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Abstract 

Mask Roughness Induced LER in Extreme Ultraviolet Lithography 

by 

Brittany McClinton 

Doctor of Philosophy in Electrical Engineering 

University of California, Berkeley 

Doctor Patrick Naulleau, Co-Chair 

Professor David Attwood, Co-Chair 

This dissertation presents a thorough investigation of how mask roughness induces speckle in the 

aerial image that leads to line-edge roughness (LER) effects in extreme ultraviolet lithography.  

As next generation lithography techniques such as extreme-ultraviolet lithography (EUVL) push 

to ever smaller critical dimensions, achieving the stringent requirements for line-edge and -width 

roughness (LER/LWR) is increasingly challenging.  For this reason, discovering the principle 

causes leading to LER demands immediate attention.   

Until recently, LER has been considered a resist-limited effect.   Now, however, it is better 

understood that system-level effects can greatly influence LER.  Thus, in order to achieve 

adequately low LER levels for next generation projection lithography, we must understand not 

only the basic material properties of the resist, but also how resist effects and mask effects can 

each contribute to the LER that is ultimately printed.  Much research has already been conducted 

to fully characterize photo-resists available to next generation lithography methods.  Other 

studies have documented how the LER on the mask couples to the printed LER.  The issue of 

mask roughness induced LER is one that has up to this point been neglected by the industry and 

requires attention from the International Roadmap of Semiconductors (ITRS) in its specifications 

tables for the successful manufacture of transistor devices in future nodes by EUVL.  

Specifically, the extent to which system-level effects such as mask surface roughness, defocus, 

and illumination conditions are currently factoring into LER limits and how to distinguish mask 

effect from resist effect in practice.  Potential levels for mask roughness induced LER 

contribution are presented for realistic mask surface roughnesses, providing a strong motivation 

for this work.  To be precise, for the 22nm half pitch nodes, the mask roughness induced LER 

can consume the entire LER budget for an ideal mask roughnesses at -100nm defocus. 

This thesis focuses on characterizing requirements on mask surface roughness specifications 

from an LER budget perspective in future nodes where EUVL will likely be employed, and 

devising simplified models based on 2D thin mask modeling for mask roughness induced LER 

prediction.  A 2D height map of mask surface roughness itself is characterized by mainly two 

statistical parameters: the first being replicated surface roughness (RSR), which describes the 

height deviations of roughness on the top surface of the mask, and the second being the 
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correlation length, which is a measure of the lateral surface roughness.  The corresponding phase 

map is constructed by a simple transformation of OPD into phase space with an additional factor 

of 2 for EUVL reflective mode.  The simplified model is then constructed using thin mask 

modeling of that clearfield rough mask to calculate the resulting speckle statistics, which are an 

intensity perturbation, and uses fast 1D modeling of the image-log-slope (ILS) to map that 

intensity perturbation to line-edge movement (LER).  This is then verified against fully simulated 

LER, also in the thin mask approximation.  The power of this simplified model lies in the simple 

physicality of the formulation, elucidating the principle causes of mask roughness induced LER: 

poor speckle, and bad imaging quality (ILS).  The formulation also provides a significant speed 

enhancement by removing modeling redundancy of multiple feature types on top of the same 

surface roughness characterizations: only one clearfield speckle simulation is needed for the 

speckle statistics, which can then be mapped to any feature size through the ILS, and be used by 

the simplified equation to predict the mask roughness induced LER. 

The second simplified model is based on a geometric argument of mask slope error, for special 

cases of mask surface roughness that are globally smooth.  In this regime, the mask roughness 

induced LER collapses to a single value trend across all illumination partial coherence values- 

hence a geometric regime.  Recognizing this fact, the further simplification employs the point 

spread function (PSF) of the optical system assuming full incoherence, convolved with the rough 

mask object, to give a simple image of the mask from the wafer plane.  Taking the slope of that 

image and propagating through focus, the mask roughness induced LER contribution can be 

readily predicted for this geometric limit, and provides an even further speed enhancement to 

modeling by reducing the redundancy of illumination partial coherence type. 

Beyond developing simplified models, characterizations of problematic aberrations are made 

extensively for the 22nm and 16nm half-pitch nodes.  This is firstly done through random 

distributions across the principle Zernike aberrations (Fringe Zernikes 5-16) to determine the 

overall acceptable level of aberrations in the system of 0.25nm rms from a mask roughness 

induced LER perspective.  A complete aberration sensitivity matrix is then constructed to 

identify individual Zernikes that are problematic, specific to the node, source shape, and optical 

system. 

In addition, mask roughness induced LER mitigation strategies utilizing an alternative source 

shape called ‘strip’ illumination, or, extended dipole, is explored.  By using the physicality of the 

simplified model’s equation, we recognize that by increasing incoherence by extending a 

traditional dipole laterally should help mitigate the speckle, while at the same time, confined 

coherence orthogonal to the lines and spaces should maintain good imaging quality through the 

ILS.  Thus, overall, the simplified model would predict a reduction in mask roughness induced 

LER.  We compare these results to other illumination candidates specifically for the 22nm node 

and find that overall, the mask roughness induced LER does benefit minimally for about 0.2nm 

LER for 100nm defocus conditions, but there lies a significant potential benefit in throughput in 

comparison to traditional dipole illuminations if one is employing limiting source shapes to 

manufacture the partial coherence. 

Lastly, this work studies potential mask roughness induced LER effects introduced by mask 

cleaning strategies employed for EUVL.  We look at effects on lithographic performance of lines 

and spaces, LER, and contacts based on a repetitive cleaning process and monitor that 

performance through number of cleans.  Overall, we find that the cleaning process does not 
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introduce significant deterioration of the cleaned mask in comparison to a reference mask, up 

through a 33× cleaning cycle.  Since EUVL expects to employ cleans through 22× over the 

typical lifetime of a mask, the 33× good performance confirms the viability of the cleaning 

process within a safe margin. 
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Chapter 1 

Introduction 

1.1 Motivation 

The goal of this thesis is to explore a new significant contributor to line-edge roughness (LER) in 
extreme ultraviolet lithography (EUVL), called mask roughness induced LER.   

As next generation lithography techniques such as extreme-ultraviolet lithography (EUVL) push 
to ever smaller critical dimensions, achieving the stringent requirements for line-edge and -width 
roughness (LER/LWR) is increasingly challenging.  For this reason, discovering the principle 
causes leading to LER demands immediate attention.   

Until recently, LER has been considered a resist-limited effect.   Now, however, it is better 
understood that system-level effects can greatly influence LER.  Thus, in order to achieve 
adequately low LER levels for next generation projection lithography, we must understand not 
only the basic material properties of the resist, but also how resist effects and mask effects can 
each propagate down to and contribute to the LER that is ultimately printed.  Much research has 
already been conducted to fully characterize photo-resists available to next generation 
lithography methods.  Other studies have documented how the LER on the mask (absorber LER) 
couples to the printed LER.  What remains incompletely understood, however, is the extent to 
which system-level effects such as mask surface roughness, defocus, and illumination conditions 
are currently factoring into LER limits and how to distinguish mask effect from resist effect in 
practice.   

This work focuses on characterizing requirements on mask surface roughness specifications from 
an LER budget perspective in future nodes where EUVL will likely be employed, and devising 
simplified models for mask roughness induced LER prediction.  The issue of mask roughness 
induced LER is one that has up to this point been neglected by the industry and remains ignored 
by the International Roadmap of Semiconductors (ITRS) [1] in its specifications tables for the 
successful manufacture of transistor devices in future nodes by EUVL.  We attempt to remedy 
that, and provide tools to greatly ease the calculation and prediction of mask roughness induced 
LER, and verify them against 2D thin mask modeling, assuming a simple binary threshold model 
for the resist. 



 

Fig. 1.  An image of a printed line in photo

1.2 Problem 

Because EUVL is a band-limiting imaging process (i
it passes), the mask surface roughness (which is geometrically related to phase roughness, also 
known as replicated surface roughness
mask as replicated through the multilayer
variations at the image plane, and can significantly alter LER measurements of the printed 
image.  Moreover, because EUVL is dependent on reflective optics and masks, the geometrical 
relation of mask roughness to phase roughness is amplified by a factor of 2 due to reflection.  As 
defocus is introduced, mask phase errors even further couple into 
As expected, when coherence is increased, speckle is enhanced, and the mask phase error
induced speckle increases proportionately.

As current semiconductor manufacturing roadmaps do not take into account mask roughness as 
potential LER contributor, and it has been shown 
LER can be on the order of several nanometers, the mask roughness issue cannot be ignored.  
There must be a fast, efficient means of predicting its contribution to provide industry with a 
realistic prediction of the total LER figures to balance terms in the LER budget.

Fig. 2.  Basic characterizations of line edge roughness (LER) as oppose
(LWR) [61]. 

 

An image of a printed line in photo-resist exhibiting line-edge roughness (LER).

limiting imaging process (i.e., an aperture limits the spatial frequencies 
it passes), the mask surface roughness (which is geometrically related to phase roughness, also 

face roughness- RSR, defined as the roughness on the top surface of the 
mask as replicated through the multilayer) is directly coupled to speckle-induced intensity 
variations at the image plane, and can significantly alter LER measurements of the printed 
mage.  Moreover, because EUVL is dependent on reflective optics and masks, the geometrical 
relation of mask roughness to phase roughness is amplified by a factor of 2 due to reflection.  As 
defocus is introduced, mask phase errors even further couple into intensity variation, or speckle.  
As expected, when coherence is increased, speckle is enhanced, and the mask phase error
induced speckle increases proportionately. 

As current semiconductor manufacturing roadmaps do not take into account mask roughness as 
potential LER contributor, and it has been shown [2-5] that out of focus mask roughness induced 
LER can be on the order of several nanometers, the mask roughness issue cannot be ignored.  
There must be a fast, efficient means of predicting its contribution to provide industry with a 

e total LER figures to balance terms in the LER budget. 

Basic characterizations of line edge roughness (LER) as opposed to line width roughness 

2 

 
edge roughness (LER). 

e., an aperture limits the spatial frequencies 
it passes), the mask surface roughness (which is geometrically related to phase roughness, also 

, defined as the roughness on the top surface of the 
induced intensity 

variations at the image plane, and can significantly alter LER measurements of the printed 
mage.  Moreover, because EUVL is dependent on reflective optics and masks, the geometrical 
relation of mask roughness to phase roughness is amplified by a factor of 2 due to reflection.  As 
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1.3 Major Thesis Contributions 

The original work in this thesis lies in Chapters 3-8.  The greatest contribution is made in 
Chapters 3 and 4, whereby a physical mechanism is developed for mapping mask roughness 
induced speckle to LER through the process of thresholding the aerial image.  The greatest 
contribution of the work is found in verification of this model for a variety of features and 
conditions.  Extensive peripheral work makes up the remainder of the thesis, such as further 
simplifications to the modeling process for geometric regimes, exploring mask roughness 
induced LER under optical aberrations, mitigation strategies, and applications of the mask 
roughness induced LER concept to mask cleans studies. 

1.4 Thesis Structure 

Chapter 2 provides a review of the status of the major challenges to EUVL, and sets the stage for 
the context of mask roughness induced LER in that bigger picture.  The main contribution of this 
thesis is to construct a simple physical model by which speckle in the aerial image can be linked 
to the LER, which starts in Chapter 3.  This is done by recognizing that speckle is fundamentally 
an intensity perturbation that can be mapped to line-edge movement by virtue of the thresholding 
process specific to the image-log-slope for the feature pitch, imaging system, and illumination 
conditions under investigation.  As seen in Chapter 3, further contributions use this concept to 
facilitate existing, intense simulations for mask roughness induced LER by developing a 
simplified model to speed up the modeling process in the thin mask regime.  The speed factor 
that the simplified model allows the mask roughness induced LER prediction to be enhanced by 
is dependent on the number of different feature pitches one wishes to investigate.  The simplified 
model, therefore, can be a powerful tool when applied across an entire mask pattern comprising 
simultaneously many feature types.  The model is verified in Chapters 4 and 5 against both on-
axis and off-axis illumination conditions, dense and isolated features, through focus, down to the 
16nm half-pitch. 

An even further simplification to the modeling process is found in Chapter 6 for an “incoherent” 
or “geometric” illumination regime for long correlation lengths of spatial roughness on the mask, 
whereby simulation speed is increased by a factor proportional to however many illumination 
conditions one wishes to investigate. 

The information gathered from both fully simulated and simplified model simulated LER is used 
to compose guidelines on the mask surface roughness specifications for future nodes that EUVL 
will in all likelihood be applied to.  We also make investigations into the nature of mask 
roughness induced LER under the presence of optical aberrations in Chapter 7, and apply what is 
learned from the construction of the simplified model to conceive of potential LER mitigation 
strategies by manipulating illumination conditions. 

Chapter 8 explores experimental effects of mask roughness in the context of a mask cleaning 
study.  Results look at effects of the LER the mask cleaning process imposes, and a related 
concept- contact size variation.  We also apply the recently developed LER correlation method 
[6] to the mask cleans study as an independent means of calculating the mask contributions to 
total printed LER in resist, thereby monitoring any effects the cleaning process has on changing 
the mask properties. 
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Chapter 2 

Background 
Projection lithography has allowed continuation of Moore’s Law to extend several decades 
beyond the original contact lithography techniques, and their high throughput optical systems 
keep cost of ownership (CoO) down.  As critical dimensions of circuits approach the 2×-nm 
feature size threshold, however, optical lithography [7-10] cannot operate in single-exposure 
conditions.  As with any photon-based system (see Figure 3), the resolution of projection 
lithography is fundamentally diffraction limited.  Meaning, the smallest resolvable feature that 
can be produced depends on the converging angle and the illumination wavelength 
(Res~k1λ/NA, where k1 is a process dependent factor), as shown in Figures 4 and 5. 

 

Fig. 3.  A typical projection lithography system, transmissive mode with Kohler illumination [10]. 



 

Fig. 4.  Lithography wavelength scaling 

Immersion techniques with traditional ArF excimer
optical lithography by allowing the illumination angles to be larger through so
optics, or optics with NA effectively greater than 1.  Beginning with the 45
193nm immersion techniques alone could not provide the resolution capabilities necessary.  
Techniques such as double patterning and spacer technology have been employed to meet the 
resolution requirements- but at extreme cost.  Both techniques require the use of multiple mask
per layer.  If an alternative should appear that would allow 
level printing, it would have obvious
ultimately, optical lithography would reach a limit and that next
techniques should be explored (see Figure 6)

Fig. 5.  Picture of source and drain connected by gate: the width of the pitch
(CD), determines the minimal gate length.
system. 

NGLs that would potentially provide such single exposure capabilities, such as direct electron 
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carbide- rather than the traditional fused silica.  This came with all the complications of stress-
related issues of thin films such as feature position errors as a complicated function of feature 
density and locations of absorber material.  The x-ray lithography system was also designed for 
1× demagnification, so any defects would be printed directly without mitigation.  While 
SCALPEL offered a 4× imaging advantage, it faced severe stitching problems, the need for 
silicon instead of glass for the mask, and lack of a pellicle, among other reasons.  Lastly, ion 
beam lithography would provide high resolution with an ion beam on a 4× system, but had a 
huge disadvantage in that it applied a stenciling technique to its mask manufacturing: no isolated 
dark feature can ever be printed in a single exposure.  In addition, it too required a silicon wafer 
as the mask substrate instead of fused silica, and had no pellicle. 

 

Fig. 6.  Typical cost of ownership for likely litho-solution candidates [10]. 

The currently favored- and likely- NGL candidate, extreme ultraviolet lithography (EUVL), 
offers the best combination of advantages thus far.  It drastically enhances resolution by roughly 
a factor of 5 (assuming a comparable k1-factor) through a near 14-fold reduction from 193nm to 
a nominal wavelength of 13.5nm, despite a lower overall NA of 0.33 on the current NXE:3300B 
platform offered by ASML [11].  EUVL is also an attractive option for its relative similarity to 
optical lithography; it can rely, at least partially, on the vast expertise of photon-based optical 
lithography techniques developed over the past four decades, and uses the traditional glass 
substrate and form factor for the mask. 

Ultimately, however, EUVL has been held back by the fundamental differences in materials 
properties and behaviors that exist between optical wavelengths and 13.5nm.  Originally planned 
for introduction at the 32nm half-pitch node, delays have caused it to miss the deadline, as well 
as for the 28nm node.  It is planned that EUVL will be employed for critical layers in 
combination with double patterning when it is introduced. 
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EUV Materials Properties 

At the extreme ultraviolet wavelength regime, most materials have an index of refraction just 
under one, due to high material absorption for 13.5nm, where the index of refraction, n, for a 
material is given by 

n = 1 – δ + iβ, 

and δ is the material phase speed and β is the material absorption coefficient.  This high amount 
of absorption for EUV means firstly, that refractive optics are not an option, and secondly, as a 
consequence, that innovative ways of constructing mirrors are necessary to maintain high 
reflectivity and throughput for the fast printing of wafers, and the elimination of any protective 
pellicle. 

 

Fig. 7.  Real index of refraction component varying through wavelength [14]. 

 Because n~1, the reflection coefficient between two surfaces is small for most angles of 
incidence due to little change of field amplitudes across the interface.  An exception occurs for 
incident radiation at glancing incidence angles to the material surface, far from the surface 
normal.  Similar to total internal reflection for optical light, for extreme ultraviolet the 
phenomenon is known as total external reflection [12-14].  This can largely be understood 
through the concept of Snell’s law, which for a vacuum/material interface at EUV would reduce 
to 

sin φ’ = sin φ / 1 – δ, 

 

Fig. 8.  Total external reflection for extreme ultraviolet and soft x-rays [14]. 
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surface normal.  (Refractive optics are
of materials for EUV, that would severely diminish power and throughput in litho tools).  
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interference coatings are used for mask architectures 

Fig. 9.  An example of constructive scattering through multiple layers of a Bragg
[14]. 
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incidence due to the need for actually imaging an absorber structure on top of the mirror down to 
the wafer.) 

 These multilayer Bragg-like mirror structures can alternatively be viewed as sinusoidal density 
gratings creating a resonant structure through angle and wavelength.  For a true sinusoidal 
grating, the Fourier transform would yield only a single Bragg peak (m=1) [24].  For sharp 
interfaces where the grating represents a step function, Bragg peaks will appear for odd orders 
(m=1,3,5,…).  Asymmetry due to diffusion between the interfaces can cause even orders to 
appear, as well as diminish overall reflectivity.  This is usually not desired, so diffusion is 
prevented by depositing B4C between layers [25-26]. 

For EUV at 13.5nm, or equivalently 92eV, most materials have the aforementioned extremely 
high absorption (typically high Z), so it is much more important to choose the so-called spacer 
material (typically low Z), whose role is to provide good scattering contrast while minimizing 
absorption.  Good candidates for the spacer material include C, B, Be, Si, and Al, all of which 
have K- and L- absorption edges in the EUV region, allowing for minimal absorption just above 
the absorption edge [10].   Early prototypes of multilayer mirrors were with Mo/Be that were 
capable of achieving 69.3% peak reflectivity with 0.35nm bandwidth, but were eventually 
replaced with Mo/Si designs that provided a lower peak reflectivity of 67.2% [27].  While this 
represents a loss of 17% gain in resist activation, the Mo/Si architecture avoided a toxic material 
(Be), and also provided greater bandwidth of 0.55nm [10].  Multilayer mirror concepts can even 
be employed at near-glancing incidence to provide a Bragg peak at an angle several times larger 
than the critical angle, which has advantages in larger angular bandwidth, increased NA, and 
reduced aberrations (as it is closer to the surface normal) [14]. 

 

Fig. 10.  Sample reflectivity curves for two multilayer mirror architectures [10]. 

Despite the innovations in the forms of glancing incidence and multilayer mirrors, the materials 
differences at 13.5nm nonetheless remain a challenge for EUVL in three main areas: source, 
mask defects, and photo-resist. 
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EUVL Sources 

Ever since EUVL was first explored in the late 1980s, problems with providing a high-powered 
portable source have plagued the industry.  The only plentiful source of photons in this 
wavelength regime was through exposure systems mounted at end-stations of synchrotron 
facilities, such as the micro-field exposure tool (MET) [28-39].  A synchrotron facility, however, 
is certainly not a feasible option for the semiconductor industry.  Recently, progress has been 
made in this arena, and two potential source designs currently dominate the source market [40].  
These designs are based on either electrical-discharge- or laser-produced plasmas (DPP and LPP, 
respectively) that emit at EUV wavelengths.  Neither of these sources have either the same level 
of spectral purity or power of the currently employed line-narrowed excimer lasers. 

The discharge-produced plasma source method supplied by Philips Extreme UV GmbH [41] 
employs two rotating electrode wheels covered with a thin layer of fuel [42-43].  The original 
fuel choice was Xe, but the industry has over the years moved to the use of Sn for improved 
conversion efficiency [10].  By laser ablation a tiny tin plume extends from one of the electrodes 
eventually reaching the other electrode, both of which are connected by a capacitor bank.  When 
the plume completes the circuit between the electrodes, a discharge of several joules of energy 
produces a current of ~20 kA, and creates a highly ionized tin plasma that emits at EUV 
wavelengths at a few kilohertz repetition rate.  The method, however, has problems dealing with 
large power dissipation.  The issue is reaching powers above 100W, and a large amount of debris 
is also generated.  This is the source used in the Alpha Demo Tool (ADT) [44-50]. 

 

Fig. 11.  Detail of DPP source generation [42]. 

The other source candidate that is the choice for the NXE:3300B is the laser-produced plasma 
that also works by employing Sn as a fuel, this time in the form of droplets through a nozzle.  
Because of the high material absorption properties, the optical train must operate in vacuum, 
which precludes convectional heating that would normally be present [10].  As a consequence, 
radiative cooling freezes the fast moving liquid by the time it reaches a focused laser beam that 
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would ideally generate a plasma that emits at EUV.  Each droplet is hit by a separate, sequential 
laser pulse.  Once again, contamination of the vacuum chamber and optics is an issue, and the 
nozzle dispenser has difficulties of flow and accumulation effects. 

 

Fig. 12.  (a) DPP source and (b) LPP source schematics [10]. 

Debris is perhaps the largest disadvantage of both DPP and LPP source types, through the 
limitations this places on the collector optics which must maintain lifetimes of 30,000 hrs (about 
3 yrs.) with less than 1% drop in reflectivity per mirror.  Coupled with the fact that EUV has 
high material absorption and power is already very low, debris needs to be kept to the minimum 
possible.  This has led to the SoCoMo designs, or Source Collector Modules, that are distinct in 
nature for both DPP and LPP source types.  The rule that guides the design above all is source-
to-collector coupling efficiency (typically around 33%).  For DPP, the SoCoMo unit consists of 
nested grazing incidence, ellipsoidal or Wolter type I hyperboloidal-ellipsoidal reflectors [49] 
that are fabricated in thin shells mounted on a spider wheel.  Since the particles do not flow 
ballistically, but are influenced by fields, many end up sticking to walls of an employed foil trap 
(similar to venetian blinds) in the design, to keep them from the mirror surfaces. 

LPP SoCoMo is fundamentally different by nature due to being able to reach the other 2π solid 
angle of EUV source emission that was before being blocked by the electrode assembly for the 
DPP setup.  The full spherical source space can now be accessed, and normal incidence 
multilayer mirrors can be situated in the back hemisphere.  Use of a repellor-field concept that 
drives particles away from mirror surfaces can reduce the debris by a factor of 40 [51-52].  For 
LPP, optimization of droplet size can also have a major role in reducing debris.  Smaller droplets 
produce less debris, but longer wavelength lasers usually have bigger focus spots which would 
cause a mismatch between droplet size and focal spot size, causing wasted power.  For a lens of 
diameter Dl (cm) and focal length fl (cm), the focal spot size d0 (cm) is by diffraction a minimum 
for a laser with wavelength λ 

d0(min) = 1.22 fl λ / Dl. 

It is therefore highly desirable to use a lens with a large focal length to keep debris from mirrors, 
and a small diameter to reduce solid angle and thermal distortion, so spot sizes and therefore 
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debris of the tin tend to be larger for long wavelength lasers [10].  One way to mitigate this is by 
hitting the droplets with a laser pre-pulse to get the droplet to expand and better match the spot 
size. 

In the end, after the SoCoMo unit with the collector optics, all the light is brought to an 
intermediate focus that is then transferred to the rest of the lithography tool in a separate vacuum 
environment to prevent debris from reaching downstream mirrors.  No matter the employment of 
either glancing incidence or normal incidence optics, the fact remains that a large portion of the 
EUV light will be absorbed at every mirror interface, and will limit source power.  For HVM, it 
is required that source power at intermediate focus deliver several hundred watts of spectrally 
pure light (100W is equivalent to about 60 wafers per hour).  As of this writing, both LPP and 
DPP sources are at the 10W level (about 5-6 wafers per hour), and have shown little progress 
over the past three years [53].  This remains a grave concern for EUVL.  

 

EUVL Mask Defects 

Due to the reflective architecture and extensive use of multilayer mirror optics, as well as the use 
of no pellicle, many opportunities to introduce defects occur.    Most defects are introduced on 
the substrate as pits, but a significant number as well through the multilayer deposition process.  
Small, but significant ones can occur through handling and substrate particles.  In whatever way 
defects are introduced, their total number must be zero [54]. 

 

Fig. 13.  Defect cause distribution [10]. 

Defects are of two types: amplitude and phase.  Amplitude defects are those that lie on the top 
surface of the multilayer mirror and cause changes in field amplitude through absorption.  Phase 
defects are those embedded through the vertical height of the multilayer stack by locally 
changing the phase of the field.  Ultimately, this causes a small shift in peak reflectivity 
wavelength of the multilayer [10].  The preferred solution exists for both types of defects in the 
form of optimal placement and OPC for the absorber pattern that can potentially cover the defect 
[55].  Above all, to avoid missing defects, the mask should be imaged at actinic wavelengths 
during inspection [56].  Defect counts are currently non-zero, and therefore do not meet HVM 
requirements and are the second critical area pertaining to EUVL. 
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Fig. 14.  (Left) Phase defects found at the bottom of the multilayer, and (right) amplitude defects found at 
the top surface of the multilayer [10]. 

 

EUVL Resist 

The third greatest concern for EUVL commercialization lies in the readiness of a suitable resist 
platform.  Once again, the goal is keeping down CoO, and the resist can aid in this by helping 
achieve high transistor density with high throughput by fast recording of that photonic image 
(called sensitivity) to produce as many wafers as possible.  With the wavelength change to EUV, 
resist chemistry must satisfy performance categories through its material properties at 13.5nm. 

Resist as a photo-detector works by creating solubility differentials across regions where photons 
are absorbed, and those where they are not.  The resist itself is made of a resin polymer that 
carries sensitizers, called photo-acid generators (PAG), which are the light-sensitive components.   

For such so-called chemically amplified (CA) resists, the exposure energy does not directly 
cause the solubility differential, but rather generates a chemically stable catalytic species, aka 
“photoacid”, designated as a proton, H+.  The resin of CA resists contain a base polymer with 
that contain acidic hydroxyl (-OH) groups to give it high solubility under normal circumstances.  
The polymer, however, is prepped for exposure by partially blocking these sites with other chain 
molecules to reduce solubility.  During a post-exposure bake (PEB), the increased temperature 
(activation energy) initiates a chemical reaction to use the generated photoacids and remove the 
blocking group and therefore make the polymer soluble (this process is known as 
“deprotection”), as well as regenerate catalytic acids to prolong the solubility-switching chemical 
reaction.  This cascade of solubility switching reactions in the exposed regions can typically have 
a chain length in the many 100’s.  For the reason of very efficient solubility differential 
generation, when the sensitivity of the resist can be enhanced, exposure times can be shorter, 
more wafers per hour can be exposed, CoO decreases, and CA-resists are the preferred platform 
[8]. 
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As half-pitches become extremely small, however, CA-resists become diffusion limited.  High 
activation energy (high PEB temperature) CA-resists with t-butyl ester and butoxycarbonyl 
blocking groups mean that the photoacids have large diffusion lengths during the PEB.  This 
creates high image blur that reduces image quality (but can aid in smoothing out line-edge 
roughness (LER)).  The diffusion length for high activation energy CA resists is larger, while 
low activation energy (low PEB temperature) CA resists have less image blur.  Not only is the 
LER less mitigated by blur, but the blocking groups of a low activation energy CA resist are the 
acetal and ketal groups and solvent which result in much outgassing that harm the imaging optics 
and severely reduce lifetime [57].  This can be mitigated, but not eliminated, by introducing a 
post-apply bake (PAB) after first applying the wafer with resist before exposure.  The PAB 
serves to reduce the amount of remaining solvent in the resist that was initially needed for 
applying a uniform, smooth coating across the wafer.  But the highly energetic EUV photons 
enhance the volatility of the molecules, and the vacuum environment required for EUVL also 
facilitate freely moving vapors [10].  Current resist research is therefore focusing on resists that 
can firstly achieve the high resolution necessary without outgassing, but obviously at the cost of 
sensitivity and throughput.  Inpria has recently shown quality imaging results in an inorganic 
Hafnium based resist, but at high sensitivity [58]. 

2.1 LER requirements for EUVL: the RLS triangle 

As mentioned above, in order to achieve HVM requirements, the resist for EUV must meet 
certain performance categories.  There are three main capabilities that are the cornerstone of 
resist performance, that are in fact to some degree mutually exclusive.  They are: resolution, 
LER, and sensitivity, which form what is referred to as the RLS triangle for a particular resist 
formulation.  EUVL introduction at the 22nm half-pitch requires a resolution of 22nm.  
According to the International Roadmap for Semiconductors (ITRS)[1], LER should be limited 
to about 1.7nm.  And sensitivity, as mentioned should be 10 mJ/cm2.  Simultaneously meeting all 
three requirements is a great challenge.  Small features (high resolution) can be printed very 
quickly (high sensitivity), but with poor LER.  If LER is instead addressed and high sensitivity is 
maintained, the resolution suffers.  (This exchange between resolution and LER occurs through 
the image blur, as required for high sensitivity resists that are CA based, with a necessary PEB 
bake.)  Therefore, novel resist formulations are necessary.  Resolution is the absolute 
requirement for the resist, so it is paramount to limit any excess LER contributions. 
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Fig. 15.  The so-called RLS Triangle, a surface specific to a particular resist chemistry platform [10].  A 
better performing resist would overall have the surface closer to the origin: it can perform better in all 
three categories simultaneously. 

2.2 Sources of LER 

Line-edge roughness (LER), causes many degradations to device performance.  I-V 
characteristics are strongly affected by gate length- which is mostly determined by the half-pitch 
critical dimension (CD), but is also effected by LER [59-63].  Traditional causes of LER comes 
from primarily 3 sources: resist chemistry LER (also comprising shot noise effects), mask LER, 
and mask roughness induced LER. 

 

Fig. 16.  Top down view of a gate showing how LER can lead to degradation in transistor performance 
[64]. 

As discussed in some detail in the previous section, resist chemistry is a large factor of LER.  
Current state-of-the-art resist platforms reach a minimum at 3nm LER performance (comprising 
all 3 LER sources) [65].  There are also photon shot noise contributions that need to be 
considered.  The shot noise is wrapped up in the innate LER deprotection blur, which serves as 
the fundamental counting bin [66].  For EUV, we can expect that a 1x1nm area will see only 2-3 
photons [57].  As soon as we introduce diffusion length (image blur), this sets the effective 
counting bin size for photon statistics, which follow a Poisson distribution with a 1/√N variation.  
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With bigger counting bins, there are more absorbed photons per bin, and better counting 
statistics; so apart from the natural smoothing benefits of image blur, we also achieve reduced 
LER through photon shot noise.  If however, the blur becomes so large relative to the pitch such 
that the chemical contrast is degraded, we gain no further benefit in LER.  Studies show this 
occurs for diffusion lengths of about 0.2 times the pitch, beyond which the LER shows no further 
improvement, but there is decreasing exposure latitude [57]. 

 

Fig. 17.  Scatter plot of LER as a function of resist sensitivity and prediction of photon noise induced 
LER based on stochastic modeling [65]. 

The resist LER component can also be reduced through introduction of a base quencher to the 
resist formulation.  The base quencher serves to increase the chemical contrast by increasing the 
counting statistics of both photons and acids.  Diffusional effects can degrade the chemical 
contrast, but if counting statistics are increased by adding base, the small amounts of photoacids 
that have diffused to regions where they shouldn’t be will not be able to effectively deprotect the 
polymer.  This works because virtually all the polymer must be deblocked in order to cause the 
solubility differential, so it neutralizes low levels of the photoacids [8]. 

Mask LER, or the LER intrinsically on the mask pattern, is the second significant contributor to 
LER and will transfer almost directly down to the wafer, according to the line-edge transfer 
function (LTF).  The LTF differs from the traditional MTF due to LER’s complex 2D nature, and 
exhibits a faster fall off at higher spatial frequencies [67-68] (see Figure 18).  For the 22nm node, 
mask LER is expected to contribute 2nm LER to the total budget.   

   

Fig. 18.  LTF vs MTF (left), and LTF (right) for various σ values as a function of the normalized spatial 
frequency (normalized to the coherent cutoff frequency) [67]. 
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As described below, the third significant contributor to LER is something not seen at optical 
wavelengths and is purely an effect due to the extremely small wavelength of EUV: mask 
roughness induced LER. 

 

2.3 Mask roughness induced LER 

 

 
Fig. 19.  A simple schematic (not to scale) illustrating the difference between absorber LER and mask 
surface roughness [69]. 

 

2.4 Mask roughness couples to speckle 

At 13.5nm illumination wavelength, suddenly phase variations induced by optical path 
differences are significantly different than at 193nm: to be precise, by a factor of 14.  As we will 
see, small surface deviations not large enough to be defects, but statistically spread across the 
surface of the mask, cause significant phase deviations on the outgoing wavefront that in turn, 
couple to speckle at the aerial image plane and cause LER. 

2.4.1 Coherence enables speckle 

Considering the fundamental definition of coherence, σ, set by a source of lateral coherence 
width lcoh and an objective of resolution δobj, we have 

σ  = δobj / lcoh 

in the object plane, where the resolution of the objective is the point spread function of a delta 
function object, and the lateral coherence width is the minimal size over which we can observe 
some modulation in coherence [69]. 
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Fig. 20.  Simple regimes of coherent and incoherent illumination illustrated physically in the object plane. 

We can understand better the meaning of this simple equation by looking at two basic regimes in 
a geometrical sense.  When σ > 1, we have the “incoherent” regime.  Physically, this means that 
the resolution of the objective is larger than the later coherence width of the source, and we 
cannot peer inside that area to see coherent interactions taking place.  On the other hand, as soon 
as we go to σ < 1 we enter the partially coherent regime where suddenly the resolution of the 
objective is smaller than the lateral coherence width of the source and we can see coherent 
interactions taking place.  It is under partially coherent illumination (as is the case in all litho 
tools) that we are able to see speckle effects. 

2.4.2 Speckle caused by mask surface roughness 

 

Fig. 21.  Scattering points on a rough object couple to many dephased amplitude spread functions in the 
aerial image, or speckle [70]. 

The speckle itself, however, is caused by mask surface roughness that is rough on the scale of an 
optical wavelength.  The wave reflected from such a surface consists of a superposition of a 
multitude of amplitude spread functions, each arising from a different scattering point on the 
object. 



19 

 

Although it is not impossible to describe a mask completely by every detail of its surface 
roughness, it is more useful to describe it in terms of its macroscopic properties.  By doing so, its 
speckle statistics are shared by a much wider set of masks, all differing in microscopic detail, but 
sharing these macroscopic properties.  To elucidate the macroscopic properties of importance, 
let us picture roughness as random “bumps” covering the surface of the mask.  The optical path 
length difference on the phase wavefront (termed ‘phase roughness’ PR) induced by each 
scattering point or bump can be related to the 2D map of surface height deviations characterized 
by a statistical height deviation, called replicated surface roughness (RSR).  Since the multilayer 
mirror is built up through many layer depositions which are conformal to one another, and hence, 
“replicated”, the whole roughness of the multilayer stack is well represented just by the top 
surface map, and the RSR, thus truly affecting the phase of the reflected beam. 

 

Fig. 22.  Roughness on the mask (exaggerated in image) leads to speckle in the aerial image [71]. 

The phase roughness of the mask can be related to this geometrical height deviation by a simple 
equation: 

PR = 2 * 2π * RSR / λ 

with an additional factor of 2 for the reflective nature of EUV masks.  From a simple calculation, 
we can see that a height deviation of 100pm results in 5° of phase shift.  Typical mask surface 
specifications are about this: worse case scenarios are around 230pm, and as we will see in 
coming chapters, the ideal is 50pm [4].   
 
The other property of concern is the extent to which the bumps are laterally self-similar on the 
mask. This property is characterized by the correlation length. It is a measure of the extent to 
which the roughness is dephased laterally across the wavefront with respect to itself, and it 
governs the spatial frequency content of the roughness on the mask. Thus, for example, greater 
height variations (RSR) and lesser self-similarity across the mask (correlation length) mean that 
the mask is “rougher” in a statistical sense.  The Fourier transform of such a rough mask yields 
the power spectral density (PSD) graph that characterizes the statistical nature of the mask.  As 
can be seen in Figure 23, the height of the PSD curve is normalized to the overall level of 
roughness present on the mask (the RSR).  The “knee” in the log-log plot is located at the 
correlation length.  Additionally, there is one other statistical factor of importance besides the 
RSR and the correlation length in characterizing the mask surface roughness properties.  Called 
the roughness exponent, or sometimes the fractal dimension, it is a measure of the slope of the 
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PSD graph following the “knee”.  Formally, it is defined by (m-1)/2 [59], where m is the slope.  
The larger the slope, the more the integrated spectrum is concentrated in high spatial frequencies, 
or finer roughness.  For most of the analysis presented in this thesis, we will consider a top-hat 
form of the PSD, implying a roughness exponent of infinity, where all the roughness is 
concentrated only in spatial frequencies strictly below the correlation length of the roughness. 
 

 
Fig. 23.  A typical approximated PSD curve of roughness illustrating the correlation length “knee” 
feature, and varying roughness exponents, σ [62].  The overall level of the curve is normalized to the 
amount of RSR found by the integrated PSD. 

By expressing mask roughness in terms of correlation length and RSR, and finally the roughness 
exponent, its macroscopic roughness properties are well determined. When combined with the 
parameters of the objective NA, coherence factor σ, and defocus, the speckle statistics can then 
theoretically be determined.  For a given mask roughness, more coherent illumination will 
enhance the speckle problem, since adjacent points have greater ability to interfere. Although 
analytic solutions for the clear-field speckle are certainly feasible, dealing with system 
parameters such as aberrations (including defocus) considerably complicate the issue. Thus, the 
more practical approach is to use modeling to predict the speckle. 
 
The resultant fields add with markedly different phases that result in a random walk in the field, 
and hence in intensity, at the image plane [69].  This is speckle: random intensity variations.   

The random intensity variations in turn induce LER when the image is thresholded in the resist.  
The thresholding process starts with the map of the photon distribution given by the intensity 
right above the wafer plane (called the aerial image).  Since the optical imaging process is 
imperfect, instead of a sharp transition from line to space, the image is much more smoothly 
modulating.  To measure the quality of that image, lithographers take the slope of that image in 
log-space, to normalize out simple intensity scaling.  This is called image-log-slope (ILS), and it 
is defined as ILS = ∂lnI / ∂x = ∂I / ∂x * (1/ I), across the horizontal position of the image.  
Physically, the ILS allows calculation of a given change in line-edge position (∂x), due to a 
change in intensity (∂lnI).  This concept will be employed in the development of a simplified 
model of the mask roughness induced LER, where the image quality as given by the ILS will 
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determine how the small intensity perturbations due to speckle will cause the line-edge position 
to change. 

 

2.4.3 A note on the difference between surface roughness on the mask and 

surface roughness on projection optics 

Before investigating the effects of mask roughness induced LER, it is important to note that 
surface roughness on the mask and surface roughness on the optics are entirely different issues.  
Firstly, the mask is conjugate with the image plane, so these surface deviations on the object can 
be mapped directly to the image [24].  Secondly, surface roughness on the optics has been well 
studied, and shown that low spatial frequency roughness leads to figure errors (aberrations), mid 
spatial frequency roughness to flare, and high spatial frequency roughness to a loss in reflectivity 
[10].  The only way surface roughness on the optic can contribute to speckle at the image is if 
there is a large illumination area compared to the correlation length of the roughness in the pupil: 
then the coherence can build up.  Since this is normally quite large, we end up with a large 
random walk where the projection optic-induced speckle goes as 1/√N. 

 

2.4.4 A note on the importance of mask surface roughness and absorber 

surface roughness from an LER perspective, and capping roughness 

While variations in absorber surface roughness can also affect LER on the other side of the 
thresholded image, these variations are insignificant, even at EUV and for thin absorber 
thicknesses.  Thin absorbers such as 50nm TaN will cause only an overall reflectance of about 
3%, where the surface variations would account for a factor of about 1-3% of that (for RSR 
values of about 50pm, when the PR now takes into account the index of refraction for TaN).  
This is compared directly to the surface roughness of the bright area in between absorber regions, 
which nominally has a reflectance of 100%.  Therefore, the induced LER due to absorber surface 
roughness is negligible (from a CD uniformity perspective, however, it should be taken into 
account [11]).  Of greater concern is the choice material used for the capping layer that will 
induce additional phase roughness from refraction on top of the geometrical roughness.  Simple 
calculations show [69] that Ru is in fact the worse choice inducing 6° phase deviation in a double 
pass through 1nm of material (requiring 0.44nm thickness to achieve an equivalent of 50pm 
RSR). 

 

Fig. 24.  Potential capping layer materials, and their equivalent phase roughnesses [69]. 
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2.4.3 A note on the experimental aerial image verification of mask roughness 

induced LER 

Studies have shown that 2D thin mask modeling results compare well to systematic trends in the 
experimental LER results [2].  Modeling was based on aberrations present in the actual optic and AFM 
measurements of a portion of the mask being imaged to the wafer, and assuming that mask roughness 
induced LER adds in quadrature to all other contributors, the fractional contribution to total observed 
LER is limited to less than 15%, with a systematic increase in that contribution as a function of focus and 
coherence.  At the edge of focus, these effects can be large enough to account for the entire specified 
resist LER budget for the 22nm, unless very low roughnesses and coherence are used. 

2.5 Current simulation methods for mask roughness 

induced LER 

Current simulation methods for mask roughness induced LER are a tedious process.  One must 
take the full 2D aerial image simulation of the complex, compound object of a rough mask 
superimposed with lines and spaces as a function of illumination coherence, optical aberrations, 
defocus, and mask roughnesses.  Subsequently, one must analyze the data in an offline program 
to calculate the expected LER values.  These simulations can take large amounts of time, and any 
shortcuts in decreasing time would be highly valuable to the industry to further increase turnover 
rate and understanding of mask roughness effects.  Key aspects to reducing simulation time 
include the validity of thin mask modeling versus 3D (see below), and decoupling mask surface 
roughness from pitch values (the basis of the simplified model to be explored beginning in 
Chapter 3).  A 3D model can take up about 12 hours to run versus 30 seconds for the thin mask 
modeling [72].  By decoupling mask surface roughness from pitch values, simulations can be 
sped up by a factor of however many feature sizes one wishes to simultaneously investigate. 

2.5.1 3D simulations  

 

  

Fig. 25.  (Top) Correlated interface roughness multilayer with uncorrelated thickness layer to layer, and 
(bottom) uncorrelated interface roughness and layer thickness [72]. 
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3D finite-difference time-domain (FDTD) simulations of mask roughness require that the 
roughness be characterized for each layer of the multilayer mirror.  Recent investigations looked 
at both conformal growth and non-conformal growth of the multilayer mirrors [72].  In the first 
case assuming conformal growth (a very realistic assumption as the multilayer deposition 
process has a point-spread function of its own [73], uncorrelated random thickness layers and 
perfectly smooth substrate and top surface roughness of 230pm, speckle contrast at -150nm 
defocus is 14%.  If, however, the layers were completely non-conformal with each other, a 
dramatically lower speckle contrast of about 4% is observed.  This case, however, is very 
unrealistic for the multilayer deposition process, and shows the importance of the replicated 
nature of the interface roughness in the multilayer in the formation of speckle [72].  Therefore, it 
is convenient in the 2D (thin mask) modeling to characterize just the top surface roughness to 
represent the whole multilayer, and this is called “replicated surface roughness”, or RSR. 

 

Fig. 26.  3D simulated speckle contrast curves expected for (left) correlated interfacial roughness, 
uncorrelated thickness layer to layer in the multilayer, and (right) uncorrelated interfatial roughness and 
thickness [72]. 

 

2.5.2 Thin mask modeling at EUV wavelengths and NA for practical surface 

roughnesses 

In the same study, investigations show that differences between 2D thin mask modeling and 3D 
mask modeling by FDTD are minimal over a range of NA from 0.32, 0.4, to 0.5.  With perfect 
conformal growth of the multilayer, at a roughness with rms height variation of 230pm (a severe 
but practical RSR figure) and correlation length of 125nm on the mask, comparisons between the 
2D and 3D simulations confirm overall the validity of the thin mask modeling [71].  The 3D 
modeling, as expected, yields slightly lower speckle contrast than 2D by a couple percent, 
mainly due to uncorrelated thickness layer to layer which helps reduce the coherent addition of 
speckle from each layer.  Position of the contrast rollover, however, remains in the same position 
between 2D and 3D, most likely due to perfectly correlated roughness between the layers.  
Despite the already very large increase in speed from 3D to 2D modeling, further speed increases 
promised by the redundant nature of speckle statistics around image features have a good 
potential.  Such a model that decouples the speckle from the feature would not only provide a 
benefit in reducing this modeling redundancy, but also provide physical insight into the means 
by which speckle couples to LER, and into how it can be mitigated. 
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Fig. 27.  Direct comparison of thin mask (2D) modeling to full (3D) simulations of mask roughness with 
correlated multilayer deposition [72]. 

 

2.6 Conclusions 

EUVL faces many problems before its implementation.  Most importantly; problems of source 
power, mask defects, and a suitable photo-resist platform.  Mask roughness induced LER- an 
issue specific to EUV- pertains mainly to the final printing performance of the photo-resist, 
which is a small, but crucial piece of the puzzle to the solution of pushing the RLS triangle to 
better performance levels. 

Because EUVL is a band-limiting imaging process (i.e., an aperture limits the spatial frequencies 
it passes), the mask surface roughness (which is geometrically related to phase roughness), is 
significant for EUV wavelength, and is directly coupled to speckle-induced intensity variations 
at the image plane, which can significantly alter LER measurements of the printed image.  
Moreover, because EUVL is dependent on reflective optics and masks, the geometrical relation 
of mask roughness to phase roughness is amplified by a factor of 2 due to reflection.  As defocus 
is introduced, mask phase errors even further couple into intensity variation, or speckle.  As 
expected, when coherence is increased, speckle is enhanced, and the mask phase error-induced 
speckle increases proportionately, and the mask roughness induced LER as well. 

While thin mask modeling provides a tremendous boost in speed to simulating speckle contrast 
over 3D modeling without sacrificing much accuracy, there is still a strong motivation to provide 
an even faster means of predicting mask roughness induced LER by decoupling speckle contrast 
from the features.  This is the basis of the simplified model, to be explored in the following 
chapter. 
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Chapter 3 

Simplified Model 
In this chapter, we explore the physicality between connecting speckle to line-edge movement 
through the use of image-log-slope (ILS).  Using this concept, we formulate a simple equation 
for the prediction of mask roughness induced LER based on clearfield speckle for the mask 
surface roughness properties.  To aid ourselves in this formulation, we first construct the model 
on a simple knife edge, then formalize the model at the end of the chapter.  We will see the 
model provides a speed enhancement through the elimination of redundancy in modeling 
multiple feature types on top of the same speckle pattern. 

3.1 Mapping Intensity Perturbation to Line-Edge 

Movement 

As mentioned above, the mask surface roughness characteristics determine the clearfield speckle 
statistics, specific to the optical system and focus.  By recognizing that speckle is fundamentally 
an intensity perturbation, we explore the use of the image-log-slope in mapping those 
incremental intensity changes to a corresponding movement of the line-edge. 

3.1.1 Mask Roughness Induced Speckle as an intensity perturbation 

Before investigating possible simplified methods to predict mask roughness induced LER, it is 
important to understand how it arises.  As discussed in the literature [2,4,74-76] and therefore 
only briefly presented here, surface roughness on a reflective mask geometrically induces phase 
roughness on the wavefront that due to the reflection is a factor of two larger than the actual 
surface deviations. This effect has detrimental consequences for EUVL.  Since the operating 
wavelength is nominally 13.5 nm, very small roughness on the multi-layer mask can 
significantly modulate the phase.  While the lithographic process operates by reimaging the mask 
to the wafer, the process itself is band-limited, resulting in an imperfect replication of the mask 
object that is sensitive to the phase errors on it.  Phase roughness on the mask results in many 
overlapping amplitude spread functions in the image plane that differ in phase from one to 
another, causing a complex interference pattern, the strength of which is modulated by the 
coherence factor.  These interference events manifest themselves as intensity variations, or 
speckle, at scales down to the resolution limit of the objective [70]. 
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It is apparent that speckle is a complex phenomenon.  However, it is a statistical effect whose 
macroscopic properties can be largely described by specifying the objective NA, coherence 
factor σ, defocus, and, of course, mask roughness.  Ultimately, it is essential to recognize that 
speckle is an intensity perturbation: a random walk in the electric field, and hence, also in 
intensity. 

 3.1.2 ILS as a mapping from change in intensity to line-edge movement 

Of greatest interest, however, is the LER and not the speckle.  The strength of how the speckle 
couples to LER is determined by the image-log-slope (ILS). Typically used as a metric of image 
quality, it measures the slope of the aerial image intensity transition across the edge of features 
present on a mask; e.g. from line to space.  Essentially, it is the change in intensity over change 
in position across the edge.  By definition, it is 

 (1) 

where the intensity, I, is the threshold at which the ILS is evaluated.  It is dependent on the 
objective NA, coherence factor σ, CD, and defocus.  A higher ILS means that for any intensity 
variation (e.g., through speckle), the resulting change in line-edge position will be small in 
comparison to a lower ILS value.  Therefore, a higher ILS is desirable, from the perspective of 
minimizing sensitivity to mask roughness.   

Noting that movements in line-edge, dx, are directly related to the 3-sigma definition of line-edge 
roughness, we can formalize the relation between speckle statistics and LER as 

 

. (2) 

3.1.3 Simplified Model Schematic 

Current methods to predict mask roughness induced LER involve conducting full 2D aerial 
image simulations in commercially available software (such as PROLITH [77] or Panoramic 
[78]), followed by extracting the LER from the computed aerial image through offline analysis 
using a software package such as SuMMIT [79].  As stated earlier, this method is time 
consuming and cumbersome. 

Our goal instead, is to simplify the LER modeling process by using simplified form of Eq. 2.  
The power in this simple equation is not in any new formulation, but in the method of 
implementing it.  By looking at Eq. 2, we can break-up the problem into smaller parts.  Consider 
an imaging system of given objective NA.  Instead of doing 2D aerial image simulations for each 
process parameter individually, we can minimize this time-consuming process by only 
conducting a one-time 2D aerial image simulation through focus on a clear-field rough mask to 
get the illumination- and mask roughness-specific clear-field speckle.  We can then couple this 
speckle to LER by using fast 1D aerial image simulations (e.g., using PROLITH) to get the 
feature- and illumination-specific ILS as it varies through focus.  From here, the full parameter 
space can be reached by analytic extension.  A comparison schematic of the two methods is 
shown in Fig. 28. 
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There are two distinct advantages to such a formulation.  Firstly, it provides a straightforward, 
tractable simplified solution to computing mask-roughness-induced LER that is fast.  Secondly, 
there is no need for an exhaustive list of 2D aerial image simulations for every mask pattern to be 
considered. 

 

 Fig. 28.  A comparison schematic of the traditional method and the simplified method to get the mask 
roughness induced LER. 

3.2 Mismatch: Line-edge speckle vs. Clearfield Speckle 

Our first attempt at implementing the model, as we shall see, was unsuccessful. The key reason 
lies in the difference between the clearfield speckle and the speckle actually at the thresholded 
line-edge, which actually causes LER.  Analysis shown below indicates that the clearfield 
speckle can be scaled by the intensity at the threshold, to give the line-edge speckle and correct 
the model. 

 3.2.1 Modeling method 

To verify the validity of our approach, we need to compute the LER from both methods 
illustrated in Fig. 2 and compare them.  Both used scalar aerial image modeling software based 
on the equations of partially coherent image formation [70].  Commercial software with similar 
capabilities include PROLITH [77] and Panoramic [78].  We modeled an aberration-free optical 
system with NA = 0.32.  Again, the low NA allows for scalar and thin mask modeling.  
Following a similar numerical analysis approach used elsewhere [2], we constructed a statistical 
representation of a clear rough mask as a random phase object, whose pure phase distribution is 
determined from the geometric path length differences imparted by the rough surface of the 
mask.  We started with a randomly generated mask object that was 1024 × 1024 pixels at 1 nm / 
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pixel with 1:1 imaging to the wafer plane.  Using this process we generated an entire set of 
masks all with an RSR of 50 pm, and with a variety of correlation lengths (5, 13, 20, 26, 32, 42, 
47, 61, 68, 83, 96, 106, 127 nm).  In order to build up a significant statistical ensemble, we 
created 10 random realizations of the mask for each RSR / correlation length pair.  Assuming a 
wavelength of 13.5 nm, we converted each topographic surface to a phase perturbation.  This set 
of masks was the starting point for the two approaches we wish to compare: the traditional 
method and the proposed simplified one. 

To reproduce the traditional method which calls for calculating the LER directly from aerial-
image simulations, we overlaid (multiplied) each clear-field rough mask realization with an ideal 
binary amplitude 50 nm line-space pattern.   

We carried out the simulations through focus for 4 different disk illuminations: coherence factors 
σ = 0.15, 0.25, 0.50, and 0.75.  We then extracted the LER in SuMMIT [79], using only nested 
features for LER analysis, avoiding the outer 200 nm border.  We took care to set the binary 
threshold properly for each sigma value to provide proper sizing of the 50 nm lines at best focus.  
This was done for each random realization of each mask to build up the statistics.  Assuming the 
process is ergodic, we could have just as easily used a larger mask with larger lengths of lines 
instead of numerous independent realizations.  However, due to memory constraints, our chosen 
method is the preferred one.  The LER data from this traditional approach is now ready for 
comparison to the new simplified method. 

For the simplified method, we modeled each random realization of the clear-field mask under the 
same illumination conditions to get the clear-field speckle statistics.  We then calculated the ILS 
using fast 1D aerial-image simulations in PROLITH [77] for our pattern of lines and spaces for 
each illumination condition.  Finally, using the proposed solution to mask roughness induced 
LER described above, we analytically calculated the LER. 

It is important to note that the power of the simplified approach lies in the one-time intensive 
aerial-image simulations of the clear-field speckle statistics.  Once calculated, they are done.  By 
using feature-specific ILS to couple clear-field speckle to LER in the aerial image, we can 
analytically extend the LER analysis to an arbitrary set of features with great ease, and reduce 
redundancy. 

3.2.2 Initial result 

Fig. 26 shows simulated LER results for one illumination setting, σ = 0.15.  The trends for each 
correlation length show fairly constant slopes through focus with no crossover between them.  
This pattern is consistent for all other illuminations as well.  It is therefore possible, for clarity, to 
look at just one defocus setting for comparison of the simulated LER to the simplified approach. 
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Fig. 29.  Simulated LER data through focus for 50 nm lines and spaces, RSR 50 pm, disk of σ = .15 
illumination, for a variety of correlation lengths. 

Our first attempt to verify the simplified method against the full calculation did not provide a 
good match (see Fig. 30).  This suggests that the clear-field speckle differs significantly from the 
speckle in the presence of lines and spaces.  To assert this, we directly compared the intensity 
standard deviation of the clear-field aerial image and that of the feature-specific one (taken both 
at the line-edge and in the middle of the space).   In this calculation, we used the aerial image 
results from the simulated LER method to investigate the feature-specific speckle.  We took the 
standard deviation of the intensity in the direction parallel to the lines at two horizontal positions: 
in the middle of the space and at the line-edge (see Fig. 31 for a comparison of the two methods).  
We also took care to evaluate the line-edge intensity standard deviation at the same threshold 
value used for calculating the simulated LER.  The results show great disparity (see Fig. 32).  It 
is apparent that the presence of features affects speckle in a complex way. 

 

Fig. 30.  Our first attempt provided a poor match.  Simulated LER vs. Simplified LER (using clear-field 
speckle) at -50 nm defocus setting for a variety of correlation lengths and a variety of illumination 
settings. 
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Fig. 31.  (Left) Clear-field speckle vs. Line-edge speckle calculation method. 

Fig. 32.  (Right) STD of Intensity of Clear-field vs. at the Line-edge and middle of the Space for 50 nm 
lines and spaces with disk illuminations σ = .15, RSR 50 pm, for a variety of correlation lengths at -50 nm 
defocus 

3.2.3 Line-edge speckle 

We concluded then, in its most general form, the simplified method must use the speckle at the 
line-edge.  To prove its validity, we attempted the comparison between the full calculation and 
simplified method once again, but this time using the standard-deviation of intensity at the line-
edge [80].  The results are shown in Fig. 33 (top-left) are at a defocus setting of -50 nm and give 
an excellent match.  We repeated the entire data set for 40 nm lines and spaces and 22 nm lines 
and spaces, the results of which are shown in Fig. 33.  We also repeated the entire data set on 50 
nm and 22 nm lines and spaces for a different RSR value of 230 pm, shown in Fig. 34.  For Fig. 
34 at 22 nm lines and spaces, the defocus setting was changed slightly to -30 nm, due to 
corrupted image files further out of focus.  In all cases, there was good agreement between the 
full and simplified LER methods.  In Fig. 34 for 22 nm lines and spaces at 230 pm RSR, the 
match between the two methods agrees less well for higher correlation lengths, but we believe 
this is a simple artifact of the statistical nature of the speckle.  Since the line-edge speckle 
calculation used only one line-edge on one aerial image, this could likely be improved by 
considering a larger dataset. 
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Fig. 33.  Simulated LER vs. Simplified LER (using speckle at Line-edge) for RSR 50 pm, a variety of 
illuminations, a variety of correlation lengths, at a defocus of -50 nm, for (top-left) 50 nm, (center-left) 40 
nm, and (bottom-left) 22 nm lines and spaces (where hld is horizontal line dense, or lines and spaces). 

Fig. 34.  Simulated LER vs. Simplified LER (using speckle at Line-edge) for RSR 230 pm, a variety of 
illuminations, a variety of correlation lengths, (top-right) at a defocus of -50 nm for 50 nm lines and 
spaces, and (bottom-right) at a defocus of -30 nm for 22 nm lines and spaces. 

3.2.4 Knife-edge rough object 

Since the power of the simplified method lies in applying the clear-field speckle formulation and 
not the feature-specific line-edge one, we investigated how to functionally relate the one to the 
other.  If we found some way to do so, then we could maintain the clear-field speckle 
formulation with perhaps some adjustment parameter.  Assuming the relative intensity variation 
in the case with lines to be constant and equal to the relative variation in the clear-field speckle, 
we can approximate the absolute intensity variation (speckle) at the edge to be the absolute clear-
field speckle scaled by the relative intensity at the edge.  Thus, if the edge is defined at a 
threshold value of 30%, for example, we would assume the absolute speckle at the edge to be 
30% of the absolute speckle in the clear-field.  To test this assumption, we constructed a knife-
edge structure on top of a clear-field rough mask of RSR 50 pm, using one of the previously 
generated realizations of the clear rough mask for the 32 nm correlation length case (see Fig. 35).  
We carried out aerial image simulations for the same 4 disk illuminations examined above, and 
extracted the resulting LER.  We then calculated the clear-field speckle and the ILS, in a similar 
manner to that described above, and repeated the calculation of LER using the clear-field speckle 
as in Eq. 2, but where the clear-field speckle was scaled by the line-edge intensity (found in 
PROLITH[77]).  The numerical results are seen in Fig. 10, and show that the scaled clear-field 
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speckle formulation actually provides a better agreement with the simulated LER values than 
does the simulated line-edge speckle formulation, for the case of the knife-edge.  We believe this 
is because the standard deviation of the line-edge captures not only the line-edge speckle, but 
deviations caused by the LER itself as well, resulting in a overestimation of the LER. 

 

Fig. 35.  Knife-Edge on rough clear mask with RSR 50 pm and correlation length of 32nm. 

 

Fig. 36.  Numerical results for the calculation of LER based on the simplified model in comparison with 
the LER calculated from the full 2D aerial image simulation. 

We then repeated the comparison between simulated LER and the LER calculated from the 
simplified model, shown in Fig. 33 (top-left).  This time, however, we used the new scaled clear-
field speckle for the simplified model.  The results shown in Fig. 37 show a good match.  The 
simplified model seems to consistently underestimate the simulated LER by only a small amount 
for all illuminations, approximately 0.1 nm at most. 
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Fig. 37.  When the clear-field speckle is scaled by intensity at the line edge, the LER based on the 
simplified model matches the simulated LER well.  For all illuminations, the LER is consistently 
underestimated by only a small amount, approximately 0.1 nm at most.  This is for 50 nm lines and 
spaces with an RSR 50pm at a defocus of -50nm, for a variety of correlation lengths and illumination 
settings. 

 

3.2.5 New formulation 

Let us formalize the simplified model: Given NA, illumination conditions, and mask roughness 
characteristics (well defined by replicated surface roughness (RSR) and correlation length), a 
one-time 2D aerial image can be conducted to calculate the clear-field speckle statistics through 
focus.  This can be done by taking the rms-deviation of the resulting clear-field intensity 
distribution, which in the notation below, is called S.  The total incident clear-field intensity, is 
here called ICF.  The details of the aerial image modeling of a rough mask are described 
elsewhere [8], and can be done in the previously mentioned commercial software packages 
PROLITH [77] and Panoramic [78].  This speckle can be coupled to any feature size using a fast 
1D aerial image simulation of the image-log-slope (ILS), again, within the same software 
utilities.  The ILS should be evaluated at a relative percent threshold to produce properly sized-
to-target features at zero defocus.  This is called p in the notation below.  In terms of absolute 
intensity, the intensity at the threshold, here called Ith, is then 

pII CFth ×= . (1) 

From the 1D aerial image, the maximum intensity in the middle of the space can be found, which 
is here called Imax.  Using this information and the fact that speckle scales with intensity [2], the 
speckle at the line-edge can be calculated directly.  In absolute intensity terms, the speckle at the 
line-edge, here called S’, can be found by 

th

CFCF

I
I

I

I

S
S ××= max' . (2) 

Finally, by dimensional analysis, it can be shown that the 3-sigma LER in terms of absolute 
intensity can be calculated by 

ILSI
SLER

th ×
××= 1
'3 . (3) 
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The numerical analysis to be followed is similar in approach to that used elsewhere [2,71].  The 
rough clear mask is statistically represented as a random phase object with a pure phase 
distribution determined by the geometric path length differences imparted by the rough surface 
of the mask.  Starting with a randomly generated mask object that was 1024 × 1024 pixels at 1 
nm / pixel and 1:1 imaging to the wafer plane that represents a geometric height map, the 
replicated surface roughness (RSR) value is to be set by appropriately scaling the standard 
deviation of this original mask object.  The other surface roughness parameter of interest is the 
correlation length, which is to be calculated by taking the FWHM of the autocorrelation of the 
resulting mask object.  This process should be repeated to generate an ensemble of 10 random 
realizations of the clear rough mask, all with an RSR and correlation length of interest.  Given an 
illumination wavelength of 13.5 nm for EUVL, each topographic surface should then be 
converted to a phase perturbation. 

A one-time 2D aerial image simulation (using either PROLITH [77] or Panoramic [78]) through 
focus should be conducted based on the NA of the optical system and the type of illumination 
conditions of interest.  The clear-field speckle statistics (S in the above formulae) can then be 
calculated by taking the standard deviation of the resulting clear-field intensity distribution of the 
rough mask, and averaging across the ensemble.  The input intensity in this aerial image 
simulation of the clear-field is the intensity normalization factor, ICF. 

For the particular critical dimension of interest, a fast 1D aerial image simulation should be done 
(for example, using PROLITH [77]), using the appropriate parameters of NA of the imaging 
optic and illumination conditions through focus.  The feature should be thresholded to yield 
target CD at best focus.  This threshold value is the p seen above.  Although this value drops out 
of the final LER equation explicitly, it is implicitly present in the ILS value, which, as the next 
step, should be calculated at this threshold value.  Finally, the maximum intensity modulation 
value can be calculated by looking at the aerial image intensity as a function of horizontal 
position at the appropriate defocus value.  The maximum intensity value will occur 
approximately in the middle of the space for a horizontal line dense structure. 

3.3 Conclusions 

A simplified solution exists for predicting mask roughness induced LER. 
 
The power of the simplified solution lies in being able to use the clear-field speckle formulation, 
where there is no need to repeat intensive 2D aerial image simulations for each specific feature.  
A one-time clear-field rough mask simulation for the illumination of interest will suffice, scaled 
by the intensity at the line-edge, with fast 1D aerial image simulations of the ILS to couple LER 
to any specific feature desired.  This clear-field speckle formulation of the simplified solution 
provides a fast and tractable means of quickly calculating the mask roughness induced LER. 
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Chapter 4 

Simplified Model Verification Part I 
In this chapter, we verify that the newly constructed simplified model works for on-axis 
illumination conditions, for dense lines and spaces, down to the 22-nm half-pitch, as well as 
isolated ones, for higher NA, long correlation lengths, and different roughness exponents. 

4.1 Verification on dense lines and spaces 

We modeled an aberration-free optical system with NA = 0.32, but extended our set of rough 
masks all with an RSR of 50 pm to have a variety of correlation lengths (5, 13, 20, 26, 32, 42, 47, 
61, 68, 83, 96, 106, 127 nm).  In order to build up a statistically significant ensemble, we created 
10 random realizations of the mask for each RSR / correlation length pair.  This set of masks was 
the starting point for the two approaches we wish to compare: the traditional method and the 
proposed simplified one. 

To reproduce the traditional method which calls for calculating the LER directly from aerial-
image simulations, we overlaid (multiplied) each clear-field rough mask realization with an ideal 
binary amplitude 50 nm line-space pattern.   

We carried out the simulations through focus for the same four disk illuminations used above: 
coherence factors σ = 0.15, 0.25, 0.50, and 0.75.  We then extracted the LER in SuMMIT [79], 
using only nested features for LER analysis, avoiding the outer 200 nm border.  We took care to 
set the binary threshold properly for each sigma value to provide proper sizing of the 50 nm lines 
at best focus.   

Fig. 38 shows simulated LER results for one illumination setting, σ = 0.15.  The trends for each 
correlation length show fairly constant slopes through focus with no crossover between them.  
This pattern is consistent for all other illuminations as well.  It is therefore possible, for clarity, to 
look at just one defocus setting for comparison of the simulated LER to the simplified approach.    
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Fig. 38. Simulated LER data through focus for 50 nm lines and spaces, RSR 50 pm, disk of σ = 0.15 
illumination, for a variety of correlation lengths. 

The results are shown in Fig. 39 are at a defocus setting of -50 nm and give an excellent match.  
We repeated the entire data set for 40 nm lines and spaces and 22 nm lines and spaces, the results 
of which are also shown in Fig. 39.  We also repeated the entire data set on 50 nm and 22 nm 
lines and spaces for a different RSR value of 230 pm, shown as well in Fig. 39.  For 22 nm lines 
and spaces with an RSR of 230 pm [Fig. 39 (d)], the defocus setting was changed slightly to -30 
nm, due to the reduced depth of focus.  In all cases, there was good agreement between the full 
and simplified LER methods.  At large correlation lengths, however, the case of 22 nm lines and 
spaces for highly coherent disk illuminations of σ = 0.15 and 0.25, the simplified model 
significantly underestimates the simulated LER.  We believe that in this regime, the assumption 
that the speckle at the line-edge can be obtained by scaling the clear-field speckle by the intensity 
at the line-edge is no longer strictly true.  For correlation lengths less than 60 nm, it is apparent 
that the scaled clear-field speckle formulation is a good rule-of-thumb, nonetheless.  The 
simplified model seems to consistently underestimate the simulated LER by only a small amount 
for all illuminations, approximately 0.1 nm at most.  

(a) (b)  
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(c) (d)  

(e)  

Fig. 39.  Simplified LER (“Stat” indicated in gray) for the calculation of LER based on Eq. 2 in 
comparison with Simulated LER (“Disk” indicated in black) for RSR 50 pm, a variety of illuminations, a 
variety of correlation lengths, for (a) 50 nm hld (horizontal line dense, or lines and spaces) for RSR 50 
pm, (b) 50 nm hld for RSR 230 pm, (c) 40 nm hld for RSR 50 pm, (d) 22 nm hld for RSR 230 pm, and (e) 
22 nm hld for RSR 50 pm.  All were at a defocus setting of -50 nm, except for (d) which was at -30 nm 
defocus. 

 

4.2 Verification at higher NA 

In order to verify that the peak location in correlation length is tied to the NA of the optic, we 
also tested the simplified model against higher NA, keeping all other parameters the same.  So, 
now shifting from NA = 0.32 to NA = 0.5, we see a corresponding shift of the peak location to a 
lower correlation length, again on par with the enhanced resolution of the optical system.  We 
note that the actual peak location is slightly higher than the arbitrary 0.61λ/NA resolution 
according to Rayleigh, and this is due to maximal capture of the scattering halo by the optic 
when at a value of 0.71λ/NA (based on a sinc function instead of a Gaussian).  Again, this was 
for an RSR of 50pm, through correlation length, this time for a defocus value of -30nm.  Reasons 
for the apparent worse performance of the larger features at 50nm CD versus 22nm CD are 
explained in chapter 6 when the data is revisited (see Figure 40). 



38 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 20 40 60 80 100 120 140

L
E
R
 (
n
m
)

Correlation Length (nm)

0

0.5

1

1.5

2

2.5

3

3.5

0 200

L
E
R
 (
n
m
)

Correlation 

Length (nm)

Disk σ=0.15

Disk σ=0.25

Disk σ=0.50

Disk σ=0.75

Stat σ=0.15

Stat σ=0.25

Stat σ=0.50

Stat σ=0.75

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 20 40 60 80 100 120 140

L
E
R
 (
n
m
)

Correlation Length (nm)

 

Fig. 40.  (Top) 50nm lines and spaces on 50pm RSR for NA = 0.5 at -30nm defocus, and (bottom) 22nm 
lines and spaces. 

 

4.3 Verification on isolated lines and spaces 

The scaling of the speckle by the intensity at the line-edge has interesting implications for the 
mask roughness induced LER of isolated lines versus isolated spaces.  In the case of an isolated 
space of a sufficiently small feature, the intensity in the middle of the space is unable to reach the 
maximum it would for a much larger feature.  This, in turn, damps the intensity at the line-edge, 
and consequently the speckle at the line-edge calculated in equation 2, and improves the mask 
roughness induced LER as seen in equation 3.  Isolated lines do not benefit from any similar 
situation, as there is no damping of the intensity in the clear-field surrounding the isolated line 
feature.   



39 

 

 

        

Fig. 41.  (Left) Isolated line on rough surface, and (right) isolated space on a rough surface. 

 

Figure 42 illustrates numerically the difference in maximum intensity reached for both an 
isolated line and an isolated space and for both 22-nm and 50-nm features.  This was for an 
aberration-free imaging system of NA = 0.32 at a defocus of -50 nm and disk illumination 
settings of σ = 0.15, 0.25, 0.50, and 0.75.  For the 50-nm features, the difference in maximum 
intensity between the isolated line and the isolated space is minimal.  In contrast, for the 22-nm 
features the difference is significant, and it is to be expected that the 22-nm isolated line features 
would have significantly worse LER than that of the isolated space.   

    σ = 0.15 σ = 0.25 σ = 0.50 σ = 0.75 

50-nm Isolated Line   1.133 1.13 1.106 1.046 

50-nm Isolated Space   1.307 1.285 1.189 1.043 

22-nm Isolated Line   1.207 1.188 1.11 1.014 

22-nm Isolated Space   0.724 0.715 0.672 0.597 

Fig. 42.  Maximum Intensity for isolated line versus isolated space for disk illumination setting of σ = 
0.15, 0.25, 0.50, and 0.75, at a defocus of -50 nm, for both 50-nm and 22-nm features.  For an NA = 0.32 
aberration-free imaging system.  

To verify this prediction, full 2D aerial image modeling with conducted for an optical system 
with NA = 0.32, four different disk illumination conditions (σ = 0.15, 0.25, 0.50, 0.75), an RSR 
setting of 50 pm, and for both a 22-nm and a 50-nm isolated line and isolated space through 
focus, and for a variety of correlation lengths (5, 13, 20, 26, 32, 42, 47, 61, 68, 83, 96, 106, 127 
nm).  Again, for each illumination setting, the data were well-behaved through focus, exhibiting 
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no crossover from one correlation length to another.  Therefore the data at one defocus setting is 
consistent with how the LER behaves at other defocus settings as well.  This was compared 
against the simplified model described above in Figure 43 at a defocus setting of -50 nm.  The 
simplified model matches well to the fully simulated LER, to within 0.2 nm LER accuracy. 

(a) (b)  

(c) (d)  

Fig. 43.  Numerical results (“Stat” indicated in gray) for the calculation of LER based on Eq. 3 in 
comparison with the LER calculated from the full 2D aerial image simulation (“Disk” indicated in black).  
This was for an imaging system with NA=0.32, ideal pupil map, disk illumination settings σ = 
0.15, 0.25, 0.50, 0.75, RSR of 50 pm, through correlation length, for (a) 50 nm isolated line, (b) 
50 nm isolated space, (c) 22 nm isolated line, and (d) 22 nm isolated space, all at a defocus 
setting of -50 nm. 

In plotting the fully simulated LER for the isolated line directly against the isolated space in 
Figure 44, it is as expected that the difference in mask roughness induced LER between them for 
a particular illumination setting is insignificant at the 50-nm feature level.  At the 22-nm feature 
level, however, the difference is considerable, showing the strong effect the intensity-scaling of 
the speckle has on the LER.  It is interesting to note that from the perspective of a feature size 
close to the diffraction limit (the 22-nm level in this case), the isolated space should have 
induced a random walk intensity variation in the direction normal to the length of the line, as 
reported previously in the 2D case of contacts [5].  This should have increased the rms deviation 
of the speckle to some degree, ultimately benefiting the printing of isolated lines as opposed to 
spaces, from the perspective of LER.  As seen in Figure 43 however, the results clearly indicate 
that this effect is minimal in comparison to the effect of intensity-scaling the speckle. 
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Fig. 44.  LER as a function of correlation length data replotted for isolated line versus isolated space for 
disk illumination setting of σ = 0.15, 0.25, 0.50, and 0.75, at a defocus of -50 nm, for 50-nm features (left) 
and 22-nm features (right).  For an NA = 0.32 aberration-free imaging system, and a rough mask with 
RSR 50 pm, and a variety of correlation lengths.  

 

4.4 Verification at long correlation lengths 

We also later explored the behavior at long correlation lengths to see if the mask roughness 
induced LER prediction collapsed to a single value for all coherence values.  We expect that 
through correlation length the coherence values should preserve order: more incoherence means 
a larger diffracted order signal is captured by the optic, so greater averaging of the roughness 
statistics can help mitigate the speckle.  However, in the case of long correlation lengths, this 
should matter less and less as the mask gets globally more smooth (more discussion to follow in 
Chapter 6, where the geometric model is explored).  Replotting previous fully simulated LER 
values, and now expanding the correlation length range to include a data point at 250nm, we 
conduct our investigation on both 50nm and 22nm lines and spaces for an RSR of 50pm, NA = 
0.32, at a defocus of -50nm.  We find that for the larger CD (50nm), the mask roughness induced 
LER has indeed nearly collapsed to approximately the same value, but for the smaller CD 
(22nm), the discrepancy between various coherence values remain to within 0.1nm LER.  We 
note that for the case of the 22nm CD and disk σ = 0.50 illumination type, we could not compute 
the LER due to corrupted data at this defocus value. 
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Fig. 45.  (Top) 50nm lines and spaces for 50pm RSR at a defocus of -50nm, and (bottom) 22nm lines and 
spaces. 

 

4.5 Verification self-affine surfaces 

The effect of roughness exponent on the comparison was also investigated.  All of the previous 
rough mask surfaces were generated by a random Gaussian number generator subjected to a top-
hat filter on the PSD, resulting in band-limited, non-fractal roughness.  This is effectively 
equivalent to a roughness exponent of infinity, where the roughness exponent is given by (m-1)/2 
[59], where m is the slope after the “knee” in a log-log plot of the PSD, where the “knee” itself is 
located at the correlation length.  Technically, a roughness exponent between 0 and 1 represents 
the two extremes for self-affine surfaces.  Practically, a roughness exponent between 0.2 and 0.8 
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are good representatives of the two extremes.  Therefore, in verifying the simplified method for 
other roughness exponents, we started with subjecting a random Gaussian number distribution to 
a filter on the PSD whose knee position was determined for a correlation length of 32 nm and 
separately for roughness exponents of both 0.2 and 0.8.  The PSD was then normalized so that 
the total integrated energy yielded an RSR of 50 pm.  Proceeding in a manner similar to that 
outlined above, we carried out both the full 2D aerial image LER analysis and the simplified 
method for 50 nm lines and spaces, for an NA = 0.32, an ideal pupil map, for a variety of partial 
coherence settings (σ = 0.15, 0.25, 0.50, and 0.75), and through focus from -0.1µm to +0.1µm. 
 
The results are seen in Fig. 46, and show that the simplified method remains a valid one to 
predictions as accurate as 0.1 nm LER, for roughness exponents of 0.2 (Fig. 46(a)) and 0.8 (Fig. 
46(b)), the practical extremes for self-affine rough surfaces.  It is expected that a change in 
roughness exponent should have little effect on the validity of the simplified method since most 
of the integrated roughness is contained within the lower spatial frequencies of the PSD before 
the occurrence of the knee.  The amount of integrated roughness contained in the region whose 
spatial frequencies are dampened by the roughness exponent remains comparatively 
insignificant, even for a roughness exponent of 0.2.  We also note that the previous results 
presented in Fig. 45 represent a worst-case scenario for LER specifications, as the top-hat filtered 
PSD applied to this data means that all of the integrated rms roughness was contained in the 
lower-spatial frequencies which count towards LER[1]. 

(a) (b)  

Fig. 46.  Simplified LER (“Stat” indicated in gray) for the calculation of LER based on Eq. 2 in 
comparison with Simulated LER (“Disk” indicated in black) for RSR 50 pm, a variety of illuminations, 
for a correlation length of 32 nm, 50 nm hld, an RSR of 50 pm, through focus from -0.1 µm to +0.1 µm, 
for (a) a roughness exponent of 0.2 and (b) a roughness exponent of 0.8. 

 

4.6 Conclusions 

A practical means of implementing the newly proposed simplified model of mask induced 
roughness induced LER has been described in detail.  The method has been confirmed to work 
for the two extrema in pattern imaging: 50% duty cycle line dense structures as well as 
completely isolated lines and spaces, at both the 50-nm and 22-nm feature level.  Specifically, 
for the 50nm dense lines and space features for an RSR of 50pm and correlation length of 32nm 
with NA = 0.32, the LER level is at ~1.1nm, and by scaling to 230pm RSR, the LER increases to 
~4.5nm.  In addition, the implications of intensity-scaled speckle outlined by the method mean 
that isolated lines face a particular challenge in mask roughness induced LER maintenance as 
opposed to isolated spaces at the 22-nm feature level.  This is not a concern at the 50-nm feature 
level. 
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The simplified model has also been verified at higher NA, longer correlation lengths, and 
differing roughness exponents, as typical for self-affine surfaces. 
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Chapter 5 

Simplified Model Verification Part II 
In Chapters 3 and 4, a new simplified model has been proposed [70] for faster modeling and 
prediction of mask roughness induced LER based on parameters of objective NA, mask 
roughness, defocus, and illumination conditions.  We extend that work and verify the validity of 
this simplified model across a much wider range of parameters.  We first discuss the 
implementation, and verify from conventional disk-type illumination to off-axis illumination 
configurations down to the 16-nm half pitch, and all through focus.  We also examine the 
performance of the simplified model for an alternating phase-shifting mask (Alt-PSM), and 
compare mask roughness induced LER for the Alt-PSM versus traditional lines and spaces. 

5.1 Off-Axis Illuminations 

It is important to verify that the simplified model works not only for disk-type illumination, but 
also for off-axis illumination.  Similar to the data above, we model with illumination wavelength 
of 13.5 nm an aberration-free objective at NA = 0.32, for both an RSR setting of 100 pm and 
correlation length of 32nm, for both 22-nm and 16-nm lines and spaces through focus.  The 
illumination types we considered were: disk (σ = 0.10 and 0.50), dipole (σ = 0.10 and 0.50), 
crosspole (σ = 0.10 and 0.50), and annular (σ = 0.10). 

5.1.1 Thresholding 

In evaluating the simplified model, it was found that the off-axis illumination types were 
particularly sensitive to the threshold the through focus LER and ILS were calculated at, and care 
should be taken that these mechanisms are consistent with one another, despite the possible use 
of different software packages with different thresholding algorithms.  For instance, one can 
choose the threshold to be absolute based at zero defocus (the method Prolith [77] uses), or 
relative (the method used by SuMMIT [79]). 

5.1.2 New results though focus 

A comparison of fully simulated mask roughness induced LER versus the simplified model’s 
prediction are shown in Fig.47.  The method of thresholding chosen was a relative threshold.  
While the 100pm RSR value is not the ideal of 50pm, it is a more realistic specification for 
current mask technologies.  The correlation length value of 32nm, as previously mentioned, lies 
directly on the peak LER value through correlation length, and so represents a worse-case 
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scenario of mask roughness induced LER for this optic.  We note that the random variations in 
the simplified models predicted LER value is noisy for illumination types disk and crosspole of 
σ = 0.10 due to the speckle  at such a high coherence setting, which leads to negative exponential 
statistics, and means fluctuations about the mean are rather pronounced [70].  The shortened 
focal range analyzed for the fully simulated LER of disk and annular of σ = 0.10 was caused by 
corrupted data further out of focus.  As expected, higher coherence settings yield consistently 
higher mask roughness induced LER values through focus due to increased speckle contrast.  In 
all cases, the simplified models prediction, through focus, for the mask roughness induced LER 
performs remarkably well ̶  to within 0.2nm LER accuracy at the outer extremes of focus.  The 
accuracy improves as the incoherence is increased, again due to the increased noise of limiting 
negative exponential statistics with very coherent source types.  This noise could be improved by 
increasing the ensemble either spatially in extent of the mask, or the number of independent 
realizations. 

 

Fig. 47.  Numerical results (“Simplified” indicated in gray) for the calculation of LER based on Eq. 3 in 
comparison with the LER calculated from the full 2D aerial image simulation (indicated in black).  This 
was for an imaging system with NA=0.32, ideal pupil map, various illumination settings σ = 0.10 and 
0.50, RSR of 100 pm, a correlation length of 32nm, for 22nm half-pitch, all through focus. 

We repeated our exploration of the validity of the simplified model pushing the limit to the 16nm 
half-pitch node.  Again, on a mask of RSR 100pm and correlation length of 32nm, illumination 
wavelength of 13.5 nm an aberration-free objective at NA = 0.32, we looked at dipole (σ = 0.10 
and 0.50), crosspole (σ = 0.10 and 0.50), and annular (σ = 0.10 and 0.50), where the placing of 
the poles was optimized given the pitch and NA (crosspole is in the 90° orientation).  Again, the 
shortened range of focus over which the LER was analyzed for in certain line-trends was due to 
corrupted data.  Results in Fig. 48 show that once more, the simplified model holds up under 
rather large focal ranges, to within an accuracy of ~0.2nm LER.  Overall, the predicted mask 
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roughness induced LER levels remain much higher for the 22nm half-pitch versus the 16nm half-
pitch.  Although the ILS is most certainly poorer for the 16nm half-pitch, this seeming 
improvement in LER is accounted for by a combination of both slightly lower intensity threshold 
value and speckle, both of which have a strong effect on the ultimate mask roughness induced 
LER, as explained in Section 2.   

 

Fig. 48.  Numerical results (“Simplified” indicated in gray) for the calculation of LER based on Eq. 3 in 
comparison with the LER calculated from the full 2D aerial image simulation (indicated in black).  This 
was for an imaging system with NA=0.32, ideal pupil map, various illumination settings σ = 0.10 and 
0.50, RSR of 100 pm, a correlation length of 32nm, for 16nm half-pitch, all through focus. 

5.2 Alt-PSM 

We were also interested in verifying the performance of the simplified model on an alternating 
phase-shifting mask (Alt-PSM). 

5.2.1 Simulated vs. Simplified at 22-nm 

To evaluate the phase shifting mask, we constructed our mask object with the same mask 
roughness ensemble used in previous chapters for an RSR value of 50pm, through correlation 
length.  The phase shift occurred with periodicity of 88nm (double the frequency we desire to 
reach), and on an optical system with NA = 0.32.  The size of the features versus resolution of 
the optic is important: if the feature size were too large, then the alternating phase shift would not 
produce a sinusoid in the image, but rather strong narrow lines about the size of the resolution of 
the optic where each phase edge occurs.  The clearfield speckle statistics used were the same as 
those used previously on the same optical system, RSR, and correlation length distribution.  
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Again, the data to be compared for the simulated versus simplified model was generated at a 
defocus setting of -50nm, and the image sized to 22-nm at best focus, with the ILS and intensity 
thresholding made to match the analysis method of the LER analysis program SuMMIT.  Disk 
illumination was modeled for σ = 0.15, 0.25, 0.50, and 0.75, with no aberrations. 
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 Fig. 49.  Numerical results (“Simplified”) for the calculation of LER based on Eq. 3 in comparison with 
the LER calculated from the full 2D aerial image simulation (“Simulated”).  This was for an imaging 
system with NA=0.32, ideal pupil map, disk illumination settings σ = 0.15, 0.25, 0.50, and 0.75, RSR of 
50 pm, a correlation length of 6-127nm, for 22nm half-pitch, at a defocus of -50nm. 

Results show that the simplified model again provides a match to within 0.2nm LER accuracy 
for predicting the mask roughness induced LER values.  The fully simulated LER values have a 
broader peak in terms of correlation length than what the simplified model predicts.  This could 
be due to changes in the speckle statistics due to non-linearity between clearfield versus line-
edge speckle, or a difference in intensity thresholding for calculation of the LER: the ILS and 
intensity were calculated independently so that features were sized to 22-nm at best focus, 
whereas the fully simulated LER data was sized to 22-nm at best focus and analyzed in 
SuMMIT, one time, independent of correlation length.   

 

5.2.2 Alt-PSM vs. Lines and Spaces at 22-nm 

We wish to revisit previous data on the conventional 22-nm half-pitch lines and spaces, and 
compare that directly to the alt-psm data presented above.  Plotted below, we see that 
conventional lines and spaces have a significantly higher LER peak at the correlation length of 
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the resolution of the optic: the alt-psm data shows a much broader, but lower peak in 
comparison.  For more incoherent illumination of disk σ = 0.75, however, there is no significant 
difference between the two data sets.  Since the ILS is constant through correlation length, as 
well as the intensity the image was thresholded at, we know that this slight mismatch in contour 
is due directly to the differences in speckle contrast between the clearfield and that at the line-
edge, through correlation length. 
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 Fig. 50.  Fully simulated LER results for the alt-psm versus traditional lines and spaces for 22-nm half-
pitch, plotted for direct comparison.  This was for an imaging system with NA=0.32, ideal pupil map, 
disk illumination settings σ = 0.15, 0.25, 0.50, and 0.75, RSR of 50 pm, a correlation length of 6-127nm, 
for 22nm half-pitch, at a defocus of -50nm. 

 

5.3 Conclusions 

The simplified model has been verified for off-axis illuminations, through focus, down to the 
16nm half-pitch.  In particular, the off-axis illumination is very sensitive to the thresholding 
mechanism used for calculation of the ILS, Intensity, and LER, and should be internally 
consistent.  This is true as well when evaluating the simplified model on alt-psm objects, which 
were verified for 22-nm. 
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Chapter 6 

Geometric Model 
As outlined in chapters 4 and 5, progress has been made in formulating a simplified solution for 
mask roughness induced LER.  Even with already simplified models, however, we seek to find 
even faster solutions.  In this chapter, we develop a geometric model for mask roughness induced 
LER which is even faster than the already described simplified model.  Specifically, we 
investigate the LER behavior at long correlation lengths of surface roughness on the mask, and 
find that for correlation lengths greater than 3λ/NA in wafer dimensions and CDs greater than 
approximately 0.75λ/NA, the simplified model, which remains based on physical optics, 
converges to a “geometric regime” which is based on ray optics and is independent of partial 
coherence.  In this geometric regime, the LER is proportional to the mask slope error as it 
propagates through focus, and provides a faster alternative to calculating LER in contrast to 
either full 2D aerial image simulation modeling or the newly proposed physical optics model.  
Data is presented for both an NA = 0.32 and an NA = 0.5 imaging system for CDs of 22-nm and 
50-nm horizontal-line-dense structures. 

6.1 Geometric Regime 

As the partial coherence increases to a nominally incoherent regime, we see from previous data 
in Chapters 3 and 4, that mask roughness induced LER collapses to nearly the same levels across 
all illumination types.  Therefore, this seems to indicate that a geometric regime would be valid 
for the modeling of mask roughness induced LER, independent of coherence.  We explore the 
possibility of using a geometric principle to further speed the modeling process. 

 6.1.1 Long correlation lengths trend 

Considering all previous data and as noted previously, we see that the LER decreases, but much 
more gradually, as the correlation length of the roughness gets longer and longer.  This can be 
seen across all data for an optical system with NA = 0.32, four different illumination conditions 
(σ = 0.15, 0.25, 0.50, 0.75), two RSR settings of 230 pm and 50 pm, for 22 nm and 50 nm lines 
and spaces, at a defocus of -50 nm, through a variety of correlation lengths (5, 13, 20, 26, 32, 42, 
47, 61, 68, 83, 96, 106, 127 nm), and a roughness exponent of infinity.  Here, all the light is 
captured by the pupil; this adverse effect, however, is mitigated due to a decreasing rate of 
change of the induced phase roughness, and, for correlation lengths greater than 3λ/NA in wafer 
dimensions, and CDs greater than approximately 0.75λ/NA, becomes roughly independent of 
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partial coherence, to within 0.1nm LER with each other.  In this limit, a geometric model based 
on ray optics should be valid since interference effects no longer play an important role. 

6.1.2 Mask Slope Error 

In this “geometric regime”, we assume the LER to be proportional to the mask slope error as it 
propagates through focus (see Fig. 51). 

 

Fig. 51.  In the “geometric regime”, the LER is proportional to the mask slope error as it propagates 
through focus. 

Physically, the slope at the base of the feature acts as a local tilt.  At zero defocus, the position of 
the base edge of the feature is perfectly reproduced in the image by the light rays.  As soon as 
defocus is introduced, however, the local tilt which causes a slight change in the angle of the 
light ray, results in a real image placement error with finite defocus.  This problem is further 
amplified by the reflective architecture of the multilayer mirrors, which amplifies the angle by a 
factor of 2 (see Fig.49).  Thus, for a defocus amount δz, a tilt of angle θ (in radians), the amount 
of image placement error is thus IPE=2*θ*δz, by small angles approximation [81]. 

 

Fig. 52.  Image placement error due to slight change in the angle of the light ray, at finite amounts of 
defocus. 

6.2 Geometric Model 

In the sections below, we seek to implement the mask slope error concept into our conception of 
a geometrical model, and verify it provides a good prediction of the LER at these long 
correlation lengths [82]. 
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6.2.1 Construction 

We explore the validity of the geometric model by directly comparing it to LER values extracted 
from full 2D aerial image simulations.  In the comparison, we consider an aberration-free optical 
system with NA = 0.32.  For the mask we consider RSR values of 50 and 230 pm and correlation 
lengths ranging from 5 to 127nm, and roughness exponent of infinity.  To build up a significant 
statistical ensemble, 10 random realizations of the mask for each RSR / correlation length pair 
were considered.  Assuming an illumination wavelength of 13.5 nm, each topographic height 
map surface was converted to a phase perturbation.  The mask was modeled with 1024 × 1024 
pixels at 1 nm / pixel assuming 1:1 imaging to the wafer plane.  Following the modeling 
convention introduced in Chapter 3, we model the geometric prediction for both 22 nm and 50 
nm line-space patterns.  Simulations were carried out through focus for 4 different disk 
illuminations: coherence factors σ = 0.15, 0.25, 0.50, and 0.75. 

In considering the geometric model, we assume that the LER is proportional to the mask slope 
error as it propagates through focus.  We therefore first constructed the point-spread-function of 
an aberration-free optical system the same as that already investigated above [71], with an 
objective NA = 0.32 and assuming an illumination wavelength of 13.5 nm.  We then convolved 
this with the topographical height map of the clear-field rough mask to get at how the mask slope 
error as seen by the wafer at the image plane (see Fig. 53).  This height map is dependent only on 
the mask roughness properties, and was repeated on the same statistical ensemble of rough 
masks used to produce the data represented earlier; that is, masks for both an RSR of 50 pm and 
230 pm, and a variety of correlation lengths (5, 13, 20, 26, 32, 42, 47, 61, 68, 83, 96, 106, 127 
nm), a roughness exponent of infinity, with 10 random realizations of the mask for each RSR / 
correlation length pair.  After the convolution performed on each mask, we then took the slope 
and propagated through focus to yield the geometric prediction which is also plotted in Fig. 54.   

 

Fig. 53.  To generate the “geometric” model, we constructed the point-spread-function of our imaging 
system (shown in log-scale on the left) and convolved it with the topographical height map of the clear-
field rough mask to get how the mask is seen from the wafer plane (shown on the right, along with a 
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circle representing the first null of the Airy pattern in the PSF, radius of 26nm).  We then took the slope 
across the mask to get the mask slope error, and propagated through focus appropriately. 

 

6.2.2 Verification 

It is evident from the results plotted in Figure 54 that the geometric model provides a good 
prediction of the LER for longer correlation lengths. 

(a)  (b)  

(c)  (d)  

Fig. 54. Simplified LER (“Stat” indicated in gray) for the calculation of LER based on Eq. 2 in 
comparison with Simulated LER (“Disk” indicated in black) for RSR 50 pm, a variety of illuminations, a 
variety of correlation lengths, for (a) 50 nm hld (horizontal line dense, or, lines and spaces) for RSR 50 
pm, (b) 50 nm hld for RSR 230 pm, (c) 22 nm hld for RSR 50 pm, (d) 22 nm hld for RSR 230 pm.  All 
were at a defocus setting of -50 nm, except for (d) which was at -30 nm defocus. 

We note that even in the case where the CD is less than 0.75λ/NA, the geometric model matches 
to within 0.1nm LER with those illumination conditions which are less coherent (σ = 0.50, and 
0.75 in Fig. 54).   

To further test this model, we also consider an NA of 0.5.  We repeated all the data for all three 
methods (fully simulated LER, LER from the simplified model, and LER for the geometric 
model) for masks of an RSR 50 pm with the same set of correlation lengths, and roughness 
exponent of infinity for the same illumination conditions (σ = 0.15, 0.25, 0.50, and 0.75), for 
both 22 nm and 50 nm lines and spaces.  This data is seen in Fig. 55 (a) for a defocus of -50 nm 
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for 50 nm lines and spaces, and (b) for a defocus of -30 nm on 22 nm lines and spaces.  Again, 
the geometric model provides a good prediction to within 0.1nm of the LER for roughness 
correlation lengths greater than 3λ/NA in wafer dimensions.  In this case since both CDs 
considered (22 nm and 50 nm) are now greater than approximately 0.75λ/NA, all illumination 
conditions converge well to the geometric model for both CDs. 

(a) (b)   

Fig. 55.  Simulated LER vs. Simplified LER for an NA = 0.5 system, RSR 50 pm, a variety of 
illuminations, through correlation length, (a) at a defocus of -50 nm for 50 nm lines and spaces, and (b) at 
a defocus of -30 nm for 22 nm lines and spaces. 

   

Fig. 56. Simulated LER vs. Simplified LER for an NA = 0.5 system, RSR 50 pm, a variety of 
illuminations, through correlation length, at a defocus of -30 nm for 50 nm lines and spaces. 

6.3 Conclusions 

We have shown that for roughness on the mask with correlation lengths greater than 3λ/NA in 
wafer dimensions and CDs greater than approximately 0.75λ/NA, the physical optics-based 
simplified model converges to a geometric, ray optics regime which is independent of partial 
coherence.  In comparison to either the fully simulated LER or even the LER calculated from the 
simplified model, the geometric model provides an advantage in the ease and speed of its 
calculation.  We note, however, that our implementation of the geometric model still involves a 
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convolution with the physical optics point spread function in order to determine the relevant 
image plane wavefront slopes. 

We also notice that for the NA = 0.5 imaging system, the location of the peak in LER has shifted 
to the slightly lower mid-spatial frequency of correlation length of 20 nm.  This is consistent 
with the earlier prediction [70] that the location of this peak is independent of the feature size, 
and is tied directly to the resolution of the objective (about 0.62λ/NA).  In order to meet the 
ITRS [1] benchmark of 1.7 nm total combined LER, and assuming an RSR of 50 pm, the 
correlation length should be greater than approximately 50 nm to limit the mask roughness 
induced LER contribution to under 0.3 nm.  Surprisingly, the stringency of this correlation length 
requirement is relaxed for the NA = 0.5 system in comparison to the NA = 0.32 system, where 
the LER peak was much broader and shifted slightly towards lower spatial frequencies.  This 
allows shorter correlation lengths to be much more tolerable in the NA = 0.5 case.  In addition, 
there is the added benefit of greatly reduced contribution of mask roughness induced LER for all 
correlation lengths for the NA = 0.5 system.  This is due to the fact that the higher NA does a 
better job replicating the pure phase function, thus reducing the coupling to speckle.  This is in 
opposition to the effect on mask LER where the higher NA will also do a better job replicating 
the mask LER (less filtering of the mask LER). 

 

Fig. 57. 1D Aerial images for a partial coherence of σ = 0.15, NA = 0.5, as a function of horizontal 
position for 50 nm lines and spaces at a defocus of -50 nm where the horizontal scale is 1.56nm / 1 pixel, 
and for 22 nm lines and spaces at a defocus of -30 nm where the horizontal scale is 0.6875 nm / 1 pixel. 

We note that in Fig. 55 for the NA = 0.5, the LER for 22 nm lines and spaces (at a defocus of -30 
nm) seems much better than that for 50 nm (at a defocus of -50 nm), disproportionate to the 
slight shift in defocus between them.  We therefore recalculated all the data for the case of 50 nm 
lines and spaces at a defocus setting of -30 nm for direct comparison in Fig. 56.  We see that 
despite the shift in defocus, the LER for 50 nm lines and spaces remains worse than for the 22 
nm case.  To investigate more closely, we directly plotted the 1D aerial image simulations in Fig. 
57.  The diamond marker is the aerial image of 22 nm at a defocus of -30 nm and the square 
marker is that for 50 nm at a defocus of -50 nm just for one disk illumination of σ = 0.15.  From 
this, it is clear that the 50 nm lines and spaces begin to exhibit a feature that is indicative of 
higher NA systems for larger CD, where higher diffracted orders (above order ±1) begin entering 
the pupil and add characteristic sidelobes to the aerial image.  Because these sidelobes are 
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present in the 50 nm feature in the threshold region, the ILS is adversely affected, and manifests 
itself in an LER value which is inferior to the smaller 22 nm feature.  Although this potential 
problem could be readily addressed by proper biasing at the mask, it is interesting to note that the 
ability of the simplified model to accurately predict this anomalous behavior is indicative of the 
generality of the method. 
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Chapter 7 

Control and Mitigation 
With the NXE 3300B shipping beginning 2012, aberrations levels for the optical system lie at 
about 0.77nm rms [11].  As presented in previous chapters, recent progress has been made in 
understanding the extent of mask roughness induced LER [71], but only in the case of ideal 
optics.  The work presented in this chapter is an extension of that effort to understand the nature 
of mask roughness induced LER in the presence of optical aberrations.  We also consider an 
alternative illumination scheme specifically aimed at mitigating mask roughness induced LER. 

7.1 Aberrations 

As presented earlier, the sensitivity of LER to speckle is determined by the image-log-slope 
(ILS).  A smaller ILS indicates larger line-edge movements for a given increment of intensity 
variation, e.g., speckle.  In the presence of aberrations of the imaging optic, the imaging quality 
is degraded, as manifest in a smaller ILS.  For instance, in considering defocus as an aberration, 
it is well-known that the ILS worsens as more aberration (defocus) is introduced into the system, 
and consequently, the susceptibility to speckle increases accordingly.  We present here a full 
aberration sensitivity study on the mask roughness induced LER for the first 37 Fringe Zernikes 
conducted with fully simulated 2D aerial image modeling.  This was done for both 22-nm and 
16-nm lines and spaces using potential illumination conditions for each of those nodes 
respectively, with an NA of 0.32.  Mask roughness conditions were set at a replicated surface 
roughness (RSR) value of 100 pm, a correlation length of 32 nm, and a roughness exponent of 
infinity [73].  Since the ideal RSR specification for commercialization of EUVL at the 22-nm 
node is less than 50 pm, and furthermore, since it has been shown that a 32 nm correlation length 
sits directly on the peak of mask roughness induced LER (determined by the objective NA) [71], 
these results represent a worst-case scenario.  The modeling for the 22-nm features are presented 
in section 2, and that for 16-nm is presented in section 3.  We present results for an aberration 
distribution of zero mean, as well as an individual aberrations sensitivity matri× where we 
concentrate the full aberration in one Zernike at a time [83]. 

 

7.1.1 Aberrations at the 22-nm half-pitch node 

Following the numerical analysis of mask roughness induced LER described elsewhere [2,71], 
we randomly generated a mask object that was 1024 × 1024 pixels at 1 nm / pixel with 1:1 
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10 random rough mask realizations all with RSR 100pm, correlation length 32nm, on an ideal 
pupil map of NA = 0.32 with disk illumination of σ = 0.50 for 22nm lines and spaces.  
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Fig. 60.  (left column) 10 random rough mask realizations (RMs) all with RSR 100pm, correlation length 
32nm, on 1 random Zernike distribution (RZ) amongst fringe zernikes 5-16 for total aberrations levels of 
0.25, 0.50, and 0.75nm rms, with an NA = 0.32 with disk illumination of σ = 0.50 for 22nm lines and 
spaces.  

Fig. 61.  (right column) 1 random rough mask realization (RM) all with RSR 100pm, correlation length 
32nm, on 10 random Zernike distributions (RZs) amongst fringe zernikes 5-16 for total aberrations levels 
of 0.25, 0.50, and 0.75nm rms, with an of NA = 0.32 with disk illumination of σ = 0.50 for 22nm lines 
and spaces.  

Despite the significant variations between each individual realization of the Zernike distribution, 
we averaged the 10 realizations for each level of aberrations and plotted them against one 
another (see Figure 62).  These results indicate as a general trend, improving the level of total 
aberrations in the imaging system has a minimal effect on the mask roughness induced LER, 
except for a noticeable difference at best focus. 
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Fig. 62.  1 random rough mask realization (RM) all with RSR 100pm, correlation length 32nm, averaged 
against 10 random Zernike distributions (RZs) amongst fringe zernikes 5-16 for total aberrations levels of 
0.25, 0.50, and 0.75nm rms, with NA = 0.32 with disk illumination of σ = 0.50.  For “iPMF”, this 
indicates the average of the 10 RMs on an ideal pupil map graphed previously in Figure 55. 

To investigate this further, we conducted a sensitivity matri× study of Fringe Zernikes 5 through 
37.  For instance, in looking at Fringe Zernike 5, we concentrated all aberrations within this one 
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Zernike, and modeled on just one realization of mask roughness.  We did this for three levels of 
aberrations (0.25 nm, 0.50 nm, and 0.75 nm rms wavefront deviations), again for Zernikes 5 
through 37.  Those results can be seen in Figure 60.  At the 0.25 nm rms wavefront deviation 
level, we see that the process is in particular sensitive to Fringe Zernikes 5 (3rd order 
astigmatism) and 8 (3rd order spherical), and to some extent 25 (7th order spherical).  The 
sensitivity to these particular Fringe Zernikes remain consistent at the higher levels of 
aberrations (0.50 nm and 0.75 nm wavefront deviations).  We note that in the case of each other 
Fringe Zernike, there is not much variation, even amongst the different aberration levels: all 
converge to approximately the 2.5 nm to 3 nm LER range at extreme defocus values, no matter if 
the wavefront deviations are at the 0.25 nm rms level or the 0.75 nm rms level.  This is consistent 
with Fig. 59, where, again, improvements in total wavefront deviations across the distribution of 
Fringe Zernikes 5-16 minimally affected the mask roughness induced LER.  Efforts should rather 
be made in improving the mask surface roughness specifications such as RSR and correlation 
length, which as shown previously [71], can have a much more significant or at least comparable 
impact.  However, in practice, it might be difficult to significantly improve the RSR beyond 100 
pm. 
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Fig. 63.  1 random rough mask realization (RM) all with RSR 100pm, correlation length 32nm, on each 
individual fringe zernike 5-37 for a concentrated aberration level in that fringe zernike of 0.25, 0.50, and 
0.75nm rms, with an of NA = 0.32 with disk illumination of σ = 0.50 for 22nm lines and spaces. 

 



62 

 

7.1.2 Aberrations at the 16-nm half-pitch node  

We repeat the entire analysis above now for 16-nm lines and spaces case, again with an NA = 
0.32, RSR of 100 pm, and a correlation length of 32 nm.  The only difference is a change in 
illumination conditions, now set to crosspole illumination with σ = 0.10 and an offset of d× = 0 
and dy = .67 in sigma space.  Crosspole was chosen to enable simultaneous printing of horizontal 
and vertical lines, as quadrupole illumination was not accessible at this NA and pitch. 

Following the analysis process above, we started with simulating an aberration-free optical 
system with NA = 0.32 again for a focal range of -90 nm to +90 nm.  After appropriately sizing 
features to target CD at best focus, the results are presented in Figure 64 and show that once 
again each statistical realization of the rough mask well represents the entire ensemble for an 
ideal pupil map. 
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Fig. 64.  10 random rough mask realizations all with RSR 100pm, correlation length 32nm, on an ideal 
pupil map of NA = 0.32 with crosspole illumination of σ = 0.10 optimized for 16nm lines and spaces.  

 

Now introducing aberrations into the system, we once more consider the variation of just one 
random realization of the Zernike distribution over Fringe Zernikes 5 through 16, against all 10 
random realizations of the rough mask (for overall aberration levels of 0.25, 0.50, and 0.75 nm 
rms).  The results similarly indicate that just one realization of the mask roughness well 
represents the entire ensemble at all levels of aberrations (see Figure 65).  We therefore continue 
with our previous simplification, and use just one realization of the mask roughness for the rest 
of our analysis.  As this single mask roughness realization is sampled across the same previously 
generated 10 random realizations of the Zernike distribution in Fringe Zernikes 5-16, the 
dependency of LER on which realization of the Zernike distribution remains quite small at the 
0.25 nm rms level, with substantial deviations (~0.2 nm LER) between realizations only 
observed at best focus (see Figure 66).  As overall aberrations increase to the 0.50 and 0.75 nm 
level, these deviations become quite large at best focus, as much as 0.8 nm LER increase at zero 
defocus, while the LER remains pinned to about 1-1.2 nm LER at the extremes of focus (again, 
see Figure 66).  From this, we conclude that the system is still highly sensitive to particular 
fringe Zernike aberrations. 
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Once more, we conduct an averaging analysis of the 10 random realizations of the Zernike 
distribution, despite the significant variations in system LER performance between each 
realization.  In contrast to the 22 nm lines and spaces case, at the 16 nm node, LER is 
significantly more sensitive to the overall aberrations level throughout focus.  Aberration levels 
of 0.25 nm rms could perhaps be tolerated, which already sacrifice 0.3 nm LER at best focus (see 
Figure 67). 

Finally, the sensitivity matri× study of Fringe Zernikes 5 through 37 revealed a particular 
sensitivity to Fringe Zernikes 8 and 24 (3rd and 7th order spherical), as well as 27 (5th order 
quadrafoil) at the 0.25 nm rms level (see Figure 68).  These particular aberrations remain 
dominant at higher aberration levels as well. 

We note that the results above are extremely dependent not only on the nominal feature sizes of 
16 and 22 nm, but also the type of illumination (crosspole σ = 0.10 and disk σ = 0.50 
respectively, in this case).  The overall levels of LER should improve accordingly with a 
significant reduction in the RSR value, and/or shift in the correlation length. 
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Fig. 65.  (left column) 10 random rough mask realizations (RMs) all with RSR 100pm, correlation length 
32nm, on 1 random Zernike distribution (RZ) amongst fringe zernikes 5-16 for total aberrations levels of 
0.25, 0.50, and 0.75nm rms, with crosspole illumination of σ = 0.10 optimized for 16nm lines and spaces.  

Fig. 66.  (right column) 1 random rough mask realization (RM) all with RSR 100pm, correlation length 
32nm, on 10 random Zernike distributions (RZs) amongst fringe zernikes 5-16 for total aberrations levels 
of 0.25, 0.50, and 0.75nm rms, with an of NA = 0.32 with crosspole illumination of σ = 0.10 optimized 
for 16nm lines and spaces.  
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Fig. 67.  1 random rough mask realization (RM) all with RSR 100pm, correlation length 32nm, averaged 
against 10 random Zernike distributions (RZs) amongst fringe zernikes 5-16 for total aberrations levels of 
0.25, 0.50, and 0.75nm rms, with NA = 0.32 with crosspole illumination of σ = 0.10 optimized for 16nm 
lines and spaces.  For “iPMF”, this indicates the average of the 10 RMs on an ideal pupil map graphed 
previously in Figure 6. 
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Fig. 68.  1 random rough mask realization (RM) all with RSR 100pm, correlation length 32nm, on each 
individual fringe zernike 5-37 for a concentrated aberration level in that fringe zernike of 0.25, 0.50, and 
0.75nm rms, with an of NA = 0.32 with crosspole illumination of σ = 0.10 optimized for 16nm lines and 
spaces.   

 

7.2 Mitigation through Extended Dipole Illumination 

We have explored the explicit relationship between speckle (and hence source coherence), aerial 
image (through image-log-slope, ILS), and LER [71].  From this basic relationship, we can 
conclude that if speckle is reduced while maintaining good ILS, indicative of good imaging 
quality, LER should be mitigated.  Once such way we can envision doing this is by an alternate 
illumination scheme whereby a traditional dipole angular spectrum is extended in the direction 
parallel to the line-and-space mask absorber pattern to represent a "strip".  We hypothesized that 
this reduction in coherence in direction parallel to the predominant pattern orientation should 
effectively reduce the speckle arising from mask roughness, while the high coherence in the 
orthogonal direction should maintain good resolution and high ILS. 

7.2.1 LER Performance – optimal stage 

We conducted our analysis by gradually extending the dipole from an initial σ = 0.20 radius 
(properly displaced for 16 nm lines and spaces at dx = 0 and dy = .67 in sigma space) in four 
gradual steps, each time increasing the length of the dipole by ∆x = 0.20 in sigma space to either 



66 

 

side of the dipole (see Figure 69).  For each illumination condition, we modeled the system on an 
aberration-free NA = 0.32 optic, 13.5-nm illumination wavelength, and the same 10 random 
realizations ensemble of mask roughness for RSR 100 pm and correlation length of 32 nm used 
above. 

 

Fig. 69.  The five stages of extended dipole illumination tested for LER sensitivity, starting with dipole 
illumination with intrinsic σ = 0.20 optimized for 16nm lines and spaces. 
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Fig. 70.  The LER performance of the five stages of extended dipole. 

Shown in Figure 70 are the five stages of the extended dipole LER results plotted through focus.  We 
observe that the extension of the dipole gradually benefits the LER (by about 0.2 nm LER at the extremes 
of focus) until the point that the dipole begins to be clipped by the pupil (after stage 3 extended dipole).   

7.2.2 LER Performance against conventional illuminations 

Compared directly to LER results of the crosspole illumination examined previously in section 3, 
this illumination surprisingly provides nearly the same LER values (see Figure 71).  We suspect 
that this results because the LER seems to be governed by the so-called “geometric” regime, a 
concept that was explored in Chapter 6 [82].  Although there is little LER improvement with the 
extended dipole compared to the crosspole illumination scheme, a quick look at the imaging 
quality in terms of the traditional ILS and contrast (Figure 72) show that the extended dipole 
stage 3 offers potentially improved performance.  Not to mention, the larger absolute source size 
may increase throughput at the wafer level.  The surprisingly minimal improvement in LER with 
the extended dipole runs counter-intuitively to our initial hypothesis. 
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Fig. 71.  LER comparison between the optimal 3rd stage of extended dipole, versus crosspole illumination 
of σ = 0.10 optimized for 16nm lines and spaces, and the geometric model. 
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Fig. 72.  ILS and Contrast comparison between the optimal 3rd stage of extended dipole, versus crosspole 
illumination of σ = 0.10, and the original dipole (1st stage of extended dipole) of σ = 0.20, all optimized 
for 16nm lines and spaces. 

7.3 Conclusions 

Our examinations of 22nm lines and spaces under disk illumination of σ = 0.50 and NA = 0.32 
show that aberrations between 0.25-0.75 nm rms levels yield similar LER performance through 
focus.  Efforts would be better spent on improving mask roughness characteristics.  The 
individual Fringe Zernike study show a particular sensitivity to 5 (3rd order astigmatism) and 8 
(3rd order spherical), and to some extent 25 (7th order spherical). 

For 16-nm lines and spaces under optimized crosspole illumination of σ = 0.10 and NA = 0.32, 
overall aberrations levels should be limited to 0.25 nm rms.  Fringe Zernikes 8 and 24 (3rd and 
7th order spherical), as well as 27 (5th order quadrafoil) are particularly sensitive.  As with the 
22-nm node, aberration improvements should be made hand in hand with mask roughness 
improvements, as both are equally important from an LER perspective.  Of course, all of the 
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results above are extremely dependent not only on the nominal feature sizes of 16 and 22 nm, but 
also the type of illumination used. 

The extended dipole illumination stage 3 (intrinsically σ = 0.20) was explored for possible use at 
the 16-nm node may provide a minimal LER improvement, ILS, and contrast improvement over 
crosspole illumination (σ = 0.10), and greater throughput than traditional dipole illumination.  
Higher throughput, however, is only an option if source shapes are created through limiting 
apertures- something not of concern to EUVL litho tools that implement other methods. 
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Chapter 8 

Application in Industry 
In this chapter we examine the experimental effects on lithographic performance due to 
repetitive cleans on a mask patterned for use in extreme ultraviolet lithography (EUVL).  The 
performance is measured against the process window for line edge roughness (LER) and contact 
size variation.  Mask properties such as surface roughness, reflectivity, and aerial image 
monitoring were used as metrics of the cleaning process effects.  We also introduce a new 
method involving the correlation in LER of a single line from exposure to exposure.  Results 
presented in section 8.1 are those presented recently [84]. 

8.1 Mask cleaning effects of lithography process and 

lifetime 

As extreme ultraviolet lithography (EUVL) nears commercial introduction, the lack of pellicle 
implies a viable mask cleaning strategy must be in place that effectively removes printable 
defects while at the same time not degrading reflectivity.  Removal efficiency has been shown 
using acid-based wet cleaning for defects arising from storage, shipping and handling, exposure 
deposition, and chuck-induced ones on the mask backside.  While the acid-based cleaning itself 
may potentially introduce defects, the effects of the aggressive acid cleaning process may cause 
greater damage to the mask itself, reducing lithographic performance (process latitude, line edge 
roughness, contact size variation, etc).  It is estimated that the mask should survive at least 20 
cleaning cycles to meet HVM lifetime goals.  To ensure this within a safe margin, the cleaning 
process should exhibit minimal impact through 30 cleaning cycles, which has been shown in 
recent work [84-86].   

Following previous methods, we examine the effects on lithographic performance due to cleans 
on a mask patterned for use in EUVL.  Exposures were carried out at the SEMATECH Berkeley 
micro-exposure tool (MET) on both a cleaned mask and a reference (uncleaned) mask with the 
same mask architectures.  The performance is measured against the process window for lines and 
spaces, line edge roughness (LER), and contact size variation measured using scanning electron 
microscopy (SEM).  Mask properties such as surface roughness and reflectivity were used as 
metrics of the cleaning process effects.  We also introduce a new method involving the 
correlation in LER of a single line from exposure to exposure at the same dose and focus.  If 
mask cleaning were to introduce significant damage to either the capping layer or the absorber, 
we would expect an increase in LER correlation from exposure to exposure of the same feature, 
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as uncorrelated effects due to the resist would be unaffected by the cleans.  We look at these 
metrics on the same mask used in previous cleans studies, now for a 33× cleans. 

Two masks with identical fabrication processes were examined, one of which was processed 
with the acid-based cleaning chemistry, and the other kept pristine as a reference. The process 
mask was subjected to 50 and 75 cleaning cycles during which lithographic performance 
(process window analysis and line edge roughness).  Surface roughness was also monitored 
every 2-4 cleans for comparison to the reference mask. Reflectivity data was gathered on a 
witness plate by EUV reflectometry. 

Two masks were fabricated from commercially available EUV blanks with identical stacks—
substrate, Mo/Si multilayer with Ru cap and absorber. The same layout design was used for 
patterning exposure on the Berkeley MET. One of the masks was subjected to 33 cleaning 
cycles, and the other was kept pristine as a reference.  

A standard acid-based recipe formulated for resist strip was used for each of the cleaning cycles. 
The process comprises two main components—a sulfuric acid/hydrogen peroxide mixture (SPM) 
followed by SC1 with megasonics. 

Exposure was performed on the SEMATECH Berkeley MET at the Advanced Light Source 
synchrotron facility at Lawrence Berkeley National Laboratory [87-88]. Imaging was done using 
an annular illumination with an inner sigma of 0.35 and an outer sigma of 0.55, an illumination 
angle of incidence 4 degrees parallel to the line printing results presented here. 

The same subfield area of the mask was used throughout the imaging studies on standard BBR-
08A resist. The patterns in resist were recorded using a top-down SEM (Hitachi FE-SEM S-
4800) and analyzed offline with the software package SuMMIT [79]. Each data set consisted of 
an 11×11 focus exposure matri× (FEM), with focus step size of 50 nm and 5% exponential dose 
steps.  

Process data for two sets of vertical, 1:1 line and space patterns (at critical dimensions of 40nm 
and 36nm for process window and LER analysis, and 50nm for LER correlation analysis) and 
two sets of contacts (at critical dimensions of 50nm and 45nm) were collected for both process 
and reference masks. The reference mask was imaged alongside the process mask each time thus 
enabling us to monitor any system and process related effects over the long time span of this 
study.  

A Digital Instruments atomic force microscope (AFM) was used to measure surface roughness at 
regular intervals (typically every 2-3x) to measure integrity of the Ru capping layer. This AFM is 
capable of measuring sub-angstrom level root-mean-squared (rms) roughness, using a probe with 
nominal tip radius of 8nm in tapping mode. Each image comprised a field of view of 2×2µm. 

A witness mask was used for reflectivity data with identical stack as the process mask. The 
witness mask was subjected to the same cleaning process and its EUV reflectivity measured at 
periodic intervals with an EUV Technology reflectometer. 
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8.1.1 Lines and spaces, LER, and contacts 

The process metrics extracted from the collected wafer images are shown in Table 1.  We look at 
exposure latitude percent (EL), depth of focus (DOF), and LER. The DOF is determined based 
on an elliptical fit to the +/-10% CD-change process window. EL and DOF data for both features 
have less than 5% variation and so are well within the process uncertainty, expected to be 
anywhere from 5% to 10% for normal wafer-to-wafer MET operation conditions. The EL trend 
is plotted in Figure 73.  

The averaged, 3σ LER is also found in Table 1.  Variations between the process and reference 
masks are below the measurement uncertainty of ±0.40 nm. The LER is plotted in Figure 74.  

Table 1.  Process comparison of all relevant parameters for 1:1 40nm and 36nm lines and spaces patterns. 
 40nm CD, 1:1 lines 36nm CD, 1:1 lines 

# of Cleans 
Cleaned Mask Reference Mask Cleaned Mask Reference Mask 

EL DOF LER EL DOF LER EL DOF LER EL DOF LER   

2 18.8 319.7 4.03 16.6 292.9 4.21 16.5 306.3 4.13 16.7 303.3 4.32 

4 16.3 330.6 3.96 15.4 335.6 3.98 16.1 294.4 3.99 11.9 185.1 4.14 

6 16.0 245.3 4.24 13.3 200.7 4.02 14.8 239.4 4.15 13.4 212.3 4.25 

8 15.5 287.5 4.25 14.7 155.2 4.19 14.0 308.5 4.01 12.7 181.4 4.48 

14 25.4 302.0 3.31 22.0 256.0 3.21 22.3 320.0 3.52 19.6 304.0 3.40 

16 24.3 247.6 3.42 21.9 226.4 3.36 21.0 261.7 3.82 20.3 253.8 3.60 

18 20.6 260.0 3.45 19.6 180.1 3.52 20.2 260.0 3.74 16.4 193.3 3.83 

22  22.8 300.0 3.47 21.3 334.0 3.19 19.1 252.0 3.65 18.8 271.0 3.21 

33  24.3 296.8 5.87 24.3 305.0 5.84 19.5 321.0 5.57 23.3 240.0 6.16 

EL is in %, DOF and LER are given in nm units.  

 

Fig. 73. Exposure latitude comparison throughout the mask clean studies for both the process 
mask and the reference mask.  Any system level changes and resist level changes are accounted 
for by comparing the two masks. All observed changes are within the statistical limit of normal 
wafer-to-wafer patterning. 
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Fig. 74.  LER trends for both the cleaned mask and the reference mask. Despite a noticeable 
increase at 33 cleaning cycles, the process and reference mask are close to one another.  This 
indicates it was not due to mask pattern degradation. 

Iso-focal feature widths indicate there is no damage to mask patterns, as both sets of 
patterns are observed to be nearly identical throughout the study. The data is tabulated in 
Table 2 for both line sets evaluated.  Additionally, there is no indication of CD change.  
The uncertainty in the data is found to be near 2.0nm. 

 
Table 2.  Iso-focal matched and averaged CD comparison for all data at 40nm and 36nm line 
widths. 

40nm 

lines 

Cleaned 

Mask 

Reference 

Mask 
 

36nm 

lines 

Cleaned 

Mask 

Reference 

Mask 

Cleans 
CD_ave 

(nm) 

E_iso 

(mJ) 
CD_ave E_mJ  Cleans 

CD_ave 

(nm) 

E_iso 

(mJ) 
CD_ave E_mJ 

2 38.2 15.24 39.0 14.38  2 34.4 15.24 35.2 15.10 

4 37.5 15.23 39.8 14.16  4 34.5 15.23 34.1 13.81 

6 39.9 14.88 38.0 13.94  6 35.2 15.63 34.1 14.29 

8 39.0 15.24 40.2 14.17  8 36.1 15.24 35.4 14.51 

14 38.2 18.14 39.3 19.81  14 35.9 18.14 34.8 19.81 

16 37.2 16.80 39.8 16.20  16 34.7 16.80 34.4 16.80 

18 39.4 16.00 39.8 17.18  18 34.6 16.80 34.6 17.60 

22 38.9 16.54 39.6 15.38  22 34.6 16.54 35.3 15.75 

33 41.4 16.89 40.3 17.64  33 37.0 16.89 35.9 17.64 

 

Contact features are very sensitive to changes in surface damage and pattern edge 
roughness.  This results in a change of CD and increase of contact size standard deviation 
[89]. For the process mask wafer data, statistical changes in size and standard deviation 
were not seen between the start of cleaning and the end of 33 cleaning cycles for the 
contact data. (Table 3). 
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Table 3. Critical dimensions and standard deviation values for 50nm and 45nm contact features at 
the beginning and end of the study. 

  50nm CD, contacts 45nm CD, contacts 

# of 

Cleans 

Cleaned Mask Reference Mask Cleaned Mask Reference Mask 

CD STD  CD STD  CD STD  CD STD  

2 48.78 1.87 47.97 1.97 41.66 2.33 39.33 2.23 

33 49.25 1.29 49.81 1.28 42.94 1.5 44.08 1.56 

 

8.1.2 Mask surface roughness 

Mask surface roughness was monitored at regularly with AFM to determine the impact of the 
cleaning on the integrity of the Ru capping layer. Additionally, the mid-spatial frequency 
roughness (MSFR) with wavelength of 0.1-1.0µm was extracted from the raw surface roughness 
data as a separate metric.  MSFR is advantageous for being less sensitive to AFM measurement 
noise/variation and tip artifacts, which pollute high-spatial frequency roughness (HSFR) 
measurements from an AFM. Figure 75 plots both raw surface roughness and MSFR with 
respect to cleaning cycles.  After 33 cleaning cycles, raw surfaces roughness increased by 50pm, 
which represents a small change with respect to the noise floor of the AFM at 40pm.  The MSFR 
shows a small increase too. 

 

Fig. 75.  RuML raw surface roughness and MSFR plotted with respect to cleaning cycles. 

AFM images of the surface are shown in Figure 76.  These images give a qualitative comparison 
of the surface between the initial, intermediate and final cleaning cycles.  The height map of the 
surface increases commensurate with the values plotted in Figure 75.  Overall, there were no 
observed gaping fissures, pinholes, or delamination seen. 
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Fig. 76.  AFM images of the Ru surface at a) beginning of study, b) after 14 cleaning cycles, c) after 33 
cleaning cycles.  

To characterize EUV reflectivity, a separate witness mask—from the same vendor and with the 
same material stack—was used in place of the processed mask. Because of the length of the 
study which spans a period greater than one year, a witness plate cleaned and measured within 
the span of one month minimizes the impact of measurement artifacts such as tool drift, 
calibration, and preventive maintenance interruptions.  After 33 cleaning cycles, a 0.5% drop in 
reflectivity is observed; meaning, the cleaning process is compatible with HVM lifetime 
requirements whereby each mirror surface must suffer no greater than 1% loss of total 
reflectivity over its lifetime (expected to encapsulate a total of ~20 cleaning cycles).  This can be 
seen in Figure 77. 

 

Fig. 77.  EUV reflectivity of a witness plate shows a 0.5% drop after 33 cleaning cycles. 

8.2 LER correlation method 

If mask cleaning were to introduce significant damage to either the capping layer or the absorber, 
we would expect an increase in LER correlation from exposure to exposure of the same feature.  
We therefore utilize the recently introduced method [6] involving the correlation in LER of a 
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single line from exposure to exposure at the same dose and focus as a separate, independent 
means of measuring the possible impact of mask cleans. 

There are two ways the mask can contribute to LER.  Firstly, LER from the mask absorber 
couples to wafer LER by a transfer function [67-68] which is closely related to the modulation 
transfer function (MTF), where the difference lies in the complex 2D nature of LER.  After the 
cleaning process, there are two possible outcomes.  The first case would be that the cleaning 
could be damaging the multilayer, thereby lowering reflectivity and making features bigger at the 
same dose.  The second case would be that the cleaning could eat away the absorber, thereby 
making features smaller at the same dose.  The second contributor from the mask to wafer level 
LER is due to mask surface roughness in the bright, clear, reflective areas of the mask.  At EUV 
wavelengths, the geometrical height deviations from the Ru cap surface result in significant 
optical path length differences in the emerging wavefront based on the index of refraction from 
the multilayer mirror resulting in phase roughness.  This phase roughness couples to speckle in 
the aerial image [2,71], which in turn causes LER.  These two mask LER contributors- both 
mask absorber LER and mask roughness induced LER- are assumed to be correlated from 
exposure to exposure of the same object in the same field on the mask, at same dose and focus.  
This is in contrast to resist sources of LER, such as acid shot noise, photo-acid generator 
uniformity, quencher uniformity, and blocking group uniformity, which will be random from 
exposure to exposure.  Thus, by correlating line-edge roughness between multiple exposures of 
an identical region on the mask, invariant mask effects can be separable from random resist 
effects.  The method is outlined in detail in previous work [6]. 

8.2.1 The method 

The correlation method is based on the assumption that mask LER effects are correlated from 
exposure to exposure, and resist effects remain invariable.  Following the analysis found 
elsewhere [6], let us define L as a random variable representing the deviation of the line edge 
from a straight line as a function of position along the line.  (Traditionally, this random variable 
would be represented as a standard deviation, and the LER is three times that number).  If we let 
L to represent the summation of two random variables M and R (such as for mask-induced edge 
deviation, M, and resist-induced edge deviation, R), then for any one realization (exposure) 
which is represented by the subscript i, the total edge deviation is 

Li = Mi + Ri. 

As previously stated, the mask effects are assumed to be invariant from exposure to exposure, so 
all Mi are equivalent (completely correlated), and the subscript can be dropped.  Then for two 
different exposures, for example, we have 

L1 = M + R1 and L2 = M + R2. 

If we further assume zero mean random variables and also a stationary process so the statistics 
are invariant between exposures, then the correlation between L1 and L2 is now 

ρ = E[L1 L2] / (σ L1 σ L2). 

By expansion and making use of an invariant process so that σ L1 = σ L2, we have 
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ρ = E[(M + R1) (M + R2)] / (σ L
2), 

ρ = E[(M2
 + R1 R2 + MR1 + MR2)] / (σ L

2), 

ρ = (E[M2] +E[R1 R2] + E[MR1] + E[MR2]) / (σ L
2). 

Finally, using the fact that M and R as well as each realization of R are independent and zero 
mean,  

ρ = σ M
2 / σ R

2. 

From this, the correlated mask LER can be separated from the resist LER contribution to the 
total image by the factor of 

LERM = LERL √ ρ. 

The LERL is the total measured LER: and the difficulties involved in separating mask from resist 
LER effects in the final printed image are solved. 

 

8.2.2 Applied to mask cleans 

Following those methods, we analyzed the correlation of 5 lines, both left and right edges of 50 
nm lines.  Using a unique alignment feature that is captured in the same image field on a 
scanning electron micrograph (SEM) (see Figure 78), each line edge was properly aligned for 11 
realizations (exposures) at the same dose and best focus.  Since the alignment feature is not 
expected to change position through focus or due to other effects such as line-end shortening, the 
label is an able candidate for proper alignment, and is our feature of choice.  Correlation for each 
edge (both left and right separately) for the 5 lines was then calculated after alignment through 
the 11 exposures.  This was performed on wafer data collected from the test and reference masks 
from the 6× and 33× cleaning cycles, for both best focus and -100nm defocus settings. 

 

Fig. 78.  SEM image of alignment feature next to 50 nm lines.  The lines that were analyzed were the 5 to 
the right of the alignment feature (label) whose left and right edges lie within the extent of the label to 
allow for alignment. 



 

Analysis is broken into correlation between left
individually.  At the 6 cleaning cycles stage for a best focus image, both the test (process) mask 
and the reference mask exhibit uncorrelated LER through line realization.  This remains 
relatively unchanged as we go to a 
is little observed increase in the correlation between realized exposures of each line, indicating 
little observable mask cleaning effects up to
had been seen, the -100nm defocus setting could have been used as a further means of 
distinguishing mask LER from mask roughness induced LER, as the mask roughness induced 
LER component should increase at larger defoc

Fig. 79.  The correlation between each adjacent exposure of the same line for five lines, separately for 
left- and right-edge LER, at best focus and 
(process) mask and reference mask.
effect of the mask cleaning process (whereby the correlation should increase).

8.3 Conclusions 

In this chapter we examined how repetitive cleans on a mask patterned for use in EUVL 
lithographic performance.  Exposures were carried out at the SEMATECH Berkeley micro
exposure tool (MET) for both a cleaned mask and a reference (uncleaned) mask with the same 
mask architectures.  The performance is measured against the process wi
roughness (LER) and contact size variation measured using scanning electron microscopy 
(SEM).  Mask properties such as surface roughness and
cleaning process effects.  We also introduce a new meth
single line from exposure to exposure at the same dose and focus.  If mask cleaning were to 

lation between left- and right-edge LER for each of the 5 lines 
individually.  At the 6 cleaning cycles stage for a best focus image, both the test (process) mask 
and the reference mask exhibit uncorrelated LER through line realization.  This remains 

ively unchanged as we go to a -100nm defocus setting.  After 33 mask cleaning cycles, there 
is little observed increase in the correlation between realized exposures of each line, indicating 
little observable mask cleaning effects up to this point (see all in Figure 79).  If correlated effects 

100nm defocus setting could have been used as a further means of 
distinguishing mask LER from mask roughness induced LER, as the mask roughness induced 
LER component should increase at larger defocus settings. 

The correlation between each adjacent exposure of the same line for five lines, separately for 
edge LER, at best focus and -100nm defocus, and for 6× and 33× stages of the test 

(process) mask and reference mask.  The realizations remain uncorrelated up to this stage, indicating little 
effect of the mask cleaning process (whereby the correlation should increase). 

In this chapter we examined how repetitive cleans on a mask patterned for use in EUVL 
lithographic performance.  Exposures were carried out at the SEMATECH Berkeley micro
exposure tool (MET) for both a cleaned mask and a reference (uncleaned) mask with the same 
mask architectures.  The performance is measured against the process window for line edge 
roughness (LER) and contact size variation measured using scanning electron microscopy 

rties such as surface roughness and reflectivity were used as metrics of the 
cleaning process effects.  We also introduce a new method involving the correlation in LER of a 
single line from exposure to exposure at the same dose and focus.  If mask cleaning were to 
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introduce significant damage to either the capping layer or the absorber, we would expect an 
increase in LER correlation from exposure to exposure of the same feature. 

Conclusions from the study show that up to the 33× acid-based cleaning process, there are no 
detrimental effects to the cleaned mask in comparison to an uncleaned reference mask.  This is 
true in both reflectivity and lithographic performance in terms of lines and spaces, contacts, and 
LER. 
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Chapter 9 

Conclusions 
This dissertation has addressed the critical issue of mask roughness induced LER in extreme 
ultraviolet lithography, which is a significant new contributor to the total LER budget at the 
13.5nm wavelength.  As the total LER budget nears 1.7nm value for the 22nm half-pitch node, it 
is critical to consider every possible contributor to that budget, and its prevention.  Potentially, 
the mask roughness induced LER contribution can be on the order of 1-2nm LER, depending on 
the level of roughness on the mask as well as imaging conditions such as coherence and defocus.  
While mask roughness induced LER has until now been largely ignored, this topic has reached a 
new status that will demand attention. 

Currently, many efforts are being made to better understand the origins of the mask roughness 
induced LER component.  Significant work has been made as part of this thesis to demonstrate 
the coupling of mask-induced speckle intensity variations to line-edge movement through the use 
of the image-log-slope.  Simple tests on a single knife-edge object were constructed to calibrate 
the model on an ensemble of rough objects.  The model was then modified to include an 
intensity-scaling effect of the clearfield speckle to the speckle at the line-edge through the 
threshold mechanism.  After refining the model, it was applied to a full set of dense lines and 
spaces, isolated lines and spaces, high and low NA optical systems, on- and off-axis illumination 
systems, through focus, and on an alternating phase shifting mask to verify its validity uniformly 
across these set of parameters.  Moreover, the model holds well for a variety of mask roughness 
conditions, from very rough (high RSR, short correlation length, and infinite roughness 
exponent), to very smooth masks, with accuracy of 0.1-0.2nm LER. 

The real advantage of the simplified model relies on the elimination of redundant calculation of 
mask roughness induced LER across statistical ensembles for a range of features.  The simplified 
model allows a straightforward means to calculate the LER from a single clearfield speckle aerial 
image simulation to get the intensity statistics particular to a single rough mask, and then 
subsequently couple that to any feature desired with fast 1D aerial image simulations of the 
image-log-slope to access the full parameter space. 

In the limit of comparatively smooth masks exhibiting long correlation lengths, the simplified 
model was further enhanced by noting the collapse of all illumination coherence types to a single 
LER limit.  In this case, the coherence conditions are of no importance.  Using this concept, we 
use incoherent image formulation to construct a fast geometric model of mask roughness induced 
LER by the concept of mask slope error, and propagating its effect through focus by 3 sigma.  
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The geometric model thus offers a further speed enhancement through its elimination of the 
additional redundancy of multiple illumination coherence types modeling, which have now all 
been collapsed into a single PSF. 

Apart from a redundancy factor increase in the modeling speed of the LER, the simplified model 
also provides insight to the physical mechanism by which speckle leads to LER.  This suggests 
potential means by which the mask roughness induced LER can be mitigated and prevented.  
Specifically, narrow isolated features exhibit distinct LER behavior due purely to a difference in 
the intensity thresholding for an isolated line versus an isolated space.  An aberrations study on 
the 22nm and 16nm half-pitch nodes showed that total system aberrations should be kept to 
0.25nm rms level amongst the primary zernikes, at least from a mask roughness induced LER 
perspective.  Current tools offered by ASML are at the 0.77nm rms level.  Individual Zernike 
sensitivities were identified, primarily in the form of even aberrations such as spherical and 
astigmatism.  A mitigation technique called strip illumination was explored as part of this thesis.  
The promise of the extended dipole illumination setup was to drive down speckle through 
increased incoherence while maintaining simultaneously high imaging quality through the 
image-log-slope by constraining the coherence in the direction orthogonal to the line-space 
pattern.  Results showed not much improvement in mask roughness induced LER compared to 
other illumination candidates. 

This thesis also explored the application of mask roughness induced LER issues in industry- 
specifically in terms of mask cleaning lithographic performance of CD, LER, and contact size 
variation.  In order for a cleaning method to be a viable method, the mask needs to withstand a 
cleaning cycle of at least 22× (and 33× for a safe margin) without significant degradation over a 
period of approximately 3 years.  While this study has been conducted over the course of about a 
year and a half, it has been shown that the cleaning method is viable up to the 33× cleaning 
cycle. 

Until recently, LER has been considered a resist-limited effect.   Now, however, it is better 
understood that system-level effects can greatly influence LER.  Overall, two simplified models 
for mask roughness induced LER have been introduced, developed, validated, and explored, and 
specific behaviors examined in the presence of aberrations and alternative source shapes, and 
lastly, experimental results on the mask cleaning process were presented.  Future efforts could 
further expand on the development of an analytic form to the through-focus mask-induced 
speckle contrast, to eliminate the currently most time consuming aspect of the simulation 
modeling.  
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