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ABSTRACT 

The road towards the next technology leap in EUV lithography is set. ASML and ZEISS have designed and started 

manufacturing the next generation EUV exposure tool. With a wafer side NA of 0.55, the High NA scanner system will 

support the further pattern node scaling roadmap by improving image contrast and therewith reduce LCDU and defect 

print rate on product wafer. 

As for all major steps in the lithography evolution, the whole infrastructure will develop further in order to support this 

next quantum leap in EUV technology, with the EUV photomask technologies and metrology tools representing an 

essential piece of the mosaic.  

The AIMS® EUV system represents a unique piece of the EUV mask infrastructure for the qualification of the mask 

printing performance in the aerial image. The AIMS® aerial image is by design targeted to match the scanner aerial image, 

as the tool is engineered to emulate all imaging relevant scanner properties, e.g., mask side NA, through slit chief-ray 
characteristics, aberration level, illumination schemes. For the emulation of the High NA scanner, ZEISS developed and 

started manufacturing an upgrade for the current existing 0.33NA AIMS® EUV platform. The same AIMS® EUV system 

is therefore capable of imaging 0.33NA isomorphic as well as 0.55NA anamorphic masks, providing the best-in-class 

performance for both imaging technologies and optimal match to scanner imaging. 

In this paper the first imaging results of the AIMS® EUV High NA tool are shown together with quantitative analysis of 

0.55NA anamorphic imaging properties. The challenges of providing two intrinsically diverse emulation types (0.33NA 

isomorphic and 0.55 anamorphic) in one single platform are described together with the solutions which were implemented 

and tested. 
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1. INTRODUCTION  

EUV Lithography is ramping [1]. On all sides of the production chain the global supply is enabling the key players to 

develop and setup production processes involving EUV lithography as crucial step. Over the last few years confidence has 

grown around EUV technology, thanks to the mastering of challenges associated to EUV source roadmap and scanner 

development by ASML and its partners. To support this technological leap and further drive node scaling requested by the 

semiconductor industry, the mask infrastructure also underwent significant developments within its ecosystem [2].  

ZEISS Semiconductor Mask Solutions is active part of the EUV mask infrastructure, delivering solutions enabling the 

production of the perfect mask for lithography. The EUV mask defect disposition and repair verification application are 

addressed with the aerial image metrology system for EUV masks, i.e., the AIMS® EUV. All AIMS® systems from ZEISS 

review all real and potential defective sites on the mask under scanner equivalent imaging conditions in order to review 
whether a defect will print on wafer or verify whether a repair was executed successfully. This evaluation is done directly 

on the aerial image, which is largely magnified with respect to the structure size on mask in order to be recorded by a 

camera detector. An important aspect for the imaging performance of the AIMS® EUV system is the aerial image matching 

with the scanner aerial image, i.e., the design of the tool is influenced by scanner design and aims at providing the best 

matching between the aerial images of the two systems throughout the process window. This unique feature of the AIMS® 

EUV system allows mask shops not only to fully and reliably address the defectivity review application, but also to use 

AIMS® imaging performance to further investigate the EUV mask complexity and bring new application and 

measurements techniques into engineering (process calibration) or production chain.   

Since the time the first AIMS® EUV Systems were brought into production at different customers [3], ZEISS further 

developed the system by introducing further applications which would enhance system value: 1. Pellicle upgrade to support 
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EUV handling and imaging of masks with and without pellicle [4]. 2. Stochastics measurement mode, a novel measurement 

mode emulating the stochastic impact of photon shot noise on wafer level in the aerial image [5, 6, 7]. 3. Phase Metrology, 

ZEISS fully digital solution for the characterization of EUV phase shift masks [8] and 4. Digital Flex Illu, another digital 

solution which allows the emulation of any illumination free for shape to enable source mask optimization verification in 

the measured aerial image and thus support OPC model creation and verification.  
There is one further upgrade which is currently developed for the AIMS® EUV system and will be the subject of this paper: 

High NA. The High NA upgrade for AIMS® EUV is based on the platform concept, in order to add further value to the 

system and limit development costs and fab space. Thus, the tool will provide full backward compatibility with 0.33NA 

imaging. In the following chapters we will focus on describing the challenges associated with developing a tool emulating 

0.33NA isomorphic and 0.55NA anamorphic on the same platform and will present first imaging results of anamorphic 

mask structures based on the current tool status. It must be noted that the presented results are not to be meant as a final 

representation of the AIMS® EUV High NA imaging performance, as the optical column currently available on the 

prototype systems for measurements does not cover the full light cone (illumination and projection angular range) as on 

the EXE scanner systems. 

 
Figure 1. Latest development of the AIMS® EUV product portfolio. The High NA upgrade will be delivered to the 

systems in the field in the first half of 2023. 

 

2. AIMS EUV HIGH NA UPGRADE: A SEQUENCE OF CHALLENGES 

All AIMS® systems deliver the aerial image of a photomask by ‘seeing what the scanner sees’, i.e., by illuminating the 

mask with an illumination scheme similar to the one used in the scanner and collecting the same diffraction orders being 

transmitted (DUV) or reflected (EUV) from the mask which then combine to form the aerial image on the wafer plane. In 

order to fulfill this requirement also for the High NA upgrade of the AIMS® EUV tool, two main topics needed to be 

developed: 1. Design, manufacturing, and integration of a new optics module, alongside with 2. The needed software, 

algorithmic and electronics. After the field upgrade, the tool is capable to support 0.33NA isomorphic and 0.55NA 

anamorphic review and metrology of EUV masks. 

Performance Item Specification 

Throughput – defects/hour > 51 

CD Reproducibility - nm < 0.25 (3, @wafer) 
 

 

Table 1. Specifications for AIMS® EUV High NA throughput and CD measurement reproducibility. Both items are 

specified for one specific use case, with CD being specified at wafer level to avoid 4X/8X magnification mismatch. 

Depending on feature type/size and illumination pupil, the performance specification may vary. 
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From a production and metrology perspective, the AIMS® EUV will be capable of supporting the further ramping of 

0.33NA EUV lithography together with the introduction of 0.55 NA. The system will be capable of outperforming the 

following key metrology relevant specifications: 

 

In order to deliver the requirements defined in close cooperation with mask shops, the following topics for development 

were identified and worked upon.  

1. Numerical aperture: a larger numerical aperture needs to be supported at mask level, both in the illuination and 

in the projection. A new EUV optics module has been designed, manufactured and developed in order to support 

the full lightcone needed for emulation of EXE systems, for both CRAO (Chief Ray Angle at Object, the 6 degrees 
for 0.33NA will be reduced to ~5.3 degrees at 0.55NA) and CRAA (Chief Ray Angle Azimuth), for emulation of 

through slit mask 3D effect. 

2. Magnification: AIMS® EUV is a microscope, the magnification of the projection optics does not match the de-

magnification on the scanner. In High NA anamorphic imaging mode, the 4X-8X scanner de-magnification will 

be emulated via algorithm during image processing. A significant challenge defined by the 4X-8X de-

magnification concerns the wafer defocus. On a 4X isomorphic system, wafer defocus is equivalent to 1/16 

(magnification squared) mask defocus; thus, a simple shift of the mask in the system is enough to emulate wafer 

defocus. For an anamorphic system, mask and wafer defocus are no more equivalent and a technique must be 

developed in order to provide the process window assessment capability.  

3. Obscuration: the larger 0.55NA at wafer level will imply that a larger region in angle space has to be collected by 

the EUV mirrors in the projection optics of the EXE scanner, therefore increasing mirror’s size. By increasing the 

size however the incident angles on the mirrors will become larger than usable, incurring in a transmission loss 
at the larger angles which would impact wafer throughput. In order to bypass this issue ZEISS developed an 

obscured projection design, in order to bring the incident angles on the mirrors within useful range [9]. This 

obscuration will impact the imaging significantly, as for some specific structure pitches some diffraction orders 

reflected form the mask will be obscured therewith limiting image contrast [10]. AIMS® EUV needs to emulate 

this obscuration in order to achieve aerial image matching requirements.  

Illumination settings: the illumination and projection pupils at mask level will be elliptical, as opposite for 0.33NA circular 

pupils, and further work is needed to develop illumination apertures targeted at AIMS® EUV to provide best imaging 

performance. The solution will be described in Chapter 7. 

 

3. INCREASING THE NUMERICAL APERTURE 

With its High NA upgrade, AIMS® EUV will be offered as a platform capable to emulate NXE (isomorphic 0.33NA) and 

EXE (anamorphic 0.55NA) scanners. The AIMS® EUV optical train was already designed in the early phase to host a 

 

 

Figure 2. AIMS® EUV High NA project contents at a glance. New optics module and algorithmic & Software. Optical 
module images is blurred due to protection of critical intellectual property. 

Proc. of SPIE Vol. 12051  120510A-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 

 

larger NA, although back in the design phase (2010-2011) the exact NA of the 0.33 NA successor was not yet identified, 

nor was yet discussed the anamorphic demagnification concept. This pre-hosting of a larger NA along the optical path 

allowed a less invasive change in the optical column. Hence, the High NA upgrade can be built upon the current optical 

path and mirror manufacturing techniques. Together with increasing the used footprint of the mirrors and therefore 
adapting both manufacturing and qualification processes, space needs to be made along the light path in order to eliminate 

obscurations of the full angular spectrum of illumination and projection. The first High NA optics modules for the AIMS® 

EUV High NA upgrade are currently in production and expected to be integrated into the protype system for testing and 

performance verification within 2022 

One side effect of the larger NA at wafer level on the imaging is the contrast loss due to vector effects. To guarantee 

AIMS® EUV standards in the matching with scanner aerial image, polarization vector effects shall be compensated for, 

as AIMS® EUV light rays are to a first approximation parallel due to high magnification (NA~0 at wafer – camera level). 

The aerial image contrast loss happening on the scanner is not captured by a raw physical AIMS® EUV image: the image 

needs post processing, in which the contrast loss deriving from the larger wafer side NA is applied via algorithms with a 

proprietary scanner mode developed upon a variation of the DUV algorithm already in used on AIMS® 193nm platforms. 

In the following, a demonstration of the effect is provided for a dense field of 11nm (wafer level) contact holes imaged on 

the AIMS® EUV prototype in High NA configuration, i.e., including projection obscuration and proper illumination setting. 
Figure 4 shows the images along with the analysis flow: although the effect is not visible within the image at first glance, 

 
 

Figure 3. Schematic representation of the AIMS® EUV optical train. Being an imaging tool, a predefined mask field of 

8x8 microns if imaged onto a CCD without need for scanning the mask. 

 

 

Figure 4. Top: EUV aerial images of 11nm dense contact holes with (left, referred to as reference) and without (right, 

referred to as defect) emulation of polarization vector effects. Down: intensity profiles for the selected region of interest, 

along with measured intensities at the image coordinate X=0. The solid and dashed lines are extracted from the left 

image (without vector effects) and the right image (with vector effects), respectively.  
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it can be very well noticed by selecting a region of interest around three contacts and plotting the average intensity profile 

for three different focus positions (best focus, ±18nm wafer defocus).  

In the plot the dashed aerial images profiles include vector effects, and it is visible how these profiles provide a smaller 

image contrast. In this specific case, the image contrast was reduced by 8% and a ΔCD error defined as difference in CD 

w/ and w/o vector effects was measured to be as high as 2% at best focus and up to 3% in defocus. The emulation of 
polarization effects is necessary for the defect review application and accurate EUV mask metrology: if not considered 

properly, error on lithography relevant metrics may become critical. 

 

4. ISOMOPRHIC AND ANAMORPHIC IMAGING IN ONE TOOL 

The AIMS® EUV is a microscope, and therefore by design it is not meant, and it does not match the scanner 4x de-

magnification but magnifies the image of the mask structure more than 800 times onto a CCD camera. The different 

magnification factor between scanner and AIMS® is not per se an issue, neither for 0.33NA isomorphic nor for 0.55NA 

anamorphic imaging, and it is applied to the product aerial images via algorithms. The system hardware is designed for 

isomorphic magnification (same in X and Y direction): for this reason, the emulation of the 4x-8x anamorphic design of 
the EXE systems requires more complex algorithms than for 0.33NA. This has been implemented in the system software 

as shown in Figure 5.   

To correctly emulate the imaging process as on EXE system, the AIMS® EUV will provide elliptical shape illumination 

together with an elliptical NA at mask side to collect the same information needed to build the aerial image as happening 

on the scanner. Figure 5 shows the first demonstration of the 0.55NA anamorphic imaging on the ZEISS CAA (Calibration 

and Adjustment) mask: the imaged structure is an array of dense 11nm contacts, for which the actual size on the mask is a 

rectangle of 88x44 nm, also called an anamorphic contact array throughout this work. Figure 5 shows side by side the 

aerial images of this array at mask level (where the contacts become ellipses) as well as on wafer level, where the contacts 

have the expected circular shape.  

As the optic design has not been changed for the High NA upgrade, in order to guarantee full backward compatibility with 

0.33NA, the field size at mask is not altered if compared to 0.33NA imaging. This means that the 8x8 microns field of 

view at mask is also the mask field size for 0.55NA anamorphic imaging, which in turns halves the wafer side image 
compared with the 0.33NA use case.  

The real challenge from a metrology perspective for the AIMS® EUV High NA is represented by the process window 

requirement. As in the current 0.33NA version, and all AIMS® systems at all wavelengths, a key requirement is the 

capability to measure aerial image through focus and therefore determine process window in terms of dose and focus 

tolerances for a specific use case. The requirement is relatively simple to deliver for an isomorphic system targeting 

isomorphic imaging, it becomes rather complex when the same isomorphic optical system shall emulate an anamorphic 

imaging process. The challenge can be understood in terms of isomorphic depth of focus, i.e. ~/NA2. Given the elliptical 

shape of the NA at mask level, the depth of focus of features extending along the direction of larger mask side NA 0.55/4 

will be defocus earlier than features extending along the opposite direction, for which the mask side NA is even smaller 

than 0.33/4 of NXE systems. This effect needs to be correctly understood and modeled, and a solution for it implemented 

in a High NA upgrade. ZEISS solved this challenge by describing the wafer defocus as a set of isomorphic wavefront 

 
Figure 5. Mask and wafer view of the aerial image of an 11nm contact hole array. The insert top right shows the 

conversion of the same contact hole from mask to wafer coordinates. 
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aberrations: in order to emulate a user defined wafer defocus all the degrees of freedom available in the AIMS® EUV 

optical train can be used in order to emulate any user input wafer defocus value. For some specific use cases, this technique 

does not deliver the necessary accuracy in line with AIMS® imaging standards, therefore a further step will be applied 

during the post processing of the defocus aerial images to apply a so-called digital correction, based on the reconstruction 

of the mask spectrum.  

5. THE OBSCURATION 

As mentioned previously, the EXE scanner system will host an obscuration in the projection optics to better manage 

footprint and increase throughput. Several simulation studies, e.g. [8, 10], already addressed the impact of such an 
obscuration on the imaging, in particular the application dependent contrast loss: for some specific structure pitches, the 

ones for which specific diffraction order will fall into the obscured portion of the light cone, the contrast in the aerial image 

will be significantly impacted, for which the engineering of other means for increasing contrast and therefore throughput 

may be looked into (such as absorber, source mask optimizations, etc.). 

Targeting the scanner aerial image for all possible use cases, the AIMS® EUV shall emulate the scanner obscuration: in 

fact, the system implements the obscuration mechanically within the projection optics. From a design perspective, it is 

fundamental to know the exact shape of this obscuration as this influences the contrast in the aerial image when the 

diffraction orders are obscured (see e.g. the semi-dense pitches in the Figure below). The AIMS® EUV system has the 

advantage of knowing the exact shape and properties of the obscuration feature as it is designed and manufactured by the 

same team ZEISS, a key enabler of EUV Lithography and optics supplier for all ASML scanner systems. AIMS® EUV is 

also capable of measuring with and without obscuration, and therefore the imaging impact can be evaluated and compared 

to simulation, in order to verify the learning and modeling being done in preparation and towards the introduction of High 
NA EUV.  

Several aerial images of anamorphic structures on the ZEISS CAA EUV mask with and without defects were measured 

with and without obscuration, in order to evaluate the impact of such obscuration on the aerial image and defect CD. The 

images and quantitative results are presented in Figure 7 and Figure 8. All aerial images in this experiment have been 

measured on the AIMS® EUV prototype in High NA imaging mode with ready for production elliptical illumination and 

projection pupils: a medium dipole Y and a quasar pupil have been chosen for the spaces and contact holes use cases 

respectively (sketch design shown in the inserts of Figure 8). Analysis of defect CD error and imaging metrics such as 

intensity profiles, aerial image contrast and NILS confirm simulations trends, confirming the importance of a correct 

emulation of POB obscuration for the emulation of the EXE scanner imaging. A quantitative match is however currently 

out of scope, due to the fact that the optical column currently available on the prototype does not cover the full light cone 

as on EXE scanner. 

 

Figure 6. Demonstration of isomorphic and anamorphic wafer defocus on ZEISS CAA mask for anamorphic features 

(CDY=2 x CDX) in best focus and out of focus 
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Figure 7 shows the same defect on a 10 nm 1:3 horizontal space images with and without obscuration. The semi dense 

pitch was chosen on purpose to demonstrate the largest impact of the obscuration amongst available measured use cases. 

The intensity profiles of the reference image (w/ obscuration) and defect image (w/o obscuration) are also shown for 

neighboring spaces.  

The feature contrast of the obscured image is significantly smaller than the non-obscured one (difference between solid 
and dashed lines). For extracting CD measurement, the CD vs. threshold curve is also shown at the bottom right for 

completeness. At the defined threshold, the measured CD through focus differ quite significantly, up to 50% in defocus 

when anchoring CD on best focus for the correctly obscured use case. Obviously, these deviations are seen both on the 

defect feature as well as the neighboring lines with similar CD differences between the two imaging cases. For 

completeness, Figure 8 reports the CD difference in percentage measured between obscured and non-obscured images for 

10nm horizontal spaces (same as Figure 7) along with 11nm dense contact holes, in which the CD difference is muss less 

pronounced due to the smaller duty cycle.  

 
Figure 7. Aerial images of the same programmed defect and neighboring lines with (referred to as reference) and without 

obscuration (referred to as defect). At the bottom, the intensity profiles and CD vs. threshold plots of the ROI are shown 

together with intercept values (dashed lines are without obscuration). All images are taken from the AIMS® EUV 

evaluation software, showing the readiness of the metrology as well as of the application.  

 

 
Figure 8. CD difference measured between obscured and non-obscured pupils for two use cases at different focus planes 

(see text for details): BF indicates best focus, the focus step between adjacent planes was set to 11nm on wafer.  
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The AIMS® EUV calibration mask also contains different features with dense CD bias and pitch variations. These variety 

of available structures allows to measure Mask error enhancement factor (MEEF) and CD through pitch for different use 

cases, some of which are reported in Figure 9. MEEF (Aerial image CD vs. design CD) was measured for 10nm dense (1:1 

duty cycle) horizontal lines, with CD anchored at 10 nm with no bias for the imaging without obscuration: the same trend 

can be observed for both imaging use cases, where the CD offset is due to the different image contrast also reported in 

Figure 7. The right panel of Figure 9 is somewhat more interesting showing the CD measured through pitch, where the 

threshold is selected on the dense pitch and then kept constant all across other features. The same physical feature on the 

mask is imaged for each x coordinate in the plot, one time w/ and one time w/o the obscuration in the projection optics. It 
becomes visible from this plot how the semi-dense pitches are very sensitive to this obscuration: in the measured use case 

of 18nm horizontal lines and spaces CD deviations can reach 25%, values that can be well compared to previous simulation 

works [10]. This comparison of AIMS® EUV measurements to simulations further proves the readiness of AIMS® EUV 

at emulating all properties of EXE scanner imaging. An even better matching can be expected once the new High NA 

optics module will be integrated into the AIMS® EUV prototype system.  

 

6. THE FINE ART OF AIMS® EUV ILLUMINATION 

With the commercialization of the EUV scanner systems NXE:3400 and later models, ASML and ZEISS developed the 

free-form illumination functionality via the introduction of further degrees of freedom in the facetted mirror system. This 

module forms the pupil of the scanner illuminator and allows to simultaneously optimize the source shape (illumination 

setting) and the mask (Source Mask Optimization, SMO) to increase contrast, and therefore wafer throughput. The AIMS® 

EUV mask review system was designed at the early stage of EUV lithography, when only the designs for NXE:3100 and 

NXE:3300 were known. In order to contain complexity, the SMO functionality for the illuminator was set aside and 

replaced by a more immediate and cost-effective mechanical aperture stop concept. Basically, a top hat translation of the 

scanner pupil design is coded into a sigma aperture for the AIMS® EUV: this process is relatively straightforward for 

0.33/4 mask side NA circular pupils, it becomes however more complex for 0.55 wafer NA elliptical (0.55/4, 0.55/8 at 
mask) pupils. For High NA illumination apertures, ZEISS developed a more complex design principle than the top-hat 

translation of facetted pupil in order to meet imaging requirements that would be otherwise extremely challenging to 

achieve, making the calibration of review processes in the mask shop extremely challenging. In a nutshell, the illumination 

design must contain information over the whole optical path in order to compensate for any difference within the light 

cone between the AIMS® EUV and EXE scanner systems. Several sigma and NA elliptical apertures for 0.55NA 

anamorphic imaging have already been manufactured and qualified within the AIMS® EUV prototype tool and can be used 

for demonstrations to support the further understanding and development of High NA mask imaging. 

 

 

 
Figure 9. Left: aerial image CD vs. bias for 10 nm 1:1 horizontal lines and spaces measured with High NA medium 

dipole Y. Displayed in the insert is the schematic EXE illumination pupils in POB exit pupil coordinates (AIMS® EUV 
pupils are elliptical). Right: CD through pitch of 18 nm 1:1 horizontal lines and spaces measured with the same 

illumination scheme.  
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The physical aperture concept serves well for emulating standard illumination settings, which are also defined by ASML 

for the scanner qualification. As already mentioned, however, in order to push contrast and throughput improvement on 
wafer, SMO illumination schemes are becoming the most prominent form of illumination settings in EUV Lithography. 

Until recently, the realization of complex SMO schemes in AIMS® EUV could only be realized by coding a scanner SMO 

pupil into an imaging-based optimized mechanical aperture. Such SMO binary apertures come however with some 

drawbacks, such as lead time and associated costs. 

In order to support the EUV scanner roadmap, ZEISS developed a digital solution for emulating all free form illumination 

settings on AIMS® EUV. Digital Flex Illu (also see Figure 1) is a fully digital solution which provides SMO functionality 

to the AIMS® EUV system by combining an adaptation of the already built-in system metrology with a powerful algorithm 

and most importantly, without changing the machine hardware. Digital Flex Illu for 0.33NA is an available solution already 

in production on AIMS® EUV field systems. As the free form illumination functionality will be available from the early 

generations of the EXE Systems, a Digital Flex Illu solution for High NA will also be developed for and implemented on 

the AIMS® EUV in order to fully cover all possible use cases available on the scanner. The AIMS® EUV System roadmap 

is fully equipped to thoroughly support the NXE and EXE scanner systems evolution for the next decade. 

7. CONCLUSIONS 

The AIMS® EUV High-NA aerial image mask review matches the high-NA scanner through focus imaging including 

anamorphicity, obscuration, and polarization effects. It is based on the existing platform to guarantee forward and 

backwards compatibility. The upgrade of the current 0.33NA system is ready and only waiting for the final integration 

steps of the newly developed optics module: the complete metrology, adjustments and calibration sequences, as well as 

the full system control software is already implemented on the Prototype system (still with low NA optics) and can be 

demonstrated to customers and industry partners. 

The concepts specifically developed for the High NA upgrade of the AIMS® EUV review system rely on ZEISS’ in-depth 

knowledge of the High-NA scanner optics, the excellent wavefront quality and wavefront control capability already offered 
by the current AIMS® EUV platform. The first High NA measurements with ad-hoc designed illumination settings 

performed on prototype with current low NA optics module confirm the optical performance, in line with simulated trends. 

A full agreement cannot be expected since the optical column currently available does not cover the full light cone as on 

EXE scanner.  

AIMS® EUV high NA upgrade will be ready and operational at customers within H1/2023. The field upgrade will involve 

optical module swap and software upgrade. With this upgrade, ZEISS contributed once more to close another gap in the 

EUV ecosystem towards the introduction of the EXE Systems, a good time ahead of scanner platform availability. 

 

Figure 10. The illumination challenge for AIMS® EUV High NA. Elliptical pupils and illumination aperture design, 

with comparison between 0.33NA and 0.55NA. 
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