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Aerial imaging technology for photomask
qualification: from a microscope to a metrology tool

Abstract: Photomasks carry the structured information
of the chip designs printed with lithography scanners
onto wafers. These structures, for the most modern tech-
nologies, are enlarged by a factor of 4 with respect to
the final circuit design, and 20-60 of these photomasks
are needed for the production of a single completed
chip used, for example, in computers or cell phones.
Lately, designs have been reported to be on the drawing
board with close to 100 of these layers. Each of these
photomasks will be reproduced onto the wafer several
hundred times and typically 5000-50 000 wafers will
be produced with each of them. Hence, the photomasks
need to be absolutely defect-free to avoid any fatal elec-
trical shortcut in the design or drastic performance deg-
radation. One well-known method in the semiconductor
industry is to analyze the aerial image of the photomask
in a dedicated tool referred to as Aerial Imaging Meas-
urement System, which emulates the behavior of the
respective lithography scanner used for the imaging of
the mask. High-end lithography scanners use light with
a wavelength of 193 nm and high numerical apertures
(NAs) of 1.35 utilizing a water film between the last
lens and the resist to be illuminated (immersion scan-
ners). Complex illumination shapes enable the imaging
of structures well below the wavelength used. Future
lithography scanners will work at a wavelength of 13.5
nm [extreme ultraviolet (EUV)] and require the optical
system to work with mirrors in vacuum instead of the clas-
sical lenses used in current systems. The exact behavior
of these systems is emulated by the Aerial Image Meas-
urement System (AIMS™; a Trademark of Carl Zeiss).
With these systems, any position of the photomask can
be imaged under the same illumination condition used
by the scanners, and hence, a prediction of the printing
behavior of any structure can be derived. This system
is used by mask manufacturers in their process flow to
review critical defects or verify defect repair success. In
this paper, we give a short introduction into the lithog-
raphy roadmap driving the development cycles of the
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AIMS systems focusing primarily on the complexity of
the structures to be reviewed. Second, we describe the
basic principle of the AIMS technology and how it is
used. The last section is dedicated to the development of
the latest generation of the AIMS for EUV, which is cofi-
nanced by several semiconductor companies in order to
close a major gap in the mask manufacturing infrastruc-
ture and the challenges to be met.
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1 Introduction

The semiconductor industry is a consensus-driven
industry regarding the technologies used, when they
are required and what specifications need to be met.
This long-term forecast, over a period of 10-15 years,
is reviewed every year with a major release cycles of
2 years — the so-called ITRS roadmap [1]. A major element
in this roadmap are technology decision points about
when a certain technology will have to be production
ready and which technical specifications need to be ful-
filled by that date. It also displays the current readiness
of the industry marked by a color code [manufacturable
solutions are known (yellow)/not known (red)] as seen in
Figure 1.

Defects are an inherent part of the manufacturing
process for high-end photomasks. Sources of defects vary
from particle inclusions in the resist or cleaning liquids,
debris coming from the process chamber, or embedded
defects in the base material — the mask blank. Any defect
that is larger in size than about one fourth of the smallest
open structure could potentially destroy the performance
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Year of production 2011 2012 2013 2014 2015 2016 2017 2018
DRAM 1/2 pitch [nm] 36 32 28 25 23 20 18 16
DRAM /Flash CD control (3 sigma) [nm] 3,7 3,3 2,9 2,6 2,3 2,1 1,9 1,7
Substrate defect size [nm] 37 35 34 32 30 29 27 26
Blank defect size [nm] 29 25 23 20 18 16 14 13

Figure1 Extraction of the ITRS Roadmap 2011 of the structure sizes on EUV photomasks for a given technology node (e.g., given as DRAM
half pitch size in [nm]) and the required defect size to be identified, repaired, and reviewed for repair success.

of the chip and therefore has to be corrected. Figure
2 shows an example of such a defect on an extreme ultra-
violet (EUV) mask, which must be found and repaired as
well as the effect the defect has when the mask is printed
on an EUV scanner [2, 3]. Defects for the 193-nm photo-
masks are usually an excess or lack of absorber material.
For EUV masks, in addition to these surface shape devia-
tions (also called absorber defects) are defects embedded
in the mirror multilayer material (multilayer defects). Any
particle of the same size in the open areas would have
a similar effect. These particles could, for instance, be
created or deposited by transportation or handling of the
mask.

For the 193-nm photomasks, the pattern can be very
complicated to compensate for subresolution image arti-
facts, which are already accounted for in the mask design.
The mask pattern design is enhanced by nonprinting
structures, so-called OPC features (optical proximity cor-
rection), which are needed to obtain the resolution of the
intended structures. For even more complex patterns, the
mask layout and the illumination aperture of the scanner
(source) are optimized simultaneously [source mask opti-
mization (SMO)]. As a result, complex scanner illumina-
tors (SMO illumination), together with complex mask
designs, are needed to print a certain pattern on the wafer.

SEM

NXE:3100

Figure 2 Example of defects in an EUV photomask pattern for
the 32-nm node. Images are from Ref. [2]. The top row shows the
defects as imaged by an SEM on the photomask; the bottom row
shows the image of the photomask defect as printed in resist with
an NXE:3100 EUV scanner.

Figure 3 shows from left to right the illuminator optimized
for the mask pattern needed to create the desired structure
on the wafer. The last two pictures show that the aerial
image as seen by the AIMS tool is identical to the wafer
image in resist.

As photomasks have to be defect-free, repair is a
standard process step in mask fabrication. Mask repair
is performed, for example, using the e-beam-based mask
repair tool MeRiT® [4]. In the MeRiT®, an electron beam
column is combined with a gas injection system. Depend-
ing on the gases used, the e-beam triggers a chemical reac-
tion, and the material can be either etched or deposited on
the nanometer scale.

The criterion for a successful repair is that the defect
will not print on the wafer. In principle, this can be veri-
fied by doing a test wafer print using the repaired mask
and comparing the wafer print of the repaired feature to
a nonrepaired feature. In real life, such a procedure has
severe limitations, both economically and practically.
Mask shops are operated separately from wafer fabs and
have no access to scanners and a complete wafer process-
ing line. This infrastructure requires high investments,
which cannot be justified for mask repair verification
only. This motivation led to the development of the AIMS
system by the early 1990s [5].
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Figure 3 SMO illumination of a contact hole structure. From left to
right (A) the illuminator optimized for (B) the mask pattern needed
to create (C) the desired structure printed on the wafer. (D) The
aerial image as seen by the AIMS tool.
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2 Principle of AIMS: from a
microscope to a metrology tool

2.1 Basic AIMS setup

The fundamental idea behind the AIMS system is to
emulate the scanner imaging on the wafer by a special
microscope. Figure 4 shows a schematic comparison
of a scanner to an AIMS system. A scanner illuminates
the mask using a certain wavelength and illumination
aperture. In state-of-the-art scanners, the image field is
defined by a slit with a typical size of 150 mmx10 mm.
The mask is scanned along the slit, and all light dif-
fracted by the mask features is collected by the NA of the
objective lens. The scanner lens demagnifies and images
the mask features on the wafer. The large image field of
150 mmx10 mm, combined with a high NA of 1.35, leads
to large and very complex scanner imaging lenses. The
AIMS system, on the contrary, has a small field of view,
typically 10 umx10 um at mask level. This small field is
just big enough to capture the whole defect or repaired
defect on the mask.

The location of a defect is detected by a mask inspec-
tion system. These systems scan the entire mask with
high-resolution optics to locate defects. As an output, a
defect coordinate list is created where the location of a
defect is known with an accuracy of 1 um. This coordinate
list is used as input for the AIMS system, which moves
automatically to the location of the defect. The defect is
illuminated by the AIMS (Figure 4) with the same wave-
length and illumination apertures the scanner uses. The
imaging lens of the AIMS has the same NA on the mask
side as the scanner. Consequently, in the AIMS, the light,
which is diffracted by the mask, is collected in exactly the
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same way as on the scanner. The difference is that in the
case of the AIMS, the image is magnified by the imaging
lens on a CCD camera and not reduced to the wafer as in
the scanner. All essential parameters that determine the
aerial image, such as wavelength, illumination type, and
NA of the imaging lens, are identical to the scanner. All
optical effects leading to the formation of the aerial image,
including diffraction, the optical properties of the mask
material, and the collection by the NA of the scanner, are
detected by the CCD camera of the AIMS in the same way
as on the scanner. The CCD camera of the AIMS sees the
aerial image just as the wafer sees it. Thus, by compar-
ing the aerial image of a defect or a repair to a nondefec-
tive and nonrepaired location of the same features on the
mask, the success of a repair can be verified [6-9]. The
advantage is that no scanner and no wafer prints are nec-
essary. This process flow is also shown in Figure 5.
During the wafer processing, the resist properties
and behavior also contribute to the final wafer printing.
These resist effects are naturally not captured by the AIMS
image. However, several studies have been performed
showing that the AIMS measurements have an excel-
lent correlation to the wafer prints and predict the wafer
printing results accurately (see, for example, [10, 11]). By
combining the AIMS aerial image with a subsequent resist
simulation, the correlation to the wafer prints can further
be improved [12, 13]. With the introduction of the immer-
sion scanners, the so-called vector effects and polariza-
tion effects became more dominant in scanner printing.
Consequently, these generations of AIMS tools have
been equipped with polarizers. Additionally, a special
measurement mode for the AIMS, the so-called “scanner
mode”, has been introduced to the AIMS tools. The use of
the scanner mode allows emulation of the aerial image in
the resist taking the vector effects into account. A detailed
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Figure 4 Schematic comparison of the optical setup of a scanner (left) to an AIMS system (right).



292 — A. Garetto et al.: Aerial imaging technology for photomask qualification

Printability test by Detailed analysis by
AIMS™ technology high resolution e-beam

b - Al -

Check of repaired
defects by AIMS™

T T

Defective mask
coordinate list with
defects

E-beam mask repair

© 2012 THOSS Media & DE GRUYTER

Repaired mask

- BN i >

Figure 5 AIMS™ measurements in the mask repair process.

description and analyses of the scanner mode can be
found in [11].

Optical lithography has always been driven by shrink-
ing the feature sizes. In the scanner development, this has
led to scanners with smaller wavelengths going from 365
nm to 248 nm to 193 nm, increasing NAs, and the introduc-
tion of immersion lithography as well as SMO techniques.
The next step is the introduction of EUV lithography. The
AIMS technology and tool development must always be
synchronized with the scanner roadmap. This leads to
an evolution of the AIMS systems [14-18] from a modified
manually operated microscope in 1994 to a fully auto-
matic metrology tool as shown in Figure 6. The first AIMS
system was introduced into the market under the brand
name microlithography simulation microscope (MSM) in
1994. It was based on a modified DUV microscope working
with 248 nm. The operation was purely manual, and the
operator had access to the back aperture plane where the
different illumination apertures were inserted manually.
With advanced lithography nodes, the AIMS technology
became a standard technology in photomask fabrication.
The AIMS™ fab system introduced in 2000 was the first

1994:
MSM 100 (i-line + 248)

2000: First fully automated
system AIMS ™fab (248)

ol b
2002: Introduction
AIMS™ fab 193

Figure 6 Evolution of the AIMS technology over 16 years.

2006: Emulation of immersion
scanners

AIMS™ 45 - 193i

automated AIMS system designed for use in a production
environment. Although from the basic idea the AIMS™ is
a microscope setup, the AIMS systems have totally differ-
ent requirements, which must be considered in the design.

First, the optical performance of an AIMS must be
similar to a scanner. Second, the AIMS verifies if a repair
on the mask was successful or not by measuring the rela-
tive change in the critical dimension (CD) of the aerial
image [19, 20]. The CD measured at a given threshold of
the aerial image of the repaired defect is compared to a
nondefective and nonrepaired reference feature (see
Figure 7). Therefore, aside from the optical parameters,
the CD repeatability has become an important parameter
of current AIMS generations. Tool stability as well as long-
term repeatability has become more and more important.
Since the market introduction of the first AIMS in 1994,
the AIMS technology has evolved from a “special” micro-
scope to a highly sophisticated metrology tool as repre-
sented by the latest AIMS generation, the AIMS™ 32-193i.
In the next paragraphs, the main requirements and chal-
lenges for an AIMS system are discussed using the latest
AIMS generation.

2009: Extension of 193 Lithography
(SMO and double patterning)

AIMS™ 32 - 193i
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Figure 7 Atypical AIMS™ analysis. The aerial images of the defect and the reference feature are shown in the lower right. Visually, a
difference is hard to see. In the AIMS™ analysis, both images are overlaid (upper left), the intensity profiles are plotted (upper right, dotted
line: defect), and the difference in the CD at a function of the aerial image intensity is calculated (lower left). In this example, the CD
difference is 5.1% relative to the reference at a normalized aerial image intensity of 0.25.

2.2 General system overview

A schematic overview of the AIMS™ 32-193i is shown in
Figure 8. The system consists of a precise interferometer-
controlled stage carrying the mask to move the defect
into the center of the field of view. An excimer laser is
used as the light source. The illumination unit consists
of a beam homogenizer, an illumination system, and a
condenser lens. The objective lens, together with post-
magnifying optics, generates the aerial image on the CCD
camera. In order to maintain stable measurement condi-
tions ensuring long-term CD stability and repeatability,
the whole optical system is kept under constant tempera-
ture by an environmental control system. Additionally,
the system is acoustically isolated, and the mask is kept
under constant airflow ensuring that no particle contam-
ination occurs.

2.3 AIMS illumination unit

The coherent laser beam generating a 193-nm light
requires a special homogenizer, which has been

developed for AIMS. As the AIMS magnifies the image on
a CCD camera, the etendue is extremely small. This is a
significant difference to optical scanners, which have a
large etendue due to the large fields (mm range compared
to 10 um in the AIMS). Technologies for beam homogeni-
zation used in scanners, therefore, cannot be applied to
AIMS systems, and special beam homogenization tech-
nologies had to be developed for the small etendue of the
AIMS systems.

After the homogenizer unit, the beam enters the illu-
mination system where the illumination aperture can be
changed according to the user requirements. The illumi-
nation shapes used in state-of-the-art scanners vary from
classical configurations like on-axis illumination, dipole,
disar, etc. to more sophisticated SMO illumination types
with variable shapes and transmissions (Figure 9). About
100-200 classical illuminators can be selected by the user.
The selection runs fully automatic and is adapted to the
specific requirements of the customer. The user can define
a dedicated measurement recipe, which then automati-
cally selects the required aperture. The SMO-type illumi-
nator can be generated in the AIMS™ 32-193i by using
a special device called “free form illumination”. These
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Figure 8 The AIMS™ 32-193i principal setup.

devices are fabricated according to the user requirements
and generate a specific illumination shape where also the
transmission in the aperture can be varied. For each SMO
type, a specific “free form device” has to be manufactured.

With the introduction of the 193-nm immersion, the
use of polarized illumination has also been introduced
into scanners. The AIMS™ 32-193i is equipped with polar-
izers, which enable the use of tangential or linear polar-
ized light for illumination identical to those in a scanner
[21].

2.4 Imaging optics

The NA of the imaging optics has to be equivalent to that
used in the scanner. For the current immersion scanners,
the highest supported NA is 1.35 at wafer; this corresponds
to an NA of 0.3375 at the mask level for the objective lens.
One main difference from the scanner is the magnification

on a CCD camera and the small field of view of the AIMS.
Scanner lenses are large in diameter as they have to
support a large field of view and a high NA. The AIMS,
instead, has a very small field of view. Therefore, the lens
diameters are small, and the size is similar to the objective
lenses in microscopy. The image quality of an AIMS has
to be similar to a scanner. This requires the development
of special lens mounting and manufacturing technologies
specifically for small lens diameters used in the AIMS. The
AIMS™ 32-193i uses the newly developed LITO™ grade
optics, which gives the highest imaging performance.

3 AIMS™ EUV: next generation
design

To overcome the resolution limit of 193 nm, the industry
has decided to use 13.5 nm (EUV) as the new wavelength

Disar

Circular

g-pole

SMO (shape and
transmission vary)

Figure 9 Examples of different illumination apertures supported by the AIMS™ 32-193i.
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for lithography. This switch to EUV technology, more than
with any other previous transition, requires a change in the
industry’s infrastructure [22]. What makes this transition
particularly challenging, in addition to the need for a new
illumination source, is that no materials are optically trans-
parent at 13.5 nm. Therefore, the refractive optics of previ-
ous generations must be replaced with reflective optics, and
the entire metrology process must occur under vacuum.

Because the application of the AIMS system requires
the metrology of the photomask features under scanner-
like conditions, the design of an AIMS™ EUV system
approaches that of an EUV scanner in complexity [23, 24].
The 13.5-nm wavelength photons can no longer be pro-
duced by a laser alone and require a discharge-produced
plasma (DPP) or laser-produced plasma (LPP) that uti-
lizes Sn, Xe, or Li as a source. The source power is a major
challenge for scanner systems that require a specific dose
to clear photoresist and maintain a throughput consist-
ent with high-volume manufacture (HVM). Another
concern is debris created by the source, which degrades
components and causes an increase in the cost of owner-
ship as these components must frequently be replaced.
While debris creation is also a concern with the AIMS™
EUYV, the source power is not an issue as the only require-
ment is to produce an aerial image of a very small surface
segment of the photomask features. On the other hand,
source brightness (source power in a small light cone)
needs to be high enough for high measurement through-
put and accuracy.

To achieve a high reflectivity of the optics at 13.5 nm,
a multilayer (ML) mirror system utilizing Bragg reflection
to produce constructive interference is employed for each
mirror. The basic design for an EUV ML mirror consists
of alternating layers of Si and Mo. The uppermost layer
is coated with a protective capping layer. The structural
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design including the bilayer thickness and y ratio must
be optimized in order to ensure maximum reflectivity at
the desired wavelength. Over 40 bilayer pairs are required
to reach reflectivity values close to the theoretical limit
of 70%. The most advanced optics processes to date are
required in order to achieve suitable surface figure quality
with mid spatial frequency range (MSFR) values below
0.10 nm (Figure 10).

Figure 11 shows the design of the optical path for the
AIMS™ EUV. The photons are produced at the source
and collected by the first mirror at the collector module
(IL1) after which they pass through the intermediate focus
module. The illumination is defined by the sigma before
hitting mirrors 2 (IL2) and 3 (IL3) after which the radia-
tion is focused onto the photomask (not shown), and the
illumination of the mask is completed. After the reflection
of the photomask, the NA is defined, and the light contin-
ues along the optical path of the remaining three mirrors
(M1-M3), which focus the image onto a CCD for imaging.

Another complexity of the AIMS™ EUV over previ-
ous generations is the prerequisite for the entire system
to be held under vacuum so that the EUV photons can
traverse the entire optical path without being absorbed
by molecules present in an atmospheric environment.
Additionally, EUV photons interacting with ML surfaces
induce secondary electrons (SE) which in turn interact
with water or hydrocarbon (HC) molecules adsorbed to
the mirror surface. These SEs provide the energy required
to break the molecular bonds and result in the formation
of oxides or carbon contamination on the surface. An
increase in the natural oxide layer thickness or accumula-
tion of carbon deposition leads to an unacceptable loss in
reflectance. A vacuum environment is therefore required
both to allow EUV photons to traverse the optical path as
well as to prevent the accumulation of contamination on

Figure 10 A graph showing the trend of obtainable MSFR for EUV optics for tool generations over time. The AIMS™ EUV utilizes the most
advanced processes to reach the current scanner quality. The image on the right displays the rough shape of three of the AIMS™ EUV

mirrors.
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Figure 11 Sketch of the optical path design for the AIMS™ EUV
consisting of a total of six mirrors, three at the illuminator side and
three at the magnification side.

the surface of the reflective optics, which leads to a reflec-
tance loss.

4 AIMS™ EUV application: EUV
photomasks and defects

The EUV mask is a ML mirror on a substrate conceptually
similar to those comprising the optical system but with
an extra absorber layer deposited on the surface (Figure
12). The absorber layer is patterned and removed in spe-
cific areas according to a design in order to generate the
desired aerial image under specific illumination settings
that will be imaged on the photoresist.

Absorber defects
by patterning/deposition

Multi-layer defects
by multi-layer or mask
substrate defects

© 2012 THOSS Media & DE GRUYTER

The increased complexity of the EUV photomask has
given rise to several new defect types. Both refractive masks
and EUV masks are susceptible to absorber defects, which
are flaws or damage to the patterned absorber layer. These
defects can be clear defects where the absorber material is
missing or opaque defects in the form of excess absorber
material remaining in unwanted areas. The EUV masks
alone have a new class of ML defects, which arise during
the ML deposition process or are present on the substrate
itself before the ML deposition [25]. The ML defects mostly
originate from the boundary of the substrate surface and the
ML. They can be generally classified as bump or pit defects
and act as small lenses, themselves, with their own focus-
ing properties, which lead to a reduced local intensity of the
aerial image at the defect and the effect of one defocus direc-
tion becoming sharper. Bump defects cause a distortion in
the wave front that diverges slightly toward the projection
lens and is therefore sharper at a negative defocus position
[26] (when the focal plane is above the reflective surface) and
nearly disappears at a positive defocus position. Pit defects
on the other hand produce a slightly converging wave front
and become sharper at positive defocus positions (when the
focal plane is below the reflective surface).

While the 193-nm AIMS tools have been used for
several years in production, the AIMS™ EUV tool is still
under construction [27-29]. The final design of the tool has
been completed, and the assembly of the first prototype is
on its way. Owing to the importance of this tool in the man-
ufacturing flow, the development program is prefinanced
by the EUV Mask Infrastructure Consortium, a collabora-
tion of leading semiconductor manufacturing companies.
The prototype will be ready for measurements in August
2014, and the commercial tools will follow shortly after.

Absorber

Capping layer

Multi-layer

Blank substrate

Figure12 Cross-section diagram of an EUV photomask depicting the two major classifications of the absorber defects and ML defects.
The ML defects consist of blank substrate defects propagating through the ML as well as those defects induced during the ML deposition

process.
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5 Summary

The concept of emulating a scanner, first introduced in
1994, by measuring the aerial image has become a de
facto industry standard in mask making industry. The
AIMS technology has been expanded over the years to
always emulate the latest upcoming scanner generations.
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The AIMS tools are metrology tools working with a high
degree of automation in the mask shop. The development
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