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a b s t r a c t 

The deep ultraviolet (DUV) scatterfield imaging microscopy technique enables accurate dimensional measure- 

ments of periodic nanostructures with sub-nanometer sensitivity to support semiconductor device manufacturing. 

A parametric sensitivity analysis for targets with uneven duty ratios is essential as the duty ratios of many periodic 

nanostructures vary in practice. This paper presents an experimental implementation to optimize illumination 

conditions for nanoscale multi-line targets on a Molybdenum Silicide (MoSi) photomask with duty ratios of 0.43 

to 0.68 using a scatterfield imaging microscope with 193 nm wavelength laser designed for angle-resolved illu- 

mination at the sample. Measurement sensitivities are analyzed using sensitivity coefficient maps parameterized 

by partial coherence factor, duty ratio of the target, and incident polarization. 
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. Introduction 

High-sensitivity dimensional measurement tools for critical dimen-
ions (CDs) and defects are critical to the quality control of the fabrica-
ion process of nanoscale devices such as integrated circuits, display de-
ices, and metasurfaces [1–3] . Optical scatterfield imaging microscopy,
hich incorporates scatterometry into traditional optical imaging mi-

roscopy, has been demonstrated as a novel technique for nanofeature
haracterization with high sensitivity even for deep subwavelength fea-
ures well beyond the conventional resolution limit [4–9] . This tech-
ique retains multiple benefits of traditional optical microscopy such
s high measurement throughput, non-destructive measurement, and
ow operational cost relative to nanoscale scanning probe measurement
echniques such as scanning electron microscopy (SEM), atomic force
icroscopy (AFM), scanning tunneling microscopy (STM), and scanning
ear-field optical microscopy (SNOM) [10–13] . Using this technique,
anoscale dimensional characterization has been achieved with high
ensitivity by analyzing the scattered far-field images and least squares
egression using model libraries [7 , 9 , 14 , 15] . 

In scatterfield imaging microscopy, the coherence in the spatial do-
ain is an adjustable parameter that has a great influence on the imag-

ng performance. Thus, it is essential to characterize and understand
ow spatial coherence affects optical system performance. The degree
f partial coherence is a crucial factor in other emerging phase imag-
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ng techniques such as quantitative phase imaging (QPI) [16] as well as
tychography [17] . 

We have previously reported the effects of partial coherence on di-
ensional measurement sensitivity using a deep ultraviolet (DUV) scat-

erfield microscope platform to address illumination optimization for
igh sensitivity [18] . Although the partial coherence was demonstrated
o be an important parameter for enhancing measurement sensitivity,
he experiments were limited to targets with a fixed ratio between
inewidths and their periodicity, also referred to as duty cycle or duty ra-
io. Including duty ratio variation is essential as many nanoscale device
eatures including integrated circuits, display devices, and metasurfaces
ossess unequal duty ratios [19–24] . 

In this paper, we present an empirical study of dimensional mea-
urement sensitivity for partial coherence variation with respect to CDs
n a Molybdenum Silicide (MoSi) photomask in which the structures
onsist of linewidths having uneven duty ratios. Sensitivities were mea-
ured and analyzed with two different polarizations and six different
artial coherence factors. Based on the measured values, partial coher-
nce factors have been optimized to yield the highest CD measurement
ensitivity. This study suggests a methodology to improve the measure-
ent sensitivity of DUV scatterfield microscopy by optimizing the il-

umination without the regression process of experimental data using
 simulated data set, thus complementing the full scatterfield imaging
icroscopy measurements. 
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. Measurement sensitivity of scatterfield microscopy 

Optical scatterfield microscopy relies on scattered light resulting
rom sophisticated illumination based on a Köhler geometry that corre-
ates the spatial position at the conjugate back focal plane (CBFP) of the
bjective lens (OL) to the incident ray angle at the target plane, enabling
he control of illumination shape or angle, as shown in Fig. 1 (a) [25–27] .
n illumination light ray originating at a position at the CBFP is directed

o the sample plane (SP) with a corresponding angle, enabling resolved
llumination tailored to a sample and the reflected scattered light. Sat-
erfield images taken at the charge coupled device (CCD), which result
rom various illumination conditions such as angle-resolved illumina-
ion, focus variation, phase shifting, or polarization, yields the struc-
ure information of nanoscale targets through parametric comparison
sing model-based electromagnetic simulations. Dimensional measure-
ent sensitivity of the nanoscale targets beyond the diffraction limit

an be evaluated through comparing two intensity profiles obtained at
he CCD for two periodic targets with different dimensions. The sensi-
ivity changes as the illumination scheme are varied for different partial
oherence factors, 𝜎, which are defined as the ratio of illumination to
ollection numerical aperture (NA), and corresponds to the illumination
oherence degree with a low partial coherence factor implying higher
oherence and vice versa [9 , 28–33] . 

Fig. 1 (b) shows the conceptual schematic of the dimensional mea-
urement sensitivity changes with respect to nanoscale periodic lines
aving different duty ratios and partial coherence factors. The finite
ultiple line target group A and B have different pitch values P A and
 B with a same set of linewidth values L 1–3 . Intensity profiles have cen-
ral valleys or hills for the line scattering and spikes for the boundary
etween lines and substrate [9 , 16] . Each set of intensity profiles for the
roup A and B show height differences due to the change of linewidth L,
hich are used to evaluate the measurement sensitivities. The sensitiv-

ty is evaluated in terms of the sensitivity coefficient, which is described
s 

 = 

𝜕𝐼 

𝜕𝐿 

(1)

here, I and L are the intensity height and the dimension measurand
f the target, respectively [34–37] . The magnitude of I is the differ-
nce between the averaged intensity of the multiline region and the
veraged intensity from the substrate. The bigger the height difference
etween intensity profiles for differing linewidths at a fixed pitch, the
etter sensitivity the measurement achieves. Illumination with a lower
artial coherence factor induces the obvious spikes at the multiline area
order due to the higher coherence, while a higher partial coherence fac-
or yields a smoother profile due to the lower coherence. However, the
ntensities at the target edge region are excluded here from the quan-
itative sensitivity coefficient evaluation, as there is a discrepancy in
ntensities between the edge and the multiline regions. The intensity at
he multiline region is governed mainly by the partial coherence and
ine structure, while the intensity at the edge is governed by not only
he partial coherence but also the complex boundary condition between
he substrate and finite multiline regions [33] . 

. Experimentation 

The experimental setup for DUV scatterfield imaging microscopy
onsists of illumination, collection, and navigation optics as shown in
ig. 2 (a), and the experiments were conducted in a class 10 cleanroom
o prevent the nanoscale samples from contamination. An ArF Excimer
aser of a wavelength of 193.3 nm is used as the light source, which
equires the optics and beam paths to be enclosed and purged with dry
itrogen gas to reduce ozone formation and to minimize contamination
or maintaining the required optical performance. Although DUV in-
urs higher operational costs and require a specialized environment for
he DUV-based optical system, there are unique benefits of using DUV
ource. First, the objective lens with DUV light collects more scattered
2 
rders from the nanoscale features than from visible light, enabling bet-
er analysis of various geometrical parameters and thus high sensitivity
nd low uncertainty can be achieved. Second, here the shorter wave-
ength sources enable the scatterfield imaging microscope to capture
learer scatterfield-based image of the whole target shape which has
imensions smaller than the resolution limit at visible wavelengths. Fi-
ally, in addition to the CD metrology, the DUV scatterfield imaging
icroscopy has enabled sub-20 nm width measurements of patterning
efects, beyond the capabilities of visible scatterfield imaging micro-
copes. The system specifications are summarized in Table 1 . 

The illumination optics are designed to be telecentric for both CBFP
nd sample plane (SP) based on Köhler illumination, allowing planar
ccess to the CBFP for parallel scanning of a circular aperture or plac-
ng more complex non-circular apertures corresponding to resolved il-
umination. The telecentric CBFP is designed to have a relatively large
iameter of 11.6 mm to enhance detailed control of the illumination
hape [38] . The effective source (ES) is formed by the Beam Shaper
ptics, which consists of a pair of cylindrical lenses, a circular aperture

CA), and a rotating diffuser (RD), and transfers the rectangular beam of
 mm × 3 mm emitted from the 193 nm Excimer Laser to a diverging ex-
ended circular beam with 2 mm diameter and 0.12 NA. The RD, which
otates at a speed optimized for low-speckle illumination, is placed on
 local isolation plate to avoid transferring rotation-induced vibration
o the target and optical components [39,40] . Rectangular apertures
ounted in a motorized rotating wheel are located at the CBFP to ma-
ipulate the illumination NA and shape at the sample plane, tailoring
catterfield light by selecting an aperture with a size corresponding to a
pecific partial coherence factor. The apertures have horizontal widths
x-axis) of 2 mm, 4 mm, 6 mm, 8 mm, 10 mm and 11.6 mm with a
xed vertical (y-axis) width of 11.6 mm. Fig. 2 (b) shows the aperture
hapes and the quantitative relation of the aperture width to the partial
oherence factor and corresponding illumination angles with respect to
he objective lens OL S , which has an 8 mm working distance and a cata-
ioptric structure with NA 0.13–0.74. The illumination polarization di-
ection is aligned by the polarizer (P) along x or y axis relative to the
ine direction as shown in Fig. 3 (b). 

The collection optics collects scattered light field at the target
hrough OL S and transfers them to DUV CCD with a magnification of
bout 350 by the tube lens (TL), yielding a field of view (FOV) of
9.2 μm × 25.6 μm. The DUV CCD pixels with 14 μm pitch to form
catterfield image correspond to 40 nm at the sample plane. 

The navigation optics supplements the collection optics by allowing
 search function and access to the desired targets due to the inability of
he collection optics to change magnification as the non-standard OL S 
annot be positioned repeatably using a rotating turret. A light emitting
evice (LED) of 463 nm wavelength as a source illuminates the sample
hrough a visible objective OL N and collects the sample images at the
isible charge coupled device (VCCD) of 3.45 μm pixel resolution with
 magnification of 10 and FOV of 845 μm × 707 μm. Once the desired
arget image is taken at the navigation optics center, the stage with
50 mm travel and 1 nm resolution moves the target to the collection
ptics center according to the calibrated coordinate difference between
L S and OL N . 

The scatterfield image measurements are performed for a MoSi pho-
omask fabricated by e-beam lithography as shown in Fig. 3 . The targets
re separated by a 200 μm period and distributed in column and row
y pitch and linewidth variations of 10 nm and 4 nm, respectively, as
hown in Fig. 3(a). Each target consists of 30 lines and are aligned along
he vertical (y-axis) direction of the rectangular aperture as shown in
ig. 3 (b). The measurement sensitivity coefficients are measured for the
arget pairs of 60 nm, 64 nm and 64 nm, 68 nm linewidths, which corre-
pond to the intensity differences | I 64 ̶ I 60 | and | I 68 ̶ I 64 | in the scatterfield
mages. We obtained the difference between the averaged intensity of
he multiline region and the averaged intensity of the bottom substrate
ithout considering ringing artifacts in the edge of the patterns for quan-

itative sensitivity coefficient evaluation. In general the small change in
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Fig. 1. Scatterfield microscopy metrology parameterized with partial coherence factor. (a) Scatterfield microscopy; CBFP – conjugate back focal plane, BS - beam 

splitter, OL - objective lens, SP - sample plane, L – lens. (b) Sensitivity for nanoscale periodic lines with varied duty ratios (linewidth L divided by pitch P). The 

variations of duty ratio L/P and partial coherence factor 𝜎 deviate the intensity height differences induced by the linewidth variation. 
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Fig. 2. DUV scatterfield imaging microscopy. (a) Schematic of exper- 

imental setup; M - mirror, CL - cylindrical lens pair, CA - circular aper- 

ture, L - lens, RD - rotating diffuser, ES - effective source, IA – illumi- 

nation aperture, CBFP - conjugate back focal plane, P - polarizer, FS - 

field stop, BS - beam splitter, TL - tube lens, BFP – back focal plane, 

OLs - objective lens for scatterfield, SP - sample plane, OL N - objective 

lens for navigation, F - fiber, VCCD - visible CCD. (b) Relationship of 

CBFP aperture width to the partial coherence factor and corresponding 

maximum illumination angle. 
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inewidth, 𝜕L can be set to 1% of measurand [35] , which here would be
.60 nm. However, the target fabrication for this change is difficult to
chieve with e-beam lithography as used in the presented study. To this
nd, targets were printed with a linewidth differentiation of 4 nm, or
bout 6% of the measurands in a linewidth region for which the optical
esponse appears monotonic with linewidth. 

. Results and discussion 

Scatterfield intensity profiles for duty ratio-varied multiline targets
ith 3 linewidths and 5 pitches were measured to investigate the re-

ationship of measurement sensitivity to partial coherence factor, as
hown in Fig. 4 . The two sets of 5 × 6 graph matrices for x and y po-
arized illuminations, which correspond to directions perpendicular and
arallel to the target lines, show scattered intensity shapes of valley and
4 
ill at the line areas due to the scattering effect combined with Fresnel
eflection. Columns and rows of the matrices represent varied pitches
nd partial coherence factors, respectively. Each intensity profile is ob-
ained by normalization process with respect to the intensity average at
he substrate area. As a first step, we obtained the average pixel value of
he substrate (pixel averaging on the left and right sides of the patterned
rea). Then, we divided each pixel intensity value by average substrate
ntensity to obtain a normalized intensity. The normalized intensity can
e calculated by Eq. (2) , 

 𝑛𝑜𝑟𝑚 = 

𝐼 𝑚 
∑𝑛 

𝑖 =1 𝐼 𝑠𝑢𝑏 ( 𝑖 ) 
𝑛 

(2) 

here, I norm 

, I m 

, I sub , n are normalized intensity, measured intensity,
he measured intensity of the substrate, and a number of pixels in a
ine profile from the substrate, respectively. Each graph compares three
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Table 1 

Major specifications of 193 nm scatterfield microscope. 

Parts Items Values 

Illumination 193 nm Excimer laser 𝜆 = 193.3 nm, spectral width 0.3 nm, 10 ns pulse 

Beam quality shaping Cylindrical lens pair & rotating diffuser 

Effective source 2 mm dia. 

Telecentric CBFP 11.6 mm dia. 

Field of view (FOV) Typical 50 μm dia., Maximum 120 μm dia. 

NA (Catadioptric OL) 0.13 - 0.74 

Working distance ≈ 8 mm 

Collection CCD 640 × 480 pixels w/ 14 μm period, QE ≈ 60% @193 nm 

Magnification × 350 

Effective pixel size 40 nm 

Field of View 19.2 × 25.6 μm 

2 

Navigation LED Source 𝜆 = 463 nm 

Objective Lens Working Distance = 28 mm 

Magnification ×10 

Field of view (FOV) 845 × 707 μm 

2 

Stages Transverse (x, y) 150 mm travel, 1 nm resolution 

Rotational ( 𝜃) 0.1 m° resolution 

Vertical (coarse 3z, fine 3z) 25 mm travel, 1 nm resolution 

Fig. 3. Finite multiline targets on MoSi photomask. (a) Schematic of target arrangement for various linewidths and pitches. (b) SEM image of a target of 30 lines. 

The illumination aperture is aligned with respect to the line direction. 

5 
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Fig. 4. Measured scatterfield intensity profiles 

for finite multiline targets. Columns and rows in- 

dicate the variations of pitch and partial coher- 

ence factor. The intensity differences | I 64 ̶ I 60 | 

and | I 68 ̶ I 64 | in each graph contribute to the mea- 

surement sensitivities. 
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Fig. 5. Sensitivity coefficient distributions parameterized with partial coherence factor for (a) X- and (b) Y-polarizations. Two contour maps for each polarization 

are based on the measured intensity differences | I 64 ̶ I 60 | and | I 68 ̶ I 64 | for the linewidth pairs of 64 nm, 60 nm and 68 nm, 64 nm, respectively. 
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t  
ntensity profiles overlapped with the linewidths of 60, 64, and 68 nm,
howing the scattered intensity differences which lead to a qualitative
ensitivity evaluation. Larger intensity difference between the substrate
nd patterned area represents higher sensitivity in general. Each row
rranges the graphs for the linewidth range of 100–140 nm with 10 nm
ncrement, corresponding to 15 duty ratios of 0.429–0.680, which are
efined by the ratio of linewidth to pitch, while each column contains
he graphs for 6 partial coherence factors as shown in Fig. 2(b) . As the
inewidth changes at a fixed pitch, the intensity variation of the valley
r hill is caused by line geometry-induced scatterfield distribution at a
xed angle cone of illumination. The intensities for both linewidth and
itch variations are influenced by both the line geometry and the angle
f illumination. 

For the quantitative evaluation of the measurement sensitivity, the
ensitivity coefficient defined by Eq. (1) is calculated from two inten-
ity profiles with linewidths of 60 nm and 64 nm (| I 64 ̶ I 60 |) or 64 nm
nd 68 nm (| I 68 ̶ I 64 |) as measurands. Thus, the sensitivity coefficient
ontour maps for the variations of partial coherence factor and duty
atio are obtained as shown in Fig. 5 . A higher sensitivity coefficient
alue indicates a better measurement resolving power. Overall sensitiv-
ties with y polarization in Fig. 5 (b) are higher than with x polarization
n Fig. 5 (a). Global maximum sensitivities for x polarization appear at
ower pitches from 100 nm to 110 nm and lower partial coherence fac-
ors of around 𝜎x = 0.18, and local maximum sensitivities are found at
he higher pitches around 135 nm to 150 nm and higher partial coher-
nce factors of 𝜎y = 0.9–1.0. In contrast, the maps for y polarization
how an obvious tendency that the sensitivity decreases as the pitch in-
reases regardless of the partial coherence factor, which means that the
cattered intensity does not depend on the illumination angle when the
7 
ine and polarization directions coincide. The sensitivity maps provide
 guidance for determining the optimum condition for illumination and
arget geometry for achieving high resolving power in measurement us-
ng the scatterfield imaging microscopy. 

. Conclusion 

Measurement sensitivities of DUV scatterfield imaging microscopy
or CD with various duty ratio were analyzed using a scatterfield imag-
ng microscope platform using 193 nm Excimer laser source designed
or highly resolved illumination. By tuning partial coherence factor for
he multiline target of various duty ratios, we verified that the combi-
ation of partial coherence factor and duty ratio impacts the measure-
ent sensitivity of CDs and the identification of optimum measurement

onditions. Quantitative evaluation with sensitivity coefficient maps re-
ealed that for x-polarization (perpendicular to the lines), better sensi-
ivity is obtained at higher partial coherence (lower 𝜎𝑥 ) for lower duty
atio and low partial coherence for higher duty ratio, whereas for y-
olarization (parallel to the lines), the sensitivity becomes better as duty
atio decreases, being weakly affected by the partial coherence. These
ata show a sub-nanometer sensitivity to changes in linewidth with var-
ous line/space ratios, which will contribute to the advancement of con-
rollability towards model-based nanoscale dimensional measurements
sing optimized illumination conditions. 
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