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Abstract: The numerical aperture (NA) of objective lens optical (inspection) systems has been
increased to achieve higher resolution. However, the depth of focus decreases with an increase in the
NA, and focusing becomes difficult. Therefore, the entire optical lens in currently developed optical
inspection systems must be moved to focus within the depth of focus. To achieve a high resolution,
many lenses are used in optical inspection systems, increasing the size and weight of the optical
systems. To address this issue, a focus control group was placed on a tube lens that could adjust its
focus based on the movement of the sample in front of the objective lens. Therefore, we developed a
focus range increment to focus on the range of the optical inspection system. Using objective lenses
with focal lengths of 30 and 60 mm and tube lenses with a focal length of 300 mm, optical systems
for 10× and 5× inspection were constructed. In the designed optical systems, the weights of the
objective lenses with focal lengths of 30 and 60 mm were calculated to be approximately 844 and
570 g, respectively. These values confirm that the weight of the moving group can be reduced.

Keywords: internal focusing; tube lens; telecentric collimator

1. Introduction

Achieving a high resolution in optical inspection systems is a topic of significant
research interest. To improve the resolution, the diffraction limit must be increased [1–3],
which is proportional to the wavelength and inversely proportional to the numerical
aperture (NA) [3–5]. Therefore, a high resolution can be achieved with shorter wavelengths
such as ultraviolet rays rather than in the visible range [6–8]. However, generating short-
wavelength light is expensive, and the samples may be damaged by high-energy light at
high frequencies during manufacturing/fabrication [9,10]. According to the diffraction
limit, the smallest spot in an optical system is referred to as an airy disk, as shown in
Figure 1. Generally, an objective lens is not used alone in an optical inspection system but
in conjunction with a tube lens to form an image on a sensor surface [11]. An airy disk is
used as an indicator of resolution. Therefore, the size of the airy disk is proportional to the
wavelength and inversely proportional to the NA [12].

The incident energy of the zeroth-order diffraction was 95.21% when observing the
intensity distribution of light passing through a circular aperture. Light passing through
a circular hole diffracts and forms an interference pattern [12]. The interference pattern
appeared as a repeating pattern of bright and dark shapes, with the first dark shape
appearing after the first bright shape at approximately 1.22 [12]. In addition, the first point
at which the zeroth-order diffraction becomes zero is approximately 1.22. Equation (1)
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represents the size of an airy disk, where σ indicates the airy disk, ρmax denotes the radius
of the entrance pupil, R denotes the focal length, and λ represents the wavelength [12].

Airy Disk = (2.44)· λR
2ρmax

= 2.44·λ·(F/#) = 1.22
λ

NA
(1)
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Figure 1. Airy disk [12]. 
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and optical system changes [15]. An NA-increasing lens, also known as a plano-convex 
optical system, was used to increase the amount of light on the object [16,17]; however, 
the NA constraint on the resolution increased for the microscopy system. To achieve a 
high resolution, a plastic objective lens with an NA of 0.85 was proposed for use at three 
laser diode wavelengths [18]. A significant amount of power is required to conduct fast 
inspections using such systems [19]. Therefore, a fast and accurate inspection can be 
achieved if the sample is imaged by moving a specific lens group rather than the entire 
optical system. The instrument size can be minimized by reducing its motor size and 
weight. Additionally, heavier moving mechanisms generate more inertial forces, which 
can affect the results. Moreover, the equipment’s durability can also be a problem, making 
it difficult to control.  

The amount of lens group movement must be calculated for internal autofocusing by 
a specific lens group at a finite object distance, including an infinite object distance. Gauss-
ian brackets can be used for this purpose [20]. For example, an analytical calculation tech-
nique has been used for zoom lens systems [21]. The Padè approximation method was 
used to compute the analytical zoom locus [22].  

Generally, an objective lens is not used alone in an optical inspection system but in 
conjunction with a tube lens to form an image on a sensor surface. Figure 2 shows a sche-
matic of a general microscope optical system with an objective and a tube lens. In Figure 
2, the objective lens magnifies the object and produces parallel light [23]. In addition, the 

Figure 1. Airy disk [12].

It can be observed that the resolution increased as the number of airy disks decreased.
An optical system’s resolution is directly proportional to its NA and inversely proportional
to its wavelength [13]. Studies have focused on optical systems with high NA to increase
the resolution [14]. However, as the NA increases, the depth of focus of the optical system
decreases, and the resolution may deteriorate as the distance between the sample and
optical system changes [15]. An NA-increasing lens, also known as a plano-convex optical
system, was used to increase the amount of light on the object [16,17]; however, the
NA constraint on the resolution increased for the microscopy system. To achieve a high
resolution, a plastic objective lens with an NA of 0.85 was proposed for use at three
laser diode wavelengths [18]. A significant amount of power is required to conduct fast
inspections using such systems [19]. Therefore, a fast and accurate inspection can be
achieved if the sample is imaged by moving a specific lens group rather than the entire
optical system. The instrument size can be minimized by reducing its motor size and
weight. Additionally, heavier moving mechanisms generate more inertial forces, which can
affect the results. Moreover, the equipment’s durability can also be a problem, making it
difficult to control.

The amount of lens group movement must be calculated for internal autofocusing by a
specific lens group at a finite object distance, including an infinite object distance. Gaussian
brackets can be used for this purpose [20]. For example, an analytical calculation technique
has been used for zoom lens systems [21]. The Padè approximation method was used to
compute the analytical zoom locus [22].

Generally, an objective lens is not used alone in an optical inspection system but in
conjunction with a tube lens to form an image on a sensor surface. Figure 2 shows a
schematic of a general microscope optical system with an objective and a tube lens. In
Figure 2, the objective lens magnifies the object and produces parallel light [23]. In addition,
the tube lens forms an image of parallel light projected from the objective lens onto an
imaging device [24].
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[44]. 
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Figure 2. Schematic of a general microscope optical system.

For magnification, the objective lens was placed close to the object, aberrations were
corrected, and an image formed in the image plane using the tube lens [25]. Thus, the
sample can be imaged on an imaging device that excessively widens the focus-adjustment
range by moving a specific lens group within the tube lens. This focus adjustment is
referred to as the internal focusing method [26]. Considering these characteristics, the
magnification in a zoomed system with a Gaussian bracket remains constant, requiring the
use of a telecentric optical system [27]. Therefore, we intend to design and evaluate the
performance of a combined optical system in which the magnification does not change and
the focus adjustment range is increased using optical design software [28]. In the design
software, the zoom locus is derived using equations governing Gaussian brackets [29].

In the currently developed optical inspection system, the entire lens group must be
focused, thereby compensating for the resolution based on the sample movement [30].
Therefore, current optical inspection systems are typically heavy because of the use of
multiple optical lenses for aberration correction [31].

Previous studies have used telecentric optical systems for inspection applications. The
structural optical design equation can aid in the design and analysis of telecentric optical
systems [32]. In a double-sided telecentric optical system, a mathematical method was used
to determine the design parameters using the third-order aberration method [33]. Using a
Gaussian bracket and a lens module, a telecentric optical system with focus-tunable optical
lenses and a moving aperture stop was analyzed [34]. Mechanical movement was reduced
by combining an adaptive liquid lens with a double-sided telecentric optical system [35].
A telecentric lens module was designed for vision inspection systems with a field of view
greater than 100 mm [36]. An optical design layout with three telecentric objectives for
dimensional inspection systems was developed using the shadow projection method in the
object space [37]. A two-dimensional telecentric system was designed by splitting the pupils
and moving the principal planes using the transformed focal power [38]. An image-side
telecentric anastigmatic optical system with a coaxial parent mirror was designed to obtain
an ultrawide field of view [39]. A prism dispersion imaging spectrometer system was
designed using imaging theory from a telecentric off-axis three-mirror imaging system [40].
A telecentric three-mirror solar simulator was proposed for large irradiation surfaces
requiring high uniformity [41]. The sample arm for an optical coherent tomography system
was designed [42]. The AF speed increased in the telephoto interchangeable lens [43].
To achieve high brightness in a wide-angle lens, the camera system uses two or more
lens groups to accurately calculate the amount of lens movement [44]. To the best of our
knowledge, this is the first optical design study for an internal focusing tube lens used in
an optical inspection system. The main contributions of our study are as follows:

1. The designed telecentric optical system provides a wide focus adjustment range using
an internal focusing function;

2. The height of the image was fixed, whereas the magnification did not change in the
proposed telecentric optical system;
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3. As focusing is performed by moving only a specific lens group without moving the
entire optical system, the inspection device can be miniaturized. Therefore, inertia
control by weight is convenient, and inspection speed and accuracy are enhanced.

Section 2 describes the structure and design of the telecentric optical system.
Section 3 describes the performance analysis of the designed internal focusing-type tube
lens integrated into a telecentric optical system. Finally, Section 4 concludes the paper.

2. Structure and Design of the Optical System

Distortion correction using software is difficult owing to the characteristics of optical
inspection systems. Therefore, the distortion control theory has been used [45,46]. Before
designing the inspection optical system, we used an optical system that operated in the
visible light region. Therefore, the design wavelengths were 656.27, 587.56, 546.07, 486.13,
and 435.83 nm, and the center wavelength was set at 546.07 nm. The optical system was
comprised of an objective and a tube lens. When the two optical systems were designed
and combined, a 10× and 5× inspection optical system was configured. The specifications
of the optical system were as follows: an objective lens with an NA of 0.4, a focal length
of 30 mm, and an image height of 1.7 of mm; another objective lens with an NA of 0.2, a
focal length of 60 mm, and an image height of 3.4 mm; and a tube lens with F/8, a focal
length of 300 mm, and an image height of 17 mm. Subsequently, the objective and tube
lenses were combined. The design of each objective lens begins at an infinite object point,
and the optical system is configured to form an image on the image plane. By inputting
the object distance at which the point moves by 50 µm and 0.36 mm based on the infinite
object point at the focal lengths of 30 and 60 mm objective lenses, respectively, the design
was optimized for performance close to the diffraction limit at the input object distance.
The tube lens was designed to have a performance close to the diffraction limit while being
able to adjust the focus for the input object’s distance based on the objective lens’s focal
length of 30 mm.

The objective and tube lenses were designed such that they acted in combination as
a telecentric optical system, where the magnification did not change with the movement
of the sample. Paraxial ray tracing can be used in optical system designs [47]. Paraxial
ray tracing is an ideal ray-tracing method without aberrations, where the sag value owing
to the curvature of the lens is approximated as zero [48]. Figure 3 shows the sag values
of the lens.

If these sag values are minimized, paraxial ray tracing can be performed, as explained
by refraction and transfer equations. Equation (2) is the refraction equation for the refraction
plot of light rays at the interface between the media and the optical system. Equation (3) is
the transfer equation, which describes the height of the arrival point when a ray departing
from a height at a certain point enters the next boundary at a specific angle [49].

ni+1ui+1 = niui − hi+1ki+1 (2)

hi+1 = hi + diui (3)

where h refers to the height of the light rays on each lens surface. A ray of light departing
from one point passes at a certain angle through one lens surface and then passes through
the next lens plane. Therefore, the height of the ray on the ith side is denoted as hi. k
denotes the refractive power of the lens surface. The light rays are refracted based on the
lens’s curvature and refractive index. The physical quantity that describes this refraction is
known as the refractive power. The refractive power in the ith plane is denoted as ki. Ray
tracing on multiple lens surfaces is represented by the schematic shown in Figure 4.
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If paraxial ray tracing is repeated on multiple lens surfaces, the series of processes can
be represented as system matrices. Equation (4) describes ray tracing from the object to the
ith plane as a matrix operation [50].[
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niui

]
=

[
A −B
−C D

][
h0

n0u0

]
A ≡

[
k1,− d1

n1
, · · · , ki−1,− di−1

ni−1

]
B ≡

[
− d0

n0
, k1,− d1

n1
, · · · , ki−1,− di−1

ni−1

]
C ≡

[
k1,− d1

n1
, · · · ,− di−1

ni−1
, ki

]
D ≡

[
− d0

n0
, k1,− d1

n1
, · · · ,− di−1

ni−1
, ki

]
(4)
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Here, A, B, C, and D, comprising the system matrix, can be obtained using a Gaussian
bracket operation. A Gaussian bracket operation comprising of n elements is developed, as
shown in Equation (5).

[] = 1
[a1] = a1

[a1, a2] = 1 + a2a2
[a1, a2, a3] = [a1, a2]a3 + a1

[a1, a2, a3, a4] = [a1, a2, a3]a4 + [a1, a2]
...

[a1, · · · , an−1, an] = [a1, · · · , an−1]an + [a1, · · · , an−2]

(5)

If the regularity of the Gaussian bracket operation with these rules is well organized,
it can be represented by the algorithm shown in Figure 5.
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When the object distance in the optical system changes, the image distance also
changes. Equation (6) shows the relationship between the object distance l and image
distance variation in an optical system with focal length f [51].

∆ f =
f 2

l − f
(6)

To compensate for this variation, the movement of the image plane is restricted to the
movement of a specific internal lens group, as per the internal focusing method. To obtain
the movement of the lens group for the image plane variance correction, the zoom equation
must be solved as follows: An optical system with multiple lens groups is shown in Figure 6.
Each lens group is shown in terms of the principal planes (H1, H2) and refractive power.
When the refractive indices of the object and image sides of each lens group were identical,
the point of intersection of the extension line of the incident light beam with an angular
magnification of 1 and the optical axis was the first principal plane (H1). In addition, the
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intersection of the extension line of the outgoing light beam and the optical axis becomes
the position of the second principal surface (H2), where zi is the distance between the
principal surfaces of the ith lens group and ki is the refractive power of the ith lens. Figure 6
shows that a focus shift occurs when the object distance changes from infinity to a finite
value in a zoom lens system.
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(10)

Similarly, the β in Equation (9) for δ is expressed in Equation (11) as follows: 𝛽 = −𝑧 − 𝛿 ∙ 𝑘 , ⋯ , 𝑘 , −𝑧 + −𝑧 , ⋯ , 𝑘 , −𝑧= −𝑧 ∙ 𝑘 , ⋯ , 𝑘 , −𝑧 + −𝛿∙ 𝑘 , ⋯ , 𝑘 , −𝑧+ −𝑧 , ⋯ , 𝑘 , −𝑧= −𝑧 , 𝑘 , ⋯ , 𝑘 , −𝑧 − 𝛿∙ 𝑘 , ⋯ , 𝑘 , −𝑧 = 𝐶 − 𝐷𝛿 𝐶 = −𝑧 , ⋯ , 𝑘 , −𝑧  𝐷 = 𝑘 , −𝑧 , ⋯ , 𝑘 , −𝑧  

(11)

Figure 6. Optical zoom system layout.

This optical system can be expressed using Equation (7) as follows [22]:

[−z0, k1,−z1, · · · ,−zi−1 + δ, ki,−zi − δ, · · · , kN ,−zN ] = 0 (7)

Equation (7) indicates that the image plane is fixed at the object distance z0 when
the ith lens group of the optical system moves by δ. To find the variable δ, it should be
expressed in terms of the Gaussian bracket characteristics, as shown in Equation (8). When
n elements exist from a1 to an, the Gaussian brackets exhibit the same characteristics as
those described in Equation (8).

[a1, a2, · · · , an−1, an] = a1[a2, a3, · · · , an−1, an] + [a3, · · · , an−1, an]
[a1, a2, · · · , an−1, an]

= an[a1, a2, · · · , an−2, an−1]
+[a1, · · · , an−3, an−2][a1, a2, · · · , an−1, an]

= [a1, · · · , ai−1]ai[ai+1, · · · , ai−1] + [a1, a2, · · · , ai−1 + ai+1, · · · , an−1, an]

(8)

Using Equation (8), Equation (7) can be expressed as Equation (9) as follows:

αkiβ + E = 0
α = [−z0, k1,−z1, · · · ,−zi−1 + δ]
β = [−zi − δ, · · · , kN ,−zN ]

E = [−z0, k1,−z1, · · · ,−zi−1 − zi, · · · , kN ,−zN ]

(9)

If α in Equation (9) is defined for δ, it is expressed in Equation (10) as follows:

α = [−z0, k1,−z1, · · · , ki−1] · (−zi−1 + δ)
+[−z0, k1,−z1, · · · ,−zi−2]
= [−z0, k1,−z1, · · · , ki−1] · (−zi−1)
+[−z0, k1,−z1, · · · , ki−1] · δ
+[−z0, k1,−z1, · · · ,−zi−2]
= [−z0, k1,−z1, · · · , ki−1,−zi−1]
+[−z0, k1,−z1, · · · , ki−1] · δ = A + Bδ

A = [−z0, k1,−z1, · · · ,−zi−1]
B = [−z0, k1,−z1, · · · , ki−1]

(10)
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Similarly, the β in Equation (9) for δ is expressed in Equation (11) as follows:

β = (−zi − δ)·[ki+1, · · · , kN ,−zN ] + [−zi+1, · · · , kN ,−zN ]
= (−zi)·[ki+1, · · · , kN ,−zN ] + (−δ)
·[ki+1, · · · , kN ,−zN ]
+[−zi+1, · · · , kN ,−zN ]
= [−zi, ki+1, · · · , kN ,−zN ]− δ
·[ki+1, · · · , kN ,−zN ] = C − Dδ

C = [−zi, · · · , kN ,−zN ]
D = [ki+1,−zi+1, · · · , kN ,−zN ]

(11)

Substituting Equations (10) and (11) into Equation (9), δ variable in Equation (7) can
be expressed as Equation (12) as follows:

−BDkiδ
2 + ki(BC − AD)δ + ki AC + E = 0

A = [−z0, k1,−z1, · · · ,−zi−1]
B = [−z0, k1,−z1, · · · , ki−1]
C = [−zi, · · · , kN ,−zN ]
D = [ki+1,−zi+1, · · · , kN ,−zN ]

E = [−z0, k1,−z1, · · · ,−zi−1 − zi, · · · , kN ,−zN ]

(12)

Therefore, we can define a quadratic equation for the δ variable. A–E are defined
as constants using the Gaussian bracket calculation method. The δ variable is generally
selected as a smaller absolute value among real roots.

To correct this distortion, the sign of the distortion was reversed when the optical
system was inverted. First, an objective lens with a focal length of 30 mm was designed,
and the optical system was subsequently designed to exhibit the same distortion as that of
the 30 mm objective lens. After designing the optical system, the objective lens is turned
over and combined with the tube lens. When the sign of the distortion of the objective
lens is reversed, the distortion of the tube lens is offset and almost eliminated. Thus, an
optical system was constructed for the inspection of 10× and 5×. These magnifications
were selected because 10× optical systems are used to check for foreign substances on
semiconductor board surfaces, and 5× optical systems are generally used to check in detail,
and are normally used in inspection optical systems.

3. Performance Analysis of the Designed Optical System

The design software used in this study was CODE V (Ver. 2023.03, Synopsis Optical
System Design Inc., East Boothbay, ME, USA). An objective lens with an NA of 0.4, focal
length of 30 mm, and image height of 1.7 mm; another objective lens with an NA of 0.2,
focal length of 60 mm, and image height of 3.4 mm; and a tube lens with F/8, a focal length
of 300 mm, and image height of 17 mm were used. It was confirmed that the optical system
could adjust the focus by moving the inner lens group of the tube lens based on the sample
movement and that there was no change in magnification during the focus adjustment
process. Figure 7 shows the optical path diagram of the 10× optical system.

The sizes of the spots and airy disks were compared to evaluate the optical system
resolution. The objective- and image-side NA of the optical system were 0.041 and 13.29 µm,
respectively. Figure 8 shows the spot diagram of the 10× inspection optical system. A
ray departing from one point on an object arrives at different locations in the image plane,
depending on its pupil coordinates and wavelength. The spot diagram shows the degree to
which each ray converges at a point in the image [52]. This indicates whether one point
of an object can be seen as one point on the image plane; therefore, these data evaluate
the resolution of the optical system [16]. In addition, the magnification of the optical
system refers to the magnification at which the entire object is enlarged when it reaches
the image plane. Figure 8a–c show spot diagrams based on the sample movement. In
each spot diagram, the horizontal axis refers to the movement of the upper surface based
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on its position, whereas the vertical axis refers to the height of the object. An airy disk is
a theoretically permissible circle of confusion that an image point can have [12]. When
compared to the root mean square (RMS) of the distribution of the image points in the sports
diagram, being close to the airy disk, which is the theoretical resolution limit, indicates
that it has a high resolution [12]. In other words, a ray departing from one point on an
object does not form an image at exactly one point on the image plane, depending on the
pupil coordination and wavelength. The spot diagrams magnify these points to show the
distribution of the rays. As listed in Table 1, the RMS represents the distribution when a ray
departing from one point of an object reaches the image surface. The presented data refer
to the spot RMS at the defocus 0.00 mm position without movement of the top surface of
the spot diagram based on the sample movement, as shown in Figure 8a–c. The unit of the
RMS is millimeters. The area marked with a black circle corresponds to the size of the airy
disk; the diffraction-limited airy disk sets the standard for a high resolution [12]. As listed
in Table 1, the largest RMS value is 7.67 µm and the size of the airy disk is 13.29 µm. The
fact that the maximum spot size was smaller than that of the airy disk indicates that the
light rays that started at one point converged at one point. In other words, it was observed
that the designed 10× optical system had a high resolution.
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Figure 8. Spot diagram of the 10× optical system when the sample moves (a) −0.36 mm from the
reference point, (b) when the sample is located at the reference point, and (c) when the sample moves
+0.36 mm.

Table 1. Image RMS data of the 10× optical system.

Sample Height (mm) (a) RMS (mm) (b) RMS (mm) (c) RMS (mm)

1.700 0.01017 0.00684 0.00767
1.680 0.01017 0.00681 0.00764
1.350 0.01042 0.00662 0.00717
1.010 0.01007 0.00676 0.00775
0.600 0.00912 0.00655 0.00839
0.000 0.00827 0.00622 0.00896

The optical inspection system was assumed free of distortion aberrations. Distortion
refers to the difference between the height of the chief ray on the top plane and that of the
chief ray considering aberrations in paraxial ray tracing [53]. The chief ray passes through
the center of the aperture. Figure 9 shows the distortion aberration of the 10× optical
system, which shows the distortion for object heights ranging from 0 to 1.7 mm. Figure 9a–c
represent the distortion aberration diagram based on the sample movement. The X- and
Y-axes represent the distortion aberration and sample height, respectively. We observe that
the distortion aberration can be offset by combining the 30 mm focal length objective lens
and the tube lens. Table 2 lists the actual data of the distortion aberration based on each
sample height in position changes owing to sample movement, as shown in Figure 9a–c.
As listed in Table 2, the largest RMS value is 9.73 µm. When the maximum spot size was
compared to that of the airy disk, the maximum spot size was smaller. This implied that
an image point could be viewed as a single point. In other words, we observed that the
designed 5× optical system has a high resolution. As listed in Table 2, the maximum
distortion aberration values (−0.017, 0.012, and 0.0083%) were close to zero.
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Figure 9. Distortion aberration diagram of the 10× optical system when the sample moves
(a) −0.36 mm from the reference point, (b) when the sample is located at the reference point, and (c)
when the sample moves +0.36 mm.

Table 2. Distortion aberration data of the 10× optical system.

Sample Height (mm) (a) Distortion (%) (b) Distortion (%) (c) Distortion (%)

1.700 0.0094 0.0005 −0.0083
1.680 0.0103 0.0016 −0.0070
1.350 0.0170 0.0115 0.0060
1.010 0.0139 0.0109 0.0078
0.600 0.0061 0.0051 0.0040
0.000 0.0000 0.0000 0.0000

As the object moved by ±50 µm, the top surface moved. Using the internal focusing
method, the movement of the lens group inside the optical system was calculated and
applied to the image plane correction. Figure 10 shows the optical path diagram of the 5×
optical system.

A spot diagram was created to analyze the resolution of the 5× inspection optical
system. Figure 11 shows a spot diagram of the 5× optical system. Figure 11a–c show spot
diagrams based on the sample movement. As in the 10× optical system, the airy disk of
the 5× optical system is 13.29 µm and the black circles correspond to the size of the airy
disk. In the spot diagram, the RMS of the image point size based on the sample size at a
defocus of 0.00 mm without image point movement are listed in Table 3.

The distortion aberration was calculated to confirm that there was no distortion
aberration in the 5× inspection optical system. The results confirm that most of the
distortion aberration was canceled at –0.042. Figure 12 shows the distortion aberration
diagram of the 5× inspection optical system, which indicates a distortion in the height of
the object in the range of 0 to 3.5 mm. Figure 12a–c show the distortion aberration diagram
based on the sample movement. The X- and Y-axes represent the distortion aberration and
height of the sample, respectively. In addition, Table 4 lists the actual data on the distortion
aberration based on each sample height in the position changes, as shown in Figure 12a–c.
As listed in Table 4, the maximum distortion aberration values (−0.019, −0.042, and 0.023%)
were close to zero.
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Table 3. Image RMS data of the 5× optical system.

Sample Height (mm) (a) RMS (mm) (b) RMS (mm) (c) RMS (mm)

3.500 0.00866 0.00708 0.00645
3.400 0.00900 0.00722 0.00621
2.720 0.00973 0.00775 0.00618
1.190 0.00966 0.00705 0.00602
0.340 0.00920 0.00657 0.00596
0.000 0.00819 0.00674 0.00593
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Figure 12. Distortion aberration diagram of the 5× optical system when the sample moves
(a) −0.36 mm from the reference point, (b) when the sample is located at the reference point, and
(c) when the sample moves +0.36 mm.

Table 4. Distortion of the 5× optical system.

Sample Height (mm) (a) Distortion (%) (b) Distortion (%) (c) Distortion (%)

3.500 −0.0192 −0.0421 0.0041
3.400 −0.0132 −0.0346 0.0085
2.720 0.0094 −0.0035 0.0224
1.190 0.0125 0.0056 0.0195
0.340 0.0062 0.0039 0.0085
0.000 0.0000 0.0000 0.0000

4. Conclusions

In recent years, inspection optical systems have required an increasingly high resolu-
tion owing to the growth of the semiconductor market. To increase the resolution, a method
of increasing the NA of the objective lens was considered. However, as the objective lens’s
NA increases, the depth of focus decreases. To focus within the shortened depth of focus,
the entire optical lens group has to be moved to maintain the resolution. As the size and
weight of the lens-holding mechanism increase, so do the focusing time and the problems
with inertial control and accuracy. However, to achieve a high resolution, the inspection
optical system must be large and heavy, reducing the focusing speed and necessitating
significant energy in the driving device to increase the speed.

To compensate for this, an internal focusing method was used rather than moving
the entire optical system. A lens group for focusing was placed within the tube lens to
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widen its focus adjustment range. Thus, even when the sample’s position is changed, the
internal focusing group moves to form an image on the image pickup device. However,
when using this focusing method, the magnification may change depending on the object
distance and optical system data change. Therefore, the optical system was designed as
a telecentric collimator system in combination with objective and tube lenses. Using this
setup, we confirmed that the magnification remained constant when the focus was adjusted
based on sample movement.

In addition, a resolution analysis and performance evaluation were conducted using
spot diagrams. As listed in Tables 1 and 3, we confirmed that the spot size was similar to
that of an airy disk. This design ensured that the distortion was offset when the objective
and tube lenses were combined. This is because there should be no distortion aberration,
owing to the characteristics of the optical inspection system. As listed in Tables 2 and 4, the
distortion aberration values were close to zero. The optical system’s resolution was set to
be lower than that of the airy disk of 13.29 µm.

In the optical system, the weights of the objective lenses with focal lengths of 30 and
60 mm were calculated to be approximately 844 and 570 g, respectively, and the focusing
group of the tube lens weighed approximately 22 g. These values confirm that the weight
of the moving group can be significantly reduced, thereby reducing the inertial control by
the weight of the focusing lens or the size of the actuator. The internal focus control method
allows for faster and more accurate inspections than the current inspection optical system,
which adjusts the entire optical lens group for focus. Therefore, we expect that the overall
length of the optical system can be fixed, and the inspection device can be miniaturized. In
addition, the inertia control by weight in the designed optical system is convenient.
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