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Abstract

Metrology technologies are an essential adjunct to Integrated Circuit (1.C.) Semiconductor
manufacturing. Scatterometry, an optical metrology, was chosen to measure 50 nm half
pitch feature structures. A bread-board scatterometry system has been assembled to provide
a non-contact, non-destructive, accurate and flexible measurement. A real-time, on-line
scatterometry system has also been demonstrated and proven to provide a high throughput

measurement.

Three different types of samples have been measured using the scatterometry setup. The
wire-grid polarizer (WGP) sample has been made by Jet and Flash Nanoimprint
Lithography with ~100 nm pitch and ~50 nm wide ~200 nm tall Al gratings on fused silica
substrates. One of the resist grating samples has been made by Roll-to-Roll Nanoimprint
Lithography with ~130 nm pitch and ~65 nm wide ~100 nm tall resist gratings on

iv
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polycarbonate substrate. The other resist grating samples have been made by Immersion
Interference Lithography with ~80 nm pitch and ~70 nm tall resist gratings on silicon

substrate.

For the WGP, four wavelengths (244 nm, 405 nm, 633 nm and 982 nm) were used to study
the dependence of the parametric scatterometry on a function of the wavelength to sample
pitch ratio (A/p: from 2.4 to 9.8). Results show that even for a laser wavelength ten times
larger than the sample pitch, scatterometry can still provide the characteristic structure
information. The definition of the grating structure in the simulation has improved from a
simple trapezoidal structure to a more complicated model with top rounding structure and
an Al>Oz “skin”. With a better model and definition of the structure, simulation results have
been closer to measurement results for all four wavelengths and the parameter sets present
a very close results from scatterometry measurements. For the resist grating samples,
scatterometry has less sensitivity because of lower index contrast than WGP, but a 405 nm
laser source can still provide effective measurement on ~100 nm pitch resist samples. The
scatterometry results are also sensitive to inhomogeneity of the resist sample and show a

capability for classifying different types of macroscopic defects.

A model-based limitation study for both WGP and resist grating shows the fundamental
limits of scatterometry for different materials and structures based on current noise levels.
We have simulated a reducing linewidth and height of gratings with fixed pitch and the
conditions with scaling the entire grating structure and have demonstrated that the potential

capability of scatterometry can approach down to 10 nm feature size with a 405 nm laser.
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1. Introduction

1. Introduction

1.1. Introduction to metrology

For the past several decades, metrology has been an essential aspect of the semiconductor
industry! because of the need to monitor procedures and provide quality control. As the
scale of semiconductor products today are as small as 12nm and less?, metrology
technology faces a significant challenge and has become an issue for the industry.
Recently, more and more nanoscale critical steps have been added to the manufacturing
process to obtain denser electronics requiring complicated 3D structures (e.g.
FINFETs®#). For example, pattern doubling or tripling® are used to decrease the node to
a smaller size, but the number of steps increases by comparison to the single lithography
process. Because more parts and steps need to be monitored, metrology has become a
very expensive and time-consuming aspect of manufacturing, and accordingly, the
industry faces a serious problem when pursuing smaller size products. Therefore, there is
an urgent need to develop and improve current metrology technologies to meet the
industry’s needs and keep pace with the development of other manufacturing

technologies.

1.2 Metrology in Manufacturing

All steps in manufacturing require metrology to monitor product conditions, but because

1
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of time and cost, the metrology process is typically introduced only before several
important steps to avoid possible critical problems. In the remainder of this section, two
manufacturing processes are introduced that normally require metrology to evaluate

product quality.

Etching is a very common and useful process in the semiconductor industry. Dry etching
uses a plasma of gas ions (e.g., O", F, CI', etc.) to bombard the material to be removed;
the most common procedure used in dry etching is Reactive-ion etching (RIE). The
process takes place under high vacuum conditions, and the sample is placed at the center
of the vacuum chamber with the material’s surface facing up. A plasma is produced in the
top of the chamber and bombards the sample surface from above. Dry etching is used
typically to transfer a pattern into the substrate, or form a special pattern structure;
therefore, a mask is necessary to protect the surface so that the plasma removes only the
desired areas of the material. The mask can be metal or photoresist with a slower etching

rate than target material.

Etching process is complicated and the final results are determined by many different
aspects. For instance, the etch rate and time need to be carefully controlled to avoid
etching away the mask; the gas component needs to be optimized to have a large ratio of

etching rates between target material and mask material; in some cases the gas flow needs
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to be controlled to have either isotropic or anisotropic etching; minimize the etching rate
in the horizontal direction to avoid etching target material underneath mask and etc.
Among them, a desired shape of mask is the essential requirement to have a right etching
process. Figure 1.1(a) shows a trapezoid mask with a large top width. The mask has
covered the whole surface of target material, thus gas ions in etching tool cannot reach
target material causing an undesired etching result. It is necessary to use metrology tools
to assess the condition and shape of the mask before etching. A perfect mask (usually a
perfect rectangle) can guide the gas ions to etch the proper area to form a straight
isotropic structure during the etching process. The structure after etching process also
needs to be monitored because a good mask is a requirement but not a sufficient
condition for a good etching result. Figure 1.1(b) shows even with a straight right-angle
mask, there is still possible to have an undercut problem if the etching rate is not
optimized. A poor etching result could cause significant uncertainty for the next steps in
manufacturing which may be lead to an unstable performance and property of products.
To avoid a defective sample, metrology is required at every single step in the etching

process.
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(a) I I I Not
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Figure 1.1 Etching conditions with different shape of mask (blue part is resist

mask, white part is metal layer)
Deposition is another very common manufacturing process used in industry. There are
many different tools available to deposit metal or other materials on a sample surface,
including Chemical Vapor Deposition (CVD)®, Molecular Beam Epitaxy (MBE)’, and
Atomic Layer Deposition (ALD)2. Deposition rate, deposition time and a straight
rectangular mask are required for a reliable deposition process. Before deposition, the
mask needs to be monitored to assure the mask with a flat surface on the top and a
desired line and space ratio (see Figure 1.2(a)). Figure 1.2 (b) demonstrates that if the
gaps in the mask are too narrow, depositing material cannot get into the gap between lines
and can cover the whole surface. Metrology is also required after deposition process to
check surface conditions. Figure 1.2(c) demonstrates that the depositing material could be

too tall and contact with the top part after a deposition with a wrong speed and time.
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1 1

(b)

(c)

!

Figure 1.2 Deposition results (a) perfect condition (b) mask too fat (c) deposition

time too long (blue part is resist mask, white part is metal layer)

Ideally, metrology is necessary and required at every step in the manufacturing process®,
thus metrology is required to be: real-time, to facilitate high throughput; non-destructive,
and preferably, non-contact, to prevent interference with processing; it also should have
sufficient resolution to monitor drifts and changes in the manufacturing line, and should
be flexible with respect to sampling and the number of areas on the samples. The next

section introduces some commonly used metrology technologies.

1.3 Metrology Technologies

There are many different metrology technologies®. Three selected major optical
metrology methods are introduced and explained below: Atomic Force Microscopy,

Scanning Electron Microscopy, and Scatterometry.
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1.3.1 Atomic Force Microscope

Atomic Force Microscope (AFM) is one of the most “popular” metrology tools*' ™23, It
uses a tiny probe that travels precisely across a um-scale small area on the sample to
measure the local properties. The tip is mounted on a cantilever. When the tip touches
(contact mode) or approaches (non-contact mode) the sample surface through precise
mechanical control of the cantilever, the force between the tip and the surface causes the
cantilever to deflect away from the surface. A He-Ne laser is introduced at the center of
the cantilever’s head to monitor this tilt. While the cantilever moves up and down, a
position-sensitive photo diode is used to detect the accurate position of the laser’s
reflection from the cantilever, which can detect the height information of the sample
surface. The sample is fixed on a 3-dimensional mechanical stage. This allows the sample
to be aligned close to the tip in the z-direction before measurement, and moves the
sample in the x and y directions to allow the tip to scan the area of interest. The
advantage of AFM is that it can provide an atomic scale resolution in the vertical
direction for a low-aspect ratio sample, and forms a good image that can identify
complex surface features. However, just as AFM has impressive abilities, it also has clear
disadvantages. Because of the triangular shape of the tip, it is difficult to achieve good
resolution in the horizontal direction, as the width of the tips causes a non-negligible
error in the lateral measurement. Furthermore, with a high-aspect ratio sample, the tip

cannot get into the gap between lines and cannot always touch bottom part of the sample
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surface. Typically, there are several solutions to these problems. One is to calculate an
effective tip width and conduct a careful calibration of the AFM results**°. However,
this is a complicated and indirect process, and is not accurate when dealing with different
surface and structure conditions. Another solution is to construct a narrow “rectangular”
tip (like a GaN nanowire tip or carbon nanowire tip'®’) rather than a triangular one,
which produces better measurement results in the horizontal direction. Use of a carbon
nanowire tip could sufficiently solve the measurement error of AFM at horizontal
direction. However, carbon, not like a normal Si tip with Al coating, is a fragile material.
It is very easy to be broken when measuring a hard material like Si or metal structure. A
GaN tip may a better choice because of its rectangular shape and hardness of the material,
but the large size of a GaN tip is still an issue and needs to be addressed in the future. An
accurate AFM measurement needs to be taken in contact mode which means the tip needs
to touch the sample surface during measurement. The tip may scratch the sample surface
and cause an irreversible damage for the sample. There are some reports to make a soft
polymer AFM tip*® to solve this problem, but the performance and resolution of the

polymer tip are still very poor.
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Figure 1.3 image of AFM working zone [Reference 19]

1. 3.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is another metrology tool used commonly in the
semiconductor industry and laboratories?®2!. SEM can provide a direct image of the
surface features from um to nm scales. The SEM method obtains an image of the sample
surface when an electron beam is incident to the sample, and a detector at the side
collects the reflected or scattered electrons that represent information about the surface.
The direct image of the surface is one of the most impressive advantages of SEM, as it
can show an overall view over a range of areas, the blank layer under the structure
(residual layer), and the cross-section conditions, which an AFM cannot measure. There

are several different types of SEM, transmission SEM??, SEM with X-ray spectroscopy?



1. Introduction

and etc. which can provide an accurate and comprehensive measurements. However, the
cross-section and residual layer measurements require to cleave the sample which is not

desired for industry manufacturing.

Today, only Critical-Dimension SEM (CD-SEM)? is used as a metrology technology in
actual industrial processes. CD-SEM is a non-destructive technology which gives a top
view of the sample surface and can get an ultra-high resolution image of the side wall
roughness in current study?®. Although it can provide an accurate measurement of the
pitch or line width of the grating, like AFM, it is unable to provide any information in the
vertical direction in top view measurement, such as the thickness, or the bottom condition

of structure. Another disadvantage of SEM measurement is that it is taken under high
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Figure 1.4 image of SEM [Reference 26]
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vacuum conditions which is not desired for a manufacturing process.

1.3 Scatterometry

Scatterometry was first demonstrated by G A. Al-Jumaily, McNeil, et al in 1987 at the
University of New Mexico?’, where a HeNe laser source was used to measure a 320 nm
periodic structure. When this technology was first published, people doubted whether it
could provide accurate information about the sample. However, after nearly 30 years of
development, scatterometry has proven to be one of the most effective solutions for
metrology at the 14 nm node in manufacturing today and possibly beyond?8-3°,
Scatterometry is an optical metrology based on diffraction from periodic structures, and it
is well suited to the demands of nano-manufacturing of photonic and electronic
components®®-38. It satisfies the requirements for rapid, non-contact, on-line or at-line
applications, and has demonstrated resolution commensurate with advanced
semiconductor nodes®. Scatterometry can measure a 1D periodic structure (e.g. gratings),
a 2D Periodic structure (e.g. dots) and a 3D periodic structure (e.g. FInFETs and other
structures that vary in all three dimensions). The scatterometry measurement process
takes place in two steps: measurement (a forward process) and simulation (an inverse
problem). Surface information and a fingerprint are measured first by scatterometry
setup. The periodic structure is parameterized and thousands of computer-based

simulations are calculated with different parameter sets within a certain range. The
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solution for parameter sets of the surface structure appears when the simulation is closest
to the measurement. The beam spot size typically ranges to as small as 10 um and the
size change does not impact diffractive efficiency. Thus, hundreds of thousands of
periodic structures are measured at the same time (at 10 um size, there are approximate
100 lines for 100 nm pitch grating structure). In the simulation, the periodic structure
fulfills boundary condition and is assumed to be infinite in extent. It is reported that only
twenty periods of resist grating samples in scatterometry are already sufficient to get a
stable result and could be considered as an “infinity structure” in simulation®’. This
indicates that a few periods can provide an accurate simulation result to demonstrate the
average conditions of 1000 periods in measurement. The scatterometry results are not
sensitive at local structure defects, but reflect an average conditions for a certain area of
the sample. AFM and SEM can obtain a direct view of the sample surface, but only of a
very small area, and the structure they measure may not represent the entire sample. This
is one of the advantages of scatterometry, because all of the periodic structures within the
area of the beam spot contribute to the reflection signal to represent the sample’s overall
conditions. As mentioned above, AFM and CD-SEM can only provide an accurate
measurement of the critical dimension (CD) from a top-down view so that current studies
of in-line metrology focus on CD-AFM and CD-SEM, which cannot show other
parameters of the grating structure, such as height and other features at the bottom of a

structure. Another advantage of scatterometry is that its measurement system can be
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adapted to a common ellipsometer tool and the diffraction measurement and inverse
solving process are very similar between scatterometry and ellipsometry. We will
introduce two different types of scatterometry®® in the next section. One is wavelength-

dependent scatterometry and the other is angular-dependent scatterometry.

1. 3.1 Wavelength—dependent scatterometry

In wavelength-dependent scatterometry*!, a wide range (usually from 230 nm to 800 nm)
of wavelengths of white light is incident on the sample at a fixed angle (most often
normal incidence). A rotatable polarizer is placed at the output of the white beam to
switch the polarization of the beam between TM (electric field in the incidence plane)
and TE (electric field perpendicular to the incidence plane). Under normal incidence
conditions, a beam splitter placed above the sample reflected the beam into a detector. A
reflection vs. wavelength graph (similar to an ellipsometer measurement) that contains
information about the surface conditions is obtained after the measurement. Simulations

with different parameter sets are calculated following the measurement to determine the
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best-fitting parameters.

Kid D

period Bias=0  Translation of the grating

Figure 1.5 image of wavelength dependent scatterometry [Reference 42]
The advantage of wavelength-dependent scatterometry is that sample and optics do not
need to be rotated or moved during measurement process which enhance the stability of
the system. However, the simulation step requires a model of the dielectric properties of
the various constituents of the film and nanostructure stack across the full range of
wavelengths, often a difficult task for deposited films with varying compositions and
stoichiometry. Furthermore, the brightness of white light is very low in the wavelength-
dependent scatterometry system, thus the reflected signal is very small normally causing

a low Signal / Noise ratio in measurement which results in a large uncertainty.

1. 3.2 Angular—dependent scatterometry

Angular-dependent scatterometry only uses one wavelength beam source during a single

13
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measurement process. A bread-board angular scatterometry setup is introduced in detail
in Chapter 3. To obtain information about the grating parameters, the incident angle is
varied over a certain range of angles to provide sufficient freedom and flexibility to solve
the inverse problem of finding the parameter sets. The advantage of angular-dependent
scatterometry is that the refractive index is fixed in the simulation because only one
wavelength source is used, which makes the simulation more reliable. Another advantage
is that, compared with wavelength-dependent scatterometry, angular-dependent
scatterometry does not have high quality laser source. Even when using an inexpensive
diode laser as source, the signals are typically larger than when using a spectrally filtered

incoherent source and efficiently remove electronic noise from the measurement.

1.4 Methods to Utilize Scatterometry

As the current node and feature size of semiconductor products are reaching ~10 nm, the
wavelength of the laser in metrology tools is always larger than the size of the structure
that needs to be measured. In this project, a laser of several hundred nanometers
wavelength was used to measure the 50 nm half-pitch features, in which the photons are
at least two times larger than the sample pitch, and four times larger than the line width
(CD) of the grating structure. With a single wavelength laser, as the scale of the sample
becomes smaller and smaller, information about the structure in the reflection will be lost

completely at some point and the only information the reflection provides is the effective
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refractive index of the surface. The effective index can be obtained from the index of
incidence medium (usually air), the index of the material of structures and the volume
fraction of this material in the structure layer. This means that any structural information
does not impact the scatterometry measurement and the structure is considered a plane
homogenous layer with the effective refractive index. This is the ultimate limitation of
scatterometry. To the author’s knowledge, this limitation has not been studied well, and a
better understanding of it could help achieve the full capability of scatterometry by

determining approaches to its limitations.

At the current state, the smallest scale of the sample is limited by the fabrication
technologies available to this project. On the other hand, there is no restriction on the size
that can be simulated. Two different approaches of simulation-based limitation studies
have been performed: one studies the smallest line width of the grating that can be
measured at a fixed pitch. The other studies the smallest structure size that can be
measured as the pitch becomes smaller and smaller at a 50% duty cycle. Although we
cannot find a smaller sample to measure for these measurements, we can study the
limitation with respect to wavelength / pitch (A/p). While the pitch of the sample
remained the same in the study, multiple wavelength lasers were used to measure the
same sample structure to see whether the reflection still contains some information. After

understanding the limits of wavelength / pitch, we can determine the smallest feature that
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can be measured using a laser of a certain wavelength. In order to find a simulation result
matching the measurement, an accurate structure model need to be defined in simulation.
The advantage of measuring at multiple wavelength lasers is that if the scatterometry
results have significant variations at all of these wavelengths, it indicates that the
structure model in simulation is not sufficient and some critical information and

parameters are missing.

1.5 Outline of the Dissertation

The dissertation is presented in six chapters. Chapter 1 includes a general introduction to
metrology technologies, and presents the details of three types of metrology technologies.
Among these technologies, the advantages of scatterometry and the methods it uses to

solve current barriers in the semiconductor industry are addressed.

Chapter 2 describes the characterization and fabrication of three different samples that are
made by nanoimprint lithography and immersion interference lithography. The theories of
these two lithographies are introduced, as well as the way in which an interference
lithography is upgraded to an immersion interference lithography to obtain a smaller

feature sample using a laser source of a fixed wavelength.

Chapter 3 presents the theory of scatterometry, which can be divided into two steps:

16
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simulation and measurement. For simulation, the modeling code, Rigorous Coupled-
Wave Analysis (RCWA), is introduced, and the methods to customize the code to fit the
simulation requirements of the sample structure used in this dissertation are also
discussed. In addition, the custom setup used to perform scatterometry is shown and its

reliability is tested.

Chapter 4 presents the results of the scatterometry measurements and fitting for the three
different types of samples used. The process to optimize the simulation code and
structure definition, both of which can improve the fitting results, is described. An inline
scatterometry effort combined with a library search is also discussed as a solution for

real-time measurement.

Chapter 5 describes some of the limitations of scatterometry studies. A simulation study
of scatterometry limitations with respect to the linewidth and grating thickness variation
at a fixed feature size, and the smallest feature size measurable at a fixed wavelength for

both a Wire Grid Polarizer and resist grating structure are presented.

Chapter 6 summarizes the project’s research in scatterometry and proposes some future

work.
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2 Sample Preparation

The samples measured and analyzed were the Wire Grid Polarizer (WGP)** and resist
grating. The samples were made by Nanoimprint Lithography (NIL)*® and Immersion
Interference Lithography (11L). The WGP has an Al grating structure on a fused silica
substrate and the resist grating consists of the resist material on a flexible polycarbonate
substrate (NIL) and a silicon substrate (I1L). Using this measuring process for two
completely different types of samples demonstrates the wide applicability of

scatterometry for measurements of either a metallic or polymer materials and structures.

2.1 Wire Grid Polarizer (WGP)
2. 1.1 Characterization of WGP

A Wire Grid Polarizer (WGP) is designed to allow one direction of the electric field to
pass through it, thus the transmitted beam is linearly polarized. The WGP is widely used
in various wavelength ranges, especially in the visible light range from 400 nm to 800 nm
(e.g. for liquid crystal application). WGPs are also important optical components in
lithography system, short wavelength laser, large displays, etc. because of its high
polarization performance and temperature stability. Fused silica is used as the WGP
substrate because the absorption coefficient of other glasses in the UV range is very high,

such that they absorbs nearly 90% of the energy of the UV light passing through it; thus,
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normal glass optics do not work at the wavelength under 400 nm. In contrast, fused silica

transmits nearly 90% energy at ~200 nm wavelength and is an ideal substrate material.

There are several different methods to fabricate a WGP. Our sample is an etched WGP. A
blanket metal layer and oxide layer are deposited on the substrate first. Resist gratings on
top of the structure functions as the etching mask for oxide layer and the etched oxide
layer functions as the etching mask for metal layer. After removing the oxide hard mask
layer, periodic metal gratings remains on the substrate. A detail introduction and

discussion about the fabrication process is in the next section.

g o

— \

Figure 2.1 Fabrication process for an etched WGP, gray part is metal, light blue

part is oxide hard mask and blue part is resist gratings.

The electric field of the laser can be divided into two orthogonal directions: parallel to the
metal grating and perpendicular to the metal grating. For the electric field component
parallel to the metal gratings, the electrons in the metal can move freely along the gratings
in the surface plane to shout out the field which causes most energy in this direction to be

reflected back by the WGP. For the electric field component perpendicular to the metal
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gratings, the large gap between two gratings mean that the electrons cannot move in this
direction. Most energy in this direction transmits through the metal grating structure. As a
result, the beam passing through a WGP is linearly polarized with the polarization direction

perpendicular to the metal grating.

2. 1.2 Fabrication process

Nanoimprint lithography (NIL)**4" is currently widely used in the semiconductor
industry. NIL uses a hard mask with a metal structure on it as a stamp. During the
lithography process, the hard mask is pushed to the sample surface with resist and a UV
light is introduced on the top to cure the resist. The hard mask is removed from the
sample surface after the process. NIL has a higher throughput than electron-beam and
focused-ion-beam lithographies because its lithography process is done on a cm by cm
large area simultaneously which is similar to interference lithography. NIL is less
expensive than extreme ultraviolet lithography because it does not need an extremely
large and complicated system. The resolution of NIL is not limited by optical diffraction
and it has the ability to produce complex 2D and 3D structures because a high quality
mask is used to form a pattern during lithography process. Besides these advantages, NIL
also faces several challenges including mask wearing, resist dot alignment, surface
tension when pushing mask on resist, adhesion when moving away the mask and etc. A

lot of studies and efforts have been employed to find solutions to these challenges*-2. As
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a result, there are several different approaches to NIL. The technology used to produce
our sample is the Jet and Flash Nanoimprint Lithography (J-FIL) and is discussed in this

section.

The fabrication process of the WGP investigated here begins with a blanket electron-
beam deposited an Al film at a target thickness of 200 nm on the fused silica substrate.
Next a molecular Imprint Imprio-1100 tool (J-FIL) shown schematically below, was used
to pattern the 100-nm pitch gratings. Finally, a Cl-based etch was used to transfer the

nanoimprint pattern onto the Al layer.

Resist Dispense  Capillary Fill UV Flash Separate

2 e —— W o
: Mask L i

Substrate Substrate ‘Substrate ‘Substrate

Figure 2.2 Jet and Flash Imprint Lithography Process. A low viscosity resist is
deposited onto the substrate using an inkjet dispenser. Next, the patterned template
is lowered onto the substrate so that the relief patterns are filled by capillary action.
The resist is then crosslinked under UV radiation. Finally, the template is removed

leaving a patterned resist on the substrate.

The film stack that was used to create the Al WGP is shown in Figure 2.3. The imprint
processes produce a residual resist layer beneath the pattern. Thereafter, the etch

processes began with a non-selective etch of the residual layer and adhesion films, which
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have a total nominal thickness of 17 nm. Isotropic, oxygen-rich processes generally
reduce, or “trim,” the critical dimension (CD) more than do low-oxygen processes. The
addition of argon, combined with low pressure, leads to a process that, if timed correctly,
causes very little CD loss. The de-scum process chosen was a low-pressure, low-power
process with low oxygen flow and argon was used as a non-reactive, carrier gas. Once the
de-scum process is completed, the oxide hard mask is etched using standard fluorine-

based dry etch chemistry, and this hard mask is used to etch the Al film using chlorine-

Minimum featurE Organic im pl'il"it

size (m) resist \ E::gtl':lr?h}
17 .

¥
y
dhesion Layer (a) ¥
Oxide Hard Mask (k) Residual layer + adhesion
Aluminum (t) layer thickness (r)

Fused Silica Substrate

Figure 2.3 The imprinted film stack includes a grating resist pattern with nominal
values of m=50nm, h=125nm, and r=15nm. The adhesion layer is an organic spin-
on film with ‘a’= 2nm. The oxide hard mask, k = 25nm, and Al thickness t =
200nm.

et —-

HV W il mag B8
2.00 kv 1.049 pm 4.7 mm O 200 000 x

R

Figure 2.4 SEM image of WGP sample
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based chemistry. Following the Al etch, the oxide mask is removed with an isotropic
fluorine dry etch chemistry, which also leads to some undercut into exposed regions of

the fused silica substrate.

2.2 Resist Grating

The second type of sample was a polymer resist grating. Resist grating usually is the first
critical structure in the manufacturing process, which may be followed by etching,
depositing metal, pattern transforming, and so on. It is very important to monitor and
check the quality of the resist gratings and avoid possible defective samples that impact
the final structure that thereby increasing cost and reducing yield>-2, Two different
lithography processes are used to produce resist grating: one is Roll-to-Roll Jet-and-Flash
nanoimprint lithography (J-FIL) which is related to our project requirement and the other
is immersion interference lithography (11L). Both processes are widely used in
semiconductor and integrated circle (IC) industry. These two different lithographies and

their fabrication procedures are discussed below.

2.2.1 Resist grating made by J-FIL

One of the resist samples was made using Roll-to-Roll J-FIL®3. As shown in Figure 2.5,
this process uses a template, which is a fused silica wafer 150mm in diameter with a

WGP pattern etched in it. First, the resist drops are dispensed on the flexible substrate so
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that the drop distribution corresponds to the local pattern density of the template WGP.
Then, the template is lowered into contact with the surface of the flexible substrate
containing the drops, compressing the drops, which spread and merge into a continuous
liquid film that fills in the features on the template. This is followed by broadband UV
exposure to cure the imprint resist. Finally, the template is separated from the flexible
substrate, which is then rolled forward to repeat the process on a new area of the
substrate. The resist sample has ~130 nm pitch gratings ~100 nm in height. The flexible

substrate material used is a commercially available polycarbonate.

Inkjet

Template .
[
PET N\
PEN

PC

Patterned
Roll

Unpatterned

/‘ roll

Figure 2.6 Imprinting scheme selected for high-throughput flexible film

imprinting. [Reference 63]

2.2.2 Resist Grating made by Immersion Interference Lithography
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2.2.2.1 Introduction to Immersion Interference Lithography

Interference Lithography (IL) is used widely to produce periodic gratings on the resist
layer, and the pitch can be as small as A/2n (n is the refractive index of the medium
above the photoresist layer). Neither a mask nor a lens system is needed in the IL process
used to make small pitch grating structures; thus, IL is an inexpensive, large-area, time-

saving method of lithography to fabricate nm-scale periodic features.

Because the grating pitch using IL is equal to A/2n, there are two ways to improve the
process to achieve a smaller feature size: normally using either a short wavelength to
decrease A, or conducting the exposure in a medium other than air to increase the n.
Recently, the most common laser used in industry which offers stable performance is 193
nm ArF pluses laser. Although there are shorter wavelength laser available, 193 nm laser
is still the major light source used in industry because of the transmission limits of fused
silica optics for the shorter wavelength laser. Therefore, trying to increase the index n is
the only available solution. Immersion Interference Lithography (IIL) is a lithography
technique in which the lithography process is completed in a high index fluid (water with
n=1.44 at 193 nm was used in this dissertation) so that a smaller pitch compared to

normal IL can be obtained during the lithography process with the same laser source.

In IL, two mutually coherent light beams are introduced to interfere with each other, and
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the sample coated the photoresist is placed at the interference plane of the two beams.
The setup for IL is shown in Figure 2.6. The beam split is used to split the incident beam
into two mutually coherent beams that can interfere with each other and a 3-Dimension
vacuum stage can hold and move sample to the interference plane. Figure 2.6 (a)
demonstrates a simplified IL setup which works with high transverse coherent source
such as a single-mode light source. The laser source we used is a 193 nm ArF laser with
multi-modes in output. The field at the right edge of a laser pulses is not coherent with
the field at the left edge so that there is no coherence between the two beams at sample
surfaces, shown in Figure 2.6(a). Figure 2.6 (b) demonstrates a solution that an additional
Mirror A is placed in one of the light paths to flip a beam at one path so that the two
beams are exactly the same and are coherent with themselves at the sample surface. At
the interaction plane, the intensity of the interference has a standing wave with a cosine
function that forms a grating structure in the resist layer on sample through the chemical
reaction between the laser beam and resist. The best exposure contrast appears when the
intensities of the two coherent beams are equal (1:=I2=lp). The intensity function at the
interaction plane can be simplified to

I(x) = 4l,cos?(k sin(0)x) (2.1)
where k is the photon wave vector 2m/A, 6 is the incident angle and x is position on

sample surface.
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(a) / (b)
Beam Splitter Beam Splitter \ \

Mirror A

Wafer

Wafer

—

Vacuum Stage
Vacuum 5tage

Figure 2.7 Interference Lithography setup (a) Beams not coherent without

Mirror A (b) Beams coherent with Mirror A
The I1L setup is similar to that for IL, but there is a prism in front of the sample surface.
One of the functions of the prism in the system is that it can hold DI water with a uniform
thickness because of the surface tension effect between prism and sample surface. At the
interface between prism and DI water, the Snell’s Law indicates that

NA = n,yismsinf; = nygersind, (2.1)
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where nprism IS refractive index of prism and is ~1.6 at 193 nm, Nwater is refractive index of
DI water and is ~1.44 at 193 nm and 6,, 6, are the angle of incidence and transmission
at the interface. The high index and the geometry of prism can provide a large NA to the
lithography system which cannot be achieved at the interface between air and water. With
a 60-degree prism system (see Figure 2.8), the largest NA at the interface between the
prism and water appears when beam is introduced with normal incidence from air to
prism (6,,,;s,m = 90° for an equilateral prism). The largest NA is equal to
NyrismSIN(Oprism) = 1.44, yielding a smallest feature size of p = 2 = 67nm at

2NA

A=193 nm.

Beam Split | —\

Water ~ % Wafer

Vacuum Stage

Figure 2.9 Immersion Interference Lithography setup
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Bair
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Figure 2.10 Snell’s Law at prism interfaces

60

2.2.2.2 Fabrication process

A 6-inch silicon wafer was first cleaned with acetone and isopropyl alcohol (IPA)
followed by a heating process at 205°C for one minute to remove any moisture on the
wafer surface. A selected Anti-Reflection Coating (ARC) chemical material (ARC-145
from Brewer Science) was spin-coated directly on the Si substrate at 1500 RPM
(rotations per minute) for 60s. The coating process is followed by a 60s hard bake at
205°C. The target thickness of the ARC layer is approximately 40 nm. An ARC layer is
placed between the substrate and resist because, without the ARC, there is a very high
reflection from the substrate (Si is a high reflectivity material) into photoresist which
causes standing wave phenomena inside the resist pattern. This strong reflection, which
disturbs the interference performance on the surface, is a major problem in IL. Figure 2.9

illustrates reflections from the photoresist-ARC interface and the ARC- substrate
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interface. ARC refractive index and thickness are designed to make one-pass optical
length of the beam in the ARC layer equal to A/4n (n=1,2,3...). Thus the total optical
length beam traveling in the ARC is in terms of A/2 which means that beam phase shifts
by 1 in ARC layer. The two reflections from photoresist-ARC interface are canceled
with each other because of this m phase shift. In our case, the ARC thickness is 40 nm
and refractive index is ~ 1.2. Thus the optical length is approximately 48 nm, which is
exactly equal to A/4 for 193 nm laser. ARC material is also designed with a high
absorption coefficient which can absorb energy of beam to reduce the intensity of
reflection from substrate. A desired ARC layer can limit the reflection into the photoresist

less than 1%, which is an essential requirement for IL procedure.

NS/ /
VAR

— N7

Substrate

Figure 2.11 Function of bottom ARC

After the ARC is coated and baked at 205°C for 60 seconds, a resist layer is spin-coated

on top of the ARC layer. A 60s, 2500 RPM coating process Yyields a 70 nm resist layer
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(ARF AIM5518JN-7 from JSR Micro) adhering to the ARC layer. A 60 seconds hard
baking at 120°C follows. Twenty pieces 1 inch by 1 inch samples can be obtained from
the 6 inch wafer with proper cleaving. The next step is to place the 1 inch by 1 inch
sample with the resist and ARC layer in the 1L setup as described above, and expose the
sample to a certain dose using a 193 nm laser. After exposure, the sample must be heated
to 115°C for 90 s to harden the structure, and then dipped in the developer for 60 s. There
are many types of photoresist including positive resist and negative resist. We used
positive resist, thus the resist area exposed with high laser intensity is dissolved in the
developer and it is removed by a following DI water rinsing process. The resist area
exposed with low laser intensity remained on the sample and formed a periodic grating

pattern.

- >
100 nm

Figure 2.12 SEM of resist grating
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3 Process of Scatterometry

Scatterometry is an optical metrology technology which is based on a two-step process:
measurement (i.e. a forward problem) and simulation and fitting process (i.e. a reverse
problem). The accuracy and efficiency of scatterometry depends on both steps and will be

discussed in this chapter.

3.1 Scatterometry Simulations

3.1.1 Introduction of RCWA

The primary simulation method used here is Rigorous Coupled-Wave Analysis (RCWA),
which was introduced first by Moharam and Gaylord in 198154, It provides a direct
solution for Maxwell’s equation for the reflection and diffraction of a grating structure. It
has two fields with many different orders above and below a homogeneous layer or
grating that can be described by a Floquet expansion. There is another field in the layer or
grating to connect these two expansions. In 1D RCWA applications, grating structures or
layers with different refractive indices are divided into several thin layers in the vertical
direction so that the grating structure has vertical sidewalls and/or the plane layer has a
single and constant refractive index. RCWA uses the Floquet expansion to model
boundary conditions at the top and bottom of a layer. There is an eigenvalue system for

each layer, and RCWA is used to solve these eigenvalue equations. These solutions then

32



3 Process of Scatterometry

can be used to calculate the amount of energy that is reflected, transmitted, and absorbed.

The RCWA coding used here in matlab is a custom program coded by Babar Minhas®®, a
previous student in our group. The detailed theory and method used in this code is
described and discussed in his thesis. A brief introduction and explanation of RCWA is

provided below.

The first step in RCWA is to find the right unit cell of the structure, for example, for a 1D
grating structure, the unit cell is the grating cross-section for one period cycle (one
grating/one space). The boundary conditions are investigated and calculated in RCWA to
simulate an infinite grating condition by defining only a finite structure. This limits the

structures that can be simulated by RCWA to a periodic structure.

3.1.2 Definition of the Vertical Direction in RCWA

RCWA can simulate any 1D and 2D periodic structure. Because the structure measured
and simulated is always a 1D grating structure in this dissertation, the methods used to
define the geometry in RCWA introduced in this chapter focus on the 1D grating
structure. To define the geometry of the structure in RCWA, the entire structure needs to
be divided into several thin layers in which the width of the structure is constant in each

layer. Thus, for a 1D grating structure, the thin layer either is a homogeneous layer
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composed of a single material, or is a combination of grating and space (usually air in our
case), while at the same time, the sidewall of the grating is vertical and the width of the
grating is uniform in the z direction. For a simplified 1D grating structure, as shown in
Figure 3.1, a grating structure lays on a series of plane layers and the substrate. The
grating structure, plane layer, and substrate need to be defined separately in RCWA to

perform the simulation.

Grating
I I S e

Plane layer A

Plane layer B

Figure 3.1 1D grating structure
The substrate is considered a homogenous layer, because its composition and refractive
index are constant throughout. Generally, if considering reflection alone, we can assume
that the substrate is infinitely thick and the transmitted energy into this layer either is
reflected or absorbed in the substrate. If the substrate is not infinitely thick, and there is
some reflection from the interface between the bottom of the substrate and the air, the
well-known Fabry-Perot interference effect will occur when calculating the reflection.
The Fabry-Perot effect is illustrated in the sketch shown in Figure 3.2. Briefly, two glass

optics are placed with their reflective surfaces parallel to each other, and the beam travels
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back and forth between the two. The reflection from surface A interfaces with the
reflection from surface B, and forms an interference pattern at surface B. For a Fabry-
Perot interferometer, surface A and surface B are coated with a highly reflective material
to trap the energy between these two surfaces. If the substrate has a finite thickness, a
Fabry-Perot effect will occur and RCWA will calculate the multiple reflections between
the top and the bottom surface of the substrate. As a result, reflection vs. angle simulation
will exhibit sharp changes and large noise at varying incident angle. These multiple

reflections in the substrate are not desired in our experiment. To a substrate, the thickness

I
/117

Surface A  Surface B

Figure 3.2 Fabry-Perot interference effect

of it can never be A/4 thick. Further, this method only works for a fixed incident angle of
beam. When incident angle need to change in a large range, like the simulation in our
case, the optical length cannot fix at A/4 for each angle. The solution for substrate

reflection is to treat substrate as infinity thick.

In defining a multiple plane layer structure in RCWA, the structure is considered as
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several homogenous layers that are similar to the substrate, because there is only one
material with a constant refractive index in each layer. The only difference is that this
layer should be assigned a finite thickness in RCWA and the layer structures are defined

from top to bottom to calculate the field inside and at the interface of each layer.

In defining the grating in RCWA,, its width has to be a constant in each layer, because
RCWA needs to perform a Fourier transform for the grating, which requires the grating
material to be the same width (the detailed methods for the Fourier transform are
presented in the next part of this chapter). The solution used to define a non-rectangular
grating is to divide the grating into several thin layers and allow the grating in each of
these thin layers to have a constant width, as shown in Figure 3.3. The width of the
grating in each layer increases or decreases gradually from bottom to top, and thus can

define a trapezoid Al grating or any other complicated grating structure.

A A A-A--

Figure 3.3 Definition for a trapezoid grating structure
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3.1.3 Definition of the horizontal direction in RCWA

In the previous section, we discussed how to divide a homogenous layer or a grating layer
into several thin layers with the same width. In this section, the method to perform the
Fourier transform for the thin layer is introduced. Considering a 1D grating structure, for
each thin layer of the grating, c1 is used to present half the linewidth of gratings and c: is
used to present the remaining width in one unit cell. The definitions of c; and c; are shown

in Figure 3.4.

(a) (b) ‘ ‘
epsl 1} \ grating pitch

- =

epsit |

-
Ci1 cz
=- X

epsl2

Figure 3.4 Definition of c1 and c2 for grating structure (a) in real space and (b) in

epsilon space

The Fourier expansion of a unit cell of the thin layer can be described with the following
equation:

F(K) = foci ge”Kxdx + fcclz g0 ¥ dx + fci g6 Kxdx (3.1)
g and &, are the permittivity of the grating material and the medium, p is the pitch of
the grating structure; K is a continuous variable for a periodic structure evaluate at nz?"

(nis from 0 to m-1 where m is the number of modes need to be considered in RCWA). As
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it is very clear that p=ci+c», the expansion in (3.1) can be simplified to:
_ w(m-1) _ ie1-€) ke,  _Kc
F=2X, F(n) = ——=(e"* —e"%) (3.2)
RCWA solves the eigenvalue problems using the Fourier expansion for each thin layer
and can obtain the solution in a matrix form. From there, the total reflection, R, and total

transmission, T, can be calculated, and the absorption is equal to 1-R-T.

3.1.4 RCWA Code for Additional Layer in the Horizontal

Direction

The RCWA codes described earlier in this chapter can deal only with a structure in which
the combined layer includes just two materials. As shown in Figure 3.4, c1 and c; are used
to define the grating structure for two different materials (the grating and the space). If
we want to simulate a more complicated structure, such as one with three different
materials in the same layer, the Fourier expansion needs to be adjusted and more

parameters need to be added. Figure 3.5 shows adding an additional layer to the outside
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of the grating structure.

(a)

epsl 3

epsl 1

{b) grating pitch
epsl 1 [ M
¢ |
epsl 2 | EE—
C3
i
epsl 3 — x

Figure 3.5 Additional layer for grating structure (a) in real space and (b) in

epsilon space
cs and c4 are added to describe the width of the additional layer and the Fourier expansion
changes to:
F(K) = [* e ®*dx + fccf ere K> dx + fcc: eqe”K¥dx + f;z gre K> dx +

fci g,e KX gy (3.3)
&, Iis for the additional layer, ¢, is for the grating material, and &5 is for the medium.
The equation can be simplified to:

F= Y5 F(n) = o= [(eK — eX)(5; — &) — (€K% — K<) (e, — £3)]  (3.4)

2nn

If the width of the additional layer reaches zero, which indicates that e; = ¢,, c1=C3z and
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C2=Cs, then the expansion of Equation 3.4 will become the same as Equation 3.2, which is
the condition without an additional layer. After adding two additional parameters, c3 and
c4, it is possible to extend the RCWA code’s ability to handle more complicated

structures, such that it can simulate a layer with three different materials.

3.1.5 Selecting the Correct Number of Modes

A detailed description of RCWA is not an integral part of this dissertation, but the way in
which the number of modes was chosen needs to be considered in our simulation and is
discussed below. In Equation 3.1, there is a parameter, m, that shows the modes of the
Fourier expansion, which indicates how many truncation orders there are in the
expansion. There has to be an odd number of modes, as equal numbers of positive and

negative orders are retained (shown in Figure 3.6).

m=2n +1

-n n

Figure 3.6 Number of modes in Fourier expansion

The number of modes, m, is a very important parameter in RCWA simulation. If the m is

not large enough, RCWA does not provide an accurate solution for the simulation.
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However, if an unnecessarily large m is selected, a lot of time is wasted (simulation time
increases exponentially with increasing m). To select a reasonable number of modes, a
series of RCWA simulations are performed with the exact same structure, but with
different numbers of modes. Considering the two samples measured here (the WGP and
resist grating), metallic structures usually require more modes in RCWA simulations with
a result of the much higher index discontinues, so that if the number of modes is
sufficient high for the WGP simulation, then it will also work for the resist grating
simulation. Therefore, a simple Al grating structure on a fused silica substrate was
defined to test the number of modes in RCWA.. Figure 3.7 shows the simulation results
with different numbers of modes at an incident angle of 45° using a 244 nm laser source.
For both TM and TE polarizations, the simulation results become stable when there are

more than ~45 modes.

Simulation for different modes

0.264 at 45°
\
0244 \
\ —®___
0.22 \/ et
c 0.22
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©
R 0.20
o
o 0-18-
0.16 - —=— TM polarization
—e— TE polarization
0.14

0 10 20 30 40 50 60 70 80 90 100110
Number of modes

Figure 3.7 Simulation result for different modes with same structure at 45°
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To check the conditions for a large range of angles, the reflection for the same grating
structure was simulated with approximately 45 modes from 0.1° to 80°. The results are
shown in Figure 3.8. Please note that because only one angle (45°) was simulated in
Figure 3.7, the x-axis in Figure 3.7 is the number of modes. In Figure 3.8, the simulations

were conducted for a range of angles, so the x-axis indicates those angles.

Simulation for different modes Simulation for different modes
0 | at TM polarization 0E at TE polanzation
Qs 4 LR (b}
cC cC
2 044 =N FE
2 2
= 034 = 03
1] 1]
o o
az 0z
a1 T T T T T a1 T T T T T
1] 0 40 &0 a0 0 0 40 60 80
Angle Angle

Figure 3.8 Simulation result for varying the number of modes in the RCWA

simulation from 0.1° to 79.1°
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Figure 3.8 shows that the reflection with mode=5 differs significantly from that of the other
modes. Reflection with mode=5 is removed in Figure 3.9 and only reflection at small angle
range is demonstrated to obtain an expanded view of the high modes simulations. The
reflection graph becomes stable when mode m is larger than 65, m=65 was used in the
following RCWA simulation for both the WGP and resist grating. When a much smaller
scale structure is simulated for limitation study, the number of modes is checked again for

the special structure.

Simulation for different modes Simulation for different modes
0230 ] at TM polarization 0.292] at TE polarization
0285 0258 ]
0280 0754
.5 0275 _5 02324
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0255 D234
0250l . . . . . [ ) v T . . T y v
i Ei] 10 15 0 25 1] 5 10 15 i} 25
Angle Angle

Figure 3.9 Simulation result for different modes with same structure at angle

range from 0.1° to 25.1°

3.2 Scatterometry Measurements

3. 2.1 Measurement setup
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The basic requirement of the scatterometry setup is to track the diffraction from the
sample surface while the incident angle of the light source is varied. A bread-board, two-
rotation-stage scatterometry system was assembled to provide the mechanical flexibility
necessary for the measurement. A large-area silicon detector was mounted on an arm
extending from the bottom stage. The rotation speeds were adjusted, such that the
detector on an arm that extended from the bottom stage tracked the reflection (0-order
diffraction) from the sample on the top stage as the angle of incidence varied. This
system also has the ability to track other diffracted orders (if available) and the intensity
of light scattered out of the reflected beams by changing the rotation speed of the top
stage and programing the motion of the stages. A single wavelength laser source was
used. The scatterometry signal is invariant to the size of the beam, as long as many lines
of the grating are illuminated to offer the ability to monitor inhomogeneity in the
fabrication on scales from pum to cm. Measurement times in this apparatus were limited
by the mechanical adjustments and settling times. A full angular scan (8° to 80°) takes
approximately two minutes to complete. This time could be reduced significantly with
attention to the experimental design, which will be discussed below. There is excellent
repeatability (average repeatability for fixed parameters less than 0.2 nm) for multiple
measurements of the same spot; measurements across the sample show some variability

associated with sample inhomogeneity.

3.2.2 Reliability of measurement setup
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Before the scatterometry setup was used to measure the real sample, a known
measurement was used to test the reliability of the setup to determine whether the
homemade tool provided good and accurate results. A blank glass slice without any
coating layer on top was used as a test sample. The scatterometry setup shown above (see
Figure 3.10) was used to measure this test sample in TE polarization using 244 nm laser
source. After measurement, the reflection vs. angle graph was compared with the RCWA
simulation and manual calculation of reflection from the interface between air and single
homogenous glass layer. As shown in Figure 3.11, the measurement, RCWA simulation
and manual calculation match nicely; thus, this test measurement proved the accuracy of
the homemade scatterometry setup. The measurement result shows that no Fabry-Perot
effect occurs in the glass slide. It is because glass has a high absorption coefficient at 244

nm so that all transmitted energy is absorbed in the glass surface.

Detector Sample

Detector Arm
Mounted on Stage 1 o

Laser, Beam Shaping
and Polarization Control

Figure 3.10 Schematic top view of scatterometry experimental system.
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Figure 3.11 Test measurement on glass slide with TE polarization at 244 nm. (a) full

angle range (b) expanded area

3.2.2.1 Reliability Check with Other FDTD Software

There are many approaches of simulation for reflection from multi-layer structures
including Finite-Difference Time Domain (FDTD) method. FDTD is a numerical analysis
method to find an approximate solution to the partial differential Maxwell’s equations of
the defined structure. The advantage of FDTD is that it can cover a wide frequency range
in a single simulation and it can easily define the structure. The FDTD software introduced
in this section is CST Microwave Studio which is widely used in simulating complicated 3D
structure in industry and academia. Unlike in RCWA, the sample is not limited to a periodic
structure or any shape. Figure 3.8 (a) demonstrates a single grating structure. The
substrate could have a finite thickness, but it could also be assumed as infinite thick by
defining a perfect matched layer (PML) at the bottom of substrate to absorb all the energy.

CST can also simulate a “infinity” periodic structure by defining the single structure (Figure
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3.12(a)) as a unit cell and the software could multiple the unit cell in x, y direction (Figure

3.12(b)).

~ ~ \ A=

Figure 3.12 Structure definition in CST (a) single grating (b) periodic gratings

Although CST has more flexibility in structure definition, the calculation time is
unacceptable for our scatterometry demands. For instance, for a single grating structure,
the simulation time of CST is 100 times longer than that of RCWA. In our project, CST is

only used to check the reliability of our RCWA result.

A CST simulation result for a single glass slide substrate at 244 nm comparing with our
scatterometry measurement and RCWA simulation result is shown in Figure 3.13. Our
scatterometry measurement is matched nicely with both RCWA simulation and CST
simulation which indicates the reliability of our measurement system and reliability of our

RCWA code.

47



3 Process of Scatterometry

Reflection

Glass slide
TE polanzation at 244 nm

(a)

—s Meszurement
—»— RCWA simulstion

—a— C5T simulafion

10 20 30 40 = 60 TO &)

Angle

Reflection

0.082]
0.080
n.oss ]
0055 ]
D054
.05z
:| :E.-:l -

Glass slides
TE polarization at 244nm

Figure 3.13 Comparison with Scatterometry measurement and simulation results with

CST and RCWA (a) full angle range (b) enlarged angle range

3.3 Fitting Process

The fitting process is the final and most important step in scatterometry. It solves the

inverse problem to find the structure parameter set that achieves the “best fitting results”.

These parameters are obtained by searching the lowest root mean square difference

between measurement and simulation. All polarization conditions used in measurement

are included in the analysis. The RMS difference is defined by:

Var(i)=\/zn“(xn —xi’n)Z/N (3.5)

where x, is the measurement data point at the n" incident angle, x;, is the data point

for the i'" simulation at the same incident angle of the measurement data point, and N is
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the total number of data points. The best fitting result and parameter set appear at the

minimum value of Var(i).

3.3.1 Automatic fitting process

Several parameters could be used to define the sample structure and each must be
optimized to find the best-fit result during the fitting process. The fitting process is a
multi-parameter exercise so that it is not possible to manually approach the final result.
Thus, an automatic modeling code must be used during the fitting process to obtain a fast

and accurate result.

An initial parameter set needs to be specified as the starting point of the entire automatic
process. These initial parameter set and a reasonable adjustable range of the parameters
should be selected based on the results from other metrology studies, such as SEM, or the
properties of the manufacturing tools, like pitch of the mask. For example, if the pitch of
the mask used in NIL is 100 nm, then the initial pitch reading for this sample should be
100 nm with a =5 nm adjustable range. To calculate the result with the initial parameter
sets, a first RMS result can be obtained and used as a reference number for the next step.
Then, one of the parameters (Para A) is changed in positive (Para A+) and negative (Para
A-) steps, for example, 0.2 nm, to obtain another two RMS results for these two steps.

Comparing the RMS results from these three parameter numbers (Para A, Para A+, and
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Para A-), aminimum RMS is selected and parameter A is updated to the number of the
condition that has the minimum RMS. After the simulation of parameter A is completed,
the code moves to the next parameter, B, and a similar process is run to identify the
minimum RMS. The automatic process scans each of the parameters one by one. One
cycle of the process is considered to be complete when the minimum RMS is found for
the last parameter used in the geometry definition, and the second cycle begins again
from Parameter A. When the minimum RMS remains the same for all parameters in one
scanning cycle, the minimum RMS condition is found. It is possible that the minimum
RMS condition is at a local minimum which is not the best fitting condition. The
simulation is usually not matched with measurement in a local minimum condition with a
large RMS. The initial parameter set need to be redefined to avoid this local minimum
condition and repeat the automatic fitting process again with the new initial parameter

set.

3.3.2 Library search

The automatic fitting process is helpful in finding the best fitting results for scatterometry
when a sample is new, or when certain parameters of the sample are unknown. The
problem is that the automatic process is time-consuming and thus is not desirable for real-

time measurement.
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When scatterometry is used for real-time quality control, the parameters of the structure
are known already, and the adjustable range of the parameters is set as well. Because the
range of all the parameters is clear, a library search® can help improve the fitting process
dramatically. The basic idea of a library search is to complete all the calculations in
advance, store all the simulation results in a digital library, and search the library for the
best fitting result after the measurements are made. The method used to build the library
is to calculate the Reflection vs. Angle for all the possible parameter sets within the
adjustable range, and store the simulation results with the parameters used to define this
structure. For example, if the pitch ranges from 99 to 101 nm in 1 nm steps, and the range
of the linewidth is 49 to 51 nm in 1nm steps, then there is a total of nine parameter sets
(3x3) and nine simulation results in the library. With the library search, real-time
scatterometry measurement becomes possible. In our case, the laptop used for simulation
is with a 2.40GHz i7 CPU and 8GB RAM. The fitting process takes less than 1 second

using library search for over 10000 parameter variations.
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4. Experiments and Results

This chapter presents the measurement results of scatterometry for the WGP samples and
resist grating samples and discusses the several steps used to improve the fitting process

of the RCWA code to obtain more accurate results.

4.1 Wire Grid Polarizer

As mentioned in Chapter 2, the WGP sample consisted of periodic Al lines on a fused
silica substrate. Although angles between the grating direction and the photon
polarizations other than 0° or 90° can be handled both in RCWA simulations and with the
scatterometry setup shown in Chapter 3, we focus on the parallel conditions and
perpendicular conditions between grating and polarization directions for all of our
samples. If one considers only the parallel or perpendicular conditions between the
gratings and polarizations, there are four conditions as shown in Figure 4.1. TM
polarization of the laser indicates the electric field in the incident plane and TE
polarization indicates the electric field perpendicular to the incident plane. We define
parallel conditions when grating direction is parallel to polarization and perpendicular

conditions when grating direction is perpendicular to polarization.
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[ |

TMwith horizontal lines TE with vertical lines
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ThA with verﬁc':lal lines TE with I'|Dr|zc:-n’rc:1I ines

Figure 4.1 the red line is grating direction and the blue line is polarization
direction (a) Parallel conditions between gratings and polarizations (b)

Perpendicular conditions between gratings and polarizations

Recalling the characteristics of WGP introduced in Chapter 2, WGP can reflect the beam
when the polarization direction is parallel to the metal wires and transmit it when the
polarization direction is perpendicular to the metal wires. Because of this functionality of
the WGP, approximately 90% of the energy is reflected when the laser polarization is
perpendicular to the gratings, which makes the variation in reflection very small. Figure

4.2 shows the results of simulations for the parallel and perpendicular conditions of the
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same structure. The reflection changes less than 10% in parallel conditions, while it
changes more than 60% in perpendicular conditions (incident angles from 0.1° to 79.1°),
which means the perpendicular conditions are more sensitive than are the parallel
conditions. Therefore, all of the measurements for the WGP were performed under

perpendicular conditions with a horizontal plane of incidence: TM polarization with

Simulation at 244nm Simulation at 244nm
ps]  Perpendicular Conditions 054 Parallel Conditions
0.5 VR
o (a) 21 (b)

= ¥ T oolarzan = 050
IO I 5§ [
2 = 2 088{ |——TEpolarizaon
T 02 B
& & 088
0.1
0341
0.0
: 082
0 20 40 ] 80 0 20 40 60 80
Angle Angle

Figure 4.2 Simulations at 244 nm (a) Perpendicular conditions (b) Parallel conditions

vertical grating and TE polarization with horizontal grating.

4.1.1 Measurements at Multiple Wavelengths

The WGP structure we measured consists nominally of 50 nm lines and 50 nm spaces in
a 200-nm thick Al film on a fused silica substrate (p = 100 nm). Four different laser
sources were used at 244 nm (doubled Ar-ion laser; A/p = 2.4); 405 nm (multimode
diode laser; A/p=4.1); 633 nm (TEMoqo single mode HeNe laser; A/p=6.3), and 982 nm
(multimode diode laser; A/p=9.8). The specular reflection from the sample was
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measured for angles that ranged from 8° to 80° for the two perpendicular conditions, as

mentioned above (TM polarization with vertical grating and TE polarization with

horizontal grating). The measurements at the four wavelengths are shown in Figures 4.3

to 4.6.
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Figure 4.3 Measurement results at 244 nm (a) TM polarization (b) TE polarization
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Figure 4.4 Measurement results at 405 nm (a) TM polarization (b) TE polarization
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Measurement at 632nm
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Figure 4.3 Measurement results at 632 nm (a) TM polarization (b) TE polarization
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Figure 4.4 Measurement results at 982 nm (a) TM polarization (b) TE polarization

4.1.2 Effective Medium Comparison

Scatterometry is an indirect measurement, which means that the measurement is not a
direct image of the sample surface, but a simulation of the structure through the
dependence of the reflection vs. angle. For an effective scatterometry measurement, some

fingerprints in the measurement figure should contain surface information. This is not
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always true when the ratio of A/p (wavelength / pitch) becomes increasingly large. When
the photon used to detect the grating structure is too large, the reflection contains no
information about the shape of the structure, but only information about its effective
refractive index. In this case, the grating structure is considered an effective plane layer
with an effective refractive index, and all the structure information, except the fill factor
(critical dimension / pitch) of the grating, are lost in the scatterometry measurement.
Before we moved to the process of fitting our scatterometry measurements at the four
different wavelengths, the measurement results were compared with an effective medium

approach to ensure that the wavelengths we used are able to detect our WGP samples.

There are several different methods and equations for effective medium approximation,
which has a base medium with refractive index n1, an inclusion medium with refractive
index n2, and a volume fraction ¢ of the inclusion medium. The volume fraction is
between zero and unity (0<o<1). We chose two common methods to compare our

measurement results: the Maxwell-Garnett Theory and Bruggeman’s Model.

For the Maxwell-Garnett Theory, the equation to calculate effective index is:

2 _ .2rq1_ _ 30mi-nd)
Repr =M [1 2n? +n§+0(n%—n§)] (4'1)
For Bruggeman’s Model, the equation to calculate effective index is
(ngj _n
l1-g= ™ ™ (4.2)
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ny is the index of the base medium, which is air (n1=1) for WGP, n; is the index of

inclusion medium, which is the index of Al for the WGP which is 0.17613+2.8504i,

0.47951+4.7724i, 1.2667+7.2811i and 1.5711+9.0597i at wavelength of 244 nm, 405 nm,

632.8 nm and 982 nm, and o is the fraction coefficient of the inclusion medium which is

set at 0.5.

After obtaining the effective refractive index, we entered it into RCWA to calculate the

reflections from 0.1° to 79.1°. The fill fraction coefficient chosen for the WGP was 0.5,

and the thickness of this effective medium was equal to the thickness of the Al grating,

which was 200 nm. Figures 4.7 to 4.10 show the comparison of our measurement results

with those from the Maxwell-Garnett Theory and Bruggeman’s Model.
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Figure 4.5 Measurement and effective medium approaches at 244 nm (a) TM

polarization (b) TE polarization
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Figure 4.8 Measurement and effective medium approaches at 405 nm (a) TM

polarization (b) TE polarization

gas. M polarization at 633nm TE polarization at 633nm
0.8
(o) = 07
= —u— Bruggeman 0.6 —w— Messurement
.E 0281 _E 0.5]—=Mu a:zu;'ell )
E 0.15 E 0 4 | == Ernuggemsn
W 0.10 m 0.3
v o
005 ] 0.2
000 gg
0 0 40 680 80 T 0 20 40 GO0 80

Angle Angle

Figure 4.7 Measurement and effective medium approaches at 633 nm (a) TM

polarization (b) TE polarization
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Figure 4.6 Measurement and effective medium approaches at 982 nm (a) TM

polarization (b) TE polarization
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We noted that there was a significant difference between the scatterometry measurements
and the effective medium approximations, which indicates that there is structure
information in the scatterometry measurements at all four wavelengths and measurements
are more sensitivity in TM polarization. Even with a 982 nm laser, scatterometry can still
obtain information for the 50 nm half pitch WGP sample (A/p=10). We also noted that the
measurement at 982 nm was much closer to the effective medium approximation than
were the results at the other wavelengths. This indicates that the scatterometry
measurement is more sensitive to the surface structure at shorter than longer wavelengths
and scatterometry has a limit when difference between measurement and effective

medium approaches is smaller than the noise of the system.

4.1.3 Simple Grating Definition

The measurements at the four different wavelengths were shown earlier in this chapter,
which demonstrate the graphs for the Reflection vs. Angle in the approximate range of 8°
to 80°. These graphs include fingerprints showing information about the structure, which
differs at different wavelengths. These fingerprints are used in the fitting process to
determine the parameter readings for the sample structure.

Before running the RCWA simulation, we needed to define the sample structure.
Generally, when defining a periodic grating sample, four parameters are needed to

present the structure: Pitch (P), Bottom width (BW), Top width (TW), and Grating
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height, which was the Al thickness in our case (Al). Figure 4.8 shows the SEM image for
the WGP. After looking at the SEM image, we noted that the fused silica substrate was
etched by approximately 20 nm, which is formed in dry etching process to remove the
oxide hard mask. A parameter for the fused silica undercut (FS) was considered in the

RCWA coding. A sketch of the grating definition is also shown in Figure 4.11.

(@) ® TW

Al

— FS
BW

p

400 nm

Figure 4.9 (a) SEM image for WGP (b) Simple definition of WGP with five

parameters
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4.1.3.1 Fitting Process at Simple Grating Definition

As mentioned in Chapter 3.3.1, an automatic fitting process was run to find the minimum
RMS conditions between the measurement and simulation, which is considered the best
fitting result. The minimum step for P and Al was 0.1 nm and was 0.2 nm for BW, TW,

and FS. Figure 4.12 shows the best fitting result at 405 nm.

The parameter readings for this best fitting result were P=87.60 nm, BW=38.60 nm,
TW=38.60 nm, Al=189.50 nm, and FS=16.20 nm. While the overall shape of the scatter
fingerprint was reproduced, there were significant deviations between the measurement
and simulation. With the simple grating definition, the simulation cannot approach the
measurement, because five parameters are not sufficient to present the structure and some
information about the surface is lost in the simulation. Therefore, more parameters had to

be added in the RCWA coding.

Fitting resutt at 405nm Fi_tting resqlt at 4_05nrn _
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Figure 4.10 Grating structure without top rounding (a) TM polarization (b) TE

polarization
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4,1.4 Structure Definition Improvement

4.1.4.1 Top Rounding Structure

During the WGP fabrication process discussed in Chapter 2.1.2, the Al film was etched to
form the grating structure. The etching process can form a round structure on the top of
the metal grating, which also can be seen in the SEM image in Figure 4.11(a). We added
a trapezoidal structure at the top of the Al lines to account for the rounding evident in the
SEM results, and added two more parameters: horizontal rounding (HR) and vertical
rounding (VR). Thus, there were seven parameters for the grating structure. The

improved grating definition is shown in Figure 4.13.

HR
VR

Al

[ 'FS
BW

P
Figure 4.11 Definition of grating structure with top rounding structure with seven

parameters.
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After adding HR and VR in the simulation, we performed the fitting process for 244, 405,
and 633 nm again. The minimum step was 0.10 nm for P, Al, and VR, and 0.20 nm for

BW, TW, HR, and FS. Figures 4.14 to 4.16 show the new fitting results at the three

different wavelengths.
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Figure 4.12 Fitting results for 244 nm measurements: (a) TM polarization with

vertical grating, (b) TE polarization with horizontal grating
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Figure 4.14 Fitting results for 405 nm measurements: (a) TM polarization with

vertical grating, (b) TE polarization with horizontal grating
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Fitting result of 832nm
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Figure 4.15 Fitting results for 633 nm measurements: (a) TM polarization with

vertical grating, (b) TE polarization with horizontal grating

4.1.4.1.1 Uncertainty Error Bar Determination

There are several aspects to the uncertainty in the scatterometry measurements and

simulation. The total uncertainty can be described as:

Ototal = \/ Oiec + Ohrife + Ofaser T Odonsitivity (4.3)
where oelec IS the uncertainty from electronic noise, orift IS the uncertainty from
mechanical system error and drift during the measurement, oiaser IS the uncertainty from
the laser intensity and pointing changes during the measurement, and Gsensitivity IS defined
as +5% difference from the minimum RMS reading in the simulation. Multiple
independent measurements were taken under the same conditions on the same sample
area, and very good repeatability was obtained in our scatterometry setup with a laser
power of ~ 0.2mW at 405 nm. The fitting results for the parameters at each single
measurement were identical, which indicates that celec and oarirt Were negligible. The laser

intensity was monitored during the measurement and the reflectivity normalized to any
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variation of intensity, so oaser Can also be neglected. Thus, for our conditions, the total

uncertainty was simplified to:
Ototal = Gsensitivity- (4-4)

where 0 sensitivity Was defined as the change in a fitting parameter that resulted in a 5%
increase from the minimum variance when only one parameter was changed and the others

remained fixed.

4.1.4.1.2 Discussion

The parameter sets for the best fitting result are shown in Table 4.1. After adding a top
rounding structure and two additional parameters to our structure definition, the
simulation results were much closer to the measurement results for all three wavelengths.
The two top rounding parameters, HR and VR, improved the definition of the grating
structure and offered extra flexibility in the fitting process. As shown in Table 4.1, the
three wavelengths all provided similar, but not overlapping results, which confirms the
ability of scatterometry to measure the periodic grating structure even with a beam

wavelength several times larger than the pitch (A/p = 2.40, 4, 6.30).

Table 4.1 Scatterometry fitting results with top rounding.

(nm)
~ P BW TW Al FS HR VR
nm!’
244 95.5+0.2 | 38.0+0.4 | 61.0+0.4 | 222.6+0.5 371 33.4+0.2 | 14.3+0.3
405 92.3+0.2 | 44.240.2 | 52.8+0.2 | 217.3+0.5 29+2 25.6£0.8 | 20.7+0.4
633 93.3+0.3 | 50.8+0.4 | 62.6+0.4 | 189.7+0.5 28+2 33.8+1.4 | 18.7+0.6
AVER 93.7 44.3 58.8 209.8 31.3 30.9 17.9
66
(nm)
P BW TW Al FS HR VR
nm

244 95.5+0.2 | 38.0+0.4 | 61.0+0.4 | 222.6+0.5 37+1 33.4+0.2 | 14.3+0.3
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The pitch readings from all three wavelengths were very similar, at approximately 94 nm.
However, some other major parameters of the grating structure, including the Al
thickness (AL), line width (BW), and top width (TW) at the three wavelengths still had
non-negligible differences. Comparing with average value of each parameter, the
parameter outside three-sigma range (three times of error bar) is marked in red in Table
4.1. There are two-thirds of parameters outside the range indicating that there still were

missing parameters in our structure definition.

Initially, we used a poor multi-mode 405 nm laser in the scatterometry apparatus, which
we marked as the old 405 nm source. The fitting results from those measurements were
considerably different from both the 244- and 633-nm results, especially for the pitch and
the fused silica undercut. The fitting results improved significantly and showed consistent
readings for the pitch and fused silica undercut when we switched to an improved 405 nm
laser, although it still was not a single TEMoo mode source, but had a smaller divergence
angle and a better coherence length. A lens is also placed in path to reduce divergence
angle of laser beam, which impacts the measurements at high angles of incidence where
the beam spot size at the sample is enlarged.

Table 4.3 Fitting results of two different 405 nm laser

(nm)
P BW TW Al FS HR VR
(nm)
Old 405 | 84.8 43.4 48.8 242.5 NA 19.6 38.3
New 405 | 92.3 44.2 52.8 217.3 29 25.6 20.7
67
(nm)
P BW TW Al FS HR VR
(nm)
Old 405 | 848 43.4 48.8 242.5 NA 19.6 38.3
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4.1.4.2 Al,Os layer

It is well known that a thin, self-limiting native oxide layer will form when an Al grating
IS exposed to air for a long period of time, hence the fitting results (Reflection vs. Angle)
will have large difference between the structure definitions with and without Al.O3 layer
because there is a large variation in the refractive index between Al and Al,O3 (index of
Al is 0.50+4.90i and index of Al,Os is 1.78 at 405 nm). A 4-nm thick layer®” of Al,O3
covering the surface of the Al grating was used in the simulation to improve the accuracy
and sensitivity of the scatterometry fitting results. The detailed method used to add this
fixed 4-nm thick Al>O3 “skin” around the three sides of the Al structure exposed to air in

the RCWA has been described in Chapter 3.1.4.

First, we wanted to determine the influence of the Al>Os layer and to what degree the
simulation results changed after the Al,O3 layer was added. The exact same grating
parameter sets were used to simulate the conditions with and without the Al,Oz layer and
for the condition with Al>Ogz, the 4 nm thick outside the Al parts in three directions (left
side wall, right side wall, and top) were replaced with Al>Os. The detailed parameters for
the grating structures with and without Al,Oz were P =98 nm, BW =44 nm, TW =44
nm, Al =220 nm, FS =20 nm, HR = 30 nm, and VR = 15 nm. The TW, BW, and Al
parameters of the grating quoted included both the Al grating line and the Al>Oz skin. As
shown in Fig. 4.17, simulations at 405 nm demonstrated that inclusion of the Al>Os

overcoating layer had a significant influence on the scatterometry measurements across
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the entire incident angle range, and both the reflection intensity and the shape of the
reflection vs. angle graph changed considerably. This indicates that the Al203 layer is an

important parameter for the WGP structure and cannot be ignored in the RCWA

simulation.
TW polarization with vertical grating TW polarization with vertical grating
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Figure 4.16 Comparison of the simulation results with and without the AI203

layer.
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4.1.4.2.1 Fitting Results with Top Rounding and Al,Os

The minimum step for P, Al, and VR was 0.10 nm, and that for BW, TW, HR, and FS
was 0.20 nm. Figures 4.18 to 4.21 show the fitting results at 244, 405, 633, and 982 nm

and Table 4.3 shows the detailed parameter readings of the best fitting results at these

four wavelengths.
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Figure 4.17 Fitting results for 244 nm measurements: (a) TM polarization with

vertical grating, (b) TE polarization with horizontal grating
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Figure 4.18 Fitting results for 405 nm measurements: (a) TM polarization with

vertical grating, (b) TE polarization with horizontal grating
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Fitting resutt for 633 nm Fitting result for 633 nm
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Figure 4.19 Fitting results for 633 nm measurements: (a) TM polarization with

vertical grating, (b) TE polarization with horizontal grating
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Figure 4.20 Fitting results for 982 nm measurements: (a) TM polarization with

vertical grating, (b) TE polarization with horizontal grating

After including the Al2O3 layer for the WGP simulations, the fitting results of the four
wavelengths were matched very well. Even for the longest wavelength, a 982 nm laser
(Mp =9. 82), scatterometry measurement still includes characteristic structure
information. The parameters outside three-sigma range are also marked in red.
Comparing with the results from our previous results in Table 4.1 which didn't include

the Al2Os layer in the simulation, the results with the Al>Os layer demonstrated better
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correlations. The average pitch of the results without the Al,O3 layer was 93.7 nm, and

was 97.8 nm with the Al>Osz layer while the e-beam written master grating was specified

at 100 nm.
Table 4.5 Scatterometry fitting results of WGP with Al203
nm)
P BW T™W Al FS HR VR Var
A(nm

244 98.3+0.2 | 43.0+0.3 | 63.2+0.4 | 203+0.6 | 31.5+1.0 | 18.2+2.4 | 10.3+0.3 | 8.80x10
405 97.2+0.4 | 49.4£0.2 | 58.6+0.4 | 208.3+0.9 | 22.9+2.2 | 25.8+1.2 | 14.840.6 | 3.79x10
633 97.5+0.7 | 52.4+1.4 | 68.2+1.0 | 205.0+0.9 | 25.3+2.5 | 18.6+3.4 | 30.4+1.8 | 5.85x10°
982 97.5+1.0 | 49.4+1.0 | 69.2+0.4 | 203.14#5.4 | 14.4+7.4 | 20.6£10.0 | 8.7+2.8 | 7.38x10°
Aver 97.6 48.6 64.8 204.9 23.5 20.8 155

In order to quantify the improvement in the fit after considering Al.O3, a parameter A is

1, m@&l 10 calculatg¢ the varidnce across wavelengtn.

P BW T™W Al FS HR VR Var
A(nm

244 | 98.310.2 | 43.0+0.3 | 63.2:0.4 120#@@%3}.5&0 18.2+2.4 | 10.3:0.3 | 8.80x103

405 | 97.2+0.4 | 49.4+0.2 | 58.6+0.4AVE0OY.3+0.9 [N22.9+2.2 | 25.8+1.2 | 14.8+0.6 | 3.79%10°
633 | 97.5+0.7 | 52.4+1.4 | 68.2+1.0 | 205.040.9 | 25.3+2.5 | 18.6+3.4 | 30.4+1.8 | 5.85x10°

K. Ighe PaypBIalerireadchal yuarelanosasy AVeT ks Ule;ay raps.ieasling oLike paramaier
Aver | 976 | 486 | 648 | 2049 | 235 20.8 155

nd N5 the number of wavetengths used in the measurement. The parameter sets for the
conditions with and without the Al,O3 layer are given in Tables 4.1 and 4.3. The major
parameters, P, BW, TW, and Al, all showed significant improvements in cross-
correlations between the different wavelength measurements when the Al,Os layer was
included in the simulation model (shown in Table 4.4); the FS, HR, and VR parameters
were connected more subtly to the scatterometry measurements and exhibited relatively
larger differences across wavelengths. To date, we have used a fixed, 4 nm Al>O3

thickness; in future work, we will extend the analysis to include varied thicknesses,
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which will likely improve the cross-wavelength correlations further. The differences

between the parameter values extracted at the different wavelengths were larger than the

Gsensitivity Suggesting that the model did not yet include all of the parameters required to

describe the experimental results fully.

Table 4.7 Comparison of parameter variances at different wavelengths for the WGP with and without

the AI203 layer

A AP ABW ATW AAl
With Al,O3 0.42% 7.1% 6.5% 1.0%
Without Al,O3 1.42% 11.8% 7.3% 6.9%
4.1.4.2.2 Sensitivity of scatterometry
A AP ABW ATW AAl
Wilth AlegI . 0.42% . 7.1% . EIS.S% 1.0% .
tuwﬁﬂgb ‘ﬂzl 3tn resngpse ol bbdti(:j_lg%letly nen t}lg%)dldlllt‘telb %v&;/oe char

In order

ged,

we conducted simulations in which only one parameter among the four major parameters

(P, BW, TW and Al) varied at a time in the structure definition with the top rounding

structure and the Al,Oz layer. The initial parameter sets are the average readings in Table

4.3: P=97.6 nm, BW =48.6 nm, TW = 64.8 nm, Al =204.9 nm, FS=23.5nm, HR =

20.8 nm and VR = 15.5 nm. The step of parameter changing is =5%: AP = *=4.9 nm,

ABW = £2.4nm, ATW = +3.2 nm and 4Al = £10.2 nm. Figures 4.22 to 4.25 show

the simulation results with variation of seven parameters for four different wavelengths

(244, 405, 633, and 982 nm).
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The RMS difference between -5% condition and +5% condition is calculated for all four

parameters at all four wavelength to provide a direct view of sensitivity of scatterometry.

Table 4.9 RMS between -5% and +5% conditions

A(107)
- 4P ABW ATW AA
244 nm 9.0 8.0 5.0 9.2
405 nm 5.2 3.2 3.8 4.1
633 nm 2.0 1.7 1.9 2.5
982 nm 4.9 1.7 3.8 0.6
As shownin Ea"lioc_;;r.S, atthough-scatterometry-was fess sensitive-withtarget
- AP ABW ATW AAl
waveI:E"‘ugth“2 A5 expected; the gignuHati Ot i’c"él%ta showved ng%cthcic 5s-that 8b“ttcrometry at
405 nm .5.2 .. .3.2 ...3.8 4. .
all four wa‘v'e?en"ths had-suffictent-sensitivity-and-capability-to-detect-the c.%.angmc
633 1 2.0 1.7 9 A
parameter !?\.spz,i?c”.] variation-at 244-nr (Figu:rze 4.22(a)), retfectionlhasa s?*:gpe reduce at

60° for pitch with +5% condition causing by surface resonance. It is a sufficient
fingerprint for scatterometry measurement. With a laser wavelength that is ten times
larger than the pitch (at 982 nm, A/p=9.80), there was still structure information and
reasonable sensitivity in the scatterometry measurements. For the other three parameters
not shown (FS, HR, VR), they are not sensitive to parameter variations. However, in the
previous section, we shows these minor parameters are still very important for our

structure definition and have to be included in simulation.
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4.2 Resist Grating

For the resist sample, when the grating directions were perpendicular to the polarization
directions, strong Fabry-Perot effects were observed in the scatterometry measurements,
which caused difficulties in the fitting. Thus, for the resist grating samples, the
measurement was conducted for the condition in which the grating directions were
parallel to the polarization directions (TM polarization with a horizontal grating, and TE
polarization with a rotated, vertical grating; see Figure 4.26), opposite to the conditions in

the WGP polarization.

=l

TM with horizontallines TEwith verticallines

Figure 4.25 Parallel conditions between gratings and polarizations the red line is

grating direction and the blue line is polarization direction
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4.2.1 Resist Grating Made by J-FIL

4.2.1.1 Structure Definition

The resist grating sample was ~130 nm pitch and had a ~100 nm height resist grating on a
polycarbonate substrate. We used five parameters to define the resist grating structure:
Pitch (P), Bottom Width (BW), Top Width (TW), Resist Height (H), and Residual layer
Thickness (RT) (see Figure 4.27). The substrate for the resist grating samples was

polycarbonate, which is a flexible material with high optical transmission.

TW

BW._pr

p

Figure 4.26 Definition of grating structure for J-FIL resist grating

4.2.1.2 Sensitivity of Resist Grating

The parameters used in the simulation were P = 131.50 nm, BW =86 nm, TW =79 nm,
H =96.50 nm, and RT = 10 nm. The step of parameter changing is £5%: AP = =+
6. 6nm, ABW = £4.3nm, ATW = =4.0 nmand 4H = 4.8 nm. We changed only one

parameter at a time, as in the WPG procedure.
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Figure 4.27 Major parameters variation at 405 nm (Standard, -5% and +5%

conditions): (a) Pitch (b) Bottom width (c) Top width (d) Resist thickness
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The RMS difference between -5% condition and +5% condition is calculated for all four

parameters at 405nm.

Table 4.11 RMS between -5% and +5% conditions

A (1072)
nm

AP

ABW

ATW

4H

405 nm

0.88

0.67

0.46

0.77

These simuaAit® sult

nm

S ShOV!&d that

the regist, grat

ng scgitgr sign

ature hﬁq a low

er

sensitivity tPelghges i

n the Rdifostrug

ture Bdramete

rs théh4hat of

the W&R samp

es. The

reason for this is that the difference in the refractive indices for the WGP was much

larger than that of the resist grating. For the WGP, the permittivity of Al is ~-23 and that

of the substrate is ~2.6. For the resist grating, the permittivity of the resist is ~2.6, while

that of the substrate is ~2.3. In the simulations, the sensitivity of the reflection variation

was related to the difference in the refractive index between the grating materials (Al:air

and resist:air) and the substrate. High contrast situations (such as the WGP) will contain

more information about the surface. The simulation still showed that the scatterometry

measurements can provide enough information to determine the nanoscale parameters of

the sample. However, the reduced sensitivity suggests that there is less headroom for

extending to a larger A/p.
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4.2.1.3 Fitting Results

The same RMS procedure was used for the resist grating fitting process. Because the
sensitivity of the resist grating measurement is lower than that of the WGP measurement,
a larger simulation step was used. The minimum simulation step of P, R, and RL was
0.50 nm, and that of BW and TW was 1nm. The minimum variance was 3.91x107,

The scatterometry result is compared with AFM measurement of resist sample and a

SEM image of master mask used in manufacturing procedure.

Fitting result at 405 nm - Fitting result at 405 nm
0.14] TM polarization with horizontal grating ““ITE polarization with vertical grating
0.12 4 0.20 4
0,10 4 (a} 0.15 (b}
5 0.08 - 5
T o] ——Meazurement T o] [ = Weasurement]
2091 | — s g
oo o
o o 0.08 ]
.02
o0 0.004
0 20 330 40 50 60 70 80 10 20 30 40 50 80 T0o &
Angle Angle

Figure 4.28 Fitting results of resist grating for 405 nm measurements: (a) TM

polarization with horizontal grating, (b) TE polarization with vertical grating

Although the sensitivity of scatterometry for the resist grating is not as high as that for
WGP, the scatterometry results agreed well with the AFM measurements of the pitch and
the SEM measurements of the master grating. Compared to the other two measurement
methods, only scatterometry has the ability to measure the TW and RL. The BW reading

of AFM had a relatively large value because of the well-known artifact that arises from
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the width of the AFM tips. Therefore, the correct AFM reading for BW needs to be

calibrated further.

Table 4.13 Scatterometry fitting results of resist grating

(nm) ) Bottom ) Resist Residual
Pitch . Top width .
A(nm) width Height Layer
Scatterometry 1315 86.0 79.0 96.5 75
AFM 130.9 105.4-26 NA 102 NA
Master Grating 130 65 NA 100 (silica) NA
(nm) . Bottom . Resist Residual
Top width
4'2'17&61Ma copjc Défeicts width P Height Layer
Scatterometry 1315 86.0 79.0 96.5 7.5
. AF 130.9 105.4-28 NA 102 . NA
Multipte-seatterometriy-meastrements-were-taken-at cifferent areg-onres
Master Grating 130 65 100?S|I|ca) N

surface. The reflectivity plots showed changes when the beam was directed to areas of
the sample with different types and degrees of inhomogeneous defects. In contrast to the
best conditioned area (that with the fewest defects), the reflected power in the areas with
defects was not a smooth function, particularly at small measurement angles. There were
also large differences in intensity over the full angular range (see Figure 4.30). Thus,
scatterometry is a sensitive and efficient metrology method to detect and possibly classify
macroscopic defects, which is a highly important metrology result in manufacturing

control.
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Figure 4.30 Scatterometry measurement at different area with different type of

defects
We also monitored the shape of the reflected spot for these same defective areas. For the
area with the fewest defects, the reflection pattern was round and had a roughly Gaussian

intensity variation; this is the region used to fit the photoresist grating parameters. For

(a)

(b)

(c)
Figure 4.29 Different types of defects and reflection pattern. (a) Lowest defects

(b) Nonuniform defects (c) Air-bubble defects
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non-uniform areas and those with air bubbles, the reflection pattern became distorted and
the intensity showed the internal structure. These reflection patterns could help in

classifying the types of defects in samples.

4,2.2 Resist Grating Made by IIL

4.2.2.1 Structure Definition

The resist grating sample was ~ 85 nm pitch and had a ~70 nm height resist grating on a
~40 nm ARC layer and silicon substrate. We used five parameters to define the resist
grating structure: Pitch (P), Bottom Width (BW), Top Width (TW), Resist Height (H), and

ARC Thickness (ARC) (see Figure 4.32).

TW

H

BW ARC

P

Figure 4.31 Definition of grating structure for IIL grating
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4.2.2.2 Sensitivity Study

The parameters used in the simulation were P = 86 nm, BW =46 nm, TW =42 nm, H =
70 nm, and ARC =40 nm. The parameter change step is =5%: AP = £4. 3nm, ABW =
+2.4nm, ATW = =2 nmand 4H = =£3.5 nm. We changed only one parameter at a

time, following the same procedure as mentioned in previous section.

(a) Pitch wariation at 405nm Pitch variation at 405nm
9%%1 T\ polarization with horizontal grating TE polarization with vertical grating
55

(b) Bottom wadth variation at 405nm Bottom wadth wvariation at 405nm
950 1TM polarization with horizontal grating TE polarization with vertical grating

(C) Top width wariation at 405nm Top width variation at 405nm
0809 TM polarization with horizontal grating TE polarization with vertical grating

Resist thickness variation at 405nm Resist thickness variation at 405nm
(d)os0,TI polarization vith horizontal grating TE polarization with vertical grating
55

K] 20 40 80 & T 0 20 40 80 &

Figure 4.32 Major parameters variation at 405 nm for P = 86 nm, BW = 46 nm,
TW =42 nm, H =70 nm, and ARC = 40 nm (Standard, -5% and +5% conditions):
(a) Pitch (b) Bottom width (c) Top width (d) Resist thickness
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A RMS difference between -5% condition and +5% condition is calculated for all four

parameters at 405nm.

Table 4.15 RMS between -5% and +5% conditions

A (1072)
nm

AP

ABW

ATW

AAl

405 nm

0.93

0.90

0.13

2.7

Comparing with the RMS conditions with resist grating made by J-FIL (Table 4.6), resist

on

A (10°?)
grating sample with.smaller pitR (P=86 nmdfade by I1L#ARYa larger RMBWariati
405 nm 0.93 0.90 0.13 2.7

than theresist grating sa

mple made by J-FIL{(P=130 nm). As diScussed above, this is

because resist grating made by IIL is on a silicon substrate which has a higher refractive

index contrast with the resist. The permittivity of silicon at 405 nm is ~31.36 while the

permittivity of the resist and ARC is ~2.56. The large index contrast makes scatterometry

more sensitive for parameter changes even with a smaller feature size sample.

4.2.2.3 Fitting Result

The same RMS procedure was used for the resist grating fitting process. We used the same

step for resist grating made by J-FIL. The minimum simulation step of P, H, and ARC was

0.50 nm, and that of BW and TW was 1nm.
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Figure 4.33 Fitting results of resist grating for 405 nm measurements: (a) TM

polarization with horizontal grating, (b) TE polarization with vertical grating

The scatterometry result is compared with SEM measurement of resist grating made by IIL

in Table 4.9.
Table 4.17 Scatterometry fitting results of resist grating
(nm) . Bottom . Resist
Pitch . Top width . ARC Layer
A(nm) width Height
Scatterometry 84.8 36.0 31.2 70.4 43
SEM 87.5 35.0-48.0 25.0 65.7 NA

Figure 4.34 SEM of resist grating
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Scatterometry provides a very similar reading to the SEM. The bottom width measurement
has a blooming effect in SEM due to the finite electric beam width. For bottom width of
SEM reading, the range from inside of the sidewall to the outside of the sidewall is
indicated. There is some variation at top width between scatterometry and SEM. It is
because the top width has a large variation from grating lines to grating lines and
scatterometry measures an average conditions over a large area on sample. Another reason
is that the SEM image is taken by tilted for 8° and it may have some error in the calibration
process. For ARC layer thickness, our SEM does not obtain a sufficient resolution to

measure it while scatterometry can still provide information about the ARC layer.

4.3 In-line Scatterometry Attempts

For the scatterometry setup introduced in section 3.2.1, the sample is rotated during
measurement process which is not desirable for real-time, in-line application. For a real-
time metrology tool, we should rotate beams and optics instead of rotating the sample

itself to adjust incident angle.

In order to optimize scatterometry setup for real-time measurement, two parabolic
mirrors and a cube glass wobbler are used to achieve the similar function of the two

rotation stages. Figure 4.36 indicates the real-time measurement setup. The laser beam is
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introduced to pass through the glass wobbler while the wobbler is periodic tilted mirror a
certain angle range, then the beam after the wobbler is parallel moving in a certain
distance. One parabolic mirror is placed in path to reflect the parallel moving beam to its
focal plane with a beam spot size of 0.5 mm and the sample is place exactly at the focal
plane of this parabolic mirror. When the beam is parallel moving back and forth, the
incident angle on the sample surface is also changed simultaneously. The second
parabolic mirror is placed at the symmetric position to collect the reflection from the
sample and pass it into a camera. During measurement, the sample is fixed and the
measurement time is less than 1 second. Comparing with the scatterometry setup
introduced in Chapter 3.2.1, this in-line scatterometry setup can provide a much faster
measurement and does not need to move the sample which makes it very industry-

friendly and suitable for real-time measurement in manufacturing process.

i
I

Figure 4.35 Real-time scatterometry design in Zemax
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Different from the previous scatterometry setup, the measurement angle range of this on-
line system is about 10° to 20° which is smaller than the measurements in the previous
chapter. It is true that measurement for a larger angle range contains more structure
information and makes it easier to find an initial parameter set for the automatic fitting
process. As discussed in Chapter 3.3.1, we may need to optimize our initial parameter set
in several positions to avoid local minimum and find the right ones for automatic fitting
process. However, during manufacturing in industry, the parameters of structure are
known and should only have a small variation. We could simply chose the standard or
desired parameters of the product structure as the initial parameter sets. If the fitting
process ends up at a local minimum with a large RMS, it indicates there is a large
variation between the real structure and the desired one which means the product
measured is with large defects. It is be not necessary to measure at full angle range and a
smaller angle range measurement is sufficient for quality control proposed for

manufacturing.

A test digital library is built for resist grating made by J-FIL. The initial parameter sets
are P = 131.50 nm, BW =86 nm, TW =79 nm, H = 96.50 nm, and RT = 10 nm. The step
of P, Hand RT is 0.5 nm; step of BW and TW is 1 nm. The range of parameter variation
is;AP= +1 nm, ABW= +2nm, ATW= +2nm, AH = =2 nmand ARL= £2 nm.

To build up a library coving the designed range of the five parameters, the number of
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different parameter sets is 10125 (5x5x5x9x9). Both TM polarization and TE polarization
are calculated for each parameter set and the results are stored in the memory of a laptop.
Several random measurement data sets are chosen as inputs and an automatic program
runs to find the minimum RMS conditions for these random input. The average searching
time is about 0.2 second with a 2.40GHz i7 CPU and 8GB RAM. Combining in-line
setup and library searching, scatterometry can provide a fast in-line measurement in

manufacturing process.
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5 Limits of Scatterometry

From the results presented in the previous chapter, scatterometry can measure a 50 nm
half pitch Al feature structures using a 982 nm laser beam for which the wavelength of
the laser is twenty times larger than the half pitch. This suggests that a 405 nm laser
source has the potential capability to measure 20 nm half pitch features. Today, the
semiconductor industry is moving from the 14 nm node to 12 nm node with plans to go to
the 7 nm node in 2018 with half pitch of ~18 nm. As scatterometry is a potential
metrology technology for these generations of semiconductor manufacturing, it is
necessary to study its fundamental limitations how impact its sensitivity and accuracy of

these technique.

5.1 Noise Level

An essential part for scatterometry limitation study is to determine the noise level of the
measurement system. When scatterometry reaches its limitation, it means there is
insufficient structure information in the scatterometry signature of sample surface and
noise is larger than the simulation variations as the fully parameters are changed. The
variance for changing parameters is defined as the maximum difference among the data
points between the initial parameter sets and a £5% variation of the parameters. If the
variation is larger than the system noise level, the parameter change is considered as

“visible” in scatterometry measurement. For the special condition, if noise is infinitely
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small, there is actually no limitation for this system. Meanwhile, simulation in RCWA

has to be stable with the selected number of modes.

In order to obtain the noise level of our scatterometry system, we measured the same area
at the same sample several times and then we calculate an average RMS difference for
these measurement. The first time measurement data points are chosen to be the

reference. The average RMS difference is calculated by Equation 5.1:

z\/Z(Xn_Xi,n)Z/N
)=

RMS (i) =

(5.1)
where x, is the measurement data point at the n™ incident angle, x,, is the first
measurement data point at the same incident angle, N is the total number of data points
and M is the total number of measurements. This RMS evaluation shows the reflection
variation between several measurements at 8° to 80° angle range for the same sample
area. This noise level means that we can only measure reflection levels to an uncertainty

of 6.4x10.

5.2 Limitation for WGP structure

For studying the limitation of scatterometry applied to the WGP, we shrink the structure
size of sample in the simulation. A reflection difference is calculated between the scaled
structure and its 5% variation of one of its parameters for TM polarization with vertical

grating and TE polarization with horizontal grating (same definition as was presented for
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the WGP at Chapter 4.1). The maximum difference among angle range from 0.1° to 79.1
® is compared with the noise level of our system. We used two different approaches to
shrink the structure size: one is fixing the pitch at 100 nm and shrinking the line width of
the grating and Al thickness separately to study the influence under variation of these two
parameters; another is to shrink the whole structure simultaneously (e.g. linewidth, pitch
and grating thickness) keeping the line width equal to the half pitch and the Al thickness
equal to the pitch. All the simulation work is done at 405 nm wavelength. These two

conditions are discussed separately below.

5.2.1 Pitch at 100 nm

The initial structure we defined in simulation is that the line width is equal to the half
pitch (BW / P=0.5) and Al thickness is equal to two times the pitch (Al / P =2). We fix
the pitch of WGP at 100 nm and (1) shrink Al grating width from 70 nm to 10 nm (See

Figure 5.1); (2) Shrink Al grating thickness from 200 nm to 10 nm (See Figure 5.3).

(a} (b} WGP Al th!dingssvanatlun at 405nm
with Pitch=100nm

0041 o TW polarizston
—a— Moizz

Refection
[=]
2

000

Thickness 8 %0 w0 13 200

Althickness (nm}

Figure 5.1 Varying Al thickness at fixed 100 nm pitch for WGP
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Figure 5.2 Al thickness at 10 nm with 100 nm pitch for WGP with error bar (a)
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Figure 5.2 Varying line width at fixed 100 nm pitch for WGP
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Figure 5.4 Bottom width at 10nm with 100nm pitch for WGP at TM polarization

with error bar (a) large angle range (b) expanded area
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Both simulation results indicate that scatterometry with 405 nm wavelength laser is
sufficient to measure a grating size down to 10 nm on a 100 nm pitch structure (see
Figure 5.2 and 5.4). When feature size approaches 10 nm scale, the difference between
5% parameter variations is still greater than our noise level, but becomes very small. In
Figure 5.2, 5.4 and all other figures in the remaining of this chapter, an enlarged figure is
used to show relation between the difference and error bar. It indicates that scatterometry
system needs a very careful calibration and alignment to obtain any information at 10 nm
scale because the two curves are parallel with each other and they only differ in reflected
intensity. In linewidth variation condition, though TE polarization has lost sensitivity at ~
25 nm line width (see Figure 5.3), it can be solved by switching to another wavelengths

laser.

5.2.2 Pitch Variation from 100 nm to 5 nm

In this section, the pitch size is varied from 100 nm to 5 nm. When the pitch varies, the
line width of the grating changes simultaneously so that line width is fixed at half size of

pitch and the Al thickness is fixed at 100 nm in the simulation.
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Figure 5.5 shows result for the pitch of the WGP is varied from 100 nm to 10 nm.
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Figure 5.5 Varying Pitch from 100 nm to 10 nm for WGP
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Figure 5.6 Pitch at 20 nm for WGP at TM polarization with error bar (a) full

angle range (b) expanded area

The difference for TM and TE polarization conditions at pitth=100 nm is much greater
than the noise level. It indicates that scatterometry measurement is very sensitive and
sufficient for our current WGP sample with pitch=100 nm. Figure 5.6 demonstrates that
scatterometry still obtain sensitivities at 20 nm feature size with 405 nm wavelength laser
(Mp=20) at TM polarization and the measureable feature size could be smaller with a

lower noise system. This indicates the impressive potential capability of scatterometry.
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5 Limits of Scatterometry

Both polarizations have sharp changes at approximate P= 54 nm in Figure 5.5. It may be
caused by a surface resonance which is very common phenomenon happened at metal
grating structure with wavelength >> pitch®. The reflection for TM polarization at
normal incidence (0.1°) for different pitch is demonstrated in Figure 5.7.

Reflection at 0.1°
oz0] fordifferent pitch at TM polarization
0.12
0.16
0.14
0.12
0.10
poel] L= Reflection at 0.1
0.06 -
0.04 1
0.02
0.00

Reflection

0 20 40 60 8 100
Pitch (nm)

Figure 5.3 Reflection at normal incidence for different pitch at TM polarization

We notice the minimum reflection also appears at approximate P=54 nm which is related
the result at Figure 5.5. At pitch range from 45 nm to 55 nm, the reflection is nearly
disappeared which causes a loss of sensitivity. This problem could be easy to solve by

switching to a similar but different wavelength laser to avoid the surface resonance.

5.3 Resist Grating

In this section, we look at simulations for the resist grating fabricated by J-FIL. As expected,
the limits are not as good as those of WGP because of the low index contrast of this sample.

Similar with limitation study of WGP, two different ways to shrink structure are discussed:
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5 Limits of Scatterometry

shrink line width and resist thickness at a fixed pitch=130 nm and shrink the pitch from
130 nm to 5 nm. With a scaled structure, simulations for this structure and a 5% variation
on this structure are calculated for both TM polarization with horizontal grating and TE

polarization with vertical grating (same conditions defined in Chapter 4.2.1).

5.3.1 Pitch at 130 nm

The initial structure we defined in the simulation is that the line width is equal to a half size
of pitch (ratio of line / space is 1:1) and the resist thickness is 100 nm. We fix the pitch of
resist grating at 100 nm and (1) shrink resist grating width from 100 nm to 10 nm (See

Figure 5.8); (2) shrink resist grating thickness from 100 nm to 10 nm (See Figure 5.10).

(a) (13:3) Resist grating bottom width variation
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Figure 5.4 Varying line width at fixed 130 nm pitch for resist grating
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Figure 5.11 Resist thickness at 30 nm at 130 nm pitch with TE polarization with

error bar (a) large angle range (b) expanded area

TE polarization has a better sensitivity for parameter variation for resist grating at pitch
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= 130 nm. Comparing with WGP results in this chapter, scatterometry is less sensitivity
for resist grating because less contrast of indices (discussed in Chapter 4.2.1.2), but
simulations at Figure 5.9 and 5.11 indicates that scatterometry with 405 nm laser still can

take a sufficient for line width at 10 nm and resist thickness at 30 nm.

5.3.2 Pitch Variation from 130 nm to 10 nm

In this section, pitch is varied from 130 nm to 10 nm and line width is fix at half of pitch
and resist thickness is equal to pitch because for resist grating, there is a stronger surface
tension between gratings with a smaller pitch and gratings are likely to collapse with a

high ratio of resist grating thickness over pitch.
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Figure 5.6 Varying resist thickness at fixed pitch for resist grating
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Figure 5.7 Pitch at 24 nm for resist grating at TE polarization (a) large angle range

(b) expanded area

Similar with the results in last section, TE polarization has much more sensitivity than
TM polarization. Scatterometry lose the sensitivity at ~24 nm for both TM and TE
polarization. Although a pitch of 24 nm is the limit of resist grating under current noise
level, the Reflection vs. Angle graphs are still different with an effective medium
approach discussed in Chapter 4.2.1.3. However, when pitch of resist grating approaches
14 nm, the Reflection vs. Angle graphs have a similar shape and reflection intensity
comparing with the effective medium results. Figure 5.14 demonstrates that all resist
grating structure information is lost at a pitch of 14 nm and that there is any effective

refractive index information in Reflection vs. Angle graph.
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Figure 5.8 Comparison with grating structure simulation at pitch=14 nm and

effective medium (a) TM polarization (b) TE polarization
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6. Conclusion and Future Work

In this chapter, achievements of scatterometry project are summarized and relative future

work is also proposed.

6.1 Conclusion

As shown in previous chapters, we designed and build up a bread-board scatterometry
system. Both measurement and simulation indicate scatterometry is a sensitive, reliable,
non-contact and non-destructive metrology technology for 50 nm half pitch features.
Scatterometry is proven to be a promising metrology technology for next generation of
semiconductor industry requirements for 10 nm node. Our work demonstrates the
following points:
® This is the first angular scatterometry study using multiple wavelengths for the same
sample. The different wavelengths (244 nm, 405 nm, 633 nm and 982 nm) of lasers in
scatterometry are used to measure the same WGP sample. A sensitive study for
wavelength / pitch (A/p) based on the scatterometry is demonstrated that measurements
at all these four wavelengths have significant difference with the effective medium
approximations and contain sufficient information about surface structure in
Reflection vs. Angle graphs. Scatterometry is proven to provide a sufficiently accurate
measurement with A/ p=10 (100 nm pitch measured by 982 nm laser) for WGP. Multi-

wavelength measurements also provide important independent information of the
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structure definition helping to improve the model in RCWA to make fitting graphs and
results more constant.

® Scatterometry measurement for three different types of samples: metal grating on
fused silica, resist grating on polycarbonate and resist grating on silicon. The study
demonstrates that 405 nm laser can provide a sufficient measurement for all of these
three samples with 50 nm half pitch features. Measurement for resist grating samples
is less sensitive than that for WGP because of low index contrast, but can still provide
a reliable fitting result matched dimensions measured with AFM and SEM result.

@ Scatterometry setup can also detect macroscopic defects on the sample surface using
a camera. Different types of defects have different scatter shapes which are easy to be
detected.

® Limitation study on WGP and resist grating structure indicates that scatterometry with
405 nm laser can provide sufficient measurement for ~20 nm Al features (A/p=20) and
~24 nm resist features (A/p=17) with the current system noise level. For resist grating
on polycarbonate, at pitch of 14 nm, scatterometry does not obtain any grating
structure information and Reflection vs. Angle graph is the same as the effective
medium result.

@® Our design of in-line real-time scatterometry system combining with library searching
can be easily applied to industry manufacturing tools to provide reliable qualify control.

Total measurement time could be within 1s and fitting process is as short as 0.2 s for
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over 10000 parameter variations.

6.2 Future Work

Measurement part:
Because the longest wavelength (982 nm) laser in this dissertation can still provide a
sufficient scatterometry measurement on WGP, we could introduce an even longer

wavelength in scatterometry measurement to extend the ratio of A/p.

In limitation study, we understand the sensitivity of scatterometry measurement is highly
related with system noise level. For our scatterometry setup, most of noise is related to
sample inhomogeneous and sample alignment. It could be improved to replace the
sample stage with an automatic 3D mechanical stage and develop a sample alignment

system to assure samples can always be placed at exactly the same position.

Simulation part:

The simulation results are not totally matched with measurement of WGP at 244 nm and
633 nm. Fitting results at four wavelengths are similar but not exactly the same. This
indicates that some parameters defining the structure are missed in simulation. We fixed
Al>O3 thickness at 4 nm in simulation. The influence of different Al>O3 thickness need

some further study in the future. Some more parameters like width variation in fused
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silica undercut also need to be investigated in simulation to find a better structure

definition.

For current simulation model, the roughness of grating is not considered. When feature
size become smaller and smaller, surface roughness could become a major error in
measurement and simulation. CST software can provide a good model for roughness
study, but as mentioned above, the simulation time of CST limits its capability to apply to
scatterometry fitting process. A simulation of roughness on top of grating can be done in
CST to demonstrate the roughness influence in Reflection vs. Angle graph. Then we
could assume the roughness layer to be a plane effective medium and then transfer this
roughness effective medium to RCWA to have an approximate roughness effect in

simulation.

We should also extend scatterometry simulation to some complicate 2D/3D structures

like FInFETSs and dot array structure.

In-line scatterometry system part:
The in-line scatterometry system can adapt with macroscopic defects detections to
provide an essential brief measurement with a high resolution camera. The angle range of

in-line setup could be extended to provide more information about sample structure by
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using different optics to switch the beam and vary the incident angle. A noise level of in-

line scatterometry system also need to be determined and improved.

Library searching speed could be faster by improving its algorithm. Several random
positions in the parameter map could be calculate first to determine the area of best fitting
result in the parameter map. It could speed up the searching process by avoiding

unnecessary calculations at wrong parameter areas.
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