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A B S T R A C T   

This paper presents the line-edge-roughness (LER) characterization of the photomask patterns and the 
lithography-printed patterns by enhanced knife edge interferometry (EKEI) that measures the interferometric 
fringe patterns occurring when the light is incident on the patterned edge. The LER is defined as a geometric 
deviation of a feature edge from an ideal sharp edge. The Fresnel number-based computational model was 
developed to simulate the fringe patterns according to the LER conditions. Based on the computational model, 
the photomask patterns containing LER features were designed and fabricated. Also, the patterns were printed on 
the glass wafer by photolithography. The interferometric fringe patterns of those two groups of patterns were 
measured and compared with the simulation results. By using the cross-correlation method, the LER effects on 
the fringe patterns were characterized. The simulation and experimental results showed good agreement. It 
showed that the amplitude of the fringe pattern decreases as the LER increases in both cases: photomask patterns 
and printed wafer patterns. As a result, the EKEI and its analysis methods showed the potential to be used in 
photomask design and pattern metrology, and inspection for advancing semiconductor manufacturing processes.   

1. Introduction 

Lithography as one of the key semiconductor manufacturing pro
cesses writes the projected patterns on the wafer substrate from the 
photomask pattern image, and the exposure light wavelength and nu
merical aperture (NA) of the lens system are critical to determining the 
lithography printing resolution [1–3]. Many chip makers thrive to 
achieve large-volume yield and high performance, printing small line
width or feature width, the so-called critical dimension (CD), in their 
mass production. In lithography, chip makers can achieve smaller CD by 
using shorter light wavelength and larger NA based on the Rayleigh 
criterion [3]. It is because the shorter light wavelength light lowers the 
diffraction effect. In a recent lithography technology, deep ultraviolet 
lithography (DUVL) uses an excimer laser source that produces either 
193 or 248 nm wavelength, and extreme ultraviolet lithography (EUVL) 
uses a 13.5 nm wavelength light (high power laser to create a plasma) to 
transfer the patterns from the reflective photomask to the wafer sub
strate [4]. EUVL was recently adopted for high-volume chip 
manufacturing along with EUV photomask and photoresist development 
in 2019, being capable of 125 wafer throughput per hour [5]. 

Rayleigh criterion determines printing resolution in lithography, so 

chip manufacturers are eager to use the smaller wavelength light and 
high NA optical systems. It is always true when the photomask is defect 
free. Metrology and inspection for photomask manufacturing and 
quality management minimize the potential printing error, enhance 
yield, and reduce the scraps [6,7]. In the lithography process, the defects 
such as dust, particles, scratches, or residual resins on the photomask 
can lower pattern printability. Besides such defects, the 
line-edge-roughness (LER) negatively impacts CD variation in lithog
raphy printing processes [8]. The photomask inspection and printability 
test methods have been widely studied for a few decades ago. The most 
common methods are based on atomic force microscopy (AFM), scan
ning electron microscopy (SEM), transmission electron microscopy 
(TEM), or X-ray scatterometry [9–14]. AFM uses a small and pointy tip 
for nanometer-level scanning or indentation and provides high axial and 
lateral resolution, and SEM and TEM use a finely focused electron beam 
to image the target surface. While these methods facilitate the visuali
zation of high-resolution images of various defects, each presents spe
cific limitations. AFM is hindered by a relative slow scanning speed; SEM 
demands an environment of high vacuum environment for optimal 
operation; TEM is only suitable for very thin sample and requires com
plex sample preparation; X-ray Scatterometry, while non-destructive, 
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offers relatively lower resolution and demands complex data interpre
tation. Therefore, chip manufactures have been continuously seeking 
advanced methods for online measurement, inspection, and artificial 
intelligence-based analysis. Recently, several companies have developed 
new inspection systems; however, these systems are immature and 
expensive, and there are technological gaps that need to be addressed 
before the new technology can be adopted in semiconductor 
manufacturing processes. 

The authors introduced knife-edge interferometry (KEI) which 
measures the interferometric fringe patterns occurring when the light is 
incident on the sharp edge. This method was further improved by 
focusing the beam, the so-called enhanced knife-edge interferometry 
(EKEI) that creates the spherical wavefront at the front of the edge and 
produces higher spatial frequency fringes from the various edges such as 
cutting tools, razor blades, and photomask width and linewidth [15–19]. 
Here EKEI was employed to characterize the LER in both photomask and 
the lift-off printed wafer by lithography, and the LER effects on the KEI 
fringe patterns were characterized. Also, the LER effect on the EKEI was 
simulated by the Fresnel number-based computational model, and the 
computational and experimental results were compared. Also, the data 
analysis method based on cross-correlation was discussed. 

2. Methods and simulations 

In this study, the simulation model was developed by using the 
Fresnel number-based geometry optic model. In addition, the LER was 
characterized in the simulation model for comparison. Fig. 1 shows the 
schematic of the EKEI-based measurement principle. The proposed 
measurement system comprises a laser diode, an aperture, an objective 
lens, a photodetector (PD) sensor, and a 2-degree-of-freedom XY scan
ning stage. The objective lens creates spherical waveforms by shaping 
the incident collimated light. The PD sensor collects the interferometric 
fringe patterns induced by edge diffraction while scanning the photo
mask. The details of the principle of the EKEI system can be referred to 
the author’s previous study [15]. In the EKEI system, the objective 
lens-generated spherical waveform will form a Fresnel zone on the 
photomask surface, which is directly related to the Fresnel number of 
the optical system. The equation of the Fresnel number can be found in 
Eq. (1). The odd term of the Fresnel zone implies the constructive 
contribution to the interference while the even number of the Fresnel 
zone means the destructive contribution to the interference. 

F =
α2

λ × Zeff
. (1)  

In this equation, α is the radius of the beam at the photomask plane, λ is 
the light wavelength, Zeff is the effective distance of the optical system. 
Equation (1) can be simplified as [15], 

F =
NA2 × Zsrc

λ
. (2)  

where, NA is the numerical aperture of the objective lens, Zsrc is the 
distance between the objective lens focal point and the photomask 
pattern layer along the Z axis. The EKEI-based measurement system 
parameter and LER parameter was included in the simulation model. In 
the simulation model, the LER parameter was defined as three times the 
standard deviation (σ) of the edge profile as [20], 

LER = 3 × σ. (3)  

In the simulation, the LER was defined by a periodic rectangular func
tion with a different duty cycle (D/P) and intensity (I). Here, D and P 
indicate the depth and period of the LER. The schematic of these two 
parameters was depicted in Fig. 1. Therefore, the LER can be expressed 
by duty cycle and intensity as, 

LER = 3 × I

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D
P

×

(

1 −
D
P

)√

. (4) 

By blocking different amounts of Fresnel zone, the PD sensor can 
capture the interferometric fringes. In that case, the edge geometric 
profile can affect the amount of blocking area in the Fresnel zone, thus, 
the LER can be traced by referring to the changes in fringe patterns. The 
9 groups of various LER conditions were simulated and analyzed in the 
developed simulation model. Fig. 2 shows the changes in fringe patterns 
regarding 3 different LER parameters. In the results of simulated fringe 
patterns, by adding different amounts of LER value into the model, the 
fringe of assigned datasets will attenuate based on the extent of edge 
roughness. As the LER value increases, all simulation datasets find a 
strong attenuation in the first and second order of fringes. When the LER 
value increases to 2.40 μm and 5.88 μm, the amplitude for the first order 
fringes decreases by 2% and 9%, respectively. 

The generated fringe pattern was analyzed by using the cross- 
correlation-based analysis method [15]. In these 10 datasets of the 
simulated fringes, there are 9 simulated experiment groups and 1 
simulated control group with a smooth edge. The LER was defined by 
periodic rectangular functions with different intensities and duty cycle, 
the duty cycle varies from 0.2 to 0.4 with an interval equal to 0.1, and 
the intensity changes from 2 μm to 4 μm with a 1 μm interval. Based on 
the designed periodic rectangular function and Eq. (4), the LER value 
changes from 2.40 μm to 5.88 μm. The cross-correlation method aims to 
feature the difference between each group by analyzing the similarity 
value of the interferometric fringe pattern of each case regarding the 
reference group. By setting group 10 (smooth) as a reference group, the 
similarity value from experiment groups drops from 0.997 (LER equals 
2.40 μm) to 0.965 (LER equals 5.88 μm). From the result based on the 
simulated fringe pattern in Fig. 2(b), the similarity decreases when LER 
increases. 

3. Experiments 

Fig. 3 describes the experimental setup. A collimated (λ 532 nm) 
laser passes through a φ1.0 mm aperture and is beam-shaped by an 
objective lens (NA 0.4). The beam-shaped laser will pass through the 
photomask, and then, the diffraction fringe pattern can be recorded by 
the PD sensor. The beam diameter on the photomask surface is about 
100 μm in the current setup. A photomask with 9 groups of line patterns 
containing different characterized LER was tested during the experi
ment. The photomask was securely fixed on an XY motorized scanning 
stage, and the scanning speed was set to 1 mm/s. By scanning different 
areas on the photomask, the fringe patterns created from different LER 
decorated lines can be recorded. The signal was recorded by an optical 
fiber-pigtailed photodiode and a lock-in amplifier was used for signal 
processing. While all datasets from the photomask were recorded, the 
photomask was used for lithography to make a lift-off replica wafer with 
the Cr coating layer. After the lithography process, both the photomask 
and the replica wafer patterns were measured by optical microscopy. 

Fig. 1. Measurement method: Enhanced knife-edge interferometry.  
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The LER values from the design, photomask, and printed wafer patterns 
are shown in Fig. 4. Fig. 5 shows the picture of those patterns from the 
design, photomask, and its replica wafer from lift-off lithography. The 
LER values for the photomask and wafer in Fig. 4 were calculated by 
analyzing the microscopic images. From Fig. 4, in general, the LER value 
decreases with group number increases in both photomask and replica 
wafers. However, there are still some differences between the real 
product and the design. First, although the photomask product keeps the 
designed LER pattern from Fig. 5, there is still about a 1 μm LER devi
ation compared with the design and photomask LER, which may be 
caused by the resolution of the image. In those images, 10 μm implies 
34-pixel points. In that circumstance, it is hard to define the position of 
the edge precisely due to the diffraction when taking the pictures. A 1 
μm of LER deviation shows a 0.33 μm difference in standard deviation, 
which is just a 1-pixel variance, which might be the reason for the LER 
deviation between the design and real photomask. There are also de
viations between the photomask LER and the wafer LER. For that issue, 

one of the reasons might be the resolution of the picture, and the others 
may be caused by the lithography process. The replica wafer was 
fabricated by lift-off processing [21]. During the manufacturing process, 
there were many uncertainties that might have caused imperfection in 
duplication because of diffraction, scattering, photoresist, or catalyst 
during the lithography. Last, the replica wafer was scanned by the EKEI 
system to record the fringe patterns in comparison with those of the 
photomask patterns. 

In the real industrial applications, LER patterns are typically more 
irregular and complex than simple periodic rectangular functions due to 
influences from multiple factors like lithography, etching processes, and 
material properties. Despite this complexity, the method can still offer 
valuable insights into fundamental behaviors and impacts of LER, such 
as changes in fringe intensity and internal distance, and can help esti
mate actual LER in real-world applications. 

4. Results 

The EKEI system scanned the photomask and its replica wafer. As 
mentioned in the simulation section, on the photomask, there are 9-line 
patterns with different LER values, and the LER was defined by the in
tensity and duty cycle for the rectangular function on the edge. From 
group 1 to group 9, The LER value decreases from 5.88 μm to 2.40 μm. 
Group 10 was designed as a control group with no LER (smooth edge) for 
comparison. Fig. 6 shows the fringes recorded from the photomask and 
wafer under different LER conditions (smooth condition, LER 2.40 μm, 

Fig. 2. (a) Simulated fringe pattern with different LER conditions, (b) similarity for different LER condition-generated fringe pattern based on cross- 
correlation method. 

Fig. 3. Experiment setup.  

Fig. 4. LER values calculated from design, photomask, and printed 
wafer patterns. 
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and 5.88 μm). The 2.40 μm LER and 5.88 μm LER implies the lowest and 
the highest LER value in this study. 

Based on the fringes from Fig. 6(a), the fringes get attenuated when 
the LER value increases. When the LER changes from smooth (LER = 0) 
to LER = 5.88 μm, the intensity of the first order fringe decreases from 
1.147 to 1.028. Not only does the amplitude of the first-order fringe 
decrease, but the higher-order fringes also get attenuated or vanished 
when the LER value increases. In Fig. 6(a), compared with the 5 orders 
of fringes from the smooth case, when the LER increases to 5.88 μm, only 
the first and the second order of fringes can be distinguished, and all 
higher order fringes get vanished. Fig. 6(b) shows the scanning result 
from the replica wafer. Comparing Fig. 6(a) and (b), the fringes gener
ated by the replica wafer keep the trend of attenuation as same as the 
fringes from the photomask. The trend of the fringe pattern showed good 
agreement with the simulation results in Fig. 4. Overall, the experi
mental approaches showed the following results:  

1. The LER can be printed on the photomask and can be replicated to 
the wafer by photolithography.  

2. The fringes from edge diffraction get attenuated when the LER value 
of the edge increases. The similarity decreases by 0.017 when the 
LER value changes from 2.40 μm to 5.88 μm. Because of the atten
uation, the intensity for the first-order fringe will decrease and some 
higher-order fringes will vanish. 

After collecting the fringe patterns from the photomask edge patterns 
under different LER conditions, the cross-correlation-based similarity 
value can numerically express the features that represent a change in the 
fringes. This method was first proposed in the previous research [18] for 
edge roughness characterization, and the value is calculated by dividing 
the covariance of two signals with their respective standard deviation as: 

SI =

∑n
i=1(Xi − X)(Yi − Y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(Xi − X)
2

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(Yi − Y)
2

√ (5)  

Here X and X are the reference fringe pattern and its mean value, while Y 
and Ȳ are the fringes of LER edge and its mean value, respectively. Total 
number of datasets is noted as n, and i indicates an i-th data order. When 
two fringes are identical, the cross-correlation becomes 1. The analysis 
results from the cross-correlation method can be found in Fig. 7. This 
result showed that the similarity increases while the LER decreases. 
Based on the similarity results from photomask fringe patterns, the 
similarity decreases by 0.0183 when the LER value changes from 2.40 
μm to 5.88 μm. Although the basic dimension of the characterized 
rectangular function follows the LER pattern design (intensity and duty 
cycle), there are still some deviations from the design drawing and 
actual photomask features, which causes the difference in the variation 
of similarities. Plus, the diffraction and the imperfection of the lift-off 
replica wafer induce the error between the replica wafer and the 

Fig. 5. Photomask LER design and images of the fabricated patterns: (a) photomask LER design (left), (b) images of real photomask with designed LER (middle), and 
(c) images of replica wafer with LER (right). 

Fig. 6. Interferometric fringe patterns: (a) photomask pattern and (b) wafer patterns.  
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photomask, which causes the deviation of the similarity values as well. 
But these results show that the EKEI system can track and characterize 
the LER based on the changes in similarity values. The similarity has a 
negative correlation with the LER value. 

Fig. 8 shows the fringe pattern changes in case there is a residue on 
the photomask after the lithography process. Compared with the fringes 
from the smooth edge, the fringe from an abnormal (residue-contami
nated) edge shows different features. First, the boundary of the edge 
becomes fuzzy. In a conventional coated pattern, the light intensity in
creases dramatically when the incident light is not blocked by the opa
que pattern, which follows the trend in Fig. 8, normal edge, from 100 μm 
to 200 μm. However, the boundary for a residue-contaminated pattern 
does not follow that feature. In Fig. 8, the abnormal edge plot, from 100 
μm to 250 μm, shows that the normalized intensity increases gradually. 
The abnormal edge did not block the light 100 percent, the light can 
partially pass through the edge and its contaminated area. Second, the 
fringe pattern vanished in fringes from the abnormal edge. It may cause 
by the difference in the light interference. Based on the Huygens-wavelet 
theory [16], the incoming light source and the Huygens wavelets 
emitted on the edge generates the edge diffraction pattern. However, 
when the edge changes to an abnormal edge, not only do we have the 
incoming light source and Huygens wavelets from the edge, but we also 
have the light that is modulated by that residue-contaminated area. This 
third wave source can change the fringe pattern from the conventional 
edge diffraction. Based on the results from Fig. 8, the EKEI system can 
also track the variance of the fringes when the residue photoresist 
damages or contaminated the photomask. In that case, the EKEI system 
may be effective for an in-situ photomask monitoring system to track the 
status of the photomask in industries. The EKEI system can track and 
report those residues directly in the semiconductor manufacturing 
process. 

5. Conclusion and future works 

This paper showed the EKEI-based system for LER characterization. 
The Fresnel number-based geometrical EKEI model with LER charac
terization was developed. The EKEI model could simulate interfero
metric fringe patterns concerning different LER conditions. The LER of 
the pattern was characterized by using rectangular functions in different 
duty cycles and intensities. The simulation results showed that the in
crease in the LER value result in attenuation of the fringe pattern. In 
addition, the cross-correlation method analyzed the generated fringe 
pattern. As a result, the similarity value decreased as the LER increased. 
It also implemented this analytical method in experimental data anal
ysis. From the experiment, LER-characterized photomask patterns and 
lithography-printed patterns recorded the fringes. The computation 

model shows great agreement with the experimental results obtained 
from the cross-correlation analysis method. As a result, EKEI can char
acterize the LER on both the photomask patterns and the printed pat
terns. Successful integration of the proposed inspection system sheds 
light not only on the LER characterization but also on photomask 
defectivity metrology and inspection, improving the lithography pro
cesses and increasing yield. 
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