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This paper presents a photomask inspection and defect analysis technique to accurately measure the pattern
dimensions and to detect the defects of the photomask in a convenient, fast, reliable manner. The beam-shaped
knife-edge interferometry (BSKEI) was developed to collect the interferogram created by the superposition of the
reference incident wave and the edge-diffracted wave while scanning the photomask. BSKEI consists of a pulsed
laser diode, an aperture, an objective lens, and a fiber-coupled photodiode. The objective lens enabled the beam
shaping to create a spherical wave as a new source of light, and the beam shaping was effective to enhance the
spatial frequency of the interferogram. The interferograms were characterized based on a Fresnel number model,
and the corresponding interferogram analysis methods were developed. BSKEI produced different interferograms
according to the photomask patterns and defects while scanning the photomask. As a result, BSKEI is capable of
the measurement of pattern width, opening width, line-edge quality, and opening area surface quality of the
photomask, and is expected to be an alternative tool for critical dimension metrology in many semiconductor

applications.

1. Introduction

A photomask inspection and metrology assuring their quality or
conditions is a key technology in lithography to achieve semiconductor
device manufacturing with high reliability and high yield. A photomask
is an opaque glass substrate with patterned structures and an opening
area. Because the mask patterns are projected onto the silicon or other
substrates, quality control of the photomask is critical for precise, defect-
free pattern generation [1,2]. Many semiconductor industries have been
automating the photomask inspection and metrology involving scanning
electron microscopy (SEM) or other existing advanced measurement
systems, and eagerly require new technology for fabricating, inspecting,
quality controlling, and repairing photomasks with high accuracy and
high resolution [3-5].

The defects of the photomasks can be defined as unwanted or
damaged patterns. For instance, the pattern dimension could be smaller
or larger than designed, and the line-edge roughness (LER) of the pat-
terns has a significant impact on printability due to light scattering at the
edge [6-8]. The images projected from the defected photomask may
have distortion, and the fabricated device may alter the electrical or
material properties of what was being fabricated [3,4]. Some defects
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could be induced from the glass substrate manufacturing processes,
photomask writing processes, etching processes, developing processes,
or baking processes, and sometimes photomasks could be damaged
during the photolithography processes [9].

Therefore, advanced photomask inspection metrology enabling
defect analysis and printability simulation are essential to assess the
critical dimension lithography performance [10]. However, current
methods such as SEM or “Nightmare” photomask testing are inconve-
nient and expensive and are limited to in-process inspection. The
effective photomask inspection technology is in high demand because it
enables high accuracy and high-resolution lithography printability and
increases in photomask cycle times.

The semiconductor manufacturers have introduced advanced
photomask inspection systems, data analysis software, learning-based
defect identification algorithms, and printability prediction models
since 2000. With the advent of extreme ultraviolet (EUV) lithography
enabling high volume manufacturing, semiconductor manufacturers
need more advanced photomask inspection technology. Kim et al. uti-
lized images from a high-resolution mask inspection system combined
with the transmitted and reflected images, and then developed the mask
recovery process and modeling method that allows flexibility to

Received 14 October 2021; Received in revised form 8 February 2022; Accepted 22 May 2022

Available online 25 May 2022
0141-6359/© 2022 Elsevier Inc. All rights reserved.


mailto:cblee@tamu.edu
www.sciencedirect.com/science/journal/01416359
https://www.elsevier.com/locate/precision
https://doi.org/10.1016/j.precisioneng.2022.05.011
https://doi.org/10.1016/j.precisioneng.2022.05.011
https://doi.org/10.1016/j.precisioneng.2022.05.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precisioneng.2022.05.011&domain=pdf

Z. Wang et al.

simulate the lithography printability [11]. Oh et al. introduced a
photomask defect detection and inspection method by using aerial im-
aging and high-resolution imaging [12]. Rajendran addressed the
technological gap in several defect inspection methods available at
several industries [13]. Penley et al. studied haze formation by using
mass spectroscopy and atomic force microscopy and the resultant
pellicle degradation and reported the chemical mechanism of devel-
oping defect generation and growth on the photomask [14]. Many
advanced technologies for photomask defect inspection and metrology
have been introduced, but those systems are developed for the manu-
facturers’ internal use, so there are few commercial products available in
the market.

Lee et al. previously developed knife-edge interferometry (KEI) and
applied this method for cutting tool inspection, sharp-edge corrosive
wear propagation, and displacement measurements [15-18]. In this
study, the performance of KEI was significantly enhanced by imple-
menting the beam shaping method, and the beam-shaped knife-edge
interferometry (BSKEI) was newly introduced. The optical model to
simulate the interferogram was discussed to increase the performance of
photomask inspection.

2. Measurement principle
2.1. Beam-shaped knife-edge interferometry

The principle of the BSKEI as illustrated in Fig. 1 can be explained by
the theory of geometrical optics. Here, the pattern width (P), pattern
distance (D), LER, and arbitrary defects (e.g., air voids, scratches, re-
sidual photoresist, or dust) on the photomask will be characterized.
Unlike the conventional KEI [15-18], the BSKEI uses an objective lens to
shape the collimated beam, and a spherical wave as a new light source
incidents on the pattern edges. The objective lens focuses the incident
beam on the focal point, and the spherical wave diverges along the light
propagation direction. Here, the beam at the focal point can be assumed
to be a point source. In those circumstances, all the light at the plane of
the sharp edge can be viewed as the secondary wavelet emitted from
that plane. The interferogram can be created by the superposition of the
reference incident spherical wave and the edge-diffracted wave while
scanning the photomask. Such diffraction phenomenon can be charac-
terized by using a Fresnel (F) number model [19] in Eq. (1). In this
model, the F-number means the amounts of half-period zones in the
plane. Each zone implies the constructive and destructive light intensity
effects on the on-axis observation point.

(xz

F= A X Zeff (1)
where a indicates the beam radius of the laser at the edge plane, A is the
wavelength of the laser, and Z. is the effective distance related to the
Zsge and Z,. The Zg. shows the distance between the focal point of
objective lens and the edge plane, while Z, indicates the distance from
the edge plane to the detector. Here among Z.¢ can be expressed as a
function of Zg. and Z, as:

1 1 1

ZO

2
Zeff Zsrc ( )

When the Z, is 100 times larger than Z., the Z is approximately
equal to Z.. Equation (1) can be modified by using a numerical aperture
(NA) of the objective lens as follows,

NA? X Zg.

F=
A

3

The edge diffraction simulation provides the output intensity of the
on-axis point on the detector plane. In the conventional KEI system, the
light fully transmits to the detector with a size of a few hundred mi-
crometers. The intensity of those off-axis points decreases the sensitivity
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of the recorded data and generates the attenuated fringe pattern due to
the averaging effect by the large detector effective area. However, in the
BSKEI system, the incident beam is shaped by the objective lens, and
then, the spherical wave incidents on the photomask. Here, interfero-
gram can be generated by the superposition of the reference incident
spherical wave and the edge-diffracted wave. Only a small amount of the
light is recorded because of the light scattering at the edge. Thus, the
averaging effect by the detector effective area can be minimized, and the
spatial resolution of the interferogram can be improved. This improve-
ment can be also explained from Eq. (2). It shows that the F-number
increases as the NA increases, so the number of fringe patterns increases
by shaping the beam by using the objective lens. The measurement
details are schematically illustrated in Fig. 1.

2.2. Feature extraction and selection for defect classification

Conventionally, the cross-correlation-based method was used for the
KEI fringe analysis (15-17). In this research, the wavelet-based feature
extraction method was also studied to improve the defect case analysis
performance. The wavelet-based feature extraction method is closely
related to the wavelet signal decomposition. After performing the
decomposition of the raw data in a multi-scale manner using multiple
filters, the coefficients of each resulting component can be classified as
the extracted features that contain important time-frequency informa-
tion of the raw data [20,21]. After the extraction process, a feature se-
lection is then performed to find the feature with the best discrimination
ability. In the simulation process, the wavelet-based feature extraction
method was applied to analyze the interferograms generated from the
BSKEI model. The simulated data consists of 2 groups:

(1) Group A: 5 simulated fringe patterns with different phase lags
shown in Fig. 2. Their phase delays were set to 0 pm, 15 pm, 30
pm, 45 pm, and 60 pm, respectively. They were used to simulate
the results obtained from the pattern structures with different
widths.

(2) Group B: 5 simulated fringe patterns with different damping
levels shown in Fig. 3. The damping was added by multiplying the
exponential term with the original fringe pattern. They shared
similar patterns with measurement results from the pattern
structures with different roughness.

From the simulation result in Fig. 3d, the setup of a conventional KEI
system with a 10 x objective lens is sensitive to the damping ratio
changes. Here the damping can present the amplitude decrease due to
the change in edge roughness [15]. The relative value changes more
than 35% in case of the simulated data of BSKEI with 10 x objective
lens. On the other hands, the other two conditions shows less than 5%
relative value difference. These simulation results showed that the
wavelet analysis method for edge roughness characterization is effective
because the damping of the fringe pattern is directly related to the edge
roughness of the pattern structures.

3. Experiments

As illustrated in Fig. 1, a collimated laser (1 532 nm) propagates
through a 1.0 mm aperture, and then, is focused by an objective lens. A
photomask with two straight-line patterns was securely fixed on the
precision linear stage. A scanning speed was set to 1 mm/s. For two
straight-line patterns, Line #1 and Line #2 are the experiment and the
control groups, respectively. The fiber pigtailed avalanche photodiode
(APD) was placed at the detector plain. The Zy. and Z, were set to
approximately 70 pm and 120 mm, respectively. While linearly scanning
the photomask, the output voltage of APD was recorded by the National
Instrument (NI) data acquisition board. In the experiment, the photo-
mask patterns were scanned twice under the same scanning conditions.
First, the whole photomask line pattern with no defect was tested for
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Fig. 1. Principle of beam-shaped knife-edge interferometry for photomask inspection.
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Fig. 2. The simulated lag of fringe pattern analyzed by wavelet method. (a) lag added for fringe pattern in no objective lens case, (b) lag added for fringe pattern in 4
x objective lens case, (c) lag added for fringe pattern in 10 x objective lens case, and (d) results of lag analyzed by wavelet method.

reference, which was recorded as Test #1. After that, the photomask
with the defects that were artificially added was scanned for the
experiment group, Line #1. Once the defect was added, the experiment
was repeated. This time the data was recorded as Test #2. The Line #2 in
the pattern was also tested as the control group. After that, the cross-
correlation method and the wavelet-based feature extraction method
were used to analyze the fringe patterns obtained in two sets of the
measurements: Test #1 and Test #2. Based on the result, the photomask
pattern parameters (P, D, LER, and defects) could be precisely measured
and characterized. During the experiment, a microscope was used to
image the photomask profile and conditions for validation.

4. Results

The photomasks were prepared and were scanned by the BSKEIL
There were two types of the photomasks to be tested. In the photomask
#1, there are two opening areas with pattern width 1.0 mm and other
area is Cr-coated. On the other hands, the photomask #2 has two Cr
coated patterns with the pattern width 0.5 mm, and other area is
transparent. Each sample has two identical patterns, and those patterns
were scanned in two cases: without defect (control group) and with
defect (experiment group). Here the defect was added to only one of the
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two identical patterns in the experiment group. Experiment results for
the photomask #1 with 1.0 mm width opening area) can be seen in
Fig. 2. The results of 1.0 mm width line photomask pattern measure-
ments indicated:

(1) The width of the line pattern can be measured precisely. The
result of width measurement can be found in Fig. 1f. The actual
data and the difference between the actual data and measured
data were shown in Table 1. In the measurement, the differences
of line width are 0.33% and 0.69%, respectively for the experi-
ment group and control group in the Test #1. In the Test #2 the
difference of line width was similar to the case of Test #1.

The line interval can also be measured. Based on the information
from Fig. 4a and c, the distance between the right edge of Line #1
and the left edge of Line #2 is 2.9921 mm from Fig. 4a and 2.9962
mm from Fig. 4c.

The LER can be determined by using the cross-correlation method
to analyze the similarity for each group during the experiment. In
this experiment, the defect was added in the Line #1. An addi-
tional thin film layer was artificially attached to represent the
defect at the pattern edge. The additional film layer changes the
width of the opening area pattern, and could play as a Cr layer. It

(2

—

3
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Fig. 3. The simulated damping of fringe pattern analyzed by wavelet method: (a) damping added for fringe pattern in no objective lens case, (b) damping added for
fringe pattern in 4 x objective lens case, (c¢) damping added for fringe pattern in 10 x objective lens case, and (d) results of damping analyzed by the wavelet method.

Table 1

Line width measurement result of the photomask #1.

Test  experiment experiment group control control group
group (microscope group (microscope
validation) validation)
#1 994.5 ym 997.8 pm 996.5 pm  1002.2 pm
#2 667.6 pm 667.5 pm 994.0 pm 1002.2 pm
Table 2

Line width measurement result of the photomask #2.

Test  experiment experiment group control control group
group (microscope group (microscope
validation) validation)
#1 500.5 pm 501.1 pm 4999 pm  498.9 pm
#2 1091.5 pm 1094.1 pm 501.3 pm  498.9 pm

was observed that the edge of the additional film layer is not as
sharp as the photomask pattern edge. The Line #1 with the defect
added can be seen in Fig. 4c. On the top, the small picture in that
diagram shows how the Line #1 was damaged by adding addi-
tional film layer. Due to the rough edge of the additional film
layer, the left side fringe pattern for Line #1 in Test #2 attenuated
radically compared with the result in Test #1. This attenuating
fringe pattern also caused the similarity to decrease from 1 to
0.907, while the similarity for the control group only decreases
from 1 to 0.9866. The reason for the decrease in the similarity in
the control group could be because of DC power switching noise,
data acquisition error, dust on the photomask, etc. The fringe
patterns for those two groups in the experiment can be found in
Fig. 4b and d.

The photomask #2 has two identical Cr patterns with 500 pm width,
and other area is transparent. In the same way, this photomask was
scanned by BSKEIL In this experiment, an additional film layer was
attached on the Line #1 to add defects. The Line #1 is the experiment

group,
Cr line

@

(2)

3

@
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—

and the Line #2 is the control group. Results for the 500 pm width
pattern can be seen in Fig. 5. The results indicated:

Even though the laser has ¢1 mm beam width, BSKEI measured
patterns with a size less than its beam width. The width mea-
surement shows good consistency with the microscope valida-
tion. The line width measurement results for 500 pm width Cr
line patterns can be found in Table 2. In the result, the difference
in width measurement was only 0.47%. In this experiment, the
additional film layer increased the width for the Cr coated area
because the film layer played as a Cr coating pattern. The mea-
surement results showed good agreement with it.

The line interval can also be measured. From Fig. 5a, the distance
from the left-side edge of Line #1 to the right-side edge of Line #2
was 1.4981 mm, while the measurement result for that distance
in Fig. 3c was 1.4933 mm. These two measurement results show
good agreement with each other.

In this experiment, the left edge of the additional film layer was
cut directly by a sharp razor blade. So, the edge roughness seldom
changes. Even though the defect was added to the photomask, the
similarity of the left edge for the experiment group just decreases
from 1 to 0.9933, while the similarity for the edge in the control
group decreases from 1 to 0.9909. This similarity decay can be
explained by the uncertainty of the experiment. This result
proved that the BSKEI improves the performance of edge
roughness characterization compared with the conventional KEI.
The fringe pattern and similarity result can be found in Fig. 5b
and d.

In Fig. 4a, ¢, 5a, and 5c, when the light passes through the
opening area of the photomask pattern, ideally the recorded light
intensity should be in a constant value. But in the experiment, the
fluctuation of light intensity was observed. It might result from
the irregularity of the glass surface. During the manufacturing
process of the photomask, the glass plate was coated with the
metal layer. These processes could slightly change the thickness
or reflectance of the photomask in a certain amount of small area,
thus affect the reflectance and attenuation rate of the glass plate.
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edge roughness estimated by using the wavelet method.
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This result indicates that BSKEI has the potential to diagnose the

surface quality of the opening area.

(5) In Figs. 4f and 5f, when the defect was added to only one of two
identical patterns onto the photomask, the relative value from the
wavelet analysis method sensitively decreased compared with

other no defect added groups. In the wavelet analysis method, all

groups without the defect showed the relative value around 1,
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while the relative value from the group with defected edge
decreased to 0.95. In the previous hypothesis, the additional film
layer cut by a razor blade does not change the edge roughness
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much. But the relative value for that group decreases to 0.925,
which indicates that the edge roughness of that additional layer
may not be as same as the edge roughness of the photomask
pattern. Based on the simulation results and the experiment re-
sults, the wavelet analysis method for interferogram analysis
shows its great potential for edge roughness diagnosis.

5. Conclusion and future works

This article introduces a new photomask inspection technology
based on the BSKEI system and advanced fringe analysis methods. The
geometrical optics based BSKEI model was developed, and simulated the
interferogram analysis according to the NA of the objective lens. From
the simulation results, it was confirmed that the use of objective lens
improves the spatial frequency of the interferogram. With the objective
lens added, the incident wave changes from a plane wave to a spherical
wave, which decreases the averaging effect by the effective area of the
photodiode and enhances the measurement resolution and sensitivity
for the fringe analysis. In addition, the conventional fringe analysis
method and wavelet-based feature extraction method were used to
characterize the interferograms, and those methods were compared with
the experimental data in terms of the interferogram analysis perfor-
mance. As a result, the pattern width, pattern distance, LER, and arbi-
trary defects on the photomask were preliminarily inspected and
characterized by BSKEI and interferogram analysis methods. As a result,
it is expected that the BSKEI technology applies for photomask pattern
dimension determination and edge roughness verification for high-
resolution photomask inspection systems. For future work, the 2-axis
precision positioning system will be constructed to scan a whole
photomask and to automatically reconstruct the pattern shapes and
defects.
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