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Abstract

The preparation of defect-free wafers serves as a critical stage prior to fabrication of devices or chips as it is not possible
to pattern any devices or chips on a defected wafer. Throughout the semiconductor process, various defects are introduced,
including random particles that necessitate accurate identification and control. In order to effectively inspect particles on
wafers, this study introduces a wafer particle inspection technique that utilizes computer vision based on HSV (hue-saturation-
value) color space transformation models to detect and to classify different particles by types. Artificially generated particle
images based on their color properties were used to verify HSV color space models of each particle and to demonstrate how
the proposed method efficiently classifies particles by their types with minimum crosstalk. A high-resolution microscope
consisting of an imaging system, illumination system, and spectrometer was developed for the experimental validation.
Micrometer-scale particles of three different types were randomly placed on the wafers, and the images were collected
under the exposed white light illumination. The obtained images were analyzed and segmented by particle types based on
pre-developed HSV color space models specified for each particle type. By employing the proposed method, the presence
of particles on wafers can be accurately detected and classified. It is expected to inspect and classify various wafer particles

in the defect binning process.
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1 Introduction

The manufacturing of semiconductor devices plays a pivotal
role in various technological fields, ranging from electronics,
telecommunications, computing, and beyond [1-4]. One of
key aspects of semiconductor manufacturing is ensuring the
production of defect-free wafers, which form the foundation
for device fabrication. However, during the semiconductor
process, various defects are introduced that includes system-
atic defects and random particles [5]. Among the prevail-
ing challenges in the manufacturing process is the presence
of particles on the wafer surface, originating from diverse
sources such as contamination during handling, processing,
or environmental factors [6, 7]. Their sizes can vary from
sub-micrometer to larger scales, and their composition can
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span a wide range of materials. The presence of defects
on wafers can significantly impact device performance,
functionality, yield, and overall manufacturing costs. Con-
sequently, the implementation of effective inspection tech-
niques is essential for identifying and characterizing defects.

In recent years, computer vision techniques have emerged
as a promising approach to address the particle inspection
challenges in semiconductor manufacturing, offering auto-
mated and efficient methods for defect detection and clas-
sification. Additionally, the utilization of color space trans-
formations has shown promising results in enhancing the
performance of defect inspection systems. In particular, the
HSV (hue, saturation, and value or brightness) color space
transform gained significant attention in various image pro-
cessing applications. The HSV color space model was first
introduced in 1978 [8] and has been known as an alternative
representation of the RGB (red, green, blue) color model,
offering a better colorimetric analysis and perception than
the RGB color space model. HSV color transform capture
variations in the color type referred to as “hue” that repre-
sents true color, varying from red to green and blue. The

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-023-11888-y&domain=pdf
http://orcid.org/0000-0002-0053-6863

The International Journal of Advanced Manufacturing Technology

“saturation” represents the purity of color, while the “value”
represents the brightness of the color, in 0-100% scale range
[9]. Because the HSV color space model is highly accu-
rate as the way humans perceive colors, it has been widely
used in image processing and computer graphics applica-
tions since a few decades ago [10]. With the development of
advanced algorithms and enhanced computational capabili-
ties enabling fast, accurate, reliable color space conversion
between the RGB and HSV models by using digital signal
processors (DSPs), the HSV color space models have been
used in various applications including human skin detection
[11-13], face recognition [14], object tracking [15], defect
detection [16, 17], bio- and health condition diagnosis [18,
19], and particle color property identification [20, 21].

The HSV color space transform method has also been
recently applied to the field of wafer defect inspection
[22-24]. Dangayach et al. employed computer vision tech-
niques and machine learning algorithm, utilizing the HSV
color space to detect defects on the Redistribution Layer
(RDL) [25]. Kim et al. utilized an image process using HSV
color space to inspect different crystalline forms of SiC
wafer [26]. Although the methods have potential for defect
inspection techniques, the HSV color space has primarily
been focused on surface defect classification or large-scale
detection, where particle sizes can be as small as a few or
sub-micrometers. Other wafer defect measurement meth-
ods heavily rely on optics systems [27-29]. Takahashi et al.
proposed a novel optical measurement technique capable of
nondestructively detecting Si wafer defects with a spatial
resolution of 100 nm using infrared standing evanescent
wave [30]. Okamoto et al. investigated particle inspection on
wafers using UV laser scattering that can achieve the detec-
tion of sub-micrometer sized particles [31]. Nevertheless,
the performance of methods highly depends on the beam
size which restricts the resolution, or the performance can
only identify the presence of particles that cannot lead to the
further classification of different types of particles. Addi-
tionally, in most semiconductor assemblies, the inspection
operations are conducted by human experts and thus skilled
laborers are required. Competent workers are committed
to an inspection, but the integrity of the inspection stage
becomes more challenging as the size of defects becomes
smaller and more complex [32]. Because manual defect
detection based on visual inspection lacks accuracy and is
time-consuming which is directly related to the yield rate
and manufacturing cost, automated defect inspection is criti-
cal in wafer manufacturing processes.

To address limitations and challenges, this study intro-
duces a computer vision-based wafer particle inspection
technique using the HSV color space model that not only
identifies the presence of particles on the surface of the
silicon wafer but also separates and classifies the types of
particles while maintaining high-resolution images obtained
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using a high-resolution microscopic system. The proposed
method was both tested analytically and experimentally
based on the artificial particle image and experimental
images with randomly distributed a few microns of parti-
cles on the surface of the silicon wafer. By employing the
proposed method, the presence of particles on wafers can
be accurately detected and classified. The method enables
the classification of undefective or defective wafers that ulti-
mately use for the advanced defect binning process.

2 Method

The proposed wafer particle inspection methods utilize the
HSV color space transformation for identifying the presence
of particles on the surface of wafers, and the method further
characterizes and categorizes the types of particles. Each
particle possesses distinct optical properties, such as light
transmittance and reflectance. To better capture and analyze
these unique properties, HSV color transformation can be
utilized instead of solely relying on RGB color analysis. By
transforming the RGB color map into HSV, a closer relation-
ship can be established between the optical properties of
each particle and their respective HSV representation. The
hue component reflects the dominant spectral color observed
in the particle, providing valuable information about the
material composition or surface characteristics. The satura-
tion component quantifies the purity of the observed color,
indicating the degree of dominance of that particular color in
relation to other colors present. Lastly, the value component
represents the brightness or intensity of the color, shedding
light on the overall reflectance or transmittance properties
of the particle. These components collectively enable a more
comprehensive understanding of the optical behavior of dif-
ferent types of particles. Hence, as optical properties vary
among different particles, types of particles can be classified
with their unique HSV representations or models.

Figure 1 details the flowchart of the particle inspection
image process. The process is mainly divided into two steps:
image pre-processing and implementation of the pre-defined
HSV model. The process starts with the comparison between
the background image which is the image without any par-
ticles on the wafer and the foreground image with particles
for background removal and particle image extraction. The
intensity of each pixel in the back and foreground images
can be one-to-one compared in a converted grayscale image.
F s Bl-yj, and Ml-,j denote the foreground, background, and
mask image intensities, respectively. If the intensities of
the foreground and background image are not identical, the
mask image will store the intensity of the corresponding
pixel as 1 to hold the color of the respective pixel when
masking the foreground image, and if they are identical, the
intensity of the corresponding mask pixel will be sent to
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Fig. 1 Image processing flowchart for wafer particle inspection

zero to remove the background. After creating the mask, it is
applied to the foreground image such that the particle image
can only be maintained. The following step is to implement
the pre-defined HSV color model for particle separation. The
particles are separated by using a pre-defined HSV threshold
that contains the unique color attributes of each particle.
Thus, the final results of images can be segregated by the
types of particles with the removed background.

To simulate the proposed method, back and foreground
images were artificially generated, and the foreground image
contained Si, SiC, and SiO, particles as shown in Fig. 2.
The scale of artificial image used in this study was the same
as the scale of the actual microscope images for ensuring
the consistency. Each particle was placed in the foreground
image in sizes of 5 pm and 1 pm, and the RGB colors of the
background and each particle were selected based on the real
images from the microscope. As illustrated with the flow-
chart, the color images were first converted into grayscale
for intensity comparison in each pixel. Based on the intensity
comparison, the generated particle mask was applied to the
foreground image and the masked image could produce only
the particle image as the artificial image does not include the
image noise. The black color of the background was simply
changed to white for clear visualization after the masking
for the particle extraction image. HSV color space models

Background Foreground

RGB to grayscale conversion

Intensity comparison for mask creation

Particle mask

!
° Si HSV ® - ® gcusv e
Gz el
o
Si particle Particle image SiC particle
§ SiO, HSV
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Fig.2 HSV color transformation model test results with artificial
images

for each particle were pre-determined based on the experi-
ment, and by applying the pre-defined model to the particle-
extracted image, different types of particles were able to be
separated.

HSV models for Si and SiO, particles showed no cross-
talk; however, when the SiC HSV model was applied,
some crosstalk error was observed, as depicted in Fig. 3.
To address this issue, unwanted crosstalk after applying
the SiC HSV model was removed by using a widely known
morphological transformation operation [33]. Morphologi-
cal transformation first erodes the image to remove smaller
objects or lines with a certain threshold determined based
on the evaluation of the pixel area in crosstalk error region
where the area was 100 times smaller than the area of small-
est 1 pm size particles. Thus, any pixel area that is 100 times
smaller than the area of particle size was considered as
crosstalk error or image noise and removed from the image.
Subsequently, the image was dilated to restore the reduced
area caused by eroding. The image mask prepared through
morphological transformation was then applied to the origi-
nal image to remove the crosstalk error. Consequently, the
final images after the image pre-processing, implementation
of the HSV model, and image post-processing with morpho-
logical transformation showed the images with segmented
particles only without any interference between the particles
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and without background. By maintaining consistent scale
between the artificial image and the real microscope images,
the morphological transformation on the artificial image
could directly extrapolated and applied to the real images,
and it was only applied in the case of the SiC model later in
the experiment section as crosstalk was not observed in Si
and SiO, cases.

3 Experiments

For experimental validation, an experimental setup was
developed for wafer particle inspection as illustrated in
Fig. 4. The wafer scanning system was built with three lin-
ear stages (x-, y-, and z-axes) and one spindle axis. A micro-
scope was mounted on the z-axis stage to properly focus
the target sample, and X and Y linear stages were imple-
mented for scanning the whole wafer surface. A vacuum
chuck on the artifact of the spindle axis can directly hold
the wafer. The inspection system includes a high-resolution
microscopic system that consists of a 2x1 bifurcated optical
fiber, beam splitter, 20-megapixel resolution color CMOS
(Complementary Metal-Oxide-Semiconductor) camera, and
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Fig.5 Spectrometer result of the clean Si wafer surface and the wafer
surface with distributed 3 different particles: Si, SiC, and SiO,

100X objective lens with a 4.5 microscope zoom lens. The
high-resolution microscopic system utilized in this study has
the capability to capture images with field of view (FOV) of
50 pym. The system was also equipped with continuous white
light for illumination. When the incident light hits the meas-
urement target, the surface of the wafer, the reflected light
can be traveled to the imaging sensor, and using a bifurcated
fiber, the reflected light can also be delivered to the installed
spectrometer. The high-resolution imaging system can cap-
ture small sizes of down to a few micrometers of particles.
Prior to investigating the proposed HSV color space
method for particle inspection, 4 cases of spectrometer
results were obtained and analyzed where Si Wafer refers
to the surface of the clean water without any particles,
and Si, SiC, and SiO, particles correspond to the ran-
domly distributed individual particle on each surface of
the wafer. As shown in Fig. 5, the spectrometer results
did not reveal any significant differences among differ-
ent particle conditions. This lack of differentiation can
be attributed to the prominence of the background signal
compared to the signals from the particles or the beam
size. Consequently, with a spectrometer, it can neither
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identify whether there is a presence of particles on the
surface of the wafer, nor the types of the particle. More-
over, some particles presented a challenge for visual
observation due to their small size and color similarity
to the background. To overcome the limitation, this study
focuses on machine vision using the HSV color space
transformation, which offers the potential to overcome
the constraints imposed by visual inspection and con-
ventional measurement methods, allowing for improved
detection and classification of small particles.

For an entire experiment, 3 different types of parti-
cles, Si, SiC, and SiO,, were used for the study. Using a
high-resolution microscope, a total of 8 different cases
of images, including individual particle images, images
with 2 mixed particles, images with 3 mixed particles
randomly distributed on the surface of the wafer for
foreground images, and finally an image of the clean Si
wafer without any particles for the background image,
were captured. The captured images were used and tested
for the experimental validation of the proposed method.
The particle inspection approach for the experiment was
identical to the simulated study except for the experi-
ment; the bilateral filter was applied before the image
pre-processing to minimize the noise in images for an
optimal intensity comparison. Additionally, unlike the
simulated study which is based on the mono RGB color
in features, real images contain variances in the color
that causes intensity variations. Thus, instead of using
equality comparison in intensity comparison, the fore-
ground and background intensities were compared with +
2.5% differences between back and foreground images to
create the particle mask. Similar to the result of the simu-
lated study, if the foreground image has an intensity dif-
ference within + 2.5% of the background image, created
mask had 1 for a corresponding intensity of the pixel.
Otherwise, the intensities of the mask had O to eliminate
the background. After masking the foreground image, the
black background color was converted to white for visual
clarity. As shown in Fig. 6, after the masking, the particle
image contains some unwanted noise because comparing
intensity by itself cannot completely remove the image
noise. However, after applying the HSV model, which
was experimentally found for a corresponding particle,
the result provided a clear particle image without the
presence of noise or background.

The experimentally determined HSV color models for
each specific particle type were converted into a color
map, as depicted in Fig. 7, and corresponding HSV color
threshold values are listed in Table 1. Although visually
distinguishing the individual HSV models was challenging
in hue and saturation component due to their similarity, a
clear distinction was observed in the degree of the value
component in the color map. Upon closer examination

Bilateral filtered images

-

RGB to grayscale conversion
|

Intensity comparison for particle mask

After masking

Final particle image

Fig.6 Wafer particle inspection procedure with an experiment image

of Table 1, the ranges of hue and saturation components
overlapped, posing challenges in differentiating particles
based on these parameters. However, the value compo-
nent for each particle type exhibited distinct differences.
Consequently, it was observed that the most sensitive and
deterministic factor for identifying the different particle
types was the value component, which directly correlates
with the intensity, lightness, or brightness of the color and
is closely related to light absorption.

@ Springer



The International Journal of Advanced Manufacturing Technology

Fig.7 HSV color map of experimentally determined HSV models

Table 1 Experimentally determined HSV color transformation model
of each particle

Particle Hue Saturation Value
Si [0.083 0.219] [0.242 0.587] [0.247 0.303]
SiC [0.104 0.194] [0.391 0.571] [0.304 0.348]
Si0, [0.103 0.164] [0.427 0.669] [0.376 0.443]
4 Results

Original Image Particle Mask

~

Experimentally determined HSV transformation color
models for different types of particles were initially
applied to the individual particle wafer images before
being applied for the mixed particle separation to observe
the capability of HSV models in particle detection. Fig-
ure § illustrates the process of applying HSV models to
microscope wafer images. Starting at the top, the origi-
nal images are comprised of Si particles, SiC particles,
and SiO, particles only on the surface of the wafer. Mask
images for the particle segregation were prepared first by
background and foreground image comparison. In con-
trast to the study using artificial images which gave par-
ticle images after the masking, masked images on experi-
mental images included particle images with some image
noise due to intensity variations. However, the image
comparison could remove most of the background, focus-
ing primarily on the particles. By applying the HSV color
models to the masked image, the particle image can be
extracted, and the method even eliminates the background
which assists to have a clearer visualization of the particle
image. Additionally, it had the capability of identifying
the presence of a few micrometer particles on the surface
of the wafer.

Experimentally developed HSV color models were
applied in the mixed particle conditions to validate the
capability of method in classifying by their types. On
the surface of the wafer, two mixed particles—Si with
SiC, Si with SiO,, and SiC with SiO,—were randomly
dispersed, and the particle inspection procedure was
identical to what was mentioned above. After the mask-
ing process, each experimentally determined HSV model
as listed in Table 1 was applied to the masked image to

After Masking HSV Color Model
| N & &
Si
§ o % L
v e BEEENTe
i
Si0,

Fig. 8 Each particle image using an experimentally determined HSV color transformation model
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differentiate each particle by type. The result of apply-
ing the HSV color models to mixed particle images is
shown in Fig. 9. The proposed method for wafer particle
inspection was successful in distinguishing particles of
different sizes. Furthermore, the experimental results
showed that when applying different HSV models to the
mixed particle images for particle separation, the sepa-
rated mixed particles were not overlapped and located at
different locations. This indicates that the method was
effective in classifying and separating mixed particles
based on their unique optical characteristics using the
developed HSV color models.

Lastly, all three different types of particles used in
the study were mixed and randomly distributed on the
surface of the wafer. Looking at the original image,
while some particles are visible, other particles were

indistinguishable from the background and the type of
particles is indiscernible by the human vision. However,
to the two particles mixed case, by implementing the
HSV models, particles could be separated by types, and
they were identified at different locations without cross-
talk error presented on the final image. Additionally, in
line with the results obtained from the simulated study
using artificially generated images, the image process-
ing technique using HSV color models could be success-
fully applied to experimental microscope images which
demonstrates the robustness and effectiveness of the pro-
posed method in practical applications for wafer particle
inspection. Thus, the proposed method is anticipated to
be used on a wafer inspection system for classifying vari-
ous types of particles in defective wafers for an advanced
wafer defect binning process (Fig. 10).

Original Image After Masking HSV Color Model Applied
P i Y T T .
»_,a‘ L 3 vsé oo
; X TR % -
f . i‘
i » 3
10 “n] ‘;“.‘* ) ¢ s S~1+S i Sl SIC
e Ty
4 : g
4? 2 ’ a \3
,i " ?,’,
E» > ; b .
& ~
& %
§ %
R i ‘
é ’ ‘ ) ’ 5 ‘ :
.04 ! v
W SiC+Si0, SiC Si0,
Fig.9 HSV color transformation models applied in two mixed particle images
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Fig. 10 HSV color transformation models applied in three mixed particle images
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5 Conclusion

A novel wafer particle inspection technique based on com-
puter vision was introduced and investigated. First, artificial
images were generated and used to test the proposed method,
and the results showed that the developed algorithm could
detect the micrometer-sized particles on the wafer and fur-
ther categorize the particles by types based on pre-defined
HSV models. Due to the diffraction limit of the objective
lens, the micrometer-scale-sized particles were considered
in this study. The method was also experimentally validated
using a high-resolution microscopy-based wafer inspection
system. The spectrometer result showed the incapability of
discerning particles on wafers as background image noise
was more dominant than the sizes of particles. On the other
hand, the proposed method could inspect the wafer surface
with minimum crosstalk, and using experimentally defined
HSV color space models, the particles could be separated
by type. The resulting images were visually clear without
crosstalk between the particles and the background. Addi-
tionally, the results of the proposed method using experi-
mental images were consistent with those obtained from the
simulated study using artificially generated images, demon-
strating the robustness and effectiveness of the method in
practical applications. The proposed method is simple, fast,
and easy-to-use and showed a good particle classification
performance. Thus, the method is expected to be utilized in
the wafer defect inspection steps, enhancing the wafer defect
binning process.
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