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Abstract
Modeling and Calibration of Resist Processes in Photolithography
by
Lei Yuan
Doctor of Philosophy in Mechanical Enginecring
University of California, Berkeley

Professor Andrew R. Neureuther, Chair

Research in this dissertation is to model resist recording processes from imaging to resist
" on wafer of both continuous and microscopic scales by developing new modcls as well as
designing super sensitive test patterns for model calibration. An enhanced simulation '

platform — STORM-II is first developed to carry out the study of quantitative resist

modeling in this dissertation. With an improved finite element implementation, STORM-

II improves computation speed by a factor of 4~9 compared with the previous version.

 State-dependent acid diffusion during post-exposure bake (PEB) is investigated with the
help of a new insight to the preferential effect of acid transportation. Based on this new
insight, three resist structures being sensitive to diffusion type are employed to
charactgrize acid diffusion, which are sequentially double exposed cross, standing waves
and double exposed sharp tip (DEST). Two chemically-amplified resists (CARs) — IBM
APEX-E and Shipley UV210 are examined and acid transportation is found to be

retarded by resist reaction in both resists resulting in reduced non-Fickian acid diffusion.



In this dissertation, DEST has been applicd to enhance by onc order of magnitude the
scnsitivity of resist profile to material phenomena. DEST has been successfully employed
to visualize and calibratc acid contamination, quencher surface loss and to monitor minor
fluctuation of process conditions. A fundamental tradeofl between resist resolution and
resist blur is illustrated through correlating the radius of the DEST tip (the smallest

printed feature) with imaging non-uniformity (standing waves).

The research of quencher cffect begins with an in-depth study of a new acid-equilibrium-
quencher (AEQ) modeling that is first proposed by Dr. Nagahara. Quencher study is
conducted through intcrpretiné resist reaction kinetics of both a weak acid ‘KrF model
resist and a strong acid ArF model resist over a variety of quencher loadings and
exposure conditions. First and strong evidence of acid buffering effect is shown in the
KrF model resist. Two different quencher mechanisms of both with and without acid

buffering effect are found to exist depending on different acid strength.

In addition to quantifying macroscopic CD, line-edge roughness as statistical CD
variation is also investigated leading to the development of continuous-based LER
modeling strategy. This new approach is able to evaluate the effects of process conditions
on LER formation without numerical complexity and has been applied to analyze LER
generation as influenced by shot noise, flare and non-Fickian acid diffusion. A
stress/strain induced crack propagation LER model is proposed to understand the

mysterious large correlation distance in LER.



Other than rigorous resist modeling, in this dissertation, two compact resist models —

RTM-a and RTM-B arc developed to conduct rapid and accurate evaluation of resist
effects in 2D layout printing. Thesc two models improve prediction accuracy
significantly compared with two commercially available compact models as verified

using LSI Logic 130nm technology.

SHrs

Professor Andrew R. Neureuther

Committee chair
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1 Introduction

1. Lithography basics

Lithography is a scmiconductor.manufacturc process that transfers patterns from mask to
wafers through an imaging system in a highly accurate, stable and cfficient manner.
Lithography technology has been and will continue to be a major driving force to sustain
the amazing “Moore’s Law” of integrated circuit industry that the number of transistors
per unit area is doubled approximately every 18 months [1]. Cutting edge 90nm
lithography technology is capable of printing 65nm line on wafer by the use of 193nm
wavelength light rendering an amazing resolution of about one third wavelength [2].
Immersion lithography will be employed for next technology node and EUV lithography
is the emerging technology. Photoresist as the recording medium to the imaging system is
an important technology aspect of lithography and has been enhanced by the application
of chemically-amplified resist (CAR) [3, 4]. The resist recording mechanism is the focus

of this dissertation.

The challenges in the resist recording are to understand and put into engineering model
many resist phenomena. For a CAR system, the efficiency of acid generation upon
exposure determines resist sensitivity. Acid transportation during post-exposure bake
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(PEB) is a major source of resist bias of latent edge formation. Resist profile is formed
after development that has high sclectivity to resist reaction level. Statistical
nonuniformity of resist linc is an important aspcct of pattern printing and oficn called
linc-cdge roughness (LER). Process robustness of the resist recording that is as important
as critical dimension (CD) can be improved by adding quencher. These mechanisms arc

entangled in a complex manner and simulations can provide leverage on the integration.
2. Scope of this dissertation

This dissertation examines the ‘rcsist recording process and establishes engineering
models. The work began with the extension of STORM — a simulation platform
developed in University of California at Berkeley for quantifying resist models in
conjunction with parameter extraction. STORM-II is developed with improvements in
both computation speed and simulation scope. Experiments were then of interest in
observing effects of resist parameters. This led to the invention of a sequential double
exposed cross pattern for visualizing acid diffusion phenomena and extracting model
parameters. An extension of this double exposure method was appliéd to produce a
double exposed resist sharp tip (DEST). The super sensitivity of DEST to material
phenomena enabled accurate resist calibration. In the aspect of quencher mechanism, an
in-depth study of acid buffering effect was executed through a collaborative work to
understand the quencher effect. In addition to quantifying continuous mechanisms, line-
edge roughness as statistical CD variation was also investigated leading to the

development of continuous-based LER modeling strategy. While major effort of this
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study was dcvoted to cnhance rigorous resist modcling, the limitation of high
computation cost of rigorous modeling drove the development of fast compact resist

modecls in the last part of this disscrtation.

Chapter 2 introduces the background and content of this dissertation. In chapter 3,
STORM-II, an enhanced simulation platform for resist modcling, is introduced.
Comparcd with previous STORM, a speed improvcrr;cnt of a factor of 4 ~ 9 can be
achieved by STORM-II by the usc of clemental variable climination technique for finite

element implementation.

In chapter 4, the existence of state-dependent acid transportation is determined and its
influence on pattern printing is quantified for CAR systems. This state-dependent acid .
transportation is often called non-Fickian acid diffusion or type II acid difﬁsion.
Although a great deal of efforts have been devoted to quantify non-Fickian acid diffusion,
only limited success had been gained and even contradictive results are present due to a
lack of understanding of non-Fickian diffusion as well as accurate test pattens. With the
help of a new physical insight to non-Fickian diffusion, two diffusion sensitive patterns
.are used to characterize non-Fickian acid diffusion successfully, which are sequentially
double exposed cross patterns and standing waves. Acid transportation is found to be

retarded by resist reaction in both IBM APEX-E and Shipley UV210 resist.

In chapter 5, a modification of the double exposure technique as used in chapter 4 leads

to the application of a double exposed sharp tip (DEST) technique. Lacking of test



patterns for accuratc parameter extraction has been one of major challenges limiting the
success of rigorous resist modcling. Being super sensitive to material phenomena, DEST
thus provides an cxccllent way of visualizing and calibrating resist phenomena. In this
chapter, DEST is applicd to characterize non-Fickian aci«;l diffusion, resist surface

phenomena as well as to monitor process conditions.

In chapter 6, quencher effect is investigated throﬁgh collaboration with Dr. Sciji
Nagahara (NEC Electronics). Quencher is commonly used in advanced CA resists to
improve resist performance in many aspects. Regardless of its extensive applications,
there is no well establishéd quencher modeling that is able to explain quencher effects
and provide guidance for a better use of quencher. The study of quencher modeling began
with in-depth examination of a new acid-equilibrium-quencher (AEQ) modeling that was
originally propbsed by Dr. Seiji Nagahara [19~21]. The study in chapter 7 shows that
acid buffering effect exists in a weak acid KrF resist but not strong acid ArF resist, which
indicates that two different quencher mechanisms are present depending on the acid

strength.

In chapter 7, a continuous line-edge roughness (LER) modeling is developed to analyze
the influences of process conditions on LER. This newly-developed LER model can be
numerically implemented without computational complexity that constrains the
application of molecular level LER simulations. This continuous LER modeling applies a
discrete model of 1~2nm scale for exposure, continuous reaction-diffusion model of

5~7nm scale for post-exposure bake (PEB) and a newly developed statistical lateral



dissolution model (SLDM) of Inm scale for devclopment. This new LER modeling is
applied to investigate the cffects of shot noise, -exposurc flare and non-Fickian acid
diffusion on LER formation. In addition to the above enginecring model, stress/strain-
induced crack propagation LER model is proposed to understand the large scale of
correlation distance in LER that has not been predicted by any LER model to the best of
author’s knowledge. Only preliminary proof of this new physical LER model is presented

here due to a lack of time.

The study in chapter 8 is in the aspect of compact resist modeling, where two new resist
threshold models RTM-a and'RTM-B have been developed for better predictions of 2D
layout printing. Lithography simulation of large scale up to full chip layouts is necdcci in
many aspects of lithography technologies, where the stringent requirement on model
efficiency makes rigorous resist modeling not suitable due to prohibitive computation
cost. Therefore, compact resist models are highly demanded. In this chapter, RTM-a
determines resist edge location based on image intensities along directions both normal
and parallel to resist edge while RTM-P defines resist edge based on both image intensity
and the shape of image contour. The effectiveness of both models has been proved
through extensive numerical and experimental studies and their accuracy has been

compared with commercial compact models.



2 Background and Content

1. Background of lithography technology

A prediction madc by Gordon E. Moore four years after the production of the first
integrated circuit chip has guided IC industry for forty years. In 1965, Moorc envisioned
an exponential growth in the number of transistors per integrated circuit chip [1], which is
well known as the “Moore’s Law”. Although the pace of growth appears to have slowed
down recently, the number of transistors per unit area is doubled approximately every 18
months in past forty years, which is only made possible by continuous shrinkége -of
minimum feature size on chip. The major driving force to print ever-smaller transistors is

the advancement of lithography technology.

In lithography process, patterns of circuit devices are transferred from mask to wafers
.through an imaging system in a highly accurate, stable and efficient manner. An
irradiation sensitive material — photoresist is often used as the recording medium on
wafer that allows subsequent pattern transfer to the underlying layers. Chemically-

amplified resist (CAR) is the most widely used photoresist.

Cutting edge 90nm lithography technology can print isolated lines of one-third



wavelength and pitches of onc half wavelength using Decp Ultra-Violet (DUV) light of
193nm wavelength [2]. Lithography technology is exceptionally challenging for three
rcasons. Firstly, resolution target in the state-of-art technology is well below so-called
limit as indicated by Rayleigh resolution criteria aggressively pushing the limit of
imaging system. Higher resolution can be achicved by implementing a shorter
wavelength and high NA imaging system in combination of low K, process. Extreme
Ultra-Violet (EUV) light source with 13.4nm wavelength will be used for emerging
lithography. Secondly, resolution and robustness of the lithography process scem to be
contradictive targets. For example, a high NA imaging system that achieves bctte;
" resolution decreases depth of defocus (DOF). This difficulty leads to the development of
immersion lithography. Another example is that, although EUV technology realizes very '
high resolution by the use of a short wavelength of 13.4nm, it is sensitive to small mask
defects making EUV mask fabrication very difficult. Thirdly, the process control in
leading technology is very stringent. Therefore, any imperfection in the lithography
process, such as lens aberration, flare effect, exposure uniformity, PEB temperature
 fluctuation and resist uniformity are now of concerns and need to be evaluated carefully.

All these issues can increase the complexity of lithography process exponentially.
2. Background of resist modeling

Rick Dill pioneered optical lithography modeling for his landmark papers published in
1975 [5~8). In these papers, Dill introduced the first imaging model for incoherent

illumination system and the first resist exposure model now known as the “Dill model”.
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In 1979, Neurcuther and his collaborators published a scrics of papers cxploring the
influence of partial coherence illumination and ctching process [9~12] and relcased the
first lithography modecling tool SAMPLE [13]. Since then, tremendous effort has been
devoted to this ficld and nowadays lithography modeling has become indispensable to
lithography devclopment and applications. Lithography modeling helps lithographers in
almost cvery phasc of lithography development, such as evaluating emerging
technologics, optimizing process conditions and interpreting experimental observations.
Many lithography simulation tools arc available for lithography community, such as
SAMPLE [13], PROLITH [14], SOLID-C [15], SUPREM [16], TEMPEST [17] and

PANOROMIC [18].

Resist modeling, born in the same time as optical modeling, still remains immature while
optical simulation tools have gained great success. CARs are generally composed of four

components — photoacid generator (PAG), polymer resin, dissolution inhibitor and base

quencher. PAG produces acid upon exposure to DUV or EUV light. During post-
exposure bake (PEB), acid catalyzes thermal induced chemical reaction making the
irradiated resist volume soluble in aqueous developer. This catalyzed reaction is often
called deprotection reaction since the dissolution inhibitor groups (protected groups) are
cleaved by this reaction. Meanwhile, acid diffusion from high dose region to low dose
region will change resist latent edge formation as well as smooth material and image
nonuniformity. In addition, a neutralization process between acid and quencher lessens
acid diffusion. During PEB, many CARs exhibit first volume expansion and then

shrinkage in PEB resulted from desorption of volatile by-product groups created by the
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deprotection reaction. Figure 1 shows the schematic of a typical photoresist process flow.
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Fig. 1 Chemically-amplified resist process

According to ITRS roadmap, qﬂamitativc resist modeling is still a bottleneck for
lithography simulation. Resist modeling is especially challenging due to the following

three reasons.

Firstly, a chemically-amplified resist (CAR) system is a highly complex system in
comparison with optics. Many material phenomena are present and entangled, such as
PAG dissociation, acid diffusion, quencher diffusion, deprotection reaction,
neﬁtralization reaction, quencher buffering [19~21], resist film expansion and shrinkage,
evaporation of volatile byproduct and possibly phase separation [22]. There are even
greater complexities in immersion lithography, where material leaching into the liquid
and water uptake are possible. Developing a comprehensive quantitative resist model is

currently close to mission impossible.

Secondly, a fundament difficulty in quantifying resist model is that most of the resist



cvents cannot be obscrved or measured directly. To extract resist parameters, numerical
interpretations of test patterns on wafers arc often necessary. Sincc all resist phenomena
arc cntangled in forming patterns, spccifically designed test patterns are greatly
demanded to decouple resist cvents so that specific resist paramcters can be extracted

from specific obscrvations.

Thirdly, strong nonlinearity ‘of resist modcling makes computer simulation vastly
incfficient. The nonlinearity in resist modeling is due to state dependent acid diffusion,
acid and quencher mutual diffusion and high resist dissolution contrast. Another fact that
~ will complicate numerical implementation of resist modeling dramatically is that
continuous modeling scheme will not be sufficient while the size of the simulation target '
goes down below or comparable to the size of polymer molecule. This challenge signifies
the necessity to establish a multi-scale simulation scheme that would links the continuous

modeling and the molecular dynamics in the near future.

3. Contents of this dissertation

Research in this dissertation is to model the mechanisms of pattern transfer from imaging
to resist on wafer of both continuous and microscopic scales by developing new models
as well as designing super sensitive test pattems for model characterization. Study in this
dissertation explores several material phenomena critical for quantifying the resist
recording process, including non-Fickian acid diffusion, quencher mechanism, line-edge

roughness, pattern design for model calibration and fast compact model for full chip scale
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simulation.

3.1 Development of STORM-II

STORM-II is a new version of simulation platform for resist models with cnhanccment in
both modeling and algorithm and the ability of threc-dimensional simulations. In the
aspect of modeling, STORM-II incorporates acid/quencher mutual diffusion model, acid-
equilibrium-quencher (AEQ) model, acid/qucnchc:r~ surfacc phecnomena model and
continuous LER simulation. In the aspect of numerical algorithm, a finite element method
that’applies clemental level variable elimination is used to reduce the size of the global
equation system and thus irhproves computation cfficiency. Spccd improvement of a

factor ranging from 4 ~ 9 will be obtained.

3.2 Characteriiation of non-Fickian acid diffusion during PEB

The improvement of resolution and sensitivity obtained by chemically-amplified resist
(CAR) is largely due to a so-called amplification effect, which means one photo-
genérated acid is able to catalyze hundreds of deprotection reactions during PEB. This
effect is only made possible with acid transportation in the'resist matrix. Acid diffusion
has been found to be a key resist event that influences latent pattern formation. It washes
out standing waves, reduces line edge roughness, and sets intrinsic resolution limit [23].
Fukuda and other researchers [24, 25, 26] also proposed quencher diffusion during PEB.
Quencher diffusion has not been fully explored due to the difficulty of separating acid

and quencher diffusion effects.
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Post-cxposure bake (PEB) is often modcled as reaction-diffusion process that leads to the
following cquations,

%=k,(l—A)H'"
ot

M
%’Ii = V(DVH)-K,H

Here A and H arc thé normalized reacted site and acid concentration. The parameters 4, &
and D arc rcaction rate, acid loss rate and acid diffusivity respectively. Ferguson [27] first
used IR absorption to monitor the extent of reaction and photoacid generation and found
a factor m was needed to predict the extent of reaction over various exposure doses. A
large body of literature of PEB m'qdcling is present, most of whicl; differ in how to model
the state dependence of acid transportation. Some models even show contradictivé results
due to a lack of accurate methods to quantify resist models. Depending on how acid
diffusivity is influenced by reacted sites, acid diffusion can be divided into three types;
which are Fickian, enhanced non-Fickian and reduced non-Fickian types. In the Fickian
diffusion type, the acid diffusivity remains a constant no matter what the level of
deprotection is. In the enhanced non-Fickian diffusion type, the acid diffusivity increases
due to the deprotection reaction, while it decreases in the reduced non-Fickean type. Non-

Fickian diffusion is sometimes called type II diffusion.

Zuniga et al [28] observed a steady trench space increase in IBM APEX-E resist in a
speed of 50nm/min which suggested a type II acid diffusion front. Proof of non-Fickian
diffusion in APEX-E was also found by observing thickness loss versus PEB time in a

top-to-top experiment. In this experiment, an unexposed resist film was put in contact
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with an cxposed film to allow acids to diffuse between two films and thus the thickness
loss of the uncxposed resist film indicated acid diffusion constant. Zuniga suggested that
acid transportation should to be cnhanced by reacted sites to interpret cxperiment results.
Pcterson et al [29] extracted difquion parameters by interpreting the change of standing
waves with acid diffusion. Postnikov ef al [23] devised a trilayer “sandwich” of polymer
films to monitor acid transport in t-BOC resist and found that acid transportation was
negligible in PHOST — a fully reacted resist matrix. Siewarl et al [30] continued the use
of this “sandwich” experiment to explore acid diffusion in sulfonic acid. Croffie et al [31]
proposed a moving boundary acid transport model based on frec volume generation and
polymer densification assumptions. In this model, the densified polymer matrix inhibited
the diffusion of any acid trapped in the deprotected sites resulting in a moving acid
diffusion front. Houle et al [32] proposed a method to create a high contrast photoacid -
profile and extracted diffusion parameters by fitting the simulation of resist reactibn' to
FTIR measurements. In this method, a 248nm resist film was irradiated at 193nm
wavelength to produce a thin acid-containing layer at the top surface due to the high
abs;)rption of 193nm wavelength. Their conclusion was that Fickian diffusion was
sufficiently accurate. In reference [33], a focus-exposure matrix was used to calibrate
'resist parameters. Lin and his coworkers [34, 35] demonstrated the use of x-ray and
neutron reflectometry as a general method to measure the spatial evolution of the
reaction-diffusion process with nanometer resolution. An important observation was that
the reaction front profile generated by a sharp acid profile was rather smooth. It was
different from what many researchers used to believe, which was that a steep reaction

profile was resulted by the enhanced non-Fickian acid diffusion thus increasing resist
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contrast and rendering vertical resist sidewall angle.

Sensitive test patterns arc critical to the success of quantifying and verifying acid
diffusion model. Frequently used one-dimension fcaturcs,v such as - one-dimensional
critical dimension (CD) and thickness change, csscntially calibrate diffusion length and
cannot adequately differcntiate between Fickian and non-Fickian diffusion types. Two
dimensional patterns, such as standing waves [29] andAline cnd gap [36], have becn used.
However, due to the lacking of physical insight of non-Fickian acid transportation, the
applications of these 2D test patterns were not successful. For example, it was suggested
that the enhanced non-Fickian diffusion would be more cfﬁcicpt for smoothing standing
waves [29]. Research in chapter 4 will show that the enhanced non-Fcikian acid diffusion

tends to remain standing waves.

In this dissertation, physical insight into acid transportation in Fickian and non-Fickian
diffusion types will be illustrated for chemically-amplified resist (CAR) systems.
According to this new insight, two diffusion-sensitive patterns for the detection of acid
diffusion are proposed, which are a sequentially double exposed cross pattern and
standing waves from an isolated trench. Their shapes on the wafer are highly dependent
on the type of acid diffusion. By comparing the simulated shapes of these two patterns
with experimental SEM measurements, a method of characterizing PEB modeling is
developed to distinguish Fickian and non-Fickian diffusion and extract diffusion

parameters accurately.
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3.3 DEST as sensitive test pattern for resist characterization

Quantifying resist model parameters often requires matching model simulations with
cxperiment measurcments of test patterns. The sensitivity of the test pattern to resist
properties largely determines the accuracy of the resist modeling. The difficultics in
extracting resist parameters become even more challenging in immersion lithography
where material lcaching into the liquid and water uptake are possible [38, 39]. For cutting
edge process control, minute process fluctuations, such as dose nonuniformity of 1% and
PEB temperature variations of +/- 0.5°C, need be monitored accurately. The linewidth
CD is not suitable for this purposc because CD variations upon thesc process fluctuations
are too small to be accurately measurcd. More sensitive measurement techniques are
needed and this study suggests the use of a double exposure technique with a sliéht
rotation between two consecutive exposures. This produces sharp tips smaller than any
diffraction limited features and is hence called doublc exposed sharp tip (DEST)

technique.

The determination of resist parameters from SEM measurements is highly challenging.
To the best of the author’s knowledge, no well-established method can quantify resist
surface phenomena other than interpreting the T-topping and resist footing. To examine
the acid diffusion type in PEB, sequentially double exposed cross pattern and standing
waves have been proposed and applied in APEX-E and UV210 resists in this dissertation.
However, the very small diffusion length in some advanced CARs demands even more

sensitive test patterns.
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This dissertation explores the use of slightly rotated double exposed pattern to enhance by
onc order of magnitude the scnsitivity of resist profile to resist surface interaction and
diffusion phenomena [40]. The double exposure technique on which it is based on is now
common in lithography. It was applied to print large marks for in-line optical
characterization of imaging tools [41]. Singlc exposure of similar wedge-shaped openings
was used for in-situ defocus monitoring by Izuha er al [42). For resist characterization,
the self-intcraction of the line and space pattern on doul;le cxposure creates sharp tips that

go well beyond the diffraction limit.

3.4 In-depth study of acid-equilibrium quencher (AEQ) model

Bases such as air-borne amine contaminants are critical issue for CAR systems [43].
However, if an amine is pre-formulated in CARs, then it is renamed as quencher, which .
helps CA resists in various respects [44~54]). While loading quencher is originally
motivated to realize better environmental stability for CA resists, the quencher also
renders better resist contrast [54, 55], resist resolution. [49], exposure latitude [50] (EL),
and.line edge roughness (LER) [50, 51]. Furthermore, the quenéher is frequently used to

precisely control the vertical resist shape, iso-focal bias, and resist sensitivity.

Although the quencher is being used extensively in advanced CAR systems, the quencher
mechanism still remains unclear. Conventional full-dissociation-quencher (FDQ) model
that derives the active acid by simply subtracting the quencher amount from photo
generated acid cannot explain quencher effects. Quencher diffusion and image contrast

enhancement were also modeled to understand quencher effects [54, 55]. However, both
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models had gained limited success and a new understanding is desired. By titration
experiments using liquid model resist, quencher effects were examined {19, 20]. The pH
behavior in organic solvents showed that the acid dissociation cquilibrium should be
considered to understand obscrved acid buffering effects induced by the addition of
quencher. Thesc obscrvations motivated a new acid-equilibrium-quencher (AEQ) model
that was first proposed by Nagahara [20, 21]. AEQ model assumes an existence of acid
dissociation equilibrium in CA resists and the acid dissociation is buffered by adding the

quencher making CAR a more robust system in a manner similar to the buffered acid.

While only preliminary evidences of AEQ model were shown for a liquid resist sample,
in this dissertation, more in-depth study of AEQ model is done using real solid CA
resists, where quencher effect is investigated through interpreting the evolvement of
reactions as measured by a novel real-time Fourier Transform Infrared Spectroscopy
(FTIR) technique [56]. The solid model CA resists used in this work consist of both a
KrF acetal type resist with a diazomethane photo acid generator (PAG) (weak acid
system) and an ArF ester type resist with a sulfonium salt PAG (strong acid system). A
variety of resist samples with different amounts of quencher loading are irradiated and
measured at various doses and bake temperatures. It is found that acid buffering effect

exists in the weak acid KrF model resist but not ArF model resist.

3.5 Development of continuous line-edge roughness (LER) modeling

17



As device featurces continue to shrink, linc-cdge roughness (LER) consumes increasingly
more crror budget for critical dimension (CD). This increasing importance of LER has
motivated many studics. Both numerical and analytical mcthods for modcling LER are
highly desired to gain insight into its origins. While all current methods for modcling
LER treat the post-cxposurc bake (PEB) and development as discrete processcs, this
dissertation proposes continuous models for both. This newly developed LER model is
thus able to provide insights into the physical phenomena leading to LER without
numerical complexity and without the need for knowledge of microscopic resist

parameters.

Extensive work has been done in LER modeling and simulation. A monomer-scale LER
simulator was developed [57~59], in which the post-exposure bake (PEB) was modeled
by discrete acid transport and reaction events and the development process was modeled
by discrete critical ionization (CI) model. The work of Pawloski ef al [60], which applied
molecular dynamics simulation to study the diffusion of deveioper molecules during the
development of novolac resist, might be useful for the calculation of LER. Ocola et al
[61] also simulated LER for an E-beam resist. Their model used the percolation theory of
development along with the assumption that each photoacid created a small soluble
volume via diffusion reactions during PEB. An issue of great concem is the impact of
shot ﬁoise on LER in EUV lithography, which was simulated by Cobb et a/ [62] based
upon comprehensive modeling of the statistics of photon absorption, acid generation,
polymer deprotection and resist development. Preliminary results did not show any

apparent increase in LER caused by exposure shot noise in EUV resist. While molecular
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level simulation of the resist processes resulting in LER is an obvious choice given the
length scalc of LER, it is prohibitively expensive. Furthcrmore, the input parameters for
these simulators arc often unknown becausc it is extremely difficult to characterize resist

at the microscopic level.

A small number of analytical models for LER also exist. Smith [63, 64] modeled shot
noisc as image fluctuation resulting from the variation of the number of photons incident
upon a resist pixel. O’Bricn and Mason [65] investigated shot noisc induced yicld loss in
printing very large arrays of contact features, wherein a chip was said to fail if the dosc
" for any contact falled outside the process window. Unfortunately, the analysis of thesc
models depends upon the selection of the pixel size or feature sizc, which cannot be
determined physically. A more comprehensive analytical model of shot noise and LER
was developed by Gallatin and Liddle [66, 67], which incorporated the effects of acid
generation, post-exposure bake and development. This model predicted the correct trend
of surface roughness versus dose, but oversimplified the modeling of PEB and
~development. Recently, Neureuther and Pease [68] employed generating function
methods to derive the statistics of reaction events as ;result from a cascade of dependent
sequential events of irradiation, acid generation and reaction. Their study led to a simple

but meaningful analytical formula of LER as influenced by shot noise.

In the model proposed in this study, the acid creation will be modeled by two consecutive
statistical processes. First, the variation on the photon number in the area of a single PAG

is converted into local dose fluctuation. Second, acid generation is determined according
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to a sccond statistical process for PAG dissociation. PEB is then modeled as partial
differential cquations bascd diffusion-reaction process. Statistical lateral dissolution
model (SLDM) is proposed to model development. SLDM describes the near-cdge
dissolution as composed of many onc-dimension lateral dissolution cvents simulated by
Montc-Carlo method. This simple dissolution model is able to model the accumulation
effect of deprotection_ﬂucmations along the dissolution path that Icads to the final line-
edge position. This strategy of continuous LER modeling is applicd to study the impacts
of non-Fickean diffusion, shot noise and resist contrasts on LER formation. SLDM is also
used to analyze large unlikely roughness event (LURE), which are large defects that
occur at probabilities as low z;s 10" ~ 10" per line cdge position, but can- causc chip

degradation or catastrophic failure.

A very important characteristic of line-edge roughness is the large correlation length
ranging from 100nm to 300nm that has been seén in all KrF, ArF and EUV resists [69].
This large length scale cannot be predicted by any LER model and a new physical insight
into LER origins is desired. This dissertation proposes a stress-induced crack propagation
model to understand the large correlation-length scale of LER. This model assumes that
stress in chemically-amplified resist will generate many microscopic cracks that act as
micro dissolution channels for solvent penetration into resist film. The random crack
propagation and/or merging, whose length scale is in the same order as stress, are
responsible to the large scale correlation length. Stress in resist is caused by resist volume
swelling and shrinkage that may happen either in PEB or in development, or both. Some

references will be introduced to provide preliminary proof of this new physical LER

20



model. This new model will be applicd to understand the influence of the flare cffect on
LER formation, the global scalc of which has not been well explained by any LER

modeling to author’s knowledge.

3.6 Development of two-dimensiona]_ resist threshold niodei (RTM)

Lithography simulation of large scalc up to full chip layouts is necded in many aspects of
both optical and non-optical lithography technologies. The stringent requirement on
model efficiency suitable for designs with large layouts necessitates methods capable of
evaluating resist effect quickly and accurately. Rigorous resist modeling based on partial
differential cquations is not suitable due to the prohibitive computation cost and

simplified resist models, often called compact resist models, are necessary.

Several compéct models are currently available. VTR (variable threshold resist) model
[70~72] that i;s employed extensively by commercial OPC tools assumes adaptive resist
threshold as a function of parameters extracted from pre-simulated image intensities.
Another often quoted method calculates critical dimension by convolution of the optical
image profile with resist blur function that is often in the form of Gaussian function
[73~76]. Mack et al proposed “lumped parameter model” that is able to determine CD as
well as sidewall profile [77, 78]. Although the above compact resist models have been
extensively used to predict CD, they have very limited success in the cases of two-

dimension layouts.

In this dissertation, two novel compact resist models are developed to include the 2D
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patterns in the prediction of feature edges. RTM-o assumes resist threshold as a function
of five image propertics on directions both normal and parallel to the feature edge. In
RTM-, three of five parameters are image propertics on the direction normal to resist
edge while the other two parameters describes the shape of resist frontier that is
represented by an image contour. Both modcls cmploy a sccond order polynomial
function to formulate resist threshold. The accuracy of RTM-aw and RTM-f is verificd by
using cxtensively rigorous resist simulations (300 cases) and SEM mcasurements (87
cascs) of two dimensional layouts printed by the use of LSI Logic 130nm technology and

comparced with two widcly-uscd compact models VTU and VTS. [70~72]
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3 Development of STORM-1I

1. Abstract

STORM-II is a new version of resist simulation platform developed in University of
California at Berkeley. Compared with the previous version of STORM, STORM-II is
cnhanced in both resist model and numerical algorithm. The models that are incorporated
in STORM-II are simply listed in this chapter and will be illustrated in more details in
following chapters. In the aspect of numerical algorithm, a finite element method that -
applies elemental variable elimination is used and its formulation will be described by
formulating acid and bquencher mutual diffusion as an example. While the previous
version can only conduct two-dimensional simulation, STORM-II is extended to simulate

three-dimensional profiles providing more details of resist pattern printing (Fig. 1).
2. Resist models in STORM-II

2.1 Resist model in previous STORM
The previous STORM models post-exposure bake (PEB) as a simple reaction-diffusion

system as described by equation (1),
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(a) (b)

Fig. 1 Example of STORM-II simulation (a) T shape pattern (top view)
(b) simulated resist profile
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Z=K,(1-AH"

=K1~ 4)

.—6’:’ =V(DVH)-KH (1

H(! = 0) = [ e—l.U'C'anr
D =D

Here A and H are deprotection and acid concentration. The parameter K, is chemical
reaction rate and the acid loss rate K; models intrinsic acid loss. Diffusion constants Dy
and @ are able to model state dependent acid diffusion that is referred as non-Fickian
diffusion or type-II diffusion and Fickian diffusion is obtained by assuming @=0. The

constant m is a fitting factor that is introduced to fit deprotection reaction for flood

exposure experiments. [27]
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2.2 Acid and quencher mutual diffusion model
One weakness of modecling in Scction 2.1 is that quencher cffect is not modeled corrcctly
and can only be indicated by the intrinsic acid loss ratc K. This is improved by

introducing acid and quencher diffusion model,

Y .

==K, 0-0H

%"t’. = V(DVH)-K,HQ—-K,H

0 o v

o V(D,VO)-K, HQ 2)

H(t =0)=1-¢™ "0
D =D, "

Here 0, K, and Dy are quencher concentration, quencher neutralization rate and quencher
diffusivity respectively. In this model, acid loss due to quencher neutralization and

intrinsic loss are modcled separately.

2.3 Acid-equilibrium quencher (AEQ) model
As will be discussed in chapter 6, acid-dissociation-equilibrium (AEQ) is existent in a

weak-acid CAR system. AEQ modeling is described by the following equations,

ﬁ;}“—‘%V(D,,V[H*]»—K,[H*1[QJ+Kd[HA]-Kc[H*J[A'lfK,,,,[H*]

atgA] = V(D,, V[HA))) - K,[HAJ[Q] - K [HA] + K [H*)[A4"] - K, ,[HA]

4]

o - KHANQ)+ K [HA)- K [H A7) K, [H'] 3
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- 3‘% = D,VH{Q)- K, HANQ)- K, [H' Q]

APY_ g 1H P
ke K.[H']P]

In AEQ modcling, acid consists of two parts — catalytic acid [H Juive and inactive acid
[HA]. [A] is the concentration of acid conjugate base. The parameters Dy, Dyy and Dy
are diffusivities of catalytic acid, inactive acid and quencher molecules respectively. The

parameters K, and K. are acid dissociation rate and recombination rates that describe the

acid dissociation cquilibrium and the ratio X, = K%< indicates acid strength.
. c

2.4 Model of resist surface phenomena
Resist surface phenomena modeled in STORM-II include acid and quencher surface loss

that are described by the following boundary conditions,

OH
D, Fn- =Ko, H
D = SQQ

°n
The first boundary condition models the acid surface transportation using acid surface
loss rate Ksy while the second boundary condition describes the quencher surface loss

using quencher surface loss rate Ko

3. Finite element method in STORM-II

The finite element method used in STORM-II eliminates part of variables at the
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clemental level so that the size of global cquation system is reduced and simulation speed
can be improved. This method is illustrated by .dcriving finitc clement formulation for
cquations (2) and cquations (4). The initial-boundary valuc problem is shown as
following,

Differential cquations:

o =K (1-A)H"
ot
oH ,
—=V(DVH)-K HQ-K,H :
a’ ( ) n Q ! (S.a)
%?- =V(D,VQ)-K,HQ
Boundary conditions:
oH
D, —a"' = Ky H
" (5.)
00 _
D, En— = fQQ
Initial conditions:
H(r =0sec) =1—¢ €2
" Q(t=0sec)=0, ‘ (5.¢)

A(t=0sec)=0

3.1 Time space discretization

STORM-II applies a variable time step second-order implicit backward differentiation
formula BDF2, which is the same as used in previous STORM [79]. The BDF2
formulation is derived from the fact that an arbitrary time-dependent smooth function

U(t) can be described by the following formula,
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U,,=aU,+bU, | +chU a+diU;,,(&) 6)

Here h=t;4)-1, is the current time step and & is a time between 4 and #4. Cocfficients a, b,
and c are functions of current time step 4 and previous time step A;=t-1;.1,

_ (h+h)
TR +2*h*h,
_ h?
TR +2%h*h,
c=h+h*b.

Q)

Substituting equation (7) into (6) gives formula of a first order derivative of U(t) at time

step j+1,

U, YU +error(h?) '
c(h,h) (8)

U=(aU,+bU,,)

Applying equation (8), time space discretization of equation system (5.a) is obtained,

ANC A KA, )H,," | @
Huu-H -H =V(Dye™"VH ) - K, H,,0,, - K.H , ®) (9)
c
_QM_C‘Q. =V(D,V0,) =K, H 0, ©
According to equation (9.a),
K.H, +d/c

A, = 10
M 1e+KH,, (19)

Substituting equation (10) into (9.b) reduces the number of equations that need be

assembled into the global equation system,
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H -H
— = V(D™ VH ) - K H 0, -KH .,
v

0,.-0
: Ic = v(l)(’vQ/‘l)—KnH;-tled (] l)
KH, +Alc
where 4, = ———
/ l/c+K,H,‘,

In previous STORM, all three cquations in (9) are formulated by finite clement method
and a global cquation system of 3*N dimension is generated, where N is the total number
of element nodes. In STORM-Ii, cquation (9.a) is eliminated at the clemental level so that
the size of the global equation system reduces to 2*N. The computation speed is predicted
~ to be improved by a factor of 2. In the resist modeling that assumes zcro quencher
diffusivity, the variablc of quencher Q can also be eliminated. In this case, the size of the
global equation system will be further reduced to N and a speed improvement by a factor

of 9 is predicted.

3.2 Finite element formulation of acid and quencher mutual diffusion
In finite element method, the whole simulation domain is approximated by a summation

" of man small elements,

volume Q= Z (9

12
surface S=Z s¢ (12

Finite element method is derived from a weak form of equations (11) within each element

o,
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H

'4 H \7 ——
L{(‘)’{ M} ¢ _ tdQ-
\ QJ" J Qj»l—Q
(o

[ 5( { ”/..} r (V(Doem,..vyj,,)—K“HNQ,,,—K,H,,,)}dgz {o} (13)
¥ \ Qjol y, V(DQVQN)"KnHqu/u 0

KH, +Alc
where 4, =—————
. Ve+KH

T
H
J+l
Here & [{Q H is an arbitrary variation of acid and quencher concentration.
Jn

Within each clement domain, variables H and Q are interpolated by the use of shape

RHg
Qju i ¢J1Q.

fl,, :
Here {_’ '} is a vector of element nodal values and [

Q i+

functions,

O -1

] is a matrix of shape

=10 < o
-t O

. {H j+l
functions. < .

} is an eight-dimensional vector for 2D rectangular elements and a
j+!

sixteen-dimensional vector is obtained for 3D block elements.

Substituting equation (14) and (5.b) into equation (13) and then applying variable

separation give the following finite element formulation,
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2 35 & e et

- J

same term as in previous STORM

(&) - 2. -6

” ~ )

mutual diffusion terms  surface loss term

(15)

where

K, = f‘ Dy (VE) VEdQ
K, = . D (V®)' Vedn

a avtjtl
Rgo = f‘ _K,Q,, #8400
Ry, = [ K&"®d

The finite element formulation (15) generates a nonlinear system as indicated by state

dependent matrices of Ky, Ky and Koo.

4. Numerical performance of STORM-II

Computation efficiency of STORM and STORM-II is investigated by performing

numerical simulations on a two-dimensional elbow resist pattern as depicted in Fig. 2(a)
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assuming a simple resist model as given in cquation (1). The domain size is 1.0pm x
1.0pm and a 40 x 40 mesh is used for finite clement simulation. Computation efficiency
is compared under various diffusivitics and o factors as plotted in Fig. 2(b) and Fig.2(c).
In Fig. 2(b), Dy is taken as 1E-4pm®/s and o varies from 1.0 to 4.0. In Fig. 2(c), o is fixed
at 2.0 while diffusivity Dy ranges frorﬁ 1E-3um®/s to 1E-6pm?s. Using STORM-II,
simulation speed is improved by a factor of 2~10 and the most time reduction is obtained

at low o and low diffusivity. (All computations are donc on DEC-a,, CPU 700MHz)

32



(urur) 1500 awr ],

(a)

STORM ' STORM
. ) —  STORM-II
D STORM-3D n

.

2 3 4 1E-6 1E-5 1E-4 1E-3

® Do (um?*/s)
(Do=1E-4um’/s) (0=2)
®) ()

Fig.2 (a) 2D elbow resist pattern and speed comparison (b) at various
diffusion constants ® (c) at various Dy
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4 Characterization of Non-Fickian Acid
Diffusion in DUV Chemically-amplified
Resist (CAR)

1. Abstract

Physical insight into state-dependent acid transportation is illustrated for chetﬁically-
amplified resist (CAR) system and verified using STORM-II simulation. According to
this new insight, two diffusion-sensitive patterns are shown to be highly sensitive to acid
diffusion type, which are a sequentially double exposed cross paftem and standing waves
in an isolated trench. By comparing the simulated shapes of these two patterns with
experimental SEM measurements, Fickian and non-Fickian diffusion during post-
exbosure bake (PEB) can be distinguished. This method is successfully applied to IBM
APEX-E and Shipley UV210 resists and shows that the reduced non-Fickian diffusion
models both resists the best. The development thresholds in APEX-E and UV210 resists
under various image slopes are systematically investigated for both one-dimensional
trench and two-dimensional trench end pattern applying a programmed foreground and
background double exposure to adjust the image slope. This study demonstrates that

thresholds for trench end patterns are higher than that for trenches. Except for 1D
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trenches in UV210, which remains a constant independent of image slope, all thresholds

increasc while the image slope decreases.

2. Acid diffusion sensitive features — sequentially double exposed cross

pattern and standing waves

The concept of sequential double cxposure as used in this study is shown in Fig 1(a). A
cross pattern is printed by sequential exposure of a horizontal linc and then a vertical linc.
Figure 1 (b) and (c) show examples of double exposed cross structure with feature sizes

of 0.3um and 0.4um using Shipley UV210.

The double exposed cross structure, which is less influenced by optical diffraction, is
very sensitive to acid diffusion. Due to the double exposure, the acid in the feature
overlapping zone is twice as high as that in the other region ;and diffuses outwards during
PEB. The shape of the corner in the double exposure is thus an effective means of
observing acid diffusivity. Fig. 2 shows the simulations for the double exposed cross
structure with and without acid diffusion. The simulation results illustrate a high
sensitivity of the corner shape to the acid diffusion. This super-sensitivity of double
exposed pattern to acid diffusion allows diffusion parameters to be eitracted to the high

degree of accuracy needed in resist profile simulation.
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(a)
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Fig. 1 (a) scheme of double exposed cross pattern (b) double exposed cross pattern of
0.3um trench (UV210) (c) double exposed cross pattern of 0.4um trench (UV210)
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(b)

(a)

Fig. 2 STORM simulation of double exposed cross pattern (a) no acid
diffusion (b) with acid diffusion

More important, the double exposed cross pattern is sensitive not only to the amount of
acid diffusion but also to the diffusion type. Three separate types for acid diffusion have
been proposed and are investigated in this study, which are Fickian diffusion (FD),
enhanced non-Fickian (ENF) and reduced non-Fickian (RNF) diffusion. In the Fickian
diffusion type, the acid diffusivity remains a constant independent of deprotection
reaction. In the enhanced non—Fickian diffusion type, the acid diffusivity increases due to
the deprotection reaction, while it decreases in the reduced non-Fickian model. These

three diffusion modes can be described by the following formula,

D = Dge™

A :deprotection level
D: acid diffusivity

@ = 0, Fickean diffusion

@ > 0, enhanced non - Fickean

(1)

w < 0, reduced non - Fickean
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The scquentially double exposed cross pattern is particularly sensitive to the diffusion
typé in resist. Each diffusion type predicts a different shape for the inner comners of the
overlap region. If ENF diffusion is the dominant diffusion mechanism, a sharp corner
shape will be observed. The reason is that, in this diffusion type, acids tend to diffuse
within the exposed region duc to a high diffusivity resulted from reaction. In the cross
pattern, this tendency mai(es more acid in the overlap region diffuse along the trench
arms rather than di-agonally into the uncxposed corner regions (Fig. 3) and thus gencrates
a sharp corner. If reduccd non-Fickian diffusion is the case, a smooth corner shape will be
observed. In this casc, diffusion diagonally out of the intersection is preferred to diffusion
along the arms (Fig. 3) and a smooth resist profile of the double exposcd cross is
produced. The Fickian diffusion type has ncither preferential effect. These physiéal
insights explained above were verified by STORM-II simulations. Onc quarter of a
sequentially double exposed cross pattern was simulated in STORM-II assuming all three
diffusion types. The deprotection profile for each diffusion type is shown in Fig.4. In the
simulations, the deprotection rate and acid loss rate were 0.28 and 0.02. The acid
diffusivities for the Fickian, the enhanced non-Fickian and the reduced non-Fickian
diffusion cases are Dg=1E-4um”/s, ©=0, D;=8E-6um?/s, »=8 and D¢=1.5E-3um?s, o=-8.
The results shown in Fig. 4(a-c) verify that the shape of the cross pattern depends greatly
on diffusion type. Shown in Fig. 4(d) is the SEM of a double exposed cross pattern
printe& in APEX-E. Comparison of this printed resist pattern with simulated deprotection
profiles indicates that APEX-E has a reduced non-Fickian diffusion type. More in-depth

quantitative results will be discussed in Section 3.
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Reduced non-Fickean

Fig. 3 Acid transportation in sequentially double cxposed cross structure as
predicted by ENF and RNF diffusion types
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(©) (d)

Fig. 4 Deprotecction profiles of one quarter of sequentially double exposed cross
pattern predicted by (a) enhanced non-Fickian mode (b) reduced non-Fickian
mode (c) Fickian diffusion mode (d) SEM of the cross pattern printed in APEX-E

Standing waves are also highly sensitive to diffusion type. The same principle of acid
movement as used in the sequentially double exposed cross pattern can be applied to
predict the resist profile of standing waves resulted from different diffusion type. As
shown in Fig. 5, the direction of diffusion for the ENF diffusion is primarily lateral
tending to increase the standing waves. For the RNF diffusion, the direction of acid
diffusion is more vertical tending to eliminate the destructive exposure results. The effect
of Fickian diffusion will be in the middle. STORM-II simulations were made for an

isolated trench printed in a 0.9um APEX-E film with no BARC giving the initial image
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intensity as shown in Fig. 6(a). Figure 6 (b~d) shows the contours of the deprotection in
the resist cross-section for all diffusion types. It is observed that the physical size of the
standing wave is invisible for RNF diffusion, only slightly reduced for Fickian diffusion

and large for ENF diffusion.

Resist
film

@ (b)

Fig. 5 (a) Image intensity of standing waves (b) Acid movement in the region of
standing waves predicted by enhanced and reduced non-Fickian diffusion modes
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Fig. 6 (a) Image intensity of standing waves (b) resist profile predicted by
enhanced non-Fickian diffusion model (c) resist profile predicted by reduced non-
Fickian diffusion model (d) ) resist profile predicted by Fickian diffusion model

3. Characterization of IBM APEX-E and Shipley UV210 resists based

on diffusion sensitive features

Acid diffusion in APEX-E and UV210 resists is investigated in this section applying a

basic PEB model as described by the following equations

04

—=K,(1-4)H

a (1=4)

%:V(DVH)—K,H @)
D=De™
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For the development, a simple threshold model is applied as a first order approximation.
For UV210, the effcct of quencher loading is merged into the intrinsic acid loss as

modeled by acid loss rate K; and no cquation of the quencher ncutralization is required.

In the above resist model, there are five parameters to bclcalibrated, which can be-divided
into two groups according to the calibration strategy. The first group includes the reaction
rate, acid loss ratc and development threshold that arc. determined by best fitting the curve
of dose-to-clear versus PEB time for flood cxposurc as well as the trench width. The
second group is the diffusion parameter, which will be determined by interpreting the
corner-to-corner spacing of the sequentially double exposc;d cross pattern and the

visibility of standing waves.

All experimeﬁts in this chapter are conducted on an ASML tool, Model 5500/90 at a
wavelength of 248nm, NA= 0.5 and ¢ = 0.62. Two chemically amplified resists, Shipley
UV210 and IBM APEX-E, are used. Both resists are spin-coated at 3000 rpm for 30sec.
The soft bake conditions for UV210 and APEX-E are 130°C, 60 seconds and 100°C, 60
seconds. The post exposure bake conditions are 130°C, 60 seconds and 90°C, 60 seconds,
respectively. For APEX-E resist, a reflective top coating (RTC) is added by spinning at
3000rpm for 30 seconds and soft-baking at 100°C for 60 seconds. The development
conditions are 45 sec in LDD-26W (Shipley) for UV210 and 50 sec in 0.25 N TMAH for
the APEX-E. AR3-600 (Shipley) bottom antireflective coating (BARC) is applied before
resist coating using the same recipe as for UV210 coating. The trenchés that are used to

extract the acid diffusion constants are 0.3um, 0.4um, 0.5um and 0.6um isolated trenches.
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These values arc 5X demagnification of mask spacing, also called designed trench width
in this chapter. These trenches arc also applied to generate double exposcd crosses. The

dosc levels for APEX-E and UV210 are 10mJ/em? and 29.5ml)/cm’.

Figure 7 shows thc results of dosc-to-clear versus PEB time for both APEX-E and
UV210 resist, from which acid loss rates of 0.015 (APEX-E) and 0.04 (UV210) arc
cxtracted. For the PEB conditions used in this study, the reaction rates estimated
according to PROLITH datasheet are 0.2 (APEX-E) and 0.15 (UV210). Using these
values as initial guesses, refined recaction rates based on trench width fitting are
determined to be 0.3 (APEX-E).. and 0.15 (UV210). In the refinement procedure, the
dissolution threshold for trench width calculation is given by the following equation [80]

A, =1-e"¢

C=D,, K (e™""= -1)e®"

ear

3)

The parameters Dycor, B and ¢ are the dose-to-clear, Dill’s B parameter and the tlﬁckness
of resist film respectively. The term e is included because the dose at the bottom of the
resist film, which determines the full clearance of the resist film, is reduced due to photon
absorption through resist film. The threshold values for APEX-E and UV210 that are

correspondent to the refined reaction rates are 0.3 and 0.52 respectively.
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Figure 7 Dosc-to-clear verse PEB time for (a) APEX-E (b) UV210

For APEX-E, all three diffusion types were simulated in STORM-II and their parameters

were calibrated by fitting calculated trench widths to the experimental measurements. As |
shown in Fig. 8(a), if the diffusion constants Dy and © are well tuned, the one-
dimensional trench widths can be predicted rather agcm’ately by any diffusion type to
within an error of 10nm for each. The diffusion constants for Fickian, ENF and RNF
diffusions extracted from this procedure are Do=1E-4 um?/s, ©®=0, D¢=1E-5 um?/s, ©=5
‘and Dg=1E-3 um’s, 0=-7. Applying these extracted parameters to predict the corner-to-
corner spacing differentiates diffusion type as shown in Fig. 8(b). It shows that ENF
diffusion underestimates the cross spacing by about 180nm on average and does not
predict the round corners as observed by SEM measurements. Although slightly
improved .compared with ENF, Fickian diffusion still underestimates the spacing by

about 150nm. Among the three diffusion types, only RNF diffusion fits the corner-to-
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corner spacing accuratcly and predicts round comners as arc obscrved in SEMs. The above

obscrvations strongly indicate a reduced non-Fickian diffusion type in APEX-E resist.

(b

E 08 .

2

3 06 - . gﬂ |

| RAR E

s 02} 3

g | ;

9_) 0 i 1 t . i i

02 03 04 05 06 07

Designed trench width (um)
E; . (a)
15 R : S

"g = P | —o— Experimenta |

— AN : .
& o 1 '/14 —&— Fickean
wE Reduced
= 'O 05" —
Q o] i—-x—ﬂEma'\oed j
8 w 0"’"‘""‘"!'_ T Y Ty e "‘-" - - s
o 02 03 04 05 06 07

Designed trench width (um)

Fig. 8 Experimental measurements and simulation prediction of (a)
1D trench widths (b) the corner-to-corner spacing of sequentially
double exposed cross pattern in APEX-E

A study of standing wave effects will further prove the existence of RNF diffusion in

APEX-E resist. To generate standing waves, an isolated trench in a 0.9um APEX-E film

without BARC was exposed. Figure 9 (a) and (b) show the contours of the deprotection

concentration after 30s PEB as predicted by Fickian and RNF diffusion models.

Apparently, that Fickian diffusion does not eliminate the standing wave effect while
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reduced non-Fickian diffusion generates a smooth resist profile consistent with the
experimental observation (Fig. 9(c)). The best fitting of both sequentially double exposed

cross pattern and standing waves shows that APEX-E is best modeled by RNF diffusion

with parameters Dg= 1E-3 um’/s and ©--7.
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Figure 9 Resist profile resulting from standing waves in APEX-E (a)
predicted by Fickian diffusion model (b) predicted by reduced non-Fickian
diffusion (c) SEM measurement

A similar strategy was applied to study UV210 resist. As was the case with APEX-E,
one-dimensional trench widths were best fitted with all three diffusion types with
appropriate diffusion constants as shown in Fig. 10 (a). The trench widths can be

predicted well even assuming no diffusion. The diffusion constants extracted from trench
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width fitting for Fickian and RNF diffusions arc Dy 1E-4 um®/s, =0 and Dy--SE-4 um?/s,
w=-5. Using these parameters, the corner-to-corner spacing of the double cxposed cross
pattern was predicted and the results are shown in Fig. 10 (b). It is shown that both
Fickian and RNF diffusion predict the spacing rather accurately, which is due to very
small diffusion length in UV210 resist. Assuming no acid diffusion, the spacing is
underestimated by 30nm, which indicates the acid diffusion length of 15nm in UV210

resist.

Since acid diffusion type in UV210 resist cannot be determined by the double exposed
cross pattern, a study of standing wave effects is required. To gencrate standing waves, a
UV210 film of 0.4um was coated on a bare wafer. Figure 11 (a) and (b) show thc resist
profiles predicted by Fickian and RNF diffusion. It is found that the profile prcdictgd by -
reduced non-Fickian model is smooth and consistent with expcrimental observation as
shown in Fig. 11 (c)- while Fickian model predicts standing waves. Apparently, the
redpced non-Fickian diffusion with constants D=5E-4 um®/s and ®=-5 models UV210

resist the best.

As seen in the above experiment, the sequentially double exposed pattern is not sensitive
enough to characterize small diffusion length such as in UV210 resist. In chapter 5, a
double exposed sharp resist tip (DEST) technique will be shown to have higher diffusion

sensitivity and is able to magnify the standing waves by one order of magnitude.
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Figure 10 Experimental measurements and simulaiton predictions of (a)
one-dimensional trench width (b) corner-to-comer spacing of sequentially

double exposed cross pattern in UV210
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(a) (b)

(c)

Figure 11 Resist profile resulting from standing waves in UV210 (a)
predicted by Fickian diffusion model (b) predicted by reduced non-Fickian
diffusion (c¢) SEM measurement

4. Study of multi-threshold model using programmed double exposure

The technique of foreground and background double exposure consists of applying a
standard exposure followed by a background exposure using a blank mask. This method
is able to adjust image contrast easily as shown by Williamson [81] in studying line edge
roughness. In this study, the foreground and background exposures are programmed so
that the image slope is varied but the peak intensity remains constant. Using this approach,
the influence of peak intensity on development threshold is excluded and the threshold

will be a function of only image slope. Development threshold used in this section is not
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image threshold but deprotection threshold, which means that resist volume with

deprotction level higher than the threshold will dissolve and otherwise remains.

The typical image intensities of programmed double exposures for 1D trench and 2D
trench end pattern are plotted in Fig. 12. For cach image slope, development thresholds
arc extracted by fitting STORM-II simulations to experimental measurements of CDs.
The resist parameters extracted in section 3 are used for STORM-II simulations. The
dependency of development threshold on image slope and pattern shape is then

investigated by observing results of above two patterns under various image slopes.
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Figure 12 Image intensity of programmed foreground/background exposure of (a)
trench (b) trench end gap
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The scrics of forcground/background doses used in this experiments are 15/0 mJ/cm®,
13.5/1.5 my/em®, 12/3 mJ/cm?, 10.5/4.5 ml/cm® for APEX-E, and 30/0 mJ/em?®, 27.5/2.5
mJ/em?, 25/5 ml/em?, 22.5/7.5 ml/cm® for UV210. If normalized with the image slope
without background cxposure, the slopés for the exposure sets above are 1, 0.9, 0.8, 0.7

for APEX-E resist and 1, 0.91, 0.83,°0.75 for UV210 resist.

For APEX-E, the trenches of 0.3, 0.4, 0.5 and 0.6um are exposed to extract the thresholds
for 1D trenches and 0.3/0.4um trench end pattern is used for 2D pattern. Figure 13(a)
~ shows that when the image slope ch%mgcs from 1 to 0.7, the threshold for 1D trench
increases from 0.3 to 0.49 while the value for the trench end pattern increases from 0.33 '
to 0.54. The threshold for the trench end is always higher than that for 1D trench by about
10%. Figure 13(b) compares the prediction of trench widths using both single-threshold
and multiple-threshold model. It shows that a multiple-threshold model predicts trench
widths rather accurately for various image slopes while single-threshold development

» model fails.
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Figure 13 (a) Development thresholds of APEX-E for 1D trench and trench
end pattern (b) Experimental measurements and predictions of trench widths
assuming single-development threshold and multi-development threshold

Similar method is also conducted to study UV210 resist and the results are shown in Fig.
14(a). It is found that the thresholds of 1D trench are almost invariably independent of the
image slope. This is probably due to the high resist contrast of UV210. Thresholds for 2D
patterns are extracted using trench end patterns of 0.3/0.2um, 0.3/0.4um, 0.4/0.2um and
0.4/0.4um. For 2D pattemns, correlating thresholds with deprotection slopes instead of
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image slopes generates a clean linear trend as plotted in Fig. 14(b), where the threshold
increcascs from 0.52 to 0.63 or about 20% as the deprotection slope varies from 2.7 t0 0.7.
For UV210 resist, multiple-threshold modecl is needed for 2D patterns while single

threshold model is rcasonably accurate for 1D trench calculation.
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Figure 14 Development threshold of UV210 for (a) 1D trench (b)
trench end patterns

5. Conclusion

The shapes of the sequentially double exposed cross pattern and standing waves are
shown to be highly sensitive to the diffusion mode in CA resists. Optimal fitting of these

two patterns is an effective method to determine the acid diffusion type in APEX-E and

54



UV210. The presence of reduced non-Fickian diffusion is found for both resists with
diffusion constants Dy= 1E-3 um®/s, w=-7 (APEX-E) and Do=5E-4 um’/s, m=-5 (UV210).

For UV210, this new method can detect a diffusion length as small as 15nm.

The programmed foreground and background double exposurc is an casy and effective
method to adjust the image slope and hence the deprotection slope. Using this technique,
the dependency of development threshold on image slo;)c or deprotection slope is studied
for APEX-E and UV210. For APEX-E, the threshold for trench end patterns is higher
than that for trenches by 10% on avcrage. Both thresholds increase up to 60% when the
image slope decrcases by 30%. For UV210, the threshold for trenches remains a constant
regardless of image slope, but the threshold for trench end patterns increcases up to 20%
when the deprotection slope decreases by 50%. The trend of this threshold versus the -
deprotection slope follows a simple linear relationship. The results above show that a

multi-threshold model is required for both resists.
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5 Applying Double Exposed Sharp Tip
(DEST) Technique to Characterize
Material Phenomena in DUV Photoresist

1. Abstract

Double exposed sharp tip (DEST) is produced by a first expésurc of a line and space
pattern followed by a second exposure of the same pitch with a rotation of 10 degrees.
This results in long tapered fingers that cannot be made using a single exposure. The
DEST tip size'is on the order of the size of standing waves and can be used to examine
the trade-off between resist blur and resolution. Experiments of printing DEST on a
variety of substrate materials using both Shipley UV210 and IBM APEX-E resist show
that DEST shape varies dramatically depending on the undeﬂying materials. A method of
characterizing resist surface phenomena based on interpreting DEST structures has been
proposed and tested. STORM-II simulation studies verify the super sensitivity of DEST
to non-Fickian acid diffusion and process condition fluctuations as being 10 times more
than that of the critical dimension (CD) of the minimum feature size. The numerical
investigations show that DEST is suitable for accurate acid diffusion calibration and

process monitoring.
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2. Double exposed sharp tip (DEST) technique

Double cxposed sharp tip (DEST) is. made by two consccutive exposures of a linc and
spacc pattern with a slight rotation as illustrated in Fig.l (a). Sharp resist tips arc
produced by DEST tcchnique as shown in -Fig. 1(b), which cannot be obtained by
standard single cxposure. Figurc 2 compares image intensitics of DEST printing with a
rotation of 10 degrees and single exposure of a wedge-shaped resist pattern as simulated
using Panoramic. It is shown'that, double exposure is able to produce sharp image tip

while severe image blur is present for single exposure.

Assuming a first order kinetics as shown in Fig. 3, the latent profile formation at the
DEST tip is related to the original latent formation by the factor M

4 ADEST 1
ACD tan(6/2)

M

According to Equation (1), applying a rotation of 10 degrees in DEST printing can
generate sensitivity improvement of about one order of magnitude. Further numerical and
experimental studies will show that the estimation based on equation (1) is fairly accurate
in spfte of its simplicity. It should be pointed out that this magnification factor is not due
to an enhancement of the image gradient since the image gradient normal to the

intersection of the wedge remains near its original value.
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Fig.1 (a) Double exposed sharp tip technique (b) SEM of DEST wedge

shape islands
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(b)

(a)

Fig. 2 Image intensity of (a) DEST technique (b) single exposed wedge
shape pattern

== °

ADEST "

ADEST/ACD = 1.0/tan(6/2.0)

Fig. 3 Magnification factor of DEST over CD

3. Experiment conditions

All experiments are done on an ASML tool, Model 5500/90 at the wavelength of 248nm.
System parameters are NA= 0.5 and ¢ = 0.52. Two chemically amplified resists, Shipley
UV210 and IBM APEX-E, are used. Both resists are spin-coated at 3000 rpm for 30sec.

The soft bake conditions for UV210 and APEX-E are 130°C, 60 seconds and 100°C, 60
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seqonds, and the post exposure bake conditions are 130°C, 60 seconds and 90°C, 60
seconds, respectively. Reflective top coating (RTC) for APEX-E is added by spinning at
3000rpm for 30 seconds and soft-baking at 100°C for 60 seconds. Shipley bottom anti-
reflection coating AR3-600 is applied using the same process as for UV210 resist. The
development conditions are 45 seconds in LDD-26W (Shipley) for UV210 and 50
seconds in 0.25 N TMAH for the APEX-E. Silicon nitride coating is implemented by

LPCVD.

4. Fundamental tradeoff between resist blur and resolution in

lithography

In essence, lithography resolution is limited by blur effects that can be simply divided
into two categories — optical blur and resist blur. Optical blur is caused by the projection
image system acting as a low pass filter while resist blur is the consequence of material
phenomena, such as acid and quencher diffusion, and limited dissolution contrast. With
optical diffraction eliminated using DEST technique, the DEST tip reveals the scale of
the resist blur effect. In the extreme situation of zero resist blur, an infinitely sharp DEST

tip would be created.

Figure 4 (a) and (b) show DEST tips printed using APEX-E and UV210, where a 75nm
radius has been observed for both resist tips. This characteristic length of 75nm indicates

the scale of resist blur effect. An interesting finding is that peak-to-peak distance in
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standing waves

3 is also close to 75nm for both resists. Although this correlation
R

resist

scems coincident at the first glance, it actually describes a fundamental principle of resist
design — the tradcoff between resist resolution and material uniformity. On one hand, the

resist blur effect sets the limit of resist resolution so that a small resist blur is preferred to
push the limit of resist printing. On the other hand, the resist blur effect is critical in

climinating material nonuniformity such as standing waves and line edge roughness.

The above principle implics that a better resist resolution can be realized through two
strategies. One strategy is to diminish the scale of material nonuniformity, such as
applying anti-reflection coating (ARC) to reduce standing waves. The other is to enhance
the smoothing efficiency of the resist blur effect so that material nonuniformity can be
eliminated at small resist blur, such as acid and quencher mutual diffusion, and reduced

non-Fickian diffusion.

61



Fig. 4 (a) APEX-E DEST (b) UV210 DEST (c) Standing waves in APEX-E resist
(d) Standing waves in UV210 resist

5. DEST for visualizing resist-substrate interaction

A variety of substrate materials have been used to verify DEST sensitivity to resist
surface phenomena, which include bare silicon, 80A and 900A silicon nitride coatings
and Shipley AR3-600 anti-reflection coating (ARC). To create the DEST pattern, a
350nm/350nm line and space pattern that is the working resolution of the exposure tool is
double exposed with the irradiation energy that is best for printing a 250nm/250nm

pattern.

Figure 5(a) — (d) show APEX-E DEST features on bare silicon, 80A silicon nitride, 800A
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silicon nitride and AR3-600 ARC film as irradiated at doses of 5.5mJ/em®, 5.5mJ/cm’,
8.0mJ/cm?® and 12.0mJ/cm? respectively. RTC coating is used only for DEST printing on
top of AR3-600. DEST on top of both thin and thick silicon nitride presents a long tail of
about 300nm, which is not observed on top of bare silicoh. A shorter DEST tail of about
100nm is found on top of the AR3-600 film. These DEST tails are believed to be caused
by substrate base contamination. The AR3-600 coating does not eliminate the DEST tail
complctely since it is originally designed for Shiplcy resist rather than APEX-E.
Applying the AR3-600 coating.improves resist sidewall angle apparently as shown in Fig.

5(d).
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(c) (@

Fig.5 APEX-E DEST on (a) bare silicon (b) 80A silicon nitride (c) 900A silicon
nitride (d) AR3-600 coating with RTC top coating

The same experiments are performed for UV210 on bare silicon, 80A silicon nitride and
AR3-600 irradiated with doses of 17.0mJ/cm’, 17.0mJ/cm? and 23.0m/cm?. A 900nm
UV210 film rather than optimized 420nm film is coated for a fair comparison with
APEX-E resist. As a result, severe T-toppings are present and the best performance of

UV210 is not demonstrated.

As shown in Fig. 6(a)—(c), the UV210 DEST shape varies dramatically while underlying

materials are changed. DEST on top of bare silicon presents an interesting “aircraft
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carrier” shape. On top of thin silicon nitride, a long DEST tail is obscrved the same as in

APEX-E resist. Applying the AR3-600 coating produces a vertical resist sidewall angle.

The “aircraft carrier” shapc as observed for UV210 DEST on top of bare silicon is unique,
where the top resist surface appears to result from airborne base contamination and the
bottom resist undercut can be explained by cither aggregation of acid or loss of quencher
near the substrate. In this study, quencher surface loss 'is assumed and will be modeled to

simulate the “aircraft carricr” shape.

These cxperimental obscrvations of DEST shapes over a variety of substrate matcrials
proves that the DEST shape is super sensitive to resist surface phenomena and thus an
accurate structure for visualizing resist-substrate interaction. Although all DEST .
experiments in this article are conducted at dry 248nm lithography, there will Be‘no
barrier to extend the DEST technique to quantify resist component leaching and water

uptake for immersion lithography.
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(2) (b) (c)

Fig.6 UV210 DEST (a) on bare silicon (b) on 80A silicon nitride (c) on AR3-600
coating '

6. Modeling of resist substrate and top surface interaction

Acid and quencher mutual diffusion is modeled in STORM-II as described in the

following equations,

%: V(D,VH)-K,OH - K,H

dQ 2
“£=DV'0-K,0 H -
dA

dr
H(t=0)=1-¢0CDose

=K (1-A)H

Here 4, H and Q are normalized deprotection, photoacid and quencher concentration. The
parameters K;, Kj K, and C are deprotection reaction rate, acid loss rate, acid quencher
neutralization rate and Dill’s C parameter respectively. The parameters Dy and Dq are
acid and quencher diffusivity. The factor ® characterizes non-Fickian acid diffusion.
Assumption of Dq = 0, K;>> K| and K,>>K; simplifies the above mutual diffusion model

into conventional quencher model, where active acid is obtained by simply subtracting
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the quencher amount from photo generated acid.

STORM-II models T-topping and the long DEST tail by assuming acid boundary loss.
The “aircrafl carrier” shape is predicted by modeling quencher diffusion and surface loss.
Boundary conditions are incorporated to model resist surface phenomena,

dH

D,,—€—1—=KSH

" 3)
D dQ—K
e;," ch

K5 and K are acid surface loss rate and quencher surface loss rate.

Figure 7(a) and (b) present APEX-E DEST on both thin and thick silicon nitride, wﬁcre
the same length of DEST tails indicates that the acid surface loss rate K is only function
of substrate material. STORM-II simulations are performed using a variety of acid loss
rates K5 to show the correlation between the tail length and K as depicted in Fig.7(c)-(c).
Matching simulation results with experiment measurements of the DEST tail shows that

the acid surface loss rate of APEX-E resist on top of silicon nitride is -0.0004.
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(b)

(c) (d) (e)

Fig.7 (a) APEX-E DEST on 80A silicon nitride (b) APEX-E DEST on
800A silicon nitride (c) DEST simulation assuming Ks= 0 (d) Ks= -
0.004 (e) Ks=-0.010

In Fig. 8, the “aircraft carrier” shape that is found in UV210 DEST on top of bare silicon
is simulated assuming quencher surface loss on the_bottom in combination with base
contamination on the top. STORM-II simulation uses UV210 resist parameters the same
as extracted in chapter 3. Initial quencher loading and quencher diffusivity are assumed
"as 0.2 and 3E-4um%/s. For boundary conditions, K5 = -0.005 and Ksp = -0.010 are
assumed. As shown in Fig. 8, STORM-H simulation matches the DEST profile fairly well,

which verifies the effectiveness of quencher surface loss model.
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Fig.8 UV210 DEST on top of bare silicon (a) SEM (b) STORM-3D simulation

7. DEST applications in characterizing non-Fickian acid diffusion

The sensitivity of the top-down length of DEST wedge shape islands upon acid
diffusivity is studied by performing STORM-II simulation and compared with the
linewidth CD in Fig.9. Here APEX-E resist parameters except acid diffusivity are used
and Fickian diffusion is assumed for simplicity. It is shown that the top-down length of
the DEST islands presents almost 10 times better sensitiyity to acid diffusion than the

critical dimension.
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Fig. 10 Top-down wedge shape island of UV210 DEST as predicted by Fickian
and reduced non-Fickian diffusions at the same diffusion length
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Figure 10 shows the top-down view of UV210 DEST as gencrated by STORM-II
simulations assuming various diffusion types. The diffusion constant used for Fickian
diffusion is,D = 4E-5 um?%s while Dy = 5E-4 um?%/s and © = -5 arc assumed for non-
Fickian diffusion so that both diffusion types predict the same linewidth CD. Other resist
properties are taken from the UV210 resist parameters. Simulations of both diffusion
types produce the same CDs that fit experiment measurements, which means that the acid
diffusion type cannot be determined by interpreting only CD measurements. Even the
double exposed cross pattern used in chapter 3 was not able to show much difference for
the UV210 resist due to small diffusion length [37]). Here with DEST, the top-down tip to
tip length of the wedge shaped island shows a 400nm difference for Fickian and RNF

diffusion types and thus can be used to determine diffusion type in CAR systems.

Previous study shows that the diffusion type can be distinguished by observing the
standing wave patterns. This is shown in Fig. 11. STORM-II simulations of the DEST
- profiles in Fig. 12 show that the DEST pattern also amplifies the ability of observing
standing waves by one order of magnitude. For exarhple, a Snm ripple in UV210 isoline
becomes a 50nm ripple in the DEST profile. For the same diffusion effect on a 2D isoline
feature, the DEST profile is much smoother with reduced non-Fickian diffusion. The
smootl; UV210 DEST profile on top of bare silicon as measured by SEM is thus a strong

evidence of RNF in the UV210.
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Fig.11 (a) standing wave on iso space (b) STORM simulation of deprotection
contour assuming Fickian diffusion (¢) STORM simulation of deprotection contour
assuming reduced non-Fickian diffusion
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Fig.12 Standing wave effect on the DEST profile as predicted by assuming (a)
Fickian diffusion (b) Reduced non-Fickian diffusion

8. DEST applications as an accurate process monitor

The DEST process amplifies the effects of parameter variations and thus is very suitable
for monitoring process condition fluctuation. Figure 13 depicts the dimension changes of
both linewidth CD and the top-down wedge shape DEST islands under small
perturbations of process conditions predicted by STORM-3D simulation. UV210 resist
parameters are used in the simulations and 30mJ/cm® dose and 130°C PEB temperature
are assumed to be standard process conditions. As shown in Fig. 13(a) and 13(b), the
length changes of the top-down wedge-shaped DEST islands are more than 15 times
larger than the CD changes at the same process perturbation. At 1% dose perturbation,
simulations predict a CD change of 1.5nm in comparison with a 29nm change for the

DEST islands. At 0.25°C bake temperature variation, the length of DEST islands changes
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‘by 37nm while only a 2.3nm variation is predicted for linewidth CD. Given a SEM
measurement resolution of 2.0 nm, monitoring the CD alone cannot track the above small
process condition fluctuations. The DEST process clearly raises the observable changes
well above the 2nm noise in SEM measurements. Figure 14 shows the experiment
measurements of dimension changes of both CD and DEST for APEX-E resist over PEB
temperature variation up to +/-1°C. Again, sensitivity improvement of more than 10 times
by using DEST technique is verified. The experimental data not falling in a straight line

indicates the issue of process control quality.
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Fig. 13 Dimension changes of CD and DEST islands for UV210 resist upon
(a) dose nonuniformity (b) PEB temperature variation
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Fig. 14 Mcasurements of dimension changes of CD and DEST for
APEX-E resist over PEB temperature variation

9. Conclusions

Double exposéd sharp tip (DEST) has been printed using both APEX-E and UV210
resists. DEST.tip size, the smallest printable resist feature, reveals the scale of resist blur,
which is about 75nm for both resists. The finding that the scale of resist blurs is the same
as that of standing waves is an evidence of a tradeoff between resolution and uniformity
in chemically-amplified resist system. Several resist pheno:hena, including standing wave
reduction via applying anti-reflection coating and acid/quencher mutual diffusion, are

reconsidered from the viewpoint of the tradeoff between resist resolution and uniformity.

Various DEST resist profile shapes, including long tails and “aircraft carrier” undercut,
are observed when varying the substrate material. The super sensitivity of the DEST

shape to resist surface events enables accurate observation and characterization of resist
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surface phenomena as verified by using APEX-E and UV210 resists. The ‘faircraﬁ
carrier” shape undercut in UV210 DEST on top of bare silicon implies either aggregation
of acid or loss of quencher on the substrate. The “aircraft carrier” shape has been
predicted by assuming quencher diffusion and surface loss. Further study is still

necessary to gain in-depth physical insight into this interesting DEST shape.

Numerical studies show that the top-down length of DEST wedge-shaped islands 1s a
strong function of both the acid diffusion length and the diffusion type. These DEST
structures can be used to characterize non-Fickian diffusion in CAR systems. .
Furthermore, DEST exaggerates the scale of standing wave eﬁeéts by a factor of 10 and
is thus good for determining acid diffusion type. Only the reduced non-Fickian diffusion
model can predict the disappearance of standing waves in the UV210 DEST profile. This
is also strong evidence of the existence of RNF in UV210 resist. Both numerical an&
experimental studies show that the length of the DEST islands is more than 10 times
more spnsitive to process condition fluctuations than linewidth CDs and therefore DEST
is good for accurate process monitor demanded by stringent process control for the

leading lithography technology.
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6 Understanding Quencher Mechanism
by Considering Photoacid Dissociation
Equilibrium in Chemically-amplified
Resist (CAR)

1. Abstract

In this chapter, an in-depth study of a new acid-equilibrium-quencher (AEQ) model is
conducted. AEQ model was first proposed by Dr. Nagahara [19, 20, 21] to explain
quencher effects and verified using a liquid model resist. This study further investigates
AEQ model using solid model CA resist systems through interpreting reaction kinetics
during post-exposure bake (PEB). The model resists used in this work consist of both a
KrF acetal type resist with weak photoacid generator (PAG) and an ArF ester-type resist
with strong photoacid generator. The reaction kinetics in model resists is measured by
employing a real-time Fourier-Transform-Infrared Spectroscopy (FTIR) during PEB. For
the ;zveak acid system, the AEQ model correctly predicts the deprotection-reaction
kinetics over a variety of quencher loadings and exposure conditions with only one set of
resist parameters while conventional fully-dissociation-quencher (FDQ) model cannot fit

the deprotection reaction to any extent. This result provides a strong evidence of the
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existence of quencher induced acid buffering in a weak-acid resist system. Different from
the KrF model resist, for ArF resist, the conventional FDQ model appropriatcly predicts
the deprotection reaction fairly well, which means that the conventional FDQ model is
accurate enough to describe the strong acid system. The new AEQ model is incorporated

into STORM-II and some examplcs of quencher cffects arc simulated.

2. Concepts of full-dissociation-quencher. (FDQ) model and acid-

equilibrium-quencher (AEQ) model

In the conventional quencher model called “Full-Dissociation-Quencher (FDQ) model” in

this chapter, PAG generates the photoacid [HA]gencrated upon UV irradiation,

PAG —— [HA),.ruq + by — product Q)

The photo generated acid is assumed to be strong enough to result in a full dissociation

(reaction 2).

+[47] 2

active

(HAYyneraics —> [H"]

Here [H]"aaive Tepresents “catalytic” acid that catalyzes the deprotection reaction during

" PEB. [A] in reaction 2 represents the conjugate base of the acid.

In FDQ model, one part of [H]"scuve is neutralized by quencher (Q) through reaction 3 and
loses the catalytic ability and all deprotection reaction is catalyzed by the remaining acids

after neutralization reaction.

[H Joeue +1Q) = [HQ] ' &)
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Recently, some rescarchers [53, 54] consider the transient FDQ to understand quencher
effects, which suggests that the deprotection reaction starts cven before neutralization
reaction (3) is completed and the quenched acid also contributes to deprotection to some

extent. FDQ model in this study includes this type of transient models.

Although straightforward, the FDQ modcl cannot explain some common quencher effects
such as that adding quencher improves environmental stability of resist. Therefore, new
chemistry phenomena should be investigated and the FDQ model be revisited. Onc-
questionable assumption in the FDQ model is that photoacid acts as strong acid in resist
matrix and full acid dissociation occurs. However, it may not be truc because the acid
strength sometimes decreases dramatically in organic solvents such as resist matrix even
it is super strong in water. The acid strength in solid resists must be investigated

carefully.

The acid strength is often described by constants K, or pKa In an acid-dissociation-
equilibrium system as described in"equation (4), the constant K, is defined by formula (5),

where Ka and K are the acid dissociation-reaction rate and combination-reaction rate.

Ka
[HA] 4—— [H+]active + [A-] (4)
K.
buffered acid catalvtic acid conjugate base
Kn = _K—‘L = _[H ]aclive[A—] (5)
K, [HA]

The constant pK, is defined in formula (6), where lower pK, value means stronger acid
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and the pK; valuc of purc water is 7.0.

pK, =-log, K, (6)
Figurc 1 shows the pK, rangc of fluorinated-super-strong acid and non-fluorinated acid. It
shows that the pK, is much higher in non-aqueous solvents than in thc water. This
observation implies that even a very strong acid in water can behave as a weak acid in
organic matrices. Even for the super strong fluorinated acid, acid strength becomes much
weaker in organic solvents and pK; can turn into positive as shown in Fig.1. In the case of
the non-fluorinated sulfonic acid, the acid acts as strong acid in water but becomes weak
in organic solvents. Surprisingly, the change in acid-dissociation constants due to the
matrix can be as much as mofe than 10 orders of magnitude. This observation indicates
that the assumption of strong acid in resist matrix is not necessarily correct and a more
general model that describes the partial acid dissociation need be developed to understand

quencher effects.
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Fig. 1 K, range of fluorinated-super acid and non-fluorinated
weaker acid. Acid becomes weaker in non-aqueous matrices

To include the partial dissociation cquilibrium, an acid-equilibrium-quencher (AEQ)
model has been proposed by Dr. Nagahara and verified in liquid model resist. In this
AEQ model, a necutralization reaction (7)'occurs between [HA] and [Q] at first that
generates the conjugate base of acid [A] (an anion of acid). The reverse reaction in
reaction (7) is neglected because the pK, of the quencher is usually much higher than the

acid pK,.

[HA)+[Q] — [QH"]+[47] M
The re.;iulted conjugate base [A] then pushes the dissociation equilibrium in reaction (4)
to the left direction generating buffered acids. Obviously, more quencher loading would
produce more buffered acids. This coupling effect of the reactions (4) and (7) is called the

“common-ion effect” [82], through which buffered acids are generated by adding
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quencher thus providing a morc stable resist system. The buffered acid can suppress the
change of catalytic [H Jucuve due to the consumption of the acid such as by extcrnal base
contamination. This system is analogous to the pH buffer solution [82] that also consists

of a weak acid and a conjugate base of the acid.
3. Experimental preparation

3.1 Resist materials

Two model resists arc formulated for the purpose of quencher study. One is an acetal-
type KrF resist formulated with diazomethane photoacid gencrator (PAG) (weak acid
generator) as shown in Fig. 2. The other is the ArF resist with sulfonium-salt PAG
(strong acid generator) as shown in Fig. 3. In the resist samples, different quencher

loadings are applied (0, 10, 25, 40, 60 mol% to PAG mol %).
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KrF Resin

N
J

\
o]
Mw=23000 o>~
Mw/Mn=1.85 L
Hydroxystyrene/

Ethylvinylether-hydroxystyrene
Co-polymer

Solvent
PGMEA
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3.2 Real-time FTIR measurement of reaction Kinetics
The in-situ FTIR measurement of reaction kinetics during PEB was done with the Litho
Tech Japan (LTJ)’s PAGA-100 FTIR system that used Bio-Rad’s FTIR spectrometer (Fig.

4)[83].

Exposed Wafer (KrF, ArF)

Liguid nitrogen
cooled MCT
photoconductive
detector

Bake plate Bake plate

Fig. 4 Real time PEB FTIR measurement system

In this FTIR system, the infrared light passes through a 10-mm-diameter hole that is
opened in the center of the PEB hot plate. N, is pursed through the optical path to
eliminate the effect of CO,. As a FTIR detector, a newly improved liquid-nitrogen-cooled

MCT (Mercury Cadmium Telluride) photoconductive detector was installed and used.

The resist samples were coated on the low-crystal-defect wafers with 500nm thickness
without using bottom antireflective coating (BARC) and were irradiated with either KrF
or ArF UV light source. The FTIR spectra were recorded along with PEB process in a

real time manner.
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One example of FTIR spectra measuring reaction kinetics in the KrF model resist (Fig. 5)
is presented in Fig. 6. The peaks that arc attributed to the protection groups arc at 944cm™,
1050cm™ and 1119cm’', all of which show the same decay behavior (insct of Fig. 6) after
normalization. In this study, thc pcak at 944 cm’ is used for reaction measurcments

because it is less “polluted” by ncighborhood peaks and thus has higher signal-to-noise
ratio.

PAG Reaction Acid Goneration
‘ by-products

9 ﬁ; 0 Exposure
+ +— —+‘SO3H *
(—l-SO;CH +N2, elc. )

Acld Dissoclation ﬂ

-+50; + H*

KrF Resin Reaction

Catalytic
3 feaction by-products
w,cuo
cu,ou

Deprotection

Fig. 5 The reactions in model KrF model resist
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Fig. 6 FTIR Spectra for KtF model resist.

Figure 8 shows onc cxample of FTIR spectra that measures the reaction kinetics in the
ArF model resist as described in ng. 7, where the peak at 1101 cm™ is attributed to the

ester-protection group.
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Fig. 7 The reactions in model ArF resist
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Fig. 8 FTIR Spectra for model ArF resist.

4. AEQ modeling in STORM-II
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AEQ modeling in STORM-II applies Dill’s model for photoacid gencration,

[HA] = [PAG],(1~exp( - CE)) (8)

generated
The cvolvement of [H] ive With PEB time is consequence of a varicty of processes
including acid diffusion, acid ncutralization, [HA] dissociation, rccombination and
intrinsic loss, all of which lead to equation (9). The kinetics of HA and conjugate base V[A'

] are described by equation (9) and (10). Equations (11) and (12) model the development

of quencher and protection concentration with PEB time.
A dase — y(D, VIH* 1)~ K,[H" Q)+ K[HA) = KIH WA )= Kl H') )

AEA) (D VUHAY) - K, [HAYQ) - K LHAV+ K[ TA T~ Kyl FA) (10

adl, V(D.V([A" ) + K, [HANQ)+ K [HA]- K [H*][4"] - K,,s[47]  (11)

ot

6[91 = D,V*(Q]- K,[HAQ) - K,[H* 0] - K,..[0] (12)
6[P] +

o =K H"1P] (13)

Although comprehensive, the above AEQ model is too complex for practical applications
and model simplification is necessary. Some assumptions are proposed in this study to
simplify AEQ modeling. Firstly, the diffusivities of [H"] siive and [HA] are assumed to be
identical and the diffusion of conjugate base [A’] is negligible. Secondly, the intrinsic
acid loss rates of [H'] aiive and [HA] are identical. Thirdly, no intrinsic quencher loss
occurs. At last, the dissociated photoacid [H"] scive and [A] always loss in pairs, which
means that Kigssi*[H Jactive in equation (9) is equal to Kies3*[A] in equation (1 1).
Applying above assumptions generates the AEQ model used by STORM-II
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‘ -———U[Ha,]"""“' =V(D,VIH ') - K,[H' Q]+ K, [HA]- K |H'|[4'1-K,,[H'] (14)

Ql_g_’ﬂ = V(D,,,VIHA)) - K, [HAIQ] - K [HA)+ K [H" ][4 1~ K, | HA] (15)
AL - K HANQ) K (AN - KH 1A'= Ko ') (16)
A0 . p,vi101- K, (HA)Q)- K H"1iQ] a7
A - kP | (18)

5. Experimental verification of FDQ and AEQ

5.1 Modeling reaction kinetics for KrF model resist

Data points in Fig. 9 record the decay behaviors of the acetal protection group in the KrF
model resist with five different quencher loadings at PEB temperature 90°C. Each plot
contains results generated by three different exposure doses, which are 0.5x, 1x and 2x
best dose E,. Here best dose is defined the exposure dose that prints the smallest CD the

best.
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O

Fig. 9 AEQ fitting of the deprotection reaction (KrF model resist / 90°C PEB)
(data points: FTIR measurements/solid curve: modeling fitting)

The above measured reaction kinetic is best fitted by AEQ model through STORM-II
simulations, where no diffusion terms are included since a flood exposure is conducted in
the experiments. The fitting results for PEB temperature 90°C are shown by solid curves

i Fig. 9. A nice fitting can be obtained by assuming AEQ modeling.

In the case of the KrF model resist, the concentration of protection group in the start of
FTIR measurement is found to vary from sample to sample, which indicates that some of
deprotection reaction occurs even before the PEB due to lower activation energy of the

deprotection reaction. Through the best fitting, it is found that the reaction occurs at 2.5
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sec before PEB starting with a same initial deprotection concentration of 0.75 for ail

samplcs.

An important fact is that, only one sct of parameters (K;, K, Kn, Ki, C-parameter) is
needed by AEQ model to correctly prcdict all measurcments at a fixed PEB temperature.
This is because the AEQ model is based on correct physical insight rather than the

strategy of data fitting.

Figures 10~12 show more fitting results of the protcction concentration after 60 sec PEB
* at threc bake temperatures, where bbth the FDQ and AEQ modecls are applied and
compared. The protection concentrations are plotted against the photo-generated acid '
minus initial quencher loading ([HAJgeneratea - [Q])- In this plot, triangle and circle markers
represent the experimental and simulation results respectively. Different colors
correspond to different quencher loadings. It is shown that, the new AEQ model provides
a very good fitting of protection measurements while the FDQ model cannot predict
~ measurements at all. The acid dissociation constant K, is found to be 0.03 independent of
quencher loadings and exposure conditions, whicﬁ indicates that about 15% photo-
generated acids dissociate to produce catalytic acids. This result confirms the existence of

partial acid dissociation in this weak acid model resist.
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Fig. 10 Prediction of protection concentration at 60 scc 90°C PEB (a) FDQ
model (k; = 1.0, k= 0.24, k, = 3.0, m = 0.8, C=0.03) (b) AEQ model (K, =
0.03, k; = 3.6, ky = 0.275, kn = 4.0, m = 0.72, C=0.03) (Triangles arc
experimental data and circles are the fitting results. [HA Jgenernies: photo
generated acid, [Qo}: initial quencher loading. )
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Fig.11 Prediction of protection concentration at 60 sec 100°C PEB (a) FDQ
model (k. = 1.0, k= 0.06, k, = 10.0, m = 0.8, C=0.03) (b) AEQ model (K, = 0.03,
k.=8.8, k=0.24, k, = 15.0, m = 0.88, C=0.03) (Triangles are experimental data
and circles are the fitting results. [HAJgeneratea: photo generated acid, [Qq]: initial
quencher loading. )
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Fig.12 Prediction of protection
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0.03, k=154 k=022, k=

07 os

[HA]gencmtcd - [Qo]
(b)
concentration at 60 sec 110°C PEB (a) FDQ

7.0, m = 0.8, C=0.03) (b) AEQ model (K, =
18.0, m = 1.02, C=0.03) (Triangles are

cxperimental data and circles are the fitting results. [HA]generatea: photo
generated acid, [Qo): initial quencher loading. )

As shown in Fig. 13, the extracted deprotection reaction rates follow the Arrhenius

relationship fairly well while the neutralization rates roughly show the Arrhenius

relationship. The calculated activation

energy was E, = 0.87eV (20.06kcal/mol) for the

deprotection reaction and E, = 0.91eV (20.98 kcal/mol) for the neutralization reaction.
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Fig. 13 Arrhenius plot for reactions in KrF resist

5.2 Modeling reaction kinetics in ArF model resist

Similar experiments and fitting strategy were conducted for the ArF model fcsist. Figure
14 shows FTIR measurements at PEB temperature of 130°C. Different from KrF model
resist, the starting deprotection level is the same for all samples indicating that no

reaction occurs before PEB.
For ArF model resist, the conventional FDQ model is able to predict the deprotection

- reaction Kkinetics fairly accurately as shown in Fig. 14, which indicates a different

quencher mechanism from the KrF model resist.
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Figure 14: FDQ fitting of deprotection reaction (ArF resist / 120°C PEB).
~ (data points: FTIR measurements/solid curve: modeling fitting)

PEB 120°C k; = 0.44, k= 0.0, k, = 4.0, m = 1.03, C=0.05.
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Fig. 15 FDQ prediction of protection concentration at 60scc of 110°C PEB

(k=0.22, k=0.0, ky=1.33, m = 1.08, C=0.05)
(triangles: experimental data/circles: model fitting)
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Fig. 16 FDQ prediction of protection concentration at 60sec 120°C PEB
(k= 0.44, ky = 0.0, kp = 4.0, m = 1.03, C=0.05)
(triangles: experimental data circles: model fitting)
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Fig. 17 FDQ prediction of protection concentration at 60sec 130°C PEB
(k=0.66, k; =0.0, ky=7.11, m = 0.75, C=0.05)
(triangles: experimental data  circles: model fitting)

Figure 15~17 present more FDQ fitting results of reaction kinetics in the ArF model
resist for PEB temperatures of 110°C, 120°C and 130°C, where the protection
concentrations at 60 seconds PEB are plotted against ([HA]gmemed - [Q)). Again, only one
set of parameters is used for one ﬁxéd PEB temperature. It is evident that, for all
- temperatures, the FDQ model is accurate enough to predict the reaction kinetics in ArF
model resist. This means that the fluorinated-super-strong acid in ArF resists is fully

dissociated acting like strong acids so that the FDQ model is still effective.

It is interesting to observe that, under most of exposure conditions for ArF model resist,

the photoacid concentration is less than quencher, e.g. [H]gencrated —[QJo < 0. Even under
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this condition, the deprotection reactions occur to some extent prior to the completion of
the ncutralization rcaction. Another observation is that the rcaction speed for a lower-
dose sample without quencher is slow but gradually continuing without an apparent stop

to the reaction as is observed in the presence of the quencher.

The activation energies of deprotection and neutralization reactions arc also calculated for
the ArF model resist. Figure '18 shows that both reaction and neutralization rates present
the Arrhenius type behavior, which again validates the model accuracy in this study. The
calculated activation energies for deprotection and neutralization reactions are E, =

0.74¢V (17.06kcal/mol) and E, = 0.848¢V (19.55kcal/mol).

)28 :E:_ISHJ

1/T

Fig. 18 Arrhenius plot for deprotection and neutralization reactions in ArF model resist

5.3 Disscussion of quencher effects in both model resists
Figure 10~12 and 15~17 show that, for both model resists, with quencher loading

increasing, the slope of protection concentration versus ([HA]generated - [Q]) becomes
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smallcr with the only exception of the highest quencher loading of 60% in the KrF model
resist. This result shows the improvement -of resist stability to external base
contamination. According to these plots, under the external base contamination that
changes the value of ([HA]generied - [Q]), less variation of the protection concentration is
resulted with higher quencher loading. This slope change due to quencher loading in the
KrF model resigt was successfully predicted by the new AEQ model. For the ArF model
resist, the FDQ model in conjuction with the specific exposure condition that the initial
photo generated acid is less the quencher concentration also predicts the same trend. It
suggests that the same quencher effect can be acheived by different mechanisms in the

weak-acid and strong-acid resist systems.

For both KrF and ArF model resists, adding quencher loading increases the required dose
for pattern print thus rendering a high reaction contrast. Figure 19 shows the simulated
deprotection contrast of isolated line using KrF model resist at PEB temperature of 100°C.
Figure 20 presents the simulated deprotection contrast of isolated space using ArF model

resist at bake temperature of 130°C.

As shown in Fig. 19, in the KrF model resist, the highest reaction contrast is obtained by
a moderate quencher loading, Increasing quencher loading beyond 25% of PAG starts
dec;'easing the reaction contast because the very high quencher loading suppresses the
photoacid dissociation severely as resulted from the acid buffering effect and only very
few active acid is produced. This reduction of active acids with too high quencher loading

is consistent with the experimental observation that resist pattern cannot be resolved at
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60% quencher loading no matter how high dosc is cxposed. This obscrvation also
indicates that the best resist performance in weak-acid resist systems is not necessarily
achcived by the highest quencher addition and, instcad, the optimized quencher loading is

demandced.

With all benefits as described above, adding quencher, hoewever, also dcgrades resist
sensitivity and thus limits wafer throughput. Figure él shows the change of best dosc
under various quencher loadings for both model resists. Here the best dosc is defined as
the cxposurc dosc that prints the smallest resist line the best. In Fig. 21, the best dosc is
normalized with that with no quencher. Clearly, much higher doscs arc required to
resolve resist patterns at high quencher concentration. For the KrF model resist, quencher
addition results into more buffered acid and much less active acid so that very high dose .
exposure is required. In contrast, for ArF model resist, the increase of the best dése is
smaller due to no acid buffering effect. This observation seems to imply that the second
type of quencher mechanism as present in the ArF model resist is preferred in terms of
resist sensitivity. Further study is required to make solid conclusion. It should be pointed
out that, the degraded resist sensitivity as caused by quencher loading is contradictive to

one major motivation of developing CAR systems — high resist sensitivity. Therefore,

quencher applications need be carefully tuned up balancing resist sensitivity and
quencher benefits and quencher modeling illustrated in this chapter can leverage the use

of quencher.
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Fig. 21 Best dose variation with quencher loading

6. Calculations of exposure latitude and environmental stability

applying AEQ model

Quencher effects on process latitude and environmental stability are simulated using the
AEQ model on 160nm isolated line. Illumination constants hsed are A=248 nm, NA =
0.60, Gou=0.75, 6y = 0.40. In the exposure latitude calculation, the best doses for each
quencher loading are determined to print 160-nm line on wafer at best defocus. The
defocus range of 0.0um ~ 0.50pm and +/-10% dose variation are then simulated to
investigate the sensitivity of linewidth to the exposure conditions. Exposure latitude is
calcqlated by the criteria that the linewidth must fall into the range of 150 nm ~ 170 nm.
Resist parameters of the KrF model resist at PEB temperature of 100°C are used in

STORM-II simulations, where k; = 8.8, k| = 0.24, ky = 15.0, m = 0.88, kg = 20, k¢ = 632,

K, = 0.03. Non-Fickian acid diffusion is assumed with constants of Do = 4.5 x 10
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‘um?/s, w=-5 and the quencher diffusion constant is Dg = 1 x 10~ pm?s.

The first example is the exposure latitude calculation using AEQ model. Figure 22 shows
that, with quencher concentration increasing, the process window becomes wider at first
and then gradually decreases slightly at very high quencher loading. This trend is
consistent with the simulation results of reaction contrast change with respect to quencher

loading.
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2 —~—
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Q
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Q
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Fig. 22 Exposure latitude calculation (AEQ model)

In the second example, the environmental stability of the CA resist is calculated by
evaluating the linewidth change in the presence of external base contaminants as shown
in Fig. 23. It is evident that the higher the quencher loading, the more stable the CD in

general, which agrees with common observations in real CA-resist processing.
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Fig. 23 Environmental stability calculation (AEQ model)

7. Conclusions

An acid-equilibrium-quencher (AEQ) model is examined in the weak-acid KrF model
resist and strong-acid ArF model resist. Introdﬁcing the concept of the acid-dissociation
equilibrium into resist modeling, the AEQ model successfully predicts the FTIR-
experimental results for the model KrF resist with a weak photoacid generator.
Conventional full-dissociation-quencher (FDQ) model cannot explain these FTIR
measurements, which typically show multiple values of deprotection levels for a given
[HA]generated — [Q] value if different quencher loadings are applied. As-a simplified case of
AEQ, the FDQ model is found to be successful in predicting the reaction kinetics for the

model ArF resist.

FTIR measurements show that the deprotection variation with respect to ([HA]generated —
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[Q]) becomes slower with higher quencher loading for both model resists, which
indicates the improvement of resist stability. The stability improvement of KrF model
resist is a consequence of acid buffering effect. Differently, in ArF model resist, the
stability improvement seems to be obtained by selecting a §pecial exposure condition,
under which all reactions occur before the completion of acid neutralization. STORM-II
simulations of reaction contrasts at various quencher loadings show that an optimized
quencher loading is present for the KrF model resist, Which is different from ArF model
resist that typically shows better reaction contrast at higher quencher loading. The full
AEQ model is included in UC Berkeley STORM-II resist simulator. STORM-II
simulations of AEQ modeling show that the process window and environmental stability

are improved in the presence of quencher loading.
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7 Investigation of Shot Noise Induced
Line-edge Roughness (LER) by
Continuous Model Based Simulation

1. Abstract

A new strategy for LER simulation is proposed in this study, which applies a discrete
model of 1~2nm scale for exposure, continuous reaction-diffusion model of Snm scale for
post-exposure bake (PEB) and a newly developed continuous statistical lateral dissolution
model (SLDM) of 1nm scale for development. Without the enormous compleiity of a
molecular LER simulator, this new LER modeling is able to simulate LER induced by
exposure statistics through incorporating impacts of PEB and dissolution. This LER
simulator has been used to investigate factors that impact LER géneration, such as non-
Fickian diffusion, shot noise and resist contrast. SLDM has also been applied to analyze
large unlikely roughness event (LURE) that can lead to chip failure through finding an
equivalent lateral dissolution path for LURE. At last, a stress induced crack propagation
LER model is proposed to understand the large correlation length commonly observed for

line-edge roughness and flare related LER formation.
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2. Concepts of continuous LER modeling

2.1 Modeling of exposure statistics
Two statistics are incorporated to model acid creation' on exposure, which are the PAG
dissociation statistics and photon shot noise. PAG dissociation statistics means that, the
probability that a single PAG generates a photoacid P is a function of dose density 7 and
resist sensitivity as described by the following formula

P=1-&’ ()
Here C and I are Dill’s C parameter and dose density respectively. On the continuous ’
level, formula (1) will give normalized at;id concentration. The photon shot noise causes
local dose variation even at a uniform exposure. Assuming PAG spacing a, the dose
inténsity I incident upon single PAG area is given as

%*
I = Ehv th (2)

a*a
- Eny and Ny are photon energy and photon number per PAG area. Ny follows Poisson
statistics so that the term C*I can be approximated by Gaussian statistics. The number
N, and the variance of C*I — ¢+ depend upon photon energy and resist sensitivity as
shown by some examples given in Table 1. In the calculations, the C parameters and dose
are chosen so that the same mean photoacid concentration (C*I=0.25) is obtained for all

three wavelengths. Assuming the PAG spacing a to be 1.5nm, Ny is large for DUV and
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about 4~8 for EUV. The variance o+ increases for resists of high sensitivity.

Table 1 Calculation of 6° ¢y

Wavelength | Dill’'sC | Dose ] Incident | Photons olcu
(nm) (cm*mJ) | (mi/cm?) photon - per
density PAG
(photons/cm?) arca
[13] (/nm®)
248 0.01 25 3.1x10™ 698 | 0.0095*C*1
13.4 0.05 5 3.4x10™" 8 0.09*C*]
13.4 0.10 2.5 1.7x10" 4 0.128*C*1

2.2 Modeling of post-exposure bake

The PEB process is modcled by coupled diffusion-reaction equations
0A
— =k (1-A)H
= L(1-4)

)
_ag =V(DVH)-K,H

Here A4 and H are the normalized deprotection and photoacid concentration. K; , K; and D
are reaction rate, acid loss rate and acid diffusivity respeqtively. It is assumed that the
deprotection reaction might lead to one of three diffusion types as Fickian diffusion,
reduced non-Fickian (RNF) and enhanced non-Fickian diffusion (ENF). In Fickian
diffusion, the acid diffusivity D is independent of reaction and remains as a constant
value through PEB. The acid diffusivity D is reduced by deprotection reaction in RNF
diffusion and increased in ENF diffusion. In STORM-II, non-Fickian diffusion is

described by exponential functions,
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D=D, Fickean diffusion
D = Dye™ Enhanced non - Fickean diffusion )]
D=Dye™ Reduced non - Fickean diffusion

This continqous PEB model does not incorporate any randomness of acid reaction events
because its influence on latent edge blur is less noticeable than that of acid statistics due
to the acid amplification effect, which means one acid catalyzes 50~100 reaction events
in average. For example, N acids in a resis;t pixel volume will catalyze 50xN~100xN
reaction events in total. If both acid generation and reaction events follow Poisson
distribution, acid statistics will be the dominant statistic event. The above analysis is best
described by a formula derived by Neurcuther [84], which models E-beam shot noise as a
result of a cascade of dependent sequential events. This formula shows that, for a pixel
size that is irradiated with N, electrons and has N, photo generated acid and Nj reaction
events, the mean value and variance of reaction events in that volume can be formulated

as,

M: _l_+_l_+_l... é)

Although this formula is originally developed to track E-beam shot noise effect, it can be
simply used to analyze LER generation in optical lithography. It shows that statistics of
reaction events is negligible since N3 is much larger than N2. In contrast, some
researchers suggested that total resist edge variance is a summation of several
components representing various events leading to a different formula,

Var _total =Varl+Var2 +Var3+...... 6)
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Formula (6) is based on an assumption that all those events are independent, which is

certainly not true.

2.3 Statistical lateral dissolution model (SLDM)

SLDM assumes that near-edge dissolution (50~100nm) consists of many independent
one-dimension dissolution events that occur only along. the lateral direction as depicted in
Fig.1. Although the mean deprotection concentration is the same for all lateral dissolution
paths, deprotection fluctuation along each one of lateral path lcads to line-edge position
that fluctuates from path to path. To employ this simulation, deprotection fluctuation is
characterized by standard deviation of deprotection concentration oy that merges the
statistical effects of PAG dissociation and exposure shot noise. The grid size for SLDM -

calculation in this study is 1nm.

To calculate the dissolved distance for each path, Mack’s dissolution rate model [14] is
used in this chapter,

n+l , .,
Alh

a=
n-1

* * 4N
_Run M@+ 4" o
(a+4")

()

Rmax s Rmin and A are maximum, minimum dissolution rates and deprotection
concentration respectively. 44 and n are resist parameters, where a high n factor

indicates high resist contrast.
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Fig. 1 (a) near-edge dissolution (b) lateral dissolution paths (c) mean and fluctuation of

deprotection concentration

The near edge region to which SLDM is to be applied is selected by using preset upper

and lower bounds of dissolution rate as illustrated in Fig.2. In region I, dissolution rate is

higher than the upper bound and a threshold dissolution model is used. In region II,

dissolution rate is smaller than lower bound and no dissolution will occur. SLDM model

applies the lateral dissolution only within SLDM region that is defined by lower and

upper bound.
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3. Effect of acid diffusion type on line-edge roughness

It is shown in chapter 3 that state-dependent acid diffusion has significant impact on two-
dimensional resist structures. For example, standing wave pattern is sensitive to acid
diffusion type. The physical size of the standing wave is invisible for reduced non-
Fickian type, only slightly reduced for Fickian diffusion and large for enhanced non-
Fickian diffusion as shown in Fig.3. Above observation indicates that reduced non-
Fickian diffusion generates the smallest inhomogeneity while enhanced non-Fickian

diffusion results in the largest.

The same effect is also observed on the mesoscale inhomogeneity, such as surface
roughness generated by partially exposure. In this section, resist surface roughness is
simulated using STORM-II with a grid size of 7.5nm. Resist parameters for exposure
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and PEB are: C = 0.015 cm®mJ, PAG spacing a = 1.7nm, c’co = 0.1%C*1, I = 20

ml/em?®, K, = 0.25,
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Fig. 3 (a) Image of standing waves (b) contour of deprotection concentration by
RNF (c) contour of deprotection concentration by FD (d) contour of deprotection
concentration by END

K= 0.02, bake time = 60s. Acid diffusion parameters for FD, RNF and ENF diffusions
are Dy=5E-5um’/s, ® = 0, Dy=3E-4um?/s, ®=-5 and D= 1E-5um’/s, ® = 4. Diffusion
parameters above are chosen such that all types result in the same linewidth and diffusion
length. Simulated deprotection concentrations are shown in Fig.4, where z-axis represents

the normalized deprotection concentration. It shows that the reduced non-Fickian
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diffusion gencrates the smoothest resist surface while the enhanced non-Fickian diffusion

gives the roughest surface. Fickian diffusion is in-between.

(a) (b) (c)

Fig. 4 Deprotection concentration of partially exposed resist surface simulated by
(a) RNF (b) FD (c) ENF
The effect of the state-dependent acid diffusion on LER is also investigated through
performing LER calculation to 0.6um trench.edge as shown in Fig. 5. The resist
parametérs are the same as for surface roughness calculation except that a full exposure
is applied with a dose of 30mJ/crn’. The simulation domain is 300nm x 300nm. Grid
sizes ranging from 5nm to 10nm are employed to check the numerical stability to grid
size. For each grid size and diffusion type, five simulations are done to reduce statistical
errors and the 3o LER is plotted in Fig.5 (b). The result shows that, continuous LER
simulation is stable to the grid size. For all grid sizes, reduced non-Fickian diffusion
generates the smallest 36 LER of about 3nm, while Fickian and enhanced non-Fickian

diffusions give about 50% and 100% higher LER respectively.
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Fig. 5 (a) Resist edge for LER simulation (b) LER calculation results

4. Study of shot noise effect with exposure flare

In this section, flare effect is simply'modeled by a background dose as shown in Fig. 6 ().
Four combinations of foreground/background doses are applied, which are 30+0mJ/ecm?,
27.5+2.5 mJ/em?, 25+5.0 mJ/cm® and 22.5+7.5 mJ/cm’. These flare levels correspond to
flare ratios of 0%, 8%, 16% and 25%. As shown in Fig.6 (a), with no flare, the resist edge
is generated in the region of high image slope. As the flare level increases, the resist edge
moves to the region of lower image slope. LER simulations here used the same resist

parameters as in section 3.

The bottom curve in Fig. 6(b) shows LER results assuming only PAG dissociation
statistics and no shot noise effect, which means o’c+ is equal to zero. An increase of 3¢

LER from Snm to 11nm is observed while flare ratio increases from 0% to 25%, which is
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due to the reduced image slope. It is also evident that the LER does not change much
until a critical flare ratio of 16% is achieved, from which LER starts to increasc

dramatically.

The shot noise effect is then simulatéd by introducing non-zero o’ce;, as 0.05*C*I,
0.1*C*I and 0.15*C*I, which models local fluctuation of dose intensity as caused by shot
noise. Fig. 6(b) shows the calculated LER results. First of all, the same trend of LER
verse flare ratio is observed and a same critical flare ratio is found. Secondly, the shot
noise effect is not significant on LER until the critical flare level is achieved, wherein
shot noise effect results in an even larger LER. It seems that PAG dissociation stati.stics
overwhelm the shot noise effect at low flare, but not at high flare. The simulated trend of |
LER verse flare ratio fits experimental observations for both DUV [85] and EUV resists

as shown in Fig.7.
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Fig. 6 (a) Image intensity with various flare ratios (b) Shot noise induced LER under

different flare ratios
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Fig. 7 LER versus flare (a) KrF resist, UVII-HS (courtesy of M. Williamson
[107] at UC Berkeley) (b) EUV resist, EUV-2D, (courtesy of M. Chandhok at
Intel) .

5. Effect of resist contrast on LER

In this section, the impact of resist contrast on LER is simulated by applying only SLDM.
The statistics that origin from both exposure and PEB is modeled by a composite
standard deviation of deprotection concentration oy. The mean value of deprotection
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concentration is calculated from STORM-II simulation of a 0.6um trench. Parameters
Rpmax, Rminand Ay used by the formula (7) are 500nmy/s, 0.1nm/s and 0.5. The constant »
rangcs from 4 to 12 to model different resist contrasts as plotted in Fig.8 (a). Upper and
lower bounds of dissolution rate are chosen so that the size of SLDM region atn = 12 is
50nm. The dissolution time for each » is determined to form averaged resist edge location
at the same position for all n factors. As shown in Fig.8 (b), higher resist contrast results

in worse LER implying that high resist contrast and line edge roughness might be

contradictive requirements.
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Fig.8 (a) Dissolution rates for different n factor (b) LER versus n factor

6. Analysis of large unlikely roughness event (LURE)

Large unlikely roughness events (LURE) is assumed to be generated by two quarter-
circle dissolution paths that merge and carve a large chuck off resist film as depicted in

Fig.9. To analyze the probability of this 2D dissolution path, an equivalent lateral
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dissolution path is determined first. It is assumed that a 1D lateral path has the same
probability as the 2D path if it takes both paths the same dissolution time. Assuming a
simple Gaussian statistics for resist edge deviation distribution, the probability of the

equivalent lateral path, as well as of LURE, can thus be analytically calculated.

Fig. 9 LURE generation and equivalent lateral dissolution path

SLDM assuming n=12 and 0,=0.05 is applied to simulate LER with flare ratios of 0%,
16% and 25%. oa is the composite standard deviafion of deprotection concentration.
Standard deviations of resist edge deviation are calculated as 2.47nm, 4.32nm and
. 9.01nm under those flare levels (Fig.10). Assuming LURE radius to be 15nm that is one
third of CD for 45nm node, the lengths of the equivalent lateral paths at three flare ratios
are 21.77nm, 22.8nm and 25.4nm. Fig. 10(a) shows that the LURE is located in about 8¢
tail of Gaussian distribution for 0% flare ratio, 5o for 16% flare ratio and 3o for 25%
flare ratio. Calculated LURE probabilities for all flare ratios are 107¢, 107 and 107

respectively as shown in Fig. 10(b).
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Fig. 10 (a) Statistical distribution of resist edge deviation (b) probability of 2D defect

7. Stress-induced crack propagation LER model

A large correlation length of 100nm~300nm in LER has often been observed in all
wavelengths. Figure 11 shows LER SEM for UVII-HS, TOK_ll and EUV-2D, which are
KrF, ArF and EUV resists respec.ti‘vely. LER in UVII-HS and EUV are exaggerated here
by adding background exposure. The scale of correlation diétance is much larger than any
molecular level phenomena and cannot be predicted by any molecular level or mesoscale

LER modeling.

This study proposes a stress-induced crack propagation model to understand the above
large length scale. This model assumes that stress in chemically-amplified resist will
generate many microscopic cracks that act as micro dissolution channels for solvent
penetration into resist film. The random crack propagation and/or merging, whose
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length scale is in the same order as stress, arc responsible for LER formation of large
scale length. Stress in resist can be caused by resist volume swelling and shrinkage that
may happen either in PEB or in development. This new model can be applied to
investigate the influence of global phenomena on LER, such as flare effect, which cannot
be understood by any molecular level LER modeling. According to stress-induced crack
propagation LER modeling, the irradiation flare results in resist deformation in the
unexposed region that increases strain and stress level in the resist matrix generating
more micro cracks in the resist edge. This flare induced stress results in larger LER. The
existence of a critical flare level, beyond which LER increases dramatically with higher
flare level (Fig. 7(a)), is analbgous to the fracture initiation in glassy materials, wherein
fracture initiates while stress achieves a threshold value. At a flare level where
correspondent stress and strain levels are high enough to initiate a large amount of micro

cracks, a dramatic increase of LER values is predicted.

Although this stress-induced crack propagation LER model has not been systematically
investigated due to a lack of time, abundant supportive references are present. Cheung et
al [86] had observed silicon surface roughness of LER like topography as caused by
delaminating bonded wafers, which is a good example correlating roughness with
micrpscopic fracture. Tsuboi and his coworkers [87, 88] measured stress for a variety of
resist film and detected the stress level of 7~9 MPa after exposure in both t-BOC CA
resist and Novolak resist. Using old style ZEP resist, they found that resist patterns
deformed as caused by resist stress. Similar pattern deformation was also observed in

advanced EUV resists [89, 90]. However, further study is deménded to distinguish
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material origins from optical effects for this pattern deformation. Ouano et al [91]
observed crack propagation in PMMA during dissolution and suggested that strain in
resist would enhance crack initiation and propagation in dissolution. Kramer et al [92, 93]
measured the microscopic deformation and fracture of poly(vinylcyclohexanc)-
poly(ethylene)(PCHE-PE) block copolymer thin film and observed fracture events of
about 100nm for 0.5um~0.7um resist film at a strain of about 5%. All above study
somewhat support the new large scale LER model although they need to be verified upon

more advanced chemically amplified resists.

(a) (b) (©)

Fig. 11 Correlation length of LER for (a) UVII-HS (KrF) (b) TOK11 (ArF)
(c) EUV-2D (EUV)
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(a) (b)

Fig. 12 Pattern deformation obtained by (a) using ZEP resist in X-ray
lithography [88] (b) using Shipley EUV-2D resist in EUV lithography [89, 90]

8. Conclusions

A new strategy of LER simulation based on continuous modeling of PEB and sampling
of independent lateral dissolution ﬁaths is developed. Without numerical complexity, this
continuous LER simulator is successfully applied to study phenomena influencing LER,
including non-Fickian diffusion, shot noise and flare, and resist contrast. The nonlinearity
of acid diffusion is found to be critical for LER. Among the three diffusion types, reduced
non-Fickian diffusion results in the smallest roughness while enhanced non-Fickian
diffusion gives the largest. Simulation of shot-noise induced LER shows that the impact
of shot noise is not significant at low flare, but increases LER significantly at high flare.

High resist contrast is found to result in worse LER. A stress-induced crack propagation
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LER model is proposed to understand the large scale of correlation length and flare effect
in LER. This new LER model is consistent with observations of polymer micro-fracture

and fracture-induced silicon surface roughness found by many authors.
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- 8 Development of Fast Resist Model for
Accurate Prediction of Two Dimensional
Layouts

p

1. Abstract

Two compact resist models RTM-a and RTM-P are developed for predicting critical
dimension (CD) of two dimensional layouts. RTM-a assumes an adaptive resist threshold
as function of image parameters on directions parallel as well as normal to featurc edges.
In RTM-B, resist threshold is a function of image properties along the direction normal to
resist edge as well as the shape of resist contour. In developing the two new models, a
 new best fitting scheme that minimizes the fitting errors of effective CDs rather than
resist threshold is used. Both new models are verified and compared with two widely
used commercial models VTU and VT-5 [70-72] through extensive rigorous STORM-II
simulation (288 cases) and LSI Logic 130nm technology (87 cases). In predicting SEM
measurements of 2D patterns, prediction accuracy is improved by 100% and 40% using

RTM-a. and RTM- compared with VT-5 while VTU does not predict correctly.
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2. Pattern dependency of resist threshold

Resist threshold model is a rapid method of predicting resist pattern formation, wherein
resist material coupled with image intensity above the threshold is dissolved after
development and the part with irradiation energy below the threshold remains. Resist
threshold is found to be a function of both the shape of resist pattern and imaging
properties. Figure 1 shows one example of the pattern dependency of resist threshold,
where four pattems are included as line-end gap, trench, trench-end gap and dense line.
The definition of critical dimension for each pattern is also shown in Fig. 1. Experiments
were done in LSI logic using 130nm technology. The resist material used is 3100A
PAR715 (193 resist) on 830A of AR19 BARC. Annular illumination is applied ;Nith NA

= 0.63, oin = 0.205 and cout = 0.58. Soft bake is 130°C-60sec and post-exposure bake

(PEB) is 130°C-90sec. Dose ranges from 17mJ/cm’ to 2ImJ/cm’. Resist thresholds
extracted from SEM measurements are shown in Fig. 2(a). It is evident that resist

thresholds vary greatly with different pattern shapes.

This pattern dependency can be reproduced by rigorous STORM-II simulations applying
the following model of acid diffusion

04

—=K (1-A)H"
5 L(1-4)
oH

H(t = 0) = l _ e-l.O'C‘Do:e
D = Dye™
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Resist inputs for the STORM-II simulations are: K;= 0.10, K;= 0.03, C=0.012 cm?/mJ,
dose = 30mJ/em?, D = 2.5E-4um?/s and @ = -4. A threshold dissolution model is used to

calculate CDs and the threshold of deprotection concentration is 0.52.

As shown in Fig. 2(b), the resist thresholds extracted from STORM-II calculations
demonstrate the same trend of pattern-dependency. This observation indicates that the
pattern-dependency of resist threshold in PAR71S resist is mainly induced by acid
diffusion during PEB noting that only acid diffusion in STORM simulations leads to
multiple resist thresholds. This' pattern ‘dependency of resist threshold requires resist-
model to reflect characteristics of pattern shapes, which is realized in RTM-o. and RTM-f8

through different approaches.
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Fig. 2 Thresholds extracted from (a) SEM measurements (b) STORM simulations

129



3. Formulations of new threshold resist models — RTM-a and RTM-

RTM-a uses image properties along two directions to determine resist threshold. One
direction is normal to the feature edge and called the normal direction while the other is
parallel to the edge and called the parallel direction. The concept of RTM-a is illustrated
in Fig. 3 (a)~(c), where normal and parallel cutlines for each pattern are shown by solid
and dotted lines respectively. T;a employ RTM-a, the middle image intensity, which is an
average of the maximum and minimum intensity, is firstly located on the normal cultine.
Then the parallel cutline is taken to intersect with the normal bneA at the location of the
middle intensity. Image intensities along both directions are plotted in Fig. 3(d) and (e). It
is shown that the parallel cutline is required to capture pattern characteristics because the
intensities on ‘the normal directions are very close to each other regardless of pattern

shapes.

The five variables used for RTM-a are depicted in Fig. 4. Three of them are extracted
from the image properties on the normal direction, which are maximum intensity,
minimum inteﬁsity and image slope at the location of the middle intensity. One variable
extracted from the parallel cutline is the extreme intensity, which could be either
maximum or minimum depending upon the pattern shape. The other variable is the image
slope at the location of the middle intensity along the parallel cutline. In contrast, VTU

employs five variables that are all taken on the normal direction, which are maximum and
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minimum intensity, and image slopes on three equally spaced locations.

RTM-P also uses five variables to determine resist threshold, three of which are image
propertics on the normal direction and two of which are extracted from image contour. In
this section, RTM-P is illustrated by using line end pattern as an example (Fig. 5(a)).
Figure 5 (b) plots.image intensity' along the normal direction in the line end. Three image
parameters o ¢ and , are minimum, maxiraum image intensities and image slope on
the medium intensity respectively. The other two parameters are extracted from image
contour as shown in Fig.5(c). Qn the contour line, points Py, P; and P; are chosen so that
the lengths of segments OP;, P\P, and P,P; are equal to S — a characteristic length of
resist proximity effect. Distances of Py and P; to tangent line then characterize the shape
of resist edge and are chosen to formulate resist threshold function for RTM-B. The
characteristic length S varies from 30nm to 70nm depending_ on resist type and need be

carefully tuned to optimize RTM-p.

VT-5, another commercially available threshold model, is also used for comparison with
RTM-a. and RTM-B. The five variables used in VT-5 are minimum intensity, maximum
intensity, maximum image slope, image intensity at the maximum slope and the curvature

of image contour.

All compact resist models in this chapter employ a second order polynomial function to

formulate resist threshold as described by the following equation,
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Threshold = C, +C,q, + C,a, +C;a, + Cia, + Ci0
+Csaya, +Ciaya; + Gy, + Coay + C o,
+Chaya, +Cpayas +Cyaya, +Cayas + Cpsa,a;

(2
+Cpea,’ +Cpa,” +Cpa? +Ca,’ +Choas®
The above 21 C coefficients are normally determined by applying least square method of

threshold fitting with procedures as following,

)|
fitted resist threshold  T,=7.C,a,
!

T, :resist threshold extracted from CD measurement
threshold residual error: R=Y (T,-T,)*  i:case number (3)

method of least square:

oR
—=0 (j:1~21 C, (:1~21
aC, ¢ ) = G 0 )

A modified least square method is developed in this chapter to implement RTM-a apd |
RTM-B. This new method calculates C coefficients by minimizing CD residual error
rather than threshold residual error. The CD error is calculated by dividing threshold error
by image slope o, for each test sample. The process flow for this modified least square

method is illustrated by equation (4),
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Fig. 3 (a) Line-end gap (b) dense lines (c) trench-end gap
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Fig. 4 Five variables used in 2D-RTM (a) three on the normal direction (b) two on
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fitted resist threshold  1,=Y C,a,
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T, :resistthreshold extracted from CD measurement

CD residual error: R=Y (T, -TY*/aj, i:case number )
method of least square:
oR '
—=0 (:1~21) = C, (j: 1~21
ac, G ) ;U )

4. Numerical verification of resist threshold model

In this section, the effectiveness of VTU, VT-5, RTM-a and RTM-B is verified through
fitting rigorous STORM-II simulations as an initial test. Image intensities are calculated
based on illumination condition of NA = 0.5 and o = 0.5. The fitting is made for 9
patterns including isolated line, isolated trench, dense line and space, line to line end,

trench to trench end, T-shape line, T-shape trench, contact and post. A total of 288 cases
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arc made for verification by varying feature sizes from 200nm to 350nm, doses from
30mJ/em® to 35ml/em’ and defocus from 0 to 0.4 um. The first set of STORM
simulations for fitting applies the same resist parameters as used in section 2 that gives
similar diffusion length as in Shipley UV210 resist. The second set of STORM

simulation models acid and quencher mutual diffusion using the following equations
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1.00E+400 | -
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6.00E-01 +—
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image intensity
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Fig. 5 (a) line end feature (b) image intensity along the normal cut (c) image contour
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The resist parameters for STORM simulations are K;= 0.12, Kn = 3.0, X;=0.02, C=0.012

cm?/mJ, Dy = 5E-4 um®/s and ® = -5. Qo= 0.2, Dg= 1E-4 um?/s.

~ Figure 6 depicts average and maximum fitting errors given by RTM-B over a range of
characteristic length S. In Fig.6, RTM-Test is the same as RTM-B except using a .
conventional least square fitting. Figure 6 shows that, for both STORM models, the best
fitting results are obtained by using a characteristic length of 70nm. It is also evident that

the modified least square method reduces fitting errors apparently.

Figure 7 presents CD fitting results for all 288 cases. It is seen that, VTU is not able to fit
| through dose and defocus while both RTM-B and VT-5 fits STORM simulations very
well. The fitting accuracy of RTM-a. is in the middle. Similar results are observed in
fitting the STORM simulations of acid and quencher mutual diffusion as plotted in Fig. 8,

where the best fitting accuracy is achieved by RTM-.
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5. Experimental verification of resist threshold model

Experimental verification of model accuracy in this section is based upon experiments of
an ArF tool using an in-house fesist in LSI Logic. Annular illumination is applied with
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NA = 0.63, oin = 0.205 and oout = 0.58. Beside those pattern shapes used in the
simulation study, contact holes and posts are also incorporated to add more complexity.
For each type of pattern, about ten different feature sizes ranging from 150nm to 300nm
were printed for model verification. For all four models, a total of 65 cases are best fitted
to determine 21 C coefficients in equation (2), whicﬁ is called training process. The
fitting results are shown in Fig. 9. After C coefficients are obtained from the training
process, all threshold models were then applied to predict CDs for feature sizes not
included in the training process to verify prediction ability, which is called testing process.
.A total of 20 cases are used for the testing process and the prediction results.are shown in

Fig. 10.

As shown in Fig. 9 and 10, VTU model presents the largest errors in both training and
testing procedures. Although VT-5, RTM-a and RTM-f show similar fitting accuracy as
shown in Fig. 9(b) ~ (d), the prediction accuracy in the testing process differs a lot. VT-5
results in maximum and average prediction errors of 5.6nm and 2.8nm. Using RTM-a.
reduces the prediction errors of VT-5 by more than one half rendering maximum and
average errors of 2.69nm and 1.0nm. Compared with VT-5, RTM-B improves the
prediction accuracy by about 30%, which gives prediction errors of 4.0/1.8nm. The

maximum and average prediction errors obtained by use of VTU are 11.0nm and 4.0nm.
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6. Conclusions

Two new compact resist models RTM-o and RTM-B are developed to predict 2D resist
pattctﬁ print through modeling the dependency of resist threshold on 2D image
characteristics. Resist threshold in both models is represented by a second order
polynomial formula. The 21 coefficients are determined by minimizing the fitting errors
of effective CDs rather than resist thresholds that is often used in other resist threshold
models. Using this new best fitting strategy, more uniform CD fitting accuracy has been
obtained. The two new models have been verified by extensive STORM-II simulations
and SEM measurements and compared with commercially available models VTU and
VTS5. RTM-B and VTS5 are found to fit STORM-II simulated CDs best with fitting
accuracy of 1.5nm while RTM-O;'l presents fitting accuracy of 2.5nm. VTU cannot fit
simulated CDs correctly with a fitting error of 12nm. In predicting SEM measurements
for 130nm LSI Logic technc;logy, RTM-o. shows the best performance with
maximum)average prediction errors of 2.69nm/1.0nm  while RTM-B gives
maximum/average prediction errors of 4.0nm/1.8nm. Both VTS5 and VIU are not
accurate in predicting experimental results, which generate maxiﬁum/average errors of

5.6nm/2.8nm and 11.0nm/4.0nm respectively.
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9 Summary

This study investigates the image to resist pattern formation of chemically-amplified
resist (CAR) in" optical lithography as influenced by photoacid diffusion, quencher
loading and shot noise through the improvemént of resist modeling as well as calibration

strategy.

The effect of state-dependent acid transportation on two-dimensional pattern formation of
a CAR system has been illustrated. The new physical insight into non-Fickian acid
diffusion shows that, in enhanced non-Fickian diffusion (ENF), acid diffusion into
reacted sites is preferred that tends to remain image non-uniformity in resist. In reduced
non-Fickian (RNF) diffusion, more acid will move into unexposed region that can
smooth image non-uniformity more effectively. The effect of Fickian diffusion is in the
middle. This new understanding has resulted in a new strategy to determine acid diffusion

type in CAR employing two acid diffusion sensitive structures — a sequentially double

exposed cross pattern and standing waves. This new strategy has been successfully
applied to Shipley UV210 and IBM APEX-E resists. In both resists, reduced non-Fickian
diffusion predicts the corner-to-corner spacing in the double exposed cross pattern and
the invisibility of standing waves the best. This study shows a clear evidence of the
existence of RNF in both resists, which is critical for quantitative resist modeling,

especially 2D pattern simulations.
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For resists with small acid diffusion length, such as UV210 resist, the double exposed
cross and standing wave on isolate line or trench are still not sufficiently sensitive. In this
dissertation, a double exposed sharp resist pattern (DEST) is found to be highly sensitive
to acid diffusion type as well as diffusidn length. DEST profile is able to magnify the size
of standing waves by one order of magnitude compared with that of one-dimensional line
or space thus providing an accurate method of characterizing non-Fickian diffusion. A
strong evidence of RNF in UV210 is shown by the disappearance of standing wave

effects in DEST profiles.

In this dissertation, DEST structure has also been proved to be an excellent test pattem'
for resist characterization and a great process monitor. This dissertation shows that the
DEST profile is an excellent monitor of resist surface phenomena because its shape is a
strong function of substrate materials. For example, acid contamination is indicated by a
long DEST tail of about 300nm as observed in DEST structures on top of silicon nitride
coating. A first observation of “aircraft carrier” shape undercut is found in UV210 DEST
on top of bare silicon, which implies either quencher sutface loss or acid accumulatiqn on
the bottom substrate. The above capability also makes DEST structure potential
applications in the characterization of resist component leaching and water uptake in
immersion lithography. Both numerical and experimental studies show that the length of
the DEST wedge-shape islands is about 10 times more sensitive to process condition
fluctuations than linewidth and thus DEST is good for accurate process monitor needed

by stringent process control for the cutting edge technology.
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Quencher loading has become very common in advanced chemically-amplified resist.
However, quencher mechanism still remains unclear limiting both quantitative resist
modeling and better use of quencher. This dissertation has explored the quencher
mechanism in both strong-acid and weak-acid model resists by use of real-time FTIR
measurement of reaction kinetics during PEB. The model resists used in this work consist
of both a KrF acetal type resist with weak photoacid generator (PAG) and ArF ester-type
resist with strong photoacid generator. Both model resists have five different quencher

loadings.

This dissertation has shown that different quencher mechanisms exist in these two types
of model resists through interpreting reaction kinetics over a variety of exposure doses
and PEB temperatures. In the weak-acid resist, photo-generated acid only partially
dissociated to realize acid dissociation equiliiarium because acid strength decreases
dramatically in organic solvent such as resist matrix. The quencher loading essentially
influences the dissociation equilibrium to generate more buffered acid and thus makes
resist system more robust in a mechanism analogous to “buffered acid”. This mechanism
was modeled by acid-equilibrium quencher (AEQ) model that was first proposed by
Nagahara [19~21]. In the strong acid model resist, a fully photoacid dissociation occurs
and there is no buffered acid. However, under the exposure conditions that the photo-
generated acid concentration is lower than quencher level, adding quencher loading can
still achieve an improvement of environment stability in ArF strong-acid model resist. In

this case, all deprotection reactions occur before the completion of acid neutralization.
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A new strategy for LER simulation has been developed in this study to evaluate process
effccts»on LER formation without any numerical complexity. It applies a discrete model
at 1~2nm scale for exposure, continuous reaction-diffusion model at 7nm scale for post-
exposure bake (PEB) and a newly developed continuous statistical lateral dissolution

model (SLDM) of 1nm scale for development.

This new LER simulation strategy is able to predict correct trends of LER formation with -
lithography conditions. This LER simulator correctly predicts that LER gradually
increases with higher flare lével and dramatically rises beyond a threshold flare level as
observed in both DUV and EUV resists. This is the first time that this trend on LER
formation can be predicted by simulation. Simulation also shows that shot noise only
causes minor 4ifference in LER except that, when flare level is higher than the threshold
level, shot noise effect increases LER apparently. This new simulation scheme has also
been applied to investigate effects of state-dependent acid transportation and resist
contrast on LER generation, which shows that reduced non-Fickian diffusion type is able

to reduce LER size and high resist contrast will result in larger LER.

Stress-induced crack propagation model has been proposed to understand the large length
scale in LER that cannot be predicted in any other LER models. This model suggests that
strain/stress in resist generates micro cracks that act as micro dissolution channels in
development leading to LER generation. The strain and stress are reéulted from resist

deformation that may occur during either post-exposure bake or dissolution process. In
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this new model, the length scale of LER should be at the same as the stress effect that is
responsible for the large corrclation distance. This new LER model also explains the
more global flare effect on LER and the sudden increase of LER while flare level is
higher than a threshold value. Preliminary experimental proofs of the stress-induced
crack propagation LER model have been found in some publications, but far from
adequate. Innovative techniques need to be developed to observe micro crack generation

in chemically-amplified resists in the future.

Two compact resist models RTM-a and RTM-B have been developed in thls dissertation. .
Both new models are verified ar.1d compared with two widely used commercial models
VTU and VT-5 through extensive rigorous STORM-II simulation (288 cases) and LSI
Logic 130nm technology (87 cases). In fitting rigorous STORM-II simulation, VT-5 and
RTM- show the least fitting e;ror and RTM-a comes next. In predicting SEM
measurements of 2D patterns for LSI logic 130nm technology, prediction accﬁracy is
improved by 100% and 40% using RTM-a and RTM-f8 compared with VT-5 while VTU
does not predict correctly at all. It shows that the compact models RTM-a and RTM-B

provide two alternative methods to evaluate 2D layout printing of full chip scale.
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