminating 

position x = 0 nm, y = 0 nm, clearly reveals the presence of defects and enables the 

determination of the defect's location relative to the twin lines.



S10. Defect localization precision

Figure S10 (a) Unoptimized structured light field. (b) The normalized far-field 

scattering signal of Bx bridge defects and Cutting defects as a function of the Y 

position of the scanning structure light field. Cutting 1 and Cutting 2 correspond to 

the lower and upper Cutting defects in S7, respectively. Bx bridge 1 and Bx bridge 2 

correspond to the lower and upper Bx bridge defects in S8, respectively. The blue and 

green curves represent Defect 1 and Defect 2, respectively. The solid and dashed 

curves represent the Cutting defects and Bx bridge defects, respectively. The vertical 

lines mark the positions of the maximal value. The far-field scattering signals of two 

Cutting defects reach maximum at Y = -85 nm and 85 nm, respectively at a fixed 

position X = 0 nm. The far-field scattering signals of two Bx bridge defects reach 

maximum at Y = -40 nm and 40 nm, respectively at a fixed position X = 500 nm. 

Because Cutting defects and Bx bridge defects break the symmetry of the local 

structure and induce off-axis scattering, the positions of the strongest far-field 

scattering signals induced by the four defects deviate from the physical center of the 

defects, which are 60 nm or -60 nm.
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