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ABSTRACT  

A critical challenge in optical critical dimension metrology, that requires high measurement sensitivity as well as high 

throughput, is the dimensional measurements of features sized below the optical resolution limit. This paper investigates 

the relationships among dimensional sensitivity and key illumination beam conditions (e.g., angular illumination, partial 

coherence) for photomask feature characterization. Scatterfield images at the edge areas of multiple line structures on a 

Molybdenum Silicide (MoSi) photomask are analyzed to establish sensitivity to dimensional changes. Actinic 

scatterfield imaging experiments for these features are performed using the NIST 193 nm Scatterfield Microscope, 

designed to enable engineered illumination beams at the target. Illumination configurations that improve sensitivity are 

identified from imaging edges of multiple line targets having linewidths and spaces of about 1/3 wavelength.  

Keywords: Optical critical dimension metrology, scatterfield imaging microscopy, measurement sensitivity, partial 

coherence factor, illumination engineering. 

1. INTRODUCTION  

Achieving higher densities and smaller dimensions in semiconductor manufacturing technology requires continuous 

advances in measurement technology. Compared to other metrology techniques, optical metrology techniques have been 

important to the industry because of their nondestructive character, higher speed, and relatively lower cost [1-3]. A key 

challenge for optical methods is accurate dimensional measurement of ever-decreasing deep subwavelength feature 

sizes. Characterizing such features requires high measurement sensitivity with low uncertainties as well as high 

throughput [4]. 

Optical scatterfield imaging microscopy techniques have enabled the characterization of nanoscale features sized well 

below the resolution limit with high sensitivity by analyzing far field images formed by light scattered from the features 

[5-7]. Engineering of the illumination beam is essential for yielding high sensitivity in scatterfield imaging as the 

characteristics of the scattered light depend not only on the parameters of the features but also strongly on the incident 

light conditions such as incident angle, angular intensity, polarization and partial coherence. 

The National Institute of Standards and Technology (NIST) has developed reflection scatterfield imaging microscopes 

operating at visible and deep ultra-violet (DUV) wavelengths for the characterization of nanoscale features on both 

wafers and photomasks. Model-based CD measurements for finite grating structures of sub-20 nm features have been 

reported using a visible light scatterfield imaging microscope by Fourier domain normalization method for parametric 

simulations for comparison with experimental results, yielding sub-nanometer uncertainties [8]. The measured intensity 

profiles showed high ringing effects at the edges of 100-line gratings and interference effects between both edges of 30-

line gratings as a small numerical aperture illumination was imposed on the targets. Notable, a low partial coherence 

factor may have triggered these edge effects and might be related to the sensitivity of the parametric measurements using 

the scatterfield imaging microscopy technique. From these results, we noticed that both partial coherence, expressed as 

the illumination numerical aperture (NA) relative to the collection numerical aperture [9], and image quality have been 

important for high resolution imaging microscopy and for lithography, thus the relationship between the partial 

coherence and measurement sensitivity for image-based CD metrology warranted further investigation. 
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In this paper, we present a dimensional measurement sensitivity analysis with respect to various illumination conditions 

as a function of the partial coherence factor using the NIST 193 nm scatterfield imaging microscope for multiple line 

gratings on a MoSi photomask that have linewidths of nominally 66 nm to 72 nm with a 2 nm increment. Methodology, 

details for experiments, and sensitivity measurement results are presented with optimal illumination configurations for 

improving sensitivity. 

2. METHODOLOGY FOR DIMENSIONAL METROLOGY 

Conventional imaging microscopy has a relatively wide field of view for imaging the targets, though the imaging 

resolution is limited due to the diffraction limit. Scatterometry is widely used to measure the sub-wavelength dimensions 

of nanoscale features using scattered intensity distributions containing dimensional information. Using a variety of 

incidence angles and wavelengths, measured intensities are fit to models generated based on electromagnetic simulation 

to determine geometrical parameters [10]. Scatterfield imaging microscopy can combine the angular illumination 

capability of the scatterometry technique and the imaging capability of the conventional imaging microscopy into one 

platform as shown in Fig. 1. This combination allows manipulation of the illumination angles and shapes that can help 

more information from nanoscale features through capturing images and potentially varying the focus. By using this 

method, the three-dimensional scattered fields at the sample are tailored to yield scattered far field images with high 

sensitivity for improved measurements. 

 

Fig. 1. Schematic of angle-resolved scatterfield imaging microscopy with focus variation. 

Tailoring the fields scattered from the sample in scatterfield imaging microscopy is performed by controlling the 

illumination shape at a conjugate plane of the back focal plane (CBFP) of the objective lens according to the Köhler 

illumination principle. Fig. 2 shows a schematic of illumination engineering for scatterfield imaging that can be 

performed at the CBFP. Assuming that the optical system has a Köhler configuration for illumination, a diverging beam 

from a position at the CBFP illuminates the sample plane as a collimated beam at a corresponding angle. Based on this 

relationship between the lateral position and the illumination angle, the illumination beam shape can be manipulated by 

placing apertures designed for specific angles of incidence or by scanning a finite aperture.  

This capability has been applied recently to the characterization of tool functions for quantitative nanoscale feature 

measurement based on parametric modelling analysis. Tool functions for characterizing the illumination and collection 

path deviations and errors are obtained as intensity functions of illumination angle by scanning a finite aperture at the 

CBFP [11].  These tool functions are ultimately used to adjust simulated scattered fields for improved fitting to obtain 

nanoscale feature parameters such as linewidth, height, or sidewall angle based on the captured far field scattered images 

at the image plane. Using a visible light scatterfield imaging microscope (= 450 nm), NIST researchers performed 

model-based CD measurements for finite grating structures of sub-20 nm silicon-on-silicon lines utilizing a Fourier 

normalization method which utilizes these tool functions [8]. Scattered field images captured at the image plane were 

compared against simulation data that were normalized by the instrument characterization and parametric fitting with 



 

 
 

 

sub-nanometer uncertainties. Observing the profiles of these nanoscale features, a small illumination numerical aperture 

leads to a high ringing at the edges of a relatively large target (100-line grating) and an interference between fields 

scattered by both edges of a small targets (30-line finite grating). These edge effects may make the scatterfield imaging 

measurements sensitive to linewidth variations. A low partial coherence factor (0.13/0.95) imposed on the illumination 

of the optical system triggered these edge effects and could be related to the sensitivity of the parametric measurements 

using the scatterfield imaging microscopy technique, thus this work investigates the interplay among the edge effects, 

dimensional sensitivity, and partial coherence in a scatterfield imaging system. 

 

Fig. 2. Illumination engineering schematic for scatterfield imaging using CBFP. 

The partial coherence factor σ = NAill / NAcol, as a metric signifying illumination partial coherence degree in the optical 

imaging system, is long-established to be important for improving image quality in imaging microscopy system and in 

lithography exposure process [12-16]. Fig. 3 (a) shows variations in the intensity profiles at a step edge as a function of 

partial coherence factor [17]. A lower partial coherence factor signifies higher partial coherence generating more ringing 

effects at the edge. If the edge of a nanoscale grating is considered, the intensity profiles as a function of the partial 

coherence factor will consist of overshoot at the edge and flat intensity variations at the grating area, as shown in Fig. 

3(b). This phenomenon may allow the estimation of measurement sensitivity for the gratings with various linewidths and 

partial coherence of the imaging system. 

  

 (a) At a step edge          (b) At the edge of multiple lines 

Fig. 3. Schematic of hypothetical scattered intensity profiles at the edge for two types of steps. 

In this work, measurement of the line and space structure is improved by imaging of the edge area, including both the 

grating and the substrate. Scatterfield imaging microscopy has an advantage that the imaging area has a relatively large 



 

 
 

 

field of view, which can cover the substrate and grating areas simultaneously as shown in Fig. 4. These capabilities for 

positioning and spatial selectivity within an image both are useful for measuring the relative signal intensity variations 

from different linewidth gratings. The normalized signal intensity of the grating area is obtained as the ratio of intensities 

scattered from the grating and reflected from the substrate. By comparing these relative intensities for various grating 

linewidths using the substrate as a reference, measurement sensitivity analysis can be performed without modeling. The 

scattered intensity from the grating varies with the grating’s geometric parameters such as linewidth and pitch, with 

dominant 0-th order scattering away from the edge and a continuum of scattered orders from the grating area. These 

variations can be used to estimate the sensitivity as a function of partial coherence. 

  

Fig. 4. Edge imaging method for differentiating scattered intensities from grating area. 

3. EXPERIMENTATION 

The NIST 193 nm scatterfield imaging microscope system uses an ArF excimer laser as a source, which is the actinic 

source used for the deep ultraviolet (DUV) immersion lithography exposure process. The microscope adopts a 

catadioptric objective lens that has an NA of 0.13-0.74, which has a central reflection mirror that blocks light within a 

numerical aperture of 0.13. The instrument is designed to have a relatively large telecentric CBFP of a diameter of 11.6 

mm for enhancing the controlling of the illumination shape as shown in Fig. 5 (a). Various apertures for illumination 

engineering are placed at the CBFP. 

  

(a) Optics designed    (b) Photomask on the stage 

Fig. 5. The NIST 193 nm scatterfield imaging microscope platform. 

To engineer the illumination in terms of partial coherence using this DUV scatterfield imaging microscope, three kinds 

of illuminations are created by three basic aperture shapes: horizontally rectangular, vertically rectangular, and circular 

apertures, as shown in Fig. 6. Partial coherence can be altered by varying the size of these apertures. For horizontally 

rectangular apertures, the y-direction illumination angle is both narrow and constant, while the x-direction angle is 



 

 
 

 

varied by changing the length Dx. For vertically rectangular apertures, the y-direction angle covers the full NA, but the 

x-direction angle is varied by changing the length Dx. For circular apertures, all radial angles are varied with aperture 

diameter Dx. These aperture size variations are designed to effectively test the interactions of the shaped illumination 

beams with the grating line for both directions. 

 

Fig. 6. Apertures for engineering the illumination by varying the partial coherence. 

 

 

Fig. 7. Simulated angular illumination with respect to the partial coherence factors σx. 

Using these apertures, angular illumination conditions have been simulated with the optics designed as shown in Fig. 7. 

The picture array shows the angular illumination shapes at the sample plane in the angle domain as a function of the 

partial coherence factor for values between 0.17 and 1.0. The partial coherence factor σx is varied from 0.17 to 1. The 

central obscurations are observed due to the central mirror reflection inside of the catadioptric objective lens. The 

illuminations at a partial coherence factor of 0.17 for the horizontally rectangular and circular apertures yield very small 



 

 
 

 

amounts of energy for illumination, which leads to low signal to noise ratios on the scattered intensity profiles, and 

therefore, are excluded from the experiments. 

   

             (a) Wide-view optical microscope images        (b) Focused Ion Beam images 

  

(c) AFM profile of a line extension                     (d) Linewidth values measured with AFM 

Fig. 8. Target images captured by various metrology tools. 

 

 

                (a) Polarization parallel to lines       (b) Polarization perpendicular to lines 

  

   (c) Reflected intensity for parallel polarization                          (d) Reflected intensity for perpendicular polarization 

Fig. 9. Dependence of edge intensity profiles on illumination polarization. 

Sensitivity measurements have been performed for MoSi line gratings on a silica substrate with designed linewidths of 

66 nm to 72 nm with 2 nm variation and a 1:1 line/space ratio. Such photomask targets are widely used for lithographic 

imaging with the phase shift mask technique [18,19]. Fig. 8 shows images taken with a visible-light microscope with a 



 

 
 

 

wide field of view, a focused ion beam (FIB) microscope, and an atomic force microscope (AFM) as reference 

measurements. The line grating area is 100 μm x 100 μm and each grating has line extension at the center to allow 

linewidth measurement using AFM as shown in Fig. 8 (a). Gradual variations for each linewidth are shown as an 

overlapped figure in Fig. 8 (b). The line heights are measured at 73.6 ± 0.6 nm with varied actual linewidths between 

63.5 and 69.9 nm as shown in Fig. 8 (c) and (d). 

Because the scattered light from gratings is sensitive to the polarization of the incident beam, edge profiles have been 

measured using two illumination polarizations. Fig. 9 shows the scattered intensity profiles at the edge area for the two 

orthogonally polarized illumination beams. The reflected intensities between the substrate (left) and the grating (right) 

change with respect to polarization direction: the intensity at the substrate is lower than at the grating for parallel 

polarization, while the intensity at the substrate is higher than at the grating for perpendicular polarization, as shown in 

Fig. 9 (c) and (d). The intensity changes over the silica area are due to the different reflectivity distribution for incident 

beam angle with different polarizations, which can be calculated from the Fresnel equation. But the grating area intensity 

changes are due to the scattering interactions among the lines and with the silica substrate. 

4. RESULTS AND DISCUSSION 

To better measure intensity differentiations among sets of line gratings, intensity profiles were collected for both focused 

and defocused positions by moving the sample along the z axis as shown in Fig. 10. Each column shows a set of 

different focus intensity profiles of the 4 different gratings shown in the FIB images inset, varying the target z-position 

over a range of 2 µm with 1 µm steps and varying the partial coherence factor from 0.17 to 1. A set of 4 intensity 

distributions for 4 gratings are used to calculate the sensitivity at a specific focus and partial coherence. Edge signal 

shapes follow trends that are typical of partial coherence variation at a step edge, following the trends shown in Fig. 3 

(b). It is observed that the stronger signal intensity variations among the gratings occur at the edges with increased 

overshoot effects as the partial coherence factor decreases, which signifies increasing partial coherence. Also, the 

normalized intensity difference between the substrate and the grating areas become larger as the partial coherence 

increases.  

 

Fig. 10. Edge intensity signals along the grating linewidth and pitch variations in z position variation. 

From these intensity distribution variations, empirical sensitivities are calculated for the different illumination instances 

as shown in Fig. 7 apart from model-based sensitivity analysis [20]. The sensitivity, μ is defined as ratio between the 

measurand difference Δl and the signal to noise ratio δs for two targets to be measured [21]. The measurands in this 

analysis are the linewidth values measured by AFM and the signal to noise ratio values are calculated using the mean 



 

 
 

 

intensity difference 12 II   and the standard deviation averages which are obtained from repeated measurements. Note, 

the 1:1 correspondence of the line and spaces ties linewidth to pitch.  
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The grating structures for sensitivity measurements either have varied linewidths with a fixed pitch or varied linewidths 

with varied pitches. For the former, the intensity signal varies only due to scattered field distributions from line 

geometries as the angles of diffraction orders are fixed. For the latter, the intensity signal varies as field distributions 

scattered by both line geometries and varied angle of high order diffraction beam due to pitch. In this sensitivity analysis, 

we used various grating structures, each with its own linewidth and pitch. While linewidth and line geometry may 

influence the optical response, the intensity variations in this paper are presumed to be due to the pitch variations. And 

thus the sensitivity analysis is based on the latter case. 

Using this empirical sensitivity concept, the sensitivities as a function of the partial coherence factor are obtained from 

the variations in the normalized intensity distributions as shown in Fig. 11. The graphs summarize the mean intensity 

results for all investigated cases of apertures, vertically rectangular, horizontally rectangular, and circular. Each point is 

mean value for repeated measurements and the error bar for each point is the standard deviation. Separations and 

standard deviations on each graph lead to the sensitivity variations. The vertical aperture shows higher signal variations 

that are acceptable. These scattered intensity data from the three aperture shape designs, two polarizations, various 

partial coherence factors, have been processed to yield sensitivity data for three focus positions: at the substrate and one 

micrometer above and below the substrate. 

   

Fig. 11. Normalized scattered intensity signals along the partial coherence factor: each point is mean value for repeated 

measurements and the error bar for each point is the standard deviation. 

 

Fig. 12. Sensitivity estimation for partial coherence factor 



 

 
 

 

Fig. 12 shows a metric for determining empirical sensitivity that is applied for each aperture case, polarization, and 

linewidth. Some of the entries are marked as yellow and green, indicating a sensitivity between 0.3 nm and 0.5 nm and 

sensitivities less than 0.3 nm, respectively. Agreeing with the graphs in Fig. 11, the illuminations using vertical aperture 

yield better sensitivities more frequently than the other cases. From these data, in general the optimal illumination 

conditions for scatterfield imaging measurements consists of a vertical aperture, parallel polarization, and medium 

partial coherence factor range of about σ = 0.4 ~ 0.7. Note, the best observed sensitivity, however, is found at 1 

micrometer above the substrate using perpendicular polarization. 

5. CONCLUSIONS 

We investigated empirical sensitivity for a set of MoSi photomask targets with respect to partial coherence using DUV 

scatterfield imaging microscopy at a wavelength of 193 nm, concluding that partial coherence impacts dimensional 

measurement sensitivity for scatterfield metrology. The higher partial coherence results in stronger signal intensities at 

the grating area and improved sensitivities for these targets could be found by tailoring the partial coherence. In this 

experiment, the optimal illumination condition consists of a vertical rectangle with polarization parallel to the grating 

lines and a partial coherence factor range between 0.4 ~ 0.7. Optimized measurement sensitivity for scatterfield imaging 

microscopy is less than 0.3 nm with uncertainties of 0.1 nm or better. Additional target designs should be investigated, 

analyzing linewidth sensitivity with respect to partial coherence using targets with fixed pitch and varying linewidths. 

Based on this empirical sensitivity study, it is projected that the DUV scatterfield imaging microscopy technique is 

feasible to measure nanoscale critical dimensions with sub-nanometer sensitivity, required for advanced CD 

measurements based on electromagnetic parametric model. 
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