
IMMT International Journal of Extreme Manufacturing

Int. J. Extrem. Manuf. 7 (2025) 015601 (17pp) https://doi.org/10.1088/2631-7990/ad870e

Quasi-visualizable detection of deep
sub-wavelength defects in patterned
wafers by breaking the optical form
birefringence

Jiamin Liu1, Jinlong Zhu1,∗, Zhe Yu1, Xianrui Feng1, Zedi Li1, Lei Zhong1,
Jinsong Zhang1, Honggang Gu1, Xiuguo Chen1, Hao Jiang1,∗ and Shiyuan Liu1,2,∗

1 State Key Laboratory of Intelligent Manufacturing Equipment and Technology, Huazhong University of
Science and Technology, Wuhan 430074, People’s Republic of China
2 Optics Valley Laboratory, Wuhan 430074, People’s Republic of China

E-mail: jinlongzhu03@hust.edu.cn, hjiang@hust.edu.cn and shyliu@hust.edu.cn

Received 29 February 2024, revised 16 May 2024
Accepted for publication 14 October 2024
Published 5 November 2024

Abstract
In integrated circuit (IC) manufacturing, fast, nondestructive, and precise detection of defects in
patterned wafers, realized by bright-field microscopy, is one of the critical factors for ensuring
the final performance and yields of chips. With the critical dimensions of IC nanostructures
continuing to shrink, directly imaging or classifying deep-subwavelength defects by bright-field
microscopy is challenging due to the well-known diffraction barrier, the weak scattering effect,
and the faint correlation between the scattering cross-section and the defect morphology.
Herein, we propose an optical far-field inspection method based on the form-birefringence
scattering imaging of the defective nanostructure, which can identify and classify various
defects without requiring optical super-resolution. The technique is built upon the principle of
breaking the optical form birefringence of the original periodic nanostructures by the defect
perturbation under the anisotropic illumination modes, such as the orthogonally polarized plane
waves, then combined with the high-order difference of far-field images. We validated the
feasibility and effectiveness of the proposed method in detecting deep subwavelength defects
through rigid vector imaging modeling and optical detection experiments of various defective
nanostructures based on polarization microscopy. On this basis, an intelligent classification
algorithm for typical patterned defects based on a dual-channel AlexNet neural network has
been proposed, stabilizing the classification accuracy of λ/16-sized defects with highly similar
features at more than 90%. The strong classification capability of the two-channel network on
typical patterned defects can be attributed to the high-order difference image and its transverse
gradient being used as the network’s input, which highlights the polarization modulation
difference between different patterned defects more significantly than conventional bright-field
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microscopy results. This work will provide a new but easy-to-operate method for detecting and
classifying deep-subwavelength defects in patterned wafers or photomasks, which thus endows
current online inspection equipment with more missions in advanced IC manufacturing.

Supplementary material for this article is available online

Keywords: defect inspection, form birefringence breaking, high order difference,
anisotropic illumination modes, deep-subwavelength sensitivity, defect classification

1. Introduction

Integrated circuit (IC) manufacturing is a whole-process
technology consisting of a series of critical processes such
as photolithography, development, etching, ion implanta-
tion, chemical-mechanical planarization, deposition, and their
repeated combination [1–4], which enables the transfer from
the mask layout patterns to the bare silicon wafers and the
final construction of a complete circuit chip. Benefiting from
the direct products of IC manufacturing, such as IC chips and
devices [5–8], which support the operation and development
of modern society [9], they have been regarded as the core
of the information industry and a key force leading a new
round of technological revolution and industrial transforma-
tion. With advanced IC processes breaking through sub-14 nm
nodes, the processes involved in chip manufacturing become
more complex, precise, diverse, and multi-step [10], which
makes random process deviations and environmental pollu-
tion extremely prone to occur throughout the IC manufactur-
ing process [11, 12]. Correspondingly, killer defects such as
bridging, cutting lines, particles, and holes are also prone to
appear in IC nanostructures [12–14], substantially affecting
IC chips’ final performance and yield. Therefore, it is of great
significance to accurately detect and strictly control defects in
patterned wafers during advanced IC manufacturing.

Since these killer defects are minor down to λ/10 and
dispersedly distributed throughout the entire 12-inch silicon
wafer [10], defect inspection carried out at various process
layers with requirements such as high sensitivity, high resol-
ution, high speed, and non-invasiveness has become a com-
monly reached consensus in the semiconductor field [12].
Currently, mainstream chip fabs usually combine bright-field
microscopes and review-type scanning electron microscopy
(Review SEM) to inspect defects in the patterned wafers at
advanced IC process nodes [15, 16]. The former conducts a
rough inspection of defective areas, while the latter carefully
identifies defect features. Due to the shortcomings of scan-
ning electron microscopy, such as slow speed, limited field
of view, and easy damage to samples by high-dose electron
beams [17], this detection method’s overall efficiency cannot
meet the need for comprehensive detection of all process lay-
ers of the entire wafer. Optical inspection technology, typic-
ally such as a bright-field microscopes-based inspection plat-
form, due to its intrinsic advantages such as non-destruction
and high speed, has become the workhorse for inspecting
the deep sub-wavelength defects in patterned wafers in both

industry and academia [18–20]. Generally speaking, optical
inspection methods can be categorized according to the meas-
urand (i.e. the amplitude, the phase, and the polarization
state of light), such as the amplitude-based bright- or dark-
field microscopy [21, 22], the phase-based diffraction phase
microscopy and phase contrast microscopy [23, 24], and
the polarization-based Mueller matrix microscopy [25, 26].
Although optical inspection methods differ in the measurands,
the conventional flowchart of defect inspection is quite sim-
ilar, i.e. the identification of a defect can be achieved by sub-
tracting the image of a defective area from that of a defect-
free area [27]. The underlying physics is quite simple, i.e. the
defects behave as perturbations in the patterned wafer, which
alter the electromagnetic response of the regular background
nanostructures locally [28, 29].

However, optical inspection methods, especially bright- or
dark-field microscopy based on far-field imaging, cannot tell
what the defect looks like if its size is much smaller than the
well-known diffraction limit (DL) [30], due to the weak cor-
relation between the defect’s scattering cross-section and its
morphology. Moreover, these methods also face a sharp drop
in detection sensitivity when the defect size shrinks to the
so-called deep sub-wavelength scale (namely, one- or two-
dimensional sizes shrink to about λ/10) [14]. These draw-
backs of conventional bright- or dark-field inspection plat-
forms severely hinder them from distinguishing the killer
defects from non-killer ones with sizes less than DL. As a
result, the time-consuming e-beam inspection tool has to be
pushed to the front to classify various defects. In fact, scanning
near-field optical microscopy, stimulated emission loss micro-
scopy, and stochastic optical reconstruction microscopy can
realize a resolution much smaller than the DL of conventional
bright- and dark-field microscopy [31–33], but they are either
slow or destructive due to the scanning mode and fluorescent
labeling. Diffraction phase microscopy has been applied to
inspect deep sub-wavelength defects in the patterned wafer by
combining a post-processing algorithm to cancel out the back-
ground pattern [34, 35]. Still, it has not yet been demonstrated
that it is capable of classifying different types of defects. The
interferometric cross-polarization detection scheme adopts the
interference between a y-polarized reference field with shif-
ted frequency and the cross-polarized scattering field to enable
the background-free sensing of 10 nm gold nanoparticles at
both visible and near-infrared wavelength [36, 37], but to date,
it has only been experimentally validated for the detection
of particles on bare wafers. Therefore, an optical detection
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method that is capable of positioning and classifying sub-
wavelength defects in a non-destructive, fast, label-free, con-
venient to be integrated, and simple mode is of great import-
ance to the fabs and academia.

The polarization-dependent beat-frequency interference
techniques mentioned above can enhance the off-diagonal
signals in the scattering matrix of nanoparticles [37, 38],
thus enabling a high signal-to-noise ratio and high sensit-
ivity detection of 10 nm nanoparticles, which allows us to
notice the polarization modulation behavior of the sample
has a positive effect on the sensing of nanoscale perturba-
tion. It is indeed beneficial for the visualizable detection of
deep sub-wavelength objects by appropriately utilizing both
the first and second-order transverse gradient (x-y plane) of the
scattered field, which can be inferred from the reported optical
pseudo-electrodynamic microscopy and epi-illumination dif-
fraction phase microscopy [14, 34, 39]. Besides, the form-
birefringence-based inspection method can extend the inspec-
tion sensitivity to identify the bridging defects in the 14 nm
logic 2nd-generation FinFET transistors [40], in which the
scattering intensity ratios Iy/Ix between Y-polarization and X-
polarization illumination conditions have been used as the
figure of merit for the inspection sensitivity. Meanwhile, con-
sidering that form birefringence is essentially the difference
in refractive index between two orthogonal polarized light
caused by the geometrical structure [41], some researchers
have tried to use the self-assembled, periodic array of sub-
wavelength defects created by laser writing to tune the intrinsic
birefringence of sapphire [42]. These methods inspire us to
explore the impact of polarization modulation and the trans-
verse gradient of scattering field from the nanostructure on the
detection and classification of sub-wavelength defects.

In this work, we report on a new but easy-to-operate
optical inspection method based on the concept of form-
birefringence-breaking imaging, which is capable of clas-
sifying various types of sub-wavelength defects in the far-
field. The term ‘form-birefringence-breaking’ means that a
nanoscale perturbation can alter the difference between the
scattering behavior of nanostructure under X-polarized illu-
mination and that under Y-polarized illumination, in which
the amount of changes in the difference has distinctive dis-
tribution characteristics in two orthogonal directions in the
sample plane and can vary with the defect morphology. That
is to say, the defect as a perturbation would alter the ori-
ginal form birefringence behavior of the nanostructure asym-
metrically. More specifically, our method uses the differ-
ential signal calculated by subtracting the differential sig-
nal of aerial images under X-polarization illumination from
that under Y-polarization illumination. The resultant differ-
ential image’s first-order and second-order transverse gradi-
ents have advantages similar to the DPM-based and OPEM-
based methods in signal-to-noise ratio (SNR) enhancement
[34, 39]. Most importantly, our method is built upon the
bright-field microscope, which inherits typical intrinsic merits
such as high speed and non-destruction. Both theoretical and
experimental investigations for multiple patterned defects via

white-light polarization microscopy have been carried out to
demonstrate the feasibility and effectiveness of the proposed
method established on form-birefringence-breaking imaging.
Also, the review results reported by high-resolution SEM have
validated the observations using the proposed method. Then,
an intelligent classification algorithm for typical patterned
defects based on a dual-channel AlexNet neural network has
been proposed, stabilizing the classification accuracy of λ/16-
sized defects with highly similar features at more than 90%.
The strong classification capability of the two-channel net-
work on typical patterned defects can be attributed to the high-
order difference image and its transverse gradient being used
as the network’s input, which highlights the polarization mod-
ulation difference between different defects in patterned wafer
more significantly than conventional bright-field microscopy
results. The proposed method can be seamlessly applied to
any other shorter wavelength ranges, including deep-, vacuum-
and extreme-ultraviolet, since form birefringence is independ-
ent of wavelength. Because the inspection of nanoscale per-
turbations from the background is widely seen in many other
fields, such as distinguishing the pathological changes in tis-
sue cells, detecting abnormal drugs in medicine, identifying
the virus or protein molecules, and probing the imperfections
in the photomasks and wafers, we believe the method may
have a broader impact in diverse areas such as nanoscience,
bio-sensing, bio-imaging, semiconductor and so on.

2. Method

2.1. Form-birefringence-breaking-based method for defect
inspection

Figure 1 has been used to clarify the principle of the pro-
posed form-birefringence-breaking imaging. Both the asym-
metric arrangement of the subwavelength nanostructure along
the X- and Y-directions and the geometric asymmetry of the
monomer in the nanostructure will cause the dependence of
their scattering behavior on the illumination beam polariz-
ation. This phenomenon is the so-called form birefringence
effect, which has been found and applied in various grating and
nanowire arrays [43–45]. As shown in figure 1(a), the near-
field intensity difference map [IXdef–IYdef] can be determined
by subtracting the near-field intensity of the particle-contained
nanowire dimer under X-polarization illumination (corres-
ponding to figure 1(b)) from that under Y-polarization illumin-
ation (corresponding to figure 1(c)). It can be easily noticed
that there are two highly localized intensity peaks around the
particle due to the form birefringence effect and the near-
field coupling effect. Figures 1(b) and (c) also present notice-
able differences in near-field response under the two ortho-
gonal polarization illuminations. Compared with the near-field
intensity difference shown in figure 1(a), the localized peaks in
the near-field intensity difference [IXback–IYback] of the defect-
free nanowire dimer shown in figure 1(d) are significantly dif-
ferent from those for the particle-contained dimer in terms
of both profile and amplitude. Correspondingly, the near-field
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Figure 1. Schematic illuminations of the proposed method: capturing the form-birefringence scattering signal of the defect with the help of
switching the polarization of illumination beams. (a) The near-field intensity difference under X- and Y-polarization illuminations, (b) and
(c) near-field intensity maps under X-polarization and Y-polarization illuminations for a nanowire dimer with a particle defect located in the
center of the dimer. (d) The near-field intensity difference under X- and Y-polarization illuminations, (e) and (f) near-field intensity maps
under X-polarization and Y-polarization illuminations for an ideal nanowire dimer. (g)–(i) Far-field intensity difference for periodic arrays
of nanowire dimers with and without a particle defect under X-polarization illumination, the differential of far-field intensity difference
under X- and Y-polarization illuminations, and its first-order transverse gradient. (j)–(l) Similar results for periodic arrays of nanowire
dimers when the particle position shifts. The inset image shown in (g) and (j) exhibits particle positions in the nanowire dimer arrays.

intensity maps of the defect-free nanowire dimer shown in
figures 1(e) and (f) are also different from those shown in
figures 1(b) and (c), which imply the perturbation caused by
the particle in the near field of the dimer under two ortho-
gonal polarization illuminations. Through further calculating
the difference between the near-field intensity difference maps
shown in figures 1(a) and (d), the resultant nontrivial values
would indicate the asymmetry of the perturbation under the
two illuminations.

Further, the particle-contained dimer can be extended to
the periodic array of nanowire dimers, like the nanostruc-
tures shown in the inset images in figures 1(g) and (j). The
differences between the dimer arrays mainly lie in the loca-
tion of the particles. The particles are located in the end-to-
end and side-to-side gaps of the adjacent nanowire dimers,
respectively. Then, we can evaluate the far-field projection
of the near-field intensity perturbation caused by the defect
under X-polarization illumination, as shown in figures 1(g)
and (j), as well as the difference between the far-field projec-
tion results under two orthogonal polarization illuminations,
as shown in figures 1(h) and (k). Herein, the resultant high-
order differences shown in figures 1(h) and (k) are signific-
antly distinct, while the far-field projection of the near-field
intensity perturbation under the X-polarization illumination
shown in figures 1(g) and (j) is similar between each other.
With the introduction of transverse gradient operation, the

first-order gradient maps of the high-order differences for the
two particle-contained dimer arrays present apparent differ-
ences, as shown in figures 1(i) and (l). The relative position
of the particles and the dimer array, namely, the defect mor-
phology formed by the particles and proximity dimers, will
determine the asymmetry of the near-field intensity perturba-
tion and its far-field projection under the two orthogonal polar-
ization illuminations. That is to say, the form birefringence
in both the near-field perturbation and its far-field projection
serves as the theoretical basis for sensing the defect features
in patterned wafers via bright-field microscopy combined with
the anisotropic polarization illuminations.

The more detailed physical mechanism of the form
birefringence-breaking-based defect inspection can be presen-
ted below. In the defect-contained nanostructures, such as the
particle-contained periodic dimer arrays shown in the inset
images in figures 1(g) and (j), the feature size of defects is
usually the same as or less than the critical dimension of
the nanostructure. Thus, the defect-contained nanostructure
can be approximated as the superposition of a square particle
and the ideal nanostructure, as shown in figure S1 in the
supplementary material. For example, the particle-contained
nanowire dimer shown in figure 1(b) can be approximated as
the superposition of a square particle in the end-to-end gap
and an ideal dimer shown in figure 1(f). According to the
electrostatic approximation and the Rayleigh scattering theory
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[46, 47], the responses of sub-wavelength particles to the
orthogonal polarization illuminations are the same, which does
not exhibit the form birefringence feature. Thus, the difference
between the results shown in figures 1(a) and (d) can be attrib-
uted to the polarization interaction imposed on the particle by
the scattering field of the nanowire dimer. More importantly,
the magnitude of the polarization interaction depends not only
on the polarization state of the scattering field of the nanowire
dimer [47], but also on the location relationship between the
particle and the nanowire dimer [48]. The former factor can
be used as the inspection method, in which the orthogonally
polarized light can be illuminated on the sample detected, and
the corresponding scattering fields under each polarization can
be collected. While the latter can be used as the basis for sens-
ing the defect morphology, because the aforementioned loca-
tion relationship contains the particle defect’s position, orient-
ation, area symmetry, and proximity relative to the nanowire
dimer [49]. Various defects, such as bridging, cutting-line, and
particles in patterned wafers, can be viewed as the perturbation
of specific particles on the ideal nanostructure, but the posi-
tion relations between them and the background nanostructure
are quite different. And the pure scattering field Epart(r) of the
defect varied with the defect type can be approximately eval-
uated by the Green function method [50],

Epart (r) = Edef (r)−Eback (r)≈
ˆ
Ω

G
(
r− r ′

)
×χ

(
r ′
)[

Eback
(
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)
+Einc

(
r ′
)]

dr ′=Eindirect (r)+Edirect (r)

=

ˆ
Ω

G
(
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)
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)
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)
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(
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)
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(
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)
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(
r ′
)
dr ′ (1)

where the Green function G(r–r´) is the solution of the
inhomogeneous Helmholtz equation of the element impulse,
which is independent of the polarization state of the excita-
tion field. The scattering potential χ(r) of the subwavelength
particle is also independent of the polarization state of the
excitation field, if the subwavelength particle has an in-plane
rotational symmetry of order 4 [51]. The total scattering
field of the defect-contained dimer array satisfies the rela-
tionship Edef = Epart + Eback for all the polarization illu-
minations. Edef(r) and Eback(r) are the scattering fields of
the defect-contained and defect-free nanostructure, respect-
ively. Therefore, switching the polarization state of the incid-
ent fieldEinc(r´) cannot lead to the amplitude change of the dir-
ect component Edirect(r) in the scattering field Epart(r). Then,
only the significant difference in the background scattering
field Eback(r) under two orthogonal polarization illuminations,
caused by the form birefringence of the background nanostruc-
ture, will be transferred to the indirect component Eindirect(r)
in the scattered field Epart(r) of the particle. Meanwhile, the
convolution operation in equation (1) enables constructing
the correlation between the scattering field Epart(r) and the
defect morphology. When using an imaging objective lens, the
low spatial-frequency components of the near-field intensity

difference IX–IY under the two orthogonal polarization illu-
minations can be transmitted to the imaging plane in the far
field. Figure 1(g) or figure 1(j) shows the far-field intensity
difference DIX of a particle defect in the periodic array of
nanowire dimer, reported by conventional bright-field micro-
scopy under X-polarization illumination, which is almost a
circular Airy disk. While figure 1(h) or figure 1(k) shows
the far-field intensity difference DDIXY under the two ortho-
gonal polarization illuminations, which is the so-called form-
birefringence-breaking image

DDIXY = DIX −DIY =
[
Idefect − Iback

]
X
−
[
Idefect − Iback

]
Y

= [IX − IY]
defect − [IX − IY]

back =
[∣∣EX

part
∣∣2 − ∣∣EY

part
∣∣2]

+
[
2
∣∣EX

part
∣∣ ∣∣EX

back
∣∣cos(∆X)− 2

∣∣EY
part

∣∣ ∣∣EY
back

∣∣cos(∆Y)
]

(2)

where [IX–IY]defect and [IX–IY]non measure the form-
birefringence scattering properties of the nanowire dimer
array with and without particle defect, respectively. EX

part

and EY
part are the scattering fields of particles under X- and

Y-polarization illuminations, respectively. EX
back and EY

back

are the scattering fields of defect-free nanostructure under X-
and Y-polarization illuminations, respectively.

With the particle defect perturbing the nanostructure array,
both the translational symmetry and the mirror symmetry of
the dimer array will be broken, which leads to non-Airy disk-
like scattering signal maps shown in figures 1(h) and (k). As
shown in figures 1(i) and (l), the first-order transverse gradi-
ent of the intensity difference DDIXY highlights the form-
birefringence breaking effect caused by the defect, due to the
non-homogeneous spatial distribution of the scattering field
Epart(r). It also implies that defects usually disturb the original
form-birefringence scattering behavior of the dimer array in
an unequal manner. Furthermore, with the change of defect
type, the far-field intensity difference map DDIXY will exhibit
conspicuous diversity, similar to that between the near-field
intensity difference maps shown in figures 1(a) and (d), which
can be attributed to the diversity in the perturbation manner
and the position relationship. That’s the basis for the defect
classification or the visualizable detection of sub-wavelength
nano-objects by the proposedmethod.Moreover, with the help
of the definition in equation 2, both conventional bright-field
inspection tools and the Die-to-Die inspection algorithm can
still be invoked [52], which indicates that the proposedmethod
can inherit the advantages of the conventional method, such
as the high efficiency and the non-destructiveness. And the
second-order differential operation in equation 2 can greatly
eliminate the direct contribution from the background scatter-
ing fieldEback, which enables the reliable discrimination of the
defect intrinsic signals.

Considering the orthogonality and completeness of real
eigenmodes and eigenvalue sets in module expansion theory,
equation (2) can be simplified when the electric fields involved
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Figure 2. Schematic diagram of the dual-channel AlexNet network structure used in the defect intelligent classification algorithm.

in the above cross terms are located in the same phase and
region,

DDIXY =
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ˆ
Ω

|G(r− r ′) ·χ (r ′)+ 2| × |G(r− r ′) ·χ (r ′)|

×
[∣∣EX

back (r ′)
∣∣2 − ∣∣EY

back (r ′)
∣∣2]dr ′. (3)

Due to the form-order birefringence scattering properties
of ideal defect-free nanostructures, the integrand compon-
ent |EX

back(r´)|2–|EY
back(r´)|2 in equation (3) will be non-

zero, so DDIXY is also non-zero. It can be noted that DDIXY
is a scalar function of the position vector r, so DDIXY
will have two-dimensional spatial distribution characterist-
ics, which will be the fundamental reason why different
types of wafer defects display different patterns of form-
order birefringence scattering perturbations. It can be noted
that when the defect type changes, the first-order differ-
ence DIXY of the scattering intensity of each sample will
change significantly, and the second-order difference DDIXY
of the scattering intensity will also change significantly.
That’s the theoretical basis for us to carry out defect feature
screening.

2.2. Dual-channel AlexNet neural network-based algorithm
for defect classification

An intelligent classification algorithm for typical patterned
defects based on a dual-channel AlexNet neural network has
been built, in which the second-order differential aerial image
DDIXY and its first-order transverse gradient image are the
input. The dual-channel AlexNet network convolves and pools
these two images and combines them in the fully connected
layer to achieve defect feature classification. The specific dual-
channel AlexNet network structure used is shown in figure 2.
Notably, the definitions of particle and cut defect used in
figure 2 conform to the commonly used terminology, whereas
the X-bridge and Y-bridge defect types are defined as bridging
along the short- and long-period directions, respectively.

The reason for using AlexNet convolutional neural net-
work (CNN) as the central part of the intelligent classifica-
tion algorithm of defect features comes from the following
two aspects [53]. First, the original AlexNet has excellent
image classification accuracy and efficiency. It once stood out
in the ILSVRC-2012 competition with its ability to accur-
ately classify 1.2 million high-resolution images into 1000
categories. Second, the classification scenario of defect fea-
tures is consistent with the application scope of the AlexNet
network. The input of defect feature classification is usually
a vast image database, requiring accuracy and efficiency. In
the dual-channel AlexNet CNN shown in figure 2, it includes
one input layer, five convolutional layers (C1, C2, C3, C4,
C5), and three fully connected layers (FC6, FC7, FC8), and
one output layer [54]. In the proposed algorithm, the second-
order difference DDIXY of the far-field aerial image and its
first-order transverse gradient image are both cropped into an
input image of 224 × 224 × 3, where 224 × 224 represents
the number of pixels in the orthogonal directions, and 3 rep-
resents RGB Number of channels. Using the self-developed
rigid vector imaging model introduced in the next section,
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Figure 3. Schematic diagram of the vector diffraction imaging model for high-NA polarization microscopy. (a) Köhler illumination
configuration used in the imaging model. (b) Near-field calculation based on Transfer matrix method. (c) Vector diffraction imaging module.

10 800 images can be produced and used as the input train-
ing set to train the AlexNet network thoroughly. In the con-
volutional layer C1, the input image will successfully undergo
convolution, rectified linear unit (ReLU), local response nor-
malization (LRN), pooling, and other processing, which will
be transformed into a 55 × 55 × 48 image. The convolution
process involves using 48 convolution kernels with the size
of 11 × 11 × 3 to perform a convolution operation on the
input image, in which the edge filling parameter is set to 2, and
the movement stride parameter of the convolution kernel is set
to 4. This algorithm uses the ReLU function as the activation
function of the neuron, due to the high convergence speed. In
the C2 convolution layer, the operations, including convolu-
tion, ReLU, LRN, and Pooling, are still implemented, except
that this layer uses 128 5 × 5 × 48 convolution kernels, the
edge filling parameter of 2, and the movement stride parameter
of convolution kernel of 1. In the C3 convolutional layer, only
the operations, including convolution and ReLU, are imple-
mented. In the C4 convolution layer, only the operations con-
sisting of convolution and ReLU are implemented, while the
operations consisting of convolution, ReLU, and Pooling are
implemented in the C5 convolution layer. The fully connected
layer FC6 is to flatten the image data of the two channels to
combine into new data, thereby forming 6 × 6 × 256 matrix
data. Subsequently, the operations consisting of neuron deac-
tivation (Dropout), full connection, and ReLU are implemen-
ted in the fully connected layers FC6 and FC7, which use 2048
neurons for full connection. Then, ReLU activation is imple-
mented and connected to the fully connected layer FC8 to out-
put the defect type.

2.3. Rigid vector imaging modelling

Figure 3 shows the basic theoretical framework of the self-
developed vector imaging simulation tool. In the simulation
tool, the imaging process was divided into four parts, namely
(a) decomposition of an illumination light field into a series of
plane wave components with distinct wave vectors according
to the Köhler illumination configuration [55], (b) calculation
of the scattering near field for the defect-contained nanostruc-
ture based on the Transfer matrix method (TMM) [56], (c)
calculation of the electric fields in the entrance pupil plane,
the pupil plane, the exit pupil plane and the imaging plane by
using the angular spectrum method combined with the vector
nature of the electric field [57], (d) calculation of the total ima-
ging based on the Abbe theory [58]. In the Köhler illumination
configuration, the input electric field distribution (EX, EY, EZ)
defined in the illumination pupil plane, consists of plane waves
with different direction cosines (αs, βs, γs). Then, they can
be transformed into the polarization vector (E⊥, E||), which
will be tracked throughout the optical system for modelling
the imaging process.[
E⊥ (αs,βs)

E∥ (αs,βs)

]
=

1
γs

[
−βsγs/ρs αsγs/ρs
−αs/ρs −βs/ρs

][
EX (αs,βs)

EY (αs,βs)

]
(4)

where ρs = sqrt (αs
2 + βs

2). In the spatial frequency domain,
the polarization vector (E⊥, E||) is orthogonal with the wave
vector kinc of the corresponding plane wave component. By
assuming that each plane wave component is illuminating
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the nanostructure uniformly, the scattering near field from
the nanostructure can be calculated by approximately solv-
ing Maxwell’s equations based on TMM. Since the structure
defect breaks the period of the nanostructure, the supercell-
based Bloch-period boundaries are utilized to isolate the near-
field coupling between the defects [59]. The scattering near
field calculated by TMM is usually the field distribution in the
spatial Cartesian coordinate system, which consists of three
field components such as EX(x, y, 0), EY(x, y, 0), and EX(x,
y, 0) with z = 0 representing the sample plane. By assuming
that the near field is obtained by coherently summing all the
plane wave components, the plane wave angular spectrum can
be calculated using the Fourier transformation [57]

EX (fx, fy,0) =
ˆ ˆ +∞

+∞
EX (x,y,0)exp [−j2π (fXx+ fYy)]dxdy

(5a)

EY (fx, fy,0) =
ˆ ˆ +∞

+∞
EY (x,y,0)exp [−j2π (fXx+ fYy)]dxdy.

(5b)

Considering the transverse wave nature of the electromag-
netic waves, only EX and EY need to be calculated at the
entrance pupil, imaging pupil plane, and exit pupil, andEZ will
be determined by EX and EY. Since the bright field inspection
microscopy is the object-space telecentric system, the entrance
pupil can be considered to be at infinity. Correspondingly, the
electric field EX and EY in the entrance pupil can be still cal-
culated by using the angular spectrum method,

EX (fY, fY,z) = EX (fX, fY,0)exp

[
j
2π z
λ

√
1− (λfX)

2 − (λfY)
2
]

≈ EX (fX, fY,0) (6a)

EY (fX, fY,z) = EY (fX, fY,0)exp

[
j
2π z
λ

√
1− (λfX)

2 − (λfY)
2
]

≈ EY (fX, fY,0) (6b)

where the exponential term will be approximated as a con-
stant independent of the spatial frequency fX and fY. Thus,
the electric field in the entrance pupil will be approximated as
the angular spectrum of the near field. Considering the Fourier
frequency-shift effect caused by the direction cosines of the
plane wave in the illumination pupil, the electric field in the
entrance pupil needs to be corrected,

EX (αent,βent,∞) = EX (λfX,λfY,0)

·Circ


√
(λfX −αs)

2
+(λfY −βs)

2

NA


·

√
1−αent

2 −βent
2√

1−βent
2 + |αent ·βent|

(7a)

EY (αent,βent,∞) = EY (λfX,λfY,0)

·Circ


√
(λfX −αs)

2
+(λfY −βs)

2

NA


·

√
1−αent

2 −βent
2√

1−βent
2 + |αent ·βent|

(7b)

where the circular domain function Circ has the effect of low-
pass filtering. And the third term in the right-hand side of
equation (7) is used to compensate for the transverse wave
effect. NA is the numerical aperture of the objective lens, and
λ is the light wavelength. And αent and βent are the corrected
direction cosine coordinates in the entrance pupil. And they
can be expressed as follows,

βent = (λfY −βs) ·Circ


√
(λfX −αs)

2
+(λfY −βs)

2

NA


(8a)

αent = (λfX −αs) ·Circ


√
(λfX −αs)

2
+(λfY −βs)

2

NA

 .

(8b)

As for the vector propagation from the entrance pupil to the
exit pupil, the polarization aberration, the wave-front aberra-
tion, and the obliquity factor need to be fully considered in
the propagation model. Meanwhile, the electric field in the
entrance pupil needs to be transformed into the polarization
vector, which is convenient for calculating the polarization
aberration effect using the Jones pupil method[
E⊥ (αent,βent)
E∥ (αent,βent)

]
=

1
γent

[
−βentγent/ρent αentγent/ρent
−αent/ρent −βent/ρent

]
×
[
EX (αent,βent)
EY (αent,βent)

]
. (9)

Then, the electric field in the exit pupil can be calculated
by the following equation,[
E⊥ (αext,βext)

E∥ (αext,βext)

]
=

1
4

√
1−M2 ·

(
αent2 +βent

2)
1−
(
αent2 +βent

2)
·

 J⊥⊥

(
αent
NA , βentNA

)
J⊥∥

(
αent
NA , βentNA

)
J∥⊥

(
αent
NA , βentNA

)
J∥∥
(
αent
NA , βentNA

) 
· exp

[
−jk

(
∆z · (γent− 1)+

37∑
n=1

Cn

·Rn
(
αent
NA

,
βent
NA

))]
·
[
E⊥ (αent,βent)

E∥ (αent,βent)

]
(10)

where M is the magnification of the objective lens. J⊥⊥,
J⊥||, J ||⊥, and J |||| are the Jones matrix elements of the Jones

8



Int. J. Extrem. Manuf. 7 (2025) 015601 J Liu et al

pupil. Cn and Rn are the nth Zernike coefficients and Zernike
terms, respectively. ∆z is the defocus. αent = αent/M and
βent = βent/M are the direction cosine coordinates in the exit
pupil. The first term in the right-hand side of equation (1) is
used to consider the radio-metric correction effect. In order to
coherently sum the contributions of each plane wave in the exit
pupil to the electric field in the imaging plane, it is necessary
to transform the electric field in the exit pupil from the local
coordinate system to the global coordinate system

 EX (αext,βext)

EY (αext,βext)

EZ (αext,βext)

=


−βext√

αext
2+βext

2

αext√
αext

2+βext
2

0

−αext·
√

1−αext
2−βext

2√
αext

2+βext
2

−βext·
√

1−αext
2−βext

2√
αext

2+βext
2√

αext
2 +βext

2


×

[
E⊥ (αext,βext)

E∥ (αext,βext)

]
. (11)

Then, a Fourier inversion transform has been carried out to
calculate the total electric field at the imaging plane, which is
the result of the interference of different plane waves in the
exit pupil

Eii (x
′,y ′) =

ˆ ˆ +∞

−∞
Eii (αext,βext)

× exp

[
j2π

(
αext

λ
x ′ +

βext

λ
y ′
)]

· exp
[
−j2π

(
αs

λ
x ′ +

βs

λ
y ′
)]

dαextdβext

(12)

where ii represents X, Y, or Z. According to the Abbe imaging
theory, the final intensity image can be obtained by summing
the intensity images produced by each plane wave in the illu-
mination pupil. Considering the intensity map e (αs, βs) in the
illumination pupil, the final intensity image can be calculated
by the following formula,

I=
ˆ ˆ

e(αs,βs) ·
[
|EX (x

′,y ′)|2 + |EY (x
′,y ′)|2

+|EZ (x
′,y ′)|2

]
dαsdβs. (13)

In order to ensure the simulation efficiency, a sparse
sampling of the direction cosine in the illumination pupil has
been implemented to reduce the frequency of TMM near-
field calculation. Phase correction caused by off-axis illumin-
ation is carried out to compensate for the results in the sparse
sampling framework. Meanwhile, the frequency spectrum in
the entrance pupil has also been compressed to reduce the cal-
culation scale further.

3. Results and discussion

A series of virtual simulation experiments on the defect-
contained periodic nanostructurewere carried out first to valid-
ate the proposed method. All the simulations were implemen-
ted by using the self-developed tool for vector Abbe imaging,

in which the near field of various samples was calculated by
the transfer matrix method [56]. In the unit cell of the nano-
structure, each nanowire is 200 nm wide by 1600 nm long by
100 nm tall. The minor gap between two adjacent nanowires
is 100 nm, while the larger is 600 nm. The edge-to-edge gap
for the nanowires is 800 nm. The horizontal and perpendicular
pitches are 2200 nm and 2400 nm, respectively. The particle
is 200 nm wide by 200 nm long by 100 nm tall. The widths
of both the perpendicular and horizontal bridging defects are
200 nm. Both the nanowire and the substrate are made up of
silicon. Critical simulation settings include that the incident
light is X- and Y-polarized focused light with a wavelength of
580 nm, the illumination pupil is a circular surface with a par-
tial coherence factor of 1.0, and the imaging objective is a lens
with NA of 0.80 and magnification of 100X.

The corresponding results for the periodic nanostructures
perturbed by a particle, a Y-bridge defect, and an X-bridge
defect are shown in figures 4(a)–(c), respectively, in which the
magnitude has been normalized to the intensity of the light
source. As shown in figure 4, the first-rowmaps show the topo-
logy of various perturbed nanostructures, and the second-row
maps represent the corresponding far-field intensity differ-
ence DDIXY. The third- and fourth-row maps exhibit the first-
and second-order transverse gradient of the far-field intens-
ity difference, respectively. It can be easily found that all the
DDIXY maps are no longer Airy-like patterns but a mirror-
symmetrical pattern, which is just like a blue broad bean par-
tially wrapped by a red circular or crescent moon. With the
change of defect types, the profiles of both blue and red spots
will change, which obviously exhibits the difference in the
form-birefringence-breaking properties of each defect. And
the position of the red spot in the DDIXY maps corresponds
to the opening direction of the local pattern perturbed by the
defect. Meanwhile, the alignment axis between the blue and
red spots implies the mirror symmetry axis. The magnitudes
of both peaks and valleys in the DDIXY maps are signific-
antly different for each defect. These diverse far-field intensity
difference maps can be directly used for defect classification
based on prior knowledge of the reference layout of the nano-
structure. Moreover, using the first- and second-order trans-
verse gradient, both the spatial distribution characteristics and
edge features of the DDIXY maps will be sharply identified,
enhancing the sensitivity of defect classification.

Meanwhile, the proposed method was also validated by
a series of inspection experiments on three defect-contained
samples based on self-built polarization microscopy. In the
polarization microscopy shown in figure 5(a), the light source
is a high-intensity and wide-spectrum white-light source
(LDLS EQ77, Energetic Technology), the polarization state
generator (PSG) in the illumination light path is com-
posed of a polarizer (PGT5012, Union Optics), a zero-order
quarter wave-plate (@633 nm, Union Optics), and a polar-
izer (PGT5012, Union Optics). The whole illumination light
path is realized based on the Köhler illumination scheme.
An Olympus plan-apochromat 100X/0.8NA objective lens
(LMPlanFL N 100X/0.80 BD, Olympus) is used together with
a 4f lens system in the collection light path to ensure the
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Figure 4. Simulation results of the form birefringence-breaking imaging for the 2D periodic nanostructure perturbed by various defects. (a)
The results for the particle defect, (b) for the Y-bridge defect, and (c) for the X-bridge defect. The first-row maps show the topology of the
defect-contained nanostructure, and the second-row maps exhibit the far-field intensity difference DDIXY under the two orthogonal
polarization illuminations. The third- and fourth-row maps present the first- and second-order transverse gradient of the far-field intensity
difference DDIXY, respectively. All the magnitude has been normalized to the intensity of the light source.

optical resolution. A high-resolution CMOS camera (Prosilica
GT 1930 with Sony IMX174, Allied Vision) is used to cap-
ture the high-definition images of samples. A motorized three-
axis stage (PT3 with ZST225B actuators, Thorlabs Inc.) with
10 nm step precision is used to adjust the samples into the
depth of focus and to translate the field of view over the sample
surface. The defect-contained samples (Customized samples,
MontaVista Inc.) are the same as those in the simulation exper-
iments shown in figure 2. And much more details about the
experiment samples and the post-process method can be found
in supplementary material.

Before detection, the sample needs to be placed horizont-
ally on the sample stage so that the nanowire dimers in the
specimen are parallel to the x-axis of the instrument coordinate
system. This pre-alignment will facilitate determining the X-
polarized and Y-polarized lighting conditions by rotating the
second polarizer. Since the self-built polarization microscopy
has a low-magnification objective lens, aligning the nanowire
dimers with the x-axis of the instrument coordination system
is easy to manipulate, and we could achieve acceptable pre-
alignment in the laboratory using only manual manipulation.

This alignment method is compatible with the pre-alignment
technology widely used in IC production lines. During the
experiment, by continuously changing the azimuth angle of the
polarizer with a step of 3◦, a series of aerial images were col-
lected by the CMOS camera, in which the brightest and darkest
aerial images could be used to determine the incident light with
the polarization parallel and perpendicular to the nanowires in
the samples. The pre-alignment accuracy requirements in pre-
vious experiments were not strict because nearly orthogonal
or orthogonal X- and Y-polarized illuminations were suffi-
cient to obtain defect-contained samples’ asymmetric form
birefringence response. It should be emphasized that when
using a polarizer to switch the illumination polarization state,
the defective sample is always stationary, making it possible
to minimize misalignment noise in the differential calcula-
tion. That is to say, for existing bright field detection equip-
ment in the industry, orthogonally polarized illuminations can
be achieved by simply introducing a polarization modula-
tion method based on rotating polarizers, liquid crystal vari-
able retarders, or photo-elastic modulators. In particular, these
illumination polarization modulation technologies are pretty
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Figure 5. Experimental results for the form birefringence-breaking-imaging-based inspection of the defect-contained periodic
nanostructures. (a) The schematic diagram of the self-built polarization microscopy. (b) The results for the particle defect, (c) for the
Y-bridge defect, and (d) for the X-bridge defect. The first-row maps show the aerial images of the defective areas in the nanostructure, and
the second-row maps exhibit far-field intensity difference DDIXY under the two orthogonal polarization illuminations. While the third- and
fourth-row maps present the first- and second-order transverse gradients of the DDIXY, respectively. All the aerial images reported by
polarization microscopy are high-resolution images, which can reveal the defect types. The geometric dimensions of these samples are the
same as those of the simulated object in figure 4. All the resulting maps are in units of grayscale values from 0 to 255.

mature and have extremely short modulation times, so it is pre-
dicted that they will not cause a substantial reduction in defect
detection yield.

Then, several sets of aerial images were captured under
the two orthogonally polarized illuminations. Since the fea-
ture sizes of both nanostructure and defects on the samples
were in the order of 200 nm, quite close to the Abbe–Rayleigh
diffraction limit of the microscopy [60], the defect-contained
nanostructure could be imaged by the microscopy. The ima-
ging results under the X-polarization illumination are shown
in the first-row maps in figures 5(b)–(d). These aerial images
have been calibrated based on the non-uniform background
intensity correction algorithm and the tilting distortion correc-
tion algorithms [61]. Although the precise edges of an indi-
vidual nanowire or defect cannot be resolved, it is possible to
discern the rough contour of both the particle and the nanowire
dimer. The Y-bridge defect can be captured by identifying the
nanowire dimer with an anomalous length, while the X-bridge
defect can be captured by identifying two nanowire dimers
with an anomalous end-to-end gap. By using the Die-to-Die
inspection algorithm, the far-field intensity difference DDIXY
under the two orthogonal polarization illuminations can be
determined, as shown in the second-row maps in figures 5(b)–
(d). It can be easily found that the DDIXY maps for each
defect are significantly different from each other, not only
in profile but also in magnitude. And the grayscale differ-
ence between the red and blue spots is at least larger than 20,
which reveals the form-birefringence-breaking effect rather

than the experimental errors. As shown in the third and fourth
rows in figure 5, the first- and second-order transverse gradi-
ent of the DDIXY maps further enhances the diversity in the
form birefringence-breaking effect. Meanwhile, the experi-
mental results in figure 5 are similar to the simulation res-
ults in figure 4, especially in orientation, symmetry, and con-
tour. According to these experimental observations, the form-
birefringence-breaking images combined with their transverse
gradient will vary strikingly with the change of defect types,
which enables the realization of the defect classification based
on the proposed method. Moreover, the aerial images in the
first row can confirm the accuracy of the correspondence
between the defect types and the observation results. It is worth
noting that the observation results in figure 5 not only con-
firm the reliability of the proposed method but also confirm
the reasonableness of the simulation method.

Besides, there are cloud-like noise speckles in the sub-
images of the second row to the fourth row in figure 5, which
might be caused by the camera noise, the registration error,
the low-frequency jitter of specimen stage, or the random and
weak speckle in the illumination source. However, due to the
significant difference between cloud-like noise spots and the
effective signal distribution, other noise spots, except regis-
tration errors, will not affect the identification of defect fea-
tures. When checking the differential results DIX, the high-
order differential resultsDDIXY, and their transverse gradient,
the increase in the difference operations leads to the increas-
ingly noticeable cloud-like noise speckles. It indicates that

11



Int. J. Extrem. Manuf. 7 (2025) 015601 J Liu et al

Figure 6. Experimental results for the form birefringence-breaking-imaging-based inspection of the defect-contained periodic
nanostructures with a CD of 60 nm. (a) The results for the Y-bridge defect, (b) for the X-bridge defect, and (c) for the cutting-line defect. All
these defects have nominal width of 60 nm. The first-row maps exhibit far-field intensity difference DDIXY under the two orthogonal
polarization illuminations. While the second- and third-row maps present the first- and second-order transverse gradients of the DDIXY,
respectively. The nanowire dimer array has a similar structure as that in figure 5. While the nanowire’s length and width are 700 nm and
60 nm, respectively. And the nominal widths of all the defects are 30 nm, 100 nm, and 60 nm. Herein, all the aerial images captured by
polarization microscopy can only be used to identify whether the defect exists, and they cannot tell out the defect morphology. All the
resulting maps are in units of grayscale values from 0 to 255.

the second-order transverse gradient of DDIXY might not be
suitable for classifying defect features. Considering that high-
order difference DDIXY requires three consecutive Cell-to-
Cell or Die-to-Die algorithms, the registration error between
the reference and target images to be detectedwill have a signi-
ficant impact on the high-order difference image under the two
orthogonal polarization illuminations, namely, minor registra-
tion errors will have a noteworthy effect on the accuracy of
defect classification. In the newly added experimental results,
due to the existence of unshieldable vibration sources in the
lab environment, the sample stage is constantly subjected to
forced vibrations with small magnitudes, which increases the
registration error between reference and target cells, which
results in poorer detection results shown in figure 6 than in
figure 5. Nevertheless, figure 6 still presents the difference in
the form birefringence scattering behaviors between the λ/10-
sized cutting-line and bridging defects (containing Y-bridge
and X-bridge defects), indicating the proposed method’s cap-
ability in capturing anisotropic scattering information helpful
for defect classification. Since the system hardware configura-
tion consists of a broadbandwhite light source with a spectrum
of 380 nm–780 nm and an objective lens with NA = 0.80, the
theoretical imaging-resolution limit is 290 nm, which means
the imaging system can capture defects or nanowire dimers
with characteristic sizes larger than 290 nm in at least one
dimension. In the experiments, the shortest length of a single

nanowire in the dimer periodic arrays detected has reached
700 nm, so even cutting-line defects with a width of 60 nm
or bridging defects with a width of 30 nm can still be effect-
ively identified using the polarization microscope. The under-
lying physical mechanism is that all defect features are geo-
metrically composed of the samematerial or void particles and
proximal nanowire dimers, which makes it entirely feasible to
identify 30 nm-width defect features in a pattern with a CD of
60 nm. That is why polarization microscopy can still identify
the deep sub-wavelength defects despite non-negligible regis-
tration errors. Given the highly significant registration error
in figure 6, we will further explore more accurate registra-
tion algorithms in the future and introduce an active-vibration-
isolation table to improve the defect characteristic perform-
ance of the proposed method.

Further, the proposed method was applied to the defect-
contained nanostructures with small critical dimensions,
which would be helpful in evaluating the upper-performance
limit of the proposed method. By choosing the deep ultravi-
olet wavelength at 260 nm, commonly used in the industry for
defect inspection, a series of simulations for various defects
with sizes ranging from 180 nm to 10 nm were carried out
to reveal the adaptability and extensibility of the proposed
method. In order to relatively objectively assess the perform-
ance of the proposed method in the visualizable detection of
defects, the evaluation of defect detectability and the degree of
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Figure 7. Simulation results of the form birefringence-breaking imaging for various defects at wavelength of 260 nm. From (a) to (d), the
simulated inspection sensitivity curves for five defects are shown, in which two orthogonal polarization illuminations have been used. The
feature size of the defect is scaled synchronously with the critical dimension of the nanowire. From (e) to (i), the simulation results of the
form-birefringence-breaking images for various defects with a feature size of 30 nm are presented. The second-column maps are the
far-field intensity difference DDIXY, while the third- and fourth-columns exhibit the first- and second-order transverse gradient maps,
respectively. The concerned five defects are the cutting-line defect, the particle defect, the Y-bridge defect, the X-bridge defect, and the
central X-bridge defect, respectively. The inset images in the second column show the topology of the defect-contained nanostructure.

intuition of defect classification has been discussed in detail.
In comparison with the previously reported rule [10, 62], the
detectability criterion has been further improved, as shown
below,

SN=
Max(DIX)
Mean(Inon)

≥ Vth = k

√
2 ·Nshot

NFWC
= 0.023 (14)

where SN is the normalized scattering signal of defect. DIX
represents the aerial image difference under the X-polarization
illumination, and Inon is the aerial image of the defect-free
sample under the same illumination. Operators Max andMean

are used to extract the maximum and the mean values, respect-
ively. V th is the threshold for identifying the defects, which
was determined using empirical estimation and statistical ana-
lysis. In order to ensure the high detection rate and low false
alarm rate for defect inspection, the confidence factor k could
be initially set to 3. By using the empirical ratio of 0.53%
between the shot noise Nshot and the full well capacity NFWC

in a typical time-delay-integration camera, the threshold V th

for identifying defects can be set to 0.023.
Figures 7(a) and (b) together present the sensitivity curves

for defect inspection under the X-polarization illumination,
while figures 7(c) and (d) together show the sensitivity curves
under the Y-polarization illumination. It indicates that the
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Figure 8. Comparison of noise immunity and classification sensitivity characteristics of single-channel and dual-channel AlexNet
networks. (a) The noise immunity characteristics of the single- and dual-channel AlexNet networks, (b) the classification sensitivity
characteristics of the single- and dual-channel AlexNet networks.

cutting-line defect, the particle defect, the Y-bridge defect, the
X-bridge defect, and the central X-bridge defect with sizes
respectively larger than 16 nm, 16 nm, 10 nm, 10 nm, and
30 nm can be detected with reliable signal-to-noise ratio under
the two orthogonal polarization illuminations. Then, the sim-
ulation results for various defects with a feature size of 30 nm
were discussed in figures 7(e)–(i). Figure 7(e), including three
sub-figures in the top row, presents the simulation results for
the cutting-line defect using the proposed method. Figure 7(f),
including three sub-figures in the second row, shows the simu-
lation results for the particle defect, while figure 7(g), includ-
ing three sub-figures in the third row, presents the simulation
results for the Y-bridge defect. Figure 7(h), including three
sub-figures in the fourth row, shows the simulation results for
the X-bridge defect. Figure 7(i), including three sub-figures in
the bottom row, presents the simulation results for the central
X-bridge defect. According to the second column in figure 6,
the diversity in the DDIXY maps for each defect can be visu-
ally identified, due to the difference in the contour, the amp-
litude, and the symmetry. As for the difference in the pat-
tern profiles between the DDIXY maps in figure 4 and that in
figure 7, it might be attributed to the size dependency of the
form-birefringence-breaking effect [63]. With the feature size
of defects much smaller than the wavelength, more high-order
scattering components will carry prominent energy to escape
the objective lens’s collection range, leading to an inherently
weak aerial image in the camera. Thus, the far-field intens-
ity difference DDIXY will be relatively small. The first-order
transverse gradient maps shown in the third column of figure 7
still enhance the diversity in the form-birefringence-breaking
images for each defect, while the second-order transverse
gradient maps displayed in the fourth column of figure 7 have
little enlightenment due to the extremely weak magnitude.
These results indicate that the form-birefringence-breaking
effect caused by the defects with a feature size of 30 nm can be
observed by the DDIXY maps and their first-order transverse
gradient. In other words, using the proposed method, the deep
sub-wavelength defects can be visually sensed by polarization
microscopy with the deep ultraviolet wavelength. The simu-
lation work only extends to the 30 nm-sized defects, which

is limited by the detectability of the central X-bridge defect.
Suppose only the first four defect types are concerned, the
proposed method will also be feasible in detecting and clas-
sifying defects with feature sizes of 16 nm, i.e. the morpho-
logy of defects with sizes of about λ/16 can be sensed by the
proposed method. Through extending the light wavelength to
the vacuum- and extreme-ultraviolet spectra, it can be expec-
ted that the proposed method will have the potential to visu-
ally detect some single-nanometer-scale defects. Given that
any nanoscale object or perturbation and its background pat-
tern have the form-birefringence-breaking property, the pro-
posed method can also be used to visually sense these nano-
scale objects, such as anomalous biological macro-molecules,
viruses, etc.

Figures 8(a) and (b) show the noise immunity and classific-
ation sensitivity characteristics of the single-channel AlexNet
and dual-channel AlexNet networks, respectively. The single-
channel AlexNet network only uses the second-order differ-
ence of the far-field spatial image as input, while the dual-
channel AlexNet network uses the second-order difference of
the far-field aerial images and its first-order lateral gradient
as input. From the results shown in figure 8, we can see that
the single-channel and dual-channel AlexNet networks have
the same powerful performance for the cutting-line defect, the
particle defect, and the X-bridge defect, and the classifica-
tion accuracy of the three types of defects reaches 100%. For
the Y-bridge defect, the defect classification accuracy of the
dual-channel AlexNet network is significantly higher than the
corresponding results of the single-channel AlexNet network,
and this phenomenon always occurs in all signal-to-noise ratio
situations shown in figure 8(a). As the defect size shrinks from
120 nm to 15 nm, the classification accuracy of the first three
types of defects is always close to 100%. Only the classific-
ation accuracy of X-bridge defects changes. In most defect
situations shown in figure 8(b), the defect classification accur-
acy of the dual-channel AlexNet network is higher than that of
the single-channel AlexNet network. The opposite situations
occur only in the 30 nm and 20 nm size defect classifica-
tion situations. The reason for this phenomenon is that the
Y-bridge defect is easily mixed with special particle defects
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at the same location, thereby reducing the accuracy of defect
classification.

The classification accuracy shown in figure 8 is only for
intelligent classification of the second-order difference of the
far-field spatial image of a periodic unit and its first-order
gradient. If the simulation area is expanded to a 2× 2 supercell
structure, the dual-channel AlexNet network can demonstrate
100% accuracy in the defect classification experiments. The
root cause is that expanding the simulation area can increase
the size of the training set, and a richer training set can signi-
ficantly improve the defect classification characteristics of the
AlexNet network.

4. Conclusions

This study proposed a form birefringence-breaking imaging
method that overcomes the limitations of conventional bright-
field inspection technique in its weak defect classification
capabilities, enabling the morphology sensing for deep sub-
wavelength patterned defects in a non-destructive, fast, label-
free, convenient to be integrated, and straightforward man-
ner. The method adopts a second-order differential between
the aerial images of the defect-contained and the defect-free
nanostructures under the two orthogonal polarization illumin-
ations to capture the asymmetrical perturbation in the form-
birefringence scattering behaviors of the original nanostruc-
ture, which could highlight patterned defects’ morphological
differences. Using the series simulations based on the self-
developed vector imaging model and inspection experiments
based on the self-built polarization microscopy, the feasibil-
ity and effectiveness of the proposed method in detecting deep
subwavelength defects are demonstrated. In particular, sens-
itivity simulations on various defects with feature sizes less
than λ/18 nm confirm the adaptability and extensibility of the
proposed method to the deep-subwavelength defects.

On this basis, an intelligent classification algorithm based
on a dual-channel AlexNet convolutional neural network
with the second-order differential and its transverse gradient
images as the input has been proposed, which stabilizes the
classification accuracy of λ/16-sized defects with highly sim-
ilar features at more than 90%. The classification accuracy of
less than 100% can be attributed to the input pattern just cor-
responding to a single two-dimensional periodic unit structure,
which would essentially limit the size of the training set. With
the input pattern size increasing to a 2 × 2 supercell periodic
unit, the classification accuracy of various patterned defects
can be improved to 100%.

In fact, the commonly used die-to-die intensity differential
pattern is usually very close to the Airy disk, losing the cor-
relation with the defect morphology, which makes the con-
ventional bright-field microscopy technology only have con-
strained detection sensitivity and meaningless classification
capabilities in defect inspection. While the proposed method
breaks down the traditional framework of only highlighting
the peak in the intensity difference image, and takes the lead
in focusing on the spatially distributed polarization responses
of the patterned defect, which gives it far better defect

identification and classification capabilities than traditional
bright field detection technology. In summary, the work will
provide a new but easy-to-operate method for detecting and
classifying deep-subwavelength defects in patterned wafers
or photomasks, which thus endows current online inspection
equipment with more missions in advanced IC manufactur-
ing. Considering that the proposed method can be readily and
cheaply integrated into current bright-field inspection plat-
forms, it is possible to use as few high-resolution review SEMs
as possible in advanced IC manufacturing, which finally leads
to the chips’ yield improvement without losing productiv-
ity. Besides, the quasi-visualizable and label-free detection
of nanoscale objects empowered by the form birefringence-
breaking imaging framework has also opened up a new route
for defect inspections.
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