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ABSTRACT OF DISSERTATION

TABLE-TOP, FULL-FIELD, ACTINIC MICROSCOPE FOR EXTREME

ULTRAVIOLET LITHOGRAPHY MASK CHARACTERIZATION

The development of increasingly smaller, faster, and more complex electronic devices
that significantly impact everyday life is driven by the ability of printing smaller and
smaller components onto semiconductor chips. The number of transistors printed onto an
integrated circuit has increased from about one thousand in the 1970 to over a billon in
recent years. This exponential growth has been possible thanks to great advances in
microlithography processing, and is expected to continue with the implementation of
Extreme Ultraviolet Lithography (EUVL) for the printing of the next generation of
semiconductor chips.

Although EUVL is conceptually similar to conventional lithography in that a
mask is projected onto the wafer with a set demagnification, the unique characteristics of
extreme ultraviolet light have generated a myriad of technological challenges in the
development of this new lithographic technique, including the availability of bright
sources, photoresists, reflective optics, and metrology tools at these wavelengths.

Of these challenges, the need for microscopes capable of characterizing the

printability of absorber patterns on the reflective Mo/Si coated lithographic masks, has
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risen be to one of the highest priorities for chip manufacturers as they prepare to
implement EUVL at high-volume manufacturing.

Currently, only a very limited number of EUV microscopes for mask
characterization are available. And although these few synchrotron-based microscopes
have significantly contributed to the development of EUVL masks, their building-size
illumination source make them unsuited for mask characterization in an industrial setting.

This dissertation describes the development of the first compact, full-field
microscope for at-wavelength characterization of EUVL masks. This microscope
combines the output of a table-top 13.2 nm wavelength laser with state-of-the-art
diffractive optics to render high quality images of the patterns on EUVL masks with 55
nm spatial resolution and acquisition times of less than 90 seconds. From these images
we have demonstrated for the first time measurements of line-edge roughness and
normalized intensity line slope of an EUVL mask using a compact microscope. This is
significant because with this microscope that emulates the imaging conditions of a 4x-
demagnification stepper it is possible to evaluate the mask quality and printability
independently of photoresist response.

It is foreseeable that these microscopes will not only contribute to the
development of EUVL mask technology, but will also play a significant role in the path
for the realization of convenient stand-alone metrology systems for on-site evaluation of
EUVL masks.

Fernando Brizuela
Department of Electrical and Computer Engineering
Colorado State University

Fort Collins. CO 80523
Fall 2010
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CHAPTER 1: Extreme Ultraviolet Microscopy

1.1. Introduction

Extreme ultraviolet (EUV) microscopy has established itself as an important research tool
across a variety of fields in the physical and life sciences. EUV microscopes are similar
to their visible light-based counterparts, but instead of visible light (X ~ 500 nm) they
employ radiation in the soft x-ray (SXR) and EUV regions of the electromagnetic
spectrum (1 nm < X< 10 nm and 10 nm < A< 50 nm, respectively) for illumination (Fig.
1.1). By exploiting the linear dependence of spatial resolution with illumination
wavelength, these photon-based microscopes can render images of structures in the 10
nm range, almost two orders of magnitude smaller than the features observable with a

conventional compound microscope [1].
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Figure 1.1; Electromagnetic spectrum from infrared to hard x-rays. Radiation in the
region of extreme ultraviolet and soft x-ray is well suited for high resolution imaging
(figure from [1]).
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Figure 1.2: EUV images of a) magnetic domains and b) a yeast cell obtained using EUV
microscopes (images from [1]).

Extreme ultraviolet microscopes are currently used in a variety of research efforts
ranging from material science; for example in the study of magnetic materials or
chemical composition of cement, to biology, where high resolution images of cryo-fixed
cells allow the study of cell structures [2-10], These studies not only take advantage of
the improved spatial resolution imparted by these microscopes but also exploit the natural
contrast that arises from the absorption edges that materials present in this region of the
electromagnetic spectrum. In this way, for example, magnetic domains of a single
element in a multi-component system can be imaged at the nanometer scale [2]. Also, by
imaging at wavelengths between the carbon and oxygen absorption edges, images of
biological samples can be obtained with high contrast between water and proteins. If
these images are at different planes in the sample, a topographic image of cells can be

obtained in which the sub-cell structures can be observed [8, 10]. Figure 1.2 shows some



examples of images of materials and biological systems obtained with SXR/EUV
microscopes.

These examples illustrate how, by carefully selecting the wavelength of
illumination and the geometry of the optical system, these microscopes can be tailored to
address a diversity of scientific and technological problems. The next section presents
the different modalities of EUV imaging that are currently available and several examples

of imaging using different microscope systems.

1.2. EUV full-field microscopes

Extreme ultraviolet and soft x-ray microscopy are the natural extension of optical
microscopes towards higher spatial resolution. The development of high brightness
sources of EUV and soft x-ray light accompanied by an equally important development
in optics for this region of the electromagnetic spectrum has allowed great progress in the
field of optical imaging through a number of specialized microscopes.

Apart from improvement in spatial resolution, there is a second and equally
important reason for the development of EUV microscopes. In this region of the
electromagnetic spectrum, strong interactions exist between the photons and atoms,
providing a natural absorption contrast between different elements. A typical example of
this contrast mechanism is the one that exists between oxygen rich water and carbon rich

proteins at ~3 nm wavelength (Fig. 1.3).
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Figure 1.3: Absorption length as a function of wavelength for water and proteins. High
contrast between water and proteins can be obtained by imaging with wavelengths
between the O absorption edge (2.28 nm) and the C absorption edge (4.36 nm). (data
from wvm-cxro.lbl.gov).

By imaging at wavelengths between the oxygen K absorption edge at 2.28 nm and
the carbon K absorption edge at 4.37 nm, it is possible to maximize the contrast between
biological tissue and surrounding water. This region of the electromagnetic spectrum is
known as the “water window” and it is at these wavelengths that soft-x-ray microscopes
for biological imaging operate [1, 3, 8, 9].

As with visible light imaging, several EUV microscopy modalities exist, the most
common being scanning microscopy and full-field microscopy. Scanning EUV
microscopes generate images by recording the local transmission or reflection of a
sample pixel by pixel. In this geometry, the illumination light is focused onto a small

area of the sample which, along with the step size ofthe translation stages, determines the

resolution of the image. The light reflected or transmitted by the sample is collected



using a photodiode which records an intensity value for each position. A diagram of the

setup of'a scanning EUV microscope is shown in Fig. 1.4.
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Figure 1.4: Setup of a scanning EUV microscope. The sample is scanned across the
focused illumination and the transmitted intensities are recorded to form an image.
Full-field or aerial imaging microscopes use a lens to project a magnified version
of an object’s illuminated region onto the image plane. Their setup is similar to that of a
visible compound microscope. A lens, or a series of optical elements, is used to gather
the light onto the sample. The light transmitted through the sample is collected by an
objective that projects the image onto a detector. The setup of a typical full-field EUV
microscope is shown in Fig. 1.5. This type of EUV microscope was first developed at
The Deutsches Elektronen-Synchrotron (DESY) in Hamburg by Niemann, Rudolph,

Schmahl, and collaborators to image biological samples in the water window [11, 12].
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Figure 1.5: Setup of a full-field EUV microscope. A zone plate objective collects the
light transmitted through the sample and projects the image onto a CCD device.

Compared to scanning microscopes, full-field microscopes can record an entire
image in a shorter amount of time, with a resolution limited by the objective lens and
illumination conditions but not the translation stage.

As seen in both cases, the main components of any microscope are the
illumination source and the optics employed to manipulate the light. At EUV
wavelengths, the selection of the source is particularly important since a limited number

of sources exist with sufficient flux for imaging applications.



Figure 1.6: Soft x-ray images of Mo/Si test patterns obtained with a 12 nm micro zone
plate at 1.75 nm wavelength (707e¢V). The patterns have half-pitch values of (a) 20 nm,
(b) 15 nm, (¢) 12 nm, and (d) 10 nm. the lines are spaces can be clearly seen down to 12
nm half-pitch (figure and caption from [13]).

Synchrotrons are widely used and so far have produced the best results in terms of
spatial resolution. These sources have several characteristics that make them well suited
for imaging. They have high brightness and are tunable over a broad range of
wavelengths. Weilun Chao ef al. at the Advanced Light Source in Berkeley hold the
record for spatial resolution [13, 14]. They have achieved a spatial resolution of 12 nm
using 1.75 nm radiation in combination with state-of-the-art micro zone plates with outer
zones of 12 nm [13]. Figure 1.6 shows images of Mo/Si test patterns of different half-

pitch values obtained with this system where the 12 nm lines of Fig. 1.6(c) can be clearly

observed.



Figure 1.7: EUV image of a diatom using an HHG-based full-field microscope. The
image has a spatial resolution of 200 nm as measured from the features indicated by the
arrow (image from [15]).

The significant developments in EUV/SXR full-field microscopy using
synchrotron illumination have in the last few years been paralleled by the demonstration
of microscopes based on laboratory-size sources of EUV wavelength light. Table-top
EUV/SXR sources have the advantage of being orders of magnitude smaller while, in the
case of EUV lasers, offering comparable spectral brightness. These table-top sources
allow EUV/SXR microscopy to be implemented in-house rather than having to take
samples to synchrotron facilities. They are also less expensive. Laboratory-size
EUV/SXR sources that have been used for microscopy include plasma-based sources,
high harmonics and soft x-ray and EUV lasers [15-22].

Full-field imaging using High Harmonic Generation (HHG) was demonstrated in
an all-mirror setup with a spatial resolution of a few microns [16]. Also, using 13.6 nm

HHG in combination with multilayer coated mirrors and a 100 nm outer zone width zone
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plate objective, images of diatoms with a spatial resolution of 200 nm were obtained [15,
22] (Fig. 1.7). More recently, a higher spatial resolution was achieved by Kim et al. also
using an HHG source at ~13 nm [23]. In this case, grating structures with half-pitch
values down to 160 nm were observed and a spatial resolution of 130 nm was obtained by
analyzing the intensity transition along the imaged features.

Laser plasma-based incoherent EUV sources have also been successfully used in
full-field imaging systems. Trail ef al. achieved 0.5 pm resolution with a 14 nm source in
scanning mode using a Schwarzschild as the focusing optics [17]. A full-field
microscope based on a Schwarzschild condenser and a laser plasma x-ray source
operating at 20 nm wavelength achieved a spatial resolution of-0.2 pm [24].

Sub-100 nm resolution was also achieved in the water window (k= 2.3-4.4 nm),
where biological samples can be studied [18, 20]. In these experiments, the setup
consisted of a 100 Hz table-top regenerative debris-free droplet-target x-ray source
emitting at 3.37 nm in combination with a normal-incidence multilayer condenser and a
30 nm outer zone width zone plate. An image of a diatom obtained with this setup is
shown in Fig. 1.8.a. More recently, a record spatial resolution of 25 nm was achieved
using this incoherent EUV source and a novel compound zone plate [25]. An image of a
resolved 25 nm half-pitch gold grating obtained with this system is shown in Fig. 1.8.b.

The use of SXR and EUV lasers as illumination sources has also been explored.
An advantage of using lasers is that they produce highly directional and monochromatic
beams, significantly reducing exposure times. Lasers also emit light in short pulses,
which would allow for time-resolved imaging of fast reversible processes. The

difference between imaging with lasers compared to incoherent sources is that the
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coherence of the beam can degrade the quality of the image. However, in some lasers the

coherence can be adjusted and in others the degree of coherence is relatively low [26],

Figure 1.8: a) SXR image of a diatom obtained using a plasma source in combination
with multilayer coated mirrors and a 30 nm outermost zone width zone plate (from [3]).
SXR image of a 25 nm half-pitch gold grating obtained with a compound zone plate
objective (images from [25]).

The earliest imaging experiments with soft x-ray lasers were done in 1992 by two
different groups. A spatial resolution of 75 nm was reported by Da Silva ef al. using a
448 nm tantalum x-ray laser pumped by NOVA in combination with a multilayer
condenser mirror and a 45 nm outer zone width objective zone plate [19]. In the same
year, DiCicco et al. reported a spatial resolution of 0.7 pm using a soft x-ray laser
operating at 18.2 nm, an ellipsoidal mirror condenser, and a Schwarzschild objective in a
proofof principle experiment, not set up for high resolution [27].

More recently, Kishimoto et al. reported in 2003 that 200 nm resolution was
achieved with single shots from a 13.9 nm Ni-like Ag laser in combination with a

Schwarzschild condenser and a objective zone plate with a 100 nm outer zone width [21]

(Fig. 1.9). The images however were not of high quality.
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Figure 1.9: Zone structure of zone plate obtained with soft x-ray microscope (picture
and caption from [21]).

Reflection mode imaging allows for the study of surfaces and non-transmitting
samples. However, imaging with EUV light in this mode presents several difficulties.
The reflectivity of materials at small angles of incidence is very low [28]. As shown in
Fig. 1.10, only at angles above 70 degrees does the reflectivity become substantial, i.e.
greater than -30%. Also, the contrast between different materials is low. For this reason,
little progress has been made in terms of reflection mode imaging using EUV and soft x-
ray light. Nevertheless, over a decade ago a proof of principle experiment was done to
show that reflection mode imaging was possible using 18.2 nm radiation from an x-ray
laser [27]. The experiment was done with the laser beam at an incidence angle of 70
degrees with respect to normal to ensure sufficient reflectivity from the gold-patterned

sample.
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Figure 1.10: Reflectivity curves for gold (red) and silver (blue) surfaces as a function of
angle of incidence. Solid line: 47 nm wavelength; dash line: 13.5 nm wavelength (data
from www-cxro.lbl.gov).

At Colorado State University, several full-field microscopes have been
demonstrated using table-top EUV lasers developed in-house [29-32]. Using a very
compact microscope illuminated by an EUV laser emitting at 46.9 nm wavelength, a
near-wavelength resolution of 50 nm was achieved with single laser shot exposure in
transmission mode [29]. The same system has been demonstrated in reflection mode
with measured spatial resolution better than 200 nm [30]. Images obtained with the 46.9
nm wavelength microscope are presented in Fig. 1.11. Figure 1.11(a) shows an
entanglement of 50 nm wide carbon nanotubes on a 100 nm thick Si membrane imaged in
transmission mode using a single laser shot. In Fig. 1.11(b) a surface of a partially
processed semiconductor chip imaged in reflection mode is shown. The dense grating of
polysilicon lines silicon in the top region of the image has a half-pitch of 250 nm. The

bottom grating is made of 100 nm lines separated by 800 nm spaces.
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Figure 1.11: EUV images obtained with a 46.9 nm wavelength laser-based, full-field
microscope developed at Colorado State University, a) 50 nm wide carbon nanotubes on
a 100 nm thick Si membrane imaged in transmission mode and b) partially processed
semiconductor chip imaged in reflection mode.

Also at Colorado State University, a full-field transmission mode microscope was
demonstrated using an EUV laser emitting at either 13.2 nm or 13.9 nm [31]. Using this
system, a spatial resolution of 38 nm was obtained with exposure times of 20 seconds and
the laser operating at 5 Hz. An image of a fully resolved transmission grating of 50 nm
half-pitch is shown in Fig. 1.12.a. The image was obtained with an exposure time of 20
seconds. An EUV image of 38 nm half-pitch grating is shown in the insert of Fig. 1.12.b.
The measured 60% intensity modulation, shown in the figure, indicates that the lines are
fully resolved. This is the highest spatial resolution achieved using an EUV laser-based
microscope. These results have enabled the development of the microscope presented in
this dissertation. The implementation of this microscope in the challenging reflection

mode configuration and its application for the specific goal of at-wavelength

characterization of extreme ultraviolet lithography masks is covered in Chapters 3 and 4.
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Figure 1.12: EUV images obtained with a 13 nm laser-based, full-field, transmission
mode microscope developed at Colorado State University, a) 50 nm half pitch
transmission grating and b) intensity cross-section of a 38 nm half-pitch grating. The
high modulation indicates that the lines are fully resolved.

1.3. Optics for EUV/SXR microscopy

Besides the illumination source, the other main components of a full-field microscope are
the optics employed to illuminate the sample and form the image. There are several ways
in which light can be redirected to aid the image formation process: diffraction,
reflection, and refraction. The most commonly used methods in visible microscopes are
refraction and reflection. In the EUV and soft x-ray region of the electromagnetic
spectrum however, most materials show strong absorption, making it necessary to use
reflection or diffraction to successfully redirect the light. Furthermore, reflection of

simple substrates is only efficient at grazing incidence angles, a geometry that is not
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desirable since it introduces aberrations in the image. Diffractive optics and multilayer
coated reflective optics provide a good solution for beam manipulation in this region of

the electromagnetic spectrum.

Figure 1.13: Fresnel zone plate lens with plane wave illumination, showing only the
convergent D' order of diffraction. Sequential zones of radius r, are specified such that
the incremental path length of the focal point is nkH. Alternate zones are opaque in the
simple transmission zone plate (figure from [1]).

High resolution images in a full-field EUV microscope can be obtained using a
zone plate objective. A zone plate is a circular diffraction grating of alternating
transparent and opaque zones with a radial variation in pitch as shown in Fig. 1.13. This
unique geometry allows for a fraction of the light incident on the lens to focus into real
focal spots given by the different diffraction orders. Typically the  order is the one
employed for focusing and imaging. Relatively low diffraction efficiencies and strong
absorption at EUV wavelengths greatly limit the amount of light focused by the lens. If

completely absorptive opaque zones and completely transparent openings are considered,

the light impinging on the zone plate is distributed as follows; 50% is absorbed by the
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opaque zones; 25% is transmitted undiffracted through the lens in the 0°° order; 10% of
the light is focused into the P' order; 10% goes to the -P* order; and the remaining 5% is
distributed into the positive and negative higher orders. The amount of light transmitted
into each order is further reduced by any absorption of the supporting membrane of the
zone plate, which can be about 50% for typical 100 nm thick silicon nitride membranes at
13.2 nm wavelength.

The formulae that characterize a zone plate are summarized in Table 1.1. The
main parameters of a zone plate can be found by specifying the wavelength of the

illumination (X), the width of the outer most zone (Ar), and the number of zones (N).

A
radius of nth zone r2 = nAf+ __é___
n 4
diameter of zone plate D = 4N Ar
focal length f= DAr
numerical aperture NA =-
2Ar
depth of focus DOF=+ 1" =x1i"
2(na)2 A

Table 1.1: Focusing properties formulae for the first diffraction order of a Fresnel zone
plate. The properties of a zone plate are fully characterized given the diameter of the lens,
the width of'the outermost zone, and the wavelength of the illumination.

The microscope described in this thesis employs a zone plate condenser and a

specialized zone plate objective to obtain full-field images of the surface of EUVL

masks. The design and parameters of these optics will be covered in Chapter 3. The
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selection of the opties is critical in ensuring high photon throughput as well as for
minimizing aberrations and providing high spatial resolution. This selection also plays a
significant roll in the quality of the resulting images since the optics can modify the
spatial coherence properties of the imaging system. The relationship between spatial

resolution and illumination coherence will be discussed in the next section.

1.4. Spatial resolution with partially coherent illumination

The coherence properties of the illumination of a microscope have a pronounced effect
on the fidelity of the resulting magnified image. In an ideal case, a microscope would
reproduce an exact copy of the object in the image plane, modified only by the
magnification factor. One can think of a microscope as a transmission line in which
information is transferred from the object plane to the image plane in the form of spatial
frequencies. Limitations in physical elements, i.e. lenses, limit the frequencies that can
be transmitted, resulting in a blurring of the system. Also, the coherence of the
propagating light affects the way the light interacts in the image plane, creating changes
in the intensity distribution of the final image.

The formulation for imaging with partial coherence illumination was elaborated
by Hopkins [33] in 1952 and extensively discussed by J. Goodman [34] and Bom and
Wolf [35]. The theory proposes a solution to the propagation of light for image
formation that is a generalized case of the well known coherent and incoherent cases.

The theory derives the intensity distribution at the image plane as the propagation of the

19



mutual intensity at the object plane through an imaging system and is expressed in terms
of the coherence function in the object plane (i.e. coherence length of the illumination at
the object plane, /coh), the diffraction distribution function of the imaging system (i.e.
point spread function of the objective lens, PSFobj), and a function describing the
structure of the object.

For the limiting cases of coherent and incoherent illumination, analytical solutions
exist in which one finds that imaging is linear in amplitude and in intensity respectively.
However, in the general case where the illumination of the sample is partially coherent,
numerical methods must be employed to calculate the intensity in the image plane. A
computer program named SPLAT (Simulation and Projection Lens Aberrations via
TCCs) uses this generalized theory to calculate the image intensity pattern from the
Fourier transform of a transmission mask [36]. The inputs necessary to perform the
simulation are the illumination (in terms of the coherence parameter m and the
illumination wavelength), the characteristics of the sample (dimensions and transmission
of'the different features), and the numerical aperture of the objective lens.

Using this program, images of a simple pattern were simulated under different
coherence conditions as shown in Fig. 1.14. The object imaged is shown in Fig. 1.14.a.
It consists of a 250 nm transmissive square centered on a thin cross. The object was
imaged with 13.5 nm light and an objective numerical aperture of NA=0.28. The
resulting image for coherent illumination (m=0) is shown in Fig. 1.14.b while Fig. 1.14.C

corresponds to the incoherent case (m>1).
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object coherent image incoherent image

Figure 1.14: Simulated images using SPLAT: a) transmission object, b) coherent image
(m=0), and c) incoherent image (m=1).

The image of the coherent case shows diffraction and interference effects
affecting the uniformity of the intensity, especially in the large square. At the other end,
the incoherent image shows a more uniform intensity but a wider spread across the thin
lines. This example illustrates how the amount of spatial coherence affects the sharpness
ofthe features, or spatial resolution, of an image.

The spatial resolution of a microscope is the size of the smallest feature on a
sample which the system can clearly reproduce. This definition is fairly ambiguous
because it lacks a measure based on basic principles. Hence, several criteria are currently
used to characterize the performance of optical systems. Of these, the Rayleigh
resolution criterion is the most widely referenced throughout the literature.

The intensity distribution of the image of a small object is called the point spread
function (PSF). For the case of a point source, the PSF corresponds to an Airy pattern
that originates from the intersection of spherical waves with the image plane. According
to the Rayleigh resolution criterion, the mutually incoherent Airy patterns of two point
sources are just resolved when the first null of one overlaps the peak of the other (Fig.

1.15). When this occurs, the corresponding intensity distribution has a modulation of
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26.5%. In this case, the resolution limit is then given by the radius at which the first null

in the Airy pattern occurs:

/1
NA

(Eq. 1.1)
where NA is the numerical aperture of the objective, Xis the wavelength of the light, and
" is a dimensionless constant that depends on the coherence of the illumination and the
resolution test. This criterion assumes incoherent illumination of the object, for which &
takes the value of 0.61. As mentioned above, samples are generally illuminated by
partially coherent light. For this reason, a different measure must be used to determine

spatial resolution that relates to the Rayleigh criterion but is still valid when imaging with

partially coherent illumination.

Figure 1.15: Airy intensity patterns due to mutually incoherent, quasi-monochromatic
point sources at the image plane of a lens of numerical aperture NA. In (a), the two are
well separated and easily resolved. In (b), the two are just resolved by the Rayleigh
criterion, corresponding to a intensity modulation of 26.5%. (figure from [37]).

There are three common ways to define resolution for any case of coherence: two-

point resolution, knife-edge resolution and grating resolution [38]. All three are based in

the Rayleigh criterion for incoherent illumination and are expressed in terms of T/NA .
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The Two-point resolution is defined as the separation d, inT/NA, at which the
modulation of the image of two points is 26.5%. The Knife-edge resolution is taken as
the width of the 10% to 90% intensity transition, inT/NA , of an image of a sharp edge.
It relates to the Rayleigh criterion since for totally incoherent illumination the 10% to
90% transition occurs at k = 0.61 [38]. Finally, the Grating resolution is defined as the
period in T/NA ofthe smallest grating for which the modulation intensity is 26.5%. It is
also common to express the resolution as the half-pitch of the grating in which case the
value of £ must be taken as half of the value used for the period. Heck et al. [38] have
calculated the theoretical resolution as a function of coherence for the three tests
described above (Fig. 1.16).

For all three cases, the value of k reaches ~ 0.61 for coherence parameters larger
than 1 when the illumination can be considered completely incoherent. However, for
lower values of m there is significant difference in the value of £ obtained for the

different measurements.
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Figure 1.16: Theoretical resolution as a function of coherence, assuming
monochromatic illumination. For each case, the dashed and solid lines represent the
resolution with and without a central stop in the condenser zone plate, respectively. The
diamond and square represent the experimental knife-edge and two-point resolution
achieved with the XM-1 microscope at ALS (figure from [38]).

The effect of the parameter k& on the spatial resolution of the system can be seen
by taking intensity cross-sections along the edges of the simulated images of Fig. 1.14 as
shown in Fig. 1.17. The figure shows that although the image obtained under incoherent
illumination has better uniformity across the illuminated feature, the 10% to 90 %
transition is not as steep as for the coherent illumination case, indicating that the spatial
resolution is tower according to the stated criterion. This is in agreement with the plot of

Fig 1.16 that indicates that a knife-edge test provides a higher spatial resolution under

coherent illumination.
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Figure 1.17: Intensity cross section of a knife-edge obtained from Fig. 1.12 for the
extreme cases of coherent and incoherent illumination. As the illumination becomes
more coherent, the resolution increases if performing a knife-edge test.

Experimentally, the most accurate method for establishing the spatial resolution
of the system is using gratings of different periods. In this way, one can obtain not only
the value of the spatial resolution of the system but can also obtain the modulation
transfer function (MTF) of the system by plotting the maximum intensity modulation
values as a function of grating distance or its inverse, the spatial frequencies. Similar
measurements could be done using the two-point test; however, because of the small size
of the pinholes used, little flux passes through them, significantly reducing the signal-to-
noise ratio and compromising the quality of the data. Regarding knife-edge tests, knife
edges are simple to manufacture and image. However, as shown in Fig 1.14, strong
diffraction effects occur close to the edge when using coherent illumination, making the
determination of the 10% to 90% transition harder, especially when the illumination is

non-uniform or not very intense. Furthermore, the method does not provide information
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to build the MTF. The data presented in Chapter 4 of this dissertation was obtained using

a combination of the methods described in this section.

1.5. Determination of the partial coherence of the illumination

The amount of spatial coherence has a profound effect on the resolution of a microscope.
Therefore, the characterization of this parameter is of great importance. The spatial
coherence of an optical system can be evaluated using the Talbot effect.

The Talbot effect, discovered in the 1830s by H. F. Talbot, is a self-imaging
phenomenon in which, under coherent illumination, a periodic pattern produces replicas
of itself at known distances [39]. The distance between these 1:1 replicas, the Talbot

distance, is given by the period of the grating (p) and the wavelength of the illumination

(X) as:
t=2 "
¥ (Eq. 1.2)
At half the Talbot distance, the replica of the grating also appears, but shifted by
halfa period.

An example of'the Talbot effect is shown in Fig. 1.18, where Isoyan et al. used the
output of an EUV laser to print replicas 1:1 of a transmissive mask in a non-contact
fashion [40]. Fig. 1.18.ais an SEM image of a region of a transmission pattern consisting
of an array of 500 nm half pitch elbow structures. The period of the patterns on the mask
is 4.845 pm. The mask was illuminated with the 46.9 nm wavelength light of a coherent

EUV laser, resulting in a Talbot distance of 1 mm. The intensity distribution at the three
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first Talbot planes was recorded using PMMA. Figures 1.18.b through 1.18.c show the
resulting high resolution replicas of the mask after developing the PMMA as observed
using an atomic force microscope. If the illumination were partially coherent, these
replicas would degrade as Talbot planes further from the mask are considered. For

incoherent light, no replicas ofthe mask exist.

mmm
m

Figure 1.18: a) SEM image of a periodic transmission mask. 1-1 replicas of the mask
appear at different planes Talbot planes when illuminated with coherent light, b), c), and
d) are the resulting intensity distributions as recorded with PMMA and images with AFM
for the first three Talbot planes (from [40]).

The Talbot effect can be used to evaluate the spatial coherence of the imaging
system. This is achieved by taking a series of images of a periodic sample at different
focal distances. If the through-focus scan is selected such that several Talbot planes
around the sample are imaged, the modulation of the intensity in the images reveal the

coherence of the microscope. This can be better seen in the plot of Fig. 1.19. This plot
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shows through-focus modulation simulations of a 120 nm half-pitch grating imaged with
a 0.061 NA objective and 13.2 nm light with different coherence values varying from
completely incoherent to completely coherent. The Talbot distance for this grating is
~8.8 pm. The through-focus scan is +20 pm from the sample, thus including 2 Talbot

planes on each side of the mask.

Figure 1.19: Through-focus simulations of a 120 nm half-pitch grating imaged with a
0.061 NA objective and 13.2 nm wavelength light performed using SPLAT [41]. As the
coherence of the optical system increases (decrease in m), modulation of out-of-focus
maxima increases.

The simulation shows that, for a completely incoherent system (m=l), the
modulation of the grating has a maximum at the focal plane and decays to zero

modulation for out-of-focus planes. As the light becomes more coherent (m—»0), several

secondary modulation maxima appear in out of focus planes. For fully coherent
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illumination, the secondary maxima reach full modulation at all half-Talbot and full-
Talbot distances.

To obtain an m value for a microscope, measured through-focus data can be
compared to simulations performed using the SPLAT simulator in which the spatial
coherence can be varied. This approach was employed to measure the spatial coherence
parameter of the actinic EUV microscope described in this dissertation and is presented

in Chapter 4.

1.4. Scope of this Dissertation

In this dissertation, the development and characterization of a compact, full-field, actinic
(at-wavelength) microscope for characterization of extreme ultraviolet lithography
(EUVL) masks is described. = As will be discussed in the next chapter, the
characterization of EUVL masks remains one of the most pressing challenges for the
implementation of this new lithographic technique for the printing of the next generation
of semiconductor chips at high-volume manufacturing.

The unique aerial image microscope (AIM) presented in this dissertation
combines the output of a table-top EUV laser (A=13.2 nm) with a zone plate-based
optical system to mimic the imaging conditions of a 0.25 NA, 4x-demagnification EUVL
stepper. This compact microscope provides an excellent alternative to synchrotron-based
mask characterization tools since, due to its performance and smaller footprint, it can be

employed on site at mask shops and chip-printing facilities.
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The performance of this microscope, presented in Chapter 4, parallels that of the
best performing synchrotron based systems. Using this microscope, images of EUVL
masks with a spatial resolution of 55 nm can be obtained with exposure times as short as
5 seconds. Longer exposures of up to 90 seconds are used to perform critical
measurements on EUVL masks, such as the characterization of the quality ofthe patterns
located on the masks.

This dissertation is structured in the following manner. A brief introduction to
EUV lithography is presented in Chapter 2 along with different approaches for inspection
and characterization the EUVL masks. The design and development of the table-top,
full-field, actinic microscope at Colorado State University is covered in Chapter 3, with
the characterization of the system and examples of its capabilities presented in Chapter 4.
Finally, a summary of the work and a brief discussion on future work are presented in
Chapter 5. The work presented here has resulted in the publication of two peer-reviewed
articles and in numerous presentations at international conferences. This work builds on
the extensive work in the field of EUV microscopy carried out at CSU. A list of the
publications and conference proceedings that have resulted from our efforts in advancing

EUV microscopy are presented in Chapter 6.
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CHAPTER 2: Inspection tools for extreme ultraviolet lithographic masks

2.1. Introduction

Since the 1960s the semiconductor industry has grown into a more than $250 billon
market [42]. The products of this industry have found their way into virtually every
human activity, transforming the way we shop, travel, teach, and even spend our leisure
time. Common gadgets that people take for granted would not have been possible
without the ability to shrink transistors to the nanometer scale. Since 1965, when Gordon
Moore first noted that the number of transistors that could be inexpensively placed on an
integrated circuit was increasing exponentially, doubling approximately every two years,
the semiconductor industry has been pushing to keep this trend. Figure 2.1 shows a plot
of the number of transistors per chip for different processors over the last decades. The
trend follows Moore’s 1965 prediction.

The International Technology Roadmap for Semiconductors (ITRS), implemented
by a global consortium of chip manufacturers, equipment suppliers, academic
institutions, and government laboratories, annually sets short and long term goals to
ensure cost-effective advancements in the performance of integrated circuits and the
products that employ such devices [43]. The goals are set in terms of technological half-
pitch nodes, which indicate the size or critical dimension (CD) of features on a chip,

which translates to the number of transistors printed per unit area.
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transistors

Figure 2.1: Number of transistors per chip for different processors over the last several
decades. The trend follows Moore’s law, doubling the number of transistors every two
years (Figure from web.sfc.keio.ac.jp).

The dominant patterning process used by the semiconductor industry is Reduction
Optical Lithography (ROL), in which a reduced image of a mask or reticle is printed
directly onto a wafer. In this lithographic method, the minimum printable CD follows a
scaling law similar to that of spatial resolution of a microscope; CD =k?i/NA, being
directly proportional to the wavelength of the illumination, X and inversely proportional
to the numerical aperture, NA, of the printing system being employed; the proportionally
constant in this case includes the characteristics of the illumination, the chemistry of the
lithographic resist, the development thresholding, etc [43].

Different techniques have been used and are being developed to keep up with the

trend set by Moore’s law. Lithographic techniques have moved from visible light
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towards shorter wavelengths in the deep ultraviolet (deep UV) region of the
electromagnetic spectrum by using the 248 nm and 193 nm spectral lines of krypton
fluoride and argon fluoride excimer lasers, respectively, for illumination. By using
techniques to improve the numerical aperture of the printing systems, such as in
immersion lithography (NA>1.2), systems with CD values of less than 50 nm are
currently available [43].

All these advances in the optical systems have been accompanied by equally
important advances in lithographic photoresist, the medium onto which the patterns are
transferred. Nevertheless, to continue beyond the 22 half-pitch technological node, even
shorter printing wavelength than the ones currently used will be required.

Over the past decade there has been consensus to develop a lithographic process
employing extreme ultraviolet (EUV) light. The availability of highly reflective Mo/Si
multilayer-coated mirrors and the potential for generating sufficiently bright EUV
sources around 13.5 nm wavelength have set the parameters for EUV lithography
(EUVL) [44]. Ideally, during the life-time of a current lithographic technique, the next
generation would be developed and optimized to continue improving semiconductor
components. However, due to of the difficulty in the generation and control of EUV
light, the development of EUV lithography has extended beyond the initial estimations,
increasing the pressure for the current 193 nm technology to keep up with the roadmap to
achieve smaller printed features.

Meanwhile, great efforts are underway to improve the reliability and throughput
of EUVL to the point where high-volume manufacturing (HVM) will be feasible. The

current technology roadmap expects the 193 nm technology to extend beyond the year
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2013, producing integrated circuits at the 32 nm half-pitch node using double-patterning
and immersion lithography, and EUVL to start at the 22 half-pitch node in the year 2016
[43].

Although EUVL is conceptually similar to ROE techniques involving visible and
deep UV radiation, several of the technological aspects regarding EUVL have hindered
its development. Early in the development of EUVL, four key elements were identified
as technological challenges for the successful implementation of this technology for
manufacturing of semiconductors, namely: the development of a sufficiently bright and
reliable EUV source; the availability high resolution photoresists sensitive to EUV
radiation; production of high quality multilayer mirrors for the stepper’s reduction
system; and high quality, defect-free, EUVL masks..

Even though the first three key issues have been mostly resolved, the
development of practical tools aimed to study the quality of EUVL masks for HVM
remains one of the most critical problems. Several tools for mask inspection are being
developed by transferring technology from UV lithography, but the reflective-resonant
characteristics of EUVL masks present new challenges that must be met with new and
unique systems. The development of imaging systems that can truly assess the
printability of EUVL masks under EUV illumination has been ranked as the most
pressing issue for the viability of EUVL at the 2009 Symposium held in Prague by
SEMATECH, a leading consortium of semiconductor companies.

This chapter is structured as follows. First, a description of the tools employed to

print wafers with extreme ultraviolet lithography is given. This is followed by a
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description of EUVL masks and the different defects that can affect them. Finally, the

current techniques for evaluating these defects using EUV light are analyzed.

2.2. Extreme ultraviolet lithography steppers

Although EUVL is conceptually similar to ROE involving visible and deep UV radiation,
the optical system employed in the printing steppers must be based on reflective optics
due to the strong absorption of 13.5 nm light in most materials.

Figure 2.2 shows the setup of an all reflective stepper for EUVL comprised of 6
Mo/Si multilayer coated mirrors. The light from an EUV source is collected by a set of
mirrors in the illuminator. At this stage the light is filtered and, if needed, debris
mitigation is added. The light illuminates the Mo/Si multilayer coated EUVL mask at
near-normal incidence. The reflected light is then collected by a projection system that
produces a demagnified image of the mask pattern on a photoresist-coated wafer. The
number of mirrors in the projection system is optimized to increase the theoretical
throughput of the system.

The theoretical throughput is given by the product of the transmittance of the
optics and the efendue, defined as the product of the illuminated area of the wafer and the

solid angle of the imaging cone:

etendue = Area X sr (Eq. 2.1)
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Initial “a-tool” steppers have been designed with a 0.25 numerical aperture on the
wafer side and a 4x-demagnification printing. Although initial designs were based on 4-
mirror projectors, current setups use a 6-mirror system which provides a 3-fold increase

in theoretical throughput due to the larger efendue, despite the loss of transmissivity [45].

Figure 2.2: Schematic representation of an EUV lithographic stepper. A set of 6 Mo/Si
multilayer coated mirrors image the mask onto a wafer with a reduction factor of 4x

(from [46]).

The optical design determines the total throughput of the stepper which in turn
dictates the illumination source requirements. The operational requirements of the
stepper in terms of printing speed and lifetime of the optics also impose source
requirements. These requirements, as evaluated at the 2009 International Workshop on

EUV Lithography, are summarized in Table 2.1.
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Today, the main manufacturers of light sources for EUVL are slowly reaching the
requirements of in-band power. Using lower power systems, companies such ASML
have successfully employed their alpha steppers to print critical layers, such as contact

holes on electrically functional devices [47]. Nevertheless, the development of defect-

free masks and mask blanks remains a critical roadblock for the extension of EUVL to

HVM.

wavelength

in-band EUV power

repetition rate

integrated energy stability

source cleanliness

etendue of source output

max. solid angle input to illuminator

DUVAJV (130-400 nm) spectral
purity

IR/VIS (>400 nm) spectral purity

Table 2.1.

13.5 nm
115W @ 5SmJ/cm2 - 180 W 10 mJ/cm2
>7-10 kHz

+0.3%, 30 over 50 pulses

10% reflectivity degradation after 30.000 light-
on hours

3.3 mm” sr

0.03 -0.2 sr

<1% at wafer

<10-100% at wafer

Source requirements for EUVL steppers (table from Dr. Vivek Bakshi’s

presentation at the 2009 International Workshop on EUV Lithography [48]).
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2.3. Types of defects on EUVL masks

Extreme ultraviolet lithographic masks consist ofa 6 x 6 i low thermal expansion glass
substrate onto which a Mo/Si multilayer coating is deposited. The multilayer structure is
optimized to have maximum reflectivity at 13.5 nm wavelength, providing a theoretical
maximum reflectivity of approximately 70%. The pattern to be printed is deposited on
top of the multilayer structure using an absorbing material, generally a metal such as
chromium.

The defects encountered in EUVL masks can be grouped in two categories:
absorption or amplitude defects, and phase defects (Fig. 2.3.a and Fig. 2.3.b respectively).
Absorption defects arise from particles located on the surface of the mask that reduce the
local intensity of the reflected light, thus printing as a defect on the wafer. This type of
defects includes particles on the surface or inclusions in the top layer of the coating.
Techniques have been developed to remove debris from the mask without causing
damage to the structures [49]. They may also arise from imperfections in the absorber
pattern written on the mask as schematically shown in the top region of Fig. 2.3.c.

The second category, phase defects, is comprised of defects in the Mo/Si
multilayer structure arising from buried particles or pits in the substrate. As the
multilayer is deposited onto the substrate, it conforms over the particles and pits,
changing the structure of the multilayer and affecting the phase of the reflected light [50].

Either type of detect can potentially be transferred onto the printed wafer,
rendering the components defective. As shown in Fig. 2.3c, the location of these defects

with respect to the absorption pattern on the mask is critical. Both types of defects can,
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for example, create bridges between exposed lines or disrupt the continuity of a line,
affecting the performance of the final device. Figure 2.4 shows an example of a pattern
that prints incorrectly because of a defect in the vicinity of the pattern structure. Because
of this, great effort has been made in decreasing the number of defects introduced in
EUVL masks during production and handling. Currently, the number of defects present
on finished masks is -0.3 defects/cm” or equivalently, 70 defects per mask. The goal for
masks for high-volume-manufacturing is -0.003 defects/cm” or less than 1 defect per
mask, although current research shows that more defects might be acceptable if they are

not printable.

b)

mask side view
mask top view

Figure 2.3: Schematic representation of a) amplitude or absorption defects and b) phase
defects, c) The position of the defects relative to patterns on the mask is critical.

To reach this stringent limit on number of defects on EUVL masks, new tools are
needed to inspect the masks and review their printability. The nature of the phase defects

require these tools to operate at the same wavelength used for wafer printing. Tools that
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operate at the printing wavelength, -13.5 nm, are often referred to as ‘actinic’, a term
that was coined from early photography were it was used to distinguish light that would
expose a film from light that would not.

In the next section, the different options for EUV mask metrology are explored,

with emphasis on the characteristics of each tool.

Figure 2.4: a) SEM image of a defect on a pattern of an EUVL mask, b) SEM of the
printed wafer produced by the mask, in which the effect of the defect is seen (images
from [51]).

2.4. Metrology tools for extreme ultraviolet lithographic masks

As mentioned in the previous section, the availability of reliable metrology tools for EUV
masks is currently one of the main concerns for the successful implementation of EUV
lithography at high-volume-manufacturing. Tools for EUVL mask inspection can be

divided in three categories:
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- Mask blank inspection tools: capable of scanning a mask before pattern deposition in

search of defects on or under the Mo/Si multilayer coating.

- Aerial image microscopes (AIM): capable of acquiring images of regions of interest

on a patterned mask to evaluate defect and feature printability.

- Patterned mask inspection tools: capable of scanning a patterned mask in search of

defects and pattern errors.

Although some of these tools can potentially operate at wavelengths outside the
bandwidth of Mo/Si multilayers and some companies are successfully developing them
using deep-UV sources, the consensus is to have these tools operate around 13.5 nm to
better evaluate phase defects and proper printability of patterned features. Figure 2.5
shows the calculated light penetration intensity into an ideal EUV multilayer coating
centered at a wavelength of 13.5 nm for the two wavelengths currently used in optical
lithography, 248 nm and 193 nm, and for the printing wavelength, k=13.4 nm [52]. The
multilayer consists of forty 6.94 nm periods of Mo/Si bi-layers with a Mo to Si ratio of »
=0.394. The EUV light penetrates deeply into the multilayer structure producing a
standing wave due the resonant characteristics of the multilayer stack. On the other hand,
the other wavelengths, 488 nm and 266 nm, rapidly decay within the first tens of
nanometers of the structure.

Each actinic inspection tool has different requirements regarding illumination

source, illumination brightness, system throughput, imaging area, etc. Because these
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requirements are less demanding than those needed by EUVL steppers, especially
regarding the illumination brightness, different sources with lower cost of ownership can
be used.

The main requirement in mask inspection systems is the illumination source’s
average brightness given in terms of average power divided by the efendue of the system
and generally expressed as W/(mm” sr). The brightness specifications for each type of
mask inspection system, as evaluated at the 2009 International Workshop on EUV
Lithography organized by EUV Litho, Inc. in Hawaii, are presented from the perspective

of'the tools suppliers and the masks suppliers in Table 2.2 and Table 2.3 respectively.

Figure 2.5: Calculated light penetration intensity into an ideal EUV multilayer coating
for three different wavelengths at normal incidence. The coating period d = 6.940 nm,
and r = 0.394 (figure from [52]).
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Tool / Supplier Zeiss Selete KLA Tencor

Actinic Blank 50 W/(mm" sr) 14 W/(mm" sr)
Inspection After foil Before foil
100 W/(mm" sr)

AM After foil

300-2500
W/(mm” sr)
Before foil

Actinic Patterned
mask Inspection

Table 2.2: Tool suppliers requirements for source brightness (table from Debbie

Gustafson’s presentation for Energetiq at the 2009 International Workshop on EUV
Lithography [48]).

Tool Source brightness

Actinic Blank

AN
Inspection =300 W/(mm?" sr)

AIM >200 W/(mm” sr)

Actinic Patterned

A
mask Inspection >2000 W/(mm” sr)

Table 2.3: Mask suppliers requirements for brightness of mask inspection tools (table
from Dr. Vivek Bakshi’s presentation at the 2009 International Workshop on EUV
Lithography [48]).
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To date, a limited number of actinic mask blank inspection tools and aerial image
measurement systems are available for EUV masks metrology. Furthermore, these
systems generally rely on using synchrotron radiation for illumination, limiting the access
of mask suppliers to valuable inspection tools. In the next sections the current status of

these tools, with emphasis on AIM, is presented.

2.4.1 Scanning mask inspection microscopes

Standard inspection tools for transmission mask blanks used in today’s chip
manufacturing scan the mask with visible-UV laser light in order to detect the scattered
light from imbedded defects in the quartz substrate that, during the printing process,
would induce intensity changes on the photoresist, resulting in printing errors. This
methodology has been adapted to inspect the reflective EUVL masks, with the Japanese
corporation Lasertec leading the way with two inspection tools operating at 488 nm and
266 nm wavelength [52-55]. These tools, developed in coordination with SEMATECH,
can inspect a 6 x 6 inch square EUVL mask in approximately one hour with a detection
sensitivity of 30 nm.

The main concern with these non-EUV inspection techniques is the uncertainty in
determining the rate at which false positives and false negatives appear in commercial
masks [56]. A false negative occurs when the inspection tool is not sensitive enough to
all printable EUV defects. If this occurs and the mask is sent to production, the defects
could appear in the printed wafers resulting in costly production losses. On the other

hand, false positives, where masks are discarded due to wrongly classified anomalies
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which would not print at EUV wavelengths, are also highly undesirable due to the high

cost of mask production.

specular reflection

illumination bright-field
scattering
dark-field
EUVL mask

Figure 2.6: Defects on a mask are located by monitoring the specular reflection and/or
the light scattered from defects.

Actinic scanning inspection tools operate in a similar manner as their non-EUV or
non-actinic counterparts. Light of a wavelength that falls within the reflectivity
bandwidth of Mo/Si multilayers is focused onto the surface of a mask at an angle close to
normal. As shown in Fig. 2.6, this produces two different signals that can be monitored
to search for defects on the mask.

The specular reflection or ‘bright-field’ is generally monitored to detect amplitude
or absorption defects due to particles or contamination on the surface of the multilayer.
The detection is achieved straightforwardly by collecting the reflected beam with a
photodiode detector large enough to capture the entire cone of reflected light. On the

other hand, the ‘dark-field’ is monitored to detect phase defects. As the incoming light
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interacts with a defect on the EUVL mask, the amount of scattered light increases. By
collecting the light outside of the specular reflection, in the ‘dark-field’, the changes in
scattered light can be measured and the defects located. Because the light scatters in all
directions, selecting a detector with a sufficiently high numerical aperture that also avoids
the specular reflection is crucial [52].

The first actinic scanning microscope was developed at the Advanced Light
Source (ALS) synchrotron in Berkeley, California in 1998 [50, 57-59]. This scanning
microscope, which operates around "=13.4 nm, could simultaneously measure the dark-
field and bright-field signals, detecting defects in the 100 nm range.

In 2003, Tezuka and collaborators introduced a new concept for dark-field
microscopy. They developed a microscope based on a Schwarzschild objective to
produce a magnified image of the light scattered off a mask [60-62]. This system was
illuminated using a laser-produced plasma (LPP) source operating at 10 Hz and
producing 8 ns pulses of 380 mJ energy at 13.5 nm wavelength. The instrument
produced large field-of-view dark-field images in which the scattered light from
programmed defects appears as a bright pixel or group of pixels on the detector. With
this system, all of the programmed phase defects in the mask, down to 70 nm in width
and 2 nm in height, could be detected with a statistical estimate of less than one false
defect.

While progress was being made in Japan with the dark-field imaging tool, a new
scanning microscope for bright-field and dark-field detection at 13.5 nm wavelength was
built at the Advanced Light Source in Berkeley, California, USA [56]. This tool, together

with the one in Japan, was used to perform cross-comparison measurements of a
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programmed defect mask [54]. In this test, both EUV microscopes were compared to the
Lasertec non-EUV inspection instruments using a single programmed defect EUVL mask
with a range of buried bump-type defects. The main conclusions drawn from this study
were that, although the non-actinic tools had high sensitivity to large defects and could
scan the mask at a much faster rate than the EUV microscopes, the sensitivity to smaller
defects was poor. On the other hand, the EUV tools were able to detect all of the
programmed defects but at a lower scan rate. At this point, it is still debatable which
technique will be employed for commercial mask inspection, but the benefits of having
actinic tools, though slow in scanning, has been demonstrated.

Although these actinic scanning microscopes have shown great potential for
locating irregularities on EUVL masks, there are still open questions regarding the impact
of'these defects in the printing process. By simply recording the reflected intensity or the
scattered light, no insight is gained regarding the printability of the defects. One way to
overcome this is to use a prototype printer to evaluate the mask after inspection. This
approach is particularly useful if the printer simulates the operation conditions expected
tor a commercial EUVL stepper. The down side of this approach is that it is extremely
time-consuming since a wafer must be printed, processed, and finally scanned using a
technique such as atomic force microscopy or scanning electron microscopy.
Furthermore, decoupling the effects of the EUV-sensitive photoresist from the
performance of the mask is not trivial, specially considering that at this point the resists
are still under development.

To overcome these issues, a different tool is needed for pattern and defect

characterization. Aerial Image Microscopes (AIM), or actinic full-field reflection
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microscopes can directly obtain images of selected regions of the EUVL mask where

defects have been identified. These tools are reviewed in the next section.

2.4,2 Aerial image microscopes

Full-field actinic microscopes or aerial image microscopes (AIM) are currently needed
for the realization of high-volume-manufacturing EUV lithography. The need for these
actinic microscopes for defect and pattern printability evaluation was observed early on
by both leading groups in Japan and the United States, which started developing them in
parallel with the actinic scanning inspection tools.

In Japan, a full-field microscope was developed using a set of mirrors in a
Schwarzschild configuration. The Schwarzschild was used simultaneously as condenser
and objective [63-69]. In this microscope, as shown in Fig. 2.7, light from the
NewSUBARU storage ring is focused by the Schwarzschild onto the sample. The
reflected light is collected by the same optics and, using a beam splitter designed for 13.4
nm wavelength light, the image is projected onto a CCD detector. Using this system,
gratings with 300 nm half-pitch were successfully resolved and programmed phase
defects smaller than 100 nm were clearly observed.

At the Advanced Light Source, a full-field actinic microscope was incorporated to
the scanning microscope, resulting in a dual mode imaging system. Using the same
instrument, an EUVL mask can be scanned in bright-field or dark-field to locate defects
that can then be imaged with a high resolution full-field microscope [49, 56, 70, 71]. The

setup of this microscope is shown in Fig. 2.8.

48



N~*SUB”
\ SR

X-ray zooming tube

lllumination optics Turning mirror (10X-200X)

Schwarzschild optics
(30X NAO0.3)

X-Y-Z stage

Figure 2.7: Full-field actinic microscope at NewSUBARU. A Schwarzschild is used
simultaneously as condenser and objective to obtain aerial images of EUVL masks,

(figure from [69]).

A unique characteristic of this full-field microscope is that it is designed to
emulate the illumination and imaging conditions of an EUVL stepper. The main
advantages of the microscope and the design parameters were described by Barty in 2002
[70]. According to Barty, by mimicking an EUVL stepper the printability of multilayer
and pattern defects could be evaluated; success after a defect repair process could be
assessed; the effects of illumination and numerical aperture on the printed image could be
studied; and by characterizing defects and defect printability, a lithography process
window could be established. To emulate a stepper, the NA of the projection system
facing the mask in the stepper must be matched by the NA of the microscope’s objective.

The first generation production tools have a numerical aperture of 0.25 NA with a
demagnification of 4x, although more recently numerical apertures as high as 0.30 and
demagnifications of 5x are also being considered. Since 0.25 NA corresponds to the

wafer side, from the mask’s perspective the optical system sees a numerical aperture of
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0.0625 NA in a 4x-demagnification stepper. Thus, an actinic microscope designed to

mimic the stepper should have an objective lens with a numerical aperture close to

0.0625.
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Figure 2.8: SEMATECH-Berkeley full-field actinic microscope design. This
microscope uses a Schwarzschild condenser to focus the light onto the mask. An off-axis
zone plate is used as the objective. The insert shows the path of the light through the zone
plate design. A 45 degree Mo/Si multilayer coated mirror is used to project the image
onto the CCD camera, (figure from [71]).

The full-field microscope developed at the ALS was designed according to these
considerations [71]. The condenser is the same Schwarzschild used to focus the light in

scanning mode. The objective is a specially designed off-axis zone plate with 0.0625 NA
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and a focal distance of 1 mm. The microscope produces magnified images of the mask

that render information on the printability ofpatterns and defects.

b)

Figure 2.9: EUV images ofa) 175 nm half-pitch elbow pattern, and b) 225 nm half pitch
elbow pattern obtained with the AIT at Berkeley. EUV images of ¢) 500 nm half-pitch
elbow pattern, and d) 300 nm half-pitch elbow pattern obtained with the EUVM at
NewSUBARU (Images a) and b), and c¢) and d) from [69, 71] respectively).

Both the AES and the NewSUBARU full-field microscopes have been
instrumental in the development of EUVL. As shown in Fig. 2.9, they can readily obtain
images of patterned EUVL masks and asses the printability of patterns and defects. The

microscope at NewSUBARU can obtain images with exposures of approximately two

minutes with a spatial resolution of less that 200 nm. The AIT at AES uses exposure
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times of a few seconds for pattern location and of 90 seconds for high quality images.
This microscope has a spatial resolution better than 80 nm and produces images with
sufficient quality for pattern characterization.

One of the main limitations of these tools is that they employ light from large
synchrotron facilities which limits their accessibility to the industrial community. The
implementation of actinic full-field microscopes that can be used for on-site EUVL mask
inspection and development in an industrial setting requires the availability of compact
light sources that provide sufficient flux near 13.5 nm wavelength. The next chapter
describes the details of the development of an actinic full-field microscope for AIM
imaging of EUVL masks using a tabletop EUV laser. The results obtained with this

'

system are reviewed in Chapter 4.

2.5 Pattern characterization from EUV images

One of the main functions of the table-top actinic AIM microscope is to characterize the
printability of mask patterns before the masks go into chip production. Errors in the
absorption layer of the mask or high roughness of the Mo/Si multilayer coating can
greatly affect the printability of lines, rendering the printed chip non-functional [72, 73].
One way of analyzing the pattern printability is to evaluate parameters such as
normalized image log-slope (NILS) and line-edge roughness (LER) from images of the
mask, such as those obtained from a microscope described in this dissertation. These
parameters can also be obtained from mask patterns printed using an EUVL stepper.

However, in this case the results are a convolution of'the mask and the resist responses.
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Normalized image log-slope (NILS), measured as the derivative of the
logarithmic of the image’s intensity, assesses the steepness of the intensity slope along
the imaged features:

aini

NILS = (2.2)
dx

where 11is the intensity of the image and x is the direction perpendicular to the feature’s
edge.

Line edge roughness (LER) is a statistical measure of the variation in position of
the edge of a feature along the features’ extent. When the LER, measured as three times
the standard deviation of the position, is below 10% of the CD value for the specific line,
the features, and consequently the mask, are considered acceptable. Both parameters are
related and are inversely proportional.

LER = 3Xa. (2.3)

By analyzing these values on an aerial image, the quality of the pattern on the
surface of the mask can be determined independently of the response of the photoresist
on the printed wafer which generally degrades these values.

The values obtained for NILS and LER on a mask depend on the coherence of the
illumination of the microscope and on the focus or defocus of the features being
analyzed. The effects on these parameters were analyzed experimentally and extensively
through simulations by P. Naulleau [72, 73], The interaction of partially coherent light
with the roughness of the multilayer structure determines the level of speckle present in
the image, which in turn dictates the contrast in the features. This effect can be seen in
Fig. 2.10 where LER measurements were obtained from simulated 90 nm half-pitch

grating images assuming an ideal 0.1 NA stepper [72], As shown in the figure, the effect
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of the spatial coherence is minimal at best focus and becomes apparent as out-of-focus

images are considered.
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Figure 2.10: Simulated LER measurements on a 90 nm half-pitch grating assuming an
ideal 0.1 NA stepper (image from [72]).

The determination of these parameters aids in the development of new designs for
mask patterning, crucial for the extension of EUVL to smaller feature printing
capabilities. The EUV microscope presented in this dissertation was used to evaluate

these parameters on an EUVL mask. This analysis is presented in Chapter.
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CHAPTER 3: Actinic table-top microscope for EUVL mask characterization

3.1. Introduction

In this chapter, the realization of the first laser-based, table-top, actinic aerial
microscope for EUVL mask inspection is presented. This microscope has been enabled
by the development of table-top EUV lasers at Colorado State University and optics by
the Center for X-Ray Optics at Berkeley through the NSF Engineering Research Center
for Extreme Ultraviolet Science and Technology.

The developments presented in this chapter have resulted in the publication of two
articles in peer-reviewed journals, as well as several conference presentations and
proceedings which are listed in Chapter 6.

The chapter is structured as follows: first, the microscope’s design is described;
this is followed by a detailed description of the illumination laser source and the optics
employed. Finally, some considerations on the acquisition of images are reviewed along
with an analysis of the throughput of the system and a comparison between probing the
multilayer masks with 13.2 nm light and 13.5 nm where the reflectivity reaches its
maximum. The characterization of the performance of the microscope, along with

measurements of EUVL masks, is presented in Chapter 4.
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3.2. Tabie-top EUV-AIM: microscope setup.

As shown in the previous chapter, several choices of systems exist for the development of
an actinic mask inspection microscope. Different system setup designs have been
extensively investigated several years ago by SEMATECH and recently reviewed by
Feldman et al. at Carl Zeiss [74]. Each system has advantages and disadvantages in
terms of design and expected performance. In this review, three configurations are

considered:

- EUV mirror system with secondary magnification in which a low magnification
EUV image is created using a Schwarzschild objective and then magnified using

either a visible microscope and a scintillator crystal or an electron microscope.

- Zone plate based system in which a high magnification image is generated using an

off-axis Fresnel zone plate.

- All EUV mirror system where the high magnification image is created using curved

Mo/Si coated mirrors.

The microscope developed at Colorado State University is based on an EUV laser

that emits at 13.2 nm wavelength, well within the reflectivity band-pass of the Mo/Si

multilayer coatings of EUVL masks. The microscope was designed to mimic the
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imaging conditions of a 0.25 NA, 4x-demagnification EUVL stepper like the one
described in the previous chapter (Fig. 2.1).

The zone plate based system approach was used in the design of the microscope.
This approach is best suited based on the illumination employed since the laser provides
highly monochromatic light. This design also allows for increased simplicity of the
optical system and reduction of optical aberrations while still providing sufficient photon
flux due to high brightness of the laser. The microscope can accommodate standard
EUVL masks, imaging any area within their central one square inch region.

The microscope is housed in a 70 x 45 x 40 cy* vacuum chamber connected to
the exit port of the laser chamber by a manual isolation valve. The operating pressure is
<2x10” torr. The foot-print of the whole system is determined by the size of the laser
system which, including its amplification stages, occupies four standard optical tables.

A 100 nm thick Zr filter located at the exit port of the laser eliminates unwanted
visible plasma light from reaching the microscope chamber. After filtering, the output of
the laser is guided by a flat Mo/Si multilayer coated mirror to a condenser zone plate
which focuses the light onto the sample at an angle of incidence of six degrees. The
reflected light is collected by an off-axis zone plate objective, forming the image on a
back-illuminated CCD detector along the normal direction to the sample.

A schematic representation of the microscope setup along with a picture of the

interior of the microscope is shown in Fig. 3.1.
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Figure 3.1: Schematic of the compact actinic mask inspection tool, and picture of the
microscope chamber.
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Precise control of the microscope’s components is required during system
alignment and image acquisition. To this end, 14 motorized actuators with a travel of 25
mm, a minimum repeatable increment of 0.2pm, and a backlash of 12 pm are used to
control the turning mirror, the condenser, the sample, and the objective which are
mounted on XYZ translation stages of equal travel. A linear piezoelectric stack with
feedback mounted on the stage of the objective is used to optimize the focus to acquire
sharp EUV images. An XY piezoelectric stage is also used to move the condenser during
image acquisition to improve the illumination of the image.

The optical design of the microscope along with motion control systems
employed makes the microscope simple to use. Furthermore, an alignment procedure has
been developed to expedite the initial alignment of the microscope. This procedure will
be explained in section 3.5.3.

The characterization of the microscope and the results presented in this
dissertation were obtained over two time periods or imaging campaigns. After the first
demonstration of the microscope, some modifications were made to the system to address
issues encountered in the quality of the images. These changes followed the valuable
input of several chip manufacturing companies and will be discussed in the

corresponding sections.

3.3. Table-top EUV-AIM: description of the 13.2 nm wavelength laser illumination

A high repetition rate laser operating at wavelengths in the EUV region down to 10.9 nm

has been developed at Colorado State University [75]. This laser is capable of generating
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single line emission at different wavelengths from 32.6 - 10.9 nm, corresponding to
3p'So-2s"P\ transitions in Ne-like ions and 4d"So-4p"P/[ transitions in Ni-like ions. The
laser wavelength is selected by choosing the appropriate target material as shown in Fig.

3.2.
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Figure 3.2: On-axis spectra of wavelengths between 169 nm and 109 nm,
corresponding to the 4d - 4p transitions in Ni-like ions in plasma formed from 4 mm long
targets of Ru (Z=44), Pd (Z=46), Ag (Z=47), Cd (Z=48), Sn (Z=50), Sb (Z=51) and Te
(Z=52) (figure from [76]).

Of these lasers, there are two that operate in the saturated regime around the

wavelength required for EUV Lithography, 13.5 nm, that are potential candidates for

table-top actinic microscopy (highlighted in Fig. 3.2) [75, 77]. Nickel-like silver (Z = 47)
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lases at a wavelength of 13.9 nm, while Ni-like cadmium (Z = 48) produces picosecond
pulses at 13.2 nm wavelength.

Although Mo/Si multilayer mirrors used in EUVL steppers are designed to have
peak reflectivity at 13.5 nm with a typical bandwidth of approximately 0.7 nm, their
asymmetric reflectivity curves result in higher reflectivity at 13.2 nm (-55% compared to
-10% at 13.9 nm). This makes the Ni-like Cd laser better suited for the implementation
of table-top EUVL mask inspection microscopes.

The Z=13.2 nm laser beam is generated by amplification of spontaneous emission
in a transient population inversion produced by electron impact excitation of nickel-like
cadmium ions in a plasma column [75, 77]. The plasma column results from the ablation
of a 4 mm long Cd target slab with a 120 picosecond pulse from a chirp-pulse-
amplification Ti:Sapphire laser system. The population inversion is achieved by heating
the plasma with a second 8 picosecond pulsewidth pulse incident at a grazing angle of 0
= 23 degrees. In this way, highly monochromatic (AX/X < 1x10"") EUV pulses of up to
200 nJ energy are produced.

Generally, the laser is operated at a repetition rate of 5 Hz resulting in
approximately 1 pW average power. The pulse-to-pulse output of the laser is shown in
Fig. 3.3 for a series of 150 contiguous pulses in which lasing is observed for each shot
with an intensity variation characterized by a standard deviation of 23%.

An optimum electron density in the plasma exists for amplification by transient
collisional excitation. For Ni-like Cd, this density is equal to 2.8x10'° cm” The grazing

incidence scheme allows effective coupling of the energy of the heating pulse with the
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correct electron density as ne=0" x nec, where ngc is the critical electron density at the

wavelength ofthe pump, in this case 5.3x 10o'* cmr* at 800 nm wavelength.

Figure 3.3: Sequence of 150 contiguous laser pulses ofthe 13.2 nm Ni-like Cd laser
acquired at a 5 Hz repetition rate. The grazing angle of incidence of the short pulse was
20 degrees (figure from [77]).

The output of the laser has a divergence of ~14 mrad in the direction parallel to
the metal target and ~7 mrad in the perpendicular direction, as measured by looking at
far-field images of the beam [77].

The coherence properties of the illumination source play an important role in the
spatial resolution and the quality of the images obtained with full-field EUV
microscopes. The spatial coherence of the laser was measured by means of a Young’s
double slit experiment [78]. Figures 3.4 (a), (b), and (c) show the interferograms
obtained for 5 pm slits separated by 30 pm, 50 pm, and 75 pm and placed 105 cm from

the laser output. From the measurements, a transverse coherence length of about 1/20 of
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the beam diameter was obtained. This moderate spatial coherence makes the laser well

suited for matching the illumination coherence requirements of the EUVL stepper.
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Figure 3.4: Interference fringes with average visibility (red), obtained by integrating the
whole interferograms, and fringes with highest visibility (blue), picked by manually
scanning the interferograms. The slit separations are (a) 30 pm, (b) 50pm, and (c) 75
pm. (d) Experimental data of fringe visibilities at different slit separations and theoretical
predictions based on the van Cittert-Zemike theorem. The source size is 10 pm (blue,
corresponding to highest visibilities) and 15 pm (red, corresponding to average
visibilities) (figure from [78]).

The laser has recently been operated at repetition rates of up to 2.5 Hz producing
an average power of approximately 20 pW at 13.9 nm wavelength using a Ag target [79].
To obtain the results of the second imaging campaign, the laser was operated at 1 Hz

repetition rate to produce an average power of a several pW. The new laser system had a

63



divergence of 9+0.5 mrad FWHM parallel to the slab target and 10+£0.5 mrad in the

perpendicular direction.

3.4. Table-top EUV-AIM: description of the microscope’s optics

The majority of EUV microscopes are based on Fresnel diffraction optics because, albeit
their relatively low throughput, they allow for manipulation of beams with low
aberrations, approaching the diffraction limit at a relatively low cost. The EUV-AIM
developed at CSU employs not only a zone plate objective, but also a zone plate
condenser. The use of a zone plate condenser, possible due to the directionality and
small divergence of the EUV laser, significantly simplifies the optical design of the
microscope.

The condenser zone plate used in the microscope has a diameter of 5 mm, an
outer zone width of 100 nm, and a focal distance of 38 mm at 13.2 nm wavelength. At
the condenser plane, the laser beam slightly overfills the zone plate, optimizing the
amount of light transmitted through the system. Because of geometrical constrains, the
condenser had to be fabricated next to an aperture to avoid blocking the image formed by
the objective onto the CCD. This was achieved by writing the zone plate onto a Si wafer
with a 2 X2 array of Smm wide silicon nitride windows. The membrane on the window
adjacent to the condenser was removed forming the aperture. A schematic of the

condenser design and aperture is shown in Fig. 3.5.a.
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a) <0.8mm

Figure 3.5: a) Schematic and picture of the condenser zone plates used in the
microscope. The open window next to the lens is needed to allow the transmission of the
image formed by the  order of the objective zone plate. The distance between the
condenser and the window needs to be less than 0.8 mm. b) Zone plate condenser with
central stop, ¢) Zone plate condenser without central stop.

The picture shown in Fig. 3.5.b corresponds to the condenser used during the first
imaging campaign. As seen in the picture, it has a central stop of 1.7 mm, which blocks a
portion of the O” order light from reaching the sample. For the second campaign, the
condenser was upgraded to a similar zone plate but with zones written down to the center
of the lens (Fig. 3.5¢). This new design was instrumental to achieve improved
illumination uniformity as will be described more extensively in the next chapter.

The objective zone plate used in the microscope has an off-axis design similar to
the one used at the SEMATECH Berkeley Actinic Inspection Tool (AIT) for mask
inspection. It has diameter of 120 pm and a focal distance of ~I mm at this wavelength.

Its numerical aperture, NA=0.0625, was chosen to emulate the imaging characteristics of

a typical 4x stepper, NA = 0.25 at wafer, used for EUV lithography.
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An SEM micrograph of the off-axis objective zone plate is shown in Fig. 3.6. The
off axis zone plate was designed from a regular ‘parent’ zone plate 0.33 mm in diameter
(dashed line in the figure) with an outer zone width of 40 nm onto which a smaller pupil
is overlapped. The pupil, -0.12 mm in diameter, is placed -0.10 mm from the axis of the
parent zone plate, tangent to its edge. This pupil defines the numerical aperture of the
objective, 0.0625NA, while the focal distance, 1 mm is defined by the outer zone width
of the parent zone plate. The image is formed parallel to the surface of the zone plate
because within the pupil the zones are written with their radius defined by the parent zone
plate. A rectangular window next to the off-axis objective zone plate is left uncoated.
This window allows the transmission of the condenser illumination to the mask at an
angle of incidence of 6 degrees. The reflected light from the mask efficiently fills the
pupil of the off-axis zone plate.

Since the light travels through the off axis objective twice (first through the
window and then through the zone plate) the Siz:N: membrane onto which the objective
was patterned was thinned down from 100 nm to 40 nm, significantly improving its
throughput. The design of the zone plate structure enables normal incidence imaging of
the mask surface, minimizes aberrations, and helps reduce the coherence of the

illumination by matching the NA ofthe condenser [80].
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Figure 3.6: SEM image of the off-axis objective zone plate. The position of'the ‘parent’
zone plate is indicated with dashed lines. The insert in the upper right comer shows the
40 nm outer zones.

3.5. Table-top EUV-AIM: description of the EUV mask samples

Extreme ultraviolet masks are made of a 6x6 i low-thermal expansion glass
substrate coated with a Mo/Si multilayer. The coatings on the masks are designed to
have the highest reflectivity at a wavelength of ?i=13.5 nm with a typical bandwidth of
approximately 0.6 nm.

These coatings consist of a stack of alternating high and low Z materials with a
periodicity of =7Z/{2sin(9) where X is the illumination wavelength and 0 the angle
between the surface and the incident radiation. The stmcture is usually composed of 30
to 60 layer pairs deposited by DC magnetron sputtering [81]. The resulting reflectivity of
the multilayer is highly dependant on surface roughness and interdiffusion of the layers.

For this reason, much work has been done to address these issues [82-86].
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Figure 3.7 shows a simulated reflectivity curve for a typical Mo/Si multilayer
structure centered at *=13.5 nm consisting of 60, 25.3 nm thick pairs of Mo and Si.
These multilayers can achieve reflectivity values over 70% at >=13.5 nm and over 50%
at the microscope’s working wavelength, >=13.2 nm. The reflectivity curve was

calculated using tabulated data from CXRO.

Figure 3.7: Theoretical reflectivity of a Mo/Si multilayer. Number of layers: 60, period:
25.3 nm, Sc/Si ratio: 0.66. Calculated using the scattering factors from CXRO. The red
line identifies the laser emission wavelength of X=13.2 nm.

Two different samples were available during the imaging campaigns. The first
sample consisted of a Mo/Si multilayer coated 500 pm thick Si wafer onto which an
absorption test pattern was written. The Mo/Si multilayer was centered at 13.5 nm
wavelength to properly simulate an EUVL mask. A CAD diagram of this test pattern is

shown in Fig. 3.8. In this sample, the lines consist of Ni has 0.1% reflectivity at 13.2 nm

wavelength. The regions in between the lines consist of the Mo/Si multilayer structure.
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producing an image of dark features imbedded in a bright field. The sample contained
features of different size, from 300 nm half pitch down to 80 nm half-pitch. Vertical and
horizontal 1:1 and 2:1 lines were available at each half pitch. Also, a series of elbow
patterns of the same half pitches were available. These structures are especially useful in
characterizing the amount of aberration present in the EUV images since they provide
information in two orthogonal directions within the same field of view. The numbers
located at the end of the features can be used to identify the pitch size under observation.
The mask was printed by magnifying the pattern by a factor of two. Thus, in SEM image
of Fig 3.8, the elbow pattern shown, labeled “.2”, corresponds to a half-pitch structure of
0.4 pm. The smallest features shown in the CAD drawing correspond to 50 nm and 60
nm. These patterns were not correctly developed during the manufacturing process and
could not be used in the assessment of performance of the microscope, leaving the 80 nm

half-pitch gratings and elbows as the smallest features.

Figure 3.8: CAD drawing and SEM image of the mask test pattern. The pattern
consisted of absorber pattern on a Mo/Si multilayer coated structure.
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The second sample was an EUVL mask from GLOBALFOUNDRIES, Inc. It
consisted of a Mo/Si coated, 6x6 i, low thermal expansion glass that contained a series
of dark-field and bright-field regions with a variety of test features and extended line
patterns. The features of these samples were slightly larger than the smallest features of
the previews sample. The smallest grating available had a half-pitch of 125 nm. Figure

3.9 shows a picture of the mask in which the subfield can be seen in the center.

Figure 3.9: Picture of an EUVL mask. The subfields can be seen in the center of the
mask.

3.6. Table-top EUV AIM: microscope operation

In this section, several aspects of the viability of the laser-based AIM microscope as well
as a procedure for the microscope alignment and operation are covered. The suitability
of 13.2 nm wavelength illumination for imaging Mo/Si multilayer structures centered at
13.5 nm and the throughput of the system which determines the exposure time needed for

recording high quality EUV images are analyzed.
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3.6.1. Suitability of 13.2 nm radiation for EUVL mask characterization

As mentioned previously, the multilayer Mo/Si mirrors that form the reflective surface of
EUVL masks are designed to have peak reflectivity at k=13.5 nm, with a bandwidth of
approximately 0.6 nm. The selection of this system for EUV lithography was based the
fact that Mo/Si multilayers have the highest (-70%) reflectivity of all EUV coatings. In
turn, the characteristics of the optical coatings have driven the development of incoherent
illumination sources at 13.5 nm wavelength based on plasmas of Sn, Li and Xe. Fig. 3.10
shows the spectra for the different prospective EUV sources compared to the total

maximum theoretical reflectivity ofa 11-mirror projection system [44].

mmemem S oLi mXe - - --11 mirrors

Figure 3.10: Calculated near normal incidence reflectivity of the 11 mirror system,
based on the model ot CXRO [11] versus spectra of Sn, Li and Xe, as acquired in a joint
investigation by ASML-ISAN (figure and caption from [44]).
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The multiple reflections in the optical system of an EUVL stepper produce a
natural narrowing of the total bandwidth transmitted through the system. From this
analysis, EUVL steppers only efficiently use a 2% bandwidth of the illumination
spectrum centered at 13.5 nm, cutting out light at 13.2 nm. However, in the actinic zone
plate-based microscope only the reflection off the sample’s multilayer is centered at 13.5
nm for which the narrow bandwidth Cd laser has a reflectivity of about 55%.

The implications of using a monochromatic source centered at 13.2 nm for actinic
mask characterization need to be thoroughly investigated to justify the validity of the
EUV images for mask characterization. In EUVL masks, defects are detected by changes
in the amount of reflected light or changes in the reflected phase introduced by variation
of the pitch of the multilayer structure. An analysis of the effects on reflectivity and
reflected phase change for multilayers of different period size is shown in Fig 3.11. This
analysis shows that for a large variation of multilayer stack thickness (+10% of nominal
value) the reflectivity of 13.2 nm wavelength light remains sufficiently high for imaging,
albeit having a greater variation compared to 13.5 nm wavelength light. This behavior
shows that 13.2 nm wavelength light should have significantly higher sensitivity to detect
small changes in the multilayer thickness. Regarding the reflected phase, which also
contributes to intensity fluctuations due to buried defects, the simulations show that for
13.5 nm and 13.2 nm wavelength, the shifts are comparable in amplitude, suggesting that
phase shifts resulting from defects in the multiyear can be efficiently picked up by the

13.2 nm wavelength light.
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Figure 3.11: Variation of reflectivity and reflected phase as a function of multilayer
period change for a typical Mo/Si reflector (calculations based on CXRO data).
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3.6.2. Photon budget for image acquisition.

The image acquisition time for the X=13.2 nm AIM microscope can be estimated by
means of a photon-budget that takes into account the output of the laser and efficiencies
of the different optical elements and sample. The photon budget for the microscope is
presented in Table 3.1. The calculation assumes complete collection of the laser beam by

the condenser and no losses arising from misalignment of the system.

Laser Power (qW) 0.5
Throughput 0f 0.1 um Zr filter 0.7
Throughput of Mo/Si turning mirror 0.5
Throughput of condenser 0.05
Sample reflectivity 0.5
Throughput of (objective+window) 0.05
Total throughput of the system 4.4E-4
Output power (nW) 0.21875
Number of photos/sec 1.5E7
Diameter of beam at sample plane (pm) 20
Magnification 1080
Diameter of beam at image plane (pm) 21600
Area ofthe beam at image plane (pm”) 3.7E+08
CCD pixel size (pm) 135
area of CCD pixel (pm™) 182
Number of illuminated pixels 2.0E+06
Number of photons/(sec*pixel) 7
Number of counts/photon 4.4
Number of counts/(sec*pixel) 32
Exposure time for 600 counts/pixel (sec) 19

Table 3.1. Photon budget for the full-field actinic microscope for EUVL masks.
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The acquisition time of an image must be such that sufficient contrast is obtained
between the bright, transmissive areas and the opaque, absorptive ones. Although
measurable features can usually be distinguished with count differences as little as 100,
generally higher values are desired to improve the signal-to-noise ratio in the image. The
photon budget suggests that the acquisition time needed to obtain a good quality image
with approximately 600 counts per pixel, equivalent to 68 photons per pixel impinging on
the CCD, is roughly 20 seconds.

This photon-budget assumes an average power of 0.5 pW. Higher outputs of
approximately 1 pW can be obtained with the laser when precise alignment conditions
and high surface quality of the Cd metal target conditions are achieved.

As will be shown in the next chapter, the actual acquisition time for an image with
600 counts per pixel is approximately 90 seconds, roughly 4 times more than expected
according to the photon budget. The photon budget is calculated assuming maximum
theoretical efficiency values of the different components involved which may degrade
with time. Also, the intensity of the beam is considered to be uniform across the
condenser’s diameter though in reality the beam’s intensity profile is not flat.
Furthermore, the budget does not take into account the motion of the condenser during
image acquisition which could cut the edges of the beam and extend the illuminated area,
reducing the number of counts per pixel. Nevertheless, actual exposure times are

comparable to the ones used in the synchrotron-based microscopes.
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3.6.3. Procedure for microscope alignment

The initial alignment of the microscope is the most time consuming. Uncertainties in the
path of the EUV light can make this initial alignment challenging. To minimize setup
time, a procedure for the alignment of the system was developed based on the knowledge

acquired during different imaging campaigns.

Port D Port E

Port A
from laser

Figure 3.12: Alignment procedure chart and schematic of the microscope chamber
indicating the different components and viewing ports.
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Prior to fine alignment of the microscope, the entire setup is pre-aligned using a
HeNe laser. This visible laser is first centered to the entrance port of the microscope
chamber (Port A in Fig. 3.12) and to a port located on the opposite wall of the vacuum
chamber (Port B in Fig. 3.12). Then, all the optical components are placed inside the
chamber and aligned to the visible laser, starting with the turning mirror, and continuing
with the other elements along the beam path. Once the system is pre-aligned, the optical
elements are removed from the beam path using encoded steppers and the fine alignment
is done using the EUV laser following the steps enumerated in the flow chart shown in
Fig. 3.12.

The first step is to check the output of the EUV laser. By installing the EUV-
sensitive CCD 1in the side port of the microscope’s chamber (Port B in Fig. 3.12), a far
field image of the beam can be obtained. The location of the beam with respect to the
center of the CCD, and thus the center of the port, can be controlled by moving a grazing
incidence mirror located at the output of the laser in the laser chamber. Figure 3.13.1
shows the far field image of the beam obtained with a single laser shot. Due to the high
intensity of the beam, filtering might be needed to avoid saturation of the CCD. Once the
beam has been located and centered on the CCD, the microscope’s turning mirror (furn
mirror) can be placed in the beam path (step 2).

The following steps take advantage of the simplicity of aligning a microscope for
transmission imaging. With the CCD located in the port for transmission imaging (Port
C in Fig. 3.12), first a far field image of the beam must be obtained to ensure adequate
positioning of the turning mirror (step 3). The picomotors on the turning mirror’s mount

can be used to center the beam on the CCD.
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Step 4 is to place the condenser zone plate {CZP) in the beam path. Figure 3.13.2
shows a projection of the condenser located in the beam path. In this image some beam
structure can be seen along with a bright spot in the center of the lens that will be the
reference point on the CCD for the next steps.

In step 5, the transmission mode zone plate {7ZP) must be placed in the beam
path by positioning the center of its projection onto the reference point determined in the
previous step. If the projection can not be easily located, the CZP can be moved out of
the way to increase the light on the 7ZP. Figures 3.13.3 and 3.13.4 show the 7ZP
positioned in front of the beam. Depending on the amount of light available, the 0* order
light from the condenser can be seen, as shown in Fig. 3.13.4, obtained with a condenser
zone plate with a large central stop.

If the imaging beam is not immediately found in step 5, the location of the 7ZP
must be scanned until the beam appears on the CCD (step 6). The size of the beam
depends on CZP-TZP distance and can be adjusted as needed. Images of the beam are
shown in Fig. 3.13.5 and 3.13.6.

If the microscope is going to be used for transmission mode imaging, the only
further steps are to introduce the sample in the object plane and adjust the focus. For
reflection mode imaging, the next step (step 7) is to introduce the reflection mode zone
plate {RZP) in the path of the beam as shown in Fig. 3.13.7. The off-axis RZP has a
semitransparent area of approximately 0.5 mm x 0.5 mm and its unique design creates a
distinct far field pattern as can be seen in Fig. 3.13.7. The RZP should be adjusted until

the beam is centered in this region as shown in Fig 3.13.8 (step 8).
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In step 9, the reflection mask in inserted in the beam path as close to the object
plane of the system as possible. Due to the high magnification of the microscope, the
object plane is very close to the focal plane of the RZP, approximately 1 mm. The
positioning of the mask can be done by looking at the system from above with a
magnifying viewer. Once the sample is in place the CCD should be relocated to the port
for reflection mode imaging (Port D in Fig. 3.12).

The off-axis design of the zone plate removes most of the O" order of the
condenser from the field of view of the CCD. However, depending on the alignment,
some of the 0" order might be visible on the edge of the CCD. If available, this can be
used as an indication that the alignment is not far off

To find the beam, the RZP should be scanned within a 0.5 mm x 0.5 mm area in
steps of approximately 30 pm (step 10). Usually, the beam is found very close to the
initial position but this will vary with the accuracy used in step 8. An image of the beam
in reflection mode is shown in Fig. 3.13.9. If the beam is not found, the output of the
laser should be checked and steps 8 and 9 might need to be repeated.

Once the beam is located it should be straight forward to locate features on the
mask (step 11) and adjust the focus (step 12). The microscope should produce an image
like the one shown in Fig 3.13.10 in which a set of focused features can be seen. In this
case the image was obtained with 30 laser shots.

Once the system is aligned, the output of the EUV laser can be monitored by
inserting the diagnostic mirror {diag mirror) in the beam path. This Mo/Si mirror guides

the EUV laser onto a grating that allows seeing the spectrum of the light on a CCD
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detector located on port E. This diagnostic arm is useful to evaluate the output energy of
the laser at any time during the experiment.
The results presented in the next chapter were obtained after aligning the

microscope using this procedure.
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Figure 3.13: EUV images showing the different stages of the alignment procedure,
starting from EUV beam location to EUVL mask imaging. The use of the transmission
mode zone plate is crucial in simplifying the alignment of the system.

81



CHAPTER 4: Results

4.1. Introduction

The experimental results are presented in two sections. The first section is dedicated to
the characterization of the microscope. The microscope was characterized by evaluating
its spatial resolution as well as its illumination characteristics through uniformity and the
illumination’s partial coherence. Since the microscope was designed to mimic the
imaging conditions of a 0.25 NA, 4x-demagnification, EUVL stepper, the results
obtained are compared to the expected performance of'this tool.

The second section presents the characterization of patterns on an EUVL mask
from GLOBALFOUNDRIES, Inc. Parameters such as line-edge-roughness and
normalized-intensity-line-slope were measured on different gratings structures to
illustrate the ability of the microscope to evaluate EUVL masks.

The results presented in this chapter have resulted in the publication of two
articles in peer-reviewed journals, as well as several conference presentations and

proceedings which are listed in Chapter 7.
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4.2. Characterization of the microscope

4.2.1. Resolution measurements

The resolution of the EUV AIM microscope was evaluated during the first imaging
campaign using a combination of different measurements.

The techniques described in Chapter 1were used to evaluate the spatial coherence
of the system. First, the modulation in intensity of EUV images of grating patterns of
decreasing half-pitch was analyzed. The sample containing elbow patterns as small as 80
nm half-pitch, described in the previous chapter was used. Figure 4.1 shows EUV
images of the 140 nm, 120 nm, 100 nm, and 80 nm half-pitch elbow structures along with
their respective intensity cross-sections (lineouts). These images were obtained using
exposure times of 20 seconds with the laser operating at a repetition rate of 5 Hz. The
images have a field of view of ~5x5 pm” limited by the size of the illumination beam.
They were taken with a magnification of ~610x at which each pixel on the CCD
corresponds to 22 nm in the sample plane. This magnification was selected to allow

approximately 8 pixels per period in the smallest structures available.
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Figure 4.1: Actinic image and corresponding intensity cross section for elbow patterns
of a) 80 nm half-pitch, b) 100 nm half-pitch, ¢) 120 nm half-pitch, and d) 140 nm half-
pitch on the mask. The images were obtained with an exposure time of 20 seconds and a
magnification at the CCD plane of ~610x. The lineouts indicate that the features are
fully resolved.
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The intensity cross-sections of each image were evaluated in the two orthogonal
directions. To obtain the lineouts, five rows of pixels, perpendicular to the gratings were
averaged. This process was repeated several times along the vertical and horizontal lines
of each image. Figure 4.2 shows six different cuts taken on the horizontal lines of the

140 nm half-pitch elbow. The different lineouts show very small variation.

cut 1
cut 2
cut 3
cut 4
cut b
cut 6

distance (nm)

Figure 4.2: Intensity lineouts obtained from the horizontal grating of the 140 nm elbow
pattern of Fig. 4. L.d.

The modulation of the lineouts was obtained using:
_ “max “min (Eq4l)

where Inex, Imin, and Ibg are the intensity values, or CCD counts of the peaks, the valleys
and the background, respectively. The modulation value was obtained for each of the
intensity lineouts of the vertical and horizontal lines for the four elbow patterns. The

average modulation values found for each pattern are listed in Table 4.1.
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Half-pitch (nm) Modulation

140 0.96 £0.02
120 0.93 £ 0.04
100 0.87 £0.04
80 0.66 £0.08

Table 4.1: Intensity modulation values for half-pitch structures of 140 nm, 120 nm, 100
nm and 80 nm.

Recalling that the Rayleigh criterion states that the features are spatially resolved
if the modulation is above 26.5%, all gratings imaged are fully resolved. This indicates
that the spatial resolution of the microscope is well bellow 80 nm half-pitch.

To estimate the spatial resolution of the system in the absence of smaller grating
structures, a knife-edge test was performed across a large absorber feature. Figure 4.3
shows the intensity lineouts across the EUV image shown in the insert. The image was
obtained under the same conditions as the images shown in Fig. 4.1. As before, the line
outs were obtained by averaging five consecutive rows of pixels. Four lineouts were
obtained at different positions of the image. The measurements yielded a 10% to 90%
transition of ~110£5 nm.

Because the illumination of the source is partially coherent, the knife edge test
could not be directly correlated to the results obtained using the grating structures. To
overcome this limitation, the spatial resolution of the microscope was independently
measured by analyzing the EUV images of Fig. 4.1 with a correlation method that
performs a global assessment of an EUV image and returns a spatial resolution value for

the image [87]. This method, developed in our group by P. Wachulak, estimates the
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spatial resolution by evaluating the correlation between a raw EUV image and a series of
computer generated templates with decreasing resolution.  These templates are
constructed applying different Gaussian filters to a master binary template constructed
from the original image. The only required input parameter to the analysis is the

microscope’s magnification which determines the size of the pixel in the image.

200 400 600 800 1000
distance (nm)

Figure 4.3: Intensity cross-section along the EUV image shown in the insert. The 10%
to 90% intensity transition is 110 £ 5 nm.

Figure 4.4 shows the resulting correlation map obtained by applying this method
to the EUV image of'the 120 nm half-pitch elbow structure shown in Fig. 4.1. The color
map indicates the correlation level of a specific template with the original image. The
spatial resolution is given by the highest correlation for the specific feature size.
Applying this correlation method to the EUV images of Fig. 4.1, a half-pitch resolution

0of 53+10 nm was obtained.
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Figure 4.4: EUV image of a 120 nm half-pitch elbow structure and correlation map
indicating that the resolution of'the microscope is approximately 55 nm.

The Modulation Transfer Function (MTF) of the microscope, which gives a
measure of the ability of the microscope for transferring different spatial frequencies, was
constructed using the intensity modulation data obtained from the images of Fig. 4.1
along with the results correlation test. These two results could be combined because the
correlation method provides a resolution value that is independent of the coherence of
microscope.

As shown in Fig. 4.5, the modulation starts to roll off for structures smaller than
120 nm, in agreement with simulations for a 0.0625 NA objective under partially

coherent illumination. The dashed line was added to guide the eye.
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Figure 4.5: Modulation Transfer Function for the 13.2 nm microscope. The MTF was
constructed using the line-outs from the images of Fig. 4.1 (open circles) and the results
of'the correlation method (full circles).

4.2.2. THumination and coherence characterization of the microscope

The images shown in Fig 4.1 have high non-uniformities in intensity. These variations in
intensity are detrimental to image analysis. This limitation was overcome by replacing
the condenser zone plate with one featuring a smaller central stop, as described in the
previous chapter. Also, an XY piezoelectric stage was added to the condenser to slightly
scan the illumination during image acquisition. Figure 4.6 shows a comparison between
images of the beam before and after the improvements to the system. As seen in Fig.
4.6.a, using a zone plate condenser with central stop creates an annulus, limiting the area

of illumination. The grid-like structure present in the image is due to alignment
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mismatch during the electron beam writing process of the condenser zone plate. By
contrast, as shown in Fig. 4.6.b, the condenser zone plate with no central stop forms a
circular illumination area. Also, in this particular case, better overlap in the e-beam
writing of the lens reduced significantly the appearance of the grid pattern shown in Fig.
4.6.a. Variations in the beam intensity distribution are further reduced by scanning the

condenser during the acquisition of the image.

Figure 4.6: a) EUV image of the illumination during the first imaging campaign, b)
EUV image of'the illumination after the upgrades to the condenser.

Figure 4.7 shows in detail the 180 nm half-pitch elbow absorption pattern of Fig.
4.6.b. The image was obtained with an exposure time of 90 seconds with the laser
operating at a repetition rate of 1 Hz. A slightly larger magnification of 660x was used,
resulting in an equivalent pixel size of approximately 20 nm. The image shows a -10%
variation in intensity in the central 4x4 pm” region of the field of view. The speckle

features seen in the bright areas of the image arise from the roughness of the Mo/Si
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coating on the mask [88]. Although an exposure time of 90 seconds is necessary to
achieve the high quality images necessary for mask pattern analysis, exposure times as

short as 5 seconds are used for feature location.

A~ nl1000

800

600

400

200

Figure 4,7: EUV image ofa 180 nm half-pitch absorption elbow pattern in a bright field
obtained with an exposure of 90 seconds. The color bar indicates the number of counts
per pixel.

The degree of coherence, evaluated through the coherence parameter, m, of the
table-top actinic microscope was evaluated by analyzing the through-focus performance
of a 200 nm half-pitch grating as described in Chapter 1. The defocused images were
obtained by moving the objective zone plates in steps of ~2.5 pm through the focal plane
of the system. Figure 4.8 shows five images obtained at different positions from the best
focus. These images were obtained with the same exposure and magnification as the one

shown in Fig. 4.7.
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-20 um -7.5 um 0um +7.5 um +20 um
Figure 4.8: EUV images of a 200 nm half-pitch grating pattern in a dark field obtained
with an exposure of 90 seconds. The central image was obtained at best focus. The
numbers in the bottom indicate the distance from best focus.

For each image, intensity lineouts where obtained by averaging 5 rows of pixels,
in a similar fashion to the measurements of resolution described above. From these
lineouts the modulation of the intensity for each image was obtained. The through-focus
analysis was performed twice and the results for each position were averaged. As shown
in Fig. 4.9, the appearance of secondary maxima as far as 25 pm away from the focal
plane reveals the system’s partial spatial coherence. A comparison with simulations
using SPLAT [89] indicates that the coherence parameter for the microscope is m ~ 0.25.
This value is lower than the value of 0.5 ofa 4x FUVL stepper [70], but higher than that
of current synchrotron-based microscopes for mask inspection that operate in a higher

coherence regime (m = 0.1-0.2) [71, 90].
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Figure 4.9: Normalized modulation intensity of a bright-field EUV image of a 200 nm
half-pitch grating at different positions from the focal plane. The intensity of the
secondary maxima reveals a partial spatial coherence of approximately m~0.25, as
simulated using SPLAT.

4.3. EUV image analysis for the characterization of patterns

EUV images from the GLOBALFOUNDIRES EUVL mask were used for pattern
characterization. Figure 4.10 shows an EUV image of horizontal and vertical 175 nm
half-pitch 1:1 gratings located in one of the mask dark-field subfields. The image was
obtained under the same conditions as the image of Fig. 4.7. The image clearly shows

that both sets of lines are fully resolved and no discemable astigmatism is present.
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Figure 4.10: EUV image of 175 nm half-pitch gratings in a dark field.

The EUV image of Fig. 4.10, along with one of 225 nm half-pitch gratings were
used to measure NILS and LER. To obtain these parameters, the images (Fig 4.11.a and
4.11 .d) were normalized in intensity and for each an intensity threshold corresponding to
the normalized intensity value for which the lines and spaces have a I:1 ratio was
obtained. These thresholds are 0.40 and 0.42 for the 175 nm and the 225 nm half-pitch
gratings respectively. The averaged normalized intensity plots and intensity thresholds,
for both images are shown in Fig. 4.1 b and 4.1 L.e. NILS values were measured at the
intensity threshold for each slope of the averaged cross-sections. LER for each line was
measured by evaluating the magnification-corrected location of the occurrence of the
intensity threshold for each pixel row of the images. The standard deviation of these
values was subsequently calculated for each edge. The measurements were performed
across the central 1 pm region of the gratings. Figures 4.11.C and 4.11.f show the
resulting plots. In each case, the LER value is below 10% of CD (LER/CD < 0.1). The

results ofthe NILS and LER analysis are summarized in Table 4.1.
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Figure 4.11: LER analysis ofa) 175 nm and d) 225 nm half-pitch gratings. Normalized
intensity versus position plots are given in b) and c). e) and f) provide a graphical
representation of the variation of the edge position along the features. The analysis shows
that the 3a variation is bellow 10% of'the CD value.

CD (nm) Ih NILS LER (nm) LER/CD
175 0.395 3.58 13.55 0.078
225 0.442 3.32 20.86 0.093

Table 4.1: NILS and LER measurements of two gratings with indicated CD values.
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CHAPTER 5: Summary and future work

For the last decade the semiconductor industry has been developing extreme ultraviolet
lithography to replace current lithographic techniques as these reach their limit in
minimum printing size. The absorptive nature of EUV light has required a novel
approach to the development of the printing systems, and has resulted in a number of
technological challenges from the development of sufficiently high output power sources
to the availability of high quality multilayer-coated mirrors and mask with high
reflectivity at the printing wavelength. Although most of these issues have been
successfully resolved, as insertion of extreme ultraviolet lithography for high-volume
manufacturing of semiconductor chips approaches, the need for reliable and convenient
imaging tools for mask characterization has risen to one of the main concerns for the
industry.

Current fiill-field microscopes devoted to the characterization of EUVL masks are
few in number and are based on synchrotron radiation, making them not suited for
industrial settings. To address this critical need, we have developed the first laser-based,
compact, actinic aerial image microscope for EUVL mask characterization.

The full-field microscope, developed at Colorado State University, uses as its
illumination the output of a table-top EUV laser that emits at a wavelength of 13.2 nm,
well within the reflectivity bandwidth of the Mo/Si coatings of EUVL masks. A set of

zone plate optics are used to mimic the printing conditions of a 0.25 NA 4x-
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demagnification EUVL stepper. The microscope can handle standard 6x6 in EUVL
masks and is housed in a 70 x 45 x 40 cm™ vacuum chamber. The entire system,
including the illumination source occupies 4 optical tables.

The spatial resolution of the microscope, 55 nm, was evaluated according to the
Rayleigh criterion. Images with this resolution were obtained using exposure times as
short as 5 seconds. The measured modulation transfer function of the microscope
corresponds to that of a system operating under partially coherent illumination. A partial
coherence parameter, m, of 0.25 was obtained by comparing the through-focus response
of a grating sample to simulated data. This value is lower than that expected for a 0.25
NA stepper (m=0.5) but comparable to the coherence of synchrotron based microscopes
(m=0.2).

The actinic characterization of EUVL masks relies on the uniformity of the
illumination of the microscope. Great efforts were taken to obtain uniform illumination
of the masks, with variations below 10% in the central region of the image. This, along
with the intensity in the image plane, has enabled the measurement of key parameters of
mask pattern printability such as line-edge roughness and intensity log-slope on an EUVL
mask from GLOBALFOUNDRIES in which values of LER of less than 10% CD were
obtained.

Several upgrades can be made to the system to improve the illumination
conditions and the spatial resolution. Although the results presented in this dissertation
were obtained with an objective zone plate with a numerical aperture of 0.0625 that

mimics a 0.25 NA EUVL stepper, off-axis objectives with higher numerical apertures can
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be used to mimic higher resolution steppers. Off-axis zone plates that mimic 0.35 NA

steppers can be readily made using conventional e-beam lithographic techniques [90].

zone plate

focal spot

Figure 5.1: Beam-shaping condenser lens. The size of the areas on the zone plate define
the area ofthe beam at the focal spot.

Regarding the illumination uniformity, it can be further improved by replacing the
condenser zone plate for a focusing mirror or a beam-shaping condenser. A mirror has
the advantage of increased efficiency compared to zone plates, but would require a
second turning mirror located after the objective to collect the image due to the size of the
substrate. Replacing the condenser for a beam-shaping one would require no additional
changes to the layout of the microscope. A beam-shaping condenser produces uniform
illumination at the focal distance by tiling the zone plate with regions of constant-pitch
gratings [91, 92]. A diagram of a beam shaping zone plate that produces a square
illumination spot is shown in Fig. 5.1.

For the EUV microscope we have designed a zone plate following this approach.

This zone plate, composed of 15 pm wide concentric rings with gratings of constant pitch
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is designed to produce a 15 pm diameter flat-top beam at a distance of 38 nm, while
maintaining the numerical aperture ofthe original condenser

To design the zone plate, a simple algorithm based on the diffraction equation for
a constant period grating (Eq. 5.1), was written to calculate zones of the grating given the
initial parameters of diameter of the zone plate, diameter of the central stop, desired
working distance, size of'the spot at the sample plane, and wavelength of illumination.
df?,m9™+sm6.)-mX (Eq. 5.1)
In this equation, d is the period of the grating, Om is the diffraction angle relative to
normal for the m*” diffraction order, (i is the incidence angle on the grating, and A is the
illumination wavelength. Ifnormal incidence light is considered the equation for the first
diffraction order can be written as:
c/(sin™) =/L (Eq. 5.2)

This equation along with the desired geometry of the zone plate is used in the
algorithm that calculates the grating period for each ring in the zone plate. The output of
the algorithm is used to simulate the performance of the lens and as the input for the e-
beam nanowriter in the production stage. For example, the 5 mm x 5 mm zone plate
proposed, with a central stop of200 pm, a working distance of 38 mm, designed for 13.2
nm wavelength to produce a spot size of 15 pm at the sample plane will consist of 164
concentric rings patterned with constant pitch gratings ranging from 1.4 pm in the inner
ring to 100 nm in the outer ring.

Apart from improving the uniformity of the light, the transmission of a zone plate
can be greatly improved by replacing the opaque zones by phase shifting ones. This was

proposed by Rayleigh in 1964 and implemented by Woods in 1898 [93]. In these phase
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plates, a phase shifting material is used in place of the absorbing rings in order to retard
the phase of the incidence light by & radians. The shift between different zones causes
the undiffracted light to interfere destructively, increasing the amount of energy in each
of the diffracted orders. Because at EUV wavelengths all materials present high
imaginary components of the index of refraction, and a real part of the index of refraction
(1-5), which gives rise to the phase shift, approaching unity; it is not possible to build a
genuine Rayleigh-Wood zone plate. Nevertheless, by carefully selecting materials with
low imaginary component of the index of refraction and high 5 component to the real
part, zone plates with higher efficiency in the first diffraction order can be made. Using
this concept, zone plates based on molybdenum with an efficiency of approximately 20%
in first order can be realized. By implementing this new zone plate and forecasting
improvements in the laser output following improvements to the source, exposure times
as short as single shots could be expected.

Although these changes will significantly improve the performance of the
microscope, its current stage allows for routine evaluation of EUVL masks. One
evaluation that is commonly carried out using synchrotron-based systems is that of
printability of programmed phase defects.

As mentioned in Chapter 2, a main concern in EUVL mask production is the
appearance of phase defects arising from thickness variations in the multilayer coating
that can be imaged onto the silicon wafers. Because the phase defects arise from the
interaction of the EUV light with the multilayer coating, non-actinic techniques cannot be
used for these measurements. . Test masks that are made by deliberately adding defects

of a known size to the sample substrate at known positions before the multilayer
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deposition are used to assess levels of defect printability. To control the height of the
defect, each layer of the mirror is smoothed before the next one is deposited. The defects
can thus be arranged in a matrix in which their size is varied. Alternatively they can be
located bellow absorber patterns to study their influence on the imaging process of
different features such as in a study performed with the AIT at Berkeley (Fig 5.2) [49].
Similar studies can be performed using the microscope at Colorado State University.
Furthermore, comparisons between images obtained with different actinic microscopes
could be carried out to further investigate the effects of printability as a function of tool

performance.

m

Figure 5.2: Actinic inspection tool image of a programmed embedded defect on a 160
nm half-pitch grating. Red circle: absorber marker used to locate the phase defect. Green
circle: embedded 11.9 nm high phase defect. From [49].

In summary, the microscope presented in this dissertation constitutes the first
stand-alone actinic EUVL mask metrology system. To exploit the capabilities of the
microscope, partnerships with mask, tools, and chip manufacturers will be critical. 1t is
foreseen that initial collaborations with key industrial partners will spark interest in this

microscope, opening the path for the development of practical full-field metrology
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systems that can be implemented on-site at printing facilities. Furthermore, the optical
design presented can be readily adapted to EUV laser sources at other wavelengths to

study other systems of technological and scientific interest.

102



CHAPTER 6: Papers and presentations

The work presented in this dissertation was possible due to the efforts in EUV imaging
using compact laser undertaken at Colorado State University within the efforts of the
NSF Center For Extreme Ultraviolet Science and Technology. The work presented here
and the research that led up to these developments has resulted in a large number of
publications in peer-reviewed journals as well as numerous presentations in conferences

and meetings detailed next.

Since 2003, our group has pioneered the implementation of full-field microscopes
that use EUV lasers as their illumination source. These wavelength-scalable microscopes
operate between 47 and 13 nm wavelength. One of these microscopes that can image
nanostructures with a single laser shot was identified by R&D Magazine as one of the

most significant technological developments in 2008, an d received an R&D 100 award.
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