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Abstract

Extreme ultraviolet imaging and resist characterization
using spatial filtering techniques
by

Michael David Shumway

Doctor of Philosophy in Engineering — Department of EECS
University of California at Berkeley

Professor Jeffrey Bokor, Chair

This thesis provides information on extreme ultraviolet (EUV) photoresists and
provides new methods to probe resist properties. Resolution and line-edge roughness are
both investigated for linewidths at and below 50 nm. By using a spatial frequency
doubling method, an EUV optic designed for 100-nm resolution was converted into a tool
that prints dense features in the 30- to 50-nm range with low line edge roughness. Loose

pitch features are shown down to 25 nm.

The primary imaging system used in these experiments incorporated coherent 13.4-
nm wavelength light and a 10x-Schwarzschild demagnification optic. High-resolution
and high contrast test patterns were exposed into both chemically amplified and non-
chemically amplified resists. Combining the 10x demagnification provided by the optic
with the spatial-frequency doubling technique, a 20x reduction of the object grating pitch
was obtained. For example, 0.8-um dense lines on the object grating printed 40-nm dense

lines onto the resist-coated wafer. The line and space patterns were limited to one
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orientation and a dense 1:1 spacing. The ability to spatial frequency double four pitches
in a single exposure was also analyzed and demonstrated. When comparing multiple
linewidths, this method removed wafer-processing variations from the printing

experiments.

This thesis also describes work done to create specifications for a new 10x optic
designed for use with these experiments. Mirror roughness simulations, mirror alignment
calculations, and EUV interferometry were all done for this optic. The best full-field

images were printed using this new optic.

Furthermore, this thesis presents additional spatial filtering techniques that
introduce more ways to look at photoresist performance. Most notably is the method to
modulate aerial image contrast. Instead of using a two-exposure process (pattern and
background flood), this work integrates the contrast variation into the mask design. By
changing the duty cycle of a grating, the field strengths of the diffracted orders are
altered. Using spatial filtering, only the 0 and +1 orders are then used to create the field
mismatch. This imbalance in the orders creates a decrease in image contrast at the wafer
plane. The additional benefit of using this filtering technique is that the duty cycles on the
mask do not print on the wafer. Constant linewidths are produced because all orders
except for the 0 and +1 are filtered out. The resist ends up seeing only variations in

contrast and not the encoded duty cycle information.

Coherence plays an essential role in these experiments. Both the spatial frequency
doubling and the aerial image contrast methods utilize the coherent addition of the

diffracted orders. Along with this necessary function, coherence also brings ringing



effects from hard edges and amplification of defects to the imaging system. Coherence

errors are investigated in both experiments and simulations.

To evaluate resist materials for EUV lithography, it is necessary to expose different
test patterns with very high spatial resolution (less than 50 nm lines and spaces). To this
end, all of the configurations presented here are designed to help evaluate the ultimate

performance and extendibility of resist materials for future lithography techniques.
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Prof. Jeffrey Bokor
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1 Introduction

1.1 Background

The lithography community is continually striving to print smaller and smaller
features into photoresists. Challenges have come and gone on the iconic International
Technology Roadmap for Semiconductors (ITRS) [1]. Numerous “next-generation”
lithography (NGL) methods have been proposed. Some have been tossed aside while
others have become champions and have led the industry through several feature
generations. This community has continually pushed toward smaller critical dimensions
(CD) and pioneered technologies that would not only work but would turn profits for the

computer chip manufacturers.

Extreme ultraviolet (EUV) lithography won the battle over several competing
technologies to become the most feasible NGL technique. Even with that being the case,
EUV lithography has still been pushed farther down the roadmap due to extra efforts
needed with 193 nm technology. The even shorter wavelength, 157-nm lithography, has
faded away partially due to the upstart called immersion lithography (IL) [25]. The
immersion technique also seems to be pushing EUV lithography farther down the
technology path. Will EUV lithography make it to commercialization? Even if EUV
lithography has all of its showstoppers removed, might some other techno]ogy overtake
it? Perhaps maskless, imprint, or some form of self-assembly will take lithography tools

and technologies in newer and more profitable directions.
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EUV lithography has made many exciting advances for more than a decade now,
but there are still hurdles that must be overcome. In this chapter, an overview of EUV
lithography is presented to spotlight the successes of EUV and to identify areas that must

still be researched.

1.2 Extreme Ultraviolet Lithography

Extreme ultraviolet lithography is a next-generation lithograph); technique for
manufacturing integrated circuits at high volumes [2]. It is targeted to print critical
dimensions of 45 nm and smaller with a large depth of focus (DOF) [3]. EUV lithography
continues on the path of projection optical systems but with a radical reduction in

wavelength (10-15 nm) and a conversion to lower numerical apertures (NA).

This reduction in wavelength is important due to the boost in resolution

performance. Ultimate lithographic resolution, R, is calculated by the equation

A
R=k (), (Eg. 1-1)

where NA is the numerical aperture of the tool, A is the wavelength of light used, and k;
is an empirical constant based on the rest of the lithography system. For EUV systems,
the range of k; is between 0.5 and 1.0 [4]. This shorter wavelength allows for an

impressive reduction in printable feature size while keeping modest values of k; and NA.

Since 1996, EUV interferometry has been conducted at Lawrence Berkeley
National Laboratory. This started with 2-mirror optical systems (10x, 0.08NA) which will

be discussed in Chapter 3. From 1999 to 2002, two 4-mirror systéms (4%, 0.1NA) were



developed and used for EUV research. Most recently another 2-mirror optic (Micro

Exposure Tool) has been built (5x, 0.3NA) and will also be discussed in Chapter 3.

Current state-of-the-art features use 193 nm lithography. Adding immersion
technology to these tools seems to have usurped 157 nm lithography as the next step. But
there will come a point at which conventional systems will no longer produce the finer
dimensions needed for new chip designs and an alternative method must be used. This
point will be reached somewhere under 65-nm feature sizes. As mentioned in the
Background Section (1.1), there were originally many NGL possibilities to solve this
problem. That list included proximity x-ray lithography (PXL), proximity electron
lithography (PEL), ion projection lithography (IPL), and electron projection lithography
(EPL). The next generation lithography technique used will be implemented only when it
is necessary since current optical lithography methods are already well understood and

well established.

Today, the Next Generation Lithography roadmap only emphasizes the extreme
ultraviolet and EPL techniques [5]). Currently, the NGL community has placed more
confidence in the EUV lithography proéess. The projection e-beam technique (known as
SCALPEL) creates very fine features using a scattering membrane mask. The mask
design for this technique is a challenge since it requires struts for stability and stress

control to help decrease distortions [3].

There are no materials known that allow for lenses to be used at EUV wavelengths
so the mask and projection systems use only mirrors. Also, most materials absorb EUV

wavelengths, including nitrogen and oxygen, and so this system must always be used in a



vacuum. The mirrors, masks, and resists are currently in R&D stages and are a few of the
primary issues of concern for EUV lithography. All three of these will be addressed in the
next sections. It is important to add that an acceptable EUV source is also a major hurdle
for the commercialization of EUV lithography. Source power is now on the order of 10
Watts but it needs to grow to 100-120 Watts for commercialization. My experiments
utilized the Advanced Light Source, an electron synchrotron at the Lawrence Berkeley
National Laboratory, which provided a consistent low-power source (1-2 Watts) for this

research.

1.2.1 Thin Film Multilayers

The creation of reflective mirror surfaces at EUV wavelengths was in many
respects the enabling technology for EUV lithography. Due to advances in thin film
growth and processing, these mirrors have opened the doors for exciting research at EUV
and soft X-ray wavelengths. Several techniques have been used to create these reflective
multilayers including evaporation, sputtering, laser-plasma deposition, and epitaxial
growth. This section will explain how reflective multilayers work and the methods used

to fabricate them.

Thin film multilayer mirrors are a collection of alternating indexed polycrystalline
layers [5]. These mirrors can be thought of as Bragg reflectors made by using both high Z
and low Z materials. The high Z material causes scattering and absorption at EUV
wavelengths. This material is chosen to have as little absorption as possible to keep the
overall reflectivity high but provide large scattering due to a significant refractive index
difference between the high and low Z layers. The function of the low Z material is

primarily to space the scattering planes so that reflections are constructive over roundtrips
4



through the layer pairs. At normal incidence, the thickness of one layer pair is equal to
half the wavelength. There are two EUV wavelength ranges that currently have mirror
designs that provide enough reflectivity for lithography purposes. For the A=11.3-11.6 nm
range, alternating molybdenum and beryllium layers are used. In the A=13.3-13.6 nm
range, molybdenum and silicon are alternated. The Mo/Be mirrors typically have 70
layers and the Mo/Si mirrors are constructed using 40 layers. Molybdenum has the second

greatest phase shift next to beryllium at EUV wavelengths.

The multilayer mirrors reflect around 70% of the incoming photons within a
relatively small bandwidth (4-5%) [7]. Figure 1-1 shows typical reflectivity plots.
Recently, a Ru-capped multilayer has shown a reflectivity of 69.6% for 13.4-nm photons

[24]. This multilayer also has better oxidation resistance than the original Si/Si0; capping

layer.
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Figure 1-1: Standard reflectivity plots for the two different EUV multilayers. [8]
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Not only is absorption occurring in the layer pairs but interdiffusion also plays an
important role in reflectivity. The more the reflective planes are blurred by interdiffusion,
the lower the reflectivity. Temperature plays a key role here. This can be seen in Figure 1-

2. As temperature is increased, stress is relieved but reflectance drops considerably due to

this interdiffusion.
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Figure 1-2: Stress and reflectance as a function of anneal temperature. As

temperature is increased the stress is reduced in the multilayer stack but reflectance
is lost due to interdiffusion. [8]

There is currently a temperature limit of 150°C for any multilayer processing step
in order to insure the reflectance stays at acceptable levels. This creates a challenge for
process engineers, who need to do further deposition and etch steps on top of these
multilayers to create EUV masks. Full EUV lithography systems will contain around 10
mirrors and if each is reflecting at 70%, only 2 to 3% of the original flux will hit the

wafer, which can result in lengthy (costly) exposure times.



1.2.2 Masks and Defects

This section describes the mask technologies associated with extreme ultraviolet
lithography. It piggybacks on the multilayer research discussed above since a great
reflector surface is the first requirement to fabricating an EUV mask.

An EUV mask consists of a multilayer reflection coating below a patterned absorber
layer. There are three areas for possible mask defects. They can arise in the absorber
pattern, as particle contamination on the finished mask, or in the reflecting multilayer.

The absorber defects can be fixed using selective etching or selective deposition
depending on the type of defect. Particle contamination on the finished mask is still an
issue for research. There are currently no pellicles available to fully transmit the valuable
EUV photons. Mask handlers must develop technologies that do not require pellicles. In
addition, there is a problem in fixing the multilayer defects since they are difficult to
detect and then to repair.

Mask absorber materials are also being researched [12]. Almost all of the emphasis is
with the 13.4nm Mo/Si multilayer stack. Some current contenders are Cr, TiN, NiSi,
TaSi(N), Ta, TaN, and TaGe. When evaluating these absorbers there are many
requirements. These include EUV absorbance, inspection ability, and repair. For example,
a common parameter is the contrast seen when exposing the mask with deep ultraviolet
(DUV) photons. More contrast between the absorber and multilayer increases the
inspection ability. | |

There are currently two absorber process flows that have been developed: subtractive
and damascene. The subtractive technique is easier to fabricate but damascene allows for
better mask cleaning and inspection. One of the disadvantages of the damascene process
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is that the additional silicon used partially absorbs EUV photons (~20% for 70nm of Si).
In general, absorber thickness can be less than 100nm for either technique.

Manufacturing issues for EUV masks include substrate roughness, number of
defects, and reproducibility of layer thicknesses. A small defect on the substrate can
become increasingly problematic as tens of layers are deposited above it. Not only can
they be hard to detect, but techniques to fix them are still not mature. A low defect
deposition process is needed for the multilayers followed by a suitable inspection

technique.

Such a solution for low defect deposition has been found by a collaboration
between Lawrence Livermore National Laboratory and Veeco Instruments. The previous
method used to make reflective multilayers for EUV lithography was magnetron
sputtering. This method produced approximately 10,000 defects per cm?, which would
not be practical for commercial EUV lithography. The new method that has been
developed is called the Ultra Clean Ion Beam Sputter Deposition System [9]. It can
produce masks with up to 81 alternating layers of silicon and molybdenum, each with a
thickness of 3 to 4 nm. First, ions hit Si, Mo, or Be targets, which cause a vapor to be
formed. The vapor is then deposited on the surface with Angstrom accuracy. This
technique produces a defect density under 0.1 defects per cm®. This is an impressive and
necessary improvement that has helped EUV lithography in becoming feasible for
industrial applications. It is important to note that these mirrors are usually not flat which
means deposition techniques must vary layer thickness across a curved surface. Figure 1-

3 illustrates the newer deposition system. By varying the table and mirror rotation speeds



the thicknesses of the layers can be changed for each layer and for different areas on the

mirror surface.

" Torget housing

Figure 1-3: Magnetron sputtering setup. The shadow masks allow for controlled
deposition (uniformity) and the table/mirror rotations allow for varying layer
thicknesses. [6]

As mentioned above, inspection techniques are also very important. Many current
optical inspection methods can be used, e.g., laser-based particle detection, bptical
microscopy, and scanning electron microscopy. Unfortunately, these methods can only be
used for investigating surface or near-surface defects and cannot find defects buried in the
multilayer reflector. This means that inspection tools need to be developed that use
extreme ultraviolet light in order to characterize the mirrors completely, including deep

into the multilayers.



Researchers have being looking into various inspection systems. The techniques are
based on scanning a focused EUV beam across the wafer and measuring the intensity of
the reflected beam. In one case, the beam was focused down to a diameter of a few
microns [10]. As the beam was scanned, both light and dark field photodetectors were
able to record changes in the scattered beam gaused by the defects. The shape and size of
the defects, as well as the incident beam size, all cause changes in the intensity. Since this
inspection technique uses EUV photons it accurately characterizes the properties of these
defects. When inspection is performed at non-EUV wavelengths the characterization is

only approximate.

The results were promising in terms of measuring defects, but for industrial
practicality problems still arose. Most importantly, the inspection scanning rate of the
masks needed to be increased. Two methods were suggested do this. First, an increase in
the photon flux from the EUV source would increase the signal to noise ratio and
therefore allow for faster scans. Second, by making the incident beam size smaller, less
time is necessary for each scan region. This has led to the development of another tool. It
is called an aerial image microscope (AIM) [11]. One is currently being built at the
Advanced Light Source incorporating one of the 10x Schwarzschild optics used in this
research. This AIM tool will use at-wavelength inspection techniques to investigate EUV
mirror substrates and mask defects.

Masks are definitely the key to most of the next generat'ion lithographies. A possible
revolution to current lithography practices is maskless lithography. There is a procedure
being researched using EUV light and an adjustable array of nanomirrors that would

eliminate the need for a mask [13]. Mirrors could be tilted by applying a voltage between
10



the mirror and the base. Any “off” mirrors would simply direct the EUV light away from
the wafer. This would remove three major EUV mask hurdles which are their high cost,
inherent defects, and lack of a suitable pellicle [14].

1.2.3 Photoresists

Challenges have also arisen in the realm of EUV photoresist materials and
development processes. The highly absorbing nature of EUV waves by most materials
and the desire to print small feature sizes require the use of thin layer imaging resists.
There are many areas of interest which include line-edge roughness (LER), EUV
sensitivity, etch resistance, resolution, depth of focus, outgassing, photoresist collapse,

and compatibility with existing manufacturing processes [15,16].

Understanding the causes and then learning to minimize LER is an important step
for photoresist success. The industry is reaching a point where LER is a significant
percent of the feature width. For example, dense 30-nm lines have shown 5-nm LER (3
sigma rms). LER values of this magnitude will become unacceptable in future
generations. In fact, increased LER in transistors has been shown to degrade performance

[15].

The causes of LER are still being investigated, but there are several suggested
contributors. When exposing a resist, a 25%-50% change in dose is required to change
the soluble resist film to insoluble (for positive tone resists) [17]. The dissolution
behavior in this portion of the exposure region is what determines the sharpness of the
resist line which in turn contributes to the LER. High intensity modulation (high contrast
images) will minimize the inhomogeneous dissolution behavior’s spatial extent. See

Figure 1-4 for a diagram of this effect.
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Figure 1-4: Effect of aerial image contrast on line edge roughness [17]

The inhomogeneous solution could be caused by non-uniform diffusion of the
photo-acid generator (PAG), nano-scale variations in acid deprotection, or general
statistical effects on the solubility of the polymer chains. High dissolution imbalance is
also important to get a steep solubility gradient at the line edge during baking in order to

get smoother lines. The following is a list of other proposed causes of LER:

Resist resin size/shape/composition

Developer strength

Stress/tensions during development 18]

Optical density of the photoresist [19]

Phase compatibility between protected and deprotected polymers [20]
Shot noise [21]



Imaging depth in EUV photoresists will be around 100 nm. If this is too thin to do
full wafer processing then there are some thin layer imaging (TLI) processes being

investigated [22,23]. Figure 1-5 shows two examples of TLIL
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Figure 1-5: Two examples of thin-layer imaging: Silylated top-surface imaging
(left) and bi-layer resist (right) [22]
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Erch Transfer

Silyated top-surface imaging (TSI) includes a cross-linked bottom layer which is
etched after the top layer is mixed with silicon vapor to become a hardmask. The bi-layer
system on the right makes the top layer become a SiO; etch mask. A third technique, an
ultra-thin resist (UTR) method is similar to the bi-layer process except that the bottom
layer starts out as an etch-resistant hardmask. Silyated TSI seems to contribute large
amounts of LER and is generally not considered a practical technique. Stable materials
for the bi-layer process are still being investigated. Currently, the highest potential lies in

the UTR technique.
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1.2.4 Summary

There have been many advances in EUV technologies. However, there are still
many challenges and risks that need to be evéluated. Both the substrate and multilayer
need to be essentially defect free and smooth. Inspection tools need to be developed for
EUV masks and they need to work in industry settings. Also, the fabrication process must

be kept below 150°C or there will be too much thermal instability in the multilayer.

Currently the multilayer surfaces have reflectivities around 70%. Every fraction of a
percentage point counts because that means a decrease in the EUV flux needed. This
leads to a lower laser power requirement or a less sensitive photoresist. Lifetime of these
multilayer surfaces is also very important. Degradation overtime due to contamination

and EUV radiation needs to be minimized.

1.3 Research Motivations

The purpose of this research was to contribute to the EUV program in areas that
were critical to the development of EUV as a commercially-viable technology. By
utilizing existing equipment at the Lawrence Berkeley National Laboratory and the
interferometry beamline at the Advanced Light Source it was decided to make advances
in designing imaging systems and tools to aid in photoresist experiments. Using EUV
wavelengths to print small features is necessary for the timely development of resists and
processing techniques for the entire EUV lithography program. At the time I began my
research, there were only a few systems in the world that could print images using EUV
photons. At the conclusion of this research it is satisfying to see that the Micro Exposure

Tool (MET) has come on-line and is able to print comparably-sized features. In addition,

14



the MET has variable coherence, larger field size, and a larger NA. All of which will

enable it to push toward even smaller and more complex features.

1.4 Thesis Content

Chapter 2 details the workhorse technique of this research — the spatial frequency
doubling method. Chapter 3 provides an overview of the EUV optical systems used at the
ALS. This includes information on mirror surface roughness, interferometry methods, and

simulations.

Chapter 4 explains the methodology and apparatus used in the experiments as well
as the many upgrades installed during the course of the research. Chapter 5 details
exposure results achieved in the different photoresists and experimental configurations.
Chapter 6 provides a description of the aerial image contrast method and its LER
findings. Finally, Chapter 7 summarizes this research and addresses future research

potential.
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2 - Spatial Frequency Doubling

2.1 Introduction

The resolution limits for most EUV resists were unknown at the beginning of this
research. This was primarily because existing tools could not reach the necessary feature
sizes to determine resist potential. To address this shortcoming, I worked to modify an
interferometry station into an imaging tool. This helped give feedback for the timely
development of resists and processing techniques for the EUV lithography program. The
spatial frequency doubling technique I incorporated was based on work done previously
that produced 250 nm lines and spaces using 248 nm wavelength light [1,2]. A second
method of spatial frequency multiplying, using multiple gratings to diffract orders, has
also been demonstrated [7,8]. This technique used coherent 1.8-nm radiation to pattern
50-nm period gratings and incoherent 13-nm radiation to pattern dense lines with a 250-

nm period.

High contrast images are achievable by using spatial frequency filtering techniques.
Several other aperture-plane filtering techniques will be discussed later which also
extended the resist-analysis options (multiple pitch printing in Chapter 5 and aerial image

contrast variation in Chapter 6).

By using spatially coherent 13.4-nm wavelength light and a 10x-demagnification
optical system, high-resolution/high-contrast test patterns were exposed that extended

well beyond the conventional resolution limits of the designed optic. By combining the
19



10x demagnification provided by the optic with the spatial-frequency doubling technique,
20x reduction of the object grating pitch was obtained. For example, 0.8-micron dense
lines on the object grating printed 40-nm dense lines onto the resist-coated wafer. To get
these small features, the line and space patterns are restricted to a single orientation and a

dense 1:1 spacing.

2.2 Theory

The spatial frequency doubling technique is most easily envisioned for a system
configured to image a simple grating object. Conventional imaging will collect all the
lowest diffracted orders from the mask that fit within the NA of the imaging system. This

is shown in Figure 2-1.
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Figure 2-1: Diagram of conventional imaging system collection
the lowest three orders (0, +1, and -1).
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For coherent imaging, the field, E, at the image plane from the lowest three orders

(0, +1, -1) is proportional to [3]

E(w) =< 1+sin(w+ ©) +sin(w-O), (Eq. 2-1)
Where
27x
w="" (Eq. 2-2)
p
and
. A
© =sin" (—). (Eq. 2-3)
p

In these equations, X is the spatial coordinate in the image plane, p is the pitch of
the object grating, and A is the wavelength of incident light. This leads to the result shown

in Figure 2-1 for the intensity of the 0, +1, and -1 orders
1(w) = |E2| o [1+ sin(w + ©) + sin(w — ©)]°. (Eq. 2-4)

If, however, the zeroth order is blocked as drawn in Figure 2-2, we end up

removing the dc term we had in Equation 2-1, leaving

E,y (@) o sin(w + ©) +sin(w - 0O) . (Eq. 2-5)

21



Coherent

Iltumination
Grating

Frequency-doubled Imaging

for +! and -1 orders only

Diffracted
Orders

m=-1 /
m=-2 I

Intensity at Image Plane

ar
L
7

) (arb units)

150 200

100
x (nm)

Figure 2-2: Diagram of spatial frequency doubling imaging which uses only the +1 and -1 orders

Which makes

Iy (@) = |Epyy | = [sin(@+ ©) + sin(w - ©)] (Eq. 2-6)

as plotted in Figure 2-2. Combining these two imaging plots in Figure 2-3 shows clearly

the high contrast achieved for the frequency-doubled case. Values for this example are

p=100 nm and A=13.4 nm.
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Figure 2-3: 1-D imaging plots for conventional and doubled imaging techniques.

An aperture stop was designed to block the Oth diffracted order generated by the
grating while allowing the +1 and -1 diffracted orders to propagate through the system
and reach the image plane. This will be discussed in Chapter 4. Chapter 5 will
demonstrate experimentally this doubling effect, or what I have called the F2X system.

That is short for ‘spatial frequency doubling’ or ‘frequency two times’.

2.3 Simulations

Numerous simulations of the F2X system were run to further the understanding of
the imaging properties. This included simulations on the relationship between coherence
pinhole size and object grating size, aperture filter size and shape, and sensitivity to

object alignment. All of these will be discussed in the next sections.

2.3.1 Full Model

The full MATLAB simulation for these experiments consisted of eight major steps:

1) Field incident on spatial coherence pinhole
2) Field interaction with pinhole
3) Propagation to object mask
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4) Modulation by object mask

S) Propagation to aperture plane

6) Modulation by aperture plane filter
7 Imaged through 10x Schwarzschild
8) Intensity at image plane calculated

Early on, the simulations started at step 4 — having a plane wave illuminate the
object mask. This was an oversimplification of the setup since the simulated images at
step 8 did not look like the real CCD image pattern. The illumination’s spherical
wavefront profile from the coherence pinhole gave rise to subtle features in the pupil

plane image. As a consequence, steps 1 through 3 were added to the simulation.

Another important contribution to the early image problems (those with a step 4
start) was in step 4 itself due to object mask modeling. Initié]ly, the mask was defined as
a simple binary transmission mask. This was not accurate enough for the simulations. It
turns out that the absorber portions of the mask let a little bit of light through. The nickel
absorber actually transmits about 5% of the incident EUV light. When the mask
simulations were changed to incorporate this, a good replica of the real CCD image was
achieved. Figure 2-4 shows the difference between simulations with and without the

pinhole diffraction compared to a CCD image of the real diffracted orders.
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01 47 03

Figure 2-4: Each image contains three difracted orders in the pupil plane — 0™ order in the center
surrounded by +1 and -1. Each shows diffraction associated with printing 70-nm lines at the wafer. a)
Simulated pupil plane image created from plane wave illumination of the object grating. b) Simulated
pupil plane image created from diffracted illumination from the coherence pinhole onto the object
grating. ¢) CCD Image of pupil plane showing actual orders on the 10x-Berkeley optic.

By using the fully extended numerical aperture, the system can theoretically achieve
line widths as small as 12 nm. This can be calculated simply from the equation for the

spatial frequency doubled linewidths:

In the 10x Schwarzschild case, A=13.4 nm and the largest possible NA is 0.29.

2.3.2 Aperture Size

Aperture size also plays an important role in imaging performance. Since these are
coherent-based experiments there are ringing effects caused from the sharp edges of the
aperture stop. This can be seen clearly in the following simulations where six
configurations were analyzed. All of these simulations used a coherence pinhole of 2.0

pm.
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Figure 2-5 shows the largest aperture openings of 3.3x2.8 mm and 2.2x2.8 mm
(height x width). The window sizes are visible graphically when the color scale is
distorted as shown in the figure. Once these orders are imaged through the 10x system,
the resulting line and space pattern is shown along with two sample cutlines. In these first
cases there is very little difference in imaging performance. Some slight horizontal
ringing can be seen in the wafer-plane images and it is a little more pronounced in case 2.
The curvature across the field, as shown in the cutlines, is caused by the spherical wave

illumination of the object from the 2.0-pum coherence pinhole (see Section 2.3.4).

Case 1 - 3.3x2.8 mm openings | Case 2 — 2.2x2.8 mm openings

Diffracted orders Color scale changed Diffracted orders Color scale changed
in pupil plane to highlight openings in pupil plane to highlight openings

i
| WJJ

50-nm lines at i iY l
wafer plane : il

L C

50-nm lines at
wafer plane

Figure 2-5: Simulations detailing imaging performance of dense 50-nm lines for large sized aperture
openings (height x width). There is very little difference in these patterns as shown in the cutlines.
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Next, in Figure 2-6, the apertures become a little smaller. But as can be seen in the

cutlines, the 50 nm lines and spaces still have high contrast. Once again, there is some

horizontal ringing in these cases.

Case 3 - 2.2x2.0 mm openings

Color scale changed
to highlight openings

Diffracted orders
in pupil plane

I I

50-nm lines at
wafer plane

Case 4 — 3.3x2.0 mm openings

Color scale changed
to highlight openings

Diffracted orders
in pupil plane

50-nm lines at
wafer plane

Figure 2-6: Simulations detailing imaging performance of dense 50-nm lines for medium sized
aperture openings (height x width). Imaging capability is still high.

The last two cases are shown in Figure 2-7. Here the aperture sizes are

approximately the same size as the diffracted orders in the pupil. Serious vertical

coherence ringing is now visible in the cutlines, especially in case 6. Both cases also

demonstrate very noticeable horizontal ringing in the wafer-plane images.



Case 5 — 1.5x1.5 mm openings | Case 6 — 1.0x1.0 mm openings

o =
Diffracted orders Color scale changed Diffracted orders Color scale changed
in pupil plane to highlight openings in pupil plane to highlight openings

|

50-nm lines at
wafer plane

50-nm lines at
wafer plane

Figure 2-7: Simulations detailing imaging performance of dense 50-nm lines for small sized aperture
openings (height x width). Imaging capability is degraded.

Originally, aperture openings were built just large enough to fit the orders (cases 5
and 6). After these simulations were run, the aperture stop was removed and larger
openings were made. This was done in order to reduce the coherence effects associated

with the aperture stops themselves.

2.3.3 Object Mask Size

Simulations were run to investigate object mask size in this system. The diffraction
from the grating window sets limits for the mask. If the grating is smaller, then the
printed field on the wafer will be proportionally smaller (by the 10x demagnification of

the optic). Thus, for field size reasons, a larger grating is preferred. However, as the
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grating gets bigger, so do the diffracted orders in the pupil plane. In fact, these orders can

get so big that they start overlapping. When that happens they can no longer be filtered. If

the 0" and +1 orders blend together then there is no way to use an aperture stop to block

the 0" order for use in the spatial frequency doubling technique.

Figure 2-8 shows simulations using a 2-pm coherence pinhole illuminating various

grating sizes. Shown for each window size are the diffracted orders in the pupil and the

corresponding center cutline. The 0" order is in the center and the +1 and -1 orders are on

the sides. The cutlines show clearly that a larger grating produces larger diffracted orders.

Diffraction Orders

30x30um

8 %

Center Cutlines

Diffraction Orders

40x40um
L

50x50um
EWE

60x60pm
g - 3

Center Cutlines

Figure 2-8: Diffraction orders for select object grating sizes. There is a spherical wave (from a 2-um
pinhole) illuminating the grating. Grating window dimensions are shown in white text on top of the
coresponding orders. To the right of each order image is its center cutline.




Object size simulations can also be run with plane wave illumination of the grating.
Figure 2-9 shows these calculations. In this case, as the grating window gets smaller, the
diffracted orders get bigger. This makes sense when thinking about common diffraction

systems. As an object gets smaller, light will diffract at a larger angle.

The reason that this same phenomenon is not seen in Figure 2-8 is because there are
two competing effects. First, spherical wave illumination makes the orders larger in the
pupil plane. The phase curvature hitting the grating keeps diffracting even more. This is

countered by the second effect, where the larger the grating window the less diffraction.

Diffraction Orders Center Cutlines Diffraction Orders Center Cutlines

f‘- 50x50pum

h (1 f '
=g e L

A,
| (R A A |
i o m,.-;;i W Yo, ]

30x30um [ |

- - . e | [ |

Figure 2-9: Diffraction orders for select object grating sizes. There is a plane wave illuminating the
grating. Grating window dimensions are shown in white text on top of the coresponding orders. To the
right of each order image is its center cutline.
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There should be a point then where these two effects meet to form the smallest
diffraction size possible in the pupil plane. To investigate this, Figure 2-10 compiles data
from Figures 2-8 and 2-9. The width of each diffracted order was measured as a FWHM
value (Full Width at Half the Maximum). It is called the footprint size since it is the size
of the diffracted orders in the pupil plane. The pupil plane coincides with a mirror surface

in the optic.

1.4

—B— Plane wave illumination

0.6

—a— Spherical wave illumination

Order footprint (mm)

0 10 20 30 40 50 60 70 80
Window size (um)

Figure 2-10: Diffracted order sizes in the pupil plane for two different illumination schemes. Win-
dow size is defined as the opening along one side of the object grating.

As Figure 2-10 shows, there is in fact a minimum footprint size in the spherical
wave case for gratings around 15-20 um on a side. Plane wave illumination also behaves
as expected where a smaller grating window will create larger diffracted orders. It is also
reassuring to see in these simulations that the spherical wave case starts following the
plane wave case at 10 um. The plane wave illumination case is the diffraction limit. If the

spherical wave case produced a smaller footprint that would signal a problem with these
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simulations. In this case at the 10 pm point, the grating window is so small that the

spherical wave essentially looks like a plane wave. There is very little phase variation

anymore over the window.

As mentioned above there is a tradeoff. The smaller the order footprints on the
mirror surfaces then the less any mirror roughness will change the orders. However, the
smaller footprints will decrease field size as well. A 40-um window creates diffracted
orders that are 1 mm in the pupil plane and creates a field on the wafer of 4x4 um. A 20
um window creates orders that are 0.4 mm and a field that is only 2x2 pm. It would not
make sense to go to a 15x15 pum window since there is virtually no more reduction in
order size. Experimentally, object masks were built for these experiments at 40 um to get
the larger field size. Later, multi-pitch masks used 20 pm windows for each feature size.
Four of these fit inside a 40 um square window. This configuration still gave a 4x4 pm

field but each of the four pitches produced smaller orders in the pupil plane.

2.3.4 Coherence Pinhole Size

This section continues to look at diffraction. This time the size of the coherence
pinhole, positioned before the object grating, is varied. The smaller the pinhole size, the
more diffraction. That means there will be less phase variation and less amplitude
variation in the field when it illuminates the mask. The downside is that there will be less

light transmitted through the system.

Figure 2-11 shows the difference in imaging 50 nm lines and spaces using two

different sized pinholes. One is 2 um in diameter and the other is 0.5 um.
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Figure 2-11: Imaging performace for 50 nm dense lines and spaces for two different pinhole sizes. The
object grating window is 40x40 pm.

As can be seen in the cutlines, the contrast of the lines and spaces is slightly more
even in the 0.5 pm case. Initially, experiments were done using a 2-um pinhole. Later,

during a series of system upgrades, a 0.5-pm pinhole was installed.

2.3.5 Object Alignment

If the object is not placed in the center of the pinhole diffraction spot then the
misalignment will play a significant role in imaging degradation. Figure 2-12 compares a

completely centered system to ones that have been misaligned by 10 and 20 pm.
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No shift 10-pm shift 20-um shift

,‘
Vertical cutlmes down along the 50 -nm features

Figure 2-12: Misalignmnet between the 2-um pinhole and the object grating can result in intensity
rolloff for each line.

Each cutline follows an individual linewidth and show the intensity variation along
the 50-nm feature. It is evident that alignment is important for imaging success in this
system. This simulation helped build the case for insitu alignment capability for these

experiments. That capability was added during system upgrades.

2.4 Similar Techniques

There are two other methods that have been used by others to print small features
into photoresists for testing and development purposes. Both utilize interference to
achieve this aim but do so in different ways. Their advantages are that they are essentially

maskless and lens-less. They are also much simpler than the F2X method and as such,
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they don’t have the extensions to actual lithographic systems that spatial frequency
doubling has. All three methods have great depth of focus properties. These other two

methods will be discussed in the next two sections.

24.1 Two Beam Interference Lithography

Interferometric Lithography (IL) uses the sinusoidal standing wave created by two
intersecting coherent light beams [4]. When a photoresist-coated wafer is set in the
intersection plane then a periodic line and space pattern is exposed in the resist. As seen

in Figure 2-13 the pitch printed will be

p =2 (Eq. 2-8)

L 2sin@’

Interferometric Lithography

i
period = Zone) 135 nm at 257 nm/80°

Fugre 2-13: Interferometric Lithography Diagram [4]
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This configuration allows for printing near /2 and, as mentioned above, is
maskless and lens-less which helps reduce cost and aberrations. This technique also
allows for simple control of the aerial image contrast since the intensities of the
intersecting beams can be varied. Unfortunately, this system is difficult to implement at

EUV wavelengths.

2.4.2 Lloyd Mirror

The Lloyd mirror technique is a simple and relatively inexpensive way to print
small features. It requires a temporally and spatially coherent source of EUV radiation.
Figure 2-14 shows a schematic of the system. By using a grazing incidence optic one can
create a phase difference between the normally incident beam and the reflected one [5].

This path length difference will cause interference fringes in the intersection volume. By

INTERFERENCE
FRINGE PATTERN
V

ST WAFER

GRAZING
INCIDENCE
MIRROR

*f f INCIDENT

.. BEAM

Figure 2-14: Diagram of Lloyd’s mirror [6]

36



placing a resist-coated wafer in this volume, a periodic line and space pattern will be

transferred.

The equation for the printable feature size is given by

, A

=— - . 2-
™ sin@, +sinb, (Fq-29)

where 0, and 0, are the two angles from normal to the wafer plane [6]. Using angles in
the range of 2-10 degrees will give features with sizes from 20-100 nm. Contrast is
affected somewhat by the imbalance between the two beams. But with a suitably designed
multilayer reflector, fringe patterns can be printed. Since this system has one beam
reflecting off a mirror, the difference between the two field strengths causes a reduction
in contrast. The spatial frequency doubling method uses balanced fields to achieve higher
contrast. Also, in the F2X system, multiple pitches can be printed by simply changing the
object mask. The Lloyd mirror system would require a different mirror (curved or

stepped).

2.5 Conclusions

By using the F2X imaging system with the spatial frequency doubling technique, I
can print well defined 50 nm features and smaller using a 10x Schwarzschild optic
designed for only 100 nm lines. The reasons are twofold. First, I limit the sizes and
orientations of the features I print. By imaging dense features in a single orientation, I
reduce the space needed in the pupil. Secondly, by additionally blocking the zeroth order
and reducing the space on the pupil further, I can get an additional factor of two in

demagnification from the spatial frequency doubling.
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Aberrations would be too great over the whole 10x pupil for lithography — it wasn’t
designed for full NA imaging. However, I can print a small range of frequencies in small
fields. The doubling is a nice extra but it would not mean much if it didn’t also allows the

use of “more” of the NA. By compromising on the field of view this system makes

effective use of a larger area of the optic.

This chapter discussed the theory and simulations used to help design the
experiments. These included aperture size, object mask size, coherence pinhole size, and

object alignment. Several other simulations will be shown in Chapters 3, 5, and 6.

The spatial frequency doubling technique shares similarities to two other methods
described. The Lloyd mirror is simpler from a component and alignment standpoint.
However, the technique used in this experiment is advantageous because it will give
higher contrast due to the inherent field balancing of the two incoming orders. As
mentioned above, all three methods have great depth of focus due to their interferometric

nature.

Coherence is a double-edged sword for these experiments. In order to use the
spatial frequency doubling and extend the limits of these optics, coherent imaging must
be used. However, coherence will exaggerate any wavefront errors and it will add ringing
from edges (and defects as shown in Section 5.6). Overall, this allows printing of small

features but also enhances nonuniformities in the fields.

This research started by taking in-house interferometry knowledge and equipment
and expanding on it. Minor modifications were needed initially in order to use the 10x
optic in a novel way for high contrast aerial imaging. As the project grew in scope the
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system was upgraded several times. The next chapter will discuss in more detail the EUV

optics used to do these experiments. The chapter after that will detail the system and the

upgrades.
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3 EUYV Optics

3.1 Introduction

There have been many iterations of multilayer-coated optics used in EUV research.
First, the 20x Schwarzschild demagnification tool used in the early 1990’s printed rough
'100 nm features using a laser plasma source [1]. Most recently, a 0.3 NA tool with low
mirror roughness attached to an undulator beamline has been used to print dense 30-nm
features [2]. In between there have been variations on the 10x Schwarzschild model and
the two Engineering Test Stand (ETS) alpha tools. The ETS is a 4x tool that has an NA of
0.1 and is comprised of 4 mirrors. It was designed to print 100 nm features in a 1-inch arc
field [3]. The ETS has mimicked a commercial lithography setup by printing images
while scanning the EUV photons across the mask. These non-static exposures are still at
least twice as big as will be required for EUV lithography commercialization, but it does
demonstrate necessary advancements in implementation. The research covered in this
thesis utilized two tools: the 10x Schwarzschild optics and the newest 0.3 NA optic

called the Micro Exposure Tool (MET).

The work described above highlights EUV lithography progress in the United
States. There are two other consortiums also working on EUV technologies. A European
group is working on a 0.25 NA imaging system [12]. This system is still in development
with a significant emphasis on optic polishing and source power. Japan is also working

on an EUV lithography tool. It is a 0.3 NA optic that is similar to the MET except that it
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uses aspherical mirrors [13]. At this time, the most imaging progress has been made by

the US National Laboratories.

3.2 10x Schwarzschild Optics

Two-mirror, 10x-demagnification Schwarzschild optical systems have been used
extensively in EUV lithography research. Two subjects of particular interest have been
phase-shifting point diffraction interferometry (PS/PDI) [4] and microstepper imaging
[5,6]. In these 10x EUV optical systems, a well-corrected off-axis circular sub-aperture
with an NA ranging from ~0.07 to 0.09 is selected using an aperture stop. The full pupil
of the system is annular with an NA of 0.29. Conventionally, the smaller sub-aperture is
used in order to minimize wavefront aberrations over a larger field of view than would be
allowed using the full annular pupil. The 0.08 NA system has a theoretical resolution
limit for dense features of about 100 nm. By using the spatial frequency doubling
technique, however, this limit can be surpassed and even smaller line and space features
can be printed. A scaled diagram of the Schwarzschild setup is shown in Figure 3-1. This
figure shows the system operating at its highest NA where the +1 and -1 orders hit the
edges of the two mirrors. For larger features the system is operated in an off-axis
configuration and an aperture stop placed on the primary mirror is used to physically

block the 0 order.
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Figure 3-1: Scaled schematic of Schwarzschild objective.

There have been several iterations of the 10x optics. This research used three
models. The first, called 10x-Berkeley, was a first-generation optic. Second was 10x-B2,
a third-generation optic. Lastly was 10x-Intel, the newest system and the fourth
generation, designed to be used in the F2X imaging station. The mirror roughness
requirements for 10x-Intel, specified from MATLAB simulations, are discussed in the

next section.

3.2.1 Mirror Surface Roughness

In order to get better performance out of this imaging technique, a higher quality
optic was necessary. Several possibilities were investigated. One suggestion was to
remove the multilayers of an existing optic and recoat the substrates with newer
multilayers using more recent technology. This would have been the most economical
option, but the quality of the substrates after multilayer removal could not be guaranteed.
The best option, fabricating new substrates for coating, became a reality when Intel

showed interest in using this tool for their own resist research. At that point, computer
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simulations were run to get a fuller understanding of the impact mirror roughness would

have on F2X experiments.

In general, low-spatial frequency roughness contributes to the blurring of features.
Mid-spatial frequency roughness adds to small angle scattering that effects contrast.
High-spatial frequency roughness is large-angle scattering which does not expose the

photoresist but the associated loss reduces power throughput in the system [7].

It was possible to model in MATLAB both the low spatial frequencies (figure) and
most mid spatial frequencies (flare). High-spatial frequency modeling required more
memory than a desktop computer could handle. Since these high-spatial frequencies do
not degrade image quality, they are not critical to the simulations. The spatial frequencies
for figure in the 10x system are anything below 1 mm™. Mid spatial frequencies cover the

"to 1 um™’. Anything above 1 pum’ are high spatial frequencies.

range from 1 mm’
Typically, mirror surface roughness is measured with optical profilers for low spatial
frequencies, EUV scattering results for mid-spatial frequencies, and an atomic force

microscope (AFM) for high-spatial frequency data.

Mirror roughness, or surface roughness, is usually measured as a power spectral

density (PSD). An example of the PSD for the 10x-B2 optic is shown in Figure 3-2 [8].



Example PSD (10x B2 primary)
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Figure 3-2: Power spectral density plot for the 10x-B2 optic. Roughness values are shown in the
table on the right. :

The simulation procedure followed these steps:

1) Created a power spectral density (PSD) plot

2) PSD conversion to a 2-D roughness field

3) Add roughness as a phase deviation in the pupil plane
4) Simulate imaging system as in Chapter 2

The power spectral density of a surface is proportional to the squaré of the Fourier
Transform of the surface [9]. Therefore, a rough surface can be created by working
backwards. First, a PSD is created and the strength of the figure and flare amplitudes are
programmed. The square root of the PSD is taken' and a random phase is added over a
plane. Then by reverse transforming this field a surface map is created. The MATLAB
code contained a variable to change the relative strength of the figure and flare. Figure 3-
3 shows how this multiplier could change the strength of the figure with respect to the
flare. Values range from figure being one fifth the strength of the flare all the way to

figure being six times the strength of the flare.
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Roughness Simulation Parameter
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Figure 3-3: The ratio of figure strength to flare strength as determined by a multiplier variable in
the PSD calculation.

The surface roughness map that is created in MATLAB acts as a phase variation
from a perfect imaging system. This phase map is placed in the aperture plan and distorts
the phase information of the diffracted orders. This phase deviation in turn creates field

nonuniformities in the image plane.

Three sample PSD plots are shown in Figure 3-4 with their corresponding surface
roughness. The same phase map was used for all three cases to show how the PSD alone

can change the surface structure.
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Power Spectral Density Plots
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Figure 3-4: Three PSD plots and their corresponding created surfaces using the same phase map. On
the left, a relatively flat PSD creates a surface with balanced roughness. In the center, as the figure is
increased relative to the flare, more long range roughness appears. On the right, as this imballance
grows, all the mid-spatial frequencies are dominated by the lower frequencies.

Using this technique, simulations were run to see what limits needed to be set to
help decrease field nonuniformities. The object consisted of a 40-um square mask
containing a 2-pum period grating. This setup produced 50-nm lines and spaces in the
image plane. Lastly, a 2-um pinhole illuminated the object and 3.3x2.8-mm aperture
openings were used in the pupil plane. By varying the amplitudes of the mirror surface
errors (the roughness phase map) in the pupil plane, imaging performance was

investigated.

Figure 3-5 shows the results of keeping figure below 0.2 nm and sweeping the mid-

spatial frequency roughness (MSFR) from 0.6 to 0.1 nm rms. There are two surfaces
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shown. Each surface was created from a different random phase map added to the
generated PSD. As can be seen, the nonuniformities in the field smooth out around 0.1
nm for both surfaces. The field-contrast variation ranges from 22% when MSFR is 0.6

nm to 5% when MSFR is 0.1 nm. In addition, the linewidth-intensity difference ranges

Varying MSFR for 2 different surfaces

T T T
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Figure always below 0.2nm
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gttt |

from 50% when MSFR is 0.6 nm to only 14% when MSFR is 0.1 nm.
Surface 1

il

MSFR=0.6nm

Surface 2 “”'l |
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!’i’"‘
Figure 3-5: Imaging performance of 50-nm dense lines and spaces when MSFR is added to the
optic. As MSFR decrease the field nonuniformities decrease. The difference between these two
surfaces are from different randomly generated phase maps.

hl

Simulations were also run where MSFR was held constant and figure was varied.
Figure 3-6 shows three cases for three different MSFR values. The amount of figure
roughness varies by quite a bit in each case but the image pattern changes very little. This
is as expected for the F2X experiments. Since only small regions of the optic are being

used during imaging, figure roughness will only add a phase difference between the
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orders. That phase difference will show up as a change in focus rather than impact the
imaging. Also shown in Figure 3-6, whatever field nonuniformities are evident at high
figure, they are still showing up at low figure. As far as mirror roughness is concerned,
mid-spatial frequencies are the main contributor to the field nonuniformities. In Figure 3-
6, field-contrast variations are 17%, 9%, and 5% (top to bottom). The linewidth-intensity

differences are 45%, 20%, and 14% (top to bottom).

MSEFR = 0.40nm

i

i

MSFR = 0.20nm

MSFR = 0.10nm

Figure = 0.53nm

Figure 3-6: Imaging performance for 50-nm dense lines and spaces as figure is varied
significantly. Three different MSFR values are shown.
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Based on discussions with Sang Hun Lee of Intel it was decided to split up the mid-
spatial frequency roughness into three parts. This is because select regions of the mid-
spatial frequency roughness were the dominating concern when printing using the F2X
technique. Figure 3-2 showed this separation. Instead of asking for a new optic that had
15-20% improvement over the mid-spatial frequency range of the 10x-B2 optic, more
stringent requirements were placed in the first MSFR range (region 2 in Figure 3-2).
Figure 3-7 shows the 10x-B2 data compared to the requested specifications and the actual

results. Key improvements were made in the necessary spatial frequency ranges.

10x-B2 | NewSpecs | 10x-Intel
0.57 0.57 0.42
0.17 0.14 0.08
0.25 0.20 0.18
0.05 0.04 0.05
0.21 0.18 0.19

all values are nm rms

Figure 3-7: Chart showing 10x-B2 values, the agreed upon vendor
specifications, and the actual optic results before cutting.

PSD plots for the 10x-Intel optic are shown in Figure 3-8 and 3-9. Figure 3-8 shows
the metrology tools that were used to make the measurements. Figure 3-9 shows the

composite and best-fit lines of the data.
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10x-Intel Metrology Instruments PSD Plot
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Figure 3-8: PSD plot of 10x-Intel showing metrologies used in the measurements. [10]

10x-Intel Composite and Polyfit PSD Plots
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Figure 3-9: PSD data for 10x-Intel showing composite and best fit plots. [10]
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Two primary mirrors and two secondary mirrors were polished to within the above
specifications by Tinsley Corporation for the 10x-Intel optic. Based on polishing data and
interferograms of the surfaces, a primary and a secondary mirror were chosen for coating.
The multilayer coating and 0.08-NA visible-light interferometry was done at Sandia and
Lawrence Livermore National Labs. When the optic was ready to be assembled, each
mirror’s rotational position needed to be determined. These calculations are detailed in

the next section.

3.2.2 Clocking The Mirrors

Once the new substrates were multilayer coated, the two mirror’s orientations with
respect to one another needed to be determined. See Figure 3-10 for a conceptual diagram
of clocking this two-mirror system. The best performance of this optic in 0.8-NA
apertures around the optic was calculated through an iterative procedure using Code V
[14]. Code V is an optical design software package with optimization and analysis
routines. The optics were clocked using 10° steps. First, the primary mirror was kept
fixed and the secondary mirror was rotated around in 10° steps and wavefront error was
measured. Then the primary mirror was rotated 10° and the secondary went all the way
around again. When low wavefront areas were discovered, simulations were redone in

those areas with 5° resolution. Ultimately, over 1,500 wavefronts were calculated.
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Primary mirror s

Secondary mirror

Figure 3-10: Clocking a 10x optic by rotating both the primary and
secondary mirrors around the optical axis to find the best wavefront.

Figure 3-11 shows the full primary and secondary interferograms used in the Code
V clocking simulations. The smallest wavefront error is achieved when the circled areas
are combined. That wavefront is shown at the bottom of the figure in its corresponding

0.08 NA sub-aperture.
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Figure 3-11: Primary and secondary mirror interferograms. The best clocking positions are denoted
with circles and combined to show the wavefront error in the smaller sub-aperture.

Figure 3-12 shows the clocked sub-aperture from Figure 3-11 denoted as the 0°

field alongside the wavefront from the other side of the optic.
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Figure 3-12: Clocked sub-apertures of the 10x-Intel optic and corresponding wavefront errors.
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3.2.3 Interferometry

Visible light inFerferometry was done next on 10x-Intel at Lawrence Livermore
National Laboratory. Their lensless interferometry approach indicated 0.36-nm rms
wavefront error for the first 36 Zemikes. For spatial frequencies up to 30 mm' there was
a 0.49 nm rms error. These values are for a 0.07 NA sub-aperture. Details for the first 37
Zemike polynomials (including coma, astigmatism, and trefoil) are displayed in
Appendix A. The Zernike polynomials are a set of orthogonal functions over a unit circle.
The lowest 37 polynomials are used to describe the low-spatial frequency aberrations of

interest in the 10x system.

After the visible light interferometry and alignment measurerhents were finished,
EUV interferometry using the PS/PDI technique developed at Lawerence Berkeley
National Laboratory (LBL) was done [4]. With the assistance of Ken Goldberg from LBL,
the analysis was done on the 0° sub-aperture of the 10x-Intel optic. It turned out that
astigmatism was the main culprit in the wavefront error. After four alignment iterations
consisting of slight positioning corrections of the primary mirror the astigmatism was
reduced almost to zero. This was done using the ;‘>rimary mirror’s tilt adjustments. In the
housing, the secondary mirror (larger mirror) is held in place but the smaller, primary
mirror is attached to two locking arms which allow it movement to help remove

aberrations in the wavefront.

The EUV and visible-light wavefront measurements are shown in Fig 3-13. The
EUV measurement domain covers nearly the entire 0.088 NA sub-aperture. The outer

edge of the primary mirror clips the beam on the side closest to the Schwarzschild
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objective’s axis of rotation (the bite out of the circle). The visible-light measurements are

restricted to 0.07 NA.

Figure 3-13: EUV (left) and visible-light (right) wavefront measurements. As shown, the EUV data
covers 0.0876 NA while the visible-light data covers 0.07 NA. The wavefront phasemaps are shown on
the same range: [-3.420, 1.975] nm. Between the two wavefronts, there is an 8° rotation in the raw data
related to the orientation of the CCD and the optic during testing. Piston, tilt and defocus have been
removed from both wavefronts.

Figure 3-14 compares the wavefronts from both the visible and EUV measurements
when restricted to the 0.07 NA. An 8° rotation is applied to the visible-light Zernike

coefficients to bring the two measurements into agreement.
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Figure 3-14: Zernike coefficient comparison beween EUV and visible interferometries for
10x-Intel.

Appendix A contains a detailed list of the Zernikes for EUV at 0.876 NA and EUV

and visible for 0.07 NA.

The overall wavefront measured for the larger NA at EUV was 0.74 nm rms. This
is comparable if not a little higher than the 10x-B2 optic (0.67 nm rms). Also, a through-
wavelength scan was done to look at the multilayer response. There was no ringing
during the sweep which suggests that the multilayers were laid down very well. After
interferometry measurements were complete the interferometry chamber was replaced

and the system was switched over to the imaging configuration.

Figure 3-14 also shows that trefoil is the largest single contributor in the wavefront

error (Zernike coefficient number 10). If all of the astigmatism in the system were
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removed, the 10x-Intel could reach a wavefront of 0.69 nm rms (.088 NA). However, by
mathematically removing trefoil, the system could achieve 0.48 nm rms (.088 NA)
wavefront error. Unfortunately, this is not an alignment variable as is astigmatism, but it

does highlight the large contribution from trefoil.

3.2.4 Summary of the 10x Systems

Figure 3-15 shows three sub-aperture images for the three different 10x optics used
in these experiments. These were taken at EUV wavelengths using a CCD camera. 10x-
Berkeley clearly had the most defects on the multilayer mirrors. Care was taken to steer

the diffraction orders away from the spots but it was never entirely possible.

10x-Berkeley 10x-B2 10x-Intel

Figure 3-15: CCD images of the pupil plane for three different 10x optics.

The two most recent optics, 10x-B2 and then 10x-Intel, are the most similar. The
main comparison should be made between these two optics. Figure 3-16 shows magnified

images of the 10x-B2 surface.
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Figure 3-16: Magnified images of 10x-B2 showing optic surface at EUV wavelengths.

Figure 3-17 shows magnified images of the 10x-Intel surface.
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Figure 3-17: Magnified images of 10x-Intel showing optic surface at EUV wavelengths.

It is evident that there is a higher density of repetitive scratches in the new 10x-Intel
optic. As mentioned above, these images do not mean that any specifications were
misquoted or were not reached. But rather, it appears that a polishing technique was used
that created a new roughness pattern that had not been seen before. A simulation on the

effects of these scratches is shown in Section 5.6.
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3.3 Micro Exposure Tool (MET)

One of the newest EUV imaging systems in the world, the Micro Exposure Tool
(MET), was used in the aerial imaging contrast experiments. It has a larger NA (0.3) than
any other current EUV tool and is designed to print down to the 32nm node but should be
able to go even farther when printing in monopole and dipole modes. It is a 5x reduction

system and uses two mirrors. The field size is 0.2x0.6 mm’.

Wavefront error was measured at-wavelength by Ken Goldberg and Patrick
Naulleau of Lawrence Berkeley National Laboratory and shown to be 0.8 nm rms in the
first 37 Zernikes [11]. One great advantage to this tool, which is also attached to the
highly coherent ALS, is that it has a set of rotating mirrors which can program any
desired pupil fill into the system. Therefore, coherence can range from 0.1 to 1 and all

manner of illuminations (annular, monopole, dipole, quadrupole) are possible.

3.4 Conclusions

The EUV 10x Schwarzschild optic design has gone through four generations. It
started with the 10x-Berkeley, went through the 10x-A and 10x-B series, and ended with
the 10x-Intel. Each subsequent generation has had improvements in the polished

substrates and in better multilayer depositions.

This chapter discussed the procedure to create the specifications for the 10x-Intel
optic system. This included roughness simulations and specification negotiations. After
the mirrors were made, work was done on clocking the mirrors and measuring the

assembled optic’s performance at EUV wavelengths.
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One of the biggest hurdles in this research was working to overcome exposure field
nonuniformities. A huge improvement was made with the 10x-Intel optic since full field
images were achieved (as will be shown in Chapter 5). More improvements could have
been possible with even better polished optics or a reduction in certain polishing

scratches that will be discussed in Section 5.6.
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4 Experimental Systems

4.1 Introduction

The EUV imaging tools developed to do this research have taken advantage of the
Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory. This undulator
synchrotron provides a path to achieving coherence at short wavelengths, including
EUV’s 13.4 nm lithography point [1]. This chapter introduces the hardware and control

systems that were built in order to run the F2X experiments.

4.2 Design

It was discussed in Chapter 2 how the spatial frequency doubling technique requires
the use of a special pupil-plane aperture stop and spatially coherent illumination. The full

experimental configuration is shown in Figure 4-1.
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Figure 4-1: F2X Experimental Setup at Beamline 12.0.1 (ALS)

Spatially coherent, monochromatic EUV radiation was provided by an undulator
beamline (beamline 12.0.1 at the ALS). The optical configuration was based on several
reversible modifications made to the phase-shifting/point-diffraction interferometer
(PS/PDI) station operated on this beamline [2]. The light path, containing a grating
monochromator followed by a Kirkpatrick-Baez mirror pair (K-B), delivered radiation

from the undulator to the imaging station.

The undulator beamline provides continuously tunable illumination from 5-nm to
25-nm wavelengths with spectral resolving power as high as A/AAL ~ 1000. A flat,
multilayer-coated turning mirror was mounted at an angle of incidence near 45° to direct

the beam vertically. Near the focal plane of the K-B pair, a spatial filter pinhole,
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originally 2 um in diameter, provided uniform and coherent illumination of the

transmission object which sat 1.08 cm above the pinhole.

A 40 x 40 pm square transmission grating was used as the object, and was mounted
on a 3-axis translation stage. More information on the object masks is provided in Section
4.3. The 10x-Schwarzschild optical system, described in Section 3.2, was used as the
imaging optic. A specially designed aperture stop was mounted in the entrance pupil of

_the system. Figure 4-2 shows the aperture stop used in the experiment.

Figure 4-2: Aperture stop which sits against the primary mirror

Three aperture pairs are shown with different separations that are designed to print
70-100 nm, 40-50 nm, and 20-30 nm dense lines. For each grating object, the appropriate
aperture stop was selected. The 4-mm ‘circular’ aperture on the right side was used to
align the object illumination and is asymmetric to help determine aperture orientation

when viewing the pupil from a CCD camera. A wafer translation stage is located at the
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image plane of the optical system and enabled multiple fields be exposed on each 4-inch

wafer.

Beam alignment was performed using an EUV-sensitive CCD camera that was
placed on top of the imaging system and used when there was not a wafer in the image
plane. The Schwarzschild objective projected an enlarged image of the entrance pupil
onto the 1-inch-square CCD, and allowed adjustments to be made in real time. Figure 4-
3(a) shows the projected pupil illumination pattern from a 2.8-um pitch grating with the
zeroth, +1, and —1 orders present. Figure 4-3(b) has the central, zeroth-order light blocked
by the aperture stop. The +1 and —1 orders have been directed through the optic. The

dotted rings mark the position of the aperture pair.

I
Figure 4-3: CCD camera images a) without aperture stop, b)
with aperture stop blocking the zeroth order. The aperture
openings are marked in the picture by white dashes.

4.2.1 Experiment Apparatus

The spatial frequency doubling (F2X) imaging station was housed in a vacuum
chamber that consisted of three main parts: the object housing, the optic chamber, and the

load-lock assembly. Figure 4-4 shows a diagram of the major parts of the imaging system.
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Figure 4-4: Diagram of the F2X system.

Object Housing:

The object housing (labeled HMF in Figure 4-4) was a structure, situated before the optic
chamber, used primarily as a mount for the pinhole and object grating. It was translatable
in the X, Y, and Z axes, independent from the optic chamber. As mentioned above, near
the focal plane of the K-B pair, a illumination pinhole was used as a spatial filter before
the EUV photons illuminated the object. The X-Y controls were used to position the

housing such that the incoming light was centered directly onto the pinhole. When this
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was out of alignment, imaging performance would degrade as simulated in Section 2.3.5.
The object grating was mounted 10.795 mm above the pinhole. A transmission grating
was used as an object mask. The Z-axis provided focus control in the system by altering

the distance of the object from the optic.

Optic Chamber

The optic chamber was a cylindrical vacuum chamber that housed the 10x Schwarzschild
optic. The aperture stop was mounted in the pupil plane of the system which coincided
with the primary mirror. Above the image plane was the EUV-sensitive CCD camera. An
opening in the side of the optic chamber, in line with the image plane of the optic,

provided access for the wafers by way of the load-lock.

Load-lock:

The load-lock arm doubled as the wafer translation stage. It was level with the image
plane of the optical system, defined by three ball bearings built into the 10x housing. The
load-lock is a small, rectangular vacuum chamber equipped with an extendable arm and
U-shaped wafer holder. A computer controlled motor translated the arm and wafer in and
out of the optic chamber. Once the wafer reached the ball bearings, the wafer would ride
up onto them and no longer be sitting in the wafer holder. A rise on the wafer holder
would push the wafer along a line for the exposure series. The load-lock vastly increased
the throughput for the F2X system by reducing the amount of time it took to load, expose,

and remove each wafer. Only a small portion of the system needed to be exposed to air,
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significantly reducing pump-down time. This also allowed for enhanced alignment
repeatability of the system between wafers. Previously, after alignment of the system,

vacuum had to be broken and the chamber lid replaced with a translator device.

4.2.2 Wafer Handling/Resist Processing

Preparation:

The F2X system was equipped to handle 4 inch wafers. Initial wafer preparations were
done at the UC Berkeley Microlab, where Hexamethyldisilazane (HMDS) was applied
using a prime oven for 10-60 seconds. HMDS was used to help photoresist adhesion to
the silicon/silicon dioxide wafer. The wafers were then individually packaged .and
brought to the synchrotron and placed in a small cleanroom. When ready for exposures, a
wafer was prepared by spinning on a test resist and performing a post application bake
(PAB). The spin-on speed was determined empirically by measuring resist thickness
using a profilometer and chosen so that there was approximately a 2.5:1 ratio of resist
thickness to desired linewidth. PAB was performed according to the resist manufacturers’
instructions. The resist-coated wafer was then repackaged in a container and covered in
aluminum foil to block resist exposure to room lights. At the imaging station, the wafer
was removed from its packaging and placed onto the load-lock arm. The load-lock
chamber was then pumped down and the wafer was inserted into the optic chamber for

exposure.
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Exposure:

As the wafer was brought into the chamber it was placed on the three ball bearings which
defined the image plane. The wafer was then decoupled from the load lock arm, except
when pushed to the next exposure spot. Dose control was accomplished by undulator
tuning and altering the length of time a beamline shutter was open to admit light. The
~ dose parameters were given to a computer program that controlled the exposure run. The
program automatically opened and closed the shutter for each exposure and then
translated the wafer forward. Typicai operations separated the exposed 4-pum fields by 50
pm. Light intensity was monitored manually during the exposure run and adjusted as
needed to maintain dose parameters. Before there was a load lock, the wafer translation

was done by hand using a mechanical feedthrough.

Development:

After exposing, the wafer was removed from the load-lock, placed in a container and
wrapped in aluminum foil. It was then brought back to the cleanroom where the post
exposure bake (PEB) and development were performed. Delay time between removal

from the load-lock and PEB start was approximately 30 seconds.

4.3 Object Masks

Three sets of object masks were fabricated for these experiments. The first two

were transmission masks used in the 10x Schwarzschild system and the last was a
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multilayer reflection mask used in the MET for the aerial image contrast experiment

(discussed in 6.3.1).

The transmission masks for the 10x Schwarzschild F2X expeﬁﬁents needed to be
sized according to the overall 20x demagnification from the mask. For example, a 2-yum-
pitch object prints 50-nm lines and spaces at the image plane. The first mask set was
fabricated in the UC Berkeley Microlab by Chang Cho. The masks were an open stencil
design as shown in the scanning electron microscope (SEM) images of Figure 4-5. Nickel
was layered over a silicon nitride (Si3Ny) frame to create the absorber regions. The darker
regions in the Figure are the open areas. The variations seen in these open areas are
actually on the surface of the SEM stage. The pitch for this mask is 2 pm and the closed-

to-open linewidth ratio is 1.22:1.
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Figure 4-5: Three SEM pictures of an open stencil mask designed to print 50-nm dense lines and
spaces at the wafer plane. The lower right picture shows the SEM stage at the same magnification.
Since this is open stencil all the images show the stage below.

The second set of transmission masks were made at Lawrence Berkeley Lab’s
Nanowriter facility. They were also silicon nitride windows with nickel absorbers
patterned on top. Rather than being open stencil, these masks had the silicon nitride layer
covering the whole window. This makes for sturdier masks but the tradeoff is that there is
some attenuation of the transmitted light through the silicon nitride. Single pitch and
multiple pitch masks were made using the e-beam writer. For the multiple pitch masks,

each pitch on the mask covered a quarter of a 40x40-um square which produced a 2x2-
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um field on the wafer (the full image still being a 4x4-pm field). Simulations were done
on several different configurations for the multiple pitches before this design was chosen.
In the end, the four-square pattern on the far right was chosen because it did the best to
balance aperture shape conformity and line uniformity over each pitch. Figure 4-6 shows

a summary of these simulations.
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Figure 4-6: Simulations combining multiple-pitch gratings with the spatial doubling
technique. Each layout prints 70, 60, 50, and 40 nm dense lines and spaces.

The e-beam written object masks were later imaged with a SEM. Figure 4-7 shows
a mask designed to print 40 nm features on the wafer (the pitch is just above 1.6 pm).
These masks used nickel as the absorber material. The grainy pattern in the transmitting

area (darker region) is normal from the Nanowriter mask process. On top of the silicon
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nitride membrane in this transmitting region, there is 6 nm of chrome and then 12 nm of

gold. These two layers attenuate the light by 55% [3].

Figure 4-7: SEM pictures of an e-beam written mask designed to print 40-nm dense lines and
spaces at the wafer plane. The darker area is the transmission region consisting of silicon nitride,
chrome, and gold.

Figure 4-8 shows an example of a multi-pitch mask. This mask was programmed to
print 70, 60, 50, and 40 nm features on the wafer. Its corresponding mask sizes are 1.4,
1.2, 1.0, and 0.8 pm. Once again, the chrome and gold on top of the silicon nitride can be

seen magnified in the lower right corner.
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Figure 4-8: Multi-pitch masks written by e-beam tool. The upper left shows all four pitches and
the sizes programmed for the wafer plane. The upper right is a zoomed in picture of the 40-nm
features. The lower left is a zoomed in picture of the 70-nm lines. The lower right zooms in even
more to show the transmission area.

It was found that these e-beam masks were also not quite equal line and space. For
example, on the multiple pitch masks, the closed to open linewidth ratios were not 1:1 but
ranged from 1:24:1 (1.4-pm lines) to 1.50:1 (0.8-pm lines). As my experiments will
show, this still allows for patterns to be printed in photoresists. It will, however, degrade

the light throughput somewhat.
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4.4 System Upgrades

The first modification for the interferometry system consisted of adding a wafer

translator to the top of the vacuum chamber. A schematic is shown in Figure 4-9.

Viewing window
- - \—I:

Bearing rails attached
to walls of vacuum
chamber

Linear motion feedthrough

T A TR GAA AR TR

Wafer sits at the bottom of this cup
which is lined up with image plane

Figure 4-9: Schematic of the wafer translator housing that was placed above the
10x optic.

The cup, holding a wafer, would be lowered into a bearing-rail slider. Once the
wafer was sitting on the 3-plane of the optic, the wafer would be pushed from the side by
the cup. Pushing was done by way of a motion feedthrough. The first images were taken
with this setup. The wafer was moved by hand. Dose control was through a simple

computer program that would open the shutter once for an entered time.

Wafer exposures took a considerable amount of time. First, the system would be
aligned using the CCD camera. The system would then be vented to air and the CCD
would be replaced with this translator housing, all without trying to disturb the alignment.
Then a wafer would be exposed several hundred times with manual translation between

each exposure. Once the wafer was removed and processed, the CCD camera was
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reattached in order to check alignment. These vacuum vent and pump steps took time and
so wafer throughput was around 1-2 per eight-hour shift. But these exposures were not
guaranteed to be aligned. Several upgrades improved this throughput and allowed
alignment to be done immediately before exposing a wafer and without the need to vent

the vacuum system.

Besides the e-beam-written grating masks mentioned in the previous section, there
were other upgrades that allowed for better alignment and higher (~6x) throughput. This
included switching from a 2.0 pm to a 0.5 um pinhole before the mask. This pinhole is
for spatial filtering and increases the coherence of the illumination. This smaller pinhole
helped in producing more uniform illumination of the object grating. Simulations of this
are shown in Section 2.3.4. Other modifications to the system included the previously
noted wafer transfer load-lock, computer driven motors, and finer dose control. Further,
as discussed in Chapter 3, a new optic using the 10x-Schwarzschild configuration was

fabricated for use in the F2X system.

Original experiments were also done using a tabletop oven to do the post exposure
bake (PEB). The upgrades incorporated a new hotplate which was housed in an amine-
filtered clean room. This clean room also grew to house resist spinning, baking, and
developing equipment. A new vacuum chamber was built to handle the load lock and

allowed for significantly quicker pump down times by up to 50%.

Software was developed by Ken Goldberg of Lawrence Livermore National
Laboratory to control the load-lock arm and shutter control, both of which previously had

to be done manually. Focus and undulator control, however, were still manual.
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4.5 Conclusions

The aim of this chapter was to lay out the design and procedures used for this
research. The system has gone through some major modifications over the course of this
project. The most significant being the new optic, load lock system, and clean room
apparatus. Combined, these upgrades resulted in reliable and repeatable alignment and
imaging performance. The throughput increase of 6x allowed for many more experiments

as well as many more resists to be tested.

Many different object masks were used in these experiments. After successful
printing with single pitch masks, an extension to multiple pitch masks was accomplished.
The second set of masks had better fidelity since they were written by an e-beam tool, but
line widths and spotted transmission regions degraded somewhat the ultimate

performance of these masks (more on this in Chapter 5).
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5 " Resist Performance with
10x Imaging Tools

5.1 Introduction

Photolithography results using the spatial frequency doubling technique are
presented in this chapter. Scanning electron micrographs of the various photoresists are
shown for several different exposure configurations. All SEM images are taken without a
gold coating on the resist unless specifically stated. Single-pitch and multiple-pitch
imaging were by far the workhorses of this research. This chapter also touches on other
experiments, besides the F2X technique, using the 10x tools and the ALS. This includes
several monolayer exposure attempts as well as a proof-of-principle phase-shifting mask
result. Some non-chemically amplified resists were also tested and their results are
included here. Features range from dense 140-nm lines to dense 30-nm lines covering a
range of different resists. Loose-pitched linewidths were measured down to 25 nm. The

coherence level for all of these 10x-system exposures was 0.8.

5.2 Single-pitch Exposures

The first optic used for exposures was the 10x-Berkeley. It exposed high-resolution
patterns that extended well beyond the conventional resolution limit of 160 nm. First,
printing was done without the 0™-order blocking aperture and allowed all three orders

(0,+#1, -1) through the system. Then the aperture was installed and printing was done
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using the spatial frequency doubling technique (+1 and -1 orders only). Results for these
conventional and doubled images are shown in Figure 5-1. The resist used was Shipley’s
EUV-2D. This resist is still the baseline for all EUV lithography systems at the national
labs (Sandia, Lawrence Livermore, and Lawrence Berkeley). The sensitivity for EUV-2D

is 6.8mJ/cm?. Also included in the figure are the CCD images of the pupil plane for both

cases.

Printing with 0, +1, and —1 orders Printing with +1 and —1 orders (0% blocked)

Diffracted orders in
pupil taken with CCD

Ll

70 nm lines and spaces

TE

140 nm lines and spaces

Figure 5-1: Left — Conventional imaging with lowest three orders (0, +1, -1). Right — Spatial
frequency doubling without the zeroth order. Resist images are EUV-2D. Thickness — 100 nm.

The image on the right in Figure 5-1 shows the first spatial frequency doubling ever

done using the F2X system.
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Figure 5-2 shows 50-nm line and space patterns in the EUV-2D resist. This image
was also taken after work was done on setting up better resist processing conditions at the

beamline.

Figure 5-2: 50-nm lines and spaces with EUV-2D. (thickness - 100 nm)

What is not shown in this line and space pattern is the total 4-um x 4-pm field.

Figure 5-3 shows the full resist field for the 50-nm linewidth image taken in Figure 5-2.

Figure 5-3: Full 4-pm x 4-um field in EUV-2D. Field should be a full
square.
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A lot of work goes into steering the diffraction orders in the pupil such that a patch
of the field will print well. Defects on the mirror surfaces of 10x-Berkeley, as shown in
Section 3.2.4, made full-field imaging difficult but not impossible. When these resists
were exposed, alignment control was also not robust (discussed in Section 4.2). Figure 5-
4 shows two typical examples of field nonuniformity when defects are more abundant on
the orders. Coherent illumination also amplifies these effects (there is more discussion of

coherence in Section 5.6).

Figure 5-4: Two examples of field nonuniformity caused by defects on the multilayer mirrors. The
resist is EUV-2D.

Figure 5-5 shows the best 40-nm results using EUV-2D and the 10x-Berkeley optic.
Dense 30-nm features were attempted in EUV-2D but no lines would print. It was
suggested based on this result that the resolution limit for EUV-2D might have been
reached [1]. Others have since backed up this claim. Resist work done using the
Engineering Test Stand (ETS) Set-2 optic suggested that the Gaussian resist point-spread
function had a full-width half maximum of 50-55 nm [2]. Also, lithographic modeling

done at Intel has shown a resist point spread function for EUV-2D to be 50 nm [3]. Being
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able to print 40-nm dense lines and spaces using the 10x system is pushing the limits of

EUV-2D.

L

Figure 5-5: 40-nm lines and spaces printed in EUV-2D. Thickness — 100 nm

Significant improvements were not made until shooting with the 10x-Intel optic.
See Figure 5-6 for 50 nm dense lines and spaces printed with this newest optic. As can be
seen when compared to Figures 5-3 and 5-4, these are much better full-field patterns.
There are less nonuniformities over the entire 16 pm? resist field. The nonuniformities are
still visible but they are not as strong as in the past. A new resist was also used instead of
EUV-2D. An experimental Shipley resist called XP9947W (EUV-F2X). Line edge
roughness was at 4.7 nm (3 sigma rms) for these lines. EUV-F2X is less sensitive to EUV

2D by a factor of 1.3 (EUV-F2X: 8.84 ml/cm?).
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Figure 5-6: Dense 50-nm features in Shipley XP9947W (EUV-F2X).

Thickness - 125 nm.

Figure 5-7 shows the results when slightly overexposing this pattern. The lines

a more uniform field is seen

Once again

shrink to 40 nm and the spaces are now 60 nm.

in the resist.

i e 26 79 oy O R

Figure 5-7: Overexposed EUV-F2X resist: 40-nm lines and 60-nm

spaces. Thickness - 125 nm.

If the pattern is overexposed a little more then 30 nm loose pitch features are

8 for an example of this in EUV-F2X.

printed. See Figure 5
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Figure 5-8: Overexposed EUV-F2X: 30-nm lines and 70-nm
spaces. Thickness - 125 nm

5.3 Multiple-pitch Exposures

It is also possible to print several pitches in a single exposure using the F2X system.
The imaging configuration combines the spatial frequency doubling technique with a
multiple-pitch mask described in Section 4.3. By carefully aligning the object grating to a
wider spatial filter, multiple linewidths can be printed at the same time. An advantage to
this technique is that it removes dose and processing variations that appear across

different wafers.

The multi-pitch configuration chosen was able to print several fine pitches (70, 60,
50, and 40 nm) during the same exposure. In early exposures, using EUV-F2X, dense 70,
60 and 50-nm features would print but the 40-nm results were not well defined. Figure 5-
9 shows EUV-F2X results at two different focus points. Since this technique is based on
interferometric methods linewidths will still print in both of these focus positions. Focus
1 is more out of focus when compared to Focus 2. This can be seen by the size and
square-ness of the four pitch fields. Also noticeable in these images is that the process
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window noticeably decreases as the features get smaller (70 nm vs. 40 nm). There are

also some nonuniformities in the images.

0nm

Focus 1 Focus 2

Figure 5-9: Muli-pitch image using EUV-F2X for two different focus points. Thickness - 125 nm

Figure 5-10 shows a zoomed in SEM image of the 40-nm features from the better
focus (Focus 2) of Figure 5-9. This larger image shows 35-40-nm lines are visible

although not printing sharply.

60 n

40 nm; i (LTl 70 nm

Linewidths inn Focus 2

Figure 5-10: Left side shows a higher magnification picture of Focus 2 from Figure 5-9.
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When these multi-pitch patterns are overexposed small features can be printed in
EUV-F2X. This is shown in Figure 5-11 where dense 70 nm lines are overexposed to

show sub-30-nm loose-pitch lines. This image has been gold coated.

Figure 5-11: Left: Overexposed 70-nm features in Shipley EUV-F2X. Right: Sub-30 nm features.
Thickness - 125 nm. Gold coated images

By changing the dose on dense 140-nm lines, linewidths ranging from overexposed
50-nm to underexposed-180-nm were printed in this resist. Figure 5-12 shows this large
range of linewidths. These images demonstrate the sinusoidal nature of the aerial image

intensity from the F2X system.
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Sinusoidal Contrast

Figure 5-12: Sinusoidal contrast demonstrated in EUV-F2X with 140-nm dense lines.
Overexposed 50-nm lines to underexposed 180-nm lines. Thickness — 125 nm.

Another chemically-amplified, EUV resist from Shipley (1K) has recently
outperformed the other test resists described above in terms of resolution. As shown
above, the other resists were only partially clearing the 40-nm dense patterns. Figure 5-13
shows Shipley 1K clearing the 40-nm lines and is the best performing chemically
amplified resist tested in the F2X system. As far as sensitivity is concerned, Shipley 1K is

approximately four times slower than EUV 2D (Shipley 1K sensitivity — 27 mJ/cm?).
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Figure 5-13: Multi-pitch images using Shipley 1K resist. All feature sizes are resolved. The image
on the left is a slightly higher dose than the image on the right. Thickness — 125 nm. Clockwise
from upper left for each image — 60, 50, 70, 40 nm lines and spaces.

Based on the performance of Shipley 1K, it was the resist used in the aerial image

contrast experiments (Chapter 6).

5.4 Extension Exposures

This section details examples of two other explorations attempted with the 10x
imaging station. The first, done with 10x-Intel, is an attempt to expose a monolayer at
EUV in order to promote directed assembly. The second, using 10x-Berkeley, focused on

printing a phase shift mask designed for EUV wavelengths.

5.4.1 Monolayer Exposures

A collaboration with Itai Suez, a graduate student in Professor Frechet's group (UC
Berkeley, Dept. of Chemistry) was formed to investigate using EUV lithography with
their chemistry-based directed assembly techniques [4]. In particular, we looked at using

EUV radiation to selectively deprotect regions of a monolayer bound to a silicon
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substrate. After exposure, when the wafer was placed in a dendrimer solution, the goal
was to have the dendrimers only attach to the sites deprotected by the EUV radiation.
Their bottom-up surface activation idea previously used an atomic force microscope
(AFM) tip to deprotect the monolayer. Using an AFM as an imager is time consuming
and only allows the creation of very small fields. To speed up this writing process, EUV

photons were used to print patterns into the monolayer.

Since the attached dendrimers sit only a few nanometers from the monolayer, the
features cannot be seen optically and so an AFM must be used to meas;ure dendrimer
attachment. To print larger fields and to help in finding the features in the AFM, we
moved to printing in the 10x system without an object grating. This way the imaging
system essentially re-imaged the out-of-focus 0.5-um coherence pinhole. The aperture
stop was rotated to the 4mm opening and EUV resist exposures were tested. Figure 5-14
shows both the aperture and its diffracted image in exposed photoresist. This image
contains many shapes and sizes which would be fine for testing the dendrimer

lithography. Plus the fields are large enough that they should be found using an AFM.
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Aperture Stop

SEM Image

Figure 5-14: Illumination through the aperture prints a diffracted image of the aperture into resist.
The rectangle in the bottom left is 8-um wide. Resist - EUV-F2X, 100-nm thick.

Next, a monolayer coated on a 4-inch silicon wafer was put in the 10x system for
exposure. EUV radiation did react with the monolayer and patterns were created.
However, the dendrimer did not appear to stick in the exposed regions. The AFM image
in Figure 5-15 shows clearly the correct exposure shape in the monolayer when compared
to the EUV resist sample. Height measurements with the AFM show a hole in the
exposed region rather than a nanometer-sized dendrimer sitting above the monolayer. It
appears that the EUV photons were too energetic and blasted the monolayer off of the

wafer surface rather than simply deprotecting it.
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0.0

Figure 5-15: Images of the EUV-exposed monolayer and in EUV resist of the aperture stop field. |

5.4.2 Phase Shift Mask Exposures

The 10x-Berkeley system was used to print a transmission-type attenuated phase
shift mask (APSM) at EUV wavelengths. Using an APSM is essentially a different way to
do spatial frequency doubling without the need for an aperture filter for the zeroth order.
Chang Cho, Sang Hun Lee, and I (all at UC Berkeley at the time) collaborated on
exposing wafers using this APSM technology in a proof-of-principal experiment. A

molybdenum (Mo) phase shifter was used due to its relatively low absorption and high
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refractive index at 13.4-nm radiation. Previously, others had used a polymethyl

methacrylate (PMMA) phase shifter and germanium absorber [5].

The final structure for the EUV APSM was an 86-nm thick (r phase shift) patterned
Mo layer on a 100-nm thick SisNs membrane. Actual phase-shift was measured to be
120°-140° (about 80 nm) for 5-um equal lines and space features, with 43% EUV

transmission through the Mo phase-shifter.

Images of developed photoresist are shown in Figure 5-16. EUV-2D was used with
a thickness of 110 nm. The left shoWs conventional imaging of an 8 micron pitch grating
which created an 800 nm pitch in the photoresist. The right side shows resist images
using the APSM. Doubled lines are observed indicating that the phase shifting was
successful. The LER that is evident is caused by particles and dirt on the APSM. The

defects on the 10x Berkeley optic would have also contributed to this imaging

performance.

Image created with binary mask Image created with APSM

Figure 5-16: Demonstration of APSM mask in EUV-2D resist. Thickness — 110 nm. Left — 800 nm
lines printed with a binary mask. Right — 400-nm lines created by using an APSM.
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5.5 Line Edge Roughness (LER)

One of the important properties for resists is their line edge roughness (LER). As
discussed in Chapter 1, large LER can degrade the performance of transistors. Several of
the line and space patterns shown in Section 5.2 were measured for LER in order to check

how the EUV resists were performing. Note: line roughness will also be discussed in
Section 6.3.2 when discussing aerial image contrast.

In particular, line edge roughness (LER) measurements were taken on the dense 50-
nm line and space pattern printed in Shipley EUV-2D resist (Figure 5-2). Figure 5-17
shows two measurements taken on the same wafer. The 3 sigma rms roughness was
shown to be around 4 nm. This can be compared directly to Sandia’s 100nm dense
patterns (with a LER of 6 nm) since the same measuring equipment was used on the same

resist [6]. This comparison is important because it indicates higher contrast is achieved in
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Figure 5-17: LER values for 50-nm lines and spaces printed in Shipley EUV-2D. Image is
gold coated. Thickness — 100 nm.

96



the F2X system. The LER that Sandia saw was larger for larger linewidths. If they had
comparable contrast to the F2X system then they should be getting a lower LER than 6

nm.

LER measurements were also taken on EUV-F2X resist (Figures 5-6 and 5-7).
These were done at Intel with their in-house tools. The gold-coated images and LER
measurements are shown in Figure 5-18. Three-sigma LER values are below 5 nm rms.
As is typically seen, an overdosed line has a slightly better LER measurement. These

numbers are directly comparable to Intel’s resist data since the same tools were used.

3 RS .., a4 E s % e K & B ol E i
47.4 nm lines and LER = 4.8 nm rms 37.5 nm lines and LER = 4.3 nm rms

Figure 5-18: LER measurements for EUV-F2X (3 sigma values). Gold coated images.

Figure 5-19 shows Intel data for a wide selection of EUV resists tested at 100 nm
lines and spaces. Also noted is Intel’s target range for resists by 2007. The results in
Figure 5-18 would be on the leading edge of this plot and closest to the target (sensitivity:

8.84 mJ/cm?; LER: 4.8 nm). This is also for 50 nm linewidths - half as big as those tested
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in Figure 5-19. The F2X system is printing at comparable or better LER for half the

feature size. Even better LER numbers will be shown in Section 6.3.2.

Sensitivity vs. LER

Intel Data

W &
S 9 3 @

- mA
4B || Resist

¢C || Vendors
00 °D

NN W
9

Sensitivity (mJ/cm2)
g
B

e
o

(]

i ©
L

Target
for 2007

o] O»n

0 4 8 12 16 2'0
LER (nm)

Figure 5-19: Intel data showing LER vs. sensitivity done on the 10x microstepper at Sandia printing
100-nm lines and spaces. [7]

5.6 Coherence

A coherent illumination source is what makes the spatial frequency doubling
technique possible. It allows for extending the useful NA of the 10x system to print the
small features shown earlier in this chapter. There are, however, adverse coherence
effects which must be battled. This, of course, includes the edge-ringing effects like the
ones from the aperture stop (see Section 2.3.2). Furthermore, any defect in the multilayer
mirrors or mask becomes amplified due to the high coherence from the undulator

beamline (¢ < 0.1) [8]. .Figure 5-20 shows an example of a peculiar field nonuniformity
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that was observed when trying to image 50-nm lines and spaces using EUV-2D. In Figure
5-20(a), a CCD image of the pupil fill shows a dark spot present in the upper diffracted
order. Figure 5-20(b) is a SEM of the resist-coated wafer after exposure through the
system as recorded in Figure 5-20(a). It appears that coherence ringing is amplifying this
defect on the multilayer. In a partially coherent system the contribution from this spot

would be somewhat reduced, but here we see its full effect.

Figure 5-20: a) Diffracted orders in the pupil for 50-nm lines and spaces.
B) SEM image of field nonuniformity

Simulations were done to prove this was a real coherence effect. Figure 5-21 shows
results modeling this experiment. A circular spot was placed on one diffraction order at
the pupil plane as seen in Figure 5-21(a). The defect placed in the aperture stop plane was
programmed as a 70% absorber. The 70% value for the defect was obtained from the
experimental CCD image in Figure 5-20(a). No phase adjustment was added for the
defect. Figure 5-21(b) shows a ringing pattern in the image plane similar to what was

witnessed in the actual experiment (Figure 5-20(b)). This simulation demonstrates the
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detrimental effects of contamination on the optic’s mirror surfaces as well as the success

of the computer model.

Figure 5-21: Simulation of coherence ringing.

When working on the monolayer exposures (Section 5.4.1) exposures were done
that also highlight the coherence effects in the system. The exposures were made using
simple pinhole illumination and an open aperture window (Figure 5-14). This was done in
EUV-F2X and the exposures clearly show coherence ringing of the aperture window
edge. Figures 5-22 contains four dose steps and shows concentric rings appearing. These

are caused by the coherent illumination being used.
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Decreasing dose w

Figure 5-22: Coherence ringing from the aperture edge printed into EUV-F2X. Dose is decreasing
from left to right and concentric rings become visible in the resist.

Section 3.2.4 showed pupil images of several different 10x systems (Berkeley, A,
B2, and Intel). As mentioned there, 10x-Intel showed a new polishing scratch that had not
been seen previously in the optic series. While this optic was delivered to the requested
specifications, this roughness pattern was disturbing to see. A simulation was run in
MATLAB where scratches were added to the imaging system to look at performance.
Marks of similar size and attenuation were place onto the diffracted orders in the pupil
plane. Figure 5-23 shows the simulation results and how polishing marks affect the
imaging performance. Both cases in the figure show high contrast, but there is more
variation across the field when the polishing marks are present. This result helps

understand the field nonuniformities seen when exposing with 10x-Intel.
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Figure 5-23: Simulation of 10x-Intel polishing marks. Top line shows no roughness added for
imaging 50-nm lines and spaces. Bottom line show simulated scratches and the associated imaging
performance.

5.7 Non-Chemically Amplified Resists

Two different non-chemically amplified (non-CA) resists were tested using the F2X
system. The first was polymethyl methacrylate (PMMA) which is a workhorse polymer
with many semiconductor processing uses [9,10,11]. The second is hydrogen
silsesquioxane (HSQ) which is a negative tone resist [12]. Even though HSQ is known
for some processing instability, it is used as an e-beam resist due to its high resolution

capabilities around 20 nm.

PMMA was tested in several different exposure configurations. First, single pitches

were exposed with a very thick (250 nm) PMMA resist that was formulated in
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chlorobenzene. These were done with the 10x-Berkeley optic. Figure 5-24 shows these
50-nm features. The PMMA images have about a 5-nm gold coating to help minimize
resist charging. PMMA is 3.4 times slower than EUV-2D (PMMA sensitivity —

23. lmJ/cmz).

Figure 5-24: 50-nm lines and spaces in PMMA. Thickness — 250 nm. Gold coated.

Figure 5-25 shows SEM images of PMMA resolving 40-nm dense lines and spaces.

Once again, these images are gold coated and the resist was 250 nm thick.

Figure 5-25: 40-nm lines and spaces in PMMA. Thickness — 250 nm. Gold coated.
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Finally, Figure 5-26 shows 30-nm features in PMMA with chlorobenzene. This
resist was also 250 nm thick and was gold coated after the exposure. The resist thickness
is important especially when looking at these 30-nm lines. With this PMMA thickness,

the aspect ratio is 8.3:1 which can partially explain both the waviness in the lines and the

way they appear to be falling in on one another.

Figure 5-26: 30-nm lines and spaces in PMMA. Thickness — 250 nm. Gold coated.

Attempts were made to print these same features use a thinner PMMA solution at a
100-nm resist thickness. This PMMA resist was formulated in the less hazardous
chemical, Anisole. Attempts were made to print both 40- and 30-nm lines and spaces.
Resist charging during SEM investigation, however, was too great to see any features.
Gold coating of the samples provided little benefit. Both the different formulation and the

thinness of the resist could have contributed to the high charging.

Finally, thinner PMMA with chlorobenzene was tested using the multiple-pitch
system with the 10x-Intel optic. The resist was spun on 100 nm thick in this case. The

imaging capabilities of the multi-pitch system are demonstrated nicely in Figure 5-27.
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Comparing this image with the best CA resist example (Figure 5-13), the PMMA image

shows less field nonuniformity.

Figure 5-27: Multiple-pitch image in PMMA resist (clockwise from upper left:
dense 50, 70, 40, 60 nm lines). 100-nm thick. Gold coated image.

HSQ was also tested in this multi-pitch setup using the 10x-Intel optic. Figure 5-28
shows (without gold coating) very clear linewidths for all feature sizes. This negative tone
resist performed well at dense 70-, 60-, 50- and 40-nm features. The image is shown
slightly out of focus, but once again, due to the interferometric nature of the system, well-
defined features are still printed. HSQ is close to 11 times slower than EUV-2D (HSQ

sensitivity — 73mJ/cm’).
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60 nm

Figure 5-28: Multiple-pitch image in HSQ resist (clockwise from upper left:
dense 50, 70, 40, 60 nm lines). 62-nm thick. No gold coating.

When overexposing the HSQ resist loose 28-32 nm linewidths were printed. An

SEM of these features is shown in Figure 5-29.

Figure 5-29: Overexposed 70-nm lines in HSQ. 62-nm thick. No gold coating.
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Both PMMA and HSQ have shown good resolution for EUV testing. Unfortunately
when compared to EUV-2D, PMMA is approximately 4 times slower and the HSQ
requires close to 11 times more dose. Even though they perform well at EUV they are too
slow for commercial purposes. There is an additional resist outgassing concern with
PMMA and it is not even allowed in tools like the Micro Exposure Tool (MET) or the

Engineering Test Stand (ETS).

5.8 Environment

The purpose of this section is to describe several environmental factors surrounding
the F2X system. For example, chamber temperature was not controlled beyond the
ambient temperature of the ALS facility. Temperature impact on the experiments was
mitigated by the simplicity of the imaging system including the large depth of focus in its
design. Temperature variation surely cause alignment and focus drift in the system but
they were small enough effects that imaging could proceed. It is, however, a far step from
the MET climate control chamber which holds that system to a 0.001°C resolution. The
F2X system is helped by the facts that the field being printed is small (16 pmz) and the
interferometric nature of the imaging creates a large depth of focus. Absolute focus most

likely drifts during a wafer run but it is a small enough change that images will still print.

Before the last system upgrades, each wafer was exposed to ALS building lighting
before going into the chamber. This did not hurt the EUV-2D wafers but other, more

sensitive resists, could not handle that additional exposure.

One more effect seen was in regards to oxygen flow when exposing resists. General

practice was to flow oxygen through the system during all stages of alignment and
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exposure. This was to keep the coherence pinhole from clogging up from carbon
deposition. While oxygen mitigates that issue it was discovered at one point that there
was degradation in the resist image quality (t-topping and added roughness) when oxygen

was flowing.

It was suggested that the EUV radiation was creating oxygen radicals that were in
turn attacking the photoresist. To test this, I exposed without any oxygen. Oxygen,
however, was used to clean out the pinhole between wafer runs. This seemed to solve the

problem. Figure 5-30 shows imaging results with and without oxygen flow.

f. 4 Fit %i;"

With Oxygen Flow

Figure 5-30: 50-nm lines and spaces printed into EUV-F2X with and without oxygen flow. This
degradation was traced to contamination in the oxygen source.

In the end, a series of Residual Gas Analyzer (RGA) scans showed contamination
in our oxygen source. Once a research-grade oxygen source was installed, the quality
improved even when oxygen was flowing during exposures which became standard

practice.
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Amines have been shown to be a problem in resist imaging [13]. This could also
help explain some of the resist profile variation seen in these experiments. To reduce
amine effects in resist processing, a new station directly adjacent to the beamline was
installed that included filters to control amine levels during the spinning, baking, and
developing of the resists. The exposure station, however, remained in the open air of the

ALS experiment floor.

5.9 Conclusion

This chapter covered the EUV exposures done with the 10x tools. Topics included
resolution, performance of CA versus non-CA resists, single-pitch and multi-pitch
imaging, and line edge roughness. Discussions on coherence effects and environmental

contributions were also included.

Many test resists did not perform well in this system. This is to be expected since
resist manufacturers are trying new things to meet the performance requirements. When
this research started, Shipley’s EUV-2D was the baseline resist. Although it still is the
baseline for the MET experiments, several resists have been shown to have better
resolution, but not necessarily better sensitivities. For example, Shipley’s 1K has better
resolution performance than EUV-2D but it is four time slower. In this research, EUV-2D
feature sizes ranged from dense 140 nm features down to dense 40-nm features. Attempts
were made to print at 30 nm without success. Corroborated by other research, it appears

that this is in fact the resolution limit of EUV-2D.

Non-chemically amplified resists (PMMA and HSQ) imaged quite well in this

system. Unfortunately, they are not practical in a commercial setting due to high dose
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requirements and, for PMMA, outgassing concerns. However, using them in conjunction

with the bright undulator source is not a problem.

Line edge roughness measurements were also shown. It is important to be aware of
reporting differences when comparing LER numbers. Different SEM tools, software
programs, gold coating amount, and software threshold levels all impact the
measurements. The results shown in this chapter were measured with the same SEM’s
and software as the comparison data from Sandia and Intel respectively. LER for EUV-
2D was shown to be 4 nm rms (3 sigma) for dense 50-nm lines. LER for EUV-F2X was
4.8 nm rms (3 sigma). By current EUV imaging standards, these are some of the lowest
LER values for dense features. This helps emphasizes the high contrast that is possible

with this printing technique. LER data for Shipley’s SK1 will be shown in Chapter 6.

Muiltiple pitch images were also made on the 10x-Intel optic by extending the F2X
spatial-frequency doubling technique and incorporating four feature sizes in a single
exposure. Shipley’s EUV-F2X and 1K resists both performed well in this configuration,

as did the non-CA resists.

One of the hopes for the multi-pitch data was to compute linewidth versus dose
plots for various resists. In general, having this linewidth vs. dose data would allow for
the ultimate resolution of a resist to be calculated. By assuming a Lorentzian shape for the
resist line spread function (LSF) one can determine the resolution (the full width at half
maximum of the LSF). This has previously been demonstrated in the deep-UV [14]. In
addition, one would want to print the multiple feature sizes on the same wafer, which

would remove processing errors. Even better would be to print the multiple pitches during
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the same exposure so both processing and dose variations are removed. Unfortunately,
the F2X system created fields with too many nonuniformities to make these linewidth
calculations. The variations originated from coherence effects, optic quality, and resist

contrast. These measurements are being made in MET experiments.

Several different 10x optics have been used in this experiment with varying degrees
of success. Because of the unusual pupil fill, figure aberrations do -not significantly
degrade the double-frequency imaging. However, localized, opaque multilayer coating
defects present in some of the optics can modify one or both of the first order beams and
significantly compromise the imaging. Experimental and simulated results in this chapter
showed how coherent illumination exacerbates this problem. That being said, the 10x-
Intel did perform well enough to allow Intel to do resist screening with this tool. During
the peak of the resist screening period, 50-nm dense line and space patterns were printed
with good reliability. Dose and focus repeatability was shown across many wafers in the

numerous resists.
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6 Aerial Image Contrast

6.1 Introduction

Line-edge roughness (LER) properties of a photoresist can be investigated by
varying the aerial image contrast of exposure patterns. In a typical experiment, the aerial
image contrast is varied in a known way, and then the resulting effects on LER are
measured. This is commonly done through a two-exposure process (pattern exposure and
background flood exposure) [1]. However, by using the aperture-plane filtering method
developed in this chapter, it is possible to print multiple contrasts in single exposures.
This is achieved by varying the duty cycle and line and space transmission levels of an
object grating. Since this is a single exposure technique and no flood is needed, it can

allow for more controlled contrast tests to help in the evaluation of resists.

6.2 Theory

This contrast variation method is essentially a two-beam interference technique. By
tuning the relative strength of one of the beams against the other, it is possible to vary the
contrast of the resulting image. Since line and space patterns in resists are the features of
interest, it becomes advantageous to manipulate a simple object grating. By changing the
duty cycle of a grating, the strength of the diffracted orders will vary. Printing this grating
would also lead to the unwanted effect of producing different linewidths at different

contrast levels. If, however, only the zero and one of the first orders are used to create the
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field mismatch at the wafer, the linewidth variation will not appear. By correct filtering in
the aperture plane (removing all but the 0 and +1 orders), the resists will only see
variations in contrast and will not print the encoded duty cycles. The high-frequency duty

cycle information becomes lost in the low-pass filter process.

6.2.1 Description

Three methods for varying aerial image contrast were studied that would help in the
understanding of LER using the 10x system. The first was based on the conventional
flood exposure technique where a flood field is added to the resist on which a pattern has
already been exposed. The 10x system is not equipped to switch object masks during a

wafer exposure and so a flood window can not be used.

One other possibility was to print the object mask so far out of focus that it wés a
blur on the wafer plane. If the blur was uniform enough it could act as a flood exposure.
Figure 6-1 shows simulations where 50-nm patterns were printed out of focus near the
image plane. As can be seen, the fields do not blur enough. This technique would have
potential only if the illuminator was somehow made incoherent when doing an out-of-
focus exposure. The 10x system is designed to only do coherent imaging experiments. As
such, the out of focus image patterns contain coherent ringing and cannot act as a
background flood. These simulations also show how lines and spaces are still printed

even when out of focus. Each image in the figure is at the same scale as the others.
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Figure 6-1: Focus run for 50-nm dense lines and spaces with center cutlines.
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As mentioned in the introduction, another method to do aerial image contrast
variation is through changing the duty cycle of a grating. In this process, only the zero and
one of the first orders are used to create the necessary field mismatch. By filtering these
gratings, the resists will only see variations in contrast and will not print the changing
duty cycle. This idea has been taken a step further to the point where a' grating has been
designed that allows multiple contrasts to be printed during a single exposure. In brief,
after choosing a dose level, one can vary the duty cycle and transmission of the grating in

order to reach desired contrast levels.

It is important to note that this technique is different from the spatial-frequency
doubling method (F2X) that has been used in the other chapters. In the F2X case, the
zeroth order is blocked and the +1 and -1 orders are used to expose the resist creating an
extra 2x demagnification ofv the object grating. Since the +1 and -1 orders are of equal
strength the result is a high-contrast image. On the other hand, the contrast variation
method uses the intentionally unbalanced field strengths of the 0 and +1 orders without
any doubling.

622 Modeling

The duty cycle modulation for a transmission grating is illustrated in Figure 6-2.
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d 0<d/P<1

ﬁﬂﬂ

Figure 6-2: A simple amplitude transmission grating

Using Goodman’s notation [3], the transmission function can be written as

t,(&)= rect(% , (Eq. 6-1)

and the diffraction coefficient for the K™ order is given as

1 K
cx =— FT{t, (O} f,==. (Eq. 6-2)
P p
This leads to the result that
d d
=—.sinc(—K). . 6-3
k=7 sinc( > ) (Eq. 6-3)
Where
. sin(7r x)
sinc(x) = . (Eq. 6-4)
X

For a 50-50 duty cycle grating, %=%which leads to the common intensity diffraction

efficiencies (|cx|"): |co|” =25%, and |¢,|* =# =10%.
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By varying the duty cycle, the strength in the zero and first orders will be modified
to create a change in contrast. If one also wants to tune the dose required to print these

contrasts then another variable is needed.

To print features at the same dose, the somewhat more generalized transmission

grating is introduced as shown in Figure 6-3.

t 0<Asl1

; 3 0<d/P<1
A _H H H
0 g

Figure 6-3: A more general amplitude transmission grating

The transmission function follows as
t,(&)=A- rect(%) +(1-A)- rect(-g-) . (Eq. 6-5)
Which will yield diffraction coefficients of the form
. d . d
Cx =A-smc(K)+(1-A)-;-smc(KF). (Eq. 6-6)

Therefore, the field strengths for the zero and first orders are

¢ =A+(1—A)-% (Eq. 6-7)
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and
¢, =(1-A4) -%- sihc(%) : (Eq. 6-8)

One can then define the intensity maximum and minimum based on the field

strengths:
I =lco+c’ (Eq. 6-9)
Ly =|co -’ (Eg. 6-10)

The contrast, C, can then be calculated using the equation

I -1
€ = tmox ~luin _6-11
1 +1., (Eq. 6-11)

The relative dose, D, defines the midpoint of the intensity variation:
1
D=5(1m +1,). (Eq. 6-12)

In summary, this provides contrast, C, and dose, D, as functions of A and the ratio
d/P. With these equations one can calculate the contrast and dose values achieved from a
specific duty cycle (d/P) and dark area transmission percentage (A). Alternatively, after
choosing desired dose and contrast levels, suitable grating parameters (d/P and A) can be

calculated.

The graphs in Figures 6-4 and 6-5 show some of the results from these duty cycle
calculations. The x-axis represents the amount of 100% transmission (open area) that is

contained in a single pitch of the grating (ratio d/P from Figure 6-3). The three separate
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curves represent values for the amount of light that is transmitted in the “dark” region of
the grating (variable A). It is evident from Figures 6-4 and 6-5 that as more light is
allowed through the “dark” region, the zeroth order field strength increases since more
light simply passes through the mask. The most diffraction into the first order occurs at
d/P=0.5 (a 1:1 grating). As d/P varies from this value the field strength decreases. The

grating becomes less efficient for diffracting light into the first order.

Zeroth Order Field Strength
1
2 09
S 08
£ 0.7
8 0.6
=
-g, 0.5
& 0.4
& 033 ——A=00 ||
2 0.2 - A=025]"]
i 0.1 —— A=0.45 ]
0 !
0% 20% 40% 60% 80% 100%
% line of duty cycle (d/P)

Figure 6-4: Zeroth order field strength as a function of &/P
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First Order Field Strength
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Figure 6-5: First order field strength as a function of &/P

Contrast and dose plots are shown in Figures 6-6 and 6-7 respectively. These two
plots also show data as d/P is varied. For most choices of A, it is possible to achieve a
certain contrast level at two values of d/P. Dose is always increasing with increasing d/P
since less light is being attenuated by the grating. It is a simple extension in Figure 6-8 to

plot contrast and dose against each other for every value of d/P.
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Figure 6-6: Contrast as a function of d/P
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Figure 6-7: Average dose as a function of &/P
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Dose-Contrast relationship for each d/P ratio
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Figure 6-8: Dose vs. contrast for each d/P value

When creating an object grating, things can be kept simple by keeping A fixed.
Then through Figure 6-6, one can pigk contrast levels by careful choice of the grating’s
duty cycle. By simply having different duty cycles on an object various contrasts can be
printed. It will, however, take separate exposures to print at each correct dose. What has
been shown here is that by taking the duty-cycle-variation process a step further, multiple

contrasts can be printed during a single exposure.

In summary, after choosing a dose level, one can vary the duty cycle and
transmission of the grating to reach desired contrast levels. See Figure 6-9 for a simulated

grating that would produce contrast levels of 20, 30, 40 and 50% in a single exposure.
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Figure 6-9: Example of using duty cycle tuning to print four contrast levels in a single exposure

6.3 Contrast Experiments

Contrast-variation imaging experiments used the Micro Exposure Tool (MET) at
the Advanced Light Source (see Section3.3). Built-up from the theory and simulations in
Section 6.2, these experiments used the two-order contrast variation method. They
incorporated duty-cycle modulations on the object mask and used the MET’s NA limits to

filter out unwanted orders.

6.3.1 Micro Exposure Tool (MET) Setup

The reflection mask for the MET was designed to print both 50- and 30-nm dense
line and space patterns. It was written with the Nanowriter at Lawrence Berkeley National
Laboratory. Contrast levels ranged from 90% to 30% for each of the two pitches. Figure
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6-10 shows the layout for the experiment. In the Figure, open represents transmission

width (d) and closed represents the absorbed width on the multilayer (P-d).

Mask Layout

50-nmiines |E0-nmines | 50-nm lines 50-nim fines mines;
91%. contrast | 80% coniras! |- 70% contrast * |:51% comrast 131% contmst
-25pm open | .Sum open Wozl .385pm open |.4Symopen
\26pm closed | -2pm closed | .165um closed | .1154m ¢losed |.07ym closed .
50-nmlines: .
85% contrast .
-.35um open - | .
15y closed

-80-nmlines. |

81% contrast |
“Aspmopen-
- Aspmiclosied;

Zone Plates

- 30-nmiines”
-85% cotrast
B1jzm open
.0Spm closed

Figure 6-10: Mask layout for contrast variation experiments with the MET (a 5x demagnification
tool). A zone plate array shared this area on the mask. 100-um square fields were in each window.

Coherence was set at 0.1 using the MET’s rotational illumination mirrors. Shipley
1K was the chosen resist based on its superior performance in the 10x-Intel system
(Section 5.3). Etch bias during mask fabrication created the actual contrasts as shown in

Figure 6-11. The actual contrasts differed by 7% at most still giving a good range of

image contrasts to print.
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Programmed Actual

Contrast (%) | Contrast (%)
91 864
80 750
70 655
65 603
60 566
55 - B26
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45 | 468
40 433
8 | 378

Figure 6-11: Etch bias during mask fabrication produced linewidths
that adjusted the final contrast levels. The left shows the layout values
and the right are based on SEM images of the real mask.

6.3.2 Line Edge Roughness (LER) Results

A field from the contrast exposures is shown in Figure 6-12. The twenty contrast
fields defined in Figure 6-10 are on the left of the image. There are two zone plates on the
right side. Each of the contrast fields is 20 pm square. The shading of the different square
fields is due to the fact that only certain contrasts are at the correct dose for printing in

this example image.
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Figure 6-12: Contrast exposure in Shipley 1K resist. The contrast fields are on the left and the zone
plates are on the right. Each contrast field is 20 pm x 20 pm.

Figure 6-13 shows the highest contrast (86.4% actual mask contrast) results for the
50-nm lines and spaces. The software program used to do the roughness analysis was
SuMMIT [3]. The lowest two contrast levels (43.3% and 37.8%) did not print linewidths
close enough to the optimum 50 nm. Contrast exposures from the 37.8% field only
printed down to 80-nm features. Similarly, the 43.3% contrast field printed lines to 70
nm. Both line-edge roughness (LER) and line-width roughness (LWR) measurements
were taken for the remaining eight contrast points. All linewidths fell between 45- and
55-nm. Line-width roughness is similar to LER except that it looks at variation with
respect to the width of the line rather than the sides. It is believed to be a better metric

when determining transistor performance and current leakage [4].
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LER= 33x0.7 nm
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Figure 6-13: SuMMIT screen captures for the 50-nm highest contrast case (86.4%).
These lines are slightly underdosed at 55.8 nm. LER = 3.3 nm; LWR = 5.3 nm.

Figure 6-14 shows the eight contrast steps with their corresponding SUMMIT data
values. Analysis of this 50-nm data shows a definite trend - a decrease in contrast will

contribute to an increase in line edge roughness and a measurable increase in line width

roughness.
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Figure 6-14: Contrast variation for dense 50-nm lines and spaces in Shipley 1K.

This LER and LWR data is also plotted in Figure 6-15. Both LER and LWR follow
similar upward trends toward more roughness as contrast is decreased. Figure 6-16 plots
LER against LWR. A linear fit is shown for this data. In these experiments, Shipley 1K
shows LWR to be, on average, 1.6 times larger than LER. If line edge roughness of the
left and right sides were to vary randomly and independently of each other, then LWR =

V2 x LER [4]. The results for the MET contrast exposures come close to this relationship.
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Figure 6-15: Roughness seen in Shipley 1K resist for dense 50-nm lines as a function of contrast.

LER/LWR Comparison

—y
D
|

T 14 i e
£ : z
g 12 e e e % ;
; 10 == S i MO, % E
2 _ 9 y = 1.603x - 0.336 [
:? 6 i - Sl i H2 & 0.9465 ﬂ.,‘
m 4 i e e i TR RSO EL PRS0 S R G U s omemy pe e A e el
g i :

-1 24 it s M

B T T T

4 6
LER - 3 sigma rms (nm)

Figure 6-16: LER/LWR comparison using data from Figure-6-15. The equation for the

linear best-fit is shown in the black square.
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Some 30-nm dense lines and spaces were also printed in Shipley 1K as shown in
Figure 6-17. Unfortunately, very few of the dense 30-nm features printed sufficiently well
for a full contrast analysis to be done. However, the images in Figure 6-17 are some of

the best performing dense features printed in an EUV chemically amplified resist.

CD =303 £ 1.6 nm
IWH= 11.3228nm
LwR'= 11.3+ 2.8 nm

LEB= 56%1.2nm

LER'= 56+1.2nm

CD=325%1.2nm
IWR= 109x28nm
LWAR'= 10.9* 2.8 nm

LER= 6.4%15nm

LER= 6.3%15nm

6.4 Comparisons to other work

Besides running the contrast experiments described above, the MET has been

testing EUV resists. The tool has also found Shipley 1K to be their top performer from a

resolution standpoint. Figure 6-18 shows what the MET has been able to do in Shipley

1K [5]. As can be seen in the lower right, 25-nm dense features are not fully resolving.
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The 30-nm lines in the bottom center look similar to the ones from the contrast variation

experiments above (Figure 6-17).

e

':H%M%

ﬁéﬂﬂdﬁﬂdﬁff

Monopole *’

Figure 6-18: Shipley 1K resist images printed with the MET. [5]

Another important comparison to be made is the LER values for Shipley 1K in both
the 10x-Intel and the MET systems. The 10x-Intel imaged Shipley 1K using the high-
contrast F2X experiment (Section 5.3). The LER seen for those features should be similar
to the LER measurements made at high contrast (86%) using the MET. Figure 6-19
shows SEM pictures of Shipley 1K from 10x-Intel exposures. Below the images are the
SuMMIT data. These linewidths are all around 50 nm so are directly comparable to what
was shown in Figure 6-13. With the 10x-Intel, 50-nm lines and spaces produce LER

values between 3.3 and 4 nm. This agrees well with the 3.3 nm LER value for the high-
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contrast (86.4%) MET exposures. It is important to note that all these measurements were

made using the same software and the same scanning electron microscope.

CD —-47 nm CD-49.2 nm CD-45.8 nm

LER - 3.3 nm LER -3.3 nm LER - 3.5 nm
LWR-5.9nm LWR - 3.9 nm LWR = 5.8 nm

CD — 42.7 nm ' CD -49.3 nm

LER-3.7 nm LER -4.0 nm
LWR -6.9 nm LWR -6.2 nm

Figure 6-19: 50-nm dense features printed in Shipley 1K with 10x-Intel. The high-contrast F2X
technique was used.

The data in Figure 6-19 can be added to the LER/LWR comparison plot (Figure 6-

16). This new analysis is shown in Figure 6-20.
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Figure 6-20: LER and LWR values for Shipley 1K using both the 10x-Intel and MET
exposures (from Figures 6-14 and 6-19).

Other research groups have shown similar trends in regards to LER (higher contrast
images produces lower LER). IBM has done work at 250 nm lines and spaces [1]. Mike
Williamson did work at UC Berkeley also with 250 nm features [6]. A detailed look at
features around 100 nm was done by AMD [7]. This work showed better agreement
between LER and image-log-slope (ILS) than between LER and contrast. It was shown
that variations in feature type and illumination would make contrast a weaker predictor of
LER than using ILS. Since the MET contrast exposures in this thesis were done at 50 nm,
the ILS values are larger than those for AMD’s data. For completeness, Figure 6-21

shows the MET roughness data plotted for their ILS values.
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Figure 6-21: Image-log-slope (ILS) data in Shipley 1K resist using the MET. (roughness
values from Figure 6-14).

6.5 Extension: Directional Contrast

An interesting extension to this aerial image contrast work is to look at using a
phase mask. Previously in Section 6.2, the duty cycle and absorption strength were the
only allowed variables. However, if phase is added as a mask fabrication possibility, new
contrast designs can be created. In fact, if a multiple-phase mask was used then the
contrast technique could work in a conventional stepper where spatial filtering in the

aperture plane is not usually feasible.

The main concept is to fuse the single-exposure contrast technique described in

Section 6.2 with a modified linear phase grating (LPG). This idea originated from a
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conversation with Greg McIntyre of UC Berkeley. He was starting to use phase masks as
illumination detectors [8]. Figure 6-22 shows an example of a linear phase grating. The
incident light entering the grating from the top is redirected into the +1 order. No light is

directed in the Q or -1 orders.

| &= Incident light

IIlumination

4— 4 Phase grating
directed off-axis

Figure 6-22: Diffracted orders from a linear phase grating. Light is directed into the +1 and
higher orders. [modified image from reference 8]

By using phase manipulation to remove these low orders, no aperture filtering is
needed. As such, without filtering at all, only select pitches would be available for any
individual imaging system. With the O™ order being directed off toward the edge of the
pupil, manipulation of the phase mask can vary the contrast. By simply varying the
transmission amounts through the four different phase levels (0°, 90°, 180°, and 270°),
the diffracted fields will no longer completely cancel out the O™ order. To get strong
contrast manipulation it is useful to change the transmission amounts of two adjacent
phase levels. For example, reducing the amount of incident light transmitted through the
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0° and 90° levels by 50% and letting 100% of the 180° and 270° light through the system

will reduce the image contrast by 48%. A whole range of such transmission levels are

shown in Figure 6-23. These simulations show from left to right:

1)
2)
3)
4)

transmission amounts for each phase level in the grating
the diffracted orders in the pupil plane
line and space fields after re-imaging the absorptive phase grating

center cutlines through each of the image fields.in 3)

In the first case, all phase levels are completely transmitting and the contrast is

essentially zero. This is because the +1 order is being interfered with by no other orders.

Once a second order gains some strength (as in any of the other cases) then there will be

at least some modulation of the image field. These simulations were done using spherical

illumination of the phase mask, but plane wave illumination would work as well.
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0° 100%
90° 100%
180° 100%
270°  100%

Transmission Levels Diffracted Orders Image Fields Cutlines

0° 90%
80°  90%
180°  100%
270°  100%

0° 70%

80°  70%

180° 100%
270° 100%

0° 50%
80° 50%
180° 100%

270° 100%

0° 30%
90°  30%
180° 100%
270°  100%

0° 10%
g0° 10%
180° 100%

270°  100%

0° 0%
90° 0%
180° 100%
270° 100%

Figure 6-23: Simulations on contrast variation using an absorptive phase mask. As less light is
allowed through the 0° and 90° phase levels, the image gains contrast.
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In a typical phase mask there already is some attenuation difference in the phase
levels and this would need to be taken into consideration. For directional contrast
experiments, more emphasis is placed on absorption levels. In the aerial image contrast
technique from Section 6.2, duty cycle was the more important variable. Figure 6-24
shows an example of a mask with four different absorber levels. This would allow for

multiple contrasts to be printed as dose is varied.

Transmission Levels

0°&80° 20%

0° & 90° 40%

0° & 90° 60%

0° &90° 80%

180° & 270° are always 100%

Figure 6-24: Multiple-contrast imaging using an absorptive phase mask. Four different
transmission amounts are used for 0° and 90° phase levels. These transmission amounts produce
different contrasts in the image field. Cutlines for each transmission amount are on the right.
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6.6 Conclusion

In regards to contrast modulation, it is relatively easy to make a mask that prints
different contrast levels at different dose levels. We have shown that experimentally in
this chapter. It only requires varying the duty cycle and filtering everything but the 0 and

+1 orders.

In order to balance the dose levels, however, an additional parameter needs to be
gdded in the mask design where some light is allowed through the “dark™ regions of the
grating. This essentially creates a background that evens out the various patterns. After
fixing the dose level, one can vary the duty cycle and dark area transmission of the

grating to reach a desired contrast level.

The fabrication of such a mask, however, would be difficult. Rather than changing
absorber thicknesses in the “dark” regions it would be simpler to pattern sub-resolution
features with an e-beam writer. These sub-resolution features would act as absorbers
depending on their surface densities. A four-contrast mask would require four separate
duty cycles and four different absorber levels. Similarly, creation of a four-phase/four-
absorber mask to do directional contrast variation would also be a difficult mask to

fabricate.

Line-edge roughness properties of Shipley’s 1K resist were investigated by varying
the aerial image contrast of a dense line and space pattern. This aerial image contrast
technique was developed from simple diffraction theory. After the closed-form equations
were solved, simulations were done in MATLAB. When the simulations confirmed the

contrast variation methodology, a mask was fabricated for experiments using the MET.
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Results show that an increase in the aerial image contrast causes a subsequent
decrease in the line edge roughness (LER). Similar effects are seen for line width
roughness (LWR). Averaged over the data, LWR was 1.5 times larger than LER. The
lowest LER seen for dense 50-nm lines and spaces in Shipley 1K was 3.3 nm rms (3
sigma). This was in the highest contrast case (86.4%). As contrast decreased to 46.8%,
LER grew to 8.0 nm rms (3 sigma). The highest contrast case, using these MET
exposures, produced the same LER in Shipley 1K (3.3 nm rms) as was seen in the high-

contrast F2X system.

Other studies have shown similar trends with regards to line roughness for many
different resists. Line roughness is certainly not solely caused by low image contrast, but
tools like this contrast variation technique can be used to effectively monitor resist
performance. The work in this thesis has shown contrast experiments using the smallest

linewidths to date.
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7 Conclusions

This research advanced state-of-the-art EUV photoresist imaging, an important
piece in commercializing EUV technology for large-scale integrated circuit production.
When this research began, the existing limit of dense feature printing was in the 100- to
70-nm range for the 10x-Schwarzschild optical design. Today, with contributions from
this research, dense features can now be reliably printed in the 50- to 30- nm range. Line
edge roughness (LER) for dense 50-nm lines and spaces has been demonstrated at 3.3 nm

rms. Further, loose pitch features have been shown at 25 nm.

This progress was achieved by combining the spatial doubling method described in
Chapter 2 and the EUV optics designed for 160-nm resolution into the F2X system. In
addition, simulations and techniques were developed that lead to multi-pitch printing in
single exposures. Hardware modifications allowed for a six-fold increase in wafer

throughput while significantly reducing procedure and processing error.

The F2X system utilized 13.4-nm coherent light from an undulator beamline with
the 10x demagnification optic. High-resolution and high-contrast test patterns were
exposed into both chemically and non-chemically amplified resists. Combining the
demagnification with the spatial-frequency doubling technique, a full 20x reduction of
object grating pitch was obtained. For example, 0.8-um dense lines on the object grating
printed 40-nm dense lines onto resist coated wafers. Line-and-space patterns were limited
to one orientation and a dense 1:1 spacing.
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The F2X system, as shown in Chapter 5, provided improved LER values over
Sandia National Laboratory’s 10x Microstepper tool using the same resist (EUV2D;
measurements were made in the same SEM using the same software). This was also for
features half the size. The F2X tool printed 50-nm features whereas the 10x Microstepper

printed 160-nm lines.

A number of techniques of merit were developed for more comprehensive
evaluation of photoresist performance in the 50-nm range. For example, printing four
different pitches in a single exposufe removed wafer-based variations when comparing
different linewidths. This technique enhanced the original spatial frequency doubling

method by changing to a new mask set and a different spatial filter.

The most recent advancements came through the development of aerial image
contrast methodology. Previously, in other non-EUV tools, a two-exposure process was
used for evaluating contrast: a pattern exposure followed by a background flood
exposure. In this research, contrast variation was integrated into the mask design.
Through grating duty cycle changes, the relative strengths of the diffracted orders were
programmed. Using spatial filtering, only the 0 and +1 orders were used to create the field
mismatch. Different imbalances in the orders resulted in different image contrasts at the
wafer plane. As constructed, the duty cycles on the mask did not print on the wafer since
all orders except 0 and +1 were filtered out, resulting in the printing of constant

linewidths.

Coherence played an important role in these experiments. Both the spatial

frequency doubling and aerial image contrast methods utilize the coherent addition of
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diffracted orders. Unfortunately, coherence also brings edge ringing and amplifies any
deviations or defects with the mirrors and masks. These effects were studied and the

results are summarized in Chapter 5.

The following table highlights a variety of the smallest features that were produced
using the various 10x systems and the Micro Exposure Tool (MET), and are supported in

the text and figures of this thesis.

Feature Description Value Resist
Smallest CA dense lines in 10x 40 nm EUV-2D, EUV-F2X, 1K
Smallest CA dense lines in MET 30 nm IK
Smallest non-CA dense lines in 10x 30 nm PMMA
Smallest CA loose pitch line in 10x 25 nm EUV-F2X
Smallest non-CA loose pitch line in 10x 29 nm HSQ
Smallest LER for dense 50-nm lines in 10x 3.3nm IK
Smallest LER for dense 50-nm lines in MET 3.3mm 1K
Smallest LWR for dense 50-nm lines in 10x 3.90m IK
Smallest LWR for dense 50-nm lines in MET 5.3 nm 1K
Smallest LER for dense 30-nm lines in MET 5.6 nm 1K
Smallest LWR for dense 30-nm lines in MET 11.3 nm IK

CA - chemically amplified resist

Line edge roughness (LER) and line width roughness (LWR) values are 3 sigma rms
CA resists: EUV-2D, EUV-F2X (XP9947W), and 1K provided by Shipley

Non-CA resists: PMMA from MicroChem, HSQ from Dow Corning

Modifications to the F2X system that contributed to the increased throughput (~6x)
and enhanced results mentioned above included a new 10x optic, a load lock sub-system,
and a new vacuum chamber (Chapters 3 and 4). Simulations were required to develop

specifications for fabrication of this new optic and its ultimate alignment. At-wavelength
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interferometry was also done to determine actual optical performance. It is worth noting

that Intel has used this modified tool for resist screening.

This work contributed to advancing the commercialization of EUV technology.
More, however, needs to be done. For example, more progress is needed in resist
chemistry as well as resist evaluation tools and methodologies. Intel’s relevant resist
specifications include resolution in the 10- to 20-nm range, LWR < 1.5 nm rms (3 sigma),
and sensitivity between 2 and 5 m)/cm?. New tools such as the MET are now in place and

will continue the challenge of advancing the EUV roadmap.
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Appendix A - 10x-Intel

8.1 Zernike Coefficients

EUV EUV Visible
421 px 337 px 151 px
0.0876 NA 0.07 NA 0.07 NA
om nm om
RMS coeff . RMS coeff RMS coeff
0.0876
n m j NA RMS 0.07 NA RMS 0.07 NA RMS
astig 2 2 45] -0.0888 0.2623 astig -0.1938  0.2022 astig 0.0846 0.0903 astig
2 2 -0.2469 -0.0577 0.0315
coma 3 6 0.0377 0.2012 coma -0.0039  0.0360 coma 0.0046 0.0985 coma
3 -1 7 0.1976 0.0358 0.0984
sphab 4 0 8 J -0.1585 0.1585 sph ab -0.0455  0.0455 sph ab -0.0210 0.0210 sph ab
rifoil 3 3 9 J -0.1663 0.5873 trifoil I <0.1108  0.3216 trifoil -0.0703 0.2341 trifoil
3 -3 10 Q -05632 -0.3019 -0.2233
asig 4 2 11 0.1444 0.0610 0.0380
4 2 12§ 01234 -0.1691 -0.1556
coma 5 1 13[ 0.0232 0.0739 0.0781
S -1 14§ 0.0580 0.0657 0.0195
sphab 6 0 15 f§ -0.0036 -0.0044 0.0181
quad 4 4 16 [ 0.0076 -0.0659 -0.0636
4 4 17] 01035 0.0267 0.0270
wrifoil 5 3 18 f 0.0293 l 0.0035 -0.0297
5 -3 190 0002 -0.0214 -0.0184
asig 6 2 20 f -0.0112 -0.0355 -0.0045
6 -2 21 0.1121 0.0665 0.0501
coma 7 1 22§ -0.0615 -0.0425 0.0106
7 -1 23 § -0.0387 0.0003 -0.0348
sphab 8 0 24 § 0.0207 -0.0249 -0.0307
quit 5 5 25 [ 00244 I -0.0028 -0.0205
5 -5 26[ -00314 0.0004 0.0127
quad 6 4 27 J 0.0583 0.0154 -0.0268
6 -4 281 00084 I 0.0274 0.0212
wifoil 7 3 29 [ 0.0063 -0.0026 0.0162
7 -3 300 0.0197 0.0351 0.0278
asig 8 2 31 0.0153 0.0417 0.0189
8 -2 32§ 00457 0.0048 0.0146
com 9 1 33[] 00204 I -0.0087 -0.0324
9 -1 340 -0.0003 0.0123 I 0.0252
sphab 10 0 35 § 0.0257 I 00183 -0.0104
sphab 12 0 36 f -0.0154 I -0.0034 I -0.0076
RMS37 0.7459  0.0553 0.4561 0.0338 0.3379 0.0250
P-v] 47312 0.3505 2.7258 0.2019 2.6470 0.1961
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For the three wavefront measurements discussed in Section 3.2.3, the Zernike
coefficients are given in the table above. The coefficient ordering used here is shown in
the left columns: n is the radial order, and m is the azimuthal order. For the low-ordered
aberrations, coeffient pairs are combined into a single RMS magnitude. Near the bottom
of the table, the 37-term RMS and peak-to-valley wavefront aberration magnitudes are

given, first in nm, followed by waves at 13.5 nm.

Over 0.07 NA, the EUV-visible-light difference wavefront magnitude is 0.336 nm
within the first 37 Zemike terms. When astigmatism is removed from consideration, the

RMS difference wavefront magnitude becomes 0.165 nm.
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